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Abstract

It has been proved in recent years, besides phase and amplitude features,
polarization offers another dimension to manipulate electromagnetic field.
Because of the great application potential in imaging, information pro-
cessing, bio-sensing, security, and etc., on the topic of light modulation,
polarization features attract a growing attention. Particularly, a new class
of inhomogeneously polarized optical beams, so-called “vector beams”,
were theoretically proposed and experimentally realized, and proved to be

pivotal in many applications.

Vector beams exhibit affluent characteristics, these features are tightly re-
lated to a variety of fundamental physical phenomena, including sharp
focusing, strong longitudinal electric and magnetic field in the foci, new
class of optical angular momentum, and etc.. These specialties will deepen

the understanding of light, and pave a new way on controlling light.

Although vector beams are important, in so-called “terahertz (THz) gap”,
the researches related to vector beams are very limited. Transplanting the
concept of “vector beams” to “THz gap” is beneficial for exploring the new

potential applications of THz waves.

For the THz wave applications, we need to treat relatively broad band-
width, thus the generation of THz vector beams is till now a challenging
topic. The present methods to generate THz vector beams suffer from com-
plicated structures, narrow bandwidth, mode imperfections, and difficult
to switch between two fundamental modes of vector beams-radially, and

azimuthally polarized beams.

The first aim of present thesis is to develop a convenient and stable method
to generate broadband and high-quality THz vector beams. To achieve

this goal, three-fold rotational symmetrical optical nonlinear crystals are



selected to be the THz emission medium. By designing and making a
segmented half wave-plate mode converter, or an axis-spatial-variant seg-
mented nonlinear crystal, THz radially and azimuthally polarized beams
are realized experimentally. In this method, the related optical elements
are simple and stable. Moreover, by only rotating one element in the setup,
both radially and azimuthally polarized THz beams can be obtained. Due
to the THz emission is from nonlinear crystals, the spectrum of gener-
ated THz vector beams is much larger than the reported results based on

photoconductive antennas, or narrow bandwidth elements.

To evaluate the generated THz vector beams, three experimental setups
were employed. At first, intensity distributions of the THz vector beams
were recorded with THz cameras, donut intensity profiles of THz vector
beams were observed, and with inserting and rotating a wire grid polarizer
(WGP), two lobes related to the orientation of the WGP were confirmed.
These features testify the THz vector modes are successfully generated.
Sequently, 2D photoconductive (PC) antenna and free space electro-optics
(EO) THz time domain spectroscopy (TDS) systems were built to register
full information of the THz vector beams, including amplitude, phase and
polarization features. The longitudinal electric or magnetic field in the focal
volume of the THz vector beams were also experimentally proved. From

the results, main characteristics of THz vector beams are clearly confirmed.

Furthermore, the THz radial beams were introduced to efficiently couple
to bare metal wires to realize sufficient THz wave-guiding. In comparison
with reported results, the spectrum of guided THz wave in our experiments
is as large as 1.5 THz, this number is about 3 times broader; the dispersion
and attenuation coefficient are proved to maintain a very low level in
this much larger spectrum. Moreover, the energy coupling efficiency is
experimentally evaluated for the first time. At 0.3 THz, the efficiency is as
large as 66%, which is about two orders improved in comparison with the

reported scattering in-couple method.

Based on these results, prospective applications of THz vector beams are

discussed.
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CHAPTER 1

Introduction

As one of the most fundamental information carriers, photon plays a pivotal role
in not only scientific and technological researches, but also security, industrial and
medical applications. The discoveries of new phenomena, novel effects and potential
applications in optics have imposed great impacts on science and technology. To fully
exert the advantages of photons as information carriers, the key is to manipulate op-
tical field. In classical electromagnetic theory, the parameters which can sufficiently
describe optical field include amplitude, phase and polarization, but in traditional
optical technologies, manipulation of electromagnetic field involves only phase and
amplitude features, the modulation of phase and amplitude has been efficiently ex-
plored and widely utilized in information processing, the achievements have greatly
pushed the development of science and technology.

The concept of “vector beams” has attracted increasing interest in recent years. The
key of this concept is spatially manipulating polarization features of optical beams.
Vector beams reveal a new dimension to control light, by introducing these inho-
mogeneously polarized beams, the understanding of spatial-temporal nature of light
is deepened, new phenomena involving interactions between light and matter are
discussed, and novel effects are discovered, e.g. the sharper focal spot of radially
polarized beams and the strong longitudinally polarized electric field in the foci [1], an
additional freedom in photon entanglement [2, 3], and etc.. These special effects make
vector beams to be a good candidate in many applications including bio-photonics,
quantum information, near field optics, optical manipulation, single molecule imaging,

super-resolution microscopy, laser acceleration and micro fabrication, and etc..[4]



Terahertz (THz) wave is electromagnetic wave whose frequency lies between the
microwave and infrared ranges of the spectrum. Albeit the space of our everyday life
is crowed by naturally occurring THz radiation, this band remains the least explored
part in the electromagnetic spectrum , because the generation and detection of elec-
tromagnetic fields in this spectral range is difficult. Neither optical nor microwave
technologies can not be directly transplanted to the THz range. The lack of according
technologies induced the THz band always being called the “THz gap”. With the
increasing research interest in the THz gap, this gap has been rapidly vanishing in
the last 20 years, optical technologies have made immense advances from the high
frequency side, while microwave technologies go up from the low frequency side.
The development of ultra-fast optical techniques, the manufacturing of semiconduc-
tors with very short lifetimes and of band-engineered hetero-structures, as well as the
micro-machining techniques and nanotechnologies have pushed the THz fields to be
a new area of quantum electronic researches with many important applications. [5]

In this chapter, a brief introduction to THz radiation and vector beams will be given
to establish a basic background of this thesis. Moreover, the panorama of the whole

thesis will be shown, the structure of subsequent chapters will be built hereon.
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1.1 Terahertz Band

“Terahertz (THz) band” is a generic term for the frequency band from 0.1-10 THz,
similiar to microwaves, infrared radiation, and x-rays. The typical units for 1 THz is:

Frequency: v =1 THz = 1000 GHz

Period: T =1/v =1ps

Wavelength: A = ¢/v = 0.3 mm = 300 um (c is the speed of light in vacuum)

Wavenumber: k = k/2t =1/A =333 cm™!

Photon energy: hv = 4.14 meV

The THz region is crowded with innumerable spectral features associated with
fundamental physical processes such as rotational transitions of molecules, large-
amplitude vibrational motions of organic compounds, lattice vibrations in solids,
intraband transitions in semiconductors, and energy gaps in superconductors. The
interest in the THz frequency range is boosted by the fact that this frequency band is
the spectrum where unique physical phenomena with characteristic features are pro-
duced. THz applications exploit these unique features of material responses to THz
wave. [5-8]

The unique features of THz frequency covers multidisciplinary regions and its
potential lays in a very broad area. For example, the spectral energy distribution in
observable galaxies shows that 50% of the total luminosity and 98% of photons emit-
ted since Big-Bang are located in the THz frequency range [9]. Moreover, THz fields
strongly interact with polar substances but penetrate those non-polar, thus, the ab-
sorption spectra of many polar molecules lays in the THz band, this unique feature of
such molecules is important in the surrounding medium monitoring, air pollution de-
tecting, and gas sensing. Another feature of the THz band is, biological tissues or other
biological constituents have distinct signatures in the THz range, for example, DNA
signature, DNA manipulation, gene diagnostics were demonstrated experimentally
using THz techniques [10]. Because in THz-TDS measurements, amplitude and phase
information can be obtained simultaneously, while the THz range is strongly related to
fundamental biological phenomena such as rotational transitions of molecules, large-
amplitude vibrational motions of organic compounds. Moreover, the THz radiation is
almost harmless to living cells or organic, so the THz spectroscopy will show a variety

of bio-features without killing the living samples.
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In communication and information processing systems, it is natural, and had been
reported that THz signals are the information carriers in the 1-10 Tb/s optical commu-
nications systems, which will have great application potential in the future [11, 12].
Because of the relative wavelength of the THz band is smaller than the microwave
spectrum, very small antenna arrays can be used in the THz range, these micro arrays
can be used to develop imaging devices such as THz cameras [13, 14]. Moreover,
although the size of THz devices are small, they can send or receive a huge quantity of
information. It has been proved, THz modulators are able to modulate ultra-fast laser
diodes with a cutoff frequency beyond 10 THz, and the 1 ps switching performance of
the THz transistor is studied now by leading companies using the latest discoveries in
nanotechnology [15].

Before the invention of THz time domain spectroscopy (TDS) systems, because of
the THz band lays in the gap between the radio and optical frequency, it is difficult
to generate and detect THz radiation coherently with sophistically developed radio
technologies and optical methods, then the researches on THz band and its applications
had been in a tardy progress. In 1984, D.H.Auston and his collaborates firstly proved
a THz-TDS setup, this achievement opens a new door to THz researches [16]. In their
original experiment, photoconductive (PC) antennas illuminated by picosecond (ps)
optical pulses served as the THz (100 GHz) emitter and detector, and a THz pulse in the
scale of several picosecond was successfully recorded with the TDS setup. Later, they
also succeeded to generate THz pulses with optical rectification effects in electro-optic
(EO) crystals. [17]

The main advantage of THz-TDS systems is that, in the measurements, both am-
plitude and phase information can be recorded at the same time, this character is
pivotal for determining complex permittivity of materials in THz band. Thus, in THz
experiments, THz-TDS systems are keeping a vital place.

In THz-TDS systems, the generation and detection of THz pulses are reciprocal in
principle, it means the detection parts act as the counterparts of the generation setups.

One way to generate THz pulses is to employ nonlinear materials in which incident
laser pulses undergo seconde order nonlinear frequency down conversion. Optical
rectification and difference frequency generation are the physical processes to generate

THz photons. Femtosecond laser pulses with a broad spectrum passing through these
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nonlinear materials induce broadband THz pulse emission, the shape of these THz
pulses resembles the optical pulse envelope, via optical rectification.

Atthe same time, the free-space electro-optic (EO) sampling records the electric field
of broadband THz pulses in the time domain by making use of the Pockels effect, which
is principally reverse to optical rectification. In the Pockels effect, the birefringence
induced by THz electric field, in a nonlinear detection crystal, is proportional to the
electric field amplitude. Utilizing a relative setup to vary the time delay between the
THz and optical pulses, the time domain waveform can be mapped out by a weak
optical probe measuring the THz field induced birefringence.

Another popular method is, it is well know, accelerating charges radiate electro-
magnetic waves, so from a biased photoconductive antenna excited by fs laser pulses,
THz wave can be emitted. A PC antenna typically consists of two metal electrodes
deposited on a semiconductor substrate. An fs optical beam, illuminates the gap
between the electrodes and inspires photo-carriers, simultaneously a static bias field
applied between the gap accelerates these free carriers. This photocurrent varies in
time corresponding to the incident laser beam intensity. Consequently, fs laser pulses
produce broadband THz pulses.

Referring the same principle PC antennas can also serve as THz detectors, in
the absence of a bias electric voltage, a THz field accelerates photocarriers injected
by fs laser pulses, to generate a current in the photoconductive gap. The induced
photocurrent is proportional to the THz electric field amplitude. The THz waveforms
can be registered in the time domain by measuring the photocurrent while controlling
a time delay between the THz pulse and the optical pulses.

The details of principles and experimental setups for THz generation and detection

will be discussed in Chapter 2 and Chapter 3.
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1.2 Vector Beams

Polarization is among the most important properties of light, it represents the vector
nature of light. When light interacts with matter, polarization features make many op-
tical devices and systems to be possible. Before the 2000s, most optical researches only
dealt with spatially homogeneous states of polarization (SoPs), i.e. linear, elliptical,
and circular polarizations. In such cases, SoP does not depend on the spatial location
in the beam cross section. In the past decade, there has been a rise of research interest
on light beams which have spatial-variant SoPs. Spatial manipulation the SoPs of light
beams offers another dimension in light modulation, and is proved to lead to new
effects and phenomena that can expand the functionality and enhance the capability of
optical systems. The light beams with inhomogeneous SoP in their cross sections are
termed as “Vector Beams”. One particular example is optical beams with cylindrical

polarization symmetry, the so-called cylindrical vector (CV) beams. [4]

SO
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(a) (b)
Figure 1.1: The SoP distributions of radially and azimuthally polarized beams - Black

arrows indicate the local polarization. (a)Radially polarized beams, (b)Azimuthally po-
larized beams

The simplest and most typical CV beams are radially polarized beams and az-
imuthally polarized beams, of which in the beam front, the SoPs are along radial and
azimuthal orientations, respectively, as shown in Fig.1.1. The spatial SoPs of radially
and azimuthally polarized beams are orthogonal to each other, and can be identified
by a polarizer, as shown in Fig.1.2.

Actually, as Fig.1.3 shown, the SoPs of radially and azimuthally polarized beams
coincide with TEy; and TMp; modes in cylindrical coordinate [18]. In 1961, E.Snitzer
theoretically described these electromagnetical modes [19], and after the invention of
lasers, in 1972, two groups experimentally realized TEp; and TMp; modes [18, 20].

Among them, the group leaded by P. Dieter designed a mode selector in the laser
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Figure 1.2: The intensity distributions of radially and azimuthally polarized beams -
Black arrows indicate the orientations of polarizers.

Radially
Polarized Beam
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Figure 1.3: Illustration of electric field vectors in TEy; and TMy; modes - (a)TEy1,(b)TMo1,
recopied from [18].
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cavity, and generated azimuthally polarized modes (TEp; modes), also in the paper,
the authors mentioned when azimuthally polarized modes passing through a pre-
designed optical rotator, radial mods (TMp; modes) would be realized [18]. In the
same year, the group leaded by Y. Mushiake designed a special optical oscillator in the
laser cavity, to force the output of the laser to be radially polarized modes [20]. After
these preceding works, until 2000, in near 30 years, because the lack of applications, the
researches of vector beams had almost stagnated. In this period, only limited literatures
can be found on vector beams, several groups generated vector beams experimentally
[21-25], and in theory, the group leaded by D.G.Hall in the university of Rochester did
a series of works on vector beams, for example, deducing the azimuthal Bessel-Guass
beam solution from the free-space azimuthal paraxial wave equation [26], finding the
vector-beam solutions of the Maxwell’s equations [27], investigating the diffraction
characters of vector Bessel-Gauss beams [28] and the phenomena of focal shift in
vector beams [29].

In 2000, a paper on vector beams published by T. Brown group in the university of
Brown drew numerous attentions [30], in the paper, the authors theoretically analyzed
the tight focal characters of radially and azimuthally polarized beams. They found
for radially polarized beams, a strong longitudinal electric field presents in their focal
spot; while in the case of azimuthally polarized beams, a pure longitudinal magmatic
tield will be realized in the focal volume. These characters shed new light on vector
beams. Also in the same paper, a mathematical method proposed by B.Richrds and
E.Wolf, named Richard-Wolf vector diffraction theory was set to be the standard nu-
merical method to analyze the focal field of vector beams [31]. In 2003, R.Dorn and
his collaborates experimentally realized a focal spot in size of 0.16A? for radially po-
larized beams, which is much smaller than 0.26A? for linearly polarized beams [1], the
important point of this work is that, by introducing vector beams, breaking the diffrac-
tion limit is possible. Based on this paper, a explosive research enthusiasm on vector
beams had been starting, a number of papers about focal engineering with vector
beams [32-34], and applications of vector beams in microprocessing, laser accelerat-
ing, single molecule imaging, near field optics, nonlinear optics, optical manipulation
and quantum information [35—40] are published.

More information, from theories to experiments about vector beams in the optical

frequency region will be found in Chapter 4.
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1.3 Vector Beams in the Terahertz Range

Although literatures on vector beams in the optical spectrum are now relatively af-
fluent, ineluctable conundrum presents when transplanting this concept into the THz
range. In optical range, the generation of vector beams mainly relies on mode selection,
phase modulation and direct SoP modulation, because the optical elements of mode
selecting, phase modulating and SoP modulating are sufficiently developed. Never-
theless, the very wide bandwidth of the THz range (typically 0.1-10 THz) induces it
difficult to make such elements to cover the whole THz band, so it is hard to select
vector modes or to convert linearly polarized beams into vector beams. For example,
there is no good candidate of wave-plates (WPs) to cover the broad THz range, while
in the case of optical range, segmented HWPs are frequently used to transfer linearly
polarized beams to vector beams. Until now, the generation of the broadband THz
vector beams is still an open and challenging topic. There are several papers discussing
about the generation of THz vector beams, PC antennas [41-44], mode selectors [45],
laser filaments in air [46—48], velocity-mismatched optical rectification [49], grooves on
metal wires [50] are reported to generate THz vector modes experimentally. However,
these methods suffer from obvious drawbacks and require several improvements. In
the case of conventional photo-conductive antennas, the spectrum of THz radiation is
limited in low THz frequency range, and it is difficult to increase the radiation inten-
sity. With laser filaments, the generated THz radial modes were proved to be not ideal,
local ellipticity had been observed [47, 48]; and in this method, a powerful laser is re-
quired. Furthermore, a common problem of the reported THz vector beam generation
methods is the inflexibility, e.g. for PC antennas, an antenna with radial symmetry can
only be used to generate radially polarized beams; if azimuthally polarized beams are
needed, another antenna with azimuthal symmetry has to be fabricated. It is difficult
to switch between radially and azimuthally polarized THz vector modes in present
methods.

For the convenience of THz applications, it should be critical to introduce vector
beams into the THz spectral range. One example is THz wave-guiding, in 2004, the
group leaded by D.M.Mittleman reported bare metal wires, which support a plasmonic
mode (known as Sommerfeld wave) on their surfaces in the THz range, are one of the

best candidates for guiding THz waves because of their very low losses, negligible
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dispersion, and structural simplicity [51]. The guiding modes on bare metal wires
are radially polarized modes, so radially polarized THz beams can be introduced to
efficiently couple to bare metal wire waveguides. Also azimuthally polarized modes
are proved to be important in bore core THz waveguides [52].

In the THz range, bio-imaging is one of the most important applications, the
sharper focal spot of radially polarized beams is potential to increase the resolution of
THz imaging. Moreover, the longitudinal electric/magnetic field existing in the focal
volume of radially/azimuthally polarized beams are believed to be promising in THz
applications.

In Chapter 5, the present researches on THz vector beams will be introduced, and
the generation of THz vector beams will be discussed. Also in Chapter 5, we will
demonstrate a new method of THz vector beam generation, and the 2D polarization
features of THz vector beams will be characterized !, the experimental results are
correspondent with theoretical predictions.

In Chapter 6, the generated THz radial beams are introduced to efficiently couple
onto bare copper wires, to achieve low-attenuation and low-dispersion THz waveg-
uiding in a broad spectral range. The energy coupling efficiency is experimentally
determined for the first time, the number is as large as 66%, that proves the efficient
coupling of propagating THz radial beams to metal wires is achieved.

At last, in Chapter 7, the summarization of this thesis, and future prospects will be
given. Based on the efficient coupling and waveguiding scheme, a near-field probe is
proposed to achieve sub-wavelength THz imaging. More works on THz vector beams

are expected.

In Chapter 5, for the completeness of the storyline, the author of this thesis includes the results from
ref.[53], of which the author of this thesis is also a co-author, but the work is mainly leaded by Mr. Ryo
Imai. For this part of content, including the THz vector beam generation with the segmented GaP(111),
and the characterization of E., the priority belongs to Mr. Ryo Imai.



CHAPTER 2

Generation and Detection of Terahertz Pulses

In the present chapter, the underlying physical principles of THz pulse generation
and detection will be discussed. Basically, the typical waveform of broadband THz
emission is a single-cycle pulse, which is an ultimate transform-limited waveform.
The THz pulses are in the time scale of several picoseconds (ps), and generated by
employing nonlinear optical responses of bound electrons (optical rectification) in
nonlinear crystals, or transient photocurrents in semiconductor substrates, all these
two effects are induced by ultrashort optical pulses from femtosecond (fs) lasers. The
electron response time in these effects is not exactly transient, yet fast enough to induce

sub-ps polarizations or photocurrents.

2.1 Generation and Detection of Terahertz Pulses Based on
Photoconductive Antennas

The success story of photoconductive THz antennas comes with the invention of fs
Ti:sapphire laser systems. Photoconductive antennas made for free space THz emission
are based on ultrafast photoconductive (PC) switches, also named as Auston switches
[54]. The first photoconductive antenna was excited with a pulsed dye laser [16].
However, from the early 1990s, since mode-locked Ti:sapphire lasers were applied
for excitation, the PC antennas became widely used. The most popular systems for
pulsed THz generation and detection today always use GaAs-based photoconductive
antennas excited with mode-locked Ti:sapphire lasers.

The invention of PC THz antennas is an notable landmark in THz spectroscopy

technique. This invention is not a semantic improvement, rather it opens up new
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experimental possibilities in the THz spectrum. PC antennas excited with near-infrared
(NIR) fs laser pulses can emit single-cycle THz pulses, such pulses can be used in the
THz time-domain measurements. Commonly, a PC antenna is an electrical switch
inspired by laser, in structure typically it is electrodes deposited on a PC semiconductor
substrate, the semi-isolating substrate is isolator without laser excitation, and when
the substrate is shot by fs laser pulses, a sudden increase in the number of free carriers
(electrons and holes) generated by photons lead to the transient photoconductivity
increasing, then the substrate becomes conductor in a short period. To achieve such
switch processes, the photon energy of the laser excitation must be sufficiently larger
than the bandgap energy of the material. Figure 2.1 briefly introduces a PC switch, in
which a DC bias voltage and a load resistor are connected with the semiconducting
material. When laser excites free electrons and holes in the substrate, the photocurrent

flows through the circuit [5].

I I conduction band

«—0©
F \

ho T
2 ha
o W\
1 S,
photoconductive =
switch valence band

photocurrent ——=
Figure 2.1: Illustration of PC Switch - Photons are gating PC switch [5].

In order to either generate or detect THz wave, both switching-on and switching-
off action in the PC antenna should occur in the sub-ps time scale. The switch-on
time directly depends on the laser pulse duration, and the switch-off time is mainly
determined by the photo-carrier lifetime in the semiconductor substrate of the an-
tenna. Thus, not only a short laser pulse duration, but also a short carrier lifetime is
a key feature for ultrafast photoconductive switching. For high qualified photocon-
ductive materials, high carrier mobility and high breakdown voltage are also vital, to
ensure the PC antenna can bear more photon carriers. Several photoconductive mate-

rials have been tested for PC switches: chromium-doped gallium arsenide (Cr-GaAs),



2.1 Generation and Detection of Terahertz Pulses Based on Photoconductive
Antennas 13

low-temperature grown gallium arsenide (LT-GaAs), radiation-damaged silicon-on-
sapphire (RD-SOS), indium phosphide (InP), and amorphous silicon [55-58].

In this work, LT-GaAs based antennas are used in THz experiments. The carrier
lifetime of LT-GaAs substrate is in the sub-ps range: the LT-GaAs samples grown
between 180 and 240 °C have sub-ps carrier lifetimes. The shortest lifetime that ~
0.2 ps is obtained when the growth temperatures are near 200 °C [59]. The effective
carrier mobilities of LT-GaAs are reported to be 200-400 cm?/V-s [55]. Because the hole
mobility in LT-GaAs is one order of magnitude lower than the electron mobility, carrier

transport in the THz frequency range is dominated by electrons.

2.1.1 Generation of Terahertz Pulses from Photoconductive Antennas

DC Bias

—ee 2

THz Pulse Optical Pulse

Photoconductive Substfate

Figure 2.2: Schematic diagram of THz pulse emission from a PC antenna - The impulse
current arising from the acceleration and decay of photon carriers is the source of the THz
pulses.

As Fig.2.2 shown, THz pulses can be emitted from a PC antenna under fs laser
pulse excitation and a bias voltage. A typical PC antenna THz emitter consists of two
metal electrodes deposited on a semiconductor substrate. between the electrodes, a
DC bias is applied. In the electrode gap, fs optical pulses shutter the carriers (electrons
and holes) in the semiconductor, the photon energy of the excitation pulses should be
larger than the bandgap energy. The bias field induced by the DC voltage accelerates
the photocarriers, at the same time, the charge density declines primarily by trapping

of carriers in defect sites on the time scale of carrier lifetimes. THz field emits from
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the impulse current arising from the acceleration and decay of photon carriers, the
polarization of the THz emission depends on the geometry of the electrode.

PC antennas can be designed in various forms, for example, bow-tie, dipole, log-
arithmic periodic, and logarithmic spiral antennas. The latter two types, however,
are only used for continuous-wave THz generation by photomixing and not used in
generating broadband THz pulses, since in these two types, the polarization orienta-
tions are for different frequency components of THz emission. Typical scales of the PC
antennas are a few um? for the photoconductive gap and several tens of um for the
metal electrodes. Commonly the peak emission frequency of PC antennas lies in the
sub-THz to 1 THz region. [44]

Because the typical scale of a PC antenna is much smaller than the wavelength
of the emitted THz radiation, a PC emitter is always modelled as a Hertzian dipole
antenna. Since the size of the emitter is comparable to the spot size of the optical beam
(~ 10 um), and is much smaller than the wavelength of the THz emission Ay, (300
pm at 1 THz), the validity of dipole approximation is ensured. Here we only concern
about the THz emission in the so-called far-field range, where the radiation fields is at

large distances from the emitter: r > Atp,. [5]

ZI\

v

A
JNW\R/\Q
Optical PV

PC Emitter

Figure 2.3: Electric dipole radiation from a PC emitter - Laser spot size wy~10 um, THz
emission Ety, (7,t), ¥ > A1y,.

As described in ref.[5], and as shown in Fig.2.3, a focused optical pulse is gating a



2.1 Generation and Detection of Terahertz Pulses Based on Photoconductive
Antennas 15

PC THz emitter, the spot size wy of the focused optical beam is in dimension of ~ 10 um,
abias DC voltage is applied between two electrodes, then the photoconductive current
Ipc generated in the substrate is a function of time. As a result, the THz wave Etp,(r,t)
is emitted in the azimuthal angle 6. The free-space dipole radiation in far-field region

can be written as eq.2.1:

,uo sin@ d*
rodP
where p(t,) is the dipole moment of the source at the delayed time ¢, = t — r/c. The

ETHZ( ) = [p(tr)]e—é/ (21)

time derivative of the dipole moment can be expressed as eq.2.2:

dp(t) / 3.7 /ap(r” t) 3.7

from electrodynamics, the photocurrent density p(r, t) and the charge carrier density

J(x, t) should obey the continuity equation, eq.2.3:

ap
ot

then the integration can be written as eq.2.4:

% = —fr’V-](r’, Hd’r = f](r’,t)d3r’, (2.4)

to simplify the discussion, here we assume the carrier transportation is in one dimen-

V-J+—= =0, (2.3)

sion (lies in z axis in Fig.2.3) , then eq. 2.4 is simplified to eq.2.5:

dp(t ) '
f I, b = f Ioe(, Bz’ = wolpc(t), 2.5)

—wy/2
in which wy is the spot size of the optical beam, and Ipc is the photocurrent, finally the

THz emission can be expressed as eq.2.6:

Howo sin6 d o Apc(®)
47( [IPC(tT’)] dt .

From eq.2.6, it can be straightforwardly concluded that the THz radiation is pro-

Erp.(t) =

(2.6)

portional to the time derivative of the photocurrent between the antenna gap. And
following the deductions in [5, 60, 61], by introducing Lorentz-Drude model to de-

scribe the carrier dynamics of the photon-excited electron-hole pairs, and assuming
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the optical pulse is Gaussian with a pulse duration of 2 M’cp, finally, the photocur-
rent is determined by several parameters: DC bias field Epc, the max value of optical
Gaussian pulse Igpt, and a function related to constants including momentum relax-
ation time 75, carrier lifetime 7. of the substrate material, and the optical pulse duration
7p. The final equation have the form that shown in eq.2.7:

I
d 1;ct(t) , Ipc(t) o< Epcly, f(Ts, Te, Ty, t). 2.7)

From eq.2.7, the output power of a PC emitter depends on two parameters: the

Erp(t) o

bias voltage and the optical pump power. When the optical pump power is low and
the bias field is weak, the amplitude of the THz radiation increases linearly with both
parameters [62]. The breakdown voltage and the saturation of photon-carriers in the
substrate material limits the maximum THz emission power. The breakdown field of
LT-GaAs is reported to be ~ 300 kV/cm [62], which corresponds to a 150 V bias voltage
fora 5 um gap space. The THz output power saturates at high optical pump power, this

saturation physically originates from the screening of the bias field by photon-carriers.

2.1.2 Time-Domain Detection of Terahertz Pulses with Photoconductive
Antennas

Ammeter
and
Current Amplifier

o

THz Pulse Optical Pulse

——

Photoconductive Substf-ate

Figure 2.4: Schematic diagram of THz pulse detection with a PC antenna - Photocarriers
exited by the optical pulse accelerate under the THz electric field, then the photocurrent
is measured with an ammeter.
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The underlying physical mechanism of THz detection using a PC antenna is a
reversal to that of THz emission from a PC emitter, so the dynamics of photocarriers
discussed in the last section can be directly applied to THz wave detection. Figure 2.4
is a analogue to Fig.2.2, which sketching THz detection with a PC antenna, a fs optical
pulse is gating the antenna. Different from PC THz emission, in detection, without a
DC bias voltage applied between the electrodes, a voltage induced by the THz electric
field will accelerate the photocarriers then generates photocurrent in the gap. Same as
a emitter, the photocurrent lasts for the carrier lifetime, which is much shorter than the
THz pulse duration, so it fits for time-domain waveform measurement. Typically, a
photocurrent is quite weak that in the sub-nanoamp scale, thus current amplifiers are
necessary to convert such weak current signals into measurable voltages. In order to
enhance the SN ratio, the signal is always processed by a lock-in amplifier synchronized
with a wave chopper. This method is called photoconductive sampling or, briefly, PC
sampling.

As described in ref.[6], in PC sampling the photocurrent in the antenna is [63]:

I = [ oga -y, 28)

where o(t) is the voltage between the photoconductive gap, given by eq.2.9:

o(t) = f H(w)E(w)etdew, (2.9)

here the incident electric field E1y,(t) is Fourier transformed to the frequency domain,
written as E(w), and H(w) is the transfer function of the antenna, which is defined
as the ratio between the voltage induced at the antenna electrodes and the incident

electric field. The photocurrent is given by:

](t) — fl(t/)[l _ el—exp(t—t’)/’cs]e(t—t')/’ccdt/. (210)

where (') is the intensity of the laser excitation. From eq.2.10, it is concluded that
the output signal of PC detection depends on not only the incident field Etp,(t), but
also the momentum relaxation time 7, and the carrier lifetime 7. of the semiconductor
substrate. It was experimentally proved that when THz detection is implemented
with a short dipole without a substrate lens, H(w) = 1, then v(t) becomes linearly

proportional to the incident THz signal Etp,(t) [63].
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Moreover, eq.2.9is also showing that the transfer function of the antenna H(w) limits
the detection bandwidth of a PC detector, then the detection bandwidth will depend
on the carrier dynamics in the semiconductor substrate. It means the photocurrent
signal is not an exact replica of the real THz waveform, but exhibits frequency filtering
through the conductivity. Commonly in the PC sampling method the bandwidth is

limited to up to ~4 THz due to antenna parameters.
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2.2 Generation and Detection of Terahertz Pulses Based on

Nonlinear Effects in Crystals

Optical rectification and electro-optic effect are twin second-order nonlinear processes
which principally inverse to each other, in both processes, an ultrafast optical pulse
is involved with an electro-optical material, to generate or detect the THz radiation.
Materials can be used in this method include zinc-blende semiconductors (GaAs, GaP,
ZnTe, CdTe, InP), LiNbO3, LaTiO3, or organic crystals (DAST) [64, 65].

Physically, the optical rectification processes produce transient polarizations P(t),
when fs optical pulses illuminate an electro-optical material, these transient polariza-
tions emit THz radiation to free space. The THz radiation is proportional to the second
time derivative of the low-frequency part of P(t), which is similar as the case of a
transient dipole. [64]

Very short pulses can be emitted in this method, the time scale is much shorter
than the PC antenna method. For example, in ref.[66], a bipolar pulse in the time scale
as small as 180 fs (FWHM) is produced using optical rectification. The production
efficiency of optical rectification depends on the second-order nonlinear optical coef-
ficients (x®) of the EO materials, and the phase matching conditions. The spectral
content of the THz radiation produced by this method is much broader attaining 50
THz than that produced using the PC antenna method [67].

In this work, zinc-blende crystals are used for THz generation and detection, zinc-
blende semiconductors are among the most commonly used EO materials in THz
generation/detection. When the photon energy of the excitation laser is larger than
the crystal bandgap energy(E,noton > Eyg), as in the case of unbiased GaAs, two physi-
cal mechanisms are involved in THz emission: the carrier’s acceleration, and optical
rectification. The first mechanism is canceled when the laser excitation normally inci-
dents to the crystals, so that only optical rectification contributes to the THz emission
[68]. Moreover, optical rectification can be obtained by employing photons that have
smaller energy than the semiconductor bandgap energy(Eporon < Eg) to illuminate the
crystals. In this method, the amplitude of the THz emission strongly depends on the
optical pulse polarization and the crystallographic orientation. [6]

On the other hand, besides PC detectors, also free-space electro-optic (EO) sampling

measurements register the electric field of THz pulses in the time domain, in these
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measurements, both amplitude and phase can be obtained at the same time with high
precision. The EO sampling makes use of the Pockels effect in EO crystals. The Pockels
effect is a physical reversal to optical rectification, an optical probe field and the THz
field are involved in this effect. Because the Pockels effect happens instantaneously in
THz measurements, the outputs of free space EO sampling measurements are directly
proportional to Etp,(t) [69]. In EO sampling measurements, the THz electric field
will introduce a phase retardation 6¢ of the optical field over the distance 6z; such
phase retardation strongly depends on the electro-optic crystal type and orientation.
Free-space EO sampling utilizes various electro-optic crystals: uniaxial crystals like
LaTiO3 or LiNbOs ; or isotropic crystals like ZnTe(110) with a zinc-blende structure.
ZnTe is a material for which a high signal-to-noise ratio was obtained.

In comparison between PC sampling and free-space EO sampling, free-space EO
sampling is able to detect signals in a much larger bandwidth (100 GHz-37 THz) [70].

2.21 THz Emission with Optical Rectification in Nonlinear Crystals

Optical rectification is a second order nonlinear effect in crystals. With excitation at a
single frequency w, the second order nonlinear polarization includes two terms: the
sum frequency term P®(w + w), which is also known as second harmonic generation
(SHG); and the optical difference frequency term P®(w — w), it is a DC signal which is
known as optical rectification.

With a fs pulse excitation, in the spectrum range of the pulse s, the sum and
difference frequency components occur between arbitrary two frequencies w; and w>

(a)l/ wy € a)pulse) :

PPas =)= )| ) eoxiy(@s = @z o)Ej(@n)Ex(zwn),  (211)

w3=w1*wy jk
@)
ijk
label, in THz generation, only difference frequency term PEZ)_(Q) (Q = w1 —wy) is

where x>’ is the second-order nonlinear coefficient, and (i, j, k) = x, y, zis the coordinate

considered, then eq.2.11 is rewritten in the form :

PP7(Q) = f Zeong.;};j(wz+Q)E;(w2)dw2. (2.12)
ok
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The time domain equation is obtained from the Fourier transform of eq.2.12,

PP (t) = 7' [PP7(Q)] = f PP (Q)edQ)

:f f Zeo)(f;zEj(a)z+Q)E;(w2)dwzei9td()
—00 J -0 ik

. o (2.13)
= Z €o ngk) f E(w; + Q)e'@*VidQy f Ex(w2)e ! dw,
i e -

(o]

= ) X DE(DEE) o< I(1).
ik

Now we write a full version of eq.2.12 including propagation terms, and take w,

as a parameter in PZ@_, as eq.2.14:

PEZ)_(CUZ} Q)@= — Z €0 XI(JZIz E (@, + Qe Q=@M Er (g yomilkiwn) t-ent]

jk
2 % j - T—
= Y eoxDE @z + Q)Ej(wp)e! ek
jk

(2.14)

From eq.2.14, the second-order polarization sz)_(wz; Q) has an imaginary term

e™T where Ak(Q) = k(Q) — k(Q + w;) + k(Qy), it means, if Ak(Q) is equal to zero, the

THz emission at different position in the crystal will be in phase, then the construc-

tive interference induces strong THz radiation; either Ak(Q2) is not equal to zero, the
destructive interference in crystal will weaken the THz radiation.

In the identical equation Ak(Q2) = k(Q) —k(Q+w7) +k(€),), it should be noticed that

Q) < wy, so we write the Taylor series of Ak(Q), and reserve only the first derivation:

Ak@) = Kl ok (2.15)

dCL) w=w?2

Referring the dispersion relationship, note that the group refractive index ny,(w2) =
dk
c

0 lwa, 7 and the refractive index n,,(Q) = c’%. Consequently, velocity matching

in a dispersive medium can be achieved only for a certain THz frequency when the
optical pulse envelope travels at the phase velocity of the monochromatic THz wave.

The optimal velocity-matching condition for a broadband THz pulse is that the optical
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group velocity is the same as the phase velocity of the central frequency of the THz
spectrum.
In the experiments of this thesis, ZnTe and GaP are used for THz generation, the

constants are listed below [65]:

Table 2.1: Constants of ZnTe and GaP

EO Coefficient refractive Refractive
Crystal (pm/V) Index Group Index
y p Refractive Index
@(um) @(um) @(THz)
ZnTe 4.04 @ 0.633 2.853 @ 0.8 3.31 ~3.19
GaP 143 @ 1.150 3.61 @ 0.886 3.57 ~34

So we summarize the characters of ZnTe and GaP as below:

e ZnTe is the most widely used nonlinear crystals for THz generation, due to the
useful characteristics of ZnTe: velocity-matching near 800 nm, high transparency
at optical and THz frequencies, and large EO coefficient. However, the phonon
of ZnTe exhibits large absorption from 3 THz, so it is difficult to generate THz
emission higher than 3 THz with ZnTe.

e GaP are also zinc-blende crystals, in comparison with ZnTe, the EO coefficient is
smaller, and for widely used Ti:Sapphire fs lasers at 800 nm, the velocity-matching
condition is not satisfied, the velocity-matching condition satisfies when choos-
ing lasers with wavelength of about 1000 nm as the excitation. Nevertheless, the
lowest phonon resonance energy is larger than ZnTe, that allows the THz emis-
sion to broaden to 7 THz; also GaP is heavily used in semiconductor industry, so

it is easy to get large and high qualified samples.
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2.2.2 The Polarization of THz Radiation from Nonlinear Crystals

As described in ref.[5], in eq.2.12, )(szlz is the second-order nonlinear susceptibility
tensor element in the crystal coordinate system. When the indices are permutable, we

can use the contracted notation:

1
di = Xis (2.16)

where

I=1 2 3 4 5 6

_ (2.17)
jk=11 22 33 23,32 31,13 12,21

Substituting 2.17 to 2.12, then the second-order polarization in nonlinear crystals

can be expressed as:

EZ

EZ
Px dll d12 d13 d14 d15 d16 4

E?
Pyl =2¢e dy1 dyp dyz doy dos doe

2E,E. |
P ds1 dsp dsz dza dss d v
z 3 e G s )| op b

2E,E,

(2.18)

If the cryptographic system is highly symmetric, many of the 18 tensor elements
vanish, moreover, only a few nonvanishing elements are independent. ZnTe and GaP
used in the experiments of this thesis are zinc-blende crystals, zinc-blende crystals has
the crystal class of 43m. This crystal class has three nonvanishing contracted matrix

elements and only one of them is independent: di4 = dos = d36, and its d-matrix is:

0 0 du O] (2.19)

When an optical fs pulse incidents into zinc-blende crystals, the THz radiation
depends on the direction of the optical field in the crystal coordinate system. An

arbitrary optical field in the crystal frame can be expressed as:
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sin 6 cos ¢
Ey = Eg|sinOsing |, (2.20)
cos 0

here 0 and ¢ are polar and azimuthal angle respectively, substitute eq.2.19 and eq.2.20

to eq.2.18, we have the nonlinear polarization in the crystals:

sin” 0 cos? ¢
.2 .2
0
P, 000100 Smcosim ¢
P,|=2e0dsE5|0 0 0 0 1 0|, . o
2sin O cos Osin ¢
P, 0000O0O0T1 )
2sin @ cos O cos |. (2.21)
2 sin, O sin ¢ cos ¢
cos Osin ¢
= 4eod4E5sin 0|  cos 6 cos ¢
sin 0 sin ¢ cos ¢
y',z (001)

Optical Pulse

THz Pulse Zinc-blende Crystal (110)

Figure 2.5: A linearly polarized optical wave is incident on a zinc-blende crystal(110)
normally - 0 is the angle between the optical field and the (001) axis.

Here we consider the laser incident normally on the (110) plane of zinc-blende
crystal, in this case, from eq.2.21, the THz emission amplitude reaches the maximum,

and ¢ = 3/4m, as shown in Fig.2.5. Under this condition, eq.2.21 is written as:
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P, V2 cos 6
P,| = 2ed1uE5sin 0| — V2 cos O |. (2.22)
P, —sin®

and in the lab coordinate system x’(110)y’(001)z’(110), the nonlinear polarization is

written as eq.2.23:

P —2cos 6
Py | = 2eodi4Efsin O —sin6 |. (2.23)
P, 0

From eq.2.23, it can be concluded the the maximum intensity of THz emission is
obtained at 0 = sint™" y2/3,(6 ~ 55°). This angle corresponds to an optical field that
is parallel to either the (111) or (111) axis. In this case, the emitted THz polarization is
parallel to the polarization of the incident laser pulse.

In chapter 5, the case of the laser incident direction lies normal to the (111) plane

of zinc-blende crystals will be discussed.

2.2.3 Free-Space Electro-Optic Sampling

Utilizing the Pockels effect in EO crystals, Free-space EO sampling measures THz
electric field in time domain. The Pockels effect is also related to the second-order
polarization in nonlinear crystals, it is a principally reversal to optical rectification, it

is shown as eq.2.24:

PP (Q) =2 Z eo)(f?,zE j(@)Ex(Q)
T

=Y e VE (),
j

where )(5? =2, )(5]212 E(€) is the susceptibility tensor induced by the THz electric field.

(2.24)

From Eq.2.24, it is concluded that when applying an static electric field in a nonlinear
crystal, the field will introduce birefringence to the crystal, and the birefringence is
proportional to the applied field amplitude. So inversely, by measuring the field-
induced birefringence, the applied field amplitude can be determined.

In free-space EO sampling measurements, ZnTe is most commonly used, since

the useful characteristics of ZnTe for THz generation (velocity-matching near 800 nm,
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Figure 2.6: THz measurement with Pockels effect in ZnTe(110) - Both the THz electric
field and the optical polarization are parallel to the (110) axis.

high transparency at optical and THz frequencies, and large EO coefficient) also fit for
efficient EO sampling measurements. In the measurements, always the (110) oriented
ZnTe crystals are used, because in this orientation, similar as discussed in generation
mechanisms that the THz emission reaches maximum, the field induced birefringence
is also maximized when both the THz electric field and the optical polarization are
parallel to the (110) axis, as Fig.2.6 shown. Under this setup, the nonlinear polarization

in eq.2.24 is expressed as:

EoxEthzx
P, 000100 ];:O'ygTHZ'Y
P,|=4edu|0 0 0 0 10 Oz THzy
P, 00000 1 EoyEthz: + EozETHzy
EozEthzx + EoxEtHz,z
EoxEthzy + EoyEtHzx (2.25)
0
= 4egdy 0

EO,xETHz,y + EO,yETHz,x
= —4eod14EoETH,2,
where Ep and Etp, represent the optical electric field and the THz electric field respec-

tively:
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V2| o V2 |

The THz field induced nonlinear polarization will vary the polarization of the
detection optical field, in the case described in eq.2.25, the nonlinear polarization is
orthogonal to the incident optical field, it means when a linearly polarized optical
probe passing through a ZnTe(110) detection crystal simultaneously with a THz field,
then the THz field induced birefringence will lead the probe pulse evolves into an
elliptically polarized pulse.

The the THz electric field induced ellipticity resulted can be transferred to current
difference and measured with a balanced-detection system, by introducing a setup
shown in Fig.2.7. In this setup, the THz field induced birefringence makes the probe
pulse to be slightly elliptically polarized, when a linearly polarized optical probe pulse
and the THz pulse pass through the EO crystal at the same time, the probe pulse
sequently passing through a QWP, and evolves into an almost circularly, but in fact
elliptically polarized pulse. After the QWP, a Wollaston prism is placed and splits
the probe pulse into two orthogonal components, these two components travel to a
balanced-detection system, such detection system measures the intensity difference
I = I,y — I» between these two orthogonal components. From the description above,
this intensity difference is proportional to the THz amplitude.

When a probe pulse travels through a crystal with thickness L, due to the Pockels

effect, the differential phase retardation Ag of the pulse is given as:

wL L
Ap = (n, - nx)T = TﬂémETHz, (2.27)
where 7, and n, are refractive index at the optical frequency for x- and y- polarized
pulses, 1o is the refractive index at the optical frequency and r4; = d14= 4 pm/V is the
EO coefficient. The intensities of the two probe beams at the balanced photo-detector

are (assuming A is very small, actually, in EO sampling, it holds true):

I I
Lo = 2(1 - sinAp) ~ =(1 - Ag)

12 12 , (2.28)
I, = 50(1 +sin Ag) ~ 50(1 + Ag)
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Figure 2.7: Free-space EO sampling balance measurement - THz electric field is measured
finally by a balanced-detector.

where Ij is the incident probe intensity. Thus, the THz field amplitude is determined

by the signal of the balanced photo-detection system:

I,L
[=1y -1, =lAp = T”?ér41ETHz o EtHg- (2.29)

Similar as PC detectors, in a realistic situation the temporal or spectral resolution
of EO sampling is limited by a detector response function H(w, wTHz), in EO sampling
measurements, H(w, wTH) is mainly determined by three factors: finite pulse duration
of optical probe, dispersion of nonlinear susceptibility and mismatch between optical
group and THz phase velocity. As a result, the EO signal is the convolution of the THz
tield with the detector response function H(w, wtn,). For example, with ZnTe(110),
the response in frequency range higher than 3 THz is negligible due to the phonon

absorption.
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2.3 Introduction to Terahertz Time Domain Spectroscopy Sys-

tems

The typical pulse duration of broadband THz pulses are several ps, then by introducing
time-resolved pump-probe technique, the THz pulse shape in time-domain can be

registered with fs laser pulses, whose pulse duration is ~ 100 fs, as Fig.2.8 shown.

THz Pulse

~several ps « |- - -

0-—-_..‘__,_1

B e
s AAAAA A A

~100 fs <> <=

| <--_-->|

At=Al/¢c

Figure 2.8: Time-resolved pump-probe measurement of a THz pulse - THz pulse dura-
tion ~several ps, laser pulse duration ~100 fs, the time resolution depends on the laser
pulse duration and the time delay At.

The resolution of time-resolved pump-probe measurements depends on two fac-
tors: the pulse duration of the fs probe lasers, and the time sampling step At. Com-
monly, in THz experiments, Ti:Sapphire fs lasers are served as the light sources, the
pulse duration is in the scale of 100 fs. In the experiments, time delay is always achieved
by a translation line that converts the time sampling step At to Al the relation between
At and Al'is At = Al/c (c is the speed of light), as shown in Fig.2.9. Because in the mea-
surements, the pulse shape including both amplitude and phase information of each
frequency ingredient, this setup is named THz time-domain spectroscopy (THz-TDS)
system.

In the THz-TDS measurements, the minimal time sampling step At and the total

sampling time T determine the resolution Aw and the upper limit wmax in the frequency
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Figure 2.9: THz time-domain spectroscopy (THz-TDS) system - M=Mirror, the delay
line converts space delay Al to time delay At, At = Al/c (c is the speed of light).

domain, the relationship can be expressed as eq.2.30:

Aw Wmax
—.T=1;
27 27

In Fig.2.9, the THz emitter can be any type of THz sources, e.g., nonlinear crystals,

At=1. (2.30)

PC antennas; while the THz detector can be both PC antennas and free-space EO
sampling systems.
More details about THz-TDS systems in the experiments of this thesis will be

introduced in Chapter 3.



CHAPTER 3

Basic Experimental Setups

In the present chapter, details of the basic experimental setups in this thesis will
be shown. In Chapter 2, the underlying physical mechanisms of THz generation
and detection with PC antennas and nonlinear crystals are briefly introduced, the
simplest prototype of a THz-TDS setup is discussed. However, in the experiments of
this thesis, to analyze THz vector beams, 2D THz-TDS systems are necessary, several
modifications and improvements should be made on the THz-TDS setups; and to
achieve the best results, optimizations are necessary. These details will be presented
hereon, including light sources, parameters, test results and 2D scanning THz-TDS

setups.

3.1 Light Sources Used in the Experiments

In the experiments of this thesis, mode-locked Ti:Sapphire fs lasers are used as light
sources, including Mira900, RegA9000 (Coherent Inc.), Hurricane (Spectra-Physics
Lasers, Inc.) and Legend Elite (Coherent Inc.). The specifications of these lasers are

shown below.
Mira900, RegA9000

RegA9000 (Coherent Inc.) is a Ti:Sapphire fs regeneratively amplified system.
The system consists of Mira900 (Coherent Inc.), a CW laser (Verdi V6, Coherent Inc.)
pumped mode-locked Ti:Sapphire fs laser, and a regenerative amplifier RegA9000
(Coherent Inc.) pumped with a CW laser (Verdi V10, Coherent Inc.). The output
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parameters of RegA9000 are: central wavelength ~ 800 nm, repetition rate ~ 120 kHz,
pulse duration ~120 fs, single pulse energy ~10 uJ, output power ~720 mW.

Verdi (Ve6, V10) [71]

Verdi V lasers are compact diode-pumped solid state (DPSS) lasers suited for
Ti:Sapphire pumping. The working material of Verdi V lasers are Nd:YVOy crystals,
which output laser at 1064 nm, the 1064 nm light is frequency doubled in LBO crystals,
so finally the output is green CW laser at 532 nm.

Mira900 [72]

Mira900 mode-locked Ti:Sapphire laser is pumped with the 532 nm light from Verdi
V6. Mira900 operates on Kerr lens mode-locking technique. In Kerr lens mode-locking
processes, the optical cavities are specifically designed to optimize mode-locking by
utilizing changes in the spatial profiles of the beams. These changes originate from
optical Kerr effect induced self-focusing effects in Ti:Sapphire crystals, and make the
system has the ability to deliver transform limited pulses. The repetition rate of
Mira900 is ~76 MHz.

RegA9000 [72]

RegA9000 is a CW-pumped, Ti:Sapphire regenerative amplifier that amplifies fs
pulses at ~120 kHz (up to 300 kHz) repetition rate. RegA9000 requires the output
of Mira900 oscillators, it amplifies this output over 1000 times to the uJ level. In
RegA9000, inherent group velocity dispersion (GVD) in the amplifier broadens the
pulse duration to tens of picoseconds. After extraction, the pulses are re-compressed

under 200 fs by a single-grating pulse-compression stage.

Hurricane [73]

Hurricane is a Ti:Sapphire regeneratively amplified system produced by Spectra-
Physics Lasers Inc., consisting of a seed source and a regenerative amplifier. The
seed source is a Ti:Sapphire fs laser MaiTai (Spectra-Physics Lasers Inc.), and the
pump laser is Evolution (Spectra-Physics Lasers Inc.) (Q-switched Nd:YLF laser,
frequency doubled, output at 527 nm). The output parameters of the system are:
central wavelength ~800 nm, repetition rate ~1 kHz, pulse duration ~100 fs, output

power ~800 mW.
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Legend Elite [74]

Legend Elite is a Ti:Sapphire regenerative amplified system produced by Coherent
Inc., consisting of a seed source Micra (Coherent Inc.) and a Evolution (Coherent Inc.).
Micra (Coherent Inc.) is pumped by Verdi (Coherent Inc.). The output parameters of
the system are: central wavelength ~800 nm, repetition rate ~1 kHz, pulse duration

~25 fs, output power ~2.7 W.

In the experiments of recording the intensity profiles of THz vector beams from
a segmented GaP(111) crystal with a THz camera (IRV-T0830, NEC Corp.), because
of the sensitivity of this camera is relatively low, and the camera tends to be more
sensitive in higher frequency range, so the laser Legend Elite was used. In all other
experiments in this thesis (except the test experiments in this chapter), Hurricane was

used.
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3.2 Test Results of Antenna Terahertz Detection

In the experiments of this thesis, free-space EO sampling and antenna sampling setups
are employed to record THz signals, free-space EO sampling technique is frequently
used in Gonokami Group, and more details can be found in ref.[75]. In this section,
we will focus on antenna THz detection.

In the experiments, a commercial PC antenna is used, the antenna is among PCA-
40-05-10-800 series of Batop Optoelectronics Inc., the details of the antenna are copied
from ref.[76]. A photo of the antenna is shown in Fig.3.1.

Figure 3.1: A photograph of a PCA-40-05-10-800 series antenna(Batop Inc.) - [76]

PCA-40-05-10-800 series antennas can be used as THz emitters or detectors in
pulsed laser THz-TDS systems in the frequency region from 0.1 to 5 THz. The best
laser excitation wavelength is ~ 800 nm, and the antenna resonance frequency is near
1THz. The antenna follows a gap design, with a 5 um gap laying in the vertical
direction, a schema is shown in Fig.3.2, and a photo of the antenna taken under a
microscope is shown in Fig.3.3.

Commercially, PCA-40-05-10-800 series antennas are supplied with substrate lenses
attached, for the purpose of converging THz emission. However, in this work, we
want to exactly analyze the THz field focused with THz lenses of 30 mm and 50 mm
focal length, e.g., in Chapter 5, under 30 mm lens focusing, the THz vector field are
recorded, and compared with theoretical calculations; and in Chapter 6, the exact THz
radially focused field should be submitted to mode overlap calculations. Then when
we ordered the antennas, the substrate lenses are asked to be removed and replaced

by silicon slabs.
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Figure 3.2: Schema of a PCA-40-05-10-800 series antenna - [76]

20.000um

Figure 3.3: A photo of a PCA-40-05-10-800 series antenna taken under a microscope -
the size of the gap is 5 ym.
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The parameters of PCA-40-05-10-800 series antennas are shown in table 3.1.

Table 3.1: PCA-40-05-10-800 Series Antenna Parameters [76]

Electrical Parameters | Minimum Ratings | Standard | Maximum Ratings
Dark Resistance 2MQ 2.5 MQ 3 MQ

Dark Current @ 10 V 3 uA 4 uA 5 uA

Dark Current @ 10 V 20V 30V

Figure 3.4 shows the dark current-voltage curve of PCA-40-05-10-800 series anten-

nas at T = 300 K.
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Figure 3.4: Dark current-voltage characteristic of PCA-40-05-10-800 series antennas -

[76]
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The optical characteristics of PCA-40-05-10-800 series antennas are in table 3.2.

Table 3.2: Optical Characteristics of PCA-40-05-10-800 Series Antennas [76]

Optical Excitation Parameters | Minimum Ratings Standard Maximum Ratings
Excitation Laser Wavelength 500 nm 800 nm 850 nm
Optical Reflectance @ 1040 nm | 32 % @500nm | 7 % @ 800 nm 8 % @ 850 nm
Optical Mean Power 40 mW 80 mW
Carrier Recovery Time 300 fs

The reflection rate of PCA-40-05-10-800 series antennas depends on the wavelength,

in the range of 500 ~ 1200 nm, the dependence is shown as:
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Figure 3.5: Reflectance dependence of wavelength - [76]
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The resistance(R) dependence of excitation power is shown as:
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Figure 3.6: Resistance(R) dependence of excitation power - [76]

In the experiments of this thesis, a dilemma of choosing the excitation laser presents
in PC antenna THz-TDS systems: on one hand, nonlinear crystals are used as THz emit-
ters, lasers with high pulse energy and low repetition rate will increase the amplitude
of THz radiation; however on the other hand, for PC antenna detectors, as described
in ref.[77], a larger repetition rate laser is better for signal-noise (SN) ratio, because the
total charge (current) from the signal increases linearly with the number of sampling
pulses, while the charge (current) from noise increases only as the square root of the
number of pulses. The laser repetition rate for antenna detection is recommended to
be in the order of 100MHz in ref.[77].

To find the best laser for our experiments, Mira900, RegA9000 and Hurricane were
tested, the test results are shown below. In all these experiments, lock-in amplifiers
were used to achieve better signal-noise(SN) ratio, and for each laser of different
repetition rates, the optimizations of the lock-in amplifiers were performed, to ensure
the impartiality and validity of the comparison. In comparison with free-space EO

sampling setups, which require only small amount (~1%) of the laser power as probe
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beams, in PC antenna detection lines, much more powerful probe beams are necessary
to excite enough carriers in the photoconductive substrates. As a result, in antenna
detection setups, we used 50:50 beam splitters to assign the pump and probe power
for Mira900 and RegA9000; while in free-space EO sampling setups, we always use
99:1 beam samplers. Nevertheless, for Hurricane, because of the single pulse energy
is large enough , 99:1 beam samplers were used. In all test results, the same ZnTe(110)
crystal was used as a THz emitter. In the case of Mira900, the pump laser should be
focused on the crystal to ensure the THz signal is detectable. The test setups are shown
in Fig.3.7 (Mira900) and Fig.3.8 (RegA9000 and Hurricane).

THz Pulse
Lens

e L)

Pump Pulse

PC Antenna

ZnTe(110)

Figure 3.7: The setup of testing light sources (Mira900) - Pump:Probe=50:50.

THz Pulse
Lens

iy T )

Pump Pulse ' : Probe Pulse
- PC Antenna

ZnTe(110)

Figure 3.8: The setup of testing light sources (RegA9000 and Hurricane) -
Pump:Probe=50:50(RegA9000) ; Pump:probe=99:1(Hurricane).

The test results of Mira900 are shown in Fig.3.9 and Fig.3.10, the probe power are
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~70mW and ~200mW (maximum respect to the laser output) respectively. From the

tigures, under the excitation of Mira900, the best SN ratio we obtained was ~ 20 : 1.
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Figure 3.9: Test result of Mira900 - The probe antenna excitation power is ~70 mW.
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Figure 3.10: Test result of Mira900 - The probe antenna excitation power is ~200 mW.
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The test result of RegA9000 under ~220 mW probe power(maximum respect to the
laser output) is shown in Fig.3.11, the scale is the same with Fig.3.9 and Fig.3.10. From
the figures we find the SN ratio when using RegA9000 is about 20 times improved in
comparison with Mira900, which is as large as ~ 400 : 1, the number is acceptable for

the experiments.

Electric Field(a.u.)

Time(ps)

Figure 3.11: Test result of RegA9000 - The probe antenna excitation power is ~220 mW.

Atlast, Hurricane was tested, because of the very strong pulse energy of Hurricane,
in the setup, the 50:50 beam splitter was replaced by a 99:1 (pump:probe) beam sampler
to avoid damaging the antenna. The test result of Hurricane is shown in Fig.3.12, the
SN ratio is ~ 1000 : 1, which is the best number under the condition in the lab. So
in all experiments including a PC antenna detection line in this thesis, Hurricane was
chosen as the excitation laser.

Moreover, also using this test setup (Fig.3.8), we checked the performance of the
antenna. We kept the THz beam and the probe beam to be focused on the same point
in the antenna detection area (as shown in Fig.3.13), and we scanned the antenna with
a translation stage. Principally, the antenna should only respond at the gap, however
in our test experiments, we find no signal can be detected at the central gap position
shown in the manual (Fig.3.1 and Fig.3.2), and at the position marked in Fig.3.13 (the
red area), the detected THz signal can be detected. Moreover, in this marked area, the
sensitivity of the antenna is shown in Fig.3.14, the size of the sensitive area is about 0.2

mmx0.8 mm. This result directly shows if we want to use this antenna in 2D scanning
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Figure 3.12: Test result of Hurricane - The probe antenna excitation power is ~5 mW.

setups, what the resolution of the scanning is (Fig.3.14). To improve the resolution of

the antenna, we are planning to attach a pinhole on the antenna surface.

20.000pm

Figure 3.13: A photo of antenna detection area - captured by a CMOS camera with a

telescope system, the red area indicates the antenna detection area in scanning.
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Figure 3.14: Measured antenna resolution - the central position coincides the red star in
Fig.3.13.

3.3 Two-Dimensional Terehertz Time Domain Spectroscopy

Setups

In order to analyze the spatial profiles of polarization distribution of vector beams,
the THz-TDS systems should be improved to be able to scan in a plane to record the
THz waveforms at different positions, we call these setups two-dimensional THz time
domain spectroscopy (2D THz-TDS) systems.

We updated both free-space EO sampling lines and PC antenna lines to 2D THz-TDS
systems. The 2D free-space EO line is shown in Fig.3.15 [53], the spatial distribution
of the transversal electric field components is obtained by scanning the position of the
probe beam near the focal point of the focused THz beams on the detection samples,
which was achieved by changing the position of the iris/pinhole placed inside the
expanded probe beam. Image of the iris/pinhole is formed on the EO crystal by the
lens pair (“Lens” and “Tsurupica Lens” in Fig. 3.15), with 3/10 magnification. The
spatial resolution of this setup depends on the image size of the iris/pinhole.

For PC antenna lines, it is easier to make a 2D scanning setup by only expanding
the probe beam to cover a larger area. In our case, the detection resolution is as shown

in Fig.3.14. So if we expand the probe beam, and set the antenna on a translation stage,
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Figure 3.15: 2D free-space EO sampling line - Tsurupica lens transmits both THz and
optical pulses, the resolution depends on the size of the iris/pinhole.

then the detection area of the antenna will be able to scan in the probe beam area, as
shown in Fig.3.16 [78].

To check and optimize the 2D antenna scanning setup, we performed test experi-
ments on a focused THz Gaussian beam, which is the simplest beam, in the test, we
inserted a wire grid polarizer (WGP) to force the beam to be polarized along 45° orien-
tation, with the antenna gap arranged in horizontal(x) and vertical(y) directions, two
orthogonal components of the THz beam were recorded, and the intensity distribution
is shown in Fig.3.17.

Moreover, the electric field vectors are plotted in Fig.3.18, from the figure, it is
testified that the electric field is polarized along 45° orientation, so the reliability of the
2D PC antenna line is confirmed.

THz cameras were also introduced to record the intensity distributions of THz

beams in the experiments, the details of the THz cameras can be found in ref.[79].
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Figure 3.16: 2D antenna scanning line - The gap of the antenna is able to scan in the
expanded probe area.
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Figure 3.17: Intensity distribution of a focused THz Gaussian beam - The electric field
is polarized in 45°, length scale: cm.
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Figure 3.18: Electric field vectors of a focused 45° polarized THz Gaussian beam - The
red arrows indicate the electric field vectors.



CHAPTER 4

Introduction to Vector Beams

In this chapter, a brief introduction to vector beams, from concept, mathematical
expressions, numerical methods, to experiments in the optical spectrum, will be given.
It is attempted to build a informative background of vector beams, including theory,

experiments and applications.

4.1 Mathematical Expressions of Cylindrical Vector Beams

The CV beams are vector-beam solutions of Maxwell’s equations that obey axial sym-
metry in both amplitude and phase. By solving the scalar Helmholtz equation in the
paraxial approximation, the spatial characteristics of optical beams in free space are
commonly described by two familiar families of solutions: in rectangular coordinates
(x, y, z) the Hermite-Gauss modes, and in cylindrical coordinates (p, ¢, z) the Laguerre-
Gauss modes [80]. However considering the vector nature of light, it is the vector
Helmholtz equation that describes the propagation of the electric field as a whole,
whereas the scalar Helmholtz equation can only be used to describe the propagation
of either a linearly polarized electromagnetic wave or a single Cartesian component of
an arbitrary vector field, this means in the vector Helmholtz equation, the polarization
features of optical beams are included. Actually, optical modes with spatial variant
polarization are well known in waveguide theory, for example, TMy; and TEy modes
with radial and azimuthal electric vector orientation [18, 81].

At first, in free space, the typical paraxial beamlike solutions with harmonic tem-

poral dependence are obtained by solving the scalar Helmholtz equation:
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(V2 +K*)E = 0. (4.1)

In cylindrical coordinates, with z to be the propagation axis, and with the electric
tield E taken to be the harmonic temporal dependent form under paraxial approxima-

tion:

E = f(p, ¢, 2)e™, (4.2)

where k and w are the propagation constant and the (circular) frequency (k = w/c),
respectively, the paraxial approximation appropriate for beams neglects 9°f/dz* so

that f(p, ¢, z) is a solution of the scalar paraxial wave equation:

pap(p&];) 23;12 . f

The elementary Gaussian solution is mdependent of ¢ and can be written as

= 0. (4.3)

2

flp,2) = T e el 1+fz/L> (4.4)

where L = kw% /2 is the Rayleigh range, w(z) = wo[1 + (z/L)?*]/?, and ¢(z) = tan~'(z/L),
wp is the waist parameter. The Gaussian envelope effectively localizes the field along
directions transverse to the direction of propagation.

Also from eq.4.3, several higher modes can be realized, one example is Laguerre-

Gauss solution LGy, the mathematical expression is shown as:

w2

flp §.2) _Eo(\/_ P ) Ll( P )% iRl (45)

where Lé (x)is the associated Laguerre polynomials that satisfy the differential equation:

d2 Ll l
xF —(+1- x)— +pL, =0, (4.6)
and ¢i(z) = (2p + 1 + 1) tan"!(z/L) is the Gouy phase shift. For [ = p = 0, the solution
degenerates to the fundamental Gaussian beam solution. For [ # 0, the LG mode has

a vortex phase term ¢, which is related to orbital angular momentum of light [82].
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Another example of solution of eq.4.3 is so-called Bessel-Guass beam solution, the

solutions take the general form [83]:

_p W0 o) Pp | (-t
f(p,2) Eow(z)e ]0(1+iz/Le ), (4.7)

where f is a constant scale parameter, ¢(z) is the Gouy phase shift, and Jo(x) is the
zeroth-order Bessel function of the first kind. When g = 0, the solution reduces to the
fundamental Gaussian beam solution.

It should be noted, the solutions shown above are the paraxial beamlike solutions
to the scalar Helmholtz equation (eq.4.1), in which the SoPs are assumed to be spatially
homogeneous, these solutions are called scalar beams. For scalar beams, the electric
tield vector on the cross section (i.e., SoP) is independent of the location of observation

points. Hereon, if we consider the full vector wave equation for the electric field:
VXVXE-KE=0, (4.8)

where an ¢! time dependence is assumed and k = w/c. Consider a circularly sym-

metric, azimuthally polarized (¢-polarized) field, for which (E) takes the form:

E(p,2) = &,F(p, 2)e* ", (4.9)

substituting eq.4.9 into eq.4.8 and making the paraxial approximation, we can obtain

the single, scalar equation:

p&p

There is a clear difference in the second terms of eq.4.3 and eq.4.10 for azimuthal

— — +2ik=— =0. (4.10)

10 JdF\ F JF
P2 Jz

symmetry, and the trial solution of eq.4.10 can be written as:

ip22/(2k)

F(p,z) = EoJx (ﬁ) e e f(p, z), (4.11)

where f(p,z) is the elementary Gaussian solution defined in eq.4.4, L is the Rayleigh
range defined below eq.4.4, || is the first kind Bessel function of order one. This

solution corresponds to an azimuthally polarized vector Bessel-Gaussian beam. Due
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to the reciprocity between electric component and magnetic component, there should

exist a transverse magnetic field solution:

ﬁp iﬁzz/(zk) i(kz—cot) =
m e 1+iz/L f(p, z)el( @ )B(P. (412)

For this azimuthal magnetic field solution, the corresponding electric vector in

H(p,z) = —Ho1

the transverse plane aligns in the radial direction, hence eq.4.12 represents the radial
electric polarization state.

If the parameter f in the Bessel function is very small, this condition holds true
for many applications, instead of the vector Bessel-Gaussian solutions above, always
simplified expressions are used. For vector beams with large cross sections, the vector

Bessel-Gaussian beam at the beam waist can be approximated as:

E(p,2)=A-p-e e, i=p,o. (4.13)

The amplitude profile of eq.4.13 is exactly the LGy mode, but without the phase
vortex ¢/?. The spatial amplitude distribution and electric field vector orientation in

the cross section of radial and azimuthal mode can be found in Fig.4.1 [4].

Figure 4.1: The spatial amplitude distribution and electric field vector orientation in
the cross sections of radial and azimuthal modes - left: radial beam; right: azimuthal
beam [4].
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4.2 Focal Properties of Vector Beams

Because of novel inhomogeneous SoPs in the cross section of vector beams, the focal
features of vector beams are special. One example is, as shown in Fig.4.2, under
tight focusing, in the focal volume of radially polarized beams, the geometry of the
electric field implies the in-plane electric components will be canceled out due to
the cylindrical symmetry, while a large longitudinal (z-polarized) electric component
(E;) survives. Also this property holds true for magnetic field in the focal volume of
azimuthally polarized beams under tight focusing, because of the reciprocity between
electric field of radial modes and magnetic field of azimuthal modes, in the focal

volume of azimuthal beams, there will be a large H, component.
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Figure 4.2: Focused radial and azimuthal beams - left: E; in a radial beam; right: H, in
an azimuthal beam.

Based on the modulation of SoPs, vector beams exhibit great potential to manip-
ulate the electromagnetic field in the focus. To sufficiently realize this potential, a
theoretical tool to analyze the focal features of vector beams is urgent. In this section,
a vector theory of diffraction, invented by B. Richards and E. Wolf in 1959 [31], will be
introduced. Several examples about the special focal features of vector beams will be

shown.

421 The Vector Theory of Diffraction : Richard-Wolf Integration

The content in this part is following ref.[84], to rewrite the Richard-Wolf Integration
[31] to a Fourier transform, then Fast Fourier Transform (FFT) algorithm can be used
to calculate the focal field of arbitrarily polarized beams. In comparison with directly

performing the integration, this method is much faster.
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The basic optical layout and the respective coordinate systems are shown in Fig.4.3
[84].

Figure 4.3: Optical setup - The objective is represented by the aperture stop A with radius
R, the principal planes IP; and IP, with vertex points V; and V;, and the foci F; and F».
The focal length f is given as f = F,V,. The point P is the intersection point of a ray with
P, and shows the relation of the position r at IP; of the incident wave E; to the propagation
angle 9 at IP, of the transmitted wave E_)t [84]

From the ray geometry in the figure (red arrows in Fig.4.3), when a coherent and
monochromatic ray parallel to the optical axis passing through the aperture stop A,
and is transferred to the output plane IP; from the input plane IP;, IP; is a spherical
surface, which is centered at the focal point F,. Any ray go through the point P on P,

will finally arrive at F,, then the deflection angle 0 of P is defined as:

) r NA
sin@ = R’ (4.14)
where r is the off-axis coordinate of P, R the aperture stop radius, NA is the numerical
aperture of the objective and n; the refractive index behind the IP; surface.
The incident field Ei at IP; is decomposed into two orthogonal components (p- and

s- polarized), then the unit vectors for p- and s-polarization are:
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cos —sin¢
¢, =|sing| and & =| cos¢ |, (4.15)
0 0
where ¢ is the azimuth angle. A ray goes cross surface IP; to surface IP, suffers from a
0 deflection, the unit vector transmission between these two principle planes (&, and

é,) is shown as:

cos ¢ cos 0
€, =|sin¢cos O |. (4.16)
sin @

From here we mark the transmitted electric field at P, to be Et(G, ¢), under the
Debye approximation [85], as shown in Fig.4.4, that when considering any point
P’(x, y, z) in the focal volume (near the focal point), the distance between P’ and a point
Q’ on the principle plane is s, the geometrical relation can be approximately expressed

as:

s—f=-q-R, (4.17)

Figure 4.4: Debye approximation - under this approximation, s — f = —q - R’".
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and from Huygens-Fresnel’s equation, at P’(x, y, z), the local electric field E (x,y,2) can

be written as:

E(x,v,2) = —Aioe;kf f f E(0, p)e*ds, (4.18)

where dS is the surface element on the principle plane, and can be written as:

ds = f2dQ, (4.19)

where dQ) represents the unit solid angle that dS opens to the focal point, then by
substituting eq.4.17 and eq.4.19 into eq.4.18, at any point (x, y, z) in a small sphere near
the focal point F, the local electric field E(x, Yy, z) can be obtained by integrating Ey(0, )

on the surface IP; which contributes to it, the equation is shown as:

E(x,y,2) = —ZA—C f f E\(6, p)et=kx kg0, (4.20)
Q

where f is the focal length of the lens, and A is the wavelength. The phase factor
e accounts for the phase accumulation when propagating along the z-axis, whereas

the term ¢~ iksx+k

v¥) represents the phase difference of the wave front at off-axis points
(x, y,z) with respect to the on-axis point (0, 0, z).
In this integration, in spherically spatial coordinate, 4Q) can be written as dQ) =

sin 0d0d¢, and the integration become:

: S 270
E(x,y,2) = —% f sin 0 f E(0, p)e= Rk dade, (4.21)
0 0

this integration extends over the principle surface IP, i.e. sin® = NA/n;. And the

wave vector k; is given in spherical coordinates 0 and ¢ by:

—cos ¢ sin 0 5
k(0 ) = kon; | —sinpsin@|  where ko = = (4.22)

A
cos 0 0

Another way to evaluate this integration is to rewrite the integration step Q) in
the plane wave spectrum domain, then the integration will be performed over the
surface IP; instead of IP,. Directly from eq.4.14 and eq.4.22, the integration step dQ for

a sampling over IP; can be projected onto IP;, and shown as:
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NA\? rdrdp  (NA\? dxdy 1 dk.dk,
oo (NAY rip_ (NAY dedy 1y
Rn;) cosO Rni/ cos® k? cosO (4.23)
Substituting this sampling step into eq.4.20 yields:
E(x,v,2) = - wﬂ[ (EL(6, p)e®? | cos O)e s+ ke dk,. (4.24)

It should be noted in the plane IP;, when r > R, because of the aperture stop, IEj =0,
these points have no contribution to the integration, then eq.4.24 can be extend to the
whole plane wave spectrum domain (ky, k) € R?, so the integration can be written as

a Fourier transform:

;?E@¢W”M%ﬂ (4.25)
0

The Richards-Wolf integration is now expressed as a Fourier transform of the field

E(x, Y,z) =

distribution in the aperture A. In eq.4.25, the term Ey(0, @) representing the field
distribution in the aperture A can be arbitrarily set, including amplitude, phase and
polarization information. For example, for x-polarized incident field and radially
polarized (r-polarized) incident field with homogeneous amplitude and phase front,
the component expressions in Cartesian coordinate system of Ex(6, ¢) can be written
as [30, 31]:

cos 6 + (1 — cos 6) sin ¢ Vcos 6
ﬁt(x-polarized) =| (cos® —1)sin¢ cos ¢ Vcos O
i-cos¢sin® Vcos 0
and , (4.26)

cos 0 cos ¢ Vcos 0
Et(r—polarized) = | cos Osin¢ Vcos 0
i-sin 6 Vcos 0

where the term Vcos 0 accounts for energy conservation before and after the focusing
lens [31], while the other terms represent geometrical transformation factors from the

entrance pupil A to the exit pupil IP.
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4.2.2 The Focal Features of Vector Beams

With the FFT based numerical method, the focal features of arbitrary beams can be
analyzed, directly from eq.4.25 and eq.4.26, the examples of linearly and radially
polarized beams are shown as Fig.4.5 and Fig.4.6.

For linear input field, the amplitude distributions of electric component E,, E,, and
E, in the focal plane (x-y plane), and in a plane including the optical axis (x-z plane),

in Cartesian coordinate system, are shown as Fig.4.5.

@ E (® E ) E

o0 o §

Linearly x-polarized input

. X
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y
(l—b i
Z X l_‘

Figure 4.5: Amplitude distributions of E,, E,, E, of a linear focused beam - upper: the
focal plane(x-y plane), lower: a plane including the optical axis(x-z plane) ; from left to
right: Ey, E,, E..

For radial input field, it is convenient to use cylindrical coordinate system, due to
the radial geometry, the component E; in the focal volume is always zero, and the
amplitude distributions of E, and E, are shown as Fig.4.6. It is clear that the in-plane

electric component of radial focused beams is a donut mode.
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Figure 4.6: Amplitude distributions of E, and E; of a radial focused beam - left: E,,
right: E;; upper: the focal plane (p-¢ plane), lower: a plane including the optical axis (p-z
plane).
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For azimuthal input field, in the focal volume, the components E,, E, = 0, the

amplitude distribution of E is shown as Fig.4.7 [30]:

Figure 4.7: Amplitude distributions of E; of an azimuthal focused beam - left: the focal
plane (p-¢ plane), right: a plane including the optical axis (p-z plane) [30].

Because of the unique SoPs of vector beams, the focal properties of vector beams are
special. For radially polarized beams, it has been proved when they are tightly focused,
the longitudinal polarized E, component will be dominant, and the focal spot size is
smaller than linearly polarized beams [1, 86], it means the sharper focal spot of radially
polarized beams breaks the diffraction limit defined by Abbe’s Formula: d = 54,
where A is the wavelength of the illumination, and the numerical aperture(NA) of the
lens is defined by NA = n - sin 0, where 0 is defined as shown in Fig.4.8, and # is the

refraction index of the material in the focal space.

Figure 4.8: The definition of NA - NA = n - sin 0, n is the refraction index of the material
where F is in.

In Fig.4.9 reprinted from ref.[1, 86], the focal spot sizes of linearly polarized beams

and radially polarized beams are compared, the sharper focus of radial beams is
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Figure 4.9: The sharper focus of radial beams - (a) blue: radial beams, red: linear beams
[1, 86].

Moreover, with carefully trimming SoPs and phase distribution of vector beams,
3D designing of focal spot is possible. For example, as shown in Fig.4.10, the authors
proposed a ultra-long longitudinal polarized focusing field with radially polarized
Bessel-Gaussian beams and a binary phase element, which is named “optical needle”
[33]. Another example is, with tailoring a mix mode of radially and azimuthally po-
larized beams, three-dimensional orientation-unlimited polarization encryption was
realized [87], as shown in Fig.4.11.

More examples of focal engineering, e.g., optical chain [88], optical bubble [89] and
others [90-92] associated with vector beams are also reported.

Because of the distinguished focal features of vector beams, they have great appli-
cation potential in many areas, e.g., micro-structuring [35], optical tweezers [93], high

resolution microscopic [94], plasmonics and near field optics [95-97], etc..
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Figure 4.10: Optical needle - an optical needle created with radially polarized Bessel-
Gaussian beams [33].
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Figure 4.11: 3D polarization manipulation - three-dimensional orientation-unlimited
polarization encryption [87].
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4.3 Generation Schemes of Vector Beams in the Optical Spec-

trum

Driven by the application potential of vector beams, in the past decade, plenty of
methods were invented to generate vector beams in the optical spectrum, including
active methods that directly force the laser oscillate in vector modes with adding intra-
cavity elements, and passive methods that convert the free-propagating laser beams
to vector beams. In this section, several examples of optical vector beam generation
will be shown for the convenience to discuss the generation schemes of vector beams

in the THz spectral range in Chapter 5.
Generation of a radially polarized laser beam by use of a conical Brewster prism

As reported in ref.[98], with adding a conical Brewster prism in a Nd:YAG laser
cavity, as shown in Fig.4.12, then on the surface of the conical prism, only radially
polarized light survives, while azimuthally polarized light suffers from great loss.
Considering the axial symmetry of the prism, thus the laser oscillates in the radial

mode, the results can be found in Fig.4.13.

Qutput coupler Rear mirror:

SiO;

$¢12 mm

Ta 205-5[02
multilayer

Figure 4.12: Nd:YAG laser that generates CV beams by using axial dichroism created
by a conical Brewster prism - the structure of the conical Brewster prism is shown to the
right [98].
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)

Figure 4.13: Intensity distribution of the output mode - (a) total intensity distribution
of the laser beam, (b)-(e)intensity distributions after the linear polarizer for the directions
indicated by the arrows, (f) schematic representation of the polarization distribution [98].

Generation of vector beams with segmented half-waveplate mode converters

A segmented half-waveplate(HWP) was used to converter linearly polarized laser
beams to radial or azimuthal modes [99], the segmented HWP was made by gluing
together eight sectors of segmented 1/2 plates with different discrete fast axis !, the
fast axis orientations are shown as Fig.4.14, then with linearly polarized laser beams
in vertical or horizontal direction passing through this element, after it, radially or
azimuthally polarized beams can be realized. Because of discontinuous feature of
the segmented converter, the vector modes generated from this method are not ideal
vector modes. The mode overlap between these quasi-vector modes and ideal vector
modes are evaluated to be ~ 93% [99]. To further clean up the mode, a near-confocal
Fabry-Perot interferometer can be used to filter out the undesired modes and keep the

radially polarized component [1].

In fact, in ref.[99], 4-piece and 8-piece segmented wave-plates were made, and from theoretical
predictions, the purity of vector modes from a 4-piece element is evaluated to be ~ 75%, the number is
far lower than in the case of using a 8-piece element, which is ~ 93%.
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Figure 4.14: Segmented spatially variant A/2 plates that can convert linear polarization
into vector polarization - the arrows indicating the local orientation of the fast axis [99].

Vector beams generated by space-variant dielectric sub-wavelength gratings

When the period of the grating is smaller than the incident wavelength, only the
zeroth order is a propagating order, and such gratings behave as layers of a uniaxial
crystal with the optical axes perpendicular and parallel to the grating grooves. By
controlling the depth of the grating, the effective birefringence can be manipulated,
any desired wave-plates can be realized with this method. In ref.[100], the authors
fabricated a continuously spatial-variant 1/4 plate, with this element, the left or right
circularly polarized laser beams passing through it will be transferred to azimuthally

or radially polarized beams, as shown in Fig.4.15.

Generation of arbitrary vector beams with a spatial light modulator and a common

path interferometric arrangement

With a common path interferometric arrangement, and a holographic pattern
loaded by a spatial light modulator(SLM), arbitrary vector beams can be experimen-

tally realized [101], the experimentally setup is shown in Fig.4.16.
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Figure 4.15: Spatial-variant sub-wavelength grating for vector beams generation - (a)
geometry of the space-variant grating as well as an image of a typical grating profile taken
with a scanning-electron microscope. The polarization of the beams when the incident
polarization is (b) right-hand circular and (c) left-hand circular are also shown [100].
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Figure 4.16: A common-path interferometer setup implemented with a SLM to generate
arbitrary vector beams. - [101]



CHAPTER 5

Generation and Characterization of Broadband Terahertz

Vector Beams

As introduced in Chapter 4, due to the intriguing properties of vector beams,
transplanting this concept to the THz spectral range will be an exciting topic, the
generation and applications of “THz vector beams” will exert significant impacts to
THz techniques. The realization of THz vector beams will be beneficial for both
boosting the THz researches and understanding the nature of vector beams. On
one hand, vector beams have great potential in many THz applications, e.g. THz
waveguiding [51,102], THz plasmonics [103, 104], THz near-field optics [105, 106], THz
high resolution microscopy, etc.; on the other hand, the THz time-domain spectroscopy
technique introduces the possibility to record entire features of vector beams, including
amplitude, phase and polarization information. As a result, in the THz region, it is
possible to directly measure the longitudinal electric component, and directly observe
the physical phenomena related to phase features, such as the Gouy phase shift [107]
of vector beams; while in the optical spectrum, it is difficult to directly record the
longitudinal electric component and the phase features. Such experiments offering
direct evidences of novel vector beam properties, will deepen the understanding of
the physical nature of vector beams.

Till now, researches on THz vector beams are limited: the generation of broadband!
THz vector beams is still a topic waiting for explorations; while the characterization
of THz vector beams is not sufficiently realized. In this chapter, the reported gener-

ation schemes of THz vector beams will be summarized, and the drawbacks of these

In presented methods, as will be introduced in this Chapter, the bandwidth is typically under 0.5
THz.
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methods will be discussed. Then employing nonlinear crystals possessing 3-fold rota-
tional symmetry, two new methods to generate broadband THz vector beams will be
introduced. Moreover, with THz cameras and 2D THz-TDS setups, the complete focal
features of THz vector beams are characterized, including the features of in-plane elec-
tric components, and longitudinal electric/magnetic components in the focal volume

of radially and azimuthally polarized THz beams.

5.1 Reported Generation Schemes of Terahertz Vector Beams

Because the THz gap is quite different from the optical frequency region, it is impossi-
ble to transplant the generation methods of vector beams in the optical range directly
to the THz range. For instance, considering the methods introduced in Chapter 4, the
first example is adding mode selection elements in laser cavities to force the lasers
oscillate in vector modes, this method does not work in the THz band, because there
is no THz pulse lasers; another example, mode converters that transfer the linearly or
circularly polarized beams to vector beams, e.g., segmented half wave-plates, contin-
uous dielectric sub-wavelength gratings, the problem of these elements is they have a
narrow working bandwidth, thus not fit for the broad THz band 1. the last example is
generating optical vector beams with a spatial light modulator (SLM) and a common
path interferometric arrangement, however, SLMs are only available in the visible and
near-infrared spectra, in the THz range, there is no SLMs available till now.

In the THz spectral range, the generation methods of vector beams are not suffi-
ciently investigated, the reported methods rely on axial symmetry of the THz emission
mediums, mode conversion systems transforming linear polarization to radial polar-
ization, or axial symmetrical PC antennas. These methods suffer from several disad-

vantages. In this section, these methods and their drawbacks will be summarized.
Generation of THz radial beams from Cherenkov-type radiation

It has been reported, with fs laser filaments in air [46], or with ZnTe(001) crystals

[49], because of the axial symmetry of the THz emission scheme (Cherenkov conic

IRecently in Gonokami Group, using segmented stacked broadband A/4 THz wave-plates, THz vector
beams are successfully generated, the spectral range covers 0.2-2 THz.
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shock wave), the generated THz beams will be radially polarized in the forward

direction, as shown in Fig.5.1 and Fig.5.2.
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Figure 5.1: Conical forward THz emission from fs-laser-beam filament in air - the axial
symmetry of the system induces the radial polarization of THz emission [46].
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Figure 5.2: Radially polarized THz beam from a (001)-cut ZnTe crystal - THz single-cycle
waveforms obtained by translating the THz receiver to scan the THz beam profiles [49].

However, the underlying physical mechanism of laser filaments is ambiguous,
also the radially polarized THz beams generated from laser filaments are found to
be not perfect radial modes, local ellipticity has been observed [47, 48]. Moreover, to

realize laser filaments, a quite powerful fs laser is necessary in the experiments; while
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for ZnTe(001), the THz emission is rather weak, which may restrict the applications
of these methods. In these methods, azimuthally polarized THz beams can not be

realized.

A passive linear-to-radial mode conversion system [45]

Itis well known that, in metallic hollow core waveguides, the supported waveguide
modes depend on the diameter of the waveguides, as shown in Fig.5.3, the modes
survive only when the inner diameter of the waveguides is larger than the cutoff
diameter. The first four modes supported by a hollow core waveguide are shown
in Fig.5.4, from the figure, it is clear following in wavelength, scale after the linearly

polarized fundamental TE;; mode, are the radially polarized TMy; mode.

TE
Fi mzdamlelnml TE() 1
mode TV, jiE ™, TE,; Modes
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Figure 5.3: The first modes supported by a hollow core metallic waveguide as the
diameter increases - A is the wavelength [45].

TE, ™, , TE,, TE, ,

Figure 5.4: Intensity distribution and electric field orientation (pointed out by arrows)
of the first 4 modes supported by a hollow core waveguide with large enough diameter
- [45].

This property of hollow core waveguides can be used to design mode conversion

systems from linearly polarized beams to radially polarized beams, as shown in Fig.5.5,
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with a discontinuous phase element(DPE), a linearly polarized THz beam is transferred
to a mix mode of TMy; and TEy;. After this mix mode passing through a conical hollow
core waveguide, of which the diameter of the output end is smaller than the cutoff
diameter of TE>; mode(0.971), the TE;; mode will be filtered out, only the radially

polarized TMy; mode survives.
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Teflon . Waveguide system, Al

=100Ghz
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Figure 5.5: Passive linear-to-radial mode conversion system - upper: effect of the DPE
onto the incident free space Gaussian beam; lower: schema of the first radial polarizer
prototype, it is composed of a DPE and a conical waveguide system [45].

It is obvious this method only works at a single frequency, in ref.[45], it is 0.1 THz.
So this method can not be used to realize the generation of broadband THz radial

beams, and azimuthally polarized THz beams can not be generated with this method.
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THz vector beam generation from axial symmetrical PC antennas

With special designed axial symmetrical patterns, the PC antennas are able to
directly emit radially and azimuthally polarized THz beams [41-44], as shown in
Fig.5.6. It should be noted till now only in the results reported by S. Winnerl’s group

[41, 44], azimuthally polarized THz beams were experimentally realized.

Radial Azimuthal
polarization polarization

Figure 5.6: Radial and azimuthal THz beams generated from axial symmetrical PC
antenna - upper: schema of antenna patterns; lower: the related polarization [44].

In comparison with the THz radiation from nonlinear crystals, the bandwidth of
the THz radiation from PC antennas is narrower, as described in Chapter 2, for non
linear crystals, the upper frequency limit of THz emission is about 50 THz, but for
PC antennas, the limit is about several THz; moreover, for PC antennas, the only way
to switch from THz radial modes to azimuthal modes, is fabricating another antenna
with a different pattern, so it is inconvenient to switch between these two fundamental

vector modes in experiments.



5.2 Generation of Terahertz Vector Beams with Nonlinear Crystals Possessing
3-Fold Rotational Symmetry 71

5.2 Generation of Terahertz Vector Beams with Nonlinear Crys-

tals Possessing 3-Fold Rotational Symmetry

Submitting to the angular momentum conservation law, nonlinear processes occurred
in 3-fold rotational symmetrical crystals follow strict selection rules [108]. This fact
implies when 3-fold rotational symmetrical nonlinear crystals, e.g., zinc-blende(111)
crystals, are used as THz emitters, if the incident laser pulses are linearly polarized, the
generated THz pulses will also be linearly polarized, and the polarization of the THz
pulses will depend on the polarization of the incident laser pulses, while the amplitude
of the THz pulses will be independent of the incident laser polarization, as shown in
Fig.5.7. This property which also described in ref.[109], lays the physical basis of the
THz vector beam generation methods in this thesis.

Based on this 3-fold principle, an 8-piece segmented GaP(111) crystal and an 8-
piece segmented half wave-plate(HWP) laser mode converter are designed and made
to genearate radially and azimuthally polarized THz beams. In this section, the THz
emission from the (111) plane of zinc-blende crystals will be discussed, and the seg-
mented GaP(111) crystal and the segmented HWP mode converter for THz vector

beam generation will be introduced.

5.2.1 Terahertz Emission from (111) Plane of Zinc-Blende Crystals

As discussed in Chapter 2, section 2.2.2, when zinc-blende crystals are used to generate
THz emission, in the crystal frame, the second-order polarization in nonlinear crystals

is shown as eq.5.1:

E;

EZ
P, 000dsy O O Eg
P,|=26|0 0 0 0 du O 2EZEZ . (5.1)
P, 000 0 0 duy ZEZEX

2E.E,

In the case that the incident laser pulse isnormal to (111) plane of the crystals, setting
the laser propagating in z’ direction, thus a lab coordinate system x’y’z’ is constructed

with 2z’ being perpendicular to (111) plane, and x’ being normal to the (110) plane,
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Figure 5.7: The THz polarization and amplitude dependence of laser polarization -
(a): schema of THz emission from zinc-blende(111) crystals, red arrow: laser polariza-
tion, green arrow: THz polarization; (b) and (c): the THz polarization and amplitude
dependence of laser polarization.



5.2 Generation of Terahertz Vector Beams with Nonlinear Crystals Possessing
3-Fold Rotational Symmetry 73

' being normal to the (112) plane, as shown in Fig.5.7. The transformation relation

between the lab system x"y’z” and the crystallographic axes xyz is shown as eq.5.2:

X\ (-1/¥V2 -1/V6 -1/V6\(x
y|=|1/v2 -1/v6 -1/V6||v|. (5.2)
z 0 2/v6 1/V3)\#
If alinearly polarized optical beam is normally incident on the (111) plane of crystal,
its E will be on the (111) plane and can be written in the lab coordinate system x"y’z’

as eq.5.3:

sin ¢
Eo(x',y',Z') = Eg|cos ¢ |, (5.3)
0
where the angle ¢ is the angle between the polarization of the optical pump beam
and the i’ axis (112) as shown in Fig.5.7. Then in the crystallographic system xyz, the

electric field can be expressed as eq.5.4:

~1/V2sin¢ — 1/ V6 cos ¢
Eo(x,y,2) = Eo| 1/ V2sin¢p —1/V6cos¢ |, (5.4)
2/ V6 cos ¢
substituting eq.5.4 to eq.5.1, the nonlinear polarization in the crystal frame xyz is

expressed as eq.5.5:

P, 1/V3sin¢g cos — 1/3cos? ¢
P, | = 4eodiE5 | -1/ V3sinpcosp — 1/3cos? ¢ |, (5.5)
P, —1/2sin* ¢ + 1/6 cos® ¢
using the coordinate transformation relation eq.5.2, in the lab frame x’y’z’, the polar-
ization is:
P, 1/ Vésin(—2¢)
Ern, o | Py | = deodiaEj | 1/ Vécos(—2¢) | (5.6)
P ~1/(2V3)

Because of the (111) plane of zinc-blende crystals is isotropic, so the THz emission

will be parallel to the nonlinear polarization (Ety, || P). The magnitude of the THz
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electric field is thus found to be independent of angle ¢, Etp, o 4eod14E? , but its
direction 0 (defined in Fig.5.7) changes with angle ¢ by [109]:

P,
0 = arctan(—x) = —2¢. (5.7)
Py
The amplitude of THz emission from (111) plane of zinc-blende crystals is 1/ V2

times smaller in comparison with (110) plane, thus the power is a half.

5.2.2 Segmented Wave Plates and Segmented Crystals for THz Vector Beam
Generation

Employing (111) plane of zinc-blende crystals, the manipulation of SoPs of THz beams
without changing the amplitude becomes possible. Moreover, in the nonlinear pro-
cesses, the control of SoPs covers the whole frequency range of the THz emission, it
means broadband vector beams can be realized using zinc-blende (111) crystals, the
bandwidth of the generated vector beams only depends on the bandwidth of THz emis-
sion from the crystals. In this thesis, two methods are invented to realize broadband

THz vector beams experimentally.
Segmented GaP(111) crystal for THz vector beam generation [53]

Cutting several sectors of GaP(111) crystal with pre-designed (112) axis orienta-
tions, and recombining them, then a segmented crystal with spatial-variant (112) axis
is obtained for THz vector beam generation. The reason GaP(111) is chosen to make
the segmented crystal is that, GaP is frequently used in semiconductor industries, so it
is easy to get large wafers of this crystal; moreover, the upper frequency limit of THz
emission from GaP(111) is about 7 THz, for the convenience of observing THz vector
beams with THz cameras, which are more sensitive in higher spectra, GaP(111) is bet-
ter than ZnTe(111) (~3 THz). However, in the case of 800 nm laser is used as exitation,
the phase matching condition of GaP(111) is not satisfied, then in comparison with
ZnTe(111) crystals, the amplitude of THz emission is smaller.

As shown in Fig.5.8, a whole wafer of semi-insulating GaP(111) crystal is prepared,
the black arrow indicates the (112) axis, the thickness of the wafer is 450 um, and the

diameter is 2 inches.
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Figure 5.8: A wafer of high resistance GaP(111) crystal - the thichness of the wafer is
50um, and the diameter of the wafer is 2 inches.

Then following the schema shown in Fig.5.9, the GaP(111) wafer is cut to eight
triangle pieces, including two pieces with horizontal (112) axis in right direction, two
pieces with horizontal (112) axis in left direction; and two pieces with vertical (112)
axis in up direction, two pieces with vertical (112) axis in down direction, labeled from

number 1 to 4, respectively.
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Figure 5.9: Schema of cutting GaP(111) wafer - labels: 1. horizontal (112) axis in right
direction; 2. horizontal (112) axis in left direction; 3. vertical (112) axis in up direction; 4.
vertical (112) axis in down direction.

At last, the eight GaP(111) sectors are put delicately on a polytetrafluoroethy-
lene(PTFE) substrate to the designed positions as shown in Fig.5.9. No adhesive is
used between the PTFE substrate and the GaP(111) sectors, or between each piece of
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GaP(111), to ensure the generated THz emission will not be effected by the adhesive
material. In Fig.5.10, a schema of the segmented GaP(111) crystal and a photo of this

element are shown.

Figure 5.10: Segmented GaP(111) crystal for THz vector beam generation - left: a schema
of the segmented GaP(111) crystal; right: a photo of the segmented GaP(111) crystal.

With fundamental laser beam linearly polarized in horizontal or 45° direction pass-
ing through this segmented GaP(111) crystal, both radially polarized and azimuthally
polarized THz vector beams can be realized. So in this method, switching between
radially and azimuthally polarized THz is easy in experiments, by only rotating the
polarization of the excitation laser beams, or the segmented crystal by 45°, radial beams

and azimuthal beams are switchable, as shown in Fig.5.11.
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Figure 5.11: THz vector beam generation from the segmented GaP(111) crystal - upper:
radial beam; lower: azimuthal beam.

Segmented half-wave plate for THz vector beam generation[78]

When an excitation laser beam with a specially designed inhomogeneous polariza-
tion state passing through a zinc-blende(111) crystal, THz vector beams can be realized
(Fig.5.12). To realize such excitation laser beam for THz vector beam generation, a pre-
designed laser mode converter, consisting of eight pieces of half-wave plate (HWP),
was made to transfer the SoPs of the incident laser beams. The fast axis of each piece
of HWP is arranged as shown in Fig.5.12(a). When laser beams linearly polarized
along the fast axis direction of the top marked piece[Fig.5.12(b)] passing through this
element, the laser beams will be converted to the polarization-spatial-variant mode for
THz vector beam generation, as shown in Fig.5.12(a).

The THz vector beams can be generated by exciting a whole wafer of zinc-blende(111)
crystal with the polarization-spatial-variant mode, as shown in Fig.5.13. Similar as THz
vector beam generation with the segmented crystal, switching between radially and
azimuthally polarized THz beams can be achieved by simply rotating the orientation
of the (112) axis of the nonlinear crystal by 90° (Fig.5.13).

In this method, any zinc-blende(111) crystal can be used as the THz generation

medium. In comparison with the segmented GaP(111) crystal, ZnTe(111), which is
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Linearly polarized pump Segmented half wave-plate

Excitation Mode
mode converter

Figure 5.12: Segmented HWP mode converter - (a) schematic of the function of the
segmented HWP mode converter. The red arrow indicates the polarization direction of
the incident beam. The blue arrows show the fast axis orientation for each piece of the
wave-plate. The green arrows indicate the polarization direction inside the polarization-
spatial-variant mode; (b) A photograph of the segmented HWP mode converter.
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Figure 5.13: THz vector beam generation from the special polarization-spatial-variant
laser mode - upper: radial beam; lower: azimuthal beam.
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difficult to get a large high-qualified wafer, can now be used to generate THz vector
beams, and the THz signal from ZnTe(111) is larger than GaP(111) in the case of 800
nm excitation. Of course, in this method GaP(111) can also be used for THz generation
to achieve a broader spectrum of generated THz vector beams.

In these two methods, eight-piece approximate devices are used because it is diffi-
cult to realize a nonlinear crystal in which the crystal axis varies continuously in space,
or an ideal polarization-spatial-variant laser mode. Then different from continuous
ideal vector modes, the generated THz vector beams are quasi-vector modes. How-
ever, in the case of eight-piece elements are used, the mode overlap between an ideal
vector beam and such quasi-vector beam was evaluated as large as 93% [110].

In comparison with reported generation methods of THz vector beams [41, 44—
46, 49, 50], these two new methods hold the advantages that stable, broadband, simple
in optical alignments and easy-switchable between radially and azimuthally polarized
THz beam:s.
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5.3 Mode Profile Characterization of Terahertz Vector Beams

With the segmented GaP(111) crystal or the segmented HWP mode converter, THz
vector beams can be generated experimentally. The next task of this chapter is to
characterize the generated THz vector beams. Firstly, the in-plane electric components
should be characterized, to confirm the polarization features of the generated THz

vector beams. THz cameras and 2D THz-TDS setups are employed to do this work.

5.3.1 Mode Profiles Taken with Terahertz Cameras

THz cameras (IRV-T0830 and IRV-T0831HS, NEC Corp.) were used to record the
intensity distribution of in-plane electric components of the THz vector beams, the
details and the performance evaluation of the THz cameras used in the experiments
can be found in ref.[79].

For the segmented GaP(111) crystal, the experimental setup is shown in Fig.5.14.
In this setup, a THz camera (IRV-T0830, NEC Corp.) is used. Since the sensitivity of
this camera is low in the lower frequency range, we used GaP(111) crystals, which can
generate higher frequency THz emission than ZnTe(111) crystals, and Legend Elite
(described in Chapter 3) was used as the excitation laser, because the shorter pulse
duration and the higher pulse energy in comparison with other lasers in the lab ensure
larger relative THz emission in higher frequency range. The laser was expanded with
a beam expander, and directly passed through the segmented GaP(111) crystal. After
the crystal, PTFE films and black polypropylene films were used to block the laser
beam, while allowing the THz vector beams to pass, and directly before the THz
camera sensor, metal mesh filter is attached to fill out the spectrum larger than 10 THz.
The generated THz radially and azimuthally polarized beams were focused with a
THz lens (Tsurupica, Pax Corp.), in the focal plane, the THz camera (IRV-T0830, NEC
Corp.) was placed to record the intensity distribution of electric components. A wire
grid polarizer(WGP) was inserted to analyze the polarization features of the vector

beams. 12

!n fact, the sensitivity of the THz cameras depends on the polarization of incident THz beams [111].
It is possible that we can not observe longitudinally polarized electric component in the focal plane

of radial THz beams with THz cameras, simulations and experiments will be carried to confirm this point.
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Figure 5.14: Schema of the THz camera experimental setup - the segmented GaP(111)
crystal was used to generate THz vector beams.

The polarization dependent mode profiles of THz vector beams from the segmented
GaP(111) crystal taken with the THz camera (IRV-T0830, NEC Corp.) are shown in
Fig.5.15. The red arrows indicate the orientation of the WGP, whereas the first column
is taken without WGP. From the pictures, donut shapes of both radial and azimuthal
THz modes are observed without WGP; while with inserting and rotating the WGP,
two lobes aligned along or perpendicular to the polarization direction are clearly
recorded. These results unambiguously indicate that THz radial and azimuthal beams

were successfully generated.
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Figure 5.15: Mode profiles of THz vector beams from the segmented GaP(111) crystal
recorded with a THz camera (IRV-T0830, NEC Corp.) - upper row: radial beam; lower
row: azimuthal beam; the leftmost column was obtained without WGP, the red arrows
indicate the orientation of a WGP.
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For the segmented HWP mode converter, the experimental setup is almost the
same, as shown in Fig.5.16. The only difference is in this setup the segmented HWP
and a whole wafer of ZnTe(111) were used to generate THz vector beams, because of
in this measurement, a new high sensitivity THz camera (IRV-T0831HS, NEC Corp.)
was used, the response of this camera in lower frequency range is improved. In this

measurement, Hurricane (described in Chapter 3) was chosen as the excitation laser.

Segmented Mode converter

0" oy &7

Wire Grid Polarizer

THz camera

f=-100mm

o i '
f=200mm — 7nTe(111) THzlens

Figure 5.16: Schema of the THz camera experimental setup - the segmented HWP and a
whole wafer of ZnTe(111) were used to generate THz vector beams.

No e

Polarizer

Figure 5.17: Mode profiles of THz vector beams from the segmented HWP and a
ZnTe(111) crystal recorded with a THz camera (IRV-T0831HS, NEC Corp.) - upper
row: radial beam; lower row: azimuthal beam; the leftmost column was obtained without
WGP, the red arrows indicating the orientation of a WGP.

In this measurement, a new high-sensitivity THz camera (IRV-T0831HS, NEC
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Corp.) was used. The polarization dependent mode profiles of THz vector beams
taken with this new THz camera are shown in Fig.5.17, the donut intensity distri-
bution of in-plane electric components and the two lobes related to the polarization
direction are clearly observed, confirming the polarization features of THz radial and

azimuthal beams. !

5.3.2 In-plane Electric Components Recorded with 2D THz-TDS Setups

In the optical range, it is difficult to record the phase information of beams. However
in the THz range, employing TDS setups, both amplitude and phase features can be
recorded in the measurements, so it offers a chance to directly confirm the local SoPs
of THz vector beams. In this part, 2D antenna sampling lines are built to characterize
the THz vector beams from the segmented GaP(111) crystal or the segmented HWP
and a ZnTe(111) crystal. The experimental setup directly follows Fig.3.16 in Chapter
3, in which the THz emitter was the segmented GaP(111) crystal or the segmented
HWP and a ZnTe(111) crystal to generate THz vector beams. In all the measurements,
Hurricane was used as the excitation laser, and the experimental setup was purged
with dry nitrogen gas to prevent absorption of the beams by water vapor.

In the 2D THz-TDS measurements, waveforms at each point are recorded. As
shown in Fig.5.18, in the central line of vertically polarized electric component [indi-
cated by the red solid arrow in Fig.5.18 (a), and the red dashed arrow Fig.5.18 (b)],
the waveforms are listed in Fig.5.18 (b). It is clear that at offsets in x axis of +1.2 mm
and -1.2 mm [marked as the black arrows in Fig.5.18 (a)] from the central dark point,
the THz waveforms are opposite [indicated by the black arrows in Fig.5.18 (b)]. These
opposite waveforms certificate that at these two positions, the local polarization is
along the direction shown as the black arrows in Fig.5.18 (b), this is a direct evidence
of vector beams.

For a THz radial beam from the segmented HWP and a ZnTe(111) crystal, the
similar results are shown in Fig.5.19.

Moreover, we evaluated the intensity distribution overlap of the in-plane electric
components between an ideal focused vector beam and our experimental data ob-

tained by 2D antenna scanning, the result is shown as Fig.5.20, the theoretical and

!Because of the polarization dependence of the THz camera, the S/N ratios of x- and y- polarized
components are a little different.
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Figure 5.18: Vertically polarized electric component of a THz azimuthal beam from the
segmented GaP(111) crystal - (a): intensity distribution of vertically polarized electric
component, the black arrows indicate the local polarization; (b): waveforms in the central
line [indicated by the red solid arrow in (a)].
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Figure 5.19: Vertically polarized electric component of a THz azimuthal beam from the
segmented HWP and a ZnTe(111) crystal - (a): intensity distribution of vertically polarized
electric component, the black arrows indicate the local polarization; (b): waveforms in the
central line [indicated by the red solid arrow in (a)].
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experimental results at 0.3 THz are plotted. From the figure, the high quality of THz

vector beams in this method is confirmed.
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Figure 5.20: Mode overlap between an ideal focused vector beam and experimentally
measured data - The profiles at 0.3 THz are shown, Black solid line: the theoretical
prediction of an ideal focused CV beam; Red dots: experimental data.

From the results shown above, the polarization features of THz vector beams are

directly observed in the experiments.
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5.4 Characterization of Longitudinal Electricand Magnetic Field
in Focal Volume of Terahertz Vector Beams

One of the most important focal features of vector beams is that, there is a local-
ized longitudinally polarized (z-polarized) electric or magnetic component in the focal
volume of radially polarized or azimuthally polarized beams, respectively. In the
optical range, knife edge measurements are performed to confirm the longitudinally
polarized electric component in the focus of radial beams [1]. However, in the mea-
surements, the phase information of the longitudinal electric component (E;) was not
obtained. Moreover, because of the lack of magnetic response in both the optical and
the THz spectrum, the longitudinal magnetic component (H,) in the focal volume of
azimuthally polarized beams is not experimentally confirmed up to date.

In this section, benefitting from THz-TDS measurements, the characterization of
full information, including the amplitude and phase features, of both E; in the focus

of radial beams and H. in the focus of azimuthal beams is experimentally realized.

5.4.1 Longitudinal Electric Field

This part is following ref.[53]. To detect E, in the focus of THz radial beams, a
2D EO sampling setup, as introduced in Fig.3.15, Chapter 3, was built. It should
be noted, for the purpose of detecting E,, the detection crystal was replaced to be
ZnTe(100), which is only sensitive to longitudinally polarized electric THz field [109].
In the experiments, a THz lens with 30 mm focal length was used to focus THz
radial beams, and the excitation laser was Hurricane. The results of E, are shown in
Fig.5.21, from the figure, the spatial-temporal image of E, is observed [Fig.5.21(a)], and
a Fourier transformation in time domain is taken, then in space-frequency domain,
the distribution of E, is shown as Fig.5.21(b), the experimental results have a good
correspondence with theoretical calculations [Fig.5.21(c), calculated following eq.4.25
and eq.4.26].

If the detection crystal is slightly tilted in the EO sampling setup, a transversal
component is observed as a longitudinal component, and vice versa, resulting in some
artifact signals. In the current case, the amplitude of the transversal component is
expected much stronger than that of the longitudinal component; hence, it is important

to exclude the ambiguity due to such artifacts.
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Figure 5.21: Distribution of E; - (a): spatial-temporal image of E,; (b): experimental
spatial dependence of THz spectra obtained through the Fourier transformation of the
upper figure; (c): theoretically calculated spatial dependence of THz spectra.

As introduced in section 4.2.2, Chapter 4, in the focal volume of radial beams, there
will be localized E,, while in the focal volume of azimuthal beams, the E, will vanish,
as shown in Fig.5.22. Because it is easy to experimentally switch between THz radial
and azimuthal beams using the THz vector beam generation methods in this thesis,
this feature can be used to confirm the detected E; is from radial mode focusing. The
results are shown in Fig.5.23, from the figure, the vanishing of E, when we switched
from a radial beam to an azimuthal beam is confirmed.

Moreover, as introduced in eq.4.26, between in-plane electric components and
longitudinal electric component in the focus of radial beams, there is a constant i
difference, which means a 71/2 phase shift should exist between the in-plane electric
components and the longitudinal electric component. By using ZnTe(110) or ZnTe(100)
as the detection crystals in the 2D EO sampling line, the in-plane electric components
or the longitudinal electric component were recorded, this phase shift was confirmed
through these results, as shown in Fig.5.24.

All of these experimental results described above, i.e., the electric field distribution,
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Figure 5.22: Schema of focusing radial and azimuthal beams - for radial focusing, a large

E. exists; for azimuthal focusing, E, vanishes.
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Figure 5.23: Experimental confirmation of vanishing of E. - (a): radial focusing; (b):

azimuthal focusing; (c): waveforms at the central point indicated by the red and blue lines

in the left.
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Figure 5.24: Phase shift between in-plane electric components and longitudinal electric
component - left:THz waveforms; right: relative phase differences of the transverse and
longitudinal electric components.

the vanishing of E, for azimuthal focusing, and the relative phase shift, are consistent
with the theoretically predicted properties of longitudinal electric component in the fo-
cus of radial beams. Therefore, it is concluded that the longitudinal electric component

is experimentally detected by focusing a THz radial beam.

5.4.2 Longitudinal Magnetic Field

For the detection of E,, ZnTe(100) can be used. However, in the THz range, as Landau
and Lifshitz argued [112], the magnetic susceptibility of all natural materials tails off
at microwave frequencies, which means, the characterization of THz H, component in
the focal volume of azimuthal beams will be a quite difficult task.

It is the nature of electromagnetic field, that both E and H components never
happen without other ones. E and H components are strongly correlated through
the Maxwell’s Equations. In another word, H originates from the spatial-temporal
inhomogeneity of E, and vice versa. Then if we write down the component form
of the Maxwell’s Equations in Cartesian coordinate system, it should be noted the
longitudinal magnetic component (H) is only related to the in-plane E components,

as described in eq.5.8:

oH. _IJE, JE,

ot Tox T oy 8
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It means if a measurement includes all information of the spatial-temporal distri-
bution of in-plane electric components E, and E,, then from the data, the distribution
of H, can be extracted. For example, in 2D THz-TDS systems, recording the distribu-
tion of Ey and E,, in space-time is possible, the recorded data are two discrete matrices
Ei(x,y) and Ety(x, y) with the space steps Ax, Ay and the time step At. Then through

the discrete version of eq.5.8, as described in eq.5.9, H, can be easily rebuilt.

HE A (x + 0.5Ax, y + 0.5Ay) — H(x + 0.5Ax, y + 0.5Ay)
At
_ Ety+0.5At(x + Ax, ]/) _ E;+O'5At(x, ]/) B E?'O'SN(X,}/ + Ay) _ E?’O'SN(X, y)
Ax Ay '

(5.9)

2D THz-TDS measurements were performed to record the spatial-temporal distri-
bution of the in-plane electric components E, and E,, in the focal plane of an azimuthally
polarized THz beam, as shown in Fig.5.25, with time flowing(the red arrows), the spa-
tial distributions of E, and E,, are roughly pictured (in the figure, only seven time steps
are shown, while in the real measurements, the time step number is 100).

The rebuilt H, in the focus of the azimuthally polarized THz beam is shown in
Fig.5.26, the 2D distribution, the spatial-temporal image and the waveform at central
point of H, are plotted. In this measurement, the segmented GaP(111) crystal is used
to generate the azimuthally polarized THz beam, in the focus, the peak magnetic field
is evaluated to be in the order of 107 T, this number can be several times improved if
we use ZnTe(111) as the THz crystal.

From Fig.5.26, the characterization of H; in the focus of an azimuthally polarized
THz beam is successfully achieved.

In this method to map the magnetic field, besides the directly measured in-plane
electric waveforms, as implied in eq.5.8, the rebuilt H, is also determined by two
other hidden parameters: the time step At and the space step Ax /Ay. Because the H,
features are deducted from the in-plane electric field, similar as introduced in Chapter
2.3, the frequency resolution Aw and the upper frequency limit wmax of rebuilt H, are

determined by the time sampling step At and the total sampling time T, the relation

is shown as: % T =1; “)2“7‘;“ - At = 1. Moreover, from eq.5.9, the expression before

the equal sign is a time derivation of H,, to ensure the validity of this method, the

homogeneity of the time derivation of H, in the time interval At should be assumed,
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Figure 5.25: E, and E, in the focal plane of an azimuthally polarized THz beam - the
spatial distributions with time evolving are shown.
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Figure 5.26: The rebuilt H; - (a): 2D distribution of H, in the central line indicated by the
black arrow, the spatial-temporal image is shown as (b); in the central point (red arrow),
the waveform is shown as ().
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similarly, in the space interval Ax /Ay, the local electric field should be supposed to be
homogeneous. In our measurements, At is 0.05 ps and Ax = Ay = 0.25mm. To increase
the accuracy of this method, improving the space resolution of 2D TDS systems is

important.



5.4 Characterization of Longitudinal Electric and Magnetic Field in Focal Volume
of Terahertz Vector Beams 94




CHAPTER 6

Efficient Coupling of Terahertz Radial Beams to Metal Wires

As one of the most important applications, THz vector beams can be introduced
to efficiently couple and propagate in some waveguides. One example is efficient
coupling of broadband propagating THz radial beams to bare metal wires, which
have characters of low-attenuation and low-dispersion as THz waveguides in a broad
spectral range. This technique is potentially applicable for the development of new
THz elements.

In this Chapter, a brief introduction to THz waveguides will be given, in the intro-
duction, we emphasize on bare metal wire waveguides [51], which is proved to be one
of the best choice of THz waveguiding due to its structural simplicity, low-dispersion
and low-attenuation propagation. An efficient coupling scheme to bare metal wires
with THz radial beams is the main topic of this Chapter, the experimentally deter-
mined data of energy coupling efficiency are shown for the first time. Moreover, the
advantages that low-attenuation and low-dispersion of bare metal wire waveguiding
are proved to be available in a larger spectral range (up to 2 THz).

Based on the method of efficient coupling of THz radial beams to metal wires,
we propose three plans for the next step of our experiments, they are a wire splitter,
a tapered tip for plasmonic near-field focusing, and a near-field probe for THz sub-

wavelength imaging. Simulation results are shown to confirm these plans.

6.1 A Brief Introduction to Terahertz Waveguides

At present, most THz technologies rely on free propagation of waves rather than

on waveguide transportation. THz waveguides provide a promising approach for
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overcoming the limitations of the system that use these technologies, such as large
diffraction and bulky volumes. However, in the THz range, efficient waveguiding
is challenging owing to high losses from the finite conductivity of metals or high
absorption of dielectric materials in this spectral range. Moreover, to enjoy the wide
bandwidth (0.1-10 THz) of typical time domain measurements, it is necessary to find a
guiding scheme without obvious dispersion; the wide band range required for typical
time domain measurements makes it difficult to find a guiding scheme without obvious
dispersion.

In other words, an efficient THz waveguiding scheme should at least fulfill three
basic requirements, they are structural simplicity, low attenuation and low dispersion.
Until now, dielectric structures such as planar dielectric waveguides [113], dielectric
fibers [114], and polymer tubes [115] as well as metallic structures such as rectangular
waveguides [116], slit waveguides [117], and parallel plate waveguides [118] have been
shown to support THz wave propagation. However, from the reported theoretical
and experimental results, none of the waveguides mentioned above satisfies all three
demands, e.g., for metal tubes [119], both attenuation and dispersion is obvious; for
dielectric tubes [120], the attenuation is not negligible; for parallel plate waveguides,
the structure is bulky.

Bare metal wires, which support a plasmonic mode (known as Sommerfeld wave
[121]) on their surfaces in THz range, are one of the best candidates for guiding
THz waves because of their very low losses, dispersionless propagation (as shown in
Fig.6.1, from the figures, the group velocity of the guiding mode is very near to ¢, and
the actuation keeps a low level), and structural simplicity.

However, compared to the other THz waveguides, the cylindrical symmetry of
metal wire waveguides poses a significant challenge because the typical linearly po-
larized THz wave has a very poor spatial overlap with the Sommerfeld mode that is
radially polarized. A large mismatch between the waveguide mode and the free prop-
agating mode results in very low incoupling efficiency. In early experiments of THz
waveguiding with bare metal wire, the scattering in-couple method was employed
[51], but the measured coupling efficiency was lower than 0.5% [42, 122].

To increase the coupling efficiency, radially symmetric antennas [42, 43], mode
filters [45, 123], plasmonic in-couplers [124, 125], or directly generating radially polar-

ized modes on metal wires [50] were tried. However, the reported results suffer from
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Figure 6.1: Characteristics of the propagating mode - (a) THz waveforms measured after

4 cm(black) and 24 cm(red) of propagation distance along the wire; (b) group velocity of the

propagating mode as a function of frequency; (c) the electric field amplitude attenuation

coefficient of the propagating mode as a function of frequency [51].
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narrow bandwidth, typically under 0.5 THz. Moreover, until now, efficient coupling
of broadband propagating THz waves to bare metal wires has not been realized, and
experimental evaluations of the increased coupling efficiency are not performed.
Previously, in ref.[42], Deibel et al. estimated theoretically a high coupling effi-
ciency for a radially polarized THz emission from a radially symmetric photoconduc-
tive antenna with a hyperhemispherical lens to a metal wire (as shown in Fig.6.2).
The method was demonstrated without experimental determination of efficiency. In-
troducing the broadband THz vector beams described in Chapter 5, which is also a
promising component in realizing efficient coupling to bare metal wires. Applying
this generation method in this thesis, we demonstrate efficient coupling to metal wires
from radially polarized THz beams propagating in free space by focusing with conven-
tional lenses. The coupling efficiency is experimentally evaluated, and mode-overlap
calculation and numerical simulation are also performed to confirm the validity of the

experimental data.
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Figure 6.2: Enhanced THz radiation coupling to metal wires using radial symmetric

antennas - the THz radial mode is directly emitted and coupled to the metal wire [42].
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6.2 Experimental Setup

In the experiment, the segmented HWP mode converter and ZnTe(111) (as introduced
in Chapter 5) were used to generate THz radial beam, because in the case of 800
nm excitation (Hurricane), the related THz amplitude from ZnTe(111) is larger than
GaP(111).

The overall experimental setup is shown in Fig.6.3. A THz time-domain spec-
troscopy (THz-TDS) setup was employed for this investigation. The light source was
Hurricane, and polarized along x axis in Fig.6.3. The laser beam was divided into two
by a beam sampler; a part with 99% of the total power served as a pump beam and
passed through the segmented HWP mode converter to generate a radially polarized
THz beam, which was then focused by a THz lens with a 50 mm focal length (Tsu-
rupica, Pax Corp.). The beam size was 10 mm in diameter on the segmented HWP.
A straight copper wire with a length of 20 cm and a radius of 0.5 mm was fixed in
two polytetrafluoroethylene (PTFE) holders, with one end being placed at the focal
point of the lens. At the other end of the copper wire, a photo-conductive antenna
was placed for THz detection and the other part of the laser beam (1% of the total
power) was introduced as a probe beam. By changing the time delay between the
pump pulse and the probe pulse, THz waveforms in the time domain were obtained.
In the experiments, a commercial photo-conductive antenna with a 5 micron gap was
used. With the gap lying along x or y directions, x or y electric fields of THz wave
were detected, respectively. That allowed the detection of all in-plane electric field
components of the THz field by changing the in-plane direction of the antenna. In
the setup, the probe beam was expanded to a spot with about 20 mm diameter, so the
antenna can be moved in that area to scan the THz electric field distribution. Here, a
21 x 21 point area is scanned with a resolution of 0.25 mmx0.25 mm. The experimental
setup was purged with dry nitrogen gas to prevent absorption of the beams by water
vapor.

To experimentally investigate the in-coupling efficiency, antenna scanning was
also performed at the in-couple plane (Fig.6.3), with the copper wire removed from
the setup, as shown in Fig.6.4. Information about the coupling efficiency is obtained

from these two scanning results.
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Figure 6.3: Experimental setup of the metal wire waveguiding - Segmented HWP and
ZnTe(111) were used to generate THz radial beam [78].
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Figure 6.4: Experimental setup of the metal wire waveguiding - upper: the setup of

scanning output data with the copper wire; lower: the setup of scanning input data with
the copper wire removed.
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6.3 Results and Analysis

Figure 6.5 shows the distribution of THz intensity, which is integrated in time domain
(I(x,y) = f [E2(x, y,t) + Ei(x, y,t)]dt, E; can not be detected with the antenna). This
image is obtained at the output plane (Fig.6.3) where a donut-shaped electric field
distribution is clearly observed. Examples of THz waveforms measured at offsets in y
axis of +1.2 mm and —1.2 mm from the central dark point (marked as stars in Fig.6.5(a))
are shown in Fig.6.5(b). It should be noted that the phases are opposite at these two

places, confirming that the guiding mode is radially polarized.
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Figure 6.5: Waveguide mode at the output plane - (a) Intensity distribution at the output
plane. (b) Waveforms at y offset positions of +1.2 mm and —1.2 mm from the center
(marked as stars in Fig.6.5(a)) [78].

In Fig.6.6, waveforms (electric fields as functions of time) and spectra in the THz
frequency domain of the in-couple plane (black) and output plane (red) are shown.
These four graphs are normalized at the peak values. The obtained output plane
spectrum [red line in Fig.6.6(a)] is observed over a frequency range of up to about 1.5
THz, which is about three times broader than the previously reported results in which
the maximum frequency was only about 0.5 THz [43, 51, 122, 123, 126].

To classify the advantage of the combination of a metal wire with a THz radial
beam, two reference measurements were undertaken, the setups are shown in Fig.6.7,
and the results are shown in Fig.6.8. In Fig.6.8(a), at the same position at the output

plane, the black line shows the THz waveform with the copper wire waveguide,
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Figure 6.6: Normalized waveforms (a) and spectra (b) - Upper (black): In-couple plane;
Lower (red): Output plane [78].

while the red line shows the waveform with the copper wire removed from the setup.
In Fig.6.8(b), the black line represents the maximum electric field waveform with a
radially polarized beam in-coupled, and the red line shows the maximum electric field
waveform with an azimuthally polarized beam in-coupled (with the ZnTe(111) crystal
rotated by 90°). Comparing these data, the following can be concluded:

1. Only the radially polarized mode is supported on the copper wire. The az-
imuthally polarized beam cannot be coupled to the wire.

2. The freely propagating THz electric field is at least one order of magnitude
smaller than the guiding field.

Another group of measurements had been taken, with a 15 cm copper wire replac-
ing the 20 cm copper wire, the radius of the wires are the same (0.5 mm), as shown
in Fig.6.9, the measured waveforms are E>(t) (red line) and E?%"(t) (black line), as
shown in Fig.6.10. Because in these two measurements, the detection antenna stays
in the exactly same position, and the time delay line is also unchanged, so the time
origin of these two measurements are completely the same, then by directly compar-
ing Fourier transformation of the waveforms at the output plane of the two different
copper wires {E20m (@) = FT[E®"(#)] and EV"™(w) = FT[E"(t)]}, the amplitude at-
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Figure 6.7: Setups of reference measurements - (a) the copper wire is removed from the
setup; (b) by rotating the ZnTe(111) by 90°, the in-couple mode is changed to an azimuthal

beam.
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Figure 6.8: Reference waveforms - Black lines: waveforms of a guided THz electric field
at the output plane. Red lines: (a) waveform measured with the copper wire removed
from the setup, (b) waveform with the azimuthally polarized mode in-coupled [78].
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tenuation rate and the phase dispersion of the wire guiding mode can be extracted
through eq.6.1 (where a=Attenuation coefficient, c is the speed of light, Al= 5 cm,
w = 27f):
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Figure 6.11: Amplitude attenuation coefficient and phase velocity dispersion of the
waveguiding mode - The data are extracted from the waveforms shown in Fig.6.10.
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the results are shown in Fig.6.11. From the plots, it has been proved the advantages

= exp(—%Al) exp [ia)Al(vlp - %)l , (6.1)

that low-attenuation and low-dispersion of bare metal wire waveguiding is available
in a larger spectral range (up to 2 THz) in comparison with earlier results [122].

To determine the in-coupling efficiency of our method, we meshed both the in-
coupled and output planes into 11 x 11 grids; in order to reduce the scanning time,
we decreased the scanning grid number here in comparison with 21 x 21 grids used
for measuring the field distribution. Then, at each grid, the THz field E;,(x, y, t) was
measured (subscript i and o represent in-coupled and output planes, respectively),
and a Fourier transformation was performed as follows: E;,(x,y,t) LN Ei o (x, y, ).
Subsequently, the frequency dependence of the in-coupled and output energies were
determined by integrating the in-coupled and output planes, respectively: I;,(w) =
f f dxdy|E; ,(x, vy, w)]?. Then, the frequency dependence of the coupling efficiency was
calculated using n(w) = Iy(w)/I;(w), the results of which are shown in Fig.6.12 (black
solid line). From Fig.6.12, it can be seen that the maximum coupling efficiency is as

high as 66% at approximately 0.3 THz, while a total efficiency ( = f Iy(w)dw/Ii(w)dw)
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of 17% is found when the propagating THz radial mode energy is coupled to the
copper wire. This maximum value is about two orders of magnitude larger than the
coupling efficiency measured using the scattering coupling method [122], and slightly
higher than the estimated coupling efficiency determined using the antenna-coupling
method described in ref.[42].
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= i — — Simulation
i (0.6 \
>
= 0.41
=)
O
O 0.21
0.0 —— =
0.1 0.5 1.0 1.5 2.0
Frequency(THz)

Figure 6.12: Frequency dependence of the coupling efficiencies - obtained by experiment,
mode-overlap calculation and numerical simulation [78].

To confirm the validity of the experimental values of coupling efficiency, we calcu-
late the mode-overlap coefficient between the in-coupling focused radially polarized
field and the guiding Sommerfeld mode. The in-plane electric field of the focused ra-

dially polarized beam can be expressed in a cylindrical coordinate system as [30, 127]:

QWIHX
Ew,p) o f cos'? 0'sin(20)Ey(0)]1(kop sin 0)d6, (6.2)
0

where p is the distance from the optical axis, 0 is the angle that the ray makes with
the axis, Oy is the maximum value of that corresponds to half of the aperture angle
determined by the numerical aperture (NA) (in our case, NA = 0.1), Eo(0) is the elec-
tric field distribution before focusing lens [in the mode overlap calculations, a top-hat
distribution of Eo(0) was assumed, as shown in Fig.6.13(a); in the numerical simu-

lations using a commercially available program package (CST Micro Wave Studio),
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the relative Eo(0) is shown in Fig.6.13(b)], ko = w/c is the wavenumber, and J;(x) is a
Bessel function of the first kind. Because in-plane component is much larger than the

longitudinal component E;, in this case, only in-plane component is considered here.

(a) E,(0) (Mode overlap)

h

0 Pt
(b) E,(6) (CST)
0 6

Figure 6.13: E((0) in the mode overlap calculations and CST simulations - (a) Eyo(9) in
the mode overlap calculations; (b) Eq(0) in the CST simulations.

Sommerfeld wave guiding on the copper wire can be described by a Hankel func-

w?
2c3uc”’

tion HV(yp), where y is defined in terms of the propagation constant k (k ~ £ + i
for a thick copper wire, u=1, 0=5.96x10”S-m™~! [5]) of the field outside the wire accord-
ing to ¥ = (w/c)* — k*[122] and inside the metal, because the relative permittivity of
metal is far larger than 1. Hence, the modal field will decay very fast; in fact, it can
penetrate into the metal side for only 1 um or less [128]. Therefore, the modal field on
the copper wire is a hollow-cored mode. The size of the hollow core is determined by

the radius of the metal wire R, which can be expressed as follows:

HYyp) (p>R)

6.3
0 (p <R) (69

E Sommerfeld (P ) x {
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for a

thick copper wire, u=1, 0=5.96x107S-m™! [5]) of the field outside the wire according to

y? = (w/c)? — k*[122], in the figure, normalized absolute values are plotted, to show the

amplitude decay out the metal wire; (b): focused radial mode.
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The focused radial mode and the Sommerfeld mode are shown in Fig.6.14, then,

the mode-overlap coefficient is defined by the integration [129, 130]:

_ |fEr(a))E;ommerfeldpdp|2
flEr(w)lzpdpflESOmmerfeldlzpdp’

in the calculations, to account for the finite aperture size of real optical systems, the

n(w)

(6.4)

integration is performed in an area with 3.2 mm width (The integration area is deter-
mined by measuring the actual beam diameter, in another word, the aperture stop of
the actual optical alignments; moreover, slightly increase or decease the integration
area will not affect the calculation results much). The calculated result is shown in
Fig.6.12 (blue dotted line).

Numerical simulations performed by a commercially available program package
(CST Micro Wave Studio) were also applied to determine the coupling efficiency. In
the simulation, a model replicating the experimental setup was built. The NA of the
focusing lens and the metal wire radius were set to 0.1 and 0.5 mm, respectively, in a
frequency range of 0.1-2 THz using a 0.1 THz step size. The field distributions were
inspected and the energies passing through the input and output planes of the metal
wire were integrated; the ratio of the incident energy and the output energy gives the
coupling efficiency. The results of this simulation are shown by the red dashed line in
Fig.6.12. One can see that the numerical simulation result reproduces the experiment
data well. The mode-overlap calculation also qualitatively supported the experimental
and numerically simulated results, but some deviations were observed, especially in
the higher frequency region. The main factors contributing to this discrepancy would
be the nearly 10% propagation loss in the frequency range higher than 0.5 THz in the
20 cm copper wire [51, 122] and losses at the PTFE holder surfaces (reported to be
< 3%).

Moreover, in the calculation of mode-overlap coefficient, it should be noted that
the frequency dependence of the coupling efficiency n(w) is indeed dependent on two
parameters: NA of the focusing (depending on 0,y in eq.6.2) and the metal wire radius
R. By changing one of these two parameters while leaving the other unchanged, the
relationship between the n(w) and the parameters R and NA was investigated; some
results are shown in Fig.6.15. In the case where the metal wire radius is constant

and set to R=0.5 mm [Fig.6.15(a)], when NA becomes smaller, the peak frequency of
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coupling efficiency shifts to higher frequencies, while the bandwidth of the coupling
efficiency obviously broadens. In the case where the NA of the focusing lens is held
at a constant value of 0.1 [Fig.6.15(b)], as the wire radius decreases, the peak coupling
efficiency starts to decrease and shifts to higher frequencies when the radius becomes

smaller than approximately 0.03 mm.
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Figure 6.15: Frequency dependence of mode-overlap calculation - (a) wire radius R = 0.5
mm, NA = 0.2, 0.1, and 0.05; (b) NA = 0.1, wire radius R = 0.5 mm, 0.2 mm, 0.05 mm, 0.03
mm, and 0.01 mm|[78].

Considering these results, it is possible to tune the frequency dependence of the
coupling efficiency by choosing an appropriate NA. In particular, it is effective to use
a small NA in order to achieve efficient coupling in a higher and broader frequency
range, which could be important for many applications of THz technology, such as
biomedical imaging [131, 132], THz tomography, and quality control [133].

In our experimental results of energy coupling coefficient, we did not consider the
losses of interface reflection at the input and the output ends of the metal wires, and
the attenuation on the metal wires. Nevertheless, according to our results shown in
Fig.6.11, both the interface reflection and the propagation attenuation can be evaluated.
For attenuation, the loss can be straightforwardly decided by the attenuation coefficient
shown in Fig.6.11 (a); and for interface reflection, the loss is determined by the Fresnel’s
Law: R = (%)2’ where R is the reflection rate, n; and 1, are the relative refraction
index of free space mode and the waveguiding mode, respectively, in fact, for light

in air, n; is 1, and for waveguiding mode, n, is determined by the phase velocity
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dispersion, n; = é, we can find this number in Fig.6.11 (b), it is very close to 1, so the
interface reflection is negligible.

Based on these discussions, it can be concluded that in our setup, the energy
transferring coefficient of the bare metal wire waveguides mainly depends on the
mode-overlap between the focused radial beams and the modal modes on the metal
wires. For an intuitive picture of the mode-overlap, we can consider a metal wire
with very large radius, in this case, it is obvious that the focal size of high frequency
ingredients will be much smaller than the wire size, so they will be reflected by the
metal wall. To improve the mode-overlap coefficient, we are now considering to in-
couple the radial beams to the tip end of a tapered wire, because for a tapered tip, it is
possible that all frequency ingredients can find a good mode-overlap at the positions
of different radius, simulations are in performing to check this point.

In conclusion, to employ a convenient method for generating broadband and stable
THz vector beams, we demonstrated directly focusing and coupling THz radial beams
to a bare copper wire with high efficiency. By applying an antenna scanning THz-TDS
setup, the radially polarized guiding Sommerfeld wave was confirmed. The guiding
spectra had a wide bandwidth, extending as high as 1.5 THz, which is about three
times wider than the previously reported results [43, 51, 122, 123, 126]. The frequency
dependence of the energy coupling efficiency was determined by a comparison be-
tween the input and output energies, and a sufficient coupling efficiency of 66% at
0.3 THz was obtained; this represents an improvement of two orders of magnitude in
comparison with the reported experimental results. In total, 17% of the input energy
is coupled to the copper wire. Mode-overlap calculation and numerical simulation
of coupling a propagating radially polarized mode of the THz beam to a metal wire
were performed, and the calculated coupling efficiency matched well with the exper-
imental data. It was shown via mode-overlap calculation that the magnitude and
bandwidth of the in-coupled frequency could be greatly increased by optimizing the
parameters of the focusing lens, where using smaller NA lens led to vastly broadened
bandwidths. This coupling method is a promising technique for the development
of new THz manipulation technologies, which is beneficial for the development of
various THz applications [105, 134, 135].
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6.4 Simulation Results of Several Structures Based on Metal

Wire Waveguiding

Based on the efficient coupling to bare metal wire waveguides, a near-field probe
is proposed to achieve sub-wavelength THz imaging. As reported in ref.[122] and
ref.[105], based on bare metal wire THz waveguiding, splitters can be realized; while
tips can be manufactured to achieve sub-wavelength near-field focusing. These results
are also confirmed in our simulations using a commercially available program package
(CST Micro Wave Studio), as shown in Fig.6.16 and Fig.6.17.

/111
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Radial mode input _
|

Figure 6.16: Schema of THz splitter simulation - the simulation is performed with CST
Micro Wave Studio, in the simulation, a waveguide port is set to generate THz radial
beam, the radial beam is focused to a copper wire (diameter 1 mm) connected to a splitter,
the figure shows the field distribution at 0.1THz.

Radial mode input

Figure 6.17: Schema of tip focusing simulation - the simulation is performed with CST
Micro Wave Studio, in the simulation, a THz radial beam is focused to a tapered cop-
per wire (diameter 1 mm), the diameter of the tip is 50 ym, the figure shows the field
distribution at 0.1 THz.
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We did a series of simulation to check the splitters, the setup is shown in Fig.6.18.
In these simulations, the radius of the wire is 0.5 mm, the length of the bending arc
(L) of the splitter is constantly 50 mm, and we adjust the radius of the bending arc (R)
from 50 mm to 150 mm, the ratio between input amplitudes and output amplitudes at
0.1 THz (Eout/Ein) is shown in Fig.6.19, from the figure, we find when R is larger than
120 mm, the ratio is as high as 55%.

R: Radius of the arc

Figure 6.18: The setup of parameters of the splitter - L is constantly 50 mm, while R is
from 50 mm to 150 mm.

And in the tip simulations, the radius of the wire is 0.5 mm, and the radius of the
tip is 0.05 mm, the field is one order enhanced at the tip in comparison with on the
wire; at the tip, both in-plane electric component (E,) and longitudinal component (E;)

exist, as shown in Fig.6.20.
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40 60 80 100 120 140 160
R: Radius of the arc (mm)

Figure 6.19: the ratio between input amplitudes and output amplitudes at 0.1 THz
(Eout/Ein) - when R is larger than 120 mm, the ratio is as high as 55%.

(a) In-plane component

(b) Longitudinal component

Figure 6.20: Field enhancement and distribution at the tip - (a) in-plane electric compo-
nent (E,); (b) longitudinal component (E,).
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Combining a splitter and a tip, a near-field probe is designed for THz sub-wavelength
imaging. The setup is shown in Fig.6.21, THz radial beam inputs from one end of the
splitter, and propagates to the tip end; our consideration is, if we set a metal sample
with a rough surface (for example, a coin) near the tip, and if the amplitude of re-
flected THz signal detected from the other end of the splitter strongly depends on the
roughness of the metal surface, then near-field imaging is possible through this probe.
To confirm this, we performed simulations with a commercially available program
package (CST Micro Wave Studio).

In the first step, we performed simulations to confirm when we use a golden mirror
as the sample, and we change the distance from the tip to the golden mirror, how the
reflection signal varies. As shown in Fig.6.21, in the simulations, the length of the
bending arc is 50 mm, and the radius of the arc is 100 mm; we set two field probes at
place a and b to monitor the input and reflected signals, and D is the distance from the
tip to the golden mirror. In all the simulations below, the spectral range is set to be
0-0.2 THz.

lens ~ b

Probe Tip
Radial mode input

Radial mode emitter From tip to mirror: D v,/

A

D

a

Golden Mirror

Figure 6.21: Schematic of near-field probe simulations - probes 2 and b are for monitoring
the input and reflected signals, D is the distance from the tip to the golden mirror, the
simulation spectral range is 0-0.2 THz.

The results of different D are shown in Fig.6.22, the waveforms at position b in
Fig.6.21 are listed. From the simulation curves, we find the amplitude of the reflected
THz signals suffers from a dramatical falloff when D becomes larger. Actually, when

the tip is near to the golden mirror (D=10 um), shown as the red line in Fig.6.22, the
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Figure 6.22: Simulation results of different D - the reflected THz waveforms at position
b in Fig.6.21 are plotted, when D is very small, i.e., the red line representing D=10 pym, the
peak value of the waveform is about twice to signals of D >100 ym.
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peak of reflected signal is about twice larger than signals of D >100 ym. If we remove
the golden mirror in the setup, the reflected signal is shown as the black line in the
tigure.

From the results shown in Fig.6.22, we conclude that if we have a metal sample,
on the surface of which there are sharp steps(height>~100 um), it is possible to image
this surface using our proposed THz probe. The advantage of this probe is benefitting
from the near-field super focusing of the tip, the resolution of this probe is supposed
to be sub-wavelength, this probe can be potentially used to detect metal samples in
optically opaque media. Then in the second step, we performed simulations to confirm
the resolution of this THz probe can achieve sub-wavelength scale. The setup is shown
as Fig.6.23, a golden sample with a sharp step is used to test the probe, the sample
moves in the direction indicated by the black dashed arrow. At the two side of the
step, the distance from the tip to the metal surface is 10 um and 200 um, respectively,

it also implies the height of the step is 190 um.

lens

Radial mode emitter ample offset

I~

Step sample

Figure 6.23: Schematic of near-field probe simulations - a step sample is used to check the
resolution of the probe, the sample moves in the direction indicated by the black dashed
arrow. At the two side of the step, the distance from the tip to the metal surface is 10um
and 200um, respectively.

The simulations results are shown in Fig.6.24 and Fig.6.25. In Fig.6.24, the wave-

forms of 100 um and -100 um sample offsets from the step are shown, the contrast
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is obvious, it straightforwardly confirms a 200 ym resolution of the near-field probe.
And in Fig.6.25, similar results of 50 ym and -50 um sample offsets are shown, the
resolution as small as 100 ym is confirmed; and if we further decrease the number of
sample offsets, the contrast of the waveforms will become ambiguous. Because in the
simulation, the spectrum is set to be 0-0.2 THz, then the wavelength is ~3000 ym, so
from the simulation results, the resolution is as small as 1/30, sub-wavelength imaging
is confirmed.

Based on the simulation results, in the next step, the experiments reproducing the

simulation setups are planned.

Probe Time Signals in V/m

600

-400 + + t t t + t + t
500 510 520 530 540 550 560 570 580 590 600

Time / ps

Figure 6.24: Simulation results of 200 ;m resolution - the red line indicates the signal at
b of sample offset 100 um from the center; the black line indicates the signal at b of sample
offset -100 um from the center.
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Probe Time Signals in V/m
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Figure 6.25: Simulation results of 100 um resolution - the red line indicates the signal at
b of sample offset 50 um from the center; the black line indicates the signal at b of sample

offset -50 um from the center.
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CHAPTER 7

Summarization and Prospects

Vector beams, due to their intriguing properties, are playing a vital role in modern
optics. In this thesis, we introduced the concept of “vector beams” to the THz spectral
range, we succeeded to generate and characterize THz vector beams, moreover, we
applied THz radial beams in THz bare metal wire waveguides. In this last Chapter, a

summarization of this thesis will be concluded.

In this thesis, we visited three topics: generation, characterization and application

of THz vector beams.

Generation of THz vector beams

Employing nonlinear crystals possessing 3-fold rotational symmetry, an 8-piece
segmented GaP(111) crystal and an 8-piece segmented half wave-plate(HWP) laser
mode converter are designed and made to genearate radially and azimuthally polar-
ized THz beams. In these two methods, eight-piece approximate devices are used, the
generated THz vector beams are quasi-vector modes; however in the case of eight-
piece elements are used, the mode overlap between an ideal vector beam and such
quasi-vector beam was evaluated as large as 93%, such high number ensures the qual-
ity of the generated vector beams. Moreover, in comparison with reported generation
methods of THz vector beams, the methods invented in this thesis hold the advantages
that stable, broadband, simple in optical alighments and easy-switchable between the

two fundamental vector modes (radially and azimuthally polarized THz beams).
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Characterization of THz vector beams

In this thesis, THz camera and 2D THz-TDS measurements are implemented to
analyze characteristics of the generated THz vector beams. In the measurements, we
directly confirmed the focal features of in-plane and longitudinal electric components.
The intensity distribution and local SoPs of the in-plane electric field were recorded, the
donut shape and reversed waveforms strongly certificate the THz vector beams were
successfully generated; the distribution of longitudinal electric field was obtained
by building a 2D EO sampling setup, in which the detection crystal is ZnTe(100).
Moreover, for the first time, the longitudinally polarized magnetic component in the

focus of azimuthally polarized beams was experimentally characterized.

Application of THz vector beams

The generated THz radial beams are introduced to efficiently couple to bare metal
wires, the experimentally determined data of energy coupling efficiency are shown for
the first time, from the experimental data, the peak of energy coupling efficiency in
our scheme is evaluated as 66%, which is two orders improved in comparison with the
reported scattering in-coupling method. Moreover, from our experimental results, the
advantages that low-attenuation and low-dispersion of bare metal wire waveguiding
are proved to be available in a larger spectral range (up to 2 THz). This efficient

coupling scheme is proposed to develop new THz elements and systems.
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In the experiments of this thesis, three systems were employed to measure the THz
tield, they are THz camera, 2D PC antenna sampling setup, and 2D EO sampling setup.

Here the advantages and limitations of these three systems are summarized as below:

e THz cameras are used to record the intensity distributions of THz electric field,
real-time THz electric field profiles can be recorded in this case, however, for
THz cameras, only intensity information can be obtained in the measurements,
the waveforms (including amplitude, phase and spectrum information) can not

be recorded.

e 2D PC antenna sampling setup is a time domain system, so the THz waveforms
can be recorded in the measurements, but the measurements spend much more
time than the THz cameras. In comparison with a 2D EO sampling setup, E, can

not be detected with a 2D PC antenna sampling setup.

e 2D EO sampling setup is also a time domain system, so the THz waveforms can
also be recorded in the measurements, in this system, ZnTe(100) can be used to
detect E,. However, because of the pump-probe geometry of this setup, 2D EO
sampling line does not fit for characterizing the waveguiding modes, thus in the
measurements of metal wire waveguiding, 2D PC antenna sampling setup was

used.
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