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1. Preface

I have completed the Doctoral School and wrote this dissertation at the Institute of Physics,
Faculty of Science, University of Pécs (Hungary). Research for this thesis was performed at
the Laser Group of SwissFEL at Paul Scherrer Institute (Switzerland) during my exchange

program.

Nowadays cutting-edge scientific research has become too complex and difficult to
be efficiently a single-person’s work. Most of the results are considered to be a group
effort, and therefore in this writing the common passive voice structure has been used

instead of the first person singular which is traditionally used in Hungarian thesis.

My personal activity in the topic of this dissertation is primarily based on
experimental lab-work and data evaluation. However theoretical simulations and
calculations are an integral part of this scientific work therefore have also included to
maintain continuity. The main contributor has been explicitly stated where | had none or

minimal input to a certain part of the work.



2. Introduction

THz radiation is a band of electromagnetic radiation which is located between microwaves
and infrared radiation. It is actually a “relatively” new name for the high frequency
microwaves and far infrared radiation bands. This frequency range is also used to known
as the THz gap, due to the lack of efficient generation and detection techniques. Radio and
microwaves at the lower frequency end have been routinely generated with electronic
techniques and optical techniques provided efficient infrared radiation sources at the
opposite end of the spectral range. Intense developments of the past two-three decades
have resulted in THz radiation becoming routinely accessible and it has evolved to a widely

researched scientific field.
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Figure 3.1.1 Location of the Terahertz band in the electromagnetic spectrum.

There are plenty of planned and realized applications of THz radiation used in
several fields including industry, security and defense, medicine and last but not least
scientific research. THz source development is the base of these studies and aims to gain
the ability to create simple, easily available sources with high level of control over their

parameters. Source development is still an ongoing, intensely developing part of THz



science. This thesis work will introduce a specific fraction of THz source development based
on organic salt crystal emitters (OSC). The main topic here is the experimental
characterization of a few OSCs to map different, mostly THz related properties and
capabilities. Hopefully these results can contribute to the implementation and

enhancement of future applications.

THz radiation can be used for non-invasive industrial quality check, as many
nonmetallic materials are transparent in this spectral range. Thickness and layer structure
of thin coatings including industrial paints, ceramics and plastics have been examined [1]
[2] [3]. THz imaging is also a useful tool in the food industry as it is capable to detect
different contaminations in food like glass or metal pieces or even organic ones e.g. insects
[4] [5]. Other techniques like metallic detectors and x-ray imaging may not reveal all of

these impurities.

Emitted radiation from rotational and vibrational transitions of molecules often
falls into the THz regime. The molecule-specific spectral features are known as the spectral
fingerprint. It can be used for identification of concealed substances in mails and parcels
without opening them [6]. THz imaging is used also for security checks to detect hidden
objects like melee weapons, firearms or explosives [7]. It can be applied safely on people,

as THz radiation is non-ionizing radiation due to its low photon energy.

THz radiation is also used in medicine, mainly to detect and localize melanoma and
other type of cancers on skin and in surrounding tissues up to a couple of millimeters depth
[8] [9]. THz radiation is strongly absorbed by liquid water and thus it can be an excellent

and sensitive tool for cornea hydration measurements via reflectometry techniques [10].



The application opportunities of THz radiation in science are also extremely
versatile. It can be used for time-domain spectroscopy in linear and nonlinear regimes to
determine a sample’s absorption and dispersion with a simple measurement (Chapter
3.3.2). Time resolved techniques are suitable for observing induced dynamics in the
irradiated materials in THz pump—optical probe or THz pump—THz probe setups [11].
Resonant and non-resonant control over matter has also been demonstrated in different
materials and structures including the motion of free electrons, rotations and orientation
of molecules, vibrations of crystal lattices and precessions of spins [12] [13] [14]. At higher
THz field strengths, the effective manipulation of charged particles — primarily
electron(beam) acceleration, undulation, deflection, spatial and temporal focusing —
become available [15]. This interaction could enhance the high-harmonic generation based
attosecond-pulse generation by introducing asymmetry in the laser-ionized electron
trajectories [16] [17]. The operation of a THz-driven electron gun has been demonstrated
recently [18] and apparently it has multiple advantageous properties when compared to
conventional electron guns. THz-driven electron acceleration has been also demonstrated
[19], which could one day become a cost-effective alternative for conventional large-scale

accelerator facilities.



3. Theoretical overview

3.1. General overview of THz sources

This chapter gives brief descriptions of several different THz sources which have been
developed over the years, based on different physical phenomena, starting with
continuous THz emitters with narrow spectral bandwidth, followed by the pulsed THz
emitters with broad spectral bandwidth. Organic salt crystals are introduced in a separate

Chapter (3.2) due to their prominent place.

Far-Infrared (organic) molecular gas lasers

Molecular gas lasers are based on the transitions between rotational modes of molecules
e.g. ammonia, methanol, fluoromethane, difluoromethane and are continuous emitters
[20]. They have several narrow spectral bandwidths which usually lay in the 0.2-8 THz
range [21]. In principle, their assembly are identical to optically excited gas lasers with an
extra intracavity waveguide to limit transversal cavity modes. Their output power is

typically in the range of tens-to-hundreds of milliwatts [21].

Backward wave oscillator

A backward wave oscillator (Figure 3.1.1) is an electron vacuum tube with an internal
metallic grating structure which induces spatial modulation of the longitudinal electric
field, driving the electron beam into bunches [20]. These bunches excite surface waves on
the electrically conducting grating. Coherent energy transfer occurs when there is velocity
matching between bunches and surface waves. The electron speed can be tuned by the
bias voltage between the anode and cathode and thus the wavelength of the generated

electromagnetic waves can be also controlled. Under certain conditions, present in
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backward wave oscillators, the group velocity of the surface waves is negative and thus
the energy transferred to the field is transported and amplified in the backward direction

[20]. Electromagnetic radiation is coupled out of the tube using a waveguide.
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Figure 3.1.1 Schematic diagram of backward wave oscillator. [20]

The frequency of the generated electromagnetic waves is typically in the range of 0.03-
1 THz [22]. The entire spectral range can be covered by roughly ten different tubes as each
tube can be tuned around ~10 % of its central frequency. The output power is about
100 mW for frequencies below 200 GHz, diminishing to ~1 mW as the operation the

operation frequency increase to 1 THz.

Quantum cascade laser

Quantum cascade lasers (QCL) are compact semiconductor lasers which emit in the mid-
and far-infrared regions [20] [23] [24]. They consist of several periods of different
semiconductor layers forming a superlattice. Typical (interband) semiconductor lasers
emit photons due to recombination of electron-hole pairs across the material band gap.
QCLs operate via intersubband transitions. The superlattice act as a series of one-

dimensional quantum wells (Figure 3.1.2). The electrons move from one semiconductor



layer to another through the injection barriers via tunneling. Matching the electron wave
functions in adjacent layers is important as it controls the feed rate. The electrons
experience a three-level system with population inversion at the active regions
(intersubband transitions) and lasing occurs due to the continuous electron flow through
the layers. These systems are extremely efficient as the electrons emit photons in each

period (cascading) [25].
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Figure 3.1.2 Schematic illustration of lasing and cascading in a QCL superlattice structure [20].

In case of too small differences among intersubband energy levels — like at THz QCLs
— the population inversion can be spoiled by the temperature of the system thus they
require cryogenic cooling. There are several developments to overcome this problem and
achieve easier operation conditions at higher temperatures like 200-225 K [26] [27], but

up to now they can operate only at low powers.

QCLs typically have narrow bandwidths and are continuous or “quasi” continuous
emitters, typically operating in single- or multi-mode depending on the temperature,
applied material and cavity type. THz QCLs can cover the 1-5 THz [24] frequency range and

their output power can exceed 100 mW average power [28] in continuous and 1 W peak



power [29] in pulsed mode. Recently, short THz pulses with couple of picoseconds duration

from mode-locked QCLs have been demonstrated [30] [31] [32].

Free electron laser

Free electron lasers (FELs) use relativistic electrons to generate monochromatic radiation
from microwaves to x-rays [20]. They belong to the large scale facilities but THz FELs with
exceptionally high >100 W output power can be realized with moderated sizes as they
require low-energy electrons [33] [34]. Electrons are accelerated to relativistic speed then
passed through an undulator which introduce a transverse sinusoidal modulation in their
trajectory via Lorentz force. The charged particles are under acceleration and thus emit
photons. The most effective operation mode of FELs is the superradiant mode when the
electron bunches are shorter than the radiation wavelength. In such case the generated
electromagnetic radiation is highly coherent and the photon-gain is greater than other
operation modes [35]. The wavelength of an FEL depends on the wiggler period, the
magnetic field strength and the electron beam energy and thus is tunable within a certain

range. THz regime FELs can cover a broad frequency range of 0.88-100 THz [20].

Gas plasma

THz radiation can be produced with photo-generated plasma, in ambient air or noble gases
[36]. The widely used technique is based on focusing and mixing ultrashort laser pulses
with the fundamental frequency w and its second-harmonic at frequency 2w (Figure 3.1.3).
The free electrons of the laser-induced plasma create a subpicosecond directional current
due to the driving force of the asymmetric two-color laser field, giving rise to THz radiation

[37] [38] [39].
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Figure 3.1.3 Experimental setup schematic of the 2-color field induced THz
generation [20].

This simple setup can be optimized by varying pulse energy, relative phase between
the fundamental and its second-harmonic field, length of the plasma filament, gas type
and pressure [40]. The use of cylindrical lens can result in larger interaction volume and
results in pulse energies up to 7 w and conversion efficiency greater than 107 [41] [42].
Ultrashort pumping pulses (32 fs) generates extreme spectral bandwidth from 0.5 THz to

35 THz [43].

Gas plasma can be also used to detect THz pulses through the process of four-wave
mixing. In order to the improve the dynamic range and ensure coherent detection, an
external alternating bias can be applied around the focal points of the interacting THz and
fundamental probe beams. In such case the detection technique is called the THz air-
biased-coherent-detection (THz-ABCD) [44]. The intensity of the generated
second-harmonic is proportional to THz electrical field strength and bias field strength
therefore the average terahertz amplitude in the detection region can be determined from
the measurement [43]. The temporal waveform of the THz pulses can be mapped out by

varying the delay between the THz and fundamental probe pulses (Chapter 3.3.2).



Photoconductive antennas

Photoconductive (PC) antennas are electrical switches utilizing the photo-generated free
carriers in semiconductors [20]. They are capable to emit or detect THz radiation as the
switching action in the PC antenna can occur in the subpicosecond time range. The
switch-on time is a function of the exciting laser pulse duration, while the switch-off time
is mainly determined by the lifetime of photo-excited carriers. The most commonly used
materials for THz emitters and detectors are radiation-damaged silicon-on-sapphire (RD-

SOS) and low-temperature grown gallium arsenide (LT-GaAs) [20].

. <
semiconductor NG
substrate (Qe‘j’

‘ _I:' — metal
DC bias T_ L—"electrodes

Figure 3.1.4 Schematic diagram of THz pulse emission from a PC
antenna excited by a femtosecond laser pulse [20]

PC antenna THz emitters have two metal electrodes deposited on a semiconductor
substrate (Figure 3.1.4) with a DC bias. Femtosecond optical pulses with photon energy
larger than the bandgap of the semiconductor generate free electron and hole pairs in the
gap between the electrodes [20]. The static electric field accelerates the free carriers, but
at the same time their number is decreasing primarily by trapping in defect sites. The
impulse current arising from the acceleration and the decay of free carriers is the source
of the single-cycle subpicosecond pulses of electromagnetic radiation. The radiation is

highly divergent as the size of the source is much smaller than the THz wavelength. The
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standard solution for this problem is a lens directly attached to the backside of a PC emitter

which significantly reduces the divergence of the THz radiation.

The power and bandwidth of the emitted THz can dramatically vary and also
depends on the substrate material, the metal electrode structure, the bias voltage and the
optical pump power. The maximum radiation power is limited by the breakdown voltage
of the substrate material. The newly developed high-power PC antennas can reach the mW
power level [45], but most of them operate at the tens-hundreds of uW level. They usually
pumped by a femtosecond oscillator or a fiber laser at high repetition rate. They can cover

the 0.1-4 THz range [46].

The DC voltage source connected to the electrodes must be replaced by a sensitive
current meter for THz detection. In the absence of a bias field, the THz electric field induces
current in the photoconductive gap if the photo-generated free carriers are injected by the
optical probe pulse [20]. The optical pulse acts as a fast gating, which can be used to scan

the temporal waveform of the THz pulses (Chapter 3.3.2).

Optical rectification in nonlinear crystals

During light-matter interactions in most of the cases the key interaction occurs between
the electromagnetic waves and the electrons. The electromagnetic waves force electrons
to move, and the accelerated motion of electrons induces electromagnetic radiation [20].
During these forced movements, the electron distribution rearranges and produces charge
separation inside of the atoms and molecules, thus the material becomes polarized. At low
intensities, the P(t) induced polarization of the material is proportional to the E(t) driving

electric field strength and can be described as
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P(t) = egxWE(D), (3.1.1) [47]
where € is the permittivity of free space and x is the linear susceptibility.! Eq. (3.1.1) has
to be generalized for higher electric field strengths to keep its validity, which is possible by

expanding P(t) in a power series:

P(t) = eo[xVEW® +x® E2 () + ) E* () + ]
(3.1.2) [47]
= PW@) + PAE) + PO(t) + -,
where x™ and P™(t) are the higher (n-th) order nonlinear susceptibility and nonlinear
polarization respectively for n>1. For condensed matter the typical value of linear
susceptibility /) is on the order of unity whereas the second- (x?) and third-order (x¥)
nonlinear susceptibilities are in the order of ~101> m/V and ~102* m?/V? respectively [47].
Eqg. (3.1.2) shows that the linear term dominates at low field strengths, but as the field

strength is increasing, the higher order terms are become comparable and give rise to

different nonlinear processes.

If electromagnetic waves with two distinct frequencies are considered within a
condensed material with non-zero second order susceptibility, the second order nonlinear

polarization can be expressed as:

P(z)(t) — EO)((Z)[Elze_Zi“’lt + EZZe—Zl'wzt + ZEIEZe—i(w1+w2)t +
(3.1.3) [47]
2E,E3e U @1=w02)t 4 ¢ ¢ | + 2e,x P [E,Ef + E,E3),
where each term of the expression describes a second order optical process such as

second-harmonic generation (SHG), sum-frequency generation (SFG), difference-

frequency generation (DFG) and optical rectification (OR) [47] [48] [49] [50] [51].

1 Quantities simplified to scalars and assumed that the medium responds instantaneously thus it is also
lossless and dispersion-free.
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The most important term for THz generation is the last one from Eq. (3.1.3), namely
the OR. It can be considered as a special case of DFG, where the interaction occurs among
the frequency components of a spectrally broad electromagnetic pulse [47]. The typically
applied pump pulse durations for THz generation via OR are in the range of tens to
hundreds of femtoseconds. The short laser pulses can provide access to high intensities
where the nonlinear processes are effective and their spectral bandwidth can cover the

range up to ~20 THz.

1 1 - -
(a) U(x)= :m (z)o_’r2 +—max® (b) Nonlinear electron motion

U(x)

A 2
C—mayx
\2

(c) Second harmonic generation (2®)

Nonlinear component B e~ e
|WW = +

Optical rectification

A J
-

Figure 3.1.5 (a) The electric potential energy and (b) the nonlinear motion for an
electron in a noncentrosymmetric medium. (c) Shows the nonlinear motion
component and it’s elements [20]

OR like any other second-order nonlinear optical process can only occur in
noncentrosymmetric crystals [47]. In case of nonlinearities of electronic origin, the diverse
electronegativity of different kind of atoms leads to uneven charge distribution thus
asymmetric potential energy along the molecular axis (Figure 3.1.5 (a)). When the applied
field is strong enough, easily achievable with laser fields, the discrepancy between the

positive (x+) and negative (x-) electron displacements becomes substantial (Figure 3.1.5

13



(b)) [20]. This anharmonic motion is composed from the original linear/harmonic motion

and a new nonlinear component which can be further split to OR and SHG (Figure 3.1.5(c)).

Phase matching means no more than maintaining a proper phase relationship
between the interacting waves during propagation. When the Ak wavevector mismatch is
close to zero, the coherent energy transfer is constructive among the waves and it results
in an effective nonlinear interaction [47]. In such case the Iy, intensity of a second-order

nonlinear optical process is proportional to the phase mismatch factor:

Iy,  sinc? (A’;—L) (3.1.4) [47]

where L is the interaction length in the nonlinear media.

In the case of THz generation via OR, the THz phase velocity and the pump group
velocity have to be matched. This can be achieved via different techniques like birefringent
phase matching [52] [53], quasi-phase matching [54] [55] or tilted pulse front technique
[56] since the refractive indices are usually different at the pumping infrared and at the

THz wavelengths.

Semiconductors like ZnTe, GaP, GaAs are often used versatile materials in THz
technology. They can be used as photoconductive antenna substrates (Chapter 3.1) or as
nonlinear crystals either for THz generation/detection. In the linear regime they are
optically isotropic crystals. Simple collinear phase matching is possible for ZnTe, GaP and
GaAs at 0.8 um, 1 um and 1.35 pum pump wavelengths respectively [20], as the refractive
indices are similar at the IR [57] [58] [59] and THz ranges [60] [61] [62]. Their nonlinear
coefficients are not exceptional. In the case of ZnTe and GaAs their values are
dei=68.5 and 65.6 pm/V respectively, meanwhile the coefficient of GaP reaches only

dei=24.8 pm/V [63] [64]. Fortunately around their operation frequencies they possess low

14



THz absorption, in the range of ar,=0.5 to 1.9 cm™ [60] [63] [65]. These properties make
them considerable THz sources in the low-energy range. Their spectrum typically cover the
low/middle range of THz frequencies between 0.1-3 THz and their pulse energies are at
the sub-pJ—ul levels with energy conversion efficiencies less than 10 [66]. Their main
limitation originates from the strong two photon absorption at the common pump wave
lengths. It influences the maximal useful pump intensity and the generated free carriers in
the semiconductor material also increase the THz absorption [67]. There are recent
promising solutions for that problem using longer pump wavelength and tilted pulse front
technique [68]. Enhanced THz generation has been demonstrated with pulse energies up

to 14 wl and conversion efficiency up to 0.7% [69] [70].

Lithium niobate (LN) is one of the most popular nonlinear crystals for high-intensity
THz generation. Both the congruent and stoichiometric forms can be used and cm sized
crystal can be grown. LN has a tendency to accumulate defects in the crystal structure
during growth leading to unwanted photorefractive effect and consequently damage at
high-intensity exposures. A small level of magnesium-oxide doping (0.5-6 %) can help to
suppress the photorefractive effect and increase the damage threshold up to 100 GW/cm?
levels [71] [72]. LN is a birefringent crystal, but the large refractive index difference
between the pumping-infrared (n=2.15 and ngroup=2.2 at 1030 nm) and THz (n7+,=4.96 at
1 THz) ranges excludes the opportunity of birefringent phase matching [72] [73] [74]. Thus
an effective phase matching like tilted pulse front technique is indispensable for efficient
THz generation via OR. LN has a high effective nonlinear coefficient of @.#=168 pm/V for
THz generation [64]. Unfortunately this is coupled also with a relatively high THz
absorption coefficient of ar,=17 cm™at 1 THz, which can be reduced to less than its 30 %

by cryogenic cooling of the crystal [72] [74] [75]. LN sources typically cover the low
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frequency part of the THz range between 0.1-1.5 THz. Their pulse energies can achieve

tens to hundreds of W with typical conversion efficiencies around ~1 % [76] [77].

3.2. Organic salt crystals as THz sources

This group of crystals consist of organic compounds and some of them own extremely high
nonlinear properties. They can be used for both THz generation via optical rectification and
THz detection via electro-optic effect. The most well-known organic salt crystal (OSC) types
are the DAST, DSTMS, OH1, HMQ-TMS and BNA crystals. Although some of their properties
are similar, they possess different characteristics. Their typical size is a couple of mm with
few hundred pum thickness. They are strongly birefringent crystals, thus collinear phase
matching for THz generation is possible over different IR wavelengths. They have several
strong THz absorption peaks due to their complex molecule structure. The generated THz
spectrum usually covers the range starting from 0.1 THz up to 3 THz or 5 THz but 15 THz
has been also demonstrated [78] [79] [80]. The generated THz pulse energies are usually
in the tens of W range as well an outstanding 0.9 mJ [81] has been also reported. The
typical conversion efficiencies are around 1-3% at certain pumping wavelengths and

intensity [79] [81].

3.2.1. DAST

The organic salt 4-N,N-dimethyl amino-4'-N'-methyl stilbazolium tosylate (DAST) crystals

have been used for many years to generate THz radiation by optical rectification [82].
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Figure 3.2.1 (a) Picture about a DAST crystal [83]. (b) Chemical structure of DAST [84].

The DAST crystal consists of cations with large molecular nonlinearity and anions to
maintain the non-centrosymmetric packing —monoclinic space group Cc—in the crystalline
phase [85]. The crystallographic b-axis coincides with the dielectric axis x> while the a- and
c-axes differ from axes x: and x3 by angles of 5.4° and 3.2°, respectively [86] [87]. In

practical terms, those differences can be neglected.

Figure 3.2.2 Arrangement of the crystallographic a-, b-, c-axes,
and the dielectric x1-, x2-, and x3-axes in DAST. [87]

DAST crystals can be produced from supersaturated methanol solution with
concentration levels between 25 g/l and 45 g/I [88]. The initial nucleation in the solution
can be enhanced with laser pulses in order to achieve better growth and quality [84]. The
usual linear growth rates are in the range of 2 mm/month to 3 mm/day, depending on the
applied method [89]. Crystals typically have 0.1-1 mm thickness, and 4-400 mm? area in
the a-b plane (natural c-cut) [83] [86].

17
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Figure 3.2.3 Solubility curve and metastable region of DAST in methanol. [89]

The n; refractive indices of DAST in Figure 3.2.4 correspond to polarizations along
the dielectric x; axes. The high birefringence in the near infrared region is clearly
observable. The absorption coefficients stay below 2 cm™ for all polarization directions in
region between 700 nm and 1650 nm [86]. Significant absorption peak is present only at
shorter wavelengths between 390 nm and 570 nm [87] and dominates especially for
polarizations along the dielectric x; axis. This absorption peak is responsible for the

dispersion in the transparency region.
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Figure 3.2.4 Refractive indices n1, nz, and n3 of DAST as a function of the wavelength.
The solid curves correspond to the Sellmeier dispersion formula [90].

The refractive index and absorption curves of DAST (Figure 3.2.5) become more

diverse in the THz regime due to the complex molecule/crystal structure. The dielectric
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function can be modeled using a series of Lorentz oscillators. In the 0.6-12 THz range 7-9
resonance peaks were observed with polarizations along a- and b- axes respectively [91].
The strongest and most important absorption peak — caused by a transverse optical
phonon resonance—is located at 1.1 THz along the a-axis, and it has as great influence on

the generated THz spectrum.
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Figure 3.2.5 Refractive index and absorption coefficient of the (a) a- and (b) b-axis of
DAST from 0.6 — 12 THz. The solid lines are fits to the Lorentz oscillator model [91].

The DAST crystals are usually pumped in normal incidence for THz generation. The
similarity of refractive indices at the near infrared (Figure 3.2.4)? and THz ranges (Figure
3.2.5) besides the length of THz wavelengths allows to maintain sufficient phase matching

over hundreds of um co-propagation. A pump beam polarized along the g-axis is suitable

2Shown values are simple refractive indices and not the group indices which are relevant for phase matching.
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for longer wavelengths around 1500 nm, while a beam polarized along the b-axis is proper

for shorter wavelengths around 800 nm.

The crystal symmetry of DAST permits 14 non-zero rjik electro-optic coefficient and
4 of them are bigger than 1 pm/V [86] [90]. Their related )(iojﬁ nonlinear susceptibilities for

optical rectification (Table 3.2.1) can be calculated by

AR (0, 011,) = = 2 nF(@InE (@)1 (@, W7z, (3.2.1) [85]
where n; and nyrepresent the refractive indices along the dielectric j and k axes
respectively. The largest tensor element y°R at 800 nm has an outstandingly high
12304130 pm/V value, but unfortunately it cannot be used for THz generation due to
strong phase mismatch. Around 1535 nm where the phase matching is given, its value
decreased by a factor of 2.5, but it still has a remarkable 490+90 pm/V value which

provides efficient THz generation.

Wavelength 111 7221 113 122
800 nm 7718 42+4 15+2 17+1.5
1535 nm 4718 2114 5+1 -

xit X122 X3t X212
800 nm 1230130 166+16 239432 135412
1535 nm 490+90 69+13 52+10 -

Table 3.2.1 The largest electro-optic coefficients r;;, and nonlinear susceptibilities

Xii;of DAST [86] [90]. All tensor elements are in units of pm/V.

20



3.2.2. DSTMS

The outstanding nonlinear properties of DAST crystals, has resulted in other organic salt
crystals being developed by molecular engineering. Roughly one decade ago a new,
promising DAST derivative was presented: 4-N,N-dimethylamino-4’-N’-methyl-

stilbazolium 2,4,6-trimethylbenzenesulfonate (DSTMS).

HHHIHHE ‘ _
} HSC\N—Q_/_CNtCHQ’
HaC'

CHs
i -
HEHHY ‘ HSC SOa

Figure 3.2.6 (a) Picture about a DSTMS crystal [92]. (b) Chemical structure of DSTMS
[93].

The molecular and crystal structure of DSTMS is very similar to those of DAST. The
anions of DSTMS have 2 extra methyl groups (Figure 3.2.1 and Figure 3.2.6 ). The positive
and negative ions form non-centrosymmetric packing which belongs to the monoclinic
space group Cc [93]. Despite these extra methyl groups, the crystallographic b-axis still
coincides with the dielectric axis x; whereas the ag-axis deviates from x; by angle of

3.6+0.3°.
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Figure 3.2.7 Solubility/temperature curves of DSTMS and DAST in methanol [92].
Figure 3.2.7 shows that DSTMS is about 2 times more soluble in methanol than
DAST. The driving force of crystallization strongly depends on the achieved level of
supersaturation [94]. It is possible to obtain very large — up to 400 mm?- bulk single crystals
and thin films with good optical quality without using seed crystals [92] [95]. Growing high

quality single crystals of DSTMS with surface area of about 1 cm? is possible within 2 weeks,

2-3 times faster than DAST.
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Figure 3.2.8 (a) Group indices nga (circles), ng2 (diamonds),and ng3 (triangles) of DSTMS as a function

of the wavelength. The solid curves are the corresponding dispersion relations of the refractive indices

n1, N2, and ns respectively. (b) Absorption coefficients a1 (solid curve), az (dashed curve) and as (dotted
curve) of DSTMS as a function of the wavelength [93]

The n; refractive indices and ng; group indices of DSTMS in Figure 3.2.8 (a)

correspond to polarizations along the dielectric x; axes (i=1, 2, 3). Like DAST, DSTMS also
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shows high birefringence in the near-infrared region. The absorption coefficients — Figure
3.2.8 (b) — stay below 2 cm™ for all polarization directions in region between 700 nm and

1600 nm. Outside of this region the absorption increases significantly [93].
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Figure 3.2.9 (a) Refractive index ni(w) and (b) the absorption coefficient a(w)of
DSTMS in the THz range. Open circles: measured data. Curves: theoretical functions,
including three harmonic oscillators [96].

The refractive indices of DSTMS (Figure 3.2.9 (a)) and DAST (Figure 3.2.5(a)) are
similar in the THz range for polarizations along x; dielectric axis [96] with larger differences
of the absorption coefficients. DSTMS has reduced absorption coefficient by ~60% average

compared to DAST and the strongest resonance peak is shifted to 0.96 THz.

Data about the second order nonlinear susceptibility of DSTMS for OR is only
available for 1907 nm pump wavelength. Its value is y2F = 430 + 40 pm/V [92] which is

close to DAST at this wavelength y°R =420+ 110 pm/V [97]. Based on several
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similarities between DAST and DSTMS, it can be expected that there will be comparable

nonlinear properties at other wavelengths too.

3.3. THz detection

3.3.1. Power/Energy measurements

Bolometers
Bolometers are thermal detectors which use materials with temperature sensitive
resistivity [98]. They can measure radiation power with high sensitivity over an

exceptionally wide spectral range from THz to X-rays [20].
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Figure 3.3.1 Schematic diagram of a typical composite bolometer. Where Py, is the
incident THz power modulated at the angular frequency wwm. The thermometer is
characterized by the temperature-dependent resistance R. Cis the heat capacity of the
absorber/substrate/thermometer unit. Tz is the substrate temperature. G is the dynamic
thermal conductance of the heat conducting wire connecting the substrate to the heat sink.
The bias V varies to keep the current /, flowing through the thermometer, constant. [20]

Modern bolometers are composite bolometers as they consist of several independently
optimized components to achieve better performance in general (Figure 3.3.1). A radiation

absorber and a temperature sensitive resistance are deposited on a substrate with good
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thermal conductivity. [20] The substrate is connected to a heat sink by heat conducting
wires. The heat sink usually includes a liquid helium dewar to maintain the temperature of
detector in the cryogenic ranges. The irradiated energy is converted into heat, which raises
the temperature of the absorber and thermometer assembly. This induces a change in the
thermometer resistance, detected by measuring the change of the current flowing through

it.

Pyroelectric detectors

Pyroelectric crystals are spontaneously polarized crystals, each unit cell has a permanent
electric dipole moment, aligned with a specific crystal axis [20]. The level of this
spontaneous electric polarization is depends on the temperature and this physical

phenomenon is called pyroelectricity. The spontaneous polarization is accompanied by

surface charge, neutralized by free carriers forming a steady state.

THz
radiation

I\

absorber/electrode

surface  spontaneous pyroelectric electrode
charge polarization material

Figure 3.3.2 Schematic diagram of a typical pyroelectric detector. [20]
Figure 3.3.2 shows the scheme of a pyroelectric detector. The pyroelectric crystal
cut perpendicular to its polar axis is sandwiched between two electrodes [99]. One side is
usually treated to absorb incident radiation. The radiation generated heat raises the

temperature of the pyroelectric crystal and induces a reduction of the spontaneous
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polarization and the surface charge [20]. The attached electrodes on the crystal form a
capacitor. If the circuit is closed, a current flows through it to compensate the change in
the surface charge. A large load resistance is applied to achieve high responsivity and the
signal is improved further by an operational amplifier. These detectors are used in AC

mode due to the lack of pyroelectric current in steady state.

Golay-cell

Golay cells are sensitive pneumatic radiation detectors for the THz and the infrared ranges
[100]. They are capable to sense THz radiation power levels down to the uW level [20].
Figure 3.3.3 shows the main components of a typical Golay cell. The modulated THz
radiation passes through the front window then it is absorbed by an absorbing film.This
energy induces thermal expansion of the gas enclosed in the pneumatic chamber and the
resulting increase in the gas pressure deforms the flexible mirror attached to the backside
of the chamber. The consequential path change of the reflected optical beam is sensed by

the detection readout system.

Pneumatic chamber

Window

/ Flexible mirror

o LED
THz radiation

Absorbing film

Photo detector

Figure 3.3.3 Schematic diagram of a Golay Cell. [20]
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Golay cells are the most sensitive detectors among thermal radiation detectors at
room temperature [20], but unfortunately have two major drawbacks: the relatively large
detector size and the extreme sensitivity to mechanical (even acoustic) disturbances.
Approximately half a century after their invention a new, micro-machined generation of
small sized Golay cells has appeared on the market. Their detection schemes are based on

either electric capacity variations [101] or tunneling displacement transducers [102].

THz cameras

Advanced manufacturing techniques has enabled the production of 2D-arrays of small
sized micro-bolometers [103] and pyroelectric [104] detectors. Contrary to normal
bolometers, micro-bolometers do not require cryogenic cooling at all, and have sensitivity
that has reached the 100 pW/pixel level at 1 THz [105], making them more versatile and
convenient instruments for THz imaging. They can be even used for spatially resolved

broadband multi-channel spectrometry [106].

3.3.2. Time-domain spectroscopy of THz pulses

Techniques which generate broadband THz pulses to probe material properties and then
measure their waveform after the interaction are known as THz time-domain spectroscopy
[20]. Since a waveform contains complete information, a simple Fourier-transformation
can retrieve both amplitude and phase of the spectral components. This allows
simultaneous determination of the absorption and dispersion properties of a measured

sample.

The static or low-frequency electric fields can induce a change in the refractive

index of materials via the electro-optic effect [47]. In noncentrosymmetric crystal
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structures the material’s response is linearly proportional to the strength of the applied
electric field, which is known as the Pockels effect. It can be described in a lossless medium

as the Pi(z)second-order polarization of matter by the )(1(12,2 second-order nonlinear

susceptibility:

PP () = 260 i X By (@) Ei (@rz) (3.3.1) [20]

Free space electro-optic (EOQ) sampling measures the electric field of broadband THz
pulses in the time domain by utilizing the Pockels effect [20]. This technique is unique when
compared to other traditional spectroscopic methods, as it is possible to directly measure
the waveform of THz pulses as well as determine the amplitude and the phase of the

measured field at the same time.

Figure 3.3.4 shows a typical setup of free-space EO sampling. In an ideal case, the
optical group velocity and THz phase velocity are well matched inside the EO crystal, thus
the optical pulse can experience the same section of the THz pulse as a constant electric
field during co-propagation. By varying the relative timing between the two pulses, the
entire THz waveform can be scanned. In the lower part of Figure 3.3.4, the evolution of the
probe pulse polarization is shown with and without the THz field [20]. In the absence of a
THz-field a linearly polarized optical pulse passes through the EO crystal without any
alteration. Then the quarter wave plate transforms its polarization into circular. But in the
presence of a THz-field the induced birefringence in the EO crystal changes the polarization
rate of a linearly polarized optical probe pulse. Then the quarter-wave plate transforms its
polarization into an almost, but not quite circular one. Finally, the Wollaston prism splits
the probe beam into two orthogonal components, which are sent to a pair of balanced

photo-detectors. This measures the intensity difference between the two orthogonal
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components of the probe pulse, which is proportional to the applied THz field amplitude
[20]. Too intense THz pulses can result in the induced birefringence being so strong that
the polarization of the probe pulses are getting over-rotated hence the detected signal

level is eventually decreasing.

Optical EO Balanced
THz pulse pulse crystal A4 plate  Wollaston photo-detector
j\_ H Prlsm/‘—/!:

Probe polarization
1
I I, =—
T2
without THz field I I O < :
«—> I = 5

L (l +Ag@)

with THz field I G O <
«—> I, L (] A@)

Figure 3.3.4 Schematic of a typical setup for free-space EO sampling. Probe polarizations with
and without the THz field are shown before and after the polarization optics. [20]

EO sapling is a powerful technique but it has limitations on broadband THz pulse
detection. The measured EO signal is the convolution of the THz electric field and the
detector response function. A simple model can describe it as the product of three spectral
filters acting on the complex amplitude spectrum of the THz pulse [107]. If the product of
these filter functions has an uneven spectral response or insufficient bandwidth then the
measured THz pulse waveform will be distorted and may significantly differ from the real

one. Unfortunately, this spectral limitation is a realistic problem during experiments.
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Frequency (THz)

Figure 3.3.5 Normalized amplitude of the detector response function F(w,wTHz)
for ZnTe. The lines are for the crystal thickness of 0.1, 0.5, 1.0, 2.0, and 3.0 mm
when the 800nm optical pulse duration is 100 fs [20].

The first filter is related to the finite sampling pulse duration, the autocorrelation

of the optical electric field:

Copt((*)THz) = f_ooAZpt (w - wO)Aopt(w — Wo — wTHz)dw- (3-3-2) [107]
This term has the smallest effect, as the filter spectrum is usually much broader than the

spectrum of the measured THz pulse.

The second filter describes the frequency dependent EO susceptibility )(S%c It can

strongly distort the measured EO signal and the corresponding spectrum especially around

©)

the phonon-resonance frequencies where Xeff

varies significantly [107]. The third filter
describes the phase- mismatch between the optical probe pulse and the frequency

components of the THz pulse. This also contains the THz absorption of the EO crystal and

this effect can be reduced by a reduction in the thickness of the EO crystal.
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Time-domain spectroscopy of broadband THz pulses is also possible by detecting
the generated second-harmonic from gas plasma [44] or by measuring the induced

photocurrent from photoconductive antennas [20] as it described earlier in Chapter 3.1.
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4. Scientific goals

The importance of THz radiation has been significantly increased Over the recent decades
due to the developing laser- and THz-science. The enhanced energy and spatiotemporal
properties of the available THz sources has been already opened paths for several
applications, but the source development is still a particularly active field. Just like any
other source, OSCs are also suffer from different handicaps. The primary goal was to
experimentally test alternative approaches which can solve their bottlenecks or exploit
their unused capabilities. In this thesis, the generated THz and influenced IR radiation from
DAST and DSTMS OSCs have been investigated and characterized in the following

scenarios:

e Unconventional pumping wavelengths: The complexity and difficult accessibility
of the usual high-energy pump sources around 1500 nm has resulted in the use of
a common, Ti:sapphire pumping source around 800 nm. The results are compared
with other THz sources pumped by this easily accessible pumping source. This is
complemented with calculations about the expected THz spectrum close to the
optimal pumping wavelength

e Expanded crystal surface: The comparison of a partitioned DSTMS, a mosaic set of
smaller oriented crystals with a single crystal. This is inspired by the bottlenecks in
production and manufacturing procedures of single crystals.

e Recycling of pump beam: The examination of the IR pump passed through a DAST

crystal as a potential IR source with extreme spectral bandwidth.
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5. Results

5.1. The pump source

During the experiments, different outputs of the same system were used as pump source.
The system consists of two main units, a TW class Ti:sapphire laser system [108], and a

commercial high-energy optical parametric amplifier (OPA).

The Ti:sapphire laser is a chirped pulse amplification system (Amplitude
Technologies) consisting of an oscillator, a booster amplifier, a stretcher, a regenerative
amplifier, two multipass amplifiers and a grating compressor. The system delivers pulses
up to 20 mJ energy at 100 Hz repetition rate. It is capable to generate transform limited
pulses with durations between 15fs and 94 fs FWHM. The central wavelength is also
tunable between 755 nm and 845 nm due to the built in acousto-optic programmable
dispersive filter in the stretcher and the low-loss acousto-optic programmable gain control
filter in the cavity of the regenerative amplifier [108]. During the experiments, the system

was set to generate pulses with 50-60 fs duration at 800 nm central wavelength.

The high-energy OPA is a (custom) TOPAS-Prime from Light Conversion and it was
pumped directly by the Ti:sapphire laser. The OPA consists of a white light generation stage
as a broadband seed source, followed by three parametric amplifier stages using BBO as
nonlinear medium. The accessible wavelength range is 1140-1600 nm with the signal and
1600-2600 nm with the idler beams. The system delivers pulses up to 3 mJ energy with
65 fs pulse duration at 1.5 um wavelength, and it was used for the experiments with these

settings.

33



5.2. THz generation with Ti:sapphire pumped DAST and
DSTMS crystals

5.2.1. Introduction

OSCs are excellent THz emitters from several points of view. The very similar refractive
index in the VIS/NIR and THz ranges makes it is possible to apply a simple collinear scheme
for THz generation via optical rectification. Furthermore, their energy conversion
efficiencies are higher than most of the currently known tabletop THz sources. They are
usually pumped by a short pulsed (<100 fs) OPA in the NIR range around 1.5 um
wavelength. Unfortunately, OPAs are relatively expensive instruments and in most of the

cases require a qualified person for the operation and daily fine-tuning.

The goal was to characterize OSCs pumped with a more easily, directly available pump

sources, a turnkey system like Ti:sapphire lasers.

5.2.2. Experiment

The Ti:sapphire amplifier system was used for this studies with pulse energy about 10 mJ.
The experimental setup is shown in Figure 5.2.1. The exposed organic crystals were a
0.86 mm thick DAST and a 0.2 mm thick DSTMS with 4.5 mm and 3 mm free apertures
respectively. During the experiment, a 2 mm thick Teflon filter was used to reduce the

residual pump background near to the detection level of the sensor.

The pulse energy of the generated THz was measured by a calibrated Golay cell. A
conventional Michelson type interferometer was used to measure the first-order (field)

autocorrelation of the THz pulses, with the same Golay cell as the detector. The THz
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spectrum was obtained by Fourier transformation of the interferogram. This offers a more
broadband frequency detection opportunity as compared to crystal based electro-optical

sampling.

AP
800nm |
Ti:Sapphire l ‘
VND EM1
780 800 820 GC/AC

Wavelength (nm)

Figure 5.2.1 Schematic of the THz generation setup for organic crystals pumped at
800 nm with a Ti:sapphire amplifier (please see spectrum in the left bottom inset).
VND: Variable neutral density filter wheel; AP: aperture; MOC: mounted organic
crystal; TF: Teflon filter; PM: parabolic mirror; EM#: laser energy meter at two
positions; GC: Golay-cell; AC: autocorrelator. [109]

The largest component of the nonlinear susceptibility tensor )(flRl = 490 pm/V
[110] offers the most efficient THz generation within its phase matching range between
1.3 um and 1.5 pum pump wavelengths. As predicted in Ref. [110] and experimentally
confirmed in Ref. [111], another susceptibility tensor component )(102’?2 = 166 pm/V is the
best suited for pump wavelengths between 680 and 800 nm. From an experimental point
of view this means that the optical pump polarization must be aligned parallel to the

crystallographic b axis and was done accordingly during the experiments.

5.2.3. Results

Figure 5.2.2 shows the generated THz pulse energy and the energy conversion efficiency
as a function of the pump fluence for DAST and DSTMS crystals. The measured THz energy
increases almost linearly with respect to the pump fluence up to 100 nJ for DAST (15.9 mm?

emitter surface) and 50 nJ for DSTMS (7.1 mm?2 emitter surface) at 17 and 14 mJ/cm? pump

fluencies, respectively. These energy values were measured behind a 2 mm thick Teflon
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filter, and are not corrected with the ~25% average absorption across the 0.3-5 THz range.
Up to this level, close to the damage threshold, no saturation could be observed in the THz
energy. For 68 fs pulses (FWHM) at 800 nm, a damage threshold of ~300 GW/cm?

(~20 mJ/cm?) was measured for DAST and a slightly lower value was found for DSTMS.
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Figure 5.2.2 (a) THz pulse energy and (b) corresponding energy conversion
efficiencies as functions of the applied Ti:sapphire pump fluence for DAST and DSTMS
crystals, with emitting surfaces of 15.9 and 7.1 mmg, respectively. Measured after a
2 mm thick Teflon plate. [109]

Figure 5.2.2(b) shows that the energy conversion efficiency slightly increases for
higher pump fluence and levels of 6x10~ for DSTMS and 4x107 for DAST, respectively. The

conversion efficiencies stay 3 orders of magnitude lower than in the case of ~1.5 um
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pumping [79] and is presumed to be from the ~3 times lower nonlinear coefficient and the

~4 times shorter coherence length [96] [110],.
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Figure 5.2.3 THz spectra for (a) DAST and (b) DSTMS pumped at 800 nm (fluence
6 ml/cm?) polarized along the b axis. The theoretical results already includes the
filtering effect of the 2 mm thick Teflon sheet. [109]

Figure 5.2.3 shows the calculated theoretical the measured spectra of DAST and
DSTMS. The measured spectra were obtained by Fourier transformation of the
interferograms. The calculation of theoretical curves in Figure 5.2.3 and Figure 5.2.4 were
carried out by Mojca Jazbinsek from the crystal manufacturer Rainbow Photonics AG
(Switzerland). The model considered the crystal thickness, pulse duration, pump
wavelength, velocity matching and linear THz absorption in the crystal [110]. These
calculations neglects processes like nonlinear absorption of the pump and cascading,
which can be significant especially in case of DAST [112] [113]. The theoretical curves

37



(dashed lines) in Figure 5.2.3 show an acceptable qualitative agreement with the
experimental results. The spectra cover the ~1-5 THz range with a peak centered around
2 THz (DAST) and 2.5 THz (DSTMS). The components with lower frequencies than the

phonon-active mode at 1.1 THz have just weak contributions to the overall spectrum.
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Figure 5.2.4 Calculated and normalized spectral amplitudes of the THz frequency
components (same color scaling for (a) and (b)) as a function of the pump
wavelength, in the case of (a) 0.86 mm thick DAST and (b) 0.2 mm thick DSTMS. The
vertical dashed lines show the pump laser wavelengths used in the presented
investigation. [109]

The maximum field strength can be estimated by the pulse energy and its spectral

content. Assuming a diffraction limited spot size and Fourier limited pulse duration, a peak
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electric field strength of 1 MV/cm can be calculated for DAST3. According to previous works

[114] it is already sufficiently high to initiate nonlinear THz phenomena. The focusability of

THz radiation from OSCs is excellent, because of the simple collinear generation scheme.

The generated THz beam properties, such as almost distortion free pulse wave front and

identical divergence for both lateral dimensions, help to achieve diffraction limited spot

sizes [115].
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Figure 5.2.5 Measured THz spectra for (a) DAST and (b) DSTMS pumped at 720 and
800 nm. For visible pumping, the spectrum is limited by the Teflon transmission,
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cutting off for frequencies >5 THz, as shown in (a). [109]

3 It was assumed that f=50 mm focusing optics with a numerical aperture of 1, 0.5 ps pulse duration, 2 THz

central frequency and 0.1 ) THz pulse energy.
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The most effective visible pump wavelengths for broadband OR are located around
710 nm for DAST and 700 nm for DSTMS organic salt crystals, as it is shown by the
calculations (Figure 5.2.4),. Unfortunately the typical wavelengths of a commercially
available Ti:sapphire amplifier lies above these wavelengths. However, in order to verify
the theoretical expectations, THz spectra of DAST and DSTMS organic salt crystals were
recorded at 720 nm pump wavelength, using the frequency-doubled signal from an optical
parametric amplifier. As predicted by the calculations (Figure 5.2.4), the velocity matching
is also fulfilled under these conditions for higher THz frequencies, resulting in multi-octave

spanning spectra covering the 0.5-5 THz frequency range (Figure 5.2.5).

5.2.4. Conclusions

The generation of high-energy THz pulses have been investigated in DAST and DSTMS OSCs
pumped by a conventional Ti:sapphire laser. Broadband THz radiation has been
demonstrated up to 5 THz with pulse energies up to 0.1 w after filtering out the residual
IR pump. The major limitation of the maximal achievable THz pulse energy was the damage
threshold of the OSCs. The possibility of generating higher THz frequencies was also
demonstrated by using 720-nm pumping wavelength. The measured conversion
efficiencies were comparable to other ordinary sources based on OR in crystals, like the
semiconductor ZnTe (3.1x107°) [66]. Higher efficiencies could be expected for optimized
crystal thickness. LiNbOs-based sources show slightly better conversion efficiencies
(1.16x107%) [116], but organic crystals allow accessing significantly higher frequencies well

beyond 1 THz, and they work without pulse front tilting.
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5.3. THz generation in a scalable partitioned DSTMS crystal

5.3.1. Introduction

Organic salt crystals have excellent energy conversion efficiency but the relatively low
damage threshold and the small feasible crystal size due to production obstacles result in

a strong limit on the available THz pulse energy and electric field strength.

Therefore, the goal was to overcome this bottleneck by using a partitioned crystal
source. This will be characterized and compare its properties to those of a single crystal

source.

5.3.2. Experiment

The OPA system(Chapter 5.1) was used to generate the pump pulses. The partitioned
crystal surface (PCS) consisted of multiple parts of uncoated, small DSTMS crystals (Figure
5.3.1). These segments were glued together with transparent adhesive on a fused silica
substrate, with a total surface of 400 mm?. The substrate was antireflection coated for the
pump and was oriented toward the OPA to avoid the THz absorption in the fused silica.
The 5 mm thick host substrate transmitted more than 90% pump energy and introduces
negligible group velocity dispersion at the pump wavelength. All DSTMS crystal segments
were oriented to have their crystallographic axes parallel with each other in order to
provide optimum phase-matching orientation across the entire PCS area. The individual
organic crystal pieces were separated by about 200 um and had a thickness of

500 + 15 pm.
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Figure 5.3.1 Tabletop terahertz source based on the partitioned DSTMS (PCS, shown
in the inset). The crystal is pumped by an optical parametric amplifier (OPA). The THz
beam is separated from the residual pump by a low-pass filter (LPF) and characterized
by an electro-optical sampling, a THz camera, a Golay cell, and a THz autocorrelator.
[95]

5.3.3. Results

The temporal and spectral shapes of the THz field from the PCS are shown in Figure 5.3.2..
The THz pulse reached electric peak field strengths of 0.6 GV/m and 2 T magnetic field
strength with a near single-cycle waveform (Figure 5.3.2(a)), when pumped by the full mid-
infrared energy available from the OPA. The temporal shape of THz field was measured in
dry air using electro-optic sampling in 100 um thick GaP crystal. The field strength was
calculated from the THz spot size, pulse duration and energy. The multi-octave spanning
THz spectrum (Figure 5.3.2(b)) peaks at 3.2 THz and covers frequencies up to 8 THz. It is
free from periodic modulation which would indicate a significant temporal/phase shift
between the beamlets. The dips at around 1 THz and 5 THz are due to absorption caused
by phonon active modes in the organic crystal [117]. The emission properties of the PCS
are compared, at identical pump fluence, to a singlet small-size DSTMS crystal (3x3 mm?)

of same thickness. The comparison reveals similar field and spectral shapes in the focus
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but 3 times larger field strength for the PCS. This gives a first indication that the THz field
characteristics are neither spoiled by discontinuities in the PCS emitter nor by negative

interference of fields emitted from different crystal parts.
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Figure 5.3.2 The electric field (a) and the corresponding spectrum (b) of the THz
pulses obtained by optical rectification in a partitioned DSTMS crystal structure. [95]

In principle tight focusing could be limited by wavefront aberrations caused by
discontinuities and by errors in orientations and thickness of the individual PCS. In order
to verify the influence of these effects on beam quality, the THz beam distortions were
characterized by recording the intensity profile of the beam in the near field and the far

field. The near-field profile (Figure 5.3.3(a)) was recorded by imaging the PCS onto an
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uncooled microbolometer THz imager (NEC Corporation, IRV-T0830, 23.5 um pixel pitch).
The gaps between the three crystal segments were clearly observable. The sum-area of
the “shadow zones” (Figure 5.3.3(c)) with intensities less than 25% is approximately 15%
of the full pumped area. The additional intensity variation across the emitting area
originates from the non-uniformities of the pump beam. The emitted THz radiation from
the PCS consisted of three collinearly propagating beamlets in the near-field. These beams
were also measured at the focus point of an off-axis parabolic mirror with a numerical
aperture of 0.25 and focus of 100 mm. At the focal plane, the three beamlets combined
perfectly into a single spot with smooth intensity distribution as shown in Figure 5.3.3(b).
The corresponding circular THz spot size was measured to be 270 um (FWHM), which is
close to the diffraction limit. Although the M2 number is suited for monochromatic beams
based on several measurements along its propagation axis, an approximate value of

M?=1.8 can be calculated for the broadband THz focal spot.

The experimental results were reproduced by modeling in ZEMAX optical design
code (insets in Figure 5.3.3(a) and Figure 5.3.3(b)). The modelling was done by Carlo Vicario
from Paul Scherrer Institute (Switzerland). Both experimental and numerical results reveal
that the discontinuities present in the PCS play a negligible role on the THz beam focusing
properties. The THz intensity distribution at the focus is not significantly influenced by the
diffraction from the emitter gap nor the non-uniform pump beam. The constructive
interference among the contributions from the different crystal segments resulted in an

extremely strong electric field (Figure 5.3.2) in the focal region.

44



THz at the focus

7 mm 1mm

Pixels

50 100 150 200 250 300
Pixels

Figure 5.3.3 Measured THz beam profile at (a) the crystal output and at (b) the focus
of parabolic mirror with numerical aperture of 0.25. (c) highlights the shadow zones
inside of the beam with intensities less than 25% originated from the gaps among
crystal segments. The insets show the (a) structure of the mosaic DSTMS crystal and
(b) the simulated intensity profile at the focus of parabolic mirror. [95]

Figure 5.3.4 shows the measured Gouy phase shift along the focal region
(1z]<1.5zRayleigh), Where the individual beamlets formed a single-beam like unity. A clear
polarity reversal of the field due to the Gouy phase shift was observed (Figure 5.3.4 insets)
[118] [119], whereas other features of the waveform were not altered. The corresponding
Gouy phase shift (black symbols) agrees with theoretical expectations (fit). The measured
phase values were retrieved from the Fourier transformed of different waveform
measurements via electro-optic sampling, where the sampling crystal was placed around

the focal point at various positions along the beam propagation axis.

45



B Gouy phase
—— Fit

Phase (rad)
=

_ﬂz i 1 1?"“’! {m; L 1 1 ]
-6 4 -2 0 2 4 6
Position (Z/Z,, ...)

Figure 5.3.4 Measured Gouy phase shift (dots) and polarity reversal of the net
electric field (insets) across the focus, measured by electro-optic sampling. [95]

A single organic DSTMS crystal offers conversion efficiency around 1% [117] and a
similar value is expected for PCS. Figure 5.3.5 illustrates the measured THz pulse energy
density (fluence) and the energy conversion efficiency of PCS as a function of the pump
fluence. The THz pulse energy density was almost linearly scaled with larger pump fluence
(Figure 5.3.5(a)) and reached a peak value of 170 pw/cm? at 18 mJ/cm?, close to the damage
threshold of the crystal (>20 mJ/cm?). The pump-to-THz energy conversion efficiency
(Figure 5.3.5(b)) shows a linear increase up to 1.1% at 7 mJ/cm? pump, before saturation
effects take place. For the PCS (black squares) the THz yield was slightly lower (on average
15% less) compared to the single, small-size crystal (red circles) due to the loss and
scattering occurred at the gaps and the loss of pump power at the substrate interfaces.
Using the full area of the PCS with the maximum pump fluence would result in =0.68 m)J

THz pulse energy.
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Figure 5.3.5 (a) THz pulse energy density for PCS DSTMS nonlinear crystal (black
dots). The THz energy density almost linearly increases for larger pump fluence, up to
pump fluence close to the damage threshold of the crystal (>20 mJ/cm?). The
characteristics are similar to the small-size single crystal (red circles). (b)
Corresponding conversion efficiency in dependence of the pump fluence. The THz
pulse energy has been recorded by means of a calibrated Golay cell. [95]

The actual energy conversion efficiency was even higher considering that almost
70% of input pump energy was absorbed during propagation through the crystal. Thus on
average, only ~55% of the OPA energy contributed effectively to THz generation. The
observed high efficiency was due to cascading OR. During this process, a pump photon
emits one THz photon and undergoes a small redshift and then contributes again to THz
generation by OR. This cascaded )((2) nonlinearity results the entire pump spectrum
undergoes shifts towards longer wavelengths. After a sufficient amount of THz generation,
SFG between pump and THz causes noticeable pump spectral broadening in the short
wavelength side. These effects depend strongly on the pump fluence, shown in Figure
5.3.6(a). The pump peak wavelength is shifted by more than 40 nm from 1460 nm

(205 THz) to 1500 nm (200 THz) for an increase in pump fluence Figure 5.3.6(b). Similar,
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but less pronounced red-shifting has been reported for other OR crystals over long
interaction lengths [120]. In this experiment cascading OR leaded to a much higher THz
conversion efficiency than theoretical predicted by the Manley-Rowe limit: N (hvyy,) <
N(hvy). N(hvry,)/N(hvy,) = 1.4 has been calculated for the spectral center frequency

of 2.9 THz considering the pump absorption.
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Figure 5.3.6 (a) Pump spectra and (b) corresponding spectral peak redshift caused
by cascaded optical rectification in the organic crystal [95].

5.3.1. Conclusions

The experiments proved the concept of large, partitioned THz emitter. The introduced

technique is a feasible way to scaling up the THz field strength and energy of a compact
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THz source. Despite of the discontinuities in the PCS, nearly diffraction limited focus spot
size could be achieved, and distortions in the beam were not observable around its focal
plane. The DSTMS-based PCS just like single crystals provides a high laser to THz energy
conversion efficiency of ~1%, due to cascading optical rectification which exceeds the
Manley-Rowe limit even over a short interaction length of ~500 um. The PCS provided on
average only 15% less emitted THz energy density than a single crystal. The constructive
interference of individual beamlets in the focus resulted in a single-cycle, linearly polarized
THz transient with 0.6 GV/m electric and 2 T magnetic peak field strengths in the 1-8 THz
frequency range. The demonstrated constructive interference is fundamental to reach the
higher THz field strengths and proves that the power of the PCS approach for up-scaling
the THz pulse energy while keeping the excellent spatiotemporal beam properties in the
focus. Further up-scaling in field is only limited by the available pump laser energy as the

partitioned organic crystal structure can easily be expanded in size.
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5.4. Spectral broadening of intense infrared pulses in DAST
crystal

5.4.1. Introduction

The uniquely large nonlinear coefficient of DAST is advantageous for THz generation and
also for other nonlinear processes. Large spectral broadening has been demonstrated in
phase-mismatched SHG in materials with large second order susceptibility [121] [122].
Energetic ultrabroad broadband pulses in the near and mid-infrared region are interesting
for several applications like high harmonic generation [123] or hyperspectral imaging in

medicine [124].

The goal was to characterize this exceptional spectral broadening and gather

information for possible future applications.

5.4.2. Experiment

The experimental setup is shown in Figure 5.4.1. A 200 um thick DAST crystal with an
aperture of 5 mm was illuminated by a collimated, laser beam at 1.5 um from the OPA.
The ag-axis of the DAST crystal was oriented parallel to the pump polarization to maximize
spectral broadening. In this way the advantage of the largest nonlinear coefficient:
d111=290 pm/V could be taken, which is also the typical crystal orientation for efficient THz

generation by optical rectification.
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Figure 5.4.1 The experimental setup: An optical parametric amplifier (OPA) pumped
by a multi-mJ femtosecond Ti:Sa initiates the spectral broadening in DAST. The multi-
octave IR spectrum is measured with a scanning near infrared spectrometer. [113]

The spectrum generated in DAST is measured using a near-infrared spectrum
analyzer based on a tunable acousto-optic bandpass filter [125]. The acousto-optic
interaction takes place in a 25 mm long TeO; crystal. Scanning the frequency of a
monochromatic acoustic wave allows selection of a narrow optical spectral line. A Peltier-
cooled HgCdTe detector records the intensity of the diffracted optical beam at maximum
repetition rate of 100 Hz. The overall spectral intensity is then reconstructed by post-
processing based on integration and normalization. The spectrometer’s sensitivity covers
the 1-5 um wavelength range with resolution better than 5 cm™ and a dynamic range
larger than 40 dB. In the experiment, the beam was focused at the spectrometer entrance
slit with a typical fluence of 60—130 pJ/cm?. Unfortunately the proper single-shot temporal
characterization of the extremely broad IR spectrum generated in the experiment was

unfeasible with the available instrumentation [126].
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5.4.3. Results
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Figure 5.4.2 Experimental results on spectral broadening in 200 um DAST for
different values of the peak fluence. As illustrated the original spectrum of the OPA
(a) is progressively broadened and redshifted towards SWIR (b)—(e). The spectral
intensity is shown on a linear scale. [113]

Figure 5.4.2 shows the spectra generated in the DAST crystal pumped with different
peak fluences. The original OPA spectrum shown in gray (Figure 5.4.2(a)) was 80 nm wide
at FWHM and centered at 1500 nm. An increase in pump intensity resulted in the

broadening spectrum is progressively broadened and a shift towards longer wavelengths.
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Figure 5.4.3 Linear unpolarized spectral transmission of a 200 um thick DAST sample
measured by Fourier transform spectroscopy. The curve has not been corrected for
the Fresnel losses at the input and output surfaces, which are approximately 13% per
surface for the DAST refractive index of 2.1. [113]

From 6.4 mJ/cm? pump fluence, a tail extending towards the long wavelengths beyond
3 um was visible besides the original spectrum (Figure 5.4.2(b)). At higher pump fluence,
more energy was converted from the pump to near-infrared frequencies (Figure 5.4.2(c)—
(d)). At the highest pump fluence of 22 mJ/cm? (green curve), close to the optical damage
threshold of DAST, the pump was completely converted to a supercontinuum with central
wavelength of 2.6 um (Figure 5.4.2(e)). At this fluence the output spectrum covered a
continuous range from 1.2 to 3.4 um, which corresponds to about 1.5 octaves. The low
frequency cut-off can be attributed to the strong linear absorption in DAST. Figure 5.4.3
shows the linear transmission spectrum of the 200 um DAST sample. There are two distinct
cascaded X(Z)—processes which could directly contribute to the spectral broadening: the
phase mismatched SHG [121] and electro-optical modulation driven by OR generated THz
pulses [127]. Phase mismatched SHG can give rise to strong broadening in a process similar

to Kerr-like nonlinearity, with negative sign (self-defocusing) when Ak > 0. Such a fast

53



nonlinearity typically generates a symmetrically broadened spectrum. The optical
rectification in DAST produces an intense THz pulse, which co-propagates with the
incoming optical beam and modulates the index of refraction by the electro—optical effect
[128]. A nonlinear refraction process with delayed response, such as Raman scattering or

thermal effects, could also contribute to asymmetric spectral broadening and red-shift.
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Figure 5.4.4 Total transmission in DAST pumped at 1500 nm, including the Fresnel
losses, as function of the peak input fluence. [113]

Another interesting feature is the nonlinear transmission as function of the pump
fluence shown in Figure 5.4.4. At low input fluences the transmission (not corrected for
Fresnel losses), was as high as 73%, while as increase in the pump fluence cause a rapid
drop to less than 40% and saturated at just below 30% for pump fluence larger than
10 mJ/cm?. Such a high level of absorption may raise the problem of different thermal
effects. Unfortunately, the thermal properties of DAST are not investigated, but based on
the multiple strong phonon resonances of the crystal structure [91], one can assume a
fairly high level of thermal conductivity. That could reduce the thermal gradient in pumped

crystals therefore phenomena like thermal lensing caused phase front distortions probably
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plays negligible role in most of the cases e.g. THz generation. In case of the broadband IR
pulses it could affect the shortest achievable pulse duration and make pulse compression

more challenging.

5.4.4. Conclusions

Unprecedented spectral broadening was observed in DAST presumably caused by multiple
nonlinear processes such as cascaded )((2) processes, Raman scattering and thermal
effects. A spectrum spanning over 1.5-octave between 1.2 um and 3.5 um was achieved
for pump fluences larger than 10 mJ/cm?. The crystal provided pulse energies up to 700 pJ
with conversion efficiency of 25% or better. Scaling the pulse energy up to several mJ is
feasible with a larger DAST crystal and higher pump energy while keeping its fluence

constant.
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5.5. Thesis statements

1)

2)

3)

4)

It has been demonstrated that the conversion efficiency of DAST (4x10°) and
DSTMS (6x107°) organic salt crystals are comparable to other optical rectification
based THz sources such as ZnTe (3.1x107) or LiNbOs (11.6x107°) crystals when
pumped at Ti:sapphire wavelengths. [109]

It was shown that the spectra of the generated THz radiation extends towards the
higher frequencies when the DAST or DSTMS organic salt crystals were pumped
around the optimal 680-740 nm wavelengths instead of Ti:sapphire wavelengths.
This is due to the spectrally broader phase-matching properties. [109]

It was experimentally proved that individual THz beamlets from a partitioned
crystal, a mosaic arrangement of smaller oriented crystal segments, are capable of
a high level of constructive interference, which was manifested in a near single-
cycle THz pulse waveform and a Gaussian like smooth focal spot with beam quality
factor of M?=1.8. A THz beam generated in a partitioned crystal and a THz beam
generated in a single crystal have technically identical spatio-temporal beam
quality around their focal planes. [95]

It was experimentally shown that the passing infrared pump beam in a DAST
organic salt crystal can undergo extreme spectral broadening and achieve ~1.5-

octave broad spectrum covering the range between 1.2 um and 3.5 pum. [113]
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5.6. Tézispontok

1)

2)

3)

4)

Demonstraltuk, hogy a DAST (4x10°) és DSTMS (6x107°) organikus sokristalyok
hatasfoka 0Osszemérhet6é mds, optikai egyenirdnyitdson alapulé THz-es
forrasokéval, mint a ZnTe (3.1x107) vagy a LiNbO3 (11.6x107°) kristalyok, amikor a
Titan-zafir lézerek hulldmhosszan vannak pumpalva. [109]

Megmutattuk, hogy a keltett THz-es sugarzas spektruma kib6vilt a magasabb THz-
es frekvencidk felé, amikor a DAST vagy DSTMS organikus soékristalyok az optimalis
680-740 nm korili  hulldamhosszokkal voltak pumpalva a Titan-zafir |ézerek
hulldamhossza helyett, kdszonhetéen a spektralisan szélesebb fazisillesztési
tulajdonsagaiknak. [109]

Kisérleti Uton bizonyitottuk, hogy egy osztott strukturdju kristaly (kisebb orientalt
kristaly szegmensek mozaik elrendezésben) esetén, a bel6le szarmazd kilonallé
nyaldbok képesek a magas-foku koherens interferenciara, amely a kézel egyciklusu
THz-es impulzus hulldmformdjaban valamint az M?=1.8 érték(i nyaldb faktorral
rendelkez8 Gauss-szer( [athato torzuldsoktdl mentes fokusz foltban nyilvanul meg.
Ezért egy osztott struktiraju kristalyban keltett THz-es nyaldb és egy egykristalyban
keltett THz-es nyaldb tér és idébeli tulajdonsdgai technikailag azonosak a
fékuszpontok kozelében. [95]

Kisérletileg megmutattuk, hogy a DAST organikus sdkristalyon athaladé pumpald
infravoros nyalab extrém mértékd spektrdlis kiszélesedésen mehet keresztiil és
elérheti a ~1.5-oktdvos spektralis savszélességet lefedve ezzel az 1.2 um és 3.5 um

kozott tartomanyt. [113]
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