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Frequently used acronyms and chemical formulas

AGS
AlOs
AOI
AOPDF

BaF
BBAR
BBO
BSC
BWO
CCD
CEP
CaF
CO2
CPA
Cw
DFG

DcM
DM
eo
FEL
FIR
FOD
FROG

FTIR

FTL

silver gallium sulfide
sapphire
angle of incidence

acousto-optic programmable
dispersive filter

barium fluoride
broadband antireflection
beta barium borate

beam splitting cube
backward wave oscillator
charge-coupled device
carrier to envelope phase
calcium fluoride

carbon dioxide

chirped pulse amplification
continuous wave

difference frequncy
generation

dichroic mirror
dispersive mirror
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free-electron laser

far infrared

fourth order dispersion

second harmonic frequency-
resolved optical gating

Fourier-transform infrared
spectroscopy

Fourier-transform limit

FWHM
FWM

GaAs
GD
GDD
GaSe
GVD
HHG
H20
HWP

KBR
KRS-5
LASER

LiF
LN
LWIR
MgF
MIR
MZI
NIR

OAP
OPA

full-width at half maximum
four-wave mixing

full wave plate

gallium arsenide

group delay

group delay dispersion
gallium selenide

group velocity-dispersion
high harmonic generation
water

half wave plate

infrared

potassium bromide
thallium bromo iodide

light amplification by
stimulated emission of
radiation

lithium fluoride

lithium niobate

longwave infrared
magnesium fluoride
mid-infrared

Mach-Zehnder interferometer
near-infrared

ordinary

off-axis parabolic mirror

optical parametric
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OPCPA

OPD
OR
OSA
PC
RMSD
ROC
RP
SFG
SHG
Si
SH-SRI

SPM

optical parametric chirped
pulse amplification

optical path difference
optical rectification

optical spectrum analyzer
personal computer

root mean square deviation
radius of curvature

relative phase

sum frequency generation

second harmonic generation

silicon

second harmonic assisted
spectrally resolved
interferometry

self-phase modulation

SRI

STD
SWIR
TEC

THz
THz-TDS

THG
TOD
uv
YAG
ZnS
ZnSe

spectrally resolved
interferometry

standard deviation
shortwave infrared
transverse electron current
terahertz

terahertz time-domain
sprectoscopy

third harmonic generation
third order dispersion
ultra-violet

yttrium aluminum garnet
zinc sulfide

zinc selenide



“In the beginning the Universe was created. This has made a lot of people very
angry and been widely regarded as a bad move.”

Douglas Adams

1. Introduction

The history of nonlinear optics started with the theory of two-photon absorption, which was
predicted in 1931 by Maria Goeppert Mayer in her PhD thesis. However, the scientific community
had to wait another thirty years for the first experimental evidence. The construction of the first
laser (light amplification by stimulated emission of radiation) [1] in 1960 by T. H. Maiman, made
it possible to develop light sources with sufficient intensity for nonlinear optics. W. Kaiser and P.
A. Franken demonstrated two-photon absorption [2] and second harmonic generation (SHG) [3]
in 1961. The development of laser technology led to important scientific breakthroughs in
nonlinear optics. Denes Gabor won the Nobel Prize in Physics in 1971 “for his invention and
development of the holographic method” [4]. R. Weiss, B. C. Barish and K. S. Thorne were
awarded the Nobel Prize in Physics in 2017 “for decisive contributions to the LIGO detector and
the observation of gravitational waves” [5]. Their scientific feat was indirectly made possible by
the development of lasers. Finally, it must be mentioned that G. Mourou and D. Strickland shared
the Nobel Prize in Physics in 2018 “for their method of generating high-intensity, ultrashort
optical pulses” [6].

Soon after the discovery of SHG, sum frequency generation (SFG) [7, 8] was demonstrated in
1962 by M. Bass and R. C. Miller. This nonlinear optical process allowed the development of
tunable light sources in the ultraviolet (UV) spectral domain. During the SHG, two photons with
equal frequencies (w1 = w?) are annihilated and one photon (w3 = 2 xw1) with twice of the initial
photons’ frequency is generated. Similarly, during SFG, two photons with different frequencies
(w1 # w2) are annihilated and one photon (w3 = w1 + @2) with the sum of the initial photons’
frequencies is generated. SHG can be considered as a degenerate case of SFG, where the initial
photons’ frequencies are equal. Another important nonlinear optical phenomenon is difference
frequency generation (DFG) [9], which was demonstrated in 1963 by A. W. Smith. This nonlinear
optical process allowed the development of tunable light sources in the infrared (IR) spectral
domain. During DFG, from two photons with different frequencies (w1 > w2) the photon with the
higher frequency (w1) is annihilated, and two other photons are generated (w2, w3 = w1 — w2). The
frequency of one photon equals the other initial photon’s frequency (w2), therefore now there are
two photons (w2 — 2 xw2) with the same frequency. The other photon’s frequency is equal to the
difference between the initial photons’ frequency (w3 = w1 — w2). Another nonlinear optical
phenomenon is optical parametric amplification (OPA) [10, 11], which was presented in 1965 by
S. A. Akhmanov and J. A. Giordmaine. During DFG, the aim is to generate the difference-frequency
photon (w3 = w1 — w2) of the two initial photons, however the aim during OPA is to



multiply/amplify the lower frequency photon (w2 — 2xw2) of the two initial photons This
nonlinear optical process is able to effectively multiply/amplify the photons in the IR spectral
domain.

G. Mourou and D. Strickland have made important contribution to nonlinear optics by the
development of chirped pulse amplification (CPA) [12], which is also known as the “second-
generation femtosecond technology” [13]. CPA allowed for the construction of laser systems with
peak powers in the terawatt (TW) and petawatt (PW) ranges, generating unprecedented intensities
to explore new depths in the field of nonlinear optics. The next important development step in the
history of nonlinear optics came in 1992, when A. Dubietis, G. Jonusauskas and A. Piskarskas
combined the OPA and the CPA phenomena and developed the optical parametric chirped pulse
amplification (OPCPA) scheme [14], which led to a new technological era in laser development,
the so called “third-generation femtosecond technology” [13]. This technology made available
light sources with even more diverse spectral ranges and improved the spectral tunability of these
light sources. The key advantage of this technology over previous ones was that these light sources
could operate in different spectral domains simultaneously [13, 15-17]. In addition, if the pump
and the signal beams are provided by the same source, the generation of passively stable carrier to
envelope phase (CEP) idler beams [18] becomes possible, which is a very important property in
relation to few-cycle laser pulses.

One of the current trends in few-cycle pulse development is to move towards longer central
wavelengths, to the mid-infrared (MIR) spectral region, where OPCPA sources are routinely built
nowadays [15, 19-21]. The advantage of a longer carrier wavelength in these systems is the
ponderomotive potential. It is the cycle-averaged vibration energy of a charged particle in an
oscillating electric field, and it scales with the square of the carrier wavelength. As a result of this
scaling law, the secondary light source pumped with MIR laser systems produce higher cut-off
photon energy for high harmonic generation (HHG) [22] and generate higher intensities for
terahertz (THz) pulse generation [23-30]. Pulse duration can be further shortened by subsequent
self-phase modulation (SPM) in bulk solid-state media [31-36] followed by re-compression. Re-
compression can be achieved by propagating the pulses through optical materials with positive or
negative group delay dispersion (GDD) available in the MIR spectral domain. Unfortunately, to
achieve the shortest possible pulse duration, higher order derivatives of the spectral phase, such as
the third order dispersion (TOD) must be compensated for. TOD compensation is challenging,
since most of the transparent materials have positive TOD, which is a limiting factor in the
postcompression of few-cycle pulses. A possible solution is the use of dispersive
mirrors (DMs) [37-41], which can be designed to have an arbitrary spectral phase, and in this case
they produce TOD with a negative sign.

THz covers the longwave infrared (LWIR) and the far infrared (FIR) spectral domains. Besides
the fact that natural, incoherent THz radiation surrounds us as background radiation, there are
several ways to generate coherent THz sources. An important scheme, which is the subject of my
doctoral dissertation, is the two-color ionization in gases. This experimental approach results in



spectrally broad coherent THz radiation, which is a useful tool for THz time-domain
spectroscopy (THz-TDS) [42] and a potential source as a probe in transient absorption
spectroscopy. The THz radiation source is the transverse electron current (TEC) built up inside
plasma [43-44], which is a renewable secondary source due to its generating medium: air. The
important prerequisite of this THz generation method is the application of an asymmetric
electromagnetic field, which accelerates the free electrons from tunnel ionization in one direction
more effectively, than in the other, which develops a TEC inside the plasma [43-44]. The two most
straightforward ways to achieve an asymmetric electromagnetic field are through the use of few-
cycle and/or two-color pulses. The generation of few-cycle pulses is still a challenge, but there are
continuous developments in this direction [31-36]. THz pulse generation based on the latter
method was demonstrated successfully in 2000 by D. J. Cook [45]. Several scientific studies have
shown that the efficiency of this type of THz generation increases with the carrier wavelength of
the fundamental pulse [23-30] due to the ponderomotive potential.

The goal of my doctoral dissertation is to explore few-cycle pulse generation in the IR spectral
region, especially in the MIR and the THz spectral domains. The scientific background on few-
cycle MIR pulses and THz generation from two-color laser induced plasmas is presented in
Chapter 2. The properties of the different spectral domains of the electromagnetic spectrum are
discussed in Chapter 2.1. The fundamentals of nonlinear optics are presented in Chapter 2.2. The
MIR OPCPA system at ELI ALPS Research Institute, which was the light source for the
experimental work and the basis for the numerical simulation for THz pulse generation, is
discussed in Chapter 2.3. The various methods for THz pulse generation, especially the two-color
ionization in gases, are discussed in Chapter 2.4. The numerical simulations for THz pulse
generation are described in detail in Chapter 2.5. The spectral phase measurement methods, the
conventional spectrally resolved interferometry (SRI) and the second harmonic assisted SRI (SH-
SRI) are presented in Chapter 2.6. After the discussion of the scientific backgrounds, the
experimental and numerical methodology, as well as the new scientific findings of my doctoral
work are presented in Chapter 3. The results with the conventional SRI and the SH-SRI are
discussed in Chapter 3.1. The postcompression results of the MIR OPCPA light source at ELI
ALPS Research Institute are presented in Chapter 3.2. The results of the numerical simulations
for THz pulse generation with few-cycle, MIR pulses are discussed in Chapters 3.3 to 3.6. Finally,
the summary of my doctoral dissertation in English and in Hungarian are presented in Chapter 4
and Chapter 5, respectively. The experiments and calculations for this dissertation were performed
at ELI ALPS Research Institute.



“Don't Panic.”

Douglas Adams

2. Scientific background

This chapter briefly summarizes the scientific background required to understand the results of my
doctoral dissertation. The electromagnetic spectrum and its subdomains are discussed in
Chapter 2.1. The fundamentals of nonlinear optics are presented in Chapter 2.2. The MIR OPCPA
system, which was the light source for my experimental works and the basis for my numerical
simulations for THz pulse generation, is discussed in Chapter 2.3. The various methods for THz
pulse generation, especially the two-color ionization in gases, are discussed in Chapter 2.4. The
numerical simulations for THz pulse generation are described in detail in Chapter 2.5. The spectral
phase measurement techniques, the conventional SRI and the SH-SRI are presented in
Chapter 2.6.

2.1. Electromagnetic spectrum

The electromagnetic spectrum stretches from subhertz over exahertz, and the different spectral
domains within it can be classified according to the physical, chemical, and biological effects of
the electromagnetic waves. To get an overview on how the different electromagnetic waves
interact with matter, the spectral domains, including their boundaries, and their typical light-matter
interactions are shown in Table 2.1.

The main topic of my doctoral dissertation focuses on the IR spectral domain, whose
wavelength range starts at 0.7 um and ends at 1. mm, which corresponds to a frequency range from
430 THz to 300 GHz, respectively. This spectral domain was first recognized by Sir William
Herschel in 1800 [46]. During his experiments, he measured the temperature of each color of
sunlight refracted by a prism with a series of thermometers. Herschel showed that the red portion
of the spectrum heated up the corresponding thermometer more than the blue part. He also
recognized that over the red part, the reference thermometer showed the highest temperature. From
these results he concluded that there must be an invisible light beyond the red part of the visible
spectrum, which is now called the IR spectral domain and has the following subdomains: the near
infrared (NIR) from 0.7 um to 1.4 um, the shortwave infrared (SWIR) from 1.4 um to 3 um, the
MIR or midwave-IR from 3 um to 8 um, the LWIR from 8 um to 15 um and the far infrared FIR
from 15 um to 1 mm.



Spectral  Wavelength Frequency Light-
domain [mm] [Hz] matter
interaction
Radio above 10° below plasma
waves 3 XIOS oscillation
Microwaves | 10°to 1 3x10% plasma
to 3x108 oscillation,
molecular
rotation
Infrared | 1to 7x10* | 4.3x10* plasma
to 3x JOM oscillation
(metals only),
molecular
rotation,
molecular
vibration
Visible 7x10™* 7.5%x10% plasma
to 4x10™ to oscillation
14 | (metals only),
4.3x10 molecular
electron
excitation
Ultraviolet 4]0 310 molecular
to 10°® to vlalence
14 electron
7.5%10 excitation
and ejection,
atomic
valence
electron
excitation
and ejection
X-rays 10°to 108 3x10%° atomic core
to 3 %10 electron
excitation
and ejection
Gamma below 108 above atomic core
rays 3x 0O e_Iect_ron
ejection,
atomic nuclei
excitation
and
dissociation

Table 2.1: The spectral domains of the electromagnetic spectrum, their boundaries, and typical
light-matter interactions

The IR spectrum has numerous useful applications in spectroscopy, metrology, climatology,
astronomy, and defense. IR spectroscopy is a very useful method when it comes to the
identification, quantification, and characterization of materials as it has high chemical specificity
and is a non-destructive analytical tool. The NIR photons’ energy is in the same range as the



transitional energy between the vibrational states of matter, which facilitates their investigation
via IR spectroscopy. Similarly, the MIR photons have lower energy, and are therefore suitable to
map the fundamental rotational and vibrational states of matter. As we continue to longer
wavelengths, the FIR photons allow us to directly excite the low-frequency vibration states of
solids and the rotational states of molecules in the gas phase. With the typical IR spectroscopic
absorption technique, the transmission of the sample, illuminated with IR radiation, carries
quantitative and qualitative information about the sample, which can be deduced from the position
and magnitude of spectral attenuation. The measurement can be performed with either
monochromatic or multichromatic radiation, but the latter method is preferred due to its multiple
advantages. One of the most well-known techniques available for the analysis of changes in the
IR spectral domain is called Fourier transform infrared spectroscopy (FTIR) [47]. In this case the
broadband light source illuminates the sample and is analyzed by an interferometer, typically a
Michelson type. The interferometer splits the incoming light into two parts, which create
interference at the output of the interferometer as a function of the optical path difference (OPD)
between the two arms. The spectral composition of the beam is recovered through Fourier analysis
from the interferograms recorded at different OPDs by a personal computer (PC). This method has
several advantages over other methods based on monochromatic light sources: The first one is the
multiplex or Fellgett's advantage. Information is collected simultaneously at all wavelengths,
wherefore the signal-to-noise ratio is higher at any given measurement time. The second one is the
throughput or Jacquinot's advantage. In the case of monochromatic measurements, the
monochromator has slits at the entrance and at the exit, which thoroughly limits the amount of
useful light. In contrast, there is no such restriction when an interferometer is used. Therefore, the
signal-to-noise ratio will be higher at any given spectral resolution. The last one is the wavelength
accuracy or Connes' advantage. In case of FTIR, the wavelength is calibrated to the internal laser
beam, which provides and internal reference. This method is much more accurate and stable than
the monochromatic devices, where the scale highly depends on the mechanical position of the
diffraction grating.

In THz spectroscopy, THz-TDS [48] is a widespread measurement method. It is similar to
FTIR in the sense that the measurements are also performed in the time domain instead of the
spectral domain. However, in contrast to FTIR, in addition to the amplitude information, the phase
information also can be recovered, which allows us to extract the complex refractive index of
materials interacting with the THz beam. The schematic figure of the THz-TDS method is shown
in Figure 2.1. In this method, the driving system is usually an intensive few-cycle laser system.
The pulses are divided into two parts: the more intense one generates the THz pulse, while the
other detects it. The THz pulse can be generated with several methods, a more detailed description
of which can be found in Chapter 2.4. During the process, the THz beam is typically collimated
with an off-axis parabolic (OAP) mirror and refocused on the sample with another OAP. After the
sample, the THz beam is collimated again and focused on the THz detector together with the
reference beam. The signal from the detector is digitized and analyzed by a PC, which also controls
the motorized delay stage in the reference beam path. The latter is needed because — as | mentioned
earlier — the measurement takes place in the time domain instead of the spectral domain.

10



DcM

OAP OAP
Sample {
OAP OAP

Motorized delay stage

Driving E

system

Figure 2.1: The schematic figure of the THz-TDS method. BSC — beam splitting cube, OAP — off-
axis parabolic mirror, DcM — dichroic mirror, PC — personal computer

THz radiation has several advantages in the field of spectroscopy: for example, most packaging
materials, such as paper, cardboard, and textile, are transparent in this spectral range [49].
Furthermore, due to its low photon energy, it is hon-ionizing radiation, which makes it suitable for
testing chemical and biological samples without risk [49]. Finally, many materials, such as
explosives, narcotics, and medicines, have unique spectral characteristics in the THz spectral
domain, which allows for their identification [49]. Due to the above properties, this type of
spectroscopy method has undergone significant development in the recent past.

2.2. Nonlinear optics

When the dielectric material is irradiated with an electic field, it will react to it and this reaction is
called the dielectric polarization. If the excitation is weak, the response will be linear. In this case,
we are talking about linear optics. The dielectric polarization of the dielectric material is defined
as follows:

P(t) = eoxVE(), (2.1)

where & is the vacuum’s permittivity (8.85x10™*? F/m), x\ is the first order of susceptibility and
E(t) is the applied electric field. When the electric field is intense enough, Equation 2.1 changes
as follows:

P(t) = eg(X VE®) + x@PE2(t) + x®E3(t) + ), (2.2.0)
Py(t) = eoxVE(0), (2.2.b)
P,(t) = eox PE?(t), (2.2.0)
P3(t) = eox PE3 (1), (2.2.d)
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where x® and »® are the second and the third orders of susceptibility, respectively. The symbol
22 is in the order of unity, while @ and »® are in the order of 1.94x10*2m/V and 3.76x10
24 m?/V2, respectively [50]. Based on the above, the second term of the dielectric polarization
(P2(t)) is comparable to the first term (P1(t)), when the applied electric field is in the order of
5.14x10* VIm, which is the atomic unit of the electric field [50]. Likewise, the third term of
dielectric polarization (P3(t)) is comparable to P1(t), when the applied electric field is in the order
of 2.64x10% V/m, which is the square of the atomic unit of the electric field [50]. The following
subchapters discuss the different second and third order nonlinear optical processes.

2.2.1.Second order nonlinear processes

I must start this chapter with an important note: second order nonlinear optical processes only
happen in materials without central symmetry, otherwise »? is zero. First, let us consider a
monochromatic electric wave:

E(t) = Ee™'@t 4+ Eel@t | (2.3)

where w is the angular frequency. The second term is the complex conjugate of the first term. If
we apply Equation 2.3 in Equation 2.2.c, we obtain the following:

P,(t) = eox PE?(t) = EOX(Z)(Ee_i‘*’t + Eeiwt)z
= 30X(2)(2(E)2 + E2e-i2wt 4 Ezeizwc)_ (2.4)

The first term of Equation 2.4 is the so-called optical rectification (OR), which is a static electric
field. The second term of Equation 2.4 is the SHG, and the third term is the complex conjugate of
the second term. As mentioned earlier, during this phenomenon two photons with equal frequency
are annihilated (w1 = @2) and one photon with twice of the initial photons’ frequency is generated
(w3 = 2%xw1). The schematic process of SHG is shown in Figure 2.2.

2w

\ 4

Figure 2.2: The schematic process of SHG. The solid line is the ground level, and the dashed
lines are virtual levels.

In the next step let us consider a dichromatic (w1 # w2) electric wave:

E(t) = Eje™'1t 4 Eye™i@2t 4 E o1t + Epel@2t (2.5)

12



where the first term is an electric wave with w1 angular frequency and the second term is another
electric wave with w2 angular frequency. The last two terms are the complex conjugate of the first
two terms. If we apply Equation 2.5 in Equation 2.2.c, we obtain following:

Py(t) = eox PE?(t) = gox P (Ee~i@1t + Eye~i@2t 4 Eiei@nt + Ezei“’zt)2

= e P (2E:)? + 2(E;)?) (2.63)

+eox @ (EZe~201t + EZei2ont) (2.6.b)
+eox P (EZe™1202t + EZel2w2t) (2.6.c)
+eox P (B Eye (@110t 4 |y Fpel(@atwalt) (2.6.d)
+eox @ (B Epe™ (@170t 4 | Epel(@1m@2)t) (2.6.€)

where Equation 2.6.a is the OR of the dichromatic wave, while Equation 2.6.b and Equation 2.6.c
are the SHG of the electric waves. Equation 2.6.d is the SFG. As mentioned earlier, during this
process two photons with different frequencies (w1 # w2) are annihilated and one photon with the
sum frequency (w3 = w1 + w2) of the initial photons’ frequencies is generated. The schematic
process of SFG is shown in Figure 2.3.

(V% I
—)] b= =

w,+Ww,

Figure 2.3: The schematic process of SFG. The solid line is the ground level, and the dashed
lines are virtual levels.

Equation 2.6.e is the DFG, which phenomenon starts with two photons (w1 > w3). During the
process, the higher frequency photon (ws1) is annihilated, and two photons (w2, w3 = w1 — w?) are
generated, one with the frequency equaling the frequency of the lower frequency photon (w2) and
another with the difference frequency (ws = w1 — w2) of the initial photons. As one can see, the
DFG process multiplies/amplifies the lower frequency photon (w2), therefore it is also called OPA.
The schematic process of DFG is shown in Figure 2.4. The SFG and DFG are practical solutions
to generate tunable sources in the UV or in the IR spectral domains. The combination of the OPA
and CPA schemes are the so-called OPCPA [14], where the pulses are stretched before the OPA
process and are recompressed after it. Thanks to this, higher peak powers become available
compared to the conventional OPA.

13
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w;-W,

Figure 2.4: The schematic process of DFG. The solid line is the ground level, and the dashed
lines are virtual levels.

As one can see, there are four different second order nonlinear optical processes (OR, SHG,
SFG and DFG), however usually only one of them is intense enough to generate a significant
amount of photons. The energy and the impulse conversion determine which process is the
dominant:

hw, = hog + ho; , (2.7.9)
n(wp)hwp/c - n(ws)hws/c + n(wi)hwi/c , (2.7.b)

where 7 is the Planck constant over 2z (1.05x103* J/s), ¢ is the speed of light (3.00x10® m/s) and
n(w) is the material’s refractive index. Equations 2.7.a and 2.7.b are usually satisfied for only
second order nonlinear optical process.

2.2.2.Third order nonlinear processes

In contrast to the second order nonlinear optical processes, the third order nonlinear processes take
place in any material. First, let us consider a monochromatic electric wave. If we apply
Equation 2.3 in Equation 2.2.d, we obtain the following

Py(t) = ey D E3(t) = gy (Ee~ 1t + Eeivt)’
= goX(3)(E3e—i3wt + 3E3e-iwt 4 E3oi3wt 4 3E3eiwt) . (2.8)

The first term of Equation 2.8 is the third harmonic generation (THG). During this process, three
photons with the same frequency are annihilated (w1 = w2 = w3) and a single photon with a
frequency equaling three times the initial frequency is generated (ws = 3 xw1). The schematic
process of THG shown in Figure 2.5.
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Figure 2.5: The schematic process of THG. The solid line is the ground level, and the dashed
lines are virtual levels.

If we apply Equation 2.3 in Equation 2.2 and only consider Pi(t) and P3(t), we obtain the
following equation:

P(t) = gy W (Ee~i@t 4+ Eei®t)
+£0)((3)(E36_i3wt + 3E36—iwt + E3ei3wt + 3E3eiwt) ) (29)
where the first term of Equation 2.9 is P1(t). As mentioned earlier, the second term is the THG.

Let us take a closer look at the second term and extract the common parts. Then we obtain the
following equation:

P(t) = go(x®P + 3(E)2x®) x (Ee~t 4+ Eel®t)
+egx P (E3e~Bet 4 E3eBet), (2.10)

The (Y+3(E)%/®) part is replaceable with the expression of yer, which is connected to the
refractive index of the material as follows:

n? =1+ yerr=14+x® +3(E)2x® . (2.11)

A material’s refractive index can be characterized with a linear refractive index (no), which is
constant and with a nonlinear refractive index (nz), which depends on the intensity. The common
expression of the refractive index is the following:

n=ng+n,l =ng+ ny(E)?. (2.12)

Let us square Equation 2.12 and substitute it in Equation 2.11. After neglecting the fourth order
terms, we get the following expression:

nZ + 2ngny(E)? =1+ yW + 3(E)?y® . (2.13)
From Equation 2.13 the no and n2 can be expressed as follow:

ny =1+ 1@, (2.14.)

3¢ (3
n, =X 2m, - (2.14.b)
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Based on the above, the second term of Equation 2.9 is responsible for the n, index, which is
connected to 4.

Let us briefly talk about some of the consequences of n». First, we must discuss the
phenomenon of self-focusing, which was predicted in the early 1960s [51, 52] and demonstrated
later in the same decade [53, 54]. Due to ny, the refractive index of the material temporary changes,
when high intensity beams propagate through it. When the intensity profile of the beam is
inhomogeneous, the refractive index profile will be also inhomogeneous. Thanks to this, most
materials act like a focusing lens, when they interact with high peak power pulses. If the beam’s
intensity is greater than the critical peak power (Pcr), it will be self-focusing after a certain
propagation distance. This can be described as follows:

_ al?
Pr =" [4mnyn, - (2.15)
where A is the carrier wavelength of the beam and « is a constant, characteristic of the intensity
profile of the beam. In case of a Gaussian intensity profile, the value of a is 1.8962 [55].

Another effect of nz is SPM, which was first demonstrated in 1967 [56] by F. Shimizu. When
pulses propagate through matter, their spectral phase shifts as follows:

sp(t) = MO0/ (2.16)
where d is the material’s thickness. If we substitute n from Equation 2.12, we get the following:
Sp(t) = Modw/ 4 mal(Odw) (2.17)

where the first term is the linear and the second term is the nonlinear spectral phase shift. The first
time derivate of Equation 2.17 gives us the angular frequency shift as follows:

Sw(t) = d&p(t)/dt _ dI(t)/dt ) nzd/c. (2.18)

Equation 2.18 clearly shows that e shifts depending on the temporal intensity profile of the pulse.
This process is typically characteristic of ultrashort pulses, where the temporal intensity profile
changes rapidly. Thanks to this, the @ of the ultrashort pulses’ front and back parts shift to higher
and lower frequencies, respectively. This leads to spectral broadening. With proper, subsequent
recompression this phenomenon can shorten the pulse duration down to the few-cycle regime [31-
36].
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Figure 2.6: The schematic process of FWM. The solid line is the ground level, and the dashed
lines are virtual levels.

Let us now consider the general case of a trichromatic (w1 # w2 # ws) electric wave:
E(t) = Eje @1t + Eye w2t 4 yF ™ @3t 4 ¢ c, (2.19)

where the first three terms are the electric waves with w1, w2 and ws angular frequencies,
respectively. The symbol c.c is the complex conjugate of the first three terms. If we apply
Equation 2.19 in Equation 2.2.c, we obtain the following equation:

P3(t) = eox E*(£) (2:20)
= eox @ (Eyemiort + Eyemioat 4 Eremiont 4 ¢ )’
= gox P (Efe~B3@1t 4 FJe~1B3w2t 4 E3e~Bwst 4 ¢ ()
+eox® (BE2E,e 712012020t  32E, e=i2witwa)t 4 ¢ ()
+egx®(3EZE e~ 102kt 4 32, o~i2watwdl 4 ¢ ()
+egx®(3E2E e~ iwstwt 4 32E, o=i2wstw)l 4 ¢ ()
+eox P (B (Ey)2e ™11t + 6E,(E,)?e ™11t + 6E,(E3)?e ™1t + c.c.)
+eox P (6Eo(E1)2e™ 02t + BE,(E,) e ™2t + 6E,(Es)?e™ 2! + c.c.)
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+eox P (6E3(E;)?e ™93t + 6E5(E,)2e '3t + 3E3(E3)%e ™3t + c.c.)
+egx P (6E EyEze i (Fortwataa)t 4 ¢ ¢ )
+egx® (6E EyEze iH@rtw2—w3)t 4 ¢ ¢ )
+80X(3)(6E1E2E3e_i(+“’1_‘“2+‘“3)t +c. C.)
+eox P (6E, B, Eze i Corteatwlt 4 ¢ ¢ ),

As one can see, in this case 22 different frequency components can be generated. The general
name of this process is four-wave mixing (FWM). Two schematic processes of FWM are shown
in Figure 2.6.

2.3. The applied MIR OPCPA system

In this chapter, I briefly describe the applied MIR OPCPA system, which is developed together by
Fastlite and ELI ALPS, the full description is available in the literature [21, 57]. My experimental
works were done with this light source and the parameters of my numerical simulations were based
on it too, that is why I felt it is important to dedicate a separate chapter to this system. The OPCPA
system is pumped with an ytterbium-yttrium aluminum garnet (Yb-YAG) thin-disk regenerative
amplifier (Trumpf Scientific Lasers — Dira-200-100), which is seeded by a preamplified fiber
oscillator. The pump source delivers pulses with 2mJ energy at 100 kHz repetition rate
(Pavg=200 W). The central wavelength is around 1030 nm and the pulse duration is around 1.1 ps
full-width at half maximum (FWHM); both parameters are defined by the emission spectrum of
the Yb-YAG. The spatial profile of the pump source is almost Gaussian (M?<1.3).

The optical layout of the OPCPA system is presented in Figure 2.7. A small portion of the
pump beam (~10 wJ) is focused in a 10 mm thick YAG crystal, where the filamentation occurs.
The spectrum is broadened over 2 um and the 1.3-1.9 um part is shaped by a lithium
niobate (LiINbOs or LN) acousto-optic programmable dispersive filter (AOPDF) (Fastlite —
Dazzler). AOPDF is responsible for several tasks, including spectral selection, pulse-stretching,
high order spectral phase precompensation and finally the stabilization and the control of the CEP.
After this, the already shaped and stretched seed and another portion of the pump beam (~25 wJ)
are used for DFG in a 1 mm thick magnesium oxide (MgO) doped, periodically poled LN (PPLN)
nonlinear crystal. The carrier wavelength of the idler pulse is around 3.2 um and extends from
2.7 um to 3.6 um. The pump, the signal and the idler beams are separated with two DcMs. The
first one separates the pump beam from the signal and idler beams, while the second one separates
the signal and idler beams. The pulse energy after the DFG stage is 0.9 wJ. If the pump and the
signal beams originate from the same source, the idler beam is passively CEP stable after
DFG [18]. After the DFG stage, the idler beam is further amplified in the following three OPA
stages. The second stage (OPA2 in Figure 2.7) is pumped with 125 xJ pulse energy and the applied
nonlinear crystal is 0.7 mm thick MgO-PPLN. After this stage, another two DcMs are used to
separate the beams. The pulse energy after the OPA2 stage is 8 xJ. The third OPA stage (OPA3
in Figure 2.7) is pumped with 400 xJ pulse energy and the applied nonlinear crystal is 1.5 mm
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thick LN. In this stage a non-collinear arrangement is used, which means that the beams propagate
in different directions, therefore no DcMs are required for separation. The pulse energy after the
OPAZ3 stage is 40 wJ. The fourth and final OPA stage (OPA4 in Figure 2.7) is pumped with 1.4 mJ
pulse energy, and the applied nonlinear crystal is 1.5 mm thick LN. In this stage, we also use a
non-collinear arrangement. The pulse energy after the OPA4 stage is 165 uJ.

zoosvl{r;rz)opkHz SC LN-AOPDF: :DFG 3.2um OPA2
1030 nm 1.53 pm -

ol il R i PPLN |
M"Q_YAQ" f :I, '.'lti b ko

i 25w, 125wWj§
/1‘@0 w

Feedback Loop

-

26f , T «
. i
Spectrometer Compressor OPA4 OPA3

Figure 2.7: The optical layout of the MIR OPCPA system. SC — supercontinuum generation. LN-
AOPDF — LiNbO3 acousto-optic programmable dispersive filter. DFG — difference-frequency
generation. OPA — optical parametric amplifier. 2f-f — collinear “2f-to-f” interferometer. FROG
— scanning second-harmonic frequency-resolved optical gating. PPLN — periodically poled
MgO:LiNbO3 crystal. LN — bulk LiNbO3 crystal. Blue — 1.03 um. Green — <2.06 um. Red —
>2.06 um. [21]

Figure 2.8 shows the spectrum at the output of the MIR OPCPA system. The measurement
duration was 8 h and a single spectrum was recorded every minute. The spectrum extends from
2.8 um to 3.7 um. The modulations in the spectrum at 2.8-2.9 um reveal water vapor absorption.
Figure 2.8.a is an overlay of the spectrum from the 8 h measurement. Given the very small
fluctuations of the spectral intensity, the authors of the above-mentioned articles computed and
plotted the probability density function of the spectral intensity. The color scale is a logarithmic
scale and spans over several orders of magnitude. Figure 2.8.b shows in a more conventional way
the stability of the spectral shape over more than 8 h.
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Figure 2.8: a.) Overlay of 500 output spectra taken during 8 hours. Each column is a histogram
of intensity computed for a particular wavelength. b.) Output spectrum as a function of time. [21]

In the same articles [21, 57], SH frequency-resolved optical gating (FROG) [58-60] was used
to characterize the temporal profile of the pulse at the output of the system. (The results are shown
in Figure 2.9.) In this technique, the measured pulse is split into two beams, which are focused
into a nonlinear crystal in a non-collinear arrangement. The type of the crystal depends on the
central wavelength of the measured pulse. The nonlinear crystal generates SHG and SFG
simultaneously, which propagate in different directions due to the non-collinear arrangement. The
spectrum of the SFG measured as a function of the time delay between the two beams, which is
called FROG trace (see in Figure 2.9.a). An algorithm numerically simulates the FROG trace and
iteratively changes the input parameters (spectral phase and intensity) to minimize the difference
between the measured and simulated traces. If the difference is below a threshold value, which can
be set in the program, the algorithm stops. The retrieved pulse duration is 38.2 fs FWHM with a
Fourier transform limit (FTL) of 35.5 fs FWHM. Since the duration of an optical cycle at 3.2 um
is 10.7 fs, pulse duration is less than four optical cycles [21].
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SH-FROG trace reconstructed with a rms error of 0.78 %

(a) Target FROG map (b) Reconstructed FROG map
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Figure 2.9: a.) Experimental FROG trace. b.) Retrieved FROG trace. c.) Reconstructed time-
dependent intensity. d.) Reconstructed spectrum and spectral phase. [21]

The measurement of the Strehl ratio performed by the authors of the above-mentioned articles
with a Shack-Hartman wavefront sensor (Phasics — SID4) led to a calculated value of 0.87 [21].
The related M? value deduced from the wavefront measurements was ~1.4 [21]. This means that
the focused intensity is 87% percent of the ideal case, when the wavefront aberrations can be
neglected. The measured pulse is focused with a microlens array on a charge-coupled
device (CCD) camera. In the ideal case, the initial wavefront is flat, whereby the focal spots of the
microlens array are located along a square grid on the CCD. In most cases, the initial wavefront is
aberrated, whereby the focal spots are shifted from the ideal square grid. From the magnitude and
the direction of these shifts one can retrieve the initial wavefront.

The authors of the above-mentioned articles built a homemade f-2f interferometer, where the
collimated beam with 6 wJ pulse energy propagates through a thin silver gallium sulfide (AgGaS:
or AGS) nonlinear crystal to generate a SH beam, which interferes with the supercontinuum
produced in a thin YAG crystal. A 45° polarizer couples the polarizations of the 2f and the f beams.
The spectral beating at ~1.55 um between the supercontinuum and the SH is recorded by a fast
fringe detector for 8 h at 10 kHz repetition rate, which means that a single interferogram is acquired
from every ten laser pulses. A digital output is used to feed back the CEP offset to the AOPDF at
10 kHz and correct for CEP fluctuations. Figure 2.10 demonstrates the CEP stability measured for
8 h. The CEP noise is 65 mrad RMS over the entire measurement time [21].
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Figure 2.10: Measured CEP noise over 8 h. a.) Temporal evolution of CEP fluctuations: each
column is a histogram of measured CEP offsets for 20,000 shots, b.) histogram of the total
distribution of measured CEP offsets. [21]

2.4. THz pulse generation

The spectral region of THz radiation (1 mm—-10 pum) falls between the microwave and the IR
domains, and this region is often referred to as the “THz gap”. The name originates from the fact
that it was difficult in the past to generate this radiation. On the one hand, this wavelength range
was too short for the common electronic methods. On the other hand, it was too long for the
common photonic methods. Basically, THz radiation, which was the gap between the electronic
and photonic waves for a long time, is an important source in imaging and spectroscopy due to its
non-ionizing nature [48-49]. In the following chapters, several common THz pulse generation
methods will be reviewed to provide a conceptual basis for the research results presented in
subsequent chapters.

2.4.1. Two-color ionization of gases

THz pulse generation from two-color pulse ionized plasma is currently in the focus of research
because of its simplicity and potential use as renewable, secondary sources for THz spectroscopy
[48-49]. In this method, the source of radiation is the TEC inside the laser induced plasma [43-
44]. The most important step in this process is the formation of an asymmetric electric field, which
accelerates free electrons in one direction more efficiently than in the other direction, resulting in
a non-vanishing TEC build-up inside the plasma [43-44]. The two simplest options to achieve an
asymmetrical driving force in electrons in the plasma are few-cycle or two-color pulses. Although
the generation of few-cycle pulses is challenging, there are continuous developments in this
direction [31-36]. In my view, this method will become even more important as laser technology
develops towards the regime of few-cycle pulses. THz pulses based on the two-color pulse method
have been successfully demonstrated [45]. In this scheme, the two-color pulses are created through
the combination of the fundamental beam and its SH to engineer an asymmetric electric field for
THz pulse generation. The combined electric fields produce tunnel ionization of the atoms or
molecules, whereupon the free electrons accelerate in the asymmetric electric field. It has been
found that in case of linearly polarized pulses this process is most effective when both pulses are
polarized parallelly.
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There are two main, but conceptually different explanations of the physical processes for THz
pulse generation from gases: the FWM-OR [45] and the TEC model [43-44]. The former one
describes the physical phenomena as the THz pulse is generated in a third-order nonlinear process,
where y3 originates from the plasma [45]. In this model, two fundamental photons (wr) and one
SH photon (wsw = 2 xwr) generate the THz photon (wtH: = wsH — wr — wr) by FWM-OR. The
latter describes the physical process as the pulses build up a TEC in the plasma, which radiates an
electromagnetic wave with an angular frequency inversely proportional to the pulse duration [43-
44]. Although both descriptions explain most of the experimental results, it has been observed that
TEC works better in the low frequency domain (<10 THz) [61-62], therefore the numerical
simulations presented in this thesis used this model [43-44].

Briefly, the numerical model starts with the SHG with the slowly varying amplitude
approximation [50]. First, the nonlinear crystal is split into several thin slices, where the nonlinear
wave equations (Equation 2.21 and 2.22) are solved:

dAq _ 2ideffw%
dz - k1C2

A, A ek and (2.21)

dA, _ Zideffw%
dz ~ kyc?

A2eibkz (2.22)

where A1 (A2) is the amplitude, w1 (w>2) is the angular frequency, and k1 (k2) is the wavenumber of
the fundamental (SH) wave. In this numerical simulation, Z-cut gallium selenide (GaSe) was
chosen as the nonlinear crystal for SHG because of the investigated spectral domain. The refractive
index [63] and the effective nonlinear coefficient (d2>=86 pm/V) [64] of the nonlinear crystal is
well known from literature. The value of des is calculated with d22xcos(®) in case of the GaSe,
where @ is the phase matching angle. The value of 8 is calculated with 2 xki=ko(6) for Type-1 (0oe)
phase matching. In this case, the fundamental wave is ordinary (0) polarized, while the SH wave
is extraordinary (eo) polarized. The transparency window of the nonlinear crystal is very broad
(0.8 um—36.1 um) [63], although Type-lI phase matching for SHG is limited to a narrower
bandwidth (2.15 um—15.15 um). The reasons behind this will be explained later. After solving the
nonlinear wave equations (Equation 2.21 and 2.22) numerically for a short distance (4z), the linear
wave equations (Equation 2.23 and 2.24) were solved as follows:

A,(z 4 Az) = A (z)e 12m1Az/M gng (2.23)
Ay(z + Az) = Ay(z)e12mm28z/2 (2.24)

where A1 (A2) is the carrier wavelength of the fundamental (SH) waves and n1 (n.) is the refractive
index of the nonlinear crystal at Ai(A2). The complex amplitudes were calculated at each
wavelength while taking the material dispersion into account. The nonlinear (Equation 2.21 and
2.22) and linear (Equation 2.23 and 2.24) wave equations were solved sequentially for each thin
slice. This numerical model was used for the calculations of the energies, the spectral intensity and
the pulse phase. During SHG, the reflection losses on both surfaces, the temporal walk-off and the
dispersion are also considered. An illustrative result of the SHG is shown in Figure 2.11. The
fundamental wave is represented in red color, while the SH wave is represented in blue color. The
carrier wavelength of the fundamental pulse is 3200 nm and the spectral bandwidth supports
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42.7 fs (4 optical cycle) pulse duration in FTL. The peak power is 2.5 GW, while the intensity on
the GaSe crystal is 7.5 <10 W/m?, which is equal to 0.75 GV/m. The temporal and spectral profiles
are also chosen to be Gaussian. The thickness of the nonlinear crystal is chosen as 30 um during
this illustrative numerical simulation.
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Figure 2.11: An illustrative result of the SHG a.) in the spectral and b.) in the temporal domain.
The fundamental beam is represented in red color, while the SH beam is represented in blue. The
carrier wavelength of the fundamental pulse is 3200 nm and the spectral bandwidth supports
42.7 fs (4 optical cycle) pulse duration in FTL. The peak power is 2.5 GW, while the intensity on
the GaSe is 1.5x10" W/m?, which is equal with 0.75 GV/m. The temporal and spectral profiles
are also chosen to be Gaussian. The thickness of the nonlinear crystal is chosen as 30 um during
this illustrative numerical simulation.

In the next step, | calculated the focusing of the beams based on the ABCD law [65]. In this
numerical simulation, to avoid any unwanted absorption during propagation, the full beam path
was considered to be in dry nitrogen, while dispersion was assumed to follow the generalized
Sellmeier equation [66].

In the focus, the tunnel ionization rate was calculated based on the Ammosov-Delone-
Krainov (ADK) formula [67-68], which can be written as:

2 5 ZnQ}fs <_2 §3 Eau)
W = 1.61wau%ﬁ(10.87 nsz EE—u) AN (2.25)

where way (4.1 10" Hz) and Eay (5.14 %10 V/m) are the atomic units of the angular frequency
and the electric field, respectively. E is the combined electric field of the fundamental and its
corresponding SH pulses, Z is the residual charge of the parent ion seen by the free electron. The
effective quantum number, nest is defined by the following:

_Z
Nefr = I
oy,

(2.26)
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where Iy and Iy are the ionization potentials of hydrogen (13.6 V) and nitrogen (15.58 eV) [68],
respectively. The electron density (ne) was calculated using Equation 2.25 and the rate equations,
which can be written as:

n, = Ny, 2.27)
20 = —wy N, (2.28)
dN
d_t'z = W2N1 y (230)

where No, N1 and N2 are the density of the unionized, singly, and doubly ionized nitrogen,
respectively. An illustrative result of tunnel ionization is shown in Figure 2.12. The ionization rate
is represented in red color and the electron density is represented in black color. The percentage
refers to the amount of ionized nitrogen compared to the amount of the initial nitrogen. The initial
density of nitrogen is 2.5 x10? m. The electric field of the fundamental and its corresponding SH
are 30.9 GV/m and 9.2 GV/m, respectively. The maximum of the first and second ionization rates
are 8.5x10" st and 2.3x10" s, respectively. One can see that the second ionization rate is more
than four orders of magnitude less than the first ionization rate. Therefore, the second and higher
order ionizations rates can be neglected in my doctoral thesis due to the moderate intensity of the
applied electric fields.
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Figure 2.12: An illustrative result of tunnel ionization. The ionization rate represented in red
color and the electron density represented in black color. The percentage value shows the
amount of ionized nitrogen compared to the initial nitrogen. The initial density of nitrogen is
2.5x10% m3. The electric field of the fundamental and its corresponding SH are 30.9 GV/m and
9.2 GV/m, respectively.
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Once the electrons are free due to tunnel ionization at r=¢’, they are accelerated by the

asymmetric electric field. The time dependent velocity of the free electrons is defined by the
following:

ve(t,t) = == [LE(®)adt, (2.31)

where e and me are the charge (7.60x107*° C) and the mass (9.11x1073 kg) of the electrons,
respectively. The free electrons not only oscillate in the asymmetric electric field, but also drift in
a transverse direction. After both the density (ne) and velocity (ve) of the free electrons are known,
one can calculate the TEC as follows:

Jo(®) = — [ev(t, t)dn.(t"). (2.32)

An illustrative result of the TEC is shown in Figure 2.13. The electron’s velocity is represented in
red color and the TEC is represented in black color. The electric field of the fundamental and its
corresponding SH are the same as before.

%107 %10

e

U U ——Electron velocity

——Electron current
-1 1 1 L L L L I I -5

-100 -80 -60 -40 -20 0 20 40 60 80 100
Time (fs)

Electron velocity (m/s)
o
Electron current (Almz)

Figure 2.13: An illustrative result of the transverse electron current. The electron’s velocity is
represented in red color and the TEC is represented in black color. The electric field of the
fundamental and its corresponding SH are 30.9 GV/m and 9.2 GV/m, respectively.

The electromagnetic field emitted by the TEC is proportional with its first-time derivative
(dJe/dt); an illustrative spectrum is shown in Figure 2.14.a. The corresponding spectral domains
for the THz, the fundamental and the SH are highlighted in grey, red and blue colors, respectively.
As one can expect, THz radiation is in the low angular frequency part of the spectrum. An
illustrative THz pulse is shown in Figure 2.14.b, the electric field is represented in grey, while its
envelope in black.
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Figure 2.14: a.) An illustrative result of the spectrum is emitted by the transverse electron
current. The corresponding spectral domains for the THz, the fundamental (F) and the second
harmonic (SH) are highlighted in grey, red and blue colors, respectively. b.) An illustrative
result of the THz radiation in temporal domain. The electric field represented in grey color,
while its envelope in black color. The electric field of the fundamental and its SH are 30.9 GV/m
and 9.2 GV/m, respectively.

The asymmetry of the electric field is crucial for the TEC’s development. In the case of the
two-color pulses, the asymmetry is associated with the relative phase (RP) between the two pulses.
When it is +z/2 rad, the acceleration of free electrons becomes the most asymmetric, and a
significant TEC builds up inside the plasma [43-44]. An application difficulty is to achieve an
appropriate control over the RP, and thanks to this control over the intensity of THz pulses. There
are several solutions to achieve sufficient control over the RP. One way is to use a pair of DcMs
to separate and recombine the two-color pulses with a sufficient time delay introduced between
them with different OPDs. Another way is to simultaneously propagate the two-color pulses on a
common path through the same material, which has different phase and group velocities at the two
wavelengths, therefore it develops a RP shift during propagation [30, 69].

In recent studies, several groups have demonstrated that the efficiency of THz pulse generation
increases with the carrier wavelength [23-30]; some of the different scaling laws are presented in
Table 2.2. As mentioned earlier, the main reason is the ponderomotive potential, which scales with
the square of the carrier wavelength. Another reason is the smaller group and phase velocity
difference between the two-color pulses in the MIR spectral domain [24, 26-27, 30]. This provides
an improved temporal overlap between the pulses; however, the small phase velocity difference
also makes it difficult to achieve appropriate control over the RP. After SHG, phase matching
ensures that the RP is 0 rad. As a friendly reminder, THz pulse generation is the most efficient,
when the RP is +2/2 rad. This inconvenience can be overcome with different techniques. One
obvious solution is the application of DcMs, however the availability of broadband and efficient
mirrors in the MIR spectral domain is quite limited. Another popular solution is the co-propagation
of the two-color pulses in ambient air. It is a straightforward application when the driving laser is
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in the NIR spectral domain, such as a Ti:Sapphire laser (A=800 nm), in which case a few
centimeters of co-propagation is sufficient to tune the RP to +z/2 rad. However, when the driving
source is in the MIR spectral domain, such as a MIR OPCPA (A=3-8 um), several meters of co-
propagation is required to tune the RP to the same extent. An alternative solution is co-propagation
in the same material [30, 69]. Different fluorides, especially lithium fluoride (LiF) and calcium
fluoride (CaF>) are excellent choices for this application [30]. First, both materials have negative
group velocity dispersion (GVD), which compensates the typical nonlinear crystals’ positive
GVD, and thanks to this, both materials improve the temporal overlap of the two-color pulses.
Second, both materials’ refractive indexes change slowly in the MIR spectral domain, therefore
the difference between the phase velocities is small. Consequently, a commercially available
thickness is necessary to tune the RP to +z/2 rad. Finally, it is a highly compact solution compared
to the previous two options.

Wavelength (um) Scaling law References
0.8-4.0 A%6 [69]
08-1.8 A48 [23]
0.8-2.0 AL7-24 [24]

1.0-10.0 AL821 [28]
1.2-15 AT 894 [28]
1.3-2.2 A4681 [28]
2.4-2.6 ALLA-145 [28]

2.2-15.1 A90-93 [30]

2.2-15.1 A3438 [30]

2.2-15.1 A2123 [30]

Table 2.2.: The different scaling laws of the efficiency of THz pulse generation.

There are numerous solutions to combine the driving pulses and their SH pulses. One of the
simplest optical layouts is the so-called common path scheme as shown in Figure 2.15. For the
sake of THz pulse generation, the driving pulse is focused into ambient air. A nonlinear crystal is
placed before the focus to generate the SH pulses; the type of the nonlinear crystal is chosen based
on the carrier wavelength of the pulses. In the case of NIR and MIR driving pulses, the typical
choices are beta barium borate (BBO) [23, 45, 70-78] and GaSe [30, 69, 79], respectively. Both
nonlinear crystals are used in Type-lI phase matching (ooe) for SHG, which means that the
fundamental pulses and their SH pulses are o and eo polarized, respectively. This means that the
two-color pulses are perpendicularly polarized, which is the exact opposite of the optimum THz
pulse generation. There are numerous solutions to overcome this inconvenience and tune the
polarization of the two-color pulses. First, there are dual-waveplates, which function as a full wave
plate (FWP) at the fundamental wavelength and as a HWP at the SH wavelength. Sadly, there are
no available dual wave plates in the MIR spectral domain to the best of my knowledge. Second, it
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is possible to detune the Type-I phase matching condition to achieve a partial overlap between the
polarization of the two-color pulses [72], which improves the efficiency of THz generation, but at
the same time it deteriorates that of SH generation. Since both processes are determinative, there
is always an optimal condition, where THz pulse generation is the most intense. In this approach,
the minor part of the driving pulse is o polarized, while the major part is eo polarized. The former
generates SH pulses in the nonlinear crystal, while the latter, which is parallelly polarized with the
SH pulses, generates THz pulses in the focus with the help of the SH pulses.

eo
eo
‘ OAP
o

HWP

 I— 1K

Plasma

Long-pass filter

o eo
eo
OAP

Figure 2.15: The schematic optical layout of the common-path scheme for THz pulse generation.
The orange indicates the driving beam, the blue indicates its SH, and the grey indicates the THz
pulses. HWP — Half-Wave Plate, NLC — nonlinear crystal, OAP — Off-axis parabolic Mirror,

0 — ordinary polarization, eo — extraordinary polarization.

2.4.2. Alternative methods for THz generation

In addition to the above-described method, there are several other ways to generate pulsed or
continuous wave (CW) THz radiation, but they all utilize nonrenewable medium. The most
common methods will be briefly discussed in this chapter. More detailed descriptions can be found
in the related literature [80].
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Figure 2.16: Pulsed and CW THz source generation in nonlinear media. (Fig. 1.2 from reference
80.)

One possible way to generate pulsed or CW THz radiation is frequency down-conversion in
nonlinear crystals. These sources are based on OR and/or DFG, which are second order nonlinear
processes (see Chapter 2.2.1). Few-cycle pulses with a broadband spectrum generate broadband
THz pulses, the electric field of which has the shape of the envelope of the initial pulse; this process
is based on OR [80]. Similarly, CW sources generate CW THz radiation, the frequency of which
is equal with the beating frequency between the initial sources; this process is based on DFG [80].
The schematic figure of pulsed and CW THz source generation in nonlinear media is shown in
Figure 2.16. Another possible way to generate CW THz radiation is frequency up-conversion in
nonlinear diodes. These sources are based on HHG, which is a highly nonlinear process. The
nonlinear didoes convert the incoming microwaves into their harmonic waves [80]. The
schematics of this method are also shown in Figure 2.16.

Time-varying currents and accelerating charged particles radiate electromagnetic waves,
which can be in the THz spectral domain with properly selected parameters. Photoconductive
antennas excited with few-cycle pulses or CW sources are popular choices when it comes to pulsed
or CW THz radiation generation. Photoconductive antennas consist of two electrodes made from
metal, which are deposited on a substrate made from a semiconducting material. The photocarriers
are generated when a few-cycle pulse or CW source illuminates the gap between the metal
electrodes. The metal electrodes are connected to a static current, which accelerate the
photocarriers. The photocurrent is time-varying, and will look like the envelope of the few-cycle
pulse or the beating between the CW sources. Thanks to this, few-cycle pulses with a broadband
spectrum generate broadband THz pulses [80]. This technique is known as photo mixing. The
schematics of pulsed and CW THz source generation with photoconductive antenna are shown in
Figure 2.17.
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Figure 2.17: Pulsed and CW THz source generation from accelerating electrons. (Fig. 1.3 from
reference 80.)

Electron accelerators (free electron lasers and synchrotron sources) represent an additional
THz radiation source. They produce relativistic electrons, which can be used to generate extremely
bright THz radiation. A few-cycle pulse forces an electron source to generate ultrashort pulses
made from electrons. Then, the electron pulse is accelerated to relativistic speed. After this, the
relativistic electrons are forced to deaccelerate or change the direction of acceleration. The change
in the acceleration of the charged particles generate THz radiation [80]. The schematics of THz
source generation with electron accelerators are shown in Figure 2.17.

THz laser

CW THz radiation
electrical or 2
optical pump 1 I -‘/\/\/\/\/\/

* Far-IR gas laser

Figure 2.18: Laser based THz source. (Fig. 1.4 from reference 80.)

Free-electron lasers (FELS) are large facility-based, while backward wave oscillators (BWOs)
are laboratory-size THz sources. Despite the size difference, the process of THz radiation
generation is very similar. In both sources, free electrons undulate periodically, but while BWOs

31



use a metal grating for undulation, FELs employ a magnet array [80] to achieve the same. The
schematics of THz source generation with FELs and BWOs are shown in Figure 2.17.

Other THz laser sources exploit population inversion between two energy levels of the system
(see Figure 2.18). Gas laser sources operating in the FIR spectral regime use the energy levels of
molecular rotations [80]. The transition wavelength of these sources falls into the THz spectral
domain.

2.5. Spectrally resolved interferometry

The are several measurement methods developed for the spectral phase characterization of optical
elements. SRI is one of the most widely used and reliable techniques [81-82]. It is a simple, linear,
one-dimensional, and high precision measurement method. In most cases, it utilizes a two-arm
interferometer, which can be a Mach-Zehnder (see Figure 2.19.a) or Michelson (see
Figure 2.19.b) type arrangement, illuminated by a broadband light source and detected by a high
spectral resolution spectrometer. With the appearance of spectrometers providing high spectral
resolution, it became clear that the most accurate evaluation methods are the ones based on the
FT [83-86].
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Figure 2.19: Schematic SRI setup based on a.) the Mach-Zehnder and b.) the Michelson
arrangement. M — mirror, BS — beam splitter, BD — beam dump.
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Both types of interferometers have two arms, a sample and a reference. The length of the
former one is immutable, and the sample is inserted in it, while the length of the latter one is
adjustable. There is spectral interference between the two arms, which depends on the time
delay (t) between the two arms, and is recorded by the spectrometer at the output of the
interferometer. The spectrally resolved interference can be written as follows:

I(w) = I(w) + Iz (w) + 2/ [(w)Iz(w) cos(<p(w)), (2.33)

where Is(w) and Ir(w) are the measured spectral intensity in the sample and reference arms,
respectively. The symbol ¢(w) is the spectral phase difference between the two arms, and can be
written as follows:

32



p(w) = ps() + ©/c (s — ) = ps(w) + T, (2.34)
where gs(w) is the spectral phase of the sample, and Is and Ir are the lengths of the sample and
reference arms, respectively. The measured spectral phase can be expressed in a Taylor series
around the central frequency (wo) as follows:

N 1d%(w)
n=1nl dw,

p(w) = @(wo) + X X (0 = wp)™. (2.35)

The relation between the spectral phase of the measurement and the sample, and their
corresponding derivatives are the following:

@(wo) = ps(wo) + w,T, (2.36.9)
GD(wy) = GDg(wy) + 7, (2.36.b)
GDD(wy) = GDDg(wy) , (2.36.c)
TOD(wq) = TODg(wy) , (2.36.d)
FOD(wy) = FODg(wy) , (2.36.€)

where GD, GDD, TOD and FOD are the abbreviations of group delay, group delay dispersion,
third and fourth order dispersion, respectively. As one can see, there is a difference between the
sample’s and the measured spectral phase (Equation 2.36.a) and there is a difference in GD too
(Equation 2.36.b). However, the GDD of the measurement and the sample (Equation 2.36.c), the
TOD (Equation 2.36.d), the FOD (Equation 2.36.e) and other higher order derivatives are equal.

An important question is the physical meaning of the different derivatives of the spectral phase,
which have a significant effect on the temporal shape of the pulses (Figure 2.20). GD shifts the
pulses in time, while the direction of the shift depends on the sign of GD (Figure 2.20.a). GDD
stretches the pulses in time (Figure 2.20.b). If the sign is positive, one can talk about positively
chirped pulses, in which case the “red” part of the spectrum propagates further than the “blue”
part. In the other case, when the sign is negative, one can talk about negatively chirped pulses,
when the “blue” part of the spectrum propagates further than the “red” part. However, the temporal
shape in the case of positive or negative sign GDDs is the same as one can see in Figure 2.20.b.
TOD develops side peaks in the temporal domain, and the orientation of these peaks depend on
the sign of the TOD (Figure 2.20.c). FOD also stretches the pulse in time, just like the GDD, but
it develops shoulders (Figure 2.20.d). However, the temporal shape in the case of positive or
negative FOD are the same as one can see in Figure 2.20.d. In general, these effects shape the
temporal profile of the pulses together. In most cases it is sufficient to compensate the GDD to
achieve short pulses. However, if one wants to achieve a pulse duration of a few optical cycles,
the TOD and sometimes the FOD must also be compensated.
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Figure 2.20: The effect of a.) GD, b.) GDD, c¢.) TOD and d.) FOD on the temporal profile of the
pulse. The carrier wavelength is 3200 nm and the FTL pulse duration is 42.7 fs (4 optical
cycles).

The recorded spectrally resolved interference can be evaluated with several methods some of
which require the production of normalized interference, which is the following:

)= (Is(@) + Ig() + [(w)) /
2/ Ig(w)r(w)

In this case, the amplitude of the normalized interference — which is needed for the cosine function
fit method — is constant. There are two more evaluation methods which use the extreme values
(minimums or maximums) of the normalized interference. Extreme values appear, when the first
derivative of Equation 2.37 is equal to zero:

dcosogz(w)) Sln((p(w)) dgo(w) (2.38)

cos(p(w) (2.37)
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The stationary phase point method [87] is based on the condition of d‘g—g") = 0, while the minima

maxima method [87] is based on the condition of — sin(¢(w)) = 0. The aforementioned methods
are described in detail in the relevant literature [87].

1 : : : 1

a.) b) ﬂ (
~0.8 ~0.8
3 3
& s
© 0.6 - 0.6
o 2
L L
S04 204
° o
° 2
Woa: o2
0 : : 0 ‘
400 500 600 700 800 -500 0 500
Angular frequency (THz) Time(fs)
25
20
15
—_ 10 T
S g
& 5 o
o
- ©
2 0 &
, B
° 9
w 10 &
-15
-20
| \ | I -25
400 450 500 550 600 650 700 750 800

Angular frequency (THz)

Figure 2.21: a.) The measured interference. b.) The temporal profile after the inverse Fourier
transformation. The temporal profile filtered around the +t (highlighted in red color) c.) The
recovered spectral profile and phase after the FT.

The method applied in this thesis is the so-called FT method [83-89]. An illustration of the
different steps of the applied method can be seen in Figure 2.21. In the first step, we need to take
the square of the measured interference (see Figure 2.21.a), because in the next step we need to
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apply the inverse FT (Equation 2.21), which connects the spectral and temporal domains of the
electric fields. The inverse FT of the spectral domain is the following:

F{E(w)} = F{Es(@)} + F{E()} + F{2Es(@)Eg () cos(p(w))} . (2.39)
In the temporal domain we have the following:
E(t) =Es(t) + Ex(t) + E;(t — 1) + E;(t + 1), (2.40)

where E(t), Es(t) and Er(t) are the inverse FT of E(w), Es(w) and Er(w), respectively. The spectral
envelope of the pulses from the sample (Es(w)) and reference (Er(w)) arms are a slowly varying
function of ®, hence Es(t) and Er(t) will have around zero time delay as one can see in Figure

2.21.b. In contrast with the former, the interference part (ZJES(w)ER (w) cos(p(w))) is a rapidly

varying function of w, hence E(t-t) and E,(t+t) will have around —t and +t time delay as one can
see in Figure 2.21.b. As a reminder, +t is the time delay between the two arms of the
interferometer. In the following step we need to filter out the peak around +t. The filtered region
is highlighted in red color as one can see in Figure 2.21.b. The final step is the FT of temporal
domain, where we obtain a complex result. The amplitude is the spectral profile, while the angle
is the spectral phase as one can see in Figure 2.21.c.

The evaluation of the conventional SRI and the SH-SRI is the same as described earlier. The
only difference is that the recovered spectral phase of the SH-SRI is two times the actual spectral
phase. This is because in the SH-SRI scheme, the pulses after the interferometer are sent through
a nonlinear crystal for SHG. Similarly, the recovered GD, GDD, TOD and FOD are 4, 8, 16 and
32 times the actual values, respectively. The SH-SRI method is discussed in detail in Chapter 3.1.
This chapter only presents the necessary deviation.

To prove the aforementioned statement, a simple theoretical model is used to describe the
process [36]. A one-dimensional pulse with ke wave number travels in z direction. The complex
electric field (EF) can be described with its real amplitude (Ar) and its complex phase (). Let us
also assume that the pulse is quasi-monochromatic with o central frequency, so its phase changes
almost linearly with time. The deviation from this linear evolution is described with its temporal
phase ¢. The electric field of such a pulse can be written as:

Ep = Ap X i9F = A, x eilkrz=0t+6p(®) (2.41)

The generated SH electric field is also a wave with a wave number ks traveling in z direction, and
has twice the frequency of the fundamental. It can be written as:

ESH = ASH X eieSH = ASH X ei(kSHZ_Zwt-'-gSH(t)) . (242)

The two electric fields are coupled by the nonlinear polarization of the material [50]. The coupling
strength depends on the effective value of the d matrix (derr), which is the effective nonlinear
coefficient used to describe the conversion efficiency of nonlinear processes. The spatial evolution
and the phase of the SH amplitude are described as follows:
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1 2
dAsn ) gibsu = 2iderr(20) / 2, X (Ap)? x e20r (2.43)
dz c kSH

For Equation 2.43 to be fulfilled, both the amplitude and the spectral phase of the left and right
sides must be equal. The spectral phase relation between the fundamental and SH pulses is
described as:

Osy = 20F + 7T/Z : (2.44)

Furthermore, let us assume that in the SH generation process the phase-mismatch is zero (Ak =
ksy — 2k = 0), which is an acceptable approximation for the whole fundamental spectrum in
most cases. Here the temporal phase of the SH pulse can be calculated using the following
equation:

Psu(t) = 20p(O) + 7/ (2.45)

At the output of the interferometer, the two fundamental pulses are separated by a few
picoseconds, which is significant compared to their durations. This prevents parametric processes
between the two pulses in the nonlinear crystal. Therefore, we can treat the two SH generation
processes separately as follows:

ESRI = ASH X eieSHl + ASH X eieSHZ . (246)
The intensities of the two pulses can be recorded by a spectrometer. The resulting interference is
described as:
ISRINESRI X ESRI* = 2A§H(1 + COS(BSHZ - HSHZ)) . (247)

Using again the condition that the phase-mismatch is canceled, we get the following equation:

Isi~ (1 + cos (20, (6) = 205,(1))). (2.48)

which proves that the spectral phase recovered from the interference at the SH wavelength is
indeed twice the initial spectral phase difference between the two arms of the interferometer. Upon
dividing the spectral phase by two and expanding it around the fundamental central frequency, one
can easily extract the spectral phase derivatives at the fundamental frequency too. One can see that
based on this description, the presented method works similarly for third and higher order
harmonic generation.
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“I refuse to answer that question on the grounds that | don't know the answer.”
Douglas Adams

3. Scientific results

In this chapter, | briefly summarize the results of my experimental and numerical research that
form the backbone of this doctoral dissertation. The results with the SH-SRI technique are
introduced in Chapter 3.1. The postcompression of the MIR OPCPA system at ELI ALPS
Research Institute is presented in Chapter 3.2. The numerical simulations of THz pulse generation
with few optical cycle MIR pulses are discussed in Chapters 3.3 to 3.6. My corresponding thesis
points are the following:

T.1: | developed a spectrally resolved interferometer assisted by second harmonic generation.
Thanks to this innovation, | was able to overcome the limited spectral resolution of
commercially available spectrometers in the mid infrared spectral domain. | achieved this by
transferring the spectral phase information in the near infrared spectral domain, where
commercial spectrometers with higher spectral resolution are more common. | verified the
newly developed second harmonic assisted spectrally resolved interferometer with materials
with well-known spectral phase. | also compared it with the conventional spectrally resolved
interferometer in terms of root mean square deviation and standard deviation, and it was found
to perform better in both terms. Using this technique, | was able to measure the group delay
spectrum of the newly manufactured dispersive mirror pair designed for postcompression in
the mid infrared spectral domain, and | found good agreement with the designed value. [36]

T.2: | used the dispersive mirror pair characterized in the first thesis point and developed the
postcompression stage of the mid infrared laser system at ELI ALPS Research Institute. |
tested several available materials for self-phase modulation. Barium fluoride, potassium
bromide, and silicon were found to be best in terms of transmission and spectral broadening.
| also tested different combinations of these materials, and the barium fluoride and silicon pair
was found to have the highest potential peak power. | was able to compress the pulse almost
down to the Fourier transform limit with the help a calcium fluoride window and three
dispersive mirrors. | managed to shorten the pulse duration, which was originally five optical
cycles (~50 fs) to less than two optical cycles (~20 fs) during postcompression. During my
work, another aim was to increase the peak intensity of the system. Here | achieved a 30.3%
increment. [36]

T.3: | investigated the possibility of using the mid infrared system at ELI ALPS Research
Institute to generate terahertz pulses in nitrogen plasma with two-color pulses. With numerical
simulation | investigated the efficiency improvement in terahertz pulse generation with mid
and longwave infrared two-color pulses compared to near infrared two-color pulses with the
same input pulse parameters. | investigated the spectral domain from 2.15 um to 15.15 um and
tested different thicknesses of the nonlinear crystal. | found that the scaling law of the terahertz

38



pulse generation increases with increasing nonlinear crystal thickness. From this | concluded
that terahertz pulse generation is very sensitive to second harmonic generation. Furthermore,
| investigated the scaling law with different cutoff frequencies and found that it slowly
increases with decreasing cutoff frequency. From this | concluded that the lower frequency
part of the terahertz spectrum is more sensitive to the driving wavelength. Finally, | found that
terahertz radiation generated with mid infrared (3.3 um) and longwave infrared (7.3 um) is by
one and two orders of magnitude more intense than the terahertz radiation generated with near
infrared (0.8 um) two-color pulses. [30]

T.4: | investigated the relative phase tuning ability of thin dielectric plates with mid infrared,
two-color pulses during terahertz pulse generation in nitrogen plasma. My aim was to
determine which material is best suited for fine-tuning the relative phase between the two-
color pulses, and thus also for optimizing the peak intensity of the terahertz pulse. |
investigated terahertz pulse generation with several materials, transparent in the mid infrared
spectral domain. | also simulated the terahertz pulse generation with different material
thicknesses and angles of incidence. | found that the best candidates are different fluorides,
especially lithium and calcium fluoride. These materials have negative group velocity
dispersion, and thanks to this they are not just able to control the relative phase between the
two-color pulses but also improve the temporal overlap between them, which further increases
the efficiency of terahertz pulse generation. [30]

T.5: linvestigated terahertz pulse generation in nitrogen plasma as a function of pulse duration
and polarization angle. | identified three distinctly different regions, where the optimal pulse
parameters for the most efficient terahertz pulse generation are different. The first or
conventional region is where the two-color pulse scheme is dominant above 3.2 optical
cycles (34.1 fs at 3.2 um). The second or unconventional region is, where the one-color pulse
scheme is dominant below 1.7 optical cycles (18.1fs at 3.2 um). The last or semi-
conventional/transitional region is, where the two-color pulse scheme is still dominant, but
the sign of the relative phase is also determinative. In the conventional region, two-color
pulses with opposing relative phases generate terahertz pulses with the same absolute peak
power, but this is not true in the transitional region. In addition, | found that the lower
boundary of the conventional region increases with increasing central wavelength, while the
upper boundary of the unconventional region decreases with increasing central
wavelength. [79]

T.6: | investigated the carrier to envelope and the relative phases effect on terahertz pulse
generation as a function of pulse duration and polarization angle. As the pulse duration gets
shorter, terahertz pulse generations moves away from the conventional to the unconventional
scheme. That is why the sensitivity of the terahertz pulse generation to the carrier to envelope
phase increases, while sensitivity to the relative phase decreases with decreasing pulse
duration. As the pulse duration decreases, the need for the second harmonic pulse also
decreases, which also reduces the effect of the relative phase. As the pulse duration increases,
the number of individual optical cycles increases, which reduces the difference between them,
and consequently diminishes the impact of the carrier to envelope phase. Furthermore, | also
investigated the effect of the polarization angle of the fundamental pulse on these sensitivities.
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| found that the switching point, the point where the two sensitivities are equal, increases with
a decreasing polarization angle. As the polarization angle decreases, the efficiency of second
harmonic generation also decreases, which reduces the importance of the relative phase. This,
in turn, increases the position of the switching point. [79]

3.1. Second harmonic assisted SRI

In this thesis point | present the second harmonic assisted SRI (SH-SRI) method. The evaluation
of the methods is described in detail in Chapter 2.5. First the experimental arrangements of the
conventional and the SH-SRI are introduced, after which the measurements of the optical windows
with both techniques are discussed and compared. Finally, the measurement of the dispersive
mirror pair is presented and compared with both techniques.

3.1.1. Experimental setups

The light source for the conventional and the SH-SRI was the MIR OPCPA system at ELI ALPS
Research Institute (see the description of the system in Chapter 2.3). The schematic layout of the
conventional SRI setup is shown in Figure 3.1.a. The arrangement is based on the Mach-Zehnder
interferometer (MZ1), where the input beam is divided into two roughly equal parts by a CaF
beam splitter. The sample and reference arms both contain three unprotected flat gold mirrors
(GMs). The two beams are combined by the same type of CaF, beam splitter as the first one. Note
that both the sample and the reference beams underwent one transmission and one reflection on
the CaF2 beam splitters, which nullifies the spectral phase difference between the two arms in an
empty interferometer. After combination, the beams were focused on the entrance slit on a MIR
spectrometer (Fastlite — Mozza), which had a spectral resolution of 5 cm™ (~2.5 nm). The spectrum
recorded by the MIR spectrometer after combination is shown in Figure 3.1.b.

The schematic layout of the SH-SRI setup is shown in Figure 3.2.a. The interferometer is
based on the same MZI as shown in Figure 3.1.a. However, this time the output of the MZI went
through an SHG stage instead of a MIR spectrometer. The combined beams were focused by a
150 mm focal length, CaF2 plan-convex lens with broadband antireflection (BBAR) (2-5 um)
coating into a 100 um thick, silver gallium sulfide (AgGaS2 or AGS) crystal (6=39°, p=45°)
placed at the focus for SHG. Both the fundamental and SH beams collimated by another 150 mm
focal length CaF. lens with BBAR (1.4-1.7 um) coating at the SH wavelength. Thereafter, the
fundamental and the SH beams were separated by a DcM (transmitting the fundamental and
reflecting the SH wavelength). Finally, the SH beams were sent to a Yokogawa — AQ6375B-type
NIR optical spectrum analyzer (OSA), the spectral resolution of which is 0.05 nm. The higher
spectral resolution (compared to the MIR spectrometer) supported a higher temporal delay
between the two arms of the MZI — resulting in a denser fringe pattern in the recorded spectrum —
and consequently allowed for more accurate GD spectra retrieval. The recorded spectrum with the
NIR OSA is shown in Figure 3.2.b.
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Figure 3.1: a.) Schematic layout of the SRI setup. BS — beam splitter, GM — gold mirror. b.)

Interference fringes recorded with the MIR spectrometer at a central wavelength of 3170 nm.
The group delay between the arms was 2.7 ps, and a 3 mm thick YAG window was included in
the sample arm. The inset shows the recorded interference fringes in a smaller region for better
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Figure 3.2: a.) Schematic drawing of the SH-SRI setup. DcM — dichroic mirror, GM — gold
mirror, MZIl — Mach-Zehnder interferometer (the same as in Fig. 3.1.a.), OSA — optical spectrum
analyzer. b.) Interference fringes recorded with the NIR OSA at a central wavelength of
1550 nm. The group delay between the arms was 10.1 ps, and a 3 mm thick YAG window was
included in the sample arm. The inset shows the recorded interference fringes in a smaller
region for better visibility.

3.1.2. Validation of the SH-SRI technique

In this chapter the performance of the conventional and the SH-SRI methods are examined and
compared through the characterization of the GD spectrum of well-known optical windows
transparent in the MIR spectral domain. The evaluation of the recorded interference is based on
the FT method (see Chapter 2.5) in both techniques. As the basis of the comparison, | chose the
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extracted GD spectrum instead of the spectral phase spectrum, because the measured GD spectrum
IS unambiguous up to an additive constant offset (see Equation 2.36.b). Note that the spectra of
higher order derivatives would be free from the above-mentioned constant offset (see
Equation 2.36.c-e), however, the accuracy of the retrieved spectra would decrease at the same
time. The GD spectrum was obtained from the spectral phase spectrum with numerical derivation.
One of the examined values was the root mean square deviation (RMSD) between the measured
and the calculated GD spectra. The other considered quantity was the standard deviation (STD) of
the measured GD spectra. The calculated GD spectra were extracted from the Sellmeier equations
of the given materials with numerical derivation.

The inspected spectral region for the conventional SRI ranged from 2900 nm to 3400 nm,
which corresponded to 1450 nm and 1700 nm for the SH-SRI, which was limited by the spectral
bandwidth of the SHG, as shown in Figure 3.2.b. Although the conventional SRI technique itself
is able to inspect a broader (fundamental) spectral region, for the sake of better comparison with
SH-SRI, only a narrower spectral region was used for evaluation. For both the conventional and
the SH-SRI techniques, 100 spectra were recorded at the same delay and evaluated employing the
FT method [83-86]. The measured materials were barium fluoride (BaF.) [90], CaF2 [90], thallium
bromo iodide (KRS-5) [91], silicon (Si) [92] and yttrium aluminum garnet (YAG) [93].

As an example, the GD spectra of a 3 mm thick YAG window measured by the conventional
and the SH-SRI methods are displayed in Figures 3.3.a-b, respectively. The GD spectrum has a
negative (positive) slope in the frequency (wavelength) domain, corresponding to the negative
GDD of the material at this central wavelength. Similarly, the GD spectra of a 2 mm thick Si
window are presented in Figures 3.4.a-b They have a positive (negative) slope in the frequency
(wavelength) domain, corresponding to the positive GDD of the material. The RMSD and the STD
calculated for all the measured windows are summarized in Table 3.1. It can be concluded that the
SH-SRI technique yielded better results both in terms of RMSD and STD.
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Figure 3.3: The retrieved GD spectrum of the 3 mm thick YAG window with a.) the conventional
SRI and b.) the SH-SRI.
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Figure 3.4: The retrieved GD spectrum of the 2 mm thick Si window with a.) the conventional
SRl and b.) the SH-SRI.

Windows GDsri (fs) GDsh-sri (fs)

RMSD | STD | RMSD | STD
BaF (3 mm) 9.46 | 11.94 | 3.92 8.18

CaF2 (3 mm) 7.94 | 12550 | 4.32 7.50
KRS-5(4mm) | 7.91 | 1083 | 6.08 8.01

Si (2 mm) 8.79 | 12.79 | 6.81 8.35
YAG (3 mm) 861 | 11.12 | 4.57 7.78
Table 3.1: The RMSD and the STD of the GD spectrum in case of conventional and SH-SRI

measurements in the spectral range of 3000 nm to 3300 nm.

There were significant differences between the results obtained by the two interferometric
techniques. The first difference was in the shape of the GD spectra. It was clearly visible that in
case of the conventional SRI method all GD spectra were slightly modulated, while those retrieved
by the SH-SRI technique were smoother. Since the spectral resolution of the conventional SRI
method was quite low, these fluctuations did not have any physical meaning; they were simply
artifacts. The second observable difference, which in fact results from the higher spectral
resolution, was the GD peak at 3250 nm, which was only detectable with the SH-SRI technique.
This GD peak was observed above 3.34 ps time delay between the two arms of the interferometer,
where the NIR OSA was still able to resolve the interference pattern, while the MIR spectrometer
was not. Since its magnitude was found proportional to the time delay between the two arms of
the interferometer, | concluded that it originated from a component of air, and was most probably
caused by the absorption of methane (CHa), as the relevant absorption lines show good agreement
with the measurements [94]. This result serves as a nice example of how advantageous the
enhanced spectral resolution of the SH-SRI technique was.

3.1.3. Dispersive mirror spectral phase characterization

As | mentioned earlier, reasonable dispersion management was achieved in the MIR spectral
domain, simply by using transparent materials having the correct sign and sufficient magnitude of
GDD to flatten the spectral phase. However, all transparent materials have positive TOD in the
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MIR spectral domain, which limits the compression of pulses above two optical cycles. To
overcome this limitation, DMs with positive GDD and negative TOD were designed and
manufactured by OPTOMAN [95]. A multilayer coating — consisting of 25 alternating layers with
a total thickness of 7.4 um — was deposited on the mirrors by using the ion beam sputtering
technology [95]. A special time control strategy was used for the precise termination of layers
because in-situ optical monitoring in the MIR spectral domain is very complicated [95]. The key
feature of these DMs are its GDD value, which gradually increases with the wavelength [95]. By
using a DM pair with mirrors placed at two different angles of incidences (AOIs) (/0° and 25°)
GDD oscillations can be somewhat minimized to obtain a smoother spectral phase response [95].

The GD of the DMs was measured with both the conventional and the SH-SRI methods, by
placing the mirrors in the sample arm of the interferometer. In the MZI, the sample beam
undergoes two reflections from two GMs, placed at 25° and 710° AOIs, respectively. Both AOls
correspond to the design angles of the DM pair. Exchanging two GMs with the two DMs one after
the other and then both simultaneously, allowed me to measure their GD spectra without changing
the optical path difference between the two arms of the MZI. The baseline data of the empty
interferometer was obtained by using exclusively GMs in the setup. The baseline data acquired
above was then subtracted from the resulting GD spectra in all the other measurement series. This
way the effect of the CH4 absorption was also nullified. The measured GD spectra of the DM pair
with the conventional and the SH-SRI methods are shown in Figures 3.5.a-b, respectively. In the
case of the SH-SRI method, there is excellent agreement between the designed and measured GD
spectra. The RMSD and the STD of the DM measurements are summarized in Table 3.2.
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Figure 3.5: The retrieved GD spectrum of the DM pair (10° and 25° AOI) with a.) the
conventional SRI and b.) the SH-SRI.

The GD spectra measured with the SH-SRI technique have lower RMSD and STD than the
GD spectra measured with the conventional SRI technique. The advantage of the SH-SRI
technique is even more obvious when the GD values are small, like in the case of the DMs
presented here. According to my measurements, the GDD and the TOD of the DM pair at the
central wavelength are 274 fs? and —7204 fs®, respectively, while the corresponding design values
are 270 fs? and —7000 fs®. One can see that the measured and the design values match very well,
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the small differences can be attributed to the uncertainties of the measurements. It can be seen
from my results that the DM pair indeed produces positive GDD and negative TOD, so in principle
it can be used in combination with material dispersion to compensate the spectral phase of few
optical cycle, MIR pulses up to the fourth order of dispersion.

Setup GDsrui (fs) GDsh-sri (fs)
configuration RMSD | STD | RMSD STD

1 DM (10° AOI) 7.83 | 11.83 | 2.10 7.87

1 DM (25° AOI) 431 | 1144 | 182 10.88
DM pair (10°and | 8.83 | 10.07 | 164 10.61
25° AOI)
Table 3.2: The RMSD and the STD of the GD spectrum in case of the conventional and the SH-

SRI measurements in the spectral range of 3000 nm to 3300 nm.

3.1.4.Discussion

In this thesis point the conventional and the SH-SRI techniques are introduced. The key in the
latter method is the SHG, which allows for high resolution GD retrieval by transferring spectral
phase detection to the NIR spectral domain from the MIR spectral domain, where commercial
spectrometers with higher spectral resolution are more common. This scheme notably improves
the accuracy of the measurement. The performance of the conventional and the SH-SRI methods
were compared by testing well-known optical windows transparent in the MIR spectral domain,
and it was found that the latter method gives significantly better results in terms of RMSD and
STD. The GD spectrum of the DM pair was also measured using the conventional and the SH-SRI
techniques. The results obtained with the latter method showed excellent agreement between the
design and the measured values. According to my measurements, GDD and TOD at the central
wavelength of the DM pair were 274 fs> and —7204 fs®, respectively, while the corresponding
design values are 270 fs? and —7000 fs®. My relevant thesis point to these new scientific results is
the following:

T.1: | developed a spectrally resolved interferometer assisted by second harmonic generation.
Thanks to this innovation, | was able to overcome the limited spectral resolution of
commercially available spectrometers in the mid infrared spectral domain. I achieved this by
transferring the spectral phase information in the near infrared spectral domain, where
commercial spectrometers with higher spectral resolution are more common. | verified the
newly developed second harmonic assisted spectrally resolved interferometer with materials
with well-known spectral phase. | also compared it with the conventional spectrally resolved
interferometer in terms of root mean square deviation and standard deviation, and it was found
to perform better in both terms. Using this technique, | was able to measure the group delay
spectrum of the newly manufactured dispersive mirror pair designed for postcompression in
the mid infrared spectral domain, and | found good agreement with the designed value. [36]
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3.2. Postcompression of the MIR OPCPA system

This thesis point presents the postcompression of the MIR OPCPA system at ELI ALPS Research
Institute. First the experimental layout of the postcompression stage is introduced, then the test of
different materials for self-phase modulation is discussed. Finally, the two optical cycle pulse is
characterized temporally.

3.2.1. Experimental setup

Practically, one of the major bottlenecks of the postcompression process is the subsequent spectral
phase management upon the recompression of the broadband spectrum back to near FTL duration.
The GDD of the spectrally broadened pulse can be easily compensated with material dispersion,
however the TOD cannot be removed solely by material dispersion. Nonetheless, the combination
of bulk materials and DMs is capable of compensating for both.
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Figure 3.6: Schematic drawing of the postcompression setup. GM — gold mirror, ROC — radius
of curvature

The schematic drawing of the postcompression setup driven by the MIR OPCPA beam is
shown in Figure 3.6. A similar scheme was introduced in our previous work [35]. This former
approach was further investigated and improved by using other materials for enhanced spectral
broadening and aiding bulk compression with the DMs to reduce pulse duration below two optical
cycles. The pulse (130 wJ/, 42 fs in FWHM, 100 kHz) was focused in air with a concave spherical
GM, which had a —1000 mm radius of curvature (ROC) to guarantee a sufficiently large spot size
in the focus without plasma development in air. GMs with shorter and longer ROC values were
also tested; however, | achieved the best performance with this ROC value. In case of shorter ROC
values, the SPM was less stable, while in case of longer ROCs, the SPM was less intense. The
chosen ROC value was a good compromise between broadening and stability. Behind the focal
plane of the focusing GM, thin plates were positioned at normal incidence along the beam
propagation axis for SPM. The spectrally broadened beam was collimated with, CaF, BBAR (2—
5 um) plan-convex lens having a focal length of 250 mm. After collimation, the beam was sampled
with a specially coated sapphire sampler window having 7% reflectance between 2.2 um and
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4.2 um, and nearly zero GDD and TOD for the reflected beam. | used the reflected beam for the
spectrum and the CEP measurements.

3.2.2.Material selection

Several materials (BaF;, CaF>, gallium arsenide (GaAs), potassium bromide (KBr), KRS-5,
magnesium fluoride (MgF2), Si, YAG, zinc sulfide (ZnS) and zinc selenide (ZnSe)) were tested in
the postcompression stage to get a sufficiently broad spectrum supporting a two optical cycle pulse
duration in FTL. I investigated the average power, the FTL pulse duration, and the peak power
calculated from these values in each case. The results are summarized in Table 3.3.

BaF2 3 9.7 32.5 2.98
CaF2 3 9.8 34.0 2.88
GaAs 1 5.1 28.2 1.81
KBr 2 9.6 30.0 3.20
KBr 4 9.5 22.0 4.32
KRS-5 2 7.3 20.1 3.63
KRS-5 4 7.2 22.6 3.19
MgF2 3 9.9 36.8 2.87
Si 1 9.4 23.9 3.93
YAG 3 8.9 34.0 2.60
ZnS 3 9.3 36.1 2.58
ZnSe 1 9.5 37.4 2.54
ZnSe 2 9.3 35.8 2.60

Table 3.3: The investigated materials in the postcompression stage and their corresponding
pulse parameters after the stage. d is the thickness of the window.

The largest amount of broadband spectra with high average power was achieved using BaF,
KBr, Si and the combinations of these materials. In general, the double plate arrangements resulted
in more broadband spectra than any of the single plate arrangements. The triple plate arrangements
were also tested, however they did not improve any further the achievable peak power. Note that
the operation of the spectral broadening unit in ambient air is limited by the absorption of carbon
dioxide (COz) and water (H20) vapor [94]. The initial spectrum and the spectra with the double
plate arrangements are shown in Figure 3.7. The spectral hole at 4.2-4.3 um is due to CO>
absorption in air, while the modulation at 2.6-2.7 um is caused by the absorption of H>O vapor in
the air of the laboratory (40% relative humidity) [94]. The FTL pulse durations corresponding to
the BaF,-KBr (red), BaF.-Si (orange) and KBr-Si (purple) double plate arrangements were 16.9 fs,
16.7 fs and 18.2 fs, respectively. KBr was found to be very sensitive to laser induced damage, and
since it is also hygroscopic, using the BaF>-Si double plate combination proved to be the most
advantageous choice. Further details are included in Table 3.4. The transmission of the BaF»-Si
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double plate combination was 83.6% including both linear and nonlinear losses, yielding 9.15 W
right after the collimating lens (f=250 mm) of the broadening stage.
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Figure 3.7: The initial spectrum (blue) before postcompression (MIR OPCPA). The broadened
spectra after the BaF>-KBr (red), the BaF,-Si (orange) and the KBr-Si (purple) plate
combinations.

Material BaF, Si

d (mm) 3 1
Position® (mm) 530 | 650
Intensity® (GWcm?) | 336.2 | 21.2
Loss (%) 8.9 8.2
FTLE (fs) 266 | 16.7

Table 3.4: Measured parameters of the postcompression setup. d is the thickness of the window.
2position between the focusing mirror and the first surface of the plates. ® Intensity on the plates.
¢ FTL of the spectrum after the plates.

3.2.3. Postcompression results

First, the pulses were recompressed without any DM, relying solely on compression with material
dispersion. The best result was obtained by propagating the laser through a 2 mm thick CaF plate.
This resulted in the compression of the pulses down to 25.5 fs FWHM, which corresponds to less
than two and a half optical cycles at 3170 nm central wavelength. Next, | tested the compression
with the combination of bulk materials and the DMs. With the help of three DMs aligned at 10°,
25°and 25° AOQls, respectively, and a 5 mm thick CaF. plate, the laser pulses were compressed
down to 19.6 fs FWHM, which is less than two optical cycles at this central wavelength. Several
combinations were tested systematically by varying both the material thickness and the number of
DMs, but the above arrangement provided the shortest measured pulse duration. The reflection
losses of the CaF, window (5.9%) and the three DMs (4.4%) totaled 10.0%. After recompression,
I had an average power of 8.24 W. The pulse duration (19.6 fs) was measured by a locally
developed, all-reflective SHG FROG, the results of which are shown in Figure 3.8. The main peak
contains 96.2% of the pulse energy. The peak power of the laser pulses improved from 3.10 GW
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(MIR OPCPA output) to 4.04 GW (postcompressed output), yielding an increment of 30.3%. The
output peak power is a significant improvement compared to an earlier work [35]. The schematic
drawing of the finalized postcompression setup driven by the MIR OPCPA beam can be seen in
Figure 3.9.

SH-FROG trace reconstructed with a rms error of 0.77 %
(@) Target FROG map (b) Reconstructed FROG map
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Figure 3.8: Pulse duration characterization with the SHG FROG device: (a) measured FROG
trace, (b) reconstructed FROG trace, (c) reconstructed temporal profile and (d) reconstructed
spectral intensity and phase.

The stability of the presented postcompression stage (see Figure 3.9.) was tested in a 4 h
period; the results are shown in Figure 3.10. During that time, the average power, the spectrum
and the CEP (with active feedback loop) were monitored. The RMS of the power was 2.1%, while
the CEP was 240 mrad for the entire measurement. The corresponding values of the OPCPA
output (RMS: 0.7% and CEP: 65 mrad) are somewhat more stable, however it is an acceptable
trade-off considering the shortened pulse duration and the increased peak power. The variation of
the FTL of the spectrum was less than 1 fs during the same period, which resulted in a stable pulse
duration over hours. The above specifications make the postcompressed MIR output extremely
attractive for future user experiments.
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Figure 3.9: Schematic drawing of the postcompression setup. The compressor contains three
DMs and a 5 mm thick CaF, window. GM — gold mirror, ROC — radius of curvature.
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Figure 3.10: The results of the 4 h test of the postcompression stage: a.) the CEP, b.) the power
and c.) the spectrum, respectively.

3.2.4. Discussion

In this thesis point the postcompression of the MIR OPCPA system at ELI ALPS Research
Institute is introduced. One of the improvements compared to the earlier postcompression
stage [35] was that | systemically investigated every available optical material in terms of
transmitted pulse energy and spectral broadening after the postcompression stage. Thanks to this,
I was able to continue working with the most suitable materials, i.e. BaF2> and Si. The other
improvement was the application the newly designed DMs (see details in Chapter 3.1.3.) in the
postcompression stage. The combination of these improvements resulted in 19.6 fs long, 82.4 uJ
energy pulses at a central wavelength of 3170 nm. This pulse duration is less than two optical
cycles at this central wavelength. My corresponding thesis point to these new scientific results is
the following:
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T.2: | used the dispersive mirror pair characterized in the first thesis point and developed the
postcompression stage of the mid infrared laser system at ELI ALPS Research Institute. |
tested several available materials for self-phase modulation. Barium fluoride, potassium
bromide, and silicon were found to be best in terms of transmission and spectral broadening.
| also tested different combinations of these materials, and the barium fluoride and silicon pair
was found to have the highest potential peak power. | was able to compress the pulse almost
down to the Fourier transform limit with the help a calcium fluoride window and three
dispersive mirrors. | managed to shorten the pulse duration, which was originally five optical
cycles (~50 fs) to less than two optical cycles (~20 fs) during postcompression. During my
work, another aim was to increase the peak intensity of the system. Here | achieved a 30.3%
increment. [36]

3.3. Effect of the central wavelength on THz pulse
generation

In this thesis point | present the results of my numerical simulations focusing on the effect of the
central wavelength on THz pulse generation. First, | introduce the parameters of my numerical
simulations, which were based on the parameters of the MIR OPCPA system at ELI ALPS
Research Institute. After this, the effects of the central wavelength on SHG, tunnel ionization and
THz pulse generation are discussed.

3.3.1. Parameters of the numerical simulations

In these numerical simulations, | examined the spectral range from 2.15 um up to 15.15 um. The
examined spectral region was defined by Type-1 SHG phase matching conditions (ooe) in a Z-cut
(6=0°) GaSe nonlinear crystal [63-64]. The pulse peak power (2.5 GW) and the pulse duration
expressed in optical cycles were kept constant in the investigated wavelength range in order to
study only the wavelength dependence and minimize the other effects. The FWHM beam diameter
was 27.5 um in the focus and 1.0 mm at the GaSe. Both the temporal and spatial shapes of the
pulse were chosen to be Gaussian. Nonlinear crystals with commercially available thicknesses
(10 um, 30um and 100 um) were explored. | found that the 10 um thickness was too thin for
efficient SHG, while the 100 um thickness was too thick for efficient THz pulse generation.
Therefore, | used the 30 um thick crystal in my research. The calculated intensity and the peak
electric field were 1.50x 10" W/m? and 7.51 x10° kV/m in the GaSe crystal, respectively.

3.3.2. The effect of the central wavelength effect on SHG

First, I investigated SHG in the nonlinear crystal. The results in the case of 3 um and 8 um central
wavelengths of the fundamental pulse are shown in Figure 3.11. As one can see, the temporal
walk-off between the fundamental pulse and its SH pulse decreases with increasing central
wavelength. In case of a 3 um central wavelength, 6 for Type-l phase matching is 75.0°, the
corresponding AOI is 45.1° and the reflection loss is 11.1% on each surface. The conversion
efficiency at this wavelength is 35%. In the case of an 8 um central wavelength, 8 for Type-I phase
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matching is 11.9° and the corresponding AOI and reflection loss is 33.8° and 15.5% on each
surface, respectively. The conversion efficiency at this wavelength is 14.0%. 6 has a minimal value
of 10.5° at 5.7 um. In general, the maximum conversion efficiency is 39% at 2.5 um. Conversion
efficiency slowly decreased as the wavelength moved away from 2.5 um. dest is proportional with
cos(0), therefore its value decreases over 5.7 um.
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Figure 3.11: The fundamental (red) and its SH (blue) pulse electric field, when the central
wavelength is a.) 3 um and b.) 8 um.

In the focus, the peak electric fields of the 3 um fundamental pulse and its SH pulse were
6.5x10° kV/m and 1.3x10° kV/m, respectively. The pulse durations were 4.0 optical cycles and
6.2 optical cycles, respectively. In the focus, the peak electric field of the 8 um fundamental pulse
and its SH pulse were 6.2x10° kV/m and 0.6x10° kV/m, respectively. The pulse durations were
4.0 optical cycles and 5.7 optical cycles, respectively. The fundamental pulse’s peak electric field
and pulse duration did not change significantly. On the other hand, the SH pulse’s peak electric
field and pulse duration slowly decreased with the carrier wavelength.

3.3.3. The effect of the central wavelength on tunnel ionization

Next, | investigated the tunnel ionization of nitrogen, especially its electron density and velocity
as a function of the central wavelength shown in Fig. 3.12. Tunnel ionization mainly takes place
at moments when the electric field is the most intense. Therefore, the tunnel ionization process is
not continuous, it occurs in a cascading fashion, representing the optical cycles in the electric field,
which is clearly visible in Figure 3.12.a. Tunnel ionization itself is independent of the central
wavelength. Despite this, there is a visible increase in electron density depending on the carrier
wavelength as shown in Figure 3.12.a. This increase can be explained with the choice of
simulation parameters. The constant peak power (2.5 GW) and the pulse duration (4 optical cycles)
require increasing pulse energy, which impacts tunnel ionization. Electron density reaches its
maximum value (0.06%) at 14.1 um followed by a rapid decrease as a function of the central
wavelength. The reason of the reduction in electron density is due to the reflection loss from the
surfaces of the nonlinear crystal. For a Z-cut (6=0°) GaSe crystal, the reflection loss reaches its
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minima at 2.3 um and 14.3 um, where the AOQIs are close to the Brewster’s angle. Outside this
spectral region (2.3-14.3 um), the reflection loss increases rapidly and makes the Z-cut (6=0°)
GaSe crystal ineffective for SHG. The reflection loss reaches its maxima at 2.15 um and 15.15 um,
where the AOIs reach 90°. Outside of this spectral region, phase matching for Type-I (ooe) SHG
in Z-cut (0=0°) GaSe crystals is not possible. Another very important factor in THz pulse
generation is the drift velocity of the electrons. As shown in Figure 3.12.b., the velocity of the
electrons continuously increases as a function of the central wavelength of the fundamental pulse.
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Figure 3.12: The electrons’ a.) density and b.) velocity as a function of the central wavelength of
the fundamental pulse.

3.3.4. The effect of the central wavelength on THz pulse
generation

Based on the above results, THz pulse generation was investigated as a function of the central
wavelength, as shown in Figure 3.13. The THz pulse electric field is shown in Figure 3.13.a., and
its spectrum is shown in Figure 3.13.b. as a function of the central wavelength. The cutoff
frequency of the spectrum was chosen to be 8.8 THz, which is a commercially available THz low
pass filter. [96] Other, more broadband THz low pass filters are also available [96], but they may
transmit part of the fundamental pulse, which makes it difficult to characterize the THz pulse itself.
The electric field of THz pulses reaches its maximum at 12.3 um, but it also has several local
maxima at 12.3 um, 9.1 um, 7.3 um, 6.2 um and so on because of the propagation of the two-color
pulses in the nonlinear crystal. The phase velocity is strongly wavelength dependent; therefore,
the fundamental pulse and its SH pulse have different phase velocities. When the two pulses have
a +7/2 rad RP difference, a maximum can be observed in the THz electric field. Minima are
observed at Oz rad or =/x rad RP differences. In case of the thicker (100 um) nonlinear crystals,
the THz intensity is more densely modulated, while in case of the thinner (10 um) nonlinear
crystals, the THz intensity is less rarely modulated compared to the 30 um thickness. As a result
of this sensitivity to the RP, one needs a simple, but robust method as presented in this thesis later
(Chapter 3.4) to control the RP for THz pulse generation.
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Figure 3.13: The THz pulse in the a.) temporal and b.) spectral domain as a function of the
central wavelength.

When the central wavelength lies in the MIR or in the LWIR spectral domain, the separation
of the fundamental and the THz pulses becomes difficult due to the fact that broadband pulses are
needed for broadband THz pulses generation. Without the correct low pass filters, some part of
the fundamental pulses may also pass through, causing problems with THz pulse detection (an
interference pattern may appear, which can affect the measured parameters). Therefore, the correct
separation of the fundamental and the THz pulses is critical for this process. The peak electric
fields of THz pulses were calculated as a function of the central wavelength for various low pass
filters [96] as shown in Figure 3.14. The strongest THz electric field was generated at 12.3 um,
which wavelength position is roughly independent of the cutoff frequency. For 10.9 THz, 8.8 THz,
5.5 THz, 4.3 THz and 3.2 THz low pass filters the scaling laws were found to be ~A341, ~)347 1354
~1356 and ~13%8, respectively, where 1 is the central wavelength of the fundamental pulse. Please
note that the scaling law was found to be ~1%03 ~)%13 3926 7929 _)933 for the 100 um thick
nonlinear crystal, and ~A%%, ~)217 228 231 _)233 for the 10 um thickness with the same low
pass filters as above. From these values one can clearly see that the scaling law is very sensitive
to SHG, it increases with SHG efficiency. Another noteworthy result here is the observation of a
decrease in the scaling law as a function of the cutoff frequency. These results indicate that the
lower frequencies are more sensitive to the carrier wavelength. The scaling laws are also being
examined by other research groups [23-25, 28, 30, 69] in different spectral domains. The
comparison of my results and previous results are summarized in Table 3.5. The lowest published
value was ~A*7 in the spectral range from 0.8 um up to 2.0 um [24] and the highest one was ~A4°
in the spectral range from 2.4 um up to 2.6 um [28]. My results are in the range of previous works
as these data show.
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Figure 3.14: a.) The peak electric field of THz pulses as a function of the central wavelength of
the fundamental pulse in the case of different THz low pass filters. b.) The same as a.) on a
semilogarithmic scale. Different scaling laws are also included as a guide.

Wavelength range [um]  Scaling law References
0.8-4.0 A25 [69]
0.8-1.8 A4 [23]
0.8-2.0 AL724 [24]
1.0-10.0 AL821 [25]
1.2-1.5 /894 [28]
1.3-2.2 A4e81 [28]
2.4-2.6 ALL4-145 [28]
2.2-15.2 25093 100 pm GaSe
2.2-15.2 \34-36 30 um GaSe
2.2-15.2 A2123 10 um GaSe

Table 3.5: The scaling laws of THz pulse generation as a function of the carrier wavelength of
the fundamental pulse.

Next, | compared the efficiency of THz pulse generation from MIR and LWIR OPCPA sources
and Ti:Sapphire lasers, which are still the most common sources for this type of THz pulse
generation [45, 70-74, 76-78]. The central wavelength of Ti:Sapphire lasers is around 0.8 um,
which means the GaSe nonlinear crystals cannot be used for SHG. In the NIR spectral regime, the
most often used nonlinear crystal for SHG is the BBO. Its refractive index [97] and the effective
nonlinear coefficient [98] are taken from literature. To provide a comparison, the same pulse
parameters, i.e. four optical cycle pulse duration and 2.5 GW peak power are used here too, but at
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0.8 um central wavelength. The thickness of the BBO was chosen to be 100 um and §#=29.2° and
»=90°, respectively. The cutoff frequency was also chosen to be the same as above (8.8 THz). The
peak electric field of the generated THz pulse was 3.2x1073 kV/m, in contrast with the MIR laser
(A=3.3 um) it was 2.5x107% kV/m and with LWIR laser (1=7.3 um) it was 3.6x10°t kV/m. Based
on these results, | estimated that the generation of THz pulses with MIR sources is one, while with
LWIR sources it is two orders of magnitude more efficient compared to the Ti:Sapphire lasers
using the exact same pulse parameters.

3.3.5. Discussion

In this thesis point, | performed numerical simulations to investigate THz pulse generation with
four optical cycle MIR and LWIR pulses in nitrogen plasma. | found that in the examined spectral
range, from 2.15 um to 15.15 um, the generated THz pulse had several local maxima and the global
maximum was at 12.3 um. The number of the local maxima increases with the thickness of the
nonlinear crystal due to the RP difference of the two-color pulses during propagation. In addition,
the optimal central wavelength was insensitive to the cutoff frequency. In contrast, the scaling law
was sensitive to both the cutoff frequency and the thickness of the nonlinear crystal. The
comparison of the efficiency of THz pulse generation by various sources under the same pulse
parameters showed that the expected peak electric field of the THz pulses was one order of
magnitude higher in case of MIR systems (1=3.3 um) and two orders of magnitude higher in case
of LWIR systems (1=7.3 um) when compared to typical Ti:Sapphire laser systems (1=0.8 um).
My corresponding thesis point to these new scientific results is the following:

T.3: | investigated the possibility of using the mid infrared system at ELI ALPS Research
Institute to generate terahertz pulses in nitrogen plasma with two-color pulses. With numerical
simulation | investigated the efficiency improvement in terahertz pulse generation with mid
and longwave infrared two-color pulses compared to near infrared two-color pulses with the
same input pulse parameters. | investigated the spectral domain from 2.15 um to 15.15 um and
tested different thicknesses of the nonlinear crystal. | found that the scaling law of the terahertz
pulse generation increases with increasing nonlinear crystal thickness. From this I concluded
that terahertz pulse generation is very sensitive to second harmonic generation. Furthermore,
I investigated the scaling law with different cutoff frequencies and found that it slowly
increases with decreasing cutoff frequency. From this | concluded that the lower frequency
part of the terahertz spectrum is more sensitive to the driving wavelength. Finally, | found that
terahertz radiation generated with mid infrared (3.3 um) and longwave infrared (7.3 um) is by
one and two orders of magnitude more intense than the terahertz radiation generated with near
infrared (0.8 um) two-color pulses. [30]

3.4. Relative phase control for THz pulse generation

In this thesis point | present the results of my numerical simulations of the RP control of the two-
color pulses for THz pulse generation. First, | introduce the importance of the RP control and then
discuss material selection and testing for RP control. The fundamental pulse parameters were the
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same as in Chapter 3.3., however the central wavelength was constant (4 = 3.2 um) in this thesis
point.

3.4.1. Importance of the relative phase

The small group and phase velocity differences between the fundamental and its SH pulse in the
MIR and LWIR spectral domains require precise control of the RP during experiments [28]. After
the SHG process, the RP between the fundamental and its SH pulses depends on the thickness and
the refractive index of the nonlinear crystal. Please note that the THz pulse generation process is
optimal when the RP is /2 rad [43-44]. A common way to control the RP between the two-color
pulses is to collinearly propagate them in air, which is a straightforward solution in experiments
with Ti:Sapphire laser systems. For MIR sources, due to the smaller dispersion of air, the two-
color pulses have to copropagate several meters to change the RP by +x/2 rad. In addition, the
absorption of air can be significant in this spectral domain [94], and may result in unwanted
intensity and phase modulations of the two-color pulses. This is another reason why copropagation
in air in this case is not a practical solution. Alternatively, two-color pulses can be propagated
along different beam paths, where pulses can be separated and recombined with the help of a pair
of DcM, which are not widely available in the MIR spectral range with low losses. A better option
IS to use materials with a higher refractive index and larger dispersion [30, 69] than air. The
advantage of this approach is its compactness, which reduces the optical path significantly and it
simplifies the experimental configuration since it does not require any pulse separation and
recombination.

3.4.2. Materials for relative phase control

Although, there are numerous potential materials which are transparent in the examined spectral
region, | chose three practical criteria during the investigation. First of all, the materials must be
commercially available. The most common materials that meet this criterion and are transparent
in the MIR spectral region are Si, sapphire (Al20O3), ZnSe, BaF,, CaF», LiF, and MgF.. Birefringent
materials are not considered for this purpose to avoid unwanted nonlinear effects during the control
of the RP; therefore, Al,O3 and MgF; are eliminated. The materials must also exhibit negative
GVD, because it can cancel out the positive GVD of the GaSe crystal [63], which would improve
the temporal overlap between the two-color pulses and hence improve the efficiency of THz pulse
generation; therefore, Si and ZnSe were not selected for my numerical simulations.

In this thesis, alkaline earth halides (BaF. and CaF.) and alkaline halide (LiF) were closely
examined. Each of these materials fulfills the three requirements mentioned above, which make
them suitable candidates for controlling the RP of the two-color pulses. The first two materials
investigated here are alkaline earth halides [90]. The RP control ability of these two materials is
shown in Figure 3.15. and Figure 3.16, which depict the peak electric field of the THz pulse as a
function of the thickness of the window and the AOI. The peak electric field of the THz pulse
weakly depends on the AOI. The slow variation can be explained with the Fresnel reflection. The
reflection loss decreases with the AOI up to the Brewster’s angle, which results in an increase in
the peak electric field of the THz pulse. The reflection loss increases with the AOI above the
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Brewster’s angle, which results in a decrease in the peak electric field of the THz pulse.
Furthermore, the peak electric field of the THz pulse exhibits a slow and rapid variation as a
function of the thickness of the plate (Figure 3.15.b and Figure 3.16.b). The slow variation is due
to the temporal overlap between the two-color pulses. At the bottom of the figures, the temporal
overlap increases, which also increases the THz pulse intensity. Beyond the optimal thickness, the
temporal overlap deteriorates quickly and yields the observed decrease in the THz pulse’s
intensity. The rapid variation in the peak electric field of the THz pulse observable in the figures
is due to the continuous change of the RP between the two-color pulses in the plates [43-44]. As
one can see, both BaF, and CaF are able to control the RP of the two-color pulses producing
increased THz pulse intensity via compensating the temporal walk-off between the pulses. The
optimal thickness of the BaF plate was found to be 4.7 mm with an AOI of 56° for optimum THz
pulse generation with the above-mentioned fundamental pulse parameters. The optimal thickness
of the CaF plate was found to be 1.45 mm with an AOI of 55° for optimum THz pulse generation
with the above-mentioned fundamental pulse parameters.
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Figure 3.15: a.) The peak electric field of the THz pulse as a function of the thickness of the BaF>
plate and the AOI. b.) The peak electric field of the THz pulse as a function of the thickness of
the BaF plate at the optimal AOI (56°).
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Figure 3.16: a.) The peak electric field of the THz pulse as a function of the thickness of the
CaF plate and the AOI. b.) The peak electric field of the THz pulse as a function of the thickness
of the CaF; plate at the optimal AOI (55°).

The last material is LiF, which is an alkali halide [99], LiF. The RP control ability of this
material is shown in Figure 3.17. LiF is also a reasonable choice of material to control the RP of
the two-color pulse for maximizing the THz pulse intensity. The optimal thickness of the LiF plate
was found to be 0.5 mm with an AOI of 55° for optimum THz pulse generation with the above-
mentioned fundamental pulse parameters. Based on these results, all these three fluorides are able
to control the RP of the two-color pulses. The thinnest commercially available BaF,, CaF, and LiF
windows are 0.5 mm, 0.3 mm and 0.5 mm thick, respectively. Considering the currently available
commercial windows and the results from my simulations, | conclude that LiF and CaF. are
feasible choices for RP control of the two-color pulses.
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Figure 3.17: a.) The peak electric field of the THz pulse as a function of the thickness of the LiF
plate and the AOI. b.) The peak electric field of the THz pulse as a function of the thickness of
the LiF plate at the optimal AOI (55°).
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3.4.3. Discussion

In this thesis point, I investigated the RP control of the MIR two-color pulses with co-propagation
through thin fluoride plates. Materials with negative GVD are also able to compensate the positive
GVD of the nonlinear crystal, thereby improving the temporal overlap between the two-color
pulses, which also improves the efficiency of THz pulse generation. | numerically tested every
chosen material with different thicknesses and AOQIs to find the optimal condition for the most
intense THz pulse generation. | found that LiF and CaF. are the best candidates for this purpose.
My corresponding thesis point to these new scientific results is the following:

T.4: | investigated the relative phase tuning ability of thin dielectric plates with mid infrared,
two-color pulses during terahertz pulse generation in nitrogen plasma. My aim was to
determine which material is best suited for fine-tuning the relative phase between the two-
color pulses, and thus also for optimizing the peak intensity of the terahertz pulse. I
investigated terahertz pulse generation with several materials, transparent in the mid infrared
spectral domain. | also simulated the terahertz pulse generation with different material
thicknesses and angles of incidence. | found that the best candidates are different fluorides,
especially lithium and calcium fluoride. These materials have negative group velocity
dispersion, and thanks to this they are not just able to control the relative phase between the
two-color pulses but also improve the temporal overlap between them, which further increases
the efficiency of terahertz pulse generation. [30]

3.5. The effect of pulse duration on THz pulse generation

In this thesis point | present the results of my numerical simulations modeling the effects of the
duration and the polarization angle of the fundamental pulse on THz pulse generation. First, |
introduce the parameters of the simulations, which were based on the MIR OPCPA system at ELI
ALPS. Then I discuss in detail the effects mentioned above. Finally, the central wavelength of the
fundamental pulse is also considered.

3.5.1. THz pulse generation with a 3.2 um fundamental pulse

I examined the effect of pulse duration and that of the polarization angle of the fundamental pulse
on THz pulse generation. The pulse duration | considered covered the range from 1.2 to 5.0 optical
cycles, while the polarization angle changed from 0° to 50°, where 0° is the purely eo polarization
and 90° is the purely o polarization. The pulse peak power (2.5 GW) was kept at a constant level.
The FWHM beam diameter was 20 um in the focus and 1.0 mm at the GaSe crystal. Both the
temporal and spatial shapes of the pulse were chosen to be Gaussian. There are commercially
available GaSe nonlinear crystals with thicknesses 10 um, 30 um and 100 um, however | only
explored the thinnest one in my thesis due to the few optical cycle pulse duration. | found that the
thicker ones are not suitable for efficient SHG and THz pulse generation, because of the very
broadband fundamental pulses investigated in this thesis point. The calculated intensity and peak
electric field are 7.5x 70" W/m? and 7.5x10° kV/m at the GaSe crystal, respectively.
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Figure 3.18: The peak power of the THz pulse as a function of pulse duration and the
polarization angle in case of a.) +n/2 rad and b.) —z/2 rad RP. The central wavelength of the
driving laser pulse is 3.2 um.

| investigated THz pulse generation at 3.2 um (one optical cycle is equal to 10.7 fs) central
wavelength of the fundamental pulse. The results are shown in Figure 3.18 in case of +z/2 rad RP
between the fundamental and its SH pulses. For the +z/2 rad RP (see Figure 3.18.a), there are two
regions, where efficient THz pulse generation can be realized. The first is the conventional region,
where the two-color or double-color scheme is the more effective process. This can be seen in the
bottom-middle of Figure 3.18.a (highlighted with a solid yellow line). In this case, the maximum
THz electric field is 11.0 kV/m at 5.0 optical cycles and 25° polarization angle. Interestingly, the
calculation shows that there is a second region where THz generation is just as efficient as in the
double-color scheme utilizing only one color or a single color, which means that the THz pulse is
generated only by the fundamental laser pulse without its SH. This can be seen in the top-left of
field is 7.9 kV/m at 1.2 optical cycles and 0° polarization angle. As a reminder, the 0° polarization
angle indicates that the fundamental pulse polarization is purely eo polarized, hence no SHG
occurs in the GaSe crystal. This implies that the nonlinear crystal can be abandoned in this scheme,
which terminates the reflection loss and the negative effect of dispersion on THz pulse generation,
which further improves the efficiency of the process. The shift between the two regions is
continuous and it occurs at 1.7 optical cycles (18.1 fs).

For the —z/2 rad RP (see Figure 3.18.b), there are also two regions for efficient THz pulse
generation. As discussed above, the conventional region can be seen in the bottom-middle of
Figure 3.18.b (highlighted with a solid yellow line). In this case, the maximum, which is
technically a minimum, THz electric field is —11.0 kV/m at 5.0 optical cycles and at a polarization
angle of 25°. As one can see, the sign of the maximum THz electric field is inverted, when the
sign of the RP is inverted. The unconventional region can be seen in the top-left of Figure 3.18.b

at 1.2 optical cycles and at a polarization angle of 0°. As one can see, the sign of the maximum
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THz electric field is not inverted, since the single-color scheme is independent of the SH pulse,
and hence it is also independent of the RP. The shift between the regions is not continuous, and it
happens at 2.1 optical cycles (22.4 fs).

There is also a third, transitional region between the single- and double-color schemes. The
first is the already discussed unconventional region, where the single-color THz pulse generation
becomes dominant. This region starts below 1.7 optical cycles (18.1 fs). The second is the already
presented conventional region, where the double-color THz pulse generation is more efficient and
furthermore THz pulse generation is not sensitive to the sign of the RP. The double-color scheme
with —z/2 rad and +z/2 rad RP generates THz pulses with the same absolute peak power, but the
electric field has an opposite sign. This region starts above 3.2 optical cycles (34.1 fs). The third,
transitional region is between the single- and double-color regions, where the double-color THz
pulse generation is still more effective, but THz pulse generation is sensitive to the sign of the RP.
The double-color scheme with —z/2 rad and +z/2 rad RP generates THz pulses with different
absolute peak powers.

To better understand the transition between the single- and double-color schemes, | explored
the details of the numerical simulations showing the contributions from the various steps. Here, |
selected a simulation where the central wavelength was 3.2 um and the pulse duration
corresponded to 2.0 optical cycles (21.3 fs). The results are shown in Figure 3.19. The blue color
indicates the single-color scheme at a polarization angle of 0°. The orange color indicates the
double-color scheme at a polarization angle of 25° in case of +z/2 rad RP, hereinafter positive
double-color. The red color indicates the double-color scheme at a polarization angle of 25° in
case —/2 rad RP, hereinafter negative double-color.

The external electric field, shown separately in Figure 3.19.a., is a little more intense in case
of the single-color scheme, than in the double-color schemes. This is due to the reduced losses
(reflection and nonlinear conversion) of the fundamental pulse. The tail of the external electric
fields in both double-color schemes is more asymmetric compared to the single-color scheme due
to the presence of their associated SH pulse. The orientation of this asymmetry depends on the RP
between the two-color pulses.

The electron density for each scenario is shown in Figure 3.19.b. In case of the single-color
scheme, it is 0.45%, while in the positive and negative double-color schemes the respective values
are only 0.16% and 0.15%. These values are approximately one third of the single-color scheme,
which is a consequence of the slightly less intense electric field. I would like to mention that the
ionization rates are an exponential function of the external electric field (Equation 2.25). Hence a
minor change in the external electric field triggers a major change in electron density. In every
case, ionization occurs in three significant steps. In case of the single-color and the positive double-
color schemes the second step is the most prominent, while in case of the negative double-color
scheme, the first step is the most prominent, as it can be seen in Figure 3.19.b.
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Figure 3.19: a.) The external electric field, b.) the electron density, c.) the electron current and
d.) the THz electric field. The blue color indicates the single-color scheme at a polarization
angle of 0°. The orange and red colors indicate the positive and negative double-color schemes
at a polarization angle of 25°, respectively. The central wavelength is 3.2 um and the pulse

duration is 2.0 optical cycles (21.3 fs) in every case.

The TEC of every case is shown in Figure 3.19.c. In the single-color and positive double-color
schemes a strong, positive current builds up, which is due to the dominant second step during
ionization, which overlaps temporally with the maximum of the external electric field. Thanks to
this, the first two steps of the process have different intensity and sign, and yield a strong positive
TEC in the end. The levels of the two TECs are similar, despite being built up from different
external electric fields. The external electric field is more intense and less asymmetric in case of
the single-color scheme, while it is less intense, but more asymmetric in case of the positive
double-color scheme. These results indicate that both properties play an important role in THz
pulse generation. In case of the negative double-color scheme a weak, negative TEC builds up,
which is due to the dominant first step during ionization. The second step during ionization is less
dominant, but it overlaps temporally with the maximum of the external electric field. Thanks to
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this, the first two steps of TEC formation have similar intensities, but different signs, which almost
extinguish each other and develop a weak negative TEC in the end.

The THz electric fields of every case are shown in Figure 3.19.d. In case of the single-color
and the positive double-color schemes a strong, positive THz electric field builds up from the
strong, positive TEC. Since the TECs are similar, the THz electric fields that build up from them
will be also similar. In case of the negative double-color scheme a weak, negative THz electric
field builds up from the weak, negative TEC.

In summary of the above results, the most important parameters of the external electric field
are intensity and asymmetry during the THz pulse generation. The generation of similar THz
pulses is possible with different external electric fields. When intensity is concerned, the single-
color scheme is preferred due to the minor losses (reflection and nonlinear conversion). In terms
of asymmetry, it is more advantageous to use the double-color schemes. However, asymmetry
increases with decreasing pulse duration in every scheme, and as a result, in the case of few optical
cycle pulses, the single-color scheme will be more efficient as presented earlier.

3.5.2. THz pulse generation with a fundamental pulse at 2.5 um to
4.0 um

In the next step, | investigated THz pulse generation from 2.5 um (one optical cycle is equal to
8.3 fs) to 4.0 um (one optical cycle is equal to 13.3 fs) central wavelength of the fundamental pulse.
These results allow us to explore the effects of the central wavelength of the pumping laser pulse
on THz pulse generation. The results are shown in Figures 3.20-21.
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Figure 3.20: The optimal polarization angle of the fundamental pulse as a function of pulse
duration and the central wavelength in case of the single-color / positive double-color scheme.
The corresponding THz electric field is shown in Figure 3.21.a.

The optimal polarization angle is shown in Figure 3.20 in case of single-color / positive
double-color schemes. When the optimal polarization angle is equal to 0°, the single-color scheme
is more efficient than the positive double-color scheme. As a reminder, 0° polarization angle means

64



that the polarization of the fundamental pulse is purely eo, hence no SHG occurs in the nonlinear
crystal. The shift between the two schemes, which is the upper boundary of the unconventional
region, is at 1.9 optical cycles (15.9 fs) and 1.6 optical cycles (21.3 fs) in case of 2.5 um and 4.0 um
central wavelengths, respectively. As shown in Figure 3.20, the boundary of the unconventional
region decreases with increasing central wavelength.
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Figure 3.21: The optimal THz electric field of the fundamental pulse as a function of pulse
duration and the central wavelength in case of a.) the single-color / positive double-color
scheme and b.) the single-color / negative double-color scheme.

The optimal THz electric field is shown in Figure 3.21 for the single-color / positive double-
color schemes (RP is equal to +7z/2 rad) (Figure 3.21.a) and for the single-color / negative double-
color schemes (RP is equal to —z/2 rad) (Figure 3.21.b). The lower boundary of the conventional
region was determined by comparing the positive and negative double-color schemes. When the
difference between the two schemes is less than 1%, one can speak of the conventional region.
The lower boundary of the conventional region is at 3.2 optical cycles (26.7 fs) and 3.5 optical
cycles (46.7 fs) in case of 2.5 um and 4.0 um central wavelengths, respectively. This boundary
shifts to higher values with increasing central wavelength.

In conclusion, the most important result is that the upper limit (expressed in optical cycles) of
the single-color approach increases, while the lower limit of the two-color approach decreases with
increasing central wavelength. The former effect is likely to be related to the improving condition
of the SHG. As the carrier wavelength increases, the efficiency of the SHG increases too, and the
temporal overlap between the two-color pulses decreases. Both phenomena have a positive effect
on THz pulse generation, which makes it understandable, why the increasing carrier wavelength
makes it more difficult to reach and study the single-color approach. The latter effect is likely to
be related to the increasing ponderomotive potential, which increases with the carrier wavelength.
This explains why it is easier to reach and study the transient region.
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3.5.3. Discussion

I examined the THz pulse generation as a function of the pulse duration and the polarization angle
of the fundamental pulse at 3.2 um central wavelength. Three distinctly different regions have
been identified, where the optimal pulse parameters are fundamentally different for the most
efficient THz pulse generation. The first or conventional region, where the double-color scheme
is dominant is above 3.2 optical cycles (34.1 fs). The second or unconventional region, where the
single-color scheme is dominant is below 1.7 optical cycles (18.1fs). The last region is the
transitional region, where the double-color scheme is still dominant, but the sign of the RP is also
dominant. In addition, | have found that the lower boundary of the conventional region increases
with increasing central wavelength, while the upper boundary of the unconventional region
decreases with increasing central wavelength. The numerical results presented in this study will
provide important insights for future experiments, where the aim is to generate THz pulses with
few optical cycle, MIR laser pulses. My corresponding thesis point to these new scientific results
is the following:

T.5: I investigated terahertz pulse generation in nitrogen plasma as a function of pulse duration
and polarization angle. | identified three distinctly different regions, where the optimal pulse
parameters for the most efficient terahertz pulse generation are different. The first or
conventional region is where the two-color pulse scheme is dominant above 3.2 optical
cycles (34.1 fs at 3.2 um). The second or unconventional region is, where the one-color pulse
scheme is dominant below 1.7 optical cycles (18.1fs at 3.2 um). The last or semi-
conventional/transitional region is, where the two-color pulse scheme is still dominant, but
the sign of the relative phase is also determinative. In the conventional region, two-color
pulses with opposing relative phases generate terahertz pulses with the same absolute peak
power, but this is not true in the transitional region. In addition, | found that the lower
boundary of the conventional region increases with increasing central wavelength, while the
upper boundary of the unconventional region decreases with increasing central
wavelength. [79]

3.6. The effects of phases on the THz pulse generation

In this thesis point the results of my numerical simulations of the CEP and the RP effects on THz
pulse generation are presented. First, the effects of these two phases on THz pulse generation are
discussed as a function of pulse duration, and then they are further investigated as a function of
the polarization angle.

3.6.1. The effect of phase on THz pulse generation as a function of
pulse duration

In my thesis point, | continued to investigate THz pulse generation with few optical cycle MIR
pulses. The carrier wavelength was 3.2 um, just like in my previous thesis points (Chapters 3.3
to 3.5). The examined pulse duration also covered the range from 1.2 to 5.0 optical cycles
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(Chapter 3.5), while the investigated polarization angles were 70°, 15°, 20°, 25°, and 30°. As a
reminder, 0° is when the pulse is completely eo polarized and 90° is when the pulse is completely
0 polarized. The peak power of the pulse (2.5 GW) was kept at a constant level; the other pulse
parameters were also the same as in my previous thesis point (Chapter 3.5). In this current thesis
point, | focused on the effects of the CEP and the RP on THz pulse generation as a function of
pulse duration.
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Figure 3.22: The peak electric field of the THz pulse as a function of the CEP (X-axis) and RP

(Y-axis) in case of the following pulse durations: a.) 3.0 optical cycles (32.1 fs), b.) 2.5 optical

cycles (26.8 fs) and c.) 2.0 optical cycles (21.4 fs). The central wavelength of the driving laser
pulse is 3.2 um and the polarization angle is 20°.

THz pulse generation as a function of the two phases is shown in Figure 3.22. for different
pulse durations at a fixed polarization angle (20°). In case of 3.0optical cycles
(32.1 fs) (Figure 3.22.a), the CEP (X-axis) does not have any significant effect on THz pulse
generation, however the RP (Y-axis) has a clearly visible effect on it. In case of 2.5 optical cycles
(26.8 fs) (Figure 3.22.b), the importance of the CEP increases, while the importance of the RP
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decreases. In case of 2.0 optical cycles (21.4 fs) (Figure 3.22.c), the former changes are more
significant, as the pulse duration further decreases. These changes can be easily understood in
the light of the previous thesis point (Chapter 3.5). As the pulse duration decreases, THz pulse
generations moves away from the two-color to the one-color scheme (Chapter 3.5). This change
is important in two aspects. First, as the pulse duration decreases, the need for SHG also
decreases, which reduces the effect of the RP on THz pulse generation. Second, as pulse duration
increases, the difference between the individual optical cycles decreases, which reduces the effect
of the CEP on THz pulse generation.

For easier understanding, | only depicted the effects of the CEP and of pulse duration on THz
pulse generation, while the RP was constant, as shown in Figure 3.23.a. As pulse duration
decreases, the significance of the CEP increases. At this point, | need to define the sensitivity of
THz pulse generation:

S = THzmax—THzmin’ (31)
THZmax

where THzmax and THzmin are the maximum and minimum of the electric field of the THz pulse,
respectively. The sensitivity value changes between 0 and 2. The 0 value indicates that THz pulse
generation is not sensitive to the investigated parameter. In this case, THzmax and THzmin have the
same sign and value. On the other hand, the two values indicate that THz generation is absolutely
sensitive to the investigated parameter. In this case, THzmax and THzmin have the opposite sign
and the same absolute value. The sensitivity of THz pulse generation to the CEP is 7.13x107%,
4.52x10%, 2.01x10and 7.68x10 at 5, 4, 3, and 2 optical cycles, respectively. As one can see,
it increases with decreasing pulse duration.
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Figure 3.23: The peak electric field of the THz pulse as a function of pulse duration and a.) the
CEP and b.) the RP. The central wavelength of the driving laser pulse is 3.2 um and the
polarization angle is 20°.

| also depicted only the effect of the RP and of pulse duration on THz pulse generation, while
the CEP was constant, as shown in Figure 3.23.b. As one can see, as pulse duration decreases,
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the significance of the RP decreases. The sensitivity of THz pulse generation to the RP is 2.00,
2.00, 1.95, and 1.23 at 5, 4, 3, and 2 optical cycles, respectively.

3.6.2.The effect of phase on THz pulse generation as a function of
the polarization angle

Subsequently, | repeated the simulations with different polarization angles (10°, 75°, 20°, 25°,
and 30°). The results were similar in all cases, as shown in Figure 3.23. | determined the THzmin
and THzmax values as a function of pulse duration and polarization angle. The results for the first
case, when the CEP changed and the RP was constant, are shown in Figure 3.24.a. The THznin
The different colors correspond to different polarization angles. As one can see, while the pulse
duration is long (>4.0 optical cycles), there is no noticeable difference between the THzmin and
THzmax values. While the pulse duration is moderate (~3.0 optical cycles), there is a noticeable,
but not significant difference between the THzmin and THzmax values. While the pulse duration is
short (<2.0 optical cycles), there is a significant difference between them. It is clearly visible
from these results, that the importance of the CEP in relation to THz pulse generation increases,
while pulse duration decreases.
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different polarization angles. The carrier wavelength of the driving laser pulse is 3.2 um.

The results for the second case, when the RP changed and the CEP was constant, are shown
values are depicted with straight lines. The different colors correspond to the same polarization
angles as before. As one can see, while the pulse duration is long (>4.0 optical cycles), there is a
significant difference between the THzmin and THzmax Values. They have the same absolute values,
but they have the opposite signs. As long as pulse duration is moderate (~3.0 optical cycles),
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there is a visible difference between the THzmin and THzmax values. They do not have the same
absolute values, but they still have the opposite signs. While pulse duration is short (<2.0 optical
cycles), there is a noticeable, but insignificant difference between them. They do not have the
same absolute values and they do not have opposite signs any more. It is clearly visible from
these results, that the importance of the RP decreases, while pulse duration decreases.
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pulse duration in case of different polarization angles. The central wavelength of the driving
laser pulse is 3.2 um.

I calculated the sensitivity (Equation 3.1.) of THz pulse generation to the CEP and RP based
on the previous results. The sensitivity of THz pulse generation to the CEP (straight lines) and
shown in Figure 3.25. The different colors correspond to the same polarization angles as before.
As one can see, sensitivity to the RP decreases, while pulse duration decreases. On the other
hand, sensitivity to the CEP acts the opposite way: it increases while pulse duration decreases. It
is important to note that the shape of the curves slightly depends on the polarization angle. I must
also define the switching point, which is the pulse duration where the two sensitivities are equal.
As one can see, it clearly depends on the polarization angle. The switching point is around 2.3,
2.1,1.9,1.7,and 1.6 optical cycles at 10°, 15°, 20°, 25°, and 30° polarization angles, respectively.
| think the reason behind this phenomenon lies in SHG itself. As the polarization angle decreases,
the efficiency of SHG also decreases with it, which reduces the importance of the RP. This, in
turn, shifts the position of the switching point to longer pulse durations. Based on these results,
a CEP measurement technique can be developed using THz pulse generation with few optical
cycle MIR pulses, where the measurement and the control of the CEP is of paramount interest.

3.6.3.Discussion

| investigated the CEP and the RP effect on THz pulse generation as a function of pulse duration
(1.2-5.0 optical cycles) and as a function of the polarization angle (10°, 15°, 20°, 25°, and 30°).

70



The central wavelength was at 3.2 um. | found that the sensitivity of THz pulse generation to
CEP increases, while the sensitivity to the RP decreases with decreasing pulse duration. The
same tendency could be observed in case of different polarization angles. As the pulse duration
gets shorter, THz pulse generation moves away from the conventional scheme to the
unconventional scheme (see Chapter 3.5.). This increases the sensitivity of THz pulse generation
on the CEP, while its sensitivity to the RP decreases with decreasing pulse duration. As the pulse
duration decreases, the necessity of SHG also decreases, which also reduces the effect of the RP.
As pulse duration increases, the number of individual optical cycles grows. This reduces the
difference between them, which also reduces the impact of the CEP. The switching point, where
the sensitivity of THz pulse generation to the CEP and RP are equal, slightly depends on the
polarization angle. More specifically, when the polarization angle decreases, the switching point
shifts to longer pulse durations. | think the reason behind this phenomenon lies in SHG itself. As
the polarization angle decreases, the efficiency of SHG generation also decreases, which reduces
the importance of the RP. Consequently, the position of the switching point switches to longer
pulse durations. Based on these results, it becomes possible to develop a CEP measurement
technique based on THz pulse generation with few optical cycle MIR pulses. My corresponding
thesis point to these new scientific results is the following:

T.6: | investigated the carrier to envelope and the relative phases effect on terahertz pulse
generation as a function of pulse duration and polarization angle. As the pulse duration gets
shorter, terahertz pulse generations moves away from the conventional to the unconventional
scheme. That is why the sensitivity of the terahertz pulse generation to the carrier to envelope
phase increases, while sensitivity to the relative phase decreases with decreasing pulse
duration. As the pulse duration decreases, the need for the second harmonic pulse also
decreases, which also reduces the effect of the relative phase. As the pulse duration increases,
the number of individual optical cycles increases, which reduces the difference between them,
and consequently diminishes the impact of the carrier to envelope phase. Furthermore, | also
investigated the effect of the polarization angle of the fundamental pulse on these sensitivities.
| found that the switching point, the point where the two sensitivities are equal, increases with
a decreasing polarization angle. As the polarization angle decreases, the efficiency of second
harmonic generation also decreases, which reduces the importance of the relative phase. This,
in turn, increases the position of the switching point. [79]
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“So long and thanks for all the fish”
Douglas Adams

4,  Summary

My thesis presents a series of studies in the topic of few optical cycle pulse generation in the MIR
and THz spectral domains. One of the current trends in ultrashort pulse development is to move
towards the MIR spectral domain. The advantage of a longer carrier wavelength is the
ponderomotive potential, which scales quadratically with the carrier wavelength. Consequently,
secondary light sources pumped with longer carrier wavelengths result in higher cut-off photon
energies for HHG and produce higher intensities for THz pulse generation.

The peak power of the pulses can be augmented by increasing their energy or/and by
decreasing their duration. Both techniques have advantages and disadvantages. During the
preparation of my dissertation, | focused on the latter method. Pulse duration can be reduced to
the few optical cycle regime, where CEP is significant, so we need to carefully measure and control
this parameter during experiments. This requires the accumulation of a large amount of data, e.g.
during HHG and THz generation. A few optical cycle pulse duration can be achieved, for instance,
by SPM in bulk solid-state media followed by recompression. To reach the shortest possible pulse
duration, the derivatives of the spectral phase must be compensated. In the few optical cycle
regime, not only the GDD, but also the TOD and higher order derivatives must be minimized. A
possible solution to this challenge is to use DMs with an arbitrary spectral phase, for example a
negative TOD. These mirrors can be characterized with the help of the SH-SRI, which measures
the spectral phase information in the MIR spectral domain and converts it to the NIR spectral
domain, where spectrometers with higher spectral resolution are more commonly available.
During my research activities, | developed the SH-SRI method and characterized the DMs which
were specifically developed for the postcompression of the MIR laser system at ELI ALPS
Research Institute. | also further developed the postcompression stage of the same system using
the formerly characterized DMs, and reduced pulse duration to less than two optical cycles.

Terahertz radiation belongs to the LWIR and FIR spectral domains. The THz pulse generation
scheme, which is the subject of my research activities, is two-color ionization in gas. This method
results in broadband THz pulse generation, which is a useful tool for THz-TDS. The physical
source of THz radiation is the TEC developed inside plasma. The important requirement for this
method is the application of an asymmetric driving electric field. The two most straightforward
ways to achieve this are either with the use of few optical cycle or two-color pulses. Several
scientific studies have already shown that the efficiency of this scheme increases with the carrier
wavelength of the fundamental pulse due to the ponderomotive potential. In my dissertation, |
numerically investigated THz pulse generation as a function of the carrier wavelength of the
driving laser pulse. | also examined several windows to control the RP between the two-color
pulses during THz pulse generation. Continuing my previous research, I numerically examined the
effects of pulse duration, the polarization angle, the CEP and the RP of the fundamental pulse on
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THz pulse generation. | performed the experimental work and the numerical simulations for my
dissertation at ELI ALPS Research Institute and at the University of Szeged, Department of Optics
and Quantum Electronics. | summarize my scientific results in the following six thesis points:

T.1: | developed a spectrally resolved interferometer assisted by second harmonic generation.
Thanks to this innovation, | was able to overcome the limited spectral resolution of
commercially available spectrometers in the mid infrared spectral domain. I achieved this by
transferring the spectral phase information in the near infrared spectral domain, where
commercial spectrometers with higher spectral resolution are more common. | verified the
newly developed second harmonic assisted spectrally resolved interferometer with materials
with well-known spectral phase. | also compared it with the conventional spectrally resolved
interferometer in terms of root mean square deviation and standard deviation, and it was found
to perform better in both terms. Using this technique, | was able to measure the group delay
spectrum of the newly manufactured dispersive mirror pair designed for postcompression in
the mid infrared spectral domain, and | found good agreement with the designed value. [36]

T.2: | used the dispersive mirror pair characterized in the first thesis point and developed the
postcompression stage of the mid infrared laser system at ELI ALPS Research Institute. |
tested several available materials for self-phase modulation. Barium fluoride, potassium
bromide, and silicon were found to be best in terms of transmission and spectral broadening.
| also tested different combinations of these materials, and the barium fluoride and silicon pair
was found to have the highest potential peak power. | was able to compress the pulse almost
down to the Fourier transform limit with the help a calcium fluoride window and three
dispersive mirrors. | managed to shorten the pulse duration, which was originally five optical
cycles (~50 fs) to less than two optical cycles (~20 fs) during postcompression. During my
work, another aim was to increase the peak intensity of the system. Here | achieved a 30.3%
increment. [36]

T.3: | investigated the possibility of using the mid infrared system at ELI ALPS Research
Institute to generate terahertz pulses in nitrogen plasma with two-color pulses. With numerical
simulation | investigated the efficiency improvement in terahertz pulse generation with mid
and longwave infrared two-color pulses compared to near infrared two-color pulses with the
same input pulse parameters. | investigated the spectral domain from 2.15 um to 15.15 um and
tested different thicknesses of the nonlinear crystal. | found that the scaling law of the terahertz
pulse generation increases with increasing nonlinear crystal thickness. From this | concluded
that terahertz pulse generation is very sensitive to second harmonic generation. Furthermore,
| investigated the scaling law with different cutoff frequencies and found that it slowly
increases with decreasing cutoff frequency. From this | concluded that the lower frequency
part of the terahertz spectrum is more sensitive to the driving wavelength. Finally, | found that
terahertz radiation generated with mid infrared (3.3 xm) and longwave infrared (7.3 um) is by
one and two orders of magnitude more intense than the terahertz radiation generated with near
infrared (0.8 um) two-color pulses. [30]

T.4: | investigated the relative phase tuning ability of thin dielectric plates with mid infrared,
two-color pulses during terahertz pulse generation in nitrogen plasma. My aim was to
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determine which material is best suited for fine-tuning the relative phase between the two-
color pulses, and thus also for optimizing the peak intensity of the terahertz pulse. I
investigated terahertz pulse generation with several materials, transparent in the mid infrared
spectral domain. | also simulated the terahertz pulse generation with different material
thicknesses and angles of incidence. | found that the best candidates are different fluorides,
especially lithium and calcium fluoride. These materials have negative group velocity
dispersion, and thanks to this they are not just able to control the relative phase between the
two-color pulses but also improve the temporal overlap between them, which further increases
the efficiency of terahertz pulse generation. [30]

T.5: linvestigated terahertz pulse generation in nitrogen plasma as a function of pulse duration
and polarization angle. I identified three distinctly different regions, where the optimal pulse
parameters for the most efficient terahertz pulse generation are different. The first or
conventional region is where the two-color pulse scheme is dominant above 3.2 optical
cycles (34.1 fs at 3.2 um). The second or unconventional region is, where the one-color pulse
scheme is dominant below 1.7 optical cycles (18.1fs at 3.2 um). The last or semi-
conventional/transitional region is, where the two-color pulse scheme is still dominant, but
the sign of the relative phase is also determinative. In the conventional region, two-color
pulses with opposing relative phases generate terahertz pulses with the same absolute peak
power, but this is not true in the transitional region. In addition, | found that the lower
boundary of the conventional region increases with increasing central wavelength, while the
upper boundary of the unconventional region decreases with increasing central
wavelength. [79]

T.6: | investigated the carrier to envelope and the relative phases effect on terahertz pulse
generation as a function of pulse duration and polarization angle. As the pulse duration gets
shorter, terahertz pulse generations moves away from the conventional to the unconventional
scheme. That is why the sensitivity of the terahertz pulse generation to the carrier to envelope
phase increases, while sensitivity to the relative phase decreases with decreasing pulse
duration. As the pulse duration decreases, the need for the second harmonic pulse also
decreases, which also reduces the effect of the relative phase. As the pulse duration increases,
the number of individual optical cycles increases, which reduces the difference between them,
and consequently diminishes the impact of the carrier to envelope phase. Furthermore, | also
investigated the effect of the polarization angle of the fundamental pulse on these sensitivities.
| found that the switching point, the point where the two sensitivities are equal, increases with
a decreasing polarization angle. As the polarization angle decreases, the efficiency of second
harmonic generation also decreases, which reduces the importance of the relative phase. This,
in turn, increases the position of the switching point. [79]
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L Viszlat, es kosz a halakat!”

Douglas Adams

5.  Magyar nyelvu osszefoglalo

5.1. Bevezetés

A nemlinearis optika térténete 1931-ben indult el, amikor doktori értékezésében Maria Goeppert
Mayer elséként irta le a kétfotonos abszorpcid elméletét. A tudomanyos kozosségnek mégis
tovabbi harminc évig Kkellett varnia az els6 kisérleti eredményekig, amelyekhez egy tudomanyos
attorésre volt sziikség. T. H. Maiman 1960-ban épitette meg az elsé mikodd 1ézert (light
amplification by stimulated emission of radiation — LASER), ami a kisérleti nemlinearis optika
nélkiilozhetetlen eldfeltétele volt. Ezutan felgyorsultak az események, 1961-ben a nemlinearis
optikaban rogton két kisérleti eredmény is sziiletett: W. Kaiser a kétfotonos abszorpcio, P. A.
Franken pedig a frekvenciakétszerezés jelenségét igazolta kisérletileg.

A néhany optikai ciklusos impulzusok fejlesztésének egyik jelenlegi iranya a kozép
infravords (mid infrared — MIR) spektralis tartomanyban miikodé rendszerek fejlesztése. A
hosszabb kozponti hullamhossz egyik elénye a ponderomotoros erd, ami a hullamhossz
négyzetével aranyos. Ennek hatasaként, a hosszabb kozponti hullamhosszon miikodo
rendszerekkel gerjesztett masodlagos forrasok példaul nagyobb levagasi fotonenergiat
biztositanak a magasharmonikus-keltés soran vagy nagyobb intenzitdst eredményeznek
terahertzes (THz) impulzus generalasakor. Egy tovabbi torekvés a magasabb csucsintenzitas
elérése, amihez vagy az impulzus energidjat kell ndvelni és/vagy az impulzus hosszat kell
csokkenteni. A doktori dolgozatomban az utobbi lehetéséggel foglalkoztam behatébban.

A THz-es sugarzas a tavoli infravords (far infrared — FIR) spektralis tartomany része. Amellett,
hogy a THz-es sugarzas természetes hattérsugarzasként koriilvesz minket a mindennapokban,
szamos modszer 1étezik az eldallitasara is. A disszertaciom targyat képez6 modszer a gazok
kétszinli impulzussal torténd ionizacidjan alapul. E modszerrel spektralisan széles savii THz-es
impulzusok allithatok elé, amelyek tobbek kozott a THz-es idétartomanyt spektroszkopiaban
hasznalhatok fel. E modszernél a sugarzas forrdsa a plazmaban létrehozott transzverzalis
elektronaram. Fontos elofeltétel, hogy a modszer soran aszimmetrikus elektromos mez6t kell
alkalmazni, ami a szabad elektronokot hatékonyabban gyorsitja az egyik iranyban, mint a
masikban, és ezzel transzverzalis elektrondramot hoz létre a plazman beliil. A sziikséges
aszimmetria néhany ciklusos és/vagy kétszinli impulzusokkal hozhaté 1étre. Doktori
dolgozatomban mindkét lehetéséget tanulmanyoztam. Tovabba megvizsgaltam a kozponti
hullamhossz, az impulzushossz, a polarizacids szog, a vivé-burkold fazis (carrier to envelope
phase — CEP) és a relativ fazis (relative phase — RP) THz-es impulzuskeltésre gyakorolt hatasait.

A disszertaciom kisérleti és szimulacids eredményeit az ELI ALPS Kutatéintézetben és a
Szegedi Tudomanyegyetem Optika és Kvantumelektronika Tanszékén végeztem.
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5.2. Tudomanyos elozmények

Az elektromégneses spektrumban kiilonbdzo spektralis tartomanyokat kiilonboztethetiink meg a
fotonok fizikai, kémiai és bioldgiai hatasai alapjan. A dolgozatomban az infravoros (infrared — IR)
sugarzassal ~ foglalkozom  részletesebben, ami a 0,7um és 1000 um  koOzotti
hulldmhossztartomanyban talalhat6. Ezt tovabbi 6t tartomanyra szokas bontani, a kozeli IR (near
infrared — NIR), a rovidhullamu IR (shortwave infrared — SWIR), a MIR, a hosszihullamu
IR (longwave infrared — LWIR) és a FIR. A szdmos alkalmazasi teriilet koziil az egyik az IR
spektroszkopia. Ez egy nemionizal6 anyagvizsgalati modszer, amellyel mennyiségi és minéségi
vizsgalatok végezhetOk roncsolasmentesen, példaul a NIR fotonok a kiilonboz6 vibracios
allapotok kozotti atmenetek tanulmanyozasahoz alkalmazhatok. THz-es fotonokkal molekularis
ujjlenyomatokat lehet vizsgalni, amelyekkel azonosithatok a kiilonb6z6 gyogyszerek,
kabitoszerek és robbanoszerek. Emellett a legtobb csomagoldanyag, példaul a papir is, atlatszo
ezen a spektralis tartomanyon, ezért a THz-es sugarzasnak biztonsagi szempontbol is kiemelten
fontos szerepe van.

Akkor beszélhetiink linearis optikarol, amikor a polarizacié (P) és az elektromos térerdsség (E)
kozott linearis kapcsolat van. Amikor azonban az E értéke megkozeliti vagy meghaladja az
5.14x10" V/m-et, akkor mar nem elhanyagolhat6 a P masodrendii tagja, ami az E2-vel lesz
aranyos. Hasonloan, amikor az E értéke megkdzeliti vagy meghaladja a 2,64 x10?® V/m-ot, akkor
a P harmadrendii tagjét is figyelembe kell mar venni, ami az E®-vel lesz aranyos. A masodrendii
folyamatok kozé tartozik, a frekvenciakétszerezés (second harmonic generation — SHG), az
Osszegfrekvencia-keltés (sum frequency generation — SFG), a kiilonbségifrekvencia-keltés
(difference frequency generation — DFG) és az optikai egyeniranyitas (optical rectification — OR).
Az SHG soran két azonos frekvenciaju fotonbol (w1 = w2) keletkezik egy harmadik foton
(w3 =2 x w1), aminek a frekvenciaja kétszer akkora, mint az eredeti fotonoké. Az SFG soran két
kiilonb6z6 frekvenciaju fotonbol (w1 > w2) keletkezik egy harmadik foton (ws = w1+ w2),
aminek a frekvenciaja megegyezik az eredeti fotonok frekvenciainak 6sszegével. Az SHG az SFG
elfajult eseteként is kezelhetd, ahol a kezdeti fotonok frekvenciaja azonos. A DFG soran két
kiilonboz6 frekvenciaji fotonbdl (w1 > w2) keletkezik harom tovabbi foton (w2, w2 és w3), ahol az
egyik foton frekvenciaja az eredeti fotonok frekvencidinak a kiilonbségével egyenld
(w3 = w1 — w2). Az OR soran két azonos frekvenciaji fotonbol (w1 = w2) keletkezik egy statikus
elektromos mez6 (w3 = w1 — w1 = 0). Az OR a DFG elfajult eseteként is kezelhetd, ahol a kezdeti
fotonok frekvenciaja azonos. E folyamatokbol altalaban csak az egyik eléggé intenziv ahhoz, hogy
szamottevé mennyiségii fotont generaljon. Azt, hogy melyik lesz ez a folyamat, az energia-
(hws = hwz + hw1) és az impulzusmegmaradas (fi/ks = hi/ks + h/ky) torvényei hatarozzak meg. A
harmadrendii folyamatok k6zé tartozik a frekvencia haromszorozas (third harmonic generation —
THG) és a négyhullamkeverés (four wave mixing — FWM). A THG soran harom azonos
frekvenciaja fotonbdl (w1 = w2 = w3) keletkezik egy negyedik foton (w4 = 3 X w1), amelynek a
megemliteni a nemlinearis torésmutatot is, ami a harmadrendi folyamatok eredménye. A
torésmutato altalanosan felirhato egy linearis (o) és egy nemlinearis (N2) tag 6sszegeként, ahol az
elébbi tag konstans, mig az utdbbi tag linearisan fiigg az intenzitastol. A nemlinearis torésmutatd
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felel az 6nfokuszalas és az onfazis modulacio (self-phase modulation — SPM) jelenségeiért. Az
FWM soran harom fotonbol (w1 > w2 > w3) keletkezik egy negyedik foton, ami a harom foton
keverésének az eredménye (w4 = + w1 £ w2 £+ w3). Ezt szintén az energia- és impulzusmegmaradas
torvényei hatarozzak meg.

A kisérletekhez az ELI ALPS Kutatdintézetben taldlhatdé MIR optikai parametrikus csorpdlt
impulzusti er6sit6 (optical parametric chirped pulse amplification — OPCPA) rendszert
hasznaltam. (A THz-es impulzuskeltés numerikus szimulacidja soran ugyanezen rendszer
paramétereit vettem alapul.) A rendszer alapja egy Yb-YAG (itterbium — ittrium aluminium
granat) alapt regenerativ, korongerésité 1ézer, ami a rendszer OPCPA részét hajtja meg. Az Yb-
YAG impulzus kdzponti hullamhossza 1030 nm, aminek egy részével filamentaciot keltenek egy
YAG kristalyban, ami altal az spektralisan kiszélesedik. A kovetkezé fokozatban az Yb-YAG
impulzus egy Gjabb része és a korabban mar spektralisan kiszélesedett impulzus (1300 — 1900 nm)
kozott DFG-t keltenek, aminek a koézponti hullamhossza 3200 nm lesz. A koévetkez6 harom
fokozatban ezt a hullamhossz komponenst erésitik tovabb az YAG pumpa lézerrel. A MIR OPCPA
rendszer végén az impulzus energiaja 145 uJ, az impulzusid6é 35,5 fs, ami kevesebb, mint négy
optikai ciklus ezen a hullamhosszon.

A THz-es sugarzas az IR és a mikrohullamu spektralis tartomanyok kozott talalhato és ,, THz-
es hézag” néven is ismert. A kifejezés onnan szarmazik, hogy a mutltban nehézkes volt eldallitani
ezt a fajta sugarzast. Az elektronikai és az optikai modszereknek mar talsagosan rovid (magas),
illetve tulsagosan hosszu (alacsony) volt ez a hullamhossz- (frekvencia-) tartomany, ezért sokaig
egy hézag volt az optikai és elektronikai hullamok kozott. A kétszinli impulzussal torténd
gazionizacié a THz-es impulzusok eléallitasanak egyik aktivan kutatott modszere napjainkban. E
modszernél a sugarzas forrasa a plazmaban kialakult transzverzalis elektronaram. Ennek egyik
fontos eldfeltétele, hogy az alkalmazott elektromos mez6 aszimmetrikus legyen, vagyis az egyik
iranyba hatékonyabban gyorsitsa a szabad elektronokat, mint a masikba. Ennek hatasara a
plazméaban kialakul egy transzverzalis elektrondram. Az aszimmetrikus elektromos mezd
eléallithatd néhany ciklusos és/vagy kétszinii impulzusok alkalmazasaval. Az elobbi esetben a
CEP, mig az utobbi esetben az RP hangolasaval lehet az aszimmetriat hangolni. A kétszint
impulzusokat altalaban ugy allitjak eld, hogy SHG-t alkalmaznak, ami utan a két impulzust nem
valasztjak szét, hanem egylittesen alkalmazzak. A koézelmualtban publikalt tanulmanyok
bizonyitottdk, hogy a THz-es impulzuskeltés hatékonysidga ndvelhetd a kdzponti hullamhossz
novelésével. Ennek egyik oka a ponderomotoros erd, ami a kozponti hullimhossz négyzetével
aranyos. A masik oka a kisebb csoportsebesség kiilonbség a kétszinli impulzuson beliil, ami noveli
az impulzusok idébeli atfedését, ez pedig javitja a THz-es impulzusok keltésének hatékonysagat.

Az optikai elemek spektralis fazistolasa tobbféleképpen is mérhetd. Az egyik legelterjedtebb
technika a spektralisan bontott interferometria (spectrally resolved interferometry — SRI), ami egy
egyszerl, linearis és nagy pontossagii modszer. A mérések soran egy kétkaru interferométert
hasznalnak, ami lehet Mach-Zehnder vagy Michelson tipust elrendezés is. Az interferométert egy
spektralisan szélessava fényforrdssal vildgitjdk meg, amit egy nyalabosztd segitségével
szétosztanak a két kar kozott oly modon, hogy az egyesités utdn a spektralis interferencia
lathatosaga maximalis legyen. Az egyik karban talalhato a minta, a masik kart referenciaként
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hasznaljak. A két karban a spektralis fazis nem azonos (¢m # ¢r), emiatt az egyesités utan
spektralis interferencia tapasztalhatd a spektrumban, amibél meghatarozhatdé a két kar kozotti
faziskiilonbség (A4¢p = pm—¢@r). A referencia ismert spektralis fazisabol ¢és a mért
faziskiilonbségbdl meghatarozhat6 a minta spektralis fazisa. Az egyik legelterjedtebb kiértékelési
modszer a Fourier-transzformacion (FT) alapul. A mddszer soran eldszor nullara kell normalni a
felvett spektralis interferenciat, majd gyokaot kell beldle vonni, mivel a FT az elektromos tereken
alkalmazhatd, de a kisérletek soran az intenzitds az, amit mérni tudunk. Utana kovetkezhet az
inverz FT, ami utan altalaban harom csucsot kapunk az idétartomanyban abban az esetben, ha két
nyalab kozotti interferenciardl van sz6. Az egyik cstcs a t = 0 idépontnal lesz talalhato, a masik
két csucs a t = +r idépontoknal, ahol 7 a minta és a referenciakarok kozotti optikai Gthossz
kiilonbségnek felel meg. A +7 idOpontndl talalhato csucsot kivagjuk, majd kovetkezhet a FT,
amibodl mar gyorsan és egyszeriien meghatarozhat6 a spektralis faziskiilonbség a karok kozott.

5.3. Tudomanyos eredmények

5.3.1.Frekvenciakétszerezéssel segitett spektralisan bontott
interferometria

Az els6 tézispontomban az SHG-vel segitett SRI-t (SH-SRI) mutatom be. A kisérleti elrendezés
fényforrasa az ELI ALPS Kutatointézetben talalhato MIR-OPCPA rendszer volt. Az elrendezés
alapja egy Mach-Zehnder interferométer. A nyalabosztast és kombinalast egy-egy kalcium-fluorid
nyalabosztoval végeztem el, amelyeket ugy helyeztem el, hogy a minta és a referenciakar k6zotti
spektralis faziskiilonbség minimalis legyen. A hagyomanyos SRI mérések soran egy MIR
spektrométert hasznaltam, amelyet a kisérleti elrendezés végén helyeztem el. AZ SH-SRI mérések
soran el6szor az egyesitett nyalabbal kellett SHG-t kelteni, amit egy eziist-gallium-diszulfid
kristaly segitségével végeztem el, majd a SHG nyalab spektrumat egy NIR optikai spektrum
analizatorral mértem meg.

A modszer hitelesitése soran megmértem tobb, jol ismert anyag (barium-fluorid, kalcium-
fluorid, tallium brém-jodid, szilicium és YAG) csoportkésés (group delay — GD) spektrumat a
hagyomanyos SRI és az SH-SRI moédszerekkel is. A kapott eredményeket Gsszehasonlitottam
egymassal ¢és az irodalmi értékekkel is, amelyeket az anyagok torésmutatdja alapjan hataroztam
meg. Osszehasonlitasi alapul azért valasztottam a GD spektrumot, mert ilyenkor az eredmények
kozott csak egy konstans kiilonbség lehetséges, ami egyszeriisitette az 6sszehasonlitds menetét.
Az SH-SRI mérések mindegyik esetben pontosabban illeszkedtek az irodalmi értékekhez és a
mérések szorasa is kisebb volt. Tovabbi érdekesség, hogy az SH-SRI mérések esetén lathato volt
egy csucs a GD spektrumban 3250 nm-nél, ami a hagyomanyos SRI mérésekkel nem volt
kimutathat6. A cstcs nagysaga aranyos Volt az interferométer karjai kozotti tthosszkiilonbséggel,
amibdl arra a kovetkeztetésre jutottam, hogy a levegd egyik Osszetevéje okozza. A
HITRAN (high-resolution transmission molecular absorption database — nagyfelbontasa
transzmisszios molekularis abszorpcié adatbazis) alapjan megallapitottam, hogy a jelenséget a
levegGben talalhatd metan okozhatja, ami tovabbi bizonyiték a modszer érzékenységére.
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5.1 dbra: A DM par (10° és 20°-0s beesési szog) GD spektruma a.) a hagyomdnyos SRI-vel és
b.) az SH-SRI-val mérve.

Az SH-SRI modszer sikeres hitelesitése utan megmértem az egyedi gyartast diszperzios
tikrok (dispersive mirror — DM) GD spektrumat is. Ezeket a DM-eket a MIR spektralis
tartomanyban miikodo rendszerek posztkompressziojahoz tervezte ¢és gyartotta az OPTOMAN,
azonban a gyartas utani mindségellendrzésre nem volt lehetéségiik. A hagyomanyos SRI-vel és az
SH-SRI-vel mért GD spektrum az 5.1 abran lathato. A tervezett és a mért GD spektrum piros,
illetve kék szinnel lathat6. Az SH-SRI moédszerrel mért GD spektrum alapjan a DM csoportkésés
diszperziodja (group delay dispersion — GDD) 274 fs?, mig harmadrendii diszperziéja (third order
dispersion — TOD) —7204 fs® volt. A DM tervezett GDD-je 270 fs?, TOD-ja —7000 fs®, amit az SH-
SRI mérési modszerrel sikeriilt hitelesiteni. A kapcsolodo tézispontom a kovetkezd:

T.1: Kifejlesztettem egy frekvenciakétszerezéssel —segitett, spektralisan bontott
interferométert. Ennek az 0j innovacionak koszonhetéen képes voltam feliilemelkedni a
kozépinfravords spektralis tartomanyban elérhetd spektrométerek limitalt spektralis
felbontasan. Ezt igy értem el, hogy a spektralis fazisinformaciot atvittem a kozeli infravoros
spektralis tartomanyba, ahol a kereskedelemben kaphato spektrométerek spektralis felbontasa
jobb. A moédszert olyan anyagokkal hitelesitettem, amelyek spektralis fazisa jol ismert a
kozépinfravords  tartomanyon. Osszehasonlitottam  a  hagyomanyos €s a
frekvenciakétszerezéssel segitett spektralisan bontott interferometriat. Az utdbbi esetben az
atlagos négyzetes eltérés és a standard devidcio is jobb volt. Az (1j modszer segitségével meg
tudtam mérni a k6zépinfravords spektralis tartomanyon torténd posztkompresszidhoz Gjonnan
kifejlesztett diszperzios tiikrok csoportkésés spektrumat. A tervezett és a mért értékek jol
egyezést mutattak. [36]

5.3.2. A MIR-OPCPA rendszer posztkompresszioja

Ebben a tézispontomban az ELI ALPS Kutatdintézetben talalhato MIR OPCPA rendszer
posztkompresszidjat mutatom be. Az impulzusukat egy —1000 mm gorbiileti sugara arany tiikkor
segitségével fokuszaltam levegdben. A vizsgalt ablakokat a fokusz utan helyeztem el normal
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beesésben. A nyalabot egy 250 mm effektiv fokusztavolsagi kalcium-fluorid lencsével
kolliméltam, ami utan megmértem az impulzusok energiajat, spektrumat és a CEP stabilitast.

FROG jel rekonstrukcié 0.77%-os hibaval

(a) Mért FROG jel (b) Rekonstrualt FROG jel
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5.2 dbra: Az impulzusidé mérése a FROG mérdeszkozzel. a.) a mért FROG jel, b.) a rekonstrualt
FROG jel, c.) a rekonstrualt idébeli alak és d.) a rekonstrudlt spektrdlis intenzitds és fazis.

Minden rendelkezésemre all6 anyagot (barium-fluorid, kalcium-fluorid, gallium-arzénid,
kalium-bromid, tallium brém-jodid, magnézium-fluorid, szilicium, YAG, cink-szulfid és cink-
szelenid) megvizsgaltam. Mindegyik esetben megmértem az atlagteljesitményt és a spektralis
kiszélesedést, amibdl meghatdroztam a varhato csucsintenzités értékét. A legigéretesebb a barium-
fluorid, a kalium-bromid, a szilicium és ezek kombinéciéja volt. Altalanosan elmondhaté, hogy a
kétablakos elrendezéssel nagyobb spektralis szélesedést tudtam elérni, de a haromablakos
elrendezés mar nem javitotta jelentdsen tovabb az eredményt. Egy spektralis tartomanyon tul mar
a levegd abszorpcidja is korlatoz, a viznek 2,6-2,7 um-nél, a széndioxidnak 4,2—4,3 um-nél
talalhatoak abszorpcios vonalai. A barium-fluorid — kalium-bromid ablak par esetén 16.9 fs, a
barium-fluorid — szilicium ablak par esetén 16,7 fs és a kalium-bromid — szilicium ablak par esetén
18,2fs a spektrum Fourier transzformacidos korlatja. A kalium-bromid amellett, hogy
higroszkopikus még a 1ézer okozta roncsolodasra is érzékenyebb volt, mint a masik két anyag,
ezért a barium-fluorid — szilicium ablak parral dolgoztam tovabb.

Eldszor a DM-ek nélkiil, pusztan anyagi diszperziot felhasznalva probaltam kompresszalni az
impulzust. A legjobb eredményt egy 2 mm vastag kalcium-fluorid ablakkal értem el: ekkor az
impulzus idébeli félértékszélessége (full width at half maximum — FWHM) 25.5 fs volt, ami két
¢és fél optikai ciklusnak feleltethetd meg. Ezutan az anyagi diszperzi6 mellett felhasznaltam az
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el6z6 tézispontomban megvizsgalt DM-eket is. Harom DM ¢és egy 5 mm vastag kalcium-fluorid
ablak segitségével az impulzus FWHM értékét 19,6 fs-nak mértem, ami kevesebb, mint két optikai
ciklusnak felel meg. Az impulzusidé mérést egy egyedileg fejlesztett, frekvenciabontott optikai
kapuzason (frequency resolved optical gating — FROG) alapuld6 méréeszkozzel végeztem el. Az
utobbi mérés az 5.2 abran lathato. A posztkompresszio utan az atlagteljesitmény 8,24 W volt, ami
4,04 GW csucsteljesitménynek felel meg. A MIR-OPCPA rendszer kiindulasi csucsteljesitménye
3,10 GW volt, amit tébb mint 30%-kal sikertilt javitani.

A rendszerstabilitast négy oran keresztiil mértem. Az atlagteljesitmény stabilitasa 2,1%, a CEP
érték szorasa pedig 240 milliradian volt. Osszehasonlitasképpen, a MIR-OPCPA rendszer
atlagteljesitmény stabilitasa 0,7%, a CEP érték szorasa 65 milliradian. Ezek az értékek
elfogadhaté kompromisszumok, ha figyelembe vessziik a megrovidiilt impulzusidét és a
megnovekedett cstcsteljesitményt. A spektrum Fourier-transzformacios korlatja kevesebb, mint
1 fs-ot valtozott a mérés id6tartama alatt. Ez a fejlesztés a rendszert rendkiviil vonzova teszi
jovobeli felhaszndloi kisérletekhez. A kapcsolodo tézispontom a kovetkezo:

T.2: Az el6z6 tézispontban megvizsgalt diszperzids tiikroket felhasznalva megépitettem az
ELI ALPS Kutatointézet kdzépinfravords rendszerének posztkompresszios fokozatat. Tobb
tekintetében a barium-fluoridot, a kalium-bromidot és a sziliciumot taldltam a
legigéretesebbnek. Ezen anyagok kiilonb6z6 kombinacidinak vizsgalata alapjan
megallapitottam, hogy a barium-fluorid ¢és szilicium par nyujtja a legjobb potencialis
csucsteljesitményt. Hairom diszperzios tiikor és egy kalcium-fluorid ablak segitségével kozel
a Fourier-transzformacios korlatig tudtam kompresszalni az impulzust. Az eredetileg Ot
optikai ciklusnyi (~50 fs) impulzust sikeriilt két optikai ciklus (~20 fs) hosszusagura réviditeni
a posztkompresszio soran. Munkam sordn egy masik c€l a csucsintenzitas névelése volt, ahol
30,3%-0s novekedést értem el. [36]

5.3.3. A kozponti hullamhossz hatasa a THz-es impulzuskeltésre

Ebben a tézispontomban numerikus szimulacid segitségével megvizsgaltam a kozponti
hulldmhossz hatasat a THz-es impulzuskeltésre. A modellezés soran hasznalt impulzus
paramétereinek alapjaul az ELI ALPS Kutatointézetben taldlhat6 MIR OPCPA rendszert
valasztottam. A vizsgalt spektralis tartomany 2,15 um és 15,15 um kozott volt, amit a SHG-hoz
hasznalt nemlinearis gallium-szelenid kristaly hatarozott meg. Az impulzusok csucsteljesitménye
(2,5 GW) és az impulzushossz (négy optikai ciklus) allandé volt a szimulaciéim soran. Tobb
kristalyvastagsagot (10 um, 30 um és 100 um) is megvizsgaltam.

El6szor az SHG folyamatat tanulmanyoztam a kozponti hulldmhossz fiiggvényében. Azt
kaptam, hogy a kétszinli impulzus id6beli atfedése javul a kdzponti hullamhossz novelésével. A
gallium-szelenid kristaly reflexios veszteségének minimuma 2,3 um-nél és 14,3 um-nél van, ahol
a fazisillesztés altal meghatarozott beesési sz6g megegyezik a Brewster szoggel. E spektralis
tartomanyon tal a reflexios veszteség gyorsan novekszik egészen 2,15 um-ig és 15,15 um-ig, ahol
a fazisillesztés szoge mar eléri a teljes visszaverddés szogét és a kristaly tovabbi SHG keltésre
nem hasznalhatd. A kovetkezO 1épésben az alaguteffektuson alapuld ionizaciot vizsgaltam meg.
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Az alaguteffektus jellemzden azokban az idopillanatokban megy végbe, amikor az elektromos tér
a legintenzivebb. Ezért az ionizaci6 nem folytonos, hanem 1épcsézetes, ahol a lépcsék az
elektromos téren beliili optikai ciklusokat reprezentaljak. Az elektronsiirliség maximuma 14,1 um-
nél talalhato.
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5.3 dbra: a.) A THz-es impulzus elektromos terének csucsértéke a kozponti hullamhossz

fliggvényében kiilonbozé alulateresztd sziirdk esetén. b.) Ugyanaz, mint a.), de féllogaritmikus
skalan. Szemléltetés kiilonbozd skalazasi térvényekkel.

Ezek utan a THz-es impulzuskeltés folyamatat vizsgaltam meg. A 30 um vastag nemlinearis
kristaly esetén a globalis maximum 12,3 um-nél van, de tobb lokalis maximum is talalhaté példaul
9,1 um-nél, 7,3 um-nél, 6,2 um-nél és igy tovabb. Ennek oka, hogy a folyamat érzékeny az RP
értékére, ami fligg a kristalyvastagsagtol és a fazissebességtél, ami pedig a hullamhossz
figgvénye. Amikor az RP +x/2 radian, akkor maximumot kapunk, amikor O radian vagy
+7 radian, akkor minimumot. Vastagabb kristaly esetén siiriibben jelentkeznek a lokalis
maximumok, mert gyorsabban valtozik az RP értéke, mig vékonyabb kristaly esetén ritkdbban
jelentkeznek a lokalis maximumok, mert lassabban valtozik az RP értéke.

Amikor a kozponti hullamhossz a MIR vagy a LWIR spektralis tartomanyban van, akkor a
spektralis szlirés kiilondsen fontos. Nem megfeleléen megvalasztott alulateresztd sziird esetén a
kelt6 impulzus egy része is athatolhat a sz{irdn, ami interferenciat okozhat a detektalds soran. A
skalazasi torvényt kiilonb6zo alulateresztd sziirokre is megvizsgaltam; az eredmények az 5.3 abran
lathatok. A levagasi frekvencia csokkentésével n6 a skalazasi torvény, ami arra utal, hogy a
rovidebb hulldmhosszok érzékenyebbek a kozponti hulldmhosszra. Vastagabb kristaly esetén
nagyobb, mig vékonyabb kristaly esetén kisebb értékeket kaptam a skalazasi torvényre. Ezek
alapjan megallapithato, hogy a skalazasi torvény érzékeny az SHG keltés folyamatara, amit a
kristaly vastagsaga befolyasol.

Végezetiil 6sszehasonlitottam a Ti: zafir, a MIR és a LWIR OPCPA rendszereket a THz-es
impulzuskeltés szempontjabol. A Ti: zafir rendszerek kdzponti hullamhossza jellemzéen 0,8 pum.
Ezen a hullamhosszon béta-barium-borat (beta barium borate — BBO) kristalyt hasznalnak SHG
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keltésre. Az impulzus csucsteljesitménye €s idobeli hossza azonos volt a korabbi értékekkel. A
kapott eredmények fényében a MIR rendszerekkel keltett THz-es impulzus egy, mig az LWIR
rendszerekkel keltett THz-es impulzus két nagysagrenddel intenzivebb, mint a Ti: zafir rendszerek
esetén. A kapcsolodo tézispontom a kovetkezo:

T.3: Megvizsgaltam az ELI ALPS Kutatdintézetben taldlhaté kozépinfravords rendszer
felhasznalasat terahertzes impulzusok keltésére, kétszinli impulzussal ionizalt nitrogén
plazmaban. Numerikus szimulacion keresztiil megvizsgaltam, hogy mennyivel hatékonyabb
a folyamat k6zép- és hosszthullamu infravords-impulzusokkal a kozeli infravoroshoz képest.
A vizsgalt spektralis tartomany 2,15 um ¢és 15,15 um kozétt volt, tovabba megvizsgéaltam a
kiilonb6z6 nemlinearis kristalyvastagsagokat is. Azt tapasztaltam, hogy a skalazasi torvény a
kristaly vastagsagaval novekszik. Ebbdl arra a kovetkeztetésére jutottam, hogy a terahertzes
impulzuskeltés nagyon érzékeny a frekvenciakétszerezés folyamatdra. A skéalazasi torvényt
kiilonb6z6 alulateresztd szilir6k esetén is tanulmanyoztam, és azt tapasztaltam, hogy az a
levagasi frekvencia fiiggvényében csokken. Ebbél arra kovetkeztettem, hogy az alacsonyabb
frekvenciakomponensek érzékenyebbek a kozponti hulldmhosszra. Végezetiil, a
kozépinfravorossel (3,3 um) egy, mig a hosszthullamt infravorossel (7,3 um) két
nagysagrenddel intenzivebb a keltett THz-es impulzus, mint a kézeli infravoros (0,8 um)
esetén. [30]

5.3.4. Relativ fazisszabalyozas a THz-es impulzuskeltéshez

Ebben a tézispontomban numerikus szimulacido segitségével megvizsgaltam az RP
szabalyozasanak lehetdségét a THz-es impulzuskeltéshez hasznalt kétszinli impulzuson beliil. A
MIR ¢s az LWIR spektralis tartomanyban a csoport- €s a fazissebesség kozotti kiillonbség a
kétszinli impulzusok esetén csekély, ezért sziikkséges a preciz €s pontos RP szabalyozas. Az SHG
keltés utan az RP értékét a nemlinearis kristaly vastagsaga és torésmutatoja fogja meghatarozni.
Egy altalanos megoldas, hogy a kétszinli impulzust hagyjak a levegdben terjedni, aminek a
diszperzidja lassan hangolja az RP-t. A NIR spektralis tartomanyon ez minddssze néhany
centiméteres, azonban a MIR és az LWIR spektralis tartomanyon akar tobb méteres terjedést is
jelenthet. Ez a megoldas azért sem praktikus, mert e spektralis tartomanyokban a levegének tobb
jelentds abszorpcios vonala is van. Egy masik modszernél a kétszinii nyalabot egy dikroikus tiikor
segitségével szétvalasztjak majd a megfelelé uthossz-kiilonbség utan egyesitik. Egy harmadik
lehetdség, hogy levegd helyett egy livegablakot vagy egy ékpart helyeziink a kétszinli impulzus
fényutjaba ¢és ennek segitségével szabalyozzuk az RP-t.
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5.4 abra: a.) A THz-es impulzus maximalis elektromos tere a litium-fluorid ablak vastagsaga és
a beesési szog fiiggvényében. b.) A THz-es impulzus maximalis elektromos tere a litium-fluorid
ablak vastagsaganak fiiggvényében az optimdlis beesési szognél (55°).

Tobb olyan anyag is rendelkezésiinkre all, amely atlatsz6 a MIR és az LWIR spektralis
tartomanyokban. A munkam soran harom fontos kritériumot fektettem le: A kivalasztott anyagok
1.) legyenek kereskedelmi forgalomban kaphatok, 2.) ne legyenek kettésen tordk, 3.)
csoportsebesség diszperziojuk (group velocity dispersion — GVD) negativ legyen. Ez utobbi azért
fontos, mert kompenzalni tudja a hasznalt gallium-szelenid kristaly pozitiv el6jelit GVD-jét, és
ezaltal tovabb javithaté a THz-es impulzuskeltés hatékonysaga. A harom vizsgélt anyag a barium-
fluorid, a kalcium-fluorid és a litium-fluorid volt; amelyek mind teljesitik a fenti harom
kritériumot. Az RP szabalyozas a litium-fluorid ablak vastagsaganak és a beesési szog
fliggvényében az 5.4 abran lathato. A beesési szog fliggvényében el6szor egy lassi novekedés
tapasztalhatd a THz-es impulzus maximalis elektromos terében a Brewster szogig, majd egy gyors
csokkenés kovetkezik. Az ablakvastagsag fiiggvényében egyszerre figyelheté meg egy gyors és
egy lasst valtozas. A lasst valtozas annak tudhato be, hogy az ablak GVD-jének negativ eldjele
miatt eleinte javul az iddébeli atfedés a kétszini impulzuson beliil, ami miatt a THz-es
impulzuskeltés is javul. A gyors valtozas pedig annak, hogy az RP értéke folyamatosan valtozik:
ahol maximumot latunk, ott az RP értéke +n/2 radidn, ahol minimumot latunk, ott az RP értéke
0 radian vagy +r radian. Az optimalis ablakvastagsag 0,5 mm az optimalis beesési szog pedig 55°
litium-fluorid esetén. Barium-fluorid esetén ezek az értékek 4,7 mm és 56°, kalcium-fluorid esetén
pedig 1,45 mm és 55°. Mindharom anyag képes az RP szabalyozasara, de a kalcium- és a litium-
fluorid esetén kaptam a legintenzivebb THz-es impulzusokat. A kapcsolodd tézispontom a
kovetkezd:

T.4: Megvizsgéltam a relativ fazisszabdlyozas lehetdségét vékony dielektrikum ablakok
hasznalataval terahertzes impulzuskeltés kozben. A célom az volt, hogy meghatdrozzam mely
anyagok a legalkalmasabbak a relativ fazis finomhangolésara és ezaltal a terahertzes impulzus
intenzitdsanak optimalizaldsra. Tobb, a k6zép infravords tartomanyban atlatszd anyagot is
megvizsgaltam numerikus szimulacio segitségével. Kiilonbozd ablakvastagsagok €s beesési
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szogek mellett szimulaltam a terahertzes impulzuskeltést. Az eredményeim alapjan a legjobb
jeloltek a kiilonbozo fluoridok, példaul a litium- és a kalcium-fluorid. Ezeknek az anyagoknak
a csoportsebesség diszperzidja negativ eldjelti, amelynek koszonhetéen a relativ fazis
finomhangolasa mellett az idobeli atfedés is javul a kétszinli impulzuson beliil, amivel tovabb
nd a terahertzes impulzuskeltés hatékonysaga is. [30]

5.3.5. Az impulzushossz hatasa a THz-es impulzuskeltésre

Ebben a tézispontomban numerikus szimuldcié segitségével megvizsgaltam, hogy az
impulzushossz és a polarizacids szog milyen hatassal van a THz-es impulzuskeltésre. A vizsgalt
impulzushossz tartomany 1,2 ¢és 5,0 optikai ciklus kozott volt. A vizsgéalt polarizacios
szogtartomany 0° és 50° kozott volt, ahol 0° a tisztdn extraordinarius polarizacio és 90° a tisztan
ordinarius polarizaci6. Az impulzus csucsintenzitasa (2,5 GW) allando volt a szimulaci6 soran. A
nemlinearis kristaly egy 10 um vastag gallium-szelenid volt.
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5.5 dbra: A THz-es impulzus elektromos terének maximuma az is impulzushossz és a
polarizacios szog fiiggvényében, amikor az RP a.) +n/2 radian és b.) —n/2 radian. A kelté
impulzus kézponti hullamhossza 3,2 um.

A kelté impulzus kozponti hullamhossza 3,2 um volt, ezen a hullamhosszon egy optikai ciklus
10,7 fs hosszl. A numerikus szimulacio eredménye az 5.5 abran lathato, amikor az RP +7/2 radidn
(5.5.a.)) és —2/n radian (5.5.b.)). A +7/2 radidn RP esetén két olyan tartomany figyelheté meg,
ahol intenziv a THz-es impulzuskeltés. Az elsé a hagyomanyos tartoméany, ahol a kétszinii
impulzuskeltés a dominans, ez az abra als6-kozépsd részén figyelhetd meg (folytonos sarga
vonallal kiemelve). Az optimalis impulzushossz és polarizacios szog ebben az esetben 5,0 optikai
ciklus és 25°. A masik a rendhagyo tartomany, ahol az egyszinli impulzuskeltés a dominans, ez az
abra bal fels6 részén figyelhetd meg (szaggatott sarga vonallal kiemelve). Az optimalis
impulzushossz és polarizacids szog ebben az esetben 1,2 optikai ciklus és 0°. Emlékeztetésiil,
amikor a polarizacios szog 0°, akkor a keltd impulzus tisztan extraordinarius és ilyenkor nem
torténik SHG keltés a nemlinearis kristalyban. Ez azt jelenti, hogy ebben az esetben a nemlinearis
kristaly elhagyhatd az elrendezésbdl. A —n/2 radian RP esetén is ugyanaz a két tartomany
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figyelhetd meg, ahol intenziv a THz-es impulzuskeltés. Ebben az esetben a hagyomanyos
tartomanyon a THz-es impulzus elektromos tere eléjelet valt, a rendhagy6 tartomanyon azonban
nem. Ennek az az oka, hogy a kétszinii impulzussal keltett THz-es impulzus érzé¢keny az RP-re,
mig az egyszinli impulzussal keltett nem, hiszen ott nem is értelmezhetd ez a mennyiség. A két
tartomany kozott megfigyelhetd egy atmeneti tartomany is, ahol tovabbra is a kétszinl
impulzuskeltés a dominans, de a folyamat mar érzékeny az RP eldjelére is. A hagyomanyos
tartomanyon az ellentétes el6jeltt RP-vel keltett THz-es impulzusok szintén el6jelet valtanak, de
az abszolut értékiik azonos marad, viszont az atmeneti tartomanyban €z mar nem igaz.

A kovetkezd 1épésben egy hasonld vizsgalatot végeztem el, mikdzben a kelté impulzus
kozponti hullamhosszat 2,5 um és 4,0 um kozott valtoztattam. Az elobbi esetben egy optikai ciklus
8,3 fs, mig az utobbi esetben 13,3 fs hosszl. Azt tapasztaltam, hogy a rendhagy6 tartomany felsé
korlatja 1,9 optikai ciklus (15,9 fs), amikor a kézponti hullamhossz 2,5 um és 1,6 optikai ciklus
(21,3 fs), amikor a kozponti hullamhossz 4,0 um. Tovabba a hagyomanyos tartomany alsé korlatja
3,2 optikai ciklus (26,7 fs), amikor a kozponti hullamhossz 2,5 um és 3,5 optikai ciklus (46,7 fs),
amikor a kozponti hullamhossz 4,0 um. Amint az lathato, a rendhagy6 tartomany felsé korlatja
csokken, a hagyomanyos tartomany als6 korlatja pedig né a novekvo kozponti hullamhossznal.
Az el6bbi eset valdsziniileg annak koszonhetd, hogy a kdzponti hullamhossz novelésével javul az
SHG keltés hatékonysaga, illetve a kétszinli impulzus idobeli atfedése is. Mindkettd pozitiv
hatassal van a THz-es impulzuskeltésre és ezért érthetd, miért csokken a rendhagyd tartomany
felsd korlatja. Az utobbi eset valosziniileg annak koszonhetd, hogy a kdzponti hullamhossz
novelésével n6 a ponderomotoros erd is. A kapcsolodo tézispontom a kovetkezo:

T.5: Megvizsgaltam a terahertzes impulzuskeltést a keltdé impulzus hosszanak és
polarizaciojanak fiiggvényében. Harom tartomanyt definialtam, ahol a terahertzes
impulzuskeltés optimalis impulzusparaméterei eltéréek. Az elsé tartomany a hagyomanyos
tartomany, ahol a kétszinii impulzuskeltés dominans 3,2 optikai ciklus felett (34,1 fs 3,2 um-
nél). A masodik tartomany a rendhagyo tartomany, ahol az egyszinti impulzuskeltés dominans
1,7 optikai ciklus alatt (18,1 fs 3,2 um-nal). Az utolsé tartomany az atmeneti tartomany, ahol
tovéabbra is a kétszinli impulzuskeltés a dominans, de a relativ fazis eldjele is meghatarozo
mar. A hagyomanyos tartomanyban a kétszinli impulzusok ellentétes eldjelli relativ fazissal
ellentétes eldjelil, de azonos abszolut értékii terahertzes impulzust keltenek, de ez az atmeneti
tartomanyban mar nem igaz. Azt is megfigyeltem, hogy a hagyomanyos tartomany also
korlatja csokken, a rendhagyo tartomany felsd korlatja pedig né a noévekvé kozponti
hullamhossznal. [79]

5.3.6. A fazisok hatasa a THz-es impulzuskeltésre

Ebben a tézispontban numerikus szimulacio segitségével vizsgaltam meg a CEP és az RP
értékének hatasat a THz-es impulzuskeltésre. A kozponti hulldmhossz ebben az esetben is 3,2 um
volt. A vizsgalt impulzushossz tartomany 1,2 és 5,0 optikai ciklus kozé esett, a vizsgalt
polarizacios tartomany 70° 15° 20° 25° és 30° volt. Emlékeztetoként, a 0° a tisztan
extraordinarius polarizacio és a 90° a tisztan ordinarius polarizacid. Az impulzus csucsintenzitasa
(2,5 GW) allando volt a szimulacid soran.
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Megvizsgaltam a THz-es impulzuskeltést a CEP és az RP fiiggvényében, alland6 polarizacios
sz0g (20°) mellett, mikozben valtoztattam az impulzus hosszat. Azt tapasztaltam, hogy az
impulzushossz rovidiilésével n6 a CEP hatasa és ezzel parhuzamosan csdkken az RP hatésa. Az
elébbi jelenség oka, hogy az egymast kovetd optikai ciklusok kdzott egyre latvanyosabb lesz a
kiilonbség, ami miatt novekszik a CEP hatasa. Az utobbi jelenség hatterében az all, hogy a THz-
es impulzuskeltés a hagyomdényos, kétszinli tartomanybodl atvalt a rendhagyo, egyszinl
tartomanyba, ami miatt csokken a RP hatésa.
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5.6 dbra: A THz-es impulzus elektromos terének maximdlis értéke az impulzushossz és a.) a
CEP és b.) az RP fiiggvényében. A kdzponti hullamhossz 3,2 um és a polarizdcios szég 20°.

Az atlathatobb szemléltetés érdekében a kovetkezdben az egyik fazis értékekét allandd
értéken tartottam, mikozben valtoztattam a masik fazis értékét és az impulzus hosszat; ez lathatd
az 5.6 abran. Egyértelmiien lathatd, hogy amikor a CEP valtozik és az RP allando (5.6.a), akkor
a hatas az impulzushossz csokkenésével novekszik. Amikor az RP valtozik és a CEP allando
(5.6.b), akkor egyértelmiien lathatd, hogy az impulzus rovidiilésével csokken a hatas. A
kovetkezOkben azt vizsgaltam, hogyan valtozik a THz-es impulzuskeltés, ha mas a polarizacios
sz0g. A vizsgalt polarizacios szogek a kovetkezOk voltak: 710°, 15°, 20°, 25° és 30°. El6szor a
CEP értékének hatasat vizsgaltam meg, mikdzben az RP értéke allandé volt. Amikor az impulzus
hosszu (~4,0 optikai ciklus), akkor a maximum ¢és a minimum értékek kozott nincs észrevehetd
kiilonbség. Amikor az impulzus kdzepes (~3,0 optikai ciklus), akkor a maximum €s a minimum
értékek kdzott van észreveheto kiilonbség. Amikor az impulzus révid (~2,0 optikai ciklus), akkor
a maximum és a minimum értékek kozott jelentds kiilonbség van. Ezek alapjan egyértelmiien
lathato, hogy a CEP hatasa az impulzushossz csokkenésével n6. Masodszor az RP értékének a
hatasat vizsgaltam meg, mikozben a CEP értéke alland6 volt. Amikor az impulzus hosszi
(~4,0 optikai ciklus), akkor a maximum és a minimum értékek k6zott jelentds kiilonbség van, az
abszolut értékek nagysaga azonos és az eldjelek ellentétesek. Amikor az impulzus kozepes
(~3,0 optikai ciklus), akkor a maximum és a minimum értékek kozott észrevehetd a kiillonbség,
az abszolut értékek nagysaga mar nem azonos, de az eldjelek tovabbra is ellentétesek. Amikor
az impulzus rovid (~2,0 optikai ciklus), akkor a maximum és a minimum értékek kozott a
kiilonbség tovabb csokken, az abszolut értékek nagysdga nem azonos és az eldjelek sem
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ellentétesek mar. Ezek alapjan egyértelmlien lathatd, hogy az RP hatasa az impulzushossz
csOkkenésével gyengiil.

Az elébbi eredmények alapjan megvizsgéaltam a THz-es impulzuskeltés érzékenységét a két
fazis fliggvényében. Definidltam a valtasi pontot, ami az az impulzushossz, ahol a két fazis
érzékenysége azonos, €s azt tapasztaltam, hogy ez a pont érzékeny a polarizacids szogre. A
valtasi pont 2,3, 2,1, 1,9, 1,7 és 1,6 optikai ciklusnal volt 10°, 15°, 20°, 25° és 30° polarizacios
szog esetén. Ugy gondolom, hogy a jelenség hatterében az SHG all. A polarizacids szog
csokkenésével romlik a nemlineéris folyamat hatékonysaga és ezzel parhuzamosan az RP hatasa
is, ami miatt a nagyobb impulzushosszok fel¢é tolddik el a valtasi pont. Ezen eredményeim alapjan
a néhany optikai ciklusbdl allo6 impulzusokkal keltett THz-es impulzus alkalmas lehet a CEP
fazis mérésére.

T.6: Megvizsgaltam a vivo-burkold fazis ¢és a relativ fazis hatdsdt a terahertzes
impulzuskeltésre. Az impulzushossz csokkenésével a terahertzes impulzuskeltés a
hagyomanyos tartomanybol atvalt a rendhagy6 tartomanyba. Ezért a vivé-burkol6 fazis hatasa
a terahertzes impulzuskeltésre N6, mig a relativ fazisé csokken. Az impulzus rovidiilésével
csokken a frekvenciakétszerezés sziikségessége, és ezaltal gyengiil a relativ fazis hatasa is. Az
impulzushossz novekedésével az egymast kovetd optikai ciklusok kozotti kiillonbség csokken,
ami miatt a vivé-burkolo6 fazis hatésa is csokken. Megvizsgaltam a polarizacios szog hatasat
is. Azt tapasztaltam, hogy a valtasi pont, azaz a pont, ahol a két fazis érzékenysége egyenld,
a csokkené impulzus hosszaval novekszik. A polarizacios szog csokkenésével romlik a
frekvenciakétszerezés hatékonysaga, ami csokkenti a relativ fazis hatasat, ez pedig felfelé
tolja a valtasi pont helyzetét. [79]
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