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Summary 
The growth of dust particles in a low pressure Ar/C2H2 RF plasma changes when the cavity becomes 

dirty. A small cavity (radius 35 mm and height 40 mm) with an argon flow of 17.4 sccm and acetylene 

flow of 2.4 sccm, 24 W plasma power and a pressure of 11 Pa is used for this research. During a 71 

hour measurement, a 2 g dust layer with a thickness of several millimeters grows on the bottom of 

the cavity. First there is a startup period where the growth period increases. Then the period and 

resistivity of the medium in the cavity decrease, presumably caused by the dust layer. Later the period 

increases again when particle growth apparently becomes harder. Several other unexplained 

developments are observed in the resonance frequency of the cavity, which depends on the size of 

the cavity as well as the permittivity of the medium inside. At t = 160 minutes there is a jump in both 

resonance frequency and power, while the phase angle between the plasma current and voltage 

remains unchanged. After the jump there is a stepwise increase in resonance frequency and later, 

when the plasma is switched off, the resonance frequency decreases. Further research will be needed 

to explain these interesting phenomena.  
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1. Introduction 
The term plasma was first used in 1928 by Irving Langmuir to describe the ionized gases he studied in 

his laboratory [12]. Even though the term originates from the laboratory, plasmas also occur naturally. 

For example, lightning, aurorae and stars are all naturally occurring plasmas. In fact, it is estimated 

that over 99% of the visible universe is in plasma state [2]. Man-made plasmas can range from neon 

lights to fusion reactors. 

When a plasma contains certain gasses that can polymerize, dust particles can start to grow. This 

sparked the interest of scientists and a large amount of research has been done on particle growth in 

plasmas. Controlled growth of nanoparticles could have far reaching consequences for 

nanotechnologies. On the other hand, growth of dust particles in plasma is sometimes unwanted, for 

example in lithography machines where particles can damage components that cost millions of 

dollars. In short, there is great interest in the fundamental processes of particle growth in plasmas, 

since understanding is essential before the growth can be controlled. 

1.1 Aim of the research 

It was recently found that the cleanliness of the vessel wherein a dusty plasma is created has a 

significant influence on the periodic growth of particles in the plasma. Hinz et al. (2015) [9] noticed 

that their results were significantly different when an O2 plasma was used to clean the vessel between 

measurements. Zondag also reported this in his master thesis on controlled growth of dust particles 

in plasma [19]. 

However, it seems like so far there has been little to none research done on the exact effects of the 

cleanliness of the vessel on particle growth. Therefore the goal of this research is to increase our 

understanding of the fundamental processes that take place by answering the following question: 

How is the periodic growth of dust particles in a low pressure Ar/C2H2 plasma affected by the 

cleanliness of the vessel? 

This is investigated by long (several days) running experiments on a dusty plasma where several 

plasma parameters are monitored while particles grow and the vessel becomes dirtier. It is expected 

that there will be a startup period where particles have difficulty growing, then a stable period and 

finally the vessel will be too dirty and growth will become more difficult. 

1.2 Outline 

In chapter two there is a short theoretical introduction on plasma and particle growth. Two diagnostics 

that are used to monitor the plasma are described in chapter 3. Chapter 4 contains an overview of the 

experimental setup that is used during this research. The results are presented and discussed in 

chapter 5. Conclusions and recommendations for future experiments can be found in chapter 6. 

Finally, several MATLAB scripts and additional data are located in appendices A.1 and A.2.  



2. Theory 
In this chapter a short theoretical introduction is given. In the first section some general characteristics 

of plasma and RF-plasma are discussed. Then in the second section dusty plasma, particle growth and 

finally the forces that work on the particles in the plasma. 

2.1 Plasma 

Plasma could be seen as the fourth state of matter, the others being solid, liquid and gaseous. 

However, unlike the other transitions, the transition from gas to plasma is not abrupt at a certain 

temperature, but rather a gradual process where the fraction of ionized particles increases with the 

temperature. This fraction, which can vary greatly for different plasmas, is the degree of ionization, 

𝛼 =  
𝑛𝑖

𝑛𝑖+𝑛𝑔
,     (2.1) 

where 𝑛𝑖 is the ion density and 𝑛𝑔 the gas density. In a low pressure dusty plasma usually 𝛼 ≪ 1. 

Even though time averaged the plasma is neutral overall, on small scales the charges can fluctuate. 

This only takes places over distances smaller than the so called Debye length and is called the quasi 

neutrality of the plasma. The Debye length is a defining characteristic of the plasma, 

𝜆𝐷 = √
𝜀0𝑘𝐵𝑇𝑒

𝑛𝑒𝑒2 ,     (2.2) 

with 𝜀0 the electrical permittivity of free space, 𝑘𝐵 Boltzmann’s constant, 𝑇𝑒 the electron temperature 

and 𝑒 the elementary electron charge. 

RF Plasmas 

While plasmas can be created by (heating gases to) high temperatures, electrical fields are used for 

creating a plasma in a laboratory. Since an electric field can be changed in magnitude or turned on/off 

instantly, this also gives better control over the plasma. 

Electric fields with different frequency ranges can be used, for example kHz range (DC and AC), 

radiofrequencies (RF, MHz range) and microwave plasmas (GHz range). Contrary to the AC and DC 

plasmas, in a high frequency RF plasma the electrons are able to follow the field, while the heavier 

ions are not. The supplied energy is absorbed mainly by the electrons, which as a result have a much 

higher temperature than the ions, 𝑇𝑒 ≫ 𝑇𝑖. 

Charged particles can only follow an electric field if their plasma frequency is higher than the 

frequency of the applied field.  The plasma frequency 𝜔𝑒,𝑖  is given by 

𝜔𝑒,𝑖 = √
𝑛𝑒0,𝑖0𝑍𝑒,𝑖𝑒2

𝑚𝑒,𝑖𝜀0
,    (2.3) 

where 𝑛𝑒0 and 𝑛𝑖0 are the densities of the electrons and ions respectively, with charge numbers 𝑍𝑒,𝑖 

and masses 𝑚𝑒,𝑖. The important difference here between the ions and electrons is in their masses. 

Since electrons are lighter than the ions, their plasma frequency is significantly higher and electrons 

can follow the electric field in a RF-plasma while the ions cannot. 

When a plasma is created, a so-called plasma sheath will form near the electrodes and walls where 

the electron density is significantly lower than in the plasma bulk. Initially when the plasma is switched 

on by powering the electrodes, the electrons arrive at the electrodes before the ions do, since their 



mass is much lower. This gives the walls a negative charge, so that an electric field is created that 

attracts positive ions and repels further electrons from arriving until an equilibrium is reached. The 

sheath is typically a few Debye lengths thick. Figure 2.1 shows a schematic overview of a RF-plasma. 

  

Figure 2.1: Schematic of a RF-plasma surrounded by sheaths. 

2.2 Dusty plasmas 

A dusty plasma is, as the name suggests, a plasma with dust particles in it. The radius of these particles 

can range from a few nanometers to microns. Examples in nature are tails of comets and planetary 

and solar nebulae. Even soot in any ordinary flame can be seen as dust in a plasma. [13] 

In a laboratory a dusty plasma can be created in two different ways. Dust particles can be created 

externally and then introduced into the plasma. It is also possible to let the plasma itself generate the 

particles. For the second method a reactive feed gas that can polymerize is needed. A lot of research 

has been done on dusty plasmas, where silane (SiH4), methane (CH4) and acetylene (C2H2) are used 

frequently [2]. During this research acetylene is used as a feed gas with argon as background gas. The 

background gas helps sustain the plasma.  

2.2.1 Particle formation 

The growth of dust particles in a plasma can be divided in four stages, first the polymerization of feed 

gas molecules, followed by nucleation and coagulation, after which there is a period of time where 

the particles grow with a constant speed. This model was originally developed for silane plasmas, and 

even though the details are slightly different, the steps also apply to plasmas with acetylene as feed 

gas [15]. 

The growth process is illustrated in figure 2.2 and discussed briefly below. 



 

Figure 2.1: Schematic illustration of the four step dust particle formation; [18], adapted from [15]. 

I. Polymerization 

The first step in the growth process is the polymerization of the reactive gas molecules. A fraction of 

the argon molecules is ionized in the plasma. The electrons that are freed during that reaction can 

ionize acetylene molecules, 

𝐶2𝐻2 + 𝑒− → 𝐶2𝐻− + 𝐻.    (2.4) 

The ionized molecules can then react with the neutral molecules and form polymers, 

𝐶2𝐻− + 𝐶2𝐻2 → 𝐶4𝐻− + 𝐻2,    (2.5) 

Or in general, 

𝐶2𝑛𝐻− + 𝐶2𝐻2 → 𝐶2𝑛+2𝐻− + 𝐻2.   (2.6) 

The positively charged C2H2
+ ions can also start a polymerization chain. However the electric force 

only contains the negatively charged particles in the plasma (see 2.2.2), so they have a larger chance 

to end up as polymers in dust particles than the radicals and positively charged ions [6]. 

II. Nucleation 

The clusters continue to grow by absorbing plasma matter until they reach a critical size and nucleate. 

When this happens, nanometer sized particles fluctuating between a few positive and negative 

elementary charges are formed. 

III. Coagulation 

When the density of the small particles reaches a critical point the particles suddenly fuse together, 

forming bigger dust particles with a size of tens of nanometers. Because the electron flux is bigger 

than the positive ion flux, the particles attain a negative charge of order 102-103 elementary charges. 



Since the newly formed bigger particles have a permanent negative charge, this event/process is 

accompanied by a swift drop in free electron density. 

IV. Growth 

By absorption of plasma ions and radicals, the dust particles keep growing steadily with a speed of 

several nm per second [4, 18]. As the particles grow their total area increases as well as their charges, 

so taking into account the quasi neutrality of the plasma, the free electron density decreases. 

When the dust particles become too big, gravity overcomes the other forces keeping the particles in 

the plasma (see 2.2.2) and they fall out of the plasma. Since the particles are no longer absorbing 

electrons, this is accompanied by a sudden rise in free electron density. Particles leave the plasma and 

the growth process starts again. 

2.2.2 Forces on particles 

There are different forces that work on the dust particles within the plasma, that all have different 

magnitudes for different particle sizes. In this section the dominant forces, the ion and neutral drag 

forces, electric force, thermophoretic force and gravity, are discussed briefly [2, 3, 13, 18]. 

I. Gravity, 𝑭𝒈 

A dust particle is subject to gravity with a force proportional to its mass, 

�⃗�𝑔 = 𝑚𝑑�⃗� =
4

3
𝜋𝑟𝑑

3𝜌𝑑�⃗�,    (2.7) 

where �⃗� is the acceleration due to gravity, 𝑟𝑑 the radius of the particle and 𝜌𝑑 its mass density. For 

nanometer sized particles this force is small compared to the other forces working on them. However, 

when the particles reach a micrometer size gravity can overcome the electric force, the force that 

keeps the particles inside the plasma, thus causing them to fall out. 

II. Electric force, 𝑭𝒆 

The electric force caused by an electric field �⃗⃗� on a particle with charge 𝑄 is 

�⃗�𝑒 = 𝑄�⃗⃗�.     (2.8) 

Electric fields in a plasma point towards the walls, so that the resulting force on the negatively charged 

particles is directed away from the wall, into the plasma. It also prevents excessive electron losses at 

the boundaries by keeping the electrons in the plasma.  

III. Neutral drag force, 𝑭𝒏 

The neutral drag force is caused by momentum transfer in collisions with neutral gas particles. If there 

is no gas flow, this force would be zero, while the gas flow will result in a net force in the direction of 

the flow. Using the expression from Epstein [7] and several approximations (kinetic regime: mean free 

path of neutral gas particles 𝜆𝑚𝑝𝑓,𝑛 ≫ 𝑟𝑑, relative dust particle speed ≪ neutral thermal speed, 

specular reflection, stationary dust particle) [3, 18], the neutral drag force can be written as 

�⃗�𝑛 =
4

3
𝜋𝑟𝑑

2𝑚𝑛𝑛𝑛𝑣𝑇ℎ,𝑛�⃗⃗�𝑛,    (2.9) 

where 𝑣𝑇ℎ,𝑛 is the thermal speed and �⃗⃗�𝑛 the velocity of the neutral gas particles . 



IV. Thermophoretic force, 𝑭𝒕𝒉 

If there is a temperature gradient in the plasma, that means particles on the ‘hot’ side have higher 

kinetic energies than particles at the ‘cold’ side of the plasma. This difference in kinetic energy of the 

gas particles results in a thermophoretic force that works in the opposite direction of the temperature 

gradient. ‘Hot’ gas particles push the dust particles back to places where the plasma is cooler. For gas 

temperatures below 500 K, the force can be approximated by 

�⃗�𝑡ℎ = −
32

15

𝑟𝑑
2

𝑣𝑇ℎ,𝑛
𝜅𝑇∇𝑇,     (2.10) 

with 𝜅𝑇 the thermal conductivity of the gas and 𝑇 the neutral gas temperature [2,17]. 

V. Ion drag force, 𝑭𝒊 

Aside from the previously mentioned forces, there is also an ion drag force. The charged dust particles 

in the plasma feel the effects of ions in the surrounding plasma, which can exert a force by momentum 

transfer through collisions (‘collection force’, �⃗�𝑖
𝑐) and by deflection due to a Coulomb interaction 

between the particles (‘orbit force’,  �⃗�𝑖
𝑜) [1]. This results in a force in the same direction as the ion 

flow, so towards the walls. 

The total ion drag force is then given by 

�⃗�𝑖 = �⃗�𝑖
𝑐 + �⃗�𝑖

𝑜.      (2.11) 

When the ion drift velocity is much larger than the thermal velocity both forces can be expressed as 

�⃗�𝑖
𝑐,𝑜 = 𝑛𝑖𝑚𝑖𝜎𝑐,𝑜𝑢𝑖 �⃗⃗�𝑖,     (2.12) 

with 𝑛𝑖 the ion density, 𝑚𝑖 the ion mass,  𝜎𝑐,𝑜 their respective momentum collision cross sections and 

𝑢𝑖 the directed ion drift velocity. 

For mono-energetic ions the collection cross section is related to the floating potential 𝛷(𝑟𝑑) of the 

dust particle and the ion energy (
1

2
𝑚𝑖𝑢𝑖

2) and is given by 

𝜎𝑐 = 𝜋𝑟𝑑
2(1 −

2𝑒𝛷(𝑟𝑑)

𝑚𝑖𝑢𝑖
2 ).     (2.13) 

Kilgore et al. [11] derived for a cut-off Coulomb potential (Coulomb for 𝑟𝑑 < 𝑟 < 𝜆𝐷 and 0 for 𝑟 > 𝜆𝐷), 

𝜎𝑜 =
𝜋

2
𝑏2 ln(1 +

4

𝛽2),     (2.14) 

where  

𝑏 = 𝑟𝑑
−2𝑒𝛷(𝑟𝑑)

𝑚𝑖𝑢𝑖
2       (2.15) 

and  

𝛽 =
𝑏

𝜆𝐷
.       (2.16) 



Here 𝜆𝐷 is the appropriate shielding length, the linearized Debye length, which is approximately the 

ion Debye length for a quasi-neutral plasma when 𝑇𝑒 ≫ 𝑇𝑖  [18]. Significant extensions on this theory 

have been presented by Khrapak et al. [10]. 

Combining the previous, the total ion drag force can be written as 

�⃗�𝑖 = 𝜋𝑛𝑖𝑚𝑖𝑢𝑖 �⃗⃗�𝑖(𝑟𝑑
2 (1 −

2𝑒𝛷(𝑟𝑑)

𝑚𝑖𝑢𝑖
2 ) +

1

2
𝑏2 ln (1 +

4

𝛽2)).  (2.17) 

  



3. Diagnostics 
Electrons play a crucial role in sustaining the plasma and can be used to monitor the overall behavior 

of the plasma. In this chapter two techniques that are sensitive to changes in the electron density are 

briefly introduced, first the plasma impedance monitor and then microwave cavity resonance 

spectroscopy (MCRS). 

3.1 Electrical characterization 

For monitoring the growth of dust particles in low pressure Ar/C2H2 RF plasmas, electrical 

characterization has been proven an effective and easy implementable technique [2, 16, 18]. In this 

research Scientific Systems commercially available SmartPIM™ probe is used (PIM is short for Plasma 

Impedance Monitor). This device measures the RF voltage and current and the phase angle between 

the two. The dust particle formation can be studied by measuring the phase angle as function of time. 

In a situation where there is no plasma present between the electrodes the current leads the voltage 

by 90˚, so the phase angle 𝜑 is -90˚. The presence of a plasma introduces a resistance, since it 

dissipates some of the power. Due to this resistance, the phase angle increases, though for low 

pressure RF plasmas it typically stays close to -90˚. When dust particles are created in the plasma, the 

free electron density drops due to the particles charging. This means that the plasma becomes more 

resistive and simultaneously the phase angle increases. 

The power that is absorbed by the plasma is calculated following 

𝑃 = 𝑉𝑟𝑚𝑠𝐼𝑟𝑚𝑠 cos 𝜑,     (3.1) 

where 𝑉𝑟𝑚𝑠 and 𝐼𝑟𝑚𝑠 are the root-mean-square values of the voltage and current respectively.  

3.2 Microwave cavity resonance spectroscopy 
An important plasma parameter that can be used to observe the time evolution of the periodic growth 

of dust particles is the free electron density, 𝑛𝑒. There are many different techniques that can be used 

to monitor the electron density, for example Thomson scattering, optical-emission-spectroscopy, 

Langmuir probes and microwave cavity resonance spectroscopy [14]. For this research microwave 

cavity resonance spectroscopy is used to monitor the (space averaged) electron density in the plasma 

because it is non-intrusive and applicable at the relatively low electron densities (1012-1016 m-3) of a 

low pressure Ar/C2H2 discharge [5]. 

Since the MCRS power is several orders smaller than the RF power (usually 𝑃𝑀𝐶𝑅𝑆 < 10 𝑚𝑊 while 

𝑃𝑅𝐹 > 10 𝑊) and the microwave frequencies that are used are much larger than the plasma 

frequencies of the particles in an RF plasma, the technique should not affect the plasma. The other 

way around, the dust particles in the plasma are not expected to have a noticeable effect on the MCRS 

measurements (based on estimations by [18], the dust particles should cause a frequency shift close 

to the practical noise level of the measurements). 

In the following sections microwave cavities are introduced and it is explained how the electron 

density is calculated. 



3.2.1 Resonant modes 

A microwave cavity is a metal box, ideally with an infinitely conductive wall. Because of these walls, 

the waves of the electromagnetic fields cannot propagate freely. Standing waves can come into 

existence depending on the boundary criteria at the walls. 

Within one cavity, multiple resonant modes will exist depending on the geometry and wall conditions. 

For simple configurations the fields and resulting resonant modes can be calculated analytically. In a 

cylindrical cavity there are two types of modes, transverse magnetic (TM) and transverse electric (TE). 

A schematic representation of a cavity is visible in figure 3.1. This specific cavity is a cylinder with 

height 𝑑 and radius 𝑅 and is filled with a lossless dielectric material with dielectric constant 𝜀 and 

magnetic susceptibility 𝜇. 

 

Figure 3.1: Schematic of a cylindrical cavity with height 𝑑 and radius 𝑅 [2]. 

Due to the boundary conditions, the TM and TE modes can only have non-zero components of the 

magnetic and electric fields respectively that are perpendicular to the central z-axis of the cylinder. A 

specific mode is referred to as TMmnp or TEmnp, where the three indices m, n and p are related to the 

number of nodes in the standing wave pattern in the θ-, r- and z-direction respectively. In the case of 

a TM mode, 𝑚 ≥ 0, 𝑛 ≥ 1 and 𝑝 ≥ 0, while for a TE mode 𝑝 ≥ 1 as well. The boundary conditions 

lead to the expressions for the electric and magnetic field components that are given in table 3.1. 

Table 3.1: Overview of expressions for the electric and magnetic fields of TM and TE modes for an ideal cylindrical cavity [2, 

8, 18]. 𝐽𝑚(𝜉) is the Bessel function of the first kind, 𝑥𝑚𝑛 and 𝑥𝑚𝑛
′  are the 𝜉 for the nth root of 𝐽𝑚(𝜉) and 𝐽𝑚

′ (𝜉) respectively. 

The time factor 𝑒−𝑖𝜔0𝑡 has been omitted in all expressions. 𝐸0 and 𝐵0 are pre-factors. 

 TM mode TE mode 

𝐸𝑟  −𝐸0

𝑝𝜋𝑅

𝑑𝑥𝑚𝑛
𝐽𝑚

′ (
𝑥𝑚𝑛𝑟

𝑅
) cos 𝑚𝜃 sin

𝑝𝜋𝑧

𝑑
 −𝑖𝑚𝐸0

𝐽𝑚(
𝑥𝑚𝑛

′ 𝑟
𝑅 )𝑅

𝑥𝑚𝑛
′ 𝑟

sin 𝑚𝜃 sin
𝑝𝜋𝑧

𝑑
 

𝐸𝜃 𝑚𝐸0

𝑝𝜋𝑅

𝑑𝑥𝑚𝑛

𝐽𝑚(
𝑥𝑚𝑛𝑟

𝑅 )𝑅

𝑥𝑚𝑛𝑟
sin 𝑚𝜃 sin

𝑝𝜋𝑧

𝑑
 −𝑖𝐸0𝐽𝑚

′ (
𝑥𝑚𝑛

′ 𝑟

𝑅
) cos 𝑚𝜃 sin

𝑝𝜋𝑧

𝑑
 

𝐸𝑧 𝐸0𝐽𝑚(
𝑥𝑚𝑛𝑟

𝑅
) cos 𝑚𝜃 cos

𝑝𝜋𝑧

𝑑
 0 

𝐵𝑟 𝑖𝑚𝐵0

𝐽𝑚(
𝑥𝑚𝑛𝑟

𝑅 )𝑅

𝑥𝑚𝑛𝑟
sin 𝑚𝜃 cos

𝑝𝜋𝑧

𝑑
 𝐵0

𝑝𝜋𝑅

𝑑𝑥𝑚𝑛
′ 𝐽𝑚

′ (
𝑥𝑚𝑛

′ 𝑟

𝑅
) cos 𝑚𝜃 cos

𝑝𝜋𝑧

𝑑
 

𝐵𝜃 𝑖𝐵0𝐽𝑚
′ (

𝑥𝑚𝑛𝑟

𝑅
) cos 𝑚𝜃 cos

𝑝𝜋𝑧

𝑑
 𝑚𝐵0

𝑝𝜋𝑅

𝑑𝑥𝑚𝑛
′

𝐽𝑚(
𝑥𝑚𝑛

′ 𝑟
𝑅 )𝑅

𝑥𝑚𝑛
′ 𝑟
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With corresponding resonance frequencies 𝜔𝑚𝑛𝑝, 

𝜔𝑚𝑛𝑝 =
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√𝜇𝜀
√

𝑥𝑚𝑛
2
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for the TM mode and  

𝜔𝑚𝑛𝑝 =
1

√𝜇𝜀
√

𝑥𝑚𝑛
′ 2

𝑅2 +
𝑝2𝜋2

𝑑2     (3.3) 

for the TE mode. 

In figure 3.2 the squared absolute value of the electric field in the cavity is imaged for different modes. 

Since p = 0 for these modes, theoretically the fields are independent of the z-coordinate. The MCRS 

technique is most sensitive where the field has a maximum.  

 

Figure 3.2: |𝐸|2 for three different modes. Since p = 0, these modes are theoretically independent of the z-coordinate. 

Since in reality the conductivity of the walls is not infinite and there needs to be at least one opening 

in the cylinder where the gas can enter, not to mention the antenna that is needed for MCRS 

measurements, a cavity is never perfect. This means that frequencies near the resonance frequency 

can also excite the resonant modes. The resulting cavity response is a peak, shifted slightly from the 

theoretical value of the resonance frequency and with a finite width, related to the quality factor 𝑄 of 

the cavity.  

3.2.2 From resonance frequency to the electron density 

Due to free electrons in a plasma the permittivity of the medium in a cavity will change. Since the 

frequency at which the fields oscillate depends on the medium permittivity, the free electron density 

can be calculated from the resonant frequency. The change in resonant frequency can be determined 

by comparing Maxwell’s equations for the situation with a plasma to the vacuum case. By looking at 

small changes in permittivity, the fields in the plasma situation (which are unknown) can be 

approximated. Taking into account that the plasmas discussed in this research are unmagnetized, this 

results in [8, 18] 

𝜔−𝜔𝑣𝑎𝑐

𝜔𝑣𝑎𝑐
= −

∭ ∆𝜀𝐸2 𝑑3�⃗�

2 ∭ 𝐸2 𝑑3�⃗�
.    (3.4) 

The relative permittivity (𝜀𝑟 = 𝜀 𝜀0⁄ ) of a cavity filled with plasma is given by [8] 

𝜀𝑟,𝑝 = 1 −
𝜔𝑝𝑒

2

𝜔2+𝜈2 + 𝑖
1

𝑄
,     (3.5) 

with 

1

𝑄
=

1

𝑄0
+

𝜔𝑝𝑒
2

𝜔2+𝜈2

𝜈

𝜔
.     (3.6) 



Here all losses are captured in 𝑄0, the quality factor of the cavity. Furthermore, 𝜈 is the collision rate 

of electrons with other particles in the plasma, 𝜔 the excitation frequency of the cavity and 𝜔𝑝𝑒 is the 

electron plasma frequency (equation 2.3). It is assumed that the plasma is collisionless, 𝜈 ≪ 𝜔, which 

is a fair assumption for a low pressure plasma [18]. The plasma electron frequency is also assumed to 

be much smaller than the excitation frequency 𝜔𝑝𝑒 ≪ 𝜔. This is also the case, since the plasma is RF 

driven (MHz) and microwaves (GHz) are used as diagnostic. The relative permittivity now reduces to 

𝜀𝑟,𝑝 = 1 −
𝜔𝑝𝑒

2

𝜔2 + 𝑖
1

𝑄0
.     (3.7) 

In an empty cavity 𝜔𝑝𝑒 = 0, so the change in permittivity caused by a plasma in a cavity is given by 

∆𝜀 = 𝜀0(𝜀𝑟,𝑝 − 𝜀𝑟,0) = −𝜀0
𝜔𝑝𝑒

2

𝜔2 .    (3.8) 

Combining this equation with the expression for the plasma electron frequency (equation 2.3) and 

equation (3.3) gives 

�̅�𝑒 =
2𝑚𝑒𝜀0𝜔2

𝑒2

𝜔−𝜔𝑣𝑎𝑐
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where �̅�𝑒 is the field-averaged electron density. Using the frequency 𝑓 instead of the angular 

frequency 𝜔, this can be rewritten as 

�̅�𝑒 =
8𝜋2𝑚𝑒𝜀0𝑓2

𝑒2

𝑓−𝑓𝑣𝑎𝑐
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     (3.10) 

 

3.2.3 Practical implementation 

To find the resonance frequency in a practical situation, a signal is applied to an antenna in the cavity. 

The frequency is continuously scanned over a range that contains one or multiple resonant modes and 

for each frequency the response of the cavity is measured. This results in a spectrum with several 

peaks, one for each resonant mode. Figure 3.3 shows an example of what such a spectrum can look 

like in practice. 

 

Figure 3.3: Spectrum of a cavity, with the frequencies in the 2-6 GHz range along the x-axis and along the y-axis the 
reflection coefficient of the cavity in dB. Multiple modes are excited. 



Data can be selected around the mode of interest, and to improve the accuracy of the resonance 

frequency, the data is fitted with a Fourier series, 

𝐹𝑓𝑖𝑡 = 𝑎0 + ∑ (𝑎𝑛 cos 𝑛𝑣𝑓 + 𝑏𝑛 sin 𝑛𝑣𝑓)𝑁
𝑛=1 ,  (3.11) 

with 𝑁 harmonics and fitting parameters 𝑎0, 𝑎𝑛, 𝑏𝑛 and 𝑣. The resonance frequency is located at the 

minimum of the function. An example of raw data with fit is shown in figure 3.4. 

 

Figure 3.4: Example of raw data (blue) with a Fourier fit (red, N = 4). 

The MATLAB script that is used in this research to select measurement data around a mode, fit a 

Fourier series through the data and find the resonance frequency can be found in appendix A.1. It first 

finds the minimum data value in a range that contains the peak and can be selected by the user. The 

script then takes 10 data points to each side of the frequency where the minimum is located and fits 

a Fourier series (N = 4) through these points. A more detailed frequency range is created from the 

minimum to the maximum frequency that was selected before and once again the minimum value is 

located. This location corresponds to (a more accurate value of) the resonance frequency of the mode. 

Note that choosing a higher N than necessary for the Fourier series can result in a less accurate 

minimum.  

 

 

  



4. Experimental setup 
In this chapter the experimental setup that is used during this research is described. 

A schematic of the setup is show in figure 4.1. Gas enters a vessel through a side port and is controlled 

by a flow controller (Brooks Instrument model 0254). The vessel is connected to a (Pfeiffer HiPace 80) 

turbopump, with a manual control valve so that the pressure can be kept constant for different flow 

settings. 

 

Figure 4.1: Schematic of the setup. Everything inside the black box is under low pressure. The top electrode is powered and 
insulated so that the rest of the cavity is grounded. One of the antennas inside the cavity is connected to a network 

analyzer. 

On one side of the vacuum vessel there is a window. A photo of the view is shown in figure 4.2. Inside 

the vacuum vessel, a cylindrical aluminum cavity with a radius of 35 mm and height of 40 mm is placed. 

The cavity consists of three separate parts, a bottom disk, center ring with two antennas and the top 

with an insulated electrode. Both antennas are placed at opposite sides of the cavity and at a height 

of 20 mm from the bottom (half the height of the cavity). 

The three parts are held together by three bolts and the plasma is created inside the cavity. On the 

side of the cavity that is facing the window in the vessel there is a mesh, through which the gas can 

enter and the plasma can be observed. The mesh is situated at the same height as the antennas and 

is 30 mm wide by 15 mm high. 

After each experiment the cavity is cleaned, using an O2 plasma, ultrasonic bath and isopropanol 

alcohol.  



 

Figure 4.2: Photograph of the vacuum vessel. Through the window the cavity is visible with a plasma inside. Wires connect 
the antenna inside the cavity to the network analyzer (connections 3 and 2) and the top electrode to the driving RF signal 

(connections 4 and 1). Gas enters the vessel at the left (not in the picture) and the cavity through 5, a mesh. 

In figure 4.2 two wires that enter the vessel are visible (at the back). These wires are used for the 

driving RF signal and the MCRS measurements. The RF signal connects to the top of the cavity, where 

it powers the top electrode. The signal is generated by a waveform generator (Agilent 33220A) and 

then amplified by a broadband amplifier (Mini-Circuits LZY-22+). For the second measurement a 

different amplifier is used (Kalmus Engineering Int 150C), that results in a higher and less noisy plasma 

power measured by the SmartPIM device (Scientific Systems). 

To maximize the power that is absorbed by the plasma, by changing the circuit impedance, an antenna 

tuner (MFJ 969 Deluxe Versa Tuner II) is used as a matching box. A RF discharge can be modeled as a 

load with impedance 𝑍𝑑 = 𝑅𝑑 + 𝑖𝑋𝑑. For optimal power coupling the source impedance should be 

equal to the complex conjugate of 𝑍𝑑. This can be achieved by using a matching system. A popular 

option for a matching system is a L-type (which refers to the shape in a diagram) network with a fixed 

inductance and two variable capacitances (one parallel and one in series), see figure 4.3. The matching 

box is placed between the amplifier and the SmartPIM. 

 

Figure 4.3: Circuit model of a gas discharge and an impedance matching network. By tuning the capacitors 𝑋1 and 𝑋3, 
efficient power coupling can be achieved. [18] 



For the MCRS measurements, a network analyzer (Keysight E5063A ENA Series) is connected to one 

of the antennas in the cavity. This antenna sends a signal into the cavity and then measures the 

reflection. Instead of a setup with two antennas where one antenna measures the signal sent by the 

other, one antenna performs both tasks. 

Both the network analyzer and SmartPIM are connected to a computer that runs scripts to perform 

and save measurements. For the network analyzer a delay is introduced in the MATLAB script that 

triggers the measurements to limit the amount of data to be processed. This results in a measurement 

rate of approximately 2 Hz. The SmartPIM measurement rate is set to 10 Hz.  

 

  



5. Results and discussion 
In this research a driving RF frequency of 13.56 MHz is used to drive the plasma. With the vacuum 

pump a background pressure in the order of 10-2 Pa is reached. Flow settings and pressures change 

for each measurement. First a measurement is done on a pure argon plasma to test the diagnostics, 

then a first 23 hour long measurement on a dusty Ar/C2H2 plasma and finally a three day long dusty 

plasma measurement. 

5.1 Argon test measurement 

First a pure argon plasma is used to test the diagnostics. The argon flow is set to 19.1 sccm (standard 

cubic centimeters per minute) and the pressure is 8.8 Pa. Since there are no particles growing, it is 

expected that none of the plasma parameters change significantly after the plasma is created. Indeed, 

after a startup period, the phase angle is constant, see figure 5.1. The power that is absorbed by the 

plasma is also constant, at 7.3 W.  

 

Figure 5.1: Phase angle measured with a pure argon plasma during 20 min. The plasma is created at t = 12s. 

The field averaged electron density is calculated using resonance frequency of the TM110 mode and 

during a 15 minute measurement it is found, after a startup period, to be constant at 5.2·1015 m-3, see 

figure 5.2. In the figure there is a gap in the data, caused by the limited MATLAB memory of the 

computer that was used to measure. The computer could only handle a few minutes of data at a time. 



 

Figure 5.2: The field averaged electron density in a pure argon plasma as calculated from the resonance frequency of the 
TM110 mode during 15 min. The plasma is switched on at t = 11.5 s. The gap in the middle is due to the MATLAB script 
saving the data during the measurement. The computer that is used here has a small MATLAB memory, so it could not 

measure longer than a few minutes at a time. 

5.2 First dusty measurement 

In preparation for the first measurement on a dusty plasma, the computer used for the MCRS 

measurements is replaced. This effectively extended the measurement time, which is set to 20 min 

per file. However, even though it worked fine during tests, an error occurred in the MATLAB script 

during the experiment. Additionally, during the night, the computer used for the SmartPIM™ went 

into hibernation mode and consequently stopped measuring after 9 hours. The following morning this 

was noticed and the experiment was stopped after 23 hours. For this measurement the argon and 

acetylene flows are 17.4 and 2.4 sccm respectively the pressure is 11 Pa, the power is around 19 W. 

5.2.1 Phase angle 

Even with only 9 hours of data, the phase angle does change visibly. Over the span of the first 9 hours 

it decreases about 0.1˚. As shown in figure 5.3, the amplitude of the peaks increases significantly, from 

0.05˚ in the beginning to 0.19˚ in the end.  



 

Figure 5.3: The phase angle during the first 9 hours of the measurement. It decreases slightly, about 0.1˚. The amplitude of 
the oscillations increases from 0.05˚ to 0.19˚. 

The shape of the peaks also changes over time. In the beginning the phase angle peaks are quite 

unstable and have a small amplitude. Later on the both the period and amplitude have increased and 

the peaks are sharper. This is illustrated in figure 5.4 (first 20 minutes) and figure 5.5 (last 20 minutes). 

 

Figure 5.4: The phase angle during the first 20 minutes. The plasma is switched on at t = 134 s. As expected, there is a 
periodic behavior after a peak in the beginning, even though it is not very stable. 



 

Figure 5.5: The phase angle during the last 20 minutes of saved data. Both amplitude and period have increased and the 
peaks are sharper than in the beginning. 

5.2.2 Electron density 

The MCRS measurement stopped after the first 20 minutes, not much can be said about the electron 

density during the experiment. Still, the data from this time is plotted in figure 5.6. After a high peak 

(4.8·1015 m-3) when the plasma is switched on, the field averaged electron density stabilizes around 

8·1014 m-3 and a periodic behavior is established that is associated with the growth of dust particles. It 

is expected that the both the shape and amplitude of the peaks and the time between them changes 

over time. 

 

Figure 5.6: The electron density as calculated using the TM110 mode during the first 20 minutes. After a high (4.8·1015 m-3) 
peak when the plasma is switched on at t = 176 s, the electron density stabilizes around 8·1014 m-3 and shows periodic 

behavior. 



5.3 Second long running measurement 
Before starting the second measurement on a dusty plasma, the scripts have been modified and tested 

again. For this measurement the MCRS measurement time is increased to 30 minutes, to limit the 

amount of files to process. A new amplifier is used, which results in a less noisy signal of the phase 

angle and a higher plasma dissipated power, of 24 W. The flow for argon and acetylene are once again 

set to 17.4 and 2.42 sccm respectively, while the pressure is the same as before, 11 Pa. Due to changes 

in the cavity, that has been taken apart for cleaning, the base resonance frequencies are slightly 

different from the previous measurement. 

5.3.1 General observations 

First and foremost, it is observed that a lot of dust has been produced. A layer of several millimeters 

thick has formed on the bottom of the cavity. This is illustrated in figure 5.7, which shows a photo of 

the dust layer produced during the first experiment and figure 5.8, which shows the cavity after the 

second measurement. The walls are also covered in a thinner layer of dust. 

After the experiments, a layer of very hard material covers the top electrode, which proved very 

difficult to clean. An O2 plasma was ignited during several hours, but while this helped with cleaning 

the rest of the cavity, it did not affect the electrode. It is unknown when the layer on the electrode 

starts growing and how long this takes, but it might have had an effect on the measurement as well. 

It is also noteworthy that while the unused antenna was covered in dust, the antenna used for the 

MCRS measurements was clean. Apparently the microwaves do have an influence on the dust 

particles. 

 

Figure 5.7: A layer of dust that is several millimetres thick has formed on the bottom of the cavity after the first (23 hour 
long) experiment. 



 

Figure 5.8: The cavity after the second measurement. A dust layer of several millimetres thick has developed on the bottom 
of the cavity. The walls are also covered in a thinner layer of dust. One of the antennas, the one that was used for the MCRS 

measurements, is actually clean. 

Remarkably, while during the first experiment 1.6 ± 0.3 g dust was produced in 23 hours, during the 

second experiment 2.0 ± 0.3 g dust was produced in 71 hours. This suggests that the dust layer does 

not grow linearly over the course of the entire experiment. For future research it would be interesting 

to measure the thickness of the dust layer while it grows. 

When the cavity was taken out of the vacuum vessel, several hours after the experiment ended, it had 

a quite high temperature. Even though the increased temperature of the cavity itself has only small 

effects on the resonance frequency, it is unknown how the temperature might affect the permittivity 

of the plasma and layer of dust particles. 

It is important to note that for a plasma with different parameters (power, flow, etc.), these results 

will probably be different. However, it is expected that the general trend in the period and amplitude, 

is the same. 

5.3.2 Overview 

Below an overview is given of the data from the phase angle and MCRS measurements during the 

entire experiment. Several regimes are visible where the behavior is different. 

I. Phase angle 

The evolution of the phase angle throughout the measurement is plotted in figure 5.9. After a startup 

period, it decreases (at least 0.1˚) until about 40 hours into the measurement, from when it stays 

stable until the power is switched off. A decreasing phase angle means that the medium inside the 

cavity has become closer to an ideal capacitor, more resistive. This is probably due to the layer of dust 

particles in the cavity. 



 

Figure 5.9: Phase angle during the entire measurement 

II. Resonance frequency 

During the experiment, the cavity was continuously scanned over a frequency range from 2 to 6 GHz. 

However, data for only one mode is analyzed, namely the TM110 (5.18 GHZ). This mode is chosen 

because there are no other peaks nearby and it has a large amplitude. Moreover, since 𝑝 = 0 for the 

TM110 mode the only nonzero component of the electric field is 𝐸𝜃, so the measurement is 

independent of the height of the cavity and antennas. The spectrum in a situation without plasma is 

shown in figure 3.3. Both the TM010 (3.35 GHz) and TM011 (4.93 GHz) modes have too many different 

peaks nearby for an easy analysis. Since the base frequency of the mode also shifts significantly due 

to effects other than the growing cycle of the dust particles, for a long running measurement it is hard 

to make sure that an automated script that finds the resonance frequency stays with the same peak. 

In this cavity the TE011 (3.79 GHz) and TE211 (5.63 GHz) modes are also excited, however since 𝑝 = 1 

for these modes, the TM110 mode is preferred for analysis. Other modes in the cavity have peaks with 

a small amplitude, which makes them less practical to analyze. 

Within each particle growth cycle the resonance frequency fluctuates, but over time the base 

resonance frequency of each mode also changes. Due to layers of dust particles filling the cavity the 

permittivity of a part of the cavity changes and by extension base resonance frequency. The electron 

density is calculated using a shift in resonance frequency, so in this case it is not possible to calculate 

correct values, since the base frequency changes and is unknown during the measurement.  

The resonance frequency of the TM110 mode is plotted as function of measurement time in figure 5.10 

below. Five different regimes are visible, that will be discussed in more detail later. First there is a 

startup phase (I), then after 160 minutes there is a sudden jump in resonance frequency (II), followed 

by a stepwise increase (III). It takes around 10 hours for the resonance frequency to reach its maximum 

and start decreasing somewhat linearly until the end of the measurement (IV). After the plasma is 

switched off, MCRS measurements continue for a few hours and the resonance frequency decreases 

further (V). 



 

Figure 5.10: Resonance frequency of the TM110 mode as function of measurement time. There are five different regimes: I, 
startup; II, sudden jump; III, step-like increase; IV, decrease; V, further decrease after the plasma is switched off. 

5.3.3 Period and amplitude 

It is interesting to look at the development of the length of the cycles as function of time. A MATLAB 

script is used to find the period between each pair of peaks (see appendix A.1). The length of a period 

is plotted as function of time in figure 5.11 for both the resonance frequency (blue) and phase angle 

(red) data. Since the particle growth period is in no way related to the diagnostics that are used, it is 

expected that the periods acquired from both diagnostics match. This is indeed the case, even though 

the MCRS data is noisier than phase angle. 

The graph first shows a steep increase in the first 10 hours, then a slow decrease until about 40 hours 

when a steady increase starts until around 48 hours from where on the period starts to increase faster. 

The spikes in the graph are due to the maximum measurement time of the SmartPIM™ software, 

which is three hours. Every three hours the data is saved and a new measurement is started. However, 

this takes a few seconds, so in some instances a peak is actually missing. The data is quite noisy, even 

though a Savitzky–Golay filter is used to smooth the data, so if a peak is missing the script first finds 

another ‘peak’ value and after that the next actual peak. This results in two values for the period that 

add up to twice the actual period. The MATLAB script that saves the MCRS data also has a maximum 

measurement time of 30 minutes, so the same thing occurs. However, in the figure most peaks that 

are caused by this in the MCRS data are actually filtered (except for in the beginning). 



 

Figure 5.11: Period for both the phase data (red) and the MCRS TM110 mode data (blue) 

It is assumed that the period decreases because it is easier to form particles if there are already some 

small particles present in the cavity. However, from 40 hours on, the period is increasing continuously. 

This could mean that the particles grow ever slower as the cavity gets dirtier, or they might grow 

bigger, if the electric fields in the sheath increase over time. It is assumed that at some point there 

will be a moment when the cavity is so dirty that there is no particle growth at all.  

Another interesting parameter is the amplitude of the resonance frequency peaks. The amplitude is 

plotted in figure 5.12 and actually shows similar behavior to the period. The increasing amplitude after 

40 hours would suggest that the total charge of all the particles in each generation increases. 

 

Figure 5.12: The amplitude of the resonance frequency peaks (GHz) as function of the measurement time (hours). This 
shows the similar behavior to the period. 



5.3.4 Regimes 

During the measurement, there are five regimes visible in which the resonance frequency behaves 

differently. These regimes are described in more detail below. 

I. Startup 

When the plasma is created, the resonance frequency and phase angle are not immediately stable. It 

takes about 70 minutes for the signal of the resonance frequency to reach a constant shape (still with 

an increasing amplitude and period). The phase angle takes even longer, about 3 hours. In figure 5.13 

and 5.14 below the phase angle during the first 3 hours and the resonance frequency during the first 

100 minutes are plotted. The noise in the phase angle between 50-60 minutes is not plasma related, 

since there is no change at that time in the resonance frequency. It is probably caused by external 

influences like noise from another setup. 

 

Figure 5.13: Phase angle during the first 3 hours of the measurement. The noise between 50-60 minutes is not plasma 
related, since nothing happens with the resonance frequency at that time. 

 

Figure 5.14: The resonance frequency during the first 100 minutes of the measurement. During the first 25 minutes the base 
resonance frequency decreases and it takes until about 70 minutes for the signal to reach a constant shape. The plasma is 

switched on at t = 46 s. 



The decrease in resonance frequency during the first 25 minutes of the measurement is believed to 

be due to the heating of the cavity. A fraction of the heat from the plasma is absorbed by the cavity, 

which results in an increasing temperature. The cavity is made of aluminum which expands when the 

temperature increases. Recall that the base resonance frequency depends on the size of the cavity, 

and decreases if the radius (and/or height for modes with p ≠ 0) increases. The influence of the 

expansion of the cavity caused by an increasing temperature is calculated using the linear expansion 

coefficient of aluminum and can be approximated by a linear relation, 

∆𝑓𝑟𝑒𝑠 = −1.041 ∙ 105 ∙ ∆𝑇𝑐𝑎𝑣,    (5.1) 

where ∆𝑇𝑐𝑎𝑣 is the change in temperature of the cavity in K and ∆𝑓𝑟𝑒𝑠 the change in base resonance 

frequency of the TM110 mode in Hz. A quick calculation shows that if the decrease in resonance 

frequency during the first 25 minutes (around 2.8 MHz) is caused by an increase in temperature, that 

would be 27 K and around a third of the 24 W plasma power would be needed to heat the cavity. This 

seems plausible. 

II. Jump 

During the first 70 minutes of the measurement, the resonance frequency is quite unstable. It then 

increases slowly until around 160 minutes, when there is a sudden increase. This is still the resonance 

frequency of the same mode, see figure 5.15. Before the jump the resonance frequency, the minimum 

of the peaks in the figure, oscillates around 5.182 GHz. Then suddenly the resonance frequency 

increases to 5.193 GHz. There is one measurement performed during the jump, which takes place 

within the span of 0.2 s. 

 

Figure 5.15: Cavity reflection coefficient around the time of the jump. The resonance frequency is the minimum of these 
peaks. First the signal oscillates around 5.182 GHz and then suddenly within the span of a second jumps to 5.193 GHz and 

stays there. There is one measurement performed during the jump. It is clear that this is the same mode on both sides of the 
jump. 

Simultaneously there is also a significant increase in plasma dissipated power. Both parameters are 

plotted in figure 5.16 below and a figure with a more detailed view can be found in appendix A.2. The 

phase angle, however, does not show any trace of behavior that is out of the ordinary, see figure 5.17. 

It is unclear what exactly happened, the most likely theory is that something suddenly changed in the 



cavity due to an external factor. Since the phase angle does not change, the resistivity of the medium 

inside the cavity should be same, which would suggest that the plasma itself is unchanged. More 

research is needed to explain this.  

 

Figure 5.16: Plasma absorbed power (blue, left axis) and resonance frequency of the TM110 mode (red, right axis) around the 
time of the jump. Both increase suddenly at the same time (t = 9377 s).  

 

Figure 5.17: Phase angle around the time of the jump (t = 9377s). There are no changes visible. 

III. Stepwise increase 

After the jump the resonance frequency shows a stepwise increase until around 10 hours, illustrated 

in figure 5.18. The reason behind this is unclear. Therefore, further research is needed. 



 

Figure 5.18: After the jump, the resonance frequency shows a stepwise increase until around 10 hours. 

IV.  Decrease 

From 10 hours onward, the resonance frequency decreases steadily. It is not possible to give a definite 

explanation for this decrease. However, a growing dust layer could change the permittivity in part of 

the cavity and thus change the resonance frequency, as shown in figure 5.19, where the calculated 

resonance frequency of the TM110 mode is given for different dust layer thickness. 

 

Figure 5.19: The calculated resonance frequency of the TM110 mode as function of the thickness of the dust layer (mm). 

The beginning of the decrease in resonance frequency coincides with the moment when the period 

and amplitude stop increasing and start decreasing instead. However, when the former start 

increasing again, the base frequency keeps decreasing. 

The phase angle and electron density now both have a constant shape, shown for a period of 20 

minutes halfway through the measurement in figure 5.20 and 5.21 respectively. 



 

Figure 5.20: The phase angle during 20 min somewhere halfway through the measurement (at 33 hours). 

 

Figure 5.21: The resonance frequency of the TM110 mode during 20 min about halfway through the measurement (t = 80710 
– 81910 s) 

V. Further decrease after plasma is switched off 

After the plasma was switched off, the MCRS measurements continued for a few hours, and as shown 

in figure 5.22, the resonance frequency keeps decreasing. It is unclear why this happens. One possible 

theory is that the resistivity of the dust layer changes when the cavity cools down. 



 

Figure 5.22: The resonance frequency of the TM110 mode after the plasma is switched off. During these 3.7 hours the 
resonance frequency decreases further. 

5.3.5 Time corrections 

For higher time values a problem develops with the time data of the MCRS measurements, namely 

that the times are saved with only 5 significant numbers. This means that after 104 seconds of 

measurement, the time values are rounded to seconds. Since there are approximately two 

measurements per second, this means that multiple data points are saved with the same time value. 

When the measurement time reaches 105 seconds it gets even worse, now around 20 measurements 

get the same time stamp. This results in an resonance frequency vs time plot that is invalid, see figure 

5.23, as well as very inaccurate period values. To solve this problem, the average time between 

measurements is used to approximate the times of the data points instead of the time values that 

were saved during the measurement. For comparison the corrected data (blue) of the period is plotted 

with the original (green) in figure 5.24. 

 

Figure 5.23: The resonance frequency during the last 20 minutes of the measurement, using the times that are originally 
saved during the measurement. Multiple resonance frequencies are plotted for each time and there is 10s between each 

time point. 



 

Figure 5.24: Period as function of measurement time, where the green curve is made is using the saved time values and the 
blue curve using the averaged values. Outliers are due to the time between separate measurements and are (except for the 

first 4 hours) filtered for the blue but not the green curve. 

To check if this approximation was indeed valid, the time between measurements is binned to see if 

there is a significant spread or not, see figure 5.25. The blue (corrected) and green (original data) 

graphs in figure 5.24 match quite nicely and there are no extreme outliers visible in figure 5.25, so 

using this method to approximate the times is justified. Especially since only the global trend of the 

data is of interest and not the exact values. For future measurements however, it is advisable to check 

that data is saved with sufficient significant numbers. 

 

Figure 5.25: Binning of the time between successive data points from 2 random files (with times < 10000s, for sufficient 
significance). 
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6. Conclusions 
A lot of dust has been produced and the cavity became extremely dirty. During the first 23 hour 

experiment, a layer of 1.6 ± 0.3 g dust was produced on the bottom of the cavity, while during the 

second experiment 2.0 ± 0.3 g dust was produced in 71 hours, with a higher plasma power. This 

indicates that the dust layer does not grow linearly throughout the entire experiment.  

There are different phenomena observed during the growth of the dust layer. First there is a startup 

phase when the particle growth is quite unstable, followed by a sudden jump in resonance frequency 

and plasma absorbed power. Since the phase angle remains the same, it is assumed that the plasma 

properties are unchanged.  The jump is presumably caused by an unknown external factor that 

changed something in the cavity. Therefore, it is expected that this jump will not occur in further 

experiments. 

After the jump, the resonance frequency shows a stepwise increase, for unknown reasons. Meanwhile 

the period of the particle growth and amplitude of the resonance frequency peaks are increasing. Ten 

hours into the measurement, the period, amplitude and base resonance frequency all start to 

decrease. While the latter continues decreasing until the end of the measurement, and even after the 

plasma is switched off, the period and amplitude stop decreasing after 40 hours and start increasing 

again. 

The decrease in base resonance frequency might be caused by the layer of dust particles on the 

bottom of the cavity, that changes the permittivity of part of the cavity. Temperature might also have 

an effect on the measurement, since the cavity had a high temperature when it was taken out of the 

vacuum vessel several hours after the measurements ended. However, the effect of temperature on 

the dust layer in the cavity is unknown. 

To answer the initial research question, the particle growth seems to be divided in three stages. First 

there is a startup period and the growth period and amplitude of the resonance frequency peaks 

increase. Then the base resonance frequency, phase angle, period and amplitude all decrease for a 

longer period of time. At some point the period and amplitude start increasing again. However, most 

of the observations that are made during this research are not yet understood fully. There is definitely 

some interesting new physics to be explored here. 

Outlook 

Seeing that a lot has remained unexplained during this research, there are some ideas for further 

research. First, it would be useful to measure the thickness of the dust layer over time to get more 

insight into what is actually happening in the cavity. Further research on the underlying physics of this 

experiment, like the effects of temperature on the permittivity of the dust layer is also recommended. 

An experiment with a plasma that is during a long period of time (comparable to measurements done 

here) periodically switched on and off for a few minutes would be interesting as well. This would better 

represent actual experimental situations, since usually experiments use a plasma that is switched on 

only for short periods at a time.   



Bibliography 
[1] Barnes, M. S., Keller, J. H., Forster, J. C., O’Neill, J. A., & Coultas, D. K. (1992). Transport of dust 

particles in glow-discharge plasmas. Physical Review Letters, 68, 313. 

[2] Beckers, J. (2011). Dust particle(s) (as) diagnostics in plasmas. PhD Thesis, Eindhoven University 

of Technology, Eindhoven. doi:10.6100/IR719541 

[3] Boeuf, J.-P., & Punset, C. (1999). Physics and modelling of dusty plasmas. In A. Bouchoule (Ed.), 

Dusty Plasmas: Physics, Chemistry and Technological Impacts in Plasma Processing (pp. 27-

39). John Wiley & Sons Ltd. 

[4] Boufendi, L., & Bouchoule, A. (1994). Particle nucleation and growth in a low-pressure argon-

silane discharge. Plasma Sources Science and Technology, 3(3), 262-267. 

[5] Boufendi, L., Stoffels, W., & Stoffels, E. (1999). Diagnostics of a Dusty Plasma. In A. Bouchoule 

(Ed.), Dusty Plasmas: Physics, Chemistry and Technological Impacts in Plasma Processing (pp. 

268-274). John Wiley & Sons Ltd. 

[6] De Bleecker, K., Bogaerts, A., & Goedheer, W. (2006). Detailed modeling of hydrocarbon 

nanoparticle nucleation in acetylene discharges. Physical Review E, 73(2). 

doi:10.1103/PhysRevE.73.026405 

[7] Epstein, P. S. (1924). On the resistance experienced by spheres in their motion through gases. 

Physical Review, 23(6), 710-733. 

[8] Hill, D. A. (2009). Electromagnetic Fields in Cavities: Deterministic and Statistical Theories. Wiley-

IEEE Press. 

[9] Hinz, A. M., von Wahl, E., Faupel, F., Strunskus, T., & Kersten, H. (2015). Versatile particle 

collection concept for correlation of particle growth and discharge parameters in dusty 

plasmas. Journal of Physics D: Applied Physics, 48(5). doi:10.1088/0022-3727/48/5/055203 

[10] Khrapak, S. A., Ivlev, A. V., Morfill, G. E., & Thomas, H. M. (2002). Ion drag force in complex 

plasmas. Physical Review E, 66(4). doi:10.1103/PhysRevE.66.046414 

[11] Kilgore, M. D., Daugherty, J. E., Porteous, R. K., & Graves, D. B. (1993). Ion drag on an isolated 

particulate in a low‐pressure discharge. Journal of Applied Physics, 73(11), 7195-7202. 

[12] Langmuir, I. (1928). Oscillations in ionized gases. Proceedings of the National Academy of 

Sciences of the United States of America, 14(8), 627-637. 

[13] Merlino, R. L. (2006). Dusty plasmas and applications in space and industry. (C. Grabbe, Ed.) 

Plasma Physics Applied, 81, 73-110. 

[14] Meulenbroeks, R. F., Steenbakkers, M. F., Qing, Z., Sanden, v. d., & Schram, D. C. (1994). Four 

ways to determine the electron density in low-temperature plasmas. Physical Review E: 

Statistical, Physics, Plasmas, Fluids, and Related Interdisciplinary Topics, 49(3), 2272-2275. 

doi:10.1103/PhysRevE.49.2272 

[15] Perrin, J., & Hollenstein, C. (1999). Sources and growth of particles. In A. Bouchoule (Ed.), Dusty 

Plasmas: Physics, Chemistry and Technological Impacts in Plasma Processing. John Wiley & 

Sons Ltd. 



[16] Schauer, J. C., Hong, S., & Winter, J. (2004). Electrical measurements in dusty plasmas as a 

detection method for the early phase of particle formation. Plasma Sources Science and 

Technology, 13(4), 636-645. doi:10.1088/0963-0252/13/4/012 

[17] Talbot, L. R., Cheng, R. K., Schefer, R. W., & Willis, D. R. (1980). Thermophoresis of particles in a 

heated boundary layer. Journal of fluid mechanics, 101(4), 737-758. 

[18] van de Wetering, F. M. J. H. (2016). Formation and dynamics of nanoparticles in plasmas. PhD 

Thesis, Eindhoven University of Technology. 

[19] Zondag, Y. (2016). From gas to optical diffusers with a low-pressure acetylene plasma. Master 

Thesis, Eindhoven University of Technology, Eindhoven. 

 

  



Appendix 

A.1 MATLAB scripts 

The script that finds and saves the resonance frequency of the TM110 mode: 

nFiles = 147; %number of files to read 

  

Q = dlmread('freq.txt', '\t'); %load frequencies 

%data around mode 

qmin = find(Q>5.15e9,1); %minimum frequency 

qmax = find(Q>5.22e9,1); %maximum frequency 

F0 = Q(qmin:qmax,1);     %frequency range around mode 

  

for fnum = 1:nFiles 

    if fnum<10 

          namefile = ['resp00' num2str(fnum) '.txt']; %name of file with responses 

          namefile2 = ['TM110resfreq00' num2str(fnum) '.txt']; %name of file with 

resonance frequency 

        elseif fnum<100 

          namefile = ['resp0' num2str(fnum) '.txt']; %name of file with responses 

          namefile2 = ['TM110resfreq0' num2str(fnum) '.txt']; %name of file with 

resonance frequency 

        else 

          namefile = ['resp' num2str(fnum) '.txt']; %name of file with responses 

          namefile2 = ['TM110resfreq' num2str(fnum) '.txt']; %name of file with 

resonance frequency 

    end 

     

        A = load(namefile); %load responses 

  

        %select data around peaks 

        R0 = A(qmin:qmax,:); %response around mode 

        clear A 

  

        [mini,ind] = min(R0);    %get minimum responses 

        Frequency = []; Response = []; coeff = []; 

        leng = length(R0(1,:));  %number of measurements loaded in 

          

        for i = 1:leng 

            Frequency(:,i) = (F0(ind(1,i)-10:ind(1,i)+10,1))*10^-9; %define new 

vector with frequencies +- 10 around lowest value (GHz) 

            Response(:,i) = (R0(ind(1,i)-10:ind(1,i)+10,i));  %define response 

belonging to frequencies defined above 

            f = fit(Frequency(:,i),Response(:,i),'fourier4'); %fit Fourier series 

            coeff(i,:) = coeffvalues(f); %defining matrix(measurement, coefficient) 

with all coefficients of fit function  

        end 

        clear mini i ind Response R0; 

  

%creating frequency range with more accuracy 

        step = 0.000001; %frequency steps (GHz) 

        freq_range = []; 

        for o = 1:leng 

            fmin = Frequency(1,o); %minimum frequency of the data that was used for 

the fit (GHz) 

            fmax = Frequency(21,o); %%maximum frequency of the data that was used 

for the fit (GHz) 

            m = 1; 

            for f = fmin:step:fmax 

                freq_range(m,o) = f; %creating vector with frequency range with 

higher accuracy around peak belonging to mode 

            m=m+1; 

            end 

        end 

        clear fmin fmax m step o Frequency 

         

        fitY = []; 



        for l = 1:leng 

            n = 1; 

            for n = 1:length(freq_range(:,l)) 

                fitY(n,l) = coeff(l,1) + 

coeff(l,2)*cos(freq_range(n,l)*coeff(l,10)) + 

coeff(l,3)*sin(freq_range(n,l)*coeff(l,10)) + 

coeff(l,4)*cos(2*freq_range(n,l)*coeff(l,10)) + 

coeff(l,5)*sin(2*freq_range(n,l)*coeff(l,10)) + 

coeff(l,6)*cos(3*freq_range(n,l)*coeff(l,10)) + 

coeff(l,7)*sin(3*freq_range(n,l)*coeff(l,10)) + 

coeff(l,8)*cos(4*freq_range(n,l)*coeff(l,10)) + 

coeff(l,9)*sin(4*freq_range(n,l)*coeff(l,10)); %same fit as before with higher 

frequency accuracy 

            end 

        end 

        [dB, Resonance_loc] = min(fitY);   %locate minimum of fit, location of 

resonance frequency 

        clear dB l n fitY coeff leng 

     

        Resonance_freq = []; 

        for z = 1:length(Resonance_loc) 

            Resonance_freq(1,z) = freq_range(Resonance_loc(1,z),z); %get resonance 

frequency for each measurement 

        end 

        clear z Resonance_loc freq_range 

  

  

        save(namefile2, 'Resonance_freq', '-ascii'); %save resonance frequency 

        clear Resonance_freq 

end 

 

The script that is used to loads the resonance frequency data and find the period and amplitude: 

filen = 147; %number of files to read 

resfreq = []; %vector with electron density values 

timess = []; %vector with time values 

 

%load data  

for fnum = 1:filen 

    if fnum<10 

          namefile = 

['Z:\JudithvHuijstee\experimental_data\MCRS_Data\ResFreqTM110\TM110resfreq00' 

num2str(fnum) '.txt']; %name of file with electron density 

          namefile2 = ['Z:\JudithvHuijstee\experimental_data\MCRS_Data\time00' 

num2str(fnum) '.txt']; %name of file with times 

        elseif fnum<100 

          namefile = 

['Z:\JudithvHuijstee\experimental_data\MCRS_Data\ResFreqTM110\TM110resfreq0' 

num2str(fnum) '.txt']; %name of file with electron density 

          namefile2 = ['Z:\JudithvHuijstee\experimental_data\MCRS_Data\time0' 

num2str(fnum) '.txt']; %name of file with times 

        else 

          namefile = 

['Z:\JudithvHuijstee\experimental_data\MCRS_Data\ResFreqTM110\TM110resfreq' 

num2str(fnum) '.txt']; %name of file with electron density 

          namefile2 = ['Z:\JudithvHuijstee\experimental_data\MCRS_Data\time' 

num2str(fnum) '.txt']; %name of file with times 

    end 

    resFreqTemp = load(namefile,'-ascii'); %load electron density data; *10^18 

because the frequency in the file is in GHz 

    timeTemp = load(namefile2, '-ascii'); %load time data 

    if fnum == 1 

        timess = timeTemp; 

        resfreq = resFreqTemp; 

        else 

          timess = [timess timeTemp]; %add new data to vector 



          resfreq = [resfreq resFreqTemp]; %add new data to vector 

    end 

end 

clear timeTemp resFreqTemp 

%% 

%locations to split data to differentiate minimum peak distance 

tswitchmcrs = 20000; 

tswitchmcrs2 = 160000; 

tswitchmcrs3 = 370000; 

tswitchmcrs4 = 415000; 

tswitchmcrs5 = 483000; 

tswitchmcrs6 = 510000; 

  

%split time and resonance frequency data 

timesresfreq1 = timess(1:tswitchmcrs); 

timesresfreq2 = timess(tswitchmcrs+1:tswitchmcrs2); 

timesresfreq3 = timess(tswitchmcrs2+1:tswitchmcrs3); 

timesresfreq4 = timess(tswitchmcrs3+1:tswitchmcrs4); 

timesresfreq5 = timess(tswitchmcrs4+1:tswitchmcrs5); 

timesresfreq6 = timess(tswitchmcrs5+1:tswitchmcrs6); 

timesresfreq7 = timess(tswitchmcrs6+1:end); 

resfreq1 = resfreq(1:tswitchmcrs); 

resfreq2 = resfreq(tswitchmcrs+1:tswitchmcrs2); 

resfreq3 = resfreq(tswitchmcrs2+1:tswitchmcrs3); 

resfreq4 = resfreq(tswitchmcrs3+1:tswitchmcrs4); 

resfreq5 = resfreq(tswitchmcrs4+1:tswitchmcrs5); 

resfreq6 = resfreq(tswitchmcrs5+1:tswitchmcrs6); 

resfreq7 = resfreq(tswitchmcrs6+1:end); 

 

%find peaks and periods, set values caused by limited duration of measurements to 

NaN 

[PeaksResFreq1,LocsResFreq1] = findpeaks(resfreq1,'MinPeakDistance',100); %find the 

peaks and locations 

PeakIntervalLocsResFreq1 = diff(LocsResFreq1); %find the period 

PeakIntervalLocsResFreq1(PeakIntervalLocsResFreq1(10:end) > 175) = NaN; %set high 

values caused by time between measurements to NaN 

for y1 = 1:length(LocsResFreq1)-1 

    PeakAmp1(1,y1) = resfreq1(1,LocsResFreq1(1,y1))-

min(resfreq1(1,LocsResFreq1(1,y1):LocsResFreq1(1,y1+1))); %amplitude 

end 

  

[PeaksResFreq2,LocsResFreq2] = findpeaks(resfreq2,'MinPeakDistance',140); %find the 

peaks and locations 

PeakIntervalLocsResFreq2 = diff(LocsResFreq2); %find the period 

PeakIntervalLocsResFreq2(PeakIntervalLocsResFreq2 > 220) = NaN; %set high values 

caused by time between measurements to NaN 

for y2 = 1:length(LocsResFreq2)-1 

    PeakAmp2(1,y2) = resfreq2(1,LocsResFreq2(1,y2))-

min(resfreq2(1,LocsResFreq2(1,y2):LocsResFreq2(1,y2+1))); %amplitude 

end 

  

[PeaksResFreq3,LocsResFreq3] = findpeaks(resfreq3,'MinPeakDistance',130); %find the 

peaks and locations 

PeakIntervalLocsResFreq3 = diff(LocsResFreq3); %find the period 

PeakIntervalLocsResFreq3(PeakIntervalLocsResFreq3 > 180) = NaN; %set high values 

caused by time between measurements to NaN 

for y3 = 1:length(LocsResFreq3)-1 

    PeakAmp3(1,y3) = resfreq3(1,LocsResFreq3(1,y3))-

min(resfreq3(1,LocsResFreq3(1,y3):LocsResFreq3(1,y3+1))); %amplitude 

end 

PeakAmp3(PeakAmp3 < 1e-3) = NaN; 

  

[PeaksResFreq4,LocsResFreq4] = findpeaks(resfreq4,'MinPeakDistance',150); %find the 

peaks and locations 

PeakIntervalLocsResFreq4 = diff(LocsResFreq4); %find the period 

PeakIntervalLocsResFreq4(PeakIntervalLocsResFreq4 > 220) = NaN; %set high values 

caused by time between measurements to NaN 

for y4 = 1:length(LocsResFreq4)-1 



    PeakAmp4(1,y4) = resfreq4(1,LocsResFreq4(1,y4))-

min(resfreq4(1,LocsResFreq4(1,y4):LocsResFreq4(1,y4+1))); %amplitude 

end 

  

[PeaksResFreq5,LocsResFreq5] = findpeaks(resfreq5,'MinPeakDistance',170); %find the 

peaks and locations 

PeakIntervalLocsResFreq5 = diff(LocsResFreq5); %find the period 

PeakIntervalLocsResFreq5(PeakIntervalLocsResFreq5 > 230) = NaN; %set high values 

caused by time between measurements to NaN 

for y5 = 1:length(LocsResFreq5)-1 

    PeakAmp5(1,y5) = resfreq5(1,LocsResFreq5(1,y5))-

min(resfreq5(1,LocsResFreq5(1,y5):LocsResFreq5(1,y5+1))); %amplitude 

end 

  

[PeaksResFreq6,LocsResFreq6] = findpeaks(resfreq6,'MinPeakDistance',180); %find the 

peaks and locations 

PeakIntervalLocsResFreq6 = diff(LocsResFreq6); %find the period 

PeakIntervalLocsResFreq6(PeakIntervalLocsResFreq6 > 240) = NaN; %set high values 

caused by time between measurements to NaN 

for y6 = 1:length(LocsResFreq6)-1 

    PeakAmp6(1,y6) = resfreq6(1,LocsResFreq6(1,y6))-

min(resfreq6(1,LocsResFreq6(1,y6):LocsResFreq6(1,y6+1))); %amplitude 

end 

  

[PeaksResFreq7,LocsResFreq7] = findpeaks(resfreq7,'MinPeakDistance',200); %find the 

peaks and locations 

PeakIntervalLocsResFreq7 = diff(LocsResFreq7); %find the period 

PeakIntervalLocsResFreq7(PeakIntervalLocsResFreq7 > 260) = NaN; %set high values 

caused by time between measurements to NaN 

for y7 = 1:length(LocsResFreq7)-1 

    PeakAmp7(1,y7) = resfreq7(1,LocsResFreq7(1,y7))-

min(resfreq7(1,LocsResFreq7(1,y7):LocsResFreq7(1,y7+1))); %amplitude 

end 

  

%add length of previous parts so that peak locations are measured from t=0 

LocsResFreq2 = LocsResFreq2 + length(timesresfreq1); 

LocsResFreq3 = LocsResFreq3 + length(timesresfreq2) + length(timesresfreq1); 

LocsResFreq4 = LocsResFreq4 + length(timesresfreq3) + length(timesresfreq2) + 

length(timesresfreq1); 

LocsResFreq5 = LocsResFreq5 + length(timesresfreq4) + length(timesresfreq3) + 

length(timesresfreq2) + length(timesresfreq1); 

LocsResFreq6 = LocsResFreq6 + length(timesresfreq5) + length(timesresfreq4) + 

length(timesresfreq3) + length(timesresfreq2) + length(timesresfreq1); 

LocsResFreq7 = LocsResFreq7 + length(timesresfreq6) + length(timesresfreq5) + 

length(timesresfreq4) + length(timesresfreq3) + length(timesresfreq2) + 

length(timesresfreq1); 

 

%convert locations to times using the average time between two data points 

loc1 = (timesresfreq1(1,end)-timesresfreq1(1,1))/length(timesresfreq1); %average 

time between two data points 

loc2 = (timesresfreq2(1,end)-timesresfreq2(1,1))/length(timesresfreq2); %average 

time between two data points 

loc3 = (timesresfreq3(1,end)-timesresfreq3(1,1))/length(timesresfreq3); %average 

time between two data points 

loc4 = (timesresfreq4(1,end)-timesresfreq4(1,1))/length(timesresfreq4); %average 

time between two data points 

loc5 = (timesresfreq5(1,end)-timesresfreq5(1,1))/length(timesresfreq5); %average 

time between two data points 

loc6 = (timesresfreq6(1,end)-timesresfreq6(1,1))/length(timesresfreq6); %average 

time between two data points 

loc7 = (timesresfreq7(1,end)-timesresfreq7(1,1))/length(timesresfreq7); %average 

time between two data points 

loc = (timess(1,end)-timess(1,1))/length(timess); %average time between two data 

points over entire experiment 

 

% times of the peaks (hours) 

bpeakTimes1 = LocsResFreq1*loc1/3600; 

bpeakTimes2 = LocsResFreq2*loc2/3600; 



bpeakTimes3 = LocsResFreq3*loc3/3600; 

bpeakTimes4 = LocsResFreq4*loc4/3600; 

bpeakTimes5 = LocsResFreq5*loc5/3600; 

bpeakTimes6 = LocsResFreq6*loc6/3600; 

bpeakTimes7 = LocsResFreq7*loc7/3600; 

% periods (seconds) 

bperiod1 = PeakIntervalLocsResFreq1*loc1; 

bperiod2 = PeakIntervalLocsResFreq2*loc2; 

bperiod3 = PeakIntervalLocsResFreq3*loc3; 

bperiod4 = PeakIntervalLocsResFreq4*loc4; 

bperiod5 = PeakIntervalLocsResFreq5*loc5; 

bperiod6 = PeakIntervalLocsResFreq6*loc6; 

bperiod7 = PeakIntervalLocsResFreq7*loc7; 

 

for g = 1:length(timess) 

    times_bloc(1,g) = g*loc/3600; %create vector with times (hours) using the 

average time between measurements 

end 

 

A.2 Extra figures 

 

Figure A.1: Plasma dissipated power and resonance frequency of the TM110 mode around the jump, that apparently takes 
place within a time span of 0.2s. 

 


