Generation of High Power Single-cycle and

Multiple-cycle Terahertz Pulses
by
Zhao Chen

Submitted to the Department of Chemistry
in partial fulfillment of the requirements for the degree of ..

Master of Science

at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
February 2013
(© Massachusetts Institute of Technology 2013. All rights reserved.

Author ......... o S AP P
Department of Chemistry
February, 2013

Certified by........ 75 T T e e
Keith A. Nelson

Professor of Chemistry

Thesis Supervisor

Accepted by ......... S T

g

Robert W. Field
Chairman
Departmental Committee on Graduate Students



Room 14-0551
- — 77 Massachusetts Avenue
. . Cambridge, MA 02139
MITLibraries o T a0
. mail: docs@mit.edu
Document Services http://libraries.mit.edu/docs
DISCLAIMER

MISSING PAGE(S)

1-7






Generation of High Power Single-cycle and Multiple-cycle
Terahertz Pulses
by
Zhao Chen

Submitted to the Department of Chemistry
on February, 2013, in partial fulfillment of the
requirements for the degree of
Master of Science

Abstract

In this thesis, we present experimental methods and results of tabletop generation of
high power single-cycle and frequency-tunable multiple-cycle terahertz (THz) pulses
pumped with near-infrared ultrashort optical pulses at 1 kHz and 10 Hz repetition
rates. Single-cycle THz pulses with sub-picosecond duration and more than 50 pJ
pulse energy, and multiple-cycle THz pulses with picosecond duration and more than
10 uJ pulse energy, are achieved respectively. These THz outputs are very close
approximations to Gaussian beams, and can be well collimated and focused into
samples for time-resolved spectroscopic experiments. This may allow for explorations
in coherent nonlinear spectroscopy in the THz region such as the photon echo and
multidimensional spectroscopy, revealing novel phenomena in solids, liquids, gases,
and complex materials.
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Chapter 1

Introduction

The modern spectroscopy and light-matter interactions began in the 1950s with the
invention of the maser and laser technologies. This has facilitated numerous scien-
tific and technological explorations in atomic and molecular spectroscopy, nonlinear
optical phenomena, precision measurement and engineering, and quantum computa-
tions due to the newly accessible high-intensity, narrow spectral width, and phase
coherence. The advent of ultrashort laser pulses allowed for the observation of many
fascinating dynamic processes in solids, liquids, glassy states, complex materials and
structures that typically occur on the order of nanoseconds, picoseconds, or even a
few femtoseconds. Some examples of these processes include strongly correlated elec-
tron systems, molecular vibrations and relaxations, transient optical nonlinearity, and
multiple-quantum coherence. In the electromagnetic and mechanical spectra, elemen-
tary excitations in condensed matter materials cover a wide range of frequencies, from
megahertz (MHz) to gigahertz (GHz) for acoustic phonons, terahertz (THz) for optic
phonons and phonon-polaritons, infrared for intramolecular vibrations, and visible to
ultraviolet for electronic energy levels. While many light sources and experimental
methods have been successfully developed to excite and probe these dynamics at the
microscale, coherent radiation and applications in the THz region have remained rel-
atively unexplored until the recent decades due to the challenges of generating and
guiding high-energy, efficient THz sources.

In this thesis, we present and demonstrate a few experimental techniques for the
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generation and enhancement of near-single-cycle and multi-cycle THz pulses based on
nonlinear optical excitation of coherent phonon-polaritons through impulsive stimu-
lated Raman scattering in ferroelectric crystals, such as lithium tantalate (LT) and
lithium niobate (LN), and generation of coherent THz pulses by optical rectification
of the near-infrared pump pulse. These phase-coherent THz pulses with picosecond
durations and well defined waveforms are attractive not only because the oscillation
periods are suitable for time-resolved measurement of many dynamics in semiconduc-
tors, liquids, superconductors, and organic materials, but the frequency components
can directly excite and efficiently drive intermolecular vibrational modes with fewer
nonlinear optical processes such as higher order phase modulations, white-light con-
tinuum generation, cascaded processes [86, 68], or multi-photon absorption [59] that
may lead to photorefractive damage. In particular, recently developed high-energy
THz pulses [132, 133, 58, 52, 54] enabled the observation of various aspects of nonlin-
ear optics and spectroscopy in the THz regime [62, 109], including self-phase modula-
tion and harmonic generation [55], the dynamic Franz-Keldysh effect, the THz Kerr
Effect in nonpolar liquids [60], impact ionization and carrier cooling [61], intrinsic
lattice anharmonicity [69, 72|, and THz-induced molecular alignment [39]. With the
development of THz technologies and phase and amplitude shaping of THz pulses,
explorations of nonlinear THz photon echo and multidimensional spectroscopy, co-
herent collective ionic motions associated with macroscopic structure, and complex

lattice mode coupling dynamics will become increasingly accessible in the near future.

1.1 Elementary excitations and phonon-polaritons

Since the source of THz radiation and one of its spectroscopic applications is in a
solid state medium [49], a brief overview of the material structure and elementary
excitations [87] is presented here as an introduction. Solid state is one of the common
states of matter on Earth, and its constituent atoms, molecules, or ions have a distinct
spatially periodic pattern that forms a lattice in all three dimensions. Interactions

between the closely-packed nuclei and the electron clouds bound around them result
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in many distinct physical, thermal, electromagnetic, and optical properties, such as
superconductivity, energy transfer, chemical reactions, ferroelectricity and structural

rearrangements.
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Figure 1-1: An illustration of a crystal lattice structure with translational symmetry. The collective
vibrations of atoms and molecules around their equilibrium sites can be described as motions that
follow many characteristic (a) longitudinal or (b) transverse normal modes that are internal degrees
of freedom of the crystal. The lattice constants are usually a few Angstroms (or 101 m), and the
phonon wavelengths can range from several lattice constants to much longer sizes, on the order of
microns to 100 microns or 1075 m to 1074 m.

Vibrations of atoms around their equilibrium locations at small amplitudes can be
well approximated as harmonic oscillations, and collective motions can be described
by characteristic modes due to the translational symmetry and long range order
of the lattice structure, as shown in Figure 1-1. The energy quantum, or quasi-
particle, of this type of collective motion is a phonon. The phonon modes can be
categorized as transverse or longitudinal, depending on the relationship between the
direction of vibration and wave propagation, and acoustic or optical, depending on the
change in the unit cell structure. Acoustic phonons are mechanical motions associated
with longitudinal or shearing of the basic lattice element, while optical phonons are
vibrations internal to unit cells that are sometimes accompanied by electromagnetic
absorption and emission, along with mechanical motions. Crystal lattice constants
are usually a few Angstroms or 107'Y m, and phonon wavelengths can be much longer,
on the order of microns to 100 microns or 107% m to 10~% m, in which case about
10% to 10° neighboring nuclei move in exactly the same way, synchronized in a phase-

coherent manner.
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In a polar or ionic crystal, oscillations in the form of optical phonons are intrinsi-
cally polarization waves or dipole oscillations that will generate new transverse elec-
tromagnetic waves along with their vibrational motions, which in turn will be strongly
coupled with optical phonons with comparable frequency and wavevector components.
Different electromagnetic frequency components can only propagate with speeds de-
pending on the strength of interaction with the phonon modes, the later of which
are determined by electronic and lattice properties. The energy quantum, or quasi-
particle, of this type of cooperative motion is a phonon-polariton [21, 36, 12, 65],
and it has both a vibrational phonon part as well as an electromagnetic photon part.
The THz radiation that will be presented in this thesis is based on coherently excited

phonon-polaritons in ferroelectric crystals.
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Figure 1-2: Qualitative illustration of (a) typical acoustic and optical phonon dispersions, (b)
long wavelength phonon-polaritons near the center of the first Brillouin zone, and (c¢) the frequency
and wavenumber components of the phonon-polaritons associated with the A, transverse optical
phonons in THz generation in lithium niobate (whose lowest optic phonon frequency is 7.6 THz).

As shown in Figure 1-2, the frequency and wavenumber components of phonon-
polaritons are near the center of the first Brillouin zone in the phonon dispersion
diagram of a typical solid state polar crystal. The acoustic phonon modes and the
majority of the longitudinal optical phonon modes do not interact with electromag-
netic radiation. The phonon-polaritons in THz generation are associated with the
lowest A; transverse optical phonon mode, with wavenumber components generally

less than 100 em~'. The concave shape of the dispersion shows that higher frequency
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electromagnetic radiation in this region correlates with stronger interaction with op-
tical phonons.

Both acoustic and optical phonon modes, as well as phonon-polariton modes, are
internal degrees of freedom of the crystal, which means that collective motions of
nuclei can be described by combinations of these normal modes, independent of their
external conditions or how they are excited. For example, with room temperature
thermal energy at about 25.6 meV (which is 6.1 THz), phonon modes with eigen-
frequencies at a few THz are already excited, randomly fluctuating, and statistically
populated.

There are many other elementary excitations in solids, such as magnon-polaritons,
the coupling of spin waves with electromagnetic fields, plasmons, electron oscilla-
tions around the lattice of ions, and excitons, bound states of electrons and holes.
With combinations of materials, defects and doping, and engineered structures, these
quasi-particles can exist in many varieties. Examples include the excitations of quan-
tum wells and superlattices, carbon nanotubes and graphene, photonic and phononic
crystals, and their surface versions, such as surface exciton-polaritons and surface
plasmon-polaritons.

Excitations of electronic and lattice motions are studied in a variety of ways,
including the spectroscopic methods in studying condensed matter that we will briefly

introduce below.

1.2 The development of experimental methods

Light has been one of the important experimental methods over the course of scientific
explorations. Even understanding what light is, in terms of its wave and particle
nature, was not achieved until the beginning of the twentieth century. The classical
spectral nature of light and the concept of spectroscopy, however, date back as early
as Newton’s sunlight dispersion and recombination experiment with a glass prism
in 1665. The study of characteristic emission and absorption spectra from atoms

such as hydrogen helped the establishment of the atomic structure, and efforts to
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identify the origins of fine spectral intensity and position under various thermal and
electromagnetic conditions contributed to our understanding of nuclear structure,
particle spins, and quantum and statistical theory. Early atomic spectrum analyses
were primarily around the visible region, but gradually extended into other parts
of the spectrum along with the identification of invisible radiation, from ultraviolet,
x-ray, and gamma ray frequencies on one end, to infrared, microwave, and radio

frequencies on the other.

(a) (b)

laser

Y
\

Figure 1-3: A qualitative illustration of (a) elastic light scattering with x-rays that can resolve the
lattice structure at the atomic level, and (b) inelastic light scattering, such as Brillouin and Raman
scattering, that can resolve the vibrational properties of matter. Note that the scattering angle can
be as small as a few degrees in some cases.

The experimental study of condensed phase materials advanced with the devel-
opment of light scattering techniques, including x-ray diffraction. The wavelengths
of x-rays are typically on the order of Angstroms, or 1071 m, which matches well
with the structural features of lattices, as shown in Figure 1-3. This method allowed
for atomic level research into chemical bonds, biological, and macromolecular struc-
tures, such as the nucleic acid DNA. Inelastic light scattering, such as Brillouin and
Raman scattering, were discovered in the 1920s [15, 95], and have been the primary
experimental methods to study the vibrational properties of matter.

The advent of maser and laser technologies revolutionized the world of spec-
troscopy. During the first several years after the invention, coherent radiation in
the visible and infrared regions became available for coherent Brillouin and Raman

scattering. A HeNe laser operating at 6328 A was implemented in the Raman scat-
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tering experiments of optical phonon modes in LiNbO3 [6] and phonon-polaritons in
GaP [57]. In the Raman scattering experiment of phonon-polaritons in ZnO [92] and
electro-optic measurement in LiINbOy [70], the light source was an argon ion laser
operating at 4880 A. Just as the generation of the laser is itself a process of stimu-
lated amplification, these scattering processes also have stimulated versions. In the
experimental observation of stimulated Brillouin scattering [20, 44|, the light source
was an intense ruby laser operating at 6940 A. Stimulated Raman scattering [32, 10]
was also discovered through the radiation at 7670 A while researching the operation

of the ruby laser.

potential energy
potential energy

| ..
,ﬂ’f'

vibrational displacement Q vibrational displacement Q

Figure 1-4: A qualitative illustration of (a) typical potential energy surface at the ground electronic
state, (b) the classical picture of electronic energy levels and the initiation of coherent vibrations,
(¢) the quantum picture of electronic energy levels, the phonon-coupled electronic transition, and
coherent vibrational modes in the harmonic potential energy surface.

In a typical crystalline material with translational symmetry, absorption and emis-
sion between electronic levels occur in the visible to ultraviolet region, and are usually
accompanied by vibrational transitions that forms phonon sidebands in the spectrum.
Experimentally, inelastic and stimulated light scattering techniques [50] and theories
(65, 12, 103] have allowed the careful assignment of phonon [6, 98] and phonon-
polariton modes [57, 21, 85|, as well as the measurement of anisotropic polaritons
[22], dielectric dispersions, and electro-optic coefficients [70].

The invention of the laser made possible numerous measurements of condensed
phase materials with frequency-domain spectroscopy, and the development of pico-

to femtosecond laser technologies [102] enabled ultrafast methods to reveal transient
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phenomena and bring spectroscopy into the dynamic regime. The classical experi-
mental method is the pump-probe technique, where a pump light pulse excites the
sample and creates a coherent nonequilibrium state, followed by a variably delayed
probe pulse that monitors the state relaxation that typically takes place on a very
short time scale. In condensed phase materials, the collective resonances of electrons
are close to the visible region, while the heavier nuclei have a longer characteristic
time of collective motions on the picosecond scale. Upon irradiation of an intense
laser pump in the visible region, the typical dynamics are that the electrons respond

immediately and relax quickly, and the nuclei respond and relax relatively slower.
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Figure 1-5: An illustration of (a) impulsive stimulated Raman scattering [126, 27] with temporally
impulsive and spatially periodic excitation geometry (pulse sequences [117] can also be implemented
to excite a selected frequency) and (h) wavevector overtone spectroscopy [14] with the same type of
laser excitation geometry. Diffracted signals at wavevector overtones will appear with large coherent
phonon vibrational motions.

w

The impulsive stimulated Raman and Brillouin scattering technique [126, 34| in-
volves two excitation pulses crossed at the sample with a wavevector difference to
create a transient grating pattern, as shown in Figure 1-5. This temporally im-
pulsive, spatially periodic excitation can selectively excite coherent phonons at the
wavevector difference, and the variably delayed probe pulse can be scattered at the
phase-matching angle. The impulsive limit was realized with picosecond lasers for the

excitation of acoustic phonons, and femtosecond lasers for the excitation of optical
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phonons and phonon-polaritons, which means that the pulse duration is smaller than
the oscillation period of the targeted phonons. In the classical picture, impulsive
excitation exerts a sudden force on the nuclei in the potential surface of the ground
electronic level. Many improvements were also made based on this method, namely
impulsive stimulated thermal scattering, pulse sequence excitation [118, 119, 117] with
pulse shaping techniques [73], the implementation of a phase mask to improve beam
overlap [83], and wavevector overtone spectroscopy [14] to monitor large coherent

vibrational motions.

1.3 Terahertz optics and spectroscopy

The Raman spectroscopy technique can be implemented to study vibrational modes
and to launch coherent vibrations that are Raman active and associated with changes
in polarizability. For many samples lacking a center of inversion symmetry, the optical
phonon modes that are Raman active are also infrared (IR) active and associated with
changes in dipole moment, so the system will have a strong response if directly excited

by radiation in the THz region.
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Figure 1-6: An illustration of THz time-domain spectroscopy. Based on optical generation with
ultrashort laser pulses, THz radiation can be well-integrated into the spectroscopy experiment as the
pump pulse. the probe pulse, or both. Time-resolved absorption spectroscopies can be conducted.

Phonon-polaritons in polar ionic and molecular crystals have been of considerable

interest as a source of far-infrared electromagnetic waves given the mixed phonon-
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photon character. Coherent generation with pico- and femtosecond optical pulses
through stimulated Raman scattering in electro-optic LiNbO3 and LiTaO; crystals
were carefully studied and observed [130, 23, 28, 124]. An integrated polaritonic plat-
form [36] was developed to observe and image the generation and control of phonon-
polaritons that travel at light-like speed in the crystal, with optical pulses that are
shaped temporally [116], spatially [23, 38, 73], and spatiotemporally [37]. Many in-
tegrated functional elements have also been demonstrated, such as waveguide and
diffractive elements [36], with potential applications in THz signal processing.

THz time-domain spectroscopy [48, 100] was made possible with the development
of coherent free-space THz radiation. This can be generated through photoconductive
antennas [4, 35], electro-opic crystals [130, 9], air plasmas [33, 71], and free electron
lasers [17]. As shown in Figure 1-6, based on optical generation with ultrashort laser
pulses, THz radiation can be well integrated into the spectroscopy experiment as
the pump pulse, the probe pulse, or both for absorption as well as time-resolved
spectroscopy and measurements.

The generation of intense THz pulses based on the tilted intensity front [132, 52,
54, 58, 62, 55] technique has enabled many spectroscopy experiments [61, 109, 60, 39]
in solids, liquids and gases at the high-field regime. Numerous investigations into
collective electronic and nuclear dynamics remain to be explored.

This thesis is organized as follows: in Chapter 2, the theoretical background and
simulations of phonon-polariton generation and control through impulsive stimulated
Raman scattering with ultrashort laser pulses is introduced. Chapter 3 describes the
experimental methods and general considerations. In Chapter 4, generation of high
power single-cycle and tunable multi-cycle THz pulses are elaborated. Chapter 5 is
the nonlinear phenomena observed in THz generation process where simulations as

well as experimental results are presented.
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Chapter 2

Generation, Control, and

Enhancement of Phonon-polaritons

This work is in collaboration with Dr. Christopher A. Werley of the Massachusetts
Institute of Technology.

The theoretical background of optical phonons [6] and phonon-polaritons [12,
21, 22] in polar ionic and molecular crystals, and their coherent excitation mecha-
nism through stimulated Raman scattering [103, 16] as well as in the impulsive limit
[126, 127, 128], have been extensively studied. These properties were experimentally
confirmed by near-forward Raman scattering [57], stimulated Raman scattering with
picosecond pulses [130], and femtosecond excitation in the impulsive-limit [28, 124].
In this chapter, we briefly present the theoretical background and coherent excita-
tion of phonon-polaritons in ferroelectric crystals LiNbOg and LiTaO3 with standard
Gaussian and shaped ultrashort optical pulses in the classical framework, with em-
phasis on how the THz waveform, and the frequency and wavevector components, are
influenced by laser pulses in the generation process. Phonon-polaritons in a thin fer-
roelectric crystal and methods of amplitude enhancement by spatiotemporal focusing

and optical waveform control are also introduced.
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2.1 Phonon-polariton properties in ferroelectrics

The platform for generation of THz phonon-polaritons in this thesis is based pri-
marily on uniaxial ferroelectric crystals LINbO3 and LiTaOs, which have a ten-atom
trigonal structure periodicity along all three dimensions. These crystals have an optic
axis or the extraordinary axis, along which the Li, Nb, and Ta ions are positioned
with slight asymmetry in the room temperature ferroelectric phase, and the crystal
shows macroscopic spontaneous polarization. The Curie temperatures for LiNbOj3
and LiTaOgj are approximately 1415 K and 883 K respectively, and the melting tem-
peratures are approximately 1530K and 1923 K respectively. Both crystals have a
wide transparency range that covers the entire visible and infrared spectrum, and
both have large electro-optic coefficients, which is one of the major reasons for the
application of THz generation with ultrashort optical laser pulses and appropriate

phase matching techniques.

2.1.1 Phonon and phonon-polariton modes

The polar optical phonons in LiNbOj3 and LiTaO3 have well-known (4A; + 9E) modes
[70, 6] for both transverse (TO) and longitudinal (LO) optical phonons. Mode assign-
ments, Raman scattering efficiencies, and contributions to electro-optic coefficients
can be measured through Raman spectra. The A; symmetry modes correspond to
the vibrations of Li and Nb ions along the optic axis, and the E symmetry modes
correspond to the stretching of oxygens in the plane perpendicular to the optic axis,
as shown in Figuré 2-1. As an example, in the A; symmetry modes of LiNbOj3 [70],
the transverse mode frequencies are [70] 7.6 THz, 8.3 THz, 10.0 THz, and 19.1 THz,
and the longitudinal mode frequencies are 8.2 THz, 10.0 THz, 12.8 THz, and 26.2
THz.

Electromagnetic waves in the crystal can couple with different transverse and
longitudinal optical phonon modes depending on the propagation direction k, and the
angle between k and the optic axis z is denoted as € in this thesis. When 6 = 0° or

k || z, the A; symmetry mode is longitudinal and the E symmetry mode is transverse,
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and in the case of # = 90° or k L z, the E symmetry mode is longitudinal and the
A, symmetry mode is transverse. In the general propagation direction when 0° <
0 < 90°, the wave is a mixed TO+LO type. It has been demonstrated experimentally
that the electro-optic effect is due primarily to the contributions from the lowest A,
transverse optical phonon mode [70] resonant at 7.6 THz in LiNbOj, and that it
has the largest nonlinear 733 number. When the wave-vector k is perpendicular to
the optic axis z, all the longitudinal lattice vibrations are without dispersion, and
the strong coupling between the lowest transverse optical (TO) phonon mode and
electromagnetic waves exist in the form of phonon-polaritons that can be coherently
generated and provide a source for THz radiation. The coupling of electromagnetic
waves with other transverse optical phonon modes is very weak and can usually be
neglected, which will become clear in the classical harmonic oscillator model that is

introduced in the following sections.
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Figure 2-1: Ilustration of (a) the uniaxial crystal structures of LiNbOy and LiTaOg, and (b) the
optical phonons and phonon-polariton dispersions when the wave vector is perpendicular to the optic
axis. The longitudinal lattice vibrations (LO) are without dispersion, and there is strong interaction
between the lowest A transverse mode (TO) and the electromagnetic wave.
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2.1.2 Classical model of phonon-polaritons

The classical model of phonon-polariton [65, 12] mainly contains the phonon part and
photon part. The collective ionic motions in the form of phonons can be modeled as
harmonic oscillators along the phonon normal mode coordinate Cj = v/ NMw, where
M is the reduced mass of the unit cell, N is the oscillator density, and w is the reduced
mass displacement. Based on the dielectric polarization P , macroscopic electric field
E, and b coeflicients that are characteristic of the material and depend on the wave

propagation direction relative to the optic axis of the uniaxial crystal,

by = —who (2.1)
biz =by = wro 60(80 - Eoo) (2-2)
baa = €0 — 1) (2.3)

the phonon motion equations can be written as:

—

Q =b1@Q@ +biE (2.4)
ﬁ = bQIQ' + b22E (25)

To account for phonon-phonon interactions as well as other relaxation terms, a phe-

nomenological damping term I' is introduced, and the equation becomes:

The photon component can be modeled by Maxwell’s equations:

5 oB

. oD
V-B =0 (2.9)
V-D = 0 (2.10)



which, when combined with vector and scalar potentials,

. L o A

B=VxA, E——-AE—VQB (2.11)
and polar phonon motions,

[j = 80E+ﬁ = (€0+b22)ﬁ+621@ (212)

can lead to the coupled vector potential equation:

/D = —HoWTOV 60(50 — 800)@ (213)

V24 -
( /e

so the governing equations modeling the phonon-polaritons with both electromagnetic

and vibrational dynamics are:

G+IG+uw?o@ = bpE
(V2A — Eg/le_oo’i) = —powrov/eo(Eo — £oo)@

(2.14)
2.1.3 Dielectric function and quantitative dispersion

With the constitutive relation P(w) = €y(e-(w) — 1) E(w), the dielectric function can

be derived from equation (2.5), and the relative permittivity ,(w) can be written as,

b 1 b12b
W) =1+ 24 522 (2.15)
€ €Wwihg —w? —iwl
with the two off-resonance limits in the spectrum,
b bi2b
Eoo = 1+£’ €0 = €00 + 12 221 (2.16)
€0 €oWro
the dielectric function is
2 _
(W) = Eue Wio (€0 — £cc) . (2.17)
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Figure 2-2: Calculated dispersion relation of phonon-polaritons in LiNbO3 at room temperature
where the lowest transverse optic phonon mode at 7.6 THz is taken into account.

and the dispersion relations are as follows,

w(k) = wigto + Pk | 1 (’”“"%050 + ‘”2"’2)2 _ Awio?k?

25 2 Emc Eac

(2.18)

where the the positive and negative roots correspond to the upper and lower branches
respectively, as shown in Figure 2-2.

The real and imaginary parts of the dielectric function and THz indices are shown
in Figure 2-3. The real part of THz index corresponds to the phase velocity of the
phonon-polariton wave at a specific frequency, and the imaginary part corresponds
to the absorption due to the phonon resonance that couples with the electromagnetic
wave in the phonon-polariton mode.

The dispersion relations are intrinsic properties of matter, and can be charac-
terized by three parameters: the resonance frequency of the lowest transverse optic
phonon mode wro, and the dielectric constants in the low and high frequency limits g

and £... The wyo in the dispersion diagram can be calculated by w0 = wrov/€0/Ex-
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Figure 2-3: Calculated dielectric function and complex index of phonon-polaritons in LiNbO; at
room temperature where the lowest transverse optic phonon mode at 7.6 THz is taken into account.

2.1.4 Anisotropic phonon-polaritons

It can be concluded that the derivations of these equations are in three dimensions,
and the difference is set by the direction relative to the optic axis. This is a material-
intrinsic property, and can be implemented through the direction-dependent physical
constants. In uniaxial crystals, the characteristic dielectric tensors are €,,(w) = €,,(w)
= €, (w) and €,.(w) = ¢(w), where the L and || represent whether the electric field
in the polarization wave is perpendicular or parallel to the optic axis of the crystal.

The dielectric function can be written as:
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which, when combined with the phonon-polariton motion equation, leads to the di-
rectional dispersion relation in the general case (0 < 6 < 90°) [85],
02k2 E_L(w)é‘” (w)

= = .21
e(w,0) w? g (w)sin®6 + g)(w) cos? 6 (2.21)

where 6 denotes the angle between the electric field and the optic axis.
The direction-dependent versions of the phonon-polartion equations can therefore

be written as:

Qay +T1Qry + w201 Qay = wroiVeo(eoL — coor)Ery (2.22)

Q. +1yQ. + w%o”Q: = wro||4/ €o(€oj — Eool) B (2.23)
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In LiNbOs3, these constants [6, 36] are summarized in the following table,

wr/2m (THz) T'/27 (THz) €0 €oo
k_LZ,e = 90° wT||/271' =706 F||/27T = 0.63 o = 26.0 Exo|| = 10.0
kllz,0 =0° |wr,/2n =4.6 TI)/2r =042 go =415 €51 =19.5

Table 2.1: Direction-dependent physical constants in LiNbO3 at room temperature.

2.1.5 Phase and amplitude configuration

- Assuming the solutions of the phonon-polariton motion equations can be written as
the frequency-dependent form, Q = Qyeilkz—+t) [ = Ejeilke—wt=9) gince the elec-

tric (magnetic) field and lattice displacement oscillate with the same frequency and
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wavevector but not exactly the same phase. Some of the following derivation can
be found in [13]. In this section, the phase difference ¢ and damping are taken into
account to characterize the near resonance feature and energy distribution. Equation

(2.6) can be rewritten as:

Eye® - wio — w? + iwl (2.26)
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Figure 2-4: Relative phase and energy distributions between the electromagnetic photon part
and the mechanical phonon part of the phonon-polaritons in LiNbO3 with the lowest A, transverse
optical phonon mode taken into account. There should be no mode in the polariton gap region
between 7.6 THz and 12.3 THz.

The relative magnitude and phase between the clectric field and lattice displace-
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ment can be derived as

Bo| _ [ (who —w?)? + (wI)? ) 2
Qo| ( who€o(E0 — €00) (2.27)
¢ = arctan —; (2.28)

— w2
Who — W

The total energy of the phonon-polariton system can be written [65] as the sum of
the electromagnetic photon part and the mechanical phonon part Uit = Upnech + Uern,

where Upecr, and U,,, are energies per unit volume or energy densities,

Uem = EE = (b21@+b22E+Eoﬁ)'E

= b21|Qol| Eo| cos ¢ + €oeoo| Eol® (2.29)
Y (b21 . V(wio — w?)? + (WI)? ) (wio — w?)
’ by ViRo =)+ (Wl)?
+ €foo (w%% — w2)2 a (wF)2)
wro€o(Eo — €oo)
2 2\2 2
2 2 2 (wio — w?)® + (wI)
= - oo ° 2.30
@ (o =) + e 0P AL (230
Umech = w’%oQ(z) (231)

where the electric energy density is equal to the magnetic energy density, so the total
electromagnetic energy density is D-E. Note that the electric field is the macroscopic
field. The phase difference ¢ between E and @ is taken into account in their scalar

product (2.29), and its frequency dependence is shown in Figure 2-4.

The ratio of the electromagnetic energy to total energy as a function of frequency

can therefore be calculated as,

Uem Umech

- Zem g Umech 2.32
Uem + Umech’ " " Uem + Umech ( )

rem

where the damping effect is taken into account to characterize the near resonance

region. At the resonance frequencies of 7.6 THz and 12.3 THz, the energies are
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entirely in the mechanical phonon oscillations, and there should be no electromagnetic
propagation in the polariton gap region between the resonance frequencies. In the
frequencies of phonon-polaritons related to THz generation typically below 4 THz, the
energy distribution between the electromagnetic and mechanical part is approximately
3:2, and the relative phase between the electric field and the lattice displacement is

very small such that they are nearly in phase with each other.

2.2 Generation and control of phonon-polaritons

with ultrashort lasers

The coherent excitation of phonon-polaritons in polar crystals with ultrashort laser
pulses has been an area of considerable interest because of the potential for coupling
the electromagnetic part into free space as a source of infrared radiation. This sections
includes the general background of phonon-polariton excitation in ferroelectric crys-
tals LiNbOs and LiTaO3 through impulsive stimulated Raman scattering (ISRS) [126]
with ultrashort pulses, phase matching considerations, and the control of frequency

and wavevector contents by the optical spatiotemporal intensity profile.

2.2.1 Impulsive stimulated Raman scattering

The excitations of coherent phonons and phonon-polaritons were made possible by
ultrashort laser pulses (with durations generally less than 100 fs) which, in the clas-
sical picture, corresponds to the sudden driving of the lattice along normal mode
coordinates because the pulse duration is shorter than the oscillation period of typ-
ical optical phonon modes. Intense optical lasers can induce transient microscopic
dynamics of both electrons and nuclei that contribute to the electro-optic process,
and it usually comes with two types of interactions [70]: 1) change in the electronic
polarizability with the applied field in the absence of lattice displacements, and 2)
the excitation of lattice vibrations through stimulated Raman scattering that can

induce a change in the refractive index. These driving forces can be introduced in
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the phonon-polariton equation system as follows,

Cj + I’C_j + w%OC} = boE + Frsgs

(VQFT— &/%,AT) = —lowroy/ €o(e0 — €>c)(§ + F

y/ oo

(2.33)

where F” is due to the direct electronic nonlinearity, and F;grs is the driving force

on the phonon system during the stimulated Raman scattering process.

front view top view

I.

Figure 2-5: An illustration of non-resonant excitation of coherent phonon-polaritons in LiNbO;
with a cylindrically focused laser pulse centered at 800 nm. (a) The polarizations of both the
optical pulse and the phonon-polariton wave are along the optic axis of the crystal. (b) THz waves
propagate laterally from the region that is irradiated by a cylindrically focused laser pulse. (¢) THz
waves propagate noncollinearly since the phase velocity of the THz wave is smaller than the group

Z (optical axis)

Ez

800 nm pump

velocity of the optical pulse.

Many factors can contribute to the electro-optic process, including the scattering
cross-section and polarizability, and the electronic and lattice contributions can vary
by material. For ferroelectric crystals LINbO3 and LiTaOg, the electro-optic effect is
primarily due to the coupling with the lowest A, optical phonon mode with about
10% direct electronic contribution [70, 28]. The ISRS driving term [127, 7| with laser
polarization parallel to the optic axis can be introduced into the phonon-polariton

equations as follows

Q + FQ + M%OQ = bIQE + %FU %(%)Ipmnp(r- Z, f)
(ng‘f— l 1‘_1‘) = —powroy/ €o(€0 — €x)Q

c3/e00

(2.34)

where the constants for LINDO4y are N = 6.285 x 1027 m 3, M = 11.4 amu, (@)3:5 =

oW
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1.14 x 107®¥m?2, and the I,,m, is the spatiotemporal intensity profile of the laser.
The phonon-polariton equations are in three dimensions, and the laser polarization

is usually along one of them.

Assuming the beam is propagating along the y axis as shown in Figure 2-5, the
optical pump intensity can be written as,

—zn 3 z— t—(y—yg) Xngpt/c
I _(2712(1)2_(7:9)2_(_9_&*__2/_)2

pump(T, Y, 2, 1) = Loe ot (2.35)

where o, 0, and 0; can be expressed with experimental parameters,

spotsize,
O, = —F— 2.36
2vIn2 (2.36)

spotsize '
o, = —— 2.37
2v/In2 ( )

duration
g = — 2.38
! 2v/1In 2 ( )

where the spot size and duration are the full-width at half-maximum (FWHM) of the

Gaussian intensity envelope.

With typical ultrashort laser pulse excitation in bulk uniaxial ferroelectric crystal
LiNbOjs, the generation process and THz electric field pattern is illustrated in Figure
2-5. The polarization of both the optical pulse and the generated phonon-polariton
waves are along the optic axis of the crystal, which is the Z axis in the figure. The
phonon-polariton wave in the Z-X plane is similar to classical dipole radiation that
propagates primarily in the lateral direction, which can be clearly seen with a cylindri-
cally focused laser pulse. Note that this plane is anisotropic, so the wave propagates
faster in the lateral direction with approximately 20% anisotropy in LiNbOg3. In the
Y-X plane, the THz wave propagates noncollinearly with the laser since the phase
velocity of the THz wave is smaller than the group velocity of the optical pulse.
Phase-matching conditions and applications in THz generation are presented in the

next section.
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2.2.2 Phase-matching considerations

During the electro-optic generation process with ultrashort laser pulses, one of the
critical factors is phase-matched amplification, which is traditionally achieved through
collinear velocity matching geometry. When the peak of the optical intensity travels
through the sample at a speed matching that of the THz phase velocity, the newly
generated THz waves can add up coherently, and form an amplitude-enhanced near-
single-cycle THz wave, as shown in Figure 2-6. Experimentally, collinear geometry
can be achieved with 800 nm pump pulses in ZnTe [9], and 1035 nm pump pulses in

GaP [59].

Vgroup (0pt) < Vphase (THz) Vgroup (opt) = Vphase (THz) Vagroup (0pt) > Vphase (THz)
(b) (c)
¢ THz THz
=~ 7
N N
optical pump optical pump 93 optical pump
j

Figure 2-6: An illustration of generation of THz waves and phase-matching conditions in electro-
optic materials where (a) the optical group velocity is smaller than the THz phase velocity, (b)
the optical group velocity equals the THz phase velocity and the THz wave can be continuously

amplified in a phase-matched manner, and (c¢) the optical group velocity is larger than the THz
ph ar

phase velocity, where the Cherenkov angle can be calculated as 8, = cos™! (U Veis)-

If the optical group velocity is smaller than the THz phase velocity, the newly
generated THz wave will lag behind the previously generated single-cycle THz wave
as well as the entire THz wave envelope. As the phase cycles keep growing into
the trailing edge, a multicycle THz wave can be formed with increasing propagation
distance. If the optical group velocity is larger than the THz phase velocity, the THz
wave does not have phase-matched amplification, and instead forms the noncollinear
radiation pattern while still taking on a single-cycle shape, primarily in the lateral
direction. The Cherenkov angle can be calculated as 6, = cos™ (128, /&), and it can

become very large in some dielectric crystals with a high THz index. For example
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in LiNbOs, the optical group index at 800 nm is 2.25, and the THz index is 4.96,
yielding a Cherenkov angle of 63°.
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Figure 2-7: Calculated real and imaginary parts of the THz index in LiNbO3 and the absorption
coefficients. The experimental values, especially the absorption, can be somewhat different due to
the influence of other phonon modes, free carrier absorption, material doping level and temperature.

The real and imaginary parts of the THz index and the absorption coefficients
in LiNbO3 are shown in Figure 2-7. This calculation takes into account the phonon
resonance at 7.6 THz that determines the general trend of these parameters. The
experimental values, especially the absorption, can be different due the influence of
other phonon modes [70], free carrier absorption [59], material doping levels and

temperature [88].
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2.2.3 Spatiotemporal waveform control

Given the excitation with a transform-limited optical pulse, coherent control of the
THz waveform, frequency, and wavevector components can be achieved through the
spatiotemporal shaping of optical pulses, much like the engineering of complex wave-
forms in a fully coherent multidimensional manner, including the phase, amplitude,
and wavevector [38, 112, 113]. Since the wavelength of the THz wave is much longer
than that of the optical pulse, the specified THz far-field responses can be made
through continuous and discrete optical pulse shaping in both the spatial and tem-

poral domains [37].

6/ phase matching 1
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Figure 2-8: The phonon-polariton wavevector and frequency components are determined by the
intersection of the corresponding wavevector and frequency regions tuned by the spatial and temporal
intensity profile of the excitation laser. Further selection of a relatively narrow region of frequencies,
wavevectors, or phase velocities can give rise to the generation of multicycle THz pulses.

The frequency and wavevector components of phonon-polaritons need to fit on the

material dispersion diagram, and coherent generation through impulsive stimulated
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Raman scattering usually covers part of the region, giving rise to the THz waveform.
In the time domain, the Raman and Stokes frequency pairs are contained within the
broad optical bandwidth of the laser spectrum, yielding different excitation efficiencies
for different frequency components. The frequency content is inversely proportional
to the duration of the pump pulse intensity envelope. In the spatial domain, the
observed THz waveform resembles the spatial derivative [38] of the excitation beam
intensity Lpump():

1
Erp.(x + {—.1‘.} o Dsdpiinip (L) (2.39)
n

and the wavevector components are determined by the spatial optical intensity profile
which is also usually Gaussian. The THz waveform is therefore jointly controlled by
these two dimensions and determined by the intersection of the tuning region, as

shown in Figure 2-8.

more frequency components polariton propagation fewer frequency components

higher frequencies

Figure 2-9: The frequency-dependent THz phonon-polariton propagation due to a small amount of
group velocity dispersion. Lower frequency components have smaller THz index therefore propagate
faster than higher frequency components.

For temporally impulsive femtosecond pulses, the frequency tuning capability can
reach up to 10 THz, so the THz generation and its waveform are primarily determined
by the spot size of the laser pulse, which can be focused down to the order of 50 pm,
corresponding to the phonon-polariton center frequency of approximately 0.5 THz.
Tighter focus can generate more higher frequency components which may have slightly
different phase velocities and higher damping rates. The general form of the phonon-

polariton center frequency [115] can be derived from a simple model of ordered plane



of dipoles:

cV2In2 22 THz - um
fraz = 2 = a (2.40)
VE€To, O

The velocity-matching condition can be drawn as a line through the origin with
its slope set as the optical group velocity. In the collinear velocity matching geome-
try, a broadband or near-single-cycle THz pulse can be generated with a wide range
of frequency components whose phase velocities match the optical group velocity.
The dispersion diagram can be modified with different material structures, such as a
dielectric waveguide or a photonic crystal. Noncollinear velocity matching is also pos-
sible through spatially and temporally displaced optical pulses, or via a tilted intensity
front to allow for continuous amplification in high-index ferroelectric materials. Pulse
shaping by selecting a relatively narrow region of frequencies, wavevectors, or phase
velocities can give rise to the generation of multicycle THz pulses. These techniques

will be further explored in subsequent chapters.

2.3 Phonon-polariton properties in a slab ferro-

electric waveguide

In a bulk electro-optic crystal, the characteristic field pattern generated by ultrashort
laser pulses in the plane perpendicular to the crystal optic axis is usually a single-cycle
THz wave in the case of velocity matching or a noncollinearly propagating wave if the
optical group velocity is larger than the THz phase velocity. When the THz wave is
spatially confined in one dimension within a thickness comparable to that of the THz
wavelength, approximately 50 pm to 100 um, the crystal transitions from bulk mode
into the dielectric waveguide regime where the THz waves need to fit characteristic
waveguide modes that are closely associated with the dimension of spatial confine-
ment. The LiNbO3z and LiTaOz waveguides have been an important platform for
the observation of coherent lattice dynamics, including THz phonon-polariton gener-

ation, propagation, and coherent control through spatiotemporal shaping of optical
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pulses [36, 37]. THz propagation can be measured quantitatively as real-space images
with various probe pulse delays that can be viewed as movies[121]. Many classical
wave-like properties such as diffraction, transmission and focusing can be directly
visualized. In this section, dielectric waveguide multi-mode behavior, simulations of
generation of THz waves with spatiotemporal shaping of optical pulses, and methods

of THz wave amplitude enhancement are presented.

2.3.1 Multi-mode and dispersion diagram

The dielectric waveguide structure is formed by the dielectric core, LINbO3 or LiTaOs, |
and the cladding material, air, in the THz polaritonic platform. While there are
many different configurations, in the THz generation experiment spatial confinement
is usually in the isotropic plane that is perpendicular to the optic axis. Since the
polarizations of both the optical excitation pulse and the THz wave are along the
optic axis Z, this configuration is a transverse electric dielectric waveguide, and the
electric fields and their first derivatives are continuous across the boundary of LiNbO3
and air. Solving the electromagnetic equations and boundary conditions can give rise

to the normal mode field distribution patterns

Ey cos kyy, ly| < d/2, symmetric mode;
E.(y) = Eocos(ky—%), |yl <d/2, antisymmetric mode; (2.41)
Egetwy, ly| > d/2.

where d is the waveguide thickness, and k, and ~, are real positive numbers that
determine the harmonic behavior in the dielectric core and the decay rate of the
evanescent field into the far field respectively. Qualitative illustrations of the field
patterns for the first few modes in LiNbO3 are shown in Figure 2-10.

The calculated dispersion diagrams of the first few modes in LiNbO3 waveguides
with different thicknesses, 10 pm, 30 pm, 50 um, and 100 pm, are shown in Figure
2-11. All modes have cutoff frequencies except the first one that can cover frequency

components until the DC limit, and all cutoff frequency points arc on the line of the
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air

Figure 2-10: An illustration of the electric field distribution patterns for the first few modes in
a LiNbOj3 waveguide. The field has harmonic behavior in the dielectric core, and an evanescent
wave in the cladding air, which decays exponentially into the far field. There are symmetric and
antisymmetric modes of the electric field, and the N;;, mode has N — 1 nodes along the dimension
of spatial confinement.

speed of light in vacuum. As the thickness of the waveguide increases, these modes
gradually move toward the bulk dispersion curve, and the gaps between them decrease

until the bulk regime is reached.

2.3.2 Coherent excitation and evolution dynamics

Coherent THz waves in LiNbO3 waveguides can be excited with ultrashort laser pulses
in a manner similar to the bulk case. For an optical pump pulse with a temporal
duration of about 100 fs or a spatial duration of about 15 pm in the crystal, the
THz waves should initially show bulk-like behavior in a waveguide with the thickness
larger than the optical spatial and temporal durations. The generated THz waves
2o thI‘OUgh total internal reflections at the boundaries, and the interference between
the waves propagating forward and bouncing back along the Y direction forms the
characteristic modes that only propagate laterally along the waveguide.

Transition into the waveguide regime can be illustrated in various waveguides with
spatial confinement around the polariton wavelength. Figure 2-12 shows the lateral
propagation of THz phonon-polaritons at a certain time after the optical excitation
along the waveguide geometrical center. The thinner the waveguide, the faster the
propagation starts to follow the waveguide behavior after the optical excitation. The
propagation speeds are decided by waveguide dispersion, and the first mode prop-

agates longer and is also usually stronger due to higher excitation efficiency in the
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Figure 2-11: Dispersion diagrams of the first few modes in LiNbO3 waveguides. As the waveguide
thickness increases, these modes gradually move toward the bulk dispersion curve, and the gaps
between them decrease until the bulk regime is reached.
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broadband excitation

Figure 2-12: Lateral propagation of THz phonon-polaritons at a certain time after the optical
excitation along the waveguide geometrical center. The multi-mode behavior begins to appear when
the crystal is as thin as the polariton wavelength, and transitions into the waveguide regime.

waveguide regime.,

From a dynamic point of view, significant inter-mode dispersions can be found
especially when the waveguide regime is reached, since different modes are not con-
tinuous on the dispersion diagram. Given the concave shape of these modes, within
the same mode higher frequencies of the electromagnetic field correspond to slower
phase velocities due to the intra-mode group velocity dispersion. When a broadband
THz wave is excited in the waveguide, wavepacket components belonging to different
modes quickly spread, become distinct from each other, and show the characteristic
waveguide multi-mode behavior, as illustrated in Figure 2-13. The intra-mode group
velocity dispersion also appears, but the wavepacket belonging to the same mode
is spatiotemporally continuous since these components are continuous on the same
dispersion curve.

Fourier transform of THz wave propagation space-time plots yield the dispersion
relations that fit well with the calculated dispersion diagrams, as shown in Figure
2-14. The wavevector and frequency components are controlled by the spatiotem-

poral intensity envelope of the optical pulse. Similar to the bulk crystal case, the



Figure 2-13: Characteristic multi-mode THz waves propagating laterally along the waveguide
due to inter- and intra-mode dispersion. Wavepackets of different modes gradually become distinct,
while wavepackets of the same mode spread out but remain spatiotemporally continuous.



tuning is more sensitive to the spot size with ultrashort pulse excitations, where laser
beams that are focused more tightly into the waveguide can excite more wavevector

components.
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Figure 2-14: Space-time plots and dispersion curves of THz wave lateral propagation in a LINDO3
waveguide. The THz wavevector and frequency components are controlled by the spatiotemporal
intensity envelope of the optical pulse.

2.3.3 Phonon-polariton enhancement

Phonon-polariton focusing is a straightforward way of enhancing the electric field am-
plitude, and this has been spatiotemporally imaged with a laser-machined elliptical
reflective geometry [36] in a waveguide. Full-circle and semicircular optical exci-
tations [107, 108| have also been demonstrated and imaged in experiment with an
axicon-lens combination. Phonon-polariton interactions with THz resonant antennas
deposited on a waveguide surface can give about 40 fold field enhancement [123]. THz
response with nanostructures can result in significantly higher field enhancement fac-
tors up to many thousands [84]. These methods are particularly interesting because
the large amplitude motion can facilitate the nonlinear THz experiment and allow the
observation of nonlinear response such as new frequency generation and phase modu-
lation. Significant increase of generation efficiency for frequency doubled components
has been confirmed [84]. As an illustration, Figure 2-15 shows the simulations of a

phonon-polariton wave generated by a semielliptical optical pulse as it propagates



Figure 2-15: A phonon-polariton wave generated by a semielliptical optical pulse propagates and
focuses at the center with enhanced amplitude.



and focuses at the center with enhanced amplitude.
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Chapter 3

Experimental Methods and

General Considerations

Coherent lattice vibrational waves are particularly interesting because a huge number
of ions move in a cooperative phase-coherent manner on a macroscopic scale. Many
classical wave behaviors such as superposition, diffraction, interference, and tunnel-
ing have been observed and directly visualized [36]. Nonlinear lattice dynamics and
spectroscopy require large amplitude vibrational motions and the strongly correlated
electric field in the case of phonon-polariton waves. Recent progress in this effort
includes coherent amplification and focusing through patterned material structures
[107, 108], spatiotemporal optical waveform control [37], resonance with antennas
and metamaterials [123, 84] in a slab ferroelectric waveguide, and amplification with
a tilted optical intensity front in a bulk crystal [55]. In this chapter, experimental
methods and techniques of THz phonon-polariton generation and amplification are
briefly introduced, with emphasis on how to generate and detect polariton waves
propagating at light-like speed, how to collect data and improve signal with laser
fluctuations, how to achieve the large intensity front tilt required for noncollinear
velocity matching, and how to collect and focus THz pulses for experimental calibra-
tion and measurement. Some of contents and derivations are based on the work of
group members and collaborators {122, 51, 136], and these experimental methods are

presented here to provide general considerations and details on which experimental
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results in this thesis were built.

3.1 Phonon-polariton generation and detection

The experimental setup for the generation and detection of THz phonon-polariton
waves in a LiNbOjz waveguide is illustrated in Figure 3-1. The 800 nm pump light,
operating at a 1 kHz repetition rate, is focused onto the sample for phonon-polariton
generation [36]. The probe pulse is transform-limited, frequency-doubled 400 nm
light. The phonon-polariton waves introduce transient birefringence in the sample
that is detected by the probe pulse passing through it. The static birefringence can
be compensated by the same type of crystal with the optic axis perpendicular to the
sample. The cross-polarizers ensure that the probe pulse is polarized at 45 degree
relative to the optic axis of the crystal. The phase information can be converted to
THz field amplitude with a quarter waveplate (QWP)‘ in front of the polarizer. The
variable ND filter can adjust the light intensity for balanced detection, and the pump
can be modulated at 500 Hz for reference detection. The dichroic mirror reflects the
400 nm probe and allows the 800 nm pump to pass through, so that the phase and
amplitude information of the probe beam are not affected by its transmission through
the mirror. The filter reduces the pump light for accurate probe intensity detection

by the photodiode.

The pump beam can be transform-limited or spatiotemporally shaped for phonon-
polariton generation and control. The probe beam operates at 400 nm in a collinear
'geometry for the transmission, filtering, birefringence measurement, and compensa-
tion. A probe beam with a different wavelength is an alternative option that can be
attained with an optical parametric amplifier (OPA). The probe beam can also be ex-
panded to centimeter diameters through the sample to record time-resolved imaging

of phonon-polariton generation and propagation in a waveguide structure.

THz phonon-polariton detection is based on the pump-induced change in the

refractive index due to the electro-optic effect of the crystal [36], which is proportional
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Figure 3-1: The experimental setup for the generation and detection of THz phonon-polariton
waves in a LINbO3 waveguide. The phonon polariton waves introduce transient birefringence in the
sample, which is detected by the probe pulse passing through it. and the static birefringence can
be compensated by the same type of crystal with optic axis perpendicular to the sample. The cross
polarizers are to make sure the probe pulse is polarized at 45 degree relative to the crystal optic
axis, and the phase information can be converted to THz field amplitude with a quarter waveplate
(QWP) in front of the polarizer. The variable ND filter can adjust the light intensity for balanced
detection, and the pump can be modulated at 500 Hz for reference detection.

to the THz electric field as follows:

1
n2

T a2
n;

+ ZT."'}E} (31)

n E=0 i

where r;; is the electro-optic tensor. For THz generation in LiTaO3 and LiNbO3 with
symmetry group 3m, the polarizations of the THz electric field and the probe light
are along the crystal axis. The THz-induced phase difference between the vertical

and horizontal polarization components [77] of the probe pulse is given by:

Ap = 27 (Ang, — An,) (3.2)
opt
[ regnd — riand
= 99— 22 ¢ 2 Op.. 3.3
T(/\npf 2 i ( )

where [ is the crystal thickness, A,y is the probe wavelength, and n., and n, are the

extraordinary and ordinary refractive indices respectively.
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3.2 Laser fluctuation analysis and data acquisition

Assuming balanced detection with photodiodes in the probe path and chopping with
a modulation frequency at half of the pump repetition rate, the probe beam that
photodiodes can detect are pulse sequences that contain signal information with pump

pulses on and off alternatively. The intensities can be expressed as follows,

S1 = Lo(1+ds1 + M(Ipump(1 + Spump))™) (3.4)
Sy = Io(l+6ds) (3.5)
Ry = Io(l+6,) (3.6)
Ry = Lo(l1+0.9) (3.7)

where 0 is the shot to shot laser fluctuation, Iy and I.o are the average signal and
reference probe intensities at the photodiodes, I, is the average pump intensity, M is
the signal magnitude, and n represents pump-induced nonlinear orders.

The data acquisition and processing system in this experiment is based on photo-
diodes, a current amplifier, and a DAQ card, with the signal-noise level improved by
balancing, chopping, and averaging techniques [122]. With the laser repetition rate
at 1 kHz and chopping modulation at 500 Hz, the probe goes through the detection
region of the sample with the pump alternating between on and off states. The pho-
todiode intensities are S; when the pump is on and R; when the pump is off. The
other photodiode for balanced detection has similar alternations with intensities S,
and R, corresponding to on and off states respectively. The total signal modulation

can be calculated by

AT _ S/R,
Iy  S/R,

~1 (3.8)

One of the advantages of a DAQ card-based detection system is the rapid scanning
technique. The delay stage is accelerated to a certain velocity, and data are recorded
at this constant, fast speed until the acquisition stopped. The delay stage then returns

to the starting point for the next round. The averaging time at each time delay is
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very short, such that large signals above the noise level can be measured by a quick
display of the temporal evolution of the signal and other relevant information such
as Fourier spectra. With this technique, the dynamics in a 10 ps time window can
be measured at a refresh rate of about 1 Hz, which gives real time feedback and can

help improve the optical alignment and signal optimization.

3.3 Tilted intensity front technique

Upon transmission through [83] or diffraction off a grating [82], the intensity front of
an incident optical pulse is tilted, and an angle 1 between the phase front and pulse
front is formed. One of the major reasons is due to the different path length a beam
with finite diameter has to travel, as shown in Figure 3-2. For gratings with groove

spacing d, the diffraction can be written as:

sina +sin 8 = g (3.9)

where « is the incident angle, S is the diffraction angle, and A is the wavelength of
the incident beam or one of its frequency components.
Based on the path length difference, the equations among angles «, 3, and the

tilt v can be written as

sin v + sin 3

o (3.10)

tany =

Taking the derivative of the equation 3.9 with respect to v can give the angular

dispersion for beams with multiple frequencies,

dg 1
la 11
d\ d-cosf (3.11)
which can further be written as
ag
t == 3.12
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Figure 3-2: Illustrations of (a) an optical intensity front tilted by a diffraction grating [132], (b)
the time delay distance that different parts of the pulse travel gives rise to the pulse front tilt [51],
and (c) the angle ¥ between the pulse front and the phase front for frequency components contained
in the ultrashort laser pulse [82].

In a tilted intensity front experiment, the grating is typically around 2000 lines
per mm, the pump central wavelength is at 800 nm, the spacing is 0.5 gum, and the
incident angle « is about 61 degree [136]. The initial tilt 4 in this configuration is
therefore 65.9 degree.

The tilted intensity front is imaged through a one or two-lens imaging system, and
between the grating and its image around the imaging place, the lateral dimension
proportionally shrinks but the temporal dimension stays the same because the time
delay is a constant. Upon entering the crystal, the lateral size of the beam is the
same, and the temporal delay is also the same but the spatial span shrinks due to the

optical index in the crystal. This can be written as

G2 = Gl, H2=H1xM (3.13)
2

H3 = H2, 3= (3.14)
Nopt

so the tilt angles have the following equations

tan v, tan v,

(3.15)

tan V3 = =
Nopt Nopt x M
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where M is the imaging ratio. In our experiments with near-infrared laser pulses,
Nepe 1N LINDOy is 2.25, M is 0.5 for 2:1 imaging , and this will give the required tilt
in the crystal v3 around 63 degree. All the angles at various positions are between

the tilted intensity front and the plane perpendicular to the wavevector direction.

Y1
G2 G3
/ n (\ H2 -
H1 U U . H3 \A/IjN crystal
_ Y2 Ya &
grating | % jmaging system

G1

Figure 3-3: Mlustration of the tilt angle change through the imaging system and the crystal index.
The imaging system proportionally shrinks the lateral dimension H, which is perpendicular to the
wavevector direction, and the crystal index mainly changes the temporal dimension G.

For ultrashort laser pulses with relatively broad bandwidths, the optical pulse
can temporally spread and spatially diverge as it propagates in [ree space due to
the large angular dispersion df/dA, especially with a high-density grating as the
diffraction device. This effect can be analyzed in terms of the group velocity dispersion
along the propagation direction and the spectral lateral walkoff perpendicular to the
propagation direction. A dimensionless factor u has been calculated to characterize

the spectral lateral walkoff [82] in the configuration with ultrashort laser pulses

2R-|HQZ ‘
w=(——)2 (3.16)
aTy
where 73 is the original pulse duration, o is the beam waist, z is the propagation

distance, and x; and ko are

COS (v
G = — 3T
i cos 3 ( )
mA?
g = o 3.18
i 2med cos 3 ( )

where m is the order of diffraction that is 1 in our experiment, ¢ is the speed of light,

d is the grating groove spacing, and A is the central wavelength. The only changing
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factor in u once the configuration is set is the propagation distance z.

The grating image in the crystal can be well approximated to be a replica of the
grating through good imaging systems such as an achromatic lens, and the change in
the process from the object to the image is basically geometrical tilt angle change.
Further propagation in the crystal within a short distance from the grating image can
also be analyzed as a replica of the original propagation right off the object grating
in free space, and this is the aforementioned group velocity dispersion and spectral
lateral walkoff. The dimensionless factor u is function of the propagation distance z

off the grating, and the tilt angle ¢/ can be written as

tan vy
14+u

(3.19)

tan) =

65 . »
64 1
63
62
61r
60
59+
58
57}

56/ |—60fs

optical tilt angle (degree)

54— 500fs
53 |——1300fs |

52 - - ‘
107 10

1 2

10° 10 10
propagation distance (mm)

Figure 3-4: Calculated tilt angle change as a function of the propagation distance with several
different durations. Since the evolution of interest is around the grating image in the generation
crystal, the optical index is taken into account.

For the evolution of grating image in the crystal, the optical index needs to be
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taken into account, which mainly affects the parameter k. With the parameters in
our experiment, k1 = — cosa/ cos B, ky = —(mA?)/(2med cos Brgy) [82, 136], and the
tilt angle evolution as a function of the propagation distance z for a beam with 2
mm diameter can be shown in Figure 3-4. Note that based on the results in [136],
a few considerations about the incident and diffracted angles, and crystal index, are
taken into account because the evolution of interest is around the grating image in the
generation crystal. The smaller the beam waist and the shorter the pulse duration,
the more significantly the tilt angle will change. The optical index of the crystal

brings a factor of 2.25, and this reduces the spectral lateral walkoff effect.

3.4 THz focusing and detection

THz generation based on this method is intrinsically phaée stable since the travel
distance for THz amplification is set by the generation crystal. THz radiation is
mainly in the form of a Gaussian beam, and can be well-collimated and focused to a
spot with off-axis parabolic mirrors. The focal size of a Gaussian beam can be written

as

up - BE_B1 a2
where ) is the wavelength of the focused light, F is the focal length of the focusing
element, D is the diameter of the beam incident on the focusing element, and O is
the total angular spread far from the waist.

The typical THz pulse is near-single-cycle temporally with a large transient peak
and two small side lobes. The THz pulse energy can be measured through a pyro-

electric detector with response resolution around 20 ms. In most spectroscopic ex-

periments, the peak electric field is of considerable interest, which can be estimated

/ 1%
Epoar = 4| 270 ————— 3.21
peak nOTFWHMAeff ( )
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where W is the pulse energy, 7 is the free-space impedance 377 Q, ewnwm is the full
width at half maximum (FWHM) of the ultrashort THz trace, and A,y is the beam
cross-section area at the focus. As an example, THz pulses with 2 p.J energy and
duration about 1 ps can be focused down to the diffraction limit with spot size about
300 pum, so the peak electric field can be calculated to be 1.2 MV /cm, which shows
good agreement with the reported electro-optic measurement [58].

Detection of the THz electric field trace can be conducted through electro-optic
sampling in a nonlinear crystal such as ZnTe and GaP. The THz electric field induces
transient birefringence, and the polarization of a variably delayed spatially overlapped
optical probe pulse can be rotated based on the amplitude of the field. The rotation
can be measured through the relative intensity of its polarization components, which
can induce balanced photodetector signal AI/I. The equation describing the electro-

optic sampling measurement is

27Tn(3)T41tEo ETHzR
Ao

. Al

sin™!'(=-) = (3.22)
1

where ng is the refractive index, R is the crystal thickness, and r4; and tgo are the

nonlinear coefficient and transmission coefficient of the electro-optic crystal respec-

tively.

3.5 Chirped pulse temporal shaping

The chirp-and-delay has been demonstrated as an effective temporal shaping method
for multicycle THz generation, in which a quasi-sinusoidal optical intensity modula-
tion with a specified frequency and number of cycles is formed in the time domain.
An optical pulse with center frequency wy is chirped at rate 5. If two equivalent
parts are recombined interferometrically with a relative time delay 7, the instanta-
neous frequencies w = wp + Bt and w = wy + B(t — 7) are swept linearly across the
pulse duration. If the time delay is relatively small compared to the stretched pulse

duration, the interference between two pulses leads to a quasi-sinusoidal intensity
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Figure 3-5: An illustration of the Gaussian intensity envelope of input chirped pulses and the
modulated intensity of the output.

modulation at the constant difference frequency Q = 7 = 27/T,T}, where Tj is the
transform-limited 1/e field half-width, and T} is the stretched pulse 1/e field half-
width [120]. The amplitude envelope of the transform-limited optical pulse and its

Fourier amplitude can be expressed as:

t2
E(t) = Foe B, E(f)=FE,e ™% 3.23
0
the intensity version is
_232 22 £2
I(t)=Le %, S(f)=Se ™ T/ (3.24)

and the duration and bandwidth are

T, 1
I =2vIn2-2 S =2VIn2—— 3.25
FWHM \/§ FWHM \/§7TT0 ( )

so the number of cycles within the full width at half maximum (FWHM) of the in-

tensity envelope (Gaussian in profile if the transform-limited pulse was) can thereforc
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be written as

& 2v/1In2 ,
N = foear X Ipwnn = -— LAY 1112—12 = ii =0T (3.26)

rTyTh V2 7Ty

where o is the optical pulse bandwidth. Therefore the modulation frequency can be
continuously tuned by varying the chirp and/or the delay, while the number of cycles

can be independently controlled by varying only the delay.

3.6 Etalon interferometer

One of the experimental methods to realize the temporal overlap and delay of chirped
pulses was through a Michelson interferometer, in which two optical arms are recom-
bined with one of them variable delayed. Although a fraction of the pump energy will
not appear in the detection arm, since the interference is in the time domain instead
of the usual spatial configuration where the energy from one arm can be redistributed
into the constructive detection arm, the total interference has good quality in terms
of the optical modulation depth and can be monitored with a spectrometer through

spectral interference at 800 nm.
HR PR laser input

' 38%
\)\>§ 38%
\ 15%

$| AAAAA

Figure 3-6: Ilustration of the etalon interferometer made by a high reflector (HR) and partial
reflector (PR) at 800 nm. Each of the first and second reflections has 38% of the incident light and
each higher reflection has 38% of the previous one. The gap between the HR and PR can be tuned
to introduce variable time delay.

A homemade Gires-Tournois etalon made by a partial reflector (38% reflection

efficiency) and a high reflector can introduce the variable time delay between chirped
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pulses, as shown in Figure 3-6. Each of the first and second reflections has 38% of the
incident light, which is the primary contribution to the intensity modulation. Each
higher reflection has 38% of the previous one among the rest of the pulses with total
24% of the incident light. The advantages of this arrangement are common path
optics for interferometric stability of the superposed chirp-and-delayed pulses and
negligible pump power loss since multiple reflections all propagate collinearly. The
peak intensity of the modulated optical output is twice as high as the incident one,
which can contribute to experiments where high optical intensity is preferred, such

as nonlinear frequency mixing or phase modulations.
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Chapter 4

Generation of High Power
Singleécycle and Multi-cycle

Terahertz Pulses

This work is in collaboration with Dr. Xibin Zhou, Dr. Christopher A. Werley, and
Dr. Harold Y. Hwang of the Massachusetts Institute of Technology.

The recently available tabletop generation of intense single-cycle THz pulses with
microjoule energies [132] has become an essential experimental method in the emerg-
ing field of nonlinear THz optics and spectroscopy [55, 60, 61]. The generation process
is based on the optical excitation of coherent phonon-polaritons through impulsive
stimulated Raman scattering [124, 23, 36] in a ferroelectric crystal lithium niobate
(LiNbO3), and the coherent amplification is achieved through noncollinear velocity
matching geometry by tilting the intensity front of optical pump pulses. Recent ex-
periments have demonstrated 125 pJ THz pulse energy [42] with optical pulses of 1.3
ps duration, and a THz electric field amplitude exceeding 1.2 MV /cm [69] with THz
pulses focused down to the diffraction limit. This ultrashort THz pulse with subpi-
cosecond duration can be implemented as a transient electric field or magnetic field
that is shorter than many dynamics in condensed phase materials and strong enough

to induce many high-field phenomena. For many applications, frequency-tunable
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multicycle THz pulses would be preferable to typical broadband single-cycle pulses.
FFor example, multicycle pulses can excite a selected resonance without influencing
neighboring modes or can simplify the identification of new frequency components
generated in nonlinear THz processes. In time-resolved spectroscopy experiments,
short multicycle pulses with well-defined, tunable frequencies can enhance the res-
onance feature while maintaining time resolution that is short enough to allow the
observation of relaxation dynamics following pump pulse excitation. In this chapter,
we present general background and experimental results of generation of ultrashort
single-cycle and frequency-tunable multicyele THz pulses pumpod with optical pulses
at 1 kHz and 10 Hz repetition rates [137, 19]. Single-cycle THz pulses with more than
50 pJ pulse energy and multicycle THz pulses with more than 10 pJ pulse energy are

achieved respectively.

(a) (b) (c)
LN crystal THz
THz
LN crystal LN crystal
800 nm

Figure 4-1: An illustration of generation of (a) a THz phonon-polariton wave pumped by a
cylindrically focused optical pulse, (b) a high power single-cycle THz pulse by tilting the intensity
front of a transform-limited optical pulse, and (c¢) a high power multicyvele THz pulse by tilting the
intensity front of a quasi-sinusoidal intensity-modulated optical waveform.

4.1 Noncollinear velocity matching configuration

In collinear velocity matching geometry with ultrashort laser pulses traveling through
electro-optic materials, the newly generated THz waves can coherently add up with
existing, previously generated THz waves, if the optical group velocity equals the THz
phase velocity. This usually results in amplified generation of single-cycle THz waves

in crystals such as ZnTe [9, 79] and GaP [59]. In some ferroelectric crystals with
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higher nonlinear coefficients, conventional collinear velocity matching is not straight-
forward because of the high dielectric constant and refractive index in the THz region.
Noncollinear velocity matching is possible by implementing sequences of spatially and
temporally displaced optical pulses [134], or a tilted intensity front of a single pump
laser pulse [52, 53], as shown in Figure 4-2. Since THz wave has a long wavelength
on the order of 50 pum, the generated THz pulses should be continuous in either case

after a short propagation distance, especially in the case of the far-field response [37].

i (@) (b) (c)
THz
VAY \\
A 7

]

LN Oc optical pump

Figure 4-2: An illustration of noncollinear velocity matching geometry in a bulk LiNbOy erystal.
(a) THz phonon-polariton waves pumped by a cylindrically focused optical pump pulse. (b) a discrete
tilted intensity front realized through sequences of temporally and spatially displaced optical pulses,
and (c) a continuous tilted intensity front visnalized through imaging of a diffraction grating. The
crystal optic axis is along the direction perpendicular to the plane of the figure.

In ferroelectric crystals, the THz frequency components that can be typically
excited through the Raman and Stokes pairs contained within the optical bandwidth
of the ultrashort laser pulse have approximately the same phase velocity and relatively
long coherence length. This wide region of frequency components give rise to the near-
single-cycle THz waveform. As shown in Figure 4-3, the longest enhancement and
propagation length in the generation path is denoted as R, and this length should be
long enough for the maximized amplification but shorter than the limit at which the

group velocity dispersion begins to stretch the pulse and increase the phase cycles
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under the envelope.
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Figure 4-3: An illustration of (a) THz generation and propagation in a LiNbOy crystal. The peak
of the tilted intensity front, discrete or continuous, was assumed to propagate vertically through the
geometrical center of the crystal. and the peak of the THz electric field is approximately along path
R where the most coherent enhancement is as well as the largest group velocity dispersion, (b) the
single-cycle THz electric field pattern generated by an optical pulse with continuous tilted intensity
front, and (¢) the single-cycle THz electric field pattern generated by a sequence of temporally and
spatially displaced optical pulses that form a discrete tilted intensity front.

One of the advantages of generation with sequence of temporally and spatially
displaced optical pulses is that the wavevector is always along the forward propaga-
tion direction. For an individual optical pulse, the temporal duration is very short
that enables the frequency tuning region up to 10 THz. The results from the gen-
eration process are primarily due to the wavevector tuning region, which is set by
the individual pulse spatial width in the crystal. Some calculated results for THz
generation based on spatiotemporally displaced pulse sequences are shown in Figure
4-4 and Figure 4-5. The individual pulse spatial width is inversely proportional to
the size of the region in the wavevector domain as well as the size in the frequency
domain that the pulses can cover.

THz pulse energy generated by the noncollinear velocity matching method based
on pulse sequences or tilted intensity front can be scaled by increasing the size of
pump areas and generation crystals. Since the THz radiation from the crystal surface

is approximately round and the THz beam approximates a Gaussian beam, the pulse

can be collimated and focused down to a small size so that the transient electric field
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Figure 4-4: Calculated electric field traces of THz waves based on sequences of spatially and
temporally displaced cylindrically focused optical pulses. These pulses are very short temporally,
and THz waveforms are primarily influenced by the individual optical pulse spatial width.
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width is inversely proportional to the size of the region in the wavevector domain as well as the size
in the frequency domain that the pulses can cover.
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can be large enough for nonlinear spectroscopic applications.

4.2 Calibration of the pyroelectric detector

THz pulse energy is measured by a pyroelectric detector with a thin LiTaOj crystal
as the sensor. The crystal generates heat when the light is on, and the slight change
in spontaneous polarization and temperature generate the signal voltage. The crystal
cools down when the light is off, and the electric voltage across the crystal gradually
decreases until the next light is on. The detector is designed to measure electromag-
netic radiation in the spectral region from 0 to about 3 THz, and only pulsed or

modulated radiation can be measured.

T T T T T T T
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Figure 4-6: An illustration of. and the experimental signal from, the detector’s response to an
incident THz pulse with picosecond duration and microjoule-level pulse energies. The typical rising
time is approximately 3 to 5 ms, and the cooling time for the crystal allowing the signal voltage to
return to its original level is about 90 to 100 ms based on the RC configuration in the experiment.

For the pyroelectric detector in the THz generation experiment, the typical rising
time is approximately 3 to 5 ms with single pulsed incident light, and the cooling
time for the crystal allowing the signal voltage to return to the original level is about
90 to 100 ms based on the RC configuration in the experiment. Figure 4-6 shows an

illustration of, and experimental signals from, the detector’s response to an incident
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THz pulse with picosecond duration and microjoule level pulse energies. For lasers
with a repetition rate of 10 Hz or less, each pulse gives one peak signal voltage, so
the pulse energies can be measured in a straightforward manner. For lasers with 1
kHz repetition rate, the 1 ms time interval between pulses is much shorter than the
signal rising time so that the laser can be considered to be a continuous source, and

the pulse energies can be measured at certain modulation frequencies.
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Figure 4-7: An illustration of the typical detector response to incident THz pulses with picosecond
duration and microjoule-level pulse energies at 1 kHz repetition rate shows the rising/decaying
features with modulations at 10 Hz and 20 Hz. The peak to peak voltage is proportional to the THz
average power and light intensity.

As illustrated in Figure 4-7, the typical detector response to incident THz pulses
with picosecond durations and microjoule level pulse energies at 1 kHz repetition
rate shows rising/decaying features with square wave modulations at 10 Hz, and
sawtooth signal voltage with square wave modulations at 20 Hz. This is due to the
time intervals for the crystal to cool down when the light is off. The signal peak to

peak voltage is proportional to the THz average power and light intensity.
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Figure 4-8: The responsivity of the pyroelectric detector as a function of the modulation frequency
at multiple signal frequencies. The data points are based on the calibration data and instructions
from the manufacturer.

4.3 Generation of near-single-cycle THz pulses

Generation of ultrashort single-cycle THz pulses through the tilted intensity front
technique was conducted with a near-infrared laser at 1 kHz and 10 Hz repetition
rates. The optical pump pulse energy was approximately 6 mJ at 1 kHz repetition
rate from a two-stage commercial Ti:sapphire amplifier system, and can be amplified
up to 35 mJ at 10 Hz repetition rate with a third amplifier stage. The updated
10 Hz system shows good spatial mode quality, optimized laser bandwidth, and a
pulse-to-pulse energy stability at about 3.5 percent [137].

The experil‘r.lental setup has been previously described in THz generation experi-
ments with tilted intensity front technique (62, 132, 58|. The intensity front was gen-
erated by diffraction off a high-density grating and imaged onto the crystal through
a single lens. The LiNbOj crystal is cut into a crystal so that the THz waves are
at an incidence normal to the output surface. The optical pulse should be close to

transform-limited while passing through the generation crystal such that some initial
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chirp was introduced in the amplifier to compensate for dispersion before reaching
the crystal. A typical THz field trace measured by electro-optic sampling in Zn'Te

and its corresponding Fourier spectrum are shown in Figure 4-9.

THz waveform with 10 Hz pump pulse
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Figure 4-9: Experimental single-cycle THz field trace and the Fourier spectrum generated by the
tilted intensity front technique in a LINbOj crystal, pumped with a 25 mJ optical pulse at 10 Hz
repetition rate.

THz pulse energies were measured with a calibrated Microtech pyroelectric detec-
tor that was mounted parallel to the output surface of the LN crystal. The visible
and scattered second harmonic pump pulses were filtered by two layers of low-density
polyethylene film in front of the detector. The signal voltage response as a function of
modulation frequencies were measured with incident THz pulses at 1 kHz repetition
rate and various modulations from 10 to 50 Hz, as shown in Figure ?7. The experi-
mental data are in agreement with the detector calibration data, especially at lower
modulation frequencies where the laser input is closer to the continuous source. The
average power and pulse energies therefore can be calculated. For example, with the

signal peak-to-peak voltage at 1000 mV, 1 kHz repetition rate, and 20 Hz modulation
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frequency, the corresponding average power is 1/1219 W = 0.82 mW, and the pulse
energy is 0.82 pJ. Note that the calibration data need to be measured based on the

radiation center frequencies.
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Figure 4-10: Experimental results from THz pulse energies as a function of optical pump pulse
energies measured before the generation crystal by the tilted intensity front method and the quadratic
dependence fit. The optical pulses were at 10 Hz repetition rate. The THz pulse energies in the high
optical pump intensity region shows quadratic dependence due to the good spatial mode quality and
optimized laser bandwidth in the updated laser system.

In ultrashort THz generation experiments with 35 mJ near-infrared optical pulses.
detector saturation was observed in the high-intensity region where the transient
signal voltage maximum appeared then quickly decayed in a few seconds. This may be
due to saturation of the pyroelectric crystal or the amplifier capacitor which converts
crystal voltage into detectable signals. The THz pulse energies were estimated to be
more than 50 pJ at 10 Hz repetition rate.

THz pulse energies as a function of optical pump pulse energies was shown in

Figure 4-10, where the optical pulses were at 10 Hz repetition rate. Previous studies
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[54] have confirmed that, if the THz generation process is primarily a y'?) process,
THz pulse energy should be proportional to the square of the optical pulse energy.
The experimental data shows good agreement with a quadratic dependence on the
optical pump pulse energy in this region. This is due to the good spatial mode quality,
optimized laser bandwidth, and pulse-to-pulse energy stability in the updated 10 Hz
laser system. With further optimized focusing, higher THz pulse energies should be

possible based on previously reported work with lasers at kHz repetition rate.
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Figure 4-11: Optical spectrum measured before and after the generation crystal pumped with 20
m.J optical pulse. The spectral change can be observed through the large lobes in the long wavelength
region from 800 to 850 nmn due to high-energy THz generation.

The THz intensity as a function of horizontal position or the beam divergence was
measured with optical pulses of both 1 kHz and 10 Hz repetition rates at 10 and 20
cm after the generation crystal, as shown in Figure 4-12. The spatial profile shows
Gaussian shape which agrees well with the optimal THz generation. Also observed is

that the THz beam divergence is larger for 10 Hz optical pulses, which may be due
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Figure 4-12: Experimental measurement of THz intensity as a function of horizontal position or
beam divergence with optical pulses of both 1 kHz and 10 Hz repetition rates at 10 and 20 cm after
the generation crystal. The spatial profile shows good agreement with a Gaussian beam, and the
divergence is larger with higher optical pulse energies.
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to the strong nonlinear processes with higher optical pulse energies in the generation
crystal. The high-energy THz pulses can be collimated with off-axis parabolic mirrors,
and imaged onto a sample for spectroscopic applications at high field strength.

The optical spectrum was also measured before and after the generation crystal as
shown in Figure 4-11. The spectral change can be observed through the large lobes in
the long wavelength region from 800 to 850 nm due to high-energy THz generation.
These new frequency components that cover a broad frequency region show the high

optical-to-THz conversion efficiency.

4.4 Optical temporal pulse modulation

Generation of high power multiple-cycle THz pulses is achieved through temporal
modulation of near-infrared optical pulses as inputs. In this experiment, the Gires-
Tournois etalon is made by a partial reflector (38% reflection efficiency) and a high
reflector to introduce the variable time delay between chirped pulses at 800 nm, as
shown in Figure 4-13. The diameter of the high and partial reflector is one inch, and
the gap can be continuously tuned from approximately 50 pm to 100 pm, introducing
a time delay of 0.3 ps to 0.8 ps.

With a linearly chirped pulse input centered around 800 nm, the etalon output
does not show interference features in the 800 nm spectrum, as shown in Figure 4-15,
although the selected oscillation frequency can be clearly seen in the time domain
along with some harmonics due to higher-order reflections.

Experiments were conducted to characterize the etalon output, specifically inter-
ference stability and modulation quality, through autocorrelation and cross-correlation,
as shown in Figure 4-14. In the second harmonic generation (SHG) frequency-resolved
optical gating (FROG) experiment, the etalon interference output was sent to have
an autocorrelation with itself or a cross-correlation with a transform-limited optical
pulse through a second harmonic generation crystal barium borate (BBO). The SHG
FROG pattern is a graph of intensity with frequency or wavelength and time as the

dimensional parameters, and has the formula: Isyg rrog(w,T) = | ffooo E(t)g(t —
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Figure 4-13: An etalon interferometer made by a high reflector (HR) and a partial reflector (PR)
at 800 nm. The gap between the HR and PR can be continuously tuned approximately from 50 pm
to 100 gem that introduces time delay of 0.3 ps to 0.8 ps.
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Figure 4-14: An illustration of pulse characterization experiments for (a) SHG measurement in
which the detector can be a spectrometer for frequency-resolved optical gating measurement, and (b)
polarization gating (PG) cross-correlation measurement where balanced detection can be integrated.
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7)e ! dt|?, where g(t — 7) is the gate pulse temporal profile [111]. The calculated
SHG FROG autocorrelation pattern of the chirp-and-delay optical modulation can
be found in Figure 4-15, where there is the integrated intensity along time. frequency,
or wavelength. Note that the intensity modulation depth is approximately 70% in

SHG autocorrelations.

intensity profile of the etalon output at 800 nm
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Figure 4-15: Calculated etalon interference intensity profiles with linearly chirped pulses at 800
nm as the input and additions from higher reflection orders. This confirms that the total output
does not show interference features in the 800 nm spectrum and the time domain has clear selected
oscillation frequency features as well as some harmonics due to superpositions of multiple reflections
from the etalon.
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Figure 4-16: Calculated SHG FROG pattern of typical chirp-and-delay optical modulation, and
the integrated intensity along time, frequency, or wavelength. Note that the intensity modulation
depth is theoretically about 70% in SHG autocorrelations.
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Figure 4-17: Experimental SHG FROG pattern of (a) a transform-limited optical pulse with a
duration of 100 fs, (b) a linearly chirped optical pulse with a duration of 7.2 ps, (¢) a typical etalon
interference with a center frequency at approximately 0.5 THz, (d) a typical etalon interference
with a center frequency at approximately 1.5 THz, and (e) the etalon output with transform-limited

optical pulse as the input. In (f), the etalon interference was sent to have a SHG cross-correlation
with a transform-limited optical pulse. The temporal optical modulation and linear frequency sweep
can be clearly seen.

9]



~ ” i ‘
= 8
8 8
i 2
© G
c
of 5 ‘
0 0 05 1 15 2 25 3
= frequency (THz)
2
0 2 4 6 8 10 12 14

time (ps)

Figure 4-18: A third-order cross-correlation measurement between the chirp-and-delay etalon
output and a transform-limited readout pulse through the optical Kerr effect in silica glass. The
Fourier spectrum of the intensity modulations is shown in the inset.

Figure 4-17 shows the experimental SHG FROG patterns of transform-limited
optical pulses, linearly chirped optical pulses, typical etalon interferences with cen-
ter frequencies at about 0.5 THz and 1.5 THz, and typical etalon responses with
transform-limited optical pulses as the input. The etalon interference was also sent
to an SHG cross-correlation with a transform-limited optical pulse, and the temporal

optical modulation and linear frequency sweep can be clearly seen.

A third-order polarization gating cross-correlation between the chirp-and-delayed
output and a transform-limited readout pulse was also conducted in silica glass. The

0 and spatially overlapped with the chirp-and-delay

probe pulse was polarized at 45
shaped pulse that induces a transient birefringence through a fast electronic Kerr ef-
fect. The polarization of the probe pulse can be rotated by the induced birefringence,
which is in phase with the intensity modulation of the pump pulse, and the rota-
tion can be detected by balanced photodiodes. The Kerr signal can be expressed as
Spc(w, ) =| [T E(t)] g(t —7)| *e7*" dt|*, where g(g— 7) is the gate pulse temporal
profile [111]. One of the measured traces is shown in Figure 4-18, and the Fourier

transform (Figure 4-18 inset) reveals some second harmonic of the selected difference

frequency due to the superposition of multiple reflections in the etalon.
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4.5 Generation of tunable multicycle THz pulses
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Figure 4-19: Hlustration of the experimental setup for generation of high-energy multiple-cycle
THz pulses. Linearly chirped pulses were spatially overlapped with a varied time delay 7 through
a Gires-Tournois etalon, and the intensity front was tilted through a grating-lens combination. A
transform-limited readout pulse was used to measure the THz field profile through electro-optic sam-
pling and also to measure the chirp-and-delay optical waveform through cross-correlation. A/2, half
waveplate: A/4, quarter waveplate; P, polarizer; OPM, off-axis parabolic mirror; PD, photodiode;
WP, Wollaston prism.
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Well-defined multicycle terahertz pulses can be excited inside ferroelectric crystals
by optical waveforms that are shaped spatially [38], temporally [116], or both [73, 37].
Optical pulse shaping with a programmable liquid crystal modulator (LCM) has
been demonstrated to produce shaped THz pulses in conjunction with difference-
frequency generation in ZnTe, including chirped pulses, zero-area pulses, and pulse
sequences that are tunable up to 2.0 THz [2]. Tilted intensity front technique has
also been implemented to select the THz phase velocity in a narrow frequency region
in a bulk LiNbOj crystal [53] and in a waveguide geometry [77]. Temporal pulse
shaping combined with spatiotemporally shaping with a tilted intensity front has
been demonstrated to generate a multiple-pulse optical waveform [133]. Although the
temporal shaping was not very versatile, this approach should allow for generation of

high-energy multiple-cycle THz pulses for certain configurations.
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In these approaches each cycle of the multiple-cycle THz field is not continually
pumped by the optical pulse or pulse sequences, so the generation process is not
optimized for high-energy THz pulses. Noncollinear velocity matching was made pos-
sible through the tilted intensity front technique, where THz waves are continuously
amplified while traveling with the optical pump pulses in a crystal with large non-
linear coefficients. The THz waveform was near-single-cycle because many frequency
components were phase matched together as set by the angle of the intensity front
tilt. As shown qualitatively in Figure 4-1. generation of high-energy multiple-cycle

terahertz pulses can be realized along with the temporal shaping method presented

in the previous section.

E field (a.u.)

amplitude (a.u.)

0 02 04 06 0.8 12 14
frequency (THz)

Figure 4-20: Experimental results of (a) THz field traces and (b) normalized Fourier spectra, gen-
erated with a 6 mJ near-infrared chirp-and-delay tilted intensity front waveform at 1 kHz repetition
rate.

The experimental setup is illustrated in Figure 4-19. Near-infrared optical pulses
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with 6 mJ energy at 1 kHz repetition rate were produced from a commercial Ti:sapphire
amplifier system, and the compressor grating spacing was reduced to generate posi-
tively chirped pulses with durations around 10 ps. A 1% beam splitter was used to
split off the THz readout pulse which was subsequently recompressed to the transform-
limit by a separate compressor. The Gires-Tournois etalon made by a partial reflector
(38% reflection efficiency) and a high reflector was used to introduce the variable time

delay between chirped pulses.
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Figure 4-21: A THz field trace measured by electro-optic sampling and the normalized Fourier
spectrum, generated with a 35 mJ near-infrared chirp-and-delay tilted intensity front waveform at
10 Hz repetition rate.

The chirp-and-delayed waveform was sent to a similar tilted intensity front setup
as previously described [132]. A 2000 line/mm grating was used to achieve the ap-
propriate intensity front tilt in the -1 diffraction order, and a single 80 mm focal
length spherical lens was used to image the grating surface onto the LN crystal. The
beam was about 10 mm in diameter at the grating and 5 mm in diameter at the LN
surface. Approximately 2/3 of the optical pulse energy reached the LN crystal. The
input surface of the LN crystal was AR coated for 800 nm, and the crystal was spe-
cially shaped in order to couple the THz phonon-polariton wave at a normal incidence

into air. THz radiation was directed and focused by two off-axis parabolic mirrors



into a ZnTe crystal for electro-optic sampling measurement, or into a Microtech py-

roelectric detector for pulse energy measurement.
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Figure 4-22: Optical spectra before and after LN erystal in multicycle THz generation pumped
with 35 mJ intensity-front-tilted quasi-sinusoidal optical waveform. The lobes on the long wavelength
part from 810 to 860 nm after LN crystal indicates high optical-to-THz conversion efficiency due to
high-energy THz generation.

With 6 mJ near-infrared optical pulses at 1 kHz repetition rate, multicycle THz
pulses were generated with energies up to 1.5 pJ. The THz center frequencies were
tuned through adjustment of the etalon mirror separation. and at each separation,
the THz output was optimized through adjustment of the intensity front tilt angle
to optimize velocity matching for the selected THz frequency. The adjustments were
small because the phonon-polariton dispersion curve in this frequency range is nearly
linear in LN. The THz frequency tuning range was between 0.3 and 1.3 THz, and the
bandwidth of the pulses were generally less than 0.1 THz. Figure 4-20 shows THz
waveforms throughout this tuning range. A comparison between the optical intensity
modulation frequencies measured through cross-correlation as in Figure 4-18 and the

THz frequencies measured through electro-optic sampling as in Figure 4-20 showed
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good agreement.

Some experiments were conducted with a 10 Hz. 35 mJ optical pump pulse through
the same chirp-and-delay and tilted intensity front setup for the generation of high-
energy multiple-cycle THz pulses. Figure 4-21 shows the resulting waveform and
Fourier spectrum of a multiple-cycle THz pulse centered at 0.50 THz. The THz
output had over 10 pJ energy. The phase change in the field trace and the dip in the
corresponding Fourier spectrum around 0.56 THz are due to the absorption of water
vapor. Optical spectra of pump pulses were also measured before and after the LN
crystal, as shown in Figure 4-22, and the lobes on the long wavelength part from 810
to 860 nm after LN crystal indicates a high optical-to-THz conversion efficiency due

to high-energy THz generation.
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Figure 4-23: An illustration of the correspondence between the optical modulation frequency and
the THz center frequency at 1 kHz repetition rate. In the relatively high frequency region from
0.9 to 1.3 THz, up to 20% difference can be observed. This may be due to a small but significant
amount of chirp among the diffracted frequency components near the image plane.

These results represent an extension of spatiotemporal shaping of the optical field

from a particularly simple form (a single pulse that undergoes a linear spatial and

97



temporal sweep at a speed set by the tilted intensity front) to a form that is still rel-
atively simple (a temporally intensitv-modulated waveform that undergoes a linear
spatial and temporal sweep) and that is well adapted for generation of an important
class of THz waveforms - short multiple-cycle pulses with well defined, tunable fre-
quencies - with the high pulse energies and field amplitudes that noncollinear velocity
matching in LN can provide. Completely reconfigurable spatiotemporal shaping of
the optical field can be employed for generation of arbitrary THz waveforms in LN
[36], but the present approach is simpler and supports higher optical pulse energies

for generation of intense frequency-tunable THz pulses.
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Figure 4-24: The image ratio change for the optimization of (A) lower frequencies and (B) higher
frequencies. AL was about 10 mm in this experiment, corresponding to a tilt angle change of about
1.8 degree. The imaging ratio in (b) was larger and the tilt angle was smaller.

We believe higher THz pulse energies are possible. The horizontal spot sizes of the
tilted intensity front waveforms should be optimized with respect to THz attenuation
in LN, which is frequency-dependent. In our measurements the spot size was kept
constant. Cooling of the LN to reduce attenuation can also be beneficial [53]. Finally,

the frequency range can be extended through improved optical modulation depth and
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through cooling of the LN crystal.

The experimental correspondence was measured between the center frequencies
of multiple-cycle THz pulses and the quasi-sinusoidal optical intensity modulation
before its intensity front was tilted by the grating-lens system. The center frequency
of the optical intensity modulation can be measured by the previously detailed method
of auto-correlation or cross-correlation in a nonlinear second- or third-order process,
while the center frequency of the multiple-cycle THz pulses can be measured by
electro-optic sampling. As illustrated in Figure 4-23, general consistency was found
over the entire frequency tuning range, confirming that THz oscillations originate

from the optical intensity modulation.

For energy optimization of lower and higher THz center frequencies, the imaging
ratio of the single-lens imaging system needs to be changed until the tilt angle is
larger in the higher frequency case to match the smaller THz phase velocity. The AL
in our experiment was about 10 mm, corresponding to a tilt angle change of about
1.8 degree as illustrated in Figure 4-24. The tilt angle is very sensitive to the imaging
ratio change, for example in part (b) of the Figure 4-24, the imaging ratio was larger

(about 0.55), and the tilt angle was smaller (about 61.2 degrees).

We note that for each chirp-and-delay setting of the optical modulation frequency,
adjustment of the imaging system to optimize the THz output energy caused a sig-
nificant change in the THz frequency, up to 20% at frequency range 0.9 - 1.3 THz.
From the optimization geometry, it can be concluded that this effect is not due to the
small Cherenkov angle change for different frequencies because the angle for higher
frequencies is larger. However in this experiment, the angle for the optimization of
higher frequencies is actually smaller. We believe that this may be due to a small but
significant amount of chirp among the diffracted frequency components in the tilted
intensity front near the image plane, as has been previously reported [56, 83]. As
illustrated in Figure 4-25, this would effectively change the chirp-and-delay param-
eters and therefore the optical modulation frequency to a somewhat different value
and the THz center frequencieé. Further experiments can be performed by measuring

the change in frequency with variable input pump pulse energies.
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Figure 4-25: An image of the moving grating pattern through a single-lens system and the influ-
ence of chirp sign change on the pulse duration of the quasi-sinusoidal intensity-modulated optical
waveform.
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4.6 Spatiotemporal optical pulse sequences

In the case of generation of high-power near-single-cycle THz pulses, velocity match-
ing can be implemented through a continuous tilted optical intensity front with either
a diffraction grating or spatiotemporally displaced pulse sequences [134] with a stack
of glass pieces that introduce time delays at variable spatial locations, as illustrated
in Figure 4-26. One of the advantages of this process is that the amount of optical
dispersion in the generation crystal is very small and arises from the lens imaging
system, and it can be further improved upon with various methods. A few calculated
results of generated multicycle THz pulses, electric field traces, and their correspond-
ing Fourier spectra are shown in Figures 4-26, 4-27 and 4-28. Here the individual
pulse spot size is fixed, center frequencies are tuned through temporal shaping, and
optical pump pulses have the same pulse energies. The THz frequency components
set by individual pulse spot size in the lateral direction can be seen through the THz
single-cycle Fourier spectrum in Figure 4-28. This determines the tuning region and
general trend of spectral amplitudes of the frequency-tunable multicycle THz pulses

generated by temporal shaping.

Figure 4-26: Generation of multicycle terahertz pulses in a LiINbOj crystal by spatiotemporally
displaced pulse sequences where the individual pulse spot size is fixed and the center frequencies are
tuned through temporal shaping. The electric field patterns with center frequencies at 500 GHz,
800 GHz, and 1500 GHz are illustrated respectively.
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Figure 4-27: THz electric field traces of multicycle THz pulses generated with spatiotemporally
displaced optical pulse sequences. The frequency components are set by the individual pulse spot
size, and the center frequencies are tuned through temporal shaping,.
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Figure 4-28: The corresponding Fourier spectra of multicycle terahertz pulses generated with spa-

tiotemporally displaced optical pulse sequences. The frequency components are set by the individual
pulse spot size, and the center frequencies are tuned through temporal shaping,.
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Chapter 5

Nonlinear Terahertz Phenomena in

a Ferroelectric Crystal

This work is in collaboration with Dr. Xibin Zhou, Dr. Christopher A. Werley, and
Dr. Harold Y. Hwang of the Massachusetts Institute of Technology.

Nonlinear phenomena in optical frequencies have been studied for many years and
have important scientific and technological applications, including frequency mixing,
parametric amplification, and the electro-optic effect where the response function
is primarily given by electronic processes. In the far-infrared region where many
phonon resonances and electron-phonon coupling exist, ionic motions contribute both
linearly and nonlinearly to the dielectric function. The frequency region of terahertz
(THz) phonon-polaritons is below the lowest transverse optic phonon mode, and THz
generation and propagation are strongly coupled with lattice vibrations. Nonlinear
phenomena relevant to sufficiently high-intensity THz waves would be interesting
because the processes involve ionic motions that are intrinsically linked to properties
of physical materials. More generally, the generation and application of high-power
THz pulses [62, 132] has facilitated the observation of many nonlinear THz phenomena
in solids, liquids, and gases [60, 39, 72]. In this chapter, general considerations of
nonlinear optics in the far-infrared region are briefly introduced, followed by the

nonlinear phenomena through THz generation in bulk ferroelectric crystals LiTaOs3
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and LiNbOs. Simulations of THz electric fields and lattice vibrations as well as some

experimental results are also presented.

5.1 Nonlinear optics in the THz region

Nonlinear optics is generally related to phenomena resulting from the modification
of optical properties in the presence of a strong electric field. The system response
depends on the field strength, and the coefficients that determine how strongly the
system responds are intrinsic properties of the material. For example, in condensed
phase systems a nonlinear electronic response is usually very fast since its character-
istic time is a few femtoseconds. A nuclear response in these systems is relatively

slower, on the order of 0.1 — 10 picoseconds for optical phonon modes.

Nonlinear phenomena can be described in the time domain by response functions
and in the frequency domain by susceptibilities. The constitutive relations are in

tensor form and can be written as,
D(w) = ©E(w) + P(w) = ¢E(w) + eoxM (w) E(w) + Pnr(w) (5.1)
where ¢ is the permittivity in vacuum. The nonlinear polarization Py is given by:
Pyr(w) = e(xP (W) EW)? + X EW)* + -+ XM (@) EW)" +--+) (5.2

where (¥ (w) are the nonlinear susceptibilities. x™(w) is the linear susceptibility, and
its real and imaginary part are frequency-dependent, and relevant to the material’s

index of refraction and absorption.

In the far-infrared region that is close to ionic resonances, both the electronic and
lattice system contribute to polarizations. Similar to the optical frequency region,
nonlinear susceptibilities are closely related to linear susceptibilities [81] when per-

turbations of the electronic oscillator are considered. The ionic contributions can be
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included by the equation:

X" (@) = Xitronie ®) + Xionie @) (5.3)
where the nonresonant electronic or high-frequency part is closely related to polar-
izability. This part can be treated as either a constant or a function of nuclear
displacement, depending on the specific process. The ionic part can be modeled as
either driven single or multiple Lorentz oscillators. In a typical process of the far-
infrared region such as the phonon-polariton mode, susceptibilities can be expressed

as,

2 —
£ (W) = oo + — 2/ — 14 xW (5.4)

2
o m _ _wrolfo = Ew)
Xelectronic — o0 — 1’ Xionic = W?ro — w2 — 4wl (55)

where wro is the resonance frequency, and I' is the phenomenological damping term.
As an example, the second-order nonlinear susceptibilities have been found to have

the following form

2) Wy, wy) = m[l—l—C( ! + ! + ! )+C(—1—
Xjrt(Ws, W, w1) = X "\ D(wy) " D(ws) ' D(ws) 2\ D(w1) D(wy)

1 1 1 .
D)D) D(w2)D(W3)> - CP’D(wnD(wQ)D(wgJ (56)

where D(w;) is the linear susceptibility given by

D(w;) = 1 — (wi/wro)? + iw D Jwhe (5.7)

Xg) is the second-order pure electronic nonlinear susceptibility, and the parameters

C1, Cy, and Cj can be calculated or experimentally measured.

With relatively large vibrational amplitudes of ionic motions, perturbations be-

yond the harmonic approximation can be included similar to the clectronic system
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in the optical frequency region. THz phonon-polariton generation and propagation
have provided a platform to study coherent lattice waves, which are related to vibra-
tions along the potential energy surface as a function of the normal mode coordinate.
Ferroelectric crystals typically have double-well potentials along the soft mode coor-
dinate, and properties of the well shape are presented briefly in the following section

with LiTaO3 and LiNbOg3 as examples.

5.2 Soft mode potential energy surface

The potential energy surface can be expressed as a function of the net ionic dis-
placement along the ferroelectric soft mode of LiTaO3; and LiNbOj3 by the following
(67, 97]:

1 1
V(Q) = —me%OQQ + EZH—V(Q—O)—Im2w%OQ4 (58)

where the displacement can be related to the normal mode coordinate @, throﬁgh

the reduced mass M and the oscillator density N as @, = \/ NY . mr?=+VNMQ.

With the local potential minima as the origin, the potential surface can be expressed

with quadratic, cubic, and quartic terms of the vibrational amplitude

V(Q) = V(Qu) + gmuo@® +7Q" + Q" 5.9)

and the coefficients v and A are given by:

- J%)W _ Mo
’7‘(32|v<@o>| AT EV(Qo)] (5.10)

Therefore the oscillator restoring force can be expressed in terms of the normal mode

coordinate:

f=wioQ +aQ® +bQ° (5.11)
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Figure 5-1: The potential energy surface along the ferroelectric soft mode of LINDO3 where the ori-
gin has been set at one of the equilibrium points. The quadratic, cubic, and quartic approximations
of small vibrational amplitudes around the origin have been included.

and the coefficients a and b are
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The potential energy surface of the ground electronic state along the ferroelectric
soft mode of LiNbQj is shown in Figure 5-1 and Figure 5-2, along with quadratic,
cubic, and quartic approximations of small vibrational amplitudes. The resulting
oscillator restoring force is shown in Figure 5-3. The potential wells of LiNbO3 and
LiTaO3 primarily come from joint displacements of oxygen and lithium ions, and the
well depths at room temperature are 248.88 meV (2858 K) and 235.28 meV (2739 K)
respectively [67], which are very deep and correspond to the spontaneous polarization.
Harmonic approximations work well for small vibrational amplitudes, and the cubic
term can be a good approximation for a relatively wide region around the equilibrium
point.

The potential well shapes and depths can be different across many types of fer-
roelectric crystals. The transition temperature 7, from paraelectric to ferroelectric

phase varies, and there are order-disorder, displacive, or mixed transitions types. Even
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in the ferroelectric phase, well shape and depth change as a function of temperature,

a result of the softening or hardening of the transverse optical phonon resonance wyo.
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Figure 5-2: The potential energy surface along the ferroelectric soft mode of LiNbOj for small
vibrations around the equilibrium point. The quadratic, cubic, and quartic approximations have
been included.
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Figure 5-3: The lattice oscillator restoring force along the ferroclectric soft mode of LiNbOy for
small vibrations around the equilibrium point. The quadratic, cubic, and quartic approximations
have been included.

For lattice vibrations at low temperature, the phenomenological damping term I’
usually decreases significantly, giving a narrower and stronger absorption peak of the
dielectric function. The dielectric function in the low-frequency limit £ also changes

with temperature. Although not directly related to the potential well surface, these
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parameters can influence lattice vibrations, linear and nonlinear susceptibilities of the

crystal, and the index of refraction.

5.3 Sources of nonlinearity in THz generation

In the far-infrared regions of ferroelectric systems, the electronic and ionic parts

contribute to the polarization response as follows

Q = bll@ + b12E . (513)
b21@ + bas E (5.14)

oL
Il

where by; and by = by = wTO\/m are related to the contribution of ionic
vibrations, and by, = €y(g0 — 1) is mostly an electronic contribution that is closely
related to polarizability.

Generation of THz phonon-polaritons through nonresonant impulsive stimulated
Raman scattering process is modeled with the anharmonic potential surface approxi-

mated by the cubic and quartic term as in Equation (5.11), resulting in the following,

G+T(Q) G+uwlo - G+a- G +b-G = bioE + 2eoy/21(52) Lpump

" a5 . (5.15)
(VzA —£0(@) - A/C%) = —loWroV €0(€0 — €00)@

There are many types of nonlinearity in this process, among which the nonlinearity
of the restoring force, the differential polarizability, and the damping term are three

major contributors as in the following expressions:

b11(Q) = b + bW (Q1+ Qa+ Qs+ ) + Q1+ Qo+ Qs+-) +--- (5.16)
Eoo(@) =@ +eV(Qr+ Q4+ Qs+ ) +eP @+ Qe+ Qs+ ) + -+ (5.17)

F(Q):F(O)+F(1)(Q1+Q2+Q3+---)+F(2)(Q1+Q2+Q3+“')2+"' (5.18)

where some terms vanish in certain types of crystals due to symmetry considerations,

and Q, = Qe k==Y represent the ny, order expansion of lattice displacement har-
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monics, also termed bthe wavevector and frequency overtones in previous observations
of lattice anharmonicity.

In the sources of nonlinearity, every wavevector or frequency overtone of the lattice
displacements @,, can probe a contribution arising from the same order of nonlinear
anharmonic part, either from the restoring force, the differential polarizability, or
the damping term. Any one type of the anharmonic order can give rise to multiple
harmonic components of lattice vibrations and electric fields [97]. This may result
in several questions such as where the coherent nonlinearity comes from, how it is
generated, and how far it can propagate.

For lattice dynamics in ferroelectric systems generated through nonresonant ex-
citation with near-infrared ultrashort laser pulses, the three aforementioned types of
nonlinearity can be set forth in parallel in the generation process. The propagation of
nonlinearities needs to follow the dispersion relations of the phonon-polarition modes
of the crystal, so specific experimental conditions can facilitate the identification of

the sources of observable nonlinearities.

5.4 Nonlinearity in the damping term

The nonlinear damping term may need to be accounted for in the large vibrational
amplitudes of ionic oscillators, where coupling betweens different phonon modes be-

comes dependent on the amplitudes:

I['(Q) =Ty + aQ + BQ? (5.19)

where the coefficient «@ may vanish for crystals with inversion symmetry.

THz generation based on the nonlinearity of the damping term was simulated
in a polar ferroelectric crystal LiNbOj, and the intensity-dependent electric fields
and corresponding Fourier spectrum are shown in Figure 5-4 and Figure 5-5. The
vibrational amplitudes were in a region where the first order a term can provide

a good approximation. The THz electric fields have been normalized with linear
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Figure 5-4: The intensity-dependent THz electric fields due to the nonlinearity of the damping
term. The amplitudes have been normalized with linear optical intensity dependence.
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Figure 5-5: The intensity-dependent amplitudes of the THz fundamental and harmonics due to
the nonlinearity of the damping term.
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optical intensity dependence. As can be seen, several THz harmonics were generated
from the nonlinear coefficient. Also, since the nonlinear term does not have inversion
symmetry, it can have different effects if the crystal has a different type of spontaneous
polarization for large vibrational motions. This is illustrated later in the section on

potential surface nonlinearity.

5.5 Nonlinearity in the differential polarizability

The differential polarizability is an essential term in THz generation through the Ra-
man scattering process because the coupling coefficient in the driving force is directly

related to it,

1 N O«
Fisps = 560/ M(a—v—‘;)IpumP($7 2,t) (5.20)

where % is the first-order differential polarizability, and the high-frequency dielectric

function e,,(Q) and bey are functions of ionic displacement @,

O 1 0«
b2(Q) = €0(Eco + MQ + A2Q* — 1) (5.22)

and the net displacement w is proportional to the normal mode coordinate.

The nonlinearity of differential polarizability is an electronic effect, and it may
create some confusion [14] since the nonlinearity of lattice vibrations and differential
polarizability may have similar effects during the generation process. Here, THz
generation based on nonlinearity of the differential polarizability was simulated in
a polar ferroelectric crystal, LiNbO3, and the intensity-dependent electric fields and
. corresponding Fourier spectrum are shown in Figure 5-6 and Figure 5-7. The THz
electric fields have been normalized with linear optical intensity dependence. As can

be seen, several THz harmonics were generated from the nonlinear coefficient.
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Figure 5-6: The intensity-dependent THz electric fields due to nonlinearity of the differential
polarizability. The amplitudes have been normalized with linear optical intensity dependence.
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Figure 5-7: The intensity-dependent amplitudes of the THz fundamental and harmonics due to
the nonlinearity of the differential polarizability.
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5.6 Multiple harmonic generation 1

Nonlinearity in the potential energy surface comes with large coherent vibrational
amplitudes beyond the harmonic region. The characterization of the potential wells
can be realized through the nonlinear phenomena intrinsically linked to the lattice
anharmonicity. The potential energy surface along the ferroelectric soft mode coordi-
nate has the double-well shape, and the vibrations around the two equilibrium points
may show distinct nonlinear effects due to the intrinsic cubic and quartic anharmonic-
ities. In this section, nonlinear phenomena associated with the vibrations around one
of the equilibrium points, or type I spontaneous polarization, are presented with em-
phasis on the optical intensity dependence and E-Q relations in the large vibrational

amplitude region.
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potential energy (a.u.)
w
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Figure 5-8: The potential encrgy surface along the ferroelectric soft mode of LiNbQOj. and the
£ )
quadratic and cubic approximations around the local equilibrium point.

The potential energy surface with the quadratic and cubic approximations around
the local equilibrium point in the spontaneous polarization type I is shown in Figure
5-8. For a relatively wide region of lattice vibrations in LiNbQOj, the quartic term does
not show a significant effect. Therefore, the cubic term is also taken into account for

simplicity, and the vibrations should be well approximated for the region of multiple
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harmonic generation and E-Q relation analysis.

The quadratic and cubic term is w,Q + a@? in this case with the coefficient a

being a positive number. From the phonon vibration driving equation:
Q + FQ + w?m@ + GQQ = blgﬁ + Fisgrs (5.23)

it can be seen that the initial vibrational direction and amplitude are set forth by
the driving force, and the electric field scales approximately with both the quadratic
and cubic terms as E ~ w?,Q + aQ?. The THz electric field is therefore is enhanced
when Q is positive and suppressed when Q is negative due to contributions of the
cubic term, and the larger the vibrational amplitude, the larger this anharmonic
effect is. This effect has been simulated in THz generation as shown in Figure 5-9
and Figure 5-10, with the amplitudes of the electric field and lattice displacement,
and the corresponding Fourier spectra.

The intensity-dependent THz electric field and the corresponding Fourier spectra
are shown in Figure 5-11 and Figure 5-12. The electric fields have been normalized
based on the linear dependence of the optical intensity, and it can be seen that the
electric field with large vibrational amplitude is less than the normalized proportion-
ality because the initial lattice movement is driven into the negative direction where
the electric field is slightly suppressed by the lattice cubic anharmonicity.

In the THz electric field spectrum, the THz fundamental and multiple harmonics
can be clearly observed in the high-intensity region. The amplitudes of the second,
third, and higher-order harmonics as functions of the amplitude of the THz funda-

mental are shown in Figure 5-13 and Figure 5-14.

5.7 Multiple harmonic generation II

In this section, nonlinear phenomena associated with the vibrations around the other
equilibrium point, or type II spontaneous polarization, are presented with optical

intensity dependence and E-Q relations in the large vibrational amplitude region due
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Figure 5-9: The amplitudes of the electric field and lattice displacement with high intensity
excitation. where the electric field is enhanced when () is positive and suppressed when () is negative

due to the lattice anharmonicity.
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Figure 5-10: The corresponding Fourier spectra of the electric field and lattice displacement with
high-intensity excitation and large vibrational amplitudes.
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Figure 5-11: The intensity-dependent THz electric field normalized based on the linear dependence
on optical intensity. The electric field with large vibrational amplitude is less than the normalized
proportionality because the initial lattice movement is driven into the negative direction where the
electric field is suppressed by the lattice cubic anharmonicity.

107 |_|of10
, —_1/100
—~40 N VY \N L
=10
o £
[} 5 |
3!
EL ‘,
s 10" | _
[ Al
‘» vy
103{
L
2 L—I— 1 L 1 1 1 |
0, 1 2 3 4 5 6 7 8 9

frequency (THz)

Figure 5-12: The corresponding intensity-dependent Fourier spectra of the THz fundamental and
multiple harmonics generated by the lattice cubic anharmonicity.
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Figure 5-13: The amplitudes of the THz second and third harmonics show quadratic and cubic
dependence of the THz fundamental generated through the cubic lattice anharmonicity.
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Figure 5-14: The normalized amplitudes of the multiple THz harmonics as a function of the
amplitude of the THz fundamental generated through the cubic lattice anharmonicity.
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to lattice anharmonicity.
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Figure 5-15: The potential energy surface along the ferroelectric soft mode of LINDOs, and the
quadratic and cubic approximations around the local equilibrium point.

Figure 5-15 shows the potential energy surface with the quadratic and cubic ap-
proximations around the local equilibrium point in the spontaneous polarization type
I1. Since it shows mirror symmetry with the other type of polarization, the cubic term
is taken into account for simplicity, and vibrations should be well approximated for
the region of multiple harmonic generation and E-Q relation analysis.

The quadratic and cubic term is w%,Q — a@Q? in this case and the coefficient a is

a positive number. From the phonon vibration driving equation
5 . 5 3 =% T .
Q+TQ+wiol —aQ” = bk + Fisgs (5.24)

it can be seen that the initial vibrational direction and amplitude is set by the driving
force, and the electric field scales approximately with both the quadratic and cubic
terms as F ~ w?,Q — a@Q?. The THz electric field in this case is therefore enhanced
when Q) is negative and suppressed when ( is positive due to contributions of the
cubic term. The larger the vibrational amplitude, the larger this anharmonic effect
is. This effect has been simulated in THz generation as shown in Figure 5-16 and

Figure 5-17, with amplitudes of the electric field and lattice displacement, and the
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Figure 5-16: The amplitudes of the electric field and lattice displacement with high-intensity

excitation.

The electric field is enhanced when Q) is negative and suppressed when () is positive due

to the lattice anharmonicity.
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17: The corresponding Fourier spectra of the electric field and lattice displacement with

high-intensity excitation and large vibrational amplitudes.
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Figure 5-18: The intensity-dependent THz electric field normalized based on the linear dependence
on the optical intensity. The electric field with large vibrational amplitude is less than the normalized
proportionality because the initial lattice movement is driven into the negative direction where the
electric field is enhanced by the lattice cubic anharmonicity.

_]0

_IOI’IO
..._.IOI‘IOO\

asiul

amplitude (a.u.)

Noaanna ]

A
'VV"VV

102 A —. S — 1 e e i 1 A e = S 1 | —
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 55 6
frequency (THz)

Figure 5-19: The corresponding intensity-dependent Fourier spectra of the THz fundamental and
multiple harmonics generated through the cubic lattice anharmonicity.
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corresponding Fourier spectra.
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Figure 5-20: Normalized amplitudes of the multiple THz harmonics as a function of the amplitude
of the THz fundamental generated through the cubic lattice anharmonicity.

The intensity-dependent THz electric field and the corresponding Fourier spectra
are shown in Figure 5-18 and Figure 5-19. The electric fields have been normalized
based on the linear dependence on the optical intensity, and it can be seen that the
electric field with large vibrational amplitude is more than the normalized propor-
tionality because the initial lattice movement is driven into the negative direction

where the electric field is slightly enhanced by the lattice cubic anharmonicity.

In the THz electric field spectrum, the THz fundamental and multiple harmonics
can be clearly observed at the high-intensity region. In Figure 5-20, the normal-
ized amplitudes of higher order harmonics as functions of the amplitude of the THz

fundamental are presented.
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5.8 Phase modulation from lattice anharmonicity

THz phase modulation has been observed in high-power THz generation experiments
in LINbO3 cooled to temperatures as low as 10K. In this section, simulations of
intensity-dependent near-single-cycle THz pulses are presented in LN crystal with

cubic lattice anharmonicity and reduced damping.
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Figure 5-21: The intensity-dependent THz electric field in LiNbOs with cubic lattice anhar-
monicity and reduced damping. The amplitudes are normalized with linear dependence on optical
intensities and phase modulation can be observed. The positions of both the peak and valley are
intensity-dependent, and the oscillation period is longer at higher intensities.

As can been in Figure 5-21, the near-single-cycle THz pulses show a few more
oscillations following the main peak, and the positions of both the peak and valley
are intensity-dependent. The electric field amplitudes have been normalized with
linear dependence on optical intensities and the phase modulation can be observed.
In the time domain, the oscillation period is larger at higher intensities, and the extra
time delay can be related to the intensity-dependent index change. The normalized
amplitudes of the electric field and lattice vibrations at high and low optical intensities
are presented in Figure 5-22, and it can be confirmed that the lattice vibrations closely
follow the THz electric fields, and that the phase modulation reflects the lattice

anharmonicity. The amplitudes of the THz electric fields in the frequency domain
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Figure 5-22: Normalized amplitudes of the electric field and lattice vibrations at high and low opti-
cal intensities. The lattice vibrations closely follow the THz electric fields, and the phase modulation
reflects the lattice anharmonicity.

10‘ T T T 4 L T T T T T
T P

8 y —IUHO
? _I0I100
86
)
e
=
3 4 -
E
©

2 S —

—_—
0 |

0 02 04 06 08 1 12 14 16 18 2 22 24 26 2.8
frequency (THz)

Figure 5-23: Amplitudes of the THz electric fields in the frequency domain where the spectral com-

ponents at low and high frequencies are enhanced. The ratio between them shows the characteristic
spectral change in nonlinear phase modulations.
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are presented in Figure 5-23, and it can be seen that the spectral components at low
and high frequencies are enhanced. The ratio between them shows the characteristic

spectral change in nonlinear phase modulations.

5.9 Multiple harmonic generation experiment

Coherent anharmonic phonon-polaritons in ferroelectric crystals have been observed
through wavevector overtone spectroscopy in LiTaOs [14] where up to 9 overtones
were generated with high optical intensity excitation. Nonlinear phase modulation
and harmonic generation were also reported through high-power THz generation in
LiNbOj3 [55]. In this section, experimental results of THz multiple harmonic genera-

tion are presented.
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Figure 5-24: A third-order cross-correlation experiment between the optical chirp-and-delay etalon
output and a transform-limited readout pulse in silica glass where second and third harmonics can
be observed.

Pumped with the intensity front tilted quasi-sinusoidal modulated optical wave-
forms in a LiNbOj prism, the multiple-cycle phonon-polariton waves can be generated
and continuously enhanced along with the coherent lattice vibrations that are strongly
coupled with the electric field. If the vibrational amplitude is sufficiently large to reach

the nonlinear region, harmonics of the fundamental frequency as determined by the
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intensity modulation should be observable.
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Figure 5-25: A multiple-cycle THz trace generated by a 6 mJ optical pump pulse where the second
and third harmonics can be observed.
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Figure 5-26: A multiple-cycle THz trace generated by a 6 mJ optical pump pulse where the second
and third harmonics can be observed.

The third-order cross-correlation measurement between the optical chirp-and-
delay etalon output and a transform-limited readout pulse in silica glass is shown
in Figure 5-24, where some second and third optical harmonics can be observed. This
is the optical input of the THz generation process, and the peak amplitudes of the
second and third harmonics versus the fundamental are 0.226 and 0.0275 respectively.

The experimental results of generation of multiple-cycle THz waves pumped with 6
mJ optical pulses are shown in Figure 5-25 where the fundamental frequency is around
0.49 THz, and the peak amplitudes of the second and third harmonics relative to the
fundamental are 0.0724 and 0.0345. In Figure 5-26 where the fundamental frequency
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is around 1.06 THz, the peak amplitudes of the second and third harmonics versus
the fundamental are 0.0276 and 0.0332. The experimental results of multiple-cycle
THz waves pumped with 35 mJ optical pulses are shown in Figure 5-27 where the
fundamental frequency is around 0.53 THz, and the peak amplitudes of the second,
third, and fourth harmonics versus the fundamental are 0.1812, 0.0463, and 0.0285

respectively.
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Figure 5-27: The experimental result of a multiple-cycle THz trace generated with a 35 mJ optical
pump pulse, where the second, third, and fourth harmonics can be observed. Given the experimental
geometry, actual harmonic components may be more than what were measured through electro-optic
sampling. This may be due to the lattice nonlinearity of the LiNbOj crystal.

There are several processes involved in the multiple harmonic generation exper-
iment. The higher-order harmonics in the optical input were mostly filtered by the
following considerations: (a) the damping rates of THz pulses are significantly larger
for higher frequency components above 1 THz; (b) in the experimental geometry, ve-
locity matching was realized for a certain region of frequencies around the main peak
for the optimization of THz total pulse energies, so the higher the frequencies, the less
the phase matching condition was met. On the other hand, as the modulated optical
waveform propagated through the sample, the phonon-polariton waves were continu-
ously generated and enhanced. When the amplitudes of the electric fields and lattice
vibrations approach the nonlinear region, higher-order harmonics of the fundamental

should appear and propagate along with the fundamental. This can be confirmed by
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the amount of harmonic components with various optical intensities and the appear-
ance of new harmonic components in the THz waves. Another point to look at the
nonlinearity is that in this experiment, the peak optical intensity is lowered since the
pulse is spread spatiotemporally. The dimensions in the high-intensity case are 10 ps
X & mm X 5 mm, so more harmonic components can be generated with more tightly

focused pulses.
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Chapter 6

Conclusions

The recent development of high-energy THz sources has made it possible to do various
nonlinear optics and spectroscopy experiments in the THz regime. In this thesis, we
presented general background on, and demonstrated experimental techniques for, the
generation and enhancement of near-single-cycle and multiple-cycle THz pulses based
on coherent optical excitation of phonon-polaritons in ferroelectric crystals such as
LiNbO3 and LiTaO3. We showed that pulse energies can reach 50 uJ for near-single-
cycle pulses with sub-picosecond duration and 10 pJ for multiple-cycle pulses with
picosecond duration. These are achieved through noncollinear velocity matching ge-
ometry by tilting the intensity front of near-infrared ultrashort optical pulses or quasi-
sinusoidal modulated waveforms. These THz outputs are very close approximations
to Gaussian beams, and can be well collimated and focused into samples for time-
resolved experiments in linear and nonlinear THz optics and spectroscopy. Collective
coherent excitation and control of lattice dynamics along selected potential energy
surfaces are of considerable interest, particularly properly tailoring of THz pulses to
drive large amplitude motions associated with some aspects of macroscopic proper-
ties. Many macroscopic quantum phenomena, such as quantum coherence within
a few energy levels, can be properly excited and observed with well-defined THz
pulses and high field strength. Nonlinear coherent spectroscopy is relatively mature
in the visible, infrared, and radio frequency regions, and the methods developed in

this thesis can now allow for extensions of methods such as the photon echo and
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multidimensional spectroscopy into the THz region.
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