Mg &g
AL

-gg’
«}-

Flw b RRAE 3V E 2 F e A

Length Dependence of Backward
THz-wave Generation by Nonlinear
Frequency Mixing

R L A )
g ¥ £:9766541 % 2 % (Yen-Hou Lin)
h¥ gk F 74 # L (Dr. Yen-Chieh Huang)

PR R 4 L4 8E-= 3



Abstract

Terahertz (THz) radiation is defined in the 0.1-10 THz range of the
electromagnetic spectrum. It corresponds to the 30-3000um range of the
wavelength spectrum, which is an important region between the optical
wave and the microwave. THz radiation finds many applications in
biomedicine, cancer inspection, inspection systems in airports, and
molecular science. The THz wave can be generated through optical
rectification, free electron laser, and nonlinear frequency mixing in
nonlinear crystals.

In this thesis, our experiment uses the nonlinear difference frequency
generation (DFG) process in periodically poled LiNbO; (PPLN) to
generate the THz wave. The useful crystal length in the DFG process is
believed to be limited by the absorptive length in the strongly absorptive
materials. In this thesis, we use different lengths of PPLN with the same
period to generate THz wave. Results show that the use of crystal length
is not limited by absorptive length.

However, in long lengths, the THz wave diffracts fast in the crystal
and has weak interaction with the pump and signal wave, which decreases
the power of the THz wave. In our previous work, we have demonstrated
that there is two times the conversion efficiency in the non-collinearly
phase-matched THz generator. In the experiment, we use a thin crystal
called one-dimensional (1D) waveguide and a rectangular crystal called
two-dimensional (2D) waveguide to enhance the power of the THz wave.
The result shows that the power of the THz wave in the two-dimensional

waveguide is about 1.82 times than that in the 1D waveguide.
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Chapter 1: Introduction

1-1: Motivation

Terahertz (THz) radiation is defined in the 0.1-10 THz range of the
electromagnetic spectrum. It corresponds to the 30-3000 um range of the
wavelength spectrum, which is an important region between the optical
wave and the microwave. Fig.1-1 shows the THz region in the
electromagnetic spectrum [1]. In early years, the lack of stable THz
sources 1s a significant impediment for its further extensive use.
Therefore, the region is referred to as the “THz Gap.” [1] However,
because of recent developments in terms of stable sources, THz radiation
is currently being widely used in non-invasive testing. At present, THz
spectroscopy and imaging have been used as non-destructive methods for
product inspection. For instance, -in ‘several airports, THz inspection

systems have been installed to detect objects considered dangerous. [2-3]

v M
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Figl-1: A schematic showing the THz Gap in the electromagnetic

spectrum. [1]



Methods for generating THz radiation that have been used in the past
are as follows: optical rectification by the ultra-fast laser in the nonlinear
materials [4], photoconductive switching by gated current in a
photoconductive material [5], free electron laser [6], and difference
frequency generation (DFG) in nonlinear optical materials. Optical
rectification and photoconductive antenna generate incoherent, broadband
THz radiations. For most applications, coherent radiation is better than
the incoherent source. Free electron laser (FEL) emission is a high-power,
widely tunable, and coherent radiation. However, the development of
FEL is limited because of the high cost and large space needed for its
production. Another advantageous way of generating a tunable, coherent,
and simple THz radiation is by using frequency mixing in nonlinear
optical materials, such as /LiNbOs;, LiTaO;, and GaSe. Parametric
generation of THz was first demonstrated by Pantell [7] and developed by
H. Ito [8]. We demonstrate THz parametric generation using two methods:
non-collinearly phase-matched THz-wave parametric generation and
collinearly phase-matched THz-wave generation by difference frequency
generation in periodically-polled LiNbO; (PPLN).

In this experiment, we use DFG by mixing two laser beams in the
PPLN crystal to generate THz wave. This approach generates a coherent,
tunable, and narrow-bandwidth THz source. However, the useful crystal
length is believed to be limited by the absorptive length in the strongly
absorptive crystal [9]. In this experiment, we use the parametric process
to generate the THz wave, allowing the idler wave to obtain assistance
from the parametric process in high absorption crystal. Therefore, we

design an array of PPLN with the same period. The lengths vary from
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1-25 mm in 2 mm incensement. Using the crystal to generate the THz
wave, the power of the THz wave grows with the increasing length of the
crystal. This proves that the useful length is not limited by the absorptive
length in the DFG process.

However, the problem with the long length of the crystal is that the
THz wave diffracts quickly in the high absorption crystal. The diffraction
angle is proportional to the wavelength, and thus the diffraction angle of
the THz wave becomes several times higher than the pump and signal
wave, and the THz wave has weak interaction with the pump wave due to
diffraction, leading to the decreasing power of the THz wave. In our
previous work, we have demonstrated that the conversion efficiency with
0.5 mm thickness of LiNbO; 1s two times than that with 1 mm thickness
in the non-collinearly phase-matched THz generation. Therefore, we
fabricate a rectangular PPLN with‘a 25-%/0.6 x 0.5 mm size along the
crystallographic x, y, and z directions called the 2D waveguide.
Compared with the 1D waveguide with a 25 x 2 x 0.5 mm size along the
crystallographic x, y, and z directions, the power of the THz wave
generated in the 2D waveguide 1s about 1.82 times than that in the 1D
waveguide. This proves that we can use this waveguide design to confine
the THz wave and enhance its power. Combining these two experimental
results, we can use the long length of the crystal with the 2D waveguide

design to increase the power of the THz wave.



1-2: Overview of the thesis

The thesis is organized as follows. Chapter 1 introduces the basic
concept of the THz technology and generation. Chapter 2 includes the
basic theory of optical parametric generation (OPG), coupled-wave
equation for OPG and DFG, quasi-phase-matching technology for
THz-wave generation, concept of length dependence of backward
THz-generation, and backward THz-wave enhancement in the 2D PPLN
waveguide. Chapter 3 shows the experimental setup, results of the length
dependence of backward THz-wave generation, and results of the
backward THz-wave enhancement in the 2D PPLN waveguide. We also
compare the experimental data with the simulation result. Chapter 4

discusses the conclusion and future directions.



Chapter2: Theory and Analysis

2-1: The basic concept of Optical Parametric Generation (OPG)

Nonlinear frequency mixing plays an important role in the nonlinear
optics region. It can be classified into the following processes: second
harmonic generation (SHG), sum frequency generation (SFG), OPG and
amplification (OPA), DFG, and optical parametric oscillation (OPO).
OPG, OPA, and DFG are introduced in the following sections.

In the OPG process, the high-frequency pump photon w,, which is
incident to a nonlinear medium, may amplify two low-frequency photons,
os and o; , the signal wave and the idler wave, respectively. The
short-wavelength wave is called the signal wave, whereas the
long-wavelength wave is called:the idler wave. This process must satisfy
energy conservation and momentum conservation as shown in Figs. 2-1

and 2-2. The energy conservationrelation is as follows:

a)p - a)s + a)l- (2_1)

Or in terms of wavelength:

t_r.t
A A A (2-2)

Momentum conservation is achieved by satisfying the phase-matching

condition:

Akzkp—ks—kl.zO (2_3)



Or

A A A , (2-4)
where the Ak , w ,n ,A, denote the phase mismatch , angular frequency ,

refractive index , and wavelength. The subscripts p , s , i , denote pump

,signal , and idler wave.

e
=]
v

\ 4

Nonlinear medium

v

Fig 2-1: Schematic of optical parametric generation. ® , ,0 s,and o ;are
the angular frequency of pump ,signal , and idler waves.

K,

—

K, K,

Fig 2-2: Schematic of momentum conservation for optical parametric

generation. K, K and K are the wave vectors of pump ,signal ,and idler

waves.

In this experiment, we perform the OPG process using a Q-switched
Nd:YAG laser as the pump source. However, only the parametric gain is
sufficiently large in the order of 10" or larger. The measurable signal and

idler waves can be built up from vacuum noises in the one photon per



radiation mode. Therefore, enhancing the grown efficiency of signal and
idler waves by seeding an amount of photons set to the signal frequency
or idler frequency is important. This process is called the OPA. The
wavelength of the seeding laser used is about 1.5 um in the signal
wavelength region. The energy of the signal wave using OPA is twice

than that using OPG.



2-2:Coupled equations for Optical Parametric Generation (OPG)
In last section, the principle of optical parametric generation has been

introduced. In this section, we start to explain the process by using the

coupled wave equation. Let’s start the section from Maxwell’s equations:

VXE:—aB

o o

— 0D
V X H = E (2-6)
D=¢ge E+DBy (2-7)

Combining the three equations with constituent equations, we can get the
wave equation with the nonlinear polarization:
~ = [
235 & i a E a P NL
ViE- 2 a2 Mo 2 (2-8)
c, Ot ot” -

B ——

where P, ~. 1 the nonlinear polarization term, ¢, is the speed of

light, €, Hy is the permittivity and permeability.

In order to solve the coupled wave equations, we assume the
propagating wave is similar to plane-wave. The electric field of
plane-wave propagating along z direction is as the equation (2-9), and the

nonlinear polarization is as equation (2-10):

—_— —_—

E(z,t)= %[l_?(z, w)e’ ") yce]= %[2?(2, w)e’” +c.c] (2-9)



—_— —_— —_—

Pu(a0) = [P0 ™ kel = TP ™ +edl | aa)

where E,P denote the amplitude of electric field and polarization, E,P

is the phasor for the real electric field and polarization.
Substituting Eq. (2-9) and Eq. (2-10) into Eq. (2-8), we can obtain
Eq.(2-11) and Eq. (2-12).

82;? 1 2? (i3
" :—Ea) Ee’' ™ +cc 2-11)

—_— e

PE 10°E . 0E 1
2 =[= 2 _]k s AL
oz 2 0z Oz 2

V’E = kzl_?]ej(wt_;{;) +c.c. (2-12)

In nonlinear frequency conversion, the‘change of electric field amplitude
is often slow within the distance of a wavelength. Therefore, we can use
slowly varying envelope approximation (SVEA) to simplify the wave

equation. According to SVEA,

—_— —_—

52]} < k@
oz? Oz (2-13)

The Eq. (2-12) is simplified as:

V’E

Combining the Eq. (2-14) and Eq. (2-11) with Eq. (2-8):



—_

827](2, ®) .,Uocowr jkz
— = ]TPNL (z,w)e (2-15)

(2]

Then we consider the nonlinear polarization. For the 2™ order

polarization:

PNLJ(Z,CU):C(Z)goZZijk(_w;a)laa)z)Ej(Zaa)l)Ek(Zawz) (2-16)

J.k
W=, + o,
1 o +o,
=1
% o, = O, (2-17)

Now we consider that there are:three linearly polarized monochromic

wave formed as Eq. (2-18):

—_— —_—

_ 1 — ) — -
Ei(z,t) = E[E 1(z,)e’ ™9 +cc]

—_— —_—

~ 1 — . — -
Ex(z,t)= 5 [E2(z,w,)e’ ™™ +cc]

—_— —

_ 1 — ) -
Es(z,t) :5[E3 (z, wz)ej(%t_kﬂ) +c.c] (2-18)

In optical parametric generation process, the three waves are

interacting on a lossless and satisfied full permutation symmetry medium.

10



Therefore, let Eq. (2-18) and Eq. (2-17) be taken into Eq

coupled wave equations for OPG can be derived:

OE od ., — — -
_l:_j i "eff EpESe—]Akz
Oz C,,
OF. wd, — —
—=—] ﬂEpEie_JAkZ
Oz CoN,
OF od, —— _ -
P _= —j —p eﬁ Es Eie_JAkZ
Oz Coll,, ’

. (2-15).The

(2-19)

where Ak =k p ks - ki is'the-wave vector mismatch, the subscript

p , s , i denote pump ,signal ;and idler wave.

1s the effective

nonlinear coefficient of the material. Cyis the speed of light on vacuum. n

is the refractive index of propagating wave. @ is the angular frequency

of wave. Next section the solutions for different parametric generation

(DFG) will be introduced.

11



2-3: Difference frequency generation with Quasi-phase-matched (QPM)

technology
In nonlinear frequency conversion, all frequency mixing processes
have to satisfy both energy conservation and momentum conservation.

The momentum conservation is a significant condition for frequency

conversion. How to satisfy Ak=0 and how to use the largest nonlinear

coefficient are interesting issues. The solution has been presented in
theory by N. Bloembergen et al. in the 1960s [1-2] and demonstrated
through an experiment by L. Myers et al. in 1995 [3]. The solution is
usually called the QPM method.

The QPM technique offers the -advantage of having the largest
nonlinear coefficient in nonlinear ~materials and the feasibility of
wavelength tenability. In all QPM crystals; PPLN has been widely used in
wavelength convertors [4] . In this"experiment, PPLN is a significant
crystal for a THz-wave generator because of its large nonlinearity [5—6]
and high transparency in the visible and near infrared region [7].

For example, in the DFG process of this experiment, we use the QPM
technique to achieve the phase-matching condition in the coupled wave

equation,Eq.(2-19).

2rn, 2zn.  27mn,
— _ _ — P s i
Ak =k » ks ki ﬁ“p ﬂs ﬂ“i , (2-20)

where n is the refractive index, A is the wavelength.

However, in the collinear phase-matching condition, Ak is not equal to

zero. The QPM technique offers an extra grating vector to compensate

12



for the phase mismatch in Eq. (2-21)

2zn, 2zn. 2zn, 2«
— — _ — — P s i
B T M R W CE

D s i

where the k, denotes the grating vector, and A is the grating period. We
can make different grating periods to satisfy the phase-matching
condition. By selecting different grating periods, the tunable

phase-matching wavelength is achieved.

In this experiment, a significant factor is related to the tuning of the
QPM parametric amplifier. This factor is shown as Eq. (2-21). When Ak
=0, QPM is achieved. The grating period can be determined from Eq.
(2-21) and given by

1

| n(A,.T) n(A,T) n(A,.,T) :
/Ip /1s ﬂTHz (2-22)

.. . -1 _ g-1 -1 ,
Combining the energy conservation ﬂ«p = ﬂ«s — A , We can obtain

different wavelengths of the THz wave through varying grating periods.
In our experiment, we demonstrated the backward THz-wave
generation. It means that the propagating direction of THz-wave is the
opposite direction with the pump and signal waves. We can design the
special grating periods to achieve it. The grating periods are shown as the

following:

13



1

12y T) 1A, T) T |
A A A

D s THz

According to D.H .Jundt’s measurement, the extraordinary refractive
index of each wavelength at the 0.4—3.4 um region can be determined [8].
According to S.S. Sussman’s report, the extraordinary refractive index at
the THz-wavelength region can also be known [9].

Fig. 2-3 shows the tuning curve for the backward THz-wave difference
frequency generation. The wavelength of the pump is 1539 nm. For such
pump lasers, the QPM grating periods can be achieved using the PPLN

fabrication technique.

550

BOQ f--------- oo

/10 A

D
o
(@)

w
a1
o

w
o
o

wavelength(um)

250 -----------o-

7 D A R

150

grating period(um)

Fig 2-3: The tuning curve of backward THz-wave generation for pump
wave at 1539nm. The horizontal axis is the QPM grating period and

the vertical axis is the phase-matched THz wavelength.
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2-4: Backward Difference-frequency THz-wave Generation in

one-dimension waveguide

In this section, we discuss the backward difference-frequency
THz-wave generation through the QPM technique used in this experiment.
In the frequency conversion process, the energy and momentum
conservation should be satisfied. In the backward DFG process, the
direction of the THz wave is the opposite of that of the pump wave and
signal wave, as shown in Fig. 2-4. The backward scheme is particularly
interesting because mirrorless oscillation can be achieved with
sufficiently large pump intensity [10]. The first backward DFG of
coherent THz waves from .a  multi-grating PPLN crystal was
demonstrated in 2007 by T.D. Wang [11]. Following the procedure, we
demonstrate the backward difference-frequency THz generation from a

multi-length PPLN crystal.

pump
e a)TH 7

signal

PPLN

Fig 2-4: The schematic of the backward DFG process. @ 1is the angular

frequency for pump ,signal and THz waves.
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Fig. 2-5 : (a) The energy conservation condition : @y, = @p —@,, @ 1S
the angular frequency for pump ,signal and THz waves (b)The
momentum conservation condition: kTHZ =k » ks -K ¢ -Kp s TH 1S the

wave vectors for pump ,signal , and THz waves .K, 1s the grating vector.

Fig. 2-5 shows the energy and mementum conservation for backward
difference-frequency THz wave generation. 'We also consider the coupled
wave equation for the backward DFG process and its solution, where

Em, , Es , and E; are the electric field, signal, and pump wave,

respectively.
dE : 1
# = =ik £ E exp (—iAkZ) + 5 Oy By,
dE .

dZs — iKsEpETHZ eXp (_ZAkZ)
dE

E=ix E E,,_ exp(iAkz

iz p s THz p( ) . (2-23)
P _ a)THz,s,pdTHz,s,p

THz,s,p

COnTHZ,S,p
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where k , ; . 1s the wave vector for the pump, signal, and THz wave; 4
is the period of PPLN; « is the coupling coefficient; d is the nonlinear

coefficient; ary, is the power absorption coefficient of the THz wave; and

¢ o 1s the speed of light.
Neglecting the depletion of pump wave , and assuming Ak=0,we can

simplify Eq.(2-23) as the following[12]:

dE.,.. , |

d—ZH = _ZKTHzEpEs + EaTHZETHZ

dE. . " 2-24
2 = ZK‘SEPETHZ (2-24)

Now we consider the electric fields of all waves in form of

E = \/%Ai (z)expli(k,z @t +cics (2-25)

where i= p, s, T ,corresponding tothe pump ,signal , and terahertz waves.
Assuming 4r(2)=a, exp(yz), and 4, (z)=a;exp(yz), and

substituting them into Eq.(2-24), we can obtain the solutions for &7 and

a; only if

a . 2 2 (/AN
7:7/1,2:7Til\/’{ ‘Ap‘ _(TT) (2-26)

Based on Eq.(2-24), we obtain

Ay

2
4.(2) =a, exp(% 2) cos[\/ K4, \2 - (Tj z+¢]. (2-27)
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4 4 | (2-29)
> (a, ) . AR ’
\/Kz ‘Ap‘ _(TT] ><sm(\//( ‘Ap‘ _(Tj zZ+¢Q)
where 4, is acomplex constant, and ¢ is the phase term.
Now we consider the boundary condition for the case,
4,(L)=0, (2-29)

where L is the length of crystal. Using the boundary condition to
Eq.(2-27) , we obtain

2
st T

Without pump depletion and with absorption of THz wave, based on

Eq.(2-28) ,Eq.(2-29), and Eq.(2-30), the output THz photon flux is given
by

¢ (L) _ sin”(gL)
$.(0) cos’(gL—o) ° (2-31)

a 2 3
where & =" =(F) | T =[2as0idgyl pO) e prsnep)l'

a
and tan(p)=—"=
4g

In our backward THz-wave generation process, we use numeric
simulation to solve Eq. 2-23. We will show the simulation results and

discuss them in Chapter 3.
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2-5:  Enhanced Backward THz-wave Generation 1n

two-dimension waveguide

The THz-wave difference-frequency generation in LiNbO; has a great
advantage in coherent THz-radiation. However, this kind of method has
some difficulties. The first problem is that LiNbO; has high absorption at
THz frequencies, especially in a frequency range above 1 THz. The
intensity absorption coefficient a increases from around 12 cm™ at 1 THz
to more than 170 cm™ at 2.5 THz [13-15]. Moreover, the generated
THz-wave quickly walks off from the pump beam region without
interaction with the pump wave and is absorbed before exiting the
nonlinear crystal. These drawbacks reduce the conversion efficiency.
Therefore, how to increase the conversion. efficiency is an important
issue.

A waveguide device is reported to’'confine THz radiation and increase
parametric conversion efficiency. So far, there have been several
discussions on the waveguide structure for DFG. For example, [16] and
[17] introduced the waveguide structure to enhance the DFG by utilizing
the strong confinements of both the infrared and the THz waves; an
efficient DFG was also demonstrated in non-collinear configuration [16].
According to [16], the thickness of LiNbO; affects conversion efficiency.
The lower the thickness is, the higher the conversion efficiency.
Therefore, in the last section, the LINbO; device we use is similar to that
in Fig. 2-6. The thickness and width of LiNbO; are about 500 um and 2
mm, respectively. THz wave is confined to the z direction and is

diffracted in the y direction.
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Fig 2-6: The PPLN slab waveguide. The thickness in the z direction is

500 um and the width in the y direction is 2 mm.

Using the slab waveguide, the THz wave also shows diffraction loss in
the y direction. Therefore, in this section, we replace the slab PPLN
waveguide with the rectangular, PPLN waveguide to reduce diffraction.
Fig. 2-7 shows the thickness ‘and width of the rectangular PPLN

waveguide of about 500 um and 600.um;, respectively.

[

) L=2.5cm
_ o - _
w=600um” (11T [[[([[ P+ d=500um

Fig 2-7: The rectangular PPLN waveguide. The length ,thickness and

width of the waveguide are 25 mm, 0.5 mm, and 0.6 mm, respectively.
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Divergence angle is expressed as follows:

A
d=—o A
W, , (2-24)

where 6 is half of the divergence angle, 4 is the wavelength, and w, is the

beam waist.

Eq. (2-23) shows that the divergence angle is proportional to the
wavelength. In the DFG process, the wavelength of the pump wave and
the THz wave is about 1.5um and 500 pum, respectively. Therefore, the
divergence angle of the THZ wave is about 300 times than that of the
pump wave. The divergence THz wave should be confined by waveguide
structures, or it has no interaction with the pump wave. The refractive
index of the THz wave is about 5.2-at -1 THz in the LiNbO; crystal.
Therefore, the THz wave will get total refection inside the crystal. The
phenomenon of the THz wave going through internal reflection can be

used to confine it to the LiNbO;.
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Chapter3: Experiments and Results

3-1: Experimental setup of the Backward THz-wave

Difference-frequency Generators

OPA : THz DFG THz detection
Pump laser i [ PPLN .| PPLN .
@1064nm /I e T » A=65um 4k Si Bolometer
I 15um
Seeding wave
l beat-wave

|
|
|
L,
| >
|
|
@1.5um CW I :
|
|
|

Fig.3-1: The schematic of the backward THz-wave generator. The first
stage is optical parametric ~amplification (OPA) with pump laser at
1064nm and seeding laser at 1.5 um. The second stage is THz-wave
difference frequency generation. Using 1.5 um beat-wave as the pump
and signal wave, the THz wave is generated after the PPLN with a 65 um
period. The third stage is the THz wave detection. We use the 4K Si
bolometer to measure the THz wave.

Fig. 3-1 shows the three parts of the experiment setup. The first part is
the dual-wavelength OPA shown in Fig. 3-2. The pump laser of the OPA
is an Nd:YAG passively Q-switched laser at 1064 nm. It generates 90 uJ
pulse energy in a 500 ps pulse width and operates at a rate of 600 Hz. The
pump laser is focused on a waist radius of 170 um at the center of the

PPLN crystal. The PPLN crystal is 0.78 mm thick, 35 mm long , and 0.5
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mm wide, and has 29.6 um period. At 86°C, the OPA can amplify two
seeding waves from diode lasers. Fig. 3-3 shows that one of the seeding
lasers is a kHz-bandwidth distributed-feedback diode laser (DFBDL) at
1539 nm, and the other is a MHz-bandwidth external-cavity diode laser
(ECDL) tunable between 1510 and 1610 nm. These two diode lasers are
first connected to the Erbium-doped fiber amplifier (EDFA). The power

of two cw diode lasers is amplified to about 70 mW after EDFA.

HR@1064nm HR@1064nm
< A
HWP
Cube@1064nm DCX
=25 cm
HR@1064nm PEX
AR@1550nm 7 3o
_ Sqeding. k:5um
€<
T Pump laser
PPLN A 4 Soul
— u
A=29.6um )
(@1064nm
HR@1064nm HR@1064nm

Fig. 3-2: The experimental setup of the dual-wavelength OPA. The
OPA pump laser is a passively Q-switched Nd:YAG at 1064 nm laser. It
generates 80-ulJ pulse energy in a 500-ps pulse width operating at a
600-Hz rate. Using two doublet convex lenses, focal lengths are 25 cm

and 50 cm to focus the pump beam.
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Wavelength= 1510nm

- Polarization

cube

Polarization
controller

e

Wavelength=1539nm

Fig.3-3: The system of seeding lasers. The seeding lasers are a
kHz-linewidth distributed-feedback diode laser (DFBDL) at 1539 nm,
and a MHz-linewidth external-cavity diode laser (ECDL) tunable
between 1510 and 1610 nm. The Erbium-doped fiber amplifier (EDFA) is
used to amplify the seeding power. The polarization controller and

polarization cube can control the output power of the diode laser.

After OPA, two seeding components are amplified to about 20 uJ pulse
energy in a 360 ps pulse width, as shown in Fig. 3-4. To maximize the
THz wave generation, we tune the energy to the same value of about 10
ulJ. The spectrum of two seeding components is presented in Fig. 3-5.
These two components are used to generate the THz wave by DFG. The
wavelength of the pump wave is 1539 nm, whereas that of the signal
wave is 1544.06 nm. The two idler waves of the OPA near 3.3 um are
completely absorbed by the BK7 substrate of the dichroic mirror (HR
@1064 nm and HT @1550 nm).
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Fig.3-4: The measurements of pulse-width for pump and signal wave

on the oscilloscope .The pulse width of pump and signal wave is about

Fig.3-5: The spectrum of two seeding components. The wavelength for
pump and signal wave are 1539 nm and 1544.06 nm. Due to DFG process,

the spectrum also has other wavelength components.

25



The second and the most important part of the experiment is the THz
DFG process. The overall setup is shown in Fig. 3-6. The two
components near 1.5 pum after OPA are focused by f =20 cm and f=15 cm
focusing lens to a 130 um waist radius at the center of the PPLN crystal.
The pump and signal waves are generated from OPA, and thus two waves
are overlapped automatically in the spatial and time domain. This is most
advantageous for the DFG process.

The main purpose of the experiment is to observe the increasing power
of THz with the increasing length of the crystal and to observe the
enhancement of the THz wave power in 1D and 2D crystals. Therefore,
we fabricate the multi-length 1D PPLN waveguide and the 2D PPLN
waveguide. Fig. 3-7 shows that the size of the 1D waveguide is 25 x 30 X
0.5 mm along the crystallographic x; y, and z directions. The length of the
PPLN 1D-waveguide varies from 1-25 mm with 2 mm increment. We
also add two more waveguides with lengths of 295 and 500 um for
comparison. The size of the 2D waveguide is 25 % 0.6 x 0.5 mm along the
crystallographic x, y, and z directions. The QPM period of the PPLN is 65
um. The surfaces of the crystals are polished. The two end surfaces have
an optical anti-reflection coating layer near the pump and signal
wavelengths.

The third part of the setup is to detect the THz wave. After the DFG
process, THz wave is generated in the backward direction. As shown in
Fig. 3-6, the backward THz wave is reflected by an optically polished 6 x
6 cm square copper reflector placed 2.5 cm in front of the PPLN crystal.
The copper reflector has a 5 mm diameter hole. The pump and signal

waves can pass through the hole to the crystal; the backward THz wave
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can be reflected at the same time. The reflection of copper for the THz
wave 1s near 94%. We then use the gold-coated off-axis mirror on the
surface to collect the THz wave, as shown in Fig. 3-7. The effective focal
lengths of the gold off-axis mirrors are 7.6cm and 15 cm. Si bolometer
is used to measure the THz wave. We place the Ge filter and the
high-density polyethylene filter in front of the bolometer to block the
pump or signal wave from the reflection of the crystal, as shown in Fig.
3-8. Controlling the ECDL allows the wavelength of the signal wave to
be tuned to achieve the phase-matching condition and to measure the THz
wave from the Si bolometer. It also enables the THz wavelength to be
calculated from the energy conservation condition, which is an easy way

to measure the THz wave.
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Setup of Backward THz wayve HR mirror HR mirror

@1064nm 1064nm
4K Si Bolometer

HWP@1064nm
Cube@1064nm
DCX f=25cm
A
THz filter ! -
1 DCX =50
=50cm
Off-axis I Beam Dump -
mirror 1 Off-axis
1 mirror Mirror
F - _ﬂ PPLN HR@1064nm
I DCX f=20cm A=29.6um AR@1550nmj
I [
PPLN |
A=65um | A2
1 N\ Seeding
""" 1 BK7 Mirror wave@1.5um
4{@ - HR@1064nm
R mirror AR@1550nm
Gold- coating DCX f:15(:m@1550nm HR mirror HR mirror
Copper reflector @1064nm @1064nm
with a hole

Fig.3-6: The experimental setup of backward THz-wave generator. The
setup includes three parts. The first part is the OPA process to generate
pump and signal wave for THz-DFG. The second part is THz wave
generation by DFG. The third part is to detect the THz wave by the 4K Si

bolometer.
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w=600um ¥ 3d=500um
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Fig.3-7: The PPLN waveguide.  All.period is 65 um. The two end
surfaces have AR coating layers near..].5 um. (a) The 1D PPLN
waveguide. The thickness is about 500 um. The lengths vary from 1 to 25
mm with 2 mm increment. Two-smaller sizes 195 pm and 500 um also

add to the waveguide. (b) The 2D PPLN waveguide. The size of the 2D
waveguide 1s 25 mm x 0.6 mm x 0.5 mm along the crystallographic x,

y, and z directions.
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Off-axis mirror  =15¢cm- Of-axis mirror f =7.6cm-

Copper §
reflector-

-2

Fig.3-8: The picture of the THz wave collecting system. The arrow
represents the direction of the backward THz wave. The focal length of
first off-axis mirror is 7.6 cm,. and the second mirror is 15 cm. The
backward THz wave is reflected from the copper reflector to the off-axis

mirrors.

Si bolometer«

l.'%:“;,;:- N Ge filtere

Fig. 3-9: In order to block the pump or single wave from the reflection
of the crystal, we placed a Ge filter and a high-density polyethylene filter
in front of the bolometer.
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3-2: Length Dependence of Backward THz-wave Generation in

1D waveguide

In this section, we show the results of the backward THz-wave
generation in the 1D PPLN waveguide. First, due to the phase-matched
condition, the wavelength of the pump and signal waves is 1539 and
1544.06 nm, respectively. The corresponding wavelength of the backward
THz wave is 469.6 pm. Si bolometer is used to measure the power of the
backward THz wave. Fig. 3-10 shows that the horizontal axis is the
crystal length, whereas the vertical axis is the power of the THz wave.

The power of the backward THz wave increases with the increasing

crystal length before the crystal length < 15 mm. For the crystal length
< 3 mm, the THz signal is in the noise level of our detector. For the

crystal length>15 mm, the power achieved saturation because of the

walk-off effect between the THz wave and the pump wave, as shown in
Fig.3-11. The refractive index for the THz wave is nt =5.025[1] in the

LiNbO3, and the refractive index for the pump and signal waves is n,
=ng=2.138[2]. Therefore, the group velocity for the THz wave is slower

than that for the pump and signal waves. The pulse-width of the pump
wave is 360 ps. In the case of the backward THz-wave, the group velocity
mismatch between the THz and optical wave is 240 ps/cm, which shows

that the THz wave and the pump waves are separated completely after

crystal length >15 mm. Therefore, the backward THz wave has no

interaction with the pump and signal waves, allowing the power to reach
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the  saturation  point  after  crystal  length > 15mm.

1D THz power v.s. Crystal length
3000+
2500+ «c o " e
'S 2000- .
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Fig.3-10: The power of THz wave varies with different crystal lengths.
The horizontal axis is the crystal length, and the vertical axis is the power

of THz wave.

Pump wave

Pump wave

THz wave

THz wave

L=15mm

L=15mm

Fig.3-11: Illustration of the walk-off effect. The THz wave is generated at

the end of crystal, propagating in the opposite direction with the pump
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wave. The THz wave and pump wave are separated completely after the
crystal length > 15mm.

Eq. (2-23) shows the coupled wave equation for the DFG process. We
use the numeric approach to solve the three equations and to compare the
results with experimental data. First, we consider the parameters used as
shown in Fig. 3-12. The subscripts p, s, and T denote the pump, signal,
and THz waves, respectively. The symbol A stands for wavelength, n for
refractive index, and d for nonlinear coefficient. Fig. 3-13 shows the plot
where the intensity of the pump and signal waves vary with the crystal
length. Fig. 3-14 shows the plot where the intensity of the THz wave

grows with the increasing crystal length.

Ap 1539nm

A 1544.06nm
At 469.6nm

n, 2.1383

n, 2.1381

n, 5.025

ds, 17(pm/v)
dr 160(pm/v)

Fig.3-12: The all parameters for numeric simulation. The subscripts p ,s, T
denote the pump, signal, and THz waves. A is the wavelength. n is the

refractive index. d is the nonlinear coefficient.
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In fact, we assume that all the waves are plane waves in the coupled
wave equations. However, the waves are not plane waves in the real case.
In order to fit the data points with the simulation curve, we use the
effective absorption coefficient to contain all loss terms, as shown in

Fig.3-13.  The  absorption coefficient is formed as

& oy =285+9x10°z+6x10°2* (1/m). The absorption coefficient is a

function of position. It is because that the THz-wave generation in 1D
waveguide has diffraction loss in another direction. Diffraction loss
increases with the increasing crystal length. For another loss, the THz
wave and the pump wave will walk off when increasing the crystal length,
which corresponds to the increasing loss of THz generation. Combining
these two loss terms, the effective ‘absorption coefficient is used in the
simulation. Shown in Fig.3-13; the fitting curve is the normalized
intensity of THz wave varying with the crystal length. It can be clearly

observed that the tendency of curve is the same with the data points.

In the Fig.3-14, they are the intensity condition of pump and signal
wave in the crystal. The intensity of pump wave decreases about 5% after
propagating in the 25mm long crystal. It is almost the same with the
initial pump intensity. In addition, the timing jitter of pump laser is about
5.2 %, so the intensity change of pump wave is lower than the timing
jitter of pump laser. That is why we can not measure the variation of

pump wave.
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Fig.3-13: The fitting curves with data points using the absorption

coefficient which is a function of peosition. The absorption coefficient is

3 52
formed as the following: . = 285+9%10°z+6%x107 2" (1/m).
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Fig.3-14: The plot which the intensity of pump and signal waves vary

with the crystal length. The intensity of pump wave decreases about 5 %.
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Fig.3-15 shows the changes we made to the intensity of the pump and
signal waves to generate the THz wave in the PPLN with a length of 25
mm. The power of the THz wave increases with the increasing intensity
of the pump and signal waves. We also fit the data points to the
simulation curve. As expected, the data points matched the simulation
curve. This proves that the more powerful the pump wave is used, the

more powerful the generated THz wave.

=
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Fig.3-15: Varying the intensity of pump and signal wave to generate the
THz wave in the PPLN with the length 25 mm. The red line is the
simulation fitting curve. The power of THz wave is increasing with

increasing the power of pump wave.
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3-3: Results of Enhanced Backward THz-wave Generation in

2D waveguide

Some difficulties limit the conversion efficiency of the THz-wave
generation process. The first problem is that nonlinear optical materials
have high absorption coefficients in the THz-wave region [3], preventing
the efficient THz-wave generation from these materials. A method to
solve the problem is the THz-wave generation near the surface of the
PPLN [4]. The THz-wave propagates from the surface of the crystal to
decrease the absorption in the crystal.

Another problem is the diffraction of THz in the crystal. We use two
beams with wavelengths near 1.5 um to generate the THz-wave by DFG
process. According to Eq. 2-23, the difftaction angle is proportional to the
wavelength. The diffraction angle of the THz wave is about 400 times
than that of the pump and signal-waves. Therefore, in our previous work
[5], we used thinner crystals to increase conversion efficiency. The
conversion efficiency of the THz wave with a thickness 500 um is two
times higher than that of the THz wave with a 1 mm thickness. We design
two LiNbO; waveguides in this experiment. One waveguide, called the
1D waveguide, is 25 x 2 x (0.5 mm along the crystallographic x, y, and z
directions, as shown in Fig. 3-6. The other waveguide, called the 2D
waveguide, is 25 x 0.6 x 0.5 mm along the crystallographic x, y, and z
directions. We use these two waveguides to generate the THz-wave and

compare the power of the THz-wave in the 1D and 2D waveguides.
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Fig.3-16: The spectrum of backward THz wave in 1D and 2D waveguides.
We use the Lortenz shape to fit the data points. The power of THz wave
in 1D waveguide is 1.82 times than in 2D waveguide.

Fig. 3-16 shows the spectrum of the backward THz wave in the 1D and
2D waveguides. The power of the THz-wave in the 2D waveguide is
about 1.82 times higher than that in the 1D waveguide, which means that
using the 2D waveguide design can reduce THz wave loss and increase
the measurable power of the THz wave. We also change the intensity of
the pump and signal waves to generate the THz wave. Fig. 3-17 shows
the increase in the pump intensity as the THz power increases. As
previously mentioned, THz power in the 2D waveguide is always higher

than that in the 1D waveguide regardless of the pump intensity.
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Fig.3-17: Using different pump intensity.to measure the THz power in the
1D waveguide and 2D waveguide. The black points are the THz power in

the 2D waveguide, and the red points are in the 1D waveguide.
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Chapter4: Conclusion and Future Work

In the THz wave generation region, the useful length is believed to be
in the order of the THz absorptive length. In our case, the absorptive
length is about 3 mm. However, in this thesis, we have demonstrated that
the useful crystal length in the DFG process is not limited to the
absorptive length. In Chapter 3, we use the backward THz-wave
generation by the DFG process to observe this phenomenon. In spite of
the walk-off effect between the THz wave and the pump wave, we have
showed that the power of the THz wave grows along with the crystal
length from 3—15 mm. This finding clearly shows that increasing the
crystal length to increase the power of THz wave is realizable.

In the DFG process, the generated THz wave diffracts faster in the
LiNbO; crystal. This phenomenon: causes the THz wave power to
decrease. As a result, we design the, 1D PPLN waveguide and the 2D
PPLN waveguide structures to confine the THz wave. In Chapter 3, we
find that the enhanced THz power in the 2D waveguide structure is about
1.82 times higher than that in the 1D waveguide for a pump and signal
intensity of 104 MW/cm®. Therefore, using the 2D waveguide structure
for the DFG process is a useful approach to reduce diffraction loss and to
enhance the signal of the THz wave.

In Chapter 3, we also present the increasing power of THz wave as the
pump power increases. The minimum intensity of pump wave to generate
THz wave is about 25 MW/cm®. Based on the result, we can increase
pump intensity to give more power to the THz wave.

Based on the results, we have clearly demonstrated three findings. First,
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the useful length for DFG process is not limited to the absorptive length.
Second, the 2D PPLN waveguide structure enhances the power of the
THz wave. Third, the more pump intensity is used, the more power of the
THz wave is obtained. Therefore, to generate more powerful THz waves,

the 2D PPLN waveguide structure should be used.

Future Work

We encountered some problems in conducting this experiment. First,
diffraction loss for the THz wave exists in the 1D waveguide structure.
The diffraction loss decreases the power of the THz wave. To solve this
problem, we can use the 2D PPLN waveguide structure to demonstrate
the experiment. Second, the pulse width.of the pump and signal waves
used is about 360 ps. The walk=off effect, which reduces the power of the
THz wave, exists. The group velo¢ity mismatch between the pump wave
and the THz wave is 240 ps/cm. For the long crystal length region, the
walk-off effect weakens the THz wave interaction with the pump wave.
Therefore, by using a longer crystal length, we have to use the longer
pulse-width pump source. Third, the other components in the spectrum of

the pump and signal waves also cause problems, as shown in Fig. 4-1.
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Fig.4-1: The spectrum from the OPA process. The wavelength for pump
and signal wave are 1539 nm and 1544.06 nm. There also have other
sideband components. The frequency difference between two near
components is 0.6 THz.

In the OPA process, sidebands of the pump and signal wave exist. The
frequency difference between two near components is about 0.6 THz,
which means that the generated THz wave may regenerate to the sideband
component by DFG and reduces the power of the THz wave. Therefore,
we designed a new experimental setup to overcome the problem, as
shown in Fig. 4-2. First, the pump source is amplified by the amplifier.
Second, two OPA processes are used to generate the pump and signal
waves for THz-wave generation. There are only pump and signal
components for THz-wave generation, and thus the sideband components

do not affect the DFG process.
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Fig.4-2: A new setup to generate the THz wave. First, use the amplifier to
increase the power of pump source. Second, generate pump and signal
wave from two different OPA processes. Using the setup, we can generate

THz-wave without the sideband effect.
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