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RT room temperature
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Chapter 1

Introduction

Terahertz (THz) radiation refers to a specific range of electromagnetic radiation located
between microwaves and infrared radiation. The first THz measurements were related to
thermal radiation in the 1890s which played an important role in the discovery of quantum
theory. These pioneering experiments were primarily performed by Heinrich Rubens and F.
Kurlbaum [1]]. As Max Plank expressed: "Without Rubens’s work, the quantum theory would
have taken longer to develop and it may not even have been found by German scientists at
all” [2]. Inspite of the fact that there has been scientific interest (for example in spectroscopy
[3-5], imaging [6, [7], astrophysics [8,, 9] etc.) in this frequency range since the early 1920s,
this term is relatively new and encompasses the high-frequency portions of the microwave and
far-infrared radiation ranges [10]. Its frequency ranges from 0.1 to 10 THz (or wavelengths
from 3 mm to 30 um). Specifically, a frequency of 1 THz corresponds to a wavelength of
300 um, a wavenumber of 33.3 cm™!, and a photon energy of 4.14 meV [11]]. THz radiation is
often referred to as the ‘sub-millimeter wave’ or ‘far infrared’ region of the electromagnetic
spectrum as illustrated in Figure

For an extended period, the THz band remained largely unexamined due to the absence of
effective sources and detectors [13[14]. As a result, this spectral range was commonly referred
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Figure 1.1: THz band in the electromagnetic spectrum [[12].



to as the THz gap, reflecting the historical challenges of generating and detecting this type of
radiation. Since the 1970s, improvements in electronics and photonics have introduced new
materials and devices that have started to close this gap, leading to significant advancements in
both fundamental research and practical applications. THz radiation has become increasingly
accessible over the past few decades, enabling extensive research and applications across
industry, security, medicine, and materials science. Many non-metallic materials, including
paper, plastics, fabrics, ceramics, and organic compounds are transparent to THz radiation,
enabling noninvasive imaging for inspection and quality control. [15H19]. It is used to detect
contaminants in food, including glass, metal, and organic matter [17, 20, 21], to identify
hidden materials through spectral fingerprints [22], and to locate concealed weapons or
explosives in security screening [23]]. In medicine, its nonionizing nature enables safe imaging
of skin cancers and tissue hydration [24-26]. High-energy THz pulses have been applied in
tomography and proposed for hadron therapy [27-29]]. THz radiation also supports studies
of molecular alignment [30], ultrafast carrier dynamics [31} [32]], nonlinear processes [33],
and semiconductor responses [34-36] while powerful THz fields enable particle acceleration,
bunch compression, and charged-particle control in strong-field physics [37-H43].

THz science depends on advances in source technology, motivating the development of
accessible emitters with precise control. Continuous-wave (CW) systems [44-46] provide
narrowband output for high resolution spectroscopy [47], telecommunications [48], and
non-destructive testing [49]. Pulsed systems use picosecond or femtosecond lasers to generate
broadband radiation for spectroscopy [3, 50] and ultrafast studies. The emergence of
femtosecond lasers has greatly expanded THz generation and detection capabilities. The
maximum documented THz pulse energy in a photoconductive antenna (PCA) is 8.3 wJ, with a
peak electric field of 331 kV/cm and optical-to-THz conversion efficiency of 0.15%, produced
by interdigitated ZnSe with a 12.2 cm? aperture, excited by a 400 nm pump laser delivering
multi-mJ energies at a 10 Hz repetition rate [51]]. But they have a technical limitation
due to large capacitance, which limits the peak THz field by distorting the high-voltage
bias pulse and promoting early air breakdown. The laser-driven plasma method, conversely,
permits the application of high intensities for terahertz geneartion, leading to the creation
of ultrabroadband THz pulses with energy levels reaching up to multi-uJ (0.1-80 wJ) [52]
in the range of 1-100 THz [53]] reaching field strengths >8 MV/cm [54]. Nonetheless, the
conversion efficiency for terahertz generation from this method remains quite low (0.01%) at
shorter wavelengths [55], unless longer wavelengths are used [52] where it goes up to 2.6%.
But increasing to higher THz energies is challenging because of plasma instabilities [56}[57].
Furthermore, THz sources that utilize electron accelerators produce THz pulses in the uJ to
mJ range with high field strengths exceeding 100 MV/cm [58], but this source is constrained
by the inaccessibility of large-scale facilities.

Up to now, the combination of optical rectification (OR) and tilted-pulse-front (TPF) technique
in nonlinear crystal like lithium niobate (LN) has yielded a THz pulse energy of 13.9 mJ [59],
a peak electric field reaching 7.5 MV/cm~! [59], and a reported conversion efficiency of 1.3%
[60]. However, in addition to restricted bandwidth (up to 3 THz), due to material absorption,
phase-matching constraints, and pump-laser properties [61,162], this technique has limitations
due to the large (~ 63°) pulse-front tilt angle [61] 63} [64].
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Recently, semiconductors, such as ZnTe [65], GaP [66], GaAs [67], and GaSe [68],
have emerged as promising alternative sources of intense THz fields. In semiconductors,
low-order multiphoton pump absorption increases free-carrier absorption in the THz range
and limits the THz generation efficiency. A sufficiently long pump wavelength, combined
with the tilted-pulse-front technique, can eliminate this effect. The required pulse-front tilt
angles are relatively small, typically below 30° [65]. A contact-grating (CG) THz source
demonstrated the advantage of this approach, with a monolithic collinear geometry and a
high conversion efficiency in ZnTe [69]. The development of powerful mid infrared (MIR)
femtosecond sources based on optical parametric chirped pulse amplification (OPCPA) [[70-72]
has further expanded the potential of semiconductor THz sources. They are ideally suited
as efficient drivers of semiconductor CG THz sources, which are free from detrimental low
order multiphoton pump absorption. The development of intense pulsed THz source using
semiconductor is one of the main subject of the present work. The aim was to demonstrate a
compact source of intense THz pulses pumped at a mid-infrared wavelength of about 4 um and
to investigate some of the effects limiting THz generation. Novel THz source based on GaP CG
semiconductor was investigated both by experimental studies and numerical simulations.

Organic, nonlinear optical crystals, are another very attractive THz sources for the efficient
generation of strong-field THz pulses by optical rectification of femtosecond laser pulses
[73, 74]. They have exceptionally large second-order nonlinear optical coefficients, broad
bandwidth (>5 THz) [75]], and can reach high THz-generation efficiency in a collinear scheme.
A high energy of 0.9 mJ [76], a high electric field of 8.3 MV/cm [77] and an average power
of 68 mW and a record THz conversion efficiency of 6% [78] has been reported using these
crystals. Typically, pump wavelengths longer than 1.2 um are required, but in organic crystals
like BNA, NMBA, and MNA, Ti:sapphire or Yb lasers can pump THz generation directly, without
conversion to longer wavelengths. However, linear and multiphoton absorption of the pump
laser, can increase the crystal temperature above the melting point [79, [80], or cause other
degradation making them susceptible to optical damage. Bonding the crystal to a substrate
with high thermal conductivity, such as sapphire, increases the damage threshold [79]]. Besides
heating, multiphoton absorption can produce free carriers, which absorb the generated THz
radiation, thereby reducing the efficiency of THz generation [[79]. The nonlinear transmission
in a BNA crystal [79] was measured, though, without giving values for multiphoton absorption
coefficients. Another aim of this work was to determine the values of multiphoton absorption
coefficients for the organic THz generator crystals BNA, NMBA, and MINA which can help designing
efficient and robust THz sources with organic crystals.

This dissertation is structured as follows. Chapter 2 discusses the theory and background of
THz generation based on nonlinear optical processes, THz sources based on optical rectification,
and THz pulse characterization. It also gives a brief introduction to nonlinear absorption
and application of intense THz pulses. Chapter 3 sets the scientific goals. Chapter 4 discuss
the results of the work in two topics. First, the expected performance of contact grating
based semiconductor THz source was investigated by experiments and simulation. Second,
experimental demonstration of nonlinear absorption and its saturation in organic THz sources,
and quantification of two-photon coefficient through numerical modeling. Chapter 5 gives the
thesis points.






Chapter 2

Background

2.1 Nonlinear optical processes

In most instances of light-matter interactions, the primary engagement takes place between
electromagnetic waves and electrons. The electromagnetic waves compel electrons to move,
and this accelerated electron motion generates electromagnetic radiation. During these
induced movements, the distribution of electrons shifts, leading to charge separation within
the atoms and molecules, resulting in the polarization of the material. An adequately strong
optical field can alter the optical characteristics of a material system [[81]. In such instances,
the way a material system responds to the applied optical field is influenced in a nonlinear
fashion by the intensity of the optical field [82]. The identification of second-harmonic
generation (SHG) by Franken and colleagues in 1961, shortly after the introduction of the
first operational laser, signified the advent of nonlinear optics [83]. Generally, only laser light
possesses the required intensity to considerably change the optical properties of materials.
At low intensities, the relationship between the induced polarization P(E) in a material is
directly proportional to the strength of the driving electric field E and can be expressed as:

P(E) = ¢cxWE = PO, (2.1)

where ¢, is the permittivity of free space and xV is the linear susceptibility (second-rank
tensor and it can be frequency dependent). For higher field strengths, the material response
to the applied field may become nonlinear, Equation [2.1] can be described by a Taylor-series
expansion:

P(E) = 5 (YVE + x?EE + \®EEE + ...
=pPW + PN,

where ™ and PN are the n'"-order nonlinear susceptibility and nonlinear polarization
respectively for n>1. In condensed matter physics, the typical value for linear susceptibility
xV is around one, while the nonlinear susceptibilities of second order y(? and third order (%)
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are approximately ~107'2 m/V and ~10~2* m?/V?, respectively [82]. Equation [2.2]indicates
that the linear term dominates at low field strengths; however, as the field strength increases,
the higher-order terms become significant and give rise to various nonlinear phenomena.
The wave equation governing electromagnetic radiation propagation in the nonlinear optical
medium is of the form:

0*E 1 9?PNb
2p L2 2.3
v 2 0t2 ¢y Ot2 7 (23)

where n is the linear refractive index of the material.

2.1.1 Second-order nonlinear processes

During propagation of a light beam in a material with nonlinear response, new frequency
components can be generated which were not contained in the input [82]. Let us consider
a nonlinear material with second-order nonlinear susceptibility x(?’ and an optical field E(t)
consisting of two oscillating frequencies, w; and w, is incident on a nonlinear material. This
optical field can be expressed as:

E(t) = §E1€w}1t + §E2€Zw2t + C.C. (24)

The second-order nonlinear response is given as follows:

PO(t) = eex?PEE
1 . . |
= XD [BLe™ 4 Eje™ + 2, Bye'lrten)! (2.5)

+ 2F Ejel@i=w2)t L oF) B¥] + c.c.

Equation consists of several frequency components of the nonlinear polarization, which
can be expressed as [82]],

PP () = ieox(z)Efem”t (SHG), (2.6)

PP (2uw,) = ieoX@)E%eiQ“’?t (SHG), (2.7)

PP (W +wy) = %e()X(?)ElEzei(Mm)t (SFQG), (2.8)
PO () —w,y) = %mX(?)ElEgei(wrW (DFGQ), (2.9)
PP(0) = %eoX@)ElEf (OR). (2.10)

Here F is the spectral amplitude of the electric field of the optical pump pulse at different
frequencies, E* is the complex conjugate of the electric field. Based on Equations 2.6 - 2.10,
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the second-order nonlinear polarization exhibits four unique, nonzero frequency components.
These components encompass frequency upconversion processes like second harmonic gen-
eration (SHG) and sum frequency generation (SFG), as well as frequency downconversion
processes such as difference frequency generation (DFG). Additionally, there is optical rec-
tification (OR), which results in a steady state polarization of zero frequency. This can be
regarded as a special case of DFG, where the two interacting frequencies are identical [82].
The optical rectification plays a crucial role in generating terahertz pulses in nonlinear media.

2.1.2 Optical rectification

Short electromagnetic pulses have multiple frequency components and optical rectification
(OR) can take place between any pair of these components. OR is a second-order nonlinear
optical process which, in this case, can be viewed as a specific instance of DFG, where the
interaction takes place among the frequency components within the short pulse bandwidth
of a spectrally broad electromagnetic pulse [82]. DFG can create a new spectral component
with the angular frequency §2 by combining spectral components from the optical pulse with
angular frequencies w and w + €. In contrast to inter-pulse DFG with two input pulses (which
may have different carrier frequencies), OR can therefore be characterized as intra-pulse DFG.
It results in the production of a DC or low frequency polarization. Optical rectification (OR)
was employed to produce electromagnetic (microwave) pulses from picosecond laser pulses.
In fact, in 1962, [84] showcased the first DC optical rectification using 694 nm continuous
wave (CW) in potassium dihydrogen phosphate and potassium deuterium phosphate. OR
like any other second-order nonlinear optical process can only occur in noncentrosymmetric
crystals [82,/85].

The second order nonlinear polarization induced by the pump pulse can be calculated as [86]]
PNE(Q) = oy / E(w+ Q)E*(w)dw, (2.11)
0

where ¢, is the vacuum permittivity, w is the optical frequency, and (2 is the difference frequency.

Optical pulse NLO medium THz pulse

At
—>

o

Figure 2.1: Optical rectification process in a nonlinear medium.

The femtosecond pump pulses of pulse width A7 induces a transient polarization, P(t), in
the nonlinear optical (NLO) medium , which in turn emits a THz-bandwidth pulse, as shown
in Figure The second time derivative of the transient polarization determines the time
evolution of the THz pulse. This is expressed as [87];
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(2.12)

2.1.3 Nonlinear absorption

Nonlinear absorption refers to the physical process where a material’s ability to absorb light
changes as a function of the incident light’s intensity, rather than just material properties,
causing transparency to increase (saturable absorption) or decrease (two-photon/multiphoton
absorption) at high light levels. Key mechanisms include two-photon absorption (TPA), excited-
state absorption (ESA), and free-carrier absorption (FCA), where the absorption coefficient
changes with input intensity [88]]. It plays a decisive role in limiting THz generation, because
the same intense fields required to produce strong THz pulses also drive materials into regimes
where their absorption no longer remains linear. At high pump intensities, nonlinear absorption
mechanisms such as free carrier absorption, multiphoton absorption, and field induced carrier
heating increase the effective loss inside the generation medium. This reduces the fraction of
pump energy that can be converted into THz radiation and shortens the interaction length,
making it difficult to achieve high THz field strength [89].

A scheme of multiphoton absorption (MPA) processes of various orders is shown in Figure
Multiphoton absorption (MPA) can promote electrons across the semiconductor bandgap when
the combined photon energy exceeds the gap. Once excited to the conduction band, these
carriers interact with the incident radiation, giving rise to free-carrier absorption. Because
the carrier density depends nonlinearly on the incident intensity and on the order of the MPA
process, the resulting free-carrier absorption also grows nonlinearly. As the pump intensity
increases, the rapidly rising free-carrier population enhances absorption at THz frequencies,
ultimately limiting the pump levels usable for efficient THz generation and lowering conversion
efficiency [90].

In semiconductors and plasmas, strong THz fields heat carriers within a single cycle, increasing
scattering rates and dynamically modifying conductivity. This enhances intraband absorption
and suppresses further THz buildup [[91]. These effects also reshape the generated waveform
i.e. the leading edge of the THz pulse often experiences stronger absorption than the trailing
edge, producing asymmetric temporal profiles and reducing spectral bandwidth [92]. As THz
sources push toward higher fields and broader bandwidths, understanding and managing
nonlinear absorption becomes essential, not only to maximize conversion efficiency, but also to
exploit the rich physics it reveals about ultrafast charge transport and strong field light-matter
interaction [89, 91]].

2.2 Terahertz generation by optical rectification

Various methods, such as photoconductive antennas, laser-plasma systems, as well as optical
rectification and free electron lasers, have been investigated for terahertz radiation generation.
Optical rectification is one of the most efficient methods for producing terahertz radiation in
nonlinear crystals with femtosecond laser pulses. It enables the generation of terahertz pulses
with high field strengths and a wide bandwidth. Optical rectification in nonlinear materials has
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Figure 2.2: Schematic band structure of a direct-bandgap semiconductor (e.g., ZnTe), il-
lustrating free-carrier generation through multiphoton absorption of different orders. 2PA:
two-photon absorption, 3PA: three-photon absoprtion, 4PA: four-photon absorption, Adapted
from Ref. [65].

led to the creation of innovative THz sources with energy reaching millijoules [37,87,93].
Optical rectification in nonlinear materials depends on the effective nonlinear coefficient
(d.g) of the nonlinear material [91]]. The effective nonlinear coefficient is a parameter that
characterizes how efficiently a material supports a nonlinear optical interaction. It reflects
the strength of the nonlinear polarization induced by an applied optical field. The expression
for the THz generation efficiency by long plane-wave pulses in case of phase matching (see
Section [2.2.1|below) [94] can be described by the following equation:

2P A LP1 L ha@L sinh®[ 2a(Q)L] |

coc*n?(wo)n(9) [la(Q)L] 2 (2.13)

n(§) =

Equation [2.13|is valid in the absence of pump absorption or depletion, and it takes into account
THz absorption. Here, L is the material length and I is the pump intensity, ¢, the vacuum
permittivity, n(wy) and n(2) are the refractive indices at the optical pump central (carrier)
frequency and the generated THz frequencies, «({2) the absorption coefficient for the THz
radiation, respectively. Obviously, a large effective nonlinear coefficient, d.¢, and a small THz
absorption coefficient, «(2), are advantageous for high efficiency. The scaling of the efficiency
with the square of the THz frequency enables significantly higher efficiencies at higher THz
frequencies and makes it challenging to achieve comparable values at low THz frequencies
[95]. But in a realistic model of intense THz sources, in addition to OR, usually other effects
need to be taken into account, such as linear absorption in the THz range, determined by the
complex dielectric function of the material, absorption of pump light, especially multiphoton
absorption, which can cause increased carrier concentration and absorption in the THz range
63, 96]]. In case of very strong THz fields, the influence of the generated THz pulse on
the optical pump pulse caused by their nonlinear interaction (sum and difference frequency
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generation between optical and THz fields) must be taken into account [61), 97, [98]. At
high pump intensities, other nonlinear effects, such as self-phase modulation, second and
third-harmonic generation, or stimulated Raman scattering, may also occur. In non-collinear
geometries, spatio-temporal coupling can lead to additional complexity [82]. Therefore, it’s
important to discuss the theoretical aspects of phase matching techniques, coherence length,
nonlinear absorption process, which can affect the THz generation.

2.2.1 Velocity matching

Phase matching means maintaining a proper phase relationship between the interacting
waves during propagation. When the difference between the wavevector of the generated
nonlinear polarization and the wavevector of the produced light waves, Ak, is close to zero,
coherent energy is constructively transferred among the waves and yields an effective nonlinear
interaction [99]. It follows that the intensity of radiation, /™", generated by a second-order
nonlinear optical process is proportional to a phase mismatch factor:

AkL

INY x sinc? (T) ) (2.14)

A phase mismatch produces destructive interference between the THz field contributions
generated at different propagation distances within the nonlinear crystal, resulting in low
THz generating efficiency. The efficiency of OR is highest when the phase matching condition,
Ak=0, is fulfilled [82] /86, 94],

ok

Oow »

Ak = k(Q) + k(wo) — k(wo + Q) ~ k(Q) Q. (2.15)

The second, approximate equation holds if 2 < wy, which is usually valid for THz generation by
OR. In case of collinear phase matching, Equation [2.15|gives. Ak = |AK| = [n(Q) —ng(wo)]-Q/c.
To meet the phase-matching criteria, the phase velocity of the generated terahertz pulses
must match the optical group velocity of the femtosecond laser pulses. The phase matching
criterion ensures that the generated THz pulses are in synchronization with the optical pulses
[100]. Thus, in case of phase matching, the phase velocity of the generated THz radiation,
v(2) = ¢/n(2), equals the group velocity of the optical pump pulse, v,(wy)= ¢/ng(wy) , and
the following velocity matching condition holds.

v(Q2) = vg(wo). (2.16)

Other than the nonlinear polarization, OR is also influenced by the dispersion of the medium.
If the simplest case of an instantaneously responding medium is considered, where there is
no dispersion in the THz range, and phase matching is also perfect, the electric field of the
THz pulse will shape as the time derivative of the optical pulse envelope. This means that
single-cycle THz pulses can be generated for Gaussian-like pump pulse envelopes. In collinear
phase-matching geometry, generated THz waves propagate in the same direction as the pump
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beam. This results in not only on long interaction lengths but also in generation of THz pulses
with excellent beam quality. This can be achieved by selecting an appropriate phase-matching
wavelength or frequency [4]. Except of a few specific cases, velocity matching is not fulfilled
in a collinear geometry, for example impossible in some THz sources when pumped at long
infrared wavelengths [65, 67, 69]. The reason is that the THz refractive index n((2) is usually
different from the group index n,(wy) [101], and the group velocity of the optical pulse does
not match the phase velocity of the generated THz pulses. Hence, there is mismatch which
affects THz generation and yield. In this case, phase-matching conditions can only be fulfilled
via different techniques like tilted pulse front technique [100], birefringent phase matching
[102][103]] and quasi-phase matching [104, 105].

Coherence length: The coherence length . for optical rectification, determines the maximum
thickness of the crystal that can be used to enhance the generation and detection efficiency of
THz radiation. It is defined as [106]:

lo= & = ¢ . 2.1
Ak 2v(Q)|n(2) — ng(wo)| (2.17)

According to Equation the maximum coherence length occurs when the refractive index
of THz radiation equals the group index of the laser pulses [107, [108]. For efficient THz
generation from nonlinear crystals, and in order to avoid conversion cancellation due to phase
mismatch between the optical laser pulse and THz pulse the thickness of the THz generator
crystal should be shorter than the interaction length. Additionally, for effective THz pulse
generation, a larger interaction of the laser pulse inside the crystal is essential. Birefringence
has been utilized to attain extended coherence lengths [4, [82]. If velocity matching is provided
for a specific pair of THz and optical frequencies, the velocity-matching bandwidth in OR is
limited by the dispersion of the THz refractive index and/or by the dispersion of the optical
group index.
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Figure 2.3: Coherence length as a function of optical wavelength for selected zincblende
semiconductors at 2 THz phase-matching frequency [109].
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Figure shows the coherence length behavior of several zincblende semiconductors plotted
as a function of the optical pump wavelength, illustrating how each material’s phase-matching
characteristics vary across the near-infrared region. ZnTe shows a pronounced increase in
coherence length when pumped at 0.8 um, making it the most effective zincblende electro-optic
crystal for generating and detecting THz pulses with a 0.8 um laser system [110]. As illustrated
in Figure this enhancement arises from favorable phase-matching conditions between
the optical pump and the THz wave. Other zincblende semiconductors exhibit their optimal
collinear phase-matching wavelengths at longer pump wavelengths for a 2 THz phase-matching
frequency, with CdTe phase-matched at 0.97 um, GaP at 1 um, InP at 1.22 um, and GaAs at
1.33 um, as shown in Figure |2.3

2.2.2 Velocity matching by tilting the pump pulse front

Phase matching, as introduced in Section can be achieved, in certain nonlinear crystals,
such as GaSe, by relying on the intrinsic birefringence. In contrast, many widely used
semiconductor materials, ZnTe, GaP, and GaAs, are optically isotropic, which means they
do not provide birefringence as a tuning mechanism. As a result, achieving collinear phase
matching in these materials is only possible for very specific combinations of pump wavelength
and THz output frequency. A commonly cited example is ZnTe driven with an 0.8 um pump,
which supports efficient generation of THz radiation near 1 THz [111]. At wavelengths
or in materials where collinear phase matching fails, a noncollinear geometry known as
tilted-pulse-front pumping (TPFP) can be used [100] for the cases where the THz refractive
index is larger than the optical group index . TPFP compensates for strong refractive-index
mismatch by tilting the pump pulse front so that the optical pump no longer outruns the
generated THz wave. It enables the generation of high energy, single cycle THz pulses by
compensating for the large mismatch between the optical group velocity and the much slower
THz phase velocity. Hebling et al. [100] proposed tilting the intensity front of the pump
pulse to achieve velocity matching in LN. The THz radiation, excited by the tilted pulse
front, propagates perpendicular to it, with the angle between THz and pump pulse directions
matching the tilt angle v of the pulse front. Then, instead of Equation the velocities
satisfy the following [100]:

v(2) = vg(wp) cos . (2.18)

In terms of refractive index this can be expressed as:

n(§2) cosy = ng(wo). (2.19)

If vg(wo) > v(Q) (ng(wo) < n(2)), then this modified velocity-matching condition can be
fulfilled by an appropriate choice of the angle ~. Pulse-front tilting of a light beam necessarily
leads to angular dispersion. The expression linking the PFT angle ~ of the excited THz pulses
and the angular dispersion introduced by the dispersive element is given by [112]]:
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Here, n is the optical refractive index, n, is the group refractive index at wavelength ), and
de/dX is the angular dispersion introduced by the grating, where:

d
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Figure 2.4: (a) Illustration of velocity matching using tilted-pulse-front with pump pulse front
and THz phase front (thick black dashed line) [90, 91]] (b) Noncollinear phase matching in
TPFP for the wavevectors [100].

Figure [2.4|(a) illustrates that THz pulses generated by the tilted pulse front propagate perpen-
dicular to pump pulse front, satisfying the phase-matching criteria. Figure [2.4/(b) shows the
scheme of tilted pulse front pumping (TPFP) in terms of wavevectors. Different frequencies w
and w + €2 propagate in the nonlinear medium in different directions depending on the amount
of angular dispersion introduced on the pump by the grating [113]. Tilted-pulse-front pump-
ing (TPFP) has implemented as a reference technique which enables efficient THz generation
in lithium niobate [100] by using angular dispersion to tilt the optical pulse front and match
the THz phase velocity (see Figure [2.5). A diffraction grating introduces frequency-dependent
angles, and an imaging system converts this angular dispersion into a uniform pulse-front
tilt optimized for lithium niobate. Because the tilted front cannot be aligned with planar
crystal surfaces while maintaining perpendicular pump incidence and THz outcoupling, a
prism-shaped LN crystal with a wedge angle equal to the pulse-front tilt (63 °) is used. This
geometry preserves velocity matching inside the crystal while minimizing reflection losses and
preventing THz angular dispersion, forming the core of the TPFP scheme.

The angular dispersion contributes to the group-velocity dispersion (GVD) [114], which
causes chirping, and broadening of the pulse duration. The GVD parameter can be written
as [112,[115]:

d(v;t) A d=\*  d*n
po W) A (deT dn 2.22
GV ¢ [" (dA) x| (2.22)

where the first and second terms originate from angular dispersion and material dispersion,
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respectively. For a large pulse-front-tilt angle, the former can dominate over the latter,
thus significantly improving the variation of the pump pulse duration with the propagation
distance [[116].

The introduction of the tilted pulse front pumping (TPFP) technique [100] significantly
enhanced THz pulse generation efficiency and THz pulse energy by several orders of magnitude
[117,[118]], achieving pulse energies of 10 uJ [119], 30 uJ [120], and 50 wJ [121] with
efficiencies around 1% [93],[121]]. Peak electric fields of 2.1 MV/cm were recorded [[122],[123]]
using pump pulses of about 100 fs. Using a 1030 nm Yb:YAG laser with a pulse duration of
1.3 ps, THz pulses of 125 uJ with 0.25% efficiency were achieved at room temperature [124].
Xu et al. reported generation of 0.2 mJ THz pulses with 0.3% efficiency at room temperature
using a 0.8 um Ti:Sapphire laser with a pulse duration of 50 fs [125]. Further improvements
with a pump fluence of 186 mJ/cm? and pulse duration of 785 fs yielded over 0.4 mJ energy
and 0.77% efficiency at room temperature [93]]. The maximum reported THz pulse energy
till now is 13.9 mJ, with a peak electric field of 7.5 MV/cm [59]].

2.3 Materials for optical rectification

A wide range of materials can be used for optical rectification (OR), spanning several distinct
classes. There are numerous materials suitable for OR, including lithium niobate (LN) and
lithium tantalate (LiTaO3), common choices in ferroelectric crystals, semiconductor materials
including ZnTe, GaP, GaAs, GaSe, CdTe, and organic materials such as DAST, OH1, DSTMS,
HMQ-TMS, BNA, MNA, NMBA, which offer exceptionally large nonlinear coefficients that make
them attractive for efficient THz generation. Comprehensive comparisons of their performance
and physical characteristics are available in the literature [63] [74, 180, [90, 91, 101, 126~
130]. The figure of merit (FOM) for terahertz (THz) generator crystals quantifies how
effectively a material can convert optical pump light into THz radiation, typically through
optical rectification (OR) or difference-frequency generation (DFG). A high FOM indicates
that the crystal can generate intense, broadband THz pulses with high conversion efficiency.
Based on Equation [2.13] the figure of merit is given by [101]]

FOMyy, = (dett)” (2.23)
T n(wo)? - n(Q) - a2(Q) ’

where dog = 3n(wo)* - r [131] is the nonlinear optical coefficient for optical rectification, a/(f2)
is the absorption coefficient for the THz radiation for strongly absorbing crystals, and r is the
electro-optic coefficient of the NLO material. Several non-centrosymmetric crystals with high
FOM have been investigated to generate THz pulses by optical rectification [91]]. Selecting
the right nonlinear material is one of the most decisive choices in designing an efficient THz
source. The material fundamentally determines the achievable conversion efficiency, usable
pump wavelengths, and the overall performance of the THz generation process. Several
key properties must be evaluated carefully, including the effective nonlinear coefficient, the
transparency range of the material, and the ability to achieve phase and velocity matching

between the pump pulse and the generated THz field. Equally important are the material’s THz
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absorption characteristics, which directly limit the output bandwidth and efficiency, as well
as its bandgap, which constrains the maximum pump intensity and helps avoid multi-photon
absorption or optical damage. Table list some of the nonlinear materials most suitable for
optical rectification. The following section provides a concise overview of the key OR relevant
properties of these material classes.

Table 2.1: Properties of materials most suitable for THz generation via optical rectification.
THz refrective index, n(f2) and the absorption coefficient, «(2), are given for 1 THz.

Material A (nm) ng(w) n(Q) r (pm/V) deg (pm/V) «a(2) (cm™!) Bandgap(eV)
ZnTe 800 3.2 [132] 3.17 [133] 4.04 68.5 [126] 1.3 2.26 [134]
GaP 800 3.57 [135] 3.34 [135] 0.97 24.8 [136] 0.2 2.79 [137]
LiNbO; 800  2.23 [138] 5.16 [139] 30.9 168 [100] 17 3.7 [140]
BNA 800  2.03 [141] 2.0 [142] 85 234[141] 5.9 2.50[143]
NMBA 800  2.20 [144] 2.11 [145] 34 139 [144] 2.8 2.75 [143]]
MNA 800 2.70 [146] 2.50 [147] 67 250 [148]] 4.2 2.56 [143]]
DAST 1535 2.26 [149] 2.4 [150] 47 242 [149] 50 2.19 [149]]

2.3.1 Lithium niobate

Lithium niobate (LiNbO3, LN) is a critical nonlinear material utilized in intense pulsed THz
sources, showcasing its versatility across various applications due to its electro-optic, piezo-
electric, acousto-optic, photorefractive, pyro-electric, and photovoltaic properties. Developed
at Bell Laboratories in the mid-1960s, LN is a colorless, water-insoluble solid transparent from
350 to 5200 nm, exhibiting a trigonal crystal system [151] with ferroelectricity and nonlinear
optical polarizability. Its physical properties, including photorefraction and conductivity, can
be controlled by its composition, significantly influenced by the growth method. LN displays
negative uniaxial birefringence, slightly varying with crystal stoichiometry and temperature.
There are two primary crystal types: congruent LN (cLN) with a Li to Nb ratio of 0.945, and
stoichiometric LN (sLN) at 0.979 [152]. sLN possesses a lower optical damage threshold but a
larger electro-optic coefficient [153]compared to cLN [[154-156]. Controlling stoichiometry
and doping, such as with magnesium oxide (MgO) (0.5-6%), enhances resistance to pho-
torefractive damage [157] and increase the damage threshold up to 100 GW/cm?. Research
indicates that 0.7 mol% Mg-doped sLN demonstrates optimal potential as a THz source due to
its low THz absorption coefficient, a significant finding by Palfalvi et al [158]that relates to the
temperature dependence of both refractive index and absorption. It is considered the optimal
configuration for because it reaches the photorefractive threshold with minimal dopants,
resulting in high laser-induced damage resistance and low absorption. This precise doping
level removes antisite defects to minimize phonon damping, ensuring superior phase-matching
efficiency and transparency compared to conventional crystals. The optical properties and
parameters for cLN and sLN crystals can be found in references [159, [160].

It is a key material for high-intensity THz sources [63, 90, 91} (101} [126, (158, [161]] with
high figure of merit (18.2 pm?cm?/V?), characterized by a high effective nonlinear coefficient
(deg = d33=168 pm/V) and large bandgap (3.8 eV). The earliest THz generation from LN
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occurred in 1971 [162], though initial efficiencies were low due to phase matching challenges.
Despite its optical anisotropy, birefringence cannot be used for phase matching below the
transverse optical phonon frequency [158] (160, [163], as lattice vibration contributes strongly
to its dielectric function [101]. Due to very different optical group and THz phase velocities
a large phase matching angle of approximately 63° is needed. For optimal THz generation
via optical rectification (OR), pump and THz fields must be polarized along the Z axis of LN.
The THz absorption coefficient is significant (16 cm~! at 1 THz at room temperature), but
can be reduced below 5 cm™! at cryogenic temperatures [139, 158][163], limiting the usable
THz range to about 4.5 THz due to phonon absorption. LN also allows for high-intensity
pumping [163}164] due to its high damage threshold, with multiphoton absorption (MPA)
playing a minor role given its large bandgap (3.8 €V). The lowest order effective MPA is
three-photon absorption (3PA) and four-photon absorption (4PA) at 800 nm and 1030 nm
pump wavelength, respectively.

In lithium niobate (LN), for instance, optical pump group and THz phase velocities mismatch
is so large that efficient THz generation would be impossible without additional engineering.
By tilting the pulse front of the femtosecond pump, typically with a diffraction grating, an
echelon, or similar optical elements, the component of the optical group velocity is reduced
to match the THz phase velocity [[100]. Achieving this velocity matching greatly enhances
conversion efficiency, making it possible to generate mJ scale THz pulses with electric fields
on the order of few megavolts per centimeter [59].

lens

AD

53

Figure 2.5: Scheme of a Tilted-pulse-front-pumping (TPFP) setup using a reflection grating
for pulse front tilt, a imaging lens and a LiNbOj3 prism for THz generation. [63].

Figure shows the pulse-front-tilting setup and its parameters for LiNbO3 prism. The angles
0; and 6, denote the incidence and diffraction angles at the grating, respectively. The angle 6,4
also defines the tilt angle of the grating. The distance s is measured between the image of the
grating and the crystal input surface along the optical axis. The value of s is chosen such that
the region of effective THz generation (the gray-shaded area in Figure |2.5)) is not truncated
le3[.

Using longer pump pulses shifts the THz spectrum to lower frequencies, further reducing
crystal absorption and extending the generation length [165]. However, pumping at 1 um
shows limitations due to frequency down-shifting and spectral broadening from angular
dispersion [61]]. Maximal diffraction efficiency typically occurs in Littrow geometry; thus,
incidence angles near the Littrow angle, 010w = Sin~1(\g/2p) are preferred. Here )\, is the
design wavelength and p is the grating period. Attempting to increase THz energy through
larger pump energies and sizes encounters issues, such as non-uniform pump propagation
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length due to the wedge angle of the LN crystal. Conventional pulse-front-tilt setups employing
diffraction gratings and imaging optics can distort the pump and THz beams, reducing THz
yield [166]. The main issue with imaging is the curved image surface which becomes more
significant with larger beam cross sections. This results in a separation of the pulse front and
the image (location of shortest pulse duration and highest intensity) surfaces. The required
PFT angle relates to angular dispersion and group velocity dispersion (GVD), where large
angles necessary for phase matching correspond to significant GVD causing pulse duration
broadening, inversely affecting pump intensity [165]]. Moreover, tilting the pump pulsed beam
complicates the focusing of generated THz due to distortion in the intensity profile [122]. To
address these challenges, eliminating imaging optics by directly contacting the grating with
the nonlinear crystal minimizes imaging errors. This configuration allows a more effective use
of the larger pumped area and improves THz energy and beam quality [39,[167].

Various enhancements to the TPFP method have emerged, including a contact grating (CG)
for distortion-free pulse front tilting [39], producing THz pulses with 0.41 wJ at a conversion
efficiency of 1.5 x10~* using 2.7 mJ pump energy [168]; yet, the CG implementation in
LN is difficult due to required large PFT angles. A contact grating (CG) is a technology
used in terahertz (THz) generation to produce distortion-free pulse front tilting (PFT) by
placing a transmission grating directly on the entrance face of a nonlinear crystal [167, [169].
This configuration, introduced to overcome the limitations of imaging and beam quality
degradation. The main advantage of CG is the improved lateral scalability, allowing, in
principle, larger beam sizes and larger pulse energies. Hybrid schemes combining TPFP
with imaging optics face practical challenges due to varying interaction lengths, impacting
THz beam focusability. Nevertheless, fabrication of contact gratings remains a challenge,
leading to the development of hybrid THz pulse sources combining conventional and contact
grating setups [170], with pulse-front-tilt produced in two steps. A new approach involving
reflecting the pump beam on a stair-step echelon is explored. This arrangement creates
a segmented tilted pulse front instead of a continuous one, while still requiring a prism-
shaped LN crystal. A modified hybrid method has been proposed comprising diffraction optics
coupled with a nonlinear LN slab featuring an echelon configuration. This innovative setup
ensures uniform absorption and dispersion across the THz beam profile, as a segmented tilted
pulse front forms within the LN slab, optimizing interaction lengths and reducing imaging
errors, ultimately facilitating the realization of scalable THz pulse sources with superior beam
quality. Additionally, employing plane-parallel LN with an echelon structure [171]] has been
successfully executed, resulting in THz pulse energies of 1 wJ and conversion efficiency of
5x10~* [[172]. This method allows for scaling in THz pulse energies by increasing pump spot
size and energy.

2.3.2 Semiconductors

Semiconductors have become indispensable materials in modern terahertz (THz) science,
serving both as efficient THz emitters and detectors across a wide range of experimental
platforms. Their relevance stems from their dual functionality: they act as nonlinear optical
media for optical rectification (OR) [96)] [173]], difference frequency generation (DFG) [[174],
and optical parametric amplification (OPA) [175], while also forming the photoconductive
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substrates used in biased and unbiased antenna structures [[176-182]]. In THz time domain
spectroscopy, semiconductor based photoconductive antennas remain the most common low
energy THz sources, and large area antenna geometries have enabled pulse energies up to
3.6 wJ with peak electric fields of 143 kV/cm and spectral coverage from 0.05 to 1 THz
[[183H185]. Although such devices allow limited pulse shaping, scaling them to substantially
higher energies remains challenging due to carrier screening and thermal constraints.

A broad class of III-V and II-VI semiconductors, including ZnTe, GaP, GaAs, CdTe, and InP,
exhibit properties that make them attractive for THz generation via optical rectification. Their
second order nonlinear coefficients typically fall in the range of 25-80 pm/V [63, 90, 91}, 101},
126, 161], with representative values of d.;=68.5 pm/V for ZnTe, 65.6 pm/V for GaAs, and
24.8 pm/V for GaP [90, [126]]. Although these coefficients are modest compared to lithium
niobate or organic crystals, many semiconductors compensate through their relatively low
THz absorption (within 1 THz), typically between 0.5 and 3 cm~! [90} 101}, [133]]. Their high
transverse optical phonon frequencies, such as 11 THz in GaP, enable broadband THz emission
extending well beyond 5 THz [101, [186]. Furthermore, many of these materials, allow simple
collinear phase matching at specific pump wavelengths: ZnTe at 0.8 um, GaP at 1 um, and
GaAs near 1.3-1.5 um [14]. These wavelengths coincide with widely available Ti:sapphire, Yb
doped, and Er doped femtosecond laser systems, making semiconductor based THz sources
experimentally accessible.

Figure 2.6: The cubic unit cell structure for gallium phosphide [187].

Despite these advantages, THz generation in semiconductors is strongly limited by low order
multiphoton absorption (MPA). At common pump wavelengths, two photon absorption (2PA)
generates free carriers that introduce significant free carrier absorption (FCA) of the THz field,
thereby restricting the usable pump intensity and suppressing conversion efficiency [96]. This
effect is particularly severe in ZnTe and GaAs when pumped at 800 nm. As a result, THz
energies from collinearly pumped ZnTe typically saturate at the wJ level, with efficiencies
around 1075 [[188]]. Large aperture ZnTe crystals can mitigate saturation by reducing local
fluence, but FCA remains the dominant limiting mechanism [189, [190].

In gallium phosphide (GaP), each atom is in the centre of a regular tetrahedron, with atoms
of the other kind at each of its four corners, as shown in Figure GaP has emerged as a
promising alternative due to its wide transparency range, low THz absorption ~ 3 cm™~! at
1 THz, and high phonon frequency near 11 THz [191H193]]. Optimal velocity matching occurs

18



near 1 um, where GaP exhibits minimal linear absorption and avoids strong 2PA. Experiments
using Yb fiber lasers have demonstrated average THz powers of 6.5 uW with 210 fs pulses
[194], 82.6 uW with chirped sub 60 fs pulses [[195]], and broadband emission up to 5 THz
using 20 fs pulses at 1 um [[193]]. GaP’s ability to support high average power pumping while
maintaining broad bandwidth makes it particularly attractive for MHz repetition rate THz
systems. GaAs, with its large nonlinear coefficient and broad transmission range, also benefits
significantly from long wavelength pumping. When driven at 1.8 um, beyond the 2-photon
absorption edge, GaAs has produced THz pulses with energies of 0.6 uJ and efficiencies of
5x10~* [67]. Figure shows the cut-off wavelengths up to 4 um for MPA of various orders
are indicated by symbols for a few different materials. The direct bandgap of ZnTe is 2.26 eV
and that of GaP is 2.79 €eV. These are sufficiently large to avoid both two- and three-photon
absorption for pump wavelengths longer than 1.65 um [65].
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Figure 2.7: PFT angle versus pump wavelength for phase matching at 1 THz in LN and
selected semiconductors considering the direct bandgap [65]. The symbols (circles) indicate
the cut-off wavelengths for MPA of various orders. The dashed vertical line and the diamond
symbols indicate the wavelength and material used in the experiment described in Chapter

GaSe is also suitable, though its 2.02 eV bandgap requires pump wavelengths >1.85 um
to suppress two- and three-photon absorption. Such wavelengths are readily produced by
Ti:sapphire- or Yb-pumped OPAs, as well as Ho-based lasers operating near 2.05 um [196,197].
Materials with much smaller bandgaps, such as CdTe or GaAs (both 1.43 eV) [198], would
demand even longer pump wavelengths to avoid nonlinear absorption, making them less
practical. For this reason, ZnTe and GaP remain the preferred choices. The use of longer
pump wavelengths has become a central strategy for overcoming multiphoton absorption in
semiconductors. Pumping beyond the 2-photon and 3-photon thresholds dramatically reduces
free carrier generation, enabling higher pump intensities and improved THz conversion
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efficiencies [63} [198]]. However, at these wavelengths, collinear phase matching is no longer
satisfied, necessitating the use of tilted pulse front (TPF) or contact grating (CG) techniques.
The pulse front tilt angles required for pump-THz velocity matching in semiconductors are
relatively small—typically below 30° [65]—which minimizes spatial nonuniformity, reduces
angular dispersion, and allows longer effective interaction lengths. The CG approach, in
particular, enables monolithic THz sources in which a grating structure fabricated directly on
the entrance surface of the semiconductor crystal plate tilts the intensity front of the pump
pulse [39]. This eliminates the need for conventional external TPF optics and offers excellent
scalability to large apertures and high pulse energies. Using CG based TPF, ZnTe has produced
THz pulses with energies of 3.9 wJ, peak fields of 0.57 MV/cm, and efficiencies of 0.3% [69],
two orders of magnitude higher than earlier collinear results at shorter wavelengths [188]].
Even higher performance has been demonstrated by pumping ZnTe at 1.7 um, yielding THz
energies up to 14 uJ with efficiencies of 0.7% [65]]. CG technology has also been adapted
to GaP pumped at 1 um [199] and implemented in THz time domain spectroscopy systems
[200].

Overall, semiconductor materials offer a compelling combination of moderate nonlinearity,
low THz absorption, broad bandwidth, and compatibility with high power femtosecond laser
systems. Their small required pulse front tilt angles and favorable dispersion properties
allow long interaction lengths that compensate for their lower nonlinear coefficients. With
the advent of long wavelength pumping and advanced TPF/CG techniques, semiconductors
such as GaP, GaAs, and ZnTe have demonstrated scalable THz pulse energies upto 14 wJ
[65], efficiencies approaching 1%, and spectral coverage extending beyond 5-7 THz. These
developments position semiconductor crystals as strong candidates for next generation high
energy, broadband THz sources suitable for both table top and high repetition rate laser
systems.

2.3.3 Organic crystals

Organic nonlinear optical crystals have emerged as leading materials for generating high
field terahertz (THz) radiation via optical rectification (OR) of femtosecond laser pulses. The
most widely used crystals include DAST, DSTMS, BNA, OH1, and HMQ TMS [73, [74, [76-
80,,/128] 145, [201-212]]. These organic salts exhibit exceptionally large second order nonlinear
coefficients, among the highest of all materials used for OR, with reported values such as
d.z=615 pm/V for DAST [204]. Their high nonlinear figure of merit (FOM) enables efficient
THz generation with broad spectral coverage extending from 0.1 THz up to 20 THz in
favorable cases [203], 206208, [210]. A key advantage of organic crystals is their collinear
phase matching behavior in the 1.2-1.6 um pump wavelength range, which naturally produces
collimated, aberration free THz beams with excellent focusability and high achievable field
strengths [128, [208] 213]] Pumping at shorter wavelengths (e.g., Ti:sapphire at 0.8 um)
generally restricts phase matching to frequencies below 1 THz [214], although some crystals
such as NMBA, BNA, and MNA can be pumped directly by Ti:sapphire or Yb based lasers
[179, 80, [145]]. At these shorter wavelengths, however, two and three photon absorption can
induce significant heating and free carrier generation, reducing THz efficiency and potentially
damaging the crystal due to their relatively low melting points (101-131° C) [80, (145, (148].
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Figure 2.8: Chemical structure of the commonly used organic crystals (a) N-benzyl-2-methyl-
4-nitroaniline (BNA), (b) 4-nitro-4-methylbenzylidene aniline (NMBA), and (c) 2-methyl-4-
nitroaniline (MNA). From Ref. [144] (148 [205]].

Despite their small typical dimensions (millimeter scale lateral size and hundreds of microme-
ters thickness) [[[76], organic crystals have demonstrated remarkable THz pulse energies and
field strengths. Partitioned aperture crystal designs can overcome size limitations [201} [213],
enabling record level performance. A 400 mm? partitioned DSTMS crystal produced 0.9 mJ
THz pulses with 42 MV/cm electric and 14 T magnetic peak fields when pumped by a 30 mJ
Cr:forsterite laser at 1.25 um, achieving 3% conversion efficiency [[76]. Even higher conversion
efficiencies up to 6% have been reported in DAST pumped by a high power mid IR OPCPA
at 3.9 um [78]. Field strengths exceeding 10 MV/cm and 3 T have been demonstrated using
Cr:forsterite lasers directly pumping various organic crystals [128]. However, scaling THz
energies in organic materials remains challenging due to strong phonon absorption at low THz
frequencies, limited crystal size, and relatively low optical damage thresholds [76, 87, 213].
White light seeded OPAs, often used to reach the required 1.2-1.6 um pump wavelengths,
suffer from low conversion efficiency, irregular beam profiles, and shot to shot fluctuations,
which limit usable pump fluence and reduce THz stability [128,213]]. Improved thermal man-
agement, such as bonding crystals to sapphire or diamond substrates, can mitigate multiphoton
absorption induced heating and increase the damage threshold [79] 215].

Organic crystals remain among the most promising materials for generating intense, broadband
THz pulses with high efficiencies, due to their large nonlinearities, favorable phase matching
properties. Continued advances in crystal engineering, thermal management, and pump laser
technology are expected to further enhance their performance for strong field THz science
and applications.

2.4 Terahertz detection

Analogous to the previous section on THz generation, the detection of THz radiation also
encompasses several possible techniques, each with its own application range, benefits, and
limitations. Detecting THz frequencies is inherently challenging because established methods
from either the optical or radio-frequency domains cannot be directly applied. At THz

21



energies, the photon energy is too low for conventional photodetection schemes used at
optical wavelengths, while the frequencies are too high for standard electronic detection
techniques developed for radio-frequency signals. As a result, specialized detection concepts
are required to address the unique characteristics of the THz regime.

2.4.1 Measurement of pulse energy

The relatively low output power of most THz sources, combined with strong atmospheric ab-
sorption, places stringent demands on detector sensitivity, responsivity, and noise performance.
THz detection techniques are generally categorized into coherent and incoherent (direct)
detection schemes. Coherent detectors, including Schottky diode mixers and superconducting
hot electron bolometers, provide access to both the amplitude and phase of the incident field
but require a stable local oscillator for heterodyne operation. In contrast, incoherent detec-
tors measure only the total incident power and encompass a variety of technologies such as
thermal detectors, pyroelectric sensors, Golay cells, and microbolometers [216-218]]. Among
these, thermal detectors are particularly attractive due to their inherently broadband spectral
response, room temperature operation, and robustness against electromagnetic interference.
Thermal detectors operate by converting incident THz radiation into heat. Their core structure
consists of a THz absorbing element that is thermally linked to a heat sink. When THz radiation
is absorbed, the electromagnetic energy is transformed into a temperature rise within the
absorber. This temperature change is subsequently measured by an integrated thermometer
element, whose electrical response is directly proportional to the absorbed energy. By applying
appropriate calibration procedures, the detector output can be quantitatively related to the
incident THz power or energy with high accuracy [219-221]].

Pyroelectric detectors form an important subclass of thermal sensors and rely on the intrinsic
properties of pyroelectric crystals. These crystals exhibit spontaneous polarization, meaning
each unit cell possesses a permanent electric dipole moment aligned along a specific crystal-
lographic axis. The magnitude of this spontaneous polarization is temperature dependent.
The polarization is accompanied by bound surface charge, which is normally neutralized by
free carriers or by external electrodes, establishing a steady state equilibrium. For detector
fabrication, the pyroelectric crystal is typically cut perpendicular to its polar axis and sand-
wiched between two electrodes. One electrode surface is often coated with an absorbing
layer to enhance coupling to incident radiation. When THz or optical radiation is absorbed,
the resulting heat increases the crystal temperature, reducing the spontaneous polarization
and altering the associated surface charge [14]. Because the electrodes form a capacitor, any
change in surface charge induces a transient current in a closed circuit as the system attempts
to restore charge neutrality. To maximize responsivity, the detector is usually operated with a
large load resistance, and the resulting voltage signal is further amplified using a low noise
operational amplifier. Since pyroelectric detectors respond only to changes in temperature, no
pyroelectric current is generated under steady state illumination. Consequently, these detec-
tors are typically used with modulated radiation, such as chopped THz beams or pulsed light
sources, enabling AC detection with high signal to noise ratio [222H227]]. Common pyroelec-
tric materials include triglycine sulfate (TGS), lithium tantalate (LiTaOs3), and polyvinylidene
fluoride (PVDF), each offering distinct advantages in terms of sensitivity, thermal stability,
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dielectric properties, and fabrication complexity [228-230].

Pyroelectric detectors are essential for applications requiring room-temperature operation
[231]. They are highly relevant for terahertz (THz) power and energy measurement, serving
as one of the primary, versatile technologies for characterizing THz radiation, in a broadband
range [[196]]. Their ability to provide high sensitivity and reliability, makes them the standard
for many practical and industrial THz applications [232].

2.4.2 Electro-optic sampling

Electro-optic sampling (EOS) is a widely used technique for detecting instantaneous electric
field of the pulse by measuring the differential signal, which is linearly proportional to the
electric field strength. It relies on the second-order nonlinear interaction between an applied
electric field and an optical probe pulse in a non-centrosymmetric crystal. Static or low-
frequency electric fields modify the refractive index of such materials through the electro-optic
(Pockels) effect [82]. In a lossless medium, the induced second-order polarization is given by

= QZsoxmk (w,w,0) E Zsoxw (w), (2.24)

demonstrating that the refractive index change is linearly proportional to the applied THz
field. The Pockels effect shares the same nonlinear susceptibility tensor as optical rectification,

since | (w) = 237, i (w, w, 0) E;,(0) [109].

Free-space EOS measures the electric field of THz pulses directly in the time domain by
exploiting this induced birefringence [109]. Unlike traditional spectroscopic techniques, EOS
provides access to both the amplitude and phase of the THz waveform. When the optical group
velocity and THz phase velocity are well matched inside the electro-optic crystal, the probe
pulse experiences the THz field as quasi-static during co-propagation. By scanning the relative
delay between the pulses, the full temporal THz waveform can be reconstructed [109].

In the absence of a THz field, a linearly polarized probe pulse traverses the EO crystal without
modification and is converted into circular polarization by a quarter-wave plate. A Wollaston
prism then splits the beam into two orthogonal components of equal intensity, resulting in
a zero differential signal at the balanced photodetector. When a THz field is present, the
induced birefringence introduces a phase retardation over a propagation distance L given by
L L
Ad = (ny, — ng) w— = w—njry B(Q), (2.25)
C C
where n, is the refractive index at the probe wavelength and ry; is the electro-optic coeffi-
cient [110]. For small phase shifts, the detected intensities become

I, = 120 (1 —sinAg) ~ IE (1-A¢), (2.26)
I - %(1 +sin Ag) ~ %(1 +Ag), 2.27)
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yielding a differential signal
wL 4
Iy =1,— 1, = [)A¢p = [y — nyra E(Q) < E(Q), (2.28)
C
which is directly proportional to the THz field amplitude [109].
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Figure 2.9: Schematic diagram of a typical setup for free-space electro-optic sampling [[109].

EOS is widely used in ultrafast electronics and optoelectronics, complementing other THz de-
tection methods such as photoconductive antennas and far-infrared interferometry 61, 233].
Its application to ultrafast electrical transients was first demonstrated by Valdmanis [234]]. Co-
herent detection with high signal-to-noise ratio is achievable when phase-matching conditions
are satisfied [235].

Common EO crystals include ZnTe and GaP. ZnTe is particularly suitable for detection at
800 nm due to its high transparency, large electro-optic coefficient, and favorable refractive-
index matching between the optical and THz ranges [236]. Typical crystal thicknesses are a
few hundred micrometers: thicker crystals provide stronger signals but reduced bandwidth
due to phonon absorption and accumulated phase mismatch.

The performance of EOS is limited by three main factors [109]]:
1. finite duration of the optical probe pulse,
2. frequency dependence of the nonlinear susceptibility,
3. mismatch between optical group velocity and THz phase velocity.

Additional constraints arise from dispersion, coherence length, and crystal orientation. For
optimal detection, the probe polarization should be parallel or orthogonal to the THz polar-
ization [236], and zinc-blende crystals are often oriented along the [110] axis for maximum
signal strength. In cases of extremely strong THz fields, the induced phase retardation may
exceed m/2, causing over-rotation of the probe polarization and reducing the detected signal;
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attenuation of the THz beam may therefore be required [237]. Alternative approaches such as
spectral-domain interferometric THz detection avoid this limitation [238].

2.5 Applications of intense THz pulses

Advances in terahertz (THz) technology have transformed the field from weak sources, to a
regime where intense THz pulses enable active manipulation of matter. Modern high-intensity
THz emitters now provide electric field strengths in the 1 — 260 MV/cm range [90,91],122],239-
241]], granting access to unprecedented nonlinear light—-matter interactions across the THz
spectrum. These strong fields allow the initiation and tracking of ultrafast processes through
THz pump-THz probe [242] [243]] and THz pump-optical probe spectroscopy, enabling both
resonant and non-resonant control of ionic, electronic, and spin degrees of freedom in a wide
variety of materials [244),245]]. Comprehensive reviews of nonlinear THz interactions are also
available [89, 246, [247].

Nonlinear electronic responses under intense THz excitation have been demonstrated in
several platforms. Rydberg atoms, with their large transition dipole moments, exhibit strong
sensitivity to THz fields [184]248],249]]. In semiconductors, intense THz pulses have revealed
ultrafast carrier heating, impact ionization, and saturation of free-carrier absorption [242),
245| 250H254]]. Experiments in n-type GaAs showed coherent THz emission arising from
stimulated transitions between impurity states under population inversion [245]]. In InSb,
THz pump-THz probe studies uncovered rapid carrier redistribution and strong nonlinear
absorption [242, 252]]. High-field single-cycle THz pulses have also enabled ultrafast gating of
interlayer transport in cuprate superconductors, with peak fields around 150 kV/cm [255]256].
Even stronger nonlinearities occur in single-walled carbon nanotubes, where 0.7MV/cm THz
fields generate ponderomotive energies exceeding the bandgap, enabling interband excitation
despite low photon energies [257].

Lattice-driven nonlinearities are equally significant. Ferroelectric materials exhibit strong an-
harmonicity due to double-well potentials [90, 258-260], leading to THz-frequency nonlinear
coefficients that exceed optical values by orders of magnitude. For example, the nonlinear
refractive index of lithium niobate (LN) in the THz regime is estimated to be three orders
of magnitude larger than in the visible [90, 261]]. Intense THz pulses have been used to
drive the ferroelectric soft mode in SrTiOj3 thin films to large amplitudes, revealing quartic
anharmonicity and field-induced blueshifts of the soft-mode resonance [262]]. These results
suggest that coherent THz control of macroscopic order parameters, including ferroelectric
phase transitions, may be achievable.

Beyond materials control, intense THz pulses are emerging as a powerful tool in accelerator
physics. Achieving manipulation of relativistic beams requires THz fields in the 1-10 MV/cm
range, with potential extension to 100 MV/cm. Such fields enable THz-assisted enhance-
ment of attosecond-pulse generation through control of electron trajectories in high-harmonic
generation [263-267]], as well as THz-driven electron acceleration, deflection, and spatiotem-
poral focusing [43]]. Compared with microwave-based accelerators, THz-driven schemes
offer reduced timing jitter and improved synchronization with ultrafast electron bunches. A
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proof-of-concept experiment demonstrated 7 keV energy gain over 3 mm in a dielectric-loaded
waveguide using THz acceleration [42], and theoretical models predict GeV/m gradients and
electron energies in the tens of MeV range with more energetic THz sources.

THz-driven electron guns are also promising for ultrafast electron microscopy and diffraction,
where high charge density and femtosecond durations are required [268]]. Recent demonstra-
tions show scalable THz-driven sources capable of delivering higher energies and larger bunch
charges while preserving ultrashort pulse durations [269, 270]]. THz-based post-acceleration
of laser-generated proton beams has likewise been proposed [29], using evanescent THz fields
in dielectric structures. Simulations indicate that a 40 MeV proton bunch could be boosted
to 56 MeV through five THz stages, with significantly reduced energy spread, an important
step toward compact ion accelerators for hadron therapy, which requires 100 MeV/nucleon
and 1% energy stability. THz pulses in the 0.1-0.5 THz range with MV/cm fields, already
demonstrated using LN sources [93]], are well suited for this purpose, and THz-driven ion
sources based on near-critical-density hydrogen plasma have also been proposed [38].
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Chapter 3

Scientific goals

The utilization of THz radiation has increased substantially, driven by advances in ultrafast laser
systems and THz generation technologies, which enabled the deployment of THz radiation
across a broad range of scientific and technological applications. Optical rectification (OR)
in LINDO3, combined with the tilted-pulse-front technique [100], is one of the most widely
used methods to generate low THz frequencies in the range of 0.1 THz to 2 THz. However,
in addition to restricted bandwidth, this technique has limitations due to the large (~ 63°)
pulse-front tilt angle [61}, 163, [64].

Semiconductors (GaAs [67]], ZnTe [65, 169] and GaP [65]) are emerging as promising sources
of intense THz fields. In these materials, the bandgap is in the range of 1.4 eV to 2.8 eV,
enabling two or three-photon absorption at the commonly used near-infrared laser wave-
lengths. Such detrimental low-order multiphoton absorption (MPA) of the pump [86), [96]
can be eliminated by using infrared pump wavelengths longer than 1 um [63] 86]. The
pulse-front tilt angles, required for pump-THz velocity matching, are relatively small in the
mentioned semiconductors, typically below 30° [[65]. Recently, the CG technology was adapted
to GaP pumped at 1 um wavelength [199], where three-photon absorption is still present,
and implemented in a time-domain spectroscopy system [200]. In a contact grating (CG)
based THz source, the grating structure at the entrance surface of the semiconductor crystal
plate tilts the intensity front of the pump pulse. There is no need for a conventional external
pulse-front-tilting arrangement [39]], which consists of a transmission or reflection grating,
and an imaging lens or telescope. The main advantage of the CG approach is the scalability
to large sizes and pulse energies. Previous work with a GaP prism [65] and ZnTe CG [69]]
demonstrated the advantage of a longer pump wavelength of around 1.8 um. However,
four-photon absorption still limited the useful pump intensity at as low as 15 GW/cm?.

¢ One of the goal was to experimentally investigate and characterize a scalable, highly efficient
contact-grating GaP THz source pumped at an infrared wavelength which is significantly
longer than previously used. In experiment and numerical simulations, I study broadband
high-field THz pulse generation performance in this new regime. This enables identifying the
physical limitations and exploring the performance potential of such sources under extended
pumping conditions. The development of powerful mid-infrared (MIR) femtosecond sources
based on optical parametric chirped-pulse amplification (OPCPA) [70H72] are ideally suited
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as efficient drivers of semiconductor CG THz sources, which are free from the detrimental
low-order multiphoton pump absorption.

Another popular THz source, organic nonlinear optical crystals, are very attractive for the
efficient generation of strong-field THz pulses by optical rectification of femtosecond laser
pulses [73] 74, 76-80, [145] 202} 205|208, 212]. They have exceptionally large second-order
nonlinear optical coefficients and can provide large bandwidths up to 20 THz [203], 208] in
a simple collinear scheme. When pumped by Ti:sapphire or Yb-based lasers directly, two-
and three-photon absorption can increase heat dissipation to the crystal and can produce
free carriers, which increases the absorption of THz radiation and reduces the efficiency of
THz generation [80]. Although nonlinear absorption is a major factor in determining the
THz generation performance of organic crystals, measured values for multiphoton absorption
coefficients are still missing in the literature. Knowledge of these related material data is
important for the design of robust THz sources with optimal performance.

e My second goal was to measure the optical transmittance, as function of the pump fluence,
in the organic THz generator crystals NMBA, BNA, and MNA at the commonly used laser
wavelengths of 780 nm and 1030 nm and to give values for the relevant nonlinear optical
parameters in all three materials. These values can be used to more precisely calculate
nonlinear pump absorption and can be included into numerical models of THz generation and
optical heating.
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Chapter 4

Results

4.1 Broadband GaP contact-grating terahertz source pumped
at 3.9 um

Recently, semiconductors (GaAs [67]], ZnTe and GaP [65]]) emerged as promising alternative
sources of intense THz fields. Detrimental low-order multiphoton pump absorption [96] can
be eliminated by longer infrared pump wavelengths. The pulsefront tilt angles, required
for pump-THz velocity matching, are relatively small, typically below 30°. This enabled the
demonstration of a highly efficient, monolithic THz source with collinear geometry, utilizing
the contact-grating (CG) technology in a ZnTe crystal slab [69]. The grating structure [39] at
the entrance surface of the semiconductor crystal plate tilts the intensity front of the pump
pulse. Powerful sources of mid-infrared femtosecond pulses based on optical parametric
chirped-pulse amplification (OPCPA) became available recently [70-72]. They lead to the
demonstration of highly efficient THz sources from two-color air plasma [52] and organic
nonlinear crystals [[78], and are ideally suited to drive efficiently semiconductor CG THz
sources. In this work, for the first time, (i) a GaP semiconductor contact grating was realized,
with an (ii) optimized trapezoidal relief profile, and (iii) broadband THz pulse generation was
demonstrated with 3.9 um mid-infrared pump wavelength.

4.1.1 GaP contact grating with trapezoidal profile

Figure[4.1](a) shows the scheme of the GaP CG THz source with trapezoidal groove profile. The
optical pump beam enters, at a normal incidence, the GaP nonlinear crystal through the CG.
Within the bulk of the crystal, two symmetrically propagating beams are formed [[169]], with
diffraction angles 4+ for diffraction orders m = +1, respectively. For the pulse-front-tilt angle
~ = [ holds in both diffracted beams, due to normal incidence. Because of the opposite signs
of the angular dispersion in the two beams, their pulse fronts are merged (light blue shaded
area in Figure [4.1(a). Consequently, a single THz beam is generated by OR, with its wavefront
parallel to the pump pulse front. The generated THz beam leaves the nonlinear crystal through
the backside surface, in a direction normal to the crystal surface. The collinear pumping
geometry is advantageous for applications. As a semiconductor nonlinear material for OR,
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Figure 4.1: Scheme of the GaP CG THz source with trapezoidal relief profile. (a) Layout
of the source and the beam geometry. Double arrows indicate the electric field polarization
directions. Ep is the total electric field originating from the superposition of both diffraction
orders m = +1. (b) Definition of grating profile parameters [272].

we selected GaP (rather than the previously used ZnTe [69]) for two reasons. First, GaP is
available in large sizes with high optical quality and is free of multidomain orientation. Second,
GaP supports the generation of a broad THz bandwidth, due to its favorable absorption and
dispersion properties in the THz range. The transverse optical (TO) phonon frequency is
at 11 THz, below which the second-order nonlinear susceptibility decreases with increasing
frequency and changes sign at 8 THz [[186]. This feature limits the achievable gapless OR
bandwidth to about 6 THz 200} 271]], depending on velocity-matching conditions (see below).
Furthermore, GaP has a relatively large direct bandgap of 2.79 eV, facilitating the elimination
of low-order multiphoton absorption at MIR pump wavelengths.

In GaP, the highest pump-to-THz conversion efficiency can be expected near 3 THz [271],
around the center of the OR bandwidth. Consequently, we designed the CG THz source
for velocity matching between the optical pump and the generated THz pulse for an output
frequency of 3 THz. According to the velocity-matching condition cos(vy)c/ng(Ap) = ¢/n(3 THz)
[100], a pulse-front-tilt angle of v ~ 25° is needed at the central pump wavelength A\, = 3.9 um.
Here, c is the vacuum speed of light, n(3 THz) is the phase refractive index at the velocity-
matched THz frequency in GaP, and n, () is the group index at the pump wavelength in GaP
[273]]. The grating period of p = 3026 nm, which produces the required pulse-front-tilt angle
inside the GaP material, can be calculated from the grating equation n(\,) sin(8) = £, /p
[274], with the diffraction angle 5 = +~. The CG structure was formed on the front surface
of a (110)-cut GaP single-crystal plate, with the grating lines aligned at 7/2 — ¢ = 35.3° to
the Z-axis of the crystal (Figure[4.2a)). The angle between the TM polarized pump electric
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Figure 4.2: The broadband GaP CG THz source. (a) Photograph of the THz source. The
rectangular dark orange area in the center is the CG patterned area. The horizontal black
dashed line indicates the direction of the grating lines, the [110]-axis points out of the plane
of the picture, ¢ = 54.7° is the angle between the Z- or [001]-axis of the crystal and the
polarization direction of the pump electric field Ep (vertical blue arrow). (b) Scanning electron
microscope (SEM) micrograph of a cleaved test sample showing the cross section of the grating
profile. (¢) Top-down SEM image of the grating surface [272].

field and the Z-axis was ¢ = 54.7°, maximizing the effective nonlinear coefficient for OR [69].
The residual local electric field is the superposition of the local electric fields originating from
the two diffraction orders m = +1 (see Ep in Figure (a)). Due to a noncollinearity angle
of 2+ between the two TM-polarized field contributions, the residual electric field is reduced
and its direction varies between ++v through the beam cross section. This effect reduces
somewhat the effective nonlinear coefficient. The grating, limited in size by the available
patterning capability, covered the central 7 x 7 mm? surface area of the 30 x 30 mm? sized
GaP substrate (Figure (a)). A substrate thickness of L = 4 mm was a trade-off between
increasing the interaction length for THz generation and decreasing the overlap between the
m = +1 diffraction orders due to lateral walk-off (Figure [4.1](a)).

Figure shows the calculated THz generation efficiency as a function of the GaP crystal
thickness for a pump intensity of 160 GW/cm?. For this calculation, we used the same
optical-rectification model as described in Section Similar results were shown at
a shorter MIR wavelength of 1.7 um, related to the proper choice of the crystal length
[275]. According to our calculation, the efficiency goes to saturation at crystal thicknesses
exceeding about 4 mm. To achieve a relatively high efficiency without saturation, we chose
4 mm for the GaP crystal thickness of the CG THz source. Electron beam microlithography
and dry (plasma) etching were used to produce the surface-relief grating profile (Kelvin
Nanotechnology Ltd., UK). Before live sample manufacturing, test samples were produced in
a process capability study to determine the achievable sidewall angle () of the line profile
(Figure [4.1)(b)). Scanning electron microscope micrograph of a cleaved test sample showed
a trapezoidal line profile (Figure [4.2(b)), with a sidewall angle of ¥ ~ 95°. For the live
sample, the ridge width at the top of the structure, d = 1362 (+151/ — 242) nm, and the
profile depth, h = 1325 (+75/ — 99) nm (Figure [4.1)(b)), were optimized for the maximum
useful diffraction efficiency for TM polarization. This efficiency is higher in TM mode than
in TE mode. Consequently, for the given grating period of p = 3026 nm, the optimal filling
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Figure 4.3: Calculated THz generation efficiency as a function of the GaP crystal thickness
for a pump intensity of 160 GW/cm? using MPA (red line) and Keldysh models (blue line) for
free-carrier generation [272].

factor is 45%. According to calculation [276], the maximum combined diffraction efficiency
of the two symmetrically propagating orders m = +1 is 78%. The tolerances for d and &
allow for 2% efficiency drop below the maximum. The profile shape of the live sample was
within the tolerances and the line pattern was highly uniform over the entire processed surface

(Figure [4.2)(c)).

4.1.2 Experimental setup

A high-peak-power MIR OPCPA system [71]], operating at 20 Hz repetition rate, pumped the
GaP CG THz source. Figure |4.4|shows the schematic of the OPCPA system and the experimental
arrangement. We characterized the temporal and spectral structure of the pump pulses by
second-harmonic FROG measurements, retrieving a pulse duration of 7, = 110 fs (full width
at half maximum of the intensity) and a central wavelength of A\, = 3.9 um. The pump beam
diameter at the GaP CG THz source was 2w, = 6.9 mm (full width at 1/e? level of the peak
intensity). For THz generation, to avoid damage to the CG device, we used a maximum pump
pulse energy of 1/, = 15 mJ, corresponding to an average pump fluence of F}, = W, /(7w?) =
40 mJ/cm?, and an average intensity of I, = F,,/(v/2In27,) = 310 GW/cm?. The peak intensity
[277] at the center of the beam and pulse was Iy = 4,/In2/71, = 1.88 I, = 583 GW/cm?.

The generated THz beam propagated parallel to the incident pump beam and left the GaP
crystal through its back surface (Figure [4.1j(a)). A long-pass filter (Tydex, model LPF 21.4)
transmitted only the THz radiation and blocked the MIR pump light. The THz beam was
steered to a calibrated pyroelectric detector (Gentec, model THZ5I-BL-BNC) to measure
the pulse energy, and to an electro-optic sampling (EOS) unit to record the THz waveform
(Figure [4.6). For details on the calibration of the THz pulse energy measurement using
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Figure 4.4: Scheme of the experimental setup. OP(CP)A: optical parametric (chirped-pulse)
amplifier, NOPA: noncollinear OPA, SHG: second-harmonic generation, LPF: long-pass filter,
EOC: electro-optic crystal, A/4: quarter-wave retardation plate, WP: Wollaston prism [272].

the pyroelectric detector, see the Supplementary information for Ref. [52]. Because the
pyroelectric detector was very sensitive to the MIR pump wavelength, we inserted a wire-grid
filter with a cutoff frequency of 9 THz (Swiss Terahertz, LLC) as a second long-pass filter
in front of the detector. For EOS, we used a sandwiched GaP crystal, composed of a 50 um
thick (110)-oriented GaP plate as the active layer and a 2 mm thick inactive GaP substrate to
delay reflected pulses for a larger reflection-free time window. An off-axis parabolic mirror
of 50 mm reflected focal length focused the THz pulses into the GaP crystal. A home-built,
white-light-seeded, noncollinear optical parametric amplifier, based on a BBO crystal with
type-1 phase matching, produced synchronized sampling pulses for EOS (Figure [4.4). The
sampling pulses were compressed to 40 fs; their central wavelength was 670 nm. A lens
of 150 mm focal length focused the sampling pulses through a center hole in the off-axis
parabolic mirror to overlap with the focused THz pulses in the GaP crystal. We measured the
THz-field-induced change in the polarization state of the sampling pulses by conventional
balanced detection [14]].

4.1.3 THz generation results

Figure [4.5/(a) shows the measured THz pulse energy as a function of the average pump
fluence. At low fluences up to about 17 mJ/cm?, the THz energy increased quadratically with
increasing fluence, which corresponds to a linear increase in efficiency (Figure [4.5(b)). The
characteristics changed abruptly to a saturation regime, extending from about 20 mJ/cm?
to 30 mJ/cm? pump fluence, with nearly linear energy scaling and approximately constant
efficiency. Above 30 mJ/cm?, the efficiency started to drop. At the highest pump fluence of
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Figure 4.5: Measured THz pulse energy (a) and pump-to-THz energy conversion efficiency
(b), as functions of the pump fluence and intensity [272]].

40 mJ/cm?, we observed a THz pulse energy of 2 uJ. Because the diffraction orders |m| > 0
undergo total internal reflection and do not leave the CG directly through the back surface, it
is mainly the order m = 0 that is partially transmitted. According to calculation, about 21%
of the incident pump pulse energy goes into this order, of which e=** = 41% is transmitted
through the bulk of GaP and of this 4n/(n + 1)? = 75% through the back surface. Here, n(\,)
= 3.014 is the refractive index and a(),) = 2.2 cm™! is the linear absorption coefficient of GaP
at 3.9 um wavelength. Together, about 6.5% of the incident pump pulse energy is expected
to be transmitted through the CG slab. In comparison, at low pump intensity, we measured
a somewhat higher 10% transmittance. This indicates that the diffraction efficiency of the
usable m = +1 diffraction orders could be slightly lower than the expectation but close to it
within a few percent, allowing efficient coupling of pump energy into the GaP crystal.

The prechirp affects the evolution of the pump pulse duration and the pump intensity with
propagation distance within the GaP material [63]]. By adjusting the compressor grating sepa-
ration (Figure [4.4), we set a positive prechirp of the incident pump pulse to yield the highest
THz pulse energy at 26 mJ/cm? pump fluence, near the highest efficiency (Figure [4.5/(b)).
The measurements presented in Figures[4.5and 4.6 used this setting. The positive prechirp
partially compensated for the negative dispersion arising from the angular dispersion of the
CG [278]].

Figure shows THz pulse waveforms, measured at pump fluences of 13 mJ/cm? and
40 mJ/cm?, and the corresponding amplitude spectra both on linear and logarithmic scales,
calculated by Fourier transformation of the waveforms. The two selected fluences represent
different regimes of THz generation: quadratic energy scaling and strong saturation, respec-
tively (Figure[4.5). Both waveforms had similar, nearly single-cycle shapes with similar spectra,
demonstrating the robustness of the source for practical applications. For both pump fluences,
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Figure 4.6: (a) Temporal waveforms of the THz pulses measured by EOS at pump fluences of
13 mJ/cm? (blue dashed line) and 40 mJ/cm? (red solid line). (b) Amplitude spectra of THz
pulses, obtained by Fourier transformation of the waveforms in (a), shown on a linear scale
for the amplitude. (c) The same amplitude spectra as in (b), shown on a logarithmic scale for
the amplitude and in a broader frequency range [272].

the maximum spectral amplitude was at a frequency of about 2.3 THz. In agreement with
expectation (Section 4.1.1)), the pulse bandwidth was 6 THz, corresponding to a width at
10% of the maximum amplitude, about three times that of popular LiNbO3-based sources. In
case of 40 mJ/cm? pump fluence, a high-frequency shoulder is clearly visible in the amplitude
spectrum (Figure [4.6/(c)), which extends to almost 20 THz. The possible reason for this
spectral feature can be a nonlinear spectral broadening of the THz pulses. These results
demonstrate a scalable monolithic THz source with nearly-single-cycle waveform and a broad
bandwidth of 6 THz. Due to the large bandwidth and the scalable size, the THz source has the
potential to deliver high field strengths. Assuming a THz spot size at the CG output similar
to the pump spot size 2w, = 6.9 mm, in the focus of the off-axis parabolic mirror with f =
50 mm effective focal length, we estimate a THz focal spot size of 2wy ~ 2Aru,f/(7w,) =
1.2 mm. Here, Ay, = 130 um is the wavelength corresponding to 2.3 THz, the frequency at
which the measured amplitude spectrum reached its maximum (Figure (b)). From this
focal spot size, the measured waveform, and the maximum measured THz pulse energy of
2 uJ, we estimate a peak electric field of about 1 MV/cm.

4.1.4 Simulation model
Free-carrier absorption (FCA)

If a semiconductor, such as GaP, is exposed to intense light, electrons can be excited from the
valence to the conduction band, thereby increasing the density of free carriers (electrons and
holes). Electrons in the conduction band further absorb the incident radiation and transition
to a higher energy state within the band. Likewise, the promoted holes in the heavy-hole
band can also be excited to a higher energy state. Consequently, free-carrier absorption is
proportional to carrier densities. The densities of charge carriers depend nonlinearly on the
incident intensities, while their generation rate is influenced by the order of multiphoton
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absorption involved. The increase in free-carrier concentration contribute to the complex
dielectric function of the material, both at optical as well as at THz frequencies, thereby
limiting the pump intensity available for THz generation. In this work, we used two different
models, Multiphoton absorption and Keldysh model to estimate the free-carrier concentration
generated by the mid-infrared optical pump in GaP, as described below. Subsequently, we used
a Drude model, to calculate the intensity-dependent absorption at optical and THz frequencies
from the free-carrier concentrations.

Multiphoton absorption model

In semiconductors, absorption of light can lead to the excitation of electrons from the va-
lence band to the conduction band. Linear electronic absorption in dielectric materials or
semiconductors can only take place if the energy of the photon exceeds the band gap energy.
Nevertheless, it is feasible to bridge that bandgap at elevated optical intensity through the
simultaneous absorption of two or more photons with lower energy, where the total energy
of the photons surpasses the bandgap energy. These nonlinear absorption phenomena are
referred to as multiphoton absorption (MPA) [279-282], and result in losses, which restricts
the efficiency of nonlinear optical materials. The most basic form of MPA is two-photon
absorption. The intensity- dependent absorption coefficient, «/(/), describes how a material’s
transparency changes as the incident pump pulse intensity (/) increases. This behavior is
mathematically represented by the Taylor series expansion in terms of intensity [283]]

a(l) = ag+ fol + B + BuI° + ..., (4.1)

where « is the linear absorption coefficient, (3,, 33, and 3, are the two-, three-, and four-
photon absorption coefficients, respectively. The density of free carriers (/Vi.) generated by the
incident pump pulse can be estimated by [63] 96]]

IT
Ny =
“7 he/Xo

where 7 is the pulse duration, & is the Planck constant, c is the speed of light, and and )\, is
the central pump wavelength.

1 1 1
(&0+§62[+§53[2+Zﬂ4[3+ ) s (42)

Keldysh model of photoionization

The Keldysh model [284] describes the ionization of atoms in a strong laser field. It includes,
as special cases, multiphoton and tunneling ionization regimes. The Keldysh parameter (v,
quantifies the transition between multiphoton ionization (v > 1) and tunneling ionization
(y < 1). The model provides an analytical formula for the ionization rate and shows
how it transits from a multiphoton to a tunneling process as the laser intensity increases.
Figure 4.7| shows the photoionization rate, including multiphoton, tunneling, and full Keldysh
photoionization, in GaP (using direct bandgap of 2.78 eV), as a function of laser intensity for
a wavelength of 3.9 um, and 100 fs pulse duration. The corresponding Keldysh parameter
is also plotted against intensity. The full excitation rate per unit volume, W4y, is calculated
using the Keldysh expression [[285-288],
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The variable E; takes a new form in the full rate equation. The effective band-gap, Ej,
becomes:
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K and FE are complete elliptic integrals of the first and second kind. These elliptic integrals
are handled by the tool ellipke in MATLAB [289]. The Dawson integral is given by ¢(x) =
Jy exp(&? — 2?) d¢ [285]. To calculate the free-carrier electron density, the full ionization
rate is integrated in a time interval +7 over which the pulse is defined and is given by
Ny = f_TT Wradt.

Drude model

The Drude model is a semiclassical theory used to describe free-carrier absorption (FCA)
in metals and doped semiconductors. It treats free carriers (electrons or holes) as a gas of
independent classical particles that oscillate in response to an electromagnetic field, with their
motion limited by collisions with the lattice. In the Drude model, the free-carrier contribution
to the dielectric function of a semiconductor is given by the following expression [290]:

EOOQIQ)
02 +iQ/7
where ¢, is the high-frequency dielectric constant, €2, is the plasma frequency, ¢ is the optical
or THz angular frequency, and 7. is the electron scattering time. Here Q2 = N /(eo€ccnett),

e is the electron charge, V. is the free-carrier density, ¢ is the free space permittivity, and meg
is the effective electron-hole mass.

€.(2) = (4.6)

The dielectric function of an optically driven semiconductor is given by the sum of the material’s
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Figure 4.7: (a) Photoionization rate as function of laser intensity. The red line represents the
multiphoton ionization rate, the green line the tunneling ionization rate, and the blue line the
full ionization rate. (b) Keldysh parameter as function of laser intensity [272].

dielectric function €,,,:(€2), describing its linear response, and the free-carrier contribution
EfC(Q):
€(2) = €mar () + € (). (4.7)

The absorption coefficient «(f2), and the refractive index n({2) of the optically driven semicon-
ductor can be calculated from the dielectric function as

a(Q) = ? - Im [ 6(9)} ,

(4.8)
n(§2) = Re [ e(Q)} .
Spatial averaging for THz generation efficiency
To give a more realistic estimation of the pump-to-THz energy conversion efficiency,
— WTHZ
= 4.
= (4.9)
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as a function of the average pump fluence Figure , we improved the one-dimensional
optical-rectification model (including FCA) by a spatial averaging over the pump and THz
beam cross sections. Here, Wy, and W, are the pump and the THz pulse energies, respectively.
For simplicity, we assumed radial symmetry for both the incoming pump and the outgoing
THz beams, and a Gaussian fluence distribution for the incoming pump,

Fy(r) = Fyge /s, (4.10)

Here, r is the radial beam coordinate and Fy,  is the pump fluence at the beam center. We used
the one-dimensional model to calculate the local pump-to-THz energy conversion efficiency,

. Frro,(r)

n(r) = ) (4.11)

Integration of the pump and THz local fluences over the respective beam cross sections gives
the pulse energies:

WTHZ = 27’(’/ dr r FTHz('r) (412)
0

where 7(r) = n (F£,(r)). Substituting Equation into Equation results in the following
expression for the energy conversion efficiency, as a function of the (peak or average) pump
fluence:

2 o 2 /2 2 J2
1 (Fpo) = E/ dr e /Mo (Fp,o e/ p) : (4.13)
0

Thus, 77 (F},) is a weighted integral of all (local) efficiency values 1, which correspond to
pump fluences smaller than F .

This simple spatial averaging procedure significantly improved the agreement between mea-
sured and calculated THz generation efficiencies, as functions of the pump fluence. A more
accurate calculation requires a 3-dimensional model, but this is beyond the scope of the
present work. In such a model, the varying interaction length for THz generation in the plane
of the pulse-front tilt and the interference between the m = +1 diffraction orders also need
to be taken into account [169]]. Furthermore, because of the sudden steep increase in the
intensity-dependent absorption at the pump wavelength (Figure 4.9), a similar averaging
procedure makes only a small difference, and we do not discuss it here in detail.
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Figure 4.8: (a) MIR absorption coefficient of the GaP crystal as a function of the wavelength
(blue symbols), measured in the range of linear absorption by the ultrabroadband MIR laser
system at ELI ALPS [291]] at a low power of 0.14 GW/cm?, using a spectrometer (Fastlite,
model Mozza). The blue solid line shows the smoothed data. The red solid line shows
the normalized spectrum of the 3.9 um pump pulses used for THz generation, as retrieved
from FROG measurement. (b) Spectrally averaged absorption coefficient of the GaP crystal
as a function of the 3.9 um pump intensity: measured (black symbols), calculated by the
multiphoton model (red dashed line), and by the Keldysh model (blue dashed line) [272].

4.1.5 Discussion

Multiphoton absorption (MPA) at the pump wavelength, along with the resulting increase
in free-carrier absorption, is the primary cause of THz generation efficiency saturation in
semiconductors pumped at near-infrared wavelengths (see e.g. Ref. [188]]). Using a longer
pump wavelength eliminated two-photon absorption in GaAs [67] and two- and three-photon
absorption in ZnTe [65] [69]], thus leading to a dramatic increase in the THz generation
efficiency. However, in ZnTe pumped at 1.8 um, four-photon absorption still limited the useful
pump intensity to only 14 GW/cm? in a bulk crystal [65] and 8 GW/cm? in a CG source [69].
The reason for the lower maximum useful pump intensity in case of the CG was the two
times higher peak intensity due to interference of the overlapping m = +1 diffraction orders
[275]. In GaP pumped at a wavelength of 1.03 um, saturation of THz generation efficiency
occurred at a pump intensity of only 2 GW/cm? due to three-photon absorption [96]. In
another case, pumped at 1.7 um and limited by four-photon absorption, saturation occurred at
6 GW/cm? intensity [65]. In contrast to the latter case, our experiment applied more than two
times longer pump wavelength of 3.9 um (Figure [4.8|(a)), and saturation of THz generation
efficiency occurred at a 27-times higher pump intensity of about 160 GW/cm? (Figure [4.5/(b)).
This observation is consistent with a limitation of the THz generation efficiency by MPA of a
much higher order. Indeed, due to the small MIR photon energies, the lowest effective order
of MPA in GaP is nine-photon (ten-photon) absorption below (above) about 4 um wavelength.
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To investigate the saturation of THz generation, we performed numerical calculations with an
optical-rectification model, complemented by free-carrier absorption (FCA) [63] 271, [275]].
The model took into account the variation of the pump pulse duration and intensity due to
material and angular dispersions, as well as linear absorption and pump-induced free-carrier
absorption in the THz range. As the physical origin of the pump-induced increase in free-
carrier concentration, we first assumed MPA and calculated the corresponding FCA from the
Drude model [271}, 275, 290]. The model took into account 9PA, the lowest effective order of
MPA, and neglected higher-order effects in lack of independently measured values for their
coefficients. For comparison and further analysis, we also used the more general Keldysh model
[284] to calculate the free-carrier concentration (see Section [4.1.4). To estimate the effective
9PA coefficient ypp in GaP at 3.9 um wavelength, we measured the intensity-dependent
transmittance of a 1 mm thick test sample that had no grating on its surface. This sample was
cut from the same GaP crystal boule as the CG substrate.

From the measured transmittance, also accounting for the reflection loss at the crystal sur-
faces [273]], we calculated the intensity-dependent absorption coefficient (Figure (b)). The
absorption coefficient maintained its low-intensity value of 2.2 cm~! up to about 200 GW/cm?
intensity, but above this pump level, it increased rapidly up to 5 cm~! at 700 GW/cm?. Us-
ing a 9PA coefficient as a fit parameter, the FCA model with fgps = (1.0 + 1.0/ —0.5) x
10722 cm'®/GW® reproduced well the observed onset of nonlinear absorption (Figure [4.8/(b)).
In the model for THz generation, we used this value. With the value obtained for the 9PA
coefficient, using the optical-rectification model combined with pump-induced FCA, we cal-
culated the THz generation efficiency as a function of pump intensity (red dashed line in
Figure [4.9). The calculation reproduced the observed linear increase of the efficiency. In
this range, extending up to a pump of about 140 GW/cm?, free-carrier generation effects are
negligible. The calculation also reproduces the observed onset of saturation of THz generation
around the mentioned pump intensity, which is due to the steep increase of FCA caused by
9PA. However, in contrast to experimental observations, the calculation predicts a rapid drop
in efficiency beyond its maximum.

The measurement of the pump-to-THz energy conversion efficiency is based on measuring
pump and THz pulse energies with detectors integrating over the entire beam cross sections.
However, because of the very high order of nonlinearity of 9PA, free-carrier generation and
the (local) THz generation efficiency with its saturation can vary significantly across the
beam. To obtain a more realistic picture of the THz generation process, we complemented
the simulation model with spatial averaging, assuming a Gaussian pump beam intensity
distribution (see Section [4.1.4). The averaging had little effect at intensities below about
140 GW/cm?, where the THz generation efficiency scaled linearly with pump intensity (red
solid line in Figure [4.9). However, at higher intensities, in the saturation regime, the efficiency
calculated with spatial averaging decreases much weaker with increasing intensity than
without averaging. This behavior reproduced the experimental observation much better and
shows that spatial averaging is a necessary step. A general theory of photoionization was
developed by Keldysh [284], who provided an expression for the number of electron-hole pairs
generated in a semiconductor by an applied strong electric field. Different interaction regimes
are distinguished by the Keldysh parameter v = w./mE,/ (eﬁp). Here, w is the laser angular
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Figure 4.9: THz generation efficiencies calculated with a 9PA (red lines) and a Keldysh
(blue lines) model of photoionization, without (dashed lines) and with (solid lines) averaging
over the beam cross section [272]]. Black symbols show the same experimental data as in

Figure (b)) )

frequency, mez = (mym})/(m; +m}) is the effective electron-hole mass, where m;, and m are
the effective masses of an electron and hole, £, is the bandgap energy of the material, e is the
elementary charge, and Ep = \/21y/cneg is the laser electric field, with the laser intensity I,
vacuum speed of light ¢, refractive index n at the laser wavelength, and free-space permittivity
€. The Keldysh model describes ionization by MPA at a low-intensity and high-frequency limit,
where v > 1. In our experiment, due to relatively low MIR frequencies, v ~ 1 in the saturation
regime of THz generation (Figure [4.9)), which is in the transition regime between multiphoton
ionization and tunnel ionization. Therefore, in a second series of calculations, we replaced the
simple MPA model and applied the general Keldysh theory to calculate the transfer rate of
the electrons from the valence band into the conduction band [285-288]] (see Section |4.1.4).
The material parameters used for the calculations were the effective electron-hole mass in
GaP, mes = 0.27 m, [292], and the direct bandgap energy, £, = 2.79 eV. Here, m, is the free
electron rest mass. The calculation based on the Keldysh model gave a similar steep increase
of the absorption coefficient with increasing pump intensity as the 9PA-based calculation, with
the onset of FCA at a slightly higher intensity (blue dashed line in Figure [4.8|(b)). Similarly,
the saturation of the THz generation efficiency occurred at a slightly higher intensity of about
180 GW/cm? in the calculation based on the Keldysh model, with a similar rapid drop at still
higher intensities (blue dashed line in Figure 4.9). Averaging over the beam cross section
resulted in a significant improvement in reproducing the experimental data (blue solid line in
Figure 4.9)).

In the infrared range, GaP is transparent up to about 11 um [135]] and pump-THz velocity
matching is feasible using CG technology. Increasing the pump wavelength beyond 3.9 um
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Figure 4.10: Concentration of free carriers generated by optical pumping, as a function of the
pump wavelength, calculated using the Keldysh model with a pump intensity of 160 GW/cm?
and two different pulse durations of 100 fs and 500 fs [272].

can advantageously eliminate MPA of still higher order (9PA and beyond). However, the
benefit of a smaller free-carrier concentration (at a given pump intensity, see Figure 4.10)), or
a higher useful pump intensity (generating a given amount of free carriers) reduces at longer
wavelengths. Assessing the efficiency of THz generation at such longer pump wavelengths
requires knowledge of material nonlinearity parameters that are not available to us currently.
The proof-of-concept experiments reported here used an OPCPA pump source. Substantially
higher wall-plug to THz efficiencies are expected by driving THz generation with lasers based
on transition-metal doped chalcogenide laser crystals, which can produce pulses in a similar
MIR wavelength range [293-295]].

4.1.6 Conclusions

A novel GaP contact grating THz source with a trapezoidal line profile was demonstrated,
pumped at a mid-infrared wavelength of 3.9 um. The source generated nearly-single-cycle
waveforms with a broad bandwidth of 6 THz. Due to the long pump wavelength, the lowest-
order effective multiphoton absorption was 9-photon absorption, which enabled exceptionally
high useful pump intensities up to 310 GW/cm?. The THz generation efficiency saturated
at a pump intensity of about 160 GW/cm?, 27 times higher than in a GaP source limited
by four-photon absorption [65]. Using 9-photon absorption and Keldysh photoionization
models, we analyzed effects of pump-induced free-carrier generation on THz generation
and the saturation of its efficiency. From the measurement of the intensity-dependent pump
transmission, we obtained a value of fSopa = (1.0 + 1.0/ — 0.5) x 107* cm'®/GW? for the
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9-photon absorption coefficient of GaP at 3.9 um. With the measured 2 wuJ pulse energy, the
estimated THz peak electric field strength was 1 MV/cm. Because of its lateral uniformity,
the GaP contact grating THz source is scalable to high pump pulse energies, available from
powerful mid-infrared sources, and multi-MV/cm THz field strengths. The monolithic and
collinear setup geometry is advantageous for user experiments, offering new possibilities for
high-field THz applications.
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4.2 Two-Photon absorption and its saturation in organic
terahertz-generator crystals

Organic nonlinear crystals are very attractive for the efficient generation of strong-field THz
pulses by optical rectification of femtosecond laser pulses. They have exceptionally large
second-order nonlinear optical coefficients and can provide broad bandwidth (>5 THz) in
a collinear geometry [74]. However, a disadvantage is the susceptibility of these materials
to optical damage. Linear and multiphoton absorption of the pump can increase the crystal
temperature above the melting point, or cause other degradation. Bonding the crystal to a
substrate with high thermal conductivity, such as sapphire, increases the damage threshold.
Besides heating, multiphoton absorption can produce free carriers, which absorb the generated
THz radiation, thereby reducing the efficiency of THz generation [79]. For designing efficient
and robust THz sources with organic crystals, it is important to have values for multiphoton
absorption coefficients.

4.2.1 Methods and experimental data

Figure [4.11|(a) shows photographs of the crystal samples, manufactured by Terahertz Innova-
tions and used in our transmittance measurements. The shape of the samples varied and their
size was about 10 x 10 mm?. The thicknesses of the crystals were (430 & 11.5) um for NMBA,
(237 4+ 3.5) um for BNA, and (662 + 8.7) um for MNA, as measured near their centers by
a stylus profilometer (KLA Instruments, model Alpha-Step D-600). The uncertainties in the
thickness values give the standard deviations along center lines across the areas illuminated
by the laser beam (see Figure 4.18). To increase optical damage thresholds, the manufacturer
fused the crystals to sapphire plates of 1 inch diameter for better heat removal [79]. A higher
damage threshold was important to enable transmittance measurements at higher pump
intensities, which would not be accessible with free-standing crystals but is needed for efficient
THz generation.

(a) [
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HWP  TFP  Lens,f=2m L Detector
/
Sapphire \

Organic crystal

Figure 4.11: (a) Photograph of the organic crystal samples fused to sapphire plates. (b)
Scheme of the experimental setup for the intensity-dependent transmittance measurements.
HWP: half-wave retardation plate, TFP: thin-film polarizer [[143]].

All crystal samples were b- or (010)-cut, suitable for the most efficient THz generation by optical
rectification [145] 147, 296]. In the linear and nonlinear transmission measurements, we set
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the laser polarization along the polarization direction for the most efficient THz generation
(indicated by the black markers in Figure (a): in NMBA [145]] and MNA [147] close to the
a-direction and in BNA along the c-direction [296]. We note that the colour inhomogeneity
(browning), observable in Figure [4.11](a) near the center of each crystal, is a known effect of
longer exposure to intense optical pumping and is associated with noncatastrophic damage
different from melting [79]]. The pictures were taken later, after longer usage of the crystals,
but the optical measurements reported here were made in a new, intact condition of the
crystals, before browning occurred. Additional measurements on used crystals are described
in Section

For the intensity-dependent (nonlinear) transmission measurements (see Figure |4.15)), we
used two laser sources with different wavelengths. A Ti:sapphire laser provided pulses of
100 fs duration (at half of the intensity maximum) and 780 nm mean wavelength (1.59 eV
photon energy), at a repetition rate of 1 kHz (black solid line in Figure [4.12|(b)). The other
source, an Yb:CaF, laser, delivered pulses of 220 fs duration at 1030 nm mean wavelength
(1.20 eV photon energy), with a repetition rate of 1 kHz. Because of the relatively large
bandgap energies in all three materials, the lowest effective order of multiphoton absorption
at 780 nm can be 2PA and at 1030 nm three-photon absorption.
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Figure 4.12: (a) Measured transmittances of the crystal samples at low intensity, as functions
of the wavelength. (b) Normalized spectra transmitted through the crystal samples, measured
with the 780-nm laser pulses at the highest average pump fluence of 6.3 mJ/cm?. The spectrum
of the incident laser pulses is shown for comparison (black solid line) [143]].

With polarized light of low intensity in a spectrophotometer (PerkinElmer, model Lambda
1050), we measured the linear transmittances of the crystal samples. Figure [4.12|(a) shows
the measured transmittances as functions of wavelength. From these data, we calculated the
bandgap energies of 2.75 eV in NMBA, 2.50 eV in BNA, and 2.56 eV in MNA. A comparison of
the bandgap energies to the laser photon energies gives information on the lowest effective
order of multiphoton absorption. To estimate the bandgap energies of the NMBA, BNA, and
MNA organic crystal samples, we used the Tauc plots [297-H299], as shown in Figure 4.13
Here, we plotted the quantity (aphr)'/? as function of the photon energy hv, where v is
the optical frequency, & is the Planck constant, and ay(v) is the frequency-dependent linear
absorption coefficient, with » = ¢/ and the speed of light, c¢. For materials with a direct
bandgap, the Tauc exponent p = 1/2 is commonly used. In the Tauc plot, the fundamental
absorption edge, associated with the bandgap, appears as a nearly linear, steep increase of
the function value with increasing photon energy. The bandgap energy (E,) can then be
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determined as the energy corresponding to the linear extrapolation of this steep part to zero
function value (to the horizontal axes in Figure [4.13)). For the bandgap energies, we obtained
2.75 eV in NMBA, 2.50 eV in BNA, and 2.56 eV in MNA, which agree well with previously
reported values in Refs. [144] (145, [300], [80, [145]], and [145] [146]], respectively. The Tauc
plots of NMBA and MNA in Figure feature rising parts at photon energies below their
respective bandgaps. These features are related to transmittance drops below 1% in NMBA
and 2% in MNA within a 25-nm narrow band above the respective fundamental absorption
edge and slower drops in a broader range (Figure [4.14). We note that these features were not
observed in Ref. [[145]] and may be related to different crystal qualities.
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Figure 4.13: Tauc plots to determine the bandgap energies for the NMBA, BNA, and MNA
crystal samples [[143]].
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Figure 4.14: Transmittances above the fundamental absorption edges, measured in the NMBA,
BNA, and MNA crystal samples as functions of the wavelength (bottom axis) and photon
energy (top axis) [143]]. Same data as in Figure (a).

The maximum pulse energy used in the experiment was about 4 mJ. The light intensity in
the crystal sample was controlled by a half-wave retardation plate and a thin-film polarizer
(Figure [4.1T|(b)). The laser beam first passed through the sapphire substrate and then through
the organic crystal. To reduce possible effects of material inhomogeneity and thickness
variation, and to exclude detector aperture effects, we placed the crystal samples into the
weakly converging beam of a lens with a long focal length of 2 m. The lens reduced the
beam diameter of the 780-nm (1030-nm) laser to 2w = 3.5 mm (2.7 mm) (at 1/¢* of the
intensity maximum) at the sample and to a slightly smaller value at the detector. For the
nonlinear transmission measurements, we used a detector (Gentec, model BEAMAGE-4M)
with a sensitive surface of 20.5x20.5 mm?. At the sample entrance, the maximum fluence
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was 6.3 mJ/cm?, averaged over the beam cross section 7w?, and the maximum intensity was
65 GW/cm?, averaged over the pulse duration 7 and the beam cross section. Throughout the
paper, fluence and intensity values refer to such averaging. Up to this highest fluence, we did
not observe any damage to the three crystal samples. (For comparison, the damage threshold
of a 200- um thin BNA on sapphire with similar laser parameters is about 13 mJ/cm? [79].)
No variation of the transmitted beam size was observed, and possible beam reshaping effects
on the transmission due to the nonlinear phase could be excluded. Reference measurements
without and with the bare sapphire substrate confirmed the linearity of the detector response
within the range of interest.
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Figure 4.15: Measured transmittances (7;,) of the organic crystals NMBA (red squares), BNA
(green circles), and MNA (blue triangles) at 780 nm (full symbols) and 1030 nm (empty
symbols) wavelengths, as functions of the incident pump fluence (F;), averaged over the
beam cross section (bottom axis). The top axes indicate the corresponding incident intensities,
averaged over the pulse duration and the beam cross section, for the 780-nm and the 1030-nm
pulses [[143].

Figure shows the optical transmittances (7},) of the NMBA, BNA, and MNA crystal
samples, measured at the laser wavelengths of 780 nm (full symbols) and 1030 nm (empty
symbols), as functions of the incident pump fluence F, = F/(7w?) and intensity I, = Fy/T.
Here, I is the laser pulse energy, w is the laser spot radius, and 7 = 100 fs (220 fs) is the pulse
duration of the 780-nm (1030-nm) laser. For all three organic materials, the transmittances at
780 nm decrease with increasing fluence. Ludlow et al. found similar behavior with 800-nm
pulses up to 3 mJ/cm? fluence, with somewhat higher transmittances [145]], probably due to
different crystal qualities. In contrast to 780 nm, at 1030 nm the transmittances are nearly
constant (empty symbols in Figure 4.15). This indicates that strong 2PA is present at 780 nm,
but no significant three-photon absorption occurs at 1030 nm within the applied intensity
range [301-303].
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To determine the 2PA coefficient, it is helpful to use the transmittance of a free-standing (bare)
organic crystal slab, without the effect of the sapphire substrate. In the calculation model, we
took into account the different qualities and, hence, reflection coefficients of the front and
back surfaces of the bare organic crystals, R and R, respectively. The quality of the front
surfaces was determined mainly by the sapphire surface of high polishing quality fused to the
sample, whereas the quality of the back surfaces by the lower polishing quality of the sample
(Figure[4.11)). By assuming a flat air-crystal front surface, we calculated R from the measured
refractive indices of the crystal samples. For the rough crystal-air back surface with scattering,
we obtained R; from fit to the experimental data, as described in Section [4.2.2| below. The
transmittance of the free-standing organic crystal slab (7)) can be obtained by multiplying the
measured transmittance (7,,) with a correction factor:

(1-R)

= 0CR)0-Ry

T,. (4.14)

Here, R, and R, are the intensity reflection coefficients at the air-sapphire and sapphire-
crystal surfaces, respectively. Because the contribution of multiple internal reflections to the
total transmitted intensity is below 1%, we neglected this in Equation The corrected
transmission (77) includes losses due to the first reflections at the flat front air-crystal and rough
back crystal-air surfaces, and the absorption inside the crystal. We calculated the reflection
coefficients R; and R, from the measured refractive indices of the crystal samples and from
the literature value of the refractive index of sapphire, 1.76 [[79]. Within the intensity and
wavelength ranges applied here, sapphire can be regarded as a transparent plate with no
intensity dependence of the refractive index. Using a spectroscopic ellipsometer (Semilab,
model SE-2000), we determined the refractive indices of the organic crystal samples as a
function of the wavelength, n()) (Figure [4.16)). The measured data are in good agreement
with the data in the literature above the fundamental absorption edges. At 780 nm wavelength,
the measured refractive indices are 2.03 for NMBA, 1.82 for BNA, and 2.23 for MNA. These
values match within 1.5% the reported data, 2.01 [[144, 304], 1.84 [141], and 2.20 [146),
305]], respectively. To calculate the reflection coefficients R;, Ry, and R, and the corrected
transmittances of the free-standing organic crystal slabs (1), we used the measured refractive
indices and the measured transmittances (73, see the main article). Here, R;, R, and R are
the intensity reflection coefficients for perpendicular incidence at the air-sapphire, sapphire-
crystal, and flat crystal-air surfaces, respectively. The values of R = (n—1)?/(n+1)* at 780 nm
are 11.6% for NMBA, 8.5% for BNA, and 14.5% for MNA.

From the measured refractive indices and the corrected transmittances, we calculated the
linear absorption coefficients as functions of the wavelength, ag(\) (Figure 4.16)). For the
calculation, we used the following formula [306]:

1 2
L1 \/(1-R)*"+4T?R?— (1 — R)?

Here, L is the thickness of the organic crystal. At 780 nm wavelength, we obtained linear
absorption coefficients of 3.5 cm~! for NMBA, 6.7 cm~! for BNA, and 4.5 cm~! for MNA.
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Figure 4.16: Measured refractive indices n(\) and linear absorption coefficients ay(\), which
has not been reported yet for NMBA, BNA, and MNA, as functions of the wavelength (solid
lines). Other refractive index data (dashed and dotted lines) are from the indicated literature.
The small jumps in the absorption coefficient data near 850 nm are due to a grating exchange
in the spectrophotometer [143].

For BNA, 5.3 cm~! was reported elsewhere [307], matching within 21% our result. To our
knowledge, for NMBA and MNA no optical absorption data have been reported yet. In the
following discussion, we focus on the 780-nm case. The goal is to characterize 2PA in the
organic crystals and to determine the relevant material data.

4.2.2 Two-photon absorption in NMBA

Based on the experimental data presented in Section [4.2.1, we start with a simple 2PA
model [308, 3091, dI/dz = —B,I?, where 3, is the 2PA coefficient, and z is the propagation
coordinate inside the crystal sample. The solution to this propagation equation is I(z) =
I1(0)/ [1 4 1(0)Byz] [308],1309]. In this solution, replacing I(0) by (1— R)Io, I(z) by I;/(1 — Ry),
and z by L accounts for reflection losses (multiple reflections are neglected). Subsequent
rearranging gives for the reciprocal transmittance through a free-standing crystal slab of
thickness L the following expression:

1 I 1

BoL
"1 R’

T I (1-R)(1-R)

Io. (4.16)

Here, I; is the transmitted intensity. A linear fit based on Equation to the reciprocal
corrected transmittance data gives the 2PA coefficient 3, [204,/310,[311], and the back-surface
loss coefficient R,.

For NMBA, the simple 2PA model of Equation with fy = 0.41 cm/GW and R, = 25.7%
agrees well with the experimental data throughout the entire intensity range up to 65 GW/cm?
(Figure 4.17|(a)). This indicates that 2PA determines the response of the material and this
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response can be described by a single parameter f;.

At low intensities of about I < /3¢ ~ 8.5 GW/cm?, linear absorption is not negligible in
NMBA and the analytic solution and Equation |4.16| are not accurate. Here, « is the linear
absorption coefficient (see Supplement 1: Refractive indices and linear absorption coefficients).
Fitting the numerical solution of the propagation equation d//dz = —(«ag+ 50! )! to experiment
gives fy = 0.43 cm/GW, about 5% larger than with the analytic solution. Furthermore, a
simple calculation shows that about half of the losses represented by R, originates from linear
absorption and scattering contributes with about 2% on top of the Fresnel loss. In contrast
to NMBA, in BNA and MNA the simple model with an intensity-independent 2PA coefficient
can fit the experimental data only at lower intensities, up to about 20 GW/cm? in BNA and
13 GW/cm? in MNA (dashed lines in Figures [4.17|(b) and [4.17|(c), respectively). At higher
intensities, the simple model strongly underestimates the transmittances of BNA and MNA.
Such a discrepancy clearly indicates that the simple 2PA model is not sufficient to describe the
intensity dependence of the crystal absorption and that other effects also contribute.
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Figure 4.17: Reciprocal transmittance (1/7") as function of the incident laser intensity (/)
for NMBA (a), BNA (b), and MNA (c). Symbols: corrected transmittance data, dashed lines:
linear fit based on Equation , solid lines: fit based on the saturated 2PA model [[143]].

4.2.3 Saturated two-photon absorption in BNA and MNA

A possible explanation why the observed behaviour in BNA and MNA deviates from the
predictions of a simple 2PA model could be the onset of higher-order multiphoton absorption
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above 20 GW/cm? and 13 GW/cm?, respectively. For example, the increase of the four-photon
absorption coefficient with increasing intensity was observed in GaP and ZnTe semiconductors,
which may be explained by the contribution of five-photon absorption [312]. In our case,
three-photon absorption would increase the nonlinear absorption 3,1 + /2, with a three-
photon absorption coefficient v, > 0, and consequently increase the reciprocal transmittance.
However, we observed an opposite behaviour: the sublinear scaling of 1/7" with intensity
(symbols in Figures4.17|(b) and [4.17(c)). Therefore, we can rule out the onset of three-photon
absorption at higher intensities. Furthermore, a negligible three-photon absorption in the
investigated intensity range is also consistent with the nearly constant transmittances observed
at 1030 nm wavelength (empty symbols in Figure |4.15).

Vicario et al. observed in DAST [209], another organic nonlinear crystal, a large spectral
broadening of the transmitted optical pulses. In combination with linear absorption, such a
spectral broadening can cause an effective nonlinear absorption different from 2PA. However,
this mechanism could be ruled out in our case because the observed moderate spectral
broadening (Figure 4.12|(b)) was not sufficient to convert a significant fraction of the laser
pulse energy to the absorption bands of BNA and MNA near 1500 nm wavelength, or below
600 nm near the fundamental absorption edges (Figure [4.12|(a)).

At intensities where the transmittances in BNA and MNA start to deviate from the simple 2PA
model, the nonlinear absorption is already strong. This can lead to a significant population
of the excited state and the depletion of the ground state. Thus, reduction of the number of
absorbing molecules may lead to the saturation of 2PA. The saturation of 2PA was observed in
CdS semiconductor [310], organic conjugated polymers [311]], and green fluorescent protein
[313]. Two-photon-pumped lasing was reported in a dye-doped solid matrix [309]. Saturation
of two- and three-photon absorption was observed in dye solutions [314]. The saturation of
four-photon absorption in GaP and ZnTe semiconductors was also observed [312].

To fit the experimental data for BNA and MNA, we applied a saturated 2PA model. In
this case, the saturated 2PA coefficient 5(/) is no longer constant but becomes intensity
dependent [310, 311} 1313],[314]. Some of the early works on saturated 2PA used a hyperbolic
approximation (1) = fy/(1+1/I) [310], similar to saturated single-photon absorption [315].
Here, I, is the 2PA saturation intensity. Schroeder and Ullrich noticed that even though such
an approximation can describe experimental data at low intensities well, it leads to incorrect
values of 3, and I [311]. More exact expressions were derived for homogeneously [311},313]]
and inhomogeneously [313] broadened saturated 2PA coefficients. Because our samples are
crystalline solids, to fit the experimental data, we used the expression for a homogeneously
broadened system [311],[313]],

Bo

== 1
1+ 2/ (4.17)

pI)

In the saturated case, we refer to [, as the low-intensity 2PA coefficient. For such ()
and negligible linear absorption, Schroeder and Ullrich gave an expression for the sample
transmittance. This expression can be easily modified to account for reflection and scattering
losses at the sample surfaces (similarly to Equation [4.16] above):
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In the evaluation of the saturated 2PA parameters for BNA and MNA, we first determined [,
and R; by a linear fit to the low-intensity part of the data, similarly to the simple 2PA case based
on Equation Then we used Equation to fit the full set of the corrected transmittance
data, with I; as the only free parameter. Table lists the best-fitting values of the low-
intensity 2PA coefficients (/3;) and the 2PA saturation intensities (/). The corresponding values
of Ry are 23.1% in BNA and 40.3% in MNA, with estimated contributions of back-surface
scattering of about 1.4% and 5.1%, reypectively. To obtain the uncertainties of (5, and I, we
varied one of these parameters while keeping the other one fixed at the best-fitting value and
allowed for a twofold increase in the root-mean-square deviation from the experimental data.
With the best-fitting values, the calculated intensity dependence of the reciprocal transmittance
is in good agreement with the experimental data throughout the entire intensity range (solid

curves in Figures [4.17|(b) and [4.17](c)).

Table 4.1: Low-intensity 2PA coefficients (5,) of NMBA, BNA, and MNA and 2PA saturation
intensities (/;) of BNA and MNA at 780 nm, obtained with the analytic and the numerical
models [143].

Low-intensity 2PA coefficient 2PA satuation intensity

Material By (cm/GW) I, (GW/cm?)
Analytic Numerical Analytic  Numerical
NMBA  0.41 £ 0.02 0.43 —
BNA  0.71 +0.03 0.78 ars 71
MNA  0.93 +0.03 1.07 378 34

The low-intensity 2PA coefficients of BNA and MNA are similar, 0.71 cm/GW and 0.93 cm/GW,
respectively. In contrast, the 2PA saturation intensity of MNA (37 GW/cm?) is about two
times smaller than that of BNA (77 GW/cm?), indicating a stronger saturation in MNA. This
is also visually obvious from the larger deviation of the experimental data from the simple
(unsaturated) 2PA model in MNA (dashed line in Figure (c)). Comparison shows that the
fluence corresponding to the 2PA saturation intensity in BNA, I,7 = 7.7 mJ/cm? (Table [4.1)),
and the damage threshold of BNA on sapphire as mentioned in Section for a thin crystal
about 13 mJ/cm? [79]], are of similar magnitude and the latter is about 1.7-times larger.

Because nonlinear absorption may depend on crystal quality and organic crystals are difficult to
grow, the crystal quality can have sample-to-sample variations or may degrade with usage and
time. We investigated the same three crystal samples at a few different positions (Figure [4.18),
after extensive use. The crystals were stored for a few months under ambient conditions
between the measurements in the intact and used states. (Figure Table discusses
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Figure 4.18: Photographs of the organic crystal samples (same as|4.11|(a)), with locations of
the laser spot in different nonlinear transmittance measurements. Solid circles refer to the
intact-state, and the dotted circles to the used-state measurements [143].

the results with the new intact crystals. Here, we also compare the results with intact samples
to those with used ones (Figure Table [4.2)). For a better accuracy of the 2PA parameters
Bo and I, in the evaluation of the transmittance measurements, we used the local sample
thicknesses at each position, as measured with a profilometer (KLA Instruments, model
Alpha-Step D-600).
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Figure 4.19: (a) Low-intensity 2PA coefficients (/3,) and (b) 2PA saturation intensities (),
measured at different positions on the NMBA, BNA, and MNA crystal samples at 780 nm
and evaluated with the analytic model [[143]. Full symbols: intact crystals (same data as in
Table [4.1); empty symbols: used crystals, with position labels (Figure [4.18).

The relative deviation of the low-intensity 2PA coefficients in the used state from those given in
Table 1 for new intact crystals was in most cases less than 10%. The only exception is Position 4
in NMBA, which deviates by about 50%. This might be related to the browning damage at this
spot, but in the other crystals we could not observe a clear similar correlation. For the 2PA
saturation intensities, we found up to 40% (27%) increased values in the used BNA (MNA)
crystals, which could hint at some slow change or degradation of these samples. These findings
support the importance of crystal quality and conditions of use for the optical parameters.
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The (low-intensity) 2PA coefficient of NMBA, obtained with the simple 2PA model without
saturation (0.41 cm/GW), is nearly two times smaller than the low-intensity 2PA coefficients
of BNA and MNA (Table [4.1)). This difference is consistent with the absence of saturation in
NMBA, because with weaker 2PA also the excited-state population is expected to be smaller.
Similarly to NMBA, at low intensities of about I < /3¢ ~ 9.4 GW/cm? (4.8 GW/cm?)
in BNA (MNA), linear absorption is not negligible and the analytic Equation |4.18| is not
accurate. Fitting the numerical solution of the propagation equation d//dz = —aoI — 3(I)1?
to experiment gives for BNA (MNA) 5, = 0.78 cm/GW (1.07 cm/GW), about 10% (15%)
larger than with the analytic solution. The saturation intensity is 71 GW/cm? (34 GW/cm?),
about 8% smaller than with the analytic solution.

In future work, a more accurate 2PA model, going beyond one-dimensional propagation, needs
to take into account the effects of linear absorption and the intensity variation across the laser
beam. Nonlinear absorption directly affects THz generation in two ways: (i) it influences the
optical pump intensity during propagation through the crystal; (ii) free carriers generated by
pump absorption can increase the absorption at THz frequencies. Furthermore, as discussed
above, nonlinear pump absorption is related to damage, which limits the useful pump intensity
for THz generation. The effective values of the 2PA material data in Table 4.1 can be used in
more realistic simulation models of THz generation and for more accurate estimations of the
crystal temperature and the damage threshold.

Table 4.2: Low-intensity 2PA coefficients (/3,) and 2PA saturation intensities (/;), mea-
sured at different positions on the NMBA, BNA, and MNA crystal samples at 780 nm and
evaluated with the analytic model [143] (Same data as in Figure 4.19).

: .\ Low-intensity 2PA coefficient 2PA satuation intensity
Material Position

Bo (cm/GW) I, (GW/cm?)
intact 0.41
1 0.38
NMBA 2 0.40 —
3 0.40
4 0.59
intact 0.71 77
1 0.69 109
BNA 2 0.73 97
3 0.72 96
4 0.74 89
intact 0.93 37
1 0.95 42
MNA 2 0.88 44
3 0.96 47
4 0.84 44
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4.2.4 Conclusions

Organic nonlinear optical crystals, pumped by femtosecond laser pulses in a simple collinear
geometry, are very attractive for the efficient generation of strong-field THz pulses by opti-
cal rectification. Crystals like NMBA, BNA, and MNA can be pumped directly at common
laser wavelengths. However, optical absorption in these crystals can critically limit the THz-
generation efficiency and result in optical damage. For the development of high-power
and high-field THz sources based on these promising materials, it is important to know the
nonlinear absorption. Therefore, in NMBA, BNA, and MNA crystals, we measured intensity-
dependent transmittances at the common laser wavelengths of 1030 nm and 780 nm. In BNA
and MNA, pumped at 780 nm, the measurements revealed strongly saturated two-photon ab-
sorption above 20 GW/cm? (2.0 mJ/cm?) and 13 GW/cm? (1.3 mJ/cm?) intensities (fluences),
respectively. In NMBA, within the observed range up to about 60 GW/cm? (6 mJ/cm?), we
did not observe the saturation of two-photon absorption. We gave effective values for the
low-intensity two-photon absorption coefficients and the saturation intensities for two-photon
absorption. Our results enable to build better numerical models of THz generation and optical
heating, with nonlinear pump absorption included, as well as more accurate predictions on
optical damage. These capabilities will aid the design and optimization of robust strong-field
THz sources using organic crystals pumped by femtosecond lasers directly, without frequency
conversion.
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Chapter 5

Summary

Strong-field terahertz (THz) radiation has rapidly evolved into a central tool for probing
and controlling matter [246, [247]. Its unique ability to interact with low-energy excitations
makes it invaluable across diverse applications, ranging from particle acceleration [29, 38, |42]]
to nonlinear spectroscopy [246] and even emerging medical techniques [316, [317]. The
generation of intense THz fields is therefore a cornerstone of modern ultrafast science, and
recent advances have focused on developing compact, efficient, and scalable THz sources.

Semiconductor materials [65, 93} [188]] have recently emerged as promising alternative sources
of strong THz fields. However, semiconductors with small bandgaps face a significant drawback
at common near-infrared pump wavelengths. They suffer from strong two- and three-photon
absorption and reduces THz generation efficiency. A promising solution is the use of longer
pump wavelengths, beyond 1 um [63] 86]. At these wavelengths, low-order multiphoton
absorption is strongly suppressed, allowing efficient THz generation without compromising
material integrity. Importantly, the pulse-front tilt (PFT) angles required for velocity matching
in semiconductors remain relatively small, typically below 30° [65]]. This is a crucial advantage,
as it enables the use of contact-grating (CG) technology, which integrates the grating directly
onto the semiconductor surface. This grating structure [39] at the entrance surface of the
semiconductor crystal tilts the intensity front of the pump pulse to achieve velocity matching.
CG-based designs eliminate the need for bulky external optics, resulting in highly efficient
and compact monolithic THz sources. Demonstrations in ZnTe [69]] and GaP [199] have
already validated the effectiveness of this approach, showing that semiconductor CG emitters
can achieve strong THz output with minimal complexity. The emergence of powerful mid-
infrared optical parametric chirped-pulse amplification (OPCPA) and laser systems [[70H72]]
further strengthens this strategy. By avoiding the detrimental multiphoton absorption that
plagues near-infrared pumping, mid-IR drivers provide an ideal platform for scaling THz
output. Semiconductor CG emitters driven by mid-IR OPCPA systems offer a pathway to
overcome longstanding limitations in THz generation, enabling strong-field sources free from
multiphoton absorption losses. In this work, I investigated a GaP contact-grating THz source
operated in a previously unaccessed mid-infrared pump wavelength range around 4 um and
explored some of the limitations by combining experiments with numerical simulations. Below,
thesis points 1 and 2 summarize the corresponding results.
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Organic nonlinear optical crystals have proven to be another highly efficient class of materials
for strong-field terahertz (THz) generation [73,[74, 76580, (145, (165, 202, 205, 208, [212].
Their large nonlinear coefficients, favorable phase-matching properties, and broad trans-
parency windows make them attractive alternatives to conventional inorganic crystals. In
many cases, organic materials can achieve higher conversion efficiencies, positioning them as
leading candidates for next-generation THz emitters. Despite these advantages, organic crystals
face significant challenges when pumped at shorter near-infrared wavelengths. Multiphoton
absorption processes, particularly two- and three-photon absorption, become prominent under
strong-field excitation [79}, (145] (148],215]]. These nonlinear absorption effects reduce THz
generation efficiency, introduce heating, and can lead to irreversible material damage. The
problem is especially severe at high repetition rates, where cumulative heating and absorption
effects limit operational stability [215} 318, 319]]. Consequently, while organic crystals are
efficient THz emitters, their performance is strongly dependent on pump wavelength and
operating conditions. To address these issues, several thermal management strategies have
been proposed [79] [215]]. These include active cooling systems, optimized crystal geometries,
and careful control of pump fluence to minimize heating. Such approaches can extend the
operational lifetime of organic crystals and reduce damage risks, but they do not fully elimi-
nate the underlying problem of multiphoton absorption. Moreover, the effectiveness of these
strategies varies depending on the specific crystal material and experimental configuration.
Thus, while thermal management can mitigate damage, it cannot substitute for a fundamental
understanding of the nonlinear absorption processes themselves. A critical limitation in the
current understanding of organic THz sources is the lack of reported multiphoton absorption
parameters. Key quantities such as damage thresholds, and wavelength-dependent nonlinear
coefficients remain largely uncharacterized for many organic materials. This absence of system-
atic data hinders predictive modeling of performance and makes it difficult to design robust
THz sources with confidence. The lack of predictive understanding also complicates efforts
to compare organic crystals with other classes of THz emitters, such as semiconductors or
lithium niobate, under equivalent operating conditions. However, multiphoton absorption at
shorter pump wavelengths remains a fundamental obstacle, leading to reduced efficiency and
material degradation. Future research should prioritize systematic measurement of multipho-
ton absorption parameters, damage thresholds, and thermal properties across a wide range of
organic crystals. Such data will enable predictive modeling, guide the design of optimized THz
sources, and unlock the full potential of organic materials in strong-field regimes. With these
advances, organic crystals could become central to the next generation of efficient, high-power
THz emitters, complementing semiconductor and inorganic approaches and expanding the
toolbox of ultrafast science. Motivated by this knowledge gap, I characterized the nonlinear
absorption of organic THz generator crystals like the widely-used BNA, and the novel NMBA
and MNA. Below, thesis points 3 and 4 summarize the corresponding results.
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5.1 Thesis points

. A novel gallium phosphide (GaP) contact-grating THz source with a trapezoidal line profile
was demonstrated using a 3.9 um mid-infrared pump. The estimated THz peak electric field
strength with 2 wJ pulse energy was 1 MV/cm. Because of its lateral uniformity, plane-parallel
geometry, and availability of large GaP single crystals of good quality; it is scalable to high
pump pulse energies, multi-MV/cm THz field strengths, and can generate nearly-single-cycle
THz pulses with a broad spectral bandwidth reaching 6 THz. At this long pump wavelength of
3.9 um, the lowest-order effective multiphoton absorption process was 9-photon absorption,
enabling the use of remarkably high pump intensities up to 310 GW/cm? [272]. The THz
generation efficiency saturated at approximately 160 GW/cm?, which is about 27 times higher
than in a GaP source limited by four-photon absorption [[65].The monolithic and collinear
setup geometry is advantageous for experiments, offering a powerful and scalable platform
for strong field THz science, nonlinear spectroscopy, and ultrafast material control, ideally
compatible with emerging powerful MIR pump sources offering new possibilities for high-field
THz applications .

. Based on high-order multiphoton absorption and Keldysh photoionization frameworks, I
developed simulation models suitable to consistently predict both intensity-dependent optical
pump absorption and THz generation in a broad intensity range, exceeding 300 GW/cm?
in mid-infrared pumped GaP. From intensity-dependent pump transmission measurements,
using the model based on multiphoton absorption, I determined a 9-photon absorption
coefficient of Bgpy = (1.0 + 1.0/ — 0.5) x 107?* cm'*/GW?® in GaP at 3.9 um wavelength.
By comparing measurements and simulations, I showed that the observed saturation of
THz conversion efficiency at high pump intensities arises from pump-induced free-carrier
generation. [ incorporated a spatial averaging over the pump beam cross section and found it
crucial for reproducing the experimental observation at high intensities, demonstrating that
realistic beam-profile effects must be included for accurate modelling. These results provide
a comprehensive experimental-theoretical description of nonlinear pump absorption and its
impact on mid-infrared driven THz generation [272].

. For the widely used organic THz-generator crystal BNA, and the new promising organic
THz-generator crystals NMBA and MNA, I measured the intensity-dependent pump trans-
mittance at the common laser wavelength of 780 nm. I determined the corresponding
low-intensity effective two-photon absorption coefficients to be (0.41 + 0.02) cm/GW for
NMBA, (0.71 £ 0.03) cm/GW for BNA, and (0.93 + 0.03) cm/GW for MNA. These results
can enable improved numerical models of THz generation and optical heating, incorporating
nonlinear pump absorption, to support the design of simple and robust strong-field THz
sources using organic crystals directly pumped by femtosecond lasers [143].

. At higher pump intensities of 780 nm wavelength, I showed that the intensity-dependent
absorption in BNA and MNA exhibit clear deviations from pure two-photon absorption. Three-
photon absorption, as well as the combined effect of linear absorption and spectral broadening
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could be excluded as possible reasons for this behaviour. I showed that the effect can be
explained by a saturation of two-photon absorption, occurring above an intensity of 20 GW/cm?
in BNA and 13 GW/cm? in MNA. In contrast, NMBA showed no evidence of two-photon
absorption saturation within the explored intensity range up to approximately 60 GW/cm?.
In BNA and MNA, I determined the saturation intensities of two-photon absorption to be
7715 GW/cm? and 377% GW/cm?, respectively [143]].
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Chapter 6

Magyar nyelvi osszefoglalo

Az er6s terli THz-es sugarzas napjainkra kulcsfontossagu eszkézzé valt az anyagvizsgalatban és
egyes anyagi tulajdonsagok szabalyozasaban [246] [247], elémozditva olyan alkalmazasokat,
mint a részecskegyorsitas [29, 38, [42], nemlinedris spektroszképa [246], valamint 1j orvosi
diagnisztikai és gydgyaszati mddszerek [316][317]. Egyes félvezet6 anyagok az utobbi évek-
ben igéretesnek bizonyultak nagy térerésségli THz-es impulzusok keltésében [|65, 93], [188],
azonban tipikus kozeli infravorés pumpalé hulldmhosszakon két- és haromfotonos abszorpcié
1ép fel a viszonylag keskeny tiltott sdv miatt. A kdros alacsonyrend( tobbfotonos abszorpcié
kikiiszobolhet6 nagyobb meghajté hulldmhosszak alkalmazdsaval [63]186]]. A meghajté optikai
és a keltett THz-es impulzusok kozotti sebességillesztéshez viszonylag kicsi — jellemzéen
30° alatti [[65] — impulzusfront-dolési szog sziikséges. Ez lehet6vé teszi az tin. kontaktracs
technolégian alapuld, egyetlen komponensbdl allé hatékony THz-es forrasok megvaldsitasat,
amit ZnTe [69] és GaP [199] esetében kordbban mar demonstraltak. A gyorsan fejlédd, nagy
teljesitményl kozép-infravoros OPCPA- és 1ézerrendszerek [70-72] idedlis meghajté forrdsai
lehetnek olyan félvezet6 anyagu THz-es forrdsoknak, amelyek mentesek az alacsonyrendi
tobbfotonos abszorpcié karos hatasaitdl. Jelen munkaban egy 4 um koriili kozép-infravoros
hullamhosszon meghajtott GaP anyagu kontaktracsos THz forrdst vizsgaltam. Kisérletek és
numerikus szimuldciok segitségével elemeztem a legfontosabb korlatozé tényezdket ebben
az adott alkalmazas szempontjabdl korabban nem vizsgalt tartomanyban. A vonatkozd ered-
ményeket az alabbi 1. és 2. tézispont foglalja Gssze.

Magas hatasfoku THz-es forrasok egy masik csoportja szerves anyagu nemlinedris kristalyokon
alapul [73] 74, 7680, (145, 165, 202, 205|, 208, 212]]. Egyik hatranyuk azonban, hogy —
kiilonosen rovidebb meghajté hullimhosszak esetében — a tobbfotonos abszorpcié korlatozza
az elérhet6 hatasfokot [79, (145, (148, 215]], fokozza a kristaly melegedését és roncsolodast is
okozhat. Léteznek ugyan hohatast csokkenté modszerek [79, 215], de a korlatozo tényezok a
nagy ismétlési frekvencidk esetében még erésebben jelentkeznek [215], 1318, 1319]. A kulcs-
fontossagu tobbfotonos abszorpcioé részletesebb vizsgdlata kordbban nem tortént meg, ami
korlatozza az elérhetd teljesitmény és a roncsolasi kiiszob el6rejelezhetéségét. Jelen munkdban
ezt a hidnyt igyekeztem poétolni egyes szerves THz-kelt6 kristdlyok — igy a széles korben
hasznalt BNA, valamint az ij NMBA és MNA — nemlinedris abszorpcidjanak jellemzésével. A
vonatkoz6 eredményeket az aldbbi 3. és 4. tézispont foglalja 6ssze.
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6.1 Tézispontok

. Egy 1j, 3,9 um-es kozép-infravoros hullamhosszon meghajtott, trapéz keresztmetszet(i vonal-
profilt alkalmazé gallium-foszfid (GaP) kontaktracsos THz-forrast demonstraltam. A keltett
THz-es impulzusok elektromos térerésségének becsiilt cstcsértéke 2 pJ impulzusenergia
esetében elérte az 1 MV/cm-t. A sik-parhuzamos geometridnak, valamint a j6 min6ség,
nagy méretli GaP egykristdlyok elérhet6ségének koszonhetéen a forrds jol skdldzhatd nagy
meghajté impulzusenergiara és tobb MV/cm térerésségre. Képes nagy, akar 6 THz spektralis
savszélességii, kozel egyciklusu THz-es impulzusok eléallitasara. A legalacsonyabb rendi
effektiv tobbfotonos abszorpcids folyamat a kilencfotonos abszorpcid volt az alklamazott nagy,
3,9 um-es meghajté hulldimhosszon, ami lehetévé tette a rendkiviil nagy, akar 310 GW/cm?
pumpald intenzitds alkalmazdsat [272]. A THz-keltés hatdsfoka 160 GW/cm? pumpalé in-
tenzitasnal telitoédott, ami mintegy 27-szerese a négyfotonos abszorpcid altal korlatozott
intenzitdsnak [|65]. Az egyetlen komponensbdl alld, egyszert kollinaris pumpalasi THz forrds
kifejezetten el6nyos kisérletekhez az erds terti THz-es fizika, a nemlineéaris spektroszképia,
valamint az ultragyors folyamatok vizsgélatdban és kontrolldldsdban. A nagy teljesitmény(i
kozép-infravoros pumpalo forrasokkal valé kompatibilitasa révén 1j lehet6ségeket nyit a nagy
térer6sségli THz-es alkalmazasokban.

. Magasrend{ tobbfotonos abszorpcién és Keldysh-féle fotoionizacids elméleten alapul szimuld-
ciés modelleket dolgoztam ki, amelyek alkalmasak arra, hogy el6re jelezzék mind a meghajtd
kozép-infravorés impulzusok intenzitasfiiggé abszorpcidjat, mind pedig a THz-keltést egy
igen széles, akar 300 GW/cm?-t is meghaladd intenzitdstartomdnyban GaP esetében. A
pumpa intenzitdsfiiggd transzmisszidjanak mérésébol — a tobbfotonos abszorpcion alapuld
modell alkalmazasaval — meghataroztam a GaP 9-fotonos abszorpciés egyiitthatdjat, amely
(1,0+1,0/ —0,5) x 10722 cm!>/GW® értékiinek ad6dott 3,9 um hulldmhosszon. Mérések és
szimuldcidk 6sszehasonlitdsdval kimutattam, hogy a THz-konverzids hatdsfok nagy pumpald
intenzitasoknal megfigyelt telitddése a pumpa 4ltal keltett szabad toltéshordozdk hatdsara
vezethetd vissza. A pumpald nyaldb keresztmetszetére kiterjesztett térbeli dtlagolas kulcs-
fontossdgunak bizonyult a nagy intenzitdsoknal mért kisérleti eredmények reprodukéldsahoz.
Megallapithaté tehat, hogy pontos modellezéshez sziikséges a valosaghi nyalabprofil hata-
sainak figyelembevétele is. Ezek az eredmények atfogd kisérleti és elméleti leirast adnak
az alkalmazott kozép-infravoros meghajté impulzusok nemlinearis abszorpciéjarol, valamint
ennek THz-keltésre gyakorolt hatasarol [272].

. Egy széles korben haszndlt szerves THz-kelto kristdly, a BNA, valamint két 4j igéretes kristaly,
az NMBA és az MNA esetében a gyakran haszndlt 780 nm-es lézer hulldimhosszon megmértem
az intenzitasfiiggd transzmittanciat. Mindhdrom anyagra meghatdroztam az alacsony in-
tentzitdsokndl érvényes kétfotonos abszorpcids egyiitthatét, amely BNA esetében (0,71 +
0.03) cm/GW-nak, NMBA esetében (0,41 + 0.02) cm/GW-nak és MNA esetében (0,93 +
0,03) cm/GW-nak adddott. Az eredmények lehet6vé teszik a THz-keltés és az optikai pumpalas-
bol ered6 héhatds pontosabb numerikus modellezését, amely figyelembe veszi a meghajto
impulzusok nemlinedris abszorpcidjat is. Mindez hozzdjdrulhat szerves kristalyokat alkalmazo,
egyszer( és megbizhatd erds terti THz-es forrasok tervezéséhez, amelyek femtoszekundumos
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lézerekkel kozvetlentiil, frekvenciaatalakitas nélkiil meghajthatok [143].

. Kimutattam, hogy BNA-ban és MNA-ban az intenzitdsfiigg6 abszorpcié vieselkedése nagyobb
intenzitdsu, 780 nm-es hulldmhosszti pumpdlds hatdsdra eltér a tiszta kétfotonos abszorpcio
esetében varhat6tdl. A lehetséges magyarazatok koziil kizarhato volt a haromfotonos abszorp-
cid, illetve a linedris abszorpcié és spektrdlis kiszélesedés egyiittes hatdsa. Megmutattam, hogy
a tapasztalt jelenség a kétfotonos abszorpcio telitédésével magyarazhato, amely BNA esetében
20 GW/cm?, MNA esetében pedig 13 GW/cm? feletti intenzitdsoknél jelentkezett. Ezzel
szemben az NMBA esetében a vizsgélt intenzitdstartomdnyban — nagyjabdl 60 GW/cm?-ig
— nem mutatkozott a kétfotonos abszorpcié telitédésére utalo jel. BNA és MNA esetében a
kétfotonos abszorpcid telitési intenzitdsat rendre 775" GW/cm?-nek, illetve 3775 GW/cm?2-nek
hatdroztam meg [143].
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