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Abstract

The study of broken symmetry has a profound meaning in every aspect of science. The presence
of an external field can break the symmetry in condensed matter, i.e., the spherical symmetry in
the liquids and the inversion symmetry in centrosymmetric crystals. In this thesis, by employing
an intense terahertz (THz) pulse as the external field, we conduct two separate studies: the THz
induced birefringence in liquids and the ultrafast control of even-order harmonic generation
from solids.

In chapter 1, we introduce the general motivation and introduction of the study of symmetry
control in the condense matter by an intense THz pulse.

In chapter 2, we explain the principle of optical parametric amplification and discuss the
design and properties of our home-build OPA.

In chapter 3, we discuss the principles of generating ultrafast THz pulses with strong electric
fields via optical rectification (OR) and the characterization of THz pulse via electro-optic
sampling (EO-sampling). In particular, we highlight the tilted-pulse-fronts (TPF) technique[1]
as well as OR in organic crystal DSTMS, as these two techniques are exploited in chapter 4
and chapter 5.

In chapter 4, we study the THz-field induced birefringence in molecular liquids utilizing
the Kerr effect. We find experimental evidence for a THz-induced optical birefringence,
which provides evidence for molecular orientation. Moreover, by studying liquid water, using a
combination of THz pump and optical probe experiments, we demonstrate a transient orientation
of their dipole moments, not possible by optical excitation. The resulting birefringence
reveals that the polarizability of water is lower along its dipole moment than the average value
perpendicular to it. This anisotropy, also observed in heavy water and alcohols, increases with
the concentration of sodium iodide. Our results enable a more accurate parametrization and a
benchmarking of existing and future water models.

In chapter 5, we will give a brief overview of high-harmonic generation in solids, followed
by a very general symmetry theory of solids which implies the symmetry control of harmonic
generation in solids, then comes to our experimental proofs of achieving ultrafast control
of even-order harmonic generation from solids by an intense terahertz field. Uniquely, we

demonstrate that the crystal symmetry is not only broken but also controlled by an intense



THz beam. The transient generation of even-order harmonics along the THz electric field is
measured. For crystals without even-order polarization, such as Si and diamond, the intensity
of the generated harmonics is affected by the THz polarization which determines the even-order
nonlinear polarity. While for crystals with initial even order polarization, such as GaAs, the
even-order harmonic generation could be either enhanced or inhibited regarding the direction of
the THz electric field. This study paves a way to ultrafast all-optical crystal symmetry control,
which can be used in the high harmonic generation, optical frequency conversion, THz electric
field measurements, and so on.

In chapter 6, I will introduce the results of setting up a compact XUV beamline and some
first results of XUV signals from MgO and NiO. The XUV emission from MgO shows HHG
features, while the XUV emission from NiO does not behave as expected. So more experiments

and theoretical calculations are needed to understand this XUV emission mechanism.



Zusammenfassung

Die Untersuchung gebrochener Symmetrien hat eine tiefgreifende Bedeutung in vielen Feldern
der Naturwissenschaften. Die Symmetrien von kondensierter Materie - beispielsweise die
sphérische Symmetrie von Fliissigkeiten und die Inversionssymmetrie von zentrosymmetrischen
Kristallen - konnen gebrochen werden durch die Prisenz eines externen Feldes. In dieser
Doktorarbeit werden starke THz-Impulse als solche externe Felder benutzt und damit zwei
verschiedene Phinomene untersucht: Die THz-induzierte Doppelbrechung in Fliissigkeiten
sowie die ultraschnelle Kontrolle von Hohen Harmonischen gerader Ordnung die in Festkorpern
erzeugt werden.

Kapitel 1 beinhaltet die grundsitzliche Motivation sowie die Einleitung fiir die Unter-
suchung der Symmetriekontrolle in kondensierter Materie durch einen starken THz-Impuls.

In Kapitel 2 werden die Prinzipien von optischer parametrischer Verstirkung erklart
und das Design und die Eigenschaften des eigens fiir diese Arbeit angefertigten, optischen
parametrischen Verstirkers diskutiert.

Kapitel 3 befasst sich mit der Erzeugung von ultraschnellen THz-Impulsen mithilfe der
optischen Gleichrichtung. Dabei wird das Hauptaugenmerk auf die Technik der verdrehten
Wellenfront sowie auf die THz-Erzeugung im organischen Kristall DSTMS gelegt, da diese
beiden Methoden in den Kapiteln 4 und 5 angewendet werden. Auch wird die Charakterisierung
der THz-Impulse mittels elektrooptischen Samplings thematisiert.

In Kapitel 4 wird die THz-induzierte Doppelbrechung in molekularen Fliissigkeiten mithilfe
des Kerr-Effekts untersucht. Experimentell wird hierbei ein solcher induzierter Doppel-
brechungseffekt gefunden, welcher die Schlussfolgerung zulisst, dass sich die Molekiile
im THz-Feld orientieren. Weiterhin wird in Pump-Probe Experimenten mit Wassermolekiilen
eine ultraschnelle Ausrichtung der Dipolmomente gemessen die nicht passiert mit optischer An-
regung. Die induzierte Doppelbrechung zeigt, dass die Polarisierbarkeit von Wasser niedriger
entlang der Achse des Dipolmoments ist, als entlang der dazu orthogonalen Achse. Die
Anisotropie — die auch in schwerem Wasser und Alkoholen beobachtet wird — wéchst mit der
Konzentration von Natriumiodid. Diese Ergebnisse erlauben eine prizisere Parametrisierung
sowie eine Referenzierung von existierenden und zukiinftigen Modellen zur Beschreibung von

Wasser.



xii

Kapitel 5 enthilt einen kurzen Uberblick iiber die Hohe Harmonische Erzeugung in Festkor-
pern, gefolgt von einer grundsétzlichen Theorie welche beschreibt wie die Hohen Harmonischen
mittels der Symmetrie kontrolliert werden konnen. Anschlieend wird dies experimentell mit
THz-gestiitzter Erzeugung von geraden Ordnungen Hoher Harmonischer, welche auf ultra-
schnellen Zeitskalen kontrolliert werden konnen, nachgewiesen. Es wird gezeigt, dass das
THz-Feld die Symmetrie nicht nur brechen sondern auch kontrolliert manipulieren kann.
Bei Kristallen mit Inversionssymmetrie wie Si und Diamant beeinflusst die Polarisation des
THz-Feldes die Intensitidt der geraden harmonischen Ordnungen. Bei Kristallen ohne Inver-
sionssymmetrie, beispielsweise GaAs, werden die geraden harmonischen Ordnungen je nach
Orientierung des THz-Feldes verstirkt oder abgeschwicht. Diese Untersuchungen weisen
den Weg zu ultraschneller rein optischen Symmetriekontrolle in Kristallen mit einer Vielzahl
an Anwendungsmoglichkeiten, beispielsweise in den Bereichen der Hohen Harmonischen
Erzeugung, der optischer Frequenzkonversion und der THz-Feld Messungen.

In Kapitel 6 werden erste Ergebnisse présentiert, in denen mithilfe einer kompakten Vaku-
umbeamline extrem ultraviolette (EUV) Strahlung von NiO und MgO erzeugt wurden. Die
EUV-Emissionen von MgO werden eindeutig als Hohe Harmonische Erzeugung identifiziert
withrend die EUV-Emissionen von NiO anderen Ursprungs ist. Um diesen Ursprung néher zu

verstehen wiren weitere Experimente sowie Simulationen notwendig.
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Chapter 1

Introduction

1.1 Overview

1.1.1 the motivation for the study of symmetry control in condense mat-
ter by an intense THz pulse

The primordial concept of symmetry comes into the cognitive history of mankind through the
recognition of the beauty of geometrical forn2.[When talking about the role of symmetry

in physics, the Nobel laureate PW Anderson states in his aMole is Different[3], "it is

only slightly overstating the case to say that physics is the study of symmetry." Meanwhile,
he also revealed that the broken symmetry could lead to the complexity which contains plenty
of levels of the organization and each level can require a whole new conceptual str@fture [
The DNA structure, the "information-bearing crystallinity” which contains the vital genetic
information to life, is a good example of this kind of complexi8}.[Therefore, the study of
broken symmetry has a profound meanings in every aspect of science. In this thesis, we would
focus on the study of symmetry control in the condense matter by an intense THz pulse.

In our daily life, The most familiar examples of condensed phases are solids and liquids,
which arise from the electromagnetic forces between atoms.The presence of the external eld
would break the symmetry in condensed matter, i.e., the spherical symmetry in the liquid and
the inversion symmetry in centrosymmetric crystals. This concept lies in the center of this
thesis and would be implemented by employing an intense terahertz (THz) pulse as the external

eld to conducting two separate studies:

* THz induced birefringence in liquids,

« ultrafast control of even-order harmonic generation from solids.



2 Introduction

1.1.2 Outline of thesis

In chapter 1, we introduce the general motivation and introduction of the study of symmetry
control in condensed matter by an intense THz pulse.

In chapter 2, we explain the principle of optical parametric ampli cation and exhibit the
design and properties of our home-build OPA.

In chapter 3, we discuss the principles of generating ultrafast THz pulses with strong electric

elds via optical recti cation (OR) process and the characterization of THz pulse via electro-
optic sampling (EO-sampling) technique. In particular, we highlight the tilted-pulse-fronts
(TPF) techniquel]] as well as OR in organic crystal DSTMS, as these two techniques are
exploited in chapter 4 and chapter 5.

In chapter 4, we study the THz- eld induced birefringence in molecular liquids by utilizing
the Kerr effect. We nd experimental evidence for a THz-induced optical birefringence,
which provides evidence for molecular orientation. Moreover, by studying liquid water, using a
combination of THz pump and optical probe experiments, we demonstrate a transient orientation
of their dipole moments, not possible by optical excitation. The resulting birefringence
reveals that the polarizability of water is lower along its dipole moment than the average value
perpendicular to it. This anisotropy, also observed in heavy water and alcohol, increases with
the concentration of sodium iodide. Our results enable a more accurate parametrization and a
benchmarking of existing and future water models.

In chapter 5, we will give a brief overview of high-harmonic generation in solids, followed
by a very general symmetry theory of solids which implies the symmetry control of harmonic
generation in Solids, then comes to our experimental proofs of achieving ultrafast control
of even-order harmonic generation from solids by an intense terahertz eld. Uniquely, we
demonstrate that the crystal symmetry is not only broken but also manipulated by an intense
THz beam. The transient generation of even-order harmonics along the THz electric eld is
measured. For crystals without even order polarization, such as Si and diamond, the intensity of
the generated harmonics is affected by the THz polarization which determined the even-order
nonlinear polarity. While for crystals with initial even order polarization, such as GaAs, the
even-order harmonic generation could be either enhanced or inhibited regarding the direction of
the THz electric eld. This study paves a way to ultrafast all-optical crystal symmetry control,
which can be used in the high harmonic generation, optical frequency conversion, THz electric

eld measurement, and so on.

In chapter 6, 1 will rstly introduce the motivation of setting up a compact XUV beamline
for our experiment. Then | will go into engineering details of how to set up this compact XUV
beamline. A gated detection of XUV spectra method is introduced to improve the signal to
noise ratio and some rst results of XUV signals from MgO and NiO are shown. The XUV
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emission from MgO shows HHG features, while the XUV emission from NiO does not behave
as expected from harmonics. So more experiments and theoretical calculations are needed to

understand this XUV emission mechanism. These results are based on joint work with Nicolai
Klemke.






Chapter 2

Optical parametric ampli cation

2.1 Nonlinear optics background

In nonlinear optics, the optical response can often be described by expressing the optical
polarization P as a Taylor expansion in terms of the laser electric eld E as:

P(t)= &0 cWE(@)+ cPEX(t)+ cOE3(t)+ ::: (2.1)

Here the coef cients (N6 D) are the nonlinear optical susceptibilities of order N aftl = ¢
is the linear optical susceptibility. For the example of the second order response to an electric
eld with two frequency components, we have

1 . .
E(t) = > EieWit+ ExdVet + cc;
Po(t)= ec®E E
_ %%C(z) E2d2wit 4 E3d2waty (2.2)

+ 2B Bt W2ty o E, W W)ty

+ E1E; + EoE, + cC)
There are several terms of second order frequency mixifgpj(t):
» second harmonic generation (SHG) with the double frequencies,
» sum frequency generation(SFG),
« difference frequency generation (DFG),

« frequency zero optical recti cation (OR).
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To understand how the various frequency components of the eld generate and become
coupled by the nonlinear interaction, we need to start with Maxwell equation:

N D=r;

N B=0;

N E= 1B; (2:3)
It

. I

N H_T+ﬁD'

We assume the solution of these equations in regions of space that contain no free charges and
no free currents, so that

=0 (2.4)
7= 0: '
For the non-magnetic, neutral media, we have
B= mH,
" (2.5)
D=gE+P:
So the curl equations could be written as:
N E= 1B
) T (2.6)
N B= m)WD:

Here, if we take the curl of the rst curl equation, switching the order of the derivatives and
inserting the second curl equation, we have

. 12
N N E= %WD
192 12
= - ___ - 2.7
e MeeP (2.7)
_ 1 ﬂZ ﬂ2

By using an identity from vector calculus:
N N E=R (R E) RN°E
P = egcVE (2.8)
n°=1+c@
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Fig. 2.1second order nonlinear optical parametric processes. Adapted from ref [6]

Then, we can derive the nonlinear wave equation in the usual form:

n21-[_2 ﬂ2

K12 — .

2.2 Parametric process

A parametric process is an optical process in which the quantum state of the nonlinear material
is not changed in the light-matter interactions. Therefore, the energy and momentum are
conserved in this optical eld4]. In nonlinear optics, parametric processes include three-wave-
mixing, four-wave-mixing, or higher order harmonic generation and self-phase modubition [

Fig. 2.1 shows a sampling of second order nonlinear optical parametric processaeswas

andws are sets of wavelengths to generate other sets. The energy conservation requires the
relationws = wy + wy should always hold.

2.3 Optical parametric ampli cation

An optical parametric ampli cation process is essentially DFG process, in which generated
frequencyws equals to the difference of the pump frequenaigs wo. The microscopic
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mechanism of this process can be explained in Fig 2.1. A pump photon excites a virtual energy
level and decays by a two-photon emission process which is stimulated by the presence of a
signal photon. This leads to the emission of an identical second signal photon and an idler
photon under conversion of energy and momentum. Therefore, the energy from the pump beam
is transferred to the existing seed beam and the simultaneously borned idler beam. The optical
parametric ampli er (OPA), which emits light of variable wavelengths by an optical parametric
ampli cation process, is today one of the most widely used laser light source. To understand the
ampli cation characteristics of an OPA, we assume the pump beam and seed beam propagating
along the z direction, the corresponding waves can be expressed as the product of an envelope

and a carrier: .
Ep= Ap(2) a(wpt kp2)

Eom Az St (2.10)
using the DFG term from equation (2.2):
R = epc DA A LM K2 (2.11)
Using the nonlinear wave equation (2.9), we obtain
ddA; - icz(:s‘éVSApAq e iDkz 2.12)

dAp _ icPwp, o
dz =~ 2ngc AAC

HereDk=(kp ks) kiisthe phase mismatch. These coupled amplitude equations can already
demonstrate some basic behavior of the OPA process. The evolution of the amplitude along the
interaction length in the crystal is shown in Fig. 2.4. Initially, the buildup of both the signal
and the idler is an exponential growth respectively with the nearly unchanged pump intensity.
Then, comes the in ection point of the growth of both the signal and the idler as the pump's
depletion sets in. As the decreasing growth rates of the signal and the idler approach zero, the
maximum of both the signal and the idler and the minimum of the pump appear. After this
phase, comes a back conversion from signal and idler to the pump frequency via sum frequency
generation.
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Fig. 2.2 The scheme of the OPA process. A pump photon excites a virtual energy level and decays
by a two-photon emission process which is stimulated by the presence of the signal photon leading to
the emission of an identical second signal photon and an idler photon under conversion of energy and
momentum.

Fig. 2.31n ac@ process, the signal beam is ampli ed by the energy transfer from the pump beam.
Simultaneously, the idler beam is generated via the DFG process and ampli ed the same way as the
signal beam.
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Fig. 2.4 Amplitude development in an OPA with propagation distance within the nonlinear crystal.
Adapted from ref [7]
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2.4 Home-built three-stage infrared OPA

In this section, | will introduce our home build three-stage OPA. The design of it is adapted
from Liwei Song's previous work [8].

2.4.1 OPA design and setup

The design of our three-stage OPA is shown in Fig.2.6. The Ti:sapphire chirped-pulse ampli er
(30 fs, 4.5 mJ, 3 kHz) is used as pump laser. The input diameter of it ism. The pump
pulses are divided into four parts using three beam spliters. The smallest portion of the laser
pulses € 30mJ), which transmits through BS3, focused into a 2-mm-thick sapphire plate and
generate a single- lament white light continuum (WLC).

Fig. 2.5The single- lament white light continuum (WLC).

This WLC works as the seed pulses for the following OPA stages and a variable neutral
density Iter (VND) is used for smooth adjustment of the pump beam energy inside the WLC.
A fraction of the pump laser pulses with120mJ pulse energy, re ected by BS3, is used to
pump the rst near-collinear OPA stage (OPA1) consisting of a 2.5-mm-thick BBO crystal cut
for type Il phase matchingy(= 27:2 ;f = 30 ). The intersection angle between the pump
and seed beams is 1 . After the OPA1, the WLC is ampli ed to 4mJ with the center
wavelength at 1.44m and transit through the center of an aperture, while the rest of the pump
beam is blocked by the edge of this aperture.



A)

Fig. 2.6 OPA layout. VND, variable neutral density Iter; HWP, half-wavelength waveplate; Sp, sapphire plate; TD, time delay crystal.

uones [dwe omswelsed [eando



2.4 Home-built three-stage infrared OPA

13

Fig. 2.70PA setup in the lab.
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The ampli ed pulses at 1.4dm from OPAL are collimated and transit through the second
collinear OPA stage (OPA2) consisting of a 2-mm-thick BBO crystal cut for type Il phase
matching q = 27:2 ;f = 30). 720mJlaser pulse with a diameter of 3:2 mm is used to
pump OPA2, corresponding to a pump intensity near@8@=cn¥(the damage threshold of
BBO). Both the signal and the pump beams are well collimated before injecting into the BBO
crystal. The seed pulses are ampli ed t&0 mJ in this stage.

The ampli ed signal pulses from OPA2 are enlarged and collimated@anm in diameter
with a Galilean telescope. A 1.5-mm-thick a-cut Yy¥€rystal is employed as a time delay
crystal to separate the signal and the idler pulses in time. Then the laser beam transmits through
the third collinear OPA stage (OPA3) consisting of a 2-mm-thick BBO crystal cut for the
same type Il phase matching € 27:2 ;f = 30 ). The remaining 3.6 mJ pump laser with a
diameter of 9 mm is used to pump OPA3. Similar to OPA2, the pump and the signal beams
are collimated and collinearly hit the BBO crystal. Here, the collinear setup is quite necessary
to avoid angular dispersion in the generated idler beam. The signal pulses are further ampli ed
to 0.5 mJ at 1.44mm, corresponding to the idler pulses with the energy 6f4 mJ at 1.8m.
Normally, it is necessary to optimize the grating-based compressor (both the angle of incidence
and the separation distance) in the Ti: sapphire laser system to optimize the chirp of the pump
laser to optimize the conversion ef ciency.

2.5 Characterization of the OPA pulses

2.5.1 The principle of FROG

To characterize the full temporal shape of an ultrafast pulse with phase information, the FROG
(Frequency Resolve Optical Gating), which was invented in 1991 by Rick Trebino and Daniel
J. Kane B, is the most widely-used method. The principle of FROG utilizes the pulse itself
to gate the pulse with a variably delayed replica of the pulse in a nonlinear-optical medium.
Then, by analyzing the resulting spectrally resolved trace, the retrieval of the pulse can be
accomplished by using a FROG retrieval algorithm.

The schematic of a SHG-FROG measurement setup is shown in Fig. 2.8. The measured
FROG spectrogram (also called FROG trace) is a graph of intensity as a function of frequency
w and delayt :

Z¥ . 2
lrrocW;t) = Esg(wit) °= FT Egg(tit) 2=  Egg(tit)e ™dt :  (2.13)
¥
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Here,Esjg(t;t) is the nonlinear signal eld which can be expresse&ag(t;t) = E(t)E(t
t). Therefore, we have

IsngrrodW;t) = ¥E(t)E(t t)e A (2.14)

By applying FROG retrieval algorithni[], the signal E(t) can be retrieved from the FROG
trace.

Fig. 2.8 Schematic of SHG-FROG measurement setup. Adapted from [11]

2.5.2 FROG measurement of the OPA pulses

The pulse duration of the output signal pulses of the OPA is measured by a home-built FROG
setup when the highest conversion ef ciency is obtained.
The signal pulse duration is34 fs at 1.35mm without any further pulse compression.
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Fig. 2.9FROG measurement and retrieval of the OPA signal pulses centered atrti.35



Chapter 3

Intense THz pulse generation and
characterization

In this chapter, we explain the principles of generating ultrafast THz pulses with strong electric
elds via optical recti cation (OR) and the characterization of THz pulse via electro-optic
sampling (EO-sampling). In particular, we highlight the tilted-pulse-fronts (TPF) techrdique[
as well as OR in organic crystal DSTMS, since these two techniques will be exploited in the
main experiments of this thesis:

* In the experiments of THz induced birefringence study in molecular liquids in chapter
four, single-cycle THz pulse is generated in LiNbBY optical recti cation using the
tilted-pulse-fronts technique at lower frequency THz (below 1 THz).

* In the experiemnts in chapter 5, organic crystal DSTMS with an extremely high nonlinear
constant (@ will be exploited for the ultrafast symmetry control of solids.

3.1 The THz range of the electromagnetic spectrum

The electromagnetic spectrum covers a rich range of wavelengths: from thousands of kilometers
down to less than the size of an atomic nucleus. While we have explored many regions of
this spectrum and make it for good use in the last century, there is still one mystery region
between microwaves and infrared light waves called “terahertz gap”(shown in Fig.3.1), where
technology for its generation and manipulation is in its infai8y/fompared to the relatively
well-developed science and technology in the microwave and optical frequencies. This THz
region (shown in Fig. 3.1), corresponding to the wavelength range of 3-0.03 mm (photons
with a frequency between 300 GHz and 10 THz) and lies in the gap between the regimes of
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Fig. 3.1Spectrum of electromagnetic radiation. The THz band lies between microwaves and infrared
band.[12]

photonics and electronics, is the next frontier in science and techndldpyli the last 30

years, the signi cant progress in THz technolodyp,[16] and the development of laser-based

THz time-domain spectroscopy triggered the eld of THz science and technology expanded
rapidly. As more intense THz sources and higher sensitivity detectors become available, it leads
to a wide variety of interesting applications from fundamental science like the fundamental
carrier dynamics phenomena and phonon/vibrational modes of various materials systems to
“real world' applications such as THz imaging and spectroscopy, security, medical applications,
food, construction, and the pharmaceutical industry[17].

3.2 Ultrafast THz pulse generation techniques

Table 3.1 shows a summary of the comparison between the THz generation techniques and the
overview of intense laser-based THz sources are shown in Figl3.Zl[he photoconductive

(PC) antenna generates and detects THz pulses by transient photocarriers induced with ultrafast
laser pulses]4]. It is widely employed in THz time-domain spectroscopy to analyze material
linear properties, while its THz peak electric eld is not high enough to induce nonlinear
material effects. Plasma in air generates frequencies across the entire THz spectrum, but the
ef ciency tends to be very low and suffers from shot-to-shot instability. Optical recti cation
(OR) is a simple approach to generate high conversion ef ciency, high stability, and high peak
eld. To study nonlinear effects in condensed matter with strong electric elds, we would
discuss the principle of optical recti cation (OR) in detail in the next section.



Table 3.1Summarized comparison between the THz generation techniques and the advantages and disadvantages of each technique. Add

ref [18]
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Conical shape

|
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Fig. 3.20verview of intense laser-based THz sources: optical recti cation in LiNehonlinear or-

ganic crystals results in broadband, single-cycle pulses. lonization of plasmas produces ultra-broadband
pulses with a wide frequency spectrum. Difference frequency mixing (DFG) of optical parametric
ampli ers delivers narrowband tunable mid-infrared pulses. Adapted from [17]

3.3 Optical recti cation

Optical recti cation (OR) is a second-order nonlinear process that generates the quasi-DC
polarization when an intense optical pulse passes in noncentrosymmetric materials. It is a
difference-frequency generation process with the frequency difference close to zero. Different
frequency components in a pulse can mix with each other in the NLO material, producing a
broadband THz pulse.

In nonlinear optics, the second order susceptibiit§ of the material is related to the THz
generation via the following formulas[18]:

PG = eoc@ (W= w2 wiiwi; Wo)E(W1)E (wo) (3.1)

Here,in Equation(3.1)\Vis the frequency difference between two frequency components of
the optical pumpv; andws, . This process is schematically shown in Fig. 3.3.
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Fig. 3.3Spectral diagram of intrapulse difference frequency generation of IR pulse (optical recti cation)
yielding a THz pulse.

The temporal THz eldE!34(t) can be derived from the second derivative of the change of
the polarization (Fourier transformed in the time domain) with respect to time t :

2
ERL() 1 %: (3.2)
In a rst approach [19] which considering:
1. non-depleted pump approximation,
2. negligible optical and THz absorption,
3. plane-wave approximation,
4. perfect phase-matching,
the intensity of the generated THz wave is in frequency domain is given by [19]
| (Wrhz; L) = %eochszE(WTHz; L)j?
(3.3)

d%HzlgW'lz'Hsz.
2e0C3M3nTHz

Here 1
OrHz = anr (3.4)
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is the nonlinear coef cient for THz-wave generation that scales with the electro-optic coef cient
r[20], lp the pump intensity, fand -y the refractive indices at the pump optical and the
generated THz frequencies, respectively. the conversion ef ciency is

_ I (WTHZ;L) _ d'IZ'HZIOW'IZ'HZLZ _ 1

h = =
lo 2epC®nnry;  2e0C3

FMrhzWég,loL?; (3.5)

where the main material gure of merit for THz-wave generatidvit is given by [19]

2 6p2
_ Ot _ Nor
ngnthz  16nTyz

FMTH; (3.6)

3.3.1 phase-matching conditions

To generate high energy THz pulses with high ef ciency, the phase-matching condon®
should also be ful lled andDk is given by :

Dk = kthz (k1 k2): (3.7)

Here,kty; is the wave vector of THz with the amplituglery,j = 2pntaza Thz, andky; ko

are the two wave vectors of the two interacting eBg¢w1) andE (w») in the optical pump

with the magnitude ofkij = 2pn=l ; (i=1,2), respectively. For collinear propagation, since the
THz wave frequencyVis far less than the center frequency of the optical pump , the phase
mismatch can be expressed as:

Dk(W) = k(W) + k(w)  k(w+ W)

dk
KW Waw (3.8)

Wo

= Ttow (o

wherewy is the center frequency of the optical pump pulse. This means the phase mismatch is

proportional to the difference between the phase index of THz and group index of optical pulse.

Consequently, the low refractive index mismatch is crucial to have an ef cient OR process.
Table 3.2 shows the parameters of several candidates of nonlinear materials for THz

generation. For organic materials, the phase-matching conditions are almost naturally satis ed.

However, for nonlinear inorganic crystals such as LiNbthe phase-matching conditions are

not directly possible. To overcome this problem, the tilted-pulse-front (TPF) techd]gsie[

thus proposed, which uses the noncollinear phase-matching geometry. A detailed discussion

about this will be followed in the next subsection.
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Table 3.2Selection of organic and inorganic NLO materials that have been investigated for THz-wave
generation and their most relevant parameters. The parameters are given close to the optimal phase-
matching range: refractive index and the group inderg at the pump optical wavelength refractive

index nry in the THz range; the electro-optic coef cient r; the NLO coef ciahty, for THz-wave
generation; the gure of meri Mt for THz-wave generation. Adapted from ref[19]

Material ng Ng NtHz T (EMV) draApneV) FMraz (preV)? | (nm)

DAST 213 226 23 47 240 5600 1500
DSTMS 2.08 219 22 50 230 5800 1500
OH1 216 233 23 52 280 7500 1300
ZnTe 285 3.2 3:2 4 66 170 800
GaP 3.12 336 335 1 24 17 1000
LINbO; 2.16 2.22 5 30 160 1100 1000

For extremely strong- eld THz generation, the most promising approach is to generate
single-cycle broadband THz radiation with femtosecond laser pulses in organic crystal or
lithium niobate crystal. Presently, THz pulse energies of 0.9 mJ and conversion ef ciency of
3.0% were realized by using the organic crystal (DSTME)[which covered the spectra range
mostly from 2 to 10 THz. For lower frequency below 2 THz, LiNbkas a record of 0.4 mJ
THz pulse energy[22].

Table 3.3Experimentally achieved THz parameters in different materials used for optical recti cation.

Parameter LiNbO3[22] ZnTe DSTMS[23]
Frequency 0.14 THz 0.7 THz 3.0 THz
Energy 436mJ 14mJ 900mJ

Pulse duration 3.2ps 0.85 ps 0.36 ps
Electric eldE | 1.05Mvem 1 | 1.0 Mvem 1 | 48.4 Mvem 1

3.3.2 Tilted-pulse-front technique in lithium niobate

The principle of the tilted-pulse-front (TPF) techniqliepxploits a noncollinear phase-
matching geometry to ful Il the phase-matching conditions in Equation 3.7 in LijNb@w-

ever, in normal noncollinear phase-matching con guration, the THz wave and optical beam
suffer from walking away from each other in a short distance. The TPF technique cleverly
avoids this by introducing a tilt angle dfin the optical pulse front with respect to the phase
front. A schematic illustration of TPF technique is shown in Fig. 3.4. The pump laser is
incident on a grating, which is used to tilt the intensity front of the pump pulses. According
to Huygens' principle, the THz radiation excited by the tilted pulse front of the optical pump
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propagates perpendicularly to this front with a velociyy. Therefore, the angle between the
propagation direction of the THz radiation and the propagation direction of the pump pulse
will be the same as the tilt angée This leads to:

h
Wiz = impoodo): 39)
With this in the noncollinear phase-matching geometry, the phase mismatch will be

Ng (Wo)

205 (3.10)

Dk w n(\W)
c
phase-matching conditions ful lled!

For the experimental implementation of TPF technique, Mg doped stochiometric LiINbO
(sLN) is used to reduce the photorefractive effect (resulting in a lower loss of the pump laser)
[24]. When pumped by 800nm ti:saphire laser in room temperature, the optical refractive
index and the THz refractive index inside SLN crystal are 222 §nd 4.96 P4, respectively.
Therefore, we could set

n :
g= cos n—=cos —— 63 (3.11)

to ful Il phase-matching.

3.4 Nonlinear organic crystals

As early as 1992, the generation of THz pulses through optical recti cation in organic crystalline
salt DAST (4-N, N-dimethylamino-4'-N'-methyl stilbazolium tosylate) has been repat@d[
Since then, nonlinear organic crystals with their record-high second-order optical nonlinearity
play a vital role to advance the progress of strong- eld THz generation technology. Compared
to LiINbO3, Organic crystals have the following advantages:

Higher optical nonlinearity hence higher conversion ef ciency,

No pulse front tilting required hence easy alignment,

Low THz absorption coef cient hence no cryogenic cooling required,

Low dielectric constant hence small Fresnel loss,

Broad THz spectrum.
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Fig. 3.4Experimental setup scheme for THz generation by titled-pulse-front technique in LiMyO
optical diffraction grating is used to title the pulse front.

Disadvantages
* Long pump wavelength (1.0-2um) required hence limited in pump energies
* Low damage threshold

» Small crystal size available (<2 cm x 2 cm)

3.4.1 Properties of DSTMS

The 4-N,N-dimethylamino-4'-N'-thyl-stilbazolium 2,4,6-trimethylbenzenesulfonate (DSTMS)
molecular unit is composed of a positively charged stilbazolium chromophore and a counter-
anion. In this way, it could shape noncentrosymmetric packing in the crystalline phase, which
leads to a high second-order optical nonlinearity feature.
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Fig. 3.5(a) optical group indexgy(l ) as a function of wavelength for selected organic crystals; (b)
optical properties in the THz range: the refractive index;(f) (red solid curves) and the absorption

coef cient aty,(f) (blue dotted curves, right scale) as a function of frequeheyw=(2p). The
corresponding properties are given for selected organic crystals along their polar axis, which is most
often employed in THz applications. Adapted from ref[19]

3.5 THz generation via DSTMS

For our THz source in the lab, the THz generator DSTMS is mounted on a 1-inch disc with
aperture 5mm, thickness 49®n (Shown in Fig.3.7). The waveform we generated from it is
shown in Fig. 3.8.

3.6 Electro-optic sampling

Electro-optic(EO) sampling?B, 29 is a widely-used technique, to measure the electric eld
of a long-wavelength pulse(THz or far-infrared beam) utilizing the ultra short optical pulse as
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Fig. 3.6(a) Positively charged nonlinear optical active chromophore stilbazolium and negatively charged
2,4,6-trimethylbenzenesulfonate anion. (b) Arrangement of the molecules in the unit cell as viewed
along the c axis. adapt from ref[27]

Fig. 3.7THz generator DSTMS mounted on a 1-inch disc with aperture 5mm, thickness90

the probe. It can be treated as a reciprocal process of the optical recti cation and exploits the
birefringence induced in a crystal (usually with zincblende structure such as ZnTe, GaP) via
the linear electro-optic effect. In this process, the refractive index difference for polarizations
along different axes of the crystal in the eo material induced by THz wave is proportional to



28 Intense THz pulse generation and characterization

Fig. 3.8 THz waveform from DSTMS.

the THz electric eld amplituddryz by :

3

Do = %rETHZ; (3.12)

where r is the exploited element of the electro-optic tensor. The change in the refractive index
Dn, proportionally modulates the polarization state of the optical probe pulse, causing the
intensity change which could be detected by an electro-optic detector. As the period of THz
electric eld is much longer than the co-propagating optical probe pulse duration, the full THz
waveform can be directly mapped in time through scanning the time delay between the optical
probe and THz pulse.

A typical EO sampling setup is shown in Fig.3.9. A THz pulse and IR probe pulse
overlapped in time pass through an EO crystal (typically ZnTe or GaP), both with linear
polarization. The THz E- eld modi es the refractive index ellipsoid of the EO crystal and leads
to a difference in phase between the polarization components parallel to the crystal's a-axis
and c-axis. This phase retardation results in an elliptical IR polarization at the output of the
crystal and each step of the polarization con guration of IR is shown in g.3.9. For [110] cut
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