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Preface

John Slater’s work was seminal in the development of microwave electronics. The
following text was written by him in 1950 [1]: ‘It is rather remarkable that microwave
electronics has been so slow in developing. In its essentials it is an outgrowth of
the discoveries of the middle and end of the nineteenth century. The possibility of
electromagnetic oscillations in cavities enclosed by good conductors ... lies inherent
in Maxwell’s equations. ... A few experiments were made in pure physics in the
millimetre range of wavelengths before the extensive developments of the last fifteen
years ...’ One of the reasons behind the boost in the development has been the demand
for radar during the Second World War [1] and only a decade later the interest in
resonance cavities has disappeared.

The focus of this thesis is on Microwave Cavity Resonance Spectroscopy (MCRS),
which is a diagnostic method where changes in resonant behaviour of electromagnetic
waves in a cavity are related to for example plasma properties. During my PhD, it has
often felt like looking back into a lost civilization, e.g., that of the ancient Egyptians.
Much of the knowledge in the scientific community relating to microwave cavities has
disappeared over the last 50 years. Some of our ‘inventions’ were already described
in the hieroglyphs of the mid-twentieth century literature.

Despite these minor personal setbacks, this dissertation brings major improve-
ments to MCRS—as a plasma diagnostic—resulting in an error in the real part of the
permittivity of less than 1 part in 2.5 billion, the ability to spatially resolve plasma
parameters, the capability to probe plasmas at atmospheric and extremely low pres-
sures, improved fitting algorithms, temperature-corrected apparent frequencies and
three new descriptions of limits which are developed from an experimental perspect-
ive. All these advancements on top of the solid foundation of mid-twentieth century
technology makes MCRS a very versatile diagnostic method for a wide range of pro-
cesses and plasmas. Moreover, new technological approaches are demonstrated where
MCRS is applied as a beam monitor for ionizing radiation and as a transducer for
acoustic waves.

These advancements will not only enable to reveal hidden physics in the future
but already contributed to a better understanding of the processes in plasmas during
this project. Examples of these scientific discoveries are the identification of a third
phase in the decay of the afterglow of Extreme Ultraviolet photon-induced plasmas,
the better understanding of the decay of atmospheric-pressure plasma jets and the

vii



viii Preface

gained insights relating to acoustic waves produced by plasmas.
Unfortunately, the sense of achievement tends to glimmer during a PhD. Before

the start of my project, I received the advice to ‘focus on not regretting choosing for
a PhD afterwards instead of during’. Since I benefited greatly from these words, I
would like to share them hoping others with minor (or greater) setbacks do too.

Cheers,
Bart Platier
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Chapter 1

General introduction

Abstract

Plasmas are used in numerous industrial processes. To further improve these
applications, it is crucial to understand the elementary processes in these gas
discharges. To this end, reliable and accurate experimental diagnostic methods
are of key importance. This chapter provides an introduction to plasmas and
the diagnostic method Microwave Cavity Resonance Spectroscopy as improved
and used in this work. Finally, the goals and the structure of this thesis are
described.
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2 Chapter 1. General introduction

1.1 Introduction

As the title of this dissertation might have given away, the improvements made to
Microwave Cavity Resonance Spectroscopy and the corresponding newly gained ter-
ritories of plasma parameter space will be uncovered in the chapters to follow. Fur-
thermore, the new insights into the processes in gas discharges are discussed.

The motivation behind the research will be presented in the following three para-
graphs and subsequently an overview of the achievements and structure of the thesis
is provided in the last two paragraphs of this chapter. The author wishes the reader
a pleasant1 journey through the pages to come and recommends to the layman to
start reading in the accompanying booklet [2] which aims at a general audience.

1.2 Illumination diffusers

Light is essential to sustain life on Earth: the sun warms our planet and gives energy
to nature while artificial light allows children to study at night, enables companies
and plants to grow, brings gezelligheid to our homes, controls our mood and gives a
sense of security. For future reference, a photograph of a typical living room at the
moment of publication of this dissertation is presented in figure 1.1a.

300.000 years ago, the forefathers of the homo sapiens have started to make use
of fire on a daily basis, which helped society to develop significantly [7]. After the
discovery of incandescence of a heated wire [8] it took more than a century of re-
search before the first incandescent lamp became commercially available in the late
nineteenth century [9]. These bulbs were highly energy-inefficient, even in compar-
ison to current incandescent lamps [9]. Later on, technological advances have made it
possible to create highly efficient plasma-based light sources such as fluorescent and
high-intensity discharge (HID) lamps. In 2014, the Noble prize for physics was awar-
ded for the invention of the efficient blue-light-emitting diode (LED). This invention
has been the needed breakthrough to successfully apply LEDs in illumination applic-
ations. The blue light from the diodes is at least partially converted by phosphors
into light with longer wavelengths to obtain a pleasant spectrum. In figure 1.1b is
shown a photograph of a LED lamp with a yellow phosphor layer—responsible for
the wavelength conversion—which is deposited on a series of LEDs.

Besides the emission of light with attractive colours by a lamp, it is crucial that
the emitted photons effectively brighten the desired objects. Illumination diffusers are
used for redistribution of the light field by e.g. reflection on a mirror, refraction in a
lens or scattering by small particles. In contrast to most other light sources, LEDs stay
relatively cold. This opens doors towards new materials and production processes for
diffusers because material choise is not limited by operating temperature as would be
with conventional lamps. The next paragraph explains why powder-forming plasmas
could be the new production method for illumination diffusers.

1For a better reading experience, it is recommended to place a pen in your mouth and bite
lightly.



1.2. Illumination diffusers 3

Figure 1.1: Four photographs: (a) a living room which is made cozy by the application
of lighting solutions [3], (b) a LED-bulb with the yellow phosphor layer [4], (c) an
Extreme Ultraviolet photon-induced plasma [5] and (d) dust particles levitating in a
plasma while being illuminated by a green laser [6].
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Figure 1.2: A schematic representation of the four fundamental states of matter:
solid, liquid, gas and plasma. The arrow indicates the direction of the transition
which requires additional energy.

1.3 Dusty plasmas for the production of diffusers

A plasma is a (partially) ionized gas. The properties of the gas are significantly
changed by the presence of free electrons and ions. Therefore after ionisation, the
medium is regarded to have reached—besides solid, liquid and gas—the fourth fun-
damental state of matter. A schematic representation of the four states is shown in
figure 1.2.

Similar to a solid which melts and becomes a liquid after an increase of enthalpy,
additional energy is needed to ionize a gas. The commonly used methods to produce
a plasma are applying a strong electric field to a gas, or heating the gas to extremely
high temperatures. A plasma produced by the former method is used in for example
neon signs for the production of light meanwhile the sun is ionized by the latter where
the energy is delivered by thermonuclear reactions. An extraordinary approach for
ionizing a gas is by irradiation with high-energy particles. A high-energy photon
that is able to photo-ionize has sufficient energy to release one or multiple electrons
from an atom or molecule. This process can take place when the photon is absorbed.
Despite that this process plays an important role in astrochemistry, the driving force
behind the scientific interest is the development of the new generation of lithography
tools. For the exposure of wafers in these tools, light with a wavelength in the
Extreme Ultraviolet (EUV) part of the spectrum—more specifically 13.5 nm—is used.
These EUV photons have an energy of 92 eV, which is sufficient to ionize atoms and
molecules in a gas, and by doing so create a plasma. A photograph of such a plasma
is presented in figure 1.1c.

Most man-made plasmas are weakly ionized, meaning that less than one in a mil-
lion atoms or molecules are ionized. At atmospheric pressure, the number density
of the neutrals is approximately 1025 m−3 and this number scales linearly with pres-
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sure. Another property which varies greatly with pressure is the collision frequency
of the species in a plasma. Hence, the plasma dynamics at low pressure are different
from that at high pressure. Furthermore, the plasma volume—excluding the region
around the edges—is quasi-neutral which means that there is no net space charge
within volumes larger than the Debye sphere. The radius of this sphere is the Debye
length, which is the typical length scale over which charge is electrically screened
within a plasma. This parameter depends on the electron density and the electron
temperature.

One of the cool properties of plasmas is that the temperature of the electrons can
be several tens of thousands of degrees Celsius while the ions and gas remain around
room temperature under certain conditions. Advantageous of this property is that
the electrons are sufficiently energetic to initiate chemistry by breaking molecular
bonds and little energy is used for heating of the heavy particles. This principle is
applied in the production of for example solar cells and microelectronics.

The functionalities of products produced by plasmas could be harmed by undesired
and unintentional formation of dust particles in plasmas and subsequent deposition
of these particles on the products. In figure 1.1d is presented a photograph of a cloud
of macroscopic dust particles levitating in a plasma.

Over the last decades, reactive gasses (e.g. C2H2, CH4 and SiH4) have been used
for the formation and modification of dust particles in plasmas [10–13]. Besides
that this dust production method is in potential very energy efficient compared to
traditional processes, there are two other big advantages of this method: it is possible
to grow particles which are very monodisperse thanks to the abrupt coagulation in
the growth cycle [14] and the material properties can be influenced by changing the
discharge parameters [15–21] in order to produce the ideal diffuser.

The interaction of light with the particles depends highly on the size, morphology
and refractive index of the particles. To produce the ideal diffuser with powder-
forming plasmas, it is essential to be able to control and monitor the plasma and
the chemistry in it. In previous works [11–13, 22, 23], Microwave Cavity Resonance
Spectroscopy has been used successfully to monitor the discharge and the growth
of particles. The concept of the microwave diagnostic method is presented in the
following section.

1.4 Microwave Cavity Resonance Spectroscopy

Laboratory plasmas are typically 0.001-1 meter in size and electromagnetic radiation
with a wavelength in the same orders of magnitude is referred to as microwaves (0.3-
300 GHz) [24]. These waves are reflected very well by smooth conducting surfaces
and are therefore able to travel back and forth between the conducting surfaces and
form a standing wave under specific conditions.

In this diagnostic method, the volume between the conducting walls is referred to
as the cavity. However, sometimes the metal structure itself is called the cavity. A
schematic representation of a cavity including electronics and an atmospheric-pressure
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Figure 1.3: A schematic illustration of a cavity including readout electronics and a
radio-frequency driven atmospheric-pressure plasma jet.

plasma jet (one of the plasma configurations investigated in this thesis) is presented
in figure 1.3.

The frequency of the excited standing wave fres depends on the dimensions of the
cavity, the resonant mode, and the permittivity ε and permeability µ of the medium
inside the measurement volume. Hence, by monitoring the resonant behaviour of the
standing wave, information concerning the medium—here a plasma—in the cavity
can be obtained, assuming that the dimensions of the cavity remain constant. This
approach was introduced as a diagnostic method to determine the electron density
of plasmas in 1949 [25]. One of the names used for this method is Microwave Cavity
Resonance Spectroscopy (MCRS).

In an ideal cavity, the resonance frequencies are discrete delta peaks in the fre-
quency domain. However, these peaks widen when losses in the cavity are included.
The quality factor Q of a mode, expressed as the fres/full-width-at-half-maximum,
indicates the amount of losses in a cavity and is related to the response time of the
cavity.

The fundamentals of the measurement technique are conveyed in chapter 2 and
descriptions of detailed aspects can be found in the other chapters.



1.5. Focus of this thesis 7

1.5 Focus of this thesis

The research group Elementary Processes in Gas Discharges (EPG) at the Eindhoven
University of Technology, which I was part of during my PhD, has a long history of
studying dust in plasmas and the usage of MCRS to study these plasmas. The
pedigree of the EPG group on these topics is described in, e.g., numerous PhD theses
[26–36]. All these explorations have been performed in vacuum conditions which are
suboptimal for an industrial production environment for illumination diffusers.

This research aims at making the transition
from low- to atmospheric-pressure for the plasma

synthesis of (sub-)microparticles for light scattering
purposes as well as for the usage of MCRS.

The goals of this project are divided into two research lines:

• The first research line focusses on improving the diagnostic method. Besides
theoretical work on the diagnostic method related to the translation to atmo-
spheric pressure, general advancements to MCRS developed in the framework
of this project are demonstrated on a model plasma: an Extreme Ultraviolet
photon-induced plasma.

• The second research line focusses on the experimental transition from dust
growth in low-pressure plasmas to atmospheric-pressure conditions. In addi-
tion to the successful implementation of MCRS on two commonly used types of
atmospheric-pressure plasma sources, the increased resolution is demonstrated
by a study of acoustic waves induced by an atmospheric-pressure plasma. Fur-
ther, a proof-of-principle for plasma-synthesized scattering objects for LED dif-
fuser technology is presented in figure 1.4. In this photograph is shown a col-
lection of (sub-)microparticles grown in a radio-frequency driven atmospheric-
pressure plasma jet and subsequently deposited on a glass substrate.

1.6 Overview of this thesis

The structure of this thesis is as follows:

Chapter two presents the fundamentals of MCRS as a plasma diagnostic.

Research line 1 comprises three chapters in which general advancements of MCRS
are demonstrated.

Chapter three introduces a new approach for MCRS where the spatial dis-
tribution of the electron density can be obtained by combining the informa-
tion from multiple resonant modes. For increased accuracy, the electric field
profiles are corrected for non-idealities of the cavity. This new approach is
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Figure 1.4: Light scattering objects produced in a radio-frequency driven
atmospheric-pressure plasma jet with an Ar:C2H2 feed gas and subsequently depos-
ited on a glass substrate.
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demonstrated as a beam monitor for EUV radiation. Moreover, the resolution
in changes in the permittivity is improved in respect of related works.

Chapter four brings the identification and investigation of a third decay phase
in the afterglow of an EUV-induced plasma. This scientific discovery is enabled
by a further increase of the resolution with respect to the previous chapter.

Chapter five presents magnetic field-enhanced MCRS as an improvement of
the EUV beam monitor approach introduced in chapter 3. The addition of the
magnetic field makes the approach suitable for extremely low gas pressures,
number of photons per EUV pulse and ionization cross-sections.

Research line 2 is divided into three chapters in which the implementation of MCRS
on atmospheric-pressure plasmas is covered.

Chapter six concerns the plasma decay between successive discharges of a
high-voltage pulsed atmospheric-pressure plasma jet. As the collision frequency
cannot be neglected at atmospheric-pressure, the required analysis is developed
to separate the contributions of the electron density and collision frequency
on the resonant behaviour. This study has been enabled by the improved
resolution in the changes in permittivity developed in the first research line.
Moreover, an improved fitting procedure for spectral responses is presented.

Chapter seven provides the first MCRS measurements on a radio-frequency
driven atmospheric-pressure plasma jet. The measurement approach intro-
duced in the previous chapter is further improved and employed to study the
formation, steady-state and decay phases of this type of plasma. Furthermore,
temperature-corrected apparent frequencies are introduced to compensate for
thermal expansion of the cavity.

Chapter eight delivers an investigation into acoustic waves produced by an
atmospheric-pressure plasma jet. For this study, a novel approach is developed
to separate the different contributors to changes in the permittivity. The results
have been verified by measurements with a conventional pressure transducer.

Chapter nine discusses the improved resolution in changes in the permittivity. Fur-
ther, a lower limit for the permittivity is introduced and the challenges that come with
spatial non-uniformity of the electron collision frequencies are discussed. Further, a
large collection of avenues to further improve the method is presented.

Chapter ten concludes and correlates the findings and judgements described in the
previous chapters.

A schematic representation of the structure of the thesis can be found in figure 1.5.
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Chapter 2

Fundamentals of Microwave Cavity
Resonance Spectroscopy

Abstract

Over the last 70 years, Microwave Cavity Resonance Spectroscopy has been
used to study a variety of plasmas, gasses and solids. The essentials of this
measurement technique to investigate plasmas are presented in this chapter.

Parts of chapter 2 and 9 form an article which is in preparation:
Platier, B., Staps, T. J. A., Koelman, P. M. J., Van Der Schans, M., Beckers, J., & IJzerman, W.
L. (2020). Probing collisional plasmas with MCRS; opportunities and challenges. Target journal:
Applied Sciences.
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2.1 Introduction

In 1944, a method based on resonant microwaves was introduced to experimentally
determine properties—the permittivity and permeability—of materials [45]. These
properties affect the resonance frequency and losses of an electromagnetic standing
wave. By monitoring the characteristics of a standing wave, it is possible to gain
insight into the processes which take place inside the probed volume. Five years
later, the first investigation using this approach in which the changes in permittivity
were related to the presence of free electrons in plasmas was presented [25].

Since its introduction, in literature this method is referred to as ‘the cavity
method’ [46, 47] or the working of the approach is described without using a name
[22, 48]. Haverlag et al. [49] introduced the name Microwave Cavity Resonance Spec-
troscopy (MCRS) in 1991. This name is used mainly in articles written by authors
affiliated to the Eindhoven University of Technology and those from a few other re-
search institutes [50–57]. However, the scientific community as a whole has not started
yet using the name MCRS. From an archival perspective, it would be beneficial to
use one lucid name for the diagnostic method which is searchable and unambiguous1.

An overview of the principles of MCRS and the underlying physics is presented
below from an experimental perspective.

2.2 Resonant behavior of a standing microwave

A standing wave—also referred to as a stationary wave—is a wave of which the nodes
and antinodes do not move in space over time. Examples of this phenomenon can be
found in, e.g., the oscillation of a drum’s membrane and that of a guitar’s string.

The Microwave Cavity Resonance Spectroscopy method is based on the physical
principle that the resonant behavior of an electromagnetic standing wave in a hollow
space—the cavity—surrounded by a metal structure depends on the permittivity ε
and permeability µ of the cavity volume (and the size). The computed spatial profile
of the electric field amplitude |E| of the fundamental resonant mode (i.e. TM010) in
a cylindrical cavity is shown in figure 2.1. The standing wave in a cavity is typically
excited by injecting microwaves via an antenna which protrudes only slightly into this
cavity. A typical spectral response (black squares) of a cavity is shown in figure 2.2.
From a response like this, the resonant behavior, i.e., the spectral position fres and
the width Γ defined as the FWHM of the resonance peak, is determined by optimized
fitting algorithms (red line).

The spectral position of a resonance peak does not only depend on the material
properties but also on the dimensions of the cavity and the resonant mode excited.
Typical frequencies used for MCRS as a plasma diagnostic are 1-10 GHz [11, 48, 58].

1The author’s opinion on this matter is as follows: ‘the cavity method’ and a description of
the technique do not qualify as searchable nor as unambiguous, and Microwave Cavity Resonance
Spectroscopy is a bit long. However, scientists generally tend to come up with laborious combinations
of words and our invented acronyms are often even more questionable. Introducing a new name would
scatter the literature even further. For these reasons, the author decided to use the name MCRS.
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Figure 2.1: The amplitude of the electric field |E| of the fundamental resonant mode
(TM010) in a cylindrical cavity.
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Figure 2.2: Spectral response of the TM010 resonant mode of an empty cavity meas-
ured in reflection configuration (black marks) and a fit (red line) [41].
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The cavity is only able to absorb microwaves when the applied frequency matches
or is close to the resonance frequency fres (f = ω/2π) of a resonant mode. This
frequency can be found by locating the spectral position where the least power is
reflected.

The second property of the resonant behavior is the width of a resonance peak,
which is proportional to the losses in the cavity. The losses and width of a specific
mode are indicated by the quality factor Q (or in short ‘Q’) [59],

Q ≡ fres

Γ
, (2.1)

where Γ is the full-width-at-half-maximum (FWHM) of the peak (the frequency and
power axes need to be in linear scale). When the losses in a cavity are high, the Q
is low and the resonant mode is able to respond fast on changes inside the cavity
volume. The characteristic time τ of a resonant mode is given by:

τ =
Q

πfres
. (2.2)

This 1/e response time is used to indicate the time it takes for the resonant field to
adapt 63% to a new situation. For this reason, it takes a few τ for the field to ‘fully’
adapt to, e.g., a sudden presence of plasma.

2.3 Perturbations

As mentioned before, the properties of the material inside the cavity volume Vcav

affect the resonant behavior of the excited standing wave. The change in the reson-
ance frequency ∆f (∆f = f2 − f1) and the change in the reciprocal Q-factor ∆( 1

Q )

(∆( 1
Q ) = 1

Q2
− 1

Q1
) are described by the following relation [41, 60],

∆f

f1
+ i

1

2
∆

(
1

Q

)
= −

y

Vcav

(
∆ε̃(r)|E1(r)|2 + ∆µ̃(r)|H1(r)|2

)
d3r

2ε0

y

Vcav

|E1(r)|2d3r
, (2.3)

where the subscript 1 is used for the unperturbed cavity and 2 for the perturbed state,
i the imaginary unit number, Vcav the volume occupied by the cavity, E1 the local
electric field of the resonant mode of the unperturbed cavtiy, H1 the local magnetic
field of the resonant mode of the unperturbed cavtiy, r the position vector and ε0 the
vacuum permittivity. The local change of the complex permittivity ∆ε̃ is given by:

∆ε̃(r) = ε̃2(r)− ε̃1(r), (2.4)

where ε̃1 and ε̃2 are again the complex permittivity of the unperturbed and pertubed
cavity, respectively. The derivation of equation 2.3 can be found in reference [41]. In
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this derivation, it is assumed that the resonant field profile is not disturbed by the
perturbation and that f1 ≈ f2.

In this thesis, it is assumed that the plasma is unmagnetized, i.e., µ̃ = µ0 [61,
p. 109], where µ0 is the vacuum permeability. Hence, equation 2.3 can be simplified
by stating that ∆µ̃ = 0.

By separating the real and imaginary parts of equation 2.3, the contributors to
changes in f and 1

Q are separated,

∆f

f1
= −
<
(y
Vcav

∆ε̃(r)|E1(r)|2d3r

)
2ε0

y

Vcav

|E1(r)|2d3r
, (2.5)

∆

(
1

Q

)
= −
=
(y
Vcav

∆ε̃(r)|E1(r)|2d3r

)
ε0

y

Vcav

|E1(r)|2d3r
. (2.6)

These equations show that the method is most sensitive in the regions where the
strength of the resonant field is largest. To be more exact, the material properties
obtained by this integral from MCRS are cavity volume averaged and weighted with
the square of the the local electric field.

Another type of perturbation is a change in the dimensions or shape of the cavity,
e.g., due to thermal expansion of the metal structure which surrounds the cavity. For
low-pressure plasmas, this was not of major importance because the effect is relat-
ively small. However, the atmospheric-pressure plasmas investigated in this thesis
induce a change in the resonance frequency similar to that caused by expansion of
the cavity due to a temperature increase of ∼ 10 mK and therefore this can no longer
be neglected.

2.4 Plasma’s permittivity

The Drude-Lorenz model2 is commonly used to describe the complex permittivity of
a plasma ε̃i as [61],

ε̃i = ε0

[
ε̃r,gas,i −

ω2
pe

ν2
m + 4π2f2

− iνm

ω

ω2
pe

ν2
m + 4π2f2

]
, (2.7)

where εr,gas,i is the relative permittivity of the gas which is traditionally assumed to
be unity, νm the momentum transfer collision frequency of the electrons and f the

2One of the assumptions in this model is that the collission cross section does not depend on
the energy of the electrons, and this is generally not true. In two of our works [41, 42] an effective
collision frequency is used to circumvent this problem.
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frequency of the applied electromagnetic field. The electron plasma frequency ωpe is
given by [61]:

ωpe =

√
nee2

ε0me
, (2.8)

where ne is the electron density, e the elementary charge and me the electron mass.
The following two equations for ∆f/f1 and ∆( 1

Q ) are obtained by substituting
equation 2.7 into the equations 2.5 and 2.6 while assuming ε̃r,gas,1 = ε̃r,gas,2 and
ne = 0 m−3 for the unperturbed state,

∆f

f1
=

e2

2ε0me

y

Vcav

ne(r)

ν2
m(r) + 4π2f2

2

|E1(r)|2d3r

y

Vcav

|E1(r)|2d3r
, (2.9)

∆

(
1

Q

)
=

e2

2πε0mef1

y

Vcav

ne(r)νm(r)

ν2
m(r) + 4π2f2

2

|E1(r)|2d3r

y

Vcav

|E1(r)|2d3r
. (2.10)

As an example, in a radio-frequency driven plasma at 10 Pa, the collision fre-
quency νm = 0.2 GHz [62, p. 5] is much smaller than the probing frequencies and
can, therefore, be neglected. A typical collision frequency in an atmospheric-pressure
plasma jet is ∼ 1 THz [63], which is significant with respect to the resonance fre-
quencies used in MCRS experiments. In this case, the role of the collisions of the
electrons is very important and must, therefore, be included in the analysis of MCRS
experiments. The capability of MCRS to probe highly collisional plasmas with colli-
sion frequencies around 0.5 THz is demonstrated in this thesis. Figure 2.3 presents
the change in the real and imaginary part of the relative permittivity with respect to
εr,gas as a function of the electron density for f = 3.5 GHz and a variety of collision
frequencies. For νm = 0 Hz, the imaginary part of the relative permittivity is zero and
is, therefore, not visible in this logarithmic plot in figure 2.3b. Both graphs show that
for increasing collision frequencies the change in the real part and in the imaginary
part decreases.

Note that in this work collisional plasma means a plasma in which the momentum
transfer collision frequency of the electrons νm is not much smaller than the angular
frequency ω of the applied microwave field. This definition might differ from the one
used in other works.

2.5 Non-collisional plasmas

In most low-pressure plasmas the collision frequency νm is much smaller than the
probing angular frequencies ω for typical MCRS experiments, and therefore the dis-
sipation term—i.e. the imaginary part—in equation 2.7 can be neglected. Hence,
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Figure 2.3: The change in the (a) real and (b) imaginary part of the relative permit-
tivity of a plasma as a function of the electron density ne for four collision frequencies
νm. The imaginary of the permittivity is zero when the electrons do not collide and
for this reason there is no change in permittivity for ∆νm = 0 Hz.
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it does not require information concerning the losses of the resonant field to obtain
the electron density because the electron collision frequency can be assumed zero.
Therefore, equation 2.9 can be reduced into,

∆f

f1
=

e2

8ε0meπ2f2
2

y

Vcav

ne(r)|E1(r)|2d3r

y

Vcav

|E1(r)|2d3r
. (2.11)

In most prior MCRS experiments, the equation has been even further simplified,

∆f

f1
=

e2n̄e

8ε0meπ2f2
2

, (2.12)

which can be rewritten into [12, 39, 47, 48],

n̄e =
8ε0meπ

2f2
2

e2

∆f

f1
. (2.13)

Here, n̄e is the cavity averaged and electric-field-squared weighted electron density
given by:

n̄e =

y

Vcav

ne(r)|E1(r)|2d3r

y

Vcav

|E1(r)|2d3r
. (2.14)

2.6 Collisional plasmas

For experiments in which the collisions of the electrons cannot be neglected, the
position and the width of a resonance peak are used to separate the contributions
of the electron density and collision frequency to the real and imaginary part of the
permittivity. Atmospheric-pressure plasmas are typically significantly smaller than
the cavity and a completely filled cavity can therefore not be assumed. In this case the
volume occupied by the plasma Vp needs to be determined by for example camera
images, which is a crude assumption because you it assumes light is presence of
electrons.

The atmospheric-pressure plasmas investigated in this thesis are assumed to have
no spatial dependency within the plasma volume. The collision frequency of the
electrons νm is given by [41, 64],

νm = πf1
∆(1/Q)

∆f/f1
, (2.15)

while the electron density ne can be obtained from [41, 64],

ne =
2ε0me

e2

ν2
m + 4π2f2

1

V
∆f

f1
. (2.16)
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Here, V is the ratio between the effective (microwave-field-squared-weighted) plasma
volume and the effective (microwave-field-squared-weighted) cavity volume,

V =

t
Vp
|E1|2d3r

t
Vcav
|E1|2d3r

. (2.17)

In contrast to the situation in the derivation of equation 2.14, the influence of the
change in resonance frequency on the permittivity of the plasma is not taken into
account in equations 2.15 and 2.16.

A disadvantage of probing a plasma with an electron collision frequency which
is much higher than the probing frequencies is that the relative shift in resonance
frequency ∆f/f1 is much smaller than would be the case for a non-collisional plasma
with the same electron density. For a fres of 2 GHz, the ∆f/f1 is ∼ 6400 times smaller
for a plasma with a νm of 1 THz than that with a νm = 0 Hz. Furthermore, V � 1 for
atmospheric-pressure plasmas which reduces ∆f/f1 even more. These atmospheric-
pressure plasmas typically have a higher electron density which compensates (par-
tially) for the two ∆f/f1 lowering mechanisms described above. However, for the
atmospheric-pressure discharges investigated in previous works [41, 42], ∆f/f1 has
been ∼ 4 orders of magnitude lower than would be the case for typical low-pressure
plasmas.

2.7 Brief summary

By resolving the changes in resonant behavior of an electromagnetic standing wave,
properties of the material inside the cavity volume and the cavity itself can be de-
termined. For most low-pressure plasmas, it is sufficient to measure the change in the
spectral position of a resonance peak. However, with the transition towards probing
plasmas at atmospheric pressure—brought forward in this thesis—also the change of
the width of the peak becomes equally relevant. Moreover, these collisional plasmas
induce much smaller changes in the resonance frequency and therefore require a very
good resolution in monitoring the resonant behavior.
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Chapter 3

Mapping electron dynamics in EUV
photon-induced plasmas

Abstract

A new diagnostic approach using multi-mode microwave cavity resonance spec-
troscopy (MCRS) is introduced. This can be used to determine electron dy-
namics non-invasively in an absolute sense, as a function of time and spatially
resolved. Using this approach, we have for the first time fully mapped electron
dynamics specifically during the creation and decay of a highly transient pulsed
plasma induced by irradiating a background gas with extreme ultraviolet (EUV)
photons. In cylindrical geometry, electron densities as low as 1012 m−3 could
be detected with a spatial resolution of (sub)100 µm and a temporal resolution
of (sub)100 ns. Our experiments clearly show production of electrons even after
the in-band EUV irradiation fades out. This phenomenon can be explained by
both photoionization by out-of-band EUV radiation emitted by the EUV source
later in time and delayed electron impact ionization by electrons initially cre-
ated by in-band EUV photoionization. From the analysis, the absolute width
of the electron cloud in the probing volume could also be retrieved temporally
resolved. This data clearly indicates cooling of electrons. From an application
perspective, it is demonstrated that the method can be used as a non-invasive
and in-line monitor for ionizing radiation in terms of beam power, profile and
pointing stability.

Published as:
Beckers, J., Van De Wetering, F. M. J. H., Platier, B., Van Ninhuijs, M. A. W., Brussaard, G. J.
H., Banine, V. Y., & Luiten, O. J. (2018). Mapping electron dynamics in highly transient EUV
photon-induced plasmas: a novel diagnostic approach using multi-mode microwave cavity resonance
spectroscopy. Journal of Physics D: Applied Physics, 52 (3), 034004.
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3.1 Introduction

The most essential step in the production of semiconductor circuits is photolitho-
graphy. This multi-billion-dollar industry consistently adheres to Moore’s law in
printing an increasing number of transistors on a single chip. The smallest possible
feature to be printed is dictated by the numerical aperture (NA) of the system and the
wavelength of the light used [65]. By scaling both, in recent decades scientists and
technologists have successfully reached multiple industry-driven milestones. These
include the introduction of immersion photolithography (increasing the NA of the
system) and shortening the wavelength used. By far the most challenging step in this
industry, however, is only now being taken: the introduction of extreme ultraviolet
(EUV) lithography [66] at a wavelength of 13.5 nm. Besides the extreme conditions
needed to generate EUV photons, the full system requires a working pressure which
is as low as possible in order to minimize photon absorption by background gas. Al-
though the background conditions correspond to ultra-high vacuum, the system still
requires a controlled amount of gas to be permanently present.

Inevitable when sending pulsed bunches of highly energetic (92 eV) photons
through a gas—as low as its pressure might be—is the creation of an exotic type
of plasma. This peculiar phenomenon is called EUV photon-induced plasma [67].
Not only is this kind of plasma highly transient in time, but the electron energy dis-
tribution is initially far from Maxwellian, with energies sufficiently high to produce
even more plasma by means of electron impact ionization. Despite its relevance in
outer space, research on the physical properties of EUV photon-induced plasmas has
been scarce in literature. With the introduction of EUV lithography, however, several
groups worldwide have now picked up this research topic. The reason for the indus-
trial interest is that these plasmas will inevitably impact the operation of lithography
tools in terms, for instance, of cleaning and the lifetime of delicate optical and other
components [68–75].

EUV photon-induced plasmas have been modelled numerically by, for example,
Abrikosov et al. [76] and Astakhov et al. [77]. From an experimental point of view,
literature is scarcer, mainly because of the limited availability of the few and very
expensive EUV-producing light sources. Experimental characterizations of EUV
photon-induced plasma include monitoring the temporal evolution of the electron
density [78–83] and studying the impact of ion fluxes on surfaces [84, 85].

In particular, studying the dynamics of the cloud of free electrons generates possib-
ilities to reveal fundamental processes regarding plasma creation, plasma expansion,
thermalization of the plasma and the dynamic formation of space charge regions, in-
cluding their governing electric fields. Up until now, this electron density evolution
has only been studied successfully using a non-invasive diagnostic called microwave
cavity resonance spectroscopy (MCRS). Other traditional electron diagnostics such as
Thomson scattering and the utilization of electric probes have appeared non-feasible
under these conditions. For instance, the density of free electrons is far too low for
Thomson scattering to deliver a sufficient signal [86], while van de Velden et al. [87]
showed back in 2008 that the use of electric probes was problematic for diagnosing
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photon-induced plasmas. Although absolute values for the density of free electrons
could be retrieved from MCRS measurements [78–83], results have always been aver-
aged over the full experiment volume and not corrected for the local electric field value
of the resonant mode used. Hence, spatial information could not be retrieved using
traditional MCRS. Only one experimental paper exists [80] in which the authors de-
termine full-width-at-half-maximum (FWHM) values of spatial electron distribution
functions by taking into account two resonant modes. Although a part of the electron
dynamics could be described by these experiments, the results were not quantitative
and not corrected for the electric-field component of the microwave resonant modes
used.

The novelty of this article is threefold.

• A novel diagnostic approach is developed and introduced, making traditional
MCRS spatially resolved and electric field corrected for the first time since its
introduction in the 1950s [88].

• The electron dynamics in a highly transient plasma such as an EUV photon-
induced plasma are both spatially mapped and temporally resolved, revealing
new insights into plasma dynamics.

• From an application point of view, it is demonstrated how multi-mode MCRS
can be applied as a beam power, profile and pointing stability monitor.

3.2 Method

3.2.1 MCRS principle

From a historical perspective, MCRS is based on a series of publications from the
1950s [88–90]. The last of these, in particular, proposes the use of interaction between
electromagnetic fields in the microwave frequency regime and plasmas to probe the
density of free electrons. Ever since, MCRS has been further developed and used
to investigate the properties of many types of plasma. For instance, to measure
the density of electrons in low-pressure radio-frequency-driven gas discharges [22].
In concert with laser-induced photodetachment, MCRS has even appeared to be an
advantageous diagnostic to measure the density of negative ions in, for instance,
etching plasmas [23, 91, 92] and powder-forming plasmas [10–13]. Since 2015, MCRS
has been used to study the highly transient phenomena in plasmas generated by the
irradiation of gas by ionizing (EUV) photons [77–79, 81–83, 93]. Full theoretical
considerations regarding the MCRS technique have been described extensively in
literature [22]. In this section, the working principle of this diagnostic is explained by
mentioning only its key aspects. Readers are referred to the aforementioned literature
for more details and mathematical background.

The essence of MCRS is that the plasma under investigation is produced inside a
cylindrical pillbox cavity. The geometry of this cavity is designed such that resonant
modes can be excited at resonance frequencies in the microwave (MW) range (a few
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GHz). The exact frequency at which a certain resonant mode exists is defined mainly
by the geometrical configuration of the cavity (which is fixed during experiments) and
the permittivity ε = ε0εr of the medium inside the cavity. For a fixed cavity, multiple
resonant modes may exist over a certain frequency range. Two types of resonant
modes are usually recognized: transverse electric, TEmnp, and transverse magnetic,
TMmnp, with m = 0, 1, 2, ... (for TE: m = 1, 2, 3, ...), n = 1, 2, 3, and p = 0, 1, 2,
...).

The quantitative diagnostic approach of MCRS is based on the fact that the
presence of free charge carriers (in this case plasma) directly gives rise to a finite
increase in εr as [23]

εr = 1− ω2
pe

ω2 + ν2
+ i

1

Q0
≈ 1− ω2

pe

ω2
+ i

1

Q0
. (3.1)

In this equation, the term i 1
Q0

(with i the imaginary unit) accounts for losses due to

non-idealities of (or in) the cavity while the collision frequency ν between electrons
and other particles—which is usually considered as a loss term as well—is negligible
in our case due to the low gas and electron densities. As will be described later in
this article, the quality factor ‘Q’ is a measure of the rate at which a cavity can be
loaded or reloaded with microwave energy and therefore determines the response time
of the diagnostic under discussion. As can be seen in equation 3.1, εr depends on the
angular frequency ω of the microwave field used and the electron plasma frequency
ωpe given by:

ωpe =

√
nee2

meε0
, (3.2)

where me and e are the mass of an electron and the elementary charge respectively,
and ε0 the permittivity of vacuum. The diagnostic force becomes immediately clear
when we realize that the electron plasma frequency—and therefore εr as well—is
directly affected by the electron density ne.

Since the diagnostic is operated in the microwave regime, the inertia of ions and
heavier charge carriers (e.g. nanometre and micrometre-sized particles) is too large to
allow these particles to follow the electric field oscillations. Unlike ions, electrons are
sufficiently mobile to follow the microwave fields applied and therefore to determine
the permittivity of the plasma.

Overall, compared with the situation in vacuum, the presence of free electrons
inside the cavity affects ε, while in turn ε affects the resonance frequency f1 = ω0/2π

of the resonant mode used. In the diagnostic presented here, a lossless and isotropic
cavity medium with permittivity ε(x) and permeability µ(x) is assumed. This means
that the electric field E and electric displacement field D of a resonant mode are
related by D = εE. For the magnetic fields, a similar relationship holds: B =
µH. The current application focuses on unmagnetized low-pressure and non-thermal
plasmas, for which it is common to assume µ(x) = µ0 and that the ions are immobile
and cold. It can be derived from [61] that the electric-field-averaged electron density
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n̄e inside a cavity relates to the resonance frequencies f1 and f2 of a specific resonant
mode in an empty cavity and in a cavity partly or completely filled with free electrons,
i.e. plasma, respectively as:

n̄e =
8π2meε0

e2

f2
2 ∆f

f1
, (3.3)

with ∆f ≡ f2 − f1 > 0 the resonance frequency shift due to the presence of plasma.
Note that n̄e is an electric-field-averaged electron density taking into account both
the spatial distribution of the free electrons over the cavity volume ne(x) and the
local value of the electric-field component E(x) of the microwave resonant mode.

n̄e ≡
∫ ∫ ∫

cav
ne(x) | E(x) |2 d3x∫ ∫ ∫
cav
| E(x) |2 d3x

. (3.4)

This means that, depending on the resonant mode used, electrons at different pos-
itions in the cavity are probed to a different extent. Hence, MCRS yields electron
densities which are inherently cavity-averaged and electric-field weighted.

Until now, this has always been experienced as a disadvantage of the MCRS tech-
nique. However, the analysis and comparison of multiple modes can serve to resolve
the electron density distribution spatially. Successful application of this method is
demonstrated in the current article.

3.2.2 Multi-mode MCRS

As already mentioned in the previous section, the extent to which free electrons are
probed by the MCRS diagnostic scales directly with the local value of | E(x) |2 of the
specific resonant mode. Hence, the resonance frequency shift ∆f induced by the local
presence of electrons is different for each resonant mode. Six examples of computed
E(x) components of different resonant modes in an ideal cylindrical cavity are given
in figure 3.1.

Taking into account equation 3.4, it can be reasoned that electrons present on the
axis of this cavity are probed with a high weighting factor (large ∆f) by the resonant
TM010 and TM020 modes because E(x) is at its maximum on the axis. At the same
time, the same electrons are hardly detected by the other modes shown in figure 3.1
because these show E(x) = 0 on the axis. It is precisely this difference in the spatial
sensitivity of the different resonant modes to the presence of free electrons which is
used to make multi-mode MCRS spatially resolved. The procedure to achieve this is
elaborated in the following section.

Reconstruction of electron density distribution profile

To obtain spatially resolved electron density profiles, MCRS is applied in N resonant
modes and for each time step and resonant mode the shift in resonance frequency
∆f1; ∆f2; ... ; ∆fN caused by the presence of free electrons is measured. From these
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Figure 3.1: Analytically computed electric-field distributions (red is a high electric
field magnitude, white a low electric field magnitude) and magnetic field lines (arrows)
for several possible resonant modes in an ideal cylindrical cavity (dashed). The axis
of symmetry (z) is pointing away from the paper.

values, the cavity-averaged and electric-field weighted electron densities n̄e,1; n̄e,2; ...
; n̄e,N can be calculated using equation 3.3. For each (i,j) combination of resonant
modes (j > i), the ratio between the respective n̄e,i and n̄e,j values is determined
as rmeas

ij = n̄e,i/n̄e,j . In parallel, from a theoretical perspective, the similar ratios

rtheory
ij are determined by assuming a certain spatial ne profile shape. Corresponding

with measurements of the intensity profile of the initial irradiation profile (see figure
3.12b), a Gaussian profile has been considered here. However, it should be noted
that every other possible profile shape (e.g. Bessel-like) might and can be used if the
actual plasma physical situation demands so.

The reconstructed profile corresponds with the smallest root-mean-square error
ξk between rmeas

ij and rtheory
ij ,

ξk =

N∑
j>i

(
rtheory
ij − rmeas

ij

rtheory
ij

)2

, (3.5)

which is brute-force calculated over a range of centre positions (x0, y0) and widths σ
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of the 2D Gaussian electron density profiles,

ne(x, y) = nmax
e exp

(
− (x− x0)2 + (y − y0)2

2σ2

)
. (3.6)

Note that, since the modes used in this work all have field components which are
axially independent (despite small deviations close to the entrance and exit holes of
the cavity), and also the xy intensity profiles of the beam used does not change along
the z-direction inside the cavity, ne(x, y) is independent of z.

This reconstruction procedure can be run for each time step for which experi-
mental data for ∆f1; ∆f2; ... ; ∆fN is available. Therefore, the output of the recon-
struction method we have developed in-house is the centre position (x0(t), y0(t)) of
the maximum of the electron density profile and its width σ(t) with—in the case of
reproducible plasma events—a temporal resolution limited by the Q of the cavity and
the resonant mode used. The spatial resolution (of the reconstruction algorithm) of
the centre position is 100 µm and that for the width is 10 µm. Volume integrals are
calculated numerically, with electric fields and electron densities averaged along the
axis of the cavity (z-axis) since we are only interested in and calculate 2D ne(x, y)
profiles (equation 3.6),∫ ∫ ∫

cav

ne(x) | E(x) |2 d3x→
∫ ∫

cav

ne(x, y) | E(x, y) |2 dxdy (3.7)

≈ δ2

Nxy∑
i=1

ne(xi, yi) | E(xi, yi) |2,

∫ ∫ ∫
cav

| E(x) |2 d3x→
∫ ∫

cav

| E(x, y) |2 dxdy ≈ δ2

Nxy∑
i=1

| E(xi, yi) |2, (3.8)

where Nxy is the number of grid points in the xy-plane and δ = 100 µm the constant
spacing of the grid points in both the x- and y-direction; and

E(x, y) ≡ 1

Nz

Nz∑
i=1

E(x, y, zi), (3.9)

where Nz is the number of grid points in the z-direction.
For E(x, y, z), fields simulated with CST Microwave Studio (see appendix 3.9.1

for detailed information and the computed E-field profiles) have been used as input.
Furthermore, it is assumed that the electron density is zero outside the probing volume
(see figure 3.3).

Restoring absolute values

Since the reconstruction algorithm optimizes x0, y0 and σ for the smallest value of
ξk, the maximum value of the profile nmax

e is lost and has to be determined during
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post-processing. To this end, equation 3.4 is solved for nmax
e but now using the

reconstructed 2D ne profile (with numerical approximations similar to those above),

nmax
e,i = n̄e,i

∫ ∫
cav
| E(x, y) |2 dxdy∫ ∫

cav
exp

(
− (x−x0)2+(y−y0)2

2σ2

)
| E(x, y) |2 dxdy

, (3.10)

where i signifies a certain resonant mode. Irrespective of the combination of modes
used for the reconstruction, nmax

e is calculated for all N modes that show good
agreement between experimentally determined E-field profiles using the beadscan-
ning method (see appendix 3.9.2) and the ones simulated using CST Microwave Stu-
dio (see appendix 3.9.1). Subsequently, the mean value 〈nmax

e 〉 and standard error s
associated with it is calculated as

〈nmax
e 〉 =

1

N

N∑
i=1

nmax
e,i , (3.11)

s =
σsample√

N
, (3.12)

where σsample is the uncertainty on each value. The 95% confidence interval of 〈nmax
e 〉

is given by roughly ±2s.

3.3 Experiment

3.3.1 Experimental configuration

The experimental configuration used is depicted schematically in figure 3.2. Mechan-
ically, broadly speaking the setup consists of three chambers: the source chamber, the
collector chamber and the measurement chamber. The radiation source—housed in
the source chamber—is a discharge-produced pinch plasma in xenon gas, producing
pulsed radiation including contributions with wavelengths in the EUV range. All the
features of this source have been described extensively in [36, 78]. In the configuration
used, the pulsed radiation produced by the EUV source has a repetition rate of 500
Hz, a pulse duration of roughly 100 ns and a pulse energy of 125 µJ in the 10-20 nm
wavelength range.

The collector chamber (1.5 m in length and 1 m in diameter) houses the collector,
which is a set of grazing-incidence multilayer mirrors in ‘Wolter’ configuration (aligned
in an onion-like structure) as described in, for instance, [94]. This collector focuses
the light emitted by the EUV source in the intermediate focus IF in the measurement
chamber. In the IF, the beam waist is approximately 4 mm and the beam has a
divergence of 10◦ [36]. Although this setup has the option to install a spectral purity
filter between the collector and the measurement chamber, none was used during
the experiments presented here. The measurement chamber houses the microwave
resonant cavity through which EUV photons can be directed without releasing any
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Figure 3.2: Schematic representation of the experimental setup used, with (1) the
source chamber housing the EUV source, (2) the collector chamber housing the col-
lector, an attenuation plate and, optionally a spectral purity filter and (3) the meas-
urement chamber housing the resonant cavity. The collector focuses the EUV beam
in the intermediate focus (IF). Adapted with permission from [36]. Copyright c©2015
R. M. van der Horst.

electrons from the walls by photoelectric effects. The spectrally integrated EUV
power is monitored by a thermal EUV power sensor with an experimental error of
6% [36].

3.3.2 Cavity design

A schematic diagram and a photograph of the cylindrical cavity developed for this
work are provided in figure 3.3. The base of the cavity is an aluminium body with a
screw-on brass lid. Fully mounted, the inner diameter of the cavity is 29 mm and its
inner height is 15 mm. Two concentric holes in the brass lid and in the base of the
cavity, aligned at the cavity axis, allow irradiation of the gas inside with EUV photons
without creating photoelectrons from the cavity walls. These photon entrance and
exit holes both have a diameter of 10 mm. Based on the work of Lassise et al. [95, 96]
on making small and power-efficient cavities, the cavity is partly filled with a ZiTiO4

ceramic between a radius of 5 mm and 12.5 mm. This ceramic from T-CERAM
(‘E-37’) was chosen for its low loss term tan δ = 2 × 10−4 and its high εr = 37 (at
10 GHz) [96]. Whilst using a material with a low loss term is largely relevant for
these applications, a high εr could be advantageous for two reasons. First, the high
permittivity makes the cavity larger in a virtual sense, meaning that the resonant
modes used can be excited at lower resonance frequencies. This in turn means that
the holes in the lid and base can be drilled larger without causing significant ‘leakage’
of microwave radiation from the cavity. Second, the mode shows field concentration
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Figure 3.3: Schematic diagram (a) and photograph (b) of the basic cavity design with
(1) aluminium cavity base, (2) ceramic with relative permittivity of approximately 37
in the MW regime, (3) Teflon centring ring with a slot in the axial direction for the
MW antenna, (4) brass cavity enclosure, (5) SMA connector, and (6) straight MW
antenna. The cavity base contains slots for housing cartridge heaters and Pt1000
temperature sensors.

around the axis of the cavity while the ratio between the volume with which plasma
is created by the EUV irradiation and the total cavity volume is also much larger.
This combination results in a significant improvement overall in the signal-to-noise
ratio of the diagnostic. It is impossible to neatly drill a small hole in the ceramic,
so it was decided instead to position the (straight) antenna used to excite the MW
modes outside the ceramic material, very close to the inner cavity wall. To keep
the ceramic in place, a Teflon centring ring fills the gap between the cavity wall and
ceramic (between a radius of 12.5 mm and 14.5 mm). The antenna used, which slides
into the slot in the Teflon ring, is a straight and fixed piece of copper wire (diameter
1 mm, length approximately 20 mm) connected to the MW source by a fixed SMA
feedthrough. To be able to heat the cavity to a set temperature (and keep it stable
there), the aluminium housing includes four slots housing cartridge heaters and one
slot that can house a Pt1000 temperature sensor. It also has four M4 holes in the
outer side wall (at half height), to be able to fix it in the setup.

3.3.3 Data-acquisition hardware

A schematic diagram of the acquisition system is provided in figure 3.4. Unlike past
MCRS measurements by the EPG research group, which used two loop antennas as a
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Figure 3.4: Schematic diagram of the data-acquisition system.

sender receiver pair for transmission measurements, ours are performed in reflection
mode using a single straight antenna. A microwave generator (Stanford Research
Systems SG386) produces a sinusoidal microwave signal at 16 dBm power and at
a frequency set by the PC. This output is connected to the output port of a dir-
ectional coupler (Mini-Circuits ZHDC-10-63-S+) and in principle passes unhindered
to its input port, which is connected to the antenna inside the cavity. In this way,
resonances can be excited in the cavity by applying the correct output frequency from
the microwave generator. If the cavity is off resonance, power coupling to it is very
inefficient and most of the power reaching the antenna reflects back to the microwave
generator, where it is dissipated. Part of this signal (10%), however, is rerouted by
the directional coupler to the measurement leg of the detection system, where it is
first converted to DC by a logarithmic power detector (Hittite 602LP4E, 10 ns rise
and fall time) and subsequently fed to a high-frequency (up to 250 MHz, but for the
current measurements set to 50 MHz) transient recorder (Spectrum M3i.4121-exp)
inside the same PC. The transient recorder continuously samples its input port and
stores the data in its internal memory. Only upon an external TTL trigger, for which
the trigger signal produced by the EUV source related to the discharge between the
electrodes is used, is data made available to the user for subsequent analysis. This
arrangement allows us to analyse part of the signal before the actual trigger occurs.
If the cavity is at resonance, hardly any signal reflects back (most of the energy
is dissipated in the electromagnetic field inside the cavity) and that probed by the
transient recorder is low. Data analysis is similar to that discussed in previous work
[12, 14, 36, 97], differing only in the direction of the resonance peaks (maxima versus
minima, see figure 3.5).
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Figure 3.5: Response of the developed microwave resonant cavity as a function of
excitation frequency in the range 1.5-4.0 GHz; (b) simulated electric-field profiles in
the probing volume of the cavity used for further multi-mode MCRS analysis.
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During the measurements presented in this paper, the microwave source was set
to a certain frequency and kept at this frequency during the entire duration of the
EUV pulse and the measurement time after this pulse. Just before the gas in the
cavity is exposed to the next EUV pulse, the microwave source is set to the next
value. To obtain sufficient accuracy, a resonant peak is probed by measurements at
25 different frequencies located in the frequency domain closely around the resonance
frequency.

3.3.4 Calibration and characterization of the cavity

In order to translate the measurements taken into quantitative results, (i) each reson-
ant mode has to be identified and (ii) the electric-field profile of each resonant mode
used must be spatially resolved in a known manner. To this end, the electric-field
profiles are obtained in two ways: numerically, using the commercially available Mi-
crowave Studio simulation package (see appendix 3.9.1), and experimentally using
the ‘bead-scanning’ method (see appendix 3.9.2).

Figure 3.5a shows the cavity-response spectrum in the frequency range 1.5 to 4.0
GHz. In this spectrum, 10 resonant modes can be identified. But only those (modes
1, 2, 5, 6, 8, 9 and 10) for which the electric-field profiles obtained by the bead-
scanning method and from CST Microwave Studio show reasonable agreement are
taken into account for further multimode MCRS analysis. As an example, figure 3.6
shows the experimentally and numerically determined field profiles for the first two
modes; results for the others used can be found and compared in figure 3.15 in 3.9.3.

Figure 3.5b shows those (simulated) electric-field profiles in the cavity probing
volume to be used for further analysis.

In MCRS in general, the Q-factor (or ‘Q’) is a crucial parameter when it comes
to limitations in terms of resolution in time and accuracy in n̄e determination. This
factor is defined as the ratio between the energy stored in the cavity and the energy
dissipated per cycle due to non-idealities. It can be deduced from the measured
FWHM Γ and the frequency f at which this resonance curve shows its maximum

Q ≡ f

Γ
. (3.13)

The higher the ‘level of perfectness’ or Q of a cavity, the more energy can be stored
in it and the lower the energy-dissipation rate due to imperfections. This means
that cavities with a high Q have a narrow resonance curve which results in accurate
determination of n̄e. At the same time, a high Q results into a slow response by the
cavity to changes in permittivity and hence in n̄e. The 1/e response time τ of the
cavity relates to Q and resonance frequency of a specific resonant mode as:

τ =
Q

πf
. (3.14)
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Table 3.1: Resonance frequency f1 and FWHM Γ, together with the resulting Q and
cavity response time, for each of the resonant modes of the cavity developed in this
work.

f1 (GHz) Γ (MHz) Q τ (ns)
Mode 1 1.610 3.12 517 102
Mode 2 2.209 4.73 467 67
Mode 5 3.104 4.43 701 72
Mode 6 3.594 2.60 1382 122
Mode 8 3.771 2.83 1333 112
Mode 9 3.776 3.30 1144 96
Mode 10 3.788 2.19 1730 145

In practice, when designing a cavity one should tweak Q in order to find a suitable
optimum between accuracy in n̄e determination and the time resolution of the dia-
gnostics. The resonant modes of our cavity have Q’s listed in table 3.1 together with
the corresponding cavity response times, which are in the order of 100 ns.

The current diagnostic has a huge dynamic range but still is limited. For instance,
the lower detection limit is noise-determined. The upper detection limit of MCRS is
determined by the moment at which the perturbation theory of Maier and Slater [98] is
no longer valid (εr � 1). The lower detection limit has—up until now [78, 79, 82, 83]—
been demonstrated to be in the order of 1013 m−3, while in our work the sensitivity
is improved by one order of magnitude. The upper detection limit is 1018 m−3.
Expected values of n̄e in the EUV-induced plasma under the current conditions are
between the lower detection limit and 1016 m−3. Hence, MCRS is a suitable diagnostic
for studying this kind of plasma system.

3.4 Results and discussion

Multi-mode MCRS has been applied to a highly transient plasma induced by irradi-
ation of a residual background gas at 10−4 mbar with pulsed EUV radiation. The
results and discussion presented in this section are divided into three parts. Sec-
tion 3.4.1 demonstrates the multi-mode MCRS method through the generation of
absolutely calibrated electron densities from traditional MCRS measurements using
different resonant modes. Section 3.4.2 uses these multi-mode MCRS measurements
to reveal new physical insights into the dynamics of EUV-induced plasmas. For
instance, unexpected phenomena such as additional electron production even after
extinguishing of the main EUV pulse have been observed, an effect which can be ex-
plained by the presence of unfiltered radiation from the xenon-pinch-discharge EUV
source and the governing interaction of this radiation with gas. Finally, section 3.4.3
demonstrates that multi-mode MCRS can be applied as a non-intrusive in situ beam
power, profile and pointing stability monitor for ionizing radiation [99].
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3.4.1 Multi-mode MCRS: from volume averaged to ‘real’ electron
densities

The cavity-averaged and E-field-weighted density of free electrons n̄e obtained from
traditional MCRS using different resonant modes is depicted on the left-hand side of
figure 3.7 as a function of time before and after irradiation of the gas with a pulse
of EUV photons. On the right-hand side are shown simulated electric-field profiles
through the whole cavity volume (including the ceramic and Teflon) for each of these
resonant modes. Note that modes 8 and 9 are basically identical, with the only
dissimilarity being that their axes of symmetry are tilted slightly differently in the
xy-plane. Note that in this case the cylindrical symmetry of the excited modes in the
cavity is broken by the presence of the antenna. From these cavity averaged results,
two interesting features can already be identified. First, whereas van der Horst et
al. [81] found MCRS suitable for detecting n̄e down to 1013 m−3, in our work better
cavity design and fitting procedures have resulted in a lower detection limit improved
by one order of magnitude (down to n̄e ≈ 1012 m−3). This opens the door for the
study of plasma dynamics at much lower gas pressures, as demonstrated in this article.
Second, absolute values of n̄e and its development as a function of time appear to
depend largely on the resonant mode used. This indicates that spatial information
about the distribution of n̄e over the cavity volume is indeed hidden within the data.
As already explained in section 3.2, time-resolved MCRS measurements of n̄e at
multiple resonant modes form the basic ‘raw’ data for further analysis.

In the procedure we have developed, this ‘raw’ data is used to derive the ab-
solutely calibrated maximum value of the electron density 〈nmax

e 〉, in a temporally
resolved fashion. Note that—although only maximum values are presented in this
section—our procedure is able to reconstruct absolutely calibrated and fully spatially
resolved electron density profiles (as will be demonstrated in the next section). For
reconstruction and absolute calibration, the field profiles of respectively five, six and
seven different microwave resonant modes have been combined. For each set, figure
3.8 plots the results together with the upper and lower limit of the corresponding 95%
confidence interval and the temporal evolution of the radial width σ of the calculated
electron density distribution.

From this figure, it can be concluded that—especially during the first 220 ns of the
profiles shown—the signals contain too much noise to deliver valuable information.
This noise is caused by EMI from the EUV source just before it emits the main in-
band EUV radiation and is more dominant in our measurements than in those in
other literature [78] because no spectral purity filter (SPF) has been used here (SPF
normally blocks part of the EMI form the source). Between 220 ns and 380 ns, the
general trend for the different sets of resonant modes used appears to be the same
but the absolute values are not consistent. The reason for this is that timescales for
plasma dynamics in this range are of the same order as the response time τ of the
cavity used (roughly 100 ns, see table 3.1). Since τ is different for different resonant
modes, it is not surprising that the 〈nmax

e 〉 and σ curves diverge from one another
when different sets of resonant modes are used to construct them. In this range, it
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Figure 3.8: Top: maximum electron density 〈nmax
e 〉 as a function of time after gas

irradiation combining respectively five, six and seven different modes (see inset for
the specific modes used). The greyed-out curves indicate the upper and lower limits
of the corresponding 95% confidence interval. Bottom: temporal evolution of the
radial width σ of the electron density distribution retrieved from the same data.

is important to note that, although absolute values of the electron density and its
spatial distribution width might not be very accurate, trends in temporal evolution
can be made visible at sub-100 ns timescales. The reason for this is that MCRS reacts
to trends even when the specific resonant modes are not yet fully loaded. Beyond 380
ns, the same results are produced when taking into account different sets of resonant
modes. This indicates the reliability—in terms not only of temporal evolution, but
also of absolute values—of the multi-mode MCRS approach we have developed.

3.4.2 Multi-mode MCRS: mapping electron dynamics at low
pressure EUV photon-induced plasmas

A zoomed-in picture of the curves reconstructed using modes 1, 2, 5, 6 and 8 is presen-
ted in figure 3.9 with—for clarity—independently measured [36] (but synchronized in
time with the other data) out-of-band and in-band EUV-radiation intensity delivered
by the same EUV source at the same position in the cavity.

In order to discuss the plasma dynamics involved, the time evolution of the system
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has been divided in four different phases (denoted I-IV in figure 3.9). As already ex-
plained in the previous section, dynamic processes in phases III and IV are sufficiently
slow, compared with the cavity response time τ , to deliver accurate and absolute res-
ults. Processes and time behaviour in phases I and II are of the same order as or
faster than τ , meaning that although dynamics can be probed in relative sense using
this method, absolute values may be less accurate.

As can be observed from figure 3.9, from approximately 220 ns onwards the meas-
ured signal-to-noise ratio is sufficient to obtain 〈nmax

e 〉 and the radial width of the
electron density profile as a function of time.

In phase I, the increase in ne(t) is directly related to the upcoming in-band EUV
irradiation creating free electrons in the cavity by photoionization of the background
gas. Assuming that the majority (∼ 80%) of the gas present is N2, the majority of
these electrons primarily have an energy (76.4 eV) equal to the difference between
the photon energy (92 eV at 13.5 nm) and the ionization potential (15.6 eV for N2).
Note that the electron-energy distribution function (EEDF) is highly non-Maxwellian
shortly after the electrons have been produced. In this phase, σ is observed to decrease
until the in-band EUV intensity has reached its maximum. At very short timescales
(a few ns), the first electrons reach and charge the inner cavity wall while the created
ions remain are still fixed in position due to their high inertia. This creates an elevated
plasma potential and radially directed electric fields confining additional electrons and
preventing them to be lost from the plasma.

The observed contraction of the spatial electron distribution is explained by two
processes. First, continued production of electrons on the axis of the cavity while
its inner surface is already in quasi-equilibrium with the elevated plasma potential
results in a spatial electron density distribution which is higher at the axis of the
cavity. Second, electrons which have not been involved in charging the inner walls of
the cavity start to oscillate through it without reaching the walls. Due to collisions
with background molecules, these electrons lose part of their energy. This eventually
confines the electron density distribution by the radial electric fields present. For
initial electrons with energies in the order of E = 76 eV, it can be estimated that the
collision time of those with the mainly N2 background gas molecules is indeed in the
order of 80-100 ns, as calculated with [100],

τe−N2
(E) =

1

ν(E)σe−N2
(E)nN2

, (3.15)

where ν(E) and σe−N2
(E) are the electron velocity and the electron-N2 collision cross-

section respectively, and nN2
is the N2 density. At the same time, computing the

inverse ion plasma frequency by

ω−1
pi =

√
ε0mN+

2

e2nN+
2

, (3.16)

yields timescales of the same order (∼80 ns). This indicates that, on the same times-
cales, ions start to move together with the electrons towards the walls, where they
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eventually recombine.
In phase II, the in-band EUV irradiation intensity has passed its maximum value

and decreases as a function of time. Consequently, the production of free electrons
also decreases while the loss rate due to plasma recombination at the wall continues.
Overall, 〈nmax

e 〉 tends to decline over time while the width of this distribution increases
due to the expansion of the plasma.

In phase III, we observe a special behaviour which has not been seen before. Even
though the main in-band EUV irradiation has now faded out, electrons continue to
be produced. Since the width of the electron distribution decreases in this phase,
these electrons must be produced or gathered along the cavity axis. Although the
exact process is not yet fully understood, two processes may be responsible for this
behaviour.

First, it is very likely that out-of-band radiation containing photons with energies
higher than the ionization threshold of the background gas is responsible for significant
photoionization even after the in-band EUV radiation has faded out. As can be seen
from the orange curve in figure 3.9, the shape and timescales of the out-of-band
emissions match the observed time evolution of the 〈nmax

e 〉 profile. The fact that a
considerable number of electrons is produced even though the out-of-band emission
intensity is just a fraction of the in-band one is easily explained by the photoionization
cross-section of N2, which is more than an order of magnitude higher just above the
ionization energy threshold (2.5 × 10−21 m2 at 15.6 eV [101]) when compared with
its value in the in-band regime (2.5 × 10−22 m2 at 92 eV [101]). Second, a significant
number of the electrons produced by the in-band radiation (in phases I and II) remain
confined in the positive plasma potential during this phase. Whereas the energy loss
of 76 eV electrons is initially very fast (< 100 ns [100]), electron energy-loss times
in 1 Pa N2 just above ionization thresholds are computed by van de Ven [100] to be
∼ 2 × 102 µs. Scaling linearly with gas density, this translates to roughly 2 µs for
the pressures involved in the experiments reported here.

As during the second part of phase I, the creation of additional electrons on the
axis of the cavity combined with cooling of the electrons narrows the width of the
spatial distribution.

In phase IV, production of electrons decreases while the plasma is transported
towards the walls, where it decays due to wall recombination.

3.4.3 Multi-mode MCRS: application for beam power, profile
and pointing stability monitor

Output parameters of the multi-mode MCRS measurements are the spatial position
(x0(t), y0(t)) of the maximum 〈nmax

e 〉 of the electron density profile and its width
σ(t). Once these have been derived from the measurements, absolutely calibrated
electron density profiles can be retrieved for every time step. This means that, from
an application point of view, the multimode MCRS diagnostic presented here can be
used as a nonintrusive and in-line beam monitor for ionizing radiation. Parameters
that can be derived from this method and used in, say, feedback loops in the source
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control are: beam power or energy per pulse, cross-sectional beam-intensity profile
and pointing stability. This is all due to the fact that the initial electron density
profile translates to the cross-sectional shape of the EUV beam and that the number
of electrons created translates directly to the EUV pulse energy, i.e. the number of
photons (with known photoionization cross-sections, gas purity and gas pressure).
As shown by our measurements, the background gas pressure can be kept low (10−4

mbar, or even lower as long as the MCRS signal remains above the lower detection
limit) while obtaining sufficient signal for the diagnostics to work1.

3.5 Pulse energy

Traditional MCRS provided cavity-averaged and electric field-weighted values of the
electron density n̄e. With the development of multi-mode MCRS, the measured
electron density is corrected with the distribution of the electric-field component of
the resonant mode used. This basically provides—with fixed-cavity geometry—a
total number of electrons produced inside the cavity. Knowing the cross-section of
the gas used and the instrumental configuration, sufficient data becomes available to
determine the time-averaged power or the energy per pulse provided by the source. Of
course, the equations used to translate the measured signal into pulse energy depend
on the spectral purity filter used, the type of gas and its pressure, and should be
determined according to the specific application situation.

3.6 Beam shape and position

As a demonstration, figure 3.10 shows the absolutely calibrated and spatially resolved
electron density profiles for six different moments in time (denoted with red dashed
lines in figure 3.11) along the x-axis and y-axis of the cavity. Here, we stress again
that in the reconstruction procedure (section 3.2.2) a Gaussian profile shape has
been used for the radial electron density distribution. This choice was made because
in the current application of beam monitoring, one would be mainly interested in
the situation at the moment of photoionization by the EUV beam (in which the
radial photon density is distributed Gaussian as well). At longer time scales after
EUV irradiation, a Bessel-like profile shape may represent plasma dynamics slightly
better. Of course, different profile shapes can be used without any problem in the
reconstruction method as well. As can be seen from the diagrams in figure 3.11, both
the centre point (x0, y0) and the distribution width σ evolve over time and follow
the different phases as explained in the previous section. Additional information that
can be retrieved from the plots in figure 3.10 includes the fact that the EUV-induced
plasma is generated (at t1 = 0.308 µs) slightly off the axis of the cavity (i.e. x0 =

1More information concerning the detection limit of the diagnostic method can be found in the
addendum at the end of this chapter. The improved insight into the processes related to the detection
limit has been obtained during the investigation described in chapter 4.
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1.57 mm, y0 = 0.76 mm). Furthermore, it can be concluded that—especially in the x-
direction—the bulk of the plasma evolves over time in a certain direction. This could
be explained by, for example, slight misalignment of the EUV beam with the axis
of the cavity or by asymmetrical geometry of or close to the cavity. Another reason
might be that the out-of-band EUV-radiation part of the beam is usually wider than
its in-band EUV part.

As a direct cross-check for this application, the reconstructed ne(x) profile at
the moment of maximum value of 〈nmax

e 〉 (i.e. at t1 = 0.632 µs) is compared with a
fully independent measurement of the cross-sectional beam-intensity profile (see figure
3.12). This independent measurement is conducted using an EUV-light-sensitive foil
placed at the position of the centre of the cavity and correlates well with the multi-
mode MCRS measurements.

3.7 Conclusions

The following conclusions have been reached from the work presented in this article.

1. A novel non-invasive plasma diagnostic called multi-mode microwave cavity res-
onant spectroscopy (multi-mode MCRS) has been developed and introduced.
This is based on traditional MCRS but enables the generation of absolutely
calibrated data in a spatially resolved (100 µm resolution) fashion and correc-
ted for the electric field component of the resonant mode used. It should be
noted that this is the first time a diagnostic method has been able to determine
spatially resolved distributions of free electrons instantly, and also that its ap-
plication is not limited to EUV-induced plasmas, as taken as a test case here,
but also extends to all types of plasmas with electron densities below roughly
1017 m−3.

2. The electron dynamics during the creation and decay of a highly transient
plasma induced by irradiation of a gas at low pressure with a pulsed beam of
EUV photons was monitored. Plasma creation and decay were found to match
the time evolution of the in-band EUV irradiation, but significant additional
production of free electrons was observed at much longer timescales. This be-
haviour was attributed to production of electrons by photoionization due to
ionizing out-of-band radiation from the source and/or by electron-impact ion-
ization by electrons initially created by in-band EUV irradiation.

3. The application potential of multi-mode MCRS in monitoring beam properties
of ionizing radiation has been demonstrated. The measurements presented in
this article show that multi-mode MCRS is able to monitor the pointing sta-
bility, cross-sectional intensity profiles and pulse energy of the utilized pulsed
beam.
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Figure 3.11: Maximum electron density 〈nmax
e 〉 as a function of time. The red dashed

lines indicate the moments when spatially resolved electron density distributions have
been reconstructed. These results are plotted in figure 3.10.

3.8 Acknowledgments

The authors acknowledge the financial support of the Dutch funding agency NWO
(project number HTSM2015:14651) and of ASML. They are also grateful to the re-
search department of ASML for providing measurement time on its EUV source and
to Dr. Marco Zangrando from Elettra Sincrotrone Trieste, Italy for fruitful discus-
sions.



48 Chapter 3. Mapping electron dynamics in EUV photon-induced plasmas

Figure 3.12: (a) Reconstructed ne profile at the maximum intensity of in-band EUV
emission and (b) an independent measurement of the beam-intensity profile at the
position of the cavity. Reproduced with permission from [102].

3.9 Appendices

3.9.1 CST Microwave Studio simulations of E-field profiles

So-called eigenmode simulations of the electromagnetic resonances in our cavity were
performed with CST Microwave Studio. A hexahedral mesh was used in conjunction
with the Advanced Krylov Subspace solver. The model geometry is shown in figure
3.13 and has the same dimensions as the real cavity, though the geometry itself is
somewhat simplified (no antenna and associated slots, solid metal housing instead of
base plus screw lid). The metals are modelled as perfect electric conductors. The
simulation bounding box snugly fits the outside of the cavity, except at the end
faces where it extends 10 mm into the vacuum in both directions (z). The total
mesh contains a little over 700.000 cells. The ceramic and Teflon were modelled with
constant relative permittivities of 35.6 and 2.1 respectively, yielding good correlations
between the simulated and measured resonance frequencies of the modes up to 4 GHz.
The resulting vectorial electric-field amplitudes within the bounding box, of -14.5 mm
≤ x,y ≤ 14.5 mm and -10 mm ≤ z ≤ 10 mm (the mass centre of the ceramic is the
origin), were interpolated onto a regular rectangular 3D grid with 100 µm spacing
and exported for processing in Matlab.
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Figure 3.13: Cut-out of the axisymmetric simulation geometry of the cavity.

3.9.2 Bead-scanning method

Inside the cavity enclosed by the dielectric material, i.e. the volume where the plasma
is created, the electric-field component of each resonant mode is determined, spatially
resolved, by using a 1.5 mm diameter BaTiO3 bead connected with superglue to an
80 µm thick nylon fishing line to disturb the mode structure locally. By scanning this
local disturbance through the volume and monitoring the response of the cavity (in
terms of a shift of ∆f in the resonance frequency f1 of the mode under investigation)
to it, using Slaters perturbation theory information about the local electric field
E(xbead) at the position of a spherical bead xbead can be retrieved by means of the
following equation [95]

∆f

f1

∼= 3

2

εr − 1

εr + 2

∫ ∫ ∫
bead
| E(x) |2 d3x∫ ∫ ∫

cav
| E(x) |2 d3x

≈ 3

2

εr − 1

εr + 2

Vbead | E(x) |2∫ ∫ ∫
cav
| E(x) |2 d3x

. (3.17)

This shows that | E(xbead) |2∝ ∆f
f1

. In practice, in the bead-scanning method, ∆f
f1

is
measured for each relevant resonant mode and for fixed positions xbead of the bead.
During the calibration measurements, the bead was directed through the volume by
an automated xyz translation stage with spatial resolutions of 250 µm in both the
x and y planes (see figure 3.14) and of 500 µm in the z plane. The holes in the
top and bottom lids of the cavity—serving as the entrance and exit for the EUV
radiation—might be responsible for ‘leakage’ of part of the mode structure outside
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Figure 3.14: Datapoints, i.e. bead locations, in the xy plane taken into account in
the bead-scanning method. The arrows indicate the trajectory the bead followed over
time. For each relevant resonant mode, the cavity response ∆f/f1 has been measured
for each of these datapoints; this procedure has been repeated for 41 z positions along
the axis of the cavity.

the cavity. To be able to take this effect into account and to correct for it during
absolute calibration, the electric field distribution is scanned in the z-direction from
2.5 mm below the bottom lid of the cavity up to 2.5 mm above its top lid. In all,
a spatially resolved measurement of the electric field profile for each single resonant
mode consists of 36941 datapoints.
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3.9.3 Additional results from bead-scanning and CST microwave
studio simulations

Figure 3.15: Electric-field profiles obtained experimentally using the bead-scanning
method (left column) and simulated using the CST Microwave Studio package (right
column) for modes 5, 6, 8, 9 and 10.





Addendum to Mapping electron
dynamics in EUV photon-induced
plasmas

Abstract

A new approach for an in-line beam monitor for ionizing radiation was intro-
duced in a recent publication (Beckers, J., et al. ”Mapping electron dynamics
in highly transient EUV photon-induced plasmas: a novel diagnostic approach
using multi-mode microwave cavity resonance spectroscopy.” Journal of Phys-
ics D: Applied Physics 52.3 (2018): 034004.). Due to the recent detection and
investigation of an additional third decay regime of the afterglow of an extreme
ultraviolet photon-induced plasma described in a later article (Platier, B., et al.
”Transition from ambipolar to free diffusion in an EUV-induced argon plasma.”
Applied Physics Letters 116.10 (2020), 103703.), there is an additional reason
for a minimum number of photons for this approach to work. Near or below
this threshold, we explain that the response time of the diagnostic method is
a limiting factor. Further, a second limit for the number of photons within a
pulse is formalized related to the trapping of highly energetic free electrons.

Submitted as:
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V. Y., Luiten, O. J. & Beckers, J. (2020). Addendum to ”Mapping electron dynamics in highly
transient EUV photon-induced plasmas: a novel diagnostic approach using multi-mode microwave
cavity resonance spectroscopy”. Target journal: Journal of Physics D: Applied Physics.

53



54 Spatial electron densities of EUV induced plasmas

Introduction

In this addendum, two criteria for a sufficient number of photons within a radiation
pulse for the beam monitor for ionizing radiation, introduced in an earlier article [37],
are explained. The underlying measurement principle of the monitor is Microwave
Cavity Resonance Spectroscopy (MCRS). The first criterion is especially relevant for
low-energy ionizing radiation and the later decay stages of plasmas induced by more
energetic photons, while the second condition focusses on the trapping of highly-
energetic free electrons. Both conditions are discussed below and come on top of the
condition of sufficient resolution in the resonant behaviour.

First criterion: ambipolar diffusion

In addition to the two decay regimes of the afterglow of an Extreme Ultraviolet (EUV)
photon-induced plasma described in the literature [83], a third decay phase of this
type of plasma has only recently been identified [39]. This discovery was enabled by
a dramatically improved lower detection limit of the governed diagnostics. In this
third period, the decay rate of the electrons increases from the ambipolar rate up to
the free diffusion rate. If an insufficient number of electrons are created by the photo-
ionization events, triggered by the incoming photons, the transition to free diffusion
immediately starts instead and the in-line monitor might not be able to react to the
presence of the ephemeral electrons.

The electron density decays exponentially during the ambipolar phase and this
rate increases during the transition towards free diffusion. This transition is expected
to set in when the following condition is satisfied [103],

Λ

λe
D

= x ≈ 100. (3.18)

Here, Λ is the characteristic diffusion length of the chosen geometry and λe
D is the

electron Debye length,

λe
D =

√
ε0kBTe

nee2
, (3.19)

where ε0 is the vacuum permittivity, kB the Boltzman constant, Te the temperature
of the electrons, ne the electron density and e the elementary charge. For a finite
cylinder, Λ [104] is,

Λ =

[(
2.405

rcav

)2

+

(
π

hcav

)2
]−1/2

, (3.20)

where rcav is the radius of the cylinder and hcav the height of it.
An exact value of x can be determined by studying the decay of the plasma and

using the parameters of the exact moment of the start of the third decay regime. In
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the aforementioned study where the third decay regime was detected and investigated
[39], the critical point x was only as large as 6.

The simple linear relation for the maximum transient electron density nmax
e used

priorly [36, 37] is given by:

nmax
e = ngasσNphmionmcol, (3.21)

where ngas is the number density of the neutral gas, σ the photoionization cross-
section at the specific photon energy, Nph the number of photons per pulse, mion the
multiplicator which takes in account for the process of single and double ionization
and mcol the multiplicator which compensates for further electron-impact ionization
of neutrals by the electrons created by photonionization. Values for mion and mcol

under lithography tool conditions are 1.05 [36, p. 14] and at maximum 6 [36, p. 15-16],
respectively.

By combining equations 3.18, 3.19 and 3.21, the following condition for the min-
imum number of photons Nmin

ph is obtained:

Nmin
ph =

ε0kBTex
2

ngasσmionmcolΛ2e2
. (3.22)

Below this quantity, insufficient ionization takes place which may result in very short
lifetimes of the electrons with respect to the fundamental response time of the cavity.

Second criterion: the potential well

The first step in extending the lifetime of the electrons is the formation of a potential
trap. This field can be formed when initial electrons reach the walls while the ions
remain in the plasma. The approach of Van der Horst [36, p. 71-73] will be used to
estimate the net charge required for trapping the remaining free electrons. Note that
in this approach, it is assumed that the collection of free electrons and ions—here
referred to as the plasma—does not reach the cavity walls, the duration of a photon
pulse is infinitely short and the mean free path of the electrons is much smaller than
the typical dimensions of the plasma and the cavity.

An infinite long coaxial structure where the core with a radius rp is the volume
occupied by the plasma and the outer region a vacuum region up to the cavity wall
at a distance rcav

To calculate the electric field E, we apply Gauss’s law:∮
A

E · da =
Qencl

ε0
, (3.23)

where Qencl is the charge enclosed by a surface A.
For the coaxial structure, the following equation for E (for r ≥ rp) can be obtained:

E =
λq

2πε0r
er, (3.24)
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where r is the radial coordinate, er the unit vector in the radial direction, and λq the
charge density per unit length,

λq = e∆ni-eπr
2
p. (3.25)

Here, e is the elementary charge and ∆ni-e the difference in the densities of the ions
ni, electrons ne (∆ni-e = Zni − ne), and Z the average ionization stage of the ions.

Integration over r results in a potential difference ∆V between the plasma and
the walls:

∆V = −
∫ rp

rcav

E · dr =
e∆ni-er

2
p

2ε0
ln

(
rcav

rp

)
. (3.26)

Once e∆V is larger than the kinetic energy of the electrons Eph-ion directly after
the photonionization process, the free electrons are trapped in the potential well. The
required difference in charged species to satisfy this condition is given by:

∆ni-e =
2ε0Eph-ion

e2r2
p ln

(
rcav
rp

) . (3.27)

As the path of the electrons to the wall is much shorter than the mean free path,
there is no need to correct for secondary ionization. Using a simplified version of
equation 3.21 for the maximum detected electron density,

nmax
e = ngasσNphmion, (3.28)

a second criterion for sufficient number of photons is formalized:

Nmin
ph � 2ε0Eph-ion

e2r2
pngasσmion ln

(
rcav
rp

) . (3.29)

If this condition is met, the number of lossed electrons—which together with the
remaining ions form the potential well—is neglectable in comparison to the maximum
number of detected electrons.

During the oscillations in this well, the electrons lose energy due to collisions with
the background gas. At low-pressure, the plasma will expand up to the walls of the
cavity where the recombination takes place [36, p. 77-78].

Conclusion

In summary, two conditions for the minimum number of photons (equations 3.22
and 3.29) are introduced to prevent significant loss of free electrons before detection
by the Microwave Cavity Resonance Spectroscopy based beam monitor for ionizing
radiation [99].
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Transition from ambipolar to free
diffusion in an EUV-induced argon
plasma

Abstract

Extreme Ultraviolet (EUV) optical components used in EUV lithography tools
are continuously impacted by an exotic and highly transient type of plasma:
EUV-induced plasma. Such an EUV-induced plasma is generated in a repetitive
fashion upon sending a pulsed beam of high energy (92 eV) photons through the
low-pressure background gas. Whereas its formation occurs on a time scale of
∼ 100 ns, it is the plasma’s decay dynamics on longer time scales that dictate the
fluxes and energy distribution of the produced ions. Therefore, the plasma decay
also determines the overall impact on plasma-facing EUV optical components.
Enabled by electron density measurements using Microwave Cavity Resonance
Spectroscopy at a much higher sensitivity, we clearly show the breakdown of
the ambipolar field in an EUV photon-induced plasma below electron densities
of ∼ 2·1012 m−3 and the—up to now—unidentified transition from ambipolar
diffusion-driven decay into a decay regime driven by free diffusion. These results
not only further improve the understanding of elementary processes in this type
of plasma but also have significant value for modeling and predicting stability
and lifetime of optical components in EUV lithography.
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4.1 Introduction

The multi-billion-dollar semiconductor industry is transitioning towards Extreme Ul-
traviolet lithography (EUVL) to produce cheaper and more energy-efficient integrated
circuits. In EUVL tools, pulses of extreme ultraviolet (EUV) light with a wavelength
of 13.5 nm are used to expose wafers for the production of integrated circuits. The
high energy photons (92 eV) ionize the background gas (1-10 Pa) in these tools cre-
ating an EUV photon-induced plasma along the beam path. Due to the repetitive
nature of the exposures, the plasma is highly transient. This plasma could affect the
lifetime of the expensive and highly delicate multilayer EUV mirrors [68, 105, 106].
A better understanding of the elementary processes in these plasmas could lead to
improved operating conditions in EUVL tools and extend the lifetime by, e.g. cleaning
of the mirror surfaces [73, 74, 107].

Van der Velden et al. performed computer simulations [67] and was the first to
perform measurements using a Langmuir probe on an EUV photon-induced plasma at
lithography tool conditions [87]. These probes appeared to be unsuitable to investig-
ate this type of plasma for mainly the following reasons: electromagnetic interference
from the EUV discharge and the photo-electric effect when EUV photons hit the
probe. Optical emission from an EUV-induced plasma was used to characterize the
properties of such a plasma [93, 108, 109]. The ions in EUV photon-induced plasmas
were studied using an Electrostatic Quadrupole Plasma analyzer [85, 110, 111] and a
Retarding Field Energy Analyzer [100].

The transient behavior of the plasma was explored non-intrusively by Van der
Horst et al. [78, 80, 81, 93] employing Microwave Cavity Resonance Spectroscopy
(MCRS) to probe the particles driving such plasmas, i.e. free electrons. In this
method, the changes in resonant behavior of a microwave field in a cavity are linked
to the electron dynamics. A variant of MCRS, in which multiple resonant modes have
been used sequentially to resolve the electron density spatially, was demonstrated as
an effective EUV beam monitor [37]. Two consecutive decay phases in EUV photon-
induced plasmas were identified by Beckers et al. [83] by applying the same diagnostic
method. For pressures above 2.5 Pa, a transition from free to ambipolar diffusion oc-
curs in the first phase and the process of ambipolar diffusion continues during the
second phase.

Ambipolar diffusion, the joint movement of ions and electrons driven by the Cou-
lomb interaction, is one of the unique and striking processes in plasmas. This physical
process underlies the fundamental property of plasmas: quasi-neutrality [112], i.e. the
charge neutrality over length scales larger than the so-called electron Debye length
λe

D,

λe
D =

√
ε0kBTe

nee2
. (4.1)

Here, ε0 is the vacuum permittivity, kB the Boltzman constant, Te the temperature
of the electrons, ne the electron density and e the elementary charge. This charac-
teristic length scale increases for decreasing electron densities up to the point that
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the diffusion length becomes dominant [113]. Hitherto, little experimental data is
available of plasma decay beyond the ambipolar regime due to the required very low
detection limit in terms of free electron density (typically < 1012 m−3). This barrier
complicates the progress in the fundamental understanding of plasmas and the pro-
cesses inside them, e.g. (de)charging of macroscopic particles immersed in plasmas
[114, 115].

In this letter, the MCRS method is applied to explore the physics in an EUV
photon-induced plasma which was not explored until now: the breakdown of the
ambipolar field and the transition from ambipolar diffusion towards free diffusion of
the electrons. From an experimental perspective, this photon-induced plasma brings
several advantages over generally used electric field excited plasmas to study this
regime [103, 113, 116, 117]. This is because the source of energy is directly absent
after the EUV pulse and it is a very clean environment as there are no electrodes
from which electrons need to be emitted. This investigation is enabled by the recent
improvements of the diagnostic method [37, 41, 42, 118]. With this knowledge in mind,
we add insight to existing issues that impact on applications of EUV lithography, i.e.
EUV beam monitoring [99] and optics lifetime.

4.2 Experimental setup and methods

The experimental setup comprised a large vacuum system and electronics. The va-
cuum system was divided into three chambers based on functionality: radiation was
generated in the source chamber, the light was focussed in the collector chamber and
the EUV photon-induced plasma was probed in the measurement chamber. Each of
these systems is discussed below and the authors refer the reader to more in-depth
descriptions [78, 81] for more details. A schematic representation of the experimental
setup is presented in figure 4.1.

A pulsed xenon pinch discharge produced EUV radiation with a pulse length of
∼ 100 ns, a repetition frequency of 497 Hz, and a pulse energy of 9±1 µJ for the
in-band (10-20 nm) radiation. This pulse energy was purposely reduced with respect
to previous works [37, 78, 80, 81, 83, 93, 111] to reduce the maximum electron density
and thereby the time from the pulse to the point of breakdown of the ambipolar field.

The second chamber contained 7 nested grazing incidence Wolter collector mirrors.
These mirrors focussed the EUV light in the focal point, located in the measurement
chamber. A spectral purity filter (SPF) was used to reject light with a wavelength
larger than 20 nm. A cone with at the narrow end an opening of 2 mm in dia-
meter was used for two reasons. Firstly, it prevents the creation of photoelectrons by
EUV radiation hitting the cavity walls and secondly, it allows—as a restrictor—for
differential pumping between the collector and measurement chamber.

In the measurement chamber, argon at a base pressure of 5 Pa was present.
This vacuum vessel contained a metal structure which formed the cylindrical pillbox-
shaped microwave cavity with radius rcav of 33 mm and height hcav of 16 mm. Two
concentric holes with a diameter of 13 mm allowed the EUV radiation to pass through
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the cavity. The heart of the cavity was aligned with the focal point. The cavity had
a TM010 mode around 3.5 GHz with a quality factor Q = 260, which corresponded
to a response time τ of 25 ns.

A microwave generator was used to create a microwave signal with frequency
f = ω/2π. These microwaves travelled via a directional coupler to an antenna that
protruded into the cavity. Depending on the applied frequency, the cavity was able
to absorb a certain part of the power. The reflected microwaves returned to the dir-
ectional coupler where -10 dB of it was directed to a logarithmic power detector. The
output of the power detector was sampled at 25 MHz using a transient recorder. The
measurements were synchronized with the EUV pulses. As the discharge dynamics
were highly reproducible, this allowed the experiment to be performed frequency-
resolved and to reduce noise by averaging the temporal response of 128 discharges.
Computer code was used to scan the frequency domain within a range of 55 MHz
around the resonance peak with a step size of 20 kHz. A fit function was used to
determine the resonance frequency, i.e. the spectral position with the lowest reflected
power, for each time step of the plasma initiation with 40 ns time resolution.

The change in resonance frequency ∆f , in respect of the unperturbed cavity, was
linked to the volume averaged electric-field-squared-weighted electron density n̄e via
the following relation [78]:

n̄e =
8ε0meπ

2f2
2

e2

∆f

f1
, (4.2)

where me is the electron mass, f1 the resonance frequency of the unperturbed cavity
and f2 the resonance frequency of the cavity filled with plasma. A moving average
with a temporal width of 1 µs was used to further reduce the noise level in n̄e, except
during the first decay phase to prevent loss of information regarding the electron
density directly after the EUV pulse.

4.3 Results and discussion

The measured n̄e as a function of time after creation of the plasma by the EUV
pulse is represented by the blue line in figure 4.2. In contrast to previous studies
[37, 67, 78, 80, 81, 83, 85, 87, 93, 93, 100, 108–111], where it was only possible to
study the first two decay regimes of such a plasma, three decay regimes can be clearly
distinguished in this work. Each of the phases is indicated by a Roman numeral (I-
III). As the first two phases are already extensively described previously [83], the
delineation of them will be brief.

In phase I, the initially created electrons will reach the walls within a few ns. The
much slower ions will remain in the cavity and form a potential trap. Later created
electrons will oscillate in the trap and lose energy by collisions with neutrals until the
point of ambipolar diffusion. The expansion speed is governed by ambipolar diffusion
for pressures above 2.5 Pa where the mean free path of the ions is shorter than the
plasma radius [36, p. 23]. The plasma expands until it has reached the cavity walls.
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Figure 4.2: Square-electric-field-weighted average electron density as a function of
time for an argon plasma induced by EUV radiation with a pulse energy of 9±1
µJ. The three distinctive decay phases are indicated by Roman numerals while the
approximated positions of the transitions between the decay regimes are marked by
vertical lines.

In phase II, the transport of the species to the walls is still governed by ambipolar
diffusion. Recombination of the plasma, and therefore depletion of the electrons,
takes place at the walls. For this pressure, the electrons are at room temperature
during this phase [83].

Most diagnostic methods have a lower detection limit which allows to explore
plasma dynamics up to phase II. The setup and method used in this investigation
had a detection limit of 4 · 109 m−3, i.e. the standard deviation of n̄e over the period
1600-1800 µs in which the measured values were at the noise level. Herewith, we
enable the possibility to explore the behavior of the plasma beyond phase II.

In phase III, the decay rate of the electrons increases. This increase is attributed
to the diminution of the role that the space charge plays in the transport of the
electrons. Therefore, the electrons are slowed down to a lesser extent by the ions.
Hence, the decay of the electrons is transitioning towards free diffusion in this phase.

The transition from ambipolar to free diffusion sets in at an electron density n̄e

of approximately 2 · 1012 m−3. In prior work by Freiberg et al. [103], this point was
generalized by postulating that if Λ/λe

D ∼ 100, the electrons start to diffuse faster
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than would be the case for ambipolar diffusion. Here, Λ is the characteristic diffusion
length for a finite cylinder [36, 104] in terms of this experiment,

Λ =

[(
2.405

rcav

)2

+

(
π

hcav

)2
]−1/2

, (4.3)

which is 4.8 mm in this work. However, due to the presence of the concentric holes
in the flat surfaces, this value is an underestimate.

In this experiment where the electrons are at room temperature in phase II [83],
the transition starts at Λ/λe

D ≈ 6, which is significantly lower than the postulated
ratio of approximately 100. A possible explanation for this difference in critical
point is that λe

D here is—due to a lack of information concerning the location of
the free electrons—based on an electric-field-weighted cavity averaged electron dens-
ity. Following this avenue, the inverse ratio of the effective (microwave-field-squared-
weighted) plasma volume and the effective (microwave-field-squared-weighted) cavity
volume V [41] should be 250, which is highly unlikely as the plasma has already
reached the walls at the beginning of phase II. Calculations based on the effective
electron-neutral collision cross sections [119] for 5 Pa of argon and electrons at room
temperature revealed that λe

mfp = 26 mm, which is, in contrast to the other works
[103, 112], larger than Λ. As a consequence of λe

mfp � Λ, due to evaporative cooling
of the electrons, only the low-energy electrons remain in the plasma. Therefore, a
delayed transition as measured here can be explained. Furthermore, Ar was used
while in the other experiments He was the dominant gas and although the influ-
ence of metastables is investigated [117], excluding this mechanism as a cause of the
difference seems perilous.

Calculations of Gusinow et al. [120] and experiments of Gerber et al. [113, 116]
showed that during the transition from ambipolar to free diffusion, the diffusion rate
to the walls and recombination of the electrons and ions at the walls first accelerate.
This is true up to the point that the ions can no longer follow. From this moment
onwards, the diffusion rate of the ions is lower than that of the electrons and a positive
space charge region is formed. As the degradation of EUV mirrors is attributed to ions
which are accelerated by plasma-induced electric fields towards the optical elements
[73, 74, 106], the identification of the third decay phase—in which the electric fields
collapse and the dynamics of the ions change—is of utmost importance for extending
the lifetime of the optical systems. This would directly impact on the stability of the
output of EUVL tools.

4.4 Conclusions

In conclusion, the improved lower detection limit of Microwave Cavity Resonance
Spectroscopy enabled the identification and study of the transition from ambipolar
to free diffusion in the afterglow of an Extreme Ultraviolet photon-induced plasma.
This decay regime is not only interesting from a fundamental perspective but also
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contributes to a better understanding and with that a more accurate prediction of the
interaction between EUV photon-induced plasmas with the optical elements in litho-
graphy tools. This could result in further optimization of the operational conditions
in these tools and with that an increased lifetime of the delicate optical elements. Fur-
thermore, the gained knowledge can be capitalized in tooling such as a beam monitor
for ionizing radiation [99].
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Chapter 5

Magnetic field-enhanced beam
monitor for ionizing radiation

Abstract

For the Microwave Cavity Resonance Spectroscopy based non-destructive beam
monitor for ionizing radiation, an addition—which adapts the approach to con-
ditions where only little ionization takes place due to, e.g., small ionization
cross-sections, low gas pressures and low photon fluxes—is presented and demon-
strated. In this experiment, a magnetic field with a strength of 57±1 mT was
used to extend the lifetime of the afterglow of an EUV-induced plasma by a
factor of ∼ 5. The magnetic trapping is expected to be most successful in pre-
venting the decay of ephemeral free electrons created by low-energy photons.
Good agreement has been found between the experimental results and the decay
rates calculated based on the ambipolar and classical collision diffusion methods.

Submitted as:
Platier, B., Limpens R., Lassise, A. C., Oosterholt, T. T. J., Van Ninhuijs, M. A. W., Daamen, K. A.,
Staps, T. J. A., Zangrando, M., Luiten, O. J., IJzerman, W. L. & Beckers, J. (2020). Magnetic field-
enhanced beam monitor for ionizing radiation. Target journal: Review of Scientific Instruments.
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5.1 Introduction

A collection of photons with sufficient energy to ionize atoms or molecules is referred
to as ionizing radiation. This radiation does not only create free electrons and ions
while traveling through a gas but also interacts with matter in the form of, e.g.,
diffraction, transmission and initiation of chemistry after absorption.

The multi-billion-dollar semiconductor industry uses Extreme Ultraviolet (EUV)
light with a wavelength λ of 13.5 nm for the exposure of wafers in the newest genera-
tion lithography tools [121]. The photon flux of such ionizing radiation beams is one
of the key parameters for research as well as applications related to EUV lithography.
Examples of research related to this type of lithography are the interaction of plasmas
induced by ionizing radiation with optical elements [68, 107] and the development of
photosensitive materials [122, 123]. In the natural habitat of these lithography tools,
the exposure time can be optimized with information concerning the photon flux
while data concerning the profile and position of the beam could be used to improve
the alignment of the optical system. All this is to the benefit of the systems’ yields.

Another type of source for ionizing radiation is the Free-Electron Laser (FEL)
[124], which is used for experiments suchs as femtosecond diffractive imaging [125,
126]. These apparatus typically run using even lower gas pressures [127] and in
some cases with fewer photons per pulse [128, 129] compared to lithography scanner
conditions [130].

Techniques currently used to measure the photon flux of ionizing beams are lim-
ited to the use of photosensitive foils [78], calorimetric power sensors [85], photo-
diodes [128, 131] and ionization gas cells [128]. The diagnostics—except for the
photodiodes—have a very poor temporal resolution. Moreover, the first three tech-
niques are destructive, while ionization gas cells do not provide a high resolution in
flux. Accurate information concerning the dosage, i.e., the number of photons cru-
cial for improved understanding of the investigated processes and increased yield of
lithography tools.

A microwave-based technique was recently demonstrated as an in-line non-invasive
monitor for ionizing radiation [37, 99]. In terms of beam power, profile and pointing
stability, this diagnostic technique appeared very promising [37]. The underlying Mi-
crowave Cavity Resonance Spectroscopy (MCRS) approach uses changes in resonant
behavior of a standing electromagnetic wave in a metal structure to study changes in
the permittivity induced by the presence of free electrons. These electrons are in this
approach created by photoionization processes. The collective of ions and electrons
created by high-energy photons is referred to as a photon-induced plasma which may
decay in three distinctive phases [39, 132]. Recent improvements in the spectral res-
olution [41–43, 118] of the MCRS technique have brought the potential to make the
beam monitor even more sensitive. Hereafter, the resolution in the permittivity for
low initial ionization levels is no longer the limiting factor as was shown in reference
[38]. A minimum amount of free electrons needs to be created by photo-ionization
events induced by (a part of) the ionizing photon flux to be able to detect them due
to rapid decay during the transition towards free diffusion [39].
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In this paper, an advancement for the beam monitor which confines the produced
free electrons is presented. The addition of a strong magnetic field (∼ 57± 1 mT) to
the beam monitor makes the approach suitable to measure the properties of ionizing
radiation with very low pulse energies, in low-pressure background gas or in gas with
small ionization cross-sections. This principle is demonstrated using an EUV source
which is commonly used for lithography-related research [85, 111]. The successfully
demonstrated advancement of the approach is interesting for the application in for ex-
ample a Free-Electron Laser due to the lower ionization level detection limit. Finally,
further improvements to the approach are proposed.

5.2 Experimental setup and methods

The experimental setup consisted of a three-part vacuum system. Each of these
systems is discussed below and more complete descriptions of the setup can be found
in references [78, 81]. Furthermore, a description of the designed microwave cavity
with permanent magnet and electronics is provided. A schematic overview of the
experimental setup is shown in figure 5.1.

5.2.1 EUV light source

The first vacuum chamber contained an EUV source based on a xenon pinch discharge.
This plasma was pulsed with a repetition frequency of 497 Hz and a pulse length of
∼ 100 ns. As this work aims at demonstrating the capabilities of the magnetic
field-enhanced EUV beam monitor, the pulse energy was purposely lowered with
respect to other works [37, 78, 80, 81, 83, 93, 111] to 10 ± 2 µJ. The pulse energy
was determined by measuring the photon flux from the discharge with a photodiode
which was calibrated with a photosensitive foil.

In the collector chamber, seven nested grazing incidence Wolter collector mirrors
[133] were mounted which focussed the EUV light in the heart of the microwave
cavity. A spectral purity filter (SPF) was used to obtain a well-defined EUV spectrum
in the range of 10-20 nm and block the light outside of this range. For differential
pumping between the collector and measurement chamber, a cone with an opening
of 2 mm in diameter at the narrow end was used as a restrictor. Simultaneously,
this cone prevented photons hitting the cavity walls and subsequently obstructing
the measurements by means of unwanted photo-emission from the wall material.

5.2.2 MCRS + magnet

The measurement chamber was filled with 5 Pa argon gas. The heart of the cylindrical
microwave resonant cavity—with an inner radius rcav of 33 mm and height hcav of
16 mm—was aligned with the focal point of the collector mirrors and the axis of the
cavity was aligned with the propagation direction of the EUV light. Two coaxial
holes of 13 mm in diameter in the Al structure surrounding the cavity allowed the
EUV radiation to pass through the cavity while it created a transient plasma. In this
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Figure 5.2: A cross sectional view of the experimental setup with the calculated
magnetic field profile B of the permanent magnet. The cavity volume is indicated
by the black rectangle in the center. The red arrows indicate the direction of the
magnetic field lines.

study, the TM010 mode was used with a resonance frequency around 3.5 GHz and
which enabled a temporal resolution of less than 250 ns.

During the measurements with magnetic trapping, the cavity was enveloped by
a made-to-order NdFeB (grade: GSN-52) magnet with an inner diameter of 76 mm,
outer diameter of 95 mm and a length of 120 mm. It is important to note that although
the presented technique would be extremely useful for experiments in H2, the used
magnet material reacts with hydrogen [134]. COMSOL was used to calculate the
magnetic field profile generated by the magnet (presented in figure 5.2). The cavity
volume is depicted in this figure by the black rectangle in the center. The average
magnetic field strength B in this plane of the cavity is 64 mT and was dominantly
directed along the cavity axis (see figure 5.1). The strength of the magnetic field
B measured by a Hall-sensor was 57±1 mT, which is in good agreement with the
calculated field strength.
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The motion of the electrons in the radial direction is limited by the cyclotron
radius rc,

rc =
mev⊥
eB

, (5.1)

where me is the electron mass, v⊥ the velocity of the electrons perpendicular to the
magnetic field and e the elementary charge. As the ionization threshold of an Ar
atom is 16 eV, a single photo-ionization event by a 92 eV photon (i.e. λ = 13.5 nm)
results in a free electron with an energy Ee of 76 eV. For B = 57 mT and electrons
with 76 eV kinetic energy fully in the direction ⊥ to the magnetic field vector, rc is
at maximum 0.6 mm which is smaller than the induced plasma and cavity radii. For
electrons which were colder or did have a velocity component in the axial direction
of the cavity, this cyclotron radius was even smaller (see equation 5.1). Hence, the
electrons will be trapped by the magnetic field.

For the determination of the resonance frequency, microwaves, microwaves with
a frequency f were created by a microwave generator and travelled via a directional
coupler to an antenna in the cavity. The ability of the cavity to absorb the microwaves
depended on the applied frequency. The non-absorbed microwave radiation was re-
flected. Ten percent of this reflected microwave power Prefl travelled via a directional
coupler to a power detector. For each f the response of the power detector output
was digitized at 25 MHz by a transient recorder. The temporal responses of 128
discharges per f were averaged to increase the accuracy. Computer code was used
to scan the frequency range (3425:0.02:3480 MHz), store the measurement data and
determine the resonance frequency for each time step.

Since the electron collision frequency νm is much smaller than all probing fre-
quencies, the volume averaged electric-field-squared-weighted electron density n̄e can
obtained via the following relation [64],

n̄e =
8ε0meπ

2f2
2

e2

∆f

f1
, (5.2)

where ∆f is the change in resonance frequency with respect to the resonance fre-
quency of the unperturbed cavity f1, f2 the resonance frequency of the perturbed
cavity and ε0 the vacuum permittivity. The noise in n̄e was further reduced by a
moving average with a temporal width of 1 µs. As the peak value of the electron
density is important, the moving average was not applied to the first of the three
decay regimes [39].

5.3 Results and discussion

The obtained n̄e as a function of time t is presented in figure 5.3. Data for the experi-
ment with magnet is indicated by the black line. The color blue is used to indicate the
electron density calculated from the positive shifts in the resonant behavior for the
experiment without magnet. For clarity, the data of both experiments are replicated
in the graph to depict the electron density related to the subsequent EUV pulse.
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Figure 5.3: Electric-field-squared-weighted volume averaged electron density n̄e as a
function of time for the afterglow of an argon plasma induced by EUV radiation with
a pulse energy of 9±1 µJ (without magnet) and 11±1 µJ (with magnet). The data
for the experiment without magnet is indicated by a blue line for positive electron
densities and by a red line for apparent negative electron densities. The black line
is used for the experiment with the magnet. The tangents to the lines during the
second decay phase are dashed.

The detected maximum electron densities for the experiment with and without
magnetic field are 1.2 · 1014 m−3 and 0.96 · 1014 m−3, respectively. These initial
electron densities are—as expected [78]—proportional with the EUV pulse energies
11±1 µJ and 9±1 µJ for the performed experiment with magnet and without magnet,
respectively.

Directly after the peak density, a rapid decrease in electron density is observed.
This decrease is faster for the experiment with magnet than without magnet. In this
stage, the plasma is not fully expanded to the cavity walls yet and the electrons are
oscillating in the potential well [36, p. 71-73]. The magnetic field averts electrons
from reaching the end positions of the harmonic oscillator where they would have
predominantly potential energy and little kinetic energy. Hence, the trapped electrons
have more kinetic energy which helps them to overcome the potential barrier towards
the flat surfaces of the cavity. Furthermore, in the center of the cavity the electrons
are able to leave through the coaxial holes with a reduced potential barrier with
respect to the cavity walls.
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The lifetime of the plasma—with electron densities above the lower detection limit
of the diagnostics, i.e., 4 · 109 m−3—is extended under the current conditions by the
magnetic field by a factor of ∼ 5. This means that a resonant mode with a slower
response time can be used in the beam monitor which increases the accuracy in the
resonance frequency while lower densities and fluxes can be resolved.

To obtain a better understanding of the confinement of the plasma by the magnetic
field, the experimental results are compared with theoretical predictions. As the
available theories have difficulty in general with describing experimental observations
[135–139], here only the second decay phase [132]—which is most straight forward as
the plasma decays exponentially due to (reduced) ambipolar diffusion—is compared.
For the explanation of the experiment without magnet, ambipolar diffusion is used
as a model and classical-collision diffusion for the experiment with magnetic field. In
these models, the decay time τ indicates the required time for the electron density
to decrease by about 63 %. The tangents to n̄e during the second decay phases are
represented in figure 5.3 by the dashed lines.

The ambipolar decay time τamb [140] related to the decay of the plasma afterglow
for B = 0 is given by:

τamb = Λ2meνeff,e +miνi

kB(Te + Ti)
, (5.3)

where mi is the ion mass, kB the Boltzman constant, Te the electron temperature, Ti

the ion temperature, νi the ion-neutral collision frequency [61], and νeff,e the effective
collision frequency of the electrons which is calculated based on electron-neutral col-
lision cross section data [119] for electrons at room temperature [83]. Λ is the typical
diffusion length for cylindrical configurations [36, 104],

Λ =

[(
2.405

rcav

)2

+

(
π

hcav

)2
]−1/2

. (5.4)

As the cavity has two coaxial holes which are not taken into account in this equation,
the obtained value will be an underestimate. Using equations 5.3 and 5.4 while
assuming room temperature electrons [132] results in τamb = 0.05±0.02 ms. Analysis
of the experiment resulted in τamb = 0.09±0.01 ms which is only slightly higher than
the value predicted by theory for the experiment without the permanent magnet.

The magnetic field of the used permanent magnet is so strong that µ⊥,i � µ⊥,e,
where µ⊥,i and µ⊥,e are the mobility coefficients in the direction perpendicular to the
magnetic field of the ions and electrons, respectively. The decay time with magnetic
field τc-c [140] is approximated by:

τc-c ≈ Λ2 meω
2
ce

kBνeff,e(Te + Ti)
, (5.5)

where ωce is the cyclotron angular frequency of the electrons (ωce = eB/me). The
experimental decay time τc-c for the experiment with magnet, 2.0±0.2 ms, is longer
than the 0.8±0.2 ms predicted by theory.
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Both models predict the decay time τ of the experiments within a factor of two.
Considering that the models have difficulty in capturing the relevant physics, these
discrepancies are small. The decay rate of the electrons is lowered by a factor of ∼ 20
due to the magnetic field, which shows that the introduced approach works.

5.4 Anomalies in resonant behavior

Artefacts in the measurements are observed which cannot simply be explained by the
electron dynamics in the cavity. These will be discussed below.

In the 100 µs before the EUV pulse, an apparent increase in the electron density
is observed which is attributed to electromagnetic interference caused by the charging
of the capacitors used to initiate the pinch discharge which produces the EUV light.

Further, a maximum negative shift in the resonance frequency of ∼ 0.5 kHz has
been measured which cannot be attributed to a change in the electron density since
negative values of electron densities are inadmissible. Despite that negative densities
are not physical, these are depicted in figure 5.3 by the red line. Van der Horst [36,
p. 158-159] observed similar behavior, only to a larger extent with negative shifts as
large as 0.2 MHz, and was unable to explain even small negative shifts as observed in
this article. Three more principles are excluded as a cause: Firstly, an increased Xe
content in the cavity as it needs a partial pressure increase of ∼ 25 Pa based on the
relative permittivity [43, 141] to induce the measured negative shift which is highly
unlikely because the experiment is performed at only 5 Pa. Secondly, with similar
reasoning, an increase in the Ar pressure of ∼ 60 Pa [43, 141] is highly unlikely.
Thirdly, after the decay of the electron density to the background ionization level,
the electron temperature may still be elevated which induces a negative shift. The
relative frequency shift ∆f/f1 is given by:

∆f

f1
=

ν2
m,1 − ν2

m,2

(4π2f2
1 + ν2

m,1)(4π2f2
2 + ν2

m,2)

n̄ee
2

2ε0me
, (5.6)

where νm,1 and νm,2 are the collision frequencies of the electrons of the unperturbed
cavity and at the moment of the largest negative shift, respectively. Based on effective
electron-neutral collision cross sections data for Ar atoms [119], the effective collision
frequency for electrons νm,1 at room temperature at 5 Pa is estimated to be 2 MHz
and the highest effective collision frequency is 0.38 GHz at an electron temperature
of 63 eV which is much higher than the temperature described in the literature [132]
for this phase in the experiment. The background ionization level is 109-1010 m−3

at atmospheric pressure [142]. As the background ionization is proportional to the
gas density, the density would be only ∼ 105 m−3 at 5 Pa. For f1 = f2 = 3.5 GHz
and the parameters discussed above, a maximum negative shift of 10−5 Hz could be
induced. Even if the background ionization level is elevated as high as 1010 m−3 due
to e.g. remnant species of previous discharges, this mechanism is not strong enough
to explain the observed negative shift.
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A striking (coincidental) similarity between the results described here and in ref-
erence [36, p. 158-159] is the ratio of the negative shift and the detection limit of
∼ 20.

5.5 Conclusions and outlook

In conclusion, this work demonstrates that expanding the toolbox of Microwave Cav-
ity Resonance Spectroscopy with an external magnetic field is beneficial for the ap-
plication as an ionizing beam monitor [99]. Applications in which low-energy ionizing
radiation is used, are expected to benefit most from the addition of the magnetic field
as it delays the set-in of the transition of ambipolar to free diffusion [38]. As the
introduced approach is successful in extending the lifetime of the plasma and MCRS
is a differential measurement scheme, the maximum photon flux is lowered for the
plasma to decay sufficiently within the pulse repetition period for this technique to
work properly.

The divergence of the EUV beam used in this research is ∼ 10◦ [36] and for this
reason, a cavity with a relatively low height was used. In experiments with a beam
with low-divergence—for example of a FEL [128, 129, 143]—a significantly higher
cavity can be used, resulting in improved trapping of the electrons. Improving the
magnetic confinement by a more advanced magnet or coil design, e.g., magnetic bottle
principle instead of parallel magnetic field lines could be another potential avenue for
the continuation of this work. A third approach to further improve this technique
is the addition of a dielectric layer to the cavity walls preventing the loss of charge
after recombination at the wall which helps to form and maintain the potential trap.
Moreover, the decay of the plasma is significantly affected by the Simon’s short-circuit
effect [144–146] and dielectric walls would prevent this [147, 148]. Another advantage
of a dielectric-filled cavity is that the cavity appears to be larger for the microwaves,
which allows for a more compact design with the same fres and larger shifts are
induced by the plasma [37].

The experimentally obtained decay rates of the afterglow of the EUV photon-
induced plasma for the experiments with and without external magnetic field are
in reasonable agreement with values predicted by theory. A more detailed study of
the decay of an afterglow of an EUV-induced plasma in a magnetic field would be
beneficial to improve the general understanding of plasmas under these circumstances
which in turn could have impact on the cavity and magnetic field design.
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Chapter 6

Decay of the electron density and
the electron collision frequency
between successive discharges of a
pulsed plasma jet in N2

Abstract

The decay of the electron density and electron collision frequency between suc-
cessive discharges in a pulsed plasma jet in N2 feed gas has been investigated
using microwave cavity resonance spectroscopy (MCRS). The method and ana-
lysis were adapted to be able to apply this diagnostic to a pulsed plasma jet at
atmospheric pressure. The results are compared to a global model. It is shown
that the electron density and effective collision frequency can be measured using
this technique from about 1 µs up to approximately 60 µs after the discharge,
where the former time scale is limited by the response time of the cavity and
the latter by the detection limit of the setup. Although the data analysis re-
quires an estimation of the plasma volume, which limits the absolute accuracy
of the electron density to its order of magnitude, the measured electron densit-
ies are in the same range as those predicted by the global model. Additionally,
there is a good qualitative agreement in the electron density decay rate between
the measurements and the model. Furthermore, it is inferred from the model
that the minimum seed electron density required for repeatable guided streamer
discharges in a pulsed plasma jet in N2 feed gas is of the order of 1015 m−3.
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6.1 Introduction

Atmospheric-pressure plasma jets (APPJs) are discharges generated in a flow of gas at
atmospheric pressure [149–151]. APPJs have been, and continue to be, investigated
for various industrial applications, which include surface cleaning and coating [152],
thin film deposition [153], and photoresist removal [154], as well as for applications
in plasma medicine [155], such as cancer treatment [156].

When an APPJ is driven by repeatedly pulsed voltage with a kHz-range repeti-
tion frequency, typically highly reproducible guided streamer discharges (often named
‘plasma bullets’ or ‘guided ionisation waves’) are generated [149, 157–160]. Thanks
to their reproducibility, guided streamer discharges in pulsed plasma jets are a use-
ful tool for investigating streamer physics. The guided streamers in pulsed plasma
jets are reproducible by virtue of a memory effect: remnants of previous discharges
provide the seed electrons for the next discharge [160]. Since seed electrons mediate
the memory effect, knowledge of the electron density, as well as its evolution between
successive discharges, is essential in understanding the physics of pulsed plasma jets
and the memory effect. However, since the electron density decays exponentially
between successive discharges, it is challenging to directly measure the electron dens-
ity experimentally.

Various diagnostics exist to measure the electron density in atmospheric-pressure
plasma jets. For example, electron densities can be determined from Stark broadening
of spectral lines measured using optical emission spectroscopy [161]. However, this
technique is inherently limited to times when light is emitted by the plasma during a
discharge. Thomson scattering, the scattering of laser light on free electrons, has also
been used before to measure the electron densities in radio-frequency and microwave
excited atmospheric-pressure plasma jets [162–164], as well as in pulsed plasma jets in
He and Ar during or briefly after the discharge [165–167]. With Thomson scattering
both high temporal and spatial resolution can be achieved when tightly focused, short
laser pulses are used. However, the detection limit of this technique at atmospheric
pressure is usually of the order of 1018 m−3 for pure Thomson scattering and is
higher when simultaneous rotational Raman scattering occurs [162], such as in N2.
This is too high to measure the evolution of electron densities between consecutive
discharges.

Several microwave techniques are also used for electron density measurements. For
example, millimetre interferometry [168, 169] and microwave scattering [170] have re-
cently been used to measure the evolution of electron density in pulsed discharges at
atmospheric pressure. Another microwave technique, which will be used in this work,
is microwave cavity resonance spectroscopy (MCRS). This diagnostic has been applied
to a variety of low-pressure plasmas over the years [11–13, 22, 79, 82, 83, 91, 171].
Compared to Thomson scattering, MCRS is capable of measuring lower electron dens-
ities. The temporal resolution depends on the quality factor and the resulting response
time of the used cavity. Typically cavities with a temporal resolution of the order of
tens of ns to a µs are used. Furthermore, plasma properties obtained from MCRS
are averaged over the cavity volume and are hence not spatially resolved. Neverthe-
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less, with prior knowledge on the approximate electron density distribution, MCRS
is potentially a suitable diagnostic for the electron densities in the time between suc-
cessive discharges where µs resolution suffices. Additionally, it should also be noted
that multi-mode MCRS, in which multiple cavity modes are used to reconstruct the
spatial distribution of the electron density, was recently reported [37].

In MCRS, a microwave cavity is placed around the plasma. The resonances of
the cavity depend on the properties of the medium inside the cavity. Therefore,
introducing a discharge in the cavity can change the resonance frequency as well as
the quality factor of the cavity. Usually, cavity perturbation theory is used to relate
changes in resonance behaviour to properties of the plasma. For low-pressure plasmas,
where the electron-neutral collision frequency is negligible compared to the resonant
microwave frequency, the electron density can be determined directly from the shift
in resonance frequency [22]. However, the effects of electron-neutral collisions cannot
be neglected at higher pressures. This makes the relation between the resonance
properties of the cavity and the plasma properties more complex. In this case, a
more intricate analysis is required, in which not only the shift in resonance frequency
but also the change in quality factor has to be considered. The advantage, though, is
that such an analysis also results in information on the collision frequency, in addition
to the electron density.

In this work, MCRS is adapted for atmospheric-pressure plasma jets and applied
to a pulsed plasma jet in N2 feed gas flowing into ambient air. The required analysis
is developed and used to determine the temporal behaviour of the electron density
and collision frequency between successive discharges. In addition, the experimental
results are compared to those predicted by a global model.

6.2 Experimental setup and methods

6.2.1 Setup and measurement system

The experimental setup is schematically illustrated in figure 7.1. The plasma source
itself is the same as in [172] and will only be explained here briefly. A pulsed plasma jet
is generated in N2 feed gas (purity of 99.999 %) flowing at a volumetric rate of 1 slm.
A high-voltage (HV) power supply (Spellman SL10PN60) provides a DC voltage to a
HV pulse generator (DEI PVX-4110). The latter is gated by a pulse/delay generator
(BNC model 575) in order to generate voltage pulses with a width of 500 ns and rise
and fall times of about 40 ns. The HV pulses are applied to a needle electrode that
has a radius of 0.5 mm and a tip angle of approximately 20◦. The needle electrode
is placed concentrically inside a quartz tube of inner radius 1 mm and outer radius
2 mm, with the tip of the needle located 2 mm before the end of the quartz tube. At
the rising edge of every voltage pulse, a guided streamer is generated that propagates
from the tip of the needle along the symmetry axis of the jet and has a radius of
approximately 150 µm. The applied voltage is varied between 4 and 8 kV, and a
repetition frequency between 2 and 6 kHz is used.
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Figure 6.1: Schematic illustration of the setup. For clarity, only half of the microwave
cavity is drawn, and a magnified view of the nozzle is included.

A cylindrical microwave cavity of inner dimensions �66 × 16 mm is placed con-
centrically to the jet. The two flat walls of the cavity have a thickness of 5 mm, and
the curved wall has a thickness of 3 mm. The outer surface of the cavity is located at
the same axial position as the end of the quartz tube (also see figure 6.5). The cavity
has a hole of 13 mm diameter in the centre of each of its two flat walls to allow the
gas flow and discharge to enter and exit the cavity. A microwave generator (Stanford
Research Systems SG386) generates a microwave signal with frequency f = ω/2π
and power Pin. The microwaves travel through a directional coupler (Mini-Circuits
ZHDC-10-63-S+), a device that discriminates forward and reverse travelling waves,
and are applied to an antenna that protrudes a few mm into the microwave cavity.
Depending on the applied frequency, a certain part of the input power is reflected.
When the applied frequency matches a resonance frequency of the cavity, the reflec-
ted power is minimal. The reflected microwave signal with power Prefl returns to
the directional coupler and 10% of this power is measured by a logarithmic detector
(Hittite 602LP4E). This measurement is sampled by a transient recorder (Spectrum
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Figure 6.2: Full frequency range scan of the reflected power with an empty cavity.
Two minima and their corresponding cavity modes are indicated.

M3i.4121-exp) with a sampling frequency of 100 MHz. The HV pulse generator of
the plasma source and the transient recorder are triggered by the same pulse/delay
generator. The transient recorder data of a time range covering slightly over one
entire period of the pulsed voltage is saved to a computer. Since the discharges are
reproducible, multiple measurements can be averaged, and the temporal evolution
of the plasma properties between discharges can be measured this way. Scanning of
the applied frequency and saving of the transient recorder data is automated using a
computer program.

A scan of the full frequency range of the microwave generator for an ‘empty’
cavity, i.e. without a discharge, is shown in figure 6.2. This reveals two resonances
in the available frequency range: the TM010 mode around 3.51 GHz and the TM110

mode around 5.45 GHz. The identification of these modes has been confirmed by
a COMSOL model of the cavity. However, it is found that the TM110 peak is not
prominent enough compared to the background to obtain accurate results from the
fitting procedure, which will be explained shortly. Therefore, only the TM010 mode
will be used in this work. For the actual measurements, a smaller frequency band
of 10 MHz around 3.51 GHz is scanned at 50 kHz intervals. Such a measurement of
the TM010 mode for the empty cavity is shown in figure 6.3. For each of the shown
points, 128 measurements are averaged. The standard deviation for each of the data
points is approximately 0.01 µW.

For an ideal lossless cavity, the resonance peak would be a delta peak. In reality,
however, there is a band around the resonance frequency ω0 that can lead to sub-
stantial excitation of the cavity mode. This is caused by the finite conductivity of the
cavity material, as well as potential (ohmic) losses in the medium inside the cavity.
The spectral power distribution P (ω) of a resonance peak around ω0 is Lorentzian
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Figure 6.3: Resonance peak of the TM010 mode in the empty cavity (black marks)
and a fit (red line).

and is given by [173]

P (ω) ∝
[

(ω − ω0)2 +

(
ω0

2Q

)2
]−1

, (6.1)

where Q is the so-called quality factor of the cavity mode. The quality factor is
related to power losses and determines the width of the resonance peak. It is also
directly related to characteristic decay time τ = 2Q/ω0 = Q/πf0 of fields in the
cavity. The cavity mode can adjust to any changes on the time scale of several τ .
Therefore, the characteristic time τ is also a measure for the temporal resolution of
the measurements.

When a plasma is introduced in the cavity, the resonance frequency shifts and the
quality factor changes. How these changes relate to the properties of the plasma is
explained in the next section. To obtain the frequency shift and the quality factor from
the measurements, the resonance peak is fitted using the spectral power distribution.
This is done in two steps: Firstly, the undisturbed resonance frequency f1 and quality
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factor Q1 are determined for an empty cavity using the fit function

Lempty
fit (f ; f1, Q1, A, a0, a1︸ ︷︷ ︸

fit variables

) = A

(
f1

2Q1

)2

(f − f1)2 +
(
f1

2Q1

)2 + a0 + a1(f − f1), (6.2)

where the last two terms are added to account for a linear baseline, and A, a0 and
a1 are scaling factors. A fit for the empty cavity using (6.2) was already included
in figure 6.3. The resonance frequency and quality factor of the empty cavity are
f1 = 3.51 GHz and Q1 = 1900 respectively. This means that the characteristic decay
time of the system is τ ≈ 0.2 µs and that the temporal resolution is about 1 µs.
Secondly, the frequency shift ∆f and quality factor Q2 in the measurements with a
discharge are determined using the fit function

Lfit(f ; ∆f,Q2︸ ︷︷ ︸
fit variables

) = A

(
f1

2Q2

)2

(f − f1 −∆f)2 +
(
f1

2Q2

)2 + a0 + a1(f − f1), (6.3)

where the values for f1, A, a0 and a1 obtained from the first fit are used as constants.
As mentioned before, the transient recorder data is saved for a time range covering

slightly over one entire period of the pulsed voltage. Examples of the resonance
frequency shift ∆f , relative frequency shift ∆f/f1, quality factor Q2, and change
in reciprocal quality factor ∆(1/Q) = 1/Q2 − 1/Q1 as functions of time are given
in figure 6.4 for an applied voltage of 6 kV and a pulse repetition frequency of 3
kHz. In the first 500 ns after the start of the HV pulses at t = 0 and at about
t = 333 µs, some large oscillations are present in the signals. This is most clearly
visible in figures 6.4(a) and 6.4(c). This time range corresponds to the duration
of the HV pulse, and these artefacts are caused by interference. For this reason,
these data points will be removed from the measurements. After this, the resonance
frequency and quality factor increase and decrease respectively, and then decay to
their initial empty cavity values. The rise time of these signals is approximately 1 µs,
which corresponds to the temporal resolution of the cavity. As can be seen in figures
6.4(b) and 6.4(d), both the resonance frequency and quality factor return to their
empty cavity values within the detection limit after several tens of µs, well before
the next voltage pulse at approximately 333 µs. Therefore, the resonance frequency
and quality factor measured at t < 0, so in the recorded time before the first voltage
pulse, can be averaged and subsequently used as empty cavity values. Doing so has
the advantage that a separate measurement of the empty cavity values is not required.
This minimises potential drift of the resonance frequency that might occur between
the empty cavity measurement and the discharge measurement due to, for example,
temperature fluctuations in the laboratory. Typically, a complete measurement for
one set of operating parameters takes several minutes.

The microwave power used in the measurements presented in figure 6.4, as well
as in the results section, is Pin = 0.1 mW. To test whether the microwave fields
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influence the results, for example by heating the electrons and prolonging the decay,
these measurements were repeated using various input powers from 0.1 mW up to 40
mW. No significant changes were found, which confirms that the microwave fields do
not influence the results in this case.

6.2.2 Microwave cavity resonance spectroscopy

Cavity perturbation theory

To relate the measured relative shift in resonance frequency ∆f/f1 and the changes
in quality factor ∆(1/Q) to properties of the discharge, cavity perturbation theory is
used [60, 174, 175]. The plasma itself will be approximated by a cylindrical volume
Vp = πr2

plp with uniform properties, which will be further specified shortly. By
treating the change in complex permittivity of the medium, ∆ε̃ = ε̃2 − ε0, caused
by the presence of the plasma as a perturbation to the empty cavity, the following
equation can be derived [60] (see Appendix A for more details):

∆ω

ω1
+ i

1

2
∆

(
1

Q

)
= −

y

Vcav

∆ε̃|E1|2d3r

2ε0

y

Vcav

|E1|2d3r
, (6.4)

where E1 is the unperturbed microwave electric field, and ε0 is the vacuum permit-
tivity.

Usually, small perturbations would require that the plasma-electron frequency ωpe

is smaller than the microwave frequency ω, such that the plasma does not shield the
microwave fields. The plasma-electron frequency is defined as

ωpe =

√
nee2

ε0me
, (6.5)

where ne is the electron density, e is the elementary charge, and me is the electron
mass. For the TM010 mode at 3.51 GHz, this condition would only be met for electron
densities lower than about 1017 m−3. However, when the typical plasma dimension is
smaller than the (collisional) skin depth, this constraint is circumvented, and higher
densities can be measured [171]. This is the case for our guided streamer discharges
in N2 with a typical radius of 150 µm. The fact that the perturbations indeed remain
small in the present case is demonstrated by the small relative changes in resonance
frequency and quality factor in figure 6.4.

In order to use (6.4) to translate the measured relative frequency shift and recip-
rocal quality factor to properties of the plasma, two things are required: the plasma
permittivity, and the electric field of the TM010 mode of the cavity.
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Figure 6.5: Electric field magnitude of the TM010 mode obtained from the model.
Outlines of the cavity, the quartz tube and the needle are given by the white lines.

Electric field distribution of the TM010 mode

Since our cavity has two concentric holes on its symmetry axis, as well as a dielec-
tric (the quartz tube) and a conductor (the needle electrode) in its vicinity, the field
distribution will inevitably be different from the ideal case. Therefore, a model is
used to numerically determine the electric field distribution E1(r) of the empty cav-
ity. This is done using the frequency domain electromagnetic wave modelling tools in
COMSOL. As the TM010 mode is cylindrically symmetric, a 2D axisymmetric model
can be used. A resonance frequency of 3.51 GHz is obtained from the model, con-
firming the experimentally measured value in the setup. The corresponding electric
field magnitude distribution is shown in figure 6.5. It can be seen that the electric
field ‘leaks’ through the two holes and that amplification occurs at the inner corners
of the two holes.

Permittivity of a collisional plasma

The permittivity of a plasma subjected to a time-harmonic electric field at angular
frequency ω is given by [61]

ε̃2 = ε0 − i
σ̃

ω
, (6.6)
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with σ̃ the complex plasma conductivity.
A general equation for the complex conductivity of a plasma can be obtained from

kinetic theory [176]:

σ̃ = − 2
3ε0ω

2
pe

∫∞
0

ε3/2

νm(ε)+iω
df
dεdε, (6.7)

where ε is the electron energy, νm(ε) is the electron momentum transfer collision
frequency, and f(ε) is the electron energy distribution function (EEDF) with norm-
alisation

∫∞
0

√
εf(ε)dε = 1. However, for the current purpose, (6.7) can be expressed

more conveniently as

σ̃ = ε0

ω2
pe

νeff + iω
= ε0

ω2
pe

ν2
eff + ω2

(νeff − iω), (6.8)

where νeff is the effective collision frequency defined as [177]

νeff =

∫ ∞
0

ε3/2
νm(ε)

ν2
m(ε) + ω2

df

dε
dε∫ ∞

0

ε3/2
1

ν2
m(ε) + ω2

df

dε
dε

. (6.9)

Substituting (6.8) in (6.6) gives the plasma permittivity

ε̃2 = ε0

[
1− ω2

pe

(ν2
eff + ω2)

− iνeff

ω

ω2
pe

(ν2
eff + ω2)

]
. (6.10)

Using the plasma permittivity of (6.10) in (6.4), and separating the real and
imaginary parts, leads to the following equations for the relative frequency shift and
change in reciprocal quality factor [64]:

∆f

f1
=

∆ω

ω1
=

y

Vcav

ω2
pe

(ω2
1 + ν2

eff)
|E1|2d3r

2

y

Vcav

|E1|2d3r
, (6.11)

∆

(
1

Q

)
=

y

Vcav

νeff

ω1

ω2
pe

(ω2
1 + ν2

eff)
|E1|2d3r

y

Vcav

|E1|2d3r
. (6.12)

Obtaining ne and νeff from ∆f/f1 and ∆(1/Q)

As mentioned, the plasma is approximated by a uniform cylindrical volume Vp =
πr2

plp with electron density ne and effective collision frequency νeff . Changes due to
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transport are neglected and the plasma volume is assumed constant in the analysis.
In this case, (6.11) and (6.12) can be simplified to

∆f

f1
= 1

2

ω2
pe

(ω2
1+ν2

eff )
V, (6.13)

∆

(
1

Q

)
= νeff

ω1

ω2
pe

(ω2
1+ν2

eff )
V, (6.14)

where V is the ratio of the effective (field-squared-weighted) plasma volume and the
effective (field-squared-weighted) cavity volume given by

V =

y

Vp

|E1|2d3r

y

Vcav

|E1|2d3r
, (6.15)

which is calculated using the field distribution from the numerical model. The volume
integral in the numerator of (6.15) is taken only over the space that the plasma
occupies. Furthermore, it should be noted that volume integral over Vcav in the
denominator of (6.15) is not just the ‘inner volume’ enclosed by the cavity, but rather
the entire space that the microwave fields permeate. For this reason, the volume
integral over Vcav is taken over the entire domain of the model.

From (6.13) and (6.14), first the effective collision frequency is determined as

νeff = ω1
1
2

∆(1/Q)
∆f/f1

= πf1
∆(1/Q)
∆f/f1

. (6.16)

Interestingly, νeff does not depend on V and is therefore also independent of our
estimation of Vp. With the effective collision frequency known, the electron density
can be determined using (6.13) as

ne = 2
ε0me

e2

ν2
eff + ω2

1

V
∆f

f1

= 2
ε0me

e2

ν2
eff + 4π2f2

1

V
∆f

f1
, (6.17)

where the definition of the plasma-electron frequency (6.5) was used. Equivalently,
(6.14) could be used to determine the electron density, but the result would be the
same. In contrast to the effective collision frequency, the electron density does depend
on V and the estimated plasma volume Vp. In the results section, a constant plasma
radius rp = 150 µm and length lp = 10 mm are used, resulting in V = 7.9 × 10−6.
These dimensions are based on images of the optical emission recorded for discharges
in the absence of the cavity [172]. However, errors in this estimation will directly
translate to errors in the calculated electron density. The presence of the cavity,
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which effectively acts as a ground for the plasma source, could potentially alter the
discharge. While the presence of the cavity decreases the lowest operation voltage at
which discharges can be sustained from 6 kV to 4 kV, the appearance of the produced
guided streamers remains similar. Nevertheless, to assess the influence of the cavity
on the dimensions of the discharge more precisely, a cavity with optical access to
the discharge is required, as will be further discussed in the outlook. Additionally, in
reality convective and diffusive transport will change the electron density distribution
in the time between discharges. To evaluate the sensitivity of the electron density
to the estimated plasma volume, V is also calculated for rp = 100 µm and lp = 7.5
mm, and for rp = 200 µm and lp = 12.5 mm. This results in V = 1.7 × 10−6 and
V = 2.1 × 10−5, respectively. This shows that the absolute values of the obtained
electron densities will only be accurate up to their order of magnitude. Nevertheless,
since the error introduced by the plasma volume is systematic, the temporal behaviour
of the electron density is still captured by these measurements.

6.2.3 Global model

To compare results from the MCRS measurements to simulations, the discharges are
modelled using a global model in PLASIMO [178, 179]. In this model, the densities
ni of species i are calculated from

dni
dt

= Si, (6.18)

where Si is the net rate at which the species are produced (or destroyed) in their
respective reactions. Like in the analysis of the measurements, transport is neglected
here. Since the discharges mostly take place in a stream of pure N2, a pure N2

chemistry is used. The model includes 11 species and 34 reactions, which are listed
in table 6.1. The rates of the electron impact reactions (R1-R6) are computed from
the SIGLO database [180] using BOLSIG+ [181]. Additionally, the electron energy
density is calculated from

d

dt

(
3

2
nekBTe

)
= Pin + Pelastic + Pinelastic, (6.19)

where kB is the Boltzmann constant, Te is the electron temperature (i.e. the temper-
ature associated with the average electron energy), Pin in the input power density,
and Pelastic and Pinelastic are the contributions to the electron energy density from
elastic and inelastic collisions respectively. To avoid effects of the initial values for
the species, the model is run until a periodic steady state is obtained.

The input power density of the experiment is not exactly known for our plasma
source. For this reason, a power density resembling the applied voltage pulses is
used, i.e. 500 ns wide pulses with linearly rising and falling edges of 40 ns. The peak
power density of the pulses is varied between Pin = 109 W/m3 and Pin = 1011 W/m3

to investigate the effects on the resulting electron density and temperature. These
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Table 6.1: Reactions included in the global model. Units of the electron temperat-
ure Te and effective ion temperatures Teff,i are K. The rates of the electron impact
reactions (R1-R6) are computed from the SIGLO database [180] using BOLSIG+
[181].

No. Reaction Rate coefficient Ref.
R1 N2 + e → N2 + e BOLSIG+ [180]
R2 N2 + e → N2(A) + e BOLSIG+ [180]
R3 N2 + e → N2(B) + e BOLSIG+ [180]
R4 N2 + e → N2(a’) + e BOLSIG+ [180]
R5 N2 + e → N2(C) + e BOLSIG+ [180]
R6 N2 + e → N+

2 + e + e BOLSIG+ [180]
R7 N2(A) + N2(a’) → N+

4 + e 4× 10−18 m3s−1 [182]
R8 N2(a’) + N2(a’) → N+

4 + e 1× 10−17 m3s−1 [182]
R9 N+ + e + N2 → N + N2 6.0× 10−39 (300/Te)1.5 m6s−1 [182]
R10 N+

2 + e → N + N 1.8 ×10−13(300/Te)0.39 m3s−1 [182]
R11 N+

3 + e → N + N2 2 ×10−13(300/Te)0.5 m3s−1 [182]
R12 N+

4 + e → N2 + N2 2.3 ×10−12(300/Te)0.53 m3s−1 [182]
R13 N+ + N + N2 → N+

2 + N2 1 ×10−41 m6s−1 [182]
R14 N+ + N2 + N2 → N+

3 + N2 1.7 ×10−41(300/Teff,N+)2.1 m6s−1 [182]
R15 N+

2 + N → N+ + N2 7.2 ×10−19(Teff,N+
2
/300) m3s−1 [182]

R16 N+
2 + N2 + N → N+

3 + N 9 ×10−42 exp(400/Teff,N+
2

) m6s−1 [182]

R17 N+
2 + N2 + N2 → N+

4 + N2 5.2 ×10−41(300/Teff,N+
2

)2.2 m6s−1 [182]

R18 N+
3 + N → N+

2 + N2 6.6× 10−17 m3s−1 [182]
R19 N+

4 + N → N+ + N2 + N2 1× 10−17 m3s−1 [182]
R20 N+

4 + N2 → N+
2 + N2 + N2 2.1 ×10−22 exp(Teff,N+

4
/121) m6s−1 [182]

R21 N2(A) → N2 + hν 5.0× 10−1 s−1 [182]
R22 N2(B) → N2(A) + hν 1.34× 105 s−1 [182]
R23 N2(a’) → N2 + hν 1× 102 s−1 [182]
R24 N2(C) → N2(B) + hν 2.45× 107 s−1 [182]
R25 N2(A) + N → N2 + N 2× 10−18 m3s−1 [182]
R26 N2(A) + N2 → N2 + N2 3× 10−22 m3s−1 [182]
R27 N2(A) + N2(A) → N2(B) + N2 3× 10−16 m3 s−1 [182]
R28 N2(A) + N2(A) → N2(C) + N2 1.5× 10−16m3s−1 [182]
R29 N2(B) + N2 → N2 + N2 2× 10−18m3s−1 [182]
R30 N2(B) + N2 → N2(A) + N2 3× 10−17 m3s−1 [182]
R31 N2(a’) + N2 → N2(B) + N2 1.9× 10−19 m3s−1 [182]
R32 N2(C) + N2 → N2(a’) + N2 1× 10−17 m3s−1 [182]
R33 N + N + N2 → N2(A) + N2 1.7× 10−45 m6s−1 [182]
R34 N + N + N2 → N2(B) + N2 2.4× 10−45 m6s−1 [182]
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Figure 6.6: Temporal evolution in the global model of (a) the electron density, and (b)
the electron temperature between successive discharges at 3 kHz for different input
power densities.

values correspond to an energy dissipation per discharge between approximately 1 µJ
and 100 µJ for an estimated plasma volume of Vp ≈ 10−9 m3. In figure 6.6, ne and
Te are shown for each of the input power densities for an entire period at a repetition
rate of 3 kHz.

For each of the tested input power densities, the electron temperature rapidly
increases to about 3 eV at the start of the pulse. After the pulse it decays to less
than 0.1 eV in several 100 ns for Pin = 109 W/m3 and in about 3 µs for Pin = 1011

W/m3. The peak electron density increases considerably for higher input power
densities. Nevertheless, at larger time scales after the discharge, it is only weakly
dependent on the input power density and the peak electron density. For these three
input power densities, the electron densities differ by more than an order of magnitude
only in the first several µs following the pulse and are within a factor of two from
each other from about 10 µs after the pulse. Nevertheless, the temporal resolution of
the measurement is limited to about 1 µs, and these differences cannot be resolved in
the measurements. Therefore detailed knowledge on the exact input power density
is also not essential in comparing electron densities obtained from the measurements
and the model in this case.
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Figure 6.7: Measured (a) electron density, and (b) effective collision frequency, for
different applied voltages at the fixed repetition frequency of 3 kHz.
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Figure 6.8: Measured (a) electron density, and (b) effective collision frequency, for
different repetition frequencies at the fixed applied voltage of 6 kV.

6.3 Results and discussion

Electron densities and effective collision frequencies are measured for various applied
voltage and repetition frequencies. Figure 6.7 shows the results for different voltages
at a fixed repetition frequency of 3 kHz, and figure 6.8 shows the results for different
repetition frequencies at a fixed voltage of 6 kV. As mentioned before, when the HV
pulse switches on and off there is interference in the measurement signal. The affected
parts of the signals were removed from the graphs.

For each of the applied voltages in figure 6.7(a), a similar decay rate of the electron
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density can be observed. However, the absolute values increase for higher voltages.
The maximum value that is measured, at about 1 µs after the discharge, increases
from about 4 × 1017 m−3 for 4 kV to 1 × 1019 m−3 for 8 kV. These values are in
the same range as those found in the global model, as shown in figure 6.6(a). Briefly
after the discharge, the difference in electron density for the different applied voltages
could be the result of the input power density, as shown by the model. Nevertheless,
the global model also shows that the decay curves should converge to each other,
within a factor of two after approximately 10 µs. Despite its lower signal-to-noise
ratio, it can be seen that the curve measured for 4 kV remains significantly below the
others. This strongly indicates that the low electron densities found for 4 kV are for
a large part the result of an overestimation of the plasma volume, and hence V, for
this voltage. Looking at the electric field distribution in figure 6.5, it can be seen that
shorter guided streamers will also not reach the regions where the electric field in the
cavity is high. As the calculations for V in the previous section already indicated,
this could easily result in an order of magnitude error in absolute values. These two
things likely explain the large (apparent) increase in electron density from 4 kV to 5
kV.

The temporal evolution of the effective collision frequency is shown in figure 6.7(b)
for each of the voltages. In each case, the effective collision frequency decays to a
constant value of about 80 GHz. This value corresponds to the room temperature
value νeff(300 K) = 76 GHz, which can be calculated from (6.9) using collision cross
section data [183] and assuming a Maxwell-Boltzmann EEDF. The decay of the ef-
fective collision frequency occurs on a time scale of several µs, which is significantly
shorter than the time scale of the electron density decay. The decay of the effective
collision frequency is related to the decrease in electron temperature, although a dir-
ect comparison between the two would require knowledge on the EEDF. Nevertheless,
the global model also predicts that the electron temperature decays much faster than
the electron density. A similar result to this was reported for a pulsed plasma jet in
He [168].

In figure 6.7(b), it can be seen that the electron density and effective collision
frequency do not depend on the repetition frequency. Although, there could still
be differences in peak values that occur on a time scale shorter than 1 µs. To test
this, the global model is run again, but this time for different repetition frequencies.
The results are shown in figure 6.9, where it can be seen that the behaviour of the
electron density is indeed similar at different repetition frequencies. Nevertheless, 2
kHz is the lowest repetition frequency at which guided streamers can be maintained,
and hence the lowest frequency where there is a memory effect that is responsible for
reproducible discharges. For lower frequencies, the electron density becomes too low
in the time between successive discharges. So, the electron density right before the
discharges at 2 kHz constitutes the minimum required seed electron density for guided
streamers in N2. From figure 6.9 it can be seen that this is about 1015 m−3. The
same order of magnitude for the minimum required seed electron density is reported
for a pulsed plasma jet in pure He [160, 184].

Finally, to directly compare the decay rate of the electron density between the
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Figure 6.9: Electron densities for different repetition frequencies obtained from the
global model. A pulsed input power density of Pin = 1011 W/m3 is used.

measurements and the model, the measured electron densities for an applied voltage
of 6 kV and repetition frequency of 3 kHz are shown together with two electron
density curves from the model corresponding to the two highest input power densities
in figure 6.10. In fact, the measurements and the model show a good qualitative
agreement. After about 10 µs, when the effects of the initial peak electron density
are gone, the three curves are approximately parallel, indicating the same decay rate.
It should be noted however that in both the analysis of measurements and in the
global model transport of electrons is neglected. As a result, the decay might be
somewhat faster in reality. Additionally, the model does not account for potential
effects from the surrounding ambient air, such as the diffusion of O2 into the gas
flow and the consequent attachment of electrons. However, from numerical flow
simulations (without the presence of the cavity), most of the electrons are expected
in a region where the O2 fraction is less than 1% [185]. Previous work by Nijdam et
al. on streamer discharges in N2/O2 mixtures has shown that there is a dependence of
the electron density on the oxygen fraction between 0% and 1%, but the differences
are less than an order of magnitude [186]. This suggests that the error in our model
due to neglecting the effects of O2 from the surrounding air can be expected to be
less than an order of magnitude.
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6.4 Conclusions and outlook

In this work, MCRS is applied to guided streamers generated in a pulsed plasma jet
in N2. It is shown that electron densities, as well as the effective collision frequencies,
can be measured using this technique from about 1 µs up to approximately 60 µs
after the discharge, where the former time scale is limited by the response time of
the cavity and the latter by the detection limit of about 1016 m−3. However, the
assumptions on the spatial distribution of the electron density, which are required in
the analysis of the measurements, limit the absolute accuracy of the electron density
to about an order of magnitude. Despite the large uncertainty in the absolute values,
the measured electron densities are in the same range as those predicted by a global
model. There is also a good qualitative agreement in the decay rate between the
measurements and the model. Furthermore, from the model it is evaluated that the
minimum seed electron density required for reproducible guided streamers in N2 is
of the order of 1015 m−3, which is similar to what is reported for pulsed plasma
jets in He [160]. In addition to the electron density, the MCRS analysis provides
information on the effective collision frequency of the electrons. It is found that the
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effective collision frequency drops to its room temperature value several µs after the
discharge, which corresponds to the rapid decrease in electron temperature that is
observed in the model.

These results demonstrate that MCRS provides a useful electron density dia-
gnostic for pulsed plasma jets in N2. In principle this method can also be applied to
pulsed plasma jets in different feed gases, such as He or Ar, as well as to discharges
or effluents of other common types of APPJs, such as radio-frequency (RF) driven
plasma jets. In every case it should be confirmed that the changes in relative shift in
resonance frequency and quality factor remain small, and that the microwave fields
do not influence the results. For the present case of a pulsed plasma jet in N2, the fol-
lowing improvements have to be made to obtain more accurate quantitative electron
densities. Firstly, the detection limit of around 1016 m−3 is still an order of mag-
nitude too high to completely measure the evolution of the electron density between
consecutive discharges. Potentially, using a higher quality factor cavity, and hence
narrower resonance peaks, could improve the detection limit. However, this would
be at the cost of temporal resolution. Another option is to increase the number of
samples that are averaged. This would increase the measurement time, and it might
be necessary to monitor and account for fluctuations in the lab environments in this
case. Secondly, and more importantly, the accuracy in absolute electron densities has
to be increased. Currently, the major source of uncertainty in the measurements ori-
ginates from the estimation of the plasma volume. It would be useful to use a cavity
with optical access to observe the discharge. This could, for example, be achieved by
making a slit in the curved part of the cavity wall or by replacing it with a metal
mesh. This way the emission of the discharge can be observed from a side-view using
an ICCD camera and the effects of the presence of the cavity on the discharge can
be assessed. This would help in estimating the initial plasma volume during the dis-
charge. Furthermore, the plasma volume was assumed to be constant in this work.
However, transport during the time between discharges will change the electron dens-
ity distribution. To obtain accurate electron density values, especially at larger time
scales, this should also be accounted for both in the analysis of the measurements
and in the model. One way to do this would be to develop a spatial model of the
complete system, including the microwave cavity and the pulsed discharges. Altern-
atively, the recently introduced multi-mode MCRS method could be used [37]. With
this technique, the spatial electron density distribution can actually be reconstructed
from measurements of multiple cavity modes. Therefore, applying multi-mode MCRS
would avoid the need for assumptions of the electron density distribution.
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6.5 Appendix

Derivation of the perturbation equation

First, the unperturbed cavity is considered. The electromagnetic fields in the cavity
are described by Maxwell’s equations. For time-harmonic fields, these are given by:

−∇×E1 = iω̃1µ1H1, (6.20)

∇×H1 = iω̃1ε1E1, (6.21)

where ω̃1 is the unperturbed (complex) resonance frequency, ε1 is the permittivity
and µ1 is the permeability of the medium inside the cavity, and E1 and H1 are
the unperturbed electric and magnetic microwave fields respectively. For the empty
cavity, ε1 = ε0 and µ1 = µ0, where are ε0 and µ0 are the vacuum permittivity and
permeability respectively. In the case of an ideal lossless cavity, ω̃1 is purely real. In
reality, however, it is a complex quantity given by ω̃1 = ω1 + iω1/2Q1.

Now a perturbation, in the form of a plasma, is introduced in the medium of the
cavity. In the perturbed situation, Maxwell’s equations become

−∇×E2 = iω̃2µ̃2H2, (6.22)

∇×H2 = iω̃2ε̃2E2, (6.23)

where ω̃2 = ω2 + iω2/2Q2 is the new complex resonance frequency, and ε̃2 and µ̃2

are the permittivity and permeability of the plasma. The plasma permittivity and
permeability are in general complex and can also be space dependent.

Multiplying (6.20) by H2 and (6.23) by E1 results in

(−∇×E1) ·H2 = iω̃1µ0H1 ·H2, (6.24)

(∇×H2) ·E1 = iω̃2ε̃2E2 ·E1. (6.25)

Adding (6.24) and (6.25), and using the identity

∇ · (A×B) = B · (∇×A)−A · (∇×B),

this can be written as

∇ · (H2 ×E1) = iω̃2ε̃2E1 ·E2 + iω̃1µ0H1 ·H2. (6.26)

Similar operations can be applied to (6.21) and (6.22) to obtain

∇ · (H1 ×E2) = iω̃2µ̃2H1 ·H2 + iω̃1ε0E1 ·E2. (6.27)

The difference of (6.26) and (6.27) is

∇· (H2×E1−H1×E2) = i(ω̃2∆ε̃+ε0∆ω̃)E1 ·E2− i(ω̃2∆µ̃+µ0∆ω̃)H1 ·H2, (6.28)

where ∆ω̃ = ω̃2 − ω̃1, ∆ε̃ = ε̃2 − ε0 and ∆µ̃ = µ̃2 − µ0. Next, the left-hand side of
(6.28) is integrated over the cavity volume Vcav, and the divergence theorem is used
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to show that this integral is equal to zero, as both n×E = 0 and n×H = 0 on the
cavity surface Scav:

y

Vcav

∇ · (H2 ×E1 −H1 ×E2)d3r =
{

Scav

(H2 ×E1 −H1 ×E2) · nd2r = 0. (6.29)

Equivalently, integrating the right-hand side of (6.28) over the cavity volume yields

y

Vcav

[(ω̃2∆ε̃+ ε0∆ω̃)E1 ·E2 − (ω̃2∆µ̃+ µ0∆ω̃)H1 ·H2]d3r = 0. (6.30)

Finally, with some manipulation, this can be written as

∆ω̃

ω̃2
= −

y

Vcav

(∆ε̃E1 ·E2 −∆µ̃H1 ·H2)d3r

y

Vcav

(ε0E1 ·E2 − µ0H1 ·H2)d3r
. (6.31)

Now some approximations will be made, where it is assumed that the perturba-
tions by the plasma are small. Firstly, using ω2 ≈ ω1 and Q1, Q2 � 1, the left-hand
side of (6.31) can be approximated as

∆ω̃

ω̃2
≈ ∆ω

ω1
+ i

1

2
∆

(
1

Q

)
. (6.32)

Secondly, the perturbed microwave fields are approximated by the unperturbed fields,
E2 ≈ E1 = |E1| and H2 ≈ H1 = i|H1|. Furthermore, the discharges discussed in this
work are assumed to be unmagnetised, ∆µ̃ = 0, resulting in

∆ω

ω1
+ i

1

2
∆

(
1

Q

)
= −

y

Vcav

∆ε̃|E1|2d3r

y

Vcav

(ε0|E1|2 + µ0|H1|2)d3r

= −

y

Vcav

∆ε̃|E1|2d3r

2ε0

y

Vcav

|E1|2d3r
, (6.33)

where in the last step
t

ε|E|2d3r =
t

µ|H|2d3r for a cavity at resonance was used
[60].



Chapter 7

Resonant microwaves probing the
spatial afterglow of an RF plasma
jet

Abstract

The electron density and effective electron collision frequency in the spatial
afterglow of a pulsed radio-frequency driven atmospheric-pressure plasma jet
are obtained by using microwave cavity resonance spectroscopy (MCRS) in a
temporal manner with ∼ 1 µs resolution. During the ‘plasma on’ phase values of
1.7±0.3 ·1018 m−3 for the electron density and 0.12±0.01 THz for the electron
collision frequency were found. These values and standard deviations represent
the collective measurement set with repetition rates ranging from 125 to 8000
Hz. The spread in the plasma parameters during this phase within one repetition
frequency is smaller than 3 per cent. It is observed that remnant species, e.g.
metastables, of previous discharges influence the decay of the plasma. The
work reported is enabled by recent developments in the applied diagnostic with
respect to the resolution in the plasmas’ permittivity. Moreover, a multiplying
probe is used for the electrical characterization of the plasma and the presence
of the cavity did not influence the plasma impedance. This strongly suggests
that the cavity did not affect the discharge.
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Platier, B., Staps, T. J. A., Van Der Schans, M., IJzerman, W. L., & Beckers, J. (2019). Resonant
microwaves probing the spatial afterglow of an RF plasma jet. Applied Physics Letters, 115 (25),
254103.
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7.1 Introduction

Radio-frequency (RF) driven atmospheric-pressure plasma jets are extremely import-
ant ‘tools’ for numerous industrial processes such as plasma-assisted cleaning and
coating [152], deposition [187] and sterilization [188]. Furthermore, these sources
show high potential in plasma medicine [155] with respect to wound healing [150]
and cancer treatment [156]. The combination of low gas temperatures, high concen-
trations of reactive species and no need for expensive vacuum systems is a major
advantage of RF jets over conventional plasma sources [189].

The electron density ne is one of the most important plasma parameters and ac-
curately diagnosing the electron dynamics is key to further develop and optimize the
aforementioned applications. Up to now, several electron diagnostics have been used
in experiments. For instance, the broadening of spectral emission lines can be used to
determine ne [161]. Application of this principle, however, is restricted to only those
regions where plasma emission is of sufficient intensity. Another strong diagnostic,
Thomson scattering—based on the scattering of laser light by free electrons—has been
applied to measure the electron density in atmospheric pressure radio-frequency and
microwave driven plasmas [162–164]. Although the temporal and spatial resolutions
are high, the lower detection limit of it is around 1018 m−3 [162]. In most applica-
tions of RF plasma jets, the interaction of the plasma with the treated target takes
place downstream from the position where the plasma is generated. Especially from
this so-called spatial plasma afterglow region, light emission is too faint to retrieve in-
formation about the free electrons from optical emission spectroscopy measurements.
At the same time, in this spatial afterglow region electron densities are expected at
or below the detection limit of Thomson scattering.

This letter introduces the application of microwave cavity resonance spectroscopy
(MCRS) to monitor in situ the electron dynamics temporally resolved with ∼ 1 µs
time resolution in this highly interesting afterglow region.

Since the development of MCRS in the 1940s [25], it has been used to study
various types of low-pressure plasmas; pristine RF driven plasmas [58, 190], etching
plasmas [91], powder-forming plasmas [13, 48, 191], and EUV photon-induced plasmas
[37, 78]. In all these works, the plasma-induced change in resonant behaviour of a
standing wave in a cavity—a void enclosed by conductive walls—due to a change in
permittivity of the medium inside the cavity is used to determine plasma parameters.
Only recently, Van der Schans et al. [41] extended the operational range of MCRS
by demonstrating that MCRS can be used on atmospheric-pressure plasmas as well
to determine the electron density and effective electron collision frequency between
successive discharges in a high-voltage pulsed plasma jet in N2 feed gas. Moreover,
the resolution of the diagnostic has been improved in recent publications [37, 41].

In this work, MCRS is applied to an RF driven plasma jet, and more specifically to
the spatial afterglow of such a jet. The spatial afterglow region where electrons have
thermalized to values close to room temperature due to multiple collisions with the
background gas is investigated to demonstrate the renewed capabilities—in resolution
and operating range—of the diagnostic method. In contrast to our earlier work where
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only the decay of the plasma could be investigated [41], here the formation, the steady
state and the decay phases are studied. Furthermore, the method is enhanced by
compensation for thermal expansion of the cavity while the resolution in the real
part of the permittivity is increased by again one order of magnitude.

7.2 Experimental setup and methods

The main components of the experimental setup were the plasma source and the mi-
crowave resonance cavity including the control and read-out electronics. A schematic
overview of the experimental setup is shown in figure 7.1 while a more detailed view
of the discharge geometry can be found in figure 7.2.

The atmospheric-pressure discharges were generated with an excitation frequency
of 13.56 MHz in He working gas (purity of 99.999 %) flowing at a volumetric rate
of 1 slm into surrounding air. A function generator, an RF amplifier and a tunable
coil for impedance matching were used to generate the plasma. The function gener-
ator was amplitude modulated by a second function generator which was gated by a
pulse/delay generator in order to generate pulsed plasma discharges with a temporal
width of 50 µs at a repetition rate frep to be set between 125 to 8000 Hz. With these
settings, the duty cycle was varied from 40% to 0.625%. The RF voltage was applied
to an electrode that had a radius of 0.5 mm and a tip angle of approximately 40◦.
This needle electrode was placed concentrically inside a quartz tube of inner radius
1 mm and outer radius 2 mm, with the end of the pin located 3.5 mm before the
end of the quartz tube. The cylindrical shell shaped grounded electrode was placed
around and in contact with the dielectric. The parasitic capacitance of the plasma
source was predefined by shielding the electrodes.

For the electrical characterization of the plasma, i.e. measurement of the driving
voltage, current and power, a multiplying probe—which was insensitive to changes in
the load impedance—as described in [192] was further developed and incorporated in
the plasma source. The temporal resolution of the power was limited by an electronic
filter to 30 µs. An oscilloscope was used to monitor the outputs of the probe. This
probe was used to investigate the influence of the cavity on the plasma. No change
in the load impedance was observed which strongly suggests that the discharge was
unaffected by the presence of the cavity.

As the MCRS diagnostic and method are already described in several other works
[37, 41], describing only the key features suffices here. The resonant behaviour of a
standing wave in a cavity is described by the spectral position of the resonance peak
fres and the full-width-at-half-maximum (FWHM) of the peak Γ which is indicated
by the quality factor Q given by Q = fres/Γ.

Assuming an uniform plasma volume and following the approach of Van der Schans
et al. [41], the change in relative resonance frequency ∆f/f1 and reciprocal quality
factor ∆(1/Q) are the parameters to be measured and used to determine the effective
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Figure 7.1: A schematic overview of the experimental setup consisting of the plasma
source and cavity including the control and read-out electronics.
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collision frequency νeff ,

νeff = πf1
∆(1/Q)

∆f/f1
, (7.1)

and the electron density ne,

ne = 2
ε0me

e2

ν2
eff + 4π2f2

1

V
∆f

f1
, (7.2)

where ε0 is the vacuum permittivity, me the mass of an electron, e the elementary
charge and f1 the resonance frequency of the empty cavity. V is the ratio of the effect-
ive (microwave-field-squared-weighted) plasma volume and the effective (microwave-
field-squared-weighted) cavity volume given by:

V =

t
Vp
|E1|2d3r

t
Vcav
|E1|2d3r

, (7.3)

where Vcav and Vp are the occupied volume of the cavity and plasma, respectively.
A cylindrical copper microwave cavity with an inner radius of 33 mm, a height of

16 mm and a resonance frequency fres of 3.5 GHz for the TM010 mode was used. This
mode had a quality factor of Q = 4 ·103 and therefore provided a temporal resolution
of ∼ 1 µs. The parts of the cavity were vacuum soldered together, resulting in a very
high mechanical stability which translated in excellent reproducibility compared to
the aforementioned works. Concentric holes of 13 mm in diameter in the top and
bottom flat walls allowed the gas flow and discharge to enter and exit the cavity.
Note that at the position, i.e. the cavity axis, where the plasma afterglow entered
the cavity volume, the electric field of the mode was highest, resulting in the highest
MCRS signal per free electron. The quartz tube of the plasma source protruded the
top hole by 1 mm which had no significant influence on the resonant behaviour of the
cavity as a whole.

A microwave signal with frequency f = ω/2π and power Pin (1 mW) was generated
by a microwave generator. These microwaves travelled through a directional coupler
and were applied to a straight antenna that protruded a few mm into the cavity.
Reflected microwaves returned to the directional coupler where 10% of the power
was directed to a logarithmic power detector. The reflected power Prefl depended
on the applied frequency as the cavity was only able to absorb power when the
applied frequency matches a resonance frequency. The temporal response of the power
detector was sampled at 10 MHz using a transient recorder which was triggered by
the same pulse/delay generator to synchronize the measurements with the discharges.
Allowed by the extremely high reproducibility of the discharge dynamics, multiple
discharges were used to create a spectral response for each time step and to reduce
noise by averaging. Computer code was used to set the applied frequency and save the
data of the transient recorder. In this work, 256 discharges were used to determine
the temporal response of the cavity at each frequency. Frequencies ranging from 3.509
to 3.516 GHz with intervals of 5 kHz were probed.
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For each set of discharges with the same f , the temperature of the cavity Tcav

was logged with sub-mK resolution by an NTC thermistor in combination with in-
house developed read-out electronics. This high resolution was needed to compensate
for the apparent frequency shift due to thermal expansion of the cavity caused by
fluctuations in the lab temperature of ∼ 1 K.

In contrast to most MCRS measurements on low-pressure plasmas, in the exper-
iment presented here the plasma only filled a fraction of the cavity and therefore
V � unity. In order to determine the effective plasma volume ratio, the resonant
field profile and the plasma volume were required. The electric field profile of the
TM010 mode for the empty cavity |E1| was calculated with the frequency domain
electromagnetic wave toolbox in COMSOL [193] and is presented in figure 7.2. Vp

was determined by imaging the light-emitting volume with a camera with a macro
zoom lens. From the simulated electric field profile and the camera images, it was
estimated that V ≈ 1.7 · 10−6. The level of accuracy of this estimation is the order of
its magnitude, which in its turn limits the accuracy of the electron densities presented
below.

The camera images show that the light-emitting volume of the plasma extends
to 2 mm outside the quartz tube. At atmospheric-pressure, the energy relaxation
length [194] is < 50 µm for electrons with ≤ 10 eV kinetic energy to cool down to
room temperature. As the probed region here is relatively far away from the RF
electrode and partially outside the glass tube, the electrons are expected to be near
room temperature and gas mixing, i.e. mixing with surrounding air, is likely to occur.

7.3 Results and discussion

For the repetition rates 125, 500, 2000 and 8000 Hz, ∆f/f1 and ∆(1/Q), and from
these derived values of ne and νeff as a function of time are shown in figure 7.3a-
d. In this time frame, the plasma was ignited at t = 50 µs and the RF power was
provided for a duration of 50 µs. Four consecutive plasma dynamical phases can be
identified which are indicated in the figures by Roman numerals and will be described
individually hereafter.

Phase I is used to determine f1 and Q1 for the ‘empty’ cavity. Figures 7.3a-b
show clearly that the response for frep = 8000 Hz was still converging during these 10
µs before ignition of the next plasma event. This leads to an error in the results for
this repetition rate. From the response of the other repetition rates, it can be seen
that the noise level in the resonance frequency is decreased by one order of magnitude
with respect to our previous publication [41] to a standard deviation 1-σ < 25 Hz.

In phase II, the plasma is formed and an increase in electron density and the
effective collision frequency is observed over roughly 20 µs.

In phase III, the plasma power measured by the multiplying probe converges at
20.0±0.2 W. Nevertheless, it can be assumed that this is the power during the whole
phase as steady state is reached. The standard deviations of the plasma parameters
within one frep are smaller than 3 %. For all frep combined, the found ne and νeff
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Figure 7.2: A schematic of the plasma source geometry and the resonance cavity with
the electric field magnitude of the TM010 mode.

are 1.7± 0.3 · 1018 m−3 and 0.12± 0.01 THz, respectively. Following the approach of
[195], near the electrode ne is estimated as 5 · 1018 m−3 and the typical length over
which electrons can diffuse ∼ 1 mm. As this length is comparable with the size of the
plasma, the estimation of ne is also valid for the probed region for which very similar
densities were found experimentally. νeff, unlike ne, is unaffected by the systematic
error arising from the effective volume. The value of νeff is close to the 0.15 THz
which was calculated from the effective electron-neutral collision cross sections [119]
for atmospheric-pressure He and electrons at room temperature. The small difference
in the experimental and theoretical value can be attributed to in-mixing, as similar
calculations provided νeff for N2 and O2 of 0.08 and 0.03 THz, respectively. This
approach might be an elegant way to measure the composition of the background gas
in future experiments.

In phase IV, after turning off the RF power, the ne and νeff decrease as can be seen
in figure 7.3e. Approximately 200 ns later, a brief increase in the electron density
is observed. As described earlier in literature [196], this effect can most likely be
attributed to Penning ionization. ∆ne, i.e. the difference between the ne at the end
of the previous phase (t = 100 µs) and the maximum in phase IV, is indicated in figure
7.3f for several values of frep. The error in ∆ne is dominated by a term which relates
to the fact that the cavity was not fast enough to follow the changes in the plasma at
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Figure 7.3: Temporal evolution of (a) the relative frequency shift, (b) the change
of the reciprocal quality factor, (c) the electron density, (d) the effective electron
collision frequency for different plasma repetition frequencies and (e) the electron
density around the moment of turning off the RF power. The difference in electron
density between t = 100 µs and in the peak as a function of the repetition frequency
is shown in (f). The Roman numerals indicate the four phases in the experiment.
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this moment in the evolution. A trend in the number of additionally created electrons
is observed: ∆ne increases while decreasing the time between the RF pulses. This
can be attributed to e.g. the less decay of remnant species of previous discharges or
a change in reaction rates due to gas heating.

After this brief increase in ne, the decay of the electron density and of the effective
collision frequency continues. At t = 175 µs the start of the successive discharge for
a repetition rate of 8000 Hz can be seen in figures 7.3a-d.

The obtained temporal evolution from t ≈ 120 µs onwards would have been below
the noise level without the advancements developed in this work. The improved
mechanical stability and higher Q of the cavity, and the increased number of responses
used in the analysis resulted in an 1-σ in the real part of the relative permittivity of
1 · 10−8. The lowest value of the electron density which can be detected depends on
νeff and V. If the collisions can be neglected and the plasma fills the whole cavity,
the lower detection limit is ∼ 2 · 109 m−3. For νeff = 1 THz and fres = 3.5 GHz,
this limit is ∼ 4 · 1012 m−3 when the whole cavity is filled and ∼ 2 · 1018 m−3 for
V = 1.7 · 10−6. During phase III the resolution in ne is ∼ 3 · 1016 m−3, which is 2 %
of the measured value. When the changes in resonant behaviour are very small with
respect to the empty cavity, the properties of the electrons can no longer be assumed
to be the only contributors to changes in permittivity. This opens up a playground
for exploring other (plasma-induced) phenomena affecting the permittivity.

7.4 Conclusions

In conclusion, this work demonstrates that Microwave Cavity Resonance Spectroscopy
is capable of resolving the electron dynamics during all phases of the evolution of the
spatial afterglow of a pulsed radio-frequency driven atmospheric-pressure plasma jet.
Furthermore, no changes in the electrical characteristics of the plasma due to the
presence of the cavity were observed which strongly suggests that the cavity did not
affect the discharge.
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Chapter 8

Plasma-induced acoustic waves
probed by resonant microwaves

Abstract

Microwave Cavity Resonance Spectroscopy is introduced and demonstrated as a
new approach to investigate the generation of acoustic waves by a pulsed radio-
frequency driven atmospheric-pressure plasma jet. Thanks to recent advance-
ments to the diagnostic method, the lower detection limit for pressure changes
in air is ∼ 0.3 Pa. Good agreement with conventional pressure transducer meas-
urements with respect to the temporal evolution, the pressure amplitude and
the spectral response is found. Fourier analysis revealed that the acoustic waves
induced by the plasma can most likely be attributed to standing waves in the
discharge geometry.
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8.1 Introduction

Atmospheric-pressure plasma jets have proven themselves in various industrial ap-
plications such as plasma-assisted cleaning and coating [152], deposition [187] and
sterilization [188]. Additionally, these sources have shown enormous potential in
plasma medicine: e.g. wound healing [150], gene transfection [197] and cancer treat-
ment [156]. The presence of reactive species and the generation of UV radiation,
charged particles and electric fields give these plasmas an edge over more conven-
tional technologies [155].

The last few years the community started with investigating plasma-induced flow
changes in atmospheric-pressure jets. Near the powered electrode, gas heating oc-
curs almost instantaneously, which increases the pressure locally and subsequently
induces acoustic waves [198]. These acoustic waves are a cause for instabilities and
disturbances in the flow downstream and directly influence the production of reactive
species by the plasma. Despite the importance of the flow for the plasma chemistry
and the ability to deliver the species to the target to be treated, the influence of dis-
charges on the gas flow of plasma jets has only been investigated in a few works [199].
Methods used to elucidate this interaction are numerical calculations [198], Schlieren
photography [200], optical emission spectroscopy [201] and electrical studies [201].

In this communication, Microwave Cavity Resonance Spectroscopy (MCRS) is in-
troduced as a new diagnostic method to study pressure waves. In the original method,
a change in resonant behaviour of a standing wave in a cavity—a void enclosed by
conductive walls—is related to a change of the permittivity of the medium inside
it. The introduced approach turns this principle around and uses for the first time
a known permittivity to determine a pressure difference. The resolution in the per-
mittivity was increased subsequently in our publications [37, 41, 42, 118]. Here, the
noise in the permittivity is even further reduced, although this time at the cost of
the temporal resolution, resulting in a standard deviation of less than 1 part in 600
million. With that, the diagnostic has become sensitive to such an extent, that the
lower detection limit for the pressure differences in ambient air is ∼ 0.3 Pa. For the
generation of the acoustic waves, the same plasma source was used as in [42] where
the electron dynamics in a radio-frequency (RF) driven atmospheric-pressure plasma
were studied. Moreover, the plasma-induced acoustic waves of a few (tens of) Pa are
proposed as an active mechanism in plasma medicine.

8.2 Microwave Cavity Resonance Spectroscopy

The resonant behaviour of a standing wave in a microwave cavity is described by
the spectral position fres and the respective value of the full-with-at-half-maximum
Γ of the resonance peak. Changes in the former relate to differences in the real
part of the permittivity, while the latter is coupled to the imaginary part. In the
past, MCRS was used to study various types of plasmas: pristine RF driven plasmas
[58, 190], etching plasmas [91], powder-forming plasmas [13, 48, 191], ultracold plas-
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mas [118], EUV photon-induced plasmas [37, 78], and high-voltage pulsed [41] and
radio-frequency driven [42] atmospheric-pressure plasma jets. Besides for studying
plasmas, this technique has been used to determine properties of materials, i.e. molar
polarization [202] and dielectric constants in the microwave regime [203].

In this work, the changes in the real part of the permittivity of the material inside
the cavity ∆ε are investigated and related to transient pressure changes. Hence, only
the relative change in the spectral position ∆f/f1—with respect to the unperturbed
situation—needs to be determined,

∆f

f1
= −

y

Vcav

∆ε|E1|2d3r

2ε0

y

Vcav

|E1|2d3r
. (8.1)

In equation 8.1, E1 is the unperturbed spatially dependent electric field of the res-
onant microwave field, Vcav the cavity volume, f1 the resonance frequency of the
unperturbed cavity and ε0 the vacuum permittivity. The change in permittivity ∆ε
due to a change in pressure ∆p is given by:

∆ε = ε0
1− εr,1

p1
∆p, (8.2)

where εr,1 is the relative permittivity at pressure p1. This equation is rewritten from
the Debye equation [202] while assuming that there is no temperature difference and
the gas can be described by the ideal gas law, while applying a first-order Taylor
expansion around ε = 1. Assuming a cavity homogeneously filled wih gas, the two
equations above reduce to:

∆f

f1
=
εr,1 − 1

2p1
∆p. (8.3)

At atmospheric pressure, the relative permittivity εr,1 of He is 1.000071±0.000001
and that of air is 1.000575±0.000001 [203] in the microwave range. These values
are obtained by the same measurement principal as applied in this publication. Due
to recent efforts to increase the resolution in the measured permittivity, this would
demonstrate that it is indeed possible to determine these values—even in a temporal
manner with ∼ 10 µs resolution—with three orders of magnitude better accuracy.

8.3 Experimental setup and methods

The experimental setup used here comprised a plasma source, a resonant cavity in-
cluding the required electronics, and equipment for conventional acoustic pressure
measurements. A schematic overview of the experimental setup is shown in figure 8.1.
To accommodate the reader, only the essentials of the plasma source and the MCRS
setup are given below as they are thoroughly described in [42].

As a plasma source, a pulsed radio-frequency driven atmospheric-pressure dis-
charge was used. These discharges were generated with an excitation frequency of
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13.56 MHz in He working gas (purity of 99.999 %) flowing at a volumetric rate of
1 slm. A set of two function generators, an RF amplifier and a tunable coil for imped-
ance matching were used to generate plasma. The in-pulse plasma power (∼ 20 W)
was measured by a multiplying probe [192]. The first function generator was amp-
litude modulated by a second function generator which was gated by a pulse/delay
generator to generate pulsed plasma discharges for a duration of 50 µs (i.e. 678 RF
cycles) at a repetition rate of 62.5 Hz. The RF voltage was applied to a vertical
needle electrode which was placed concentrically inside a quartz tube (see figure 8.1).
The gas flows from a mixing chamber (I) through 6 parallel channels (II) into a void
(III) which was directly connected to the quartz tube (IV) and flows out from the ex-
haust (V). The cylindrical shell-shaped grounded electrode was placed concentrically
around the dielectric tube in a contacting manner while leaving the last 2 mm of the
quartz tube uncovered.

A copper cylindrical microwave cavity with an inner diameter of 66 mm and a
height of 16 mm was used. A concentric hole of 13 mm in diameter in each of the
flat walls allowed the gas flow and discharge to enter and exit the cavity without
significantly building up an overpressure. The used TM010 mode had a resonance
frequency fres of 3.5 GHz and provided a temporal resolution of ∼ 1 µs.

A microwave signal with frequency f and power Pin (0 dBm) was generated by
a microwave generator. These microwaves travelled through a directional coupler
and were applied to a straight antenna that protruded a few mm into the cavity.
Depending on f , the cavity was able to absorb a certain fraction of Pin, and the
remainder was reflected through the directional coupler of which -10 dB was directed
to a microwave power detector.

To monitor the resonant behaviour, 1401 equidistantly spaced frequencies ranging
from 3.509 up to 3.516 GHz were probed. A temperature measurement with sub-mK
resolution was performed for each set of f to compensate for thermal expansion of
the cavity [42]. The temporal response of the power detector was sampled at 10 MHz
using a transient recorder which was triggered by the same pulse/delay generator
to synchronize the measurements with the discharges. The plasma was ignited at
t = 50 µs and the period of 10 µs directly before the ignition was used to characterize
the unperturbed cavity.

Allowed by the extremely high reproducibility of the discharge dynamics, 256
discharges could be used to determine the temporal response at each f . To reduce
the noise even further, a moving average with a width of 400 timesteps (40 µs) was
taken of ∆f . The cutoff frequency of this low-pass filter was 11 kHz and was optimized
for maximum averaging while maintaining bandwidth for frequencies which could fill
the cavity ‘homogeneously’. This filter increased the tardiness of the ‘cavity’ and
reduced the standard deviation of the noise in the determination of the resonance
frequency to 2.8 Hz.

Conventional acoustic measurements were performed for the verification of the
MCRS measurements. The transiently varying acoustic pressure was measured by
a calibrated transducer, a microphone, of which the output was monitored by a 16-
bit ADC at a sample rate of 48 kHz. These measurements were performed at three
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distances (14, 21 and 28 cm) in the absence of the cavity to prevent additional reflec-
tions of the acoustic waves before detection. To increase the signal-to-noise ratio and
suppress laboratory background sounds, from e.g. vacuum pumps and fans, the meas-
ured acoustic pressure response was averaged over 256 discharges and synchronized
manually with the discharges.

8.4 Results and discussion

The evolution of the change of the relative resonance frequency ∆f/f1 is presented
in figure 8.2a, where the colour black is used to indicate positive shifts and red
for negative shifts for visualization. This graph shows that at the end of the pulse
period the oscillations in the shift did not vanish in the noise band. This means
that the earlier specified value of the noise level is an overestimation. Hence, the
characterization of the resonant behaviour of the ‘undisturbed’ cavity contains a small
error.

In our previous publication [42] the changes in resonant behaviour during the
first 200 µs after t = 0 were related to the electron dynamics in the discharge. In
the 30 µs hereafter, the contribution of the electrons to the resonant behaviour was
still present. Since this work focuses on acoustic waves, the period during which the
plasma contribution dominates the shift/signal is omitted from the analysis. Presum-
ably, free charge carriers do not contribute to changes in the resonant behavior after
t = 230 µs. Readers interested in the plasma dynamics are advised to consult our
prior publication [42], which discusses the electron dynamics in the spatial afterglow
produced by the same plasma source as used in this investigation.

The obtained shift of the microwave resonance frequency is used to calculate the
pressure difference ∆p required to induce the shift using equation 8.3. A graph of the
temporal evolution of ∆p is shown in figure 8.2b for He (magenta) and air (green).
Due to the lower permittivity of He compared to that of air, it requires larger pressure
differences to induce the same shifts in resonance frequency. This graph shows fast
and slow frequency components which were separated by a second moving average
with a cutoff frequency of 3.7 kHz. This low-frequency baseline is indicated in the
figure with a cyan line. Later in this writing, the low-frequency components, which
are attributed to a change in He concentration in the cavity, are discussed in more
detail. The fast frequency components, which have been obtained by subtracting
the signal with the low-frequency components in the measured signal, are discussed
directly below.

8.4.1 Acoustic-frequencies components

In the following paragraphs, the results of the MCRS and transducer measurements
are compared. In subsequent order, the temporal evolution, the maximum pressure
amplitude and the spectral components are described.
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Figure 8.2: (a) Temporal evolution of the relative frequency shift ∆f/f1 where the
negative values are indicated in red while the positive shifts in black. (b) The pressure
difference ∆p for air (green) and He (magenta) required to induce a shift in the
resonance frequency as presented in (a).
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Temporal evolution

The transient pressure differences obtained from the MCRS measurements and the
acoustic transducer for a distance of 14 cm are shown in figure 8.3. The dashed
lines are present in the figure to guide the eye. For these lines, exponential decay is
assumed following A · exp(−B · t), where B is equal for both figures and A is scaled
to correct for the different measurement positions. Both methods show a decrease in
pressure amplitude throughout the first 8 ms after the discharge.

Besides agreement in decay rate, both responses show a pattern related to the
superposition of multiple frequencies.

The evolution of pressure ∆pmic for the three transducer positions is similar but
not identical. This can be explained by the fact that the plasma source was mounted
on a support for the jet and cavity which was a suboptimal environment for acoustic
measurements due to reflections of the acoustic waves on the metal surfaces.

Pressure amplitude

The maximum pressure amplitudes in the evolution of the transducer measurements
pmax

mic on the three positions are used to determine, assuming a point source and
conservation of sound intensity, the maximum audio power Pmax = 0.11± 0.01 mW.
Based on Pmax, the pressure amplitude pmax

calc is calculated for air and He over the
relevant range of distances. Figure 8.4 presents the maximum pressure amplitude
obtained by the transducer pmax

mic on the three positions, the calculated pmax
calc and

measured by the cavity pmax
MCRS. Over this distance range, the maximum pressure

amplitude varies from 0.2 up to 100 Pa. For reference, a pressure amplitude of 1 Pa
equals a sound pressure level of 94 dB. Note that the measured sound levels can
induce hearing damage.

Near the point source, the pressure amplitude pmax
calc is relatively large while the

MCRS sensitivity here is low as the gas in this region consists mainly of He. The
abscissa of the intersection of the lines pmax

MCRS and pmax
calc is 0.2 cm for He and 2.9 cm

for air. As the former is approximately the radius for the region of the He gas flow
and the latter the inner cavity radius, the maximum pressure amplitudes obtained
by the cavity and transducer are in good agreement with each other.

Frequency analysis

A Fourier transform algorithm is used for the spectral analysis of the transient pres-
sures. The spectra for the MCRS and transducer at a distance of 14 cm are presented
in figure 8.5.

The transducer spectrum contains peaks which are not present in the MCRS
spectrum. This difference is attributed to the higher sensitivity of the transducer
with respect to laboratory sounds due to its placement and omnidirectional sensitivity.
Further, the higher-frequency waves might cancel out in the volume of the cavity.
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Figure 8.3: The evolution of the pressure difference obtained by (a) the resonance
cavity and (b) the transducer at a distance of 14 cm. The dashed lines are there to
guide the eye.
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Figure 8.4: The maximum pressure amplitudes obtained by three methods: the green
horizontal lines indicate the required pressure amplitude to induce the measured
MCRS shifts, the circles indicate the results from the transducer at the three positions
and the blue curved lines represent the amplitudes calculated from the power of the
point source. The dashed lines represent the data for air while the solid lines are used
for He.

The spectral positions of the three most prominent peaks of the high-frequency
components, indicated in green, are very close to the related peaks in the transducer’s
spectrum (blue).

To find the cause of the acoustic waves and the mechanism behind them, the
spectrum is further analyzed. The resonance frequency fo of an acoustic wave in a
tube with both ends open is given by:

fo =
vno

2L
, (8.4)

where v is the speed of sound, no the resonant mode number and L the length of the
tube.

The geometry of the quartz tube and mixing chamber is rather complex making
it difficult to identify the corresponding parts which act as an acoustic column. The
total distance from the exhaust of the quartz tube (IV) up to the end part (I, II or
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Figure 8.5: Normalized spectral densities of the responses obtained by MCRS and
transducer measurements. MCRS-AF and MCRS-LF are the spectra of the sig-
nal with acoustic-frequency components and low-frequency components, respectively.
The black vertical lines indicate the calculated acoustic resonance frequencies f0.

III) is used to define L. The length L and its estimated error are given in table 8.1
for three combinations of parts of the source geometry.

The spectral positions of the peaks in the MCRS and transducer spectra which
are related to these theoretical spectral positions of fo for no = 1 are presented in
the same table and in figure 8.5 by the vertical lines. These experimentally and
theoretically determined spectral positions are in good agreement with each other.
For this reason, the acoustic pressure waves that are detected, can be attributed to
standing waves in the gas delivery system.

Hence, these frequencies can be tuned by adjusting the length of the tubes to in-
duce acoustic resonances at a specific resonance frequency, i.e. to prevent intermixing
of the contributions of the electron dynamics and acoustic resonances during MCRS
measurements.
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Table 8.1: The resonance frequencies measured and calculated for several combina-
tions of parts of the discharge geometry are presented in the table. The parts are
identified by Roman numerals in the first column while the length of the source
geometry L is given in the second column. The corresponding acoustic resonance
frequencies are presented in the other columns.

parts L (m) fo (kHz) fMCRS (kHz) fmic (kHz)
I-V 0.0830±0.0002 6.3±0.2 6.19±0.06 6.28±0.06
II-V 0.0780±0.0002 6.5±0.2 6.69±0.06 6.66±0.06
III-V 0.0680±0.0002 7.4±0.2 7.13±0.06 7.23±0.06

8.4.2 Low-frequency components

The low-frequency components, which were separated by the second moving average
filter, are treated from here on. These disturbances consist mainly of components with
frequencies below 250 Hz, as indicated in cyan in figure 8.5, and were not detected
by the transducer. As these oscillations fell within the measurement range of the
apparatus, it suggests that these are not related to an acoustic wave phenomenon.

The measured shift of the resonance frequency is caused by a change in cavity
content, e.g. the He/air ratio. Based on the relative resonance frequency shift, the
required change of the E-field-weighted He content in the cavity is estimated as 1
part in 105. As this is only 0.5 mm3 of the air replaced by He and vice versa, it is
plausible. These oscillations were not damped within the pulse period of 16 ms which
means that the previous discharge still affects the dynamics of consecutive discharges
after 16 ms. This might be an alternative explanation for the found trend in the
height of the jump in electron density after turning off the RF power in our previous
publication [42].

8.5 Conclusions and outlook

The temporal evolution, the pressure amplitude and spectra of the MCRS and trans-
ducer measurements are in good agreement with each other. Less prominent peaks
in the transducer spectrum are not present in the MCRS spectrum, which can be
explained by the absence of the cavity during the transducer measurements and high-
frequency waves can be averaged out in the cavity volume.

Low-frequency components in the MCRS spectrum are attributed to a change in
the gas composition in the cavity and are proposed as an alternative explanation of
a plasma phenomenon described in our previous publication [42].

No audible sound was observed when the plasma was not pulsed, which suggests
that the acoustic waves are produced during the generation or decay of the plasma.
This observation supports the work of Lietz [198].

Plasma-induced shock waves are used for many years in plasma medicine, however
at elevated levels—500 Pa up to 100 MPa [204–206]—in comparison to the pressure
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differences measured here. As only a few Pa is sufficient to cause ruptures of biopoly-
mers within cells [207], it is very much possible that these milder shock waves could
be an active mechanism in plasma medicine.

Earlier in this communication, it was stated that the accuracy in measuring the
real part of the permittivity was increased by 3 orders of magnitude compared to
Birnbaum et al. [203]. In contrast to the experiment presented here which required
large holes in the cavity, for the determination of the permittivity of gasses, a cavity
with small holes suffices. This cavity will have lower losses and higher resolution
in the real part of the permittivity. Moreover, investigating non-transient resonant
behaviour requires less time and therefore allows for more averaging and smaller
frequency steps. Both contribute to a further increase in the resolution making this
a competitive technique for the determination of material properties.

The introduced approach could also be applied in the following experiment which
makes use of the unique feature of the MCRS technique: the capability of probing
pressure differences without direct access. By doing this up- or downstream of a
plasma confined to a glass tube, it would be possible to determine the product of the
gas-heating volume and the change of gas temperature without the need to separate
the acoustic waves from the electron dynamics. As this process of gas-heating takes
place within tens of ns, so far no other experimental methods are available to study
these phenomena [198]. By reducing the height of the cavity and the diameter of the
axial holes, a larger range of acoustic frequencies would satisfy the conditions of the
uniformly filled probing volume. Moreover, this experiment would benefit from the
approach to correct the resonant field for the presence of the glass tube introduced by
Faltýnek et al. [58] and to spatially resolve the pressure gradients by using multiple
resonant modes [37].

In summary, these results demonstrate that Microwave Cavity Resonance Spec-
troscopy can be used to study acoustic pressure waves. In contrast to Schlieren
imaging and acoustic measurements, the approach introduced in this work is capable
of resolving transient pressure differences over longer timescales and volumes even
without direct access. The pressure waves induced by the plasma can be described
as standing waves in the tube of the plasma jet configuration.





Chapter 9

Probing collisional plasmas;
opportunities and challenges

Abstract

Since the 1940s, Microwave Cavity Resonance Spectroscopy (MCRS) has been
used to investigate a variety of solids, gases and low-pressure plasmas. Re-
cently, the working terrain of the diagnostic method has been expanded with
atmospheric-pressure plasmas. This article discusses the advancements which
were required for this transition and the implications of studying collisional
plasmas. These developments and implications call for a redefinition of the lim-
itations of microwave cavity resonance spectroscopy, which also impacts studies
of low-pressure plasmas using the diagnostic method. Moreover, recommenda-
tions concerning the approach and its potential for future studies are presented.

Parts of chapter 2 and 9 form an article which is in preparation:
Platier, B., Staps, T. J. A., Koelman, P. M. J., Van Der Schans, M., Beckers, J., & IJzerman, W.
L. (2020). Probing collisional plasmas with MCRS; opportunities and challenges. Target journal:
Applied Sciences.
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9.1 Introduction

Since the introduction of Microwave Cavity Resonance Spectroscopy (MCRS) as a
plasma diagnostic in the 1940s [25], the technique has been solidified by a series of
publications [88–90, 208]. Over the last eight decades, the measurement approach has
been used to study various types of low-pressure plasmas: pristine radio-frequency
(RF) driven low-pressure plasmas [58, 190], powder-forming plasmas [13, 48, 191],
etching plasmas [91], ultracold plasmas [118] and EUV photon-induced plasmas [37,
39, 78]. A giant leap in this development of the diagnostic tool was the introduction
of the multi-mode approach which enabled resolving spatial distributions of the elec-
tron density in low-pressure plasmas [37]. In the exemplary uses of MCRS mentioned
above, the change in the spectral position of a resonance peak of an electromagnetic
standing wave in a plasma filled cavity was used to determine the changes in per-
mittivity which subsequently were related to the electron density ne of the cavity’s
content.

Only recently, it has been demonstrated that MCRS can be used to study the
electron dynamics between successive discharges in an atmospheric-pressure pulsed
plasma jet in N2 feed gas [41]. In such atmospheric-pressure discharges, the con-
tributions of the electron density ne and the electron momentum transfer collision
frequency νm to the alterations in the complex permittivity ε̃ needed to be separ-
ated. The changes in position as well as the width of a resonance peak were used
to separate and determine the individual contributions. This ‘atmospheric-pressure’
avenue was continued by exploring the full temporal evolution of the electron density
in the spatial afterglow of an RF-driven atmospheric-pressure plasma jet [42]. In both
investigations of atmospheric-pressure discharges, the changes in resonant behavior
were relatively small and for this reason, the resolution in permittivity had to be and
was improved significantly over the last few years.

As the resolution of MCRS improved, more phenomena could be probed with
the method. This is because the presence of free electrons is only one of the factors
affecting the permittivity. The importance of separating the different contributors
to changes in the resonant behavior during plasma experiments was demonstrated in
the study of an RF jet [43]. In that work, the contributions of the plasma dynamics,
the acoustic waves and the gas composition have been separated.

With the transition towards atmospheric-pressure plasmas, the perspective on the
limitations of the diagnostic method has changed and the descriptions of the limita-
tions need to be adapted. The first meticulous theoretical investigation of the validity
of the MCRS diagnostic method has been performed by Persson [209]. Unfortunately,
the limitations were not presented in an accessible way which has reduced the im-
pact of the marvelous work. Agdur et al. [210] have focussed on the perturbation of
the resonant field by the plasma and have derived an analytical expression for the
resonance frequency of a partially filled cavity.

In most all of the previous works, the practical limit ωpe � ω is used to indic-
ate the maximum measurable electron density [33, 64, 211, 212]. Here, ωpe denotes
the plasma electron frequency—which depends on the electron density—and ω the
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angular frequency of the applied microwave field. Above this limit, the shift of the
resonance frequency no longer scales linearly with the increase in the electron dens-
ity and translating measurements into tangible physical parameters becomes difficult.
However, this limit gives an underestimation of the range of plasma parameters which
can be explored by MCRS. Especially for atmospheric-pressure plasmas—which do
not fill the whole cavity volume and have a collision frequency larger than the mi-
crowave angular frequency—a new and more accurate limit would be beneficial. A
simpler approach is the usage of the (collisional) skin depth as an additional para-
meter to limit the range of plasmas which can be probed by MCRS [41, 212], but
also this condition does not capture all relevant physics involved. Several theoretical
studies have been performed to investigate the perturbation of the microwave field by
the presence of the plasma [210, 213–215]. Experiments demonstrated that overdense
plasmas (ωpe > ω) can be probed when the plasma is located at a node of the applied
resonant field [211]. Furthermore, the non-linear regime of the response of a cavity
has been used to investigate discharges [214].

Moreover, there are several complicators in the analysis of experimental data
related to atmospheric- and low-pressure plasmas. As these challenges could have
a severe impact on the outcome of the analysis, it is necessary to propound them.
These ‘warnings’ will often be accompanied by (possible) solutions.

This article presents an overview of the opportunities and challenges in this new
work terrain for MCRS. The main messages of this article can be summarized as
follows:

1. The resolution in the resonant behavior—and therefore in the permittivity—is
improved by several advancements in the measurement approach. Based on
an experimental study, the dependency of this resolution on the number of
averages and the size of the frequency sweep step is explained and translated
to the optimal parameters with respect to the needed measurement time and
resolution. Additionally, the influence of the quality factor on the resolution is
explained.

2. As smaller changes in the resonant behavior can be resolved due to recent im-
provements of the method, the electron dynamics are no longer the only detec-
ted contributor to changes in the permittivity during plasma experiments. The
improvements to the diagnostic method enabled measuring—non-selectively—a
new range of physical properties, e.g., gas composition, gas pressure, the number
density of metastables, etc. For this reason, we recommend thinking of permit-
tivity as the main parameter when analyzing MCRS measurements rather than
ne and νm. Further, a more detailed description is given of the temperature-
corrected apparent frequencies which have been introduced in reference [42].

3. For plasmas where the collision frequency of the electrons cannot be neglected
with respect to the applied angular microwave frequencies and also have a spa-
tial dependency, the interpretation of the measurement data and the obtained
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ne requires special care. The determination of the collision frequency of the elec-
trons in a plasma with a spatial profile is very susceptible to errors of multiple
orders of magnitude.

4. In the two MCRS studies of atmospheric-pressure discharges [41, 42], a camera
was used to determine the volume which is occupied by the plasma. This
volume together with the calculated resonant field profile is used to estimate
the effective volume ratio V. The uncertainty in the volume occupied by the
plasma, and subsequently in V, limits the accuracy of the determination of
the electron density to its order of magnitude [41]. A range of improvements
concerning this topic is proposed.

5. The linearity of the shift in resonance frequency with the change of permittivity—
or more traditionally the electron density—is investigated for a wide range of
plasma parameters such as geometric dimensions, electron-neutral collision fre-
quencies and electron densities. Moreover, the correlation between the radius
and the position of the plasma column with the mode structure is explored in
relation to the lower limit of the permittivity or in archaic terms the upper limit
of the electron density.

Each of these main messages summarized above will be covered in one of the para-
graphs 9.2.1 - 9.2.5. As these are more advanced topics, the author assumes the reader
to be familiar with the general concept of probing collisional plasmas with MCRS as
described in chapter 2. This all is followed by a collection of recommendations to
take (new) users of this diagnostic method by the hand as well as to suggest further
improvements of the approach itself. The article is finalized with a conclusion section.

9.2 Results and discussion

9.2.1 Increased accuracy in the permittivity

The high collisionality of the electrons in atmospheric-pressure plasmas suppresses the
change in the real part of the permittivity, which is responsible for the shift in fres.
Hence, an increase in the accuracy of the determination of the resonance frequency
was required for the transition towards probing atmospheric-pressure plasmas1. The
typical resolution in the change in the relative permittivity is ∼ 10−3 − 10−5 [12, 48,
78, 132]. However, a resolution of ∼ 10−7 was reported in a few exceptional cases
[58, 103, 113]. In this article, we present an increase of the resolution in the real

1Over the last few years, the research group Elementary Processes in Gasdischarges (EPG)
at the Eindhoven University of Technology developed a more accurate method to determine the
changes in the resonant behavior of a standing wave by replacing the trusted transmission scheme
[10, 11, 13, 22, 216] with using measurements in reflection mode [37], improving the fitting algorithm
[41], increasing the number of averages [39, 41, 42], increasing the number of probing frequencies
[39, 41, 42], improving the mechanical stability of the cavity [42], introducing temperature-corrected
apparent frequencies [42] and temporal averaging [39, 43].
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part of the permittivity by more than two orders of magnitude to ∼ 4 · 10−10. This
value means that the standard deviation in the determined resonance frequency is
less than 1-part-per-5-billion. To the best of the authors’ knowledge, the resolution
in the quality factor has not been specified earlier. In this article, the best accuracy
in ∆(1/Q) was ∼ 10−6.

In this section, the influence of the number of averages and the frequency step
size on the error of the determined resonance frequency and quality factor is covered
to help other users of the diagnostic method to optimize the total duration of the
experiment. The cavity—and the rest of the setup—used for this study is described
in detail in reference [42] and had a fres of 3.51 GHz and a Q of 4·103 for the TM010

mode. The experiment was performed frequency-resolved with 4096 averages of the
temporal responses per probing frequency and a frequency step size of 1 kHz over a
range of 3.5075 to 3.5175 GHz.

The characteristic time τ of the used resonant mode was ∼ 0.36 µs. This means
that only 0.4 % of the resonant field was still remnant after 2 µs and that meas-
urements with these intervals were assumed to be uncoupled. Within each temporal
response, 100 uncoupled samples were obtained. Due to a technical limitation, the
maximum sample interval of 100 ns was shorter than the response time of the cavity.
For this reason, the duration of each temporal response for a single frequency was
200 µs and contained 2000 samples while only 1 in 20 subsequent samples in the
temporal response were used in the analyses.

During the analyses, subsets of the experimental data were selected and used to
emulate experiments for a range of frequency step sizes and a number of averages.
The results presented here were obtained while 1 SLM He flow was passing through
the cavity and were very similar to the results obtained without flow2. In both
experimental conditions, no discharges were produced.

For comparative purposes, the coefficient of variation Ĉv is used,

Ĉv =
s

x̄
, (9.1)

where s is the standard deviation and x̄ the mean of the parameter of interest.
Figure 9.1 presents a graph in which Ĉv is indicated as a function of the frequency

step size and the number of averages. The data related to ∆f is indicated in blue
while red is used for ∆(1/Q). Squares are used for the parameter study with respect to
the number of averages with a fixed frequency step size of 1 kHz, circles for the study
with respect to the frequency step size with 4096 averaged temporal responses per
probing frequency and triangles for the complete data set with the maximum number
of averages and frequencies (incl. temporal averaging with a width of 2 µs). The total
duration of the experiment was approximately 4 hours, whereas the top horizontal
axis indicates how much shorter the actual measurement time would have been for
the emulated settings. Note, that the reduction factor is idealized by neglecting, e.g.,

2Previously, a larger standard deviation has been observed in experiments with flow than without
flow. However, this problem has been solved by simultaneously improving the mechanical stability
of the metal structure forming the cavity and its mounting.
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Figure 9.1: The coefficient of variation, i.e., the normalized standard deviation of
∆(1/Q) (red) and ∆f (blue) as a function of the number of averages (square) and
the frequency step size (circle). When in the analysis the data of 20 consecutive time
steps are averaged, the results are indicated by triangular symbols.

the time it takes to adjust the probing frequency and to save the measurement data.

The used approach is significantly less accurate in determining the Q of a res-
onant mode than the resonance frequency of it. This is not unexpected because Q
contains the error in fres in the first order and, more importantly, the procedure for
the determination of FWHM is less accurate. However, this exercise shows that the
accuracy can be improved by increasing the number of averages and probing frequen-
cies in an experiment. Other avenues to increase the accuracy will be given in section
9.3.

Size frequency step vs number of averages

Averaging of multiple measurement samples is a routine commonly used to reduce
noise in experimental results. According to theory, the noise reduction follows Nβ,
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where N is the number of samples and β the exponent which indicates the noise
reduction. In this experiment the number of probing frequencies multiplied by the
number of averages and if applicable multiplied by the sample width of the moving
average. In the ideal case β = 0.5 [217]. Hereof in this section, the exponent β as a
function of the frequency step size and number of averages is investigated.

In terms of this experiment, the exponent β is expressed as,

Ĉv,high

Ĉv,low

=
(Nhigh

Nlow

)β
, (9.2)

where Ĉv,low and Ĉv,high are the coefficient of variation for the experiment with the
least samples and the most samples, respectively, and similarly for the number of
samples Nlow and Nhigh.

Figure 9.2 presents a graph in which β is shown as a function of the experimental
settings. The emulated experiment with 4096 averages and 1 kHz step size is used as
a reference to compare the other settings to.

For very small frequency step sizes, β is lower than 0.5 and, more importantly,
lower than the equivalent β for the scan of the number of averages. Despite that a
parameter scan is only performed along the orthogonal axes of the parameter space,
the results presented in this graph strongly indicate that it is best to reduce the
number of probing frequencies over the width of the peak to ∼ 50, i.e., in this case this
means, a frequency step size of 200 kHz while the remaining budget in measurement
time should be used for probing additional discharges to increase the number of
averages.

The exponent β for the scan of the number of averages fluctuates around 0.5. It
can be concluded that the noise is reduced as expected for stationary noise with a
mean which is zero [217]. It appears that the resolution in Q and fres scales in the
same manner with the sample size. The spread in the exponent β related to the
number of averages decreases for decreasing number of number averages. This can be
explained by the fact that the noise becomes smaller when the difference in sample
size becomes larger.

The triangular symbols indicate the exponent related to the increase in resolution
by the post-processing step in which 20 subsequent samples of fres and Q were av-
eraged. It appears that the reduction of noise by this method is less efficient than
that by including additional samples as a result of probing more discharges. However,
this moving average is relatively cheap in measurement time as it does not require
additional discharges3. It is important to mention that a moving average acts as a
low-pass filter. Hence, it increases the ‘tardiness’ of the response of the cavity.

3An increase in the sampling frequency to accommodate the moving average could lead to a
longer duration of the experiment as more data needs to be saved.
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Figure 9.2: The exponent β which indicates the noise reduction in ∆(1/Q) (red) and
∆f (blue) as a function of the number of averages (square) and the frequency step size
(circle) with respect to the reference measurement with 4096 averages and a frequency
step size of 1 kHz. When in the analysis 20 consecutive samples are averaged, the
results are indicated by a triangular symbol. The theoretically expected β is indicated
by the horizontal dashed line.

Influence of the quality factor

There is a trade-off between temporal resolution and spectral resolution in fres con-
sidering a fixed amount of measurement time. A resonant mode which can respond
fast has a broad peak and finding the spectral position of a wide peak accurately
is more difficult than finding that of a narrow peak. The characteristic time τ of a
resonant mode is proportional to the width of the peak and therefore to the error in
the position. In the previous paragraph, it was shown that the error in the determ-
ination of the permittivity decreases with N0.5. For this reason, the duration of an
experiment scales inverse quadratically with the change in temporal resolution while
maintaining the same resolution in fres.

In the description above, it is assumed that the position of the resonance frequency
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barely changes. This is true for the experiments at atmospheric pressure discussed
in references [41–43]. However, in experiments in which the shift of the resonance
frequency is significant—with respect to the width of a peak—temporal resolution
becomes less expensive. A handwaving argument for this is: to accommodate an
increase in temporal resolution, the Q must decrease which causes the peak to widen.
As the ideal number of probing frequencies over the width of a peak is fixed, the total
number of probing frequencies within the frequency range over which the resonance
peak shifts decreases.

The resolution in Q does not change with a change in Q as long as the number
of probed frequencies within the width of a peak is kept constant. However, in the
analysis, the parameter ∆(1/Q) is used and the resolution of ∆(1/Q) is better for
high Q. For small changes in Q, the resolution in ∆(1/Q) is inversely proportional
to Q.

A very important property is the prominence of a resonance peak, i.e., the depth
which is determined by the efficiency of the coupling of the microwaves into the cavity.
Experimentally, a coupling of at least 10 dB appeared to be required to obtain decent
results.

9.2.2 Contributors to changes in the resonant behavior

The resonant behavior of a standing wave is influenced by perturbations in the cavity
volume and changes related to the walls surrounding the cavity volume. As the
resolution in resonant behavior of the diagnostic method is significantly increased over
the last years, the diagnostic method is now sensitive enough to measure an extended
range of phenomena. The different contributors to changes in the properties in the
volume of the cavity are discussed in the section below and thereafter the influence
of the temperature of the cavity walls is covered.

Contributors to perturbations in the cavity

The improvement of the resolution of MCRS in measuring changes in the permit-
tivity made it possible to probe a range of processes which have been beyond the
detection-limit before. Examples of this expanded functionality are the detection
of acoustic waves and small changes in gas composition [43]. These contributions
are separated from the electron dynamics and each other by deploying filters in the
time and frequency domain. However, this requires, due to the complexity, extensive
understanding of the investigated processes.

Some of the other properties which could be probed (non-selectively) are the
temperature of the gas, thermal expansion of materials, humidity, position and shape
of an item, gas flow fluctuations, oxidation processes, vapour in walls, bulk density
of airborne particles, structure of materials and water density [218, 219]. Indirectly,
MCRS could resolve information concerning photon energies, photon fluxes, ionization
crosssections, magnetic fields, diffusion properties, radioactive decay etc.
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The electron density and permittivity are macroscopic material properties and
with the improved detection limit presented in this article an electron density of only
∼ 0.1 mm−3 can be resolved. With the typical dimensions of the plasma and cavity,
densities as such may no longer be described by macroscopic properties.

Furthermore, with the improved resolution, the background ionization level may
no longer be neglected. For example, changes in the temperature of the electrons
could lead to anomalies like negative shifts as discussed in reference [40].

All the properties discussed above are related to the permittivity. However, with
the recently developed very high resolution in the resonant behavior, it might be that
the assumption of no change in the permeability is no longer valid.

Influence of the cavity walls’ temperature

Temperature-corrected apparent frequencies are introduced to compensate for thermal
expansion of the cavity [42]. The apparent frequency fap is given by:

fap(Tcav) =
f

1 + α(Tcav − T0)
, (9.3)

where f is the applied microwave frequency, α the thermal expansion coefficient of
the cavity’s wall material, Tcav the temperature of the walls during the measurement
set with the same probing frequency f , and T0 a fixed temperature for the whole
measurement set. In reference [42], the temperature of the cavity was measured
with ∼ 1 mK resolution for each set of temporal responses with the same probing
frequency. In the analysis of the measurement data, the probing frequency is corrected
for temperature fluctuations. The correction in frequency for thermal expansion of
copper (α = 16.5 · 10−6 K−1 [141]) walls—as used in reference [42]—is approximately
58 kHz/K. For a similar cavity surrounded by aluminium (α = 23.1 · 10−6 K−1 [141])
as used in reference [41] the size of the correction is ∼ 81 kHz/K. Although the
introduction of temperature-corrected apparent frequencies is a step forward, the
approach does not correct for changes in the conductance σ of the cavity’s walls due
to variations in Tcav which affects the width as well as the position of the peak. The
two responsible mechanisms for this dependency are treated below.

The first mechanism is related to the Ohmic losses in the cavity’s walls and is
explored by an experiment. A Vector Network Analyzer and the metal structure sur-
rounding the cavity described in reference [41] were used to investigate the influence
of its temperature on the quality factor of the TM010 resonant mode. A temperature-
stabilized box was used to control the temperature of the cavity. Note that in this
box the temperature of the gas was used to control Tcav and consequently also the
permittivity of the gas was unintentionally changed [202].

Figure 9.3 presents a graph of the obtained Q as a function of Tcav and a linear fit
through the measurement data. The error bars in the figure represent the standard
deviation in the determined Q in the set of measurements for the same temperature.
The derivative of the fit ∆Q

∆Tcav
= -0.8 translates into a ∆(1/Q) of ∼ 3 · 10−7 for a
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Figure 9.3: The quality factor Q as a function of the temperature of the metal
structure surrounding the cavity Tcav. The circles represent the measurement data
and the dashed line is obtained by a linear fit procedure using the experimental data.

temperature difference of 1 K. This is one order of magnitude below the best lower-
detection limit for ∆(1/Q) as presented in paragraph 9.2.1.

Although this mechanism is below the detection limit for the determination of
the changes in the imaginary part of the permittivity of our previous studies [41, 42]
for small temperature variations, it might still affect the determination of the fres.
To estimate the extent of this effect, the change in the distance from the resonance
frequency to the spectral position of the frequency corresponding to the full-width-
at-half-maximum (FWHM) is investigated. This distance equals the difference in half
of the FWHM. The change in the FWHM ∆FWHM due to a change in Tcav from 300
to 301 K is expressed as,

∆FWHM = fres

( 1

Q301K
− 1

Q300K

)
, (9.4)

where Q301K and Q300K are the fitted values of the quality factor for the temperatures
301 and 300 K, respectively. In this example and for this position in the peak, the
correction term of the spectral position ∆FWHM

2∆Tcav
should be ∼ 0.5 kHz/K. Although

this effect is measurable, it is significantly smaller than the correction term of several
tens of kHz/K due to thermal expansion of the cavity walls. Hence, the complex
relationship between the change in the width of the peak and quality factor is not



134 Chapter 9. Opportunities and challenges of MCRS

taken into account. The complexity of correcting for this effect lies in the fact that
the correction term of the probed frequency depends on the spectral distance to the
resonance frequency. Due to the frequency-resolved measurement approach used in
the experiments at atmospheric pressure [41–43], it is very difficult to determine the
spectral distance because the data in a spectral response for a single time step is
obtained with variations in the temperature of the cavity.

The other mechanism in which the conductance σ of the wall influences the re-
sponse of a cavity is via the skin depth of the resonant field into the metal walls, which
makes the cavity appear to be a bit bigger for the microwaves than the physical di-
mensions of the cavity. The magnitude of this mechanism is estimated for the TM010

resonant mode and the setup used in reference [41]. The skin depth δ is expressed as
[24],

δ =

√
ρ

πfresµ0µr
, (9.5)

where ρ is the resistivty (ρ = 1/σ) and µr the relative permeability, which is 1.000022
for aluminium [220].

The resistivity ρ of aluminium [141] is used and interpolated in order to calculate
the skin depth for 300 K and 301 K. The difference in δ between the two temperatures
is ∼ 3 nm, which translates into a ∆fres

∆Tcav
of 0.3 kHz/K assuming the microwaves

penetrate 1 skin depth into the opposing walls on both sides. Hence, also the change
in resonant behavior due to the alteration of skin depth is much smaller than the
effect that thermal expansion induces on the resonant behavior. However, also this
effect is well within the measurement range with the renewed resolution discussed in
section 9.2.1.

To recapitulate, a change in the temperature of the metal structure surrounding
the cavity affects the resonant behavior in three ways: thermal expansion of the
cavity, widening of the peak due to Ohmic losses and a change of the skin depth
making the cavity ‘virtually’ larger. Thermal expansion of the cavity’s walls appeared
to be the dominant process and is, therefore, the only mechanism which is taken into
account in the temperature-corrected apparent frequencies. Please be aware that for
different wall materials and dimensions of the cavity itself, the extent of each of these
contributions should be reconsidered.

9.2.3 Inhomogenous plasmas

For plasmas with a spatial dependency of the plasma parameters, there is a funda-
mental challenge in disentangling the contributions of ne and νm to the changes in
the cavity volume integrated complex permittivity ε̃. This paragraph discusses the
factors which impede the separation of these plasma properties.

When low-pressure plasmas are investigated, MCRS yields a cavity volume aver-
aged electric-field-squared-weighted electron density n̄e. This parameter is defined as
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follows [12, 37],

n̄e =

y

Vp

ne(r)|E1(r)|2d3r

y

Vcav

|E1(r)|2d3r
. (9.6)

As users of the diagnostic method are familiar with this definition, ν̄m is defined here
in a similar fashion for the collision frequency of the electrons,

ν̄m =

y

Vp

νm(r)|E1(r)|2d3r

y

Vcav

|E1(r)|2d3r
. (9.7)

In the two prior MCRS studies of atmospheric-pressure plasmas [41, 42], it was
assumed that the electron dynamics is uniform over the plasma volume. This assump-
tion has been used because only one resonant mode has been used and the spatial
information concerning the electron dynamics got lost due to the nature of the MCRS
approach. In the analysis of these experiments, the contributions of the electron dens-
ity and the effective collision frequency to the changes in resonant behavior of the
resonant mode have been separated by the following two equations which have been
derived with the assumption of a uniform plasma volume,

νm = ω1
1

2

∆(1/Q)

∆f/f1
, (9.8)

ne = 2
ε0me

e2

ν2
m + 4π2f2

1

V
∆f

f1
. (9.9)

After substituting equations 2.9 and 2.10 back into equations 9.8 and 9.9 purely
to assess the error when using 9.8 and 9.9 in a non-uniform plasma, equations 9.10
and 9.11 are obtained. In general, this substitution is not valid because 9.8 and
9.9 already assume that ne and νm are homogeneous. The relatively complicated
and somewhat arbitrary defintion and method of weighing of the plasma parameters
of interest obtained by MCRS experiments with the assumption described above is
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revealed by the following two equations,

ν̂m =

y

Vp

νm(r)
ne(r)

ν2
m(r) + 4π2f2

1

|E1(r)|2d3r

y

Vp

ne(r)

ν2
m(r) + 4π2f2

1

|E1(r)|2d3r

, (9.10)

n̂e = (ν̂2
m + 4π2f2

1 )

y

Vp

ne(r)

ν2
m(r) + 4π2f2

1

|E1(r)|2d3r

y

Vp

|E1(r)|2d3r
. (9.11)

In comparison to the electric-field-squared-weighted electron density used for low-
pressure plasmas (equation 9.6), the method of weighing has become more complex
and the outcome less predictable when spatially-depended plasma parameters are
introduced.

To get insight in the sensitivity of the difference between the two definitions of the
means, a hypothetical plasma comprising two regions Vp,1 and Vp,2 is investigated.
For this thought experiment, it is assumed that

t
Vp,1
|E1|2d3r =

t
Vp,2
|E1|2d3r and

that the applied microwave frequency fres = 3.5 GHz. In region 1, the electron density
ne,1 = 1015 m−3 and the collision frequency of the electrons νm,1 = 107 Hz, while
in the second region the electron density ne,2 and collision frequency of the electrons
νeff,2 are varied.

Firstly, the influence on the determination of the collision frequency is investig-
ated. The ratios between ν̄m and the electric-field-squared weighted mean of ν̂m are
shown in figure 9.4a for a range of values of ne,2 and νm,2. The outcome of the two
definitions is identical when the collision frequencies are the same in the two regions
and when the electron densities are the same. However, the latter is a consequence
of the division of the two plasma regions in the mode structure instead of a general
rule as can be seen in the simplified relation (ne,1 = ne,2) based on equation 9.10
presented below,

ν̂m =

νm,1 + νm,2
ν2
m,1+4π2f2

1

ν2
m,2+4π2f2

1

y

Vp,2

|E1(r)|2d3r

y

Vp,1

|E1(r)|2d3r

1 +
ν2
m,1+4π2f2

1

ν2
m,2+4π2f2

1

y

Vp,2

|E1(r)|2d3r

y

Vp,1

|E1(r)|2d3r

. (9.12)

The discrepancies between the results of the two definitions increase when the prop-
erties of the two regions become more diverse. For increasing differences between
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νm,1 and νm,2 the ratio converges to almost 5 orders of magnitude from unity for
this arbitrary parameter range. This means that the spatial profile of the collision
frequency greatly influences the obtained ν̂m. Even for low-pressure situations where
the collision frequency does not exceed the applied microwave frequency [190], this
discrepancy in the outcome for the two definitions might be extremely relevant. For
this reason, users of MCRS should hedge concerning the obtained electron collision
frequency, even more so concerning the electron temperature as it requires an addi-
tional assumption: the type of electron-energy distribution function (EEDF).

Secondly, the sensitivity of the outcome in terms of the electron density to spa-
tially dependent plasma parameters is explored. The difference between the two
definitions is visualized in figure 9.4b. Herefrom it can be concluded that the electron
density distribution is represented well by n̂e for νm,i � 2πfres. For higher collision
frequencies, the outcome becomes less predictable. n̂e is an overestimation—even to
the point that n̂e could be higher than all local values—when in one region the colli-
sion frequency is the highest while the electron density is lowest. An underestimation
is observed when the electron density and collision frequency are lowest in the same
region. Note that these anomalies only occur when the collision frequency is not
uniform over the plasma volume.

Concluding, ν̂m and n̂e might misrepresent the actual profile of the collision fre-
quency and the distribution of the electron density for plasmas with a spatial de-
pendency. It is shown that using equations 9.8 and 9.9 potentially results in large
errors when not carefully considered in non-uniform plasmas. This challenge can be
circumvented by describing the plasma with the complex permittivity obtained by
single- or even multi-mode MCRS. Moreover, by combining the information obtained
by monitoring multiple resonant modes, a more accurate separation of plasma para-
meters can be realized. For users of the diagnostic method that prefer the usage
of ne and νm, it is highly recommended to ensure that there is no spatial variation
in the collision frequency or in the electron density and for the usage of ne that
νm(r)� 2πfres. Furthermore, a new definition for the means of the plasma paramet-
ers and a novel method to separate the contributors ne and νm should be considered.
Alternative definitions could potentially even be used to verify the assumption of a
uniform plasma volume.

9.2.4 Accuracy in V
In the current approach, the accuracy of the determination of the ratio of the obtained
effective plasma volume and the effective cavity volume V limits the accuracy in the
electron density significantly [41, 42]. The difficulty lies in determining the plasma
occupied volume accurately and this is especially important since the resonant field
strength is not uniform in the immediate region of the plasma in these investigations.
Typically the field is—due to the perturbation of the resonant field by the concentric
holes in the walls—weaker near the geometry which produces the plasma and becomes
stronger towards the heart of the cavity. This means that the error in the volumes
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Figure 9.4: The ratio between the plasma parameters, i.e. (a) the collision frequency
of the electrons and (b) the electron density, obtained by the measurement approach
used for collisional plasmas and the electric-field-squared-weighted averaged values as
a function of the collision frequency in region 2 νm,2 for several ne,2.
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translates more than linearly into an error in V and subsequently in ne. Possibilities
to reduce the error in V are conveyed below.

Making the cavity appear virtually larger for the microwaves by using a high
permittivity material as concentric filling while the plasma remains concentrically
on the axis, reduces the leakage of the microwave field out of the concentric holes
in the top and bottom faces of the cavity, which are used to allow the discharge to
enter the cavity4. This approach will reduce the non-idealities in the resonant field.
Therefore, the field will be more homogenous along the axial and radial directions
near the holes in the metal structure. Hence, for small plasmas V will scale more
linearly with Vcav and this will improve the accuracy in V. Moreover, the presence of
the high permittivity material will lower fres, which also reduces the lower detection
limit of νm slightly (eq. 2.15).

Another method to reduce the non-uniformity of the resonant field caused by
the holes in the cavity is the addition of reflecting waveguides to the design. More
information relating to this topic can be found in for example reference [24].

A less elegant approach to reduce the effect of the holes on the resonant field is
reducing the size of the concentric holes. By doing so the resonant field is indeed less
perturbed from the ideal resonant field profile. However, the smaller holes affect the
plasma to a larger extent via the changes in the gas flow and plasma-induced electric
fields.

Reducing the height of the cavity to the point that the plasma is longer than the
height of the probing volume helps to increase the accuracy in V in one dimension,
i.e. the axial, no longer needs to be determined. Further advantages of this approach
are: V could become larger as the non-plasma occupied volume decreases, and smaller
spatial variations of the plasma parameters in the probing volume can be expected.
The latter could help to reduce the effect discussed in paragraph 9.2.3. Another
advantage of this approach is that the plasma can be probed spatially by moving the
cavity with respect to the plasma and using multiple positions to probe the discharge.

In experiments in which the plasma is confined by, e.g., a glass tube, the volume
occupied by the plasma is clearly defined. This translates into a reduced uncertainty
in V. Approaches to correct the resonant field for the presence of the glass tube could
be used to improve the accuracy even further [58, 214, 221].

A single determination of V for all discharge settings and timesteps in an exper-
iment is used in references [41, 42]. Using (I)CCD camera images to determine the
volume occupied by the plasma over time and subsequently, of V would be a huge
improvement. Please note that free electrons can exist outside the light-emitting
volume and light can be emitted in regions where no free electrons are present.

As discussed in section 9.2.3, the used definitions of ne and νm are a bit arbitrary.
Redefining the method of weighing of the plasma parameters over the plasma volume
is a more semantic solution and could be an avenue to move the inaccuracy in V from

4The advantage of using the high permittivity material over increasing the dimensions of the
cavity volume is that, as explained and applied in reference [37], V remains large.
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Figure 9.5: The coaxial geometry where the outer cylinder is the volume occupied by
the resonance cavity and the inner cylinder is an homogenous plasma column.

the determination of n̂e to ν̂m. This approach is especially interesting if the collision
frequency is not of interest.

9.2.5 Lower limit of the permittivity

As discussed previously in this article, the shift of the resonance frequency scales
linearly with the change in the real part of the permittivity—being proportional to
the electron density—according to the following equation,

∆f

f1
=

e2

2ε0me

y

Vcav

ne(r)

ν2
m(r) + 4π2f2

2

|E1(r)|2d3r

y

Vcav

|E1(r)|2d3r
. (9.13)

As in the derivation of this equation, it is assumed that the microwave field is not
perturbed by the presence of the plasma, the linearity of this relation holds in a
limited range of plasma parameters. The plasma parameter space suitable to be
explored by MCRS is investigated and redefined in this section.

For this study a uniform (non-)collisional plasma in a coaxial geometry as shown
in figure 9.5 is assumed. The cylindrical cavity with a height L and a radius r2

contains homogenous coaxial plasma column with a radius r1. The permittivity and
permeability of region 1, i.e. the core, are ε1 and µ1, respectively. The properties
of the outer region, also referred to as region 2, are described by ε2 and µ2. Based
on the boundary conditions of the coaxial geometry, a characteristic equation for the
microwave field in the aforementioned geometry is derived from first principles in
the appendix 9.6 in order to redefine the limitations of the diagnostic method. The
found relation can be used to determine the angular resonance frequency ωres. The
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characteristic equation is expressed as,[
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where J and N are the Bessel functions of the first and the second kind, respectively,
and their derivatives are J ′ and N ′. For clarity the following abbreviations,

J11 = Jn(kρ,1r1), J21 = Jn(kρ,2r1), J22 = Jn(kρ,2r2), (9.15)

are used, equivalently for J ′, N and N ′. The governing wavenumbers k0, kz, k1 and
k2 are given by

k0 =
ωres

c
, kz =

pπ

L
, k1 =

√
ω2

resε1µ1 − k2
z , k2 =

√
ω2

resε2µ2 − k2
z . (9.16)

where p is the mode index for the z-direction, m determines the number of nodes of
the field profile along φ while the nth root of equation 9.14 relates to the radial mode
index n.

Computer code based on the characteristic equation (9.14) is written in order to
calculate resonance frequencies for the coaxial geometry. This implementation is able
to resolve resonance frequencies for ε0 = ε1 = ε2 and µ0 = µ1 = µ2 with a difference
of only a few Hz (∼ 1 part in 1 billion) from the solutions for the ideal resonance
cavity [173]. This test case not only suggests a correct implementation of the model
but also provides an estimate of its accuracy.

The putative limit for the regime in which the resonance frequency shift scales
linearly with the electron density is ωpe � ω [33, 64, 212]. However, several import-
ant mechanisms are not considered in this limit. When ωpe = ω and νm = 0 Hz,
the permittivity of the plasma is zero and for this reason, it is assumed that the
electron density in the plasma is sufficiently high to prevent the penetration of the
microwaves into the plasma. For collisional plasmas, the reputed limit becomes even
more stringent as the minimum permittivity is then larger than 0. Hence, this limit
needs to be expanded for collisional plasmas to ωpe �

√
ω2 + ν2

m in order to take the
electron collisions into account and keep the threshold for the permittivity at ε = 0.
This expanded limit is indicated at ∆εr = -1 in the graphs in this section.

In this work, a deviation of 10 percent from the linear response of ∆f
f1

due to the
perturbation of the resonant field is deemed as acceptable. Here, f1 is the calculated
resonance frequency when both regions are considered to be vacuum. The point where
the deviation becomes larger than this threshold is indicated by a circle in the graphs
in this section. The interaction of the plasma with the microwave field is studied
for two different cases—the plasma region at a node of the resonant field and at an
anti-node—both cases are discussed below.
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Plasma at an antinode

The relative frequency shift ∆f
f1

is investigated for resonant modes where the electric
field is large—i.e. the maximum field strength—at the position of the plasma. For
the TM010 mode, the response is investigated for four plasma radii (r1 = 10−3 m -
10−6 m) as a function of the change in the relative permittivity of the plasma region.
The results are presented in figure 9.6. This graph shows that for the plasma radius
of 10−3 m the shift of the resonance frequency is—as expected—the largest. All
four maximum permitted changes in the permittivity lie beyond the reputed limited.
The smallest radius allows for a ∆εr of approximately of 10−6 or in archaic terms
ωpe

ω ∼ 1000 while assuming νm = 0 Hz. The maximum permitted ∆f
f1

for all four radii

is ∼ 10−2 and this means that the linear regime is limited by the total number of
electrons in the plasma volume. The fact that the maximum permitted ∆f

f1
does not

depend on the size of the plasma (for r1 � r2) is a great advantage for users of the
diagnostic method.

Figure 9.7 shows that for a plasma radius of 10−4 m the ∆f
f1

also starts to deviate

strongly around 10−2 for the TM010, TM020, TM030, and TM040 mode.

Plasma at a node

The linear response regime of a set of four resonant modes, which have a minimum
electric field strength at the centre of the cavity where the plasma is located, is
investigated here. The response of the TM110 mode for several plasma radii as a
function of ∆εr is shown in figure 9.6. The smallest two plasma geometries do not
induce a shift within the range of parameters investigated here which is measurable
with the current resolution in the real part of the permittivity.

In contrast to the response of the cavity with the plasma at an antinode, the
maximum permitted frequency shift does depend on the plasma radius for the TM110

mode. This can be explained by the fact that the electric field strength deviates
strongly nearby the heart of the cavity for the TM110. The maximum permitted ∆f

f1

for the three other resonant modes (TM110, TM120, TM130, and TM140) and rp = 10−4

is approximately 10−5 - 10−6. The calculations show that for the same plasma radius
a larger perturbation by the plasma is allowed—thus a higher maximum value of ne

and ∆ε—when the plasma is located at a node.

To recapitulate, the maximum permitted change in permittivity for MCRS to
deliver trustworthy results depends on the dimensions of the plasma and the position
in the mode structure, i.e. the local E-field value. Moreover, the plasma electron
frequency is a very conservative limit and therefore unfit to use as a limit for the
diagnostic method as done often in literature [33, 64, 211, 212]. The plasma electron
frequency is too stringent in indicating the range of plasma parameters for collisional
plasmas that can be probed by MCRS.
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Figure 9.6: Investigation of the linearity of the relative resonance frequency shift
∆f
f1

as a function of the change of the relative permittivity ∆εr of the TM010 and
TM110 mode for four plasma radii. The vertical dashed line at ∆εr = -1 indicates
the expanded putative limit of the MCRS diagnostic method and the circles indicate
where the response is no longer linear.
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Figure 9.7: Investigation of the linearity of the relative resonance frequency shift ∆f
f1

as

a function of the change of the relative permittivity ∆εr of the plasma (rp = 10−4 m)
for eight resonant modes. The vertical dashed line at ∆εr = -1 indicates the expanded
putative limit of the MCRS diagnostic method and the circles indicate where the
response is no longer linear.
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9.3 Recommendations

With the lessons learned from the previous sections, the authors would like to hint
towards the following potential avenues for future research.

• Investigating the laser-droplet interaction in Extreme Ultraviolet light sources
[222] during the laser pre-pulse impact, main pulse impact and temporal plasma
afterglow phase using MCRS could contribute to improved insight in the dy-
namics under these complex and highly interesting conditions.

• Experimenting on tunable monochromatic ionizing radiation (e.g. from a free-
electron laser) makes the interpretation of measurement data easier and could
be used to gain fundamental understanding of photoionization processes and
improved design of e.g. an ionizing beam monitor based on MCRS [37, 40].

• Developing a multiple-frequency microwave interferometer could enable the in-
vestigation of plasmas which do not allow for the presence of a cavity. The
experimental approach can be quite simple, consisting of a network analyzer
and two directional antennas. Advantageous of such a system is that the per-
mittivity is different for each frequency, and a fit function can be used to improve
the accuracy of the results. This approach would be additionally accurate when
frequencies well below and above the electron collision frequency are used.

• Background ionization plays an important role in the ignition of a plasma [186].
This property is very difficult to measure directly and the required resolution
of MCRS is now within reach thanks to the recent developments. Two MCRS-
based approaches to investigate the background ionization level are proposed
below.

– The first approach requires a change in the collision frequency without a
change in the electron density and the collision frequency of one of the
states which can be obtained by e.g. calculations based on cross-section
data. As the expected changes in resonant behavior are only ∆f/f1 ∼
−10−9 and ∆(1/Q) ∼ 10−10 (for ν1 = 50 GHz, ν2 = 1 THz, ne,1 = ne,2 =
109 m−3 and fres = 3.5 GHz), it will require a high sensitivity in the
measurement approach.

– In the second approach, no restrictions to changes in the electron dynamics
are required. The collision frequencies and electron densities need to be
determined which requires the usage of at least two resonant modes or
another diagnostic method to determine the collision frequencies.

The polarizability of the medium depends on its temperature [202] and this
complicates the execution of the proposed experiments. Other factors which
need to be taken into account are the expansion of the cavity volume and the
change in conductance of the walls due to temperature variations.
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Some practical advice and ideas for (potential) users of the MCRS method are listed
below.

• As MCRS is sensitive to almost everything, it is crucial to separate the differ-
ent contributions to the detected change in resonant behavior. A step forward
would be to perform MCRS measurements using multiple cavities in parallel in
one solid block of metal. An example of this approach: one cavity—preferably in
vacuum conditions—could be used to monitor the conductivity and the dimen-
sions of the metal structure surrounding the cavity, another without a discharge
to compensate for the properties of the gas and a third to monitor the discharge.

• Higher-order modes might not be sensitive enough to probe the electron dy-
namics of an atmospheric-pressure plasma jet—when the plasma is placed at a
node—but could be used to study the plasma-produced acoustic waves.

• The current approach—with frequency-resolved measurements—requires many
reproducible discharges. A more direct scheme with good temporal resolution
would be a huge step forward. Examples of approaches which require less com-
plicated analysis, although with a poor temporal resolution, are described in
the following articles [58, 103, 223].

• The measurement time or the number of cavities can be reduced by applying
multiple frequencies simultaneously in one cavity and separating the responses
by an electronic filter.

• In all MCRS experiments performed by the authors, an equidistant frequency
domain is used. The spectral positions of the probing frequencies can be optim-
ized by allowing non-equidistant positions between two subsequent positions in
the frequency domain. This will reduce the measurement time and increase the
resolution in permittivity.

• Commercial network analyzers provide a calibration procedure to compensate
for non-ideal properties of the load. The setup used here does not have such a
function and therefore undesired oscillations are present in the spectral response.
An example of a spectrum with these oscillations can be seen in figure 2 of
reference [41]. These undesired features increase the error in the results and
can be troublesome for the user. Users would benefit from similar functionality
as available in network analyzers.

• Resonant modes with the same cut-off frequency are referred to as degenerate
modes. The usage of these type of modes can be cumbersome because the
microwave field in a cavity tends to alternate over time between these modes.
Furthermore, the fitting becomes more complex when resonance peaks (almost)
overlap. For these reasons, degenerate modes should be avoided or all but one
excluded in the design of a cavity.
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• In the experiments performed by the authors, only cylindrical cavities were used.
Cuboid cavities do not suffer from rotation of the resonant field of higher-order
azimuthal modes due to e.g. perturbations by the plasma and could help to
increase the accuracy of the results.

• Integrating the antenna with (a part of) the cavity walls would result in a
smaller perturbation from the ideal resonant field. Hence, this would result in
more accurate usage of calculated electromagnetic field profiles.

• Manufacturing a stable cavity proved to be difficult. Vacuum soldering of the
parts to create a metal structure—which surrounds the cavity—as one solid
metal block showed the best approach. This approach with a solid cavity and
correcting the response for temperature fluctuations is completely contradictory
to the inventions in which the response of the cavity is temperature-stabilized
by moving parts [224–227].

• Tuning of the antenna in a cavity is a very important step to obtain good
results. Positioning the antenna with a micrometre screw gauge would be a
good improvement to the current design of the cavities.

• The accuracy in determining the quality factor is lower than that of the res-
onance frequency. For this reason, it might be beneficial to use the change
in resonance frequency of multiple modes to separate the contributions of the
electron density and the collision frequency to changes in resonance behavior.
This approach requires the cavity to be filled homogenously with plasma and
large differences in resonance frequency between the modes. Other methods to
measure Q [88] potentially provide a higher resolution than the approach used
in our prior works.

9.4 Conclusions

In this article, a manifesto is presented for probing collisional plasmas with Microwave
Cavity Resonance Spectroscopy. The discussed topics might be able to help to fur-
ther develop the diagnostic method and explain unexpected results. Anomalies could
be caused by for example changes in the permittivity and permeability induced by
processes which were previously below the detection limit or by the method of separ-
ating the contributors of the plasma parameters to the changes in resonant behavior.
Although there are still significant challenges for users of the diagnostic method, the
advancements of the last few years have brought many new opportunities.
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9.6 Appendix

In this section, the resonance frequency fres (f = ω
2π ) and the electromagnetic field

profile are derived for a cylindrical cavity with a height L and a radius r2 containing
an homogenous coaxial plasma column with a radius r1. A schematic representation
of the geometry is presented in figure 9.5, where the azimuthal φ̂, radial ρ̂ and axial
ẑ unit vectors are indicated. The permittivity and permeability of region 1, i.e. the
core, are ε1 and µ1, respectively. The properties of the outer region, also referred to
as region 2, are described by ε2 and µ2.

The cavity walls are assumed to be perfect conductors and, therefore, no fields
can exist inside them. As the electric field E and the normal component of the
magnetizing field H need to be continuous at the interface of the wall and the cavity,
the following equations must hold,

n̂×E = 0, (9.17)

n̂ ·H = 0, (9.18)

where n̂ is the normal vector of the wall of the cavity.
Two types of resonant modes can be found for these boundary conditions: trans-

verse magnetic (TM) and transverse electric (TE). For the former type, the magnetic
field is perpendicular to the axis of the cylinder and for the latter, the electric field
is perpendicular to that axis. For inhomogeneously filled cavities, like in the coaxial
geometry presented here, pure TM and TE modes only satisfy the boundary condi-
tions if ε1 = ε2 and simultaneously µ1 = µ2 or one of the regions is a perfect electric
or magnetic conductor. A superposition of a TM and TE mode can satisfy all the
boundary conditions and this combination is called a hybrid mode [228]. Resonant
modes are characterized by three integer indices m, n and p related to the number
of nodes in the φ-, ρ- and z-direction, respectively. The notation used to refer to a
specific mode works as follows: TMmnp and TEmnp for pure modes and TMmnp* and
TEmnp* for hybrid modes.

Henceforward, the example of the ‘two-dielectric’ problem from [60, p. 219-221]
will be expanded to allow for hybrid modes. More information relating to this problem
can be found in [210]. The wave functions for the magnetizing field ψH,1 and the
electric field ψE,1 for region 1 are,

ψH,1 = ABH,1
m (kρ,1ρ) cos(mφ) exp(−jkzz), (9.19)

ψE,1 = BBE,1
m (kρ,1ρ) sin(mφ) exp(−jkzz), (9.20)

and for region 2,

ψH,2 = CBH,2
m (kρ,2ρ) cos(mφ) exp(−jkzz), (9.21)

ψE,2 = DBE,2
m (kρ,2ρ) sin(mφ) exp(−jkzz), (9.22)

where A, B, C, and D are constants, BH,i
m is the Bessel function for the magnetic field

and BE,i
m the Bessel function for the electric field, m the order of the particular Bessel



9.6. Appendix 149

function and i the number of the region. Feynman [229, p. 342-346] explains in a
very clear and intuitive manner the reason that these waves in a cylindrical geometry
are described by Bessel functions. Later in this derivation, the Bessel functions BH,2

m

and BE,2
m will be determined to be combinations of Bessel functions of the first kind

J and second kind N , also referred to as Neumann functions, and their derivatives
indicated by J ′ and N ′.

Further, the following relations must hold for the inner and outer region,

k2
ρ,1 + k2

z = k2
1 = ω2

resε1µ1, (9.23)

k2
ρ,2 + k2

z = k2
2 = ω2

resε2µ2, (9.24)

where ki is the wavenumber for region i, kρ,i the radial wavenumber, kz the axial
wavenumber and ωres = 2πfres. The wavenumber k0 is defined as,

k0 =
ωres

c
, (9.25)

with c the speed of light.
The amplitudes of the electric and magnetic fields [60, p. 202] for TM modes are

given by:
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and for TE modes by:
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ρ

∂ψE,i

∂φ
, Hρ =

1

ẑ

∂2ψH,i

∂ρ∂z
,

Eφ =
∂ψE,i

∂ρ
, Hφ =

1

ẑρ

∂2ψH,i

∂φ∂z
, (9.27)

Ez = 0, Hz =
1

ẑ

(
∂2

∂2z
+ k2

)
ψH,i.

Arbitrary fields, like those of hybrid modes, can be expressed by a superposition of
equations 9.26 and 9.27 in combination with the wave functions (eq. 9.19-9.22).

The boundary conditions on the circular faces of the cavity demand that the
wavenumber kz is defined as follows,

kz =
pπ

L
, p = 0, 1, 2, 3, · · ·. (9.28)
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As the electric and magnetic fields should be finite at ρ = 0, the Bessel functions
for region 1 must be,

BH,1
m = BE,1

m = Jm(kρ1ρ). (9.29)

Based on equation 9.17, it is concluded that the electric field in the axial and
azimuthal direction are zero at the curved wall of the cavity (ρ = r2). To satisfy
these conditions, the following Bessel function is composed,

BE,2
m = Jm(kρ2ρ)N ′m(kρ2r2)−Nm(kρ2ρ)J ′m(kρ2r2). (9.30)

For the magnetizing field in region 2, the following Bessel function is found which
satisfies equation 9.18,

BH,2
m = Jm(kρ2ρ)Nm(kρ2r2)−Nm(kρ2ρ)Jm(kρ2r2). (9.31)

Furthermore, Hz, Ez, Hφ and Eφ must be continuous at ρ = r1 and therefore, for
arbitrary fields the following relations must be satisfied,

Aε2k
2
ρ,1J11 = Cε1k

2
ρ,2(J21N22 −N21J22), (9.32)

Bµ2k
2
ρ,1J11 = Dµ1k

2
ρ,2(J21N

′
22 −N21J

′
22), (9.33)

Akρ,1J
′
11 +

Bkzm

ωresµ1r1
J11 = Ckρ,2(J ′21N22 −N ′21J22) +

Dkzm

ωresµ2r1
(J21N

′
22 −N21J

′
22),

(9.34)

Akzm

ωresε1r1
J11 +Bkρ,1J

′
11 =

Ckzm

ωresε2r1
(J21N22 −N21J22) +Dkρ,2(J ′21N

′
22 −N ′21J

′
22),

(9.35)

where the following abbrevations are used,

J11 = Jm(kρ,1r1), J21 = Jm(kρ,2r1), J22 = Jm(kρ,2r2). (9.36)

Note that equivalent definitions exist for J ′, N and N ′. Solving the linear system of
equations 9.32-9.35 by Cramer’s rule,∣∣∣∣∣∣∣∣
ε2k

2
ρ,1J11 0 ε1k

2
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0 µ2k
2
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(9.37)
results in the following equation,[
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A family of solutions of ωres can be determined from this relation in which the nth

intersection of the left-hand side and right-hand side of the equation on the positive
angular frequency axis—starting from zero rad·s−1—belongs to the mode with index
n. Equation 9.38 also shows that if there are no variations in the resonant field along
z (kz = 0) or φ (m = 0), the resonant field can be described by a pure TM or TE
mode. For pure TM modes, the first term in straight brackets of equation 9.38 equals
zero and for pure TE modes the second term in straight brackets equals zero.

After the angular resonance frequency is determined for a specific mode, the cor-
responding fields can be calculated by using equations 9.26 and 9.27.





Chapter 10

General conclusions

Abstract

The plasma diagnostic method Microwave Cavity Resonance Spectroscopy has
been improved and applied to various types of plasmas in the framework of this
PhD project. Thanks to the developed advancements it has been possible to
investigate physics which has been outside the measurement range previously.
In this chapter, the overall conclusions relating to the performed work are drawn
and a brief summary is presented.
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10.1 Introduction

As described in the introduction, the relatively low working temperature of light-
emitting diodes allows for the utilization of a range of new materials and production
processes for illumination optics. In this context,

This research aims at making the transition
from low- to atmospheric-pressure for the plasma

synthesis of (sub-)microparticles for light scattering
purposes as well as for the usage of MCRS.

The objectives of this project have been divided into two lines of research. The
first research line has focussed on general improvements of the diagnostic method and
demonstrating the advancements on a model plasma: an Extreme Ultraviolet photon-
induced plasma. The second line has aimed at making the experimental step from
low pressure to atmospheric pressure for the diagnostic method and the production of
plasma-produced light scattering objects for illumination diffusers. The conclusions
related to each of these lines are discussed in the following paragraphs below. These
conclusions are followed by a brief summary.

10.2 General conclusions: research line 1

The advancements in the MCRS approach developed in this project have not only
led to increased functionality but also to improved understanding of the limitations
of the measurement approach [44]. Both aspects are conveyed below.

Up to now, the typical resolution reported in the literature was for the real part
of the permittivity was ∼ 10−3 − 10−5 with a few exceptions up to ∼ 10−7. No
prior information related to the accuracy of the imaginary part has been found.
The resolution of MCRS in the real part of the relative permittivity is improved
to 3 · 10−10 and a resolution for the imaginary part of 6 · 10−6 is achieved. The
motivation behind improving the accuracy driven by the transition towards probing
atmospheric-pressure plasmas is twofold. Firstly, due to the high collisionality1 of
the free electrons in such plasmas, the change in the real part of the permittivity is
small. Secondly, the losses in the resonant field are of great importance and difficult
to obtain accurately. For non-collisional conditions, the standard deviation in the
real part of the permittivity relates to a lower detection limit for the electron density
of 4 · 107 m−3 while for an electron collision frequency of 1 THz (typical value for a
atmospheric-pressure plasma jet) and a fres of 3.5 GHz this is 4 · 1012 m−3. For both
cases, a homogenously filled cavity is assumed.

The performed research shows that further improvement of the resolution is pos-
sible. For collisional plasmas, the focus should be on the real part of the permittivity

1As a reminder, in this thesis the term collisional plasma is used to refer to a plasma in which
the momentum transfer collision frequency of the electrons νm is not much smaller than the applied
angular frequency ω of the microwave field.
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as this is currently the limiting factor. The easiest way to improve this is by further
increasing the number of averages and probed frequencies and with that the resolution
in the real and imaginary part of the permittivity. Reducing the unintentional os-
cillations in the response spectrum caused by imperfect matching over the frequency
range would be a more elegant way.

With the developed improved resolution, the diagnostic method has become so
sensitive that it is possible to measure (non-selectively) a great variety of properties
which influences the permittivity, such as electron density, collision frequency of the
electrons, gas pressure, composition of a material, temperature of the gas, thermal
expansion of materials, humidity, position of items in the cavity, acoustic waves,
bubbles in liquids, gas flow fluctuations, conductivity of materials, oxidation layers,
shape of items, vapour in walls etc. Indirectly, this method can give information
concerning photon energies, photon fluxes, ionization crosssections, magnetic fields,
diffusion properties, radioactive decay etc. The resonant behaviour also depends
strongly on properties of the setup itself, e.g. the dimensions of the cavity, temperature
(stability) of the cavity walls, mechanical forces on the metal structure surrounding
the cavity, the stability of the used frequency, properties of cables and objects near
the holes in the cavity walls. It is crucial and most complex to separate all the possible
contributions to the changes in the resonant behaviour to interpret the data correctly.

Further uncoverings related to MCRS, which were obtained thanks to the new
perspective on the measurement approach with collisional plasmas, are discussed
below [44].

• For plasmas which are inhomogeneous, the analysis of the resonant behaviour
requires additional attention because there is a risk that the obtained values of
interest differ by orders of magnitude from the actual values.

• A newly defined limit is defined for the range in which the shift of the resonance
frequency scales linearly with the plasma parameters. In this limit, the position
of the plasma within the mode structure is taken into account.

• Due to the reasons described above, the author recommends users of this meas-
urement technique to think in terms of permittivity instead of the parameter
of interest.

An Extreme Ultraviolet photon-induced plasma has been used as a model plasma
to demonstrate the renewed capabilities of the diagnostic method on. The most
important findings are conveyed below:

• On this model plasma, it is shown that MCRS is capable of spatially resolving
plasma parameters by combining information from multiple resonant modes
[37]. This approach was successful in measuring the pulse energy, position and
dimensions of an ionizing radiation beam. Furthermore, two lower limits for
the number of photons per pulse for this approach to work properly are defined
[38].
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• The decay of a photon-induced plasma is slowed down by a strong magnetic field
[40]. Hence, the lower detection limit for beams with e.g. low-energy photons
can be improved by the addition of a strong magnetic field.

• In addition to the original two known decay regimes of the afterglow of an EUV
photon-induced plasmas, a third decay phase is identified: the transition from
ambipolar-to-free diffusion [39]. The identification of this regime is enabled by
the improved resolution of the diagnostic method.

10.3 General conclusions: research line 2

Microwave Cavity Resonance Spectroscopy is successfully implemented on two com-
monly used atmospheric-pressure plasmas: a radio-frequency driven [42] and high-
voltage pulsed plasma jet [41]. These experiments benefitted greatly from the in the
first research line improved lower detection limit for changes in the permittivity.

Due to the high collisionality of the electrons νm (∼ 1010 − 1012 Hz) and despite
of the relatively high electron density ne (∼ 1017 − 1019 m−3) in these plasmas, the
relative change in the resonance frequency ∆f/f1 and in the reciprocal quality factor
∆1/Q are very small (∼ 10−7−10−6 and ∼ 10−6−10−4, respectively). These changes
are so small that temperature-corrected apparent frequencies have been introduced.
The developed MCRS approach is capable of resolving the electron density and colli-
sion frequency of the electrons over the whole temporal evolution—i.e. the formation,
steady-state and decay phase—of such jet with ∼ 1 µs time resolution [42].

By reversing the analysis of the resonant behaviour, the technique has been used
to study plasma-induced acoustic waves [43]. This exertion has revealed that the
frequencies of the acoustic waves are dictated by the length of the geometry of this
plasma source. The pressure amplitude of these waves might possibly be large enough
to affect biomedical tissues in applications as plasma medicine [43].

Further, a proof-of-principle of light scattering objects produced in a radio-frequency
driven atmospheric-pressure plasma jet is presented. At the moment of writing this
chapter (November 2019), a more detailed study is being prepared.

10.4 Brief summary

In the framework of this PhD project, the plasma diagnostic method Microwave Cav-
ity Resonance Spectroscopy is further developed. The advancements on top of solid
twentieth-century technology are applied to a variety of plasmas. The improvements
to MCRS made it possible to resolve physics which was far outside the measurement
range before. Most notably, spatial information of the cavity’s content and the trans-
ition to atmospheric pressure which is demonstrated on a radio-frequency driven and
a high-voltage pulsed plasma jet are investigated.

Examples of the gained understanding are the frequencies of acoustic waves in-
duced by an atmospheric-pressure plasma jet are dictated by the source geometry and
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the identification of a third decay regime of the afterglow of an Extreme Ultraviolet
photon-induced plasma.

These and other scientific discoveries presented in this thesis can contribute dir-
ectly to improved applications varying from e.g. EUV lithography, plasma medicine
and further research into the plasma synthesis of light scattering objects for LED
applications. Moreover, the results of this project are made available to the general
audience by the publication of the accompanying layman’s thesis [2].
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Summary

A plasma is an ionized gas consisting of neutrals, free electrons and ions. The presence
of the latter two (charged) species alters the behaviour of this medium significantly,
resulting in matter with very peculiar characteristics. These are exploited by hu-
manity in a wide range of applications varying from neon advertisement signs, air
purification, plasters for wound healing, propulsion in space, contamination control,
lighting to material processing.

Advantages of material processing by low-temperature plasmas are the high en-
ergy efficiency and production of temperature-sensitive polymers without degrada-
tion. These advantages have been the motivation to investigate low-temperature
powder-forming plasmas as a production method for illumination diffusers. As an ap-
plication of such technology would require mass-production at low costs, processing
at atmospheric pressure would be highly beneficial. Hence, in this work, the first
exploratory steps are undertaken to achieve so.

The free electrons in a plasma dictate the dynamics of the plasma and therefore
also that of the chemistry initiated by it. For this reason, it is essential for effective
tuning of the properties of plasma-produced diffusers to be able to monitor, to under-
stand and control the electron dynamics. Over the last 70 years, Microwave Cavity
Resonance Spectroscopy (MCRS) is successfully used as a diagnostic method for the
free electrons in low-pressure plasmas. In this approach, changes in the resonant
behaviour of an electromagnetic standing wave in a cavity—enclosed by conducting
walls—are related to the electron dynamics in a plasma. In prior works, the colli-
sions of the electrons are generally neglected. However, this is not possible anymore
for atmospheric-pressure plasmas. Furthermore, a significantly higher resolution is
required to resolve the plasma parameters of atmospheric-pressure plasmas than for
low-pressure plasmas. For these reasons, the measurement technique needs to be fur-
ther developed in order to be able to investigate atmospheric-pressure plasmas. To
that end, the most crucial research lines are started:

• Research line 1 focusses on the further development of MCRS as a highly sens-
itive monitoring approach for the free electrons in plasmas as a preparation for
the transition towards studying atmospheric-pressure plasmas. These general
advancements are demonstrated on a model plasma: an Extreme Ultraviolet
(EUV) photon-induced plasma.
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• Research line 2 aims at implementing the diagnostic tool on atmospheric-pressure
plasmas to facilitate research into plasma-synthesized light scattering objects.

In research line 1, the fundamental interaction between microwaves and plasmas
is investigated and from that MCRS is further developed. The plasma parameter
space suitable to be explored by MCRS is redefined and significantly stretched by the
decreased lower detection limit for changes in the permittivity and the newly defined
lower limit of the permittivity. The latter limit is developed from an experimental
perspective.

In prior works where MCRS was used, the typical resolution in the real part of the
permittivity was ∼ 10−3 − 10−5 with a few exceptions up to ∼ 10−7. The resolution
in the imaginary part of the relative permittivity has not been described earlier. The
record values for the resolution in the relative permittivity during this project are for
the real part 3·10−10 and for the imaginary part 6·10−6. These accuracies translate in
a lower detection limit for the electron density of 4 ·107 m−3 for low-pressure plasmas
in which the electron collision frequency is much smaller than the applied frequencies
and for plasmas with a collision frequency of 1 THz in a lower detection limit of
4 · 1012 m−3. For these densities, it is assumed that the plasma fills the whole cavity.
For partially filled cavities, like in studies of atmospheric-pressure plasmas, these lower
detection limits scale with the ratio between the effective (microwave-field-squared-
weighted) plasma volume and the effective (microwave-field-squared-weighted) cavity
volume.

Through a hypothetical plasma, the challenges are presented which emanate from
a plasma with a spatial profile. This exertion has shown that separating the con-
tributions of the electron density and collision frequency to the change in resonant
behaviour may lead to an error of several orders of magnitude. This is one of the reas-
ons to advocate for using the complex permittivity to describe the results of MCRS
measurements.

Another reason for this proposed paradigm shift to permittivities is related to
the improved lower detection limit. Through the work, the diagnostic method has
become so sensitive that numerous mechanisms contribute to a possible change in
resonant behaviour. This opens doors towards measuring—non-selectively—a new
range of physical properties with this diagnostic: e.g. gas composition, gas pressure
and metastable density.

Further, a method (multi-mode MCRS) is introduced in which multiple resonant
modes and corresponding field profiles are used to obtain a spatial profile of the elec-
tron density. The obtained electron density profiles of these EUV-induced plasmas
are calculated using the actual field profiles of the non-ideal cavity which were de-
termined with computer simulations and verified experimentally by the bead-scanning
method. The multi-mode MCRS method is demonstrated and successfully used as
beam monitor to resolve the pulse energy, position and dimensions of an EUV beam.
Two criteria for sufficient photons within an ionizing radiation pulse for this approach
to work properly are proposed.
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This beam monitor is further improved for conditions where only little ionization
takes place by the addition of a strong magnetic field in the axial direction of the
cavity to trap the created free electrons. For 5 Pa argon background gas, the lifetime
of the plasma is extended by approximately a factor of 5 and therefore improves the
measurability significantly. Moreover, the maximum detected electron density with
magnetic field gives a better indication of the number of photons within an EUV
pulse.

In addition to the two already described decay regimes of the afterglow of an
EUV photon-induced plasma, a third regime—the transition from ambipolar to free
diffusion—is identified and studied. All this is enabled by the improved resolution
of MCRS to measure changes in the permittivity. This gained knowledge can be
applied by e.g. the semiconductor industry in optimizing the operational conditions
in Extreme Ultraviolet lithography tools.

In research line 2, MCRS is implemented on atmospheric-pressure plasmas and a
proof-of-principle for plasma-synthesized light scattering objects is presented.

For two commonly used atmospheric-pressure plasmas—a high-voltage pulsed jet
in nitrogen gas and a radio-frequency (RF) driven jet in helium gas—the temporal
evolution of the electron density and that of the collision frequency are resolved by
analysing the change of the spectral position as well as the width of the resonance
peak. Essential for the measurements on the RF jet has been the introduction of
temperature-corrected apparent frequencies of the microwave signal. These studies
have given a better insight into the decay of these plasmas and therefore have con-
tributed to an improved application of such plasmas.

Acoustic waves induced by an atmospheric-pressure plasma jet are investigated by
reversing the analysis of the resonant behaviour. This work showed that the frequency
of these acoustic waves is dictated by, among other things, the length of the geometry
of the plasma source. Furthermore, it is revealed that the pressure amplitude of
these acoustic waves might possibly be large enough to affect biomedical tissues in
applications such as plasma medicine.

First experiments are performed in which (sub-)microparticles as light scattering
objects for LED diffuser technology are successfully produced in an atmospheric-
pressure plasma jet. This exertion is currently continued.

Overall, this dissertation presents numerous advancements in Microwave Cavity
Resonance Spectroscopy. The limitations are stretched experimentally as well as
theoretically, which makes it an attractive non-intrusive diagnostic method for a
broad range of processes. Thanks to the usage of the measurement technique—with
the new possibilities developed in this work—a better understanding of the elementary
processes in the physics of different types of plasmas has been obtained.





Samenvatting

Een plasma is een gëıoniseerd gas bestaande uit neutrale gasdeeltjes, vrije elektronen
en ionen. De aanwezigheid van de laatste twee soorten (geladen) deeltjes verandert de
eigenschappen van dit medium enorm, resulterend in een materiaal met zeer eigenaar-
dige kenmerken. Deze worden ingezet door de mensheid in een grote diversiteit aan
toepassingen, variërend van neonreclame, luchtzuivering, pleisters voor wondgenezing,
voortstuwing in de ruimte, contaminatiecontrole, verlichting tot materiaalbewerking.

Voordelen van het bewerken van materialen met lage temperatuur plasma’s zijn
de hoge energie-efficiëntie en de mogelijkheid om temperatuur gevoelige polymeren
te bewerken zonder degradatie. Deze voordelen zijn de motivatie geweest om lage-
temperatuur poedervormende plasma’s als productiemethode voor verlichtingsver-
stroöıers te onderzoeken. Aangezien voor een dergelijke toepassing massaproductie
tegen lage kosten een vereiste is, zou een proces op atmosferische druk zeer interessant
zijn. Daartoe worden in dit werk de eerste verkennende stappen ondernomen.

De vrije elektronen in een plasma bepalen de dynamiek van het plasma en zo-
doende ook die van de chemie die er mee wordt gëınitieerd. Om deze reden is het es-
sentieel, voor een effectieve controle over de eigenschappen van plasma-geproduceerde
diffusors, om de elektronendynamica te kunnen monitoren, te begrijpen en te con-
troleren. Gedurende de laatste 70 jaar is microgolftrilholteresonantiespectroscopie
met succes toegepast als diagnostische methode voor de vrije elektronen in lage druk
plasma’s. De Engelse benaming voor deze meettechniek is Microwave Cavity Reso-
nance Spectroscopy (MCRS). In deze methode worden veranderingen in het resonante
gedrag van een elektromagnetische staande golf in een trilholte—ingesloten door ge-
leidende wanden—gerelateerd aan de elektronendynamica in een plasma. In eerdere
studies zijn de botsingen van de elektronen over het algemeen verwaarloosd. Dit is
echter niet meer mogelijk voor plasma’s op atmosferische druk. Verder is een aan-
zienlijk betere resolutie vereist om de parameters van atmosferische druk plasma’s
op te lossen dan die voor lage druk plasma’s. Daartoe zijn de volgende cruciale
onderzoekslijnen gestart:

• Onderzoekslijn 1 focust op het verder ontwikkelen van MCRS als een zeer ge-
voelige meettechniek voor de vrije elektronen in een plasma als voorbereiding
op de transitie naar het bestuderen van atmosferische druk plasma’s. Deze al-
gemene verbeteringen zijn gedemonstreerd op een modelplasma: een extreem
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ultraviolet (EUV) foton-gëınduceerd plasma.

• Onderzoekslijn 2 richt zich op het implementeren van de diagnostiek op atmosfe-
rische druk plasma’s om onderzoek naar plasma-gesynthetiseerde lichtverstrooi-
ingsdeeltjes te faciliteren.

In onderzoekslijn 1 is de fundamentele interactie tussen microgolven en plasma’s
onderzocht en van daaruit is MCRS verder ontwikkeld. De plasmaparameterruimte
geschikt om te worden verkend met behulp van MCRS is geherdefinieerd en aanzienlijk
opgerekt door het verbeteren van het lager detectielimiet voor veranderingen in de
permittiviteit en de opnieuw gedefinieerde onderlimiet voor de permittiviteit. De
laatste van de twee is ontwikkeld vanuit een experimenteel perspectief.

In eerder werk waarin MCRS werd toegepast, was de typische resolutie in het reële
deel van de relatieve permittiviteit ∼ 10−3 − 10−5 en in een paar uitzonderlijke ge-
vallen ∼ 10−7. De resolutie in het imaginaire deel van de permittiviteit is niet eerder
beschreven. De recordwaardes van de resolutie in de relatieve permittiviteit behaald
gedurende dit werk zijn voor het reële deel 3·10−10 en voor het imaginaire deel 6·10−6.
Deze nauwkeurigheid laat zich vertalen in een lager detectielimiet voor de elektronen-
dichtheid van 4 · 107 m−3 voor lage druk plasma’s waarin de botsingsfrequentie van
de elektronen verwaarloosd kan worden ten opzichte van de hoekfrequentie van het
aangelegde microgolfveld en voor plasma’s met een botsingsfrequentie van 1 THz in
een lager detectielimiet voor de elektronendichtheid van 4 · 1012 m−3. Voor deze
dichtheden is aangenomen dat het plasma de gehele trilholte vult. Voor gedeeltelijk
gevulde trilholtes, zoals in studies van atmosferische druk plasma’s, schalen deze lager
detectielimieten met de ratio van het effectieve (microgolf-veld-kwadraat-gewogen)
plasmavolume en de effectieve (microgolf-veld-kwadraat-gewogen) trilholtevolume.

Middels een hypothetisch plasma zijn de uitdagingen die voortkomen uit een
plasma met een ruimtelijk profiel gepresenteerd. Hieruit is gebleken dat het scheiden
van de bijdragen van de elektronendichtheid en de botsingsfrequentie aan de veran-
dering in resonant gedrag kunnen leiden tot een fout van meerdere grootteorden. Dit
is een van de redenen om te pleiten voor het gebruik van de complexe permittiviteit
om de resultaten van MCRS-metingen te beschrijven.

Een andere reden voor deze voorgestelde paradigmaverschuiving naar permitti-
viteiten is gerelateerd aan de verbeterde lager detectielimiet. Door dit werk is de
diagnostische methode zo gevoelig geworden dat talloze mechanismen bijdragen aan
een mogelijke verandering in resonant gedrag. Dit opent de deuren voor het—niet-
selectief—meten van een reeks van fysieke eigenschappen met deze methode waaron-
der de gassamenstelling, gasdruk en metastabielendichtheid.

Verder is een methode (multi-mode MCRS) gëıntroduceerd waarin meerdere re-
sonantiemodi en de bijbehorende veldprofielen zijn gebruikt om een ruimtelijk profiel
van de elektronendichtheid te verkrijgen. De verkregen elektronendichtheidsprofie-
len van deze EUV-gëınduceerde plasma’s zijn berekend met behulp van de werkelijke
veldprofielen van de niet-ideale trilholte welke zijn bepaald met computersimulaties
en deze zijn experimenteel geverifieerd door middel van de bead-scanning methode.
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De multi-mode MCRS-methode is gedemonstreerd en met succes toegepast als bun-
delmonitor voor het oplossen van de pulsenergie, positie en afmetingen van een EUV
bundel. Twee criteria voor voldoende fotonen binnen een ioniserende stralingspuls
zijn gepresenteerd om te garanderen dat deze methode goed werkt.

De bundelmonitor is verder verbeterd voor omstandigheden waarin slechts weinig
ionisatie plaatsvindt door de toevoeging van een sterk magnetisch veld in de axiale
richting van de trilholte om de gecreëerde elektronen op te sluiten. Voor 5 Pa argon
achtergrondgas is de levensduur van het plasma met ongeveer een factor 5 verlengd
en dus de bemeetbaarheid ervan significant vergroot. Bovendien geeft de maximale
gedetecteerde elektronendichtheid met magnetisch veld een betere indicatie van het
aantal fotonen binnen een EUV-puls.

In aanvulling op de twee al bekende vervalregimes van de nagloed van een EUV
foton-gëınduceerd plasma is er een derde regime—de transitie van ambipolaire naar
vrije diffusie—gëıdentificeerd en bestudeerd. Dit alles is mogelijk gemaakt door de
verbeterde resolutie van MCRS om verschillen in de permittiviteit op te lossen. De
verworven kennis kan worden toegepast door bijvoorbeeld de halfgeleiderindustrie bij
het optimaliseren van operationele omstandigheden in extreem ultraviolet lithografie
machines.

In onderzoekslijn 2 is MCRS gëımplementeerd op atmosferische druk plasma’s
en is een proof-of-principle voor plasma gesynthetiseerde lichtverstrooiende objecten
gepresenteerd.

Voor twee veelgebruikte atmosferische druk plasma’s—een hoogspanningspuls jet
in stikstofgas en een radiofrequente (RF) velden gedreven jet in heliumgas—zijn de
tijdsevolutie van de elektronendichtheid en die van de botsingsfrequentie opgelost door
het analyseren van de verandering van de spectrale positie evenals de breedte van de
resonantiepiek. Essentieel voor de metingen aan de RF jet zijn de gëıntroduceerde
temperatuur gecorrigeerde schijnbare frequenties van het microgolfsignaal. Deze stu-
dies hebben een beter inzicht gegeven in het verval van deze plasma’s en dragen
daarom bij aan het verbeteren van de toepassing van dergelijke plasma’s.

Akoestische golven gegenereerd door een atmosferische druk plasma jet zijn on-
derzocht door de analyse van het resonant gedrag om te keren. Met dit werk is
aangetoond dat de frequentie van deze akoestische golven wordt bepaald door onder
andere de lengte van de geometrie van de plasmabron. Verder is aangetoond dat
de drukamplitude van deze akoestische golven mogelijk groot genoeg kan zijn om
biomedische weefsels te bëınvloeden in toepassingen als plasmageneeskunde.

Eerste experimenten zijn uitgevoerd waarin (sub-)microdeeltjes als lichtverstrooi-
ende objecten voor LED-diffusortechnologie met succes zijn geproduceerd in een at-
mosferische druk plasma jet. Deze inspanning wordt momenteel voortgezet.

Resumerend, dit proefschrift presenteert tal van verbeteringen aan microgolftril-
holteresonantiespectroscopie. De grenzen van MCRS zijn zowel experimenteel als
theoretisch verlegd, waardoor het een aantrekkelijke niet-intrusieve diagnostische me-
thode voor een breed scala aan processen is geworden. Dankzij het inzetten van
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de meettechniek—met de in dit werk ontwikkelde vernieuwde mogelijkheden—is er
een beter begrip van de elementaire processen in en de fysica van verschillende type
plasma’s gecreëerd.
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