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Abstract

Microwave plasmas are used in industrial, high-quality SiO2 deposition pro-
cesses for the production of glass fibres. When using chemically reactive
process input gases - in this case SiCl4 and O2 - dust particles can be formed
during deposition and can be incorporated in the deposited structures. It is
known that dust deposition can be substantial at pressures above 30 mbar.
In a recent study, a typical poly-disperse dust particle population was found
to have radii in the range of 10 to 100 nm.

This work focusses on the in-situ detection of dust particles in the gas
phase, in an industrial system where SiO2 is deposited on the inner wall of
a cylindrical quartz tube. The detection of these particles is performed by
means of deploying high-power sub-nanosecond laser backscattering in the
visible (532 nm). With this technique, the influence of gas pressure and the
temperature of the environment on the particle formation/growth process is
explored.

Using laser backscattering along the axis of the cylindrical plasma sys-
tem, the presence of dust is successfully detected directly in the gas phase.
As expected, the scattered light intensity increases as a function of pres-
sure. Our experiments reveal that no dust is detected at pressures below
20 mbar, which is above standard deposition conditions. The nanosecond
time resolution of the detection system enables spatial resolving of the scat-
tering process, and thus gives insight into the spatial location of the dust
with respect to the plasma. The most intense scattered light - which is a
function of both particle number density and particle size - originates from
about 1 to 2 meters downstream from the plasma, depending on pressure
and gas temperature. This indicates that particle growth and/or coagula-
tion continues outside the plasma region. It is furthermore shown that the
collective behaviour of the downstream nucleation, growth, coagulation and
deposition rate of particles is independent of pressure.
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Chapter 1

Introduction

1.1 Context

Optical fibres are the backbone of modern telecommunication networks. The
ever ongoing demand for higher data transmission bandwidths requires qual-
ity increase of these optical fibres. The less optical attenuation per unit
length a fibre induces, the less amplification steps are needed to prevent
data transmission losses. Since each amplification step is expensive and
time consuming, there is a need for minimising the optical attenuation. To
achieve very low transmission losses, the amount of impurities - such as H,
OH and Fe - in the glass fibre should be in the range of tens of parts per
billion or less. Such ultra-pure silica cannot be found in nature, but can be
deposited using a Plasma Chemical Vapour Deposition (PCVD) process, as
used at Draka Comteq Fibre B.V. in Eindhoven.

This PCVD process is used in the first production phase of an optical
fibre, which is depositing glass on the inside of an approximately two meter
long, hollow quartz substrate tube with an inner radius of a few centimetre.
This deposited glass will form the core of the glass fibre, as indicated in
figure 1.1. The glass core has an attenuation of only 0.2 dB/km, and is
doped with GeO2 to increase the refractive index. The latter increases the
reflection at the interface with the surrounding glass layer, and thus reduces
refractive light losses.

After the deposition phase, this semi-manufactured good still has an
axial air channel in the centre. This air channel is closed by collapsing the
tube; by heating the tube, this core is closed for about one meter, due to the
present surface tension. The result is a rod, primarily made from ultra-pure
quartz. After this step, first an extra layer of cheaper, lower quality glass
is applied to this solid rod, using the so called APVD1 technique. Then, a
glass fibre is drawn from this rod: the rod is heated and stretched, until it
reaches a length of about 1000 kilometres. During the drawing process, a

1Advanced Plasma Vapour Deposition
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Polymer coating

Cheap glass (APVD)

Substrate tube

Core (PCVD)

Figure 1.1: A schematic cross section of a glass fibre. The inner part is the
core, with a diameter of 9 or 50µm. Then, the substrate tube follows. The
final piece of glass is the cheaper APVD glass. The glass fibre is surrounded
by a 62.5µm thick polymer coating.

layer of polymer coating is applied to the fibre, which enables safe bending
of the final product. The resulting glass fibre has a diameter of 250µm, of
which the central 125µm is made of glass and the outer part is coating, see
figure 1.1. The core, which guides most of the light, is only 9µm or 50µm
in diameter, for single-mode or multi-mode fibres respectively.

1.2 The Draka PCVD process

Our interest goes to the first production phase: the deposition of SiO2 on the
inside of the cylindrical quartz tube. The process is schematically depicted
in figure 1.2.

At the so called gas side (in figure 1.2, this is the left end of the setup)
of the quartz substrate tube, a gas mixture of primarily SiCl4 and O2 flows
in. At the other side of the tube, which is called pump side (right end), the
system is being pumped continuously. As this gas mixture flows through the
tube, it encounters a microwave (MW) deposition plasma. This MW plasma
is created by coupling several kilowatts of microwave power into the (water
cooled) resonator, which locally surrounds the quartz tube. The microwave
power is generated by a magnetron. The net chemical reaction that takes
place due to the plasma is:

SiCl4(g) + O2(g) −−→ SiO2(s) + 2 Cl2(g),

after which SiO2 is deposited on the inside of the tube. In order to ob-
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Figure 1.2: A schematic overview of the PCVD setup. The quartz substrate
tube is surrounded by a furnace at 1100 degrees Celsius. A SiCl4 + O2

microwave plasma is created inside the resonator. The resonator moves
axially along the tube. The left end of the setup is called gas side, the right
end is called pump side.

tain a homogeneous deposition along the quartz tube, the resonator moves
axially forward and backward continuously. Furthermore, the tube rotates
along its axis. The whole system is surrounded by a furnace with a tem-
perature of 1100 degrees Celsius. The furnace and the plasma heat up the
quartz tube to about 1600 degrees Celsius [1]. This is still below the melting
temperature of silica, which sits at about 1900 K.

The chemistry behind deposition of fibre-graded glass looks as follows.
In the gas phase, SiCl4 and O2 are dissociated by the MW plasma. The
high-energetic electrons that populate the plasma, successfully dissociate
these molecules; the electron temperature distribution is estimated to be
centred around 1 eV [1, 2], which equals 11600 K. By dissociation, many
different radicals are formed. A subset of these species, SiClxOy, arrives
at the substrate wall. Here, oxidation takes place, resulting in SiO2. The
oxidation is found to be very fast, such that nearly no Clx is incorporated
into the deposited material. Using a large excess supply of O2, a chemical
efficiency of almost 100% is reached, meaning that all silicon in the input
gas is eventually deposited on the inner-side of the glass substrate.

1.3 White layers and soot formation

It was observed that the insertion tube at pump side shows a white layer
after the PCVD process. This white layer is formed in a region outside

11



(a)

(b)

Figure 1.3: (a): Photograph of the material deposited at pump side, outside
the furnace. It has a white appearance. This is in contrast to the deposited
SiO2 inside the furnace, which looks transparent. (b): A TEM image of
soot, produced at 60 mbar. The bar indicates the length scale. The spherical
particles range from about 10 to 100 nm in diameter. Together, they form
an aggregate of multiple microns in diameter.

the furnace, and a similar layer is shown in figure 1.3a. It was shown in
previous work [1,2], that the origin of this distinctive appearance is not due
to a different chemistry: this layer is pure SiO2, just like the rest of the
deposited material. If the white appearance is not caused by a different
chemical composition, then it must be caused by a different morphology.
Indeed, the white layer is different from solid glass; instead, it is a white,
sticky, powder-like substance. This material is named soot.

Whereas the white layer at pump side is always visible after deposition,
at almost any process condition, similar white layers along the entire tube
can be created deliberately. The main operational parameter that controls
the creation of soot, is pressure. At low pressure, i.e. at standard deposition
conditions used for glass fibre production, clear glass is deposited. At high
pressure, i.e. above 30 mbar, soot is produced [3]. The higher the pressure,
the more soot is formed.

The morphology of the soot, resulting from a 60 mbar deposition pro-
cess, was - prior to this research - investigated using TEM imaging. A
sample TEM image of the deposited material - which has been scraped off
the substrate tube - is shown in figure 1.3b. The picture shows an aggre-
gate of spherical particles. These particles range from about 10 to 100 nm
in diameter, whereas the entire aggregate extends to multiple microns in
diameter.

12



Figure 1.4: Left: at standard deposition conditions, SiO2 molecules are
formed at the wall. This results in clear, fibre-graded glass. Right: at el-
evated pressure, soot particles are formed in the gas phase and deposited
at the wall. The resulting quartz tube is then covered with a white, sticky
powder.

We wonder how and where this soot is formed. Is it possible that forma-
tion of these spherical particles takes place in the gas phase? That is, is this
particular plasma a dusty plasma, at elevated pressure? If this is the case,
we can make a distinction between the low and high pressure deposition, as
shown in figure 1.4. At low pressure, SiO2 molecules are formed at the wall.
At elevated pressure, SiO2 soot particles are formed in the gas phase, and
are deposited at the wall.

To the best of our knowledge, only very little is known about dust for-
mation in chemically reactive MW plasma’s. Au contraire, the synthesis
of nanocrystals in dusty thermal plasma’s is an active area of research [4].
Dusty radio frequency (RF) plasma’s are intensively studied as well, also
within the research group EPG [5]. From the latter field of research, a
model for particle growth [6] is adapted in simplified form and schemati-
cally depicted in figure 1.5. It is intended to give us a rough idea of the
different stages in soot particle growth.

Inside the quartz tube, the SiCl4 and O2 gas mixture flows into the
plasma region. The plasma dissociates these molecules, just like in the
low pressure case, thereby creating many radicals. But instead of SiClxOy

deposition and successive oxidation at the wall, nucleation takes place. This
nucleation phase results in small SiO2 particles in the gas phase. These small
clusters start to grow, due to the presence of the plasma-created radicals
(SiClxOy and Oz). As will be explained in section 2.1.2, these small particles
can obtain a positive, a negative or no charge. As a result of their charge,
particles are either attracted or repulsed from each other. Attraction may
result in coagulation of particles. In addition, neutral particles are able to
polymerise and coagulate as well. These coagulated structures are able to
grow further, due to the presence of the radicals. Finally, soot is deposited
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Figure 1.5: Schematic overview of the coagulation, growth, coagulation and
deposition stage. The particular order of these stages is not limited to the
order illustrated here.

at the wall.

1.4 This research

This research project focusses on answering the following questions:

Can we detect soot particles in the gas phase of the industrial PCVD sys-
tem at Draka Comteq? And if so, what can we say about the formation and
growth of those soot particles, as a function of the operational pressure and
temperature?

To this end, an on-site detection system is built. Since light scattering is
the most direct method to determine the presence of dust in the gas phase,
a high-power, sub-nanosecond pulsed laser backscattering technique is de-
ployed at Draka Comteq Fibre B.V. The idea is to shoot - in axial direction
- pulses of laser light through the PCVD system, and detect any scattered
light coming back by means of a photomultiplier tube. The short duration of
the laser pulses (150 ps at 532 nm) enables spatial resolved backscattering.
The choice for backscattering - instead of observing the laser beam under
an angle - is made on basis of the very limited optical access to the plasma
and surrounding gas phase; the plasma is being coaxially surrounded by a
quartz tube, a resonator and a furnace. Therefore, implementing backscat-
tering requires the least modifications to the PCVD system. Nevertheless,
in contrast to performing experiments on a laboratory setup, an industrial
system comes with many additional challenges.

Laser backscattering has certain limitations. One of these limitations is
that the scattered signal intensity I is always a function of both the soot
particle number density n and the particle radius r, i.e.: I = I(n, r6) [7, 8].
It is therefore - when looking at backscattering only and not at scattering
from other angles - not possible to determine whether a certain increase or
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decrease of the intensity is due to a change in number density or radius.
To obtain an idea of the resulting particle size, SEM measurements are
performed on samples deposited at various pressures.

1.5 Outline of this thesis

This thesis is outlined as follows. In chapter 2, we will theoretically inves-
tigate the physical transport processes that play a role in the delivery of
a dust particle at the wall. To this end, both the transport effects in the
plasma sheath and the plasma bulk are considered.

Chapter 3 discusses the backscattering setup in more detail. It also
covers the backscattering signal properties, and what signal parameters can
be obtained from it. It furthermore treats three additional experimental
methods, that support the backscattering signal experiments: a method to
determine the upstream axial gas flow speed, a method to determine the
(downstream) axial soot speed and the deposition method which enables
SEM imaging.

Chapter 4 forms the heart of this thesis, showing the backscattering
results. It also covers the experimental results regarding the gas flow speed,
soot speed and SEM imaging.

The conclusions and future recommendations are presented in chapter
5.
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Chapter 2

Theory: dust particles in
microwave plasmas

In this chapter, we will consider the theoretical basis of the transport of
dust particles from the bulk of the plasma to the wall. First, some general
properties of dusty microwave plasmas are outlined. Then, we will treat
the transport of a particle through the plasma sheath. Finally, we will
investigate the transport mechanism through the bulk of the plasma.

The current state of knowledge about dust particles in microwave dis-
charges is limited, both in experimental and theoretical sense. Instead of
not considering any theoretical basis for dust transport in microwave dis-
charges, we choose to make estimations and calculations on basis of ele-
mentary plasma principles. It must thus be noted that estimations and
calculations will likely be a crude simplification of reality. This is, however,
a deliberate choice.

2.1 Dusty microwave plasmas

2.1.1 Properties of a microwave plasma

Microwave (MW) plasmas are sustained by electromagnetic waves with fre-
quencies in the range of 300 MHz to 300 GHz. In this work, 2.45 GHz
microwave radiation is used. The frequency of the applied electric field has
a large effect on the behaviour of the plasma. In a DC plasma, negatively
charged particles are accelerated due to the present electric field only in one
direction, while positively charged particles are accelerated in the other di-
rection. In AC plasmas the field polarity changes periodically and so does
the direction of acceleration. However, as the frequency increases, the par-
ticles will find it harder to follow the electric field, due to their inertia. The
plasma frequency of electrons ωe and that of ions ωi indicate the upper
threshold values for what frequency the electrons and ions respectively can

17



still follow the applied field. These frequencies are given by [9]

ωe,i =

√
ne0,i0Ze,ie2

me,iε0
. (2.1)

Here, ne0,i0 are the densities of electrons and ions respectively, Ze,i are their
charge numbers, me,i are their masses, e is the elementary charge and ε0 is
the dielectric constant in vacuum. In the Draka plasma, ne0,i0 is estimated
at 1019 to 1020 m−3 [2], which means an ionization degree of about 0.1%
at 10 mbar. The electron frequency can thus be estimated at ωe/2π ≈
6 × 101 GHz, and the ion frequency at ωi/2π ≈ 4 × 102 MHz. This means
that electrons are perfectly able to follow the applied electric field, while
the ions will not be accelerated due to their inertia. Instead, they will only
feel fluctuations on longer time scales and nonfluctuating, constant electric
fields. (The latter are present in the plasma boundary layer - i.e. the plasma
sheath - in particular, see section 2.1.2.) This situation is comparable to a
radiofrequency (RF) plasma. The usefulness of the comparison of our MW
plasma to this particular RF plasma will be truly unveiled later on in this
chapter.

Even though plasmas contain many charged particles, they remain neu-
tral on a macroscopic scale. On small length scales, there might be local
electric fields present which are induced by inhomogeneous distributions of
charged particles. This is why we call a plasma quasi-neutral. When we
insert for example a positive charge into the plasma, negatively charged
particles will be attracted towards the inserted charge, and will ultimately
surround it. So, the negative charge carriers will shield the electric field of
the positive charge. This brings us to another important plasma parameter,
which is the generalised Debye length λD. It indicates on what length scale
deviations from the quasi-neutrality of the plasma can occur due to local
fluctuations in ion and electron density. λD can be calculated by

1

λ2D
=

1

λ2De
+

1

λ2Di
, (2.2)

in which λDe,i are the Debye lengths of the electrons and ions respectively.
These are given by

λDe,i =

√
ε0kBTe,i
e2ne0,i0

. (2.3)

Here, kB is Boltzmann’s constant and Te,i are the electron and ion tem-
perature respectively. Assuming an electron temperature of 1 eV, an ion
temperature of 2000 K1 (= 0.17 eV) [1, 2] and an electron and ion density

1The electron temperature and the gas/ion temperature have never been experimen-
tally determined. Instead, they have been modelled by Efe Kemaneci.
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at the wall of ne0 = ni0 = 5× 1017 m−3 [10, 11], gives us λD ≈ 40µm. Rel-
atively very little is known about MW plasmas, let alone the MW plasma
configuration under investigation in this work. It is therefore not possible
to directly compare these values with results from other sources. However,
the formulae above have been applied in other MW research works as well,
for example in [12]. Therefore it is assumed that the obtained figures are
within the correct order of magnitude.

2.1.2 The plasma sheath and particle charge

When a plasma is in contact with a surface, such as a reactor vessel wall,
a plasma sheath is formed. The plasma sheath is a positive space charge
region, whereas the rest of the plasma is quasi-neutral. The formation prin-
ciple of the plasma sheath is as follows: when a plasma is switched on, charge
carriers travel towards the surface. Because electrons have a smaller mass
than ions, their mobility is much higher: µe � µi. This means that the elec-
trons reach the wall more quickly than the ions do. As a result, the instant
flux of electrons Γe towards the surface exceeds the ion flux Γi by many
orders of magnitude. This will charge the surface negatively, and introduces
a potential Φw at the wall which is lower than the plasma (bulk) potential.
Now, electrons will be repelled from the region near the surface while pos-
itive ions are attracted towards it. Hence, a positive space charge region
is formed. In general, the plasma sheath is a few Debye lengths thick [9].
It is assumed this is also the case in our MW plasma. This is merely an
assumption, in line with [10], since the current state of knowledge about
MW plasmas in general is fairly limited. No figures about sheath thickness,
wall potentials, etc. are available from literature.

Besides reactor vessels, the above described charging mechanism works
also on - for instance - probes, deposition samples and dust particles (at least,
if their size is much larger than the Debye length). However, determining
the charge on particles that do not exceed the Debye length in size, is not as
straightforward as adding the electron and ion fluxes towards the particle, as
would be done when considering e.g. a probe. Very small nanometre sized
particles might as well be considered as being very large molecules, which
in principle can carry only one elementary charge in plasmas. Under some
circumstances, particles can even become positively charged. Depending on
the particle size, a complex mix of charging processes determines the net
charge. These relevant elementary charging processes are the following [5]:

• Collection of charge carriers: collection of electrons and ions at the
dust particle, similar to the principle of sheath formation.

• Secondary electron emission: ejection of electrons as a result of the
impact of highly energetic electrons and ions onto the dust particle’s
surface.
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• Photoemission: release of electrons as a result of photon absorption at
the particle’s surface.

• Thermionic emission: emission of charged particles from highly heated
surfaces.

These charging processes result in dust particles with a positive, negative
or no charge. As one can imagine, the charge of a particle has a large effect on
its transport dynamics, when it is placed in an electric field. The transport
of dust particles, in the non-zero electric field regions of the plasma, will
be studied only on basis of the first charging process described above, while
neglecting the others. The OML theory is used to describe this first charging
process, as will be shown in the next section.

2.2 Can a dust particle travel through the sheath?

In this section we will investigate whether a particle is able to travel through
the sheath. This is a relevant and valid question: as will be shown shortly,
the largest part of the dust particles is likely to be negatively charged,
whereas the wall potential is also negative with respect to the plasma bulk
(see section 2.2.1 for details). A simple numerical model is presented to es-
timate the inward and outward forces on a single dust particle as it travels
through the sheath.

Let us first identify the forces that could be responsible for a dust particle
travelling in radial direction in the sheath region, both towards and from
the wall.

• The electric force: a negatively charged dust particle will experience
an inward force due to the negative sheath potential.

• The gravitational force: the finite mass of the dust particle will result
in a force towards the earth, which can be both pointing inward and
outward depending on the position of the dust particle in the plasma
system.

• The ion drag force: streaming positive ions will transfer momentum
to the negatively charged dust particle, with a momentum transfer
cross section which is significantly larger than πr2p, due to the range
of the Coulomb-interaction. In the sheath region, where positive ions
are accelerated towards the wall, this will lead to an outward force.

• The thermophoretic force: a temperature gradient in a gas will cause a
higher momentum transfer from neutral atoms and molecules towards
the dust particle on the hot side of the dust particle, than on the
cold side of the dust particle. With the temperature in the centre
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of the plasma being estimated as significantly higher than the wall
temperature2, this will result in an outward force.

To enable the computation of the forces described above, the electric field
and potential, as well as the density and speed of the ions and electrons in
the plasma sheath, must be known. The next two sections are devoted
to estimating their values. It should be noted that at present, theory in
dusty plasma physics is devoted to RF driven plasmas. Hence, there is
no knowledge in literature about the application of theories on dusty MW
plasmas. Instead of not investigating any theoretical treatment, in this work
some frameworks borrowed from RF dusty plasma theory are used to give
us insight in the complex MW plasma behaviour.

2.2.1 The sheath potential and electric field

As mentioned in the previous section, the potential and electric field through-
out the potential must be known, to enable the estimation of the particle
forces. The wall potential of a floating wall is given by [9]

Φw = −kBTe
e

ln

[√
mi

2πme

]
= −4.2V, (2.4)

by assuming a DC sheath. The numerical value is obtained assuming oxygen
ions and an electron temperature of 1 eV, which will be the assumptions
throughout this chapter. When considering a MW sheath, equation 2.4
provides an upper limit for the wall potential. Further assumptions involve
a Maxwellian electron distribution at Te, cold ions (i.e. Ti = 0) and ne = ni
at the plasma-sheath interface. All these assumptions are not proven but
considered to be reasonable, which enables us to continue estimating the
particle transport through the sheath.

With the wall potential known, it is possible to obtain the full sheath
potential as a function of position. Two major simplifications are made.
Although our plasma has cylindrical symmetry, the one dimensional model
presented here discards this cylindrical symmetry for convenience. This is
legitimate, since the sheath thickness is negligible to the curvature of the
wall. Furthermore, classic textbook calculations of the sheath potential
arrive at an exponential decaying sheath potential by using a boundary
condition at x = ∞. To enable modelling a finite system size, a linear
electric field as a function of the Cartesian coordinate x is assumed over the
width of the sheath instead (see figure 2.1). This is assumed to be reasonable,

2In general, the (outer) wall temperature is 1600 degrees Celsius [1]. This is based on
experiments. In the plasma region, the resonator surrounds the substrate tube. Because
the resonator is water cooled, the (outer) wall temperature drops to approximately 500
K [2]. This value is based on measurements as well. The gas and ion temperature are -
as stated before - estimated at 2000 K (= 0.17 eV) [1, 2].

21



x

E, Φ

E
w

Wall Sheath Bulk

Φ
w

Figure 2.1: The parabolic sheath potential Φ(x) and corresponding linear
electric field E(x) used in our model. The wall is positioned at x = 0. Here,
the potential and electric field have values of Φw and Ew. The sheath-plasma
interface is positioned at x = pλD, where both the potential and electric field
equal zero.

because in RF plasma sheaths, electric field profiles close to linear [13] have
been measured.

E(x) = − Ew
pλD

x+ Ew. (2.5)

Here, p is the sheath multiplier, indicating the thickness of the sheath in
terms of λD. [9] states that the sheath is typically a few Debye lengths
thick. The field is directed towards the wall and at x = 0 it equals the field
at the wall: E(0) = Ew, the latter given by

Ew =
2Φw

pλD
. (2.6)

The corresponding parabolic potential can also be expressed in terms of Ew,
by

Φ(x) = −
∫
E(x)dx = − Ew

2pλD
x2 + Ewx−

EwpλD
2

. (2.7)

Both the sheath potential and corresponding electric field are shown in figure
2.1. In this figure, the sheath region and the plasma bulk region are indicated
as well.

2.2.2 The ion and electron flux towards the wall

Now we know the fields and potential in the sheath, we continue with descrip-
tions for the density and speed of the ions and electrons. The well-known
Bohm criterion describes the minimum speed vB with which the ions must
enter the sheath region, and is given by [14]

uB =

√
kBTe
mi

= 2.5× 103 m/s. (2.8)
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This criterion is a mathematical requirement resulting from combining the
models for the sheath region and the bulk plasma. It is worthwhile to
note once again, that this classic expression has not been derived for MW
plasmas in particular. Nevertheless, we assume that ions enter the sheath
with the Bohm speed. Furthermore, we can estimate3 the ion mean free
path to be smaller than the sheath width. The latter implies that our
plasma has collisional sheaths. However, in this very rough estimate of
sheath parameters, we apply equations for the collissionless case.

The ions gain speed as they travel through the sheath, according to

ui(x) = uB +

√
2e |Φ(x)|
mi

. (2.9)

Using flux and energy conservation of ions, the density of ions at the sheath
boundary can be derived. Knowing the density of ions at the sheath bound-
ary,

ni(x = pλD) = n0 exp

[
−e |Φ(x)|

kBTe

]
= 0.607n0, (2.10)

with n0 the ion (and electron) density in the plasma bulk, we can use flux
conservation to obtain the ion density as a function of x. This yields the
following:

ni(x) =
ni(x = pλD)ui(x = pλD)

ui(x)
. (2.11)

Finally, from Poisson’s equation (∇2Φ(x) = −e/ε0(ni − ne)) we find the
electron density in the sheath region to equal

ne(x) = −ε0/e
dΦ(x)

dx
+ ni(x). (2.12)

The above equations fully define the plasma sheath and enable us to
calculate the previously identified inward and outward forces on a dust par-
ticle.

2.2.3 The forces

The electric force

With the magnitude of the electric field given by equation 2.5, the magnitude
of the corresponding electric force is given by [6]

FE(x) = QpE(x), (2.13)

3The ion mean free path is given by λi,mfp = 1/(nnσ), in which nn is the neutral
density and σ is the elastic collisional cross section between an ion and a neutral. The
neutral density is estimated at nn = pNA

RGT
= 3.6×1022 m−3 at 10 mbar, and σ is estimated

at 1× 10−18 m2 [9]. This results in λi,mfp = 30µm < pλD ≈ 200µm. At higher pressure,
the ion mean free path will be even smaller.
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where Qp is the charge of the dust particle. In order to quantify the average
charge Qp on a particle, as a result of the first charging process described
in section 2.1.2, the Orbital Motion Limited (OML) theory is used. This
theory is initially developed for Langmuir probes in the collissionless case,
and is known to give adequate analytical estimates for the particle charge in
the bulk of RF plasmas. In the absence of a better theory for MW plasmas,
and the similar behaviour (see section 2.1.1) of the ions and electrons in RF
plasmas and our MW plasma, it is assumed that OML theory is applicable
to our MW plasma as well. It is expected to deliver better results near
the sheath-plasma interface than near the sheath-wall interface, since the
OML theory applies to the plasma bulk. This is because of the streaming
ion velocity in the electric field in the sheath, affecting the ion flux to the
particle and lowering the electron density, which is not accounted for.

The idea is to obtain the average dust particle’s charge by considering
the particle to be a spherical capacitor with capacitance C = 4πε0rp as

Qp = CΦp(rp) = 4πε0rpΦp(rp). (2.14)

Here, the particle’s potential Φp(rp) is found by assuming that the elec-
tron density close to the particle’s surface is represented by the Boltzmann
distribution

ne(r, x) = ne,0(x) exp

[
eΦp(r)

kBTe

]
. (2.15)

For clarity, the electron density ne,0(x) is obtained from equation 2.12 and
is the unperturbed local electron density (i.e. without the presence of the
dust particle).

The total charge on the dust particle is established once it does not
change any more due to incoming charge carriers:

∂Qp
∂t

= Ie + Ii = 0. (2.16)

The electron and ion currents are given by

Ie(x) = −πr2pne,0(x)e

√
8kBTe
πme

exp

[
eΦp(rp)

kBTe

]
, (2.17)

and

Ii(x) = πr2pni,0(x)e

√
8kBTe
πme

[
1− eΦp(rp)

kBTe

]
. (2.18)

The OML theory assumes a thick sheath around a spherical dust particle
with radius rp, i.e. λD � rp. This assumption is satisfied in our case.
Furthermore, mono-energetic ions are assumed in equation 2.18; this is an
approximation.
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Figure 2.2: The relevant sheath forces as a function of the position, with the
following model parameters: a particle radius of rp = 50 nm and a sheath
thickness coefficient of p = 5. The wall is located at x = 0, thus at the
left side of this figure. The sheath-bulk interface is indicated by the vertical
dashed line.

Substituting these two equations into equation 2.16 yields an implicit
solution for Φp(rp)

ne,0(x)

√
Te
me

exp

[
eΦp(rp)

kBTe

]
= ni,0(x)

√
Ti
mi

[
1− eΦp(rp)

kBTi

]
, (2.19)

and thus for the charge Qp via equation 2.14, and thus for the electric force
via equation 2.13. The average charge Qp is found to be negative, and in
the range of about 20 elementary charges (for a 10 nm particle) to about
210 elementary charges (for a 100 nm particle). The magnitude on basis of
this average Qp of this force is shown in figure 2.2.

In reality, the charging of a dust particle will be a statistical process, in
which charge fluctuations occur. On basis of [15], some estimations about
these charge fluctuations are made by Luuk Heijmans. The (root-mean-
square) fluctuations4 are estimated to be at most 20%, which applies to
a 10 nm particle. The 100 nm particles have an RMS fluctuation of ap-
proximately 4%. The impact of these fluctuations on an average particle is
considered negligible, compared to the other estimations we make.

4The actual maximum or minimum charge deviation of a particle, can be up to 5 times
the RMS charge.
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Figure 2.3: Left: the collection ion drag force finds its origin due to collection
of (positive) ions on the (negative) particle surface. Right: the orbit ion drag
force is caused by affected ion trajectories, creating a virtual mirror charge
below the particle.

The gravitational force

Gravity for a dust particle with density ρp is described by the well-known
equation

~Fg =
4

3
πr3pρp~g. (2.20)

Assuming the dust particle has the same density as quartz, i.e. 2.6 ×
103 kgm−3, together with a radius rp = 50 nm, yields a force of 1.4×10−17 N.
It can therefore be neglected, compared to the electric force.

The ion drag force

The ion drag force has two components, the collection ion drag force ~F colli

and the orbit ion drag force ~F orbi . See figure 2.3 for an illustration of their
origin.

The collection ion drag force This force is induced by momentum
transfer from positive ions to the dust particle, when the ions are physically
collected by the dust particle. This does not include ordinary collisions, e.g.
the dust particle colliding with positive ions moving in random directions.
For the case of mono-energetic ions, this force is [6]

~F colli = nimiui ~uiπr
2
p

[
1− 2eΦp(rp)

miu2i

]
. (2.21)

The magnitude of this force throughout the sheath is shown in figure
2.2. It can be seen that the force decreases in magnitude at the sheath edge,
and equals zero in the bulk plasma. The reason that the magnitude of this
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force equals zero in the bulk plasma is because the ions do not travel in a
preferred direction in the bulk, i.e. ui = 0.

The orbit ion drag force The orbit ion drag force is induced by momen-
tum transfer from positive ions to the dust particle, when the ion trajectories
are electrostatically influenced in the Coulomb field around the dust parti-
cle. The deflected ions result in a higher ion density below the particle, the
so called mirror charge, pulling the dust particle downwards.

Assuming a cut-off Coulomb potential around the particle, i.e. a Coulomb
potential for rp < r < λD and zero potential for r > λD, the orbit ion drag
force can be expressed by [6]

~F orbi = 4mivi,totni ~uiπb
2
π/2 ln

[
λs + bπ/2

rp + bπ/s

]
, (2.22)

with vi,tot being the total velocity corresponding to the ion mean energy, i.e.
drift velocity plus thermal velocity

~vi,tot =
√
u2i + v2i,th =

√
u2i +

8kBTi
πmi

. (2.23)

Furthermore, bπ/2 is an asymptotic parameter with asymptotic orbit angle
π/2, given by

bπ/2 = rp
−eΦp(rp)

miv2i
, (2.24)

and λs the linearised Debye length

λs =
λDeλDi√
λ2De + λ2Di

. (2.25)

The orbit ion drag force is also shown in figure 2.2. It behaves similarly
as the collection ion drag force: it decreases in strength at the plasma-sheath
interface, while it equals zero in the bulk plasma. The orbit ion drag force
dominates the collection ion drag force by about three orders of magnitude.

The thermophoretic force

Talbot et al. [16] derived the following expression for the thermophoretic
force, having the same direction as the temperature gradient,

~Fth = −32

15

r2p
vn,th

[
1 +

5π

32
(1− α)

]
kT∇Tn. (2.26)

Here, vn,th is the thermal velocity of the neutral particles, kT is the thermal
conductivity of the gas5, Tn the neutral gas temperature profile and α an

5On basis of [17] the thermal conductivity of oxygen kT at 2000 K is estimated at
0.1 Wm−1K−1, in accordance to [18].
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accommodation coefficient. The latter coefficient is estimated at unity for
dust and gas temperatures around 500 K, on basis of [16].

It is interesting to note that expression 2.26 is independent of pressure.
However, the expression can only be used in this form if the pressure is high
enough to provide much more than one molecular mean free path lengths
between the dust particle and the wall. This is the case in our model.

Furthermore, a linear temperature profile is assumed; it ranges from 2000
K at the centre of the tube (at x = rtube) to 500 K at the wall (at x = 0).
The 500 K is a result of the resonator heat sink cooling down the substrate
tube. As this value was obtained by measuring the outer wall temperature,
it might be an overestimation for the inner wall temperature. The resulting
(possibly overestimated) thermophoretic force is plotted into figure 2.2 as
well. The figure shows that the thermophoretic force is constant, and - for
the used parameters - dominated by all other forces.

2.2.4 Conclusion

As can be seen from figure 2.2, the electric force and the orbit ion drag
force are the two dominating forces in the plasma sheath. While this figure
applies to - as an example - a 50 nm particle and a sheath thickness coefficient
of 5, it can be shown that these two opposing forces dominate the others
for a wider parameter range. (Apart from the thermophoretic and the ion
collection force, diffusion can be shown to be negligible as well6.) Since the
electric force is pointed inwards, while the orbit ion drag force is pointed
outwards, their ratio determines the effective particle transport through the
sheath.

Figure 2.4 explores the ratio of (all) outward/inward forces, for a wide
parameter range; both the particle radius and sheath fudge factor are taken
into account. It can be seen from figure 2.4 that the net outward force
dominates in the entire parameter range. The inverse relationship between
the force ratio and the sheath thickness is expected, because the electric
field strength is also inversely proportional to the sheath thickness. The
relationship between the force ratio and the particle radius appears to be
positive.

To conclude, dust particles are likely to travel through the sheath once
they arrive at the sheath-plasma interface. This holds even for a very low

6Thermal diffusion of particles may lead to delivery of particles at the wall. Although
not being a true force, the effect of thermal diffusion can be estimated. The general

expression for the mean thermal speed of a particle is given by ~vT =
√

8kBT
πm

= 0.1 m/s.

This value is obtained for a particle with a 50 nm radius, at 500 K. This value is comparable
to the speed resulting from a free fall under gravity of about 0.5 mm. Gravity and thermal
diffusion can thus be estimated to be effects of the same order of magnitude. Since the
gravitational force is dominated by the other sheath forces considered - and especially the
dominant sheath forces - thermal diffusion is a negligible transport process in the plasma
sheath as well.
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Figure 2.4: The outward/inward force ratio as a function of particle radius
and sheath fudge factor. As the colour bar indicates, the force ratio exceeds
one in the entire parameter space.

sheath thickness coefficient p.

2.3 Can a dust particle travel through the bulk?

In the previous section we saw that negatively charged dust particles should
be able to travel through the sheath. Before a particle arrives at the sheath-
plasma interface, it must travel through the bulk. In section 2.3.3, we will
investigate what physical phenomena are involved in the transport of dust
particles through the bulk. Before we are able to do so, we must first consider
the gas flow through the quartz tube. This consideration is split up in two
sections, the first being devoted to a simple description of the gas flow. The
second section will investigate the more complex features of the Draka setup.

2.3.1 A simple gas flow

In this section, a simple gas flow is modelled. For the sake of simplicity, a
uniform gas temperature of T = 2000 K is assumed. Furthermore, (thermal)
entrance regions are considered non-existent (i.e. the flow is fully developed
everywhere), the plasma is not taken into account and the situation is con-
sidered stationary.

To know what type of flow to expect - turbulent or laminar - the Reynolds
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Figure 2.5: The Reynolds number as a function of both the gas flow speed
and the pressure. In reality, the Draka system does not span this entire
parameter range, because pressure and gas flow speed are inversely related.
This will be shown shortly.

number can be calculated. It is given by

Re = ρ
uzDH

η
=

pM

RGT

uzDH

η
. (2.27)

Here, ρ is the mass density of the gas, uz is the axial gas flow speed, DH

is the hydraulic diameter of the tube, which equals the regular diameter in
case of a circular tube, M is the molar mass, RG is the gas constant and η is
the dynamic fluid viscosity. Taking the volume fraction of O2 and SiCl4 into
account, equation 2.27 yields7 figure 2.5 for the relevant range of axial gas
flow speeds uz (1 ≤ uz ≤ 100 m/s) and pressures p (10 ≤ p ≤ 100 mbar). [20]
says that a laminar flow is expected for Re < 2300. This means that the flow
in our system should be laminar for the entire parameter space considered.
However, it is known that from Reynolds numbers of approximately 800,
flows start showing non-laminar behaviour [21]. Since a significant part of
our parameter space comprises Reynolds numbers larger than 800, and with
they eye on the complexities we will discuss in the next section, we will
consider both a laminar and turbulent gas flow.

7Since only the dynamic fluid viscosity of O2 was available, the dynamic fluid viscosity
of SiCl4 is assumed to be equal. Its value is estimated at η = 5.6× 10−5 Nsm−2, on basis
of [19].
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The uniform gas flow

The turbulent regime is characterised by a uniform gas flow profile. The
average gas flow speed in axial direction can be simply expressed by

uz =
Q

πR2
. (2.28)

Here, R is the tube radius and Q is the volumetric flow rate. Both param-
eters are known, the latter being provided by the Draka lathe. Of course,
a uniform gas flow is a non-physical system; it neglects the presence of vis-
cous boundary layers at the wall, for example. Reformulating equation 2.28,
while taking into account the right pressure p and temperature T inside the
tube, results in

uz =
p0T

pT0

Q

πR2
, (2.29)

where p0 and T0 are the standard pressure and temperature respectively.
At 15 mbar and 2000 K, the uniform flow profile is shown as a function of
radius in figure 2.6a. The average uniform axial flow speed is shown as a
function of pressure in figure 2.6b. It shows the inverse proportionality to
pressure, as we would expect.

The Poiseuille flow

A Poiseuille flow profile is associated with a laminar, fully developed flow.
In this model, there is no radial gas flow: ur(r) = 0, which is equivalent to
stating that there is no radial pressure gradient. The axial component uz of
a Poiseuille flow as a function of the radius r is given by

uz(r) =
∆p(R2 − r2)

4ηL
= B(R2 − r2), (2.30)

where ∆p is the pressure gradient in axial direction, R is the tube radius, η is
the dynamic fluid viscosity and L is the length of the tube. All these (largely
unknown) parameters - except for the radii R and r - can be substituted
by the coefficient B. In order to obtain a value for B, we need one or more
known parameters. The Draka lathe provides us with the volumetric flow
rate of input gases. So, in order to estimate B in terms of other, known
parameters, we’re evaluating the volumetric flow rate Q:

Q = QSiCl4 +QO2 =

∫
uzdA =

∫
uz2πrdr. (2.31)

Simply substituting equation 2.30 herein, and evaluating the integral, gives
us

Q =
π∆pR4

8ηL
=
πBR4

2
, (2.32)
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Figure 2.6: The flow speed in axial direction as a function of radius in (a),
and as a function of pressure in (b). The uniform flow profile is given by
equation 2.29, while the Poiseuille flow profile is plotted according to equation
2.34. These profiles have been calculated at a gas temperature of 2000 K. In
figure (a), a pressure of 15 mbar is used. Furthermore, the horizontal axis
is normalised on the tube radius R.

which defines B. So the Poiseuille flow can be reformulated in only known
parameters

uz(r) =
2Q

πR4
(R2 − r2). (2.33)

The value of Q should again be recalculated to a volumetric flow rate at
the right pressure p and temperature T inside the tube. Expressing equation
2.33 in terms of the pressure and temperature results in

uz(r) =
p0T

pT0

2Q

πR4
(R2 − r2). (2.34)

The Poiseuille profile is shown in figure 2.6 as well, using the same parame-
ters. The parabolic behaviour of the Poiseuille profile in raidal direction is
clearly visible, and results at the centre of the tube (r = 0) in a flow speed
value of twice the average uniform flow speed.

Conclusion

Now we have an estimate for the relation between axial flow speed and
pressure, we can obtain an estimate for the Reynolds number in the simple
case. Substituting the expression for the Poiseuille flow at the tube centre
(r=0) into equation 2.27, reveals a Reynolds number that is independent of
gas pressure. Its value equals Re = 125± 5. This value can be regarded as
being an upper boundary, because the Poiseuille flow yields the highest flow
speeds and thus the highest Reynolds number (at the centre of the tube).
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It is thus safe to state that - in the simple case - the flow is laminar, and
does not show any non-laminar behaviour.

2.3.2 A complex gas flow

In this section, the effect of some complicating plasma and system features
on the gas flow are discussed.

Pressure fall and gas flow speed

As equation 2.30 shows, there is a certain pressure fall ∆p associated to the
laminar Poiseuille flow. In the turbulent case, there is a pressure fall as well.
The moment the plasma is switched on, this pressure fall increases. This
effect is what we will call the plasma cork effect, because the plasma works
as e.g. a narrowing, a half-opened valve or a cork on a gas flow through a
tube. The effect on the pressure, as a function of the axial position z, is
illustrated on the left-hand side in figure 2.7. The figure shows that without
the plasma, there is a continuous pressure fall along the tube. But with the
plasma switched on, a local steep pressure fall is induced. This leads to a
total pressure fall (along the entire tube) of about 1 to 5 mbar [1]. This
value is some (unknown) function of the pressure and the various plasma
parameters (power, input flow, type of gases, etc.).

The physical explanation for this steep pressure fall is twofold. Firstly,
there is a local increase in temperature when the plasma is present. The
temperature profiles inside the system will be discussed further on in this
section. Secondly, the plasma dissociates O2 and SiCl4 molecules into many
different species. Therefore, the molar volume of the incoming gas mixture
can locally increase. (The initial molar volume equals the final molar volume
of gas species, in the net chemical reaction.)

The local axial flow speed is affected by these local pressure falls as well.
This is illustrated in figure 2.7, in which the downstream gas flow speed
exceeds the upstream gas flow speeds. We expect the upstream and down-
stream gas flow speed to differ by approximately 10% at most, especially at
high pressures.

Plasma-induced turbulence

The Reynolds numbers corresponding to the flow parameters obtained so
far, do suggest the presence of a laminar flow. Though never studied in the
Draka system, it is possible that the plasma causes local turbulence. Possible
reasons for potential plasma-induced turbulence are the plasma cork effect
(as discussed before), electric field effects, the chemical reactions that take
place and strong local temperature gradients. The latter will be discussed
in the following section.
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plasma is turned on, the pressure will behave according to the green line,
because the plasma works as a cork. Right: the associated gas flow speed,
which is proportional to the local pressure fall.

If the plasma region - or any other region - is turbulent, then the down-
stream gas flow is also affected by this: the flow needs time (and thus dis-
tance) to develop into a laminar Poiseuille flow again. The entrance length
LE - which gives the axial size of the transition region from a turbulent to
a laminar flow - is given by [22]

LE = 0.056DRe, for 500 < Re < 2300 (2.35)

Here, D = 2R is the tube diameter. Typical entrance lengths for our system
range from about 1.0 m (Re = 500) to about 1.9 m (Re = 1000). Depending
on the value of LE and the axial position of the disturbance, the flow might
not be able to develop completely after a disturbance, within the system’s
physical boundaries.

Temperature profile

A uniform gas temperature in the entire system is not considered physical,
since there are a number of - sometimes dynamic and/or local - heat sources
and sinks. These heat sources/sinks are:

• The furnace. It has a temperature of about 1100 degrees Celsius, and
is known to heat up the (outside of the) quartz tube to about 1600
degrees Celsius [1].

• Gas supply. The gases O2 and SiCl4 enter the system at approximately
room temperature.

• The plasma. Due to the microwave power coupled into the system,
the plasma heats up the gas species inside the resonator. Inside the
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plasma region, the gas temperature is estimated at 2000 K. This has
never been measured experimentally, but it has been modelled by Efe
Kemaneci.

• The resonator. This device is water cooled and known to act as a heat
sink. Measurements suggest that it locally cools down (the outside of)
the quartz tube to about 500 K [2].

The heat sources and sinks described above, induce local variations in
wall temperature. There is an entrance length associated to these wall tem-
perature profiles. This thermal entrance length LT can be estimated in the
simple case of a laminar flow through a tube and in absence of a plasma,
experiencing a step in wall temperature. As shown in Appendix A,

LT ≈ (5± 1)R, (2.36)

in which R is the tube radius. If we assume that this thermal entrance
length provides a reasonable estimate for the thermal entrance length in the
turbulent case as well, then we can apply it to two parts of the system8.
Firstly at gas side, where the wall temperature jumps from room tempera-
ture to 1600 degrees Celsius. It is also applicable to the resonator region,
where the wall temperature steps from 1600 degrees Celsius to about 500 K
and vice versa.

Now we have an idea about how the gas temperature inside the tube
is affected by the temperature of the tube itself: gas at room temperature
enters the system and is warmed up to about 1600 degrees Celsius. At the
resonator, it may cool down at the wall. However, a plasma is active in
this region, heating up the gas temperature to about 2000 K. Thus, a steep
radial temperature gradient is expected in this region. Behind the resonator,
the wall is 1600 degrees Celsius again, while the possibly turbulent gas is
still hot. This implies there is also a radial temperature gradient behind the
plasma, being smaller than inside the resonator.

Other effects

Two other effects that further complicate the flow geometry inside this sys-
tem are:

• The movement of the resonator. The effect of the plasma and the
resonator on the gas flow are likely to be a function of the direction of
the resonator.

8As shown in Appendix A, many terms of the entropy equation can be assumed zero
in the laminar case. When there is a plasma and a turbulent flow, these terms are likely
to be non-zero and challenging to quantify. Without doing simulations, assuming that the
thermal entrance length is comparable in the laminar and turbulent case, is all we can do.
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• The rotation of the quartz tube. This will likely induce shear effects
on the gas, especially near the wall.

Conclusion

To conclude, the flow will likely be mostly laminar. In and around the
plasma region, some turbulence may occur. The flow is furthermore charac-
terised by large local temperature gradients.

2.3.3 Radial transport

Now we have an idea of the gas flow and the additional complexity of this
system, it would be interesting to see what physical phenomena are involved
in radial dust particle transport. These phenomena are:

• The thermophoretic force. As discussed before, this force acts on dust
particles in the presence of a temperature gradient. Since a steep
radial temperature gradient is present in the plasma region, the ther-
mophoretic force will contribute to radial transport here. This will
also apply to the region downstream from the plasma, where there
may still exist a (less steep) radial temperature gradient.

• Thermal diffusion. Dust particles will be able to move randomly as a
result of their thermal energy. Depending on the mean free path of
a dust particle, the thermal diffusion may contribute significantly to
radial transport.

• Turbulence. If the plasma and downstream region show turbulence,
dust particle may be transported towards the wall by the gas flow.

• The gravitational force. Although previously estimated as being neg-
ligible to the thermophoretic force, it may be significant in the down-
stream region, since the thermophoretic force will be less strong there.

• The neutral drag force. The neutral drag force ~Fn is exerted on a dust
particle when there is momentum transfer from neutral particles (e.g.
atoms, molecules) to the dust particle upon collision. A net force only
exists if there is a net velocity difference between the dust particle and
the surrounding gas. In that case, the neutral drag force slows dust
particles down. A net velocity difference between the dust particle and
the surrounding gas is present for all items described in this list, with
the exception of turbulence.
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The neutral drag force

The neutral drag force is expected to have a large effect on the relative
velocity that dust particles can obtain. Therefore, we discuss it in more
detail.

Two regimes can be distinguished, based on the Knudsen number

Kn =
λn,mfp
rp

, (2.37)

where λn,mfp is the mean free path of the neutrals. For small values of
Kn the thermodynamic regime prevails, which means that dust particles
have many collisions with the surrounding gas. For large values of Kn, the
kinetic regime prevails. In our case, Kn has a high value9, and we can
again distinguish between two different situations [5]. The first situation is
characterised by a small ratio of the relative velocity - between the neutral
gas particles un and the dust particle up - and the thermal velocity vn,th:
|un−up|
vn,th

� 1. In the second situation, this ratio is much larger than 1.

For the low velocity situation, when

|un − up|
vn,th

� 1, (2.38)

the neutral drag force is given by [6]

~Fn =
4

3
πr2pmnnnvn,th( ~un − ~up). (2.39)

For the high velocity case, when

|un − up|
vn,th

� 1, (2.40)

the neutral drag force is given by [6]

~Fn = πr2pmnnnvn,th( ~un − ~up) | ~un − ~up| . (2.41)

2.3.4 Conclusion

There are many physical phenomena that support radial transport of dust
particles through the bulk. However, some of these phenomena might even
result - locally - in net inwards radial transport of particles, depending on the
local conditions. It is challenging to quantify the effective radial transport;
that is, no back-of-the-envelope estimations can be made that predict the
time a dust particle needs to travel a distance R.

9The mean free path for the neutrals is given by λn,mfp = 1
nσ

. Here, nn is the neutral

particle density (nn = pNA
RGT

= 3.6× 1022 m−3 at 10 mbar), while σ is the neutral-neutral

collisional cross section (σ = 5× 10−19 m2 [9]). This yields λn,mfp = 55µm� rp.
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Chapter 3

Experimental setup

3.1 Backscattering setup

The backscattering experiments rely on Mie scattering at an angle of 180◦

with the direction of propagation of the laser pulses. The basic idea is to
shoot a pulsed laser beam into the plasma system and detect any photons
coming out of it. A schematic overview of the used setup is shown in figure
3.1. A mirror with a hole (M4) is used to enable a strong light pulse entering
the system, while the large surface of the mirror is able to direct scattered
light into the photomultiplier tube (PMT). This PMT is connected to an
oscilloscope. The laser pulses are short, while the PMT detection system is
fast. As a result, a sub-nanosecond time resolution is achieved1, enabling
temporal - and consequently spatial - resolved scattering measurements.
Now, a more detailed description of this setup follows.

A pulsed Nd:Yag laser (Ekspla SL312) is used, which emits light at 532
nm in the form of 150 ps pulses at 10 Hz. The energy per pulse is estimated
to be 25± 5 mJ and its shape to be slightly elliptical. Since the laser beam
diameter is larger than the hole in the mirror, the beam is narrowed by
a series of apertures (A1, A2, A3). This reduces the energy per pulse that
enters the plasma system significantly; about 60 to 80% energy reduction is
obtained.

Via a mirror (not shown in figure 3.1) with a 532 nm reflection coating
(100% at 45◦) the light hits a periscope, which brings the light from knee-
height to shoulder-height, at the same vertical level as the plasma source.
This periscope consists of two coated, 45◦ angled mirrors (M1 and M3).
In addition, an angled small flat glass piece (M2) is situated in between
these two mirrors. This piece reflects aproximately 1% of the laser light,
and transmits the rest. This much weaker, reflected light pulse falls onto a
photodetector (Newport 810 BB-22 UV-enhanced Si PIN detector), which

1This sub-nanosecond time resolutions only applies to isolated signal slopes, see section
3.2.2 for details.
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is used for triggering purposes on the oscilloscope2.

The PMT is a Hamamatsu H10720-110 which has an integrated high-
voltage supply. This PMT is built into a small metal casing, providing
shielding from electromagnetic background radiation. Although not tested,
it is assumed that this is a prerequisite when using such a very sensitive
device near a high-power microwave source. A potentiometer is used to set
the sensitivity of this device. Directly in front of the light opening, a 532 nm
narrow band filter is mounted. In this way, only light with a wavelength of
532 nm can enter the PMT, hereby increasing the signal quality. In practice,
measurements can be done in fully-lit rooms, without the presence of any
black light-absorbing fabrics to block background light. An extra aperture
(A5) and lens are placed in between the mirror with hole and the PMT.
This converging lens is used to direct all usable light onto the relatively
small PMT sensor.

The laser light enters the system through a Brewster window, which is a
window angled at the Brewster angle. This reduces the unwanted reflection
from this window to a minimum. In practice, even this minimum reflection
reduces the detection capabilities of light scattering severely; the intensity of
the reflected light is often dominating the scattering signals we are interested
in. Because of the nanosecond time scales, it is not possible to use shutter
technologies to block unwanted photons.

Initially, we chose to put our detection equipment at pump side. The
advantage of pump side is the possibility to perform light scattering exper-
iments at different radii. Au contraire, at gas side it is only possible to
measure through the centre of the system. Since we are interested in the
transport of soot particles towards the wall, radial scanning would provide
us with a lot of insight. Unfortunately, measuring at pump side provided a
number of experimental difficulties. The lion’s share of problems is related
to extensive soot presence in the tubing at pump side. Since these pipes
are located downstream from the plasma, all soot that is produced in the
quartz tube, but not deposited on the quartz tube, is being transported to
this system part. So our detection system must be able to ’look through’
this relatively high density soot cloud, in order to detect relatively less dense
soot clouds in the quartz tube. An insightful analogy is that this problem
resembles the situation in which you want do determine the location of a
smoke grenade, while standing downwind. Furthermore, soot is deposited
on the pump side Brewster window as well, increasing its reflection to un-

2While the laser provides an electric output pulse for triggering purposes, it was found
that using this caused electromagnetic distortions on the PMT signal, rendering the entire
experiment unworkable. The reason for this distortion is that the laser produces an ap-
proximately 100 MHz electromagnetic wave when generating the laser pulse. Since wires
act as antennas, this signal is coupled into the experiment. It is also for this reason that
the laser equipment is placed in another room, separated from the detection setup by a
20 cm thick wall. This effectively reduced the interference to below the detection limit.
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acceptable levels. Therefore, all reported scattering results in this work are
obtained from gas side, unless noted otherwise.

3.1.1 Photomultiplier tube

A photomultiplier tube (PMT) is used for the detection of light. Its working
principle is demonstrated in figure 3.2. The basic radiation sensor is the
photocathode, from which one photon releases one electron as a consequence
of the photoelectric effect. Next, these photoelectrons are directed to the
first stage of the electron multiplier by a focusing electrode. The electron
multiplier consists of a number of electrodes, called dynodes. Each dynode
is held at a higher voltage than the previous one. Each impinging electron
releases multiple secondary electrons at these dynodes, so that a final gain of
perhaps 106 can be achieved. The anode collects all electrons and provides a
current signal, which can be read by auxiliary electronic equipment without
the need of additional signal amplification.

The PMT used in this work (Hamamatsu H10720-110) has a rise time
(10 to 90%) of 0.57 ns using a 50Ω load, according to its specifications.
An experimental analysis shows rise times of 1.3 ± 0.1 ns and fall times of
2.7 ± 0.2 ns. A photomultiplier’s output is strongly linear to its incident
radiant flux. This is because the emission rate of photolectrons is linearly
proportional to the number of incoming photons and the yield of secondary
electrons for a give primary electron energy is linearly proportional to the
number of primary electrons. Deviations from linearity occur when space
charge begins to form in between dynodes. Reducing the number of incom-
ing photons by e.g. apertures or filters, or by reducing the sensitivity of the
device, prevents the formation of space charge as well as saturation of the
device [24]. Excessive illumination may cause the current through the final
dynodes and anode to exceed their maximum permissable level, and thus
can have a large influence on the acquired signal, easily leading to misin-
terpretation. In the worst case, this may destroy the PMT. In many cases,
the PMT can be revived by storing it in the dark for a certain amount of
time. In practice this means that excessive irradiation for a short period of
time results in a fairly high dark current that drops rapidly back to a stable
value; whereas moderate irradation for a long period of time increases the
dark current less, the cathode takes much longer to recover [25].

During experiments, only some cases of saturation were observed. This
is easily solved by adjusting the sensitivity of the PMT. No long-term effects
were noticed.

3.1.2 Laser properties

The Ekspla SL312 produces 150 ps pulses at 10 Hz, at 532 nm. The laser
uses its internal triggering mechanism. The specifications show a jitter of
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Figure 3.2: A schematic representation of a photomultiplier tube (PMT)
(coupled to a scintillator) and its working principle. Image obtained from
[23].

0.5 ns (standard deviation), when the laser uses internal triggering. There
are two peculiarities a user must be aware of.

The first is that the laser has a relatively large pulse-to-pulse intensity
variation. As measured by the PMT, consecutive laser pulses can differ
up to 30% in intensity. Since a PMT is highly linear in its input-output
behaviour, we can trust this. This behaviour is furthermore confirmed by
the Ekspla support staff.

The second peculiarity is that the laser has a long-term intensity drift.
That is, the laser intensity changes during usage. Turning on the laser half
an hour prior to experimenting, proved to be best-practice.

3.2 Backscattering signal properties

The output of the photodetector and the PMT are connected to an oscil-
loscope (Agilent InfiniiVision DSO-X-2024A). A DC signal representing the
position of the resonator in the plasma system is available on the oscilloscope
as well. A pc running a Matlab script takes care of real-time data acqui-
sition of these signals at 10 Hz. This method enables full control of data
analysis during post-processing. This section describes the acquisition and
averaging method(s), signal properties, signal parametrisation and finally a
distance-intensity correction method.

3.2.1 Data acquisition and averaging methods

A pc equipped with Matlab and the Matlab Instrument Control Toolbox
is connected to the Agilent InfiniiVision DSO-X-2024A oscilloscope through
USB. Using Agilent IO Library calls, the oscilloscope can be controlled using
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the VISA protocol. With each triggering pulse provided by the photodetec-
tor, all used channels on the oscilloscope are acquired and stored by the
pc. Each acquisition set consists of 640 data points per channel, which is
sufficient to do accurate post-processing on the signal.

The first step in post-processing, is the averaging of the acquired data.
This is a necessity because of numerous fluctuations and drifts in both the
laser and the plasma system. Averaging can be achieved in two ways. Either
by true time-averaging, i.e. by specifying a range of frames to be taken
into account. Or, alternatively, by taking into account the position of the
resonator. The latter method uses the signal representing the position of
the resonator in the plasma system. When averaging over a to be specified
frame range, it only takes into account the frame numbers corresponding to
(a small region around) a certain specified resonator position. The resulting
average is called a resonator position resolved average3. In most cases, these
type of graphs are made for three resonator positions: at gas side, at pump
side and in between.

During averaging, some additional post-processing steps are taken. These
will be described in section 3.2.2.

3.2.2 Background signal properties

A sample of the background signal is shown in figure 3.3. It is acquired
from an O2 plasma at 15 mbar, and contains no signal emerging from light
scattering on soot particles in the gas phase. On the vertical axis the nor-
malised signal intensity is shown, on the bottom horizontal axis the time
and on the top horizontal axis the position. The schematic drawing of the
setup on top of the graph is on scale with the graph. In this section, several
general signal properties will be discussed. Signal properties only related
to light scattering (on soot particles in the gas phase) will be discussed in
section 3.2.3.

Background peaks

Four major background features can be identified in figure 3.3. The first peak
(I) is the mirror reflection peak. It results from laser stray light illuminating
the mirror with the hole. The second peak (II) is the gas side Brewster
window peak, through which the laser light enters the system. The third
peak (III) is referred to as the pump side O-ring background peak. At this
position, the quartz tube is mounted to the system, and the system’s inner
diameter narrows down, as indicated in figure 3.1. Laser stray light falls

3To enable the resonator position resolved averaging method, the resonator position
signal (i.e. a voltage representing the resonator position) had to be linked to the time.
This is done by inserting a diffusive reflective object into the resonator, and tracking the
reflection peak as a function of time when the resonator moves. This information is then
combined with the resonator position voltage to create a mapping of time to distance.
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Figure 3.4: Light-induced signal wiggles, as a result of a light pulse falling
into the PMT.

onto this narrowing, yielding a diffuse reflection. Finally, the pump side
Brewster window forms the fourth peak (IV). Having a Brewster window at
pump side helps reducing its reflection (in contrast to a metal end cap).

Post-processing

As stated before, some additional post-processing steps are taken during
the averaging procedure. Firstly, the signal strength is always normalised
on the intensity of the gas side Brewster window peak. The corresponding
peak is indicated by (II) in figure 3.3. Moreover, to correct for the jitter on
the signal, the gas side Brewster window peaks are all horizontally aligned.
Effectively, this corresponds to the post-processing equivalent of interleaved
sampling. The last important thing that is done, is converting the time-
based horizontal axis - as seen by the oscilloscope - to a position-based
horizontal axis. The scale on this axis is chosen to coincide with the actual
resonator position. The latter is illustrated by figure 3.3.

Light-induced signal wiggles

When a light pulse falls into the PMT, a current is generated. Due to non-
optimal matching of the PMT to the external electrical circuit, these current
pulses result in oscillations. This effect is shown in figure 3.4. The shape
and the relative strength of these wiggles is some function of light intensity,
PMT sensitivity and the length of the interconnecting coax cable.

These light-induced signal wiggles are also observed in experimental scat-
tering signals, such as in figure 3.3. A clear example of this is the positive
voltage around 31 ns. When interpreting such a figure, care must be taken
to not interpret these non-physical wiggles as being something physical. At-
tempts to correct scattering signals for these wiggles - for example by using
some sort of deconvolution - are deemed to be unsuccessful.
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Temporal and spatial resolution

The laser pulse has a duration of 150 ps, which corresponds to a physical
length of about 5 cm. Thus the maximum axial spatial resolution - that is,
the length scale on which details can be observed - which can be obtained
is 5 cm. The oscilloscope is even faster, it has a discretisation time of 0.078
ns, which corresponds to 1.2 cm. And because the laser has a jitter of
0.5 ns, the effective time discretisation is even smaller (after averaging and
horizontally aligning the scattering signals, as described before). This is
essentially the post-processing equivalent of interleaved sampling, a feature
many oscilloscopes have to increase the time resolution.

In practice, the PMT and the accessory electric circuit determine the
time resolution. Its rise and fall times are experimentally determined at
1.3±0.1 ns (20±2 cm) and 2.7±0.2 ns (41±3 cm) respectively4. Therefore,
the time resolution of the setup is estimated at about 2.7 ns (41 cm). This
means that details of the axial distribution of scatterers, that are spaced less
than 41 cm apart, cannot be resolved.

However, when scatters or other objects are spaced further than 41 cm
apart, then we can obtain their position with a very high resolution. For
example, if we would physically reposition the pump side Brewster window
(IV) by as little as a centimetre, we should - in principle - be able to detect
this shift. Only the time resolution of the oscilloscope (after averaging)
would matter. Since the spatial equivalent of the latter is estimated at
being less than 1.2 cm, the spatial resolution for detecting single objects is
estimated to be about 1 cm. It must furthermore be noted that the position
of the flank of a peak can be determined more precise than the position
of its maximum. The spatial resolution of 1 cm thus primarily applies to
quantification of the position of the flank.

3.2.3 Scattering signal properties

Two examples of a scattering signal, for both low and high pressure, can be
found in figure 4.7. This section discusses some signal properties regarding
the scattering signal.

Parametrisation of the scattering signal

In order to enable comparison of scattering signals - for example as a func-
tion of an operational parameter like pressure - their properties should be
quantified. Initially, attempts were made to fit the scattering signal using
a series of Gaussians. However, as a result of light-induced signal wiggles,
the scattering signal contains many unphysical features. As a result, the

41 ns corresponds to about 30 cm when considering the speed of light. But in our
measurement system, 2 ns corresponds to about 30 cm, because light travels back and
forth. Therefore, we obtain a ’free’ doubling of our temporal/spatial resolution.
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number of Gaussians required for proper fitting of the scattering signal was
exceeding the number that would have reasonably been expected on basis
of the amount of physical light sources (i.e. reflectors and scatterers).

Therefore, the soot signal is being parametrised. The signal parameters
that can be obtained are:

• Amplitude.

• Surface area. Two different types of surface areas are being distin-
guished. The half-width integral gives the area under the signal in
the range from the resonator up to the position of the minimum. It
is unaffected by background peaks (in particular by peak (III)). The
full-width integral delivers the surface area from the resonator up to
the 3 meter mark. Both parameters are normalised on the half-width
and full-width surface area of the gas side Brewster window peak (II)
respectively.

• Half-width half-maximum (HWHM) and full-width half-maximum (FWHM).
The HWHM applies to the upstream half-width, which is unaffected
by background peaks as well. Both parameters are normalised on the
HWHM and FWHM of the gas side Brewster window peak (II) re-
spectively.

• Displacement. The displacement is the physical distance between the
resonator position and the first local minimum of the signal (i.e. the
position of the amplitude).

The first two signal parameter types on the list - the amplitude and the
surface area’s - primarily tell us something about the amount of scattered
signal. They will be treated in section 4.3.3. The HWHM/FWHM and the
displacement tell us more about the axial position of the soot and will be
investigated in section 4.3.3. It is clear that all signal parameters are only
defined when separate soot peaks can be identified. That is, the soot peak
must not be overlaying with the pump side O-ring background peak (III),
such that the position of their minima are equal. We will call this behaviour:
snapping of a soot peak to a background peak. So these signal parameters
are only defined when the pressure is high enough (about 40 mbar). The ’at
gas side’ parameters are excluded from this restriction, since this soot peak
always snaps to the pump-side O-ring background peak (III). However, the
snapping of this soot peak to the O-ring background peak affects the signal
parameters above.

Comparison complexity

Quantitative comparison of scattering signals obtained from experiments
performed at different dates, proves to be cumbersome. The origin lies pri-
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marily in the fact that the optical alignment of the setup changes slightly ev-
ery day. This not only induces differences in the strength of the background
peaks, but in the real scattering signal as well. The low-pressure detection
limit, for example, proves to be heavily dependent on optical alignment.
Therefore, data obtained from different experiments (i.e. different dates)
will never be quantitatively compared, unless stated otherwise. Only scat-
tering signal obtained from the same experiment - thus with identical optical
alignment - is used to investigate relations between operational parameters
and signal parameters.

Apart from quantitative differences between different experiments, there
are also - sometimes inexplicable - quantitative differences from within the
same experiment. These differences can occur due to laser drifts, drifting
alignment of optics (because the Draka lathe vibrates and heats up signifi-
cantly), tube rotation and deposition of soot on various parts of the quartz
tube and on the pump-side Brewster window. Especially deposition on
the insertion tube and the pump-side Brewster window leads to significant
changes in the size of these background peaks, during an experiment. In
general, the size of these peaks increases as a function of experiment time.
But due to e.g. vibrations and the rotation of the tube, deposited mate-
rial might detach from the insertion tube, thereby suddenly changing its
reflective properties. Such changes in peak strengths are often tedious to
explain.

Error analysis

In performing a proper error analysis, it is thus most important to investi-
gate the reproducibility of the scattering signal within the same experiment.
The reproducibility is investigated by repeatedly performing the same exper-
iment under identical conditions. In this case, a 60 mbar SiCl4 + O2 plasma
is created four times. In between the creation of subsequent soot-producing
plasmas, a non-dusty O2 plasma is created; also at 60 mbar.

The scattering signal is then parametrised, and the spread on these pa-
rameters is used as a measure for the error: the relative standard deviation
is applied as a relative 69% interval error to this parameter. Each parame-
ter, e.g. amplitude or displacement, has its own relative error value. These
errors are different for each resonator position as well. The main conclusion
is that most errors are small compared to the trends we observed. This is
shown in the Results chapter.

For the sake of completeness, we will note the following here: when the
gas flow speed is used in calculations, a relative error of 10% is taken into
account. See the next section for examples of these calculation. See section
3.3 for the experimental method to determine the gas flow speed, and the
reasons for this error value.
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3.2.4 Signal parameter normalisation

This section is devoted to introducing two additional5 normalisation meth-
ods, which help us to increase our understanding of the behaviour of the
previously introduced signal parameters. This section is not intended to
discuss the physical mechanisms behind the behaviour of these parame-
ters (as a function of e.g. pressure). These mechanisms will be discussed
in the appropriate sections in chapter 4. That is, the parameters linked
to the amount of soot signal will be investigated in section 4.3.3 and the
HWHM/FWHM and displacement will be discussed in section 4.3.3.

Before discussing these normalisations and their origins, we want to clar-
ify and stress the following. Scattering intensity is a function of particle
number density n and radius r: I = I(n, r6) [7, 8]. When changing an op-
erational parameter like pressure, the scattering signal changes. This has
already been shown in figure 4.7. But we must realise that the change in
scattering signal is only an indirect result of the change in pressure. Ac-
tually, the pressure directly affects the following particle rates: nucleation
rate, growth rate, coagulation rate and deposition rate. Finally, the col-
lective effect of these changing rates expresses itself in a change in particle
number density and/or radius, and thus in scattering intensity. Although
not easily determined, we are primarily interested in the development of
these rates. Furthermore, we do not know whether a certain signal increase
or decrease in scattering intensity is due to changes in the number density
or in particle radii; in general - and also in this case - it is not possible to
extract two-dimensional information from a one-dimensional measurement.
However, we can acquire information about the collective behaviour of the
particle nucleation, growth, coagulation and deposition rates.

We distinguish between two types of normalisation of signal parameters.
The first type is, in essence, a soot particle density normalisation. This
normalisation is applied to signal parameters that express a signal intensity
level: amplitude and surface area. The second type is a gas flow speed
normalisation. It is applied to the HWHM/FWHM and the displacement,
and has a different origin than the first type of normalisation.

Soot particle density normalisation

When we would position ourselves in an observation frame that moves at
the gas speed, we would (hypothetically) measure the particle density as a
function of time. Since this moving observation frame has a certain physi-
cal length, we are able to track only the particles within this frame. If we
would double the gas speed, while leaving all other operational parameters

5The normalisation of the scattering signal on the amplitude of the first Brewster
window reflection peak (II) is always carried out, prior to obtaining any of the signal
parameters.
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constant, the particles that initially fitted into our observation frame, would
now be distributed over an observation frame of twice its length. In other
words: the particle number density is halved. Since scattering intensity is
directly proportional to the particle number density, the local scattering in-
tensity would be halved as well. Normalisation of the signal parameters on
the particle number density is thus an obvious method to enhance compa-
rability of these signal parameters, and eliminate the effect of the change in
gas flow speed.

These changes in gas flow speed occur automatically when the opera-
tional pressure is changed; section 4.2 revealed an inverse relationship be-
tween pressure p and gas flow speed uz: p ∝ 1/uz. By multiplying the
signal parameters with the gas flow speed, the following two effects are thus
decoupled: the effect of pressure on the particle number density through the
gas speed, and the effect of pressure on the particle number density through
the nucleation rate, growth rate, coagulation rate and deposition rate. This
enables to acquire information on the collective behaviour of these rates as
a function of pressure.

This particle density normalisation is mathematically explained by equa-
tion 3.1. Here, Pn is the normalised version of the parameter P of interest,
uz is the gas speed, p is the pressure and n is the particle number density.

Pn(p) = P (p)uz(p) ∝
P (p)

p
∝ P (p)

n
(3.1)

It is important to realise that we make the following assumption when
applying this normalisation: the upstream (from the plasma) flow speeds
are used to correct the soot displacements which reside downstream from
the plasma. So in other words, we make the assumption that the flow speed
upstream from the plasma is equal to the flow speed downstream from the
plasma. This seems reasonable, and reality might be not too far off, as will
be shown in section 4.5.

The signal parameters that are suited for this normalisation are: ampli-
tude and surface area.

Gas flow speed normalisation

Whereas the normalisation of the amplitude and surface area is related to
the density of soot particles within the moving frame, the HWHM/FWHM
and the displacement are normalised to the speed of the moving frame itself
instead.

The reasoning behind this is rather intuitive. When the gas speed is
lower, soot is transported less quickly and thus less far in the same time. A
high gas speed would thus lead to a higher HWHM/FWHM (due to axial
spreading) and a higher displacement.
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If we normalise the displacement on the flow speed in the centre of the
tube, as predicted by the ’average’ line in figure 4.5, we obtain the so called
time displacement. The time displacement is a quantity that should be
interpreted as the time material travels from the resonator until it turns
into soot and until it grows large enough to be detected.

Equation 3.2 shows the mathematical relation between the original dis-
placement D (units: m/s) and the normalised displacement Dn (units: s):

Dn(p) =
D(p)

uz(p)
=
uz(p)τ

uz(p)
= τ. (3.2)

Here, τ is the time that soot travels until it is detected.

In this normalisation method, we make the same assumption about the
gas speed as previously. That is, the gas speed upstream from the plasma
equals the gas speed downstream from the plasma.

3.2.5 Distance-intensity correction

The intensity of a point light source - as observed by an observer - decreases
as a function of the distance between the source and the observer. This
relation is quantified in the following well-known expression:

I =
P

4πR2
. (3.3)

Here, the intensity I has units of W/m2. P is the power of the point source,
and R is the distance between the observer and the point source.

This relation is applicable to our experiment as well. When light scatters
on a soot particle in the system, its scattering intensity - as detected by the
PMT - is a function of the distance between the soot particle and the PMT.
We would like to eliminate this distance dependence when comparing signal
parameters - e.g. amplitude - obtained from scattering signals originating
from different axial positions in the quartz tube.

The first correction idea is to correct the entire scattering signal. That
is, to take the signal from e.g. figure 3.3, and apply a distance-dependent
correction per data point. However, due to the previously described light-
induced signal wiggles, it became apparent that such a scattering signal
could not be corrected reliably. The second idea is to correct only the
signal parameters (e.g. amplitude) for the distance-intensity relation. This
is more straightforward, because these signal parameters do not contain
light-induced signal wiggles.

The objective is thus to to apply the following relations to the experi-
mentally obtained signal parameters:

Ic(z) = c(z)I(z), (3.4)
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with

c(z) =
1

(z0 + z)2
. (3.5)

Here, Ic(z) is the (unnormalised) distance-corrected intensity, I(z) is the
measured signal intensity and c(z) is the correction factor. The correction
factor is inspired by equation 3.3, and scales with the distance squared.
Here z is the position on the resonator scale, and z0 is an offset. Above
equations show that the correction strength decreases for increasing z0. In
order to apply the above relations to the obtained signal parameters, we
need to quantify z0. Both experimental and numerical attempts are made
to quantify z0.

Experimental attempts

A diffusive reflective object is mounted inside the moving resonator, without
the quartz tube being present. The resulting scattering signal is acquired
by the pc and afterwards resonator position resolved averaged. This results
in figure 3.5. The absolute values of these peak amplitudes are fitted to a
function of the following form:

f(z) = a(z + z0)
−2. (3.6)

This fit yields z0 = 0.74±0.14 m (95% confidence bounds). However, a value
of z0 = 0.98 is expected, as will be explained in the discussion about the
numerical attempt. The reason for this discrepancy might be found in the
simplified experiment: since the quartz tube is absent, all reflections on the
inside of the tube are neglected.

An experiment with the quartz tube being present is performed. How-
ever, the quartz tube prevented us of inserting something in the resonator.
Therefore, the experiment had to be performed manually: a long stick with
a diffusive reflective end piece is inserted into the quartz tube from pump
side. The positions of the end piece were recorded manually. Unfortunately,
this method did not prove to be reliable; the experimental data suffered
from a lot of fluctuations.

Numerical attempt

A numerical model is built to find z0. The detection setup shown in figure
3.1 is translated into a ray tracing model. This model is shown in figure
3.6. In this model, a two-dimensional source disc with radius h3 is able to
move axially. The source disc behaves as an array of point sources; each
point source is able to illuminate a part of the very large two-dimensional
detector array. Part of the light is blocked by (1) a block representing the
hole in the mirror with the hole, and (2) an aperture representing the gas
side tubing. The radii h1 and h2 of these obstacles are determined directly
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Figure 3.5: The reduction in light intensity as a function of distance. The
first two (gas side) resonator position resolved averages are excluded from
this graph; as a result the horizontal axis appears to have an offset.

from the used equipment, and equal 3 mm and 6.4 mm respectively. The
radius of the source disc is estimated at 2 mm. The distances d1, d2 and d3
are obtained from the setup, and equal 21 cm, 77 cm and 90 cm respectively.
Together, these measures determine the illuminated part of the detector.

Taking into account the quadratic relation of equation 3.3, the model
is able to calculate the total intensity at the detector as a function of d3.
Fitting these two quantities with relation 3.6 - and thereby correcting for the
actual resonator position scale - yields z0 = 1.025±0.003 m (95% confidence
bounds). This is very close to the theoretical value of z0, which equals
d1 + d2 = 0.98 m.

Correction results

To summarise, we have obtained an experimental value of z0 = 0.74±0.14 m,
and a theoretical value of z0 = 0.98 m. Both values do not take into account
additional reflections on the inside of the quartz tube.

When correcting actual signal parameters, using expressions 3.4 and 3.5,
unsatisfactory results are obtained for both values of z0. The reasons for this
dissatisfaction are likely to be numerous. Firstly, reflection are not taken
into account. Secondly, the value of z0 is probably heavily dependent on the
optical alignment. It is not unthinkable that for each experiment, a unique
z0 has to be determined.

A recommendation would be to perform a standardised distance-intensity
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Figure 3.6: This model is obtained from the experimental backscattering
setup. The source disc with radius h3 moves axially, thereby changing d3.
Each point on the source disc illuminates different parts of the detector.
The distance between the detector and the hole in the mirror (with radius
h1 equals d1. The distance between the hole in the mirror and the gas side
tubing (with radius h2) is d2.

measurement after every experiment, from which z0 can be determined.
However, it is not unlikely that the value of z0 changes during the experi-
ment as a result of soot deposition on the inside of the quartz tube.

3.3 Gas flow speed measurements

The upstream - with respect to the plasma - gas flow speed is measured as a
function of axial position. The method relies on the change in plasma colour
as a function of gas composition: small amounts of Freon gas are added to
the gas flow, and change the colour of the plasma significantly. The effect
of added Freon to the light spectrum of an O2 plasma is shown in figure 3.7.
The black line represents the spectrum of an O2 plasma - as measured by an
Ocean Optics USB4000-VIS spectrometer6 at gas side - when the resonator
resides at gas side. The red line shows the emitted spectrum with a few
volume per cent Freon added to the gas flow.

A schematic overview of the setup is shown in figure 3.8. Oxygen is sup-
plied to the plasma from a different gas line than the Freon. The valve which
controls the Freon supply is triggered externally, and the corresponding trig-
gering signal is available on the oscilloscope. The Freon valve is opened for

6This spectra shown in this report are not corrected for dark light, nor for the relative
sensitivity of the spectrometer. However, considering the application in this work, this is
not required. Nevertheless, these spectra should thus be interpreted with certain caution.
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Figure 3.7: The spectrum of an O2 plasma in black. In red, an O2 plasma
with a few volume per cent of Freon added. The resonator is positioned at
gas side. The spectra are obtained from gas side as well.

about 80 ms per measurement. The moment of opening is based on the
position of the resonator: the triggering signal is generated at predefined
axial positions. In front of the PMT a colour filter (Balzer 362 19 R-UV) is
mounted, which transmits light in the range of about 340 to 440 nm. The
colour filter thus only transmits light in the case when Freon is added to the
plasma. Light emitted by the plasma falls into the PMT by reflecting on
the mirror with the hole. The PMT signal is available on the oscilloscope
as well. A sample of both acquired signals is shown in figure 3.9.

The change in plasma colour is used to detect when the Freon gas arrives
at the resonator, relative to the opening of the Freon vale. With two Freon
pulses at different positions along the system axis, the gas speed uz between
these positions can be determined according to

uz =
∆z

∆t
=

(z0 + z1)− z0
(t0 + t1)− t0

=
z1
t1
. (3.7)

Here z0 is the distance between the Freon valve and the axial resonator
position closest to the gas side of the setup. z1 is the distance between the
two axial positions. The times t0 and t1 correspond to the time the (Freon)
gas needs to travel the distances z0 and z1 respectively. These times are
directly obtained from figure 3.9; the downward slope of both signals is used
to determine them. Of course, when more than two positions zi are selected
along the tube axis, an axial gas speed profile is obtained.

As figure 3.9 shows, there is a time delay between the triggering pulse
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Figure 3.8: Part of the setup used for the gas flow speed measurements. The
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valve opens at predefined resonator positions.
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Figure 3.9: A sample of the raw data, as acquired by the oscilloscope. The
black line represents the triggering signal, and the red line the light (between
about 340 and 440 nm) emitted by the plasma. The pressure in the system
is 90 mbar.
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and the Freon gas arriving at the plasma. The calculation of the gas speed
is based on this time delay. However, the resonator moves further during
this time delay. This means that the predefined resonator position at which
the triggering signal is generated, is unequal to the value of zi that should
be used in equation 3.7. This effect is not taken into account; it leads to an
underestimation of the gas flow speed. The size of this underestimation is
estimated to range from 0.6% (at 15 mbar, at gas side) to 4% (at 90 mbar,
at pump side). Alltogether, the error of these flow speeds measurements is
estimated at 10%.

As a note on the side, it is observed during this experiment that the
intensity of the signal increases as a function of resonator position. It is
confirmed by a simple numerical model that this is probably a result of
the solid angle between the plasma and the PMT; when the plasma is at
gas side, it is only partially visible when observed at the position of the
PMT. The visibility fraction increases as a function of resonator position,
effectively increasing the light intensity at the PMT. In reality, the emitted
light intensity of the plasma is observed to decrease as a function of resonator
position. This is a result of the gas buffer, as indicated in figure 3.8, slowly
emptying while the resonator moves from gas side to pump side.

3.4 Soot speed measurements

The downstream - with respect to the plasma - axial speed of the soot
particles is measured. The method relies on creating a temporal and spatial
isolated soot cloud, and using laser scattering to measure its position. This
spatial and temporal isolated soot cloud is created by pulsing the SiCl4
gas supply. This pulse is supplied when the resonator is below the 10 cm
position threshold, thus creating soot during that time frame. When the
SiCl4 supply is halted, the then present soot will float away on the gas flow.
By axially tracking the scattering peak as a function of time, the soot speed
can be determined. It is assumed that the soot speed corresponds to the gas
flow speed. As a result, this measurement yields the downstream gas flow
speed.

To perform the speed measurement, the timing of each laser pulse with
respect to a certain reference time must be known. Because only then we
know the axial position and time of a floating soot peak, which will result in a
speed. In these experiments, the turning point of the resonator at gas side is
chosen as the reference moment. So there must be a device which generates
a voltage signal representing the time relative to this turning point. When
this voltage is then supplied to the oscilloscope, the timing of each obtained
scattering signal is linked to the relative time. In practice, it proved to be
challenging to achieve time counting with millisecond resolution in a simple
and reliable way. There simply appears to be a lack of these devices [26].
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A solution is found, however. The basic setup is very similar to the setup
shown in figure 3.1. But where for the regular backscattering experiments
the internal triggering system of the laser is used, now external triggering is
utilised. Some additional equipment is required as well: a function generator
and a delay generator.

A scheme showing the used electrical triggering signals is shown in figure
3.10. The resonator direction state is generated by the Draka system; its
value equals one (i.e. 5 V) when the resonator travels from gas side to pump
side, and zero (i.e. 0 V) when the resonator travels backwards. This implies
that the up going flank of this signal defines the reference point. This
resonator direction state signal is supplied to a function generator (Rigol
DG1022), which is able to output a 10 Hz pulse train. This pulse train is
then delayed by a delay generator (Stanford Research Systems, Inc. DG535).
During the experiment, the delay is varied between 0 and 90 ms, in steps of
10 ms. The delayed pulse train is then triggering the laser7, which adds an
additional 1.5 ms to the generation of light pulses.

The delay generator thus specifies the time offset of each laser pulse with
respect to the reference point with sub-millisecond accuracy. We would have
been finished now if the laser would have the ability to automatically start
generating light pulses, as soon as it detects the presence of the delayed
triggering signal. In this case, we can simply count the laser pulses and
consequently know the relative timing of each laser pulse. Unfortunately,
this type of laser must be switched on manually after establishing the delayed
pulse train. This means that the experimentalist must press the ’operate’
button as soon as the resonator starts moving towards the pump side. This
implies that we are not able to count the laser pulses - and therefore know
the exact timing - because we do not know how many triggering pulses we
missed due to human latency. Therefore, a counter with a 100 ms time
resolution must be used, to enable categorising each measured scattering
signal.

The resonator position signal is used for this. Instead of letting this signal
represent the entire more than 1 meter resonator range, its full voltage range
is used to represent the first 15 cm of the system’s axis8. The corresponding
time resolution proves to be sufficient to achieve correct categorisation. The
resonator position signal plus the setting of the delay generator (plus the
additional 1.5 ms delay) then yields the relative time of each scattering
signal.

The post-processing of the scattering signals - in which the soot speed
is hidden - happens semi-automatic. The processing script requires manual

7The laser is being operated in external triggering mode 3 for this purpose. According
to its specifications, the laser has a relatively large jitter of 125 ns in this mode. This
jitter is negligible for our purposes.

8The spatial resolution that can be obtained is 1 cm. This corresponds to a time
resolution of smaller than 100 ms.
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Figure 3.10: On the left, the interconnection of the used equipment is shown.
On the right, the (electrical or optical) signal corresponding to this equipment
is shown. The resonator direction state and the resonator position signal are
supplied by the Draka lathe. The resonator position signal is not on scale;
in reality it reaches its maximum after about 800 ms. The delay δ is set - by
the delay generator - on a value varying from 0 to 90 ms. The laser starts
producing light pulses when the user presses the ’operate’ button.

selection of the soot peak of interest, since automatic detection of this peak
proved to be cumbersome.

3.5 Deposition experiments

In order to learn about the shape and size of the produced soot particles, a
deposition experiment is performed. Prior to the start of this project, TEM
images of a 60 mbar soot deposition have been made. These images were
obtained by following a regular deposition/production scheme. This means
that - at 60 mbar - the resonator moved axially while depositing soot at
the inside of the quartz tube. After deposition, some of the deposited soot
material is scraped off the tube, and placed on a TEM window.

This approach has several disadvantages. (The main advantage is, how-
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Sample number 10 mbar 60 mbar 90 mbar

S1 33 33 33
S2 74 74 74
S3 106 106 106
S4 153 145 153

Table 3.1: The position of the deposition samples in centimetres, at the
resonator position scale. The resonator itself is between 30 and 35 cm when
the SiCl4 is supplied.

ever, that the experiment is fairly easy to carry out.) Firstly, by scraping off
the soot from the quartz tube, its structure and exact morphology is lost.
Secondly, - as will be shown in the Results chapter - the properties of the
soot population in the gas phase is a strong function of the axial position
with respect to the plasma. By moving the resonator axially, the deposi-
tion result is essentially the result of a spatial integration. Thus the spatial
information is lost from the deposition result.

To overcome these disadvantages, SiCl4 is only supplied to the system
when the resonator resides between the 30 and 35 cm mark. Four quartz
samples9 are placed equidistantly along the tube axis, at positions as marked
in table 3.1. The tube rotation is turned off. After deposition, the samples
are imaged using SEM.

9Initially, TEM measurement were planned. Small custom, ceramic sample holders
were used to handle the 2 by 2 mm TEM windows. However, the pulsing of the SiCl4
induced shock waves that mobilised the TEM windows, effectively emptying the sample
holders.
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Chapter 4

Results

This chapter provides an in-depth overview of the experimental results of
this project, addressing the following key aspects. We start by showing SEM
pictures of deposited structures in section 4.1. These structures imply that
the gas phase is populated with spherical dust particles (soot) and possibly
with complex aggregates. In section 4.2, we determine the (upstream) axial
gas flow speed as a function of pressure. The gas speed shows to be inversely
proportional to the pressure. In section 4.3, we investigate the effect of
pressure on the scattering signal. We show that soot particles can indeed
be - spatially resolved - detected in the gas phase. It is furthermore shown,
that the soot particles continue to grow and coagulate downstream from
the plasma and that these can be detected for pressures above 20 mbar.
(The latter does not mean that no dust is present at pressures below 20
mbar.) Moreover, the amount of scattering signal shows to be proportional
to pressure, which implies that the amount of particle nucleation in the
plasma is proportional to the pressure as well. Careful investigation of the
scattering signal leads to the conclusion that the collective behaviour of the
downstream nucleation, growth, coagulation and deposition rate of particles
is independent of pressure. In section 4.4, the furnace temperature shows
to affect the scattering signal. We show that the upstream and downstream
gas flow speed are approximately equal in section 4.5.

4.1 Deposition imaging

Deposition samples are obtained by the method described in section 3.5.
The key aspect in this method, is that the SiCl4 is only switched on when
the resonator is between two certain axial positions, while the samples - four
in total - are placed at predefined positions downstream from these points.
This enables us to study the morphology of the deposition as a function of
the axial distance to the SiCl4 + O2 plasma. This experiment is performed
at several pressures.
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Figure 4.1: SEM image of the surface of a clean quartz sample, i.e. with-
out deposition. The large white particles are contaminations. The surface
appears not to be perfectly flat, and contains many imperfections.

A few remarks have to be placed regarding the results we show in this sec-
tion. Firstly, some aspects of the surface of the quartz samples - for example
their roughness - are likely to be different from the surface of the substrate
tubes. Furthermore, the surface of these samples might be contaminated
and significantly less clean than the substrate tube. A SEM picture of the
quartz sample surface is shown in figure 4.1; some surface imperfections and
contaminations are visible on this picture. Moreover, switching on the SiCl4
supply in the way just described, results in very high SiCl4 flows due to
technical reasons. This causes deviations from a regular deposition exper-
iment, especially in the gas mixture and the gas flow speed. Finally, the
quartz samples disturb the physical environment, because they are placed
on top of the inner wall of the substrate tube. As a result, the SEM images
shown here might be partially unrepresentative for a regular deposition on
a regular substrate tube. Section 5.2 contains two recommendations which
would enable more representative deposition experiments.

We will first show a full axial series of four samples at 90 mbar. Then,
the SEM pictures of the second sample (’S2’ in table 3.1) of both 60 mbar
and 10 mbar will be presented. These samples are deposited at about 40 cm
downstream from the plasma. For all these pictures, the most important
features will be indicated, and - whenever possible - explained and related
to each other.

4.1.1 90 mbar

In figure 4.2, the full axial series is shown. Figure 4.2a and 4.2b are SEM
pictures from the first sample, which is positioned inside1 the plasma re-

1Because the plasma is very contracted, in both radial and axial sense, it is not certain
that the first sample is placed inside the plasma region at the moment the SiCl4 arrives.
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gion. The first figure visualises the relatively flat, but rough, surface of the
sample. The surface looks like to be composed of hemispheres of various
sizes, resulting in some larger features as well. Figure 4.2b shows the same
surface, but angled at 35 degrees. Now it is clear that the flat surface is
actually built up from densely stacked spherical particles of about 100 nm
in diameter. The larger features from figure 4.2a appear to be (multiple)
micron-sized dense spheres, having the same structure as the main material.
It also looks like the large sphere created a crater upon impact of the surface,
thereby burying itself into the surface. The empty ring around this sphere
could also be caused by charge effects.

The other figures - figure 4.2c, 4.2d and 4.2e - look similar, but differ
fundamentally from the previous two. These pictures are obtained from
samples positioned downstream from the SiCl4 + O2 plasma, at 40 cm (S2),
70 cm (S3) and 120 cm (S4) from the plasma, respectively. These structures
are all very porous and sponge-like, built up from many aggregates. These
aggregates themselves are composed of spherical particles as well. Both
figure 4.2c and 4.2d show that each aggregate is built up from roughly mono-
disperse particles. The particle size per aggregate can differ, however. The
size of those spheres appears to vary between 10 and 100 nm in diameter,
which is significantly smaller than the spheres of the first sample. In general,
the third sample in figure 4.2d seems to be built up by the largest spheres,
while the fourth sample in figure 4.2e seems to be built up by the smallest
spheres.

We thus see that the largest spherical particles are deposited inside - or
close to - the plasma region. This leads to dense structures. The pictures
suggest that larger spherical objects, consisting of many smaller spherical
particles, are formed in the gas phase and are deposited as well. Downstream
from the plasma, porous aggregates are formed from smaller spherical par-
ticles, possibly in the gas phase. These spheres tend to be smaller at larger
distances from the plasma. Deposition of these porous aggregates leads to
a sponge-like structure at the wall.

4.1.2 60 mbar

Two SEM pictures from the second sample at 60 mbar - which show the
deposition at about 40 cm downstream from the plasma - are shown in
figure 4.3. Figure 4.3a shows a structure which resembles the cracks in dry
desert ground. Figure 4.3b shows this structure at a larger zoom level, and
reveals cauliflower-like structures. These cauliflowers are densely stacked,
with relatively large gaps in between them. The difference between the
front and background (as visible through the large gaps) is estimated to be
about 10µm. From another SEM image, the size of the spherical particles

Future experiments should verify this.
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(a) (b)

(c) (d)

(e)

Figure 4.2: SEM images of the 90 mbar deposition. (a) and (b) are deposited
inside the plasma region (S1). (c), (d) and (e) are from about 40 cm (S2), 70
cm (S3) and 120 cm (S4) downstream from the plasma, respectively. Picture
(b) is taken with a tilt of 35 degrees applied to the sample, the other pictures
are without applied tilt. The white bar indicates the scale in each picture.
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(a) (b)

Figure 4.3: SEM images of the 60 mbar deposition. Both (a) and (b) are
deposited at about 40 downstream from the plasma (S2). The white bar
indicates the scale in each picture.

is estimated at 10 to 100 nm.

We thus see that relatively dense structures are deposited at 60 mbar.
The cracks might originate from significant heating or cooling of the struc-
ture, which is not unlikely when considering the furnace and the plasma.

4.1.3 10 mbar

- CONFIDENTIAL -

4.2 Gas flow speed

Gas flow speed measurements, at various pressures2, are performed in the
Draka setup. To this end, the method described in section 3.3 is used. It
delivers an axial spatially resolved flow speed, although with rather limited
resolution; depending on the pressure, three to seven data points are ob-
tained along the tube axis. The results are shown in figure 4.4. In each
sub figure, up to 13 individual - but identical - measurements are plotted
together with their average and standard deviation.

The flow speed profile in figure 4.4a suggests that - at 15 mbar - the
flow speed is higher at gas side (i.e. at 0 cm) than elsewhere in the tube.
However, the associated standard deviations are significantly higher at gas
side as well. It is likely that this large spread is caused by experimental
errors3, and that the flow speed profile is flat in reality. A flat profile is also

2As shown in section 2.3.1, the theoretical axial gas flow speed uz is inversely propor-
tional to the pressure p: uz ∝ 1/p.

3The exact moment of opening the Freon (C2F6) valve is only indirectly monitored by
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observed at 30 and 60 mbar, though in a lower axial resolution. These are
shown in figures 4.4b and 4.4c respectively.

This flat profile is thus reproducible up to 60 mbar. At 90 mbar, the gas
flow speed increases linearly throughout the tube, as shown in figure 4.4d.
This different flow profile is unexpected, because the Reynolds number (see
equation 2.27 and figure 2.5) is equal (to Re = 125± 5) for all investigated
cases. Thus at each pressure, an equal entrance length (given by equation
2.35, yielding Le = 24 ± 1 cm4) is expected. Therefore, the increase in
gas flow speed at 90 mbar cannot be the result of the flow becoming more
developed. The same reasoning holds up for the thermal entrance length
LT , which sits in between four to six tube radii for all cases (see Appendix
A).

There are too many unknowns about the gas flow through this particular
system to give general or specific explanations for these behaviours. As
discussed in section 2.3.2, many features of this plasma system will influence
the flow to some unknown extent. These features include the jumps in wall
temperature, the resonator heat sink, the plasma heat source, the rotation
of the tube and the plasma pressure fall. Section 5.2 contains further ideas
on how to gain insight into the gas flow behaviour.

The experimental results from figure 4.4 are summarised and replotted
as a function of pressure in figure 4.5. The black markers show these ex-
perimental results: the profiles from figure 4.4 are averaged over the entire
tube length, with their standard deviation shown as 69% interval error bars.
Furthermore, this figure shows the predicted value for the flow speed at the
centre of the tube when assuming either a Poiseuille flow or a uniform flow.
Due to its nature, the Poiseuille flow yields flow speeds at the centre of the
tube that are twice the uniform, average flow speed.

It is striking that the experimental flow speed values fall nicely on top
of the third curve in figure 4.5, which is the average of the Poiseuille flow
at the tube centre and the uniform flow. The fact that the measurements
result in lower flow speeds than a true Poiseuille flow predicts, indicates that
there are turbulent effects (as expected). However, no conclusions can be
made on the exact amount of turbulence in the system, on basis of these
measurements.

An interesting observation was made after conducting an experiment
with great similarities to the deposition experiment described in section 4.1.
In this case, it is important to know that the rotation of the tube has been

its trigger pulse, as explained in section 3.3. Because the time between the opening of the
Freon valve and the detection of light is key to determining the gas speed, any deviation in
the valve opening behaviour induces errors. These errors are magnified when the travelled
distance by the Freon gas is small, i.e. at gas side. These errors are magnified even further
when the gas speed is high, i.e. at 15 mbar.

4Strictly, equation 2.35 is not applicable to Reynolds numbers below 500. This value
should thus be regarded as an estimate.
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Figure 4.4: The results of the flow speed measurements, at (a) 15 mbar, (b)
30 mbar, (c) 60 mbar and (d) 90 mbar. On the horizontal axis, the axial
position along the tube is shown. The scale on this axis is identical to the
horizontal scales used elsewhere in this work, for example in figure 4.7. On
the vertical axis the flow speed is shown, for a number of separate - but
identical - measurements. An average and 69% standard deviation of these
measurements are plotted as well. The latter is indicated by the red striped
line, the red squares and red error bars.

69



0 20 40 60 80 100
0

10

20

30

40

50

60

70

80

90

Pressure (mbar)

F
lo

w
 s

pe
ed

 (
m

/s
)

 

 
Poiseuille flow at r=0
Average
Uniform flow
Experimental data

Figure 4.5: The average axial flow speed along the tube versus the pressure
of the system (at pump side). The red line represents a Poiseuille flow speed
at the centre of the tube, i.e. at r = 0. The blue line shows the flow speed
in case of a uniform flow profile, while the green line shows their average.
Measurement data is shown as black markers, with 69% error bars.

disabled. After such a deposition experiment at 60 mbar, white soot stripes
were deposited onto the glass substrate wall. These white stripes are shown
in figure 4.6, and appear to run axially and parallel along the entire tube.
At the centre of this photo the imprint of a sample holder is visible, around
which the soot stripes find their path. One may conclude that this indicates
that the flow in the tube is laminar. On the other hand, turbulent flows
have a viscous boundary layer at the wall as well, due to friction of the gas
with the wall.

To conclude, flow speed measurements in the tube centre appear to be
predictable by the average of the uniform and Poiseuille flow profile. That is,
in this specific case, under these specific experimental conditions. However,
it is assumed throughout the rest of this work, that is the real flow speed can
still be accurately predicted by this average. A relative error of 10% (69%
interval) is taken into account when flow speeds are used in calculations, as
will happen in the next section. Of course, when a certain experiment has a
different volumetric flow input rate, the average will be scaled accordingly.
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Figure 4.6: The substrate tube after a deposition experiment. The white soot
stripes run parallel and axially along the tube, and curve around the sample
holder, whose imprint is visible on the glass.

4.3 Pressure effects

4.3.1 The detection threshold

As known from previous observations, see section 1.3, higher pressure in-
duces enhanced soot formation. [3] states 30 mbar as the transition pressure
from low to enhanced soot production. Indeed, at low pressure5 conditions
(i.e. standard deposition conditions), the experimental scattering signal
from a SiCl4 + O2 plasma is indistinguishable from situations where no soot
can be present, such as in a pure O2 plasma. And likewise, soot can easily
be detected at very high pressures.

From the results of the deposition experiments, we expect to be primar-
ily detecting large aggregates. These aggregates consist of many spherical
particles in the range of ten to hundreds of nanometres in diameter, and are
- most likely - the result of coagulation of these spherical particles in the gas
phase. Examples of these scatterers are shown in figure 4.2b and 1.3b.

Nevertheless, the detection threshold by the method used in this work
is determined to be about 20 mbar.

4.3.2 The formation of a soot peak

Low pressure signal characteristics

Exceeding the 20 mbar detection threshold, broadening of certain back-
ground peaks can be observed. This is shown in figure 4.7a, which shows
the O2 plasma background signal and resonator position resolved scattering
signals of a SiCl4 + O2 plasma. While the plasma pressure rises from about
21 to approximately 25 mbar in 100 seconds6, the signal is captured. The

5The pressure is obtained at pump side, as shown in figure 3.1.
6A pressure ramp from 15 to 90 mbar in about 30 minutes is applied to the plasma

during this experiment. This method has an important advantage over stepwise pressure
alterations: it enhances the comparability of scattering signals, since the entire pressure
range can be covered in a single experiment. Obtaining similar data from stepwise pressure

71



signals are normalised on the the amplitude of the gas side Brewster win-
dow reflection peak (II). The latter normalisation is applied to all signals
presented in this work.

At these low pressures, some observations can be made. Firstly, devi-
ations from the blue background signal are only visible downstream from
the plasma. These deviations initiate about 1 meter behind the resonator,
which indicates that the local dust particle population7 exceeds the detection
threshold starting from that position. This relatively long distance clearly
shows that the soot particles need time - and thus distance - to grow and
coagulate to beyond the detection limit.

Secondly, these deviations can mainly be characterised as broadening of
an existing background peak. In this case, the peak at the O-ring8 (III)
at pump side is considerably wider when a SiCl4 + O2 plasma is present.
The substrate tube and the insertion tube in this region are known for their
soot deposition at low pressures as well, as mentioned in section 1.3. This
is a result of being located outside the furnace, where the substrate tube is
considerably colder. We assume that the signal widens significantly in this
region - while the rest of the scattering signal does not change - for the same
(unknown) reason.

It is also observed that the ’at gas side’ scattering signal, is significantly
stronger than the other two signals in this region. At the same time, the
corresponding background peak at the pump side Brewster window (IV) is
weakest. Similar behaviour is shown for the other two signals: the stronger
the scattering signal, the weaker their background peak (IV) is. This is
a sign that the reflected light from that Brewster window is significantly
attenuated when it is travelling back through the dust, towards the PMT.

High pressure signal characteristics

Starting at about 40 mbar, the resonator position resolved scattering signal
picks up an interesting feature: it gains a separate, local minimum. So
we can speak of a soot peak. This is shown in figure 4.7b, for a pressure
range of about 55 to approximately 59 mbar9. These soot peaks are located
downstream from the resonator.

Two additional observations can be made from figure 4.7b. Firstly, de-
pending on the resonator position, the location of the soot peak changes

alterations, would - for technical reasons - require multiple experiments.
7The scattering signal intensity is linear proportional to the particle number density

n and sextic proportional to the particle radius r: I ∝ nr6 [7, 8]. That is, for spherical
particles. In the case of complex aggregates, this might be different.

8The reason that a background peak is produced at the position of the O-ring, is because
here the setup slightly narrows down. Laser stray light - which is radially significantly
off-centred from the Gaussian beam - falls onto this narrowing and yields a background
peak.

9This range is part of the same pressure ramp, described before.
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Figure 4.7: The scattering signal for two cases: an O2 plasma (in blue) and
a SiCl4 +O2 plasma at p = 21−25 mbar in (a) and p = 55−59 mbar in (b).
The latter signal has been resolved for several resonator positions, with the
square markers indicating the resonator position. The background peaks are
all indicated by Roman numerals, and correspond to the elements indicated
in figure 3.1. The scattering signals are normalised on the amplitude of the
first Brewster window reflection peak (II).
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accordingly. It is also shown that - when the resonator is at pump side - this
location coincides with the location of the pump side O-ring background
peak (III), throughout the entire pressure range. In other words: the loca-
tion of the minimum equals the location of the background minimum. We
will call this behaviour: snapping of a soot peak to a background peak.

Secondly, the reflection from the pump side Brewster window has now
completely disappeared: apparently, the reflected light is attenuated until
below the detection threshold of the PMT.

Parametrisation and normalisation

From the high pressure scattering signal, a couple of signal parameters can
be obtained: the amplitude, the (half and full-width) surface area, the half
and full-width half-maximum (HWHM and FWHM) and the displacement.
The reader is directed to section 3.2.3 for further information about these
parameters. The first two signal parameter types on the list - the amplitude
and the surface area’s - primarily tell us something about the amount of
scattered signal. They will be treated in section 4.3.3. The HWHM/FWHM
and displacement tell us more about the axial position of the soot, and will
be investigated in section 4.3.3.

The amplitude and surface area undergo a particle density normalisation.
By multiplying these signal parameters with the gas flow speed, the following
two effects are being decoupled: the effect of pressure on the particle number
density through the gas speed, and the effect of pressure on the particle
number density through the nucleation rate, growth rate, coagulation rate
and deposition rate. The HWHM/FWHM and displacement undergo a gas
flow speed normalisation, to correct for the effect of the gas flow speed on
the axial transport of soot particles. The reader is directed to section 3.2.4
for an in-depth explanation of both normalisations.

4.3.3 Investigation of signal parameters

In this section, the formerly introduced signal parameters will be investi-
gated. We will start by obtaining these parameters from the scattering
signal, and show their behaviour as a function of pressure. Their behaviour
is also explained, not from a physical perspective, but from a signal analysis
perspective. Then, we will evaluate these signal parameters; their contribu-
tion to the understanding of the scattering signal is analysed. Hereafter, we
will explain the physical effects displayed by a subset of these parameters.
Finally, we will redefine the displacement and use that new signal parameter
to investigate the behaviour of the particle rates as a function of pressure.
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The amount of soot

In this section, the two signal parameters that describe the amount of soot
are discussed. These are amplitude and surface area.

Amplitude For pressure regimes in which a separate soot peak exists, the
soot peak amplitude can be plotted against pressure. This is shown in figure
4.8a, in which the amplitudes are normalised on the amplitude of the gas
side Brewster window peak (II).

For comparison, figure 4.8b shows the same data, but normalised on the
soot particle density as well. To improve the interpretation of this particle
density normalisation, the scaling of the vertical axis of both figures is chosen
in the following way: both vertical axes span the same relative range. In
other words, the maximum ymax and minimum value ymin on the vertical
axis is chosen such that ymax/ymin yields the same value for both figures.
This choice of axes will be applied throughout this chapter.

Both graphs in figure 4.8 show very similar behaviour. The soot peak
amplitude increases monotonically as a function of pressure, for all three
resonator positions. For the third resonator position, a discontinuity in this
trend is visible between 72 and 77 mbar. This is most likely caused by a -
suddenly - coincidental change of the background peak at the O-ring (III):
this can for instance happen when substantial amounts of soot have been
deposited on the tube or the insertion tube, and when some of this deposited
material is suddenly released from the tube and thus removed from this
region. As noted earlier in section 3.2.3, such changes in background peaks
are tedious to explain.

The effect of the particle density normalisation results in a flatter be-
haviour. This indicates that a significant part of the increase of the ampli-
tude is due to an increase in particle density, as a direct result of a decreasing
gas flow speed. The remaining increase in amplitude for increasing pressure
is then due to physical effects resulting from a higher pressure (i.e. a higher
gas density). These physical effects will be discussed in section 4.3.3. More-
over, figure 4.8b shows that the amplitude increase becomes smaller at high
pressure.

Surface area The half-width surface area is plotted in figure 4.9a. The
data is normalised on the half-width surface area of the gas side Brewster
window peak (II). The particle density normalised half-width surface area is
shown in figure 4.9b. As expected, the behaviour of the half-width surface
area shows great similarity to the amplitudes in figure 4.8. This is expected,
because we are integrating the first half of an approximately Gaussian peak;
the surface area is proportional to the amplitude in such a case. In both
graphs, the ’at pump side’ line has the highest value and shows the same
discontinuity (between 72 and 77 mbar). Furthermore, the ’in between’ line
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Figure 4.8: The amplitude of the soot peak versus the pressure, for three
resonator positions. Each data point is obtained from a time-averaged scat-
tering signal, in a data series in which the pressure rose gradually in time.
The amplitudes in (a) and (b) are both normalised on the size of the first
Brewster window background peak (II). The amplitudes in (b) are normalised
on the particle density as well. As before, the amplitudes are resonator po-
sition resolved. The error bars indicate 69% error intervals.

has the lowest value in both cases. Moreover, the same flattening occurs as
a result of the normalisation method.

When considering the full-width surface area graphs of figure 4.10, we ob-
serve that the ’at pump side’ surface area now has the lowest value instead of
the highest. Its value has dropped considerably, because the corresponding
peak has been snapped to the O-ring background peak. The soot peak and
the background peak are thus overlapping. In the other two cases, the soot
peaks are situated upstream from the O-ring background peak, resulting in
a larger surface area.

The axial position of soot

The parameters that describe the axial position of soot are: HWHM, FWHM
and displacement. They are treated in this section.

HWHM and FWHM The HWHM and FWHM are the first two pa-
rameters that are being discussed in the context of the axial position of
scattering soot. Figure 4.11a shows the HWHM versus pressure, in which
the half-width corresponds to the upstream (i.e. left) half of the peak width.
The HWHM in this figure is normalised to the HWHM of the gas side Brew-
ster window (II). The ’at gas side’ and ’in between’ parameter show approx-
imately the same behaviour; they both decrease as a function of pressure,
though not very strongly. This means that the soot peaks become steeper
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Figure 4.9: The half-width surface area in (a), and the particle density nor-
malised half-width surface are in (b) versus pressure. These half-width sur-
face area’s correspond to the upstream (i.e. left) half of the peak. The data
in figure (a) is normalised on the half-width surface area of the gas side
Brewster window peak (II).
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Figure 4.10: The full-width surface area in (a), and the particle density
normalised full-width surface are in (b) versus pressure. The data in figure
(a) is normalised on the full-width surface area of the gas side Brewster
window peak (II).
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Figure 4.11: The half-width half maximum (HWHM) in (a), and the cor-
responding gas flow speed normalised HWHM in (b) versus pressure. The
HWHM corresponds to the upstream (i.e. left) half of the peak width. The
data in figure (a) is normalised on the HWHM of the gas side Brewster
window peak (II).

and have a more pronounced maximum. The ’at pump side’ line does the
opposite, and increases with pressure. This effect can be caused by the soot
peak position and O-ring background peak position axially drifting away
from each other; although the soot peak still snaps to the background peak,
its natural position would be located more upstream. The drifting of a soot
peak with respect to the resonator position (and thus with other background
peaks) is quantified by the displacement, which will be discussed in the next
section.

The gas flow speed normalised HWHM is shown in figure 4.11b. As a
result of the normalisation, all trends are increasing.

Figure 4.12a shows the FWHM versus pressure. Three properties dif-
fer from the HWHM plot. Firstly, the ’at pump side’ signal has dropped
significantly in value relative to the other two signals. The origin of this
effect is identical to what has been explained earlier at the comparison of
the half-width and full-width surface area: the ’at pump side’ soot peak has
now been snapped to the O-ring background peak. Secondly, in the FWHM
graph, the ’at gas side’ and ’in between’ signals are further apart. When
considering pressures below 65 mbar, this is caused by the relative ampli-
tude size of the O-ring background peak with respect to the soot peak; both
peaks are included in the FWHM. Since the distance between the ’at gas
side’ soot peak and the O-ring background peak is larger than the distance
between the ’in between’ peak and the O-ring background peak, and they
are both included in the FWHM, the FWHM is thus considerably larger for
the ’at gas side’ case. The third distinct property, is that in the range of 65
to 70 mbar, the ’at gas side’ line decreases sharply. Where below 65 mbar,

78



20 40 60 80
0

0.5

1

1.5

2

2.5

3

3.5

4

Pressure (mbar)

F
W

H
M

 (
a.

u
.)

 

 

At gas side
In between
At pump side

(a)

20 40 60 80
0

0.05

0.1

0.15

0.2

0.25

Pressure (mbar)

N
o

rm
al

is
ed

 F
W

H
M

 (
a.

u
.)

 

 

At gas side
In between
At pump side

(b)

Figure 4.12: The full-width half maximum (FWHM) in (a), and the corre-
sponding gas flow speed normalised FWHM in (b) versus pressure. The data
in figure (a) is normalised on the FWHM of the gas side Brewster window
peak (II).

the O-ring background peak is included in the FWHM, above 70 mbar this
is the case no more. Above this pressure threshold, the amplitude of the O-
ring background peak becomes smaller than half the amplitude of the soot
peak.

The gas flow speed normalised FWHM in figure 4.12b shows similar
behaviour as the gas flow speed normalised HWHM; all trends increase as a
function of pressure.

Displacement Figure 4.13a shows the displacement versus pressure for
three different resonator positions. The displacement is defined as the dis-
tance between the resonator and the soot peak. Considering pressures above
50 mbar, the displacement is almost constant when the resonator is at pump
side. This we understand: this soot peak largely coincides with the O-ring
background peak at pump side and therefore hardly moves.

Both the displacement ’at gas side’ and ’in between’ decrease monotoni-
cally as a function of pressure. The general explanation for these decreasing
trends is that the gas speed is decreasing with pressure. Consequently, soot
is transported less quickly and thus less far. If we normalise the displace-
ment (units: m) on the flow speed in the centre of the tube - as predicted by
the ’average’ line in figure 4.5 - we obtain the so called time displacement
(units: s). A graph showing the time displacement versus the pressure is
shown in figure 4.13b.

Instead of a decreasing trend, we now observe an increasing trend for all
three resonator positions. This means that at higher pressure, the maximum
scattering signal - which is a certain combination of particle size and particle
number density - is reached at a later moment or - equivalently - at a larger
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Figure 4.13: The displacement of the soot peak (i.e. the scattering maxi-
mum) in figure (a), and the corresponding time displacement in figure (b).

distance from the resonator. Furthermore, gas flow speed normalisation has
a significant effect on the relative scale of the trends; while the displacement
decreases not even a factor two in this pressure range, the time displacement
increases almost an order of magnitude.

Signal parameter evaluation

We must question ourselves what each of the previously described signal
parameters contributes to the level of understanding of the scattering sig-
nal. By doing so, we enable a proper translation from a signal parameter
description of the scattering signal, to a physical description of the soot
population.

All previously described parameters have something in common: they
rely on either the amplitude or the position of the soot peak. In principle, a
soot peak (i.e. a maximum in scattering intensity) is related to a local opti-
mum combination of particle number density n and particle radius r; when
an increase in n and/or r is - axially - followed by a decrease in n and/or r,
a maximum is formed. However, scattered light is attenuated by upstream
soot; the attenuation increases with the amount of soot in between our de-
tector and the scatterer or interest10. The effect of soot-induced attenuation
on the position and strength of the maximum scattering intensity is signifi-
cant. This can be illustrated by comparing backscattering results obtained
from gas and from pump side. Figure 4.14 shows the backscattering signal
obtained from pump side, from a SiCl4 + O2 plasma at 40 mbar. The figure
clearly shows that light scattering is significant directly after the pump side

10This works two ways: the laser beam is attenuated while it travels towards pump side,
so the local scattering intensity decreases accordingly. On top of that, the scattered light
itself must travel back through the soot and is attenuated by doing so.
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Figure 4.14: Backscattering signal obtained from pump side, for a SiCl4+O2

plasma at 40 mbar. The position of the pump side Brewster window (IV) is
indicated. A strong scattering signal is visible directly behind the Brewster
window.

Brewster window (IV). This light scattering is not visible in figure 4.7b;
instead, it is completely attenuated. This is not surprising, since we ob-
served the soot-induced attenuation already in section 4.3.2, in the form of
the attenuation and eventual disappearance of the pump side Brewster win-
dow reflection peak (IV). Soot-induced attenuation thus implies that a soot
peak can also be formed without a decrease in n and/or r. This is nicely
illustrated in figure 4.15 (this figure will be discussed in another context
hereafter).

Now we understand that the existence of a soot peak does not automati-
cally imply a certain local optimum combination of particle number density
n and particle radius r, we must reconsider the use of the signal parameters.
We come to the following conclusion. Signal parameters that primarily rely
on the value of the soot peak amplitude, i.e. the amplitude and the surface
area’s, are still useful descriptors: although their exact trends are question-
able, their overall behaviour is still a powerful indicator for the amount of
soot. Au contraire, signal parameters that primarily rely on the position
of the soot peak are heavily affected. Both the trends in HWHM/FWHM
and displacement (as a function of pressure) can be the result of the rela-
tive strength of soot-induced attenuation (as a function of pressure). As an
example, when the relative strength of soot-induced attenuation increases
with pressure, the position of the soot peak shifts towards the detector. This
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effect may dominate any physical effect of interest.

This dominance is particularly illustrated in the graphs of the HWHM
and FWHM, in figures 4.11 and 4.12. Here, the trends of the HWHM and
FWHM are relatively flat, compared to the trends of the gas flow speed
normalised HWHM and FWHM. These flat trends imply that the HWHM
and FWHM do not change significantly as a function of pressure, which is
likely the result of soot-induced attenuation. When applying gas flow speed
normalisation, non-physical behaviour is displayed as well.

The amount of soot explained

Since the only signal parameters that are considered robust are describing
the amount of soot, the physics behind their trends will be explained. All
these parameters show the same trend as a function of pressure; the amount
of soot increases with pressure. This is a result of enhanced nucleation in the
plasma; that is, the total number of plasma-created ’nuclei’ increases with
pressure. This leads to a higher downstream particle density, since each of
these nuclei is able to grow and coagulate downstream, due to the presence
of radicals. Eventually, a higher scattering intensity is the result.

There are three effects that enhance nucleation in the plasma region with
pressure. Firstly, the power density in the plasma increases with pressure.
This is a result of the axial and radial contraction of the plasma, while
keeping the microwave power constant. The electron density will increase
with power density, leading to more collisions between electrons and the
available gas atoms and molecules. This leads to increased dissociation, and
thus to an increase in radical density. Since the radicals are responsible for
chemical reactions, the nucleation in the plasma is enhanced. Secondly, with
higher pressure and constant gas supply, the gas density in the plasma is
higher. This leads to more collisions, and thus more radicals and nucleation,
as well. Thirdly, the residence time of gas species within the plasma increases
with pressure. This is caused by the axial gas flow speed decreasing with
pressure, leaving gas molecules longer in the plasma region. The longer
gas molecules reside in the plasma, the more chance they will contribute to
nucleation.

A physical picture that we can provide to illustrate this enhanced nu-
cleation, is the following. In the plasma, after dissociation of SiCl4 and
SiO2, many radicals form. One of the products that these radicals form is
SiClxOy, which comes in many forms [27]. At high pressure, these molecules
are much more abundant, as an effect of the mechanisms described above.
As a result, these SiClxOy molecules start to polymerise (i.e. nucleate) in
the gas phase. At low pressure, they arrive at the wall, before they have the
opportunity to polymerise in the gas phase. After arrival at the wall - or
after polymerisation in the gas phase - these molecules are oxidized by the
present Oz species, resulting in SiO2.
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Another trend can be observed: the increase in the amount of soot -
i.e. the amount of nucleation - appears to become smaller at high pressures.
This is for example visible in figure 4.9, for pressures above 70 mbar; the
slope is decreasing here. There are two possible causes for this. The first
cause is that soot-induced attenuation may affect the scattering signal more
significantly at higher pressures. This would imply that the increase of the
amount of soot does not become smaller at higher pressure. The second
cause - which must thus be regarded with certain caution - is a reduced
’gas efficiency’ at high pressure, which means that a smaller portion of the
input gases are dissociated by the plasma. If the plasma is strongly radially
contracted, a significant portion of the gas species do not encounter the
plasma at all. At high pressure, this reduced ’gas efficiency’ might dominate
the effects of increased power and gas density on the nucleation.

Radial transport Having discussed the pressure-dependency of the soot
production process, one could argue that - as an important particle loss
channel - the increase in amplitude with pressure is enhanced by a decrease
in particle diffusion towards the tube wall; since the diffusion of particles is
inversely proportional to the pressure, it would lead to a decrease in particle
loss and thus to a higher particle number density. While this is true, it is not
possible to say whether this effect significantly affects the shown trend(s).

As discussed in section 2.3.3, other physical phenomena might affect the
radial dust particle transport as well. These include: the thermophoretic
force, the gravitational force, turbulence and the neutral drag force. Too
little is known about these radial transport processes, to conclude an effect
by them on the previously shown trends.

Investigation of the particle rates

Now we understand that, for increasing pressure, more particle nucleation
takes place in the plasma, we want to explore the downstream particle rates.
In other words, we want to increase our understanding about what happens
to the particles once they exit the plasma region. After all, we probably
only detect downstream aggregates.

These downstream particle rates are: the nucleation rate (downstream
from the plasma, nucleation might still take place), the growth rate, the
coagulation rate and the deposition rate. These four rates determine the
particle number density and particle size downstream from the plasma. Be-
cause of the fundamental nature of the scattering signal - scattering intensity
is a ’one-dimensional’ quantity - we can only obtain information about the
collective behaviour of the particle rates.

We would thus be interested in a signal parameter that represents these
particle rates. This signal parameter can be found by redefining the (time)
displacement.
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The (time) displacement, redefined Let us reconsider the (time) dis-
placement. In essence, the displacement tells us something about the dis-
tance between the soot and the resonator. The time displacement, which
corrects for the gas flow speed, tells us something about the time it takes
for soot to develop. That is, it is an indicator for the rate at which soot
develops.

There are two major issues with the previously defined (time) displace-
ment. Both these issues are related to the usage of the soot peak maxi-
mum in its definition. Firstly, as we noted before, soot-induced attenuation
strongly affects the position of the maximum. We will return to this issue
shortly. Secondly, since the size of the amplitude is a function of both par-
ticle number density and particle radius, it will likely vary during e.g. a
pressure series. In fact, this is what we have already shown in previous sec-
tions. When plotting the position of the amplitude as a function of pressure,
we are looking at a significantly changing soot population as a function of
pressure. When studying the particle rates, we would like to deduce trends
which are related to comparable soot populations instead.

The latter can be achieved by looking at the position of the intersection of
an arbitrary intensity level with the scattering signal. Indeed, this arbitrary
intensity level is much more likely to represent comparable soot populations.
One extra correction should be made to this arbitrary intensity level; the
chosen level of intersection must undergo a particle density normalisation,
as explained in section 3.2.4.

By using the intersection point, we are probing the flank of the soot
peak, instead of its top. This brings a number of additional advantages:

• The flank is less susceptible for soot-induced attenuation, as illustrated
in figure 4.15. This is primarily true because there is less soot in
between the scatterers and the detector, when probing the flank.

• The spatial resolution in the position of the flank is high. Though it
cannot be determined, it is estimated to be even higher than the laser
pulse length (about 5 cm). Details downstream from the slope have
a low spatial resolution of about 20 to 40 cm, as discussed in section
3.2.2.

We will refer to this more robust, new type of displacement as ’the
displacement of the second type’. The initially defined displacement will be
referred to as ’the displacement of the first type’ from here.

The results Figure 4.16 shows the second type of (time) displacement. An
intersection level of nominal V = −0.004 V is chosen, which intersects with
the scattering signal in the entire pressure range. This implies that at low
pressures, the signal level intersects with the O-ring background peak (III).
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Top: large susceptibility

Flank: small susceptibility

Attenuated scattering signal

Unattenuated scattering signal

Figure 4.15: Illustration of probing the flank being less susceptible to soot-
induced attenuation than probing the top. The red line shows the attenuated
signal, as it is detected by the PMT. The blue line shows the hypothetical cor-
responding unattenuated scattering signal, if soot-induced attenuation would
be non-existent. The effect of soot-induced attenuation is much larger at the
top, than at the flank.

This is also clear from the plots in figure 4.16, in which - at low pressures -
the three trends are vertically separated equidistantly.

The soot population reaches a similar scattering level at a shorter dis-
tance from the resonator, for increasing pressure. This is shown in figure
4.16a. Again, the ’at gas side’ displacement shows the strongest decrease.
The ’at pump side’ behaviour is different from the displacement of the first
type; it is decreasing as well, instead of being constant. This indicates that
the natural position of the soot peak drifts away from the O-ring background
peak, just like figure 4.11a shows.

Normalising the displacement on the gas flow speed, yields the time
displacement of the second type. Figure 4.16b shows that the normalisation
has a flattening effect on the displacement. At high pressures, the three
trends can be considered constant due to the relatively large errors. This is
an interesting observation; it means that - at constant gas flow speed - the
same scattering signal is achieved after a constant time/distance. So this
implies that - although there is certainly more soot at higher pressure - the
collective behaviour of the particle rates - i.e. the collective behaviour of
the (downstream) nucleation, growth, coagulation and deposition rate - is
unaffected by pressure.

4.4 Temperature effects

A limited investigation of the effect of the furnace temperature on the scat-
tering signal has been carried out. The displacement (of the first type,
as initially defined in section 3.2.3) as a function of the resonator position
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Figure 4.16: The displacement of the second type in figure (a), and the cor-
responding time displacement in figure (b). Both graphs show the (time)
displacement of the second type, i.e. the (time) displacement of the intersec-
tion point of a certain signal level with the scattering signal. The nominal
signal level is V = −0.004 V, which is corrected for particle density before
intersection.
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Figure 4.17: The displacement (of the first type) as a function of resonator
position, for two different furnace temperatures. In red, the furnace has a
standard temperature of about 1100 degrees Celsius, and the system is at
around 60 mbar pressure. This line comprises data from three different ex-
periments, hence the 69% error bars. The black curve displays the displace-
ment time for a furnace temperature between 500 and 600 degrees Celsius,
with the system at 60 mbar. The same error bars have been applied to this
data set. The discontinuity at approximately 90 cm, is due to snapping of
the soot peak to the O-ring background peak.

is displayed in figure 4.17 for two furnace temperature settings: at a low
temperature of about 500 to 600 degrees Celsius and at the standard tem-
perature of about 1100 degrees Celsius.

This figure must be examined with certain caution. Firstly, since the
first type of displacement is used. The issues related to this signal parame-
ter have been discussed in section 4.3.3. Secondly, since the low temperature
experiment was not accompanied by a standard temperature experiment on
the same day11. The low temperature data origins from one experiment,
while the standard temperature data is obtained from three different exper-
iments. For the latter case, the average of the three experimental data sets
and its standard deviation have been plotted. The standard deviations of the
standard temperature data have also been applied to the low temperature
data, as it is believed they are a good estimate for the error.

From figure 4.17 it is found that the displacement probably increases
with furnace temperature. That is, at gas side. After about half a meter,
the two temperature profiles start overlapping each other. The reason for
this convergence is not understood fully. One hypothetical explanation can

11This also explains why the displacement of the first type is considered; the displace-
ment of the second type does not enable comparison between different experiments. With
different experiment comes different optical alignment, which yields different scattering
signal strength. See section 3.2.3 for details.
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be reasoned for the difference in displacement at gas side.

In the low furnace temperature case, the wall temperature is low as well.
Since the gas temperature is strongly dependent on the wall temperature,
also the gas temperature is low. This means that the gas speed is lower
in the low temperature case, as a consequence of the ideal gas law, and
as equation 2.34 points out. A lower gas flow speed results in a smaller
displacement. A quick estimation can be carried out to see what low gas
temperature is required to fully account for the effect in displacement. We
assume a standard gas temperature of 2000 K in the plasma, which we
will also assume downstream from the plasma. Using the ratio of the low
and standard temperature displacement at gas side, we obtain a low gas
temperature of TL = 1350 ± 90 K.12 This low gas temperature could be
causing the difference in displacement.

We can conclude that the furnace temperature most probably has an
effect on the scattering signal. More research would be needed to quantify
this effect and to investigate its cause(s).

4.5 Soot speed

While the second section of this chapter already deals with gas flow speed
measurements, this section is also devoted to that. However, in the second
section, the gas speed is measured on basis of the gas flow upstream from the
plasma. In this section, the gas speed measurement is based on measuring
the axial soot speed. It is thus assumed that the axial soot speed equals the
axial gas flow speed.

The idea behind this method - which has been described from an equip-
ment point of view in section 3.4 - is to detect the scattering signal from
soot particles, while they float downstream on the gas flow. In order to
achieve this, the SiCl4 gas supply has been pulsed, similar to the deposition
experiment described in section 4.1. However, now the SiCl4 gas is supplied
when the resonator is at an axial position of below 10 cm. By pulsing, soot
is created temporarily and locally. Laser scattering on this isolated, floating
soot cloud will then reveal its axial position13 as a function of time. Due
to the need of scattering signal fairly above the detection threshold, this
experiment is only (successfully) performed at 90 mbar.

12When carrying out this calculation using a standard gas temperature of TS = 1100 +
273 K, it yields a low gas temperature of TL = 900 ± 60 K. The latter corresponds to a
low gas temperature of between 500 and 600 degrees Celsius, within the error. However
remarkable it is that the low and high gas temperatures equal the low and high furnace
temperatures, this reasoning is not considered physical.

13Soot-induced attenuation will influence the position of the soot peak. However, the
scale of the displacement of the floating soot cloud as a function time is much larger
than the error we make in determining the soot cloud position as a result of soot-induced
attenuation. Therefore, soot-induced attenuation is not taken into account.
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Figure 4.18 shows the results of this measurement. Each data point in
this scatter plot represents a soot peak minimum, at a certain time and axial
position. The horizontal time axis represent the time relative to a chosen
reference point. The figure shows that from around 600 ms, data points are
available. This threshold time coincides with the end of the SiCl4 pulse; at
that moment the resonator moves passed the 10 cm mark, towards the pump
side. Between 800 and 1400 ms, multiple dense clusters of data points are
visible. The denser a cluster, the more identical measurements are available.

The graph in figure 4.18 shows some interesting features. The first
thing that we will mention here, is the sudden appearance of the soot peak.
Whereas one might expect to see a stationary soot peak - when the resonator
is still below the 10 cm threshold - followed by the peak floating away when
the SiCl4 gas supply is switched off, this is not the case. Instead, upon
closing the SiCl4 supply, the soot peak suddenly appears and starts mov-
ing immediately. Furthermore, in many (but not all) cases this is directly
followed by the same behaviour again. That is, once the peak moved away,
it re-appears and moves downstream again. This behaviour is what yields
more than one group of clusters in the above graph; two of these groups
(indicated by the blue and red line) are originating from the re-appearing
soot peak, while the third group (green line) originates from the cases where
this does not happen. The behaviour is partially understood.

The behaviour might be explained by the following. When the SiCl4 line
is opened, SiCl4 flows into the system at a very high volumetric rate. For
technical reasons, the volumetric rate decreases as a function of time. At the
time the resonator passes the 10 cm threshold, it is believed that almost no
SiCl4 is being supplied to the plasma. Hence, there is no visible soot peak.
When the SiCl4 line closes, the act of closing the line creates an underpres-
sure in the gas lines at gas side. As a result, all (SiCl4 containing) dead
volumes in these lines are being emptied into the plasma system. Possibly,
there is even condensation of SiCl4 on the inner wall of these dead volumes,
due to a saturated SiCl4 flow. That condensation would add to the amount
of SiCl4 being released in the gas phase. This yields the sudden appearance
of the soot peak. Apparently, this emptying happens in two stages. It is
unclear why. This two-stage SiCl4 supply provides for the second soot peak
appearance.

From consecutive clusters, the speed can be determined at which the
soot peak moves axially. This is indicated by the lines, shown in figure 4.18.
The soot speed is determined at roughly 5 to 6 m/s.

Comparing this newly obtained value to the gas flow speed of section 4.2,
we see that it fits in between the uniform and average profile. Assuming that
soot moves at the gas flow speed, and taking possible experimental errors
into account, this justifies our believe that the gas speed upstream from the
plasma is (almost) equal to the gas speed downstream from the plasma.
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Figure 4.18: The position of the soot peak as a function of time. The time
is relative to a chosen reference point. The three lines provide estimations
for the flow speed of the soot: 5.1 m/s (red), 5.7 m/s (green) and 6.1 m/s
(blue).
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Chapter 5

Conclusions and future
recommendations

5.1 Conclusions

The microwave plasma research field is still in its infancy. Though not
entirely complete, we are making significant progress in understanding the
basic physical processes in this type of plasma’s. As a contribution to this
process, this thesis shows in-situ dust detection in a microwave plasma for
the first time.

The main conclusions that we can draw on basis of the experimental
results of this thesis are:

• Dust particles (soot) can be detected - spatially resolved -
in the gas phase. This is achieved by observing the time resolved
backscattered signal of 150 ps laser pulses.

• The amount of scattering signal increases with pressure. The
detection limit is at about 20 mbar. At 20 mbar and above, the
scattering signal starts to show deviations from the background signal.

• Dust continues to grow/coagulate downstream from the plasma
region. The scattering signal intensity is highest downstream from
the plasma.

• The collective downstream nucleation, growth, coagulation
and deposition rate of soot particles is independent of pres-
sure. Though more soot is detected at higher pressures, which is the
result of increased nucleation in the plasma region.

• The furnace temperature affects the scattering signal.

91



• The upstream and downstream gas flow speed are about
equal. The upstream gas flow speed is determined using an opti-
cal emission technique. The downstream speed of the dust particles
is determined using the laser backscattering technique. It is assumed
that dust particles move at the gas speed.

• At 90 mbar, the microscopic structures of deposited quartz
obtained from within the plasma region are fundamentally
different from those obtained downstream from the plasma
region. In the plasma region, the material is built up from densely
stacked spheres. In the downstream region, the material is sponge-like
and built up from aggregates consisting of mono-disperse spherical
particles.

• The microscopic structure of deposited quartz obtained down-
stream from the plasma is dependent of pressure.

The main theoretical conclusion from chapter 2 agrees with the conclu-
sions above. It is shown that (negatively charged) dust particles are
able to travel through the plasma sheath. This is confirmed by the
SEM images of the 90 mbar sample inside the plasma region.

5.2 Future recommendations

Many questions still exist. If we were to continue this research, we would
follow the following recommendations. These recommendations are grouped
by field of application. The first, fifth and sixth recommendation (i.e. the
first recommendation of each group) are considered to be most urgent.

The laser scattering setup and diagnostics can be optimised in many
ways. The four most important recommendations are:

• Take unwanted background reflections to a lower level. The
current limitations regarding the detection threshold are due to un-
wanted background reflections. Especially the gas side Brewster win-
dow is a true bottleneck; it causes the largest reflection peak, and it
causes additional laser stray light. Both can be eliminated by building
the detector and required optics into the Draka setup. The Brewster
windows is thus placed out of sight, while additional apertures remove
the window-induced stray light. A clever design of this gas side equip-
ment would enable radial scanning as well. This would provide lots of
insight into the radial transport of soot particles.

• Enable sidescattering. Background reflections are theoretically ab-
sent in the case of side scattering. This can take the detection thresh-
old to an even lower pressure. It furthermore enables very local mea-
surements, with a very high spatial resolution.
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• Use a laser wavelength of 355 nm. The Ekspla laser is capa-
ble of producing 355 nm as well. A smaller wavelength increases the
scattering signal intensity (with respect to the background).

• Measure the laser intensity attenuation by performing ab-
sorption measurements. Soot-induced attenuation of the laser beam
influences the detected scattering intensity, such as the position and
size of the soot peak. More knowledge of the attenuation helps at
interpreting the backscattered signal.

- CONFIDENTIAL -
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Appendix A

Thermal entrance length

In this section, we will estimate the size of the thermal entrance length LT ,
caused by a step in wall temperature. This applies to the gas side region
of the quartz tube, and to the region in and around the resonator. We will
follow the reasoning in [28], and start by evaluating the entropy law of fluid
dynamics. The entropy law of fluid dynamics can be formulated as follows
for the case of ideal gases:

ρcp
DT

Dt
− Dp

Dt
= φ−∇ · ~q + τ : (∇~v). (A.1)

Here, ρ is the gas density, cp is the specific heat at constant pressure, φ is the
heat source density (units W/m3), ~q is the local heat flux, τ is the viscous
tension tensor and ~v is the flow velocity. The D

Dt operator is called the full
differential, and is given for a quantity A by

DA

Dt
=
∂A

∂t
+ ~v · ∇A. (A.2)

Without a plasma, equation A.1 can be simplified. Dp/Dt is negligible
for flow speeds far below the speed of sound, which is the case here. The
viscous dissipation term τ : (∇~v) is negligible for the same reason. Since
there is no plasma, the heat source density φ equals zero as well. After using
relation A.2, we arrive at the following simplified equation:

ρcp(
∂T

∂t
+ ~v · ∇T ) = −∇ · ~q. (A.3)

Using Fourier’s law ~q = −kT∇T , in which kT is the thermal conductivity of
the gas, we obtain for the static (i.e. ∂/∂t = 0) case

ρcp~v · ∇T = kT∇2T. (A.4)

This relation can be evaluated in cylindrical coordinates (r, ϕ, z), using

~v =

 0
0

uz(r)

 (A.5)
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and

∇T =

 ∂T/∂r
0

∂T/∂z

 . (A.6)

Doing so results in

uz(r)
∂T

∂z
= κ

(
1

r

∂T

∂r
+
∂2T

∂r2
+
∂2T

∂z2

)
, (A.7)

with the thermal diffusion coefficient κ given by

κ =
kT
ρcp

= 5.2× 10−2 m2/s. (A.8)

The numerical value of the thermal diffusion coefficient is obtained for kT =
0.1 Wm−1K−1 [17, 18], cp = ((6/2) + 1)RG = 4RG (units: J/(molK), RG is
the gas constant) and ρ obtained at 10 mbar and 2000 K.

An order of magnitude estimation of the terms in equation A.7 shows
that the second and third term dominate the others. This means that we
can neglect heat conductance in the direction of flow. An estimation of the
size of the second and third term can both be given by

∼ κ 1

R2
. (A.9)

Here, R is the radius of the tube. The Péclet number - which indicates the
relative importance of heat transport due to convection and conduction -
corresponding to the radius of the tube can be given and estimated by

PeR =
uzR

κ
≈ 60� 1. (A.10)

A Péclet number much larger than unity indicates that convective heat
transport is dominant. It can be shown that, in such a case, the thermal
entrance length LT can be estimated by

LT
R

=
1

π2
PeR. (A.11)

This leads to LT ≈ 6R, for a pressure of 10 mbar. At a pressure of 100
mbar, the thermal entrance length is estimated at LT ≈ 4R.
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