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ABSTRACT

In this thesis, the nonlinear frequency conversion processes such as, optical parametric
amplification and third-harmonic generation, in one-dimensional photonic band-gap structure has been
computationally investigated. First, the multiple-scale method have been introduced to derive a new set
of coupled-mode equations for finite structure including higher-order nonlinear terms. The wavelength
of pump fields for both processes have been determined to be wavelength at the low frequency band-
edge of the transmission spectrum, which is illustrated by using transfer matrix method, for achieving the
band-edge enhancement. These frequency conversion processes have been modeled by using the split-
step Fourier method. The modeling results have been divided into two parts. The first part is the
numerical results of optical parametric amplification. These results have shown that the output
intensities of signal and idler have exponential growth respect to the layer number of photonic band-gap
structure. Meanwhile, the detuning parameter for pump field directly affects the intensities of both
pulses due to a band-edge enhancement that might be achieved from only an optimal value of this
parameter. Moreover, both of amplification gain and conversion efficiency of idler pulse have been also
depended on pump pulse bandwidth. The pulse, whose frequency bandwidth much less than the relevant
band-edge peak, enables highest amplification and conversion efficiency in this medium. Finally, the
conversion efficiencies can be also enhanced by increasing the input pump and signal intensities. The
second part is the numerical results of third-harmonic generation. In this part, the output intensities of
third-harmonic pulses in forward- and backward-directions, and also the conversion efficiencies have
been numerically calculated. The results show that the structure length increasing and optimal detuning

parameter can generate the efficient third-harmonic pulses. Furthermore, the total energy outputs,



v

depending on the fundamental-frequency pulse width, may be more than the energy produced by a
phase-matched nonlinear crystals. The narrow pulse, whose bandwidth less than band-edge transmission
peak, enables high conversion efficiency. The maximum efficiency of the forward component is

possibly greater than the efficiency of the backward component.

Keywords : optical parametric amplification, third-harmonic generation, photonic band-gap structure, -
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Chapter 1

Introduction

1.1 Literature review

Photonic crystals are the periodic nanostructures that affect, control, and manipulate the motion and behavior
of photons in the same way that the periodic potentials affect electrons in electronic crystal lattices by defining
allowed and forbidden electronic band structure. For photonic crystals that contain regularly repeating regions
of high and low refractive index. Photons (or electromagnetic waves) propagate through the structures or not
depending on their wavelength. The wavelengths that are allowed to propagate through photonic crystals are
called modes; groups of allowed modes form bands. The disallowed bands of wavelengths are called photonic

band gaps.

Photonic crystals were firstly studied by Lord Rayleigh in 1887 [1]. In his studying, the one-
dimensional photonic crystals in the form of periodic multilayer dielectric stacks (i.e. Bragg mirror) were
studied extensively. He had showed that these structures have a one-dimensional photonic band gaps, a
spectral range of large reflectivity, or stop-bands. A hundred years later, during in 1987, the two physicist
such that Eli Yablonovitch and Sajeev John were trying to study the novel optical phenomena in higher (two-
and three-) dimension periodic structures. Yablonovitch was investigating whether the spontaneous emission
of excited atoms placed inside dielectric cavities could rigorously be suppressed [2]. Meanwhile, John was
instead occupied with a more fundamental challenge: whether systematic observation of Anderson
localization (the absence of wave transport in a disordered medium) could be achieved by using classical
electromagnetic waves in non-dissipative systems [3]. They both realized that their investigations could be
completed if a suitably designed three dimensional periodic dielectric structures were used, such that a full
electromagnetic band gap (a frequency region where no modes, regardless of their polarization, are allowed)

opens up in the photon dispersion relation.

Now focusing on the simplest systems, the one-dimensional photonic crystals (1D-PCs) or the

photonic band gap (PBG) structures. These structures have been theoretically and experimentally studied in



many topics over the past few years and the effects from these structures can be extended to describe the same
effects in higher-dimension structures. This kind of periodic structure are compact and could be easily
fabricated in the experimental works. Almost researches on PBG structures have been already in widespread
use in the form of thin-film optics with applications ranging from low and high reflection coatings on lenses
and mirrors to color changing. They are also used in a diverse range of applications; from reflective coatings
to enhancing the efficiency of LEDs [4], high-reflecting omni-directional mirrors [5], low-loss-waveguides [6]
to highly reflective mirrors in certain laser cavities (for example, VCSEL) [7]. The mentioned application
samples of PBG structures always used the high-reflectivity property of photonic band gap, which is the linear
optics regime. To go further in optical community, the PBG structures have been applied to nonlinear optics

regime for enhancing the nonlinear optical effects and developing the various new PBG devices.

There are many nonlinear optical applications and devices based on PBG structures. For examples, in
1994, Scalora et al have numerically studied about the pulse propagation near the band-edge of the PBG
structure with a spatial gradient in the linear refractive index, together with a nonlinear medium response.
They found that such a structure can result in unidirectional pulse propagation. This behavior constitutes the
operational mechanism for a passive optical diode [8]. In the same year, they also numerically investigated
nonlinear propagation of ultra-short pulses near the band edge. They demonstrated that this nonlinear
mechanism can induce pulse reshaping and pulse generation. This phenomenon has important new
applications in both optical limiting and optical switching [9]. Meanwhile, Dowling et al demonstrated that at
near the band edge of a PBG structure the photon group velocity approaches zero. This effect implies an
exceedingly long optical path length in the structure. If an active medium was present, the optical path length
increased near the photonic band edge can lead to a better than fourfold enhancement of gain. This new effect
has important applications to photonic band-edge laser [10]. Two years later, in 1996, Scalora et al, again,
examined optical pulse propagation through a PBG structure at the photonic band-edge transmission
resonance. They theoretically predicted and experimentally demonstrate an approximate energy, momentum,
and form invariance of the transmitted pulse, as well as large group refractive index up to 13.5 and then group
velocity was simultaneously slowed. From these results, the PBG structure could be applied to a true-time

delay line in optical communication systems [11].



The other application of PBG structure in nonlinear optics regime is nonlinear frequency conversions,
i.e. sum-frequency generation (parametric up-conversion), difference-frequency generation (parametric down-
conversion), second-harmonic generation, - third-harmonic generation, and parametric amplification and
oscillation, have been widely studied. The PBG structure plays an important role in nonlinear frequency
conversion because the phase-matching problem in nonlinear bulk medium. The examples of nonlinear
frequency conversion in PBG structures are second-harmonic generation in pulse regime by Scalora et al in
1997 [19]. They presented the numerical study of second-harmonic generation and showed that their structure
could generate short second-harmonic pulses whose energy and power levels may be 2-3 orders of magnitude
larger than energy and power of equivalent length of a phase-matched bulk medium. In 2000, the parametric
down-conversion for efficient infrared generating in the PBG structure by Centini et al [20]. They used the
effective index method to obtain the phase-matched nonlinear generation of infrared radiation. And then the
conversion efficiencies were predicted when assuming ;{(2) values of order 100 pm/V and pump intensities of

order 100 MW/cm’.

To achieve the efficient converted-frequency signal from the nonlinear medium. The phase-mismatch
Ak that occurs from the sums of wave-vector of interacting waves inside the medium should be zero. But
this condition is very difficult to achieve because the material dispersion problem. And consequently the
conversion efficiency from bulk medium is quite low. So, this problem should be solved by many technique
for improving the efficiency of nonlinear frequency conversion and the PBG structure would be a good
option. The phase-matching multi-wave interactions for nonlinear frequency conversion by periodic
structures was first discussed by Armstrong et al [12] and by Bloembergen and Sievers [13]. Armstrong et al
[12] proposed the three types of phase-matching of efficient harmonic generation. Among them, it was
proposed the type of phase-matching which is called quasi-phase-matching; the nonlinear susceptibility
changes sign, but the linear properties of the medium are the same. Generally, the coherence length is orders
of magnitude longer than the fundamental-frequency wavelength. The quasi-phase-matching theoretically
preceded birefringent phase matching, but it was not experimentally feasible until recently, when periodic
poling of the domains in a ferroelectric crystal was developed [14-17]. Due to the coherence length of quasi-

phase-matching is usually longer than the wavelength, so the structure length should be the order of millimeter



or centimeter range. This is a disadvantage of this technique. Unless the quasi-phase-matching, the example
techniques, which have been usually used to improve the nonlinear frequency conversion phenomena in the
PBG structure, is the using of PBG dispersion characteristics. In 2001, Tarasishin et al have proposed the
technique of matching phase and group velocities to improve the second-harmonic generation in the PBG
structure [21]. The PBG dispersion characteristics have been combined the phase-matching to compute the
group velocities of pump and second-harmonic pulses. By using this technique, the designed PBG structure
could give the second-harmonic conversion efficiency is about 20 times greater than the efficiency from
quasi-phase-matched medium. Similarly, Yan-qing Lu et al have proposed the use of a nonlinear PBG
structure to generate coherent microwave radiation through the optical rectification effect, in 2002 [22]. They
have used the PBG dispersion characteristics in order to solve the phase matching problem. Then, they
compared the results from the PBG structure with the traditional electron-beam-induced microwaves system.
They concluded that the new microwave generation source is economical, compact, and stable. According to
the two examples, the nonlinear effect improving technique by using the PBG dispersion characteristics is a
good option, but the PBG structures in these cases also have the structure length in order of millimeter for

achieving high conversion efficiency.

Besides the both techniques, there is a technique that introduced to enhance the nonlinear optical
effects in the PBG structure. The name of the technique is band-edge enhancement. This technique is based
on the local field enhancement mechanism that is available by choosing the pump or fundamental-frequency
fields to the low frequency or long wavelength band-edge of the principle band-gap. The local-field
phenomenon involves resonant field enhancement and increased the photon density or equivalently the slow
group velocity of the optical waves [19]. The combination of this technique with the nonlinear effects could
provide great flexibility in the design of new devices for nonlinear frequency generation. In 1997, the band-
edge enhancement had been proposed to enhance the pulsed second-harmonic generation in the multilayered
PBG structure by Scalora et al [19]. They have tuned the pump field wavelength to the low frequency band-
edge. Moreover, they have also chosen the pulse bandwidth to be smaller than the band-edge peak bandwidth
for avoiding the pulse dispersion and allowing the local-field to build-up inside the PBG structure. They

found that the total second-harmonic energy output for the PBG sample becomes about 500 times greater than



the total energy output for phase-matched bulk medium with equivalent structure length. In 1999, Centini et
al have investigated the highly efficient parametric amplification in the PBG structure. They have combined
the band-edge enhancement and phase-matching through anomalous dispersion to provide the conversion
efficiencies orders of magnitude larger than quasi-phase-matching [23]. And they also suggests that the
enhancement technique is valid for multilayered structures with large index contrast like the PBG structure.
Next, in 2004, the band-edge enhancement has been also used to improve the nonlinear frequency conversion
in the PBG structure by Haus et al [24]. They have used the local-field enhancement in the structure to design
the tunable terahertz (THz) generation device based on the PBG geometry. The two driving fields have been
tuned to near the band-edge position. The first one has been fixed to be at the long wavelength band-edge
position and the second one has been detuned around the band-edge position to generate the THz field by
using the difference frequency generation. Finally, the enhancement values of nonlinear effects in arbitrary

conditions have been compared.
1.2 Motivation

Recently, the researches on conversion efficiency improving of nonlinear frequency conversions in the low-
index contrast periodic structures, i.e. uniform, chirped, and tilted fiber Bragg gratings, have been numerically
examined and widely studied. But, the conversion efficiency improving of nonlinear frequency conversions
in the high-index contrast periodic structures like the multilayered PBG structures haven’t been completed and
haven’t been widely studied [19]. According to the above literature reviews, the almost nonlinear effects,
which have been examined and investigated, are the second-order nonlinear effects e.g. the second-harmonic
generation, optical rectification, parametric-down conversion. These nonlinear frequency conversion effects
have been generated in the PBG structures with second-order x(z) nonlinearity. So, the improving third-order
nonlinear effects in the PBG structure with third-order 1(3) nonlinearity should be interested to study and
investigate their behaviors. The frequency conversions based on x(” nonlinearity have been widely
investigated in optical fibers [25-26], grating fibers [27], microstructure fibers [28], micro-ring resonator {29]
and silicon photonic structures [30]. But, the investigation of frequency conversion in high-index contrast
structure like PBG structure has been rarely examined. So, this thesis is devoted to an analysis of the

nonlinear frequency conversions such that optical parametric amplification and third-harmonic generation in



one-dimensional PBG structures with third-order Z(3) nonlinearity. The band-edge enhancement has been
chosen to enhance both nonlinear effects in the PBG structure corresponding with the suggestion of the
Centini et al work [23]. The PBG structures are composed of two alternating dielectric layers and their
periodic length has been chosen to be on the order of the fundamental harmonic wavelength [18] for creating
the structures in micron scales. The nonlinear frequency conversions in the structure have been analyzed by
using the multiple-scale method, and then derive the new complete set of nonlinear coupled-mode equations
including additional nonlinear terms, which are related to Fourier components of the spatially varying
nonlinear coefficient and performing the nonlinear deep gratings inside the structures. And then, the output
amplitudes of these frequency conversions have been numerically modeled with split-step Fourier method,
which takes into account counter-propagating waves [31]. Finally, the amplification gain and conversion
efficiency for optical parametric amplification would be calculated and indicate the physical factors that affect
to both of gain and conversion efficiency. Meanwhile, the conversion efficiency of third-harmonic generation

would be also calculated and also indicate the factors that affect to the conversion efficiency.
1.3 Objectives of thesis

After the primarily study, we have set the scope of our study in this thesis to just numerically investigate the
nonlinear frequency conversion phenomena in photonic band-gap structures with high-index contrast. In
addition, we also have demonstrated that the nonlinear phenomena can be improved with the structures by
calculating the amplification gains and conversion efficiencies. Then, the goal of this thesis are set to the

following tasks.

1) To study the enhancement principle of nonlinear frequency conversion phenomena; optical
parametric amplification and third-harmonic generation, by using the optical properties of photonic
band-gap structure.

2) To simulate the nonlinear frequency conversion phenomena; optical parametric amplification and
third-harmonic generation, in one-dimensional photonic band-gap structures with third-order

nonlinearity by using the numerical methods.



3) To develop the MATLAB programing code, for modeling nonlinear frequency conversion

phenomena, based on the split-step Fourier method that is suitable for computing with personal

computer or laptop.
1.4 Overview of thesis

This thesis is organized into five chapters, named as follows:
Chapter 1: Introduction
Chapter 2: Mathematical methods
Chapter 3: Optical parametric amplification in PBG structure
Chapter 4: Third-harmonic generation in PBG structure
Chapter 5: Conclusions

The brief details of each thesis chapters are shown as below.

Chapter 1 gives the literature review on photonic crystals and their applications, and nonlinear optics

in photonic crystals. This chapter also gives the motivation, objectives, and overview of this thesis.

Chapter 2 briefly describes about the mathematical methods, which are used in this thesis i.e. transfer
matrix method, multiple-scale method, and split-step Fourier transform. First, the transfer matrix method
which is used to calculate the transmission curves of the PBG structures. In addition, the band-edge position,
which is used to enhance the considered nonlinear effects in the PBG structure, could be indicated from the
given transmission curves. The second method is the multiple-scale method. This method would be used for
higher-order perturbation problems that require several time and length scales. This would be done by
expanding the independent variables in terms of a perturbation parameter. Thus, a single problem would be
simplified by being broken down into several processes, each occurring at a difference scale, and each being
independently treated. And the split-step Fourier method has been used to solve the nonlinear wave
equations. The nonlinear wave equations have been solved by setting the approximated solution in

symmetrized split-step operators and appropriate boundary conditions.



Chapter 3 describes the details of the optical parametric amplification in the PBG structure. First, the
PBG structure designing and how to choose the interacting wavelengths of this effect are introduced. Then,
the derivation of coupled-mode equations, which correspond this nonlinear effect, have been done. After that,
these coupled-mode equations have been solved by the split-step Fourier method to obtain the amplified signal
and generated idler amplitudes. Finally, the output amplitudes have been used to calculate the amplification

gain and conversion efficiency.

Chapter 4 describes the details of the third-harmonic generation in the PBG structure. First, the PBG
structure designing and how to choose the fundamental-frequency and third-harmonic wavelength of this
effect are introduced. Then, the derivation of coupled-mode equations, which correspond this nonlinear
effect, have been done. After that, these coupled-mode equations have been solved by the split-step Fourier
method to obtain the output third-harmonic amplitudes in forward and backward directions. Finally, the

output amplitudes have been used to calculate the third-harmonic conversion efficiencies.

Chapter 5 gives the conclusions of this thesis and the suggestions for future works.



Chapter 2

Mathematical Methods

In this chapter, the useful mathematical methods are introduced in more details. Since, this thesis is
based on the numerical investigation, so the mathematical methods are required to solve the interesting
problems. The mathematical methods which are used in this study consisting of the transfer matrix method,

multiple-scale method, and split-step Fourier method. The detail of each methods are presented in subsection

as below.
2.1 Transfer matrix method

The light propagating through a periodic structure like PBG material could be differently considered when
compare with light propagating through free-space or homogeneous material. There are many analytical and
numerical methods to investigate the light propagation behaviors in the linear [32-33] and nonlinear [34-35]
stratified structures. A well-known numerical method that use to compute the output wave from PBG
structure is the transfer matrix method (TMM). This method is based on the calculation the output wave for a
single thin film material by treating the medium as a black-box when knowing the input wave. The single thin
film effect could be related to the composite effect of stratified media, by accumulation of each single thin
film effect. The output wave has been easily obtained by using matrix multiplication. TMM could be
deployed to study optical properties i.e. transmittance, reflectance, and absorbance; in symmetric multilayered
structures [36], nonlinear multilayered structures [37], and Fibonacci multilayered structures [38], etc. In this
section, the TMM is used to plot the transmission spectrum of our PBG structure, which is composed of two
alternating dielectric layers with different Z(3) in each layer in the linear optics regime (low intensity). In
addition, indicating the position of band-edge has been considered because of the wavelength of incident wave
would be tuned to this position for enhancing nonlinear effect in the PBG structure [18-19, 23-24]. This
enhancement technique is known as the band-edge enhancement. So, the TMM also is an important step of

the procedure of designing the optimal PBG structures for both OPA and THG.

Firstly, the Maxwell’s equations in particular materials is shown as:
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V-D=0, (2-1a)
V-B=0, (2-1b)
oB
VXE=—-—, 2-1
P @-1c)
VxH =—a—D, (2-19)
ot

where E=E(z,f)and H=H(z,t)are the respective electric field (V/m) and magnetic field (A/m)
amplitudes, and D =D(z,#) and B = B(z,1) are the electric displacement (C/m’) and magnetic flux (Wb/m’
or T), respectively. Also, in arbitrary materials, we know that D = gE and B = 4H , where ¢ is the electric
permittivity (F/m) and u is the magnetic permeability (H/m) of material. By using Eq. (2-1c), Eq. (2-1d), and

the relation B = #H and then the obtaining result is given as:

o’D
VxVXE=- . 2-2
H Py (2-2)
Then, the Eq. (2-2) could be expanded by using the vector identity VXV xA =V(V-A) - V*A as:
2
VxVxE=V(V-E)-V’E = _/‘%tTD’
1 o'D
~V(V-D)-VE=—-pu—r-. -3

Generally, the electric displacement is related to the electric field through the permittivity of a medium and it

can be expressed as:
D=¢E. (2-4)
For the case of linear medium with linear polarization P = ¥"E , the linear electric displacement is obtained:
D, =gE+P=¢g,(1+y")E=¢,E (2-5)
In reality, the polarization field is more complicated and it can be expanded in Taylor series to obtain:

P=y"E+y®EE+ y®EEE +... (2-6)
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The first term in Eq. (2-6) is the polarization in linear optics regime and the second and the third terms are the
polarization in nonlinear optics regime, respectively. In this case, the third-order nonlinearity is only

considered. So, the electric displacement in medium with third-order nonlinearity can be expressed as:

D =¢,(1+7"E+ 7y EEE)
=& (1+ 2" )E+£,7"EEE
=g E+¢,E
=D, +Dy,
D=D, +D,,, @-7)

where y®is the linear susceptibility (dimensionless) and zPis the third-order nonlinear susceptibility
(m’/V?). Note that the subscripts “L” and “NL” represent linear and nonlinear, respectively. From Eq. (2-1a)

that showsV-D =0 and using the general form of electric displacement as in Eq. (2-7), so Eq. (2-3)

becomes:
’D o*D 'E 9D
~V’E=- L— ML = — - N 2-8
o H o Moo ~H 50 2:8)

According to the plane wave solution for monochromatic wave propagating in the z-direction, the electric

field can be written in the product of electric field amplitude, which is function of z, and its phasor. So, the

electric field can be expressed as E(z,1) = E(z)e™ . Since, the nonlinear electric displacement is depend on

ot

electric field, so it can be expressed asD,, (z,£) = D,, (z)e™ . Therefore the derivatives of electric field

2 2
E ~ ) a D - =i
and electric displacement are a =-0’E(z)e™ =-0’E anda—NL— =-o’D,, (2)e”™ =-a’D,, .

2 x
These identities are substituted into Eq. (2-8) as:

-VE =0’ us,E+ao’uD,,. (2-9)

Note that k =@.jue, andk = kyn=ky\/¢, for g =1in non-magnetic material, where the subscript “0”

represents free space. So, Eq. (2-9) will be updated and rearranged as:
V’E +klg, E=-k.D,,. (2-10)

According to Eq. (2-10), the nonlinear electric displacement [60] could be expressed as:
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— (3) * *
Dy, =52 AE(E-E")+ BE (E-E)], (2-11)

where A and B are nonlinear constants. Both nonlinear constants are obtained from the tensor nature of the
third-order nonlinear susceptibility [60]. In one-dimensional case of two counter-propagating waves inside

the PBG structure, the electric field could be written as:
E(z)=E " +E,¢e™, (2-12)
and its corresponding second-order derivative with respect to z is expressed as:

g O'E, OE 2
VE = a_123 =—Le* +2ik—L e —KE & + o 12 i L
oz oz Oz Oz Oz

e —kE, e, (2-13)

where the subscripts “f” and “b” represent the forward- and backward-direction of wave propagation.

2
E OE
Now, the slowly varying amplitude approximation has been proposed such that 3 /<< ika—f and
iz z
O’E,| |., oE, - . ,
% < |ik 6_ . So, the two second-order derivative terms in Eq. (2-13) could be neglected. Finally, the
z

equation is given as:
ok, .
VE = 2ik—ZL¢* —sz e ik —L oF, e sz (2-14)
0z oz

For compact notation, let E, = E feikz andE_=E be‘”‘z , So that:

oK, OE

2g,E, 21k—é——k23LE_. (2-15)
74

V’E =2i

Then, the nonlinear electric displacement D, could be expanded by using these compact notations as:

Dy, =1 [ AE,(E, -E,+E_-E))+ AE_(E, -E, +E_-E))
+AEE,-E. +AE,E_-E. + AEE, -E’ + AE E_-E,
+BE.E, -E, +2BEE, -E_+BE.E_-E_
+BE'E, -E, +2BE'E, -E_+BE'E_ -E_].

(2-16)
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The terms with phase component ¢’ ande™™ will be kept but the terms, which cannot satisfy phase-matching
ie. AELE, -E.,AE E_-E,, BE.E_-E_,and BE'E_ -E, will be neglected. Next, the Eq. (2-15) and Eg
(2-16) are substituted into Eq. (2-10) as:

oE, .. OF

2ik =~ 2ik—= - ke (B, +E ) +kje, (B, +E ) =-k 5,7 [ A(E,(E, -E, +E_-E.))

oz
+A(E_(E, -E, +E_-E’))
+AEE_-E +AEE, -E_+BEE -E,
+2BE.E,-E_+2BE’'E_-E_+BE'E_ E]

2iky+[, % ik, 5, % =—kle,y [A(E+ (E,-E, +E_-E)))+ A(E_(E, -E, +E_-E’))+ AE_E_-E,
+AE E,-E +BEE_-E, +2BEE, -E_+2BE'E, -E_+BE'E_ E]
2-17)

Then, collecting the equation with the terms for e* ore™ | the coupled equation will be given as:

2iky [, a;:_; = k&P A(E,(E, -E, +E_-E)))+ 4E E, -E’ +BE.E, -E, +2BE'E, -E_],
(2-18a)

and

—2ik, /&, % =—klg,x? I:A(E_(E+ -E,+E_-E'))+AE,E_-E, +2BE.E,-E_+BE'E_ E]
4
(2-18b)

In fact that the linear polarization has been divided into two cases i.e. TE (s-polarized) and TM (p-polarized).

The diagram for TE polarization is illustrated in Fig. 2.1. Note that x and y are the transverse directions, and

z is the propagation direction.
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linear and nonlinear optics effects, and with higher the intensity, stronger the dominance of the nonlinear
effect. Next, the effect of laser tuning to the band-edge of the photonic band-gap is consider. First, the Fig
2.4 (a) shows the local-field distribution inside PBG structure when laser is tuned to the long wavelength
band-edge. At this wavelength, the field is resonance and dramatically increased in the field amplitude inside
the structure. Second, as show in Fig. 2.4 (b), the laser wavelength is tuned to the short wavelength band-edge
of band-gap. At this wavelength, the local-field is also resonance as first case, but the field amplitude is lower
than the field amplitude at the lower band-edge. So, the field at long wavelength band-edge should be
efficient for enhancing nonlinear effect in the PBG structure when compare to the field at short wavelength
band-edge. Finally, when the laser wavelength is tuned to the other wavelength except both band-edges, the
local-field is not resonance and also exponentially rapidly decreased as shown in Fig. 2.4 (c). Therefore, the
best option to enhance the nonlinear effect in PBG structure is tuning the input laser wavelength to the long

wavelength band-edge of the photonic band-gap.
2.2 Multiple-scale method

In order to model the nonlinear optical phenomena e.g. third-harmonic generation and optical parametric
amplification in the PBG structure, we need to consider the wave equation that describe electromagnetic
waves behavior in the structure. Depending on the PBG structure, the wave equation can be expressed in
different form where each form corresponds to a unique scenario with different boundary and initial
conditions. Since, the wave equation in this case can be nonlinear, and ordinary analytical method may not
have any possible solution. One method to get around this problem is applying the perturbation method. The
concept is to perturb the wave equation with nonlinear source term by a small factor, and expecting to reduce
the nonlinearity, enough so that the problem can be solved analytically. Meanwhile the solution of the

perturbed form provide a close similarity to the actual solution.

Here, the discussing perturbation method is the multiple-scale method (MSM) [56-57]. The MSM
would be used for higher-order perturbation problems that require several time and length scales. This would
be done by expanding the independent variables in terms of an expansion parameter. These new coordinates

are considered independent of each other. Thus, a single problem would be simplified by being broken down
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into several processes, each occurring at a difference scale, and each being independently treated. The
advantage of this method over other perturbation techniques is its ability to seek a uniform perturbation
expansion by using the systematic elimination of secularly growing forcing terms that enter at the higher

perturbation orders [18, 40-41].

Let us consider the scalar wave equation with nonlinear polarization term, which is given by:

& E 18D, 4nd°P,
Z o F o (2:29)

where E(z,t)is the electric field, D,(z,f)is the linear electric displacement, Py, (z,t)is the nonlinear

polarization, ¢ is the speed of light in vacuum, z is the propagation direction, and #is the time variable.

Then, the needed perturbation series will be set up for this method. First, the electric displacement is

described as:

D,(z,f) = L &£(z,t —tYE(z,t")dt'
=¢g(z,))® E(z,1),

(2-30)

where ® denotes a convolution operation and The function &(z,t) is dielectric function which has
periodicity in z-direction and the medium is dispersive. Let the Fourier transform in time domain of D, and

£ are ZSL and £, respectively. Thus, the Fourier transformed Eq. (2-30) is:
D, (z,0) = &(z,0)E(z, ), (2-31)

where @ is the angular frequency variable, and note that the Fourier transformed dielectric function £ is

complex function. Now, it is expanded in Taylor series expansion as:

E(z,m) = i M (0" (2-32)

n=0

Then, substituting Eq. (2-32) into Eq. (2-31), we obtain:

D,(z,0) =) 6" (00" E(z, ). (2-33)

n=0

Next, this relation should be introduced to simplify our analysis,
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T
G gteon _ _jopite=an

ot

0
In other words; — = —im orw=>i—,
ot ot

Taking the inverse Fourier transform to both sides of Eq. (2-33) and then replacing @ with i8/ 0t , so we get:
. 0 " io
e E(z,0)e”dw. (2-34)

n=0

J: D,(z,w)e”dw = J:i £"(0)

Next, the term, which is not dependent on the angular frequency @ , can be pulled out from the integral as:

D,(z,f) = i £(0) (i%) j: E(z,0)e”dw

n=0
o 2 (1.2.)
=[ D870 i—| |E(z0), (2-35)
n=0 at
a 0
=¢&(z,i—)E(z,1),
( P t) (z,0)
N 0 - Y
such that £(z,i—) =Y £7(0)| i=|.
( 5 t) Z(; ( )( at)
Now, the MSM perturbation variables have been introduced [18, 40-41] as:
z=zy+puz Az, .= z Wz, (2-36a)
n=0
=ty gt 4 0 = D L (2-36b)
n=0

where i is the perturbation parameter which is unity at the end of analysis. So, the corresponding second-

order derivative of Eq. (2-36) can be given as:
20 9 (2-37a)

2 2
0 9 09 U ——+..,

— =—a+2u———+
o o e 0n " @, 0r

# & . 806 .,0 0
—_— 42—} 2 — . (2-37b)
ot o Hagan M e e
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Next, the angular frequency @” or simplified form i®/ 0t can be expanded in similar fashion as Eq. (2-37)

n n n-1 n-2
n (.0 , 0 0.0 0 0
o =li—|=li—1| + —i— ] +(mn-1 — || i— -
( &) ( atOJ nlu(l &1](1 &OJ (n )qu(latZ J(l &0) " 238

3 . . . ~ - a A ~
Due to the dielectric function is complex so; 8(2,15) = & (2,1 62) +iug, (z,i g)’ where the subscripts
t t

as:

Re and Im represent real and imaginary parts of complex dielectric function, respectively. Then Eq. (2-38)

is substituted into the Taylor series expansion of £(z, iai) . So we have:
t

e A 4 ) () oY 0 o\
Eaiz ) Z< +ipEl)(0) ( ato) +nﬂ( 5 )( atj .
“Zéﬁ?(o)('—) +wZé,‘,:’<0)(z—J +Zﬂﬂ€‘”’<°>(z—](§) e

n=0 n=0 0 l 0

= ii +iué ii +i ié’ ii +
kel “ar, )T HEm o, ﬂatl la) ™

(2-39a)

n-1

~ .0 N

where 8;<e (’ g Z (”)(0) 1 - and the prime denotes the derivative with respect to the angular
0 n=0 0

frequency of the function. At the fast scale z =Z,, the Fourier series expansion of dielectric function

é(zo, o) along the longitudinal direction is given as:

o
it

s(zo,l—) D ée x °, (2-39b)

f=—0

where A is the periodic length of PBG structure and é, is the Fourier coefficient of complex dielectric
function. If £=0, the zeroth-order Fourier coefficient in Eq. (2-39b) have been obtained, and it correspond

to the zeroth terms of 0/ 0, in the perturbation series in Eq. (2-39a) such that;

£, i—a— ~ €, i——q— +iuE 8 +lﬂ—a—8 ;9
°Uar)” ", )74 oy, )T o oy, )
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Hence, the Eq. (2-39a) has been combined with Eq. (2-39b) and then the completed form of complex

dielectric function of the structure can be expressed as:

2z

a .0 ~ . 0 . A 0 0 . 0 aA =z
& J— =€ ol I— + — iy — ,e f A A , -
(ZO 1 tJ =& (l to J ug, (l to ] u tl Er (l to J+ﬂ E g.e (2 40)

=—c0
=0

where the delta symbol are added to distinguish between the zeroth-order Fourier coefficient £, (Zo ,g—) and
t

the higher-order Fourier coefficient terms, respectively. The higher-order Fourier coefficient term Aé, has

been showed the modulated dielectric function of the PBG structure.
Now, let consider the nonlinear polarization term Py, in Eq. (2-39). This term is described as:
Py, = P E(z,0), (2-41)

where 1(3) is the third-order nonlinearity. The third-order nonlinearity can be expanded in Fourier series like
the complex dielectric function because this value will be modulated by the periodicity of PBG structure. Its

Fourier series is given by:
2 if—-z
20Got)= 2 e A (242)
{=—c0

Similarly, the electric field is also expanded in powers of the perturbation parameter as:
E(z,t)=E,+ uE, + i’E, +..., (2-43a)
and then expand E? to the first-order accuracy as:
E’(z,)~ (E, + uE) = E; +3uE2E, + 31 E,EX + I 'E}. (2-43b)

Now, the perturbation series in Eq. (2-35), (2-37), and Eq. (2-40) to (2-43) are substituted into the wave

equation in Eq. (2-29) to perturb this equation by using MSM. Then we obtain:
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0’ 0 0
—+2 E,+uE
(623 ”azo 621J( HE)

1. 0 0 0 . 0 2, i | & 0 0
~—| Ege +ipg,, | i— [+ipg—&|i + EA A —+2u——
22| °R ( atoj H [m( ato) l#at R ( 6t0J #l=—ao £, {atg'l' #ato ar, (Ey+ uE)
220

4709 4op uy z‘” A (E3+3,uE2E )-
c*\or at at 0 o

{=—0

(2-44)

After that, Eq. (2-44) have been expanded and then neglected any terms that contain ,uz or higher-order

because of minuscule contribution for this analysis. The result of expanding of Eq. (2-44) is:

O’E, O'E 0 OE,
—tU— +2u——
0z, 0z, 0z, 0Oz,
1|, (.8 )\0°E, . . (.0 )0 0., [.0 :34’50
~—| Ere| I + — +ip—&; A€
e *‘°('azoj oz o (a )az TG E *‘e[ 6t0) o Z g‘
taeo

(2-45)

o 1202, 0% 4 (;0 #62E1
Lo ) o, o "\ e ) ol
Now, each terms that contain parameter ,uo have been grouped together. Then the first grouped equation is

aon_lg 0 \O'E, 0 2460
o | \'e a2 | :

Similarly, the terms that contain parameter #1 have been grouped together as well. The second grouped

shown as:

equation is shown as:
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O°E, 1, ;0 O’E,
@ oy o
0 0

i . (.0 )O'E OF, .
—Lza[m(z—] °+2i—°—%£ ( aj 0 %, (2-46b)

c o, ) o 6z, 0z, ¢ at, Jor, or,
_CI—;é}'{e (i a‘?o J%%:_ELZ;A O, 7o _ _(:; ;1 z;ne"zT”‘“ EgJ.
20
Next step, let L be an operator defined as:
L=Ly+uL +4°L, +..., (2-47)

and then let L be an operator on the electric ﬁeld, then we obtain:

LE = (L, + uL + 4*L, +.)(Ey +uE + (PE, +..)

(2-48)
=LEy+u(LE +LE)+...

Now, the terms with 4°in Eq. (2-48) similar to Eq. (2-46a). Here, the lowest order equation (O(1))is

* 1. 0 ) &
L,E, —_ | — |— | | E, =0. 2-49
l:azz 2 I:gRe (’ o, ] atg :” 0 (2-49)

Similarly, the term with ,uo in Eq. (2-48) similar to Eq. (2-46b). For convenient, the secular terms in

obtained as:

perturbation series are removed by setting L, E, + L E; =0. Since, Eq. (2-49) is a classical wave equation
with nonlinear source term, the solution of E, could be easily obtained. So, we can let the relation

L,E, = LE, =0. Now, the first-order equation (O()) is obtained as:
. 2
LE,= 211—%8}“ ;9 _a_z_%gm_ ;91090
0z, 0z, ot, Jot; ¢ or, ) ot, ot
(2-50)

i f(.0)0 & =, . iz—”zo 47 2 1622,
i J;;——Z b ¥ = E G B Tm)

C - 0 {=-

The equation (2-50) could be solve analytically for obtaining the plane wave solution that

corresponds to the considering nonlinear effect e.g. optical parametric amplification in the chapter 3 and third-
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harmonic generation in the chapter 4. After that, the solution of EO is substituted into Eq. (2-50) for deriving
the set of coupled-mode equations of the nonlinear effect. Finally, the obtained coupled-mode equations
would be solved numerically by using the split-step Fourier method. The detail of split-step Fourier method
would be shown in the section 2.3 and the numerical results for optical parametric amplification and third-

harmonic generation would be shown in the chapter 3 and 4 respectively.
2.3 Split-step Fourier method

The coupled-mode equations, which have been obtained from MSM procedure, for optical parametric
amplification and third-harmonic are difficult to have an analytical method. Since, the equations are maintain
many nonlinear terms and hard to be solved analytically by ordinary methods. Hence, the numerical methods
will play an important role and be a good option to approximate the general solution for these problems.
Numerical methods may vary in terms of the demand of computational power and time, memory space,
storage space, and coding complexity etc. With the progressive advancement of the computer in the present,
the nonlinear differential equations can be numerically computed at high speeds. Some numerical techniques
and methods that need enormous memory and waste the computational time are not the good ways in efficient
computing. Therefore, a key factor which has been considered when applying a numerical method is that it

has to be user friendly in terms of coding with the given computational power and time.

Recently, many numerical methods have been introduced to model the physical phenomena e.g. heat
transfer, fluid dynamics, and electromagnetic scattering. For example, the finite difference method, finite
element method [42], finite-difference time-domain method [43], and split-step Fourier method [31]. Each
method has its own advantage and compatibility with different physical problems. For example, the finite
difference method can easily be implemented with the finite difference representation of heat or wave
equations; the finite element method is a good option for modeling heat transfer, stress and strain in complex
structure, and fluid diffusion; the finite-difference time-domain method is usually used for computational
electrodynamics with cover a wide frequency range with a single simulation run, and treat nonlinear material
properties in a natural way [44]; and the split-step Fourier method is computational technique, which has been

used in optical communication system, with the introduction of speedy algorithm of Fast Fourier Transform
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(FFT). Here, we see that the finite-difference time domain method being used to provide solution in both
space and time and can be applied to nonlinear problems in optical waveguides [45-46] and photonic crystal
structures [47]. This method is perhaps the most accurate, but it often suffer from huge computational
requirements in both memory and time that limit its range of practical applicability in the design actual
structures. Similarly, the split-step Fourier method has been usually used to model the light propagation in the
optical communication devices such the graded-index fibers [48]. But in this work, we have been looking for
a numerical method that allows us to model the nonlinear optical phenomena in the one-dimensional photonic
band-gap structures, easily code in MATLAB language, and run computing routine on laptop or personal

computers.

In preliminary, we need to understand the principle of the split-step Fourier method. We begin with

considering a first-order differential equation which can be written in the form, given as:
oyt 5 A
% =[$+D]ww, 2-51)

where S , and D are function of time (), and S and D are the operators which operate on y [31, 58-

59]. The Eq. (2-51) is solved, and the result becomes:
"ra . A ’ N
w(t)=w®+['[ S+ D]
YT&L Al naet oy (0T 6 . A NS A e L)
we)=p @+ [S+D](t wiehdr'+ [ | [S+D:|(t )[S+D](t Y (t")dt'.
This process has been continued and the general result is:
4 ~ A '
w(e)=T(exp(['[5+5]an |we),

where there are T orders product of the operator [A+b:| (t"). For the first-order product T=1 and
I, =t + At the first-order result become:

w(t+Af) = exp [(§ + D“)Ar] w(e). (2-52)

~

Eq. (2-52) inform us that given an input /(#), and knowing the operators .S and D , this equation can be

computed for (¢ + At) with a small incremental time step Af . Note that S is a propagation operator, and D



28

is a diffraction operator, such that S causes the optical wave to move forward or backward when going

through the optical medium and D causes the wave reshaping. In addition, note that small Az give the better

computing accuracy.

Then, Eq. (2-52) could be rewritten in the form of split-step operators, where the exponential in this

equation is split into multiple exponentials, such that;
w(t+At)=exp {5’ %] exp [ﬁAt] exp I:SA' %] w(). (2-53)

This expression is accurate to the second-order in A7 . Clarity, if the term exp(§' ), exp(ﬁ) , and exp(ﬁ +S )

could be expanded by using power series, and then they are given by:

S2A S3AP
+ 3

exp [S’Ar] =I+SAt+ o (2-54a)

N2 A 42 A3 A 43
D A't +D Ar +..., (2-54b)

exp [ﬁAt:I =1+ DAt + 3t

and

S +D)Aa  (S+Dyar
+ +
21 3!
N An  An A (2-54¢)
S*+SD+DS+D*)
A +....

exp [(S’ + b)At] =I+(S+D)At+

=I+(§+l5)At+( -

From the split-step approximation, we obtain:

SAt 18°A7 A DR SAr 1 82As?
= —_— = .|| I+ DAt+ +o | I +—F———+... t
w(t+Ar) {I+ Tty J( + > ) >t w(t)
- (2-54d)

G2 , ONA NG . N2
S*+8D+DS+D JAt2+... o).

21

z|:]+(§+b)Af+(

Note that this is equivalent at order Az’to the expansion in split-step approximation. The important
advantage of the split-step Fourier method is that the S operator step forward half time step, while D
operator step forward one full time step, and finally the S operator step forward the remaining half time step

in one computational time step. Hence, for the S operator, it seems like we pick a smaller time step of Af /2.
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Note that if S and D are non-commuting matrices, the approximation may not be exact. However, if S and
D are diagonal matrices, they will always commute and the approximation becomes exact. More precisely,

the approximation is also exact if S and D) commute with the commutator [S' , 15] .

Since, this numerical method is based on the Fourier transform, so the Fourier properties can give

insight to the split-step Fourier method, given as:

F Yy (@)e ™™} =p(x-x,), (2-55a)

and
Ny () H(x)} =y (@) ® H(w), (2-55b)

where x is the spatial variable, @ is the frequency variable, x, and o, are the respective spatial shift and
phase shift, and F' and F™' are the Fourier transform and inverse Fourier transform operations, respectively.
According to Eq. (2-54a), if y/(x) is Fourier transformed and multiplied by a phase shift ™™™ . This result
shows a forward spatial shift after the inverse Fourier transform operation, i.e. causing the wave to move
forward. According to Eq. (2-54b), the multiplication of y/(x) and H(x) in spatial domain correspond to
the convolution between (@) and H(@) in the frequency domain, either way, the multiplication or
convolution is going to create a new function that is a byproduct of multiplying or convolving s and H.

Therefore, the wave could be reshaped and diffracted.
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Chapter 3

Optical parametric amplification in PBG structure

3.1 Background theory of optical parametric amplification

The third-order parametric processes generally concem with the interaction among four optical waves and
include the phenomena such as third-harmonic generation, four-wave mixing, and optical parametric
amplification [60-61, 63]. Especially, optical parametric amplification (OPA) has been widely studied in
optical fibers and in investigation of the wavelength and dense wavelength division multiplexing (WDM and
DWDM) systems [62]. The OPA phenomenon is really a photon-photon scattering process, during which two
photons from a high intensity beam, called pump beam, scatter through third-order nonlinearity of a medium
to generate two correlated photons, called signal and idler photons, respectively [62]. Its main features could

be understood by considering the third-order polarization term, which is given as [60-63]:
P,, =&,7”EEE, (-1)

where E is the electric field and P, is the induced nonlinear polarization. Four optical waves oscillating at
frequencies @,, @,, @,, and @, are considered in this case and their polarizations are assumed to be linear

polarization along the x axis. The total electric field could be written as:
4 1 .
E= Z,—Z-E/ expli(k,z—ot)]+cc.; X, (3-2)
J=

where kj =no, /c, n; is the refractive index, ¢ =3x10%mys is the light speed in vacuum, and all four
waves are assumed to be propagating in z direction. After substituting Eq. (3-2) into Eq. (3-1), the nonlinear

polarization could be expressed as:
4
Py, =1 P expli(k;z—w)]+cc. X. (3-3)
j=1

We find that PJ for j = 1, 2, 3, and 4 consists of a large number of terms involving the products of three

electric fields. For example, P, could be expressed as:
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3
Po= et {QIE[ +2|E[ +2E[ +|E[)E, (3-4)

+2E,E,E; expl(k, +k, —k, —k)z— (@, + 0, — 0, — @, )] +...}.

The term proportion toE:; in Eq. (3-4) is responsible for self-phase modulation (SPM) and cross-
phase modulation (XPM) effects, respectively. The last remaining term is responsible for OPA phenomenon.
Efficient OPA occurs only if the relative phase of exponential term nearly vanish. In quantum mechanical
view point, the two photons at frequencies @, and @, are annihilated with a simultaneous creation of two

photons at frequencies @; and @, . The conservation of four photon energy for this case can be expressed as:
ho,+ho, =ho, +ho,,
o, +a, =0, +a,. (3-5)

The phase-matching requirement for this process to occur is that Ak,,, =0, where

AkOPA =k1 +k2_k3"k4

3-6
=(no, +no, -no, -nn,)/ c. -6

In the particular case in which @, = w,, this is a partially degenerate case of OPA and has been widely
studied in optical fibers [62-63]. Now, the Eq. (3-5) and Eq. (3-6) could be expressed for the partially

degenerate OPA process as below
20, =0, +0,, (3-7)

and then

AkOPA = 2k1 - k3 _k4

3-8
=(2no, —nyw, —n,0,)/ c. G®

According to Eq. (3-7), the frequencies @,, @;, and @, represent the frequency of pump, signal, and idler
waves, respectively. The wavelength of signal and idler photons are close to pump wavelengths. The
quantum mechanical picture and frequency spectrum of the partial degenerate OPA phenomenon are shown in

Fig. 3.1(a) and (b), respectively.
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oz » i
EO =Aﬂel( 120~ @lp) +Able i(kzo+anty) +Af3e'(kszo axly)

4 ) (3-9)
+ Ay ) g g R g g Rt y o

where the amplitudes; A, 3, = A, ;,(2,,8)and 4, ;, = 4, ;,(2,4), the subscript f and b refer to the
forward- and backward-direction, and the subscript 1, 3, and 4 refer to pump, signal, and idler waves,
respectively. In addition, their wave numbers are obtained from chromatic dispersion properties of a
homogeneous medium, so thatk; = @& (@) /c*, ki = wié (@)/c?, and Kk} = 0}é, (®,)/c*. In
this analysis the phase mismatch is also treated as small ie. uAk,,, =2k —k,—k,. Note that
UK 2o = Ak, 42, . The large phase mismatch has been avoided because that would lead to an asymptotic

regime beyond four-wave mixing.

Now, the first-order equation as shown in Eq. (2-46) is considered. The right side of this equation is
consisted of the Eg term. As we see in Eq. (3-4), the expansion of Eg is absolutely needed. Now, for

compact notation, let
Fl — Aflei(klzo—aato), B1 - Abl e—i(klz°+qt°),
F3 = Af3ei(k°z°_w3’°), B3 — Ab3 e-i(k320+0)310),
F4 — Af4ei(k4zo—m4lo), B4 = Ab4 e—i(k4z°+w"’°),

Here, we expand E, = (F+B,+F,+B,+F,+B,+F +B,+F, +B;+F, +B,)’, and we will obtain 1728 terms
but only 132 of them are useful because of their phases correspond to the wave-vector mismatch of OPA
phenomenon. The expansion of useful terms is shown in Table 3.1, 3.2, and 3.3 where each terms are

included the corresponding phase information.



Table 3.1: The expansion of E; for @, component
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Multiplicity Term Phase
1 ERE expli(k 2, ~ @)
2 BB, expli(k,z, — ayt,)]
2 EER expli(hz, —ayf,)]
2 B3B;E expli(kz, —at,)]
2 EER expli(h 2, —@yfy)]
2 B,BF expli(hz, ~ayf,)]
2 FIF;IBl exp[—i(k z, + at,)]
1 BBB, exp[—i(k,z, + ot,)]
2 EF, B, exp[—i(k,z, + ant,)]
2 B.BB, exp[—i(kz, + oyt,)]
2 F4F; B, exp[—i(k,z, + ot,)]
2 B“B;Bl exp[—i(k,z, + at,)]
1 F;B:Fl‘ expli(3k,z, — oyt,)]
1 BEB, exp[—i(3kz, + ayt,)]
5 EBE expli((2k, +)z, — a1t,)]
2 EB;B, expli((2k; —k,)z, — ayt,)]
2 EB,F, expli((2k, +k,)z, —ot,)]
2 FB.B, expi((2k, -k )z, — ot,)]
2 B.EF, exp[~i((2k; — k )z, + ayty)]
2 B3F3'B1 exp[—i((2k; + k)z, + ayt,)]
2 B,EF, exp[~i((2k, —k)z, + ot,)]
2 B,EB exp[—i((2k, + &)z, + ayt,)]
2 EEE, expli((k, +k, —k,)z, - oyt,)]
2 B.BB, exp[—i((k; +k, — k) z, + o,15)]




Table 3.2: The expansion of Eg for @, component
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Multiplicity Term Phase
2 EEE expli(k,z, — a,t,)]
2 B]BIF3 expli(k,z, — wyt,)]
) EEE expli(k,z, — ayt,)]
2 B.BF, expli(k,z, — oyt,)]
2 EEE expli(kz, — axt,)]
2 B,BE, expli(k,z, — o,t,)]
5 EEB, exp[—i(k,z, + ay1,)]
2 BIB:Bj exp[—i(k,z, + ot,y)]
2 F3F; B, exp[—i(k,z, + oyt,)]
1 BJB;B3 exp[—i(k,z, + oyt,)]
2 F4F;B3 exp[—i(k,z, + wt,)]
2 B4B;B3 exp[—i(k,z, + wyt,)]
2 EBE, expli((2k, + &)z, — o,t,)]
2 }311:1‘}33 exp[—i((2k, + k) z, + oyt,)]
1 EBF, expli(3k;z, — oy,)]
2 EBB, expl[i((2k, - k3)z, — oty )]
2 F,B.E, expli((2k, + ky)z, — at,)]
5 E, B;Bj expli((2k, — k) z, — wyt,)]
5 B1F1‘F3 exp[—i(2k, — k;)z, + wyt,)]
1 BEB, exp[—i(3k,z, + wyt,)]
2 B,EF, exp[—i(2k, — k;)z, + wyt,)]
, }341::]33 exp[—i(2k, + k;)z, + ant,)]
5 EP:E exp[i(2k, —k,)z, —w,t,)]
2 BB,B, exp[—i(2k, — k,)z, + ot,)]




Table 3.3: The expansion of Eg for @, component
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Multiplicity Term Phase
2 FEE, expli(k,z, — ,t,)]
2 BB, expli(k,z, — o,1,)]
2 EEE, expli(k,z, — 01,)]
2 BB, expli(k,z, - @,t,)]
1 EEF, expli(k,z, — 04t,)]
2 B4B:E, expli(k,z, — a,t,)]
2 EEB, exp[—i(k,z, + 0,8,)]
2 BBB, exp[-i(k,z, + @,t,)]
2 l'_“3l'_“;B4 exp[—i(k,z, + @,t,)]
2 BBB, exp[—i(k,z, + @,1,)]
2 E;E:B4 exp[—i(k,z, + @,t,)]
1 B4B2B 4 exp[—i(k,z, + @,1,)]
2 EB;E expli((2k, + k,)z, — @,t,)]
) BEB, exp[—i((2k, +k,)zo + 0,0,)]
1 F,B}F, exp[i(3k,z, — @,8,)]
2 EB;B, expli((2k; — k,)z, — @t,)]
2 EBJF, expli((2k, +k,)z, — o,t,)]
2 EBB, expli((2k; —k,)z, — o41,))
D) B1F1‘F4 exp[—i(2k, —k,)z, + o,t,)]
) B}P;B4 exp[—i((2k, + k,)z, + w,t,)]
2 B3F3‘E1 exp[—i(2k, —k,)z, + @,t,)]
1 B4PZB4 exp[—i(3k,z, + ®,1,)]
2 P;F;E expli(2k, —k;)z, — o,t,)]
2 BB.B, exp[—i(2k, — k) z, + &,t,)]
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The interested term are separated into three tables for terms of pump @, component, terms of signal @,

component and terms of idler @, component. After that, the interested terms are substituted into the Eq. (2-

46) for all frequency components. First, we obtain the equation for pump @, component:

o i, (.08 2 s | 0\ &
2 __281m I— 2 &re
0z,0z, c o1, at c at o101,

i &, (.0 L OF iy
2o gRe( or, jat c? [Z Ag‘ z¢ (F+B,)
0 =D
£+0

) (3-10a)
4”(62 3 2P "°J(FFF+BBF+FFF+BBF+FFF+BBF
it

£=—0
+EE B, +B BB, +EE,B, +B,B;B, + E,F;B, + B,B;B,
+EBIF, +B,F'B, +EBF, +EB B, + EBE +EB.B,
+B,EF, +B,EB, +B,EF, +B,EB, + EEF, +B,B!B,).

Next, we obtain the equation for signal @; component:

T _ig (012 2, (0)2
8z,0z, & " o ot e\ o, oo,

i &, (.0 . & i,
o o 8Re( atJ c? [ZA " |58
{0

(3-10b)
62 = ,-[2_”:0 . * - - - *
=_ﬂ[§‘ W J(F,Fl F,+B,B]E, +EEF, +B,BE +EEF, +BBE
0

£=—0
+EF'B, +B,BB, +EEB, +B,B.B, +F,EB, + B,BB,
+EBiE +B,EB, +FBE +B,FB, +EBB; +EBJE,
+F,B;B, +B,FF, +B,EF, +B,F,B, + EEF, + B,B;B,).
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Finally, we obtain the equation for idler @, component:

o* i (.0)10" 2. (.8) &
2 __2€[m 11— _2__2€Re 1—
02,0z, ¢ o1, Jot, ¢ ot, Jor,ot,

i o° 010 1 o* i,
— g i | =Y A8, LA (B 4B
¢ ot} R°( at(,)atl c? ,;o ‘or (B
£+0

47[ 62 = 3 i[2—”zo * (3-10(:)
= c_z(a_tg 2 7Pe A ](FIF1 E, +BBF +EEF, +B,B,F, +EEF, + BB F,
+EE'B, +B BB, +EEB, +B,B:B, +EEB, +B,B’B,

+EB(F, +B,EB, +EBF, + BF B, +EBB, +EBF,

+EB;B, +BEF, +B,EB, +B,EF, +EEF, +BBB,).

The Eq. (3-10a), (3-10b), and Eq. (3-10c) can be simplified and then removed e'®*, ¢7®" and e™"% which

are common to both sides of each equations. We obtain:

—

04 io’é 2 . 04 i ., 04 - T 2%,
2ik, L+ = g 4 i b — L+ 0l L - D Aédpe A7 |t

0z, c c o, ¢ o, ¢ =
B 20
B . A . 2x

. 04, iwlé 2. 04y 0 4., 04, O & ., Ea| _

=24k 2+ =4+ i by, B+ 0] &y, — - —L D A8 Aye A7 e
i 0Oz, c c o, c o, ¢ =

£20

2 = i 2—”2
-2 3 2 [l sl 2l 2ol 2 244 Pt

c {=-0

2 2 2 2 2 2 —i . 3 . 3,
+ Q4| || 42| 4| 4204 2|4, 2|4, ) Ao + L2 45 0 4 42 A e

. R . _ . i(2k, +k, . i(2k, —k,
+ 24,5 45, AP 124 M A, €T 24 M AP 124 4 4, e R
+2Ab3A}3Afle"i(2k3_kl)zo +2Ab3A}3Able—/(2k,+k,)zo +2Ab4A}4Aﬂe-i(2k,—k,)z‘, +2Ab4A}4Able-/(2k,+k,)zo

’ (ke ~ky +ky )2, . —i(ky—k, +ky )z
Ry Ay Ay @O L 24, My 4 e ],

(3-11a)
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-
04,y io}é 2 04 ; 04 2w ax
2k, — L2430 g 4 L s 3y e O3 @ > Aé 0520 | ik
? 2 /37 273%Re 7 D3 &R —3 £,4,,e e
o, ¢ ¢ oy ¢ € o, c? — g

s 2
04,, 4 195

] 2 1 o aA i Ar aA 2 & A i 2—”20 ~ikyZ,
__21k3 0z, c? Ay ¥ ?lwnge a_t[f-l-?wszgh ?[:3 _% 5=Z_w Ag, A qe “A | gl
20
47[(02 2 il—zizo 2 .
=——c2 3 ([=Z—oo z§3)e A j[(ZlAﬂ‘ +2| Ab1|2 +| Af3l2 +2] Ab3I2 +2| Aﬂr +2|Ab4|2) Afsezk,zo

2 2 2 2 2 2 ik 2 4 3ik * 3ikg
+(2|Af1| +2|Ab1| +2|Af3l +|Ab3| +2|Af4| +2|Ab4| )A,e7" +Ap4,5e e +A1:23Af3e i

. i(2k +ky )2 ’ 1(2k-ky) . 12k, +k ’ 2k, -
+ 24, Ay Ay T 124 AL AP 124, M, A N 124 A A, PR

. —i(2k . -f - * - - i
+24,, Af] A,e Qhtk)z 4 o 4, Af4 Af3 e~ Ckik)z 4 o 4, Af4 Aye 2kt )z 4 o A4, Af] Af3 o~ @h-k)z

1243 4, PO L2 42 g0 Pk ]

(3-11b)
[ 04 io’é 2 04 i 04 a? & it
2ik, R Sl . Ny BN W St LRI ¥ i L N S N e A | itz
i 0z, & TR e Ry e;» e
£20 ]
[ 04, iwké 2. . My, i ,. 04, @& ., #¥|
—2ik, 2+ 42Im Ay +—2m’43Re¢+_?w}3}'ze - - Z AgtAMel AT gt
0z, c c o, ¢ o, c =

) 220 J

4ro} [ & it 2 2 2 _
— (3) A® 2 2 2 ik
S ,Z xe€ [(2|Aﬂl 2, 42| 2| [ Ay| 24 )4, "

=—

2 2 2 2 2 2 —ikyz 2 4 3k 2 4 -3k
+Q24,| +2]4,[ +2 Aps| HA 2|4, H [ Ae™ + 4y 050 4 42 A 07

* (2K, +ky )z . i(2k,—k,) * i(2ky+k * i(2ky~k
+2A4, 4y Ay, TR 4+ 24, 450 A, T L2 A A,/ CBO% 124 4 A, /OO
+ 24, Ay Ap e TR 124 MA@ 124 M4y 07PN L D4 M A e PR

2 4 2k ~ky) 2 4 —i(2k—ky)
247, A}y CHI 12 4] gy PRI ],

(3-11¢)

Before expanding of Eq. (3-11a), (3-11b), and (3-11c), the effect of ,'((3) need to be examined on
each of the terms in square bracket in the right-hand side of Eq. (3-11). According to the band-edge
enhancement, the periodic length of PBG structure A is chosen to be close to the half of pump and signal

wavelengths, then deviation from this condition is: —2ué =27/A-k; >k =n/A+(x/A)ué,,,
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where &, ; =(A /)0 and note that 246, ,z, =26,z [18]. For matching of phase for @, component, the

phase portion of these terms in Eq. (3-11a) can be matched. Then we obtain the phase-matched condition as

table 3.4.

Table 3.4: The phase-matched condition for @, component

Wi
S hzy _

i(tz—"+2(£+£y¢s,)]zo (if ¢= 0; e
e Me

2z
i(l—~+2kl—k1)zo .
e A =e A AA e—tk,zo )

. iﬁ‘glzl ~ikz,
i ==1; e e

: . —~ikyz,
2%z ks i(lz—/:r-—2kl+k,)zo 1(12%-2(%+%pﬁj]zo s Jlf £=0; e
e N et =g =e e

. "2—”5121 ik 2
if =1 e A %

{,2x {2n (. = 27
1([—+2k,+lizo l(l—+2(—+—ll¢5|)]zo . I—&z
ik, . 1 ik
iz es t =g\ M \MA e >if {=-1; e A M
A zp _
{,2x {2z (n = 4x
1(!—+4k, —k,)zo l(l—+4(—+—-p81 Dzo ) 282 )
—ik, . T ik,
e\ A =e\ A \WAA e’ Siff=-2; er g hn
{,2r f2r (n 7 2
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For matching of phase for @, component, the phase portion of these terms in Eq. (3-11b) can be matched.

Then we obtain the phase-matched condition as table 3.5.

Table 3.5: The phase-matched condition for @, component

. ks z,
27 (27 {22 (ﬂﬂ )_ if =0 5%
iy — -k £—42| —+— =
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For matching of phase for @, component, the phase portion of these terms in Eq. (3-11c) can be matched.

Then we obtain the phase-matched condition as table 3.6.

Table 3.6: The phase-matched condition for @, component
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Note that z; = 4z, . The table 3.4, 3.5 and 3.6 show that how these terms are now phase matched to etz ,

et , and ethin , the other unselected terms could not satisfy this desired phase match. Since, the unselected

terms have low efficiency, and would have a small contribution. Next, using the phase matched results of the

selected terms in two tables to expand Eq. (3-11a), (3-11b) and (3-11c) and collecting the terms corresponding

to e, ¢*5% ande™ % Then, we obtain the equations for pump, signal, and idler frequency
components:
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2z LY ¥ . .
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3) 2 » iz%‘ﬁzl B izT’r&,zl * ’215421 3) 2 g —’4%5121
+X | AnAdne +24,,4,,4,€ +24,,4,,4,e 2| Apdse ,

(3-12a)
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(3-120)

Now, Eq. (3-12a) and (3-12b) are divided by 2ik,, Eq. (3-12c) and (3-12d) are divided by 2ik; , and Eq. (3-
12¢) and (3-12f) are divided by 2ik, and rearranged the terms in the equations. Then, the equations is given

as:
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To simplify these coupled equations, some terms in these equations need to be defined as:

ey >'=> ©) 4 (0=
6' (1) 6' = — =
7rkjc m 2k =N %

the linear absorption is defined as ;=

2 . .2

AG) 1 n 27
TAE =>—2—j—2Aa,(wj)=--iTxf” —ic),
¢

47zk

the coupling coefficient is defined as x{/’ =

ok S 1

6a)j 2k

the inverse of group velocity is defined as L =

Ve

- (o, aRe(co )+ @’ aRe(a)j)),

, 27w}
and also the nonlinear coefficients are defined as (/) = — i —L 4O where j=1,3,4.

kjc

In addition, let the scaled length is z = (7 / A)z, => 0z = (x / A)0z,,and thendz, = (A / 7)0z. Let

. —i—8,z i£6 2z .
amplitudes of each frequency components can be as A =qg,e " 'and4, =a,er . Sothe amplitudes
7 7 b b

—-ié,z

with scaled length are Afj =a,e / andA =a, e . If the amplitudes are differentiated respect to scaled
04 . Oa o4, oa, .
.. o -ié;z J;  -idz = Ié‘,z )y 18z ..
length, so we obtain: =-ida e’ +—¥ 7 and _62 i, G, € +—62 e’ . Similarly, the
. . . . . 614./) mf) "'ié‘jz aAb ] aabj i85 ),z
corresponding time derivatives of all amplitudes are =7§—e and -g = —-at—e , where

j=1,3,4. The detuning parameter for pump and signal pulses are &, =(A/x)(k,—n/A)and

6, =(A/m)k,—m/A). And also the detuning parameter for idler is &, =26, —8; —(A/m)Aky,,,
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where piAk,,, =2k —k, —k, is the wave-vector mismatch [18]. Then, substituting the above new defined
parameters and identities into Eq. (3-13a), (3-13b), (3-13c), (3-13d), (3-13¢) and (3-13f), respectively. So, the

coupled equations can be further simplified and hence, the scaled coupled equations have been obtained as

following:
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Finally, the completed form of scaled coupled-mode equation for both pump, signal and idler frequency

components have been obtained.
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The scaled form of the coupled-mode equations for the pump frequency are:

6a 0 1 6a
( > 16] a, +——L—igWq,
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+in, (ablafl +2a,a,,a, +2ab4af4ab1)+"7-2 (aflabl ):I
The scaled form of the coupled-mode equations for the signal frequency are:
oa a. = 1 Oa
/3 3 f3 _ =(3)
a—+ —2—'—153 af3+—"—a——l’(1 a,,
Z) o3 Oh
(3)
=y ((2| f1| +2a [ +"’fsl 2la,,f +2|af41 +2la,[ )af3+2af1af4) (3-15¢)
3) 2 2 2 2 2 2 2 . 2 .
+in| (2|aﬂ| +2|a,| +2|af3| +|ay,| +2|af4| +2|a,,| Vay, +2a,a5a,, +2a,,a,a,,
+in® +2a,a,a,+2a,a,a,)+in®(a’a,
in af3ab3 119193 14QpaQpsy | T\ Q3Ass ) |5
and
oa = —
St X a3—163 ay; +——22 —ixPa,,
0Oz, Vs ot
2 2 2 2 2 2 2 =
3
—lﬂé)((2|aﬂl +2|a,,1| +2|af3| +|ab3| +2|af4| +2|ab4| )ab3+2ab1ab4) (3-15d)

. 2 2 2 2 2 2 . .
+"73) ((2|afll +2|ab1| +|af3‘ +2|ab3| +2laf4| +2|ab4| )ab3+2af1ab1ab3+2af4ab4ab3)

N2 . * i3 (2 4
+in, )(ab3af3 +2a,a,a,; +20,,0,,0); )"‘"7-2 (af3ab3 ):I
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Finally, the scaled form of the coupled-mode equations for the idler frequency are:

__aaf4 +(&_i54 a,, +Laaf4 _l-k—(“)a
8z, \ 2 Ay

g4
=int ((2|aﬂ|2 +2]a,,1|2 +2|af3 ’2 +2|a,,3|2 +]af4|2 +2|a,,4|2)af4 +2a},a}3) (3-15¢)
+in® ((2|af1 |2 +2]a,,,|2 +2|af3’2 +2|ay, |2 +2 laﬂl2 +|a,, Iz)a,,4 +2a,,3a}3af4)

- (4) * * 2 L - (4 . 2
+in$ (2af|a,,1af4 +2a,a,,a,, +af4a,,4)+ ins® (2a,,,af,af4 +aay, )],

and

Oa a, .= 1 Oa —
-+ —--id, ab4+_¢_i’fg)af4

g4 tl

(4 2 2 2 2 2 2 2
=11, ((2’aﬂ| +2|a,,1| +2|af3| +2|a,,3| +2|af4] +|a,,4| day +2aa,, (3-150)

. (4) 2 2 2 2 2 2 *
+im, ((zlaﬂl +2|abl| +2|af3l +lab3l +|af4| +2|ab4] )8y, +2a,3G,,0,,

. (4) 2 L] - * . (4) . 2 *
Ty (ab4af4 +2a,a,a,,+2a,,0,,0,, ) +in, (2aflablab4 540 ):I

The scaled form of coupled-mode equations for all frequency components in Eq. (3-15) have shown that the
higher-order nonlinear coefficients (£ = +1,+2 ) are the new found terms when comparing with the previous
OPA works. These is similar to another version of the coupled-mode equation derived for light propagation

through the deep nonlinear grating {49-51].
3.3 Numerical computations for OPA coupled-mode equations

A split-step Fourier method could be used to observe many natural phenomena in wave propagation such as
transmission, reflection, and diffraction [31]. Here, the method has been developed to compute the
transmission and reflection in both separated [51-52] and same solution space. According to the coupled-
mode equations of OPA phenomenon as shown in Eq. (3-15a) to (3-15f). The matrix Uis created as
interacting amplitude matrix and operators L s K , and N are the linear operator, coupling operator, and
nonlinear operator, respectively. The linear operator contains the spatial derivatives of longitudinal direction,
the linear absorption coefficient, and the detuning parameters. This operator has been solved by using the

FFT algorithm. Then the coupling operator contains the coupling coefficients. Finally, the nonlinear operator
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contains the nonlinear terms which correspond to nonlinear OPA phenomenon. We summarize the detail of

each operators in the Appendix B of this thesis. The coupled-mode equations can be rewritten as the ordinary
differential equation as:

1oU

B =[LA+13+]V:|U, (3-16)
4

and now, Eq. (3-16) could be related to Eq. (2-47), and the additional operators in Eq. (3-16) could be noticed.
Easily, the split-step formalism could be applied to Eq. (3-16) for obtaining the symmetrized split-step form

[53] given as:

U(t+At) =exp |:vg %IA{I exp[vg ézi]%] exp[ngt]V]exp |:vg %I&]exp

v, %ﬁ]U(:). (3-17)

Note that the Eq. (3-17) is only possible if the operators i, K , and N all commute. According to the
operator L and K are diagonal matrices but N is not diagonal matrix because of including both diagonal and
off-diagonal elements. So, the operator N could be manipulated different from the other by rewriting this
operator as: N = diag(](’) + (N —diag(ﬁ)) = N d +N od Where the subscript “d” and “od” refer to diagonal
and off-diagonal [52]. Now, operator N becomes the sum of two diagonal matrices. The approximated

exponential of

exp [N’At] = exp[(ﬁd + Nod)At]

R R \J ‘ARY £
=(1+(Nd +Nod)At+(Nd+];,‘;d) = +J
. 3-18
. N2Af . (NN, +N_N, +N2 )AL 1
=| I+ N, At + "2' +o [+| N At +~—4—od "‘;'d od +...

~ exXp [NdAt] + NodAt,
where the higher-order term of N, could be neglected in the expansion.

A rapid and easy way to check if the numerical method is stable is to make sure the law of energy
conservation is achieved in every computational step. That is to say if the initial total energy of the wave is a

certain quantity, then after every time step, this amount of energy stays the same. For this thesis, the errors of
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energy conservation should not exceed 1%. But in case of considering material absorption, then the energy
quantity may decrease as the wave propagates. In an unstable system, the energy quantity could numerically
increase, and eventually causing the overflow problem. A flow chart of SSFM algorithm and a sample of the

MATLAB code for modeling OPA phenomenon in PBG structure are shown in the appendix E.
3.4 Modeling

3.4.1 The PBG structure for optical parametric amplification process

In this section, the example of PBG structure is assumed to be consisted of 120 layers, which are alternating
half-wave/eight-wave thin films. So that the thicknesses of two dielectric layers are @ = 351 nm and b = 100
nm when the reference wavelength is 1,489 nm. Then, the transmission spectrum of the PBG structure has
been calculated by using the TMM and calculated results is illustrated as Fig. 3.2 (a). Furthermore, the
wavelength at the long-wavelength edge of photonic band-gap has been especially interested due to maximum
resonance occurs at this position, which is called a “band-edge resonance” [18-20, 23-24, 65]. The local-field
of band-edge wavelength distribute inside PBG structure is shown as Fig. 3.2 (b). From previous literatures
[54], the photon density was high at band-edge position and then it is possible to enhance the nonlinear effect
in the PBG structure. So in this modeling, the wavelength of pump field has been implicitly fixed at band-
edge, about 1,550 nm, and continuously tuning the wavelength of signal field around the maximum
transmission at the band-edge for obtaining the idler pulse [24]. Therefore the signal wavelength is chosen to
be 1,555 nm and then the idler wavelength must be 1,545 nm, consequently. The sample PBG structure
composed of chalcogenide-glass layer pair (As,Se,/As,S,) [70]. Chalcogenides are chosen because of their
known large nonlinear optical coefficients [68-69]. The choice of materials for the sample PBG structure

could be tabulated as Table 3.7.

Table 3.7: The choice of material for the sample PBG structure [70]

Optical parameter/Material layer Layer a Layer b
Refractive index n,=2.12 n, =1.85
Third-order susceptibility @) =2.9x107"° m*v’ 29 =42x107 m'V?
Layer thickness a=24,/2n,=351 nm b=A4,/8n, =100 nm
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F3 — Af3el(k3zo—3axo)’ B3 = Abse—i(kgza+3a)lo),

Here, we expand E; = (F,+B,+F,+B,+F’ +B, +F, '*'B_;)3 , and we will obtain 512 terms but only 176 of
them are useful because of their phases correspond to the wave-vector mismatch of THG phenomenon. The

expansion of useful terms is shown in Table 4.1, and 4.2 where each terms are included the corresponding

phase information.

Table 4.1: The expansion of Eg for fundamental frequency component

Multiplicity Term Phase
3 EEFE expli(k,z, —ot,)]
3 EB{E expli(3k,z, — )]
3 BBE, expli((2k, +k,)z, — wt,)]
3 BBB, expli((2k —k;)z, — )]
3 BBB exp[~i(k,z, + ot,)]
3 BIFI‘B1 exp[~i(3k,z, + wt,)]
3 EEF, exp[—i((2k, —k;)z, + ot,)]
3 FEB, exp[—i((2k, + k;)z, + ot,)]
6 BIBIE expli(k,z, — ot,)]
6 EF;P; expli(k,z, —t,)]
6 B3B_;F1 expli(k,z, — ot,)]
6 F;B;F3 expli(k,z, — ot,)]
6 EBE expli((2k, +k))z, — at,)]
6 F; B,F exp[—i((2k, — k))z, + ot,)]
6 EE'B, exp[—i(k,z, + ot,)]
6 EEB, exp[—i(k,z, + @t,)]
6 BBB exp[—i(kz, +ot,)]
6 EBB, exp[—i(k,z, + ot,)]
6 BIB3F; exp[—i((2k, + &)z, + ot,)]
6 BEB; expli((2k, —k,)z, + ot,)]




Table 4.2: The expansion of Eg for third-harmonic frequency component
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Multiplicity Term Phase
1 EEE expli(3k;z, ~301,)]
1 BBB, exp[~i(3k,z, +3awt,)]
3 EEF, expli(k,z, —3ot,)]
3 BBB, exp[—i(k;z, +3t,)]
3 EEB expli(k,z, —3t,)]
3 EFB, expli(3k,z, —3at,)]
3 BBE exp(—~i(k,z, +3wt,)]
3 BBE exp[—i(3k,z, +3ot,)]
6 EF;E expli(k,z, —3mt,)]
6 BIB;F3 expli(k,z, —3mt,)]
6 B3B;E expli(k,z, —3mt,)]
6 EF'B, exp[—i(k,z, +3at,)]
6 BBB, exp[—i(k,z, +301,)]
6 F3P;B3 exp[—i(k,z, +3at,)]
6 EBE expli((2k, +k,)z, —3ot,)]
6 BEF, exp[—i((2k, —k,)z, +30t,)]
6 EBB, expli((2k, —k,)z, —3wt,)]
6 BEB, exp[—i((2k, +k,)z, +301,)]

The interested term are separated into two tables for terms of FF component and terms of TH component.

After that, the interested terms are substituted into Eq. (2-46) for both frequency components. First, we obtain

the equation for FF component:



i (.0)8 s 2, ; 0 62
2™ i —2-+2 — 5 8| !
c oL, Joty  0z,0z, c ato ato o,

i 62 ny a ‘ zo
2aﬂg“°(at)at RPN I

C l—-oo

2 & i—zzo * . . . . »

47[ [aat z xl(S)e l A )(FIFI Fl +BIB1F1 +F3F3F1 +B3B3E+EE Bl +B1B1Bl
0 (=

+EEB, +B,BiB, +EB/F, +BEB, +EBF, +EB/B, + EEE,

+EE B, +BBF, +BBB, + EBF, +EB,F, + BB,E +BF,B;).

Next, we obtain the equation for TH component:

i~ (.0 o* 0* 2, (.0) &
__281m +2 —_ZgRe I—
c o, Jo oo c at, ) o,

i 8 . 010 1 & . & i,
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{=—
+EEB, + B,BB, + EEF, +B,B,B, + FEB, + B,BF
+EEB; +B,B,F, +EB/F, + BB, + B F'F, + BE'B,).
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(4-8a)

(4-8b)

The Eq. (4-8a) and Eq. (4-8b) can be simplified and then removed e and ¢™>*® which are common to both

sides of each equations. We obtain:
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i A ] 2 o 2r
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== o (ngs)e A |:(6|Af1| +6|Abl| +3IAf3| +6|Ab3| )Afsek”
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2 2 2 2 ik
+(6lAf1| +6|Ab1| +6|Af3| +3|Ab3| A e
+ A0 + A e 4345 A, €™ £ 345 A e 4347, 4,070 345 AL + 64,4, Ao
+6Af1A;1Ab3ei(2/q—k3)Zo +6Ab1A}1Af3e—i(2/q—k3)Zo +6Ab1A}1Ab3e—i(2kl+k3)zo :|.

(4-9b)

Before expanding of Eq. (4-9a) and (4-9b), the effect of 7® need to be examined on each of the terms in
square bracket in the right-hand side of Eq. (4-9). According to the band-edge enhancement, the periodic
length of PBG structure A is chosen to be close to the half of FF wavelengths, then deviation from this

condition is: —2ué=2n/A-k >k =n/A+(n/A)us, where & =(A/m)6 and note that
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2u6,z, =26,z [18]. For matching of phase for fundamental frequency component, the phase portion of

these terms in Eq. (4-9a) can be matched. Then we obtain the phase-matched condition as table 4.3.

Table 4.3: The phase-matched condition for fundamental frequency component
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Table 4.3: The phase-matched condition for fundamental frequency component (continue)
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For matching of phase for third-harmonic frequency component, the phase portion of these terms in

Eq. (4-9b) can be matched. Then we obtain the phase-matched condition as table 4.4

Table 4.4: The phase-matched condition for third-harmonic frequency component
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Table 4.4: The phase-matched condition for third-harmonic frequency component (continue)
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Note that z, = uz,. The table 4.3 and 4.4 show that how these terms are now phase matched to e*** and

ks , the other unselected terms could not satisfy this desired phase match. Since, the unselected terms have

e
low efficiency, and would have a small contribution. Next, using the phase matched results of the selected
terms in two tables to expand Eq. (4-9a) and (4-9b) and collecting the terms corresponding to e*** and e*™*

Then, we obtain the equations for both frequency components:
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Now, Eq. (4-10a) and (4-10b) are divided by 2ik, and Eq. (4-10c) and (4-10d) are divided by 2ik, and

rearranged the terms in the equations. Then, the equations is given as:
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To simplify these coupled equations, some terms in these equations need to be defined. First, for the coupled-

equations of FF components;

Ao” o . 27 _
the linear absorption is defined as @, =—— &, () = — £, (@) = —75-(21 ,
rk, 2kc
Ao® io® 27
the coupling coefficient is defined as Kgl) TAE, > ——— Af () =-i—K ",
drkc 2kc A
. . . 1 akl 1 A 2 A,
the inverse of group velocity is defined as — =— = ——(2w&,, (») + ©°&;, (»)),
Vg Ow 2kc
672'0)2 3)

and also the nonlinear coefficients are defined as 77(1)

e

Second, for the coupled-equations of TH frequency components;

3
the linear absorption is defined as &, = —(30-))— & (Bo)=> () &, G )— —a,,
nk,c? 2k,c?
AQBw)’ | 3 _
the coupling coefficient is defined as Kf) 7(z'ka3::)2 Ag, = — lék?::) £, ) = A K,G),
. . 1 ak:; 2 A
and the inverse of group velocity is defined as — = = (2CBw)E, (3w) + (B3w)’ &, Bw)),
vy 0Gw) 2k
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and also the nonlinear coefficients are defined as 7753) =

In addition, let the scaled length is z =(7/A)z, = 0z =(7/ A)dz,,and then 0z, =(A/ 7)dz.

. —I£8|z 1£5‘
Let amplitudes of each frequency components can be as Af1 =a,e A landA,,1 =q,eht ZI, and
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detuning parameter for TH wave is 8, = (A / w)Aky,; —30,, where pAk,, . =k, —3k, is the wave-vector

The detuning parameter for FF wave is &, =(A/7x)(k,—7/A). And also the

mismatch [18]. Then, substituting the above new defined parameters and identities into Eq. (4-11a), (4-11b),
(4-11c), and (4-11d), respectively. So, the coupled equations can be further simplified and hence, the scaled

coupled equations have been obtained as following:
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Finally, the completed scaled form of coupled-mode equation for both FF and TH frequency components have

been obtained. The scaled form of the coupled-mode equations for the FF component are:
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The scaled form of the coupled-mode equations for the TH frequency component are:
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The scaled form of coupled-mode equations for both FF and TH frequency components in Eq. (4-13) have
shown that the higher-order nonlinear coefficients (¢ = +1,%2,13 ) are the new found terms when comparing

with the previous works. These is similar to another version of the coupled-mode equation derived for deep

nonlinear grating.
4.3 Numerical computations for the coupled-mode equations

A SSFM could be used to observe many natural phenomena in wave propagation such as transmission,
reflection, and diffraction. Here, the method has been developed to compute the transmission and reflection in
separated solution space. According to the coupled-mode equations of THG phenomena as shown in Eq. (4-
13a) to (4-13d). The matrix U is created as interacting amplitude matrix and operators I , K , and N are
the linear operator, coupling operator, and nonlinear operator, respectively. The linear operator contains the
spatial derivatives of longitudinal direction, the linear absorption coefficient, and the detuning parameters.
This operator has been solved by using the FFT algorithm. Then the coupling operator contains the coupling
coefficients. ~ Finally, the nonlinear operator contains the nonlinear terms which correspond to THG
phenomenon. We summarize the detail of each operators in the appendices of this thesis. The coupled-mode
equations can be rewritten as the ordinary differential equation as:

1au

- =[£+1€+N]U, (4-14)

and now, Eq. (4-14) could be related to Eq. (2-47), and the additional operators in Eq. (4-14) could be noticed.

Easily, the split-step formalism could be applied to Eq. (4-14) for obtaining the split-step form [53] given as:

At » At 5 ~ At 5 .Y
Ut+Ar)= exp[vg —2—L:|exp|rvg TK]exp[ngtN:Iexp[vg —2—K:|exp v, 7L]U(t). (4-15)
Note that the Eq. (4-15) is only possible if the operators L , K , and N all commute. According to the
operatorf, and K are diagonal matrices but N is not diagonal matrix because of including both diagonal and

off-diagonal elements. So, the operator]'\\’ could be manipulated different from the other by rewriting this

operator as: N= diag(]cf )+ (]V - diag(]v )= N .+ N . Where the subscript “@” and “od” refer to diagonal
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and off-diagonal. Now, operator N becomes the sum of two diagonal matrices. The approximated

exponential of
exp [ﬁAt:I = exp [(Nd + Nod)At]

R R 7 X7 \2 As2
=(1+(Nd+Nod)At+(N"+N"") ar +J

2!
iag e (4-16)
=(1+NdAt+ "2't +...]+(NMAt+(N"N""+N";]'V"+N"")At +]
~ eXp [N dAt:I + ]VodAt,

where the higher-order term of N, could be neglected in the expansion.

A rapid and easy way to check if the numerical method is stable is to make sure the law of energy
conservation is achieved in every computational step. That is to say if the initial total energy of the wave is a
certain quantity, then after every time step, this amount of energy stays the same. For this thesis, the errors of
energy conservation should not exceed 1%. But in case of considering material absorption, then the energy
quantity may decrease as the wave propagates. In an unstable system, the energy quantity could numerically
increase, and eventually causing the overflow problem. A flow chart of SSFM algorithm and a sample of the

MATLAB code for modeling THG phenomenon in PBG structure are shown in the appendix E.
4.4 Modeling

4.4.1 The PBG structure for third-harmonic generation process

In this section, the example of PBG structure is assumed to be consisted of 120 layers, which are alternating
quarter-wave thin films. So that the thicknesses of two dielectric layers are a = 175.5 nm and b = 200 nm
when the reference wavelength is 1,489 nm. Then, the transmission spectrum of the PBG structure has been
calculated by using the TMM and calculated results is illustrated as Fig. 4.2 (a). The FF wavelength is tuned
to the first long-wavelength band-edge transmission peak to avoid taking material dispersion into account.
The forward and backward TH generation can occur and their wavelength have been found well away from

the second long-wavelength band-edge as indicated in Fig. 4.2 (a). So the wavelength of FF and TH signal
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C.E.= M. (4-20a)
Ia 71 (0)l2
and
CE= M. (4-20a)
a0

The equation (4-20a) and (4-20b) are the mathematical formula for calculating conversion efficiency of
forward- and backward-direction TH pulses, respectively. Figure 4.6 plots the conversion efficiency with
respect to the power of FF pump field FF for a pulse of 800-fs duration. Figure 4.6 shows that for this PBG
structure, the conversion efficiencies achieved is 1.8% for forward TH component and to 0.14 % for backward
TH component when the incident FF pump intensity is 4.5 GW/cm’, yielding a TH intensity of approximately
0.1167 and 0.0089 GW/cm’, respectively. This figure also shows that the conversion efficiency becomes
about 10 times greater for forward-TH pulse than for backward-TH pulse when input FF intensity approaches
4.5 GW/em®. As we previously mentioned, the higher conversion efficiencies can be obtained by increasing
structure length or number of periods (), since it increases proportional to N’ due to the field enhancement
inside the structure [19]. Furthermore, according to the set of coupled-mode equations containing with the
zeroth-order and higher-order Fourier nonlinear components which depend on the amplitude (or intensity) of
the FF pulse, the action of the high intensity FF pulse through the nonlinearity of PBG structure is to further
amplify the third-harmonic wave. Consequently, all nonlinear effects, like third-harmonic generation, can be
strengthened and the conversion efficiency is directly increased through the additional nonlinear contributions

in the PBG structure.
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Chapter 5§

Conclusions

5.1 Summary of optical parametric amplification phenomenon in PBG structure

In this thesis, the third-order nonlinear optical effects such as optical parametric amplification (OPA) and
third-harmonic generation (THG) phenomena in photonic band-gap (PBG) structure have been numerically
investigated. The mathematical methods, which have been used in this investigation, are transfer-matrix
method (TMM), multiple-scale method (MSM), and split-step Fourier method (SSFM). The more details of
each mathematical methods have been shown in chapter 2. The first investigating effect is the OPA effect as
in chapter 3. In this chapter, a completed set of coupled-mode equations (CMEs), which correspond to this
effect, is derived by using the MSM procedure with phase-matching condition. The derived CMEs have the
additional terms including the higher-order nonlinear coefficients. So the set of CMEs is difference from the
conventional CMEs in previous OPA works. The PBG structure, for OPA investigating, is designed by
optimizing type of two layer materials and their thicknesses. The half-wave/eighth-wave thin film structure is
found that being an efficient structure to achieve efficient frequency conversion efficiency. After that, the
TMM is used to calculate the transmission spectrum of this PBG structure. By using this method, the input
pump wavelength is tuned to long wavelength band-edge of transmission spectrum to make the band-edge
resonance inside PBG structure and achieve efficient nonlinear effect, while input signal wavelength is tuned
around near band-edge wavelength. After that, SSFM has been proposed to solve these six scaled CMEs with
appropriate boundary condition. In this modeling, input Gaussian-shape pump and signal pulses are initially
launched into only left-hand side of PBG structure with input intensities 4.50 GW/em’ (pump) and 0.0112

GW/cm’ (signal), respectively.

The modeling results show that idler pulses can be generated by gaining energy from input pump and
signal fields, while signal field can be immediately amplified under this nonlinear interaction. The intensity
of signal and idler pulses has exponential growth with increasing of number of layers. Meanwhile, these

intensities have been directly affected by pump detuning parameter (&) due to band-edge phase matching
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condition could be achieved by determining the optimal detuning parameter. From our modelled results, the
output intensities would be decreased by increasing and decreasing of detuning parameter from optimal value
(0.1462). Then, signal gain and conversion efficiency of idler generation were calculated directly and both
exponentially increased with number of layers. The maximum gain is about 83.5 can be achieved when PBG
structure composed of 245 layers (~110.5 pum). Furthermore, gain and conversion efficiency have been
depended on pulse width of input pump pulse, since phase matching condition can be achieve for short pulse
regime more than long pulse regime. Finally, the input pump and signal intensities have been found that there
are directly affect to the conversion efficiency. As the calculated result, threshold intensity, for several input
signal amplitudes, is 1.62 GW/cm’ and achieving the maximum efficiency (19.24, 46.15, and 67.52%) when

input pump intensity increases until to 4.5 GW/em’.
5.2 Summary of third-harmonic generation phenomenon in PBG structure

In summary, THG phenomenon in PBG structure, which has x(s) response, has been numerically
investigated. To model TH generation in the structure, a completed group of scaled CMEs, which correspond
to TH generating effect, has been derived by using the MSM. Strong TH enhancement is found for band-edge
phase matching condition. A SSFM has been adopted to solve these four scaled CMEs with appropriate
boundary condition. In this section, the PBG structure has been composed of 120 dielectric layers, which are
alternating two types of quarter-wave films. So, the total length of this finite structure is about 22 pm. The
transmission spectrum of the TMM designed structure has two photonic band-gaps; the second band-gap
center wavelength position is shifted to a shorter wavelength from the first band-gap center wavelength by a

factor of 3.

In the modeling, the input FF (pump) pulse has a Gaussian-shape and it is initially launched toward
the left-hand side of PBG structure with a peak intensity of 4.5 GW/cm’. The input FF wavelength is chosen
at the lower frequency band-edge of the first band-gap about 1,550 nm (to enhance nonlinear effect in the
structure based on band-edge enhancement principle). Consequently, the wavelength of TH pulse is about 517
nm. In addition, the spectrum bandwidth of FF pulse should be less than or equal to the spectrum bandwidth

of lower band-edge peak (~10 nm) to avoid pulse dispersion in the structure and reflection of the FF pulse
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energy; this condition will guarantee that efficient TH generation occurs. For our model the pulse width of the

FF pulse which has the desired spectral bandwidth, is 800-fs.

The modeling results show that the TH pulses in forward- and backward-direction can be emitted
from the structure by gaining energy from input FF field under the nonlinear interaction. The output
intensities of forward and backward TH pulse have been directly affected by FF detuning parameter (8,)
because the band-edge phase matching condition could be achieved by determining the optimal detuning
parameter. From our modeled results, the output TH intensities is decreased by increasing and decreasing of
detuning parameter from its optimal value (0.0046). Furthermore, the total-energy output of TH pulses are
also depended on the pulse width of FF pulse. The total-energy output is 1,000 times greater for the PBG
structure than that of phase-matched bulk medium when pulse width approaches 800-fs. The third-harmonic
energy output grows rapidly when FF pulse width is initially small and then approaches 800-fs and then more
increases for longer pulse widths. The energy saturates because pulse width corresponds to a spectral width
that is smaller than the spectral width of the band-edge transmission peak; in other words the guasi-
monochromatic limit is reached. TH conversion efficiencies are calculated directly and both are increased
with input FF intensity. The maximum conversion efficiencies are about 1.8% for forward TH component
and 0.14% for backward TH component, which can be achieved when the input intensity is reached to 4.5

GW/cm’,
5.3 Future work

Finally, this thesis results have suggest that the PBG structure can be possibly applied and designed for
nonlinear frequency conversion processes. Our research is focused on the improvement of mathematical
models that show how to enhance the nonlinear frequency conversions in the PBG structure. For future work,
first, we would like to re-derive the CMEs for both OPA and THG i)henomena by expanding parameters in
wave equation and grouping terms with the higher-order perturbation variables e.g. /12 and obtaining the
O( /12) equation in MSM procedure. Then, the CMEs, which can contain many higher-order Fourier
coefficients of nonlinear coefficients, will be obtained. These Fourier coefficients may realize the square

wave form of nonlinear grating of PBG structure that is like the nonlinear grating in actual PBG structure.
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Finally, we will obtain mathematical model of actual PBG structure which can precisely describe the
nonlinear optical phenomena inside the PBG structure. For second future work, we wish to have an
opportunity to fabricate and test the nonlinear frequency converter based on PBG structure from this thesis. In
near future, we hope that the PBG structure will be widely integrated in the optoelectronic devices and
photonic systems. The PBG structure can reduce the size and cost of devices because it can be made with

uncomplicated fabrication process.
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Appendix A

In this section, the issue of how to make use of the 77 nonlinear coefficients would be addressed to change the
Z(3) function and also the duty cycle of the PBG structure. The 1(3) function could be expanded in the

Fourier series form as follow:

f@=3 F(s)exp(zrzsz), (A.12)
where
F(s)= 1 J‘ W10 exp(—Z”isz)dz (A.1b)
Ao A ’

is represented as Fourier coefficients of 1(3) function, s is the frequency variable, and A is the periodic
length of PBG structure. Here, the duty cycle (DC) of the PBG structure is defined as DC = (a/ A)x100%

and IDC=A/a is the reciprocal of DC. An example to show how can incorporate 77 and DC in the PBG
270

2
¢

structure design would be illustrated. Now, the value of nonlinear coefficient 7 = 1(3) at @, would

be respectively 0.3604 and 0.0578 in the first and second dielectric layers with an arbitrary DC as illustrated

in Figure A.1.

0.3604

I O I (O

0.0578

>z
A 2A 3A 4A

Figure A.1. The schematic of the PBG structure where the 77 of the first and second dielectric layers are

respectively 0.3604 and 0.0578 with arbitrary DC.



The zeroth-order Fourier coefficient could be determined by
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and the higher-order Fourier coefficients are determined by

1
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(A.2a)

(A.2b)

Using the Fourier coefficients determined in Eq. (A.2) with Eq. (A.la), the nonlinear coefficient 7

could be synthesized. In this case, the DC is varied as 0, 10, 20... 100 and the computed Fourier coefficients

for 77,, where £ = 0,1, 2 are tabulated in Table A.1.

Table A.1. The Fourier coefficients of 77 of pump pulse with @,

DC| 7" 7" n% ) n%

0 0.0578 0 0 0 0

10 0.0881 0.0283 - 0.0092i 0.0283 + 0.00921 0.0229 - 0.0166i1 0.0229 + 0.0166i
20 0.1183 0.0458 - 0.0333i 0.0458 + 0.03331 0.0142 - 0.0436i 0.0142 + 0.04361
30 0.1486 0.0458 - 0.0630i 0.0458 + 0.0630i -0.0142 - 0.04361 -0.0142 + 0.0436i1
40 0.1789 0.0283 - 0.0871i 0.0283 + 0.0871i -0.0229 - 0.01661 -0.0229 + 0.0166i1
50 0.2091 0.0000 - 0.09631 0.0000 + 0.0963i 0 0

60 0.2394 -0.0283 - 0.08711 -0.0283 + 0.0871i 0.0229 - 0.0166i1 0.0229 + 0.0166i
70 0.2696 -0.0458 - 0.0630i -0.0458 + 0.0630i 0.0142 - 0.0436i 0.0142 + 0.0436i1
80 0.2999 -0.0458 - 0.0333i -0.0458 + 0.0333i -0.0142 - 0.0436i -0.0142 + 0.0436i
90 0.3302 -0.0283 - 0.0092i -0.0283 + 0.0092i -0.0229 - 0.0166i -0.0229 + 0.0166i1
100 | 0.3604 0 0 0 0




Table A.2. The Fourier coefficients of 7 of signal pulse with @,
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DC| 4 7 o ) 7

0 0.0576 0 0 0 0

10 | 0.0878 0.0282 - 0.0092i 0.0282 + 0.0092i 0.0228 - 0.0166i 0.0228 + 0.0166i
20 | 0.1180 0.0457 - 0.0332i 0.0457 + 0.0332i 0.0141 - 0.0434i 0.0141 + 0.0434i
30 | 0.1481 0.0457 - 0.0628i 0.0457 + 0.0628i -0.0141 - 0.0434i -0.0141 + 0.0434i
40 | 0.1783 0.0282 - 0.0868i 0.0282 + 0.0868i -0.0228 - 0.0166i -0.0228 + 0.0166i
50 | 0.2085 0.0000 - 0.0960i 0.0000 + 0.09601 0 0

60 | 0.2386 -0.0282 - 0.0868i -0.0282 + 0.0868i 0.0228 - 0.0166i 0.0228 + 0.0166i
70 | 0.2688 -0.0457 - 0.0628i -0.0457 + 0.0628i 0.0141 - 0.0434i 0.0141 + 0.0434i
80 | 0.2989 -0.0457 - 0.0332i -0.0457 + 0.0332i -0.0141 - 0.0434i -0.0141 + 0.0434i
90 | 0.3291 -0.0282 - 0.00921 -0.0282 + 0.0092i -0.0228 - 0.01661 -0.0228 + 0.0166i
100 | 0.3593 0 0 0 0




Table A.3. The Fourier coefficients of 7 of idler pulse with @,

105

DC| n? U sy 7" Ny

0 0.0580 0 0 0 0

10 | 0.0884 0.0284 - 0.0092i 0.0284 + 0.0092i 0.0230 - 0.0167i 0.0230 + 0.0167i
20 | 0.1187 0.0460 - 0.0334i 0.0460 + 0.0334i 0.0142 - 0.0437i 0.0142 + 0.0437i
30 | 0.1491 0.0460 - 0.0632i 0.0460 + 0.0632i -0.0142 - 0.04371 -0.0142 + 0.0437i
40 | 0.1794 0.0284 - 0.0874i 0.0284 + 0.0874i -0.0230 - 0.0167i -0.0230 + 0.0167i
50 | 0.2098 0.0000 - 0.0966i 0.0000 + 0.0966i 0 0

60 | 0.2402 -0.0284 - 0.0874i -0.0284 + 0.0874i 0.0230 - 0.0167i 0.0230 + 0.0167i
70 | 0.2705 -0.0460 - 0.0632i -0.0460 + 0.0632i 0.0142 - 0.0437i 0.0142 + 0.0437i
80 | 0.3009 -0.0460 - 0.0334i -0.0460 + 0.0334i -0.0142 - 0.0437i -0.0142 + 0.0437i
90 | 0.3312 -0.0284 - 0.0092i -0.0284 + 0.0092i -0.0230 - 0.0167i -0.0230 + 0.0167i
100 | 0.3616 0 0 0 0

Note that the Fourier coefficients for 77 could be always computed to obtain more than 5 coefficients. But if

we need to incorporate more than 5 Fourier coefficients for better synthesis accuracy, we may need to re-

derive the coupled-mode equations to accommodate the extra coefficients. This addition will increase the

coding complexity, together with increment of computational time and memory usage.

Therefore, with

consideration of the exchange between the number of Fourier coefficients and synthesis accuracy, we believe

that the 5 Fourier coefficients for 77 synthesis is adequate for academic investigation of parametric

amplification in the PBG structure.
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By using the Eq. (A.2a) and (A.2b), the nonlinear coefficients for FF and TH frequencies can be obtained like
in appendix A. In this case, the DC is varied as 0, 10, 20... 100 and the computed Fourier coefficients for Nys

where £ =0,+1,+ 2, + 3 are tabulated in Table B.1.

Table B.1. The Fourier coefficients of 7 of fundamental-frequency pulse with @

DC| ) o o

0 0.0578 0 0 0

10 0.0881 0.0283 F 0.0092i 0.0229 F 0.0166i 0.0153 F 0.02101
20 0.1183 0.0458 F 0.0333i 0.0142 F 0.0436i1 -0.0094 F 0.0290i
30 0.1486 0.0458 F+ 0.0630i -0.0142 F 0.0436i -0.0094 I 0.00311
40 0.1789 0.0283 F 0.0871i -0.0229 F 0.0166i 0.0153F 0.01111
50 | 0.2091 0.0000 + 0.0963i 0 0.0000 ¥ 0.0321i
60 | 0.2394 -0.0283 F 0.0871i 0.0229 F 0.0166i -0.0153 F 0.01111
70 | 0.2696 -0.0458 F 0.06301 0.0142 F 0.0436i 0.0094 F 0.0031
80 0.2999 -0.0458 F 0.0333i -0.0142 F 0.0436i 0.0094 F 0.0290i
90 0.3302 -0.0283 F 0.0092i -0.0229 F 0.0166i -0.0153 F 0.0210i
100 | 0.3604 0 0 0




The computed Fourier coefficients for 77,, where £ =0,+1,+2,+3 are tabulated in Table B.2.

Table B.2. The Fourier coefficients of # of third-harmonic frequency pulse with 3@
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DC| ey 7% 75
0 0.1734 0 0 0
10 | 0.2641 0.0849 ¥ 0.0276i 0.0687 + 0.0499i 0.0458 + 0.0630i
20 | 0.3548 0.1373 F 0.0998i 0.0424 F 0.13061 -0.0283 F 0.0871i
30 | 0.4455 0.1373 F 0.1890i -0.0424 F 0.1306i -0.0283 F 0.0092i
40 | 0.5362 0.0849 F 0.2612i -0.0687 F 0.0499i 0.0458 F 0.0333i
50 | 0.6270 0.0000 F 0.2888i 0 0.0000 + 0.0963i
60 | 0.7177 -0.0849 ¥ 0.2612i 0.0687 F 0.0499i -0.0458 F 0.0333i
70 | 0.8084 -0.1373 ¥ 0.1890i 0.0424 F 0.1306i1 0.0283 F 0.0092i
80 | 0.8991 -0.1373 F 0.0998i -0.0424 F 0.1306i 0.0283 F 0.0871i
90 | 0.9899 -0.0849 F 0.0276i1 -0.0687 F 0.0499i -0.0458 F+ 0.0630i
100 | 1.0806 0 0 0

for FF and TH components.

Note that the Fourier coefficients for 77 could be always computed to obtain more than 7 coefficients

But if we need to incorporate more than 7 Fourier coefficients for better

synthesis accuracy, we may need to re-derive the coupled-mode equations to accommodate the extra

coefficients.

But this additional terms will increase the coding complexity, together with increment of

computational time and memory usage. Therefore, with consideration of the exchange between the number of

Fourier coefficients and synthesis accuracy, we.believe that the 7 Fourier coefficients for 77 synthesis is

adequate for academic investigation of third-harmonic generation in the PBG structure.
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Appendix C

The matrix of pulse amplitude, which contains amplitude of each pump, signal, and idler pulses in forward-

and backward-direction has been shown as following equation:

T
U=|:af1 ay d; Gy ag, ab4:|. (cn

In split-step algorithm, the linear and nonlinear parameters have been defined as linear and nonlinear
operators. The linear operator is split into two operators such as propagating and coupling operators and their

matrix elements have been shown as following

—%HS, 0 0 0 0 0
0 —+i3, 0 0 0 0
0 0 ——+i5, 0 0 0
L= _ s (C2)
0 0 0 — +i6, 0 0
0 0 0 0 —5‘%“3; 0
0 0 0 0 0 —+i6,
[0 &Y 0 0 0 0]
i) 0 0 0 0 0
+==(3)
' 0 0 0 ik, 0 0 (C3)
0 0 K9 0 0 0
0 0 0 0 0 iKY
0o 0 o o0 &) 0

Finally, the nonlinear operator which includes diagonal and off-diagonal elements could be written in

matrix form as propagating and coupling operators as shown in following:
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where the diagonal matrix elements are:
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’ (C4)

M 2 2 2 2 2 2 aﬂ
Ny, =in, ‘aﬂl +2|ab1| +2|af3| +2|ab3| +2|af4| +2|ab4| +2a,a,,—
ar |(C4.1)
()] * . (1) . * .
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(1) ]
N, =in, |: |aﬂ’ +|ab1| +2|af3| +2|ab3| +2| l +2|ab4| +2a,,a,, jl
Ay (C4.2)
. (1) » - . (1) * * *
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N,, =in, 2Iaﬂ| +2|ab]| +|af3| +2|ab3| +2|af4| +2|ab4| +2a;, ——
QAry (C4.3)
(3) . (3 - . . "
+in, |:2a,,1afI +2a,,a 4:|+177_1) |:2af1ab1 +a,,a,, +2af4ab4_],
= in® 2 Gy
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Ay (C4.4)
3 (3
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N )] 2 2 f3
Ny =in, 2|af]| +2|ab1| +2 af3| +2|ab3| +|af4‘ +2|ab4| +2af1
Qs (C4.5)
4 . (4 *® * a7
+inf )|:2ab1af1 +2ab3 +n7_]) |:2af]ab1 +2a,,0,, +0a,,G,, J,
a,
=¥ (X]
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« (4 * * . (4) . * -
+inP |:2aﬂab1 +2a,,a4, :I +in |:2ab1af1 +2a,a,,+aya;, :| )

And off-diagonal matrix elements are:
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Appendix D

The matrix of pulse amplitude, which contains amplitude of each fundamental-frequency and third-harmonic

frequency pulses in forward- and backward-direction has been shown as following equation:
T
U=|:af1 ay ag ab3] . (D1)

In split-step algorithm, the linear and nonlinear parameters have been defined as linear and nonlinear
operators. The linear operator is split into two operators such as propagating and coupling operators and their

matrix elements have been shown as following

245 o 0 0
oz
0 o, i6, 0 0
f= 0z 5 , (D2)
0 0 ——+i6, 0
Oz
0 0 0 6, o,
5 oz i
0 ik, 0 0
2| 0 0 0 ©3)
0 0 0 ix,
0 0 iK, O

Finally, the nonlinear operator which includes diagonal and off-diagonal elements could be written in

matrix form as propagating and coupling operators as shown in following:

Ny N,

21

N,
0
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0 0
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3 34
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where the diagonal matrix elements are:
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Appendix E

The split-step Fourier method (SSFM)

The flow chart of SSFM algorithm in its simplest form is shown in Fig. E1.

Initial Profile

E(z,t=0)

.
L

E, (z,t +%) =F" {]F[E(z,t =0)]exp [i%}}

v

sy i S]]

\ 4

E,(2,t + Af) = E,(z,t + At)exp| NAt]

\ 4

E, (z,t +%) =E,(z,t +At)exp[1€'ézt—w

o el 2]

Figure E.1. The flow chart of SSFM algorithm.
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Table E1 MATLAB code example for simulating the optical parametric amplification (OPA) in one-

dimensional photonic band-gap (1D-PBG) structure

tic

cle; clear;

%Input Data

tt = 400,

%Define amplitude, nonlinear coefficient, linear coupling coefficient, and detuning parameter for pump,
signal, and idler waves.

%Pump wave

Ampl = 1.0;

Kappal = 0.0421;

Deltal = 0.1462;

vgl = 0.4924;

%Signal wave

Amp2 = 0.05;

Kappa2 = 0.0420;

Delta2 = -0.0426;

vg2 = 0.4649;

%Idler wave

Amp3 =0.0;

Kappa3 = 0.0422;

Delta3 = -0.0364;

vg3 =0.4655;

%parameters for the strengths of each nonlinear coefficient
Chi3 = 1.0;

gammaO0 = 0.2932;

gammal = -0.0477 - 0.0333i; gammanl = -0.0477 + 0.0333i;
gamma?2 = -0.0089 - 0.0436i; gamman2 = -0.0089 + 0.0436i;

%Setting total point number, propagation length, step size, total thickness



n=4%512;
n2 =n/2;
Z0 = 20*pi;

Z = linspace(-Z20,Z0,n);
dz = Z0/n;

dz2 = dz/2;

D =200;

L =dz*D;

sigmaz = 1,

%Setting time interval and time increment

dt=0.1;
dt2 =dt/2.;
TT = dt*tt;

T = linspace(0,TT,n);

%Setting wavenumber vectors

z=0:1/n:1-1/n;

kz = 2*pi*(0:n-1);

kz = [kz(1:(n/2+1)) -kz(n/2:-1:2)];

Kz =kz/70;

%Coupling coefficient matrix

Kappal = zeros(1,n); Kappa2 = zeros(1,n); Kappa3 = zeros(1,n);
%Detuning coefficient matrix

deltal = zeros(1,n); delta2 = zeros(1,n); delta3 = zeros(1,n);
%matrix used in the solution

Ddeltal = ones(1,n); Ddelta2 = ones(1,n); Ddelta3 = ones(1,n);
%Nonlinearity coefficient matrix

chi3 = zeros(1,n);

fori3=1:D

%Pump wave

115



kappal(1,n2+i3) = Kappal;
deltal(1,n2+i3) = Deltal;

Ddeltal(1,n2+i3) = exp(li*deltal(1,n2+i3)*vgl *dt2);

chi3(1,n2+i3) = Chi3;
%Signal wave
kappa2(1,n2+i3) = Kappa2;
delta2(1,n2+i3) = Delta2;

Ddelta2(1,n2+i3) = exp(li*delta_2(1,n2+i3)*vg2*dt2);

chi3(1,n2+i3) = Chi3;
%Idler wave
kappa3(1,n2+i3) = Kappa3;
delta3(1,n2+i3) = Delta3;

Ddelta3(1,n2+i3) = exp(li*delta3(1,n2+i3)*vg3*dt2);

chi3(1,n2+i3) = Chi3;
end
%Define linear operator
%Pump wave
uafl = -1i*vgl1 *Kz; uabl = +1i*vgl*Kz;
Uf1 = exp(uafl *dt2); Ubl = exp(uabl*dt2);
%Signal wave
uaf2 = -1i*vg2*Kz; uab2 = +1i*vg2*Kz;
Uf2 = exp(uaf2*dt2); Ub2 = exp(uab2*dt2);
%Ildler wave
uaf3 = -1i*vg3*Kz; uab3 = +1i*vg3*Kz;
Uf3 = exp(uaf3*dt2); Ub3 = exp(uab3*dt2);
%longitudinal mode
zt = Z0*(z-0.2)/sigmaz;
%Pump wave

Afinit]l = Ampl*exp(-zt.*2); Abinit] = zeros(1,n);
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Afl = Afinitl; Abl = Abinitl;

Phifl = angle(Af1); Phibl = angle(Ab1);

%Signal wave

Afinit2 = Amp2*exp(-zt."2); Abinit2 = zeros(1,n);

Af2 = Afinit2; Ab2 = Abinit2;

Phif2 = angle(Af2); Phib2 = angle(Ab2);

%Idler wave

Afinit3 = zeros(1,n); Abinit3 = zeros(1,n);

Af3 = Afinit3; Ab3 = Abinit3;

Phif3 = angle(Af3); Phib3 = angle(Ab3);

%Conservation of energy test

E(1) = sum(sum{(abs(Afl1).2+abs(Ab1)./2+abs(Af2).A2+abs(Ab2).2+abs(Af3).A2+abs(Ab3).A2)))*(Z0/n);

%Define Nonlinear Operator

%Pump wave

ckl = cos(kappal *vgl*dt2); skl = sin(kappal *vgl *dt2);

Phifl = angle(Af1); Phibl = angle(Abl);

%Signal wave

ck2 = cos(kappa2*vg2*dt2); sk2 = sin(kappa2*vg2*dt2);

Phif2 = angle(Af2); Phib2 = angle(Ab2);

%Idler wave

ck3 = cos(kappa3*vg3*dt2); sk3 = sin(kappa3*vg3*dt2),

Phif3 = angle(Af3); Phib3 = angle(Ab3);

for jj = 1:tt
%exp(Ldt/2)
Alfl = iff2(Uf1.*ffi2(Af1)); Albl = ifft2(Ubl.*fft2(Abl));
Alf2 = iff2(Uf2.*fi2(Af2)); A1b2 = ifft2(Ub2.*{ft2(Ab2));
Al1f3 = ifft2(Uf3.*ft2(Af3)); A1b3 = ifft2(Ub3.*fft2(3));
%exp(Kdt/2)
A2f1 = Ddeltal .*(ck1.*A1fl1+1i*sk1.*A1b1); A2bl = Ddeltal.*(ck1.*Albl+1i*sk1.*A1f1);
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A2f2 = Ddelta2.*(ck2.*A1f2+1i*sk2.*A1b2); A2b2 = Ddelta2.*(ck2.*A1b2+1i*sk2.*A12);

A2f3 = Ddelta3.*(ck3.*A1f3+1i*sk3.*A1b3); A2b3 = Ddelta3.*(ck3.*A1b3+1i*sk3.*A1f3);
%exp(Ndt)

A3f1=A2f1.*exp((1i*(chi3.*(gamma0*(abs(Af1).A2 + 2*abs(Ab1).A2 + 2*abs(Af2).A2 +2*abs(Ab2).A2
+ 2*abs(Af3).A2 + 2*abs(Ab3).”2)) + gammal*(2*Ab2.*conj(Af2) + 2* Ab3.*conj(Af3))

+ gamman1*(Afl.*conj(Ab1) + 2*Af2.*conj(Ab2) + 2*Af3.*conj(Ab3))))*vgl *dt)

+ (li*chi3.*(gamma0*(5.5*Af2.*Af3.*conj(Af1))))*vgl *dt

+ A2b1.*((1i*(chi3.*(gammal *(2*abs(Af1).*2 + abs(Ab1).2

+ 2*abs(Af2).A2 + 2*abs(Ab2).A2 + 2*abs(Af3).72 + 2*abs(Ab3).72))

+ gamma2*((Ab_pp.~2).*conj(Af pp).*exp(1i*2.*Phif pp)))))*vgl*dt;
A3b1=A2bl.*exp((1i*(chi3.*(gamma0*(2*abs(Af1)./2 + abs(Ab1).”2 + 2*abs(Af2).22+2*abs(Ab2).”2
+2*abs(Af3)./2 + 2*abs(Ab3)./2)) + gamman1*(2*Af2.*conj(Ab2) + 2*Af3.*conj(Ab3))

+ gammal *(Ab1l.*conj(Afl) + 2*Ab2.*conj(Af2) + 2*Ab3.*conj(Af3))))*vgl *dt)

+ (1i*chi3.*(gamma0*(5.5*Ab2.*Ab3.*conj(Ab1))))*vgl *dt

+ A2f1.*((1i*(chi3.*(gamman1*(abs(Af1).*2 + 2*abs(Ab1)./2

+ 2*abs(Af1).22 + 2*abs(Ab2).A2 + 2*abs(Af3)./2 + 2*abs(Ab3).~2))

+ gamman2*((Af1.72).*conj(Ab1).*exp(-1i*2.*Phib1))))) *vgl *dt;

A32=A212 *exp((1i*(chi3.*(gamma0*(2*abs(Af1).A2 + 2*abs(Ab1).#2 + abs(Af2).72 +2*abs(Ab2)./2
+ 2*abs(Af3).A2 + 2*abs(Ab3).A2)) + gammal *(2*Ab1.*conj(Afl) + 2*Ab3.*conj(Af3))

+ gamman1*(2*Afl.*conj(Abl) + Af2.*conj(Ab2) + 2*Af3.*conj(Ab3))))*vg2*dt)

+ (1i*chi3.*(gamma0*(2*(Af1.72).*conj(Af3))))*vg2*dt...

+ A2b2.*((1i*(chi3.*(gammal *(2*abs(Af1).A2 + 2*abs(Ab1)./2

+ 2*abs(Af2).22 + abs(Ab2).22 + 2*abs(Af3).”2 + 2*abs(Ab3).72))

+ gamma2*((Ab2.72).*conj(Af2).*exp(-1i*2.*Phif2))))) *vg2 *dt;
A3b2=A2b2.*exp((1i*(chi3.*(gamma0*(2*abs(Af1).A2 + 2*abs(Ab1).72 + 2*abs(Af2)."2

+ abs(Ab2).A2 +2*abs(Af3).72 + 2*abs(Ab3).A2)) + gamman1*(2*Afl.*conj(Ab1)+2*Af3.*conj(Ab3))
+ gammal*(2*Abl.*conj(Afl) + Ab2.*conj(A2f2) + 2*Ab3.*conj(Af3))))*vg2*dt)

+ (li*chi3.*(gamma0*(2*(Ab1).#2.*conj(Ab3)))) *vg2*dt

+ A2f2.*((1i*(chi3.*(gamman1*(2*abs(Af1).A2 + 2.*abs(Ab1)."2
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+ abs(Af2).A2 + 2*abs(Ab2).A2 + 2*abs(Af3).72 + 2*abs(Ab3).A2))

+ gamman2*((Af2./2).*conj(Ab2).*exp(-1i*2.*Phib2)))))*vg2*dt;

A3f3=A213 *exp((1i*(chi3.*(gamma0*(2*abs(Af1).A2 + 2*abs(Ab1).A2 + 2*abs(Af2).A2

+ 2*abs(Ab2).”2 +abs(Af3).A2 +2*abs(Ab3).A2)) + gammal*(2* Abl.*conj(Af1)+2*Ab2.*conj(Af2))
+ gamman1*(2*Afl.*conj(Abl) + 2*Af2.*conj(Ab2) + Af3.*conj(Ab3))))*vg3*dt)

+ (li*chi3.*(gamma0*(2*(Af1./2).*conj(Af2))))*vg3*dt

+ A2b3.*((1i*(chi3.*(gammal*(2*abs(Af1)./2 + 2*abs(Ab1).A2

+ 2*abs(Af2).22 4+ 2*abs(Ab2).22 + 2*abs(Af3).A2 + abs(Ab3).*2))

+ gamma2*((Ab3.72).*conj(Af3).*exp(-1i*2.*Phif3)))))*vg3*dt;
A3b3=A2b3.*exp((1i*(chi3.*(gamma0*(2*abs(Af1).#2 + 2*abs(Ab1).72 +2*abs(Af2)."2

+ 2*abs(Ab2)./2 + 2*abs(Af3).A2 +abs(Ab3).72)) +gamman1*(2* Af1.*conj(Ab1l) +2*Af2.*conj(Ab2))
+ gammal *(2*Abl.*conj(Afl) + 2*Ab2.*conj(Af2) + Ab3.*conj(Af3))))*vg3*dt)

+ (1i*chi3.*(gamma0*(2*(Ab1).~2.*conj(Ab2)))) *ve3*dt

+ A2f3.*%((1i*(chi3.*(gamman1*(2*abs(Af1)."2 + 2.*abs(Ab1).A2

+2*abs(Af2).A2 + 2*abs(Ab2).72 + abs(Af3).A2 + 2*abs(Ab3).72))

+ gamman2*((Af3.2).*conj(Ab3).*exp(-1i*2.*¥Phib3)))))*vg3*dt;

%exp(Kdt/2)

Alfl = Ddeltal.*(ck1.*A3f1+1i*sk1.*A3b1); A1bl = Ddeltal.*(ck1.*A3b1+1i*sk1.*A3f1);
A1f2 = Ddelta2.*(ck2.*A3f2+1i*sk2.*A3b2); A1b2 = Ddelta2.*(ck2.*A3b2+1i*sk2.*A3f2);
A1f3 = Ddelta3.*(ck3.*A3f3+1i*sk3.*A3b3); A1b3 = Ddelta3.*(ck3.*A3b3+1i*sk3.*A3{3);
%exp(Ldt/2)

Afl = iff2(Uf1.*f12(A1f1)); Abl = ifft2(Ub1.*{ft2(A1b1));

Af2 = ifft2(Uf2.*fft2(A1£2)); Ab2 = ifft2(Ub2.*fft2(A1b2));

Af3 = ifft2(Uf3.*fft2(A1£3)); Ab3 = ifft2(Ub3.*fft2(A1b3));

%updating and capturing fields at the boundaries

Phifl = angle(Af1); Phibl = angle(Ab1);

Phif2 = angle(Af2); Phib2 = angle(Ab2);

Phif3 = angle(Af3); Phib3 = angle(Ab3);
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%Register the conservation of the energy (first conservation law)
E(jj+1)=sum(sum((abs(Af1)."2+abs(Ab1).#2+abs(Af2).*2+abs(Ab2).A2+abs(Af3).A2-+abs(Ab3).72)))*(Z0/n);
end

%storing data

If1 = abs(Af1).~2; Ibl = abs(Ab1).2;

12 = abs(Af2).72; Ib2 = abs(Ab2)./2;

If3 = abs(Af3).72; Ib3 = abs(Ab3)./2;

toc
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Table E2 MATLAB code example for simulating the third-harmonic generation (THG) in one-dimensional

photonic band-gap (1D-PBG) structure

tic

clc; clear;

%Input Data

tt = 400; %total time steps

%Define amplitude, nonlinear coefficient, linear coupling coefficient, and detuning parameter for fundamental
%and third-harmonic waves.

Chi3 =0.5;

%Fundamental field

Ampl =0.1;

Kappal =0.3271;

Deltal = 0.0046;

vgl =0.492;

%Third-harmonic field

Amp3 =0.0;

Kappa3 = 0.9820;

Delta3 =-0.0117;

vg3 = 0.466;

%parameters for the strengths of each nonlinear coefficient
g10=0.209507; g30 = 0.628947,

gl1=0.0095 - 0.1000i; g31 = 0.0284 - 0.3002i;

glnl = 0.0095 + 0.1000i; g3n1 = 0.0284 + 0.3002i;

gl2 =-0.0093 - 0.0018i; g32 =-0.0279 - 0.00531;

gln2 =-0.0093 + 0.0018i; g3n2 = -0.0279 + 0.00534;

g13 =0.0090 - 0.0310i; g33 = 0.0270 - 0.0931i;

gln3 = 0.0090 + 0.0310i; g3n3 = 0.0270 + 0.0931i;
%Setting number of modes, propagation length, and step size

%total point number
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n = 2048;

n2 =n/2;

Z0 = 20*pi;

Z = linspace(-Z0,Z0,n);

dz =Z0/n;

dz2 = dz/2;

D =50;

L =dz*D;

%Setting longitudinal pulse width
sigmaz = 1.0;

%Setting time interval and time increment
dt=0.1;

dt2 =dt/2.;

TT = dt*u;

T = linspace(0,TT,n);

%Setting wavenumber vectors
z=0:1/n:1-1/n;

kz = 2*pi*(0:n-1);

kz = [kz(1:(n/2+1)) -kz(n/2:-1:2)];

Kz =kz/70;

%Coupling coefficient matrix

kappal = zeros(1,n); kappa3 = zeros(1,n);
%Detuning coefficient matrix

deltal = zeros(1,n); delta3 = zeros(1,n);
Ddeltal = ones(1,n); Ddelta3 = ones(1,n);
%Nonlinearity coefficient matrix

chi3 = zeros(1,n);

fori3 =1:D

%Fundamental field



kappal(1,n2+i3) = Kappal;
deltal (1,n2+i3) = Deltal;
Ddeltal(1,n2+i3) = exp(li*deltal (1,n2+i3)*vg1*dt2);
chi3(1,n2+i3) = Chi3;
%Third-harmonic field
kappa3(1,n2+i3) = Kappa3;
delta3(1,n2+i3) = Delta3;
Ddelta3(1,n2+i3) = exp(1i*delta3(1,n2+i3)*vg3*dt2);
chi3(1,n2+i3) = Chi3;
end
%Define linear operator
%FF pulse
uafl = -1i*vgl *Kz; uabl = +1i*vgl *Kz;
Uf1 = exp(uafl*dt2); Ubl = exp(uabl*dt2);
%TH pulse
uaf3 = -1i*vg3*Kz; uab3 = +1i*vg3*Kz;
Uf3 = exp(uaf3*dt2); Ub3 = exp(uab3*dt2);
%longitudinal mode
zt = Z0*(z-0.2)/sigmaz;
%Fundamental field
Afinit] = Ampl*exp(-zt.~2); Abinitl = zeros(1,n);
Af1 = Afinitl; Abl = Abinitl;
Phifl = angle(Af1); Phibl = angle(Abl);
%Third-harmonic field
Afinit3 = zeros(1,n); Abinit3 = zeros(1,n);
Af3 = Afinit3; Ab3 = Abinit3;
Phif3 = angle(Af3); Phib3 = angle(Ab3);

%Conservation of energy test

E(1) = sum(sum((abs(Af1).#2 + abs(Ab1).”2 + abs(Af3).72 + abs(Ab3).72)))*(Z0/n);
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%Define Nonlinear Operator
%Fundamental field
ck1 = cos(kappal *vg1*dt2); skl = sin(kappal *vgl*dt2);
Phifl = angle(Af1); Phibl = angle(Abl);
%Third-harmonic field
ck3 = cos(kappa3*vg3*dt2); sk3 = sin(kappa3*vg3*dt2);
Phif3 = angle(Af3); Phib3 = angle(Ab3);
for jj = 1:tt
%exp(Ldt/2)
Alfl = ifft2(Uf1.*ft2(Af1)); A1bl = ifft2(Ub1.*fft2(Abl));
A1f3 = ifft2(Uf3.*fft2(Af3)); A1b3 = ifft2(Ub3.*ffi2(Ab3));
%exp(Kdt/2)
A2f1 = Ddeltal . *(ck1.*A1f1+1i*sk1.*A1b1); A2bl = Ddeltal.*(ck1.*A1b1+1i*sk1.*A1fl);
A2f3 = Ddelta3.*(ck3.*A1{3+1i*sk3.*A1b3); A2b3 = Ddelta3.*(ck3.*A1b3+1i*sk3.*A13);
%exp(Ndt)
A3f1 = A2f1 . *exp((1i*(chi3.*(3*g10*(abs(Af1).A2 + 2*abs(Ab1).A2 + 2*abs(Af3).A2 + 2*abs(Ab3).72))
+ 3*g1n1*(Afl.*conj(Abl)) + 3*g1n3*(2*Af3.*conj(Ab3))))*vgl *dt)
+ ((1i*chi3.*(3*g11*(Ab3.*(conj(Ab1).A2)) + 6*g1n1*(Af3.*conj(Af1).*conj(Abl))
+ 6*g12*(Ab3.*conj(Af1).*conj(Ab1)) +3*g1n2*(Af3.*(conj(Ab1)./2))
+ 3*g13*(Ab3.*(conj(Af1).A2))))*vgl *dt)
+ A2b1.*(1i*(chi3.*(3*g11*(2*abs(Af1).A2 + abs(Ab1).A2 + 2*abs(Af3).A2 + 2*abs(Ab3)./2))
+ 3*g12*(Abl.*conj(Af1)) + 3*g13*(2* Ab3.*conj(Af3))))*vgl *dt;
A3bl = A2bl.*exp((1i*(chi3.*(3*g10*(2*abs(Af1).#2 + abs(Ab1).A2 + 2*abs(Af3).A2 + 2*abs(Ab3)."2))
+ 3*g1 1*(Abl.*conj(Af1)) +3*g13*(2* Ab3.*conj(Af3))))*vgl *dt)
+ ((1i*chi3.*(3*gIn1*(Af3.*(conj(Af1).A2)) + 6*g11*(Ab3.*conj(Afl).*conj(Ab1))
+ 6*g1n2.*(Af3.*conj(Afl).*conj(Abl))
+ 3*g12 *(Ab3.*(conj(Af1).42)) + 3*g1n3.*(Af3.*(conj(Ab1).A2))))*vg1 *dt)
+ A2f1.*(1i*(chi3.*(3*g1n1*(abs(Af1).A2 + 2*abs(Ab1).A2 + 2*abs(Af3).A2 + 2*abs(Ab3).72))
+ 3*g12*(Afl.*conj(Abl)) + 3*g1n3*(2*Af3.*conj(Ab3))))*vgl *dt;
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A3f3 = A2f3 *exp((1i*(chi3.*(3*g30*(2*abs(Af1).A2 + 2*abs(Ab1).72 + abs(Af3).A2+2*abs(Ab3).A2))
+ 3*g31*(2*Abl.*conj(Af1)) + 3*g3n1*(2*Afl.*conj(Ab1)) + 3*g32*(2*Ab1.*conj(Afl))
+ 3*g3n3*(Af3.*conj(Ab3))))*vg3*dt) + (1i*chi3.*(g30*((1/3)*(A2f1).73)))*vg3*dt
+ ((1i*chi3.*(3*g31*((Af1.72).*Abl)))) *vg3*dt
+ A2b3.*(1i*(chi3.*(3*g33*(2*abs(Af1)."2 + 2*abs(Ab1).72 + 2*abs(Af3).A2+ abs(Ab3).72)))) *vg3*dt;
A3b3 = A2b3.*exp((1i*(chi3.*(3*g30*(2*abs(Af1).#2 + 2*abs(Ab1).72 + 2*abs(Af3).A2 + abs(Ab3).A2)
+ 3*g3n1*(2*Afl.*conj(Abl)) + 3*g31*(2*Abl.*conj(Af1)) + 3*g3n2*(2*Af1.*conj(Ab1))
+ 3*g33*(Ab3.*conj(Af3)))))*vg3*dt) + (1i*chi3.*(g30*((1/3)*(A2b1).A3)))*vg3*dt
+ ((1i*chi3.*(3*g3n1*((Ab1.72).* Af1))))*vg3*dt
+ A2f3.*(1i*(chi3.*(3*g3n3*(2*abs(Af1).72 + 2*abs(Ab1).A2 + abs(Af3)./2 + 2*abs(Ab3)./2))))*vg3*dt;
%exp(Kdt/2)
A1f]l = Ddeltal.*(ck1.*A3f1+1i*sk1.*A3b1); Albl = Ddeltal.*(ck1.*A3b1+1i*sk1.*A3f1);
A1f3 = Ddelta3.*(ck3.*A3f3+1i*sk3.*A3b3); A1b3 = Ddelta3.*(ck3.*A3b3+1i*sk3.*A3f3);
%exp(Ldt/2)
Af] = ifft2(Uf1.*fi12(A1£1)); Abl = ifft2(Ub1.*fft2(A1b1));
Af3 = iffi2(Uf3.*ff12(A113)); Ab3 = ifft2(Ub3.*ffi2(A1b3));
%updating and capturing fields at the boundaries
Phifl = angle(Afl); Phibl = angle(Ab1);
Phif3 = angle(Af3); Phib3 = angle(Ab3);
%Register the conservation of the energy (first conservation law)
E(jj+1) = sum(sum((abs(Af1).*2 + abs(Ab1).~2 + abs(Af3)."2 + abs(Ab3).72)))*(Z0/n);
end
%storing data
Ifl = abs(Af1).22; Ib1 = abs(Ab1)./2;
If3 = abs(Af3).42; Ib3 = abs(Ab3)."2;

toc
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Appendix F
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dimensional photonic bandgap structures,” 4ppl. Opt. 52(25), p. 6090-6099 (2013).

[2] S. Wicharn and P. Buranasiri, “Third-harmonic pulse generation in one-dimensional photonic crystal

structures,” on process to publish in J. Nanophotonics 8(1), p. 083893-1-083893-18 (2014).



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



Wicham and Buranasiri: Third-harmonic pulse generation in one-dimensional photonic crystal structures

155

Prathan Buranasiri received his BS degree in physics from Ramkhamhaeng University,
Thailand. Then, he went to the United States to pursue his graduate degree and received his
MSc in physics and PhD in electrical engineering from University of Alabama in Hunstville
and University of Dayton, respectively. He is currently an instructor at the Department of
Physics of King Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand. His recent
research interests include nanophotonics, photorefractive materials, and fiber optic communi-
cation systems.

Joumal of Nanophotonics 083893-18 Vol. 8, 2014



Name:

Date of Birth:

Address:

E-mail:

Education:

1988-1996

1997-2002

2003-2006

2008-2009

156

Author Biography
Surawut Wicharn
September 13, 1984
36/1 M.5, Wangluk sub-district, Srisamrong district, Sukhothai 64120

kwsurawut@gmail.com

Srisamrong school, Sukhothai, Thailand

Sawan-anan Wittaya school, Sukhothai, Thailand

King Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand
B.Sc. Applied Physics, Major Scientific Instrument and Industrial
Thesis: Liquid Level Measurement Device

Advisor: Assoc. Prof. Sarai Lekcha-Um

GPA: 3.49 (2™ Class Honor)

King Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand

M.Sc. Applied Physics

Thesis: Metallo-Dielectric Photonic Band-Gap Structure Simulation using
Transfer-Matrix Method

Advisor: Dr. Prathan Buranasiri

GPA: 3.77





