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RESUME

Dans ce mémoire, une amélioration significative est reportée sur la technique de mesure de
champ électrique nommé génération de seconde harmonique induite par champ électrique (E-
FISH). Sous l'effet d’'un champ électrique externe, un milieu centrosymétrique, tel qu'un gaz
ou un fluide, acquiert des propriétés optiques nonlinéaire de second ordre. Par l'interaction
d’un faisceau laser avec ces milieux nonlinéaires, un faisceau de la seconde harmonique du
laser est généré. L’intensité de ce faisceau est quadratique avec la force du champ élec-
trique appliqué. Cette technique est largement utilisée dans le domaine de caractérisation
des champs électriques des plasmas froids. Les caractéristiques de ces champs permettent
d’obtenir des informations cruciales sur les réactions chimiques produites dans les plasmas
froids. Bien que la technique soit utilisée depuis un moment dans le domaine des plasmas,
son plein potentiel n’est pas atteint dii a certains manques. La résolution spatiale longi-
tudinale de la technique est de l'ordre de la longueur d’interaction du faisceau laser et du
champ mesuré ce qui est de I'ordre de plusieurs mm et peut aller jusqu’a des cm, et due
a la dépendance quadratique du signal généré par rapport au champ mesuré, la mesure de
champs de faible amplitude est limité a environ 100V /cm. Ce mémoire présente une étude
sur la faisabilité d’une géométrie en faisceau croisé pour améliorer la résolution spatiale au
travers de modélisation et de simulation. A partir des résultats de ceux-ci, une réduction
importante du signal généré est observée lorsque 1’angle entre les faisceaux augmente ainsi
que lorsque la longueur focale des lentilles utilisées augmente. Suite a ces observations, ce
projet s’est penché sur des moyens d’amplifier le signal généré par E-FISH. A cette fin, une
nouvelle version du E-FISH amplifié par interférence optique avec un oscillateur local a été
développée. Les résultats d’expérimentation présentés dans ce mémoire rapportent un facteur
d’amélioration de 7 sur le ratio de signal sur bruit comparé au E-FISH standard. En plus, la
technique permet la mesure directe du signe du champ électrique, soit positif ou négatif, ce
qui est une premiere dans le domaine de détection de champs électriques par E-FISH. Afin
d’améliorer ce résultat, I'utilisation d'un intégrateur de signal de type "boxcar" a été utilisé et
une amélioration supplémentaire de plus de 70% est rapportée sur le ratio de signal sur bruit.
Les mesures de E-FISH ont été conduites en utilisant un laser a faible énergie par pulse de
I'ordre des pJ. Cette démonstration, s’opposant aux sources laser normalement utilisées dans
le domaine qui utilise des pulses de I'ordre des mJ, vient ouvrir I’acces au E-FISH a moindre
cotit. De plus, I'utilisation d’une telle source laser donne acces a un régime de répétition
de pulse du MHz, a 'opposé du standard du domaine du Hz ou kHz. L’ensemble de ces

démonstrations sont des avancées importantes vers 'acces a la mesure du E-FISH pulse par



pulse, qui elle ouvre la possibilité de la mesure du champ électrique en temps réel. Pour
résumer, ce mémoire présente de nouveaux outils pour 'amélioration de la sensibilité, de la
fréquence de mesure ainsi que de la résolution spatiale de champs électriques par E-FISH.
Dans le domaine des plasmas froids, ce travail permettra la caractérisation précise ainsi que
I’amélioration des conceptions des réacteurs plasma froids, approfondissant du méme coup

les connaissances sur leurs dynamiques de réactions chimiques.
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ABSTRACT

With this thesis, a significant improvement in electric field measurements by electric-field
induced second harmonic generation (E-FISH) is achieved. Through the application of an
external electric field, centrosymmetric media such as gas and liquids gain second-order non-
linearity. Upon probing this nonlinearity with lasers, light at the second harmonic laser
frequency is generated. The strength of this second harmonic generated from the interaction
of the media and a probing laser beam is quadratic with the externally applied electric field.
This technique is often used in plasma electric field diagnostics. The electric field strength
in plasma yields crucial information about the chemical reactions that can occur. Although
the technique is well established in plasma research, several gaps prohibit a prolific use of
E-FISH. The spatial resolution of E-FISH and its lacking sensitivity at lower electric field
are problematic. The longitudinal spatial resolution is of the order of the interaction length
of the probing laser and the measured electric field. This length can be several mm to cm.
Furthermore, due to the quadratic behavior of the signal, low-field measurements are limited
to signals of the order of 100s of V/cm. Presented in this work is the investigation through
modelling and simulation on the limits and possible improvements of a crossbeam E-FISH
scheme to improve spatial resolution: The simulations show a drastic decrease of E-FISH
signal with increasing focal length of the focusing lens, as well as with increasing crossing
angle of the two E-FISH laser beams. Based on these findings, this thesis searches for ways
to improve the E-FISH signals at low fields. A novel optically amplified E-FISH technique is
developed, which utilizes interference of the signal with a local oscillator. The experimental
results gained in this work show that this homodyne amplification of the signal yields a factor
of 7 improvement in signal-to-noise compared to regular E-FISH. It is worth noting that this
new technique also allows a direct measurement of the direction (positive field or negative
field) of the electric field, which is not possible using E-FISH due to its quadratic nature.
To further improve the signal-to-noise ratio in E-FISH, a boxcar average approach is imple-
mented. Improvements in signal-to-noise ratio greater than 70% are reported. Compared to
common mJ-level pulse energies used for E-FISH, this work reports application of pJ-level
pulses, which opens the possibility to measure electric fields with orders of magnitude cheaper
equipment, allowing measuring at high repetition rates of MHz instead of Hz and kHz, thus
advancing the current state of the art. With this, along with the higher sensitivity, single-
shot measurements and real-time signal diagnostics come into perspective. In summary, this
research provides a new tool for detection of electric fields with improved sensitivity and high

pulse repetition rate, together with the possibility of directional field measurements. For cold
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atmospheric plasma electric field diagnostics, this will allow improvement in the design of

plasma sources and will deepen the knowledge of their chemical reaction properties.
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CHAPTER 1 INTRODUCTION

Sensing of electric fields is fundamental in many modern applications, e.g. in biological
research, much can be learned from the sensing of electric fields emitted by animals, i.e.
bees, which use them for communication. On a smaller scale, electroporation is a promising
technique which allows local treatment of cells by drug delivery through electric field-induced
cell pores. On a larger scale, geological events such as earthquakes can be detected days
before the catastrophe through atmospheric electric field sensing. Much can also be learned in
fundamental physics through the sensing of electric fields of ultra-short optical pulses. Among
many other, one uses for electric field measurements is of particular interest: cold atmospheric
pressure plasma. Cold atmospheric plasma (CAP) is an emerging field of research. CAPs
are obtained through the application of an alternating or a ns pulsed electric field on a gas.
They are used in applications such as medicine for cancer therapy and in environmental
applications such as nitrogen fixation or C'Oy reforming. For these applications, plasma at
atmospheric pressure is developed. Typically these types of plasma are filamentary, meaning
that they ionized by forming fast propagating filaments which are of dimensions of few 10s
of pm, and have an ionization front that travels at speeds in the order of the km/s (see
figure 1.1 for representation of a plasma jet, a specific type of CAP). The high electric fields
generated in the filaments lead to ionization of the gas and generation of electrons, which in

turn generate a cascade of chemical reactions.

In order to use the generated species for specific applications, the reaction chain must be
controlled. The origin of all the reactions is the electric field within the plasma. Hence, there

is a need for an electric field diagnostic technique to characterize plasma processes.

A technique widely used for this purpose is electric field-induced second harmonic genera-
tion (E-FISH). The presence of the external electric field, for example from plasma, induces
second harmonic generation collinear with the laser excitation. The second harmonic con-
version probability follows the strength of the electric field so that, with proper calibration,
the measured field can be found. The polarization state of the second harmonic remains the
same as the probing beam. It has the advantage of being nonresonant and of only interacting
minimally with the plasma, contrary to other techniques such as electric field probes. Al-
though E-FISH is one of the most used electric field diagnostic techniques applied to plasma,

gaps in the characteristics of the measurement still remain.



(a) (b) (c)

Figure 1.1 Details on cold atmospheric pressure plasma jet (a) cut view showing a glass tube
(blue) with flowing gas inside, high-voltage electrode inside the tube and ground electrodes
outside the tube, (b) representation of a single discharge from a plasma jet and (c) picture
of a single discharge from a plasma jet [1]

1.1 Problematic

It has been shown that the longitudinal resolution of E-FISH is related to the Rayleigh range
of the focused laser beam, a distance near the focal point over which the beam can be con-
sidered collimated and has nearly planar wave fronts. This range is the region where the
photon density is the highest. This assumption came from the fact that nonlinear processes
require high intensity to be detectable. Recent studies have shown that the far field of the
focused beam has a non-negligible contribution to the signal and that interference processes
within the measurements influence the output signal. This contradicts the initial assumption
of the Rayleigh range spatial resolution and suggests that the spatial resolution of the mea-
surement might be as extended as the extent of the electric field distribution. This distance
is too long to resolve the small filaments of plasma and makes calibration impossible without
information on the spatial extend of the calibration field. A way that has been presented
to improve the spatial resolution of the E-FISH technique is by crossing two focused beams
in the measured electric field and using them for E-FISH measurements. This technique is
called crossbeam E-FISH. This would result in three second harmonic beams, the first two
collinear with each of the crossed beams and the third one at the bisector angle of the two

beams, with a direction given by the vectorial sum of the wave vectors of the crossed beams.



The signal of this third beam would only come from the overlap volume of the two laser
beams. Hence, by varying the focal length of the lenses and the crossing angle, the spatial
resolution of the measurement can be changed according to the measurement requirements

(see figure 1.2).

Then, the sensitivity of the technique is limited due to the low photon conversion efficiency to
the second harmonic. This problem can’t be overcome with an increase in light intensity due
to photoionization, which perturbs the plasma dynamics. A way to avoid photoionization
is to use temporally longer pulses to keep a high pulse power and reduce the peak power,
but doing so reduces the temporal resolution. The sensitivity limit does not allow the full
measurement of the low electric field distribution in plasma. In this work, a completely new
approach is presented to overcome the limitation of spatial resolution of E-FISH and, more

importantly, to increase the signal-to-noise ratio.

1.2 Objectives and thesis outline

The objective of this work is to explore new ways to implement E-FISH in order to enhance
spatial resolution and sensitivity. A review of the fundamentals of the presented subject and

state of the art of electric field measurements is presented. Subsequently, the two following

objectives are explored.

(b)
()

Figure 1.2 Crossbeam E-FISH beam geometry with the crossed probing beams (red) and the
E-FISH signal beam at the bisector angle. (a)-(c) showing the impact of the angle of the
interaction length (spatial resolution) 2I.



Spatial resolution enhancement technique definition and simulation

The first objective is to design an E-FISH setup to enhance spatial resolution. Before the
experimental investigations, numerical simulations are performed in order to see the feasibility
of this approach. The crossbeam E-FISH output signal is expected to be lower than regular
E-FISH due to the wave vector mismatch of the two crossed beams and the reduced signal
buildup length. Equations will be derived and implemented in simulations to predict the

output signal of such a setup.

Sensitivity enhancement calculation and experimental verification

The second objective is to explore a new optical amplification technique and apply it to E-
FISH. To do so, equations of homodyne amplification will be derived and applied to E-FISH
in order to verify the amplification capability of this technique. Then, experiments conducted
to confirm the feasibility of the technique and its amplification capability are presented in a
published paper. Alternative field detection experiments are then presented using a boxcar
approach which integrates the signal in a specified temporal window only, which results in

an improved signal-to-noise ratio.



CHAPTER 2 LITERATURE REVIEW

Chapter 2 describes the fundamentals relevant to this thesis aiming at improving the electric
field measurements by electric field-induced second harmonic generation (E-FISH). E-FISH is
a technology that is often used to characterize the electric fields generated by fast ionization
waves of cold plasma. For this, spatial resolution, as well as sensitivity, are currently lack-
ing, motivating the work of this thesis. Section 2.1 describes the basics of cold atmospheric
pressure plasma. Section 2.2 compares current methods for optical measurements of electric
fields. Sections 2.3 and 2.4 focus on E-FISH, where 2.3 describes the fundamentals and moti-
vation for the current investigations, and section 2.4 focuses on the underlying mathematics

necessary for the technology of homodyne amplification developed in the present thesis.

2.1 Cold atmospheric pressure plasma

Plasma is a fully or partially ionized gas. Over 99% of the visible matter in our universe is
in the form of plasma. The E-FISH technology developed for this work is specially designed
to study non-thermal plasma. Non-thermal plasma at atmospheric pressure, often termed
“cold” atmospheric plasma (CAP), is characterized by the fact that heavy particles, such as
atoms and molecules, are not in thermal equilibrium with the electrons. The macroscopic
temperature, the temperature of the heavier molecules, ranges from 25°C to 100°C. While the
gas temperature of non-thermal plasma is orders of magnitudes lower than that of thermal
plasma, such as the sun’s corona or the inside of a tokamak, which can reach millions of
Kelvin [8], the electron temperature of cold plasma is very high, reaching up to 10°°C
[9]. Cold plasmas are a source of highly reactive species originating from the interaction of
energetic electrons with the molecular admixture to the noble gas. CAPs are generated at
atmospheric pressure, often in ambient conditions, contrary to typical technical plasma that
is generated at reduced pressure in a vacuum chamber. This allows for CAPs to be used
with great versatility. CAPs are used for a wide variety of applications, e.g. in medicine and
dentistry for their wound healing and sterilizing capabilities [10,11]. They are also used for
decontamination in food processing [12], promotion of germination in agriculture [13] and
synthesis of materials [14]. Those are a few among many more uses [15]. All applications rely
on the generated reactive species in CAP. The driver of the reactions is the applied electric
field, and electrons are the energy carrier for the chemical reactions. In order to optimize a
plasma source’s chemical species generation for a specific application, the energy provided

to the plasma source will have to be transferred as much as possible to only the desired



chemical reaction pathway. Figure 2.1 shows the energy loss fraction, the fraction of the
energy transfer to the molecules in the plasma for a given energy transfer mechanism (the
sum of all energy loss fractions of all the different mechanisms is always 1) for Ny molecules

as a function of the applied electric field.

The figure shows how controlling the electric field yields control of the energy transfer mech-
anism, e.g. for electric fields lower than 100 v/cm, rotational and vibrational excitations are
more important than electronic excitation or ionization of the Ny molecules. Electronic exci-
tation and ionization increase plasma temperature and the current that can flow through the
plasma. Lower electric fields populate rotational and vibrational states that greatly influence
chemical pathways without overly heating the gas of the plasma. To be energy efficient in the
chemistry that is generated and to specifically generate desired chemicals, requires a precise
fine-tuning of the electric field in a plasma source. Having a technique to resolve the spatial
and temporal evolution of the electric field in plasma will allow the use of the proper input

parameters for the plasma source to obtain the desired result.

Figure 2.1 Simulation of energy loss fractions of Ny gas using Bolsig+ [2] with cross-section
data from LXCat [3,4].



CAPs are driven by high-voltage power supplies. They provide the high electric field potential
necessary for the ionization of the gas to occur. The voltage can be pulsed or AC in a
wide range of frequencies. Depending on plasma source geometry, material, and gas flow
conditions, the applied voltage often results in successive filament discharges, which have

only few a 10s of pm [16-18].

In filamentary plasma, ionization waves have 10s of kV /cm potential drop over a few pm [19]
and travel with km/s velocities. They are followed by regions of low electric field in the
ionization wave’s tail [20]. Different regions of the electric field can be distinguished [21]:
before the ionization wave, in the discharge, and after the ionization wavefront. Because
the ionization waves propagate stochastically in a turbulent environment, recording a single

discharge’s electric field dynamics is required.

2.2 Optical diagnostics of electric fields in plasmas

Many techniques have been developed for the detection of electric fields in plasma sources.
Selected techniques are presented here to show the wide variety of physical phenomena used
for electric field measurements and to underline their benefits and drawbacks. Information

in this section was gathered as part of a project done during my graduate studies [22].

2.2.1 Pockels effect technique

The first technique is a solid state-based technique exploiting the Pockels effect. Under an
external electric field, non-centrosymmetric media start to exhibit birefringence, meaning that
their refractive index along two axes perpendicular to the propagation direction is different
from one another. If a photon’s polarization has components in both the birefringence axes
of the crystal and propagates through it, its polarization state will change. The strength of
the birefringence of Pockels crystals varies as a function of the applied electric field. Knowing
the initial polarization state of photons going through the crystal and detecting their output
polarization enables the calculation of the electric field, as shown in figure 2.2. This technique
has been used to reconstruct the 2D distribution of the electric field of electrodes on dielectric

surfaces [23] and from a plasma jet impinging on the crystal’s surface [24].

The advantage of this technique is that it is relatively easy to implement. Polarized light
sources are often found in plasma diagnostic laboratories, and the optics involved in the
experiment are easily available. No intense light is required, but the more intense is the source,
the more sensitive the setup is to small polarization changes. Also, the technique has another

limitation on the electric field detection range. When propagating through the crystal, the
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Figure 2.2 Pockels effect based electric field detection technique: Red lines show the polariza-
tion state of the photons, (z,y,x) are the axes of an external reference frame e.g. optical table
reference frame, (e1,e;) are the axes of the birefringent crystal. 1. Polarized light (along the
y-axis) propagates in the z-direction and passes through 2. a crystal which exhibits a pockel
effect, an unknown electric field oriented in the z-direction is applied to the crystal, 3. the
polarization of the light is changed after propagation through the crystal, 4. a polarized filter
removes the light polarized along the initial direction and 5. the remaining light, containing
the information on the electric field applied to the crystal, is detected.

light can acquire a polarization change greater than 90° resulting in two equally correct
solutions. In this situation, the technique yields two possible values for the electric field, and
it is not possible to determine which one is correct, making the technique limited in its use.
Despite this restriction, measured fields in plasma jets with an amplitude of 16 kV /cm have
been reported [23]. The spatial resolution depends on the crystal thickness and the detection
device’s pixel size, and the temporal resolution depends on the detector gating (100 pm
and 2 ns, respectively [23]). Because a crystal surface is required for the measurement, the
technique is invasive, meaning that it disturbs the gas flow and interacts with the discharges.
Hence, the technique can only be used for surface electric field distribution, and the local

electric field of an undisturbed plasma jet can only be inferred through modelling [25].

2.2.2 Stark polarization spectroscopy

The Stark polarization spectroscopy, or Stark splitting technique, is an electric field detection
technique based on the observation of spectral line shifts of specific optical transitions. An
atom which possesses a degenerated electronic state and is subject to an external electric
field will lose this degeneration and separate those energy levels. This is the so-called Stark
effect. With a spectrometer, the light emitted from this energy state is measured and using
perturbation theory, it is possible to derive the energy variation of the atom’s transitions as a
function of the applied electric field. With this information, the spectral lines can be related
to their corresponding levels, and the wavelength shift from the emitted photon yields the

electric field. These photons can either be p-polarized or s-polarized. Only one polarization



state is used for the measurement, and a polarizer, placed in front of the spectrometer, filters
out one of the two. This technique is simple: all that is required is a lens to focus the light
generated by the plasma, a polarizing optic, and a spectrometer. An example of such a setup

is shown in figure 2.3.

Stark polarization spectroscopy is a non-invasive technique, which makes it well-suited for
field detection involving gas flows and propagation discharges. It has been used to determine
the influence of a plasma jet’s gas flow speed on the electric field [26]. One of its limiting
factors is pressure broadening. Spectral lines undergo broadening when subject to high
pressure. This technique leads to overlapping in the spectrometer, which limits the resolution
and prevents resolving the forbidden transition lines. It has been demonstrated that Stark
polarization spectroscopy can still be used at atmospheric pressure in plasma jets [27]. Also,
the technique can only be applied to gases that are well represented by perturbation theory.
Furthermore, the gas must be of a certain purity to utilize this technique. The least pure gas
reported with this technique was 99.95% helium [28]. The temporal resolution is determined
by the gating capability of the detection device (= 20 ns [27]), and the spatial resolution and
wavelength resolution (12.5 pum and 0.0108 nm, respectively [26]) are both depending on the
spectrometer’s detection device, as well as on the lens and the spectrometer’s slit geometry.

Reliable measurements of this technique range from ~ 5 kV /cm to =~ 20 kV /cm [27].

2.2.3 Fluorescence-dip spectroscopy

This technique is the most complex presented. It is based on the monitoring of a specific
fluorescent deexcitation. Through optical pumping by a resonantly tuned UV laser, the

atom’s electrons in the gas discharge of the plasma source are excited to a higher energy

Lens Polarizer

Figure 2.3 Stark polarization spectroscopy: The simplest setup for this technique is repre-
sented, the light emitted from the plasma source is focused into a spectrometer, a polarizing
filter lets only pass the desired polarization.
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level. We focus here on the hydrogen atom, developed and described in reference [5]. The
electrons from the level n = 1 are excited to the level n = 3. From this level, the electrons
naturally relax to the n = 2 level through fluorescence emission. This is the so-called Balmer-
a transition (n =3 — n = 2). The light from this transition, A = 656nm, is monitored with
an array detector (intensified charge-coupled device or ICCD). A second beam of tunable
infrared (IR) light, which is collinear with the UV beam, has its wavelength set around the
energy level necessary to excite electrons from n = 3 to the higher energy states of the
atom (Rydberg states). Due to the presence of the electric field, the higher Rydberg states
have their degeneration spread in Stark components (Stark effect). When the IR beam is
in resonance with one of the Stark components, the electrons that were in the n = 3 level
are pumped to that Stark-shifted level, reducing the population in the level n = 3. Since
the intensity of the Balmer-a transition is proportional to the population of n = 3, a dip is
observed every time the IR beam is in resonance with a Stark component of the Rydberg
states. The IR laser’s wavelength is swept with small wavelength steps through an energy
range which contains the Stark shifted levels, and an image of the fluorescence is recorded for
every step with the ICCD. This leads to a wavelength-dependent mapping of the Balmer-a’s
fluorescence dips, which is the energy distribution of the Stark-shifted Rydberg states. This
is done simultaneously for every pixel of the detector. From these maps and compared with
the energy levels calculated by perturbation theory, the electric field is measured for every
pixel. Figure 2.4 shows a scheme of the energy levels involved in this technique, as well as

the pumping display.

The technique is non-intrusive. The temporal resolution is determined by the laser pulse
width, which allows for good controllability. The spatial resolution is determined by a com-
bination of the detector and the intensity of the detected light (= 0.1 mm [5]). An impressive
characteristic of this technique is its sensitivity. Measurements of electric fields as low as 5
V/cm are recorded [5]. This remarkable sensitivity is accompanied by some serious draw-
backs. Since it is a resonant process, the setup for this technique requires two tunable lasers,
and different wavelengths and a transition scheme are needed for every atom specifically.
Furthermore, the technique is not well suited to pressure higher than 1 Torr [29] due to

pressure broadening of the spectral lines.

2.2.4 Electric Field-Induced Second-Harmonic

The final technique that is covered is the Electric-Field Induced Second-Harmonic (E-FISH)
generation technique. Since this technique is at the centre of this thesis, the following section

is entirely dedicated to detailing it.
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Figure 2.4 Fluorescence-dip spectroscopy: Schematic of the technique developed in [5],
through two-photon absorption, electrons are exited from n = 1 to n = 3, Balmer-a flu-
orescence occurs and is monitored, tunable IR laser sweep over the Stark components of the
Rydberg states n > 3, every time the IR laser is in resonance with one of the Stark compo-
nents, a dip in the fluorescence Balmer-« is recorded.

2.3 E-FISH

2.3.1 Fundamentals

Second-harmonic generation is the phenomenon when two photons of the same frequency
interact with a media which exhibits second-order nonlinearity (see section 2.4). This inter-
action can lead to the simultaneous absorption of two photons which are then reemitted as

a single one with the combined energy of the two initial photons. In a gaseous media, due

s

Figure 2.5 Simplified E-FISH setup: the laser beam is focused in the plasma jet, the second
harmonic is generated in the plasma under the presence of an electric field, the beam is
collimated, a dielectric mirror is used to spatially separate the signal from the fundamental,
which is then detected.
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to the isotropy in the optical properties, second-order nonlinearity cannot occur. When an
electric field is applied in such media, it polarizes the atoms, which breaks the isotropy and
leads to the appearance of second-order nonlinearity. Electric field-induced second harmonic
(E-FISH) measures the appearance of a second-order nonlinearity coefficient in a centrosym-
metric medium in the presence of an externally applied electric field. In plasma discharges,
even though the media is gaseous, the electric field caused by the discharges makes second-
harmonic light generation possible. The technique is relatively simple and doesn’t require
exotic components. A pulsed laser, whether it is a picosecond [20,30], nanosecond [6] or fem-
tosecond [1,31,32] laser, is focused in the region of interest of the plasma. Second-harmonic
generation occurs along the interaction length of the beam and the electric field. The second-
harmonic beam is then separated from the fundamental beam. Figure 2.5 shows a simplified
schematic of an E-FISH setup. Detection can be done with a photomultiplier tube (PMT) if
the focusing lenses are spherical or with an array detector like an ICCD if a line focus (laser
sheet) is used [1,31]. The intensity of the generated light is proportional to the square of
the applied electric field (see section 2.4). From this proportionality, it is possible to derive
the local electric field. The electric field measurement requires proper calibration. It is done
by applying a known external electric field using electrodes and measuring the output light.
The time resolution of this technique is directly related to the temporal pulse width, allowing
sub-nanosecond measurements down to the femtosecond [32]. E-FISH has the advantage of
imposing no restriction on the frequency of the photon involved, as long as the detector is
able to measure the second harmonic. The sensitivity of the technique depends on the char-
acteristics of the pulse, such as temporal length, carried energy, and maximum amplitude. A
minimum sensitivity as low as 20 V/cm was shown using a picosecond laser [30]. For a long
time, it has been assumed that spatial resolution was given by the confocal parameter and
the minimum beam waist (assuming a Gaussian beam), but recent studies have unravelled

more complexity to it [6].

Spatial resolution

The assumption of spatial resolution of E-FISH measurements given by the focusing geometry
of the setup was based on the fact that E-FISH signal intensity is quadratic with the probing
beam’s intensity. Hence most of the E-FISH signal was supposed to come from the focal
region. Radially, the resolution is of the order of the minimum waist of the beam wy (beam
radius at the focal spot), but the longitudinal resolution is assumed to be twice the Rayleigh

range

= 2.1
ZR A ) ( )
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with A the wavelength of the fundamental (probing) beam. Chng et al. have published an
article in which this assumption is challenged [6]. They conducted experiments where a static
electric field was set by two electrodes. The electrodes were manufactured with a grove hole
at their centre. Through finite-element simulations, the absence of an electric field in the
space between the two holes in the electrodes was verified (see figure 2.6). The laser beam was
focused between the electrodes, and the focal point was located between the two holes, where
there was no electric field. The measurement was then performed with the same geometry
but without the void. If the assumption that most of the signal is generated at the focus
and within the Rayleigh range is true, a decrease in the E-FISH signal would be expected
between the experiment without the void in the electrode and the experiment with the void.
The opposite was observed. They found that the E-FISH signal was greater with the void
than without. The conclusion is that the assumption of the E-FISH signal being generated
only from the focal region is not correct. The E-FISH signal is generated by the entire
interaction region where light overlaps with the electric field. The reason for a decreased
signal when there is no void in the electrode can come from a destructive interference in
the generated signal. As a beam is focused, it accumulates a phase change called the Gouy
phase. Since the E-FISH signal is generated along the entire interaction length of the probing
beam and the electric field, the generated signal has a different Gouy phase depending on its
generation position along this interaction length. This can result in destructive interference
of the generated signal. Solutions to improve the spatial resolution are presented in [6]. One
of them exploits a geometrical approach. Instead of focusing a single beam in the electric

field, the idea is to cross two beams so their focal points coincide in the measured electric

Figure 2.6 Representation of the grooved electrodes experiment done by Tat Loon Chng et
al. [6]: Investigation of the longitudinal resolution of the E-FISH, the fundamental beam was
focused in a region where there was no electric field.
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field. This way, by conservation of momentum of the photons, a signal beam of the second
harmonic would be emitted at the bisector angle of the two crossed beams. This signal beam
would only come from the overlap volume of the two beams, defining precisely the spatial
resolution of the measurements. Such setups remain challenging. First, the two beams must
be perfectly overlapped in space to maximize the signal, and the pulse arrival time must
be tuned to be the same for both beams for the same reason. Moreover, since the signal is
only generated in the overlapping region of the two beams, all far-field signal is no longer
generated, greatly reducing the output signal, which makes it hard to detect. Finally, in a
single beam E-FISH set up, the two photons interacting to generate the second harmonic
are collinear, but with the crossed beam, a wave vector mismatch Ak appears, reducing the

conversion efficiency, leading to an even weaker signal.

2.3.2 Motivation for selecting E-FISH

In all the available techniques for plasma electric field diagnostics, we decide to work on

improving E-FISH for the following reasons.

Non-invasive

E-FISH is a non-intrusive technique. This feature is of the utmost importance when perform-
ing plasma diagnostics since the field distribution in plasma jets, dielectric barrier discharge,
or other plasma sources, is influenced by the gas flow and the charged particles in it. If a
solid-state component or any other perturbation is added in the path of the discharges, it
results in an influence on the charge distribution and leads to the destruction of the original

electric field distribution.

Non-resonant

Unlike Fluorescence-dip spectroscopy and Stark polarization spectroscopy, E-FISH is a non-
resonant technique. It is very important to avoid resonant techniques because they require a
precise excitation-deexcitation scheme for every gas. Such techniques require tunable lasers
which make the setups complex and costly, and which are not applicable to plasmas that
do not operate in the gas of resonance. Moreover, relying on optical transition makes the
experiment sensitive to spectral broadening of the emission line, e.g. limiting the pressure
range of the measurement. Finally, in order to have a precise correlation between the the-
oretical model and the experimental setup, a high level of gas purity is required. E-FISH,

being non-resonant, avoids all the above complications, allowing any gas mixture to be in
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the measured volume.

Accessibility

The simplicity of the diagnostic technique becomes important regarding the economical as-
pect. E-FISH requires only one laser source and a minimal optical setup. All presented
electric field detection techniques require access to a coherent pulsed light source, except for
Stark polarization spectroscopy, which requires a high-resolution imaging spectrometer. On
the other hand, the tunable lasers required for the Fluorescence-dip spectroscopy of hydro-
gen and helium make them expensive techniques. Pockels effect technique is slightly more
complex than E-FISH since a crystal exhibiting Pockels effect is required and an array de-
tector is required. On the other hand, E-FISH can be performed with a simple detector like
photodiodes.

Versatility

From the methods presented, E-FISH is the most versatile electric field technique applicable
to plasma sources. Using a spherical focus, it can perform a point measurement of the electric
field, and using a cylindrical focus, it can make a line measurement of the electric field. In
the same way, the detection device can be spatially resolved (array detector) or not. It also
has the advantage of changing the measurement spatial resolution by only changing the focal
length of the focusing lens. It can even be done with only a collimated beam. Furthermore,
this technique can be accessed with any pulsed laser technology in the femtosecond and

nanosecond regime.

2.4 Nonlinear wave equation

In order to understand E-FISH, the wave equation, which considers the nonlinear behavior
of matter, is required. This development will be focused on second-order nonlinearity instead
of third-order nonlinearity. E-FISH can be described as both using an induced second-order
nonlinear coefficient (second-order process) or using the electric field as a third interacting
photon (third-order process). Second-order nonlinearity is a phenomenon that requires a
medium lacking inversion symmetry (non-centrosymmetric medium). On the other hand,
third-order nonlinearity requires no condition on the symmetry of the energy potential of
the electrons in the matter through which the light propagates. The following derivation is
largely inspired by [33].

Fundamental to the interaction of light with matter are Maxwell’s equations:
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V-D=p (2.2a)
V-B=0 (2.2b)
0B
VxE= - (2.2¢)
oD
VXH:E—FJ (2.2d)

In the following, the next three assumptions will be respected:

» matter is considered to have no free charges, so p =0
e matter is considered to have no free currents, so J =0

« matter is considered non-magnetic, so B = poH

It is also assumed that the field E and polarization vector P are linked by the following

equation:

Mathematical manipulation leads to the well-known wave equation in matter [33]

, 1o, 10
{V c2 Ot? E= €0C2 (9152P (24)

using equation (2.3), the wave equation can be expressed as

VIE - 82D—o (2.5)

€0C2 ot? N '
In order to understand what the electric field E and the polarization, or dipole moment
per unit volume, P, represent, consider the polarization of a material subject to an applied

optical electric field. In the case of linear optics, we have the proportionality equation

PY = ¢yVE (2.6)

with x(") the linear susceptibility. For nonlinear optics, we can generalize this equation with

a power series in E to get



17
P=¢c|\VE+Y?PE2+\OE + | =PY 4+ PO L PO 1 | (2.7)

To consider nonlinearity, the polarization can be separated into two terms, linear (P(l)) and

nonlinear (PN).

P =PW 4 PN (2.8)

The same manipulation can be done for the displacement field, obtaining

D =DW 4 PN, (2.9)

with DO being the linear displacement field, expressed as

DW = ¢E + PW. (2.10)

Using expressions (2.8), (2.9) and (2.10), one can obtain an alternative representation of

equation (2.4)

1 02 1 02
VE- — DW=~ pN 2.11
6002 ot? 6062 ot? ( )

If we assume a lossless and dispersionless material, the displacement field is represented by

DW = eV E+ PW. (2.12)

with €™ the real and frequency-independent dielectric tensor of the media. If the material is
isotropic, meaning that its property is the same in all directions, the dielectric tensor reduces

to a scalar noted €. In the case of lossless, dispersionless and isotropic material, we get

VE- —_—-DW = _—_ _—_p\ (2.13)

The assumption of matter being dispersionless is erroneous since it assumes that all the

different frequencies of light interact in the same way with matter.

By considering dispersive media, every frequency component of the field must be taken
accounted for separately. We express the following three fields, the electric, the linear dis-

placement and the polarization, as the sum of their frequency components!

1Sum is over positive frequency values
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E(r,t) =S E,(r,%) (2.14)

DY (r,t) =3 DV(r,1) (2.15)
PN (r,t) =Y PyU(r,t) (2.16)
where
E,(r,t) = E,(r)e " + cst. (2.17)
DW(r,t) = DW (r)e~nt 4 cst. (2.18)
PN (r,t) = PNE(r)e ™! 4 cst. | (2.19)

the subscript n is used to refer to all the different frequency components of the field. We
make the assumption that the material is dispersive and nondissipative, which means there
is photon energy conservation in the media (no heat generation). Under these conditions, we

get
Dgwl)(ra t) = 606(1)(Wn) : En(r, t) (220)

e(l)(wn) is the real and frequency-dependent dielectric tensor. We get a wave equation valid

for every component of the electric field.
&) 0? 1 o
Vi, - ) O g pAL (2.21)

2 02" o "

2.4.1 Expression of E-FISH

The E-FISH effect is a third-order nonlinear process, but behaves as a second-order nonlinear
process. Usually, x® processes require that the medium in which the two-photon absorption
occurs lacks inversion symmetry. This means that no amorphous medium, such as liquids
and gases, can exhibit second-order nonlinearity. The key to E-FISH resides in the presence
of an external electric field that breaks the inversion symmetry in the medium, allowing
second-order nonlinear processes, for instance, second harmonic generation. This "induced

Y@ coefficient varies with the external electric field, getting bigger with the applied field.
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E-FISH is expressed as a third-order nonlinear process in which the third interacting photon
is replaced by the surrounding electric field. Most publications on E-FISH express the output

signal in terms of induced polarization in the second harmonic frequency [34,35],

2w 3 3 w W
PE ) — ENQZ(’].)JC?Z(—2W,O,W,W)EfEk £y, (2.22)

where szw) is the induced polarization at frequency 2w, N is the number density of the gas,

ag?’k’l(—2w, 0,w,w) is the third order nonlinear hyperpolarizability (nonlinear susceptibility

per molecule) tensor, which relates to the nonlinear susceptibility as

o™ = (2.23)

E is the external electric field to be measured and Ef; are the electric field components of

the fundamental laser beam. The 3/2 coefficient is according to the convention [34]

; (3)(_ —a®
aulclunima (—wo, wi, wa,w3) = ' (0,0,0,0) (2.24)
It is worth noting that for equation 2.22, the measured field must be DC or vary slower than
w. Also, this equation represents a single beam propagating in an interrogated electric field.

3)

We see that by combining o; 7 ;(—2w, 0, w, w) and EJF in an equivalent second-order nonlinear

coefficient, we gain a second-order equivalent equation

3

2w E w W

PP = §Na§’j’c}€)(—2w,w,w)Ej EY, (2.25)
From equation 2.22, assuming the polarization of the two fundamental beams is the same

(k = 1), we can express the expected intensity of the measured E-FISH signal I>**) as
](QW) =C- NQ(EF)2(]fundamental)2 (226)

with C as a calibration coefficient depending on the geometry of the experiment and I ¢undamentat;
the optical intensity of the fundamental beam. From equation 2.26, we see the quadratic de-

pendency of the E-FISH signal with the measured electric field.

Another way to express the output power of E-FISH in terms of propagation in the electric
field region also starts with Maxwell’s equations to obtain the electric field of the E-FISH
beam [6, 36]



20

E(2w)( ) ( w > ( (3)NE(UJ)E(W)EF ) /Oo EF( ) e'ake d (2 27)
z) = (v . 2)———dz .
2n()¢ oo L+i()
An analytical derivation leads to the following result.
3 L iAkz
(2w) — o ) (B NPWRE 2. 1 [/ EF (-5 g ] 2.98
P (471'6071(2“’)71(“)04 (a mas) z LJ-L (2) 1+i(£) - (2.28)

where L is the half extend of the electric field. It is worth noting that the expression in
the integral differs from the plane wave approximation, but for zz > L, the plane wave
approximation is gained. Moreover, the Gouy phase shift ¢,(z) = arctan (i) is taken into

account in equation 2.28. This is shown by rearranging the denominator to obtain

1+i(z>:exp{—i-arctan(;>}

: (2.29)
- 1+ ()

2.4.2 State of the art

Table 2.1 shows a variety of recent E-FISH experiments, the earliest published in 2017.
Some points must be highlighted. The first is the usage of high pulse energy throughout all
experiments. Although this provides more signal in E-FISH measurements, this often comes
with the drawback of a low repetition rate (as seen in table 2.1). All experiments so far
were conducted using an amplified detection device. This is a general practice in the plasma
electric field diagnostic community since the E-FISH signal is usually assumed to be too weak
to do otherwise. It has the drawback of saturating for a higher E-FISH signal. This often
limits the detection range or requires a correction in the calibration curve [7,29]. Finally,
it is hard to define a metric for the minimum sensitivity. In the mentioned article, poor
information is given on the SNR of the measurements and on how the minimal sensitivity

was defined.

2.4.3 Crossbeam E-FISH

In order to compensate for the lack of longitudinal spatial resolution of E-FISH, a solution
would be to cross two laser beams. While ensuring the synchronicity of the pulse’s arrival
time, this would result in the separation of an E-FISH signal at the bisector angle of the two
beams. This third signal beam would not require any spectral separating optics and would

only be generated in the overlap volume of the two focused beams. The main difficulty of this
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Table 2.1 State-of-the-art E-FISH measurements and experimental conditions

Group Pulses Rep. Electrodes Detec. Focusing Mlm.n.lu.m
rate sensitivity
: f = 300 cm, u
Dogariu 50 fs, 1 Kkl 150 mm parallel PMT  wy = 152 um 100 V/cm
et al. [32] 0.5 mJ plates
=50 ems 500 v jem
wo = 25 pm
Goldber 100 ps, Truncated cones f =30 cm 100 V/cm
> 20mJ 10 Hy © PMT ’
et al. [30] 100 ps. 10 and 7 mm wp =25 pm —M——
6 mJ diam. 500 V/cm
Goldberg 60 fs, 6 o f = 20 cm,
etal [1]  mJ 1 kHz  Cylindrical PMT wo =5 ym 1 kV/em
f = 50 cm,
150 ps, .
Orr et 4.4 cm vertical ICCD  wy =250 um 1kV/cm
150 mJ 10 Hz
al. [31] plates electrodes, ¢
150 ps, 5 mm apart f = 100 cm,
13 mJ PMT wo = 180 pm L kV/em

@measurable signal, ®¢cylindrical focus

(a) (b)

Figure 2.7 Spatially enhanced E-FISH (SEEFISH) setups from [7] (a) using masks to have
an annular and central spot beam to cross at the focus and (b) two beams separated by a
beam splitter crossing at the focus. (figures from [7])

setup is the low signal generation. Two factors are detrimental to this technique: 1. crossing
the beams reduces the interaction length of the fundamental beams of the measurements

(which is desired), resulting in lower signal generation (which is not desired), and 2. crossing
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the beams increases the wavevector mismatch, again reducing the efficiency of conversion of

the fundamental photons to the second harmonic.

Raskar et al. [7] have reported on experiments on spatially enhanced E-FISH. Two experi-
mental setups have been tested. The first involves two different spatial masks (mask 1 and
mask 2) to make the beam into a light ring and central spot or only an annular beam (see
figure 2.7a). Focusing this beam results in the E-FISH signal appearing in the previously
masked area. This signal originates from the crossing of the central beam spot and the

outside ring or the crossing of opposite radial points of the annular beam.
The second setup tested was crossbeam E-FISH.

A photo multiplier tube (PMT) was used for detection. The laser pulse was 150 ps, with
a 10 Hz repetition rate for both setups. For the masked measurements, the beam diameter

was (1/e*) 13 mm with 13 mJ per pulse.
For the second experiment, the beam diameter was 6.4 mm, and the pulse energy was 40 mJ.

Results show that the mask setup slightly increases spatial resolution compared to regular
E-FISH. Results also show strong focal length dependence on spatial resolution. A factor
of 50 reduction was observed between regular E-FISH and mask 1 experiment, and a factor
of 200 reduction with mask 2. For the crossheam setup, improvements in spatial resolution
besides regular E-FISH are also observed and are shown to be dependent on the crossing
angle. A reduction factor of 50 is observed between a crossing angle of 1.4 degrees and 2

degrees. No signal can be detected at an angle of 3 degrees.

2.4.4 Homodyne amplification

Optical heterodyne detection is an interferometric technique which allows the detection of
very weak signals through the interference of two light beams, the first of which is a local
oscillator (LO), and the second is a weak signal to be detected. Both are recombined using
a dielectric mirror and a beam splitter or other partially reflective optics. The two beams
have to overlap in time and space, and they need to be mode-matched, i.e. share a mutual
wavefront. In order to ensure temporal coherence, the two beams are often coming from the
same source, giving them an initial phase relation and easing the temporal coherence upon
detection. Homodyne detection is a special case of heterodyne detection in which the strong
LO and the weak signal have the same frequency. With the TEMy, mode of the laser beams,
the 2D section of the resulting interfering beams is a concentric pattern. If the two wavefronts
are exactly the same, a single constructive interference spot is observed. The technique is

sensitive to phase changes, if a delay (temporal or phase) equal to half the wavelength of
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the beams is induced on one of the two, the concentric interference patterns will change
accordingly, leading to destructive interference at the centre spot. Using a pulsed laser, the
homodyne amplification behaves like an autocorrelator. For two identical pulses, the signal

of the interferometric autocorrelator as a function of the delay is [37]

Suc = /Oo [(E(t) +E(t+ 7'))2]26125 (2.30)

—00

Taking the ratio of the generated signal for the case of perfectly synchronized pulses (7 = 0)

and completely apart pulses (7 = co) leads to an amplification of the signal of

Sac(0) 1% (2B()"dt B
SAACC(OO) =9 B O (2:31)

Figure 2.8 shows an example of an autocorrelation between two identical pulses.

For two pulses derived from the same source (no phase difference) and perfectly synchronized
with different maximum amplitudes (a low signal and a strong LO), mixing between the two

beams will result in the signal:

SAc(T = 0) X (Egig, + EL0>2.

U (o)} ~ (o]

Sac(T)/Sac()

N
L

=
L

~200 -150 -100 -50 O 50 100 150 200
T (fs)

Figure 2.8 Autocorrelation between two identical A = 3 pm, 100 fs FWHM pulses.
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Developing the square product gives

Sac(t=0) x Egig' + E7 o+ 2Esiy Ero. (2.32)

if the only aim is detecting the small signal, equation 2.32 shows that S (7 = 0) is composed
of a term proportional to the small signal intensity (Ig;, o E,g’ig.)7 a term proportional to
the LO intensity (/0 < F?,) and a third term emerging from the mixing of the two pulses.
Recalling that Sac(7 = 0) = SHomodyne, this last term grants the amplification power of
homodyne amplification. By taking the ratio of the homodyne amplified signal, subtracting
the LO signal from it since it does not contribute to the desired measurement, and the desired
small signal, the amplification factor is

S omodyne ~ S S
AHomodyne = 1 dSy ' Lo =1+ SLO s (233)
Sig. Sig.

Hence, the smaller Sg;, is and the bigger S is, the greater the amplification using homodyne

detection gets.

Overall, this review work shows the possibility and the necessity to improve the signal-to-noise
ratio of E-FISH measurements for CAP applications. It shows that employing homodyne
amplification of the signal with a local oscillator derived from the same source as the signal

would yield the required improvements.

The setup and experiment will be described in the following chapters.
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CHAPTER 3 CROSSBEAM E-FISH SIMULATIONS

A strong motivation for this work is to, in future, be able to perform E-FISH measurements
on cold plasma with true spatial resolution. One way to gain good spatial resolution and
avoid the signals coming from along the laser beam is to use a crossbeam E-FISH approach.
However, this approach exhibits the following problem: with reduced interaction length, the
E-FISH signal becomes overlinearly smaller. To investigate this, the present chapter describes

simulation results gained for crossbeam E-FISH.

It was already shown in section 2.4.3 that having a crossbeam geometry to generate a localized
electric field measurement was presented as a solution to improve the spatial resolution of
E-FISH. It was also shown that this technique induces a drastic signal decrease, lowering
the sensitivity of the measurements. In the following, a simplified model of the crossbeam
E-FISH output signal is presented and used for a simulation of the crossbeam E-FISH signal.
The behavior of the signal as a function of the crossing angle and the focal length is isolated

and a quantitative study of the impact of angles and focal length is presented.

3.1 Model for crossbeam E-FISH

In order to predict the output signal of a crossbeam E-FISH setup (see figure 3.1) as a function
of the focal length of the focusing lens and beam crossing angle, the starting point is equation

2.28. The crossheam E-FISH is approximated as two collinear beams propagating together

Figure 3.1 Schematic of the crossing region of a crossbeam E-FISH setup: two fundamental
laser beams (red) crossing at an angle .., and interacting over a length of 2I. An E-FISH
beam (green) is generated by the interaction of the two fundamental beams and an external
electric field at the bisector angle of the two fundamental beams.
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over the overlapping z = 2[ distance with a wave vector mismatch calculated according to
the crossing angle.
Ak = Zkfund. COS(@beam) — kSH (31)

where K,,q. and kg are the wave vectors of the fundamental beams and the second harmonic
beam, respectively, and ., is the angle between the optical axis and a fundamental beam.
The distance over which the signal is integrated is found as follows. Starting from the

Gaussian focused beam radius equation

w(z) = woy /1 + (M)z (3.2)

w3

with wy the minimum waist (radius of focused beams at focus)

A
= 3.3
Wo 7T9f 3 ( )
¢ being the beam focusing angle as
0; = arctan (Tbe;m), (3.4)

Tvearmn and f the beam radius before the lens and the focal length of the focusing lens, respec-

tively. We then rotate equation 3.2 of Opeq,, degrees with respect to the origin (0,0)

Twg -z Sin(ebeam)

A [z cos(Opeam)— (wo 1+ (WA;Q > 2) sin(‘gbeam)] 2
wo |1+ ( p) - )

w(z, Opeam) = cos(om) . (3.5)

Equation 3.5 represents a focused beam radius rotated by an angle Opeqp,. Finding w(z, Opeam) =
0 yields the half interaction length [. The numerical Newton method is used to solve the
equation w(z, Opeam) = 0 for z. Doubling [ gives the interaction length along the optical axis

of the two crossing beams. To solve this equation, the derivative of the equation 3.5 is needed:

0w (2, Opeam) 1 A2(2 co8(Bpeam) — wod Sin Opeam) [cos Opearm — AQZ:i;L%b&em] |
0z - COS(Qbeam> 2,43 A(zcos 6 —wod sin ) 2 e ebeam]
P o e
(3.6)
with

5= 1+ <2)2. (3.7)
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Equations 3.5-3.7 are used to find the interaction length 2/ of the two crossed beams.

3.2 Simulation of the crossbeam E-FISH output signal

Figure 3.2 shows a surface plot of the results of equation 2.28 in section 2, calculated with the
previously detailed approximation method of crossbeam E-FISH. Figure 3.4 shows the results
using the same equation for three selected focal lengths. Figure 3.3 shows the calculation as

a function of the focal length of three fixed angles.

On all figures, a periodic decay of the signal down to zero can be observed. This behavior
is due to assuming purely monochromatic light in the simulation. The decay is both present
when varying the crossing angle, figure 3.4, and when varying the focal length, figure 3.3.
Figure 3.4a is a zoom into the lower angle region of figure 3.4b. It shows two distinct regimes:
the first is characterized by an increasing frequency of zero signal occurrence with increasing

angles. This regime is associated with the electrode length being shorter than the beam

Figure 3.2 Simulation results of crossbeam E-FISH from equation 2.28 using the approxima-
tion of collinear propagation over the interaction length and a wave vector mismatch from
equation 3.1 for focal length ranging from 5 to 20 cm and crossing angle of (2.5 to 12°).
Electrode length is 15 mm, A = 1030 nm, collimated beam is 4 mm diameter, average beam
power is 20 W, N = 2.45 x 10%°, External field is 1000 V/cm.
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Figure 3.3 Simulation results of crossheam E-FISH from equation 2.28 using the approxima-
tion of collinear propagation over the interaction length and a wave vector mismatch from
equation 3.1, electrode length is 15 mm, A = 1030 nm, collimated beam is 4 mm diameter,
average beam power is 20 W, N = 2.45 x 10%, External field is 1000 V/cm. Three crossing
angles are simulated, and focal lengths range from 0.05 to 1.5 m .

overlap length, resulting in a constant interaction length of the two beams and the electric
field fixed by the dimensions of the electrodes (15 mm). In this regime, only the wave vector
mismatch induces the cyclic signal decay. The second regime (better shown in figure 3.4b)
is characterized by a periodic appearance of y-axis zero values (observed as vertical lines on
a y-log scale). This regime is associated with the interaction length dictated by the overlap
distance of the crossed beam, which is smaller than the electrode length. The frequency of
the cyclic decay to zero is shown to increase with both the focal length (figure 3.4, angle held
constant), and the angle (figure 3.3, focal length held constant). For real measurements, when
using a short-pulsed laser, the spectral width of the laser is broad. Thus the light is non-
monochromatic, hence averaging out the periodic features in the simulation results. What
remains, though, is that the signal amplitude using a pulsed laser decreases very rapidly with
increasing crossing angle and focal length. Please note the logarithmic scale on the vertical
axis of figure 3.4 and 3.3. For instance, in figure 3.4, the signal shows a drop of one order of
magnitude between the angle of 1 to 2°. This is critical for the implementation of a crossbeam
E-FISH setup and underlines the importance of developing an amplification technique for E-
FISH. Another very important observation is the drastic increase of the signal (3 orders of

magnitude for the 0.1m focal length) in the transition from the first regime to the second one
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Figure 3.4 Simulation results of crossbeam E-FISH from equation 2.28 using the approxima-
tion of collinear propagation over the interaction length and a wave vector mismatch from
equation 3.1, electrode length is 15 mm, A = 1030 nm, collimated beam is 4 mm diameter,
average beam power is 20 W, N = 2.45 x 10%, external field is 1000 V/cm. Three focal
lengths are simulated and crossing angles range from (a) 0 to 2.5° and (b) 0 to 45°.
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in figure 3.4a. This shows that reducing the interaction length by crossing the beam not only
improves the spatial resolution but having an interaction length smaller than the measured
electric field also improves the signal intensity. This result resembles the investigations on

void electrodes presented in the work of Chng et al. [6] detailed in section 2.3.1.



31

CHAPTER 4 HOMODYNE AMPLIFIED E-FISH

The following chapter provides information on the implementation of homodyne amplification
in E-FISH measurements. Details on the experimental setup and its alignment procedures

are presented. It gives an introduction to the measurements presented in sections 5 and 6.

4.1 Coherence

Since the process of homodyne amplification is based on interference of a weak signal and
a strong local oscillator, the efficiency of the technique is highly dependent on the spatial
and temporal coherence. The spatial mask used to remove the destructive part of the de-
tected interference pattern plays an important role (see figure 4.2). Two different masks were
investigated in the two setups used in this work. The first was a slit at the entrance of a
spectrometer. This mask is small and makes it easier to ensure that more constructive than
destructive interference is detected, given that the centre of the pattern is constructively

interfering. The reason for this is that if the pattern is large enough compared to the size of

(a) (b)

Figure 4.1 CCD camera images of the focus signal beam (BBO crystal used instead of the
electric field) showing the interference pattern (a) far from focus, where we can clearly see
the constructive and destructive rings (b) at focus.
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Figure 4.2 Effect of different spatial masks on the transmitted destructive and constructive
portion of the interference pattern of LOE-FISH.

the slit, a 1D line of the interference pattern is detected only. The optimization is achieved
by moving the pattern sideways on the slit. The disadvantage of this method is that at
least a part of destructive interference will be measured, leading to a non-ideal detection of
signals. The mask used in the second setup was an iris. Although the iris is more complex
to align, the circular opening, given a proper alignment and iris size, allows the rejection of
all destructive portions of the pattern. Figure 4.2 shows a schematic of the two masks used
in the experiments. It is important to remember that while allowing amplification of the
signal on a certain portion of the interference pattern, integrating the signal over the entire
section of the beam yields the same signal as the sum of the two individual beams. Another
important aspect of the interference pattern is that it vanishes at the focus, as shown in

figure 4.1, which is assumed to be due to a lack of both spatial and temporal coherence.

4.2 Setup

The setup for the homodyne amplified E-FISH was designed to be easily adaptable to include
crossbheam measurements. More details on the setup and on experimental conditions are given
in section 5.4. Another version of the setup for crossbeam mode is shown in figure 4.4 in
annex A. Figure 4.5 shows a photograph of the actual setup. In it, we can see the solid PVC
housing made for the setup. It prevents air vibration from reaching the setup, which reduces
the noise of the measurement. Figure 4.3a shows the Faraday cage around the electrodes
to prevent radio frequency signals that could interact with the detection scheme and induce

erroneous measurements. Figure 4.3b shows the electrodes, their 3D-printed support made
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(a) (b)

Figure 4.3 Photograph of the electrode setup (a) side view of the Faraday cage closed and
(b) top view of the Faraday cage open, giving access to the electrodes, electrodes support
and inductor.

from PLA and an inductor used for the AC field measurements shown in section 6.
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Figure 4.4 Homodyne amplified E-FISH setup: 1. Pharos Laser, 2. Wedge mirror , 4. Zero-order halfwave plate, 5. Polarizing
beamsplitter cube, 6. Non-polarizing 50% beamsplitter cube, 9. Longpass filter, 10. Neutral density wheel filter, 11. lens f =
75 mm, 12. BBO crystal 100 um, 21 cut angle type 1, 13. Lens f = 100 mm, 17. Translation stage, 19. Wedge prism pair, 20.
Shortpass filter, 23. Dielectric mirror, 24. Lens f = 75 mm, 25. Square electrode set, 26. High-voltage probe, 27. Lens f = 50
mm, 28. Dielectric mirror, 31. Lens f = 100 mm, 32. Shortpass filter, 33. Detector, 3-14-15-16-18-21-22-29-30. Silver mirrors,

34-35-36. Beam dumps.
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4.2.1 Alignment procedure

To align the setup both spatially and temporally, first, the laser is set to 20uJ per pulse, and
a divider with a factor of 100 is applied to the repetition rate to reduce the average power
to 0.2W. The beam is sent through two irises for alignment. This provides a good rough
alignment. However, it is still insufficient for the precise interferometric measurements of
this thesis. While blocking the fundamental beam, the power of the LO line is optimized to
its higher value by adjusting the phase matching in the BBO crystal. This is done by rotating
the crystal mount with respect to the normal axis of the table. This can be done by eye (the
LO beam is green, and our eye is very sensitive to green) or by using a power meter. The LO
line can then be aligned to pass through the electrode. Using mirrors 21 and 22, the beam is
aligned to go through the centre of the focusing and the collimating lens. The fundamental
beam is released and aligned to be collinear with the LO at the electrode focusing lens. For
this, an IR card is used. Just before the electrodes, another BBO crystal is temporarily
set for the alignment to frequency-double the fundamental beam. The LO and SH of the
fundamental beam are projected onto a white screen to be able to observe their interference
pattern. If no interference pattern can be seen, the delay between the beams can be finely
tuned with the wedge prisms. If, while sweeping their full range, no interference is seen on
the screen, they must be set to their half delay position, and the zero delay must be found
using the delay stage of the LO line. Once found, the interference can be again optimized
using the wedge prism. If the interference pattern is not concentric, the collinearity of the

LO and SH beams can be adjusted with the mirror of the fundamental laser line. Once the

Figure 4.5 Photograph of the experimental setup for homodyne amplified E-FISH
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pattern has a clear destructive and constructive interference, as seen in figure 4.1b, the signal
beam can be coupled to the spectrometer. It is important to avoid placing the focal point
at the entrance slit position, this would result in the entire interference pattern coupled into
the spectrometer since the slit is 25 ym and the focused beam is roughly the same size (see
figure 4.1). This translates to the suppression of the desired LOE-FISH effect. We can now

optimize the temporal coherence by using the wedge prism to observe spectral fringes.

—— Synchronized pulses
—— Delayed pulses
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Figure 4.6 Spectra of LOE-FISH showing no spectral fringes (minimal delay between the
pulses) and spectral fringes (delayed pulses while still overlapping).

Figure 4.6 shows two spectra with a different time delay between the pulses. The constructive
interference position is assumed to be at zero delay and is the position of the delay line where
the centre of the spectrum has the highest signal amplitude. The destructive interference
shows a spectrum with two local maxima and a roughly 50% reduction in signal amplitude
at the centre of the spectrum. Since the spectrometer resolution was limited, the tuning of
temporal coherence was limited. A perfect spatial coherence would lead to a zero signal at
the centre of the destructive interference spectrum. Once spatial and temporal coherence is
optimized, the alignment BBO at the electrodes is removed, and the neutral density filter
wheel is set to its highest reflection position before the LO’s BBO to avoid damage. The
laser divider is set to 1, leading to an average power of 20W. The high-voltage power supply
is plugged into the electrodes and warmed up for at least half an hour. This reduces the noise

of the applied voltage. To again ensure the best coherence between the LO and the E-FISH
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signal, the LO beam is blocked, and the E-FISH signal amplitude on the spectrometer is
noted, then the same is done with the LO, adjusting the ND wheel filter to have about half
the saturation limit of the spectrometer. Then both are released, and their combined signal
needs to be higher than the sum of their individual signals. Fine adjustments with the wedge

prisms can be made to achieve the highest signal.
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5.1 Foreword

This chapter has been submitted for publication as a peer-reviewed article in Optics Letters
on April 3rd 2023 [38]. The presented experiment exploits homodyne amplification detailed
in section 4, motivated by the need for sensitive measurements of the electric field in cold

atmospheric plasmas.

5.2 Abstract

We demonstrate sensitive electric field measurements by coherent homodyne amplification of
the electric-field induced second harmonic generation (E-FISH) technique. In the process of
E-FISH, an applied electric field breaks the centrosymmetry of an otherwise homogeneous
medium, in turn promoting the generation of the second harmonic frequency of an incident
field. Due to weak third-order hyperpolarizability and the requirement of an applied field to
break the symmetry, the E-FISH technique has been mainly used to study high fields, also
requiring a strong optical field and sensitive detection. Here we superimpose the E-FISH
signal with an auxiliary beam, also termed a local oscillator (LO), at double the incident
frequency. Coherent superposition of the LO and the E-FISH output allows for a homodyne
amplification of the otherwise weak nonlinear signal. We have demonstrated an increase of

signal-to-noise by a factor of 7, which results in a measurement time reduction of a factor of 49.
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This technique, local oscillator E-FISH, LOE-FISH, has a number of advantages: Detection
with intensified detectors is not required. Furthermore, instead of mJ pulsed lasers, we can
work with pJ pulsed lasers, which allows measuring at repetition rates of MHz and opens
single shot and real-time capability. The LOE-FISH technique increases in sensitivity at
lower electric field values. Our work is a demonstration of the principle. Already with our

first results from the demonstration, one can see the high potential of LOE-FISH.

5.3 Introduction, fundamentals, and challenges

Precise detection of electric fields is instrumental in a wide variety of applications. For
instance, on the security level, electric field sensing of ballistic projectiles charged by fric-
tion with atmospheric aerosols leads to earlier detection of potential threats to the popula-
tion [39]. Geological catastrophic events such as earthquakes can be predicted days before
the event through remote electric field sensing of atmospheric precursors [40]. In photonics,
detecting the electric component of ultrashort optical pulses unlocks high-precision dynamic
spectroscopy studies of the analytes in chemistry, material science, etc., while enabling high
bandwidth information processing tasks such as in telecommunication [41,42]. Precise elec-
tric field detection in quantum electrodynamics for mid-infrared and THz provides means for
improving quantum sensing technologies [43]. In-vivo electric field measurements in biologi-
cal samples hold promise for monitoring communication in bee populations, including both
low and high-frequency field emission [44]. On the other hand, Alzheimer’s disease has been
shown to be related to a reduction of the electric field in neuronal membrane potential [45].
Electric field measurements could allow us to remotely sense cell death in the mitochondrial
membrane. Drug delivery using cell electroporation is yet another application where pre-
cise sensing of electric fields holds great promise [46,47]. Finally, cold atmospheric plasma
also provides immense potential for biological application through local high electric field

improved transport of reactive chemistry. [48]

The exploitation of nonlinear optical processes for precision spectroscopy is ubiquitous in
science and technology. Toward field detection, several techniques are applied [49]. One
often used technique is the electric field-induced second harmonic generation (E-FISH). The
off-resonant nature of this process, i.e., it does not directly involve resonant excitation of spe-
cific electronic transitions, makes the E-FISH technique applicable to arbitrary wavelengths
in almost any type of gaseous or solid medium (only limited by the third-order hyperpolariz-
ability coefficient). As an optical technique, E-FISH is intrinsically a non-invasive detection
method in the regime where the intensity of the probe beam does not induce significant

photoionization.
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Nevertheless, E-FISH still presents a few challenges. While the time resolution of the tech-
nique is clearly determined by the duration of the probing laser pulse, the limitation on
spatial resolution is less clear. It was previously assumed to be on a length scale in the order
of the Rayleigh range of the probe beam since that is the region where the nonlinear signal
is assumed strongest due to the quadratic scaling with the light intensity. While this gener-
ally agrees well with experiments [32], recent investigations show that the entire interaction
region of the electric field and the laser beam contributes to the signal [6]. Therefore, an
increase in the uncertainty on the longitudinal resolution for E-FISH complicates or even
prohibits an accurate calibration of the electric field by a reference field measurement since
the length and shape of the calibration field are often larger than the measured field. One
way to overcome this is to limit the measurement volume by crossing two laser beams for
the E-FISH measurement. The generated second harmonic signal is then spatially separated
as a vector sum of the two incident laser beams. The signal originates only from the overlap
region of the crossed beams. By tuning the crossing angle and the focal length of the focusing
lens, the longitudinal spatial resolution can be adjusted to the experimental requirements.
Crossbeam E-FISH has been demonstrated in a chloromethane gas cell [50] and in air at
atmospheric pressure [7]. The proposed solution, however, has drawbacks: a greater crossing
angle increases the wave vector mismatch while also decreasing the interaction length, both

result in a significant reduction of the signal intensity.

Typically, E-FISH signals are generated with laser pulses of mJ energy and detected with
intensified detectors such as photomultiplier tubes (PMT) or intensified CCDs because the
second-order nonlinear coefficients resulting from the breaking of symmetry by the electric
field are very small. Hence the signal remains small. High-pulse energy lasers typically have
a low repetition rate of 10s of Hz to a few kHz [1,32,51], which ensures that the system
has enough time to relax from photoexcitation. On the other hand, this results in a long
averaging time to achieve good signals. Pulse energy often needs to be kept low due to

photoionization, which disrupts the measurements.

To stretch the energy over a longer time and thus reduce photoionization, picosecond and
nanosecond pulses have been used at the cost of temporal resolution [51-53]. Using mJ pulsed
lasers makes E-FISH diagnostics hardly accessible due to the high costs involved. Using
amplified detectors limits the range of detection due to saturation [20] or requires a correction
in the saturated regime [7]. Using 100s of pJ to mJ pulses and PMTs results in electric field
sensitivity of the order of few 100s V/cm at atmospheric pressure [20,32]. This detection limit
is due to the quadratic scaling of the E-FISH signal with the applied laser intensity. When
the measured field approaches zero, the generated signal decreases quadratically, regardless

of the laser source the detection device used. E-FISH is thus generally blind to low electric
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fields, which limits its applicability.

In the following, we address the problem of low signal generation and low field sensitivity of
E-FISH by demonstrating an optically amplified E-FISH technique that exploits homodyne
detection through the interference between the E-FISH signal and an externally generated

local oscillator beam at the second harmonic frequency.

First, we demonstrate E-FISH measurements at a high repetition rate in the MHz regime
using pJ pulse as an alternative to mJ pulsed lasers. The high repetition rate results in
better signal statistics, which allows for reducing the pulse energy, avoiding as much as

possible photoexcitation of the media. Second, we propose a new measurement technique we
call LOE-FISH.

The electric field of the E-FISH signal is (see e.g. [6])

EE—FISH X [EExt.maacE(W)E(w) : La (51>
where .
0o ezAkz q -
L= / Epn (2)——— .
o E t.(Z)l T Zi z ( )

is the integral over the longitudinal interaction distance of the electric field and the laser
beam, and Er.tmaee i the maximum measured electric field value. This results in an E-FISH

power of

2L2

<R

Pr_prsp EE:rt.mamP(W):| (5-3)

P% the fundamental beam power, zg the Rayleigh range of the focused beam, Eg,; (z) the
normalized measured electric field function and Ak the wave vector mismatch between the
fundamental and the E-FISH as

Ak = 2k¥ — k>

The factor i in equation 5.3 accounts for the variation of the fundamental beam intensity
at the focus depending on the focal length used.

2

From equation (5.3), we see the quadratic behavior of the generated signal from E7,,; .00

as

well as the dependence on the measured electric field distribution.

The total optical signal of the proposed optically amplified E-FISH technique, based on

homodyne amplification, follows:
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4 2
SLOE-FISH X (ELoemLo + EEFISH) ; (5.4)

where Spor_rrsy is the LOE-FISH signal, Eo is the electric field amplitude of the local
oscillator laser pulse, ¢ is the phase of Erp, and Eg_prgy is the electric field amplitude
of the pulse of the E-FISH beam. For our application, the phase difference is set to zero.
All fields are assumed to interfere constructively. By developing the right-hand side of the

equation, we get
Srop-rrsy X Eio+ E% pisg +2FE10E5_risn (5.5)

where all fields are now maximum amplitudes. The electric field of the local oscillator pulse
is constant with respect to the measured electric field. Dividing the equation by E?, shows

the behavior of the measured signal

Er_rrsu

Srop—rrsu < 14+2X + X* X =
Ero

(5.6)

The signal of LOE-FISH has a constant offset, which is the signal contribution of the LO. Like
regular E-FISH, LOE-FISH’s signal grows quadratically with the measured electric field. The
new and most interesting part is the additional linear term, which follows the linear behavior
of the signal of LOE-FISH. Due to the quadratic term, the impact is less important for high
electric fields and more important for low electric fields. For this regime, the linear term
becomes significant and can lead to a LOE-FISH signal several orders of magnitude greater
than that of regular E-FISH. To illustrate the importance of the linear term, the amplification
coefficient A of the LOE-FISH signal beside the regular E-FISH signal is defined as:
A — SLor-rF1sH — SLO

- 9 5.7
SE—FISH ( )

with Szo o< E%,. The signal from the LO is subtracted since it does not contribute to
the electric field measurement. By using the expressions in terms of electric fields, the

amplification follows

Ero

Ax1+2
Er_risu

(5.8)

The second term on the right-hand side of this equation shows the significant amplification
of the LOE-FISH at low E-FISH signals. The stronger the LO and the smaller the measured
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electric field are, the greater the amplification of LOE-FISH is beside regular E-FISH and
the more useful the technique gets.

5.4 Setup

The setup for the demonstration of optically amplified E-FISH is shown in figure 5.1. The

e
E

| +

®
i

Figure 5.1 Optically amplified E-FISH setup: 1. Pharos Laser, 2. Wedge mirror, 3. Neutral
density wheel filter, 4. lens f = 75 mm, 5. BBO crystal 100 um, 21° cut angle type 1, 6. lens
f = 100 mm, 7. Translation stage, 8. Wedge prisms pair, 9. Shortpass filter, 10. Zero-order
half-wave plate, 11. and 19. Beamdumps, 12. Polarizing beamsplitter cube, 13. Longpass
filter, 14. Dielectric mirror, 15. lens f = 75 mm, 16. lens f = 50 mm, 17. Square electrode
set, 18. Dielectric mirror, 20. Shortpass filter, 21. lens f = 100 mm and 22. spectrometer

light source is a PHAROS (Light Conversion, Lithuania) Yb:KGW regenerative amplifier
with a 1IMHz repetition rate, a pulse length of 260 fs at 1030 nm wavelength and a beam
diameter of 4 mm. The pulse energy for the experiment was 10uJ. The signal is detected
using an Ocean Optics HR2000+ spectrometer. A low-power beam (~ 0.45 W = 2.25 % x 20

W) is sampled with a wedge mirror to avoid back reflections and was used as a local oscillator
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beam. A neutral density filter wheel on the sampled laser line is used to avoid saturation of
the detector. The low-power beam is focused into a type 1 BBO crystal of 100 um thickness
with a cut angle of 29 degrees, using an f = 75 mm lens and collimated using an f = 100 mm
lens. The resulting beam magnification factor is M=f ;i /frocus = 1.333 and was selected to
match the laser beam size to the second-harmonic beam size, called the local oscillator (LO).
A combination of a delay stage and wedge prism pair is used to synchronize the arrival time
of the fundamental pulse and the LO pulse at the point of beam recombination. A short-pass
filter removes the remaining 1030 nm light from the LO. A combination of half-wave plate and
polarizing beamsplitter is used to control the power of the fundamental line, and a longpass
filter removes the optics interface-generated second harmonic of the fundamental beam. A
dielectric mirror reflecting at 1030 nm is used to recombine the LO and the fundamental
beam, as well as remove the second harmonic from the fundamental beam. Recombined
beams are focused between two square electrodes of 15 mm side-length with rounded edges
(to reduce field concentration at the edges) using an f = 75 mm focusing lens and an f =
50mm collimating lens. The minimum waist at focus is 16.4 pm in diameter. A high-voltage
DC power supply (0-10 kV, 6 mA and high voltage power supply, Speelman, U.S.; N.Y.)
generates an electric field between the electrodes. The applied voltage is measured with a
CT4028 voltage probe (Cal Test Electronics, US). A dielectric mirror and short-pass filter are
used to remove the fundamental laser beam from the signal beam, which is focused on the
spectrometer with an f = 100 mm lens. The spectrometer has an input slit of 25 ym which
makes it possible to detect the LOE-FISH effect since, for homodyne amplification, only a
positively interfering portion of the total cross-section needs to be measured. As a proof of
principle demonstration, a spectrometer slit is sufficient. The signal can be improved with

better mode matching.

5.5 Results

To compare LOE-FISH and E-FISH techniques, we perform a benchmark experiment where
both signals are studied as a function of the magnitude of the applied electric field. Both

data sets were taken with the same alignment (note the different y-axes).

The signal is measured with the spectrometer at an integration time of 100 ms giving an aver-
age of over 10° pulses per each spectrally-resolved measurement. After each integration time,
one spectrum is recorded. The following post-processing routine is used to obtain the signal.
All spectra for a given value of the applied electric field are integrated using the numerical
trapezoidal integral over a 12 nm range at the spectral region of interest. A histogram of

the resulting values yields the signal distribution, to which a Gaussian distribution is fitted.
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Figure 5.2 Comparison of calibration curves for LOE-FISH and E-FISH, the linear behavior
of LOE-FISH is shown. Note the two vertical axes (LOE-FISH is the left y-axis, and E-FISH
is the right y-axis, both are the same arbitrary units)

From this, the mean signal is gained, shown in figure 5.2. The standard deviation yields the
error bars. The offset was determined for both measurement techniques from the signal at
zero field and was subtracted from all respective data points for clarity. For LOE-FISH, this
offset comes from the LO signal. For E-FISH, the offset comes from the small parasitic
coefficient at the optics interfaces on the setup. For every point in figure 5.2, 100 spectra
were acquired and processed, yielding a the total exposure time of 10 seconds for one calibra-
tion point. The signal-to-noise ratio (SNR) for both techniques is calculated for every point.
By taking the ratio of the two technique’s SNRs, the SNR improvement of LOE-FISH over
E-FISH is shown in figure 5.3.

5.6 Discussion

One of the most important results from this experiment is the usage of MHz, uJ pulsed laser
for E-FISH diagnostic. SNR for the E-FISH measurement is greater than 1 for field strength
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Figure 5.3 Signal-to-noise ratio of LOE-FISH over E-FISH as a function of an external electric
field, a dotted line is a plot of equation 5.8

greater than 2.7 kV /cm, and the signal follows a quadratic behavior up to the limit of the
breakdown electric field, which was 35 kV/cm. This demonstration overcomes the problems

of saturation of amplified detectors and the requirement of high energy per pulse laser for
E-FISH.

Also, the new regime of low-energy excitation enables high repetition rate measurements,
allowing a significant increase of statistics for a given measurement time, recalling that every
point in figure 5.2 took only 10 seconds to measure. In addition, while keeping fs time
resolution, low energy pulses allow tight spherical focusing without inducing visible ionization
of the gas between the electrodes, in turn holding potential for improved spatial resolution.
In order to further increase the SNR of uJ-E-FISH for future measurements, laser power
fluctuation will be considered. Since LOE-FISH generates high-intensity light due to the
strong LO, amplified detectors like PMTs are not well suited. For LOE-FISH, a detector
sensitive to small variations of a high-intensity signal is best suited, for example, a pair of

balanced photodiodes. Instead of using a spectrometer and integrating spectra in a post-
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processing routine, a simple photodiode can be used and integrated in the temporal domain.

The second major breakthrough is the demonstration of low E-FISH signal amplification with
the newly developed technique LOE-FISH. For LOE-FISH, SNR is greater than 1 from 950
V/em and higher and was also measured up to 35 kV/cm, drastically improving the dynamic
range of the measurement. From figure 5.3, the improvement of SNR from regular E-FISH
to LOE-FISH reaches a factor of 7, implying a factor of nearly 50 reduced averaging time,
assuming normally distributed measurement noise, between E-FISH and LOE-FISH. We are
confident that this major boost of sensitivity for low fields will improve E-FISH measurements
in many applications requiring precise electric field measurements. Firstly, LOE-FISH opens
access to a non-invasive, very low electric field diagnostic. Secondly, LOE-FISH amplifies
signals from small volumes and will allow crossbeam geometry E-FISH. Finally, we believe
that with improved measurement, the LOE-FISH technique will be capable of sensing an
E-FISH signal from a single pulse, in turn allowing real-time electric-field diagnostics and
possibly imaging, allowing the measurement of electric field distribution in a yet unexplored

manner.
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CHAPTER 6 BOXCAR E-FISH

In the present chapter, an approach for LOE-FISH using a boxcar integrator is presented. The
aim of this experiment is to improve the signal-to-noise ratio (SNR) of E-FISH measurements
by specifically selecting a temporal window in the signal and only taking measurements in it.
Furthermore, for the boxcar measurements, a sinusoidal alternating voltage will be used to
demonstrate the capability of boxcar local oscillator E-FISH (BLOE-FISH) to measure tem-
porally varying electric fields. In the following, the fundamentals of the boxcar integrator will
be laid out. Then the experimental setup and the data processing routine will be presented,

followed by the results and a discussion on the future improvements to the experiments.

6.1 Boxcar averager

A boxcar averager is an electronic device developed for detecting pulsed signals with great
sensitivity. Its working principle is the following: The boxcar measurement is clocked by an
external reference signal. During the measurements, the boxcar system waits a predefined
time, after which it integrates the electronic input signal for a predetermined time window.
It then divides this integrated signal by the time length of the window to obtain the average
signal over the predefined window time length. This is followed by a subsequent latency
time until the triggering of the next integration window. The boxcar can average over many
cycles — the number of which is defined by the user — before recording a signal point. This

technique greatly reduces the requirements for data storage.

6.2 Application to LOE-FISH

In this work, once LOE-FISH amplification capabilities were demonstrated (see chapter 5),
the next step was to improve its detecting capabilities while also demonstrating its ability to
resolve electric field dynamics. Boxcar allows background subtraction through a secondary

integration window. The average signal is then adjusted to this background average.

6.2.1 Experimental setup

The optical setup for this experiment is similar to the setup presented in figure 4.4 in section
4. However, importantly, the detection layout was changed. A boxcar averager from Zurich

Instruments was used for preprocessing the detected signal from a photodiode with 1 ns rise
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time (DET10A, ThorLabs). This combination replaced the spectrometer. Its fast response
allows it to resolve each pulse individually. To ensure only constructive interference is de-
tected by the photodiode, an iris set to its minimum size (1 mm) is added into the signal
beam path before the detector’s focusing lens. Previously, this spatial filtering is ensured by

the slit of the spectrometer.

Figure 6.1 shows the electronic setup. The DC power supply was replaced by a combination
of an amplifier and a function generator. For this purpose, a Moku:Pro multitool instrument
from Liquid Instruments was used, allowing the usage of multiple tools in parallel. In the cur-
rent setup, the Moku:Pro served as the function generator and as an oscilloscope to visualize
the triggering signal clock, the preamplified voltage and the amplified voltage. The function
generator sent a sine wave of frequency 500 kHz to an AP-400B broadband amplifier from
ENI. A CT4028 high-voltage probe, with an input capacitance of 2 pF, an input impedance
of 900MS2 and a reduction factor of 1000, was used to monitor the applied voltage on the
electrodes with the oscilloscope mode of the Moku:Pro. To ensure a good power transfer
between the amplifier and the electrodes, a resonant circuit design at 500 kHz was set at the

output of the amplifier. The following electrode parameters were used for its design. The

Sig. in
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Figure 6.1 Electronic layout for the boxcar averager experiments.
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two square electrodes with a side length of 15 mm and a 2 mm electrode separation form a

capacitor of 1 pF (using a planar electrodes approximation). According to

1
fo= m; (6.1)

with fy the resonant frequency set to be 500 kHz, C' the combined capacity of the electrodes
and the probe of 3 pF and L the resulting required inductance of 0.033 H.

The inductor was made using a ferrite core toroid with an outside radius of 26.6 mm, a height
of 11 mm and a cross-section of 51.26 mm? and 14 AWG wire. The wire was wrapped 43 turns
around the toroid core. The number of turns required was estimated [54,55] and tuned to
optimize the energy transfer of the amplifier to the electrodes. Furthermore, a Faraday cage
was built around the electrodes and resonant circuit to minimize the emission of RF signals,
which could interfere with the measuring instruments. A Pharos laser, 260 fs pulse, 1 MHz
repetition rate, A = 1030 nm, was used for this experiment with a pulse energy of 10 uJ.
The laser’s pulse output reference signal was used as the master clock for this experiment.
This reference was sent to the Zurich Instruments boxcar and to the Moku:Pro function
generator. The function generator was set to burst mode. At every pulse of the laser, a
cycle of sinusoidal waves was generated. In order to ensure that every cycle was properly
triggered, the generated sine wave was set to 502 kHz. This workaround is not ideal since
the laser is set to a 1 MHz repetition rate, and 500 kHz was selected as the AC frequency so
that two pulses would interact with the field per cycle. We were forced to keep this strategy
because Moku:Pro requires a 10 MHz reference. The AC-generated signal was displayed with
the laser reference on the oscilloscope. Visual observation of a long-term recorded AC field

confirmed the 502 kHz burst mode functioned properly.

The generated burst mode sine wave was sent to the amplifier. The equipment was operated
in a saturated mode to avoid the modulation of the amplified wave by an envelope of roughly
300 Hz. This was a property of the amplifier and the matching circuit that could not be
improved until the end of the thesis. The resonant circuit was connected to the amplifier
output and the electrodes. The high-voltage probe measured the voltage, which was displayed

on the oscilloscope.

Figure 6.2 shows four amplified signals for different power settings in the unsaturated mode
and the saturated mode. While in saturated mode, the maximum amplitude of the 500 kHz
voltage stays relatively stable, but the wave is distorted with higher harmonics. On the
other hand, the unsaturated waves are closer to a sine wave, but the maximal amplitude is

modulated in time.
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(a) Saturated mode with maximum power (b) Unsaturated mode with power P;

(c) Unsaturated mode with power Ps (d) Unsaturated mode with power P3

Figure 6.2 Output voltages of the ENI amplifier for saturated mode (a) and unsaturated
modes (b), (¢) and (d) with power setting P;<Py<Pj3. Insets are zoom-out to show the
temporal variation of the maximum amplitude of the signal.

Three different signal analysis setups using different parameters of laser frequency and boxcar

integration were conducted

o Setup 1: Laser was set to 500 kHz, and a single integration window of 33 ns. It is
designed to resemble the previous measurements in section 5 with the difference that

only the signal portion of the pulse train is averaged in the present case.

o Setup 2: Laser was set to 500 kHz, and an integration window of 33 ns containing no
pulses was subtracted from the 33 ns window containing the pulse. It is the same as

Setup 1 but involves background cancelling for every pulse measurement.
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o Setup 3: Laser was set to 1 MHz, and two consecutive integration windows of 33 ns,
both containing a pulse, were subtracted one from the other. These two consecutive
pulses interact with opposite sign electric field (there is half a cycle of applied field
between them). It is designed to only detect the linear LOE-FISH portion of the signal

since the quadratic signal will always be the same for the two subtracted pulses.

Figure 6.3 shows a schematic of the three boxcar triggering schemes used in the present work.

The alignment procedure is the same as the one presented in section 4. The spectrometer is
replaced by a photodiode, and the signal beam goes through an iris set to 1 mm before the

detector in order to ensure only the constructive interference portion of the beam is detected.

For each of the three setups, the measurement procedure is the following: the phase offset
on the function generator is set to 0, and a 300-second measurement is performed with the
boxcar setup, which averages every 512 points to reduce the output file size. A 45 ° phase step
is added to the previous phase offset, and another 300 seconds measurement is performed.

The procedure is repeated until a full 360° phase sweep is achieved.
V
V l/\ VI/\
\/ \: \/ \U! VAR

e LeJ

(a) Setup 1 (b) Setup 2 (c) Setup 3

t

Figure 6.3 Schematic of the three trigger schemes for the boxcar measurement setups: (a)
a single integration window located at the pulse, (b) an integration window located at the
pulse from which the signal from an identical integration window just before the pulse is
subtracted and (c) two integration windows located at two consecutive pulses subtracted one
from each other.
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6.2.2 Data processing

The data processing is twofold. First, for every measurement of 300 seconds, all data points
are separated into 100 bins, and a histogram is generated, to which a Gaussian distribution

is fitted, and its mean and standard deviation are obtained.

Figure 6.4 Boxcar signal histogram with Gaussian distribution fitting and corresponding full
width at half-maximum (FWHM) and mean signal (Centre).

Figure 6.4 shows an example of this process. The second part of data analysis was performed
only on the results gained with setup 2. In this setup, the signal is expected to have a
linear dependence on the applied field and a quadratic dependence on the applied field (see
equations 5.5 and 5.1 in section 5). In order to resolve the two signals, the applied electric
field was fitted with a summation of sine waves. The same was done with the squared applied
field. The phase difference between the two fits was set to zero. An amplitude factor and a
vertical and a horizontal offset were added as parameters to the two fit functions. The sum

of the two functions was then fitted to the data points gained with setup 2 of figure 6.6.

6.2.3 Results and analysis

Figure 6.5 shows the measurement results using setup 3. Figure 6.5 a) shows the signal of a
phase sweep of 0-90° in 5° increments alongside a control measurement with the beam path
to the photodiode blocked. The difference of the two signals is shown in figure 6.5 b) and is
mostly positive and very small. It can be deduced that the quadratic behavior is cancelled by

comparing the two pulses in the boxcar averager and that the setup only detects the linear
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Figure 6.6 Comparison of results for 0 to 360 degrees phase sweep of setups 1 and 2 BLOE-
FISH with applied voltage waveform inset.

component, which can be attributed to the LOE-FISH effect. However, the linear signal is
very weak. This can be attributed to a low spatial coherence due to the usage of an iris

instead of a slit (see section 5). From the control (beam blocked), we see that the signal does
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not only originate from the detected beam. This can be explained by the unwanted emission
of radiofrequency waves by the electronic setup interacting with the detection electronics and

the boxcar.

For setup 1 and setup 2, a full 360° sweep was performed at 45° increments, as shown in figure
6.6. The signals of setup 1 and setup 2 are much stronger because the LO signal, as well
as the E-FISH signal, are not suppressed by pulse-to-pulse subtraction. Furthermore, the
signal-to-noise ratio of setup 2 is much better than for setup 1, as can be expected, because
the boxcar triggering scheme of setup 2 subtracts the background noise (red box in figure 6.3
b) ) from the signal. The measurement signal of setup 2 exhibits two maxima and minima
per 360° phase sweep cycle. This behavior is expected from a purely E-FISH signal due to
its quadratic behavior to the external electric field. From this, it can already be seen that

there is only a low linear portion of the signal, if any.

In the following, data processing is applied to identify the linear and quadratic portion, as
well as to gain the calibration for the electric field measurement. The results are shown in
figure 6.7.

The focus of the interpretation of the results will be on the regular (quadratic) E-FISH signal,

which shows a significant signal-to-noise increase over the non-boxcar measurements. The
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points. The dashed and point-dashed lines show the quadratic and linear components of the
signal, respectively.
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linear portion of the signal (LOE-FISH signal - dashed line in figure 6.7) is very weak, due to
the use of a larger aperture (in front of the photodiode) instead of the spectrometer slit (see
section 5), leading to low spatial coherence in the measurements. The linear portion of the
signal is shifted by a phase of m compared to the applied voltage (inset in figure 6.6). This
phase shift is induced by the polarity of the electrodes. Since the linear signal is the result
of the interference between the E-FISH signal and the LO, a relative phase shift between the

two can be observed.

Figure 6.8 shows only the E-FISH portion of the signal of setup 2 as well as the calibration
curve resulting from the data evaluation. Electric fields of 400 V/cm were detected with an
SNR of 1. In future, the signal-to-noise ratio can be improved much more by optimization of
the experiment, e.g. by a single shot recording of voltage and signal in the boxcar unit along
with a recording of the laser pulse energy to reduce the noise and by improving the triggering
scheme with a frequency clock at 10 MHz derived from the master clock, which reduces the
complexity of the burst trigger scheme used in this work. If one wants to measure the LOE-
FISH signal, spatial coherence must be verified by observing the E-FISH signal when blocking
the LO, then the LO signal needs to be observed while blocking the fundamental beam going
through the electrodes, and then the signal needs to be observed with no blocking. To ensure
good coherence, the detected signal with no blocking must be greater than the sum of the
LO and the E-FISH signal separately. A way to facilitate good spatial coherence would be
to use a pinhole instead of an iris and use an amplified photodetector to compensate for the

lower signal.

Comparing the results from boxcar E-FISH with the ones acquired with the spectrometer
(see section 5), we see the following improvements: The acquisition time with the spectrom-
eter was 10 seconds and 300 seconds with the boxcar setup. The SNR from the spectrometer
experiment is equal to 1 at 2.7 kV/cm and 1 at 400 V/cm for the boxcar averager exper-
iments. Since SNR improves as y/Ngsgmpie, hence with (/acquisition time X repetition rate,

the expected improvement regarding the acquisition time only is

300 s x 500kHz
\/10 s x 1000kHz V30 ~ 3.87

and the observed improvement from the spectrometer setup to the boxcar is

2700 V/cm

= 6.75
400 V/cm

To summarize: using a boxcar averager, the SNR of the E-FISH measurements can be im-

proved by more than 70%. The setup still has many options for improvement.
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Figure 6.8 E-FISH boxcar results, linear components (LOE-FISH) are subtracted from the
data points (blue dots), the dashed line is the quadratic fit function to the data points, the
inset shows the resulting calibration curve, electric fields are squared and shown in VZ/cm?.

Combining the results of section 5 and this section, it can be seen that a strong improvement of
E-FISH can be achieved in sensitivity and acquisition time by linking LOE-FISH with boxcar

measurements, resulting in BLOE-FISH measurements with high accuracy and sensitivity.
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CHAPTER 7 GENERAL DISCUSSION

In this thesis, the E-FISH technique has been considerably improved. This chapter presents

and discusses the project’s objectives and the corresponding outcomes.

7.1 Outcome of thesis

The first objective of the thesis was to explore the feasibility of crossbeam E-FISH. A simpli-
fied model for the output power was developed, and meticulous analysis of the results shows
two distinct signal regimes characterized by an interaction length greater than the measured
electric field extends, on the one hand, and an interaction length smaller than the measured
electric field extends, on the other. In the second regime, already a small variation of the
crossing angle results in an increase in the output signal of two orders of magnitudes. This
shows the importance of the electric field distribution on E-FISH signal generation. Sim-
ulations also show a drastic signal decrease with both an increase in crossing angle and in
focal length. Those conclusions highlight the important need for sensitivity improvement of

E-FISH measurements, which is the main objective of this work:

The development of a sensitivity-improved measurement scheme for E-FISH was achieved
through two approaches. The first involves DC electric field measurements using homodyne
amplification through interference with a local oscillator (LO). The results show a 7-fold
improvement in SNR, leading to a measurement time requirement close to 50 times shorter
than for regular E-FISH measurements under comparable conditions. This new technique
also allows for the first time the direct measurement of the sign (positive or negative) of the
electric field using E-FISH. The second experiment involved the measurement of an amplified
AC signal using a boxcar averager. E-FISH measurement sensitivity was improved by more
than 70%.

All of these measurements were conducted using a 1 MHz, 10 p J pulsed laser. This novel ap-
proach shows significant statistics improvement, leading to a drastic reduction of acquisition

time compared to the often-used Hz to kHz laser sources.
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CHAPTER 8 CONCLUSION

8.1 Contribution

The work presented in this thesis is the first and significant step toward a new generation
of non-invasive electric field characterization techniques. It proposes a novel optical ampli-
fication scheme that shows an impressive factor of 7 improvement in signal-to-noise ratio at
low electric field and promises solutions to study the low electric field plasma dynamics and

allows for single-shot detection in sensitive electric field measurements.

8.2 Limitation of the proposed solution

The proposed solution for the amplification of the E-FISH signal is obtained through the
interferometric interaction of the LO and the E-FISH signal. This makes the setup sensitive
to small changes in the laser path, making the measurement sensitive to external elements
such as pressure and acoustic waves, vibration of the optic table, thermal expansion of optics
mounts, change of refractive index of optics, etc. For the proposed solution regarding the
improvement of spatial resolution, we demonstrate a significant decrease in signal for high
crossing angles, limiting the spatial resolution. Using a MHz laser source also limits the pulse
power for diagnostics in plasma sources due to technical limitations. The photoexcitation of
the measured system must remain low in order for it to come back to its initial state before
the arrival time of the next pulse. However, with the proposed technique, high repetition
lasers can be used, less expensive equipment than for high pulse power lasers can be used,
and simple detectors can be used. All these advantages promise to lead to the proliferation

of LOE-FISH technology and an improvement in low electric field detection.

8.3 Future improvements

For the simulation, the model would be closer to reality by implementing an integral over
a frequency range to simulate a short-pulsed laser source with broad spectral bandwidth.
The following elements will yield improvement to the presented measurements. Instead of
averaging the field for an entire measurement and using it for all pulses of this measurement,
the pulse-to-pulse monitoring of the measured electric field in the electrode would allow the
normalization of the generated signal for every pulse. Also, monitoring the pulse-to-pulse

power fluctuation of the laser and normalizing each pulse signal or using balance photo
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detection would get rid of the source of the noise. Then, measurements in plasma jets will
confirm the low electric field detection improvements. For the spatial resolution, using a

cylindrical lens and array detectors would allow 1D measurements of plasma filaments.
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Figure A.1 Crossbeam homodyne amplificated E-FISH setup: 1. Pharos laser, 2. Wedge mirror, 4. Zero-order halfwave plate,
5. Polarizing beamsplitter cube, 6. Non-polarizing 50% beamsplitter cube, 9. Longpass filter, 10-31-34-35. D-shaped mirror,
16-26. Translation stage, 18. Neutral density wheel filter, 19. lens f =75 mm, 20. BBO crystal 100 ym, 210 cut angle type
1, 21. Lens f = 100 mm, 27. Wedge prism pair, 28. Shortpass filter, 30. Zero-order halfwave plate, 32. Lens f = 75 mm, 33.
Lens f = 50 mm, 38. quare electrode set, 39. High voltage probe, 40. Dielectric mirror, 41. Shortpass filter, 42. Detector,
3-7-8-11-12-13-14-15-22-23-24-25-29. Silver mirror , 17-36-37. Beamdumps
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