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Abstract

In the last decades, non-thermal atmospheric pressure plasma jets have been increasingly invest-
igated for their ability to operate in open air at biologically tolerable temperatures. The discharge
properties can be beneficial for a target on which the jet is operating. However, the presence of
a target influences the discharge as well. An atmospheric helium plasma jet, operating with a
helium flow of 705 − 2115 sccm and powered by short positive unipolar high voltage pulses with
an amplitude of 4 − 6 kV, a pulse length of 0.3 − 5 μs and a repetition rate of 0.3 − 5 kHz is
used. The discharge dynamics are investigated with and without the presence of a target at 1 cm
from the jet. Different materials are investigated as a target. In this work plastic (PVC), copper,
distilled water and chicken breast are studied as potential target. Inside the plasma jet, between
the electrodes a discharge is generated and an ionization wave propagates from the electrodes,
through the capillary of the jet to the air. This results in a plasma plume in front of the jet. An
iCCD camera is used to observe the spatial evolution of the discharge and to obtain velocities
of the ionization wave, ranging from 0.4 − 3 · 105 m/s. Furthermore, electric measurements are
performed at the anode of the jet to obtain the energy that is dissipated in the plasma. The
potential of a floating copper target is measured as well to observe charging of the target. Finally,
Stark polarization spectroscopy is used to obtain the peak electric field in the front of the ion-
ization wave as a function of its position, obtaining values of 5 − 25 kV/cm. The presence of a
conducting target results in a return stroke in contact with the jet, which affects the dynamics of
the discharge. This behavior is not observed for the non-conducting plastic target.
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Chapter 1

Introduction

Besides the solid, liquid and gas phase, matter can be found in a gaseous plasma phase, which
is widely referred to as the ‘fourth state of matter’. Gases can enter the plasma phase when
temperatures become so high that a fraction of the molecules or atoms in the gas become ionized.
This results in an electrically conductive gaseous substance, called a plasma. The gas becomes a
mixture of ionized, excited, meta-stable and ground state particles, in which complex chemistry
can take place. Even at lower temperatures, plasmas can still occur in the presence of an external
electric field. Of all the observable mass in the universe, it is estimated that 99% is in the plasma
state [1], like the Sun (figure 1.1a) and other stars, but also the interstellar medium consists
(partially) of matter in the plasma state [2]. On earth plasmas are present in nature as well. The
most common example for this is lightning (figure 1.1c), but also the polar lights (figure 1.1b)
exists in plasma phase, although they are completely different in their behavior [3].

For a long time, plasmas have caught the interest of people due to their light emitting behavior
and since the discovery of electricity, artificial discharges (i.e. plasmas) are increasingly invest-
igated. Important parameters that cause the difference in the dynamics of a discharge are; the
ionization degree, the temperature of the heavy species and the light weighted particles (which
can differ from each other), the background particle density and many more, which results in a
complex system of processes. Therefore, ‘plasma’ is still a very broad term and it covers a wide
range of regimes which can be used to categorize a plasma. This also gives a wide range of plasma
applications. For example, thermal or ‘equilibrium’ plasmas [8–10], where heavy particles (ions
and neutrals) have approximately the same the same temperature as the light weighed electrons,
can be used for welding and melting of metals, surface processing and coating of materials, but also
waste treatment and destruction. On the other hand, there are non-thermal plasmas [11], where
electrons have much higher temperatures with respect to the heavy particles. Some examples of

(a) (b) (c) (d)

Figure 1.1: Examples of natural plasmas; the Sun (a) [4], Aurora Borealis or “Northern lights” (b) [5]
a lightning strike (c) [6] and an artificial plasma; an atmospheric plasma jet (d) [7].
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CHAPTER 1. INTRODUCTION

non-thermal plasmas are gas-discharges in fluorescent lamps, dielectric barrier discharges, which
find applications in the production of ozone and cleaning of air [12], or a plasma jet (figure 1.1d)
which can be used for disinfection of wounds and stimulation of wound healing [13,14]. However,
this covers only a small amount of examples where plasmas are being used in applications, and
even in the coming future, plasma will play an important role in overcoming the challenges we are
struggling with today.

This thesis focuses on the plasma dynamics of the last mentioned example, the plasma jet.
Before going into detail on this device, the generation of a plasma is briefly explained. Whenever
there exists a potential difference between two parallel plates, a homogeneous external electric
field is present. Assume a free electron in the gap produced at the cathode (due to e.g. cosmic
radiation), that feels this external field. This electron gains energy as it is accelerated by this
field, until it collides with a neutral particle. If the gained energy of the electron is high enough
(depending on the mean free path length of the particle and the strength of the external field),
this collision can detach an electron out of the atomic shell of the neutral particle, resulting in
two electrons and an ion. The two electrons are accelerated again by the external field and can
repeat this process, creating an avalanche of electrons. To result in a sustained discharge, the
generated ions are required to successfully create another electron at the cathode to repeat the
process. Whenever this occurs, the breakdown criterion is met, and a discharge is formed [11].
This discharge phenomenon is known as a Townsend breakdown.

However, when the density of charges created in the avalanche becomes larger, the electric
field produced by the space charge becomes of the order of the external field. The avalanche
transforms in a streamer as it propagates to the electrode. This streamer head leaves a conductive
quasi neutral channel in its wake. The streamer head propagates from the cathode towards the
anode (negative streamer) or the other way around (positive streamer). Whenever negative ions
are present in the discharge, the system is slightly more complex but the principle remains the
same [11]. As the streamer reaches the opposite electrode, a fully conductive channel can be
formed between the electrodes, resulting in electric breakdown. Lightning strikes are a natural
example of such a streamer mechanism, initiated between oppositely charged clouds.

Whenever a dielectric material is covering the parallel plate electrodes (or just one), electric
breakdown can be prevented. Instead, the charges of the discharge accumulate on the dielectric
surface. This discharge system is referred to as dielectric barrier discharges (DBD). In this case,
the charges on the surface shield the external field, reducing the potential difference across the
gap, negatively affecting the formation of the discharge. However, when the potential difference
on the electrodes drops, the field created by the surface discharges is strong enough to reignite the
discharge. This system therefore only exists for pulsed or alternating fields [12]. An advantage
of this discharge is that it can operate at atmospheric pressures while the temperature of the gas
remains relatively cold.

Besides the dielectric covered parallel plate system, DBDs can be generated with different kind
of configurations [15]. Returning to the examined discharge device in this thesis, one of the special

Figure 1.2: Photo of the plasma jet used in this thesis, operating on a copper target. (Image is rotated
90 degrees)
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CHAPTER 1. INTRODUCTION

DBD configurations is the plasma jet. Here, a discharge is formed inside a dielectric tube. This
discharge expands inside the tube and creates a plume outside the tube as well. In the previous
decades, the plasma jet has been increasingly investigated. As mentioned, it finds applications in
the medical branch [16]. The discharge can inactivate bacteria [17], while it leaves human tissue
intact [18]. Especially as it can be used for wound treatment or disinfection of wounds, it is highly
important to understand the physical processes that occur in this discharge. The plasma jet is
also used as a potential device for the inactivation of tumor cells, while it leaves the healthy cells
unaffected [19]. Furthermore, the plasma jet also finds industrial applications where it can be used
for the deposition of coatings [20]. The treatment of materials with a plasma effects the properties
of the surface, e.g. the adhesion, which describes how easily droplets can form on a surface [21].

In short, the plasma jet is a promising device with multiple fields of application. The charac-
terization of the dynamics of the jet, the energy dissipation in the discharge and the electric field
driving the discharge are therefore important to be understood. Moreover, in all the mentioned
application of the plasma jet, the device is operating on a certain target. For this reason, the focus
of this thesis lies particularly on the effect of a target on the plasma jet. Therefore, the research
question that is to be answered in this thesis is:

“What is the influence of a target on the discharge dynamics of an atmospheric pressure he-
lium plasma jet?”

This report attempts to characterize the dynamics of the jet by its operating parameters. For
a better understanding of the jets dynamics, iCCD imaging of the jet is performed with shutter
times down to 2 ns. This results in the spatial evolution of the discharge from the start of the
pulse to the end of the jet’s plume. The electric voltage and current signals of the jet are analysed
to obtain insight in the energy dissipated in the jet. Thereby, the jet appears to have a charge
effect on the target it is operating on, which is quantified as well. Finally, this report includes a
spatial evolution of the electric field measured in the ionization front of the discharge. This field is
measured by Stark polarization spectroscopy, a technique which relates the splitting and shifting
of helium spectral lines to the electric field. This requires a complex theoretical quantum mechanic
calibration, which is performed in the work of Marlous Hofmans and Ana Sobota [22,23].

In this report, an atmospheric helium plasma jet operates by applying short, positive, unipolar
pulses with an amplitude in the order of several kilovolts. This thesis supplements the research
done by Marlous Hofmans and Ana Sobota [22, 23] on the same subject. Figure 1.2 shows an
image of the plasma jet that is studied in this thesis.

By comparing the results for a jet that operates on different targets, or without a target
present, the effect of the target is examined and an attempt is made to find an answer to the
research question.

The influence of a target on the dynamics of an atmospheric helium plasma jet 3





Chapter 2

Theory

2.1 General description of the plasma jet

As is mentioned earlier, the plasma jet is the result of a special configuration of a dielectric
barrier discharge (DBD). Although there are several different configurations of the plasma jet, the
device used in this report consists of two electrodes and a dielectric tube. The anode of the jet is
positioned inside the tube and the cathode around the dielectric. This dielectric material prevents
the formation of a conducting channel between the electrodes. Furthermore, this device requires
a gas flow through the tube in order to produce the jet. Figure 2.1 shows a schematic overview of
a plasma jet.

To generate a discharge in this setup (or any DBD in general), an alternating potential needs
to be applied to the anode of the jet. For the plasma jet, operating at atmospheric pressure, the
amplitude of this potential, required to ignite the discharge, is of the order of kilovolts. When
the high voltage pulse starts to rise, a discharge appears inside the tube, in the gap between the
anode and the cathode. As the tube consists of a non-conducting dielectric material, the charged
particles cannot reach the cathode of the jet. Instead, the particles accumulate on the dielectric
surface of the capillary, shielding the electric field that is created by the electrodes. This behavior
is typical for a dielectric barrier discharge and is the reason why an alternating potential is required
to operate.

However, as the charges accumulate on the surface, an ionizing wave spreads further across
the dielectric tube, similar to a streamer in a surface discharge [24]. As the discharge accumulates
charges on the end of the tube, the ionization wave detaches from the surface, creating a plasma
plume outside the tube. These guided ionization waves are also referred to as ‘plasma bullets’.
The propagation mechanism of these bullets is comparable to that of a streamer, but there are two
main differences. Firstly, the gas composition of the environment in which the bullet propagates is
not uniform in both radial and axial directions as the flow mixes with the ambient air. Secondly,

Figure 2.1: Schematic overview of a plasma jet.
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CHAPTER 2. THEORY

in case of using a helium flow, the reproducibility and propagation path of the jet hardly shows
any stochastic behavior that is observed in streamers in a free space.

Due to the shielding of the electrode, the discharge events only occur whenever the applied
potential changes. Therefore, when the applied pulse falls, a reignition of the discharge occurs due
to the shielding charged particles inside the tube.

2.2 Stark polarization spectroscopy

For the determination of the electric field of a plasma jet, Stark polarization spectroscopy is used
in this thesis. This technique is a form of emission spectroscopy, obtaining information from the
light radiating from the species inside the plasma. In Stark spectroscopy, the shifting of spectral
lines of atoms or molecules is measured. This spectral effect, the Stark effect, dependents on
the external field at the position of the emitting particles and is referred to as the electric-field
analogue of the Zeeman effect.

The Stark effect is induced by the charge distribution of molecules or atoms. Interaction
between this distribution and an external electric field can lead to the shifting of energy levels.
Under the ‘dipole approximation’ in the quantum mechanic description of atomic levels, certain
transitions between energy levels are forbidden. These forbidden transitions are therefore not
observed in an emission spectrum as long as this approximation is valid. However, with the pres-
ence of a sufficiently strong external field, this approximation becomes invalid and the ‘forbidden’
transition will emerge in the spectrum.

In this report the 492.2 nm line of the atomic helium (He I) spectrum is examined. The
emission of this line is the result of an allowed transition. Close to this line, a forbidden transition
is present as well, which is thus not observed without an external electric field. The Stark effect
induces a spectral shift of both the allowed and forbidden helium transitions. The distance between
components for this helium line is theoretically approached in the work of Marlous Hofmans and
Ana Sobota. [22,23]. In short, this derivation used the degenerate perturbation theory to determine
the energy levels of a helium atom within an external electric field. The derivation is based on
calculations done by Foster [25] and Kuraica et. al. [26]. The separation of the two lines becomes
a function of the electric field. However, the shifting of the lines varies for different magnetic
quantum numbers (m) of the initial and final state. For transitions where this number remains
the same (∆m = 0) the intensity is highest. Other components are filtered by using a linear
polarizer in the setup, transmitting only the emission polarized parallel the jet propagation [23].
For the 492.2 nm allowed helium line, the spectral distance between the allowed and forbidden
transitions (for ∆m = 0) as a function of the electric field is described as a third order polynomial,

∆λ = −5.2140 · 10−6E3 + 3.9844 · 10−4E2 + 0.0058E + 0.1226, (2.1)

where ∆λ is the spectral distance between the allowed and forbidden transitions in nm and E
the electric field in kV/cm. The value of the measured field in the experiments refers to the axial
component of the electric field. The field components perpendicular to the jet propagation results
in circularly polarized light in the radial direction of the jet [23], which does not pass the linear
polarizer. To be able to measure this separation distance, a sufficiently strong electric field needs
to be present. Therefore, this method becomes valid for electric fields stronger than ≈ 5 kV/cm.

2.3 Broadening mechanisms

The light emitted from the discharge region is caused by transitions in the energy states of particles.
Whenever a particle in an upper energy state decays to a lower state, the energy difference can
convert into light, hence the emission of photons. The wave frequency (ν) of the emission generated
during this transition is proportional to the energy difference and can be expressed as ∆E =
Ei − Ek = hν, with Ei and Ek the energy of the upper and lower level, respectively, and h the
Planck constant. The emission spectrum therefore delivers information on the species that exist

6 The influence of a target on the dynamics of an atmospheric helium plasma jet



CHAPTER 2. THEORY

in the discharge. Ideally, transitions of particles from a higher to a lower energy level occur at
one discrete spectral frequency (or wavelength), depending on the transition. However, when
measuring the emission spectrum of this discharge, the peak widths are not infinitely narrow,
but are broadened over a larger spectral range. This is not only due to the resolution of the
spectrometer, but other physical processes are responsible for the broadening of a spectral line
as well. The spectral separation of the investigated allowed and forbidden line in this thesis, is
of the order of tenths of nanometers for the 492.2 nm helium line. For low electric fields, the
separation of the allowed and forbidden transition becomes smaller than the width of the observed
line. Therefore it is important to take different broadening mechanisms into account. This section
briefly explains these mechanisms and shows to what extent they are important for the spectral
measurements on the atmospheric plasma jet.

2.3.1 Doppler broadening

Doppler broadening is caused by the velocity distribution, and therefore also on the temperat-
ure, of emitting particles [27]. The measured wavelength of an emitting particle with a velocity
component, vobs, in the direction of the observer is

λ = λ0

(
1− vobs

c

)
, (2.2)

with λ0 the emission wavelength for a particle with zero velocity in the direction of the observer,
and c the speed of light. Assuming that the velocities of the emitting particles are distributed
according to a Maxwellian distribution, then the wavelength distribution of the given emission is
expressed as [27]

Pλ(λ)dλ =

√
m

2πkBT
exp− mc2

2kBTλ2
0

(λ0 − λ)
2
, (2.3)

where m is the mass of the particle, kB the Boltzmann constant and T the temperature. This
distribution has a Gaussian profile with a FWHM (full width half maximum) of

FWHMdop =

√
8 ln 2kBT

mc2
λ0 ≈ 3.05 · 10−12m, (2.4)

for a temperature of 300K, which is an estimated temperature for the radiating helium particles
in the atmospheric helium plasma jet.

2.3.2 Instrumental broadening

Broadening of the spectral lines can be a result of the measurement configuration as well. For
example, the width of the slit of the spectrometer can contribute to this. The shape of this
broadening can basically take any form. In the spectral measurements performed in this report,
it has the shape of have a Voigt profile, which is a combination of a Gaussian and a Lorentzian
profile. This profile is obtained by a convolution of the Gaussian distribution with the Cauchy-
Lorentz distribution. However, as the fitting of two peaks with a Voigt profile is not implemented
in a simple manner, the pseudo-Voigt profile is used instead. This approximation of the original
Voigt profile is described by a linear combination of the two distributions,

Vp(x, fL, fG) = η · L(x, fL) + (1− η) ·G(x, fG), (2.5)

where G(x, fG) is a Gaussian curve and L(x, fL) a Lorentzian curve. The curve is a function of
the shift with respect to the central line x. The full width at half the maximum (FWHM) of the
Gaussian and Lorentzian function are expressed as fG and fL, respectively. The linear term η is
a function of both FWHMs, fL and fG, and the total FWHM, f . The total FWHM is a function
of the two separate FWHMs as well and can be described by equation 2.6. This value is used in
equation 2.7 to determine the value of η with an accuracy of 1% [28],

The influence of a target on the dynamics of an atmospheric helium plasma jet 7
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f = (f5
G + 2.69f4

GfL + 2.43f3
Gf

2
L + 4.47f2

Gf
3
L + 0.078fGf

4
L + f5

L)1/5 (2.6)

η = 1.366(fL/f)− 0.477(fL/f)2 + 0.111(fL/f)3. (2.7)

The emission from the 435.83 nm line of a mercury-argon calibration lamp (AvaLight-CAL: HgAr)
is used to determine the instrumental broadening of the Stark spectroscopy setup. The profile
is most accurately described by a Voigt-profile. By fitting the pseudo-Voigt profile through the
data of a calibration measurement, the FWHM of the Gaussian part of the profile is determined,
dependent on the slit width of the monochromator. This value is used for the fitting of the helium
peaks, in order to improve the fitting procedure. In figure 2.2 the FWHMs from the pseudo-Voigt
fit of the calibration measurement are plotted for different values of the slit width. For a slit width
of 0.08 mm the Lorentzian and Gaussian FWHM have a value of 1.15 · 10−10 m and 0.616 · 10−10

m, respectively.

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
0

0.5

1

1.5

2

10
-10

Figure 2.2: Gaussian, Lorentzian and total FWHM of the instrumental broadening as function of the
slit width of the spectrometer for the 435.83 nm line of the calibration lamp.

2.3.3 Natural broadening

Natural broadening is the result of Heisenberg’s uncertainty principle. Here, the uncertainty in
the energy (which is the origin of this broadening) is related to the uncertainty in time [29]:

∆E∆t ≥ h̄

2
, (2.8)

where ∆t can refer to the lifetime, τi of a state, and ∆E to the uncertainty in the energy of the
transition. This energy transition can be written as an uncertainty in spectral wavelength:

∆λ = − 1

2π

λ2
0

c

1

τi
, (2.9)

with λ0 the wavelength of the transition in m. For the 492.2 nm helium transition the transition
rate (1/τi) from the upper state to the lower state is 1.99 · 107 s−1 [30]. This results in a natural
broadening of 2.57 · 10−15 m.

The broadening due to interactions or collisions with the emitting particle is related to this
principle. As a collision or interaction changes the energy of the emitting particle, the lifetime of
that state is affected, inducing and increased uncertainty of the energy, resulting in a broadened
line. The broadening mechanisms related to these lifetime affecting interactions have a Lorentzian
profile.
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2.3.4 Pressure broadening

The broadening induced by inelastic collisions of particles with the emitter is referred to as pressure
broadening. The FWHM due to these collision can be described as [22],

FWHMpres = −λ
2
0σAB
πc

√
2

πµkBT
pB , (2.10)

with σAB the collision cross section between the colliding and emitting particle, µ the reduced
mass of the two particles, T the temperature of the species and pB the partial pressure of the
emitting particle. For the emitting helium particles of the 492.2 nm line colliding with neutral
helium particles, the particle pressure is 101325 Pa, the reduced mass 2 amu and σAB = 2.4 ·10−19

m2 [22]. This results in a FWHMpres of 1.35 · 10−12 m.

2.3.5 Resonance broadening

For transitions where a level is dipole-coupled to the ground state, resonance broadening occurs
[31]. Ground state particle interactions with the radiating particle lead to a broadening of the
investigated transition. This broadening is theoretically described in [32] which results in a line
broadening of

FWHMres = 1.63 · 10−15

√
gi
gk
λ2

0λRfRng, (2.11)

with gi and gk the statistical weights of the upper and lower state of the investigated transition. λ0

is the wavelength of the transition emission and λR the wavelength of the resonance transition in
m. fR the atomic absorption oscillator strength of the resonance transition and ng is the density
of the ground state particles in m−3. For the 492.2 nm helium transition examined in this report,
the ground state density is estimated by using the ideal gas law, ng = p/kBT = 2.45 ·1025 m−3, for
p = 1 atm and T = 300 K. The statistical weights of the allowed transition are gi = 3 and gk = 5,
the resonance transition wavelength and oscillator strength are λR = 58.4 nm and fR = 0.273,
respectively [30]. This results in a FWHM of 1.21 · 10−10 m. .

2.3.6 Van der Waals broadening

Interactions between neutral particles that do not have a resonance transition and the radiating
particles lead to the Van der Waals broadening. This broadening arises from the interaction
between the dipole of the excited state and the dipole of a ground state particle. An estimation
of the FWHM is expressed as [31,33]

FWHMvdw = 8.18 · 10−16λ2
0

(
āR̄2

)2/5(T
µ

)3/10

ng, (2.12)

with FWHMvdW in m, ā the mean atomic polarizability of the neutral particles in cm3, R̄2 the
difference in the squared coordinate vectors of the upper and lower state in units of the Bohr
radius, a0, and µ the reduced mass of the interacting particles in amu. For neutral helium atoms,
the value of ā is 2.05 · 10−25 cm3 [34]. In the Coulomb approximation, the squared coordinate
vectors of the states (needed for R̄2) are calculated from

R̄2
j =

n∗2j
2

(
5n∗2j + 1− 3lj(lj + 1)

)
, (2.13)

with lj the angular quantum number of the state and n∗2j the squared effective quantum number.
This number can be expressed as

n∗2j =
EH

EIP − Ej
, (2.14)
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with EH the hydrogen ionization potential, EIP the ionization potential of the studied element and
Ej the energy level of the excited state. For the 492.2 nm helium transition, this van der Waals
broadening in the emission from the jet is calculated. This calculation assumes the Coulomb
interaction of the examined excited states with neutral helium atoms, rather than with other
neutral species in air since this fraction is very small in the center of the jet flow (as is observed in
simulations of a jet [35]). The ionization energy of hydrogen and helium are 13.60 eV and 25.59
eV, respectively. The energy of the upper state is 23.74 eV and for the lower state this is 21.22
eV. This results in a difference in squared coordinate vectors, R̄2 = 473 a2

0. The reduced mass of
the interacting particles is 2.00 amu, the temperature is assumed 300 K and the neutral particle
density is estimated to 2.45 · 1025 m−3. This results in a FWHMvdw of 3.41 · 10−11 m.

2.3.7 Stark broadening

Collisions of the emitting particles with charged particles lead to Stark broadening of the emission
line. This is different from the ‘Stark effect’ that results in the splitting of the spectral lines as the
broadening is induced by the colliding charged particles itself and the Stark effect is induced by
the overall field that affects the particle. Collisions with ions and electrons lead to the broadening
of the spectral line. However, the electrons are the main contributors of this as they are moving
faster than ions and therefore there are more collisions with electrons [36]. The FWHM of the
Stark broadening, according to Griem [27], due to electrons can be expressed as

FWHMStark =
6ZAh̄λ

2
0

πcZBmB
(n2
i − n2

k)n
2/3
A , (2.15)

with ZA and ZB the charge of the colliding and emitting particle, respectively, in units of e, mB

the mass of the emitting particle in kg, λ0 the wavelength of the transition in m, ni and nk the
principal quantum number of the upper and lower state, respectively, and nA the density of the
colliding particles. For the 492.2 nm helium line nA ≈ 1020 m−3 is assumed (observed for other
jets [37]), ni = 4 and nk = 2, ZB = 2 and ZA = 1 and mB = 6.64 · 10−27 kg. This results in a
FWHMStark of 3.17 · 10−15 m.

2.3.8 Total broadening

The physical broadening mechanisms are described in the previous sections, but in spectral meas-
urements they are observed as one broadened spectral line. To get an view which of the mechanisms
is expected to be dominant in this report, in table 2.1 the values for the derived FWHMs are listed.
The most dominant broadening mechanisms are the instrumental broadening and the resonance
broadening, which both have an order of ≈ 10−10 m. Thereby, as the Gaussian contribution of
the instrumental broadening is of this order as well, the measured profiles are expected to have a
combination of a Gaussian and Lorentzian profile: a Voigt profile. This is verified in the analysis
of the spectral measurements for the determination of the electric field.

Broadening mechanism FWHM (m) Profile

Doppler 3.05 · 10−12 Gaussian

Instrumental
0.62 · 10−10

1.15 · 10−10
Gaussian
Lorentzian

Natural 2.57 · 10−15 Lorentzian
Pressure 1.35 · 10−12 Lorentzian
Resonance 1.21 · 10−10 Lorentzian
Van der Waals 3.41 · 10−11 Lorentzian
Stark 3.17 · 10−15 Lorentzian

Table 2.1: List of values for the ‘Full Width at Half Maximum’ for different broadening mechanisms,
estimated for the helium plasma jet examined in this report
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Chapter 3

Experimental Setup

In this chapter, the setups used for the experiments during this thesis are described and the
methods for the analysis of the results are explained. Firstly, the configuration of the plasma jet
used in this report is explained. Secondly, the electrical properties of the applied pulses and the
jet are described, used in the energy measurements. Thereafter, the setup used for fast imaging
measurements is described, which is used to obtain the spatial evolution of the jet and the velocity
of the discharge front. Then, the Stark polarization spectroscopy setup is explained, that obtains
the electric field results. The analysis on all mentioned diagnostics is performed with MATLAB.

3.1 Plasma jet configuration

In this section the configuration of the plasma jet is explained. In figure 3.1a a schematic overview
of the plasma jet used in this report is shown. The jet consists of a conducting stainless steel tube
inside a wider pyrex tube with a inner diameter of 2.5 mm and an outer diameter of 4 mm. The
metal tube serves both as gas inlet and as high voltage (HV) electrode of the jet. Around the
pyrex tube, a grounded copper electrode is positioned 5 mm below the end of the HV-electrode
and serves as cathode. The pyrex tube serves as a dielectric and prevents the formation of a
conducting channel between the electrodes that would cause a short circuit in the system.

To produce a stable plasma jet, a helium gas flow is used. The atomic model of helium is
relatively simple (with respect to other noble gases) and allows to use the analytic derivation of
the Stark effect discussed in section 2.2. Thereby, a helium jet generates a temporally reproducible
discharge due to the relatively long lifetimes of metastables [38], which is desired for the imaging
measurements. The long living species beneficially influence the ignition of a subsequent discharge
event [39].

A flow meter (Bronkhorst High Tech EL-FLOW select F-201CV) is used to set the desired gas
flow. The gas lines are made of stainless steel, but are connected to the high voltage anode of the
jet (which serves as gas inlet as well) with a non-conductive, flexible gas line of PVC.

The jet is placed in a dielectric holder to limit the influence of the conducting environment at
which the experiments are performed. This holder is equipped with a removable stage on which a
target can be placed in front of the jet at a desired distance.

Even though the discharge seems continuous by eye, as can be seen in figure 3.1b, the discharge
is generated every time the pulse is applied, which occurs with a repetition rate of several kilohertz.

The influence of a target on the dynamics of an atmospheric helium plasma jet 11
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(a) Schematic overview of the jet configuration. (b) Photo of an operating plasma jet

Figure 3.1: Schematic overview of the jet configuration used in the experiments discussed in this report
(a) and a photo of an operating plasma jet (b). Both images include a target placed in front of the jet.

3.2 Electric measurements

3.2.1 Applied pulses

To produce the plasma, the HV pulse generator produces the short positive, unipolar high voltage
pulses that are applied to the inner electrode of the jet. To achieve this, a HV source (Spellman
UHR10P60) is used to supply the pulse generator (DEI PVX-4110) with the desired potential. A
function generator (Agilent 33220A) is used to set the desired pulse shape, length and frequency.
A Rogowski coil (Pearson current monitor 6585) and a HV probe (LeCroy PHV4-3432) are used
to measure the electrical current and potential, respectively, at the HV-electrode, which can be
observed and stored on the oscilloscope (LeCroy waveRunner 6100A 1 GHz (dual 10 GS/s, quad
5 GS/s)).

In figure 3.3 the setup is shown that is also used for the imaging measurements. The electric
signals serve a monitoring role as well as a tool to obtain the energy that goes into the system.
As can be observed, the potential on the target in front of the jet (if present) is measured as well,
which is discussed in section 5.3.

As mentioned, the discharge occurs as the applied potential rises and falls due to the shielding
particles inside the tube. In figure 3.2a the voltage and current are shown for a typical pulse used
in the experiments. The amplitude of the applied voltages used in the experiments range from
4− 6 kV. During the measurements the pulses are applied with a frequency 0.3− 5 kHz and with
a pulse length of 0.3− 5 μs. The total measured current,

Itotal = Idisplacement + Iplasma, (3.1)

consists of the displacement current and the current inserted in the discharge. The displacement
current is measured by applying pulses to the electrode with the absence of a helium flow, pre-
venting the formation of a discharge, and therefore the plasma current Iplasma = 0. Subtracting
the displacement current from the total current measured for an operating jet, leaves us with the
discharge current inserted in the jet, as can be observed in figure 3.2b.
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Figure 3.2: Typical voltage and current of the pulses of an operating plasma jet, measured at the anode
of the jet. The applied potential, plasma current and total current are shown in (a) and the derived
discharge current when subtracting the displacement current from the total current in (b).

3.2.2 Analysis method - Energy measurements

The measured electric signals from the oscilloscope are used to derive the energy per pulse that
is dissipated into the jet. The stored signals contain averaged information of 100 pulses. As the
jet is able to reproduce discharges that are almost identical to each other, this averaged signal
represents the signal of a single discharge. However, in order to be able to derive the energies our
of the stored data, the signals are adjusted slightly. Firstly, the temporal shift between the current
and potential signal due to different cable lengths is corrected in order to determine the power.
This is done by comparing the current from the displacement measurement with the derivative of
the applied voltage. Secondly, the measured signal has a slight distortion and measures a small
background signal even when the pulse is not applied. This offset can have a sinusoidal shape
due to external operating devices. This is mostly with a negligible amplitude due to averaging of
the signal as the phase of this distortion is random with respect to the triggering. The amplitude
therefore decreases with a factor

√
Navg, with Navg the amount of signals averaged. However,

if such a distorting signal is still present, the frequency of this signal is obtained by observing
the signal when the pulse is not applied. Fitting a sinusoidal signal with this frequency through
the data points before and after the pulse gives the derived offset. Subtracting the determined
distortion from the measured signal gives a corrected signal. This is used to obtain the power of
the pulse by multiplying the applied potential with the measured current:

Ptotal = Ucor · Itot,cor

Pdispl = Ucor · Idispl,cor (3.2)

Pplasma = Ucor · Iplasma,cor,

with Pi, Ucor and Ii,cor the power, corrected potential and corrected current, respectively. By
integrating the power over time, the energy per pulse is determined.

The error in the energy is determined by the standard deviation of the corrected signal when
the pulse is not applied. The noise in the signal is used to determine the error of the currents and
potential. The error in the power is determined by equation 3.3 and subsequently the power in
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the determined energy is given by equation 3.4,

SP =

√(
∂P

∂I
SI

)2

+

(
∂P

∂U
SU

)2

(3.3)

SE =
∑

SP∆t (3.4)

where Sα is the error in property α. This can refer to the total energy per pulse, the displacement
energy per pulse or the discharge energy per pulse.

3.3 Imaging measurements

In order to get a better understanding of the plasma jet it is of importance to observe the temporal
evolution of the plasma. The timescale at which the plasma evolves is in the order of nanoseconds.
However, the repetition of the plasma evolution is temporally stable so averaging over multiple
pulses obtains the desired information with a sufficiently high temporal resolution. This holds
for the plasma inside the dielectric tube as well for the ionization waves outside the tube within
centimeters of the end of the nozzle. To observe the dynamics of the plasma, an intensified
camera (iCCD) is used to obtain images with a very short shutter time. In short, the iCCD
camera consists of a photocathode, a micro-channel plate (MCP) and a phosphor screen. The
photocathode converts the incoming photons to photo-electrons. This electric signal can either
be intensified or repelled by applying a voltage to a multichannel plate (MCP) inside the camera.
Depending on the voltage applied to the plate, the MCP thus works both as the intensifier and
the shutter for the camera. The outgoing photo-electrons are converted back to photons by the
phosphor screen. This optical signal is measured by the CCD-sensor inside the camera [40]. The
used iCCD camera (4Picos, Stanford Computer Optics) can obtain images with a shutter time as
low as nanoseconds. The shutter gate is triggered by the same function generator that is used
to generate the applied pulse for the jet. The temporal repeatability of the plasma is highly
important for the camera to image the plasma within sufficiently small time windows, as this
allows to combine the signal from multiple discharge events to reach an acceptable signal to noise
ratio. The iCCD camera is therefore a suitable device for the observation of the plasma bullets. As
the imaging results obtain both spatial and temporal information on the plasma, the propagation
velocity can be determined as well. In figure 3.3 the setup is demonstrated that is used for the
fast imaging of the plasma.

For the imaging of the discharge, an objective is installed on the iCCD camera. The camera is
positioned so that it obtains a side view of the jet, allowing it to observe the spatial and temporal
evolution of the discharge. The camera is externally triggered by the pulse generator to synchronize
the shutter of the camera with the applied pulses. The camera imaging properties, like shutter
times and shutter delays, are adjustable on the software (4Spec) installed on a computer connected
to the camera. The images are observed and stored on the PC.

The composition of the jet is described earlier in figure 3.1a, which shows a gap of 5 mm
between the anode and the cathode, and a distance of 21 mm from the cathode to the end of the
capillary. The target in front of the jet is placed on a non-conductive translation stage to adjust
the height. This stage is easily removable for measurements on a free jet (without target present).

In figure 3.4, a typical iCCD image is shown. Figure 3.4a shows the capillary of the jet without
plasma present. The top of the image is the grounded electrode (cathode). The origin of the
axial direction is assigned to the bottom side of the cathode. In this report, the dynamics of
the discharge are investigated after the discharge passed the cathode, rather than between the
electrodes. Between the electrodes, no propagating ionization wave is present. Thereby, the
discharge is much brighter in this region and therefore limits camera properties for obtaining
images of the plasma bullets, if it is exposed on the same image. In appendix A the emission
between the two electrodes is demonstrated as function of time. As mentioned, the distance that
the discharge needs to propagate before exiting the tube with respect to the cathode is 21 mm. In
figure 3.4b a typical image is shown for an operating plasma, in this case 500 ns after the rise of

14 The influence of a target on the dynamics of an atmospheric helium plasma jet



CHAPTER 3. EXPERIMENTAL SETUP

Figure 3.3: Experimental setup for the imaging measurements of the plasma to observe the spatial
evolution of the discharge, used to determine the velocity of the ionization wave. The presence of a target
in front is the jet is optional.

the pulse. In this figure, the boundaries of the capillary are added in light blue, and the grounded
electrode is added in dark blue. Figure 3.4a and 3.4b are shown with different color scales to
emphasize the different camera settings, used to obtain the image.

The images of the jet evolution in this report are obtained with a shutter time of 2 ns and a
gain potential of 810V on the MCP. The video field time (integration time) of the camera is ≈ 16
ms [40], implying that in each frame (for a repetition rate of 5 kHz) the emission of ≈ 80 bullets
is measured. The iCCD images consist of 10 frames, resulting in ≈ 800 discharge events for each
shown image.

Since the camera delay is adjustable, series of images are obtained as a function of the delay.
The delay is converted to time with respect to the rise of the applied pulse. Therefore, the series
contain the spatio-temporal information of the jet, which can be used to determine the velocity of
the propagation wave.

3.3.1 Analysis method - Velocity measurements

The shutter time of the iCCD images is only 2 ns, which is short enough to consider the position of
the bullet fixed during this period. For instance, for a propagation velocity of 2 ·105 m/s, the wave
moved ≈ 3 pixels, which is small compared to the size of the imaged bullet. Considering the image
given in figure 3.4b, the ionization front is extracted from the iCCD images by scanning the area
of the tube and the region in front (−3 < Xradial < 3 mm and 0 < Xaxial < 7 cm). The position
of the wave front is determined by the axial position of the pixel furthest from the cathode, that
exceeds a threshold intensity of 200 counts. The error in determining this position is estimated
at 5 pixels in the figure, resulting in a spatial error of 0.64 mm. Figure 3.5a shows the position of
the wave front as function of the time with respect to the rise of the pulse at which the images are
obtained. The series of images are obtained for a jet operating with a helium flow of 1410 sccm,
powered by applying pulses with an amplitude of 5 kV, a length of 1 μs and a repetition rate of 5
kHz. The dashed line in the figure refers to the end of the capillary.

The spatial data is used to derive the velocity at that position and is determined by fitting
a second order polynomial through five points (two points in front and two points behind the
evaluated position). The slope of this polynomial at the central point gives the velocity at that
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(b) Typical iCCD image of a plasma jet

Figure 3.4: Images of the plasma jet, taken with an iCCD camera. On the left, an image is shown for
the jet without plasma present (a) obtained with a relatively long shutter time (> 100 μs). On the right,
a typical image of an operating jet is demonstrated (b), obtained with a shutter time of 2 ns at 500 ns
after the rise of the pulse. The boundaries of the capillary (light blue) and the grounded electrode (dark
blue) are added.
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Figure 3.5: Position as function of time (a) and velocity as function of the position (b) of the plasma
ionization wave front for a helium flow of 1410 sccm and applied pulses with an amplitude of 5 kV and a
length of 1 μs with a frequency of 5 kHz. The dashed lines refer to the end of the capillary.
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position. However, this holds only for the velocity from the third to the (n − 2)th point. The
velocity at one point from the beginning and the end (point 2 and point (n− 1)) are determined
by plotting the second order polynomial through just four points, while the velocity at the initial
and final position is determined using a linear fit through only three points. The error in the
positional data (∆x) and the error in the timing of the camera (∆t) of 20 ps are used to determine
the error in the derived velocities by

∆vi =

√(
∂vi
∂xi

∆x

)2

+

(
∂vi
∂ti

∆t

)2

, (3.5)

with ∂αi = αi − αi−1. This methods yields relative small errors for regions where the velocity
remains approximately constant and ∂v is small. However, it does not take into account the error
in the fitting of the polynomial which would lead to larger errors. Furthermore, as the bullet travels
further away from the tube, the spatial data becomes less accurate as the end of the jet plume is
more sensitive for influences of the environment which should be considered when evaluation the
results. The propagation velocity as function of the position are plotted in figure 3.5b, derived
from the spatial data plotted in figure 3.5a. In chapter 4 the obtained results are discussed.

3.4 Electrical field measurements

In section 2.2 the principle of Stark polarization spectroscopy is explained, which can be used to
determine the electric field of the ionization front of the jet. To observe the distance between the
allowed and forbidden helium transition at 492.2 nm, it is required to obtain a spectrum with a
high resolution, as the splitting of the lines is of the order of tenths of nanometers. In figure 3.6 the
setup is shown for the Stark polarization spectroscopy of the jet. The plasma is produced under
the same conditions as for the imaging measurements. As the intensity of the observed helium line
is relatively weak, a lens system is placed between the jet and the slit of the monochromator to
focus an image of the jet on the slit. The jet is positioned in the focus of one lens (f = 10 cm) and
the slit is positioned in the focus of the other lens (f = 10 cm). A π-polarizer is placed in front of
the slit of the monochromator. This is required to determine the electric field in the axial direction
of the jet [41]. A monochromator is used in the experiments with a diffraction grating of 1200
g/mm placed inside. The slit at the end of the monochromator is removed and an iCCD camera
(4QuickEdig Stanford Computer Optics) is placed to capture a part of the spectrum. Therefore,
in principle a large spectrometer with a small spectral range is used in the setup, rather than a
monochromator.

The obtained spectral images have a resolution of ≈ 75 pixels/nm on the horizontal spectral
axis, and a range of 10.5 nm. The vertical spatial axis of the images has a resolution of ≈ 67
pixels/mm and a total range of ≈ 8.7 mm. As this range is unable to capture the whole propagation
length of the ionization wave, the jet is installed on a motorized translation stage (Thorlabs
Brushed DC Servo Motor Controller KDC101) to adjust the height of the jet. In this way, the
electric field can still be measured from the cathode to the plume. The spatial and temporal data
of the discharge obtained in the fast imaging measurements are used to synchronize the ionization
front and the spectral images. The camera is triggered externally by the function generator and
the results can be observed on the computer, similar to the imaging measurements. On the PC,
the 4Spec software is used to control the camera. The measured intensity is much smaller with
respect to the fast imaging measurements. For the electric field measurements, a shutter time of
10 ns is used. Thereby, the integration time of the chip for one iCCD frame ranges from 2 − 15
seconds at maximum gain (1000 V) in order to capture a sufficient amount of light. The length
of this integration time depends on the intensity of the emission, which is not constant along
the jet. Longer integration times result in a better signal to noise ratio, but for higher emission
intensities, this might result in over exposure of the chip. The obtained results consist of 20
frames per measurement point, which therefore contains information of 100.000 discharge events
per integrated second, for a jet operating with a pulse frequency of 5 kHz. The intensity of the
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Figure 3.6: Experimental set-up for the Stark polarization spectroscopy on the plasma to measure the
allowed and forbidden He lines at 492.2 nm. The plasma is generated similar to the imaging measurements.
A lens system is placed to project an image of the jet on the slit of the spectrometer. A linear polarizer
is placed in front of the slit, to measure only the axial component of the electric field.

incoming light is also dependent on the width of the entrance slit of the spectrometer. Increasing
the width increases the intensity as well. However, this also increases the instrumental broadening.
During the experiments a slit width of 0.08− 0.1 mm is used.

3.4.1 Analysis method - Electric field measurements

For the determination of the electric field, the distance between the allowed and forbidden trans-
ition of the 492.2 nm helium peak is examined, as is explained in section 2.2. The splitting can
only be observed from the emission of the ionization front. Therefore, the derived electric fields
refer to the field at the ionization front position at that moment in time. The original images
contain very intense noise spikes (salt-and-pepper noise), which affects the analysis of the images.
This noise can be reduced effectively by using a non linear median filter [42]. In the shown images
in figure 3.7, a third order median filter is applied on each column of pixels of the image. This
filter assigns the median value of a window of 3 pixels to the central pixel. The usage of a filter
affects the resolution the images. However, the window of the filter concerns 3 pixels (44 μm) in
the spatial direction, which is small compared to the movement of the ionization front during the
shutter time (≈ 1 mm). Since the filter is applied separately on the columns of pixels, the spectral
quality remains unaffected.

In figure 3.7, five spectral images are shown, obtained by the iCCD camera, each referring to
a different position of the jet. The sub-figures are obtained with different integration times (2,
4, 8 and 15 s from (a) to (d)), and have separate color scales. The color scale in the images is
logarithmic to visualize the less intense forbidden transition. The images are obtained for a jet
operating without a target present, powered by applying pulses with an amplitude of 6 kV, a
length of 1 μs and a frequency of 5 kHz, and a helium flow of 1410 sccm is present. The camera
takes 20 frames per measurement point. Each frame integrates the emission during every discharge
event (5000 s−1) for an integration time of 2 − 15 seconds. At each applied pulse, the shutter of
the camera is only open for 10 ns at a predefined moment in time with respect to the rise of the
pulse, during this integration period. The obtained images thus show the accumulated emission
of > 200, 000 discharge events.
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On the vertical axis of each image, the position with respect to the cathode is given. The exit
of the capillary of the jet is at a distance of 21 mm from the cathode. This means that image
(a) is obtained from emission inside the tube, (b) at the end of the tube and (c) and (d) from
emission of the ionization wave in the plume of the jet. The brightest line in the figures is the
allowed transition of the 492.2 nm helium line. Left of this emission peak, a weaker signal is
measured. This emission is corresponding the forbidden transition. The image from the discharge
inside the tube (a) shows two emission lines, rather than an emission front. This front is not
observed since the lifetime of the excited helium state is ≈ 50 ns [30]. During the gating period,
the camera observes light from the where the front was 50 ns ago as well. The lifetime of the
excited state outside the capillary is quenched due to the mixing of the gas [43], and therefore a
bullet is still observed in the spectral images (c,d). For these images, more lines are visible on the
spectrum. At wavelengths of 491.5 ns and lower, lines from the (2s22p2)4p 2S0 −→ (2s22p2)3s 2P
nitrogen transitions from excited states to the ground state are observed [44]. The emission from
the nitrogen species typically occur behind the propagating ionization wave, which supports the
statement about the quenching of the helium state. The existence of the nitrogen peaks need to
be taken into account for the analysis of the data.
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Figure 3.7: (sections of) iCCD images of the spectrum of the plasma jet around the 492 nm He line.
The images are measured with a 10 ns shutter time at five different times; (a) 80 ns, (b) 200 ns, (c) 240
ns and (d) 280 ns, at different positions of the jet. The jet operated by applying 6 kV pulses of 1 μs and
a frequency of 5 kHz with a helium flow of 1410 sccm. The images are presented with a logarithmic color
scale and each sub-figure is individually scaled.

3.4.2 Double pseudo-Voigt fit

The spectrum of the ionization front is obtained from the spectral iCCD images by accumulating
the intensities in a window of 41 pixels rows (≈ 0.6mm) around a desired position. This results in
a plot with intensity of the ionization wave as function of the wavelength. The two most relevant
broadening mechanisms present are the resonance broadening and the instrumental broadening,
as is derived in section 2.3. The combination of these mechanisms cannot accurately be described
solely with a Lorentzian or Gaussian shape. The shape of both the allowed and forbidden trans-
itions of the 492.2 nm helium line can best be described pseudo-Voigt, as is described earlier in
equation 2.5. To find the distance between the allowed and forbidden peaks, two pseudo-Voigt
peaks are fitted through the selected data. However, as the Gaussian part of this fit is already
determined in the calibration measurement in figure 2.2, only the Lorentzian contribution needs to
be determined for a profile of the fit. The fitting method uses a least squares method to determine
the most suitable fit.

In figure 3.8a the double pseudo-Voigt fit is given for the ionization front inside the capillary.
Within the spectral range of the images, several spectral lines besides the two desired helium lines
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can be present in the data (for example, the nitrogen lines shown in figure 3.7 (c-d)), which can
interfere with the fitting of the two peaks. To prevent this, the data within a limited wavelength
range around the helium peak is used to fit the double-Voigt profile (blue dots −→ included data
points; light grey dots −→ excluded data points). The obtained fit (solid red) consists of two
pseudo-Voigt profiles, being the allowed and forbidden peaks (dashed green −→ allowed transition;
dashed yellow −→ forbidden transition). As can be observed in 3.8b the nitrogen peaks at 491.5
nm are present in the spectrum. The intensities obtained around at this wavelength are excluded
to exclude the nitrogen peaks in the fit and a sufficient fit can still be managed.
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(a) Spectrum of the jet at 11mm from the cath-
ode and 100ns after the start of the pulse.
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(b) Spectrum of the jet at 40mm from the cath-
ode and 380ns after the start of the pulse.

Figure 3.8: Fitting of a double pseudo-Voigt peak (red) through spectral data around the 492nm He
line, obtained from iCCD images as given in figure 3.7. The grey data points are excluded from the fitting
of the curve. The individual peaks are plotted as well (dashed yellow and green).

The fitting of the pseudo-Voigt profiles yields the wavelength positions of the allowed and
forbidden transitions of the 492.2 nm helium line. The distance between the lines, ∆λ, is used to
derive the electric field inside the jet, as is described in equation 2.1. As mentioned, this field refers
to the axial component of the electric field as the spectrum is obtained while using a π-polarizer in
this direction [41]. The fitting procedure gives the confidence intervals in the obtained wavelengths
of the peaks as well. These intervals are used to determine the error in the electric field, SE, by

S∆λ =
∂∆λ

∂E
SE

SE =

(
∂∆λ

∂E

)−1

S∆λ, (3.6)

where ∂∆λ/∂E is the derivative of equation 2.1 with respect to the electric field and S∆λ the
error in the distance between the allowed and forbidden peaks. This error is described by the root
of the sum of squares of the width of the confidence intervals in the separate peaks, Sλ1 and Sλ2,

S∆λ =
√
S2
λ1 + S2

λ2.
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Chapter 4

Imaging and spatial development

4.1 Jet evolution

In this thesis, the influence of a target on the jet is investigated. During the experiments, different
targets are examined. The difference in the development of the discharge between a free jet and a
jet operating on a target, provides insights in the dynamics of the jet. The operation configurations
in this chapter are categorized in three groups, being the free jet (without target present), the jet
operating on conductive targets and the jet operating on non-conductive targets.

4.1.1 Free jet

As mentioned in section 2.1, the evolution of the plasma jet can be divided in two stages. First
there is the surface deposition of the plasma inside the tube, and thereafter the guided ionization
wave (or plasma bullet) that detaches from the end of the tube. Figure 4.1 shows a series of iCCD
images to demonstrate the dynamics of the free jet.

On the vertical axis, the distance to the grounded cathode is shown in cm. On the horizontal
axis, the time when the images are obtained with respect to the rise of the pulse are displayed.

The ionization wave in the capillary and in the plume of the jet are, as mentioned, different
in their behavior and are to be treated separately (although linked to each other). The plasma
generated inside the tube can be treated as a DBD while the ionization wave propagates on the
inner surface of the dielectric tube [15]. As can be observed in figure 4.1, the emission in the first
200 ns only appears inside the tube.

After 200 ns the bullet appears at the end of the tube. The ionization wave outside is more
streamer-like and most emission is produced in the front of this wave. This is comparable to a
streamer discharge since the head of the streamer also emits most of the light [45,46]. The emission
in the trail behind the plasma bullet is almost completely quenched. This can be explained as the
excited helium states outside the tube are in direct contact to air [43], which leads to a different
chemistry outside the tube due to the presence of nitrogen and oxygen species. This quenching
is not observed inside the capillary, which explains why the emission in the capillary is emitting
light for a longer period. However, even though there is no bright emission coming from the region
behind the plasma bullet, outside the tube, it still consists of reactive species and meta-stable
particles. This contributes to the reproducibility and stability of the plasma [47].

Another interesting phenomenon can be observed by comparing the images at 1000 ns and
1100 ns. The emission inside the capillary at 1100 ns is brighter than at 1000 ns. This is the
moment in time where the pulse ends. During the pulse, the charges inside the tube cover the
surface and produce an electrical field opposite of the field between the electrodes. When the
potential on the HV-electrode drops, the field due to the shielding surface charges reignites the
plasma inside the tube a moment later, hence the increase in emission intensity. This coincides
with the electrical measurements as well in figure 3.2, where the plasma current has a negative
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Figure 4.1: Imaging result showing the spatial-temporal evolution of the light emission from the He
plasma jet. The boundaries of the tube and grounded electrode are added to the images for clarification.
The jet operated by applying 1μs pulses of 6 kV with a frequency of 5 kHz. The helium flow used was set
to 1410 sccm. The logarithmic intensity scale in the figure ranges from 50 to 2500 counts.

peak when the applied potential drops. However, it is not observed that this reignition of the
discharge leads to the formation of another plasma bullet outside the tube.

4.1.2 Non-conductive target

Now the free jet behavior is explained, the influence of a non-conductive target is examined.
To observe the effect, a PVC surface of 6.4 × 12 cm2 and a thickness of 3 mm is placed 1 cm
from the nozzle of the jet. In figure 4.2 a similar series of images is shown as for the free jet
in the previous section (figure 4.1), but here with the presence of the plastic target. This figure
demonstrates the discharge interaction with the non-conductive target. The plasma is generated
by the same operating conditions and the iCCD camera obtained the images using the same camera
properties. The plasma behavior inside the tube and the emergence of the bullet are quite similar
to the behavior without target. As the plasma bullets are hindered by the plastic target, the
charges accumulate on the surface. From here the discharge propagates on the surface in a radial
direction. This behavior is similar to the surface propagation observed in the work of Viegas et.
al. [48]. In this work, the behavior of a similar plasma jet on dielectric glass surface is observed
and compared to a model. When the plasma bullet reached the target, the charges accumulated
and then a surface ionization wave propagated across the surface. Where the surface charge was
highest, a radial electric field of 3 kV/cm was measured, which was small compared to the axial
electric field component in the plume. After the surface wave had spread 2 mm, branches started
to form on the surface.

The branching of the surface discharge is observed in this report as well. Figure 4.3 shows
photos of these channels, obtained with a Canon 750D camera. Even due to shutter times of
several seconds (which makes the photos less sharp), the channels are still clearly visible. As
can be seen in the figure, the amount of channels increases when the amplitude of the applied
voltage is increased. The self-organisation of the surface channels is investigated in the work of
Celestin et. al. [49]. In that work, an asymmetric DBD device with a tungsten HV-electrode and
a grounded surface electrode, covered by dielectric, were used to generate a plasma. For increasing
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Figure 4.2: Jet evolution with the presence of a non-conductive plastic target at 1 cm from the nozzle
(shown in orange at the bottom of the images). The jet operated by applying 1 μs pulses of 6 kV with a
frequency of 5 kHz and a He flow of 1410 sccm. The logarithmic intensity scale ranges from 50 to 2500
counts. In this figure, the propagation of the surface discharge is demonstrated.

voltages, the amount of branches on the dielectric surface increased, as is also observed in figure
4.3. However, even though this gives the opportunity to look into quite some interesting features,
the report does not contain further investigation of the surface discharge on the non-conductive
target. However, more information on the dynamics of the discharge on a dielectric surface can
be found in the work of Slikboer et. al. [50, 51].

(a) 4 kV pulse (b) 5 kV pulse (c) 6 kV pulse

Figure 4.3: Photos of the discharge channels on the plastic discharge for different amplitudes of the
applied voltage.

4.1.3 Conductive target

Floating copper target

For the investigation on a conductive target, a copper surface of 8 × 8 cm2 with a thickness of 1
mm is placed at 1 cm from the jet. The effect of grounded target with respect to a floating target
is discussed as well.

For a floating copper surface of 8× 8cm2 placed beneath the jet, a series of images is displayed
in figure 4.4a. There are some interesting differences, compared to the non-conductive target.
Instead of the formation of an ionization wave on the surface, the jet confines at one point on the
target. After the bullet reaches the copper target (approximately 200 − 300 ns after the start of
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the pulse), the area between the tube and the target emits light during the pulse as well, which
was not observed for the non-conductive target or the free jet. Thereby, the discharge emission at
the exit of the tube increases as well after the formation of the bullet, which does not occur for the
free jet and the non-conductive target, where the emission intensity in the tube is only decaying
during the pulse.

To discuss discharge behavior at the moment of the impact of the ionization wave on the target,
a more detailed series of images with smaller time intervals is demonstrated in figure 4.4b, starting
from 180 ns after the pulse is applied with intervals of 10 ns. As the plasma wave reached the
target at 240 ns after the pulse starts to rise, the path between the target and the tube reignites
in the directing back to the nozzle. This phenomenon is referred to as the return stroke. After
this return stroke of the plasma bullet, the gap emits light until the end of the pulse as can be
seen in 4.4a, however with decreasing intensity.

40 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

0

1

2

3
10

2

10
3

(a) Jet evolution during the full pulse length of 1 μs.
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(b) Jet evolution focused on the period of the bullet impact (180 − 310 ns).

Figure 4.4: Imaging result of the jet evolution with the presence of a conductive floating copper target
at 1 cm from the nozzle (shown in orange) with a time step of 100 ns. The jet operated by applying 1
μs pulses of 6 kV with a frequency of 5 kHz and a He flow of 1410 sccm. The logarithmic intensity scale
ranges from 50 to 5000 counts. The jet evolution is given for the full duration of the pulse (a) and a more
detailed series of images with smaller time steps is shown to at the moment of the bullet impact on the
surface, to demonstrate the return stroke (b).

Return strokes in ionization waves are known from streamers discharges [52], appearing after
the impact of the streamer head on the cathode. Also for plasma jets, the return stroke on
conductive targets is observed earlier [53–55]. In the work of Klarenaar et. al. [56] the return stroke
of a helium plasma jet is discussed for different targets and the influence of electric properties on
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this behavior is investigated. Here, the surface charge is linked to the permittivity of the material.
In the work of Darny et. al. [54] the appearance of a return stroke for a jet is linked to the
mismatching of the impedance of the discharge and the target, leading to a reflection of the
ionization wave. For a dielectric PVC target with a relatively low permittivity of ε = 4, the
charges accumulated on the surface, producing a surface ionization wave as is observed in figure
4.2. For copper, this permittivity is very high (ε ≈ ∞) so that the charges do not accumulate on
the surface and therefore, no surface ionization wave is observed in figure 4.4.

Furthermore, in [56] it is mentioned that ion impact on the target detaches electrons from the
surface, which is stated to be the possible electron source for the return stroke. For a floating
copper target this should result in the charging of the surface. In section 5.3 the charging of a
conductive target is indeed observed, supporting this statement. Another interesting feature in
figure 4.4a occurs at the end of the pulse at a time of > 1000 ns. Near the grounded electrode
(z = 0) in the top of the images, the discharge illuminates again, as is also observed for the free
jet. In the area between the jet and the target, the emission drops after the pulse. However, a
moment later at 1200 ns, the this area has an increased emission intensity as well. This might be
linked to the charging of the target during the pulse as well, as the potential of the target 100 ns
after the pulse is still of the order of kilovolts (which is demonstrated in section 5.3).

Grounded copper target

The behavior of the jet operating on a grounded copper target is comparable to the floating
copper target, but there are still significant differences observed. Figure 4.5 demonstrates the jet
evolution for a grounded copper target at 1 cm from the jet. For a grounded target, the jet can
not operate while applying 6 kV pulses of 1 μs as the jet transforms in an arc-like discharge, which
should be prevented as it could damage the jet. Therefore, a pulse with an amplitude of 5 kV
is used instead in the shown figure. The most interesting difference is observed after the bullet
impact. While the emission after the return stroke for the jet on a floating target becomes less
bright during the pulse, this is not the case for a grounded target. In figure 4.5 the gap emission
increases after the return stroke, just as the emission inside the tube. Again, the charging of the
target might be the origin of this difference. For a floating target, the potential difference over the
gap between the target and the tube reduces as the target charges, which affects the discharge.
This reduces the electron production rate at the surface of the target, and therefore the emission
intensity decays. As a grounded target does not get charged, the potential difference over the gap
remains. The return stroke can be supplied with electrons at a higher rate and can evolve to a
conducting channel during the pulse. This explains why the jet does not operate for pulses with
an amplitude of 6 kV and a length of 1 μs, as a fully conducting channel can be created between
the target and the high voltage electrode. When longer pulses are applied to the jet operating
on a floating target, the formation of the arc-like discharge can occur as well, since there is more
time to create the conducting channel between the target and the high voltage electrode. The
formation of a conducting channel between a grounded target and the anode is also observed in
simulations done by of Norberg et. al [35]. In that work, the discharge interaction of a plasma jet
with a target with different values of relative permittivity were computationally investigated. For
a copper target, no surface ionization wave was observed, which coincides with figure 4.5.

Other conductive targets

In this thesis, the jet is imaged for other conductive target as well, being the surface of distilled
water in a Petri dish, and a piece of chicken breast (to imitate the human skin). For both the
distilled water surface and the chicken breast, the measurements are performed while the target is
floating and while they are connected to the ground potential. Figure 4.6 shows the jet evolution
for jet on a distilled water surface in a Petri dish with a diameter of 88 mm and height of 12 mm,
at a distance of 1 cm from the capillary. In figure 4.7 the evolution is given for the jet operating
on a piece of chicken breast. Both figures contain the results for a grounded target and a floating
target. The targets have different values for their relative permittivity and electric conductivity,
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Figure 4.5: Imaging result of the jet evolution with the presence of a grounded conductive copper target
at 1 cm from the nozzle (shown in orange) with a time step of 100 ns. The jet operated by applying 1
μs pulses of 5 kV with a frequency of 5 kHz and a He flow of 1410 sccm. The logarithmic intensity scale
ranges from 50 to 5000 counts.

Target Copper Chicken breast Distilled water PVC
Relative permittivity (εr) ≈ ∞ ≈ 60 [57] ≈ 80 [58] ≈ 4 [56]
Conductivity (σ)[S/m] 5.96 · 107 ≈ 0.55 [59] ≈ 5.5 · 10−6 [60] ≈ 0

Table 4.1: Relative permittivity and electrical conductivity for the different targets: PVC, copper,
chicken breast and distilled water.

shown in table 4.1. Here, the values are also given for PVC and copper.
For both the measurements on distilled water and chicken breast, a return stroke is observed,

by which they distinguishing themselves from the non-conductive targets. However, the intensities
of the emission during the return stroke are different. In general, for grounded targets the gap
between the target and the electrode emits light for the duration of the pulse. For floating targets,
the emission in the gap decreases in intensity. This was observed for the copper target as well.

However, there is also a significant difference between the different targets. For the copper
target, the emission on the surface itself is hardly present. For the non-conductive plastic target,
the charges spread along the surface and a surface ionization wave is observed. In terms of electrical
conductivity and permittivity, the distilled water surface and the chicken breast are in between
the copper and the PVC target. As can be seen in the figures, emission on the surface of the target
is clearly present during the pulse, although not spreading on the surface. This is observed in [61]
as well for a water surface a 5 mm from a jet. As mentioned, this effect is also observed in the
work of Norberg et. al. [35], where it is related to the permittivity of the material. For the water
surface and the chicken breast, these values are of the same order, just as they show a comparable
amount of emission in the results. The main difference between the chicken (and copper) target
with respect to the distilled water surface (and plastic target) is the emission between the target
and the tube. This difference is most evident for the grounded cases. For the copper target and
the chicken breast, a bright conducting channel is formed. For the water surface the area between
the surface of the target and the capillary is less bright. The difference between the results might
be due to the different values of the electrical conductivity of the target, which is five orders of
magnitude higher for chicken than for distilled water. However, the conductivity of water might be
higher than documented in the table as the influence of the chemistry of the jet on the conductivity
of the water is not taken into account.
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(a) Jet evolution with the presence of a floating distilled water surface.

40 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

0

1

2

3
10

2

10
3

(b) Jet evolution with the presence of a grounded distilled water surface connected to the ground.

Figure 4.6: Jet evolution is shown for a jet operating on a floating (a) and grounded (b) water surface
at a distance of 1 cm of the tube. The jet operated, applying pulses with a length of 1 μs, an amplitude
of 5 kV applied voltage, a repetition rate of 5 kHz and a He flow of 1410 sccm.

The influence of a target on the dynamics of an atmospheric helium plasma jet 27



CHAPTER 4. IMAGING AND SPATIAL DEVELOPMENT

40 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

0

1

2

3

10
2

10
3

(a) Jet evolution with the presence of a floating chicken breast.
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(b) Jet evolution with the presence of a grounded chicken breast.

Figure 4.7: Jet evolution is shown for the jet operating on a floating (a) and grounded (b) chicken breast
as a target at a distance of 1 cm of the tube. The jet operated, applying pulses with a length of 1 μs, an
amplitude of 5 kV applied voltage, a repetition rate of 5 kHz and a He flow of 1410 sccm.
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4.2 Velocity measurements

4.2.1 Characterization of the velocity

The imaging results are used to derive the velocities of the propagation front, as is explained in
section 3.3.1. Figure 4.8 (also shown in the analysis method in section 3.3.1) demonstrates the
position of the ionization front as function of time with respect to the rise of the pulse, and the
corresponding velocities as function of position. At first, the order of magnitude is already an
interesting feature, as it is of the order of 105 m/s. This is much faster that the helium flow speed
inside the tube (which 5.2 m/s for a flow of 1410 sccm). Going into more detail on the velocity
profile, figure 4.8b can be separated in several regimes.
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(b) Bullet velocity plotted against the bullet po-
sition

Figure 4.8: Position as function of time (a) and velocity as function of the position (b) of the plasma
ionization wave front for a helium flow of 1410 sccm, applied pulses with an amplitude of 5 kV, a length
of 1 μs with a frequency of 5 kHz. The dashed lines refer to the end of the capillary.

Firstly, in the region inside the capillary, the velocity of the ionization wave decays from 1.5·105

m/s to approximately half this value as it is traveling towards the end of the tube. The velocity
in this region represents the ionization front of the surface discharge inside the tube. It should
be taken into account that the plasma already exceeded the region between the high voltage
electrode and the grounded electrode around the tube, as the 0-value on the horizontal axis refers
to the bottom of the grounded electrode. In the work of Jarrige et. al. [62], the propagation and
formation of the plasma bullet in a helium jet is described under comparable conditions. For a
jet operating at applied pulses using an amplitude of 8 kV and a length of 2 μs, a peak velocity of
4 · 104 m/s was measured. This is lower than the velocities obtained in this report. However, the
jet is this work also has a slightly different configuration, which can be of influence on the result.
The results in this work are compared to the measured dynamics in this thesis. In the work of
Jarrige et. al. they state that the decay in the velocity in the capillary is caused by the energy
loss due to the deposition of charges on the capillary’s surface.

Secondly, at the end of the tube, the bullet is formed and the propagation velocity suddenly
increases significantly. There is also as transition in the gas environment where the plasma exists.
Inside the nozzle, the gas consists mostly of helium, whereas the gas flow just outside the tube is
in contact with open air, which contains oxygen and nitrogen species that can affect the ionization
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wave. This might result in different ionization rates as the ionization wave can excite the newly
joined species as well, in the front of the wave, as is suggested in [62]. This could explain the
increase in the propagation velocity. Finally, after the sudden increase in velocity, the wave
propagates and slowly decays again as it travels further while losing its energy by exciting or
ionizing the species in its path, until it dies out. In this figure this occurs at a distance of ≈ 3 cm
from the tube after 700 ns from the rise of the pulse, which is before the end of the pulse. The
measured velocity when the bullet is not observed anymore is ≈ 0.5 · 105 m/s.

Before comparing the results of the free jet with a jet operating on a target, the influence of
the different operating parameters is investigated, in order to get a better understanding of the
processes that exist in the dynamics of the jet.

Applied voltage

The effect of varying the amplitude of the applied voltage on the velocity of ionization wave
is studied, shown in figure 4.9, where the velocity profile is plotted for pulses with an amplitude
between 4 and 6 kV. The applied voltage has influence on the magnitude of the velocity, the plume
length and the time it takes before the discharge wave extinguishes. For higher pulse amplitudes,
the ionization wave propagates faster and further than lower voltages, but extinguishes earlier in
time. For an amplitude of 6 kV, the ionization wave exits the capillary at 200 ns, after the rise
of the pulse. This is much earlier than for an amplitude of 4 kV, which exits the tube at 500 ns.
However, for the higher amplitudes, the deceleration of the wave is stronger as well. For a 6 kV
amplitude, the velocity reduces from 1.1 · 105 m/s to 0.4 · 105 m/s over a distance of 3.5 cm. For
the 4 kV pulse, the velocity remains almost constant (from 0.5 · 105 to 0.4 · 105 m/s) during the
propagation in air. The dependency on the magnitude of the applied voltage is consistent with
other publications on a helium plasma jet [62–66], where an increase in velocity was observed for
stronger pulses. Outside the tube, peak velocities were observed ranging from 0.25 · 105 m/s for
a 7 kV pulse to 0.8 · 105 m/s for a 10 kV pulse. Applied pulses with a larger amplitude dissipate
more energy in the discharge inside the tube, which is likely the origin of the dependence of the
velocity on the strength of the pulse. The measured velocities in [62] are lower than the values
obtained in figure 4.9, while higher voltages are used. This can be related to the difference in
the jet configuration. The inter-electrode distance in [62] is 15 mm, while it is only 5 mm in the
experiments described in this report. The electric field, required to generate the discharge between
the electrodes depends on this distance.

When examining the velocity as a function of time in 4.9c, an interesting effect is observed.
The velocities outside the capillary appear to converge to the same decaying velocity. This is
interesting since for different pulse amplitudes, the velocities of the ionization wave are the same
at a certain moment in time after the rise of the pulse, even though their positions are different.
Whether this effect is coincidental or not is not found out. In this thesis, the size of the ionization
wave is not fully investigated. However, in the analysis of the imaging data, it is noted that size of
the emitting area of the ionization wave indeed varies with the magnitude of the applied voltage.
In addition, this area decreases during the propagation of the plasma bullet. This is found in
other literature as well [62,66]. Relating this to figure 4.9c, the size of the ionization wave for a 5
kV pulse might be comparable to a 6 kV pulse at a certain time with respect to the pulse, even
though they exist at a different position. However, the influence of the size of the ionization wave
on the dynamics of the jet needs further investigation to proof a relation between the size of the
ionization wave and the velocity.

Flow rate

In figure 4.10, the results of the velocity measurements are given for different values of the flow
rate used in the experiments. Inside the tube of the jet, the data shows an almost identical result
for different flows. Outside the tube, the helium flow rate has influence on the dynamics of the jet.
As the flow increases, the plume length increases as well. However, when the flow rate is increased
to 2115 sccm, it is observed that the jet becomes shorter and less confined. This probably indicates
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(a) Wave front position as function of time.
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(b) Wave front velocity as function of position.
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(c) Wave front velocity as function of time. Colored dashed lines represent moment that the ionization
wave exits the capillary.

Figure 4.9: Ionization front position as function of time (a), velocity as function of position (b) and
velocity as function of time (c) for varying applied voltages (frequency = 5 kHz, flow = 1410 sccm and
pulse length = 1 μs).
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a transition from a laminar to a turbulent flow outside the capillary. After exiting the tube, the
light from the discharge is emitted in the area where the gas composition changes from helium to
air [65], resulting in a donut-shape radial profile. For a turbulent jet, the plume becomes shorter
and less confined, as this transition of the gas composition is different with respect to a laminar
gas flow. The gas mixes in a shorter distance in which the discharge loses its energy. This can be
supported by the results for a flow of 705, 1058 and 1410 sccm as well. As the ionization waves
exits the capillary, in all three measurements an acceleration to a value 0.8 · 105 m/s is observed.
From this moment the velocity profiles start to significantly diverge. The velocity for a flow of 705
sccm decays faster than for a flow of 1410 sccm. This can be explained by the difference in gas
composition as well. For a lower flow rate, the gas mixes with the air in a shorter distance than
a higher flow rate, leading to more reactions with nitrogen and oxygen species, which results in
a difference in the decay rates of the wave velocity and plume length. The relation between the
length of the plasma plume and the flow rate is observed in other literature as well [24,65,67,68],
as well as the transition from a laminar to a turbulent flow.

Even though higher flow rates increase the gas velocity through the tube, this is not directly
correlated to the velocity of the ionization wave. Thereby, it is good to keep in mind that the
gas velocity and bullet velocity differ typically five orders of magnitude. However, when taking a
look at 4.10c, the decay of the velocity seems to vary for different flows. As the flow increases, the
velocity seems to decay less fast. This indicates that the environment has a significant impact on
the energy loss of the bullet. This is observed in the work of Sobota et. al. as well [69].

Frequency

After a discharge event, the complex chemistry in the area changes. The composition of excited,
meta-stable and ionized particles and the density of electrons does not instantaneously fall back
to the composition before the discharge, but restores itself gradually. This restoration time varies
for the different species in the discharge area. While varying the repetition rate of the applied
pulses, the time between the pulses changes. Therefore, the amount of left-over species present
at the start of the pulse is different when changing the pulse frequency. The measured velocities
for different frequencies are shown in figure 4.11. As before, a distinction can be made between
the discharge inside and outside the capillary. The results suggest that the ionization wave inside
the tube propagates slightly faster for a higher frequency. When exiting the capillary, and making
contact with the air, the velocity for a 5 kHz pulse does not increase as significantly as for the
lower frequencies. Outside the tube, the discharge seems to reach a maximum velocity of 1.1 · 105

m/s for a frequency of 1 kHz. This is faster than the maximum of 0.8 · 105 m/s for a 5 kHz pulse.
The deceleration of the ionization wave after the peak velocity, around 1 cm outside the tube,
appears similar for different frequencies.

Overall, the difference in the obtained results is relatively small. However, even for the meas-
urement with the highest frequency, the time between the pulses is still 199 μs. This might already
be a too long period in order to see any mayor changes in the discharge. This is different from
the result observed in the work of Walsh et. al. [64], where a significant increase in velocity was
observed for frequencies increasing from 2.5 to 20 kHz. Xian et. al. [70] observed a significant
influence on the plume length and turbulence of the flow as well. However, there is also literature
(Xiong et. al. [71]) that found similar results for varying frequencies as observed figure 4.11. Fur-
ther study is required to understand the influence of the repetition rate on the velocity as there is
no full explanation why these different results are observed.

The repeatability of the plasma jet has been investigated in other research [72]. Whenever the
time between two pulses becomes too long, using lower frequencies, the ignition of the discharge
can become more stochastic. This is observed at a frequency of < 0.2 kHz for a helium plasma
jet operating by applying pulses with an amplitude of 7kV and a length of 800ns. This can
be explained by the memory effect of the plasma jet. The presence of helium meta-stables in
the discharge region enhances the ionization during a next pulse, resulting in an spatially and
temporally reproducible discharge. The lifetime of this state was documented up to ≈ 5 μs [69].
For a frequency of 0.2 kHz and lower, the time between the pulses becomes larger than this lifetime,
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(a) Wave front position as function of time.
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(b) Wave front velocity as function of position.
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(c) Wave front velocity as function of time. Colored dashed lines represent moment that the ionization
wave exits the capillary.

Figure 4.10: Ionization front position as function of time (a), velocity as function of position (b) and
velocity as function of time (c) for varying helium flows (applied voltage = 5 kV, frequency = 5 kHz and
pulse length = 1 μs).
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(a) Wave front position as function of time.
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(b) Wave front velocity as function of position.

Figure 4.11: Ionization front position as function of time (a) and velocity as function of position (b) for
varying pulse frequencies (applied voltage = 5 kV, flow = 1410 sccm and pulse length = 1 μs).

and therefore the discharge starts to behave more stochastic. However, the stochastic behavior is
not observed during the experiments described in this report.

Pulse length

For varying lengths of the pulses applied to the jet, the position and velocities of the ionization
front are demonstrated in figure 4.12. The results are separated in two groups, pulses shorter than
1 μs (a,b) and pulses from 1 μs and longer (c,d). When examining figure 4.12a, the jet length
increases for longer pulses. As the applied potential falls, the ionization front can propagate
further, up to ≈ 100 ns, before disappearing. For the measurement where pulses of 160 ns pulses
are applied, the plasma inside the tube exists for a significantly longer period after the pulse has
stopped. This means that the ionization wave requires the presence of the applied potential in
order to be able to propagate. This is observed in other literature as well [71].

The results for pulses longer than 700 ns are demonstrated in figure 4.12 (c,d). For pulses
longer than 700 ns, the plume length does not increase any further as the pulse disappears before
the potential drops. The influence of the pulse length on the spatial development seems small. For
pulses longer than 1μs the velocity is slightly lower. This effect is observed in the work of Xiong
et. al. as well [71].

4.2.2 The influence of targets

In sections 4.1.2 and 4.1.3, the temporal evolution of the plasma jet, operating on conductive and
non-conductive target, was described by series of images. Figure 4.13 demonstrate the velocities
of the ionization wave, obtained from the ICCD images. The spatial evolution (a) and velocity
(b) for a conductive (grounded and floating) copper target and a non-conductive plastic target are
compared to the results of the free jet, for similar operating parameters. The orange line refers to
the position of the target. Positions slightly further than the targets position are obtained in the
analysis due to reflections of the discharge on the target when the bullet reaches the surface.

Inside the capillary, the velocity appears the same for floating targets as for the velocities ob-
tained for the free jet. When the ionization wave exits the tube, the velocity for the measurements
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(a) Wave front position as function of time (pulse
length ≤ 1 μs).
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(b) Wave front velocity as function of position
(pulse length ≤ 1 μs).
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(c) Wave front position as function of time (pulse
length > 1 μs).
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(d) Wave front velocity as function of position
(pulse length > 1 μs).

Figure 4.12: Ionization front position as function of time (a,c) and velocity as function of position (b,d)
for varying pulse lengths. The result are separated in two groups. The top figures demonstrate the position
and velocities for pulses ≤ 1 μs (a,b) and the bottom figures for pulses > 1 μs (applied voltage = 5 kV,
frequency = 5 kHz and flow = 1410 sccm).
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with a target start to deviate from the free jet. As the wave approaches a target, the velocity
increases. This effect is stronger for the conductive copper target than for the plastic target. The
ionization wave reaches a velocity of 1.1 ·105 m/s and 1.3 ·105 m/s for a floating copper and plastic
target, respectively. An increased velocity towards a copper and a glass target with respect to a
free jet were observed for a positively excited plasma jet in the work of Kone et. al. [73].

In the numerical work of Norberg et. al. [35], the velocity increased for higher values of
the relative permittivity. This dependency was stronger for lower than for higher values, as the
difference between εr = 10 and εr = 80 was only ≈ 3%. A grounded copper target showed a
similar velocity as a target with a relative permittivity of 80. This supports the difference for
the different targets in 4.13 as the copper, distilled water and chicken breast (εr = ∞, εr = 80
and εr = 60 respectively) show similar velocities but the propagation towards a plastic target
(εr = 4) is observed to be slower. The ionization wave is affected by the electric properties of the
materials and accelerates towards materials that have a higher permittivity, which is a measure
of the polarizability. Already as the ionization wave approaches the target, it interacts with the
target. For a copper target this interaction is relatively strong as it has a high polarizability. For
a plastic target, the material hardly polarizes and therefore the interaction with the approaching
wave is hardly observed. This explains why the velocity profile with the presence of a plastic
target is comparable to that of the free jet.

For a grounded copper target (Copper∗) a similar velocity profile is observed as for the float-
ing targets, but the overall velocity is higher than for the floating target. This holds for other
conducting targets as well, as is shown in 4.13 (c,d). For copper and chicken breast, the velocity
is ≈ 20% higher. For grounded distilled water, the acceleration towards the surface outside the
capillary is even greater than for the other targets, reaching a velocity of ≈ 3 ·105. However, as the
amount of data points in the gap is only limited, the derivation of the velocity for the last points
becomes less accurate, and therefore the obtained value of the velocity at the targets position can
deviate from the actual value.

As discussed earlier, a return stroke appears after the impact of the bullet on a conductive
target. As the front if this returning wave is harder to distinguish from already excited gas, the
velocity profile of this phenomenon is not obtained. However, the reigniting of the gap of 1 cm
occurs in a timescale of ≈ 20 ns, leading to a velocity of ≈ 5 ·105 m/s, which is significantly higher
than the initial ionization wave. The velocity of this reigniting wave is higher than the initial
ionization wave as the path of the return stroke had been excited only tens of nanoseconds ago.
The fraction of excited or ionized species in the gap is significantly higher after the bullet impact,
leading to higher reaction rates and therefore a higher velocity of the ionization wave during the
return stroke.
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(a) Wave front position as function of time.
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(b) Wave front velocity as function of position.
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(c) Wave front position as function of time.
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(d) Wave front velocity as function of position.

Figure 4.13: Wave front position as function of time (a,c) and velocity as function of position (b,d) for
the jet operating on different targets at a distance of 1 cm. The top figures show the results for a copper
target, a plastic (PVC) target compared to the free jet. Floating targets are plotted with a solid line
and grounded (∗) targets are plotted with a dashed line. The bottom figures demonstrate the results for
copper, distilled water and chicken breast. (applied voltage = 5 kV, pulse length = 1 μs, frequency = 5
kHz and flow = 1410 sccm)
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4.3 Conclusion of the imaging results

In this chapter the spatial evolution of the plasma jet and the velocity of the ionization wave was
examined. The presence of a target influences this behavior. For conductive targets, grounded
or floating, placed 1 cm in front of the jet, a return stroke was observed when the ionization
wave reaches this target. For floating target, the emission in the gap faded during the pulse.
However, this was not the case for a grounded target, where the gap emitted light as long as
the pulse was applied. For a non-conductive plastic target, a return stroke was not observed,
but instead the charges accumulated on the surface, and eventually a surface ionization wave was
observed. The presence of the surface charge was also observed on a surface of distilled water or
on a chicken breast as a target. However, on these targets, a return stroke was observed as well.
The existence of the return stroke was explained by the conductivity, while the surface charges
showed a dependency on the permittivity of the material.

The analysis of the spatial development resulted in a velocity profile of the ionization front,
obtaining velocities of ≈ 1010 m/s. The velocity profile of the ionization front initially showed a
decrease in velocity inside the capillary as it propagates away from the electrodes. Thereafter, an
increase was observed when the plasma bullet exits the capillary as new chemistry arises outside
the tube with respect to the ionization wave inside. Other chemical processes can lead to different
ionization rates and therefore different propagation velocities. The velocity profile is significantly
different with the presence of a target on front of the jet. When approaching the target, the
velocity profile showed an acceleration of the ionization wave towards the target. For a conductive
target, this effect was stronger than for a non-conductive target. The presence of a grounded
target led to significantly higher velocities with respect to the velocities measured on the same
target while it was floating.

The velocity of the return stroke was observed to be several times higher than the initial
ionization was. This was explained by the higher fraction of excited and ionized species in the
propagation path of the return stroke as initial plasma bullet propagated through the gap between
the capillary and the target only tens of nanoseconds ago.
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Chapter 5

Electrical characterization

Since generating an artificial plasma is an energy consuming process, the analysis of the electric
signals can be useful to gain insight on the plasma. In section 3.2 is described how the electric
signals are used to obtain values for the energies of the plasma jet, especially the energy dissipated
in the discharge. This is an important parameter to measure as this energy is used to excite and
ionize the species in the discharge. As this report focuses on the influence of a target on the
dynamics of the jet, this chapter compares the dissipated energies for the free jet with the jet
operating on a conducting, floating or grounded, copper target. Furthermore, the influence of the
plasma jet on the target is examined by measuring the bias potential on a floating copper target.

5.1 Free jet

First, the analysis of the electric signals is performed on the free jet, while varying the operating
parameters. In figure 5.1 the derived energies per applied pulse are shown for a plasma jet without
a target present. The effect is observed for varying amplitudes of the applied voltage (a), helium
flow rates (b), pulse repetition rates (c) and pulse lengths (d). The magnitude of the measured
energies per pulse is in the order of tens of microjoules. The dissipated power is therefore of the
order of tenths of watts for the repetition rates of the applied pulses.

Figure 5.1a shows the energies per pulse for varying amplitudes of the applied voltage. As the
applied voltage increases, the discharge energy per pulse increases approximately linearly within
this data range, from 14 μJ for a 4 kV pulse to 36 μJ for a 6 kV pulse. The linear dependency of
the energy is observed as well in the work of Jarrige et. al [62], measured on a helium plasma jet.
If the energies in the figure are extrapolated to Eplasma = 0, it does not cross the origin, but at a
potential of approximately 2− 3 kV. This can be correlated to the minimum voltage required to
prevent the discharge from extinguishing.

Figure 5.1b shows the derived energies for varying helium flow rates. The dissipated energy
per pulse appears approximately constant as function of the flow. Since the length of the plume
is dependent on the flow rate, this suggests that the energy is mainly inserted in the discharge in
the tube, while the ionization front loses this energy while propagating.

In figure 5.1c the energies are given for varying pulse frequencies. For frequencies above 1
kHz, a slight decrease in energy per pulse is observed as the frequency increases, from 30 μJ for
a frequency of 1 kHz to 25 μJ for 5 kHz. As mentioned in the discussion for the velocities for
varying frequencies, the time between pulses is shorter for higher frequencies, leading to a larger
fraction of meta-stable particles during the discharge event. It might require less energy to ignite
the jet shortly after a discharge has occurred. This is also why a higher potential is needed to
start the jet than the minimum pulse potential to keep the jet operating [74]. As the frequency
increases, the amount of meta-stable leftovers present from the previous discharge is higher as well,
and therefore the discharge energy per pulse might decrease slightly. For frequencies lower than
1 kHz, the measured energy appears to have a lower value. In this frequency range, the behavior
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(a) Energy per pulse for varying applied voltage
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(b) Energy per pulse for varying flow rates (ap-
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(c) Energy per pulse for varying frequencies
(voltage: 5 kV, He flow: 1410 sccm, pulse length:
1 μs)
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(d) Energy per pulse for varying pulse lengths
(voltage: 5 kV, He flow: 1410 sccm, frequency: 5
kHz)

Figure 5.1: Energies per pulse as a function of one of the operating conditions; applied voltage, helium
flow, pulse frequency and pulse length. The results are obtained for a jet operating without the presence
of a target.
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of the jet becomes more stochastic, in contrast to the typical repetitive behavior of the jet. This
stochastic behavior might be related to the decrease in energy per pulse in figure 5.1c. However,
as the observed differences in energy are within the error bars, this result might suggest that the
energy can be considered constant as function of the frequency. The overall power input increases
with the frequency as the amount of discharge events per unit time increases. This results in a
dissipated power ranging from 8 to 125 mW for frequencies ranging from 0.3 to 5 kHz.

Figure 5.1d shows the energies per pulse for varying lengths of the applied pulse. The analysis
method for the electrical pulses appeared sensitive for the change in pulse lengths. Especially
for longer pulses, an increase in displacement current is observed. This is probably an error in
the offset during the pulse. While integrating the determined power over the pulse duration,
this offset results in an increased displacement current. However, after subtracting the measured
displacement current from the total current, a general behavior is observed. For pulses shorter
than 1 μs, the discharge energy increases as the pulse length increases. For pulses longer than 1
μs, the energy per pulse seems to converge at 25 μJ. This can be related to the lifetime of the
plasma bullets. Below 700 ns, the applied potential drops before the bullet has vanished. When
this is the case, the discharge in the plume of the jet extinguishes as the applied potential drops,
limiting the energy dissipated in the discharge. An increase in pulse length therefore leads to a
longer lifetime of the discharge and thus higher discharge energies. For pulses longer than 1 μs,
the plasma bullet extinguished before the end of the pulse. Increasing the pulse length any further
does not lead to higher energies of the discharge. This coincides with the observed result in the
discharge energies in figure 5.1d.

5.2 Comparison with a copper target

This section covers the differences between the energy results of the free jet and the energies for
a jet operating on a copper target. The target used during this measurement is a copper plate
of 8 × 8 cm2 with a thickness of 1 mm and is placed 1 cm from the jet. The results of this
measurement are given in figure 5.2.

In general the measured energies are significantly higher with the presence of a target, as is
shown in the figures. This difference with the free jet is larger for higher voltages, as is shown in
figure 5.2a. For a jet operating on a grounded target, the jet could not operate while applying
pulses of 6 kV without the formation of a fully conducting channel between the HV-electrode
inside the tube and the conductive target.

The inserted energy increases for a grounded and floating target faster than linearly, which is
observed for a free jet. The increase in energy is likely due to the formation of the return stroke,
as it affects the discharge area. In the return stroke, charges are detached from the conducting
target on which the jet is operating. The energy that the charged particles consume, is measured
at the anode of the jet, since that is the only source that provides the system with energy.

The applied voltage affects the return stroke energy in two manners. Firstly, the amplitude
of the applied voltage increases the emission of the discharge and this suggests a higher electron
density in the discharge area during the return stroke. Secondly, higher potentials result in higher
velocities (as is discussed in section 4.2) and therefore, the return stroke occurs earlier. The
difference between a grounded target and a floating target can be explained by the charging of the
target by the jet. For a floating target, the return stroke is inhibited by the charging of the target,
as it cannot supply the discharge with as many electrons as the grounded target. The charging of
the target will be discussed in the next section.

Figure 5.2b shows the same energy pattern as function of the flow for both the free jet and the
floating copper target, although with higher energies. Further investigation of the return stroke
might obtain better understanding in the differences in the energies. Figure 5.2c shows only a
small difference between the free jet measurement and the measurement with a copper target
present. For different frequencies, the energy peak at a frequency of 500 Hz for the free jet, seems
to be shifted with the presence of a copper target.
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(a) Discharge energy per pulse for varying
voltages for a free jet, a floating copper target
and a grounded copper target. (He flow: 1410
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(b) Discharge energy per pulse for varying flow
rates for a free jet and for floating copper target.
In black, the measurement is shown where nitro-
gen in dominant in the plasma. (applied voltage:
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(c) Discharge energy per pulse for varying repe-
tition rates for a free jet and for floating copper
target. (applied voltage: 5 kV, He flow: 1410
sccm, pulse length: 1 μs)

Figure 5.2: Discharge energies for the free jet and for the jet operating on a copper target at 1 cm from
the tube. The results are shown for varying amplitudes of the applied voltage (a), helium flow rates (b)
and repetition rates of the applied pulses (c).
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5.3 Charging of the target

As is mentioned, the observed return stroke has a charging effect on the floating targets. This
charging effect is measured by measuring the bias potential on a floating conductive target. In
figure 5.3, the charging effect of the target is shown in the electric measurement signals. The
plasma bullet in this measurement reaches the target at approximately 360 ns after the rising of
the pulse. Both the bias measurement and the current measurement show a significant change,
induced by the impact. The moment that the ionization wave reaches the target, the potential
starts to rise up to a bias potential of 1.6 kV. This charging is the result of electrons that are
detached likely due to the ion impact on the target, leading to a positive bias potential. These
electrons are propagating towards the anode of the jet in the return stroke.
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(a) Bias voltage measured on the target (with
and without plasma) for the given pulse applied
to the HV-electrode of the jet.
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HV-electrode with and without the presence of a
copper target.

Figure 5.3: Bias voltage measured on a copper target at a distance of 1cm from the jet (a) and corres-
ponding discharge current measured at the high voltage electrode (b). (applied voltage = 5 kV, frequency
= 5 kHz and flow = 1410 sccm)

In appendix B, the charge on the target is related to the potential and is theoretically derived
to be 2−3 ·1010 e/kV (3.2−4.8 pF). Here, the assumption is made that the charges are distributed
homogeneously on the surface, which should be kept in mind. For the bias in figure 5.3, this results
in a charge of ≈ 4 · 1010 e.

After the bullet impact, the derived discharge current is also effected. This part of the measured
current has the same shape as the derivative of the bias voltage. Therefore, it suggests that the
charging of the target induces a displacement current, measured at the anode side of the jet. In
order to describe the current measured current, equation 3.1 needs to be adjusted to slightly to,

Itotal = Idisp,appliedHV + Iplasma + Idisp,target, (5.1)

where Idisp,appliedHV is the displacement current due to the rise of the applied pulse and Idisp,target

the displacement current due to the charging of the target. The latter cannot be measured without
a discharge present and therefore, the “discharge current” measured while operating on a target
includes both the actual discharge current and the current due to the charging target.

The shape of this current, however, can be used to estimate the self capacitance of the target,
and therefore the charge. In figure 5.4 the displacement current due to the charging of the target
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is estimated, based on the bias potential. While assuming a value of 3 pF for the capacitance, the
estimated displacement current due to the charging target is compared with the “discharge cur-
rent” measured at the anode, for a 10 μs pulse. As mentioned, this signal consists of the discharge
current and the displacement current due to the charging target. Therefore, the measured signal
includes two peaks at the start and the end of the pulse as well, where the discharge ignites. The
estimated displacement current coincides with the increase in the measured current during the
pulse. As the current is measured at the anode and the bias voltage is measured at the target, the
exact value of the self capacitance cannot be determined out of this current. However, the value
of this capacitance coincides with the order of magnitude of the theoretically derived capacitance.
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Figure 5.4: Derived displacement current due to the charging target plotted together with the measured
“discharge” current, for an applied pulse with an amplitude of 6 kV and a length of 10 μs.

The bias potential on the target is measured on a copper target at 1 cm from the jet, for
different amplitudes of the applied voltage. This measurement is obtained by applying pulses with
a length of 1 μs and a frequency of 5 kHz to the jet. Figure 5.5 shows the measured bias voltages
and the derived amount of charge of the copper target. This charge is obtained by an estimated
capacitance of 2.5 · 1010 e/kV. As can be observed in figure 5.5a, the charging rate is dependent
on the amplitude of the applied voltage. For a 6 kV pulse, the target reaches a bias potential of
3.1 kV, while for a 4 kV pulse the bias potential at the end of the pulse is only 0.45 kV. This
results in a charge of 7.9 · 1010 e and 1 · 1010 e, respectively. The moment of the bullet impact
is important for this as well, as the ionization wave for a 6 kV pulse is faster, and therefore the
target has a longer period to get charged.

These values for the charge of the potential can be used to make an estimation of the electron
density increase during the return stroke. Assuming that the detached electrons are homogeneously
distributed in the discharge region between the target and the capillary, a cylindrical channel of 1
cm with a 1 mm diameter, this results in an estimated electron density difference of (1.4−10) ·1018

m−3.
In the work of Klarenaar et. al. [56], the electron density of the jet was examined for a

helium plasma jet, similar to the jet described in this thesis, powered by applying pulses with an
amplitude of 6 kV, a frequency of 5 kHz and a pulse length of 1 μs. For a free jet and for a jet
operating on a floating target at 1 cm, the electron densities were shown as function of time. At
the beginning of a pulse, both the free jet and copper target measurement were similar. However,
for the jet operating on a floating copper target, an increase in the electron density was observed
from 6 · 1019 m−3 to 16 · 1019 m−3 after the bullet impact on the target, resulting in a difference
of 1020 m−3. This is only one order difference with the estimation for the 6 kV pulse, which is
under the assumptions, quite reasonable.

In figure 5.6 the charging of different conductive targets is shown. For these results, the jet
operates by applying 4 kV pulses of 10 μs with a frequency of 5 kHz and a helium flow of 1410
sccm. Relatively long pulses are used to observe the convergence of the bias potential. For the
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(a) Measured bias voltage on a copper target for
different amplitudes of the applied pulse.
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(b) Measured charge at the end of the pulse plot-
ted against the amplitudes of the applied voltage.

Figure 5.5: Charge measured on a copper target at 1 cm from the jet. Bias voltage is measured for
different amplitudes of the applied voltage (a). The jet operates by applying pulse with a length of 1 μs
and a frequency of 5 kHz. The bias at the end of the pulse is used to derive the amount of charge on the
target (b), for an estimated capacitance of 2.5 · 1010 e/kV.

different metals, the figure does not show any significant differences in the measured potential.
However, the rate at which the several materials charge (and de-charge) is slightly different. A
possible lead to this could be the difference in secondary emission coefficient of the materials as
the materials are bombarded with charged particles [75]. As difference between the measured
bias potentials is small (within 10% of each other), further investigation is required to verify this
statement.
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Figure 5.6: Potential measured on varying floating conductive targets positioned 1 cm from the tube of
the jet. Results are obtained of a jet operating by applying 4 kV pulses of 10 μs with a frequency of 5kHz
to the jet with a helium flow of 1410 sccm.

5.4 Conclusion of the electrical characterization

In this chapter, the energy dissipated in the discharge is determined. For a free jet, the energy
per pulse dissipated in the discharge is of the order tens of microjoules. Thereby, it increases
approximately linear with the amplitude of the applied voltage. With the presence of a floating or
grounded copper target, this energy as function of the applied voltage increases faster than linearly.
This effect is strongest for the grounded target, where a value of ≈ 130 μJ for the dissipated energy
is measured, which is ≈ 5 times as much as for the free jet for the same applied voltage with an
amplitude of 5.5 kV.

The return stroke has an important effect on the target as well. For a floating target, the bias
potential is measured during the pulse, showing the charging of the target. This charging occurs
after impact of the ionization wave, as the electrons are detached from the surface, likely due to
ion impact on the target. The charge at the end of the pulse is dependent on the amplitude of the
applied voltage and obtains values of the order of ≈ 1010 e. The energy that the detached electrons
consume is likely the cause of the difference between the measured energies for the free jet and
the jet operating on a conductive target. While the rising floating potential limits the amount
of electrons that is inserted in the discharge after the impact of the ionization wave, a grounded
target can keep providing the discharge with electrons during the pulse. This also explains the
difference in the imaging data between figures 4.4a and 4.5.
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Stark polarization spectroscopy

As the discharge contains charged particles, the electric field is an important parameter to invest-
igate, since it exerts a force on those particles. In this chapter, the electric field in the ionization
front as function of the position of the front is determined by Stark polarization spectroscopy.
The field is investigated for a free jet and for a jet operating on a floating copper target. To get a
spatial profile of the electric field in the ionization front, the spectrum of the 492.2 nm helium line
is obtained at different positions in the propagation path of the jet, as is described in section 3.4.
The fitting of a double pseudo-Voigt profile yields the spectral positions (and their errors) of the
allowed and forbidden helium lines. The distance between the peaks is a measure of the electric
field in the front of the ionization wave.

6.1 Free jet

For the free jet, the electric fields in the ionization front are given in figure 6.1 as function of the
position of the front. Figure 6.1a and 6.1b show the electric field profile for varying amplitudes
and for varying pulse lengths of the applied voltage, respectively. The electric fields inside the
plasma bullets appear to be independent on the varying pulse amplitudes or pulse lengths, as they
show similar profiles.

It is interesting to see how the electric field is not much affected by applying different pulses,
but the velocity measurements in figure 4.9 show a clear difference in magnitude for varying pulse
amplitudes. This does not imply that the measurements are not affected by the varying parameter.
The intensity of both the allowed and forbidden transition around the 492.2 nm emission in the
spectral iCCD images is observed to be higher for higher amplitudes of the applied voltage. The
profile of the electric field in the ionization front, however, shows similarities to the velocity profile.
The electric field decays as it propagates from the cathode to the exit of the capillary, starting at a
value of ≈ 18 kV/cm at the cathode and converging to an approximately constant field strength of
10 kV/cm inside the capillary. This coincides with the decaying velocity inside the tube. Between
the electrodes it is probably higher, as measured in the work of Hofmans and Sobota [23]. The
profile inside the capillary is consistent with other literature as well in the work of Sretenovic et.
al. [41], where they measured the electric field profile inside the capillary for different flow rates.
The converging behavior was observed for flow rates of 700 − 1500 sccm. The magnitude of the
plateau in this work was lower, 5− 7 kV/cm, but a different pulse shape and frequency was used.

When the plasma exits the tube of the jet, there is a decrease in the measured electric field.
For certain images, the signal-to-noise ratio becomes too low to perform a reliable fit through the
spectral data. These points are neglected and are not plotted in the figure. Instead, a dashed line
is plotted to connect the lines in the figure. This decrease in intensity and electric field could be
explained when referring to the photos taken by the Canon camera in figure 3.1b. As the plasma
exits the tube, the plume transforms to a brighter and more confined jet over the distance of a few
millimeters. Especially in the center just outside the tube, there seems to be a less bright region.
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(a) Electric field profile for varying amplitudes of the applied pulse. (pulse length = 1 μs, frequency
= 5 kHz and helium flow = 1410 sccm)
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(b) Electric field profile for varying pulse lengths. (pulse strength = 6 kV, frequency = 5 kHz and
helium flow = 1410 sccm)

Figure 6.1: Electric field in the ionization front as function of the position of the ionization front (= 0
at the cathode) for varying pulse amplitudes (a) and lengths (b).
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This explains the low signal-to-noise ratio for the measurements just outside the capillary. The
decrease in electric field is observed in the work of Sretenovic as well [41]. In this work the field
strength is related to the electron density. For this report, the less bright region in front of the
jet might suggest a lower electron density as well, supporting the decrease in electric field. The
velocity decrease at the end of the capillary might be related to this decrease in electric field.

As the ionization wave propagates outside the jet, the electric field increases, which is also
observed in other literature [23, 41, 63] in the region close to the jet (< 2 cm). Values up to ≈ 23
kV/cm are measured at a distance of 1.8 cm from the jet. However, the increase in the field seems
strongest in the first 1 cm from the tube, while it appears to slow down after this position. An
increase in the velocity profile is observed as well as the ionization wave exits the capillary, up to
a distance of 1 cm from the jet. However, the decrease in velocity after this is not observed in
the electric field. As the wave propagates further the intensity of the 492.2 nm emission becomes
weaker, limiting the distance at which the field can still be determined properly.

In an other publication of Srenotovic et. al. [76] it is stated that the magnitude of the velocity
is dependent on the electric field. However, the results shown in this chapter show that this is
only partly valid. The velocity profile indeed shows similarities with the electric field profile,
suggesting that the electric field and velocity of the ionization front are indeed related to each
other. However, as is observed, the electric field appears independent on the amplitude of the
applied voltage, while an overall increase in velocity is measured for increasing amplitudes of this
potential. Therefore, the relation between the velocity and electric field in the ionization wave is
more complicated than referred to in some other publications.

The energy dissipated in the discharge increases with the amplitude of the applied voltage, as
can be observed in 5.1. This is not directly observed in the electric field measurements. How-
ever, the density and total number of ionized and excited species (or the size of the ionization
front) are not investigated in this thesis. Information on these parameter might obtain a higher
understanding in the relation between the electric field and the velocity and energies.

6.2 Floating copper target

The influence of a floating copper target on the electric field profile of the ionization front is shown
by comparing it to the obtained profiles of for the free jet. Figure 6.2 shows the electric field of
the ionization front as function of the position of the front for the free jet (dashed) and for a jet
operating on a copper target at 1 cm from the jet (solid).

In general a similar result is observed for a measurement with a copper target as for the free
jet, with a decrease of the field in the capillary and an increase in the plume, which is observed
in other literature as well. For the velocity measurements in 4.13, a similar velocity profile is
obtained as well. As the velocity is not directly related to the electric field, it is no surprise to
observe hardly any difference between the electric field values inside the capillary. However, higher
intensities are measured in the spectral iCCD images for a copper target with respect to the same
measurement of a free jet. The measured results coincide with the observations in the work of
Sobota et. al. [77], where the electric field for a similar jet was measured in the gap between the
capillary and the target for different targets, and for the free jet in this area. In this work the
copper target, or any of the examined targets, did not show a deviation in the value of the electric
field with respect to the free yet, except at positions close to the target. This is however not
observed in the results shown in this chapter. In the velocity measurement with a copper target,
the velocity of the ionization front outside the capillary starts to deviate from the measurement
on a free jet. This is not directly observed in the measured electric field.

However, the presence of a return stroke for measurements with a copper target might affect
the density of excited and ionized species. This could lead to the deviation of the velocity, while
the electric field is not affected by it. Here again, information on the size on the ionization front
could deliver a better understanding of the relation between the magnitude of the velocity and
the electric field. As the electric field profile appears independent on the target, it is even more
likely that the increase in dissipated energy with respect to the free jet in figure 5.2 is the result
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Figure 6.2: Electric field in the ionization front as function of the position (= 0 at the cathode) for the
free jet (dashed) and a jet operating on a floating copper target (solid) at a distance of 1 cm from the
capillary for a 4 kV and 6 kV pulse. (pulse length = 1 μs, frequency = 5 kHz and helium flow = 1410
sccm)

of the return stroke, as mentioned in section 5.2.
As figure 6.2 shows the electric field of the ionization wave before impact on the target, this

does not show any sign of the return stroke yet. To get a better understanding of the return
stroke, it would be interesting to measure the electric field in this region after the bullet impact.
However, an attempt has been made to determine the field from the 492.2 nm helium line after the
bullet impact, but it does not result in measurable electric field . The emission from the return
stroke near the investigated helium peak is mainly caused by the excited nitrogen species at 491.5
nm, rather than from the helium particles. The helium emission is too weak to determine the
distance between the allowed and forbidden peaks. This can be observed in figure 6.3 where the
spectral images are given just before and after the impact of the plasma bullet on the target. The
spectral iCCD images are given for a jet operating on a copper target at a distance of 1 cm from
the jet for a 5 kV pulse. The ionization wave arrives at the target roughly 360 ns after the start of
the pulse (figure 6.3 (c)). In images (a-d) the helium line at 492.2 nm is still the brightest line in
the images, but the nitrogen lines left of this line (491.5 nm and lower) are increasing in intensity.
In image (e) the nitrogen line is highly dominant over the helium line and shows the propagation
of the return stroke. Interesting as this may be, the emission of the forbidden helium transition
during the return stroke is too weak to observe and therefore the distance between the allowed
and forbidden line cannot be determined to derive the value for the electric field. However, in
computational work done by Viegas [55], the field of the return stroke is modelled and observed
to be much smaller (≈ 30%) than in the first ionization wave.

That the overall emission from the return stroke is mainly coming from nitrogen species is not
certain as the figure only shows several nanometers of the spectrum. A more complete statement
on this requires a scan over a larger spectral range. In other literature [73], a significantly increased
emission from nitrogen species is observed for a jet in contact with a conductive target, which was
not observed for a free jet and a jet in contact with a non-conductive glass surface. The velocity
of the return stroke is estimated on a value of ≈ 5 · 105 m/s. However, this chapter already
demonstrated that the magnitude of the velocity and the electric field are not directly coupled.
The high velocity is more likely a result of the higher fraction of excited and ionized species [35],
enhancing the ionization rate when a backwards propagating return stroke occurs.
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Figure 6.3: Spectral iCCD images around the 492.2 nm He line before (a-c) and after (d,e) the impact
of the ionization wave on a floating copper target. Images are obtained at; 320ns (a), 340 ns (b), 360 ns
(c), 380 ns (d) and 400 ns (e) after the start of the pulse. (pulse length =1 μs, pulse strength = 5 kV,
frequency = 5 kHz, helium flow = 1410 sccm)

6.3 Conclusion of the Stark polarization spectroscopy

The spectroscopic measurements performed in this chapter have shown some interesting results.
The profile of the electric, measured in the front of the ionization wave, was compared to the
velocity profile of the jet and show some similarities. However, the velocity and the electric field
are not directly coupled to each other. While the velocity has shown dependency on the amplitude
of the applied voltage, this was not observed for the electric field. The values of the measured
electric field ranges from 5 to 23 kV/cm.

The electric field for the free jet was compared with the field measured for a jet operating with
a floating copper target present. Interestingly, the results did not show any significant difference
with the presence of a jet.
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Chapter 7

Conclusions & Outlook

7.1 Conclusions

In this thesis, the atmospheric pressure helium plasma jet is examined to obtain a better under-
standing of the dynamics of the plasma jet. Since in the applications, the jet is operating on a
certain target, this report focused particularly on the influence of a target on the behavior of the
jet. This is achieved by characterizing the dynamics for the free jet and then comparing them to
the results for a jet operating on a target.

This chapter provides a summary of the results, starting with the characterization of the
free jet. Thereafter, the most important differences between the results of the free jet and a jet
operating on a target are mentioned. Finally, the importance of the obtained results is explained.

7.1.1 Free jet

Imaging of the jet with an iCCD camera provided this report with the spatial development of the
jet and velocity profile of the ionization front. Velocities for a free jet with a pulse strength of 5
kV range 1.3 · 105 m/s inside the capillary to 0.5 · 105 m/s when the wave extinguishes. Inside the
capillary of the jet, the ionization wave decelerates to ≈ 0.7 · 105 m/s, but when exiting the tube,
the ionization wave is accelerated again to ≈ 0.9 · 105 m/s as the gas composition changes in this
transition. After this the velocity decreases until it disappears from view.

Varying the amplitude of the applied pulse has the largest impact of the operating properties
on the overall magnitude of the velocity. While the profile shows a similar curve, the measured
velocity near the cathode starts from ≈ 1.6 ·105 m/s for a 6 kV pulse while a velocity of ≈ 0.8 ·105

m/s is measured for a 4 kV pulse. Higher magnitudes also results in a longer plume of the jet.
However, the ionization wave extinguishes at approximately the same velocity of ≈ 0.4 · 105. The
flow rate affects the length of plume and the deceleration rate outside the capillary. The length
of the jet was maximum for a 1410 sccm helium flow. The mixing of the helium flow with the air
outside the tube is likely the origin for this observation, as the discharge propagates on the gas
composition transition from helium to air. A helium flow of 2115 sccm results in a turbulent fast
mixing gas, decreasing the length of the plume. Varying the frequency of the applied pulse, has
only little effect on the velocity. However, there are publications that show otherwise. Further
investigation is required to explain the difference in the obtained results. The length of the applied
pulse does not have a strong effect on the velocity profile of the jet. However, the ionization wave
extinguishes earlier when the potential drops. Therefore, for short pulse lengths, the length of the
plasma plume is decreased. For pulses longer than 700 ns, the wave extinguishes before the end
of the pulse.

From the analysis of the electrical signals, the dissipated energy was determined. For a free jet,
the discharge energy per pulse increases approximately linearly with the amplitude of the applied
voltage, from 14 to 36 μJ for a 4 kV and 6 kV pulse, respectively. The dissipated energy did not
show any significant dependency on the flow rate and the frequency of the applied pulses. The

The influence of a target on the dynamics of an atmospheric helium plasma jet 53



CHAPTER 7. CONCLUSIONS & OUTLOOK

length of the applied pulse does affect the dissipated energy to some extend. An increase in energy
is observed up to a pulse length of 1 μs, while for longer pulses the energy per pulse seemed to
converge. This is related to the period during which the plasma bullet exists.

The Stark polarization spectroscopy provided this report with the electric field in the front of
the ionization wave as function of the position of the front. The axial electric field profile for the
free jet inside the tube decreases from ≈ 18 kV/cm near the grounded electrode and converged
to ≈ 10 kV/cm inside the tube until the end of the capillary. As the ionization front exits the
tube, a reduce electric field is measured. This is likely due to the decreased electron density in
the center of the jet, where the field is measured. In the plume, an increasing field is measured
for positions further from the tube, up to a field of ≈ 23 kV/cm at a position of 1.8 cm from the
tube. The spatial profile of the electric field, however, seems independent on the amplitude and
pulse length of the applied voltage, as the obtained values for different applied pulses lie within
each others error bars.

7.1.2 Presence of a target

The presence of a target at 1 cm from the jet influences the dynamics of a plasma jet significantly.
For a dielectric, plastic (PVC) target the jet accumulates charges on the surface of the target,
which propagate radially on the surface. This surface propagation wave starts to form channels
and the amount of channels increases with the amplitude of the applied potential of the pulse.
The magnitude of the velocity is almost the same as for the free jet. Only close to the target, the
velocity deviates from the free jet as it accelerates to the target.

For a floating copper target, a return stroke is formed when the ionization wave reaches the
target. This returning ionization wave reignites the discharge area between the target and the
tube in less than 20 ns, which is faster than the initial wave. The velocity of the initial wave is
influenced by the presence of a target. The velocity inside the capillary of the tube is similar to the
free jet. Outside the tube, the ionization wave accelerates towards the target. This acceleration
is stronger than for the non-conductive target.

The discharge energy per pulse increases with the presence of a floating target. This increase
is small for a 4 kV pulse while it is doubled for a 6 kV pulse where energies of 79 μJ are measured.
Charging of the floating copper target is observed from the moment of the bullet impact. The
derived amount of charge ranges from ≈ 1 · 1010 to ≈ 8 · 1010 e for a 4 kV and a 6 kV pulse,
respectively. However, the electric field in the wave front as function of the position does not
significantly deviate from the field of a free jet.

For a grounded copper target, the return stroke is even brighter and illuminates the discharge
area for the remainder of the pulse length. The velocity profile is similar but has a magnitude
that is ≈ 20% higher than for a floating target for a 5 kV pulse. The discharge energy is higher as
well, where a maximum of 130 μJ per pulse is measured for a 5.5 kV pulse. However, at 6 kV an
undesired, fully conductive channel is formed between the target and the anode of the jet, which
can damage the jet.

Also a chicken breast and a distilled water surface are used as a target. Both a return stroke and
accumulation of charges are observed when examining these targets. The brightness of a return
stroke is compared to the conductivity of the target, where a higher value results in a brighter
emission. Furthermore, the accumulation of charges is compared to the relative permittivity of
the material, where lower values suggest an increased emission on the surface.

During the return stroke, the electric field could not be measured from the 492.2 nm helium
line as its emission is hardly observable with respect to the 491.5 nm nitrogen line.

7.1.3 Most important findings

To answer the research question: “What is the influence of a target on the discharge dynamics of
an atmospheric pressure helium plasma jet?”, more information about the characteristics of the
target is required to obtain a solid statement.
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A conducting target results in the formation of a return stroke, which affects the discharge
mechanics. It increases the energy dissipated in the discharge and the velocity of the generated
plasma bullet. However, the electric field did not appear to be affected by the presence of a
conductive target. Another important finding is the influence of the jet on a floating copper
target. The target appeared to provide the return stroke with electrons. For a floating target, this
resulted in charging of the target itself. A grounded target was not limited by the charging effect
and could provide the return stroke with electrons during the rest of the pulse. This could lead
to a fully conductive channel between the grounded target and the anode of the jet, resulting in
a short circuit.

A non-conductive target showed an accumulation of charges on the its surface, resulting in an
ionization wave. For conductive targets with a low relative permittivity, the results both show the
surface charges, as the presence of a return stroke. Therefore, the conductivity can be related to
the presence of a return stroke, while the permittivity can be related to the presence of surface
charges.

7.2 Outlook

This thesis still leaves some open ends which need further research to be answered. As the influence
of the frequency on the dynamics of the jet shows a difference with some other literature, further
research could focus in this particular aspect.

Although the profiles of the electric field and the velocity of the front show similarities between
each other, no direct connection is observed between the increase in magnitude of the velocity and
the electric field. The density and total number of ionized and excited species (or the size of the
ionization front) are not investigated in this thesis. Information on these parameter might obtain
a better understanding in the relation between the electric field and the velocity and energies.
Performing the measurements on different targets, varying in dielectric constants, might result in
better insight as well. An iCCD camera with less noise could provide values for the electric field
in the ionization front further along the plume of the jet. This can obtain better insights in the
decreasing velocity in the plume.

Furthermore, this thesis describes the formation of the return stroke only visually, with the
attempt to relate this to physical parameters, but this effect is not yet fully described. Further
research on this phenomenon on different targets or with different gasses could bring new knowledge
on the behavior of this effect. Other methods to measure the electric field might be able to measure
the field during the return stroke to get a better understanding. The charging of a target placed
in front of the jet could be investigated further, as the charging affects the discharge significantly
and this report only investigates this for a copper target.
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“The isolated head model of the plasma bullet/streamer propagation: electric field-velocity
relation,” Journal of Physics D: Applied Physics, vol. 47, no. 35, p. 355201, 2014. 49

The influence of a target on the dynamics of an atmospheric helium plasma jet 61



BIBLIOGRAPHY

[77] A. Sobota, O. Guaitella, G. B. Sretenović, V. Kovačević, E. Slikboer, I. B. Krstić, B. M.
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Appendix A

Imaging of the discharge between
the electrodes

In this appendix, the emission from the discharge between the electrodes is shown. Figure A.1
demonstrates the ICCD images of the discharge emission as function of time. The discharge is
generated by applying 6 kV pulses to the jet with a repetition rate of 5 kHz and a pulse length of
1 μs. The discharge between the electrodes is brighter than when is has crossed the cathode. This
report does not investigate the behavior between the gaps. However, from the figure, a discharge
velocity of 3-4 · 105 m/s is derived, which is typically higher than the propagation after crossing
the gap between the electrodes.
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Figure A.1: Discharge evolution propagating from the anode to the cathode, and beyond. The dark
region between x = −0.3 and x = 0 cm is caused by the grounded electrode, blocking the emission.
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Appendix B

Charging of the target

In this chapter, the charging effect of the jet on the floating target is demonstrated. This charge
is determined by measuring the potential of the target with a high voltage probe. In figure B.1a
the configuration is shown to measure the potential on the target of the surface. A high voltage
probe is connected to the floating conducting target to measure the potential at that point. This
potential is used to quantify the charge on the surface due to the return stroke of the plasma jet
after the bullet impact. In figure B.1b the measured bias voltage on the target is demonstrated
for a copper target at a distance of 1 cm of the jet with and without plasma present. The applied
voltage to the jet is given in the figure as well. In this measurement, pulses of 10 μs are used to
observe the potential at which the bias on the target converges. With a discharge present, the
bias potential converges at 4 kV.

(a) Configuration to measure the potential on the
target
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(b) Measured applied voltage and bias voltage on
the target (with and without plasma present).

Figure B.1: Measurement of the potential on the target used to determine the amount of charge of the
target due to the return stroke of the plasma jet.

In the ideal case, the amount of charge (Q) is determined by Q = Cself · V , where Cself is the
self capacitance of the target and V the measured potential. However, the self capacitance of the
target is unknown. To derive an expression for the measured potential as a function of charge,
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APPENDIX B. CHARGING OF THE TARGET

Coulomb’s law is used:

VE =
1

4πε0

Q

r
. (B.1)

For this, we assume a homogeneous charge distribution on a rectangular surface as the jet charges
the conducting target (σ = Qtot/A = constant). By integrating over the surface of the target,
an expression can be obtained for the potential as function of the charge. For the case that the
potential is measured at the corner of the conducting target, the derivation is given by,
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where a and b are the lengths of the side of the rectangular target. This results in an expression
for the total charge per unit voltage (Qtot/Vtot) given by:

Qtot

Vtot
=

4πε0ab(
a ln b+

√
b2+a2

b + b ln a+
√
b2+a2

a

) . (B.6)

For a target of 8× 8 cm2, this results in a capacitance with a value of 5.05 pF (3.16 · 1010 e/kV).
However, this value depends on the position where it is determined and the lowest potential is
measured at the center. In figure B.2 this value is determined as function of the position on
the surface. As can be observed, the obtained value varies strongly near the edge (where the
potential is being measured in the experiments). This in combination with the assumption that
the charge is distributed homogeneously, leads to the conclusion that the order of magnitude is of
more importance than the exact value.
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Figure B.2: Derived charge per unit potential of the surface (in e/kV) of a conducting surface of 8 × 8
cm2 as function of the position of the surface.
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