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Abstract

Non-thermal atmospheric pressure plasma jets are found in numerous applications, varying
from nanotechnology to treatment of burn wounds. Seemingly continuous, the atmospheric
pressure plasma jets actually consist of fast-moving plasma bullets travelling with velocity
between 104 − 105 m/s. These plasma bullets are better known as highly repetitive guided
streamers that propagate along the path created by the previous discharges. In this study,
charge and electric field measurements for the guided streamers are performed using a tech-
nique which is based on the Pockels effect.

For many applications and fundamental research, the electric field is one of the most important
characteristics of the plasma bullets. For example, depending on the magnitude of the electric
field, the plasma bullets can enhance the processes for treatments of living cells or completely
destroy it. By varying the voltage, frequency, pulse width and gas flow, the charge and
electric field of the plasma bullets can be controlled, which can be very useful for desired
medical treatment or optimizing industrial applications.

In this study, an electro optic BSO (Bi12SiO20) crystal, coated with 100 nm SiO2 on one side,
was used for the electric field measurements. According to the Pockels effect, the refractive
index of an electro-optic crystal depends linearly on the electric field applied on the crystal.
Under the influence of the electric field, the initially isotropic BSO crystal becomes birefrin-
gent. By measuring the change in the refractive index of the BSO crystal before and after the
electric field is applied, it is possible to measure the charge and the electric field of a plasma
bullet. The guided streamers are generated by using positive microsecond pulsed DC voltage,
operating in kHz-range with helium as the working gas.

The transient behaviour of the plasma bullets is captured by performing time-resolved electric
field measurement during the duration of one voltage pulse. The periodic charging of the
crystal is observed from the time-resolved measurement since the plasma bullets are only
generated when the voltage pulse is on. The area where the bullet arrives on the crystal
can vary from one single spot to an expanding area behind it. This is caused by the charge
accumulation on the crystal surface, as such a new discharge is formed on the crystal.

For an increased voltage from 3 kV to 6 kV, the deposited charge in the primary spot increases
from (200 ± 38) pC to (426 ± 105) pC while the maximum electric field rises from (9.2 ± 0.5)
kV/cm to (12 ± 1) kV/cm. When the extension of the impact area is also taken into account,
the total deposited charge can increase up to (694 ± 118) pC for a voltage of 6 kV. For
increasing applied voltage, the external electric field between the powered electrodes becomes
higher, resulting in a plasma bullet that contains more charge. The opposite trend is observed
for increasing repetition frequency and gas flow. For increasing frequency, from 1 kHz to 7
kHz, the deposited charge in the primary spot decreases from (447 ± 87) pC to (268 ± 75) pC
while the maximum electric field decreases from (11 ± 1) kV/cm to (9 ± 0.5) kV/cm. This can
be caused by a reduction of ion species for increasing frequency. However, more investigation
is still needed for a better understanding of this observance. For the gas flow, a decrease of
charge, from (371 ± 55) pC to (128 ± 20) pC, and of the maximum electric field, from (9.8 ±
0.5) kV/cm to (7.4 ± 0.4) kV/cm, are observed when the gas flow is increased from 700 sccm
to 1800 sccm. These decreases are caused by the changing in the He/air gas mixing. The role
of the pulse duration is also investigated. It is observed that its role is minimal for the charge
in the spot and the maximum electric field, since relatively constant values were obtained,
(263 ± 48) pC and (9.5 ± 0.5) kV/cm, when the pulse width is increased from 0.75 µs to 2 µs.
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Chapter 1

Introduction and Motivation

1.1 Introduction

On earth, there are four fundamental states of matter: solid, liquid, gas and plasma. The
transitions between these states require a certain amount of kinetic energy. Solid when be-
ing heated will transform to liquid. Supplying more heat to liquid and it will become gas.
And when the temperature in the gas is high enough to liberate electrons from atoms or
molecules, the plasma state can be obtained. The gas-plasma transition is, however, not a
phase transition since it is continuous and gradual. Plasma can be defined as a mixture of
neutral particles, excited species, ions and electrons. The collective behaviour of a plasma is
determined by the interactions of charged particles through long range Coulomb interactions.

It is estimated that more than 99% of visible matter in the universe is in the plasma state
[1]. In outer space, natural plasmas can be found in the sun and most of the stars. On earth,
we can observe natural plasmas in form of lightning, aurora. Also, plasmas can be generated
by applying high electromagnetic fields to a gas. Depending on the applied voltage, pressure,
electrode geometry and the working gas, different types of plasmas can be made. These man-
made plasmas are of great importance for many industrial applications, such as deposition
and etching of thin films (ALD-technique) or gas discharges in lighting; as well as medical
applications, such as treatment of wounds, sterilization of surfaces or dental care [2]. In this
study, the focus is on the non-thermal atmospheric plasma, in particular plasma jets.

1.2 Motivation and research aim

Non-thermal atmospheric pressure plasma jets owe their name to the properties like relatively
low gas temperature and atmospheric operating pressure. They are very suitable for many
applications such as surface and material processing [3, 4], nanotechnology [5] and especially
in biomedical applications, such as surface sterilization [6], wound treatment [7] and cancer
cells treatment [8]. Therefore, it is very interesting for industrial applications as well as fun-
damental research to investigate the characteristics of the non-thermal atmospheric plasma
jets in order to get the most accomplishments from them.

The aim of this research is to experimentally investigate the electric field and charge of these
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CHAPTER 1. INTRODUCTION AND MOTIVATION

highly repetitive discharges, since the electric field is one of the most fundamental properties
of the non-thermal plasma jets. Many reports had been focussed on the densities of the species
of the plasma plume [9, 10], while few studies had reported on the electric field investigation
[11, 12].

Since the plasma jets are very sensitive to external effects, such as electric field probes, the
electric field measurements require a suitable approach which does not disturb the plasma jets.
In the past, the Pockels effect had been used for determining the surface charge distribution
on insulating material [13] and the transient potential distribution of electrical discharge [14].
The Pockels effect is based on the change in refractive index of a non-conducting electro-optic
crystal under the influence of the applied electric field and recently, it is used to determine the
electric field of the plasma jets [15, 16]. In this study, the Pockels effect is used to investigate
the charge and electric field of a plasma bullet under different applied conditions.

1.3 Outline

The outline of this report is as follow:

Chapter 1 is used to give a short introduction as well as the motivation for this research.

Chapter 2 is dedicated to the discharge theory and chemical reactions that are of impor-
tance for the formation of the plasma. Also, the generation of the non-thermal atmospheric
pressure plasma jets and their characteristics are given.

Chapter 3 describes and discusses the optical properties of the electro-optic BSO crystal
and the Pockels theory. Further in this chapter, how the Pockels effect is used to determine
the electric field of a plasma bullet is also explained.

Chapter 4 gives the schematic design of the plasma jet used in this study. The set-up and
method for determining the charge and electric field are also showed and explained.

Chapter 5 is dedicated to the characterization of the kHz-driven DC pulsed plasma jet.
In this chapter, the bullet velocity is determined under different applied conditions and the
energy dissipated into the system and averaged power of the discharges are measured as well.

In Chapter 6, the coating of the BSO crystal is examined to investigate if the coated BSO
crystal is suitable for the electric field measurements. Also, the results of the time-resolved
measurement are presented.

Chapter 7 presents the results of the charge and electric field obtained when the applied
parameters, i.e. applied voltage, repetition frequency of the voltage pulse, pulse duration and
gas flow, are varied.

Chapter 8 gives the overall conclusion of this research and further outlook.

At last, the list of references and the appendix are also given.
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Chapter 2

Non-thermal atmospheric plasma
jets

For this research, helium plasma jet is used for investigation. Due to its properties such as low
gas temperature and atmospheric operating pressure, the plasma jets belong to the family of
non-thermal atmospheric pressure discharges. Different from continuous discharges, plasma
jets do not operate in a stable state. They actually consist of transient discharges that are
repeated over and over. In this chapter, the formation of non-thermal atmospheric plasma
jets will be explained as well as their characteristics

2.1 Breakdown of gas

In gas, electrical discharges can occur across an intermediate gap when high electric fields
are applied to it. To generate an electrical breakdown, free electrons present due to natural
processes such as cosmic radiation or radioactivity, are accelerated and subsequently collide
with other atoms or molecules in the surrounding medium. If the electron has enough energy,
neutrals and molecules can be ionized and through this, new electrons will be released. In
turn, the freed electrons will be accelerated and more ionization can occur that eventually can
lead to an electron avalanche. Consequently, the number of electrons grows exponentially:

n = n0 exp (αx) . (2.1)

The first Townsend coefficient α describes the number of electrons released by one electron
per unit length of path in the direction of the electric field.

Electrons can also be released by bombardment of positive ions on the cathode surface. This
is known as secondary emission and described by the third Townsend coefficient γ. Ionization
of neutral gas atoms by ion-neutral collisions, indicated by the second Townsend coefficient β,
is negligible due to small ionization cross-section of ions compared to electrons. It is observed
by many researches [17] that the mechanism of breakdown does not depend on ionization
solely. Loeb and Kip [18] and Meek [17] independently proposed the streamer theory that
added the effect of photo-ionization and the space charge field of an electron avalanche to the
mechanism of breakdown.
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CHAPTER 2. NON-THERMAL ATMOSPHERIC PLASMA JETS

Recombination of positive ions and electrons releases photons which through photo-ionization
produces secondary electrons. These secondary electrons are used to generate more electron
avalanches. Since photons travel with the speed of light, the effect of photo-ionization has
a great contribution to the generation of the electron avalanches. As an electron avalanche
occurs, the positive space charge, created by the avalanche, produces an electric field that
distorts the external applied field in the direction of the axis of the avalanche. This axial field
distortion inhibits the advance of electron avalanches moving in the opposite direction to the
external applied field, leading to a localized charge accumulation. Besides, the positive space
charge also induces an electric field distortion in the radial direction, i.e. perpendicular to
the external applied field. Meek [17] suggested that when the magnitude of the radial electric
field reaches a value of the order of the external applied electric field, the transition from
avalanche to streamer will take place. The photoelectrons produced in the gas will not only
be accelerated in the direction of the external field, but also be drawn into the stem of the
avalanche. As a result, the electric field in front of the streamer will be enhanced. This field
enhancement will improve the formation of new electron avalanches at the streamer head and
as a consequence, the streamer develops [17].

There are two types of streamers: positive (cathode directed) and negative (anode directed),
depending on the polarity of the electrode from which they grow, figure 2.1. For negative
streamers, the electrons move in the same direction as the propagation of the streamer while
for positive streamers, due to their positive polarity, electrons are attracted to the streamer
head, accelerating the propagation of the streamer. Lower applied voltages are required for
the generation of the positive streamer emerges from pointed electrodes [19]. Hence, the
positive streamers are easier to generate than negative ones.

(a) (b)

Figure 2.1: Computed electric field along the propagation of negative (a) and positive (b) streamer
[20].

2.2 Gaseous processes

In a plasma, charged particles are created and lost within the plasma bulk and at the wall
surfaces. In order for a streamer to occur, it is important that the production of electrons
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2.2. GASEOUS PROCESSES

exceeds their loss. As mentioned before, free electrons are seeds for a breakdown in gas. By
collisions with atoms or molecules more electrons are released which can lead to the forming
of the discharge. The collisions of free electrons with neutrals (X’s) can be broadly classified
into three groups:

• Elastic: e− + X −→ e− + X.

• Ionization: e− + X −→ e− + e− + X+.

• Excitation: e− + X −→ e− + X∗.

Electrons can be released from bombardment of positive ions on the wall surface and ion-
ization processes. Besides being ionized, the neutrals can also be excited to a higher state
through collisions with electrons. Once a neutral is excited, it can fall back to its ground
state releasing a photon and if the energy gap coincides with a visible wavelength, the photon
is visible. Hence, the spectral distribution of light emitted from the discharge depends on
the type of gas that is used. Some of the excited states is more stable than the others. For
example, some excited He∗’s relax typically back to the ground state in a few nanoseconds,
while some stay at the excited states for seconds due to forbidden transitions, these are called
metastables. Each neutral species has a specific ionization energy and excitation levels. For
excitation and ionization reactions, the kinetic energy of the incident electrons must equal to
or greater than the minimum energy required for excitation or ionization. The electrons do
not only use their kinetic energy to ionize or excite atoms. In molecular gasses, the electron
energy is also used for vibrational and rotational excitations.

Except for ionization, during electron-neutral collision the electron may become attached to
the neutral. This is referred to as electron attachment. This process not only inhibits the
formation of a streamer due to electron lost, but also influences the propagation of it [21].
After a collision, an electron can stick to an atom and make it electronegative or it can
dissociate a molecule and become attached to one of the atoms.

• X + e− −→ X− + hν.

• AB + e− −→ A− + B

Another process that causes loss of electrons and also ions is recombination. This can happen
both at the surface and in the plasma volume. For a streamer to occur, it is crucial that there
are more electrons produced than lost.

Similar to electrons, photons of sufficient energy can also ionize a neutral or excite it to a
higher state. The photo-reactions are known as photo-ionization and photo-excitation:

• Photo-ionization: hν + X −→ e− + X+.

• Photo-excitation: hν + X −→ X∗.

Generally, the electric field at the streamer head is the highest since most of the processes
occur around the streamer head and the most energetic electrons can be found there. It is
also the most luminous area of the plasma jet since photo-ionization also take place there.
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CHAPTER 2. NON-THERMAL ATMOSPHERIC PLASMA JETS

2.3 Non-thermal atmospheric pressure plasma

Assuming that the species in a plasma follow the Maxwell-Boltzmann distribution, then their
average kinetic energy < K > is proportional to the temperature, since < K >= 3

2kBT .
Generally, plasmas can be divided into two groups: thermal and non-thermal. The species in
a thermal plasma are in thermal equilibrium meaning that they all have the same temperature.
Thermal plasmas can be found in most of the stars, fusion reactors, etc. On the other hand,
the particles in a non-thermal plasma are not in thermal equilibrium. The energy transfer of
neutrals and ions during collisions with the walls or other heavy particles are more efficient
comparing to collisions of the electrons. Due to their heavier mass, the neutrals and ions
have lower mobility comparing to the lighter electron mass. Therefore, their average kinetic
energy is lower than that of the electrons. Consequently, the electron temperature can take up
to a few electronvolts (more than 10.000 degrees Kelvin) while the gas temperature remains
relative low, not far from room temperature [12]. Due to their high temperature, the energetic
electrons can effectively enable chemical processes that produce excited species as well as
additional electrons. These excited species can be useful for many applications, for example
reduction or decomposition of the pollutant molecules in polluted water [22] or inactivation of
bacteria [2]. Because of their low gas temperature and energy efficiency in chemical reactions,
non-thermal atmospheric plasmas can be used for surface treatments of temperature sensitive
materials such as biological tissues, polymers or for surface modification.

2.3.1 Dielectric barrier discharge

Non-thermal plasmas can be generated by using a dielectric barrier discharge (DBD) system.
This system is characterized by the use of dielectric barrier in the discharge gap. Dielectric
material is included on at least one of the electrodes, figure 2.2. Dielectric barrier is made
from material with insulating properties, e.g. glass, quartz or ceramics.

Figure 2.2: Two configurations for DBD discharges: planar (left) and cylindrical (right) [23].

After the initiation of the streamer, there is a conducting channel of weakly ionized plasma
in the gap. On the surface of the dielectric material, charge is accumulated as such micro
discharges are also generated on the surface of the dielectric. The electric field resulting from
charge accumulation reduces the external electric field which eventually leads to the collapse
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2.3. NON-THERMAL ATMOSPHERIC PRESSURE PLASMA

of it. Ionic space charge also contributes to the collapse of the external field because ions are
too slow to leave the discharge gap. As a consequence, the streamer will stop growing and
the micro discharges are reduced. The time it takes from breakdown to the collapse of the
external field is of several nanoseconds. Due to the presence of the dielectric barrier, arcing is
prevented because the shortened lifetime of the discharge and the limited discharge current.
Therefore, gas heating is prevented and this is how the DBD’s remain non-thermal.

2.3.2 Atmospheric pressure plasma jets

In a DBD-discharge, plasma is confined between two electrodes. It is also possible to generate
plasma in a gas flow rather than in the discharge gap. Such a DBD-plasma can be referred
to as non-thermal atmospheric pressure plasma jets. There are various configurations to
generate different types of DBD-plasma jets, see figure 2.3.

Figure 2.3: Different configurations to generate DBD-plasma jets [24].

For DBD-plasma jets, inert gasses pure or mixed with a small percentage of reactive gases
can be used [24]. When the gas inlet is open, working gas, such as helium or argon, can flow
through the dielectric tube. The voltage can be applied on the ring or needle electrode and
when the electric field is high enough to initiate a breakdown, a cold (non-thermal) plasma
is generated and operates in the gas flow. The atmospheric pressure plasma jets are usually
driven at kilohertz frequency. The power excitation frequency can be AC, DC or pulsed [25].

As the gas flows through the jet, the discharge is formed between the powered and grounded
electrodes and extended into the surrounding air through the gas flow. Figure 2.4 shows an
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CHAPTER 2. NON-THERMAL ATMOSPHERIC PLASMA JETS

image of an plasma jet used for this study operating in the open air.

Figure 2.4: Atmospheric pressure plasma jet in operation. The jet is driven with a frequency of 5 kHz
and powered with 4 kV pulsed DC voltages. Helium is used as the working gas.

On the right of figure 2.4, plasma is generated between the powered electrode and the ground,
which is a copper ring attached around the capillary and grounded by a copper wire. The
plasma plume is visible behind the end of the capillary and is approximately 3 cm long.

Pulsed direct current (DC) with frequency in kilohertz range is used to power the plasma jet
of this study. Figure 2.5 shows the typical voltage and current signals as a function of time
of the helium jet operate in ambient air.
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Figure 2.5: Wave forms of the applied voltage (4kV) and the current measured at the grounded electrode
of the plasma jet. Helium is used as the carrier gas. The voltage pulse width, frequency and gas flow
are 1 µs, 5 kHz and 700 sccm, respectively.

The plasma jet design will be explained in chapter 4. It should be mentioned that the mea-
sured current is not only the current induced by the plasma but also the displacement current
due to the capacitive character of the jet design. The first peak of the measured current starts
slightly after the voltage has reached its maximum. The presence of the first current peak is
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2.3. NON-THERMAL ATMOSPHERIC PRESSURE PLASMA

linked to the launching of the plasma. At the falling edge of the voltage pulse, a second cur-
rent peak is generated due to the discharging of charges on the ring electrode created during
the duration of the voltage pulse. The characteristic of the plasma jet during a voltage pulse
will be discussed more extensively in chapter 5.

Atmospheric pressure plasma jet appears to be continuous but it actually consists of ionization
fronts or plasma bullets travelling with very high velocity [26, 27]. The true nature of the
plasma jets is revealed through images taken with high-speed iCCD cameras. Figure 2.6
shows time-resolved images of a plasma jet propagating outside the capillary taken with an
iCCD camera.

Figure 2.6: Images of a plasma plume taken with a high-speed iCCD camera with an exposure time of
5 ns. The plasma is driven by pulsed DC voltage with 2 µs duration. The plasma plume is generated
on the rise of the voltage pulse set at t = 0. The time labelled on each image indicates the time the
image is made after the rise of the pulse [28].
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As can be seen from the time-resolved images, plasma is generated inside the tube and as it
propagates into the surrounding air, it leaves a dark channel behind and only the luminous
streamer head is visible. The term plasma bullets is somewhat misleading since it suggests
packages of drifting particles. Basically, plasma bullets are ionization waves of a propagating
streamer. Perhaps the term guided streamers are more qualified to describe the bullet-like
appearance of the atmospheric pressure plasma jets since the discharges are formed on the
trail of the previous discharges. Mericam-Bourdet et al. [29] suggested that the overall charge
of the helium plasma jet operating in air is negative, after using an external electric field to
manipulate the direction of the plasma bullets propagate in the surrounding air.

Quite different from the ‘normal’ streamers (for example corona discharges), guided streamers
are very repeatable while the ‘normal’ streamers have a more stochastic nature regarding
propagation. During the discharge initialization due to the presence of the dielectric barrier,
charged particles and metastables are left behind by previous discharges. This creates a pre-
ferred pathway for the consecutive streamer and can be referred to as memory effect. Over
time, the left-over charges encourage a stable situation in which the streamers will follow each
other in the same direction. The laminar gas flow is also responsible for the guidance of the
ionization fronts [12, 30]. It is important to mention that the bullet velocity is of several
orders of magnitude greater than gas flow velocity.

The channel between the electrode and the head of the streamer appears to be dark. Images
taken with an iCCD camera with long exposure time showed that the connection between
the nozzle and the plasma bullet has a rather weak emission [31]. The conductivity of the
afterglow is studied experimentally [31, 32] and numerically [33, 34]. The electron density
is found to be in the range of 1011 − 1013cm−3. Depending on the radius of the streamer
head and the electron density, the conductivity of the plasma channel is in the range of
10−3− 10−4 Ω−1 cm−1. Therefore, the channel connecting the streamer head to the electrode
can be considered as a relatively poor conducting channel [35].

Figure 2.7: Photograph of a streamer taken at 4.5 µs after breakdown. At that time the streamer head
is about 4 cm away from the nozzle. The image is an accumulation of 500 images taken with a iCCD
camera (100 ns exposure time) [31].

Experimental studies [26, 29, 36] and computational simulations [33, 37] showed that, when
helium is used as the carrier gas, as the plasma bullet propagates into free space, it actually
has a ring-shape structure. This is due to diffusion of air, in particular nitrogen, into the he-
lium gas flow since the ionization energy of nitrogen is lower than that of helium. The effect
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2.3. NON-THERMAL ATMOSPHERIC PRESSURE PLASMA

of air diffusion on the ring-shape structure is confirmed by Wu et al. [38]. In their study, it is
observed that by adding 1.5% of N2 to helium gas flow, a solid disk shape appeared instead.
Additionally, the effect of Penning ionization on the ring-shape structure is observed by Zhu
et al. [39]. They performed optical emission spectrometry to detect excited species in the
plasma jet operating in the ambient air and found that the emission spectrum is dominated
by N2

+ and N2 excited states. Simulation results by Sakiyama [37] also verified the role of
Penning ionization on the bullet structure in the ambient air. However, results from other
simulations [33, 34] pointed out that the role of Penning ionization is minimal on the shaping
of the bullet structure. Therefore, the effect of Penning ionization on the ring-shape is still
unclear.

In order to form a guided streamer, preionization is needed. The amount of left-over charges
depends greatly on the applied voltage, pressure, gas flow, chemistry of the working gas and
frequency. The minimum amount of preionization charges required to guide the streamers
to the same trajectory is investigated numerically by Li et al [40]. Hofmann et al. [30]
investigated experimentally the effect of the applied voltage, frequency and compositions
of gas mixtures. Increasing the applied voltage will increase the ionization rate which will
improve the amount of left-over charges. However, when the voltage is too high, as such the
ionization rate is increased too much that branching can occur. Depending on the voltage
and frequency, the channel of ions and metastables can still be present at the time the next
voltage pulse arrives. The gas flow is also important since a turbulent flow causes mixing of
ions and metastables which can lead to branching. Gas mixtures can also be used to control
the amount of branching. Besides, in addition to the requirement of a minimum amount of
preionization charges, the rise time of the voltage pulse has to be short. With a long rise time,
it can happen that the discharge has already been initiated while the amount of preionization
is still not reached [41].
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Chapter 3

Pockels theory and the electric field

Optical properties of certain materials can be changed when the material is exposed to an
electric field. The electro-optic effect is the change of the refractive index n when an electric
field is applied to an electro-optic medium. As a function of the electric field, the change
in refractive index can depend linearly to the applied electric field, in which case the effect
is known as the Pockels effect, or quadratically to the electric field, in which case is known
as the Kerr effect. In this study, the Pockels effect is used for electric field measurements of
the plasma bullets. The optical and electrical properties of the electro-optic material and the
effect of the electric field on them will be explained in this chapter.

3.1 BSO crystal

Bismuth Silicon Oxide (BSO) or Bi12SiO20 is an inorganic compound of bismuth, silicon and
oxygen. BSO crystal is characterized as photoconductive, electro-optic, piezoelectric and
photorefractive [42]. Due to its marvellous optical properties, BSO is widely used in many
applications such as dynamic holography, Pockels Readout Optical Memory (PROM), thin
films optical waveguides, photo-refraction and phase conjugation. In this study, BSO is used
for electric field measurements of plasma bullets using the Pockels effect.

The BSO crystal used in this study is an electro-optic crystal which has a cubic symmetry.
Initially, without the applied electric field, the BSO crystal is isotropic and as such no change
in refractive index is observed for light passing through. However, when an electric field
is applied, the electro-optic medium will change its principal axes directions and refractive
indices which makes the crystal anisotropic. Light passing through the anisotropic medium
will experience a difference in phase velocity along the fast and slow axes. This difference in
phase velocity is used to describe the Pockels effect which relates the applied electric field to
the change in the refractive index of the electro-optic crystal. To derive the relation between
the applied electric field and the change of the refractive index, first, the changes in the
optical and electrical properties of the electro-optic crystal due to the applied electric field
will be investigated. Then, to find the phase velocity difference, the behaviour of light passing
through an anisotropic medium will be explained. Finally, this difference in phase velocity is
used to derive the relation between the applied electric field and the change in the refractive
index.

13



CHAPTER 3. POCKELS THEORY AND THE ELECTRIC FIELD

3.1.1 Crystal structure

As stated before, an electro-optic crystal is used to measure the change in the refractive index,
as this change is used to determined the electric field. Since the refractive index of a crystal
depends on the composition and the crystal structure, this section is dedicated to describe
the crystal structure of BSO.

In order to describe the crystal structure of a particular substance, the number of atoms in
the unit cell is required. An ideal crystal is constructed by the repetition of the unit cells by
performing suitable crystal symmetry operations. Each unit cell is defined in terms of lattice
points, which are sets of mathematical points to which the unit cell is attached. In three
dimensions, there are 32 sets of symmetry operations which are referred to as crystallographic
point groups, 14 types of unit cells - also called Bravais latices - that can be classified in seven
crystal systems [43]. The combination of those gives 230 different crystallographic space
groups. The seven crystal systems differ in length of the cell’s edges (a, b and c) and in three
internal angles (α, β and γ). For the cubic system, which is one of the seven crystal systems,
the cell’s edges are orthogonal and equal of length. There are three Bravais latices in the
cubic system: the simple cubic (sc), body-centered cubic (bcc) and face-centered cubic (fcc)
lattice, see figure 3.1.

(a) simple cubic (b) body-centered cubic (c)face-centered cubic

Figure 3.1: The cubic latices shown in their unit cell [44].

Conventionally, a primitive unit cell contains only one lattice point, but the body center cubic
contains two lattice points and the face centered cubic contains four in their primitive unit
cell as can be seen from figure 3.1.

There are several methods for naming the space groups. Two most common notations for
the space groups are the international or the Hermann Mauguin notation and the Schönflies
notation. The cubic system is categorized into five point groups. Three point groups be-
long to the tetrahedral class and two belong to the octahedral class. They are named as 23,
2
m 3̄, 4̄3m, 432, m3̄m and T, Th,Td, O, Oh in Hermann Mauguin and the Schönflies notation,
respectively.

The BSO crystal has a body centered cubic structure and belongs to the tetrahedral class
which has three point groups: the rotational tetrahedral symmetry (T = 23), the full tetra-
hedral symmetry (Td = 4̄3m) and the pyritohedral symmetry (Th = m3̄). The rotational
tetrahedral symmetry is of order 12 and consists of three orthogonal 2-fold rotation axes
C2 (rotation by 180◦), eight 3-fold axess C3 (rotation by 120◦, both clockwise and counter-
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3.1. BSO CRYSTAL

clockwise) and the identity symmetry, see figure 3.2.

(a) tetrahedral (b) three C2 axes (c) four C3 axes

Figure 3.2: Tetrahedral with its rotation axes [45].

The full tetrahedral symmetry Td has the same symmetry axes as the rotational tetrahedral
symmetry and additionally six mirror planes. Each mirror plane goes through one edge of
the tetrahedral and intersects the middle of the opposite edge, see figure 3.3.

Figure 3.3: Tetrahedral with six mirrors planes of the Td symmetry [45].

The pyritohedral symmetry (Th = m3̄) consists the same rotation symmetry axes as Td and
in addition three mirror planes through two of the orthogonal axes (x, y or z-axes), eight
rotorelfection by 60◦ and inversion.

BSO crystal belongs to the space group I23 which is consist of a body centered cubic (I) and
a rotational tetrahedral symmetry point (T = 23). Since the rotational tetrahedral symmetry
point has eight 3-fold axes C3 and three 2-fold axes C2, its symmetry order is 12. However,
since there are two BSO molecules per unit cell the symmetry order of I23 is 24. So there
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CHAPTER 3. POCKELS THEORY AND THE ELECTRIC FIELD

have to be mirror and reflection symmetry present. Since two of the C2 axes are not aligned
with the orthogonal axes (x, y or z) any rotation of the crystal will change the magnitude
and polarity of the measured electric field.

3.1.2 Electrical properties

Maxwell’s equations

To describe the effect of an electric or a magnetic field on a material, Maxwell’s equations can
be used. These equations connect the basic quantities: the electric and displacement field E
and D, magnetic vector and field H and B [46]. The field vectors can be derived from the
relations between the quantities:

∇ ·D = ρf , ∇×E = −∂B
∂t
,

∇ ·B = 0, ∇×H = Jf +
∂D

∂t
.

(3.1)

Here, Jf and ρf are the free current and charge density, respectively.
Since BSO is a dielectric material, the free current density Jf will be neglected. Also the
effect of the magnetic vector H and field B is not relevant for the Pockels effect so they will
not be discussed.

For isotropic materials, for example BSO without external electric field, the displacement
field D is parallel to the electric field E and is given by:

D = ε0εrE = εE. (3.2)

Here, ε is the electric permittivity.
However, for anisotropic material ε is not a constant but a tensor since D does not necessarily
have to be parallel to E. The dielectric tensor relates each component of D and E according
to:

D =

Dx

Dy

Dz

 =

εxx εxy εxz
εyx εyy εyz
εzx εzy εzz

ExEy
Ez

 (3.3)

Index ellipsoid

Optical properties of an anisotropic medium can be characterized by the index ellipsoid given
by [47]: ∑

i,j=1,2,3

ηijxixj = 1 (3.4)

where ηij = ηji are elements of the symmetric impermeability tensor defined as η = ε−1,
x1, x2 and x3 are coordinates in a system.

A suitable choice of coordinate axes can always diagonalize the impermeability tensor so that
the components Ex, Ey and Ez can propagate independently. Such axes are know as principal
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3.1. BSO CRYSTAL

axes [47]. The principal axes of the index ellipsoid are also the principal axes of the medium.
Generally, the index ellipsoid can be given by equation 3.5 with the refractive indices nx, ny
and nz are defined as the square root of the dielectric tensor component. In other words,
nx = 1√

εxx
, ny = 1√

εyy
and nx = 1√

εzz
.

x2

n2
x

+
y2

n2
y

+
z2

n2
z

= 1. (3.5)

When an external electric field E = (Ex, Ey, Ez) is applied on the crystal, each element
of the symmetric tensor η becomes a function of the electric field, i.e. ηij(Ex, Ey, Ez) =
ηji(Ex, Ey, Ez) and can be expressed as:

ηij(Ex, Ey, Ez) = η(0, 0, 0) +

i,j,k=1,2,3∑
rijkEk = η(0,0,0) +

I=1,2,..,6∑
k=1,2,3

rIkEk, (3.6)

where r is the reduced impermeability, E1, E2 and E3 are Ex, Ey and Ez, respectively.

Since the tensor η is symmetric, the elements rijk are invariant under permutations of the
indices i and j. Due to this permutation symmetry rij has six combinations of i and j instead
of nine. The pair of indices i and j can be given in a single index I according to table 3.1.

Table 3.1: The single index I represents the pair of indices (i, j)

Indices i = 1 i = 2 i = 3
j = 1 1 6 5
j = 2 6 2 4
j = 3 5 4 3

The coefficients of r are known as the Pockels coefficients:



r11 r12 r13

r21 r22 r23

r31 r32 r33

r41 r42 r43

r51 r52 r53

r61 r62 r63

 =



0 0 0
0 0 0
0 0 0
r41 0 0
0 r52 0
0 0 r63

 (3.7)

The Pockels coefficients of the BSO crystal are all zero except for r41 = r52 = r63 [48].

Under the influence of the applied electric field the tensor η of the BSO crystal is modified
and given by:

η(Ex,Ey, Ez) =
1

n2
x

+
1

n2
y

+
1

n2
z

+ r41Ex + r52Ey + r63Ez. (3.8)

At zero field, E = 0, the BSO crystal is isotropic. Its refractive indices nx, ny and nz are
equal and are denoted as n0. The perturbed index ellipsoid of the BSO crystal is given by
equation 3.9 which can be written in matrix form:
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x2

n2
0

+
y2

n2
0

+
z2

n2
0

+ 2r41yzEx + 2r41zxEy + 2r41yxEz = 1 (3.9)

⇔
(
x y x

)
1
n2
0

r41Ez r41Ey

r41Ez
1
n2
0

r41Ex

r41 r41Ex
1
n2
0


xy
z

 = 1 (3.10)

⇔
(
x y x

)
A

xy
z

 = 1 (3.11)

By diagonalizing the matrix in equation 3.11, the principal axes and the corresponding re-
fractive indices of the perturbed index ellipsoid can be found, i.e. equation 3.9 can be written
in the form of equation 3.5. The change of the refractive index of the crystal due to the
electric field can be determined by investigating the propagation of light travelling through
the crystal using the index ellipsoid.

3.2 Light propagation in anisotropic materials

In regions of space where there is no charge or current, the electric and magnetic field can be
separated by using the Maxwell’s equations, see equation 3.12.

∇2El = µ0ε0
∂2El

∂t2
=

1

c2

∂2El

∂t2

∇2Bl = µ0ε0
∂2Bl

∂t2
=

1

c2

∂2Bl

∂t2

(3.12)

Here, µ0 and ε0 are the magnetic and electric permeability in vacuum and c is the speed of
light.

The electromagnetic waves El and Bl can be written in sinusoidal forms. They travel perpen-
dicular to each other with the speed of light and can be used to describe monochromatic light.
The electromagnetic waves are transverse [49], that is their displacement is perpendicular to
the direction of propagation which is also the propagation direction k of light. As such the
cross product El ×Bl determines the propagation direction k. The relative phase ϕ between
the components of the electromagnetic waves determines the polarization of light. Linear or
plane polarization is a result of the combination of horizontally and vertically polarized waves
of the same phase. If the components are equal in amplitude but out of phase, i.e. ϕ = 90◦,
then light is circularly polarized.

When travelling through an anisotropic medium, light will experience a delay since the com-
ponents of the incident light travel with different phase velocities along the fast and slow
axis. The polarized components along the fast axis encounter a lower refractive index and
travel faster than the components polarized along the slow axis. The difference in optical
path length is a result of the difference in refractive indices:

Λ = d∆n (3.13)
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Because the phase velocity vp is related to the refractive index n = c/vp, the phase difference
Γ can be expressed as a function of ∆n and ∆vp:

Γ = kΛ =
2πd

λ
∆n (3.14)

=
2πd

λ

c

v2
p

∆vp (3.15)

=
2πd

λ

n2

c
∆vp (3.16)

By determining the phase difference, the change in refractive index can be derived. Then
from the Pockels effect, which relates the electric field to the change in the refractive index,
the induced electric field can be calculated.

3.3 Pockels effect

Since the electrical properties of the BSO crystal and the propagation of light through an
anisotropic medium are explained, the next step is to derive the linear relation between the
applied electric field and the change of the refractive index of the BSO crystal, i.e. the Pockels
effect. The phase difference which is used to determine the Pockels effect in this study can
also be expressed.

The index ellipsoid is used for the purposes mentioned above. When intersecting with the
index ellipsoid, light will form an ellipse on the plane in which E and B are oscillating. The
normal k of the plane wave is given by:

x · kx + y · ky + z · kz = 0 (3.17)

The semi-long and semi-short axes of the ellipse coincide with the fast and slow axis that
create a phase difference for light travelling through.

The difference in phase velocity is given by:

∆vp = vfast − vslow (3.18)

= c

(
1

nf
− 1

ns

)
(3.19)

In this study, light passes through the crystal at a perpendicular angle. The propagation
vector of the electromagnetic waves is chosen to be in the z-direction k(0, 0, 1). Therefore the
intersecting plane between light and the index ellipsoid is the xy-plane. The index ellipsoid
given by equation 3.9 becomes:

x2

n2
0

+
y2

n2
0

+ 2r41Ezxy = 1 (3.20)

By finding the principal axes of the index ellipsoid given by equation 3.20, which are also
the semi-long and semi-short axes of the ellipse, we can find an expression for the change in
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refractive index as a function of the electric field. This can be done by rotating the coordinate
system by 45◦ about the z-axis [47], as such x = u+v√

2
and y = −u+v√

2
, see figure 3.4.

k
z

u

x
v

y

Figure 3.4: Modification of the ellipsoid under the influence of the applied electric field.

The index ellipsoid in new coordinate system is:

(u+ v)2

2n2
0

+
(−u+ v)2

2n2
0

+ (u+ v)(−u+ v)r41Ez = 1

⇔ u2

n2
0

+
v2

n2
0

+ (−u2 + v2)r41Ez = 1

⇔ u2

(
1

n2
0

− r41Ez

)
+ v2

(
1

n2
0

+ r41Ez

)
= 1

⇒ u2

(n0 + 1
2n

3
0r41Ez)2

+
v2

(n0 − 1
2n

3
0r41Ez)2

= 1

u2

(n0 + ∆n0)2
+

v2

(n0 −∆n0)2
= 1 (3.21)

As can be seen from equation 3.21, the change in refractive index of the crystal depends
linearly on the applied electric field, i.e. ∆n0 = 1

2n
3
0r41Ez. Since light enters the crystal

perpendicularly, the difference in phase velocities depends only on the component of the
electric field Ez which is parallel to the propagation direction of light. This difference does
not depend on the radial components of the electric field which are tangential to the crystal.
The difference in phase velocities is then:
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∆vp = c

(
1

nf
− 1

ns

)
= c

(
1

n0 −∆n0
− 1

n0 + ∆n0

)
=

c

n0

(
1

1− ∆n0
n0

− 1

1 + ∆n0
n0

)
≈ c

n0

(
1 +

∆n0

n0
− 1 +

∆n0

n0

)
≈ 2c

∆n0

n2
0

= cn0r41Ez. (3.22)

As a result, the phase difference Γ from equation 3.16 becomes:

Γ =
2πd

λ

n2
0

c
∆vp

=
2πd

λ
n3

0r41Ez. (3.23)

3.4 Electric field in a BSO crystal

When in contact with the BSO crystal, the plasma jet deposits charge on it. The deposited
charge induces an electric field in the crystal. The amount of the deposited charge can
be calculated by determining the phase difference that light experiences after propagating
through the crystal. The induced electric field is an averaged electric field through out the
crystal since:

Γ = k0Λ

=
2π

λ

∫ d

0
∆n(x,y)dz

=
2π

λ

n2
0

c

∫ d

0
∆vp(x,y)dz

=
2π

λ

n2
0

c
n0r41c

∫ d

0
Ez(x,y,z)dz

=
2πd

λ
n3

0r41Ez(x,y) (3.24)

If the length scales corresponding to the area A where charge is deposited are significantly
larger than the thickness d of the crystal, then the electric field can be assumed to be homo-
geneous throughout the crystal. The electric field at the surface of the crystal is then equal
to the electric field measured with the Pockels effect. In this case, the electric field can be
expressed as:

Ez =
σ

2ε0εr
=

Q

2ε0εrA
(3.25)
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with σ is the surface charge density and Q is the total deposited charge.

On the other hand, if the dimensions corresponding to the area where the plasma jet touches
the crystal are of the order of the crystal thickness, the electric field in the crystal can no
longer be uniform [16]. Consequently, the electric field at the surface of the crystal cannot
be approximated by the field measured with the Pockels effect. Numerically, the electric field
inside the crystal is calculated by Slikboer [16] using:

Ez E(x,y,z)z

ρ

r

x

yσ(x,y)

Figure 3.5: Visualization
of how the electric field is
calculated by 3.26.

E(x,y,z) =
1

4πε

∫ ∫
σ(i,j)didj

(x− i)2 + (y − j)2 + z2
ρ̂ (3.26)

By using an uniformly deposited charged disk with σc(x,y) = 3 nC/cm2 at the surface (see
figure 3.5), Slikboer [16] had computed the electric field at different positions in the crystal.
When the radius of the charged disk was taken to be equal to the thickness of the crystal, the
components of the electric field were found to decrease with increasing distance towards the
surface of the crystal. Hence, the assumption that the electric field in the crystal is uniform
is not always valid.

For different dimensions of the charged disk, the ratio between the charge determined by using
the uniform field approximation and the actual deposited charge is calculated [16]. This is
done by first determining the average axial electric field from which the surface charge density
σ(x,y) is calculated using equation 3.25. The total charge Qmeas is then calculated by using
a 100 × 100 grid and summing the values of all cells multiplied with the area of the cell. This
total charge is then compared with the deposited charge which is Qsurf = π ·ab ·σc(x,y), with
a and b are the semi-axes. The ratio between Qmeas and Qsurf is shown in figure 3.6, with
different total lengths, Rx = 2a, and widths Ry = 2b of the disk.
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Figure 3.6: The ratio between the total charge obtained using the uniform field approximation and the
total deposited charge at the surface for different dimensions of the disk [16].

The ratio Qmeas/Qsurf decreases from 95% to 1% for 10−1 < R
d < 101. Hence, it is not

completely accurate to use equation 3.25 to determine the surface charge deposited by the
plasma jet.

Figure 3.6 is used as a lookup table for determining the actual charge deposited on the surface
of the crystal. To calculate the maximum electric field at the surface of the crystal, the
averaged electric field has to be compensated for the use of the uniform field approximation
as well. By calculating the maximum electric field numerically with a given uniform surface
charge for different dimensions of the impact area, a different lookup table is created for the
maximum electric field so that the averaged electric field can be compensated [16].
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Chapter 4

Experimental methods

In this chapter, the experimental design used to generate the atmospheric plasma jet will be
described. The set-up and method of how to determine the electric field and the deposited
charge will be explained in detail.

4.1 Plasma jet design

There are several designs, varying from electrode configurations to power inputs, to generate
non-thermal atmospheric plasma jet [50]. For industrial and medical applications, DBD-
plasma jets are of preference due to its tendency to suppress arcing and remain non-thermal
due to the presence of dielectric materials. Besides, Laroussi [51] observed that by applying
sub-microsecond pulsed voltages at kilohertz frequency, more applied energy is coupled to the
plasma and enhanced plasma chemistry is achieved.

The plasma jet used in this study is designed according to figure 4.1. Pulsed DC voltages
are applied on a hollow stainless steel pipe, through which helium can flow, to generate the
plasma. The positive high voltage pulses are created by a DEI PVX-410 high voltage pulse
generator. The DC voltage is supplied by a Spellman voltage supply. The pulse duration
and repetition frequency are controlled with an Agilent LXI 33220A function generator. To
measured the current applied at the stainless steel pipe, a Pearson current monitor is placed
between the high voltage supply and the pipe.

The stainless steel pipe, which is considered as the powered electrode, is 72 mm long, has an
inner diameter of 0.8 mm and an outer diameter of 1.6 mm and is situated inside a pyrex
capillary. The dielectric tube is 95 mm long and has an inner and outer diameter of 2 mm and
4 mm, respectively. At a distance of 5 mm away from the end of the stainless steel pipe, there
is a copper ring wrapped around the capillary. This ring is connected to a 1 kΩ resistor and
acts a the grounded electrode. The resistor makes it possible to measure the current induced
by the charges accumulated at the grounded electrode. The voltage and current signals are
monitored by a Lecroy 6100A oscilloscope.
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HV supply

Function generator

HV pulse generator

Voltage probe

He inlet

Current monitor

Oscilloscope

1 kΩ

45°

72 mm 5 mm 3 mm Gap distance

BSO

95 mm

V

Figure 4.1: Schematic design for the atmospheric plasma jet used in this study.

With this jet design, the plasma is generated between the stainless steel pipe and the grounded
ring electrode and the plasma jet can propagates outside the capillary up to a few centimetres.
The distance between the end of the capillary and the BSO crystal is the gap distance.

4.2 Set-up and method for determining the plasma bullet ve-
locity

To determine the velocity of the plasma bullet, time-resolved images are taken to monitor the
propagation of the ionization front, see figure 4.2.

iCCD

Figure 4.2: Set up for determining the velocity of an ionization wave front.

The iCCD camera is positioned perpendicularly to the plasma jet. Time-resolved images are
taken by triggering the camera on the voltage pulse. The exposure time for each image is 50
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ns. The position of the plasma bullet head is monitored right after the plasma was generated
between the electrodes. The positions of the head of the plasma bullet are determined using
the software ”Tracker” [52]. Figure 4.3, shows an example of tracking the positions of the
plasma bullet.

Figure 4.3: Tracking of the plasma bullet positions.

In the next section, the set up used to observe the Pockels effect and the procedure for
determining the electric field of an ionization wave front will be explained.

4.3 Determining the electric field

4.3.1 Set-up

The helium plasma bullets are further investigated by determining the Pockels effect on an
electro-optic crystal BSO to measure the electric field, as already described in [15]. For this
purpose, the Sénarmont set up, see figure 4.4, is used to determine the induced change of the
refractive index of the BSO crystal.

iCCD Diode 633 nm

analyzer
β

λ/4
45°

BSO
Γ

polarizer
45°

Figure 4.4: The Sénarmont set-up used to determine the change in the refractive index of the electro-
optic BSO crystal [15].

The set-up used in this study is consisted of a light source (a LED) with a wavelength of
633 nm, a polarizer followed by the BSO crystal with thickness d, a quarter wave plate and
another polarizer, also referred to as the analyzer. The BSO crystal is placed between the
first polarizer and a quarter wave plate, whose optical axes are set at 45◦ with respect to the
birefringent axis of the crystal. With this set-up, at the output of the quarter wave plate,
a linear polarized light whose direction depends on the phase shift Γ light undergoes at the
crystal, is obtained. Depending on the delay Γ, experienced by the light passing through the
BSO crystal, and the angle β of the analyzer, the intensity I detected by the iCCD camera
can be varied, see equation 4.1. The derivation of the equation is given in the appendix.

I

Imax
=

1

2
(1− sin(Γ− 2β)) (4.1)
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By measuring the intensities of the light passing through the BSO crystal before and after the
plasma bullet has reached the crystal, respectively referred to as I0 and I, the axial electric
field can be calculated. Ideally, the intensity I is detected at 50% transmittance by setting the
angle β of the analyzer at π/2 with respect to the optical axis of the crystal, since the optimal
transmission can be obtained, see equation 4.1. Also, the maximum and minimum intensities,
Imax measured at β = π/4 and Imin measured at β = 3π/4, are detected when there is no
electric field. By measuring Imax and Imin, the absorption due to the set-up components and
the dark current of the camera can be included.

Knowing the phase difference Γ, the electric field applied on the BSO crystal can be deter-
mined. This phase difference depends on the properties of the BSO crystal and the way light
behaves when passing through an anisotropic medium, as discussed in chapter 3.

The intensities are detected by a Stanford Optics 4-Quick-E iCCD camera. The time-resolved
images are taken by triggering the camera on the voltage pulse as such the delay of the camera
can be varied. To suppress the background noises, usually 50 images are taken and averaged.
Generally, the exposure time for each image is 75 ns and the camera gain is set at 650 on a
scale from 1 to 1000.

4.3.2 Method

The axial electric field is determined after measuring the intensities before (I0) and after (I)
the electric field is applied on the crystal and is given by equation 4.2.

Ez =
λ

πdn3
0r41

I − I0

Imax − Imin
(4.2)

with λ = 633 nm is the wavelength of the LED, d = 0.5 mm is the crystal thickness, n0 = 2.54
is the refractive index of the BSO crystal and r41 = 4.8 pm/V is the Pockels coefficient.

Conventionally, before the electric field is applied the intensities are determined at β =
π/4, β = π/2 and β = 3π/4 but since the BSO crystal has a natural retardance of 10◦ [53],
Imax, Imin and I0 as well as I (determined after the plasma bullet has reached the crystal)
are measured at β = 55◦, 145◦ and β = 100◦, respectively. Also, the quarter wave plate is set
at 55 ◦.

Figure 4.5 shows three images of the electric field calculated with equation 4.2, taken before
and after an ionization front has reached the target and the difference between those two.
In figure 4.5 (a) and (b), a background measured field on the left and right of the image is
observed. The background structure is also observed in the study of [16] using an AC powered
plasma jet. The background measured field does not change throughout the measurements
[16]. Hence, by subtracting the image before the bullet arrives on the target from the image
after, the background structure is eliminated. The origin of this background structure is still
unclear and needs more investigation to find the cause of it. In this study, this background
structure is observed to increase with increasing voltage. In the appendix B, a more visible
background structure is showed for higher voltages. For figure 4.5 (a) and (b), each is an
averaged of 50 scans taken with the same delay time of the camera.

28



4.3. DETERMINING THE ELECTRIC FIELD
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Figure 4.5: Electric field measured before (a), after (b) the plasma bullet has reached the BSO crystal
and their difference (c) to eliminate the background noise. On the left of the images, the end of the
capillary is visible.

Since the iCCD camera also detects light emitted from the plasma jet, precaution has been
taken by blocking the LED and the intensity Idark measured at β = π/2 is also taken into
the calculation of the electric field:

Ez =
λ

πdn3
0r41

I − I0 − Idark
Imax − Imin

(4.3)

The electric field calculated with equation 4.3 is showed in figure 4.6. The applied conditions
are the same as in figure 4.5.
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Figure 4.6: Electric field measured before and after the plasma bullet has reached the crystal and their
difference. The obtained electric field is calculated with equation 4.6 by including the intensity measured
when the LED is blocked.

After subtracting the image taken before the plasma bullet reached the crystal with the image
after, the induced electric field is obtained. To determine the maximum electric field and total
deposited charge on the crystal, a mask is used to only take into account the pixels which
have intensity greater than a certain cut-off level related to the background noise. This way
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CHAPTER 4. EXPERIMENTAL METHODS

it is possible to only take into account pixel values that belong to the area where charge is
deposited. An example of using the mask to determine the electric field is shown in figure
4.7.
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Figure 4.7: The mask used to determine the electric field and deposited charge. The green spot on the
left is the area where the plasma bullet hits the crystal and the yellow spot is the extension of the first
green spot.

As can be seen in the image above, the area where the ionization front hits the target does
not confine in one spot. Depending on the applied conditions such as the amplitude of the
voltage, the gas flow or the distance between the capillary and the crystal, the impact point
can vary from one single spot to two spots or an extending tail behind the primary spot.
More over the shape of the impact area will be discussed in chapter 7.

The pixel with the highest electric field value is the maximum electric field and it is always
measured in the primary spot. In figure 4.7, the measured maximum electric field is 8.2 · 105

V/m. The deposited charge in the primary spot is determined by calculating first the surface
charge density using equation 3.25, then adding all the pixels within the green mask and
multiply by the area of a pixel. The mask only takes pixels with values greater than 3.0 · 105

V/m, which is the cut-off level, into account. The cut-off level is determined by taking into
account the values of the background pixels. By using this cut-off level, the surface charge
density and the charge deposited in the primary spot in figure 4.7 are 38.1 nC/cm2 and 268
pC, respectively. The maximum electric field and the charge deposited in the primary spot
can be corrected for the use of the uniform field approximation by determine the dimensions
of the spot and using look-up tables as discussed in section 3.4. When the yellow mask is also
taken into account to include the extension of the primary spot, the total deposited charge is
374 pC.

4.4 Investigating the influence of the SiO2 coating

When an atmospheric plasma jet is in contact with a BSO crystal, charged particles will be
deposited on it. For a pulsed DC plasma jet, it is expected that the generated net discharge
current is much larger than when the plasma jet is generated with AC voltage [54]. With a
large discharge current, the plasma jet can damage the crystal. To prevent damages, the BSO
crystal used for the electric field measurements is coated on one side with a 100 nm SiO2 layer,
much smaller than the crystal thickness d = 0.5 mm. However, since the Pockels effect used
to measure the electric field depends on the polarization of light passing through the crystal
and the amount of deposited charge depends on the electrical conductivity of the surfaces,
it is important to know if the thin coating layer of SiO2 have any influence on the electric
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4.4. INVESTIGATING THE INFLUENCE OF THE SIO2 COATING

field measurements. On both sides of the coated BSO crystal, electric field measurements
are performed to measure the deposited charge and the maximum induced electric field to
investigate the influence of the SiO2 layer.

Since it was not certain how much charge the pulsed DC plasma jet would deposit on the
crystal, an AC power supply operating at 30 kHz was used to generate the plasma bullets
instead. The applied voltage, gas flow and source size were 2 kV, 700 sccm and 5 mm,
respectively. When an voltage of 2 kV is used, a discharge was generated every AC period
and no micro-discharges were observed [16]. A 9.5 cm long capillary was used and kept at 7
mm away from the crystal surface. Figure 4.8 shows the electric field measurements for the
AC plasma jet. The deposited charges and electric field were measured on the coated and
non-coated sides of the crystal.
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Figure 4.8: The electric field measured on the side not coated with SiO2 (a-c) and on the coated side
(d-e). For each measurement, the electric field was measured before and after the bullet reached the
crystal surface. Figures (c) and (f) are obtained by subtracting the background structure measured
before the bullet arrived. On the left of the images the end of the capillary is visible.

The maximum electric field strengths measured on the non-coated and SiO2-coated surface
are 5.3 kV/cm and 4.7 kV/cm, respectively. The values of the deposited charge are 54 pC
on the surface surface without coating and 52 pC on the SiO2-coated surface. The electric
field and deposited charge measured on the non-coated surface were negative while on the
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SiO2-coated surface they were positive. Depending on the crystal structure and orientation,
light passing through will be polarized differently. The polarity of the observed spot is thus
changed when the crystal is rotated [16]. However, as mentioned earlier in chapter 2 section
2.3.2, the overall charge of the plasma bullets is negative.

The dimensions of the spot measured on the non-coated and SiO2-coated surfaces are 0.53
× 0.56 mm and 0.49 × 0.56 mm, respectively. Several electric field measurements were
performed and in table 4.1 the deposited charges and maximum electric fields measured on
both sides of the crystal are given for comparison. Also shown are the dimensions of the spot.
The AC jet operated at 30 kHz, the applied voltage, gas flow and pulse width were 2 kV, 700
sccm and 1 µs, and were kept constant during all measurements.

Table 4.1: The deposited charges and maximum electric fields measured on both surfaces of the crystal.
All the measurements were performed under the same conditions. The AC applied voltage, gas flow,
repetition frequency and gap distance were 2 kV, 700 sccm, 30 kHz and 7 mm, respectively.

Crystal surface Charge (pC) Maximum electric field ( kV/cm) Dimensions (mm × mm)

SiO2-coated

54 ± 6 5.0 0.7 × 0.6
48 ± 5 4.3 0.57 × 0.49
51 ± 5 4.9 0.72 × 0.68
45 ± 4 4.0 0.61 × 0.53

non-coated

35 ± 9 4.4 0.45 × 0.45
48 ± 7 4.7 0.45 × 0.49
53 ± 9 4.9 0.53 × 0.53
47 ± 2 5.0 0.45 × 0.53

The charge and maximum electric field measured on the SiO2 surface did not differ much from
the ones measured on the BSO surface. The average deposited charge and maximum electric
field measured on the SiO2 surface is 50 ± 5 pC and on the BSO surface 46 ± 8 pC, while the
maximum electric fields are 4.6 kV/cm and 4.7 kV/cm, respectively. The dimensions of the
spot measured on the SiO2 surface are slightly larger than on the BSO surface however they
are still in the error range which is 0.1 mm since the background noise is quite large. The
electrical resistivity of BSO and SiO2 ranges at room temperature are 4 · 1012− 1.9 · 1014 Ω m
[55] and 1 · 1012− 2 · 1014 Ω m [56], which are quite the same. Since the deposited charge and
maximum electric field values obtained from measurements on the BSO surface did not differ
much from the ones measured on the SiO2, the crystal surface which is coated with 100 nm
SiO2 is used further for electric field measurements of the DC pulsed plasma jet.
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Chapter 5

Characterization of the non-thermal
plasma jet

The non-thermal atmospheric plasma jet showed in figure 2.4 seems to be continuous but it
actually consists of transient ionization wave fronts travelling at high velocities. Nanosecond
time-resolved images of a single plasma bullet have been taken with an iCCD camera, to
capture the propagation behaviour of the highly repetitive ionization fronts or plasma bullets.
The velocity of the plasma bullets inside the capillary and in the open air is investigated. In
addition, the energies injected into the plasma generation system are also examined as a
function of the parameters of the plasma jet. This is obtained by determining the applied
voltages and the currents generated at different applied conditions.

5.1 Plasma bullets generation

In this study, the plasma bullets are generated using pulsed DC voltages raging from 3 to 6
kV. The DC pulses are repeated in kHz regime. The generation of the applied voltage pulses
were explained in chapter 4. In figure 5.1 (a), the wave signals of the voltage and currents,
measured when the plasma was on, are shown. The currents were measured both at the high
voltage applied and grounded electrodes. Due to the capacitive character of the jet design, the
measured total currents consist of not only discharge currents but also displacement currents,
measured when there was no plasma, figure 5.1 (b).
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Figure 5.1: The characteristics of the voltage and currents measured with (a) and without plasma (b).
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CHAPTER 5. CHARACTERIZATION OF THE NON-THERMAL PLASMA JET

To measure the energy dissipated in the plasma, the currents at the electrode applied with
high voltage and at the grounded electrode were measured, see figure 5.2. These discharge
currents are obtained by subtracting the currents measured when there was no plasma from
the currents measured when the plasma was present.
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Figure 5.2: The applied voltage (4 kV) and discharge current signals of the plasma jet. The discharge
currents are measured at the high voltage applied and grounded electrodes. These currents are obtained
by subtracting the displacement current (no gas, no plasma) from the total current (plasma is on). The
frequency, rise time of the pulse, pulse width and flow are 5 kHz, 5 ns, 1 µs and 700 sccm, respectively.

The voltage pulse and the first discharge current measured at the high voltage applied elec-
trode start to rise at around 199.97 µs and 200 µs, respectively. Slightly after the voltage
pulse has reached its plateau, at around 200 µs, the discharge current reaches its peak. The
time delay between the maximum of the voltage pulse and the first current peak is approxi-
mately 12 ns. This delay is probably linked to a pre-breakdown phase in which a Townsend
breakdown occurs. During this phase, charges are accumulated on the dielectric surface until
the electric field is high enough for a discharge [57]. The first current peak is associated with
the ignition of the plasma. After the ignition of the plasma, an ionization front starts to
propagate. Each discharge leaves a certain amount of charges and metastables behind. In
time, the charging inside the capillary creates a predetermined pathway is created for the
consecutive discharges. This is referred to as the memory effect, [30, 50]. However, for the
helium plasma jet used in this study, when propagating in the surrounding air outside the
capillary, the role of the memory effect in the propagation of the ionization fronts is ques-
tionable. Since the lifetime of the metastables which are partly responsible for the memory
effect is shorter than the repetition period of the plasma bullets (1/f) [12]. As the voltage
pulse starts to fall at 201 µs, a second current peak with a negative polarity is observed.
This current peak is induced by the charges accumulated on the dielectric surface during the
duration of the voltage pulse.

To capture the propagation of a plasma bullet along the guided pathway, time-resolved images
are taken with an iCCD camera, see figure 5.3. The iCCD camera was triggered on the voltage
pulse with trigger time τt. There was a time delay of 120 ns between the voltage pulse and
the triggering of the camera. The images are recorded after the plasma was initiated and
several plasma bullets had been generated, as such a preferred pathway was already created.
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5.1. PLASMA BULLETS GENERATION

Figure 5.3: Plasma bullet propagation along the capillary and outside in the surrounding air. For each
image, one exposure was taken with an iCCD camera and the exposure time was 50 ns. The camera
was triggered on the second voltage pulse since there is a 120 ns time delay between the voltage and
camera signals. The time τt denoted at the right end of each image indicates the the moment the
camera was triggered on the voltage pulse. The characteristics of the voltage and current are the same
as the ones showed in figure 5.2.
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CHAPTER 5. CHARACTERIZATION OF THE NON-THERMAL PLASMA JET

As can be seen from figure 5.3, the ignition of the plasma starts as the voltage pulse rises.
One hundred nanoseconds later, an ionization front has already been created and passed the
grounded electrode. The plasma bullet reaches the end of the capillary 300 ns after the igni-
tion of the discharge at τt = 200.1 µs. The plasma bullet propagates further into the open air
and at around 200.3 µs a dark channel between the end of the capillary and the bullet was
observed. It is worthwhile to mention again that the bullet was not completely detached from
the streamer since the channel connecting the bullet and the streamer is weakly conducted.
As the bullet propagates further, the intensity of the emitted light becomes weaker and the
bullet disappears at 200.6 µs. The effect of the buoyancy force on the plasma jet is visible
since the bullet also slightly moves upward. At the falling edge of the voltage pulse, starting
at around 200.9 µs, another weaker discharge is observed. No plasma bullet was produced
after the occurrence of the second discharge. Consequently, two discharges were produced but
only one plasma bullet was generated per voltage pulse. Note that the trigger times showed
in figure 5.3 are not the actual delay times of the voltage pulse since there was a time de-
lay between the pulse and the camera. For the actual delay times, 120 ns has to be added to τt.

The lifetime of the plasma bullet from figure 5.3 is about 600 ns, shorter than the duration
of the voltage pulse which is 1 µs. As the bullet propagates, the air molecules diffuse into
the ionization channel and inhibit its propagation. If the voltage pulse is long enough, the
diffusion of air molecules can stop to the plasma bullet propagation before the ignition of the
second current peak at the end of the pulse. The plasma bullet lifetime depends not only on
the voltage pulse duration, but also on the helium mole fraction as the plasma bullet follows
the trajectory of the helium gas flow, the magnitude of the applied voltage as the bullet
looses energy when propagating and on the secondary discharge ignition time as this creates
an opposing current along the ionization channel, as had been investigated by Karakas [58].
Another reason for the observed short lifetime of the plasma bullet is due to the sensitivity
of the iCCD camera. As the bullet propagates in the surrounding air, its intensity decreased
and it could happen that the intensity was too low to be detected by the iCCD camera.

Depending on the parameters used to produce the atmospheric plasma, the plasma bullets
are generated with different propagating velocity. In the next section, the bullet velocity is
investigated by varying the parameters applied on the plasma jet.

5.2 Plasma bullet velocity

In this section, the velocity of the generated plasma bullets in- and outside the capillary is
investigated. The bullet velocity is calculated by determining the positions of the bullets from
the time-resolved images taken with an iCCD camera with an exposure time of 50 ns. For
each position of the plasma bullet, one exposure was taken. For all these measurements, a
gas flow of 700 sccm was used.

In figure 5.4, the bullet velocity is shown as a function of time and the distance measured
from the grounded electrode for different applied voltages while the gas flow, pulse duration
and repetition frequency were kept constant. For all measurements the bullet disappeared
before the fall of the voltage pulse.
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Figure 5.4: The velocity of the plasma bullet as a function of time (a) and the distance measured from
the grounded electrode (b) for different applied voltages. The end of the capillary is 21 mm away from
the grounded electrode and is indicated in (b) by the vertical black line. The pulse repetition frequency,
pulse width and gas flow are 5 kHz, 1 µs and 700 sccm, respectively. The time between each point in
each graph is the exposure time of the iCCD camera and is equal to 50 ns.

From figure 5.4, it is observed that the applied voltage increased the velocity of the ionization
front in- and outside the capillary. When a voltage of 3 kV is applied to the electrode, it
took 50 ns to initiate the plasma between the two electrodes. However in the cases of 4, 5
and 6 kV, the plasma was generated instantly and within the first 50 ns, the streamer head
already passed the grounded electrode. The ionization front reached the end of the capillary
at earlier time for higher voltages. For increasing applied voltage, the external electric field
becomes stronger. Therefore, more ionization occurs and as such more charges are created
during one voltage pulse (see Chapter 7, section 7.1) and the more charges a bullet carries,
the faster it propagates. This improvement of the bullet velocity by the applied voltage is in
agreement with other studies [29] [59, 60]. Before the fall of the voltage pulse, the plasma
bullet disappeared in all cases.

As the bullet propagated along the capillary, the velocity decreased because of losses of seed
electrons due to interactions with the walls. Near the end of the capillary, the plasma bul-
let seemed to come to a stop for all the applied voltages. This is caused by the changing
in the geometry of the capillary, which leads to accumulation of charge at the end of the
capillary as such the capacitance there is increased. Due to the increase in the capacitance,
another ionization wave front is generated and emitted into the open air. The deceleration
of the plasma bullet is also observed by Guaitella [61] for the same design of the plasma
jet. After leaving the capillary, the ionization front is accelerated at first and reached a maxi-
mum velocity ranging from 1.3 - 6.6 ·104 m/s when the voltage is increased from 3 kV to 6 kV.

The obtained velocity range of this study is comparable with the results of Guaitella obtained
by using the same jet design but with an AC voltage [61]. Further, it is observed that the
ionization front propagates farther away from the grounded electrode for higher voltages, see
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CHAPTER 5. CHARACTERIZATION OF THE NON-THERMAL PLASMA JET

appendix C. This effect of the applied voltage pulse on the plasma jet length is also observed
by Xiong et al. [62]. From the graph of 6 kV, it seems that the bullet velocity starts to
decrease when it is about 4.5 cm away from the end of the capillary. In the studies of [63, 64],
it is observed that after reaching a certain peak value, the velocity decreased as the bullet
propagates further away from the capillary.

Next, the velocity of the ionization front is further investigated by varying the repetition
frequency f and the width w of the voltage pulse, see figure 5.5.
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(b) V = 5 kV, f = 5 kHz.

Figure 5.5: The influence of the frequency (a) and the width (b) of the voltage pulse on the propagation
velocity of the plasma bullet. The travelling distance is measured from the grounded electrode.

The plasma bullet travelling along the capillary and in the surrounding air for different fre-
quencies and pulse widths shows similar behaviour as in figure 5.4. Its propagating velocity
is increased after being generated and decreased as it propagated along the capillary and
reached a minimum at the end of the tube. Then the ionization front is accelerated when
propagating in the surrounding air.

As for varying the repetition frequency of the voltage pulse, the propagation velocity did not
show large changes. An increase in frequency from 1 to 6 kHz corresponds to a decrease in the
interval time between two pulses from 1000 to 166.7 µs. This suggests that the period time
between two pulses was quite long, as such the number of charge and excited species from the
previous discharge pulses was not large enough to improve the propagation of the ionization
front. In the studies of Ji [59] and Xiong [63], it was also found that the propagation velocity
of the ionization front was not dependent on the repetition frequency of the voltage pulse.

Further, when the duration of the positive voltage pulse was varied, the bullet velocity was not
affected either. For shorter pulse duration (few hundreds ns), it was found that an increase
of the pulse width results in higher discharge currents, which in turn increase the energy
dissipated into the plasma [35]. And since the plasma chemistry depends on the energy
deposited in the plasma jet, the pulse width could influence the propagation velocity of the
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ionization front. However, when the pulse duration was increased above 500 ns, the pulse
width no longer affected the peak and shape of the discharge currents [65]. When the pulse
duration was longer than 1 µs, it did not have obvious effect on the plasma jet behaviour.
With our electrical equipments, short pulse widths (in hundreds ns range) were not desirable,
since the plasma jet could not reach the end of the capillary if the pulse duration was shorter
than 300 ns.

5.3 Dissipated energy and averaged power

Per voltage pulse, the discharge energy, determined from the discharge current measured at
the high voltage applied electrode, and the energy determined from the current measured
at the grounded electrode are calculated. The energy deposited into the generation of the
plasma is the difference between the first two mentioned currents. In figure 5.6, the calculated
energies and the averaged power are shown as a function of the applied voltage.
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Figure 5.6: The influence of the applied voltage on the energy dissipated in the system per pulse (a)
and on the averaged power (b) per voltage pulse. The discharge and ”ground” energies are calculated
from the currents measured at the high voltage applied and grounded electrode, respectively.

The discharge energy, the energy measured at the grounded electrode increase almost linearly
with increasing applied voltage. The discharge energy increases from (17 ± 2) µJ to (95 ±
2) µJ and the averaged power increases from (85 ± 8) mW to (477 ± 10) mW when the ap-
plied voltage rises from 3 to 6 kV. The error bars are determined from the background noise
observed from the instantaneous power. The measured energy range is similar to the results
found by Jarrige [64] et al. In their study, it is also observed that the dissipated energy per
voltage pulse increased when the applied voltage became larger. As the energy injected into
the generator is increased, the external electric field becomes stronger. Consequently, more
charges are produced during the duration of the voltage pulse. The more charges a bullet
carries the faster it propagates as such the dissipated energy confirmed the finding that the
propagation velocity of a ionization front increases with increasing applied voltage.

39



CHAPTER 5. CHARACTERIZATION OF THE NON-THERMAL PLASMA JET

The discharge energies and the averaged power are also examined as a function of the rep-
etition frequency of the voltage pulse, the pulse duration and at last, the gas flow rate, see
figure 5.7, 5.8 and 5.9.
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Figure 5.7: The influence of the repetition frequency of the voltage pulse on the measured energies (a)
and the averaged power (b). The applied voltage, pulse width and gas flow are constant with values: 4
kV, 1 µs and 700 sccm.

As a function of the repetition frequency, the measured energies slightly decreases from 44
± 1 µJ to 34 ± 1 µJ when the frequency is increased from 1 to 3 kHz. Then for frequencies
higher than 3 kHz, the discharge energy increases and stays almost constant with an averaged
value of (39 ± 1) µJ. The reason for these observations is still unclear. The energy calculated
from the discharge current measured at the grounded electrode does not change for increasing
repetition frequency with an averaged value of (34 ± 1) µJ. Oppositely, the averaged power
rises for larger frequencies from (40 ± 1) mW to (270 ± 7) mW. As the frequency increases,
the time between two voltage pulses decreases. As such in a certain amount of time, more
power has to be generated when the number of voltage pulses increases.

40



5.3. DISSIPATED ENERGY AND AVERAGED POWER

0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 02 . 5 x 1 0 - 5

3 . 0 x 1 0 - 5

3 . 5 x 1 0 - 5

4 . 0 x 1 0 - 5

4 . 5 x 1 0 - 5

5 . 0 x 1 0 - 5

5 . 5 x 1 0 - 5

6 . 0 x 1 0 - 5

6 . 5 x 1 0 - 5

7 . 0 x 1 0 - 5

En
erg

y (
J)

P u l s e  w i d t h  ( µs )

 D i s c h a r g e
 G r o u n d

(a) Energy

0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0

0 . 1 6

0 . 2 0

0 . 2 4

0 . 2 8

0 . 3 2

Av
era

ge
d p

ow
er 

(W
)

P u l s e  w i d t h  ( µs )

(b) Averaged power

Figure 5.8: The measured energies (a) and the averaged power (b) as a function of the duration of the
voltage pulse. The applied voltage, repetition frequency and gas flow are 4 kV, 5 kHz and 700 sccm,
respectively.

The measured energies are observed to increase with increasing pulse width from (31 ± 2)
µJ to (51 ± 2) µJ. The same trend is also observed for the averaged power since it increases
from (157 ± 10) mW to (256 ± 8) mW. As the duration of the voltage pulse is increased,
more power has to be put into the system to maintain the voltage magnitude for a longer time.

As a function of the gas flow, no dependence is observed for the measured energies and the
averaged power, see figure 5.9.
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Figure 5.9: The measured energies (a) and the averaged power (b) versus the gas flow rate. The applied
voltage, repetition frequency and pulse width were kept constant at 4 kV, 5 kHz and 1 µs.
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In summary, with our plasma jet design ionization fronts propagating with velocity in the
range of 104 − 105 m/s were produced by using microsecond pulsed DC voltage. Per voltage
pulse, two discharges were observed, one at the rise and one at the fall of the voltage pulse,
while only one plasma bullet was generated. From the velocity measurements, it is observed
that the applied voltage had the most effect, while the repetition frequency and the duration
of the voltage pulse had little or no influence, on the propagation velocity of the ionization
front. As the voltage is increased, earlier discharge was generated and the travelling distance
of the plasma bullet also became longer. The energy injected into the plasma jet is found to
increase with the applied voltage and the pulse duration while the no dependence is observed
for an increase in the repetition frequency of the voltage pulse and gas flow.
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Chapter 6

Time-resolved electric field
measurement

The electric field measurements of the pulsed DC jet are performed on the BSO surface coated
with 100 nm of SiO2, since the coating has little effect on the measurements, as investigated in
section 4.4. In this section, time-resolved measurements are performed to capture the transient
behaviour of the plasma bullets and to investigate the spreading of the charge deposited on
the crystal surface. First, to determine the uncertainty in the obtained results, a reference
measurement is performed. Then the results obtained from the time-resolved measurement
are shown.

6.1 Uncertainty of the electric field and charge measurements

To determine the uncertainty in the obtained data, a series of 6 experiments performed at
the same conditions is made. For each measurement, the repetition frequency of the applied
voltage pulse is varied and the deposited charge on the crystal and the maximum electric field
are determined. In section 7.2, more details about the measurements with varying repetition
frequency are given. In figure 6.1, the deposited charge and maximum electric field are set
versus the repetition frequency. The applied voltage, pulse width and gas flow were kept
constant in each measurement and their values were 4 kV, 1 µs and 700 sccm, respectively.
The capillary was kept 14 mm away from the crystal.
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Figure 6.1: The deposited charge and maximum electric fields obtained by different experiments. While
the repetition frequency is varied, the applied voltage, pulse width and gas flow were kept constant with
values of 4 kV, 1 µs and 700 sccm. The gap distance is 14 mm.

Using the 68 % interval, the uncertainty in the total deposited charge and the maximum
electric field are calculated. For the maximum electric field, its error is 5 %, while for the
deposited charge its uncertainty is higher, namely 14 %. Besides, the deposited charge has an
extra error that is made during determining the mask that only takes into account the pixels
with electric field higher than a certain cut-off level, see chapter 4. This level is related to
the background noise and since the noise is quite large in all measurements, it is difficult to
eliminate all the pixels of the background noise from the mask.

6.2 Time-resolved measurements

In this section, the electric field of individual plasma bullet throughout one voltage pulse
duration, which was 1 µs, is investigated. The repetition frequency of the DC voltage pulse
was 5 kHz. The plasma jet was powered at 4 kV with a gas flow of 700 sccm and positioned at
12 mm from the crystal surface. The iCCD camera was triggered on the second voltage pulse
and the time delay τd was defined as the time difference between the rise of the second voltage
pulse and the trigger time. The second voltage pulse is used because there was a time delay
of 120 ns between the voltage and camera signals. The delay time τd was varied from 0 to
1500 ns. The images were taken with an exposure time was 75 ns with a camera gain of 740 V.

For the time-resolved measurements multiple images (50 images) were taken and averaged as
such the background noise was significantly reduced, see figure 6.2.
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Figure 6.2: Time-resolved images of the electric field measured during a voltage pulse. The plasma jet
was applied with a 1 µs voltage pulse of 4 kV at a repetition frequency of 5 kHz. Helium gas flow was
set at 700 sccm. The distance between the jet and the crystal was 12 mm. Each image is an average
of 50 images with an exposure time of 75 ns captured at the same time delay.
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Figure 6.3: The measured electric field without the background structure. Since the background struc-
ture did not change throughout the measurement, image taken at τd = 0 ns was subtracted from other
images to remove the background structure.
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In figure 6.2, the transient electric field measured at different time delays is shown. At the
rise of the second voltage pulse, τd = 0 ns, the ionization front was still in the capillary, see
figure 5.3, as such the electric field at the impact point was not observed on the crystal. The
end of the capillary and the background structure are visible on the left and right ends of
the image, respectively. At 100 ns the bullet reaches the end of the capillary. The electric
field in the contact spot is visible 100 ns later at 200 ns and at 300 ns the spot is fully ob-
served. At that moment, the deposited charge and maximum electric field of the spot are
182 pC and 8.0 ·105 V/m. It is observed that starting from 300 ns the impact point was not
confined to one spot but started to spread. The spot remains constant for 300 ns and from
600 ns it starts to decrease in size and intensity. The spot slowly fades away and disappears
completely after 1200 ns. However, the spreading of the spot lasts longer, more than 500
ns after the fall of the voltage pulse. The background structure is observed to stay constant
during the whole measurement. Therefore, to solely observe the evolution of the spot with its
spreading, the electric field measured at 0 ns was subtracted from other time-resolved images
to eliminate the background structure, see figure 6.3. Depending on the parameters applied
on the plasma jet and the distance between the jet and the target, the impact point can have
different shapes. More over the shape of the spot will be shown later in chapter 7 when the in-
fluence of the applied parameters on the electric field and the deposited charge is investigated.

From the obtained images of figure 6.3, the deposited charge and maximum electric field were
calculated and shown as a function of time in figure 6.4. Also shown is the values of the
deposited charge and the maximum electric field compensated for the incorrect use of the
average field approximation.
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(a) Deposited charge in the impact spot
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Figure 6.4: The measured deposited charge and maximum electric field as a function of time along the
duration of a voltage pulse.

After the rise of the voltage pulse at 200 µs, i.e. τd = 0 ns, charge was deposited on the crystal.
From 250 ns to 500 ns the deposited charges in the spot were observed to be constant with
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an averaged value of (192 ± 19) pC. Starting from 550 ns, the charge in the spot decreased
and disappeared at around 1200 ns. The compensated values also showed the same trend.
The constant value measured from 250 ns to 500 ns after compensation is (215 ± 19) pC.
The compensated maximum electric field is in the order of (9 - 10) kV/cm and it is always
measured in the spot so after the spot disappeared, no electric field was calculated. During
a voltage pulse, the maximum electric field was observed to be constant and only decreased
when the voltage pulse started to fall.

For the extended spot, the same trend was observed, see figure 6.5. However, the charges in
the spreading on the right of the spot last longer than the spot itself, even after the fall-off
of the voltage pulse. Since the spreading did not have a clear structure, it was difficult to
determine which pixels belong to the extending. Therefore, the error bars of the extended
spot were larger than those measured in the spot.
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Figure 6.5: The total charge deposited on the crystal

6.3 One exposure measurements

For each image from figure 6.2, 50 exposures were taken and averaged to suppress the back-
ground noise. This is possible due to the repetitiveness of the plasma bullets. No branching
was observed on the surface of the crystal. However, single-exposure measurement reveals
that branching occurs at the moment the plasma bullet arrives on the crystal, see figure 6.6.
The frequency, pulse width and gas flow were 5 kHz, 2 µs and 700 sccm, respectively. The
exposure time of the camera was 2 µs. Since the structure of the impact area is not confined,
the measured electric field could not be compensated for the uniform field approximation.
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Figure 6.6: The measured electric field at different time delay, τd = 0 ns, 50 ns, 100 ns for different
applied voltages. The frequency, pulse width and gas flow were 5 kHz, 2 µs and 700 sccm, respectively.
For each image only one exposure was taken with an exposure time of 2 µs.
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When only one exposure was taken, it is observed that the background noise is quite present.
The one shot images show that branching occurs for voltages larger than 4 kV the moment
the ionization front arrives on the target. For small applied voltages, such as 3 kV and 4
kV, branching is not observed. The maximum electric field is measured up to 8 kV/cm for
the 4 kV threshold voltage. Because the crystal is a dielectric, due to its insulating prop-
erty, charge is accumulated on the surface after an ionization wave front arrives. For higher
applied voltages, the charge deposited on the crystal is increased, see section 7.1. When the
accumulated charge is high enough, another discharge can occur on the crystal surface.

Depending on the operating conditions, such as the applied voltage, gas flow and gap distance,
branching can occur. When 50 exposures are averaged, the branching can be observed as
an extending area behind the initial impact point. The branching observed on the crystal
surface for the pulsed plasma jet is not present for the plasma jet generated with AC voltage,
as observed by [16]. More over the shape of the impact area after the moment an ionization
wave arrives on the crystal will be discussed more in the next chapter, chapter 7, where the
operating parameters are investigated for their influences on the charge and electric field.
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Chapter 7

Measurements of electric field and
charge

In this chapter, the influence of the operating parameters on the electric field and the deposited
charge is investigated. The deposited charge and the maximum electric field are determined
for different applied conditions. The values of the deposited charge in the spot and the
maximum electric field will also be corrected for the use of the average field approximation
and shown in this chapter.

7.1 Applied voltage

In chapter 5, it is observed that the magnitude of the voltage pulse has a positive effect on
the plasma bullet velocity, since the propagation velocity increased for higher voltages. In
this section, the influence of the applied voltage on the electric field and the deposited charge
is investigated. The magnitude of the voltage pulse was varied from 3 kV to 6 kV, while the
pulse width, repetition frequency and gas flow were kept constant at 1 µs, 5 kHz and 700
sccm. In figure 7.1, the electric fields measured for different applied voltages are shown. The
end of the capillary was kept 14 mm away from the crystal surface. Each image is an average
of 50 exposures taken at the same time delay of the voltage pulse. For each exposure, the
camera gate was open for 75 ns and the camera gain was set at 740.
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Figure 7.1: The measured electric field for different applied voltages. The distance between the end of
the capillary and the crystal is 14 mm. Each image is an average of 50 exposures with an exposure
time of 75 ns. The repetition frequency of the voltage pulse, the pulse duration and the gas flow are 5
kHz, 1 µs and 700 sccm, respectively.

From figure 7.1, it is observed that after the plasma bullet reached the crystal surface, the
deposited charges are first confined in one single spot and then start to extend quickly within
hundreds of nanoseconds. Depending on the magnitude of the voltage pulse, the extension
behind the impact point can have different shapes. For an applied voltage of 3 kV, the impact
point is confined in one single spot. A second spot is observed when the applied voltage is
increased to 3.5 kV and increasing the voltage further, a tail behind the spot is visible (for
4 kV and 4.5 kV). Despite the appearance of a second spot or a tail, the impact area still
has a bounded structure. However, when the applied voltage is increased above 4.5 kV, the
deposited charges behind the spot were not confined any more but spread around instead.
The higher the magnitude of the applied voltage, the larger the extending behind the spot.
At the threshold voltage of 4.5 kV, the deposited charge and electric field are (341 ± 71)
pC and (11.7 ± 0.6) kV/cm. Those values are compensated for the use of the uniform field
approximation.

The origin of the extension is linked to the increase of the deposited charges and electric field
in the primary spot. Due to the insulating property of the BSO crystal, charges are accu-
mulated on its surface. Generally, the deposited charges contribute to the axial and radial
electric field in the spot. Due to our experimental setup for the Pockels measurements, only
the axial component of the electric field can be determined. However, numerically calcula-
tions [16] showed that the axial component is related to the radial field at the boundary of
the impact area. Consequently, when the axial component of the electric field in the spot is
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7.1. APPLIED VOLTAGE

increased, its radial component also becomes larger. When the maximum electric field in the
primary spot reaches a certain threshold value, another extending discharge is generated on
the crystal surface. This threshold value varies for different gap distances. At a 12 mm gap
distance, a second spot is observed for a voltage of 3.5 kV, while at 16 mm gap distance, a
second spot is visible for 4.5 kV. When the electric field in the spot is increased further, the
impact area expands

The shape of the impact point also varies for different distances between the end of the
capillary and the crystal, as can be seen in figure 7.2. The applied voltage, the repetition
frequency, pulse width and the gas flow were kept constant during the measurement and their
values were 4 kV, 5 kHz, 1 µs and 700 sccm, respectively.
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Figure 7.2: The electric field measured at different distances between the capillary and the target. The
applied voltage, repetition frequency, pulse duration and gas flow are 4 kV, 5 kHz, 1 µs and 700 sccm,
respectively. Each image is obtained by averaging 50 exposures, each taken with an exposure time of
75 ns.

When the applied voltage is kept constant, increasing the distance between the capillary and
the crystal surface cause the shape of the contact point to be better well-defined.

After the shape of the impact area has been examined, the total deposited charge and the
maximum electric field are determined for different applied voltages. In figure 7.3, the charge
deposited in the spot and the maximum electric field are shown as a function of the applied
voltage at three different distances between the capillary and the target, namely at 12 mm,
14 mm and 16 mm. The charge in the spot and the maximum electric field given in figure
7.3 are already compensated for the incorrect use of the uniform field approximation.
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Figure 7.3: The deposited charge in the spot (a) and the maximum electric field (b) as a function of
the applied voltage measured at different distances between the capillary and the surface crystal.

The deposited charge in the spot increases with increasing applied voltage for all gap distances
between the capillary and the crystal. For a larger applied voltage, the external electric field
becomes higher resulting in a stronger ionization wave front that contains more charges. As
such, for increasing applied voltage more charges are deposited on the crystal. When the
voltage is increased from 3 to 6 kV, the charge in the spot increased from (170 ± 29) pC to
(426 ± 105) pC at 14 mm and from (86 ± 15) pC to (580 pC ± 162) pC at 16 mm.

For small voltages (3 kV and 3.5 kV), it is observed that the charge deposited in the primary
spot decreased when the gap distance is increased. For small voltages, the plasma bullet
travels with a relatively slower propagation velocity than for higher voltages. Therefore, it
takes a longer time for an ionization wave to reach the crystal. For a voltage of 3 kV, the
plasma bullet arrives 300 ns later on the target when the gap distance is increased from 12
mm to 16 mm. Therefore, for a longer travel distance it looses charge before reaching the
crystal surface. For larger voltages (4 kV - 6 kV), due to its higher propagation velocity, there
is no significant difference between the travel time of an ionization wave. For a voltage of 6
kV, the difference in travel time is 60 ns when the gap distance is increased form 12 mm to
16 mm. Therefore, for higher applied voltages, the gap distance does not have large influence
on the charge deposited in the primary spot.

The same trend is also observed for the maximum electric field. Increasing the distance gap
further than 14 mm, the electric field is observed to decrease for voltages ranging from 3 kV
to 4 kV. The maximum electric field measured at 14 mm gap distance does not change much
as a function of the applied voltage. At 16 mm gap distance, the maximum electric field
ranges from (9.2 ±0.5) kV/cm to (12 ±1) kV/cm. The measured electric field is compara-
ble with the results obtained by Liu, et al. [66] and slightly less than the values of [33] and [11].

Assuming that the spot is elliptical, figure 7.4 shows the area of the spot and the surface
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charge density as a function of the applied voltage measured at different gap distances. The
surface charge density is calculated by dividing the deposited charge in the spot, see figure
7.3 (a), by the elliptical area of the spot.
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Figure 7.4: The elliptical area of the spot (a) and the calculated surface charge density (b) at different
gap distances.

For the three gap distances, the elliptical area increases with increasing applied voltage. Al-
though more charge is observed for increasing applied voltage, the surface charge density is
constant with an average value of (47 ± 13) nC/cm2 for all three gap distances. For the AC
plasma jet of [16], an average surface charge density of 22 nC/cm2 is observed. As such, with
the pulsed DC jet the average surface charge density is relatively higher.

As mentioned before, depending on the applied voltage and the distance between the capillary
and the crystal surface, the area where the plasma jet touches the crystal varies. The shape of
the impact area can vary from one single spot to two spots or a tail and even to an expanding
area behind the primary spot. In figure 7.5, the total charge for different applied voltages is
given.
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Figure 7.5: The influence of the applied voltage on the total deposited charge, measured at different
gap distances.

For higher applied voltages, the deposited charge is not confined in one spot. Therefore, the
shape of the impact area is hard to defined. As a consequence, the total charge showed in
figure 7.5 cannot be compensated for the incorrect use of the uniform field approximation.
However, the total deposited charge as a function of the applied voltage still shows the same
trend as the charge deposited in the spot. The total deposited charge increases from (78 ±
18) pC to (694 ± 118) pC when the applied voltage is increased from 3 to 6 kV at a gap
distance of 16 mm.

In summary, it is observed that the shape of area where the plasma bullet touches the crystal
can have different shapes, depending on the magnitude of the applied voltage and the distance
between the capillary and the target. The deposited charge is observed to increase with
increasing applied voltage. The deposited charge can increase to (580 pC ± 162) pC in the
spot and (694 ± 118) pC in total for an applied voltage of 6 kV. The maximum electric field
is observed to be in the order of 10 kV/cm.

7.2 Repetition frequency

Another parameter that is of interest in this study is the repetition frequency of the voltage
pulse. To investigate its role on the charges and electric field of a plasma bullet, the repetition
frequency is varied from 1 to 7 kHz, while the applied voltage, pulse width and gas flow were
kept constant with values of 4 kV, 1 µs and 700 sccm. The capillary was kept at a distance
of 14 mm from the crystal. In figure 7.6, the impact point are shown for different repetition
frequencies. Each image is an average of 50 scans to reduce the background noise. The images
are obtained by subtracting the the exposures taken after the plasma bullet had reached the
crystal surface by the exposures taken before the plasma bullet had arrived.
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Figure 7.6: The electric field measured with different repetition frequency. The applied voltage, pulse
duration and gas flow are 4 kV, 1 µs and 700 sccm, respectively. For each image, the background
structure is eliminated and 50 exposures are averaged.

It is observed that when the repetition frequency is varied, the impact point stayed confined
in one single spot. No second spot or extending area behind the primary spot was observed.
The deposited charge and maximum electric field are determined and showed in figure 7.7.
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Figure 7.7: The deposited charge and maximum electric field as a function of the repetition frequency.
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The deposited charge is found to slightly decrease with increasing repetition frequency. The
largest amount of charge, namely (447 ± 83) pC, is deposited on the crystal for 1 kHz. In-
creasing the repetition frequency further, the total deposited charge varied from (341 ± 67)
pC for 2 kHz to (268 ± 48) pC for a frequency of 7 kHz. The reduce of the deposited charge
can be linked to the decrease of ion species in the plasma jet for higher repetition frequenies.
By performing time-resolved mass spectroscopic experiments on atmospheric helium plasma
jet, powered by high AC voltages in kHz frequency range, Oh et al. observed that the fluxes
of ions species were reduced for increasing frequency [67]. However, these observations are
still not fully understood and need more further studies for a better understanding.

The maximum electric field as a function of the repetition frequency is also reduced when the
frequency is increased. The largest electric field with value (11 ± 1) kVc/m is observed for a
frequency of 1 kHz and the lowest electric field value (9.5 ± 0.5) kV/cm is found at 7 kHz.

7.3 Pulse width

The last electrical parameter, which is the pulse duration, is also examined for its influence
on the deposited charge and the maximum electric field is investigated. The applied voltage,
repetition frequency and gas flow were kept at 4 kV, 5 kHz and 700 sccm. The capillary is
positioned 14 mm away from the crystal surface.

Figure 7.8 shows the images taken after the plasma bullet had reached the target for different
pulse widths. For each image, 50 scans were taken and averaged to suppress the background
noise.

distance (mm)
0 1 2 3

di
st

an
ce

 (m
m

)

0

0.5

1

1.5

2

2.5

(a) 0.50 µs

distance (mm)
0 2 4

di
st

an
ce

 (m
m

)

0

0.5

1

1.5

2

2.5

(b) 0.75 µs

distance (mm)
0 2 4

di
st

an
ce

 (m
m

)

0

0.5

1

1.5

2

2.5

(c) 1.00 µs

distance (mm)
0 2 4

di
st

an
ce

 (m
m

)

0

0.5

1

1.5

2

2.5

#105

-5

0

5

(d) 1.25 µs

distance (mm)
0 2 4

di
st

an
ce

 (m
m

)

0

0.5

1

1.5

2

2.5

(e) 1.50 µs

distance (mm)
0 2 4

di
st

an
ce

 (m
m

)

0

0.5

1

1.5

2

2.5

(f) 1.75 µs

distance (mm)
0 2 4

di
st

an
ce

 (m
m

)

0

0.5

1

1.5

2

2.5

#105

-5

0

5

(g) 2.00 µs

Figure 7.8: The electric field measured with different pulse duration.
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7.3. PULSE WIDTH

When the duration of the voltage pulse is varied, the impact area is consisted of two spots
for most of the pulse widths, except for 0.5 µs. No tail or expanding area was observed
for all the pulse durations. The charge in the primary spot and the maximum electric field
were calculated and showed as a function of the pulse width in figure 7.9. Their values were
corrected for the use of the uniform field approximation.
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Figure 7.9: The deposited charge and maximum electric field as a function of the pulse duration. The
applied voltage, repetition frequency and gas flow are 4 kV, 5 kHz and 700 sccm.

From the images above, it is observed that the pulse duration has little or no effect on the
charges deposited in the primary spot and on the maximum electric field. For a pulse duration
of 0.5 µs, the measured deposited charge in the spot and the maximum electric field were the
lowest, (188 ± 34) pC and (8.6 ± 0.4) kV/cm. For the pulse widths varied from 0.75 µs to
2.0 µs, no difference in the charge deposited in the primary spot and maximum electric field
is observed. Their average values are (263 ± 48) pC for the charge in the spot and (9.5 ± 0.5)
kV/cm for the maximum electric field. However, when the the second spot is also included
into the calculation for the charges, another trend is observed, see figure 7.10.
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Figure 7.10: The influence of the voltage pulse duration on the total deposited charge.
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The total charge for the 0.5 µs is the same as in figure 7.9 (a) since the impact area only
consists of one single spot. For pulse duration longer than 0.5 µs, the total charge increases
from (312 ± 51) pC to (388 ± 66) pC when the pulse width is increased from 0.75 µs to 2 µs.
This is because more ionization can take place when the time the voltage pulse is on is longer.
As such, more charge is accumulated on the crystal leading to another discharge formed on
the crystal. The values measured at the 0.5 µs pulse width are the threshold values for the
appearance of the second spot on the crystal surface.

7.4 Gas flow

After examining the electrical operating parameters, the gas flow is also investigated. The
electric field and charge of the ionization wave are examined as a function of the gas flow. The
gas flow is varied from 700 sccm to 2000 sccm, as such the gas flow velocity ranges from 23.1
m/s to 66.4 m/s, much lower than the propagation velocity of the plasma bullets. Therefore,
the flow is too low to influence the ionization wave front by drift.

For the measurement with varied gas flow, the applied voltage, repetition frequency and pulse
width were set at 4 kV, 5 kHz and 1 µs, respectively. Also, the distance between the nozzle of
the capillary and the crystal was 14 mm, the same as for the measurements described earlier
in this chapter. Figure 7.11 shows the influence of the gas flow on the impact area on the
crystal. For all the gas flows up to 1800 sccm, no collapse of the plasma jet is observed,
indicating that the flow inside the capillary is not turbulent. This is partly due to a decreased
of the Reynolds number, since the inner diameter of the metal pipe is 2.5 times smaller than
the inner diameter of the pyrex capillary, and partly due to the long length of the capillary
as such a transition zone can occur in the capillary. A collapse of the plasma jet occurred
when the flow is increased to 2000 sccm. Due to the high flow velocity, the helium gas flow
leaves the metal pipe in an unstable state and it needs enough travel distance before becoming
laminar. The collapse of the plasma jet due to the turbulent flow is also observed by [16, 68].
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Figure 7.11: The electric field measured for different gas flows. The applied voltage, frequency and
pulse width are 4 kV, 5 kHz and 1 µs, respectively. The crystal was kept 14 mm away from the capillary.

For small flows (700 sccm and 1000 sccm), the impact area is consisted of two single spots,
while for the gas flow higher than 1000 sccm, an extended area is observed behind the primary
spot. For the highest flow 2000 sccm, two extending arms behind the primary spot are visible.
This observation is similar to [16, 61]. The shape of the impact area for higher flow indicates
that the new discharge forms on the crystal surface follows the He/air mixing at the discharge
boundary, since the abundant nitrogen species in air have a lower ionization level than helium.

The influence of the gas flow on the deposited charge and the electric field is showed in figure
7.12. The values of the deposited charge and electric field are corrected for the use of the
uniform field approximation.
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Figure 7.12: The deposited charge and maximum electric field as a function of the gas flow. The applied
voltage, repetition frequency and pulse duration are 4 kV, 5 kHz and 1 µs. The values are corrected
for the use of the uniform field approximation. The crystal was 14 mm away from the capillary.

From figure 7.12, it is observed that the deposited charge in the primary spot and the max-
imum electric field decreases for increasing gas flow at a gap distance of 14 mm, from (371
± 55) pC to (128 ± 20) pC and from (9.8 ± 0.5) kV/cm to (7.4 ±0.4) kV/cm when the gas
flow is increased from 700 sccm to 1800 sccm. The decrease can be caused by the extending
area behind the primary spot. The extension is stronger for higher gas flows. The decrease
of the electric field measured at a certain fixed distance as a function of the gas flow is also
observed by [12]. It is observed that the gas flow speed stretches the electric field profile: the
higher the flow, the longer and less steep the electric field profile [12]. As such, measuring the
charge and electric field at a fixed distance from the capillary results in a lower charge and
electric field of the spot. The stretching of the electric field profile is thought to be caused
by the differences in gas mixing for different gas flow rates. This indicates that the electric
field profile is largely influenced by the gas mixing. For helium plasma jet, increasing the flow
affects the air molar fraction as such the deposited charge and the maximum electric field
measured at 14 mm gap distance are also affected by the gas flow.

As a function of the gas flow, the total deposited charge is showed in figure 7.13.
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Figure 7.13: The influence of the gas flow on the total deposited charge.

The total deposited charge is also reduced for the increasing gas flow as the charge deposited
in the primary spot. The values of the total deposited charge is not compensated for the use
of the uniform field since the dimensions of the impact area are hard to define. The total
charge decreases from (483 ± 73) pC to (260 ± 25) pC when the gas flow in increased from
700 sccm to 1800 sccm.

In general, the charge deposited on the crystal surface and the maximum value of the elec-
tric field are observed to depend on the operating parameters. For higher applied voltages,
the deposited charge in the primary spot and in total on the crystal surface is observed to
be increased. The same trend is also found for the total charge deposited on the crystal
surface when the pulse duration is increased. On the contrary, the deposited charges and
the maximum electric field are reduced when the repetition frequency and the gas flow are
increased.
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Chapter 8

Conclusion and Outlook

8.1 Conclusion

The main purpose of this research is to measure the electric field and charge of an ionization
wave front by exploiting the characteristic of an electro-optic BSO crystal under the influence
of an electric field. The observed effect is the Pockels effect which is used to determine the
electric field. The non-thermal atmospheric plasma bullets are generated by using nanosec-
ond pulsed DC voltage with helium as the working gas. The generated ionization wave fronts
propagate with velocity in the order of 104 - 105 m/s. The energy dissipated in the discharge
and the averaged applied power are relative small, in the order of several microJoules and
milliWatts, respectively.

The electro-optic BSO crystal used in this study is coated on one side with 100 nm SiO2

to protect it from damages from the plasma jet. The electric field is measured on both
sides of the crystal and it is observed that the electric field values are comparable, as such
the BSO side, which is coated with 100 nm SiO2, is suitable for the Pockels measurements.
Time-resolved measurement had been performed and it is observed that the electric field was
almost constant, with a value of ∼ 10 kV/cm, during the 1 µs duration of a 4 kV voltage pulse.
The deposited charge in the spot increased at the rise of the voltage pulse with a maximum
of around 230 pC but slowly decreased 500 ns later and disappeared after the fall of the pulse.

It is observed that the area where the plasma bullet hit the crystal could have different shapes
depending on the applied conditions and the distance between the capillary and the crystal.
The shape of the impact area can vary from one single spot to two spots or a tail or even an
expanding area behind the primary spot due to the contribution of the radial electric field.
For high voltages, branching occurred when only one exposure was taken and when an av-
eraged of 50 exposures was calculated, an extending area appeared instead. The appearance
for the extending area is linked to the charge accumulation on the crystal surface. When the
radial component of the electric field induced by the accumulated charge is large enough, a
new discharge is formed on the crystal. The applied voltage, the pulse width, gas flow and
the distance between the capillary and the crystal have the most influence on the shape of
the impact area.

For the first time, the axial electric field and charge of an ionization wave front, generated
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by DC pulsed voltages, are investigated by varying different applied conditions, such as the
applied voltage, the repetition frequency, the pulse duration and the gas flow. The electric
field and charge seem to be quite robust properties of the plasma bullets in helium under
these operating conditions. The obtained data of the charge and electric field are averaged
throughout the crystal. To obtain the values measured at the crystal surface, these data have
to be compensated for the incorrect use of the uniform field approximation. Therefore, look-
up tables have been made by simulations [16] for the compensation. All the values presented
in this chapter are already compensated for the use of the averaged field.

When the applied voltage is varied, the deposited charge increased with increasing voltage
since the external electric field is stronger so that the ionization wave front with higher applied
voltage contains more charge. The deposited charge in the primary spot varied from (170 ±
30) pC to (426 ± 105) pC when the applied voltage is increased from 3 to 6 kV at a gap dis-
tance of 14 mm. The maximum electric field ranges from (10 ± 1) kV/cm to (12 ± 1) kV/cm,
which is comparable with other literature [66] and slightly less than the values of [33] and
[11]. When the expanding area of the impact point is also taken into account, the total charge
(including the extending area) is increased up to (694 ± 118) pC for increasing voltage to 6 kV.

The repetition frequency of the applied voltage pulse is also varied to investigate its role on
the deposited charge and the electric field. It is observed that the deposited charge and the
maximum electric field decreased with increasing repetition frequency. The largest amount
of deposited charge with value of (447 ± 83) pC is measured at a frequency of 1 kHz, while
the smallest charge value, (268 ± 45) pC is measured at a frequency of 7 kHz. The maximum
electric field decreased from (11 ± 1) kV/cm to (9.5 ± 0.5) kV/cm when the frequency is
increased from 1 to 7 kHz. The reason for the decrease of the deposited charge and the max-
imum electric field for increasing repetition frequency can be caused by a decreased in ionic
species for increasing frequency [67]. However, more investigations are needed for a better
understanding.

Additionally, the deposited charge and the electric field are investigated as a function of the
pulse duration. It is observed that the pulse duration did not have strong influence on the
charge and the electric field of a plasma bullet in the primary spot. The values of the de-
posited charge in the primary spot and the maximum electric field are (263 ± 48) pC and
(9.5 ± 0.5) kV/cm. For a pulse duration of 0.5 µs, the impact area only consisted of one spot.
Increasing the pulse duration further, a second spot is observed. When the total impact area
is taken into account, the total deposited charge is observed to increase with increasing pulse
width, from (182 ± 33) pC (only one single spot) for a pulse width of 0.5 µs to (388 ± 66) pC
for a pulse width of 2 µs (second spot is visible). When the time during which the voltage is
on is increased, more ionization can take place so that more charges can be created. The pulse
width of 0.5 µs is thus the threshold for the appearance of a second spot on the crystal surface.

Lastly, the influence of the gas flow is also investigated. The impact area changes with
increasing flow from a second spot observed at 700 sccm to two extending arms at 200 sccm.
This indicates that the new discharges formed due to charge accumulation on the crystal
follow the He/air mixing boundary. As a function of the gas flow, the charge and maximum
electric field of ionization wave front are observed to decrease with increasing gas flow. The
deposited charge on the primary spot and the maximum electric field decrease from (371 ±
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55) pC to (128 ± 20) pC and from (9.8 ± 0.5) kV/cm to (7.4 ±0.4) kV/cm, respectively, for
increasing gas flow from 700 sccm to 1800 sccm. The decrease is thought to be caused by the
gas mixing at the effluence of the capillary. The gas flow rate is observed to have a stretching
influence on the electric field profile - higher gas flows results in longer and less steep electric
field profile [12]. As such, measuring the electric field and charge at a fixed distance from the
capillary results in lower obtained values.

8.2 Outlook

From the charge and electric field measurements, interesting results have been obtained.
However, many questions have arisen as well. In this section, a few examples of interesting
research on the diagnostic of the plasma jet and the electric field measurement are given.

• In every image of the measured electric field, a background structure was always visible
and it is unclear what is the cause of it. The background structure was not observed in
other studies, because of the difference in the set-ups. So for our set-up, it is interesting
to do research on the origin of the background structure.

• The propagation of the plasma jet in the open air is not the same as inside the capillary,
since an ionization wave front in the tube is guided by charges accumulated on the wall.
Outside the capillary, it is thought that the discharges are guided by negative ions [21]
under some conditions. Hence, it is interesting to do more research on the densities and
if possible lifetimes of the ions that are of importance for the plasma jet.

• When only one exposure was made to capture the behaviour of an ionization front
after it arrives on the crystal, see figure 6.6, the background noise is present. By using
another, better camera the background noise can be reduced. Also, from one single
exposure, branching is observed in some conditions, in contrast to an image which is
an averaged of 50 exposures. It is interesting to investigate the conditions under which
branching occurs and also its properties as a function of the operating parameters such
as gas flow, frequency, etc.

• Other techniques in which the charge and the electric field of an ionization front can be
measured without using an electro-optic crystal can be performed for comparison with
the Pockels technique.

• Since the data on the roles of the applied conditions on the charge and the electric field
are still scarce, more research is needed for a better understanding which can be useful
for medical and industrial applications.
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Appendix A

Jones calculus for the transmission
of the Sénarmont set-up

By applying the Jones calculus for the Sénarmont set-up used to determine the electric field
showed in chapter 4, equation 4.1 can be derived. The Sénarmont set-up is showed once again
in A.1.

iCCD Diode 633 nm

analyzer
β

λ/4
45°

BSO
Γ

polarizer
45°

Figure A.1: The Sénarmont set-up used to determine the change in refractive index of the electro-optic
crystal BSO [15].

After passing through the first polarizer at 45◦, light is in the (1,1) state. After passing
through the crystal, light experiences a retardance Γ and is then in state P1:

P1 =
1√
2

(
eiΓ 0
0 e−iΓ

)
=

1√
2

(
eiΓ

e−iΓ

)
(A.1)

Following the crystal is the quarter wave plate that is rotated 45◦ to the fast axis of the
crystal. The polarization state of light passing through the quarter wave plate is given as:

P2 =
1√
2

(
1 1
−1 1

)
eiπ/4

(
1 0
0 i

)
1√
2

(
1 −1
1 1

)
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=
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1

2
+
i

2

)(
cos(Γ/2)− sin(Γ/2)
cos(Γ/2) + sin(Γ/2)

)
(A.3)

Lastly, light passes through the analyzer with angle β and obtains the polarization state P3:
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APPENDIX A. JONES CALCULUS FOR THE TRANSMISSION OF THE
SÉNARMONT SET-UP

P3 =

(
cos2(β) cos(β) sin(β)

cos(β) sin(β) sin2(β)

)
(A.4)

=

(
1

2
+
i

2

)(
cos(β)[cos(β − Γ/2) + sin(β − Γ/2)]
sin(β)[cos(β − Γ/2) + sin(β − Γ/2)]

)
(A.5)

The transmission function of the whole system is obtained by multiplying P3 with its conju-
gate:

I

Imax
= P3 · P ∗3 (A.6)

=
1

2
(1− sin(Γ− 2β)) (A.7)
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Appendix B

Background structure

The background structure visible across the crystal is observed to be changing with increasing
applied voltage. In figure B.1, the electric field measured for different applied voltage is
showed. The repetition frequency, pulse width, gas flow and gap distance were 5 kHz, 1 µs,
700 sccm and 16 mm. Each image is an average of 50 exposures.
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Figure B.1: The measured electric field for different applied voltage. The background structure is visible
on the left and right of the images. The repetition frequency, pulse width, gas flow and gap distance
are 5 kHz, 1 µs, 700 sccm and 16 mm.

77





Appendix C

Plasma jet length

The length of the plasma jet outside the capillary is investigated as a function of the applied
conditions. To capture the whole period of the voltage pulse, the exposure time of the iCCD
of the camera was set at 1 µs. For all the measurements, a gas flow of 700 sccm was used.
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Figure C.1: The length of the plasma jet outside the capillary as a function of the applied voltage. The
repetition frequency, pulse width and gas flow are 5 kHz, 1 µs and 700 sccm, respectively.
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APPENDIX C. PLASMA JET LENGTH
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Figure C.2: The length of the plasma jet outside the capillary as a function of the repetition frequency.
The applied voltage, pulse width and gas flow are 4 kV, 1 µs and 700 sccm, respectively.
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Figure C.3: The length of the plasma jet outside the capillary as a function of the pulse width. The
applied voltage, repetition frequency and gas flow are 4 kV, 5 kHz and 700 sccm, respectively.
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Appendix D

Surface charge density

The surface charge density is determined by taking the charge deposited in the primary spot
and divide it by the assumed elliptical area of the spot. The surface charge density is showed
as a function of the frequency, pulse width and gas flow.
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Figure D.1: The surface charge density as a function of the repetition frequency. The applied voltage,
pulse width and gas flow were: 4 kV, 1 µs and 700 sccm. The crystal was kept 14 mm away from the
capillary.
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Figure D.2: The surface charge density as a function of the pulse width. The applied voltage, frequency
and gas flow were: 4 kV, 5 kHz and 700 sccm. The crystal was kept 14 mm away from the capillary.
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Figure D.3: The surface charge density as a function of the gas flow. The applied voltage, pulse width
and frequency were: 4 kV, 1 µs and 5 kHz. The crystal was kept 14 mm away from the capillary.
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