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Theoretical investigation of the optical second-harmonic generation in
reflection from bierfriengent crystal of ADP immersed in optically denser fluid 1-
bromonaphthalene, under the excitation of ultrashort pulse laser of A = 900nm, was
performed. The relative reflected second-harmonic intensity (SHI) was calculated as a
function of incident angle, based on the theory of Bloembergen and Pershan (1962),
via C". The phase-matched second-harmonic at total reflection, which gives the
maximum intensity in reflection, was studied and calculated. On the other hand, the
minimum intensity of reflected second-harmonic wave was also performed via the
nonlinear Brewster angle condition. The newly proposed crystallographic orientations
were used in order to investigate the nonlinear Brewster angle. The theoretical results
shown that the nonlinear Brewster angle can have many values depending on the
orientation of the crystal. Nonlinear Brewster angles are found to be 42.02°, 52.60°,
0°, and 69.93°corresponding to the crystallographic cuts of ADP which has its optic

axis inclining at 42.68°, 30°, 90°, and 0° from its incident surface, respectively.
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Chapter |

I ntroduction

1.1 Introduction:Literature Review

The field of nonlinear optics is the study of the interactiors of laser light with
matter when the response of material system to an applied electromagnetic field is
nonlinear. The beginning of nonlinear optics took place with the first observation of
second harmonic light of the ruby laser in quartz crystal (Franken, Hill, Peters, and
Weinreich, 1961). It has been rapidly growing since the early 1960s soon &fter the
invention of the laser (Maiman, 1960). The high intensity of laser light was utilized as
a coherent light source making available experimental observations of nonlinear
optical phenomena which cannot occur in conventiona (linear) optics. The most
interesting of such phenomena is second harmonic generation in which the light wave
of frequency w propagating through a crystal lacking inversion symmetry is converted
to light wave at 2w. Second harmonic generation in transmission was first discovered
by Franken et al. (1961) by focusing the red light (I = 694 nm) from ruby laser onto

the quartz crystal, resulting in the blue light { = 347 nm) generated at a second

harmonic frequency. However, the conversion efficiency from w to 2w was relatively
smal. The achievement of maximum intensity of transmitted second harmonic
generation can be performed by phase-matching technique (Maker, Terhune,
Nisenoff, and Savage, 1962; Giordmaine, 1962; Ashkin, Boyd, and Dziedzic, 1963;

Boyd, Ashkin, Dziedzic, and Kleinman, 1965; Bhanthumnavin and Lee, 1994).



Bloembergen and Pershan (1962) first theoretically demonstrated the behavior
of second harmonic wave such as the refraction and reflection, at the boundary of a
nonlinear media. Their work also included the generalized Snell’s law, which showed
the relation between the incident, reflected and transmitted angles of both
fundamental beam and second harmonic beams. The analysis of total reflection and
Brewster angle phenomena were given as well. In 1963, Ducuing and Bloembergen
(1963) performed an experimental verification of the law for second harmonic light in
reflection. Many aspects of the Bloembergen and Pershan (BP) theory have been
verified in different experimental situations. The most important aspects of BP theory
were concerned with primary beam incidents from an optically denser medium to a
lesser dense nonlinear medium. In this case, total reflection of primary beam and
second harmonic beam will occur, as demonstrated by Bloembergen, Simon, and Lee
(1969) in particular, for non-phase-matched second harmonic at total reflection. The
phase-matched second harmonic at total reflection leads to enhancement of the
reflected second-harmonic intensity at critical angle (Bloembergen and Lee, 1967;
Lee and Bhanthumnavin, 1976; Bhanthumnavin and Lee, 1994). In addition, there is
an interesting phenomenon, which occurs when the primary beam is incident upon a
nonlinear medium at particular angle of incident called nonlinear Brewster angle. At
this angle, the reflected second harmonic intensity vanishes. This phenomenon was
first experimentally demonstrated by Chang and Bloembergen (1966) in GaAs crystal
for opague medium in which the vanishing of reflected second harmonic light could
not be observed clearly. Later Lee and Bhanthumnavin (1976) first observed the
nonlinear Brewster angle in transparent medium KDP crystal. In 1994,

Bhanthumnavin and Lee (1994) performed experimental observations of the nonlinear



Brewster angle and the phase matched second harmonic at total reflection of KDP
crystal by using a mode-locked neodymium glass laser. However, the nonlinear
Brewster angle can occur at other crystallographic orientations of the crystal because

the occurrence of nonlinear Brewster angle depends on the inclination of nonlinear

polarization P™°(2w), which lies in the plane of incidence. The theoretical
prediction of nonlinear Brewster angle in ADP crystal immersed in the optically
denser liquid 1-Bromonapthalehe by using the Nd:YAG laser of | = 1064 nm as a
fundamental beam was reported by Bhanthumnavin and Ampole (1990) also for KDP
crystal reported by Suripon and Bhanthumnavin (1999). Besides the null intensity of
second harmonic in reflection, the null intensity in transmission, which does not occur
in linear optic, has also been observed (Bhanthumnavin and Lee, 1994; Ddirr,

Hildebrandt, Marowsky, and Stolle, 1997).

1.2 Objective

In order to extend the field of nonlinear optics, especially in the area of second
harmonic generation in reflection, this thesis is devoted to the theoretical investigation
of reflected second harmonic intensity generated from ADP crystal. The ultrashort
pulse laser at wavelength | =900 nm with high peak power output will be utilized as
the fundamental beam. The maximum and minimum intensity of reflected second
harmonic lights are obtained through phase matching technique, and for the condition
of nonlinear Brewster angle, respectively. Such intensity is calculated by computer
simulation (using C™*program) based on the theory of Bloembergen and Pershan

(1962). Different crystalographic orientations of the ADP crystal will be used to



determine the intensity of reflected second harmonic generation under ultrashort laser
pulse excitation. The nonlinear Brewster angle dependence on the crystalloghapic
orientation will be investigated. Unlike the previous studies, in which the
crystallographic orientation of the crystals either had their optic axis (P™°(2w))
inclining with respect to their incident surface at 82° (GaAs crysta by Chang and
Bloembergen, 1966); 42.05°(ADP crystal by Bhanthumnavin and Ampole, 1990);
41.2° (KDP crysta by Bhanthumnavin and Lee, 1994); or 30° (KDP crysta by
Suripon and Bhanthumnavin, 1999), the crystallographic cuts used in the thesis are

42.68°, 30°, 0° and 90°.

1.3 Hypothesis

Under the newly proposed crystal orientation cuts, it is expected to achieve the
condition of nonlinear Brewster angle and phase matching condition at total reflection
by using ultrashort pulse laser at | =900 nm. Unlike the linear case, the nonlinear
Brewster angle dependence on crystallographic orientations is not unique. The test of
hypothesis can be done by comparing our result with the previous studies in which the

nonlinear medium has same crystal class as KDP and ADP crystals.

1.4 Organization of the Thesis

This paper is organized as follows.
Chapter 1: Introduction. This chapter presents the background and reviews the
history of second-harmonic generation. The research objective and hypothesis are also

given.



Chapter 2: Theory of Second-harmonic generation. This chapter will focus on
second-harmonic generation in reflection. The concept of both phase-matching at total
reflection and nonlinear Brewster angle are discussed.

Chapter 3: Procedure. The chapter is for the theoretical preparation of ADP
crystal cut and selection of optically denser fluid in order to enable for total reflection.
The computer C™ program used for the theoretical calculation of relative reflected
second-harmonic intensity will be discussed as well.

Chapter 4: Results and Discussion. In this chapter, results of second-harmonic
harmonic generation via phase-matched technique as well as ADP crystallographic
cuts in order to obtain nonlinear Brewster angles are well described, anayzed and
plotted in semi-logarithmic scale.

Chapters 5 conclusions of the results as well as suggestion for future research

are presented.



Chapter 11

Theory of Second-harmonic Generation

2.1 Introduction

In this chapter, the theory of optica second-harmonic generation will be
presented. The propagation of second-harmonic waves governed by Maxwell’s
equations with the incorporation of nonlinear polarization is described by the
Bloembergen and Pershan (1962) theory. The general law of refraction and reflection
which gives the direction of the harmonic waves that emanate form the boundary of
nonlinear medium are derived. The intensity of second-harmonic in reflection
described by the nonlinear Fresnel factor that actually depends on the incident angle
of the fundamental beam is demonstrated. The achievement of both maximum and
minimum of reflected second harmonic intensity via phase-matching and nonlinear

Breswter angle, respectively, are also theoretically carried out.

2.2 Second-har monic Generation

One type of the interaction of light wave with matter is the effect of electric

field on the polarization (P) or dipole moment per unit volume within a material. In
case of linear optics, the induced polarization depends linearly on the applied electric

field, which can be described by the relationship



P = c®E, (2.1)

where the constant of proportionality c®is known as the linear susceptibility. This
induced polarization acts as the source of new electromagnetic wave radiating in both
transmitted and reflected direction, with same characteristic as the applied field as
shown in Figure 2.1. Linear optical phenomena, such as the refraction, reflection,

dispersion, as well as hirefringence of light propagation in a medium are based on this

relation.
E () " B(t)
I”\ I
‘ N W A

Figure 2.1. The geometric situation of linear optical

interaction.
However, Linear optica interaction is only applicable for low applied electric field
strengths. The existence of nonlinear optical phenomena in materials should occur
when a high electric field is applied. The nonlinear optics concepts can be found in
several textbooks (Bloembergen, 1965; Butcher and Cotter, 1990; Prasad and
Williams, 1990; Mills, 1991; Boyd, 1992; Newell and Moloney, 1992; He and Liu,
1999). The induced nonlinear polarization within material can be expressed as the

power series of the applied electric field



P = cPE+c?®:EE+.., (2.2
where c® known as the second order susceptibility, a tensor quantity the whose
components provide the response for a given orientation of the crystallographic axes
relative to the incident field. The second order nonlinear polarization results in optical
nonlinear phenomena, such as second-harmonic generation (SHG), sum - frequency
generation (SFG) and difference frequency generation (DFG). Here, we will
concentrate in detail only on second-harmonic generation, where a coherent optical
wave of frequency w can induce a new coherent wave radiation at frequency 2w in
noncentrosymmetric crystal. Figure 2.2 shows the process of second-harmonic
generation. The induced nonlinear polarization consists of the second-harmonic of w,

fundamental frequency (w) and an average (dc) term. BS) (1)
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Figure 2.2. The geometric situation of second-harmonic
generation based on the nonlinear optical interaction.
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For second harmonic generation, the nonlinear polarization can be rewritten in vector

notation by
PMS(2w) = c@:EWEW), (2.3

or in the matrix form of athird order tensor (that c? has 3" 6 =18 elements)

¢ Ew U

é a

, . , & EXw)

erteui el o i o
P @)y = &2 P clig 0, (2.4)

éPNLs(Z\N)a éC(Z) C(Z)... C(z)Lf@ZEy(VV)Ez(W)L:I

SroTH S TR, (WE, W

@E.WE, (W

or, equivaently,
P (2w) = a cVE, WE, W), (2.5)
In

where x,y,z are of a cartesian coordinate system; PM*°(2w), E (W), €tc., are the
components of the vectors P™°(2w) and E(w), respectively. Here w is actually a
parameter rather than an argument showing a true functional dependence. It is clear
that P"“°(2w) will be induced along z-axis inside the medium if the fundamental
field is polarized aong the xy-plane (E,(W) =0). It is important to note that the
second-harmonic can be generated from only noncentrosymmetric crystal in which its

crystal structure lacking inversion symmetry, such as GaAs, CdTe, KDP, ADP

crystals.

2.2.1 Wave equations in nonlinear medium

The behavior of the reflection and transmission waves, a the boundary of

nonlinear medium has been treated theoretically (Armstrong, Bloembergen, Ducuing,
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and Pershan, 1962; Bloembergen and Preshan, 1962). In this section, the derivation of
the wave equations of the monochromatic electric field of frequency wz in a nonlinear
medium will be discussed. Restricts us to a transverse plane wave, in the lossless,
nonlinear dielectric material. Maxwell equations for the medium with the
incorporation of the nonlinear source term P™° (Armstrong et a., 1962; Bloembergen
and Pershan, 1962), were given as

g = - Lined (26)
T

lﬂ(é) +£T“3NLS
cft ¢ Mt

e
I

2.7)

where E isthe electric field, with components (Ex, Ey, E;), and H is the magnetic
field, with components (Hx, Hy, H.); m axd e are the permesbility and
permittivity, respectively, of the medium in which the wave is propagating; and ¢ is
the velocity of propagation in vacuum. E,H , and P™* are functions of both position
(x,y,2) andtime t.

If the medium is nonmagnetic and homogeneous (constant €), M1 and e

will be taken as a scalar quantity. Combining the Maxwell’ s equations. (2.6) and

(2.7) leads to a wave equation contained with a nonlinear polarization source

2.8)

The wave at second-harmonic frequency w, = 2wy generated by P™Swithin the
medium will obey this equation. Choose the coordinate system in such a way that the
boundary is given by z = 0, the plane of incidence (that plane which contains both

the incident, refracted and reflected wave vectors) given by xz-plane. The wave
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vectors k; and k| are incident and refracted ray, respectively. The time-space function

of the induced nonlinear source term at second-harmonic frequency is given by

F_) NLS - bp NLS (2\/\{)

_ = (2.9
= c(2w): EIE! expi(k®x - 2w),

where E/ is the amplitude of the refracted ray at the fundamental frequency and pis a
nonlinear polarization unit vector. The wave vector of the nonlinear source term is
twice the wave vector of the refracted fundamental ray, k° = 2k,'. It is meaningful to

write the Maxwell’ s equation for second-harmonic wave as

Neg, - S TE . TP w) (2.10)

c® ft? c? it?
This is an inhomogeneous differential equation, whose general solution consists of the

homogeneous equation plus one particular solution of the inhomogeneous equation,

ST L A ET e i(KT 4pP™ (4n/c?)
El = &E expi(k] - 2wt) -
& & el ) TR (ke

R B (2.11)
e k¥(kexpu
5p- X D) ik - 2wt),
g () 0§
AT = (K] &)E] epi(k] or - 2w
' (2.12)

| 4pP™S (awg/c?) c

K B)expi(R* > - 2w,
00y - (k)7 2w PePll )

These expressions represent the time-space function of the second-harmonic field
inside the nonlinear medium. The reflected second-harmonic wave can be obtained
from the homogeneous differential equation, normally it is the plane wave that
propagates in free space,

EX = &ENexpi(k}x- 2wt), (2.13)
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AR = i(ﬁj' &) EF expi(kF - 2wt). (2.14)

Applying the boundary conditions, one can resolve the magnitude of the transmitted
E, and reflected Ef amplitudes and the direction of wave vectors of the
homogeneous transmitted wave k, and the reflected wave k[, as well as the

polarization unit vectors €, and €. It is evident that the nonlinear source term emits
the second-harmonic wave in both reflected and transmitted directions, particularly in
the anisotropic case there are two transmitted beams, while the linear polarization
radiates the fundamental reflected and transmitted beams. Figure 2.3 shows the

geometry of wave at the interface of vacuum and ADP crystal.

- N
N

B2 K 2w

vacuum
ADP

/op{ic axis

Figure 2.3. The incident, reflected and refracted wave vectors at
the fundamental and second-harmonic frequencies at the

boundary between vacuum and ADP crystal.
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There is no dispersion in vacuum, so that the reflected second-harmonic wave goes in
the same direction as the reflected fundamental wave. Since k° = 2k/', the refracted
fundamental wave and the inhomogeneous source wave go in the same direction,

whereas the homogeneous transmitted second-harmonic wave goes in different

direction.

2.2.2 Generalized Snell’s law

As shown in Figure 2.3, the incident, refracted, and reflected angles of the
fundamental and second-harmonic frequencies lie in the plane of incidence. They are
related by the generalized Snell’s law. The generalized Snell’s law was theoretically
demonstrated by Bloembergen and Pershan (1962) and was verified experimentaly
by Ducuing and Bloembergen (1963). The derivation of generalized Snell’s law based
on Bloembergen and Pershan theory will be discussed in the following.

Consider the boundary between a linear and nonlinear medium with two plane
waves, E expi(k/ ¥ -wt) and E,expi(k) > - w,t) incident from the nonlinear
medium as illustrated in Figure 2.4. Letter “i” and “R” indicates the incident and

reflected wave at the side of linear medium, respectively, and “T” and “t” indicates

the transmitted wave a sum frequency w, =w, +w,and transmitted wave at
frequencies w, and w, inside nonlinear medium, respectively. The incident angle of

two planes wave are @ and q, : their plane of incident make an angle j with each
other.

The proper choice of coordinate system is x and y direction such that

K =K.
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Linear

Nonlinear

Figure 2.4. Schematic representation of two incident waves at
frequencies w, and wy, traveling from a linear medium induces €
reflected wave, a homogeneous and inhomogeneous transmitted
wave at the sum frequency w, =w, +w, .

At planar interface (z= 0), there is the conservation of the tangential momentum

components,

KE = kg, =KS, =k, + K., = ki, + Kby, (2.15)

ks, = ks, =ks, =k, +K;, =k, +kj, =0. (2.16)
These relations show that the inhomogeneous source wave, the homogeneous and

reflected waves at the sum frequency and the interface normal are dl liein the
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Xz-plane. Since the propagation of inhomogeneous wave,
e'xpi{(IZlt +K)r - (w +W2)t} is proportional to P™*°(w) . Its angle with the face
norma g, isdetermined by

sng; = |k ko

/

The wave vectors k!andk}can be obtained by Snell’s law for refraction as in the

K +Kj|. (2.17)

linear case. Making use of trigonometric relations, one can find
kj]"sn*qy = |k§|"sn’qf
= |ki|"sn?q +|ki|sn?q; (2.18)
+ 2|k1' ||ki2|s'n g, Snq, cosj .
By substituting the magnitude of wave vector k :V—V«/E, equation (2.18) can be
c

rewritten as

e'w; sn“q;

g'w’sn’q +efw;dn’q; (2.19)
+2,/efefww, snq, Snq; cosj .

& W, sn’ o

In the special case that the planes of incidence coincide (j =0), a relationship will
become as,

Jesngl = Jefsng® = /fsng. (2.20)
Another conditions so that conserved tangential momentum components exists in
equation (2.15) is

kj sng, = kJsng; = kfsdngf, (2.21)
or, dternatively,

S N1 2 ~S

e dn’q, = €sdn’qg; = €efdn’qf. (2.22)
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Finally, we get

Jefsng, = Jefsng! = Jelsngl = Jelsngi, (223
or, equivaently, in terms of refractive index by,

nfsng, = nfdsng® = nlsng] = njsncg;. (2.24)

These are known as general laws of reflection and refraction.

2.2.3 Polarization and intensity of the reflected second-harmonic

wave
The calculations of the polarization and intensity of the reflected wave at the
sum frequency w, =w, +W, is presented in this section. We restrict our attention to
the reflected wave at w;, with the electric field vector parallel to the plane of
incidence, for second-harmonic generation where w, =w, =w. Therefore,

W, = 2w. This second-harmonic wave is created by the x and z components of

nonlinear polarization (P, (2w) =0=E (2w)). Let P;*° denote the magnitude of
the nonlinear polarization in the plane of reflection, a be the angle between the
propagation direction of the source k*®and the direction of nonlinear polarization as
illustrated in Figure 2.5.

The continuity of tangential components of electric E and magneticH fidd is
required for the calculation of the amplitude of the reflected second-harmonic wave.

As evident from the solution of Maxwell’s equations for nonlinear medium, one can

find
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/
- L OEQw K (w
i ) 1 (2 w) (2w)
E(W o (2 w)
Linear X
Nonlingaf

Figure 2.5. The second-harmonic wave with the
electric field vector parallel to the plane of incidence

E, =- E/ cosq, = E,, cosq,

4pPMesnacosq, 4pP)S cosasng,
+

- , (2.25)
e-e e
. —4PMsna
H, =- \EE//: ) \EE// - \E? (2.26)

By substituting E;,in equation (2.26) into equation (2.25), the amplitude of reflected

second-harmonic wave is obtained as
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NLS

sna €l- (e +e')e.sn’ qR

J_ e, cosq; ++/e; cosqy, J_ cosq, +-fe; c:osqS

NS cosasnq

R
E//

(2.27)

Jere cosq, +e, cosq,

Applying equation (2.23), the reflected second-harmonic amplitude can be rewritten

as
e ) dnggdn®gy Sn(a +a; +ds) e®
& (W) sin g, SN, +0},) cos(G, - Gx) SN, +0)
or
El = 4P)°Fq), (2.29)
where
" sngssn g, sn(a+q; +ds) (2.30)

eR(alv)s-an sn(CIT +qR) COS(qT - qR)gn(qT +qs) l
The intensity of reflected second-harmonic wave is given by the real part of Poynting

vector times the cross-section area A, :
C 2
I (2n) = gw/qufi W) Ax, (2.31)

where A, = ddlcosq, /cosq, and dddis the area of the rectangular dlit which defines

the beam profile of the incident laser.

2.2.4 Second-harmonic generation at total reflection
The tota reflection phenomenon of second-harmonic wave, included in the
theory of Bloembergen and Pershan (1962), was experimentally observed for the first

time by Bloembergen and Lee (1967) and later by Bloembergen, Simon and Lee
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(1969). This phenomenon remains the same as for linear case it can occur when the
light incidents from a optically denser linear medium to nonlinear medium of lower
refractive index. The geometrical Situation just before total reflection of second-

harmonic wave occurs is shown in Figure 2.6.The transmitted fundamental beam
k'(W), goes in same direction as induced nonlinear polarization wavek®, the
homogeneous transmitted wave k" goes in somewhere different direction. The effect

of disperson causes the reflected fundamental wavek' (w)goes in a different

direction with the reflected second-harmonic wave. There are two transmitted

harmonic beams in nonlinear medium possessing the birefringence. As the angle of
incident qincreases both beam with wave vectors k® and k' will disappear
simultaneoudly, while the transmitted harmonic wave will still remain. For large angle
of incidence only the reflected harmonic beam persists The angle of harmonic
reflection g, transmission source @, and homogeneous harmonic transmission @
are related by generaized Snell’s law
n,,(Wsngq, =n,,(2w)sng, =nWsngs =n(2w)sng; . (2.32)

The indices of refraction are corresponded to the dielectric constants in the notation of

Bloembergen and Pershan theory (equation. 2.23) by Ja: N, (20, JES: n(w),

and \/a =n(2w) . The indices without subscripts refer to the ADP crystal. The critical

angles for total reflection of the transmitted source and transmitted homogeneous

wave are given by

a.W) = sn*(new)/n,, ) (2:33)
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1-Bromonaphthalene
ADP

Figure 2.6. The incident, reflected and transmitted rays at
fundamental and second-harmonic frequencies in the vicinity

of critical angle.

. (W) = sn*{n2w)/n;, W), (2:34)
respectively.
Referring to equation (2.4), by substituting the second order nonlinear

susceptibility tensor ¢ for *42m crystal class (Prasad and Williams, 1990) of ADP

crystal, the nonlinear polarization components P"°(2w) within the ADP crystal, is

given as
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¢ E;w U

é N U
@i @00 c, 0 0 EZ(W) d
PG = P00 0 c, 08 Z("E") G (235
ngNLS(ZVV)H O 00 0 36'§2 , (W) Z(\N)ﬂ

&6, (WE,W)!

&2E. WE, W

Assume that the fundamental field is polarized perpendicular to the plane of incidence
or is polarized among the x and —y directions with respect to the crystallographic
axes of the ADP. In this case the nonlinear source inside the crystal will be along the
z direction and its amplitude is given in terms of the transmitted fundamental field

components by

P> (@w)=c E,WE, W), (2.36)
wherecjd is the nonlinear susceptibility of ADP crystal which give rise to a
polarization at the harmonic frequencies. The amplitude of nonlinear polarization
PN-°(2w) can be expressed in terms of the amplitude E, of the incident fundamental
wave by

P,™ (W) = cih(F " E,)*, (2:37)
where h is the geometrical factor, which depends on the orientation of the
fundamental vector and the nonlinear polarization component with respect to the

crystallographic axis of the nonlinear crystal. The linear Fresnel factor F.- describes

the change in amplitude of the fundamental wave on the transmission wave. In case of

the laser polarization perpendicular to the plane of incident it is

L 2cosq;
cosq}, +snd, (Wcosq

F, (2.39)



22

The eectric field amplitude of reflected second-harmonic wave is given by
En(20) =4p P"°F,. (2.39)
For the case of nonlinear polarization parallel to the plane of incident, the nonlinear

Fresnel factor Fg);, according to the Bloembergen and Pershan theory is given by

. ) .

ez (2n)sng Sn(qg; +0g) cos(q; - dg)sSN(g; +qs)

Here a s the angle between the nonlinear polarization in the plane of incidence and
direction of source vector K.

The intensity of reflected harmonic wave is
c 4 2 .
I (2w) :ge;’2|Eo|“dd¢4pc3“;)2h2|F#| |Fa*| costyq (cosq) (2.40)
where dd@cosq,/cosq is the area of incident laser beam profile. Since

%e;’ ’|E, |* dd§4pc - ) *h?is constant, we canwrite | ,(2w) in relative units as

() 1 |FE['F2[7 cosag (cosa) ™ (241

In the study, ADP crystal is the negative (n, < n,) uniaxia crystal and its
extraordinary refractive index n2'(q) depends on the angle g between the
propagation direction and the crystal optic axis. The value of n2"(q) can be obtained
from the equation of the index ellipsoid as

1 _cos’(@, sn(@ (2.42)
re@f e e my)
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n, and n? are the ordinary and extraordinary refractive indices for the laser light and

n?*and n2" () are the corresponding quantities for the second-harmonic frequency.

2.2.5 Phase-matching in second-har monic generation
According to the out put intensity of second-harmonic generation, which is
proportional to the phase factor (Y ariv, 1991):

+§n2(Dkl /2)

@ 1R (DKl /2)?

(2.43)

with | being the optical path length. The crucial parameter that controls the intensity

of the second-harmonic generation is Dk, which is given by,
Dk = k@) - 2k™) | (2.44)

where k™) = n(W)V—v is the wave vector of fundamental beam and k™" = n(Z\N)Z\—N
C c

is the second-harmonic wave vector. When the condition Dk =0 is achieved, the
interaction that leads to second-harmonic generation is said to be phase-matched
(Maker et. d., 1962; Goidmaine, 1962). For dielectric material, the dielectric constant
always proportional to the frequency, so it cannot achieve phase-matching. However,

for birefringence crystals such as KDP, ADP, and RDP, it is possible to achieve

phase-matching, since there is the ordinary wave with index of refraction n, and the
extraordinary wave with index of refraction n,(q) that depend on the angleq
between direction of propagation and the optic axis. Let q,, be the angle between the
optic axis and the direction of wave propagation which phase-matching is achieved

(Dk =0,0r n®(q,)=n"). Therefore if the fundamental beam is launched along
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g,, as an ordinary ray, the second-harmonic beam will be generated along the same

direction as extraordinary ray. The situation isillustrated by Figure 2.7.

Z (op‘fic) axis

Figure 2.7. The refractive index for ordinary and extraordinary raysin a
negative uniaxial crystal. The condition of phase-matching is satisfied

aq,.

Theangle g, where n*"(q,) = n*’ can be obtained by

1 _cof@), Sn(E) _ 1
> = 5 > = = (2.45)
@ e hepl bl

Solving for q,,, we get

\1/2

=

2€ (M) °- (")

=dn " a Y 2.46
- T e @40
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Normally, the phase-matched second-harmonic generation can be performed in
transmission geometry (Giordmaine, 1962; Maker, Terhune, Nissenoff, and Savage,
1965; Boyd, Askin, Dziedzic, and Kleinman, 1965; Bhanthumnavin and Lee, 1994).
In fact, phase-matched second-harmonic can be observed in reflection geometry as
well (Bloembergen and Lee, 1967; Lee and Bhanthumnavin, 1976; Bhanthumnavin

and Lee, 1994).

2.2.6 Nonlinear Brewster angle
For the nonlinear crystal of ~ 42m point group, such as ADP, KDP and RDP,
when the incident laser beam is polarized with the electric field E, perpendicular to

the plane of incident, the nonlinear polarization is parallel to the optic axis of crystal
(z- axis). The reflected second-harmonic will lie in the plane of incidence. At the
nonlinear Brewster angle, the reflected second-harmonic wave completely vanishes.
This phenomenon was theoretically predicted by Bloembergen and Pershan (1962)
and was firstly observed by Chang and Bloembergen (1966) in GaAs, Lee and
Bhanthumnavin (1976) in KDP and was theoreticaly predicted in ADP by
Bhanthumnavin and Ampole (1990). The physical interpretation of nonlinear
Brewster's angle is shown in Figure 2.8.

When the angle of incidence reaches the nonlinear Brewster angle, the
fundamental beam will induce a nonlinear polarization inside the medium in direction
of the reflected second-harmonic ray. According to the classical dipole radiation
theory, the polarization cannot radiate in this direction. Therefore the intensity of

reflected harmonic wave must vanish,
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IR(2w) = 0. (2.47)

It is clear that | ® (2w) is zero when the nonlinear Fresnel factor FRf'h equals to zero,

[110]

1-Bromonaphthalene

ADP

S
iy K (w
K (20) T(zw)( )

Figure 2.8. The physical interpretation of nonlinear Brewster angle.

which leads to
sn(a +dg +G;) =0 (2.48)
or

a+qs +q, =0,p,2p.... (2.49)



Chapter 111

Procedure

3.1 Introduction

In the study, the ultrashort pulse laser at | = 900 nm is utilized as a
fundamental beam in order to generate the second-harmonic light beam from the ADP
crystal. The polarization of this fundamental field is set to be perpendicular with the
plane of incidence or in [1" 1 0] direction with respect to the crystallographic axes of
the ADP crystal. Under this situation, the nonlinear polarization that is the source of
second-harmonic field will be induced aong the optic axes of the crystal or in [0 0 1]

direction as indicated in Figure 3.1.

| Y
Eél(yi)01>\ /
\/ X

/a 7S~ 0]
V4 )
ADP crystal

[t 10]

Figure 3.1. Geometry illustrates the crystallographic axes system ( X, y, z)
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The study of nonlinear Brewster angle phenomenon or the vanishing of the p-
polarized second-harmonic intensity in reflection at particular angle of incidence can
be done by using the crystal orientation as shown in Figure 3.1. The theory of
Bloembergen and Pershan given in previous chapter is employed for the theoretical
caculation of the relative reflected second-harmonic intensity. Before calculating
second-harmonic intensity (SHI) in reflection, involved parameters need to be known.
Therefore, this chapter is about some properties and quantities of parameters involved
in the theoretical study of reflected second-harmonic generation. Furthermore, the
algorithm of theoretical calculation of reflected second harmonic intensity by program

C™ is aso described.

3.2 Ultrashort pulse laser

As ultrashort laser pulse is utilized as the fundamental field in order to induce
the nonlinear polarization P™°(2w) that acts as the source of optical second-

harmonic field. According to the intensity of reflected second harmonic as described

in previous chapter, it is clear that the high intensity of second-harmonic depends on
the fourth power of the applied fundamental electric field, E,(w). Therefore, the
ultrashort pulse laser is suitable to be used in the study because its peak power is
rather high ¢ 1 MW) and its energy is relatively small (~1 nJ) and can be
concentrated in a very short temporal interval (~ 10 ~*° s). Due to high peak power

pulse and small energy, the crystal can tolerate the excitation without damage.
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3.3 ADP crystal

The nonlinear crystal used in our study is ammonium dihydrogen phosphate
(ADP). ADPisacrysta of the” 42m point group as mentioned in section 2.2.4. The
transparency range of ADP crystal is 184-1500 nm, so that the fundamental (900nm)
and the second harmonic (450 nm) waves can not be absorbed in the crystal. The
crystal is suitable for the study, because its surface damage threshold is very high.
Moreover, its linear index of reflection is relatively low. Therefore it will allow us to
perform phase matched second harmonic generation at total reflection via 1-
bromonaphthalene which has larger indices of reflection than the crystal at both the
fundamental and second harmonic frequency. The refractive indices of the ADP

crystal at the fundamental wavelength of 900 nm measured by Zernike (1964) are

ny = 1.5120,

(o}

n(4) = 1.4709.

The refractive indices of ADP at the second harmonic wavelength of 450 nm can be

obtained by the dispersion relations (Dmitriev, Gurzadyan and Nikogosyan, 1991)

0.011125165 N 15.1024641 *
| ? - 0.013253659 1?2 - 400

(n,) = 2302842+

0.009616676 N 5.919896I *

NG = 2163510+
(n.¢4) 17- 001298912 17 - 400

where the unit of the wavelength | isin nm. Substituting the second harmonic wave
length of | = 0.450 nm yields

n2 = 153426,

o

n(4) = 1.4870.
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Now the phase-matching angle given in equation (2.46) can be evaluated as
g6 ()2 ()7 0
" - U
&g ()% - () *a

sn .16(1.5120) 2 - (1.53426) * u/y2
§(1.4870) - (1.53426) 2§}
42.68°.

d,

3.4 Liquid 1-bromonaphthalene

In order to achieve the occurrence of total reflection of the second harmonic
beam, the optically denser fluid 1-bromonaphthalene, whose indices of refraction is
higher than the crystal at both the fundamental and second harmonic frequency, is the
proper choice of the linear medium. The fluid has transparency range at 400-1600 nm
(Bhanthumnavin and Lee, 1994), therefore the absorption of the reflected wave at
both fundamental and second harmonic frequency will occur. Furthermore, since the
chemical property of 1-bromonaphthalene is relative inertness, it is good for practica
study, because of the deterioration of ADP crystal by electrochemical process will not
occur. Interpolating by means of the Cauchy dispersion relation (Jenkins and White,
1976) as shown in the Appendix A gives

n,Ww = 16335
N () = 1.6952.
3.5 Computation of Relative Reflected Second-harmonic

Intensity by using C™* Program

The theoretical calculation of reflected second harmonic intensity based on

Bloembergen and Pershan theory (1962) was performed by C™ version 3. The results
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were stored in text file and then plotted by using Microsoft Excel version 7. The steps

of evauation are indicated in Figure 3.2. Although the reflected second harmonic

intensity is as a function of incident angle ¢, the step starts with the assigning of

transmitted angle g, asinput instead of ¢ .

< START )

/

qT (starting), q-l-(endi ng)
q T (increasing)

A
| |
| |
Computing § | !
process 1 !
: Reflected SHI :
| |
T 1
‘ Stored data i
p
STOP

Figure 3.2. Flowchart for theoretical calculation of SHI in reflection

As depicted in Figure 3.2 the calculation procedure consists of two maor steps as

follows
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3.5.1 The calculation of refractive indices of extraordinary ray,
n"(a)
Since n2* (q) varies with the angle g between optic axis of nonlinear crystal

and the propagation vector k' as depicted in Figure 3.3, it can be obtained by the

equation of the index elipsoid as

1 2 :cosz(?) N sinz(q)2 (2.42)
EO SRR

or

@) = \/ ! . (3.1)

cos’q N dn?q

(ng")* (" (4)°

K'(w) K'(2w)

1-Bromonaphthalene

o :
(opF;ic-faxig) "2 K{(2w)

Figure 3.3. The variation of n?"(q) asafunction of q
As shown in Figure 3.3, the angle gcan be written in term of the transmitted angle ¢,
as

q = 90°- g+q,. (32)
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Here gis the angle between optic axis (P™°(2w)) of the crystal and the incident
surface, which depends on the crystallographic cut of the crystal. Thus the value of

n2'(q) at any gcan be written in terms of the angle of transmission g, as

2w O_ = I 1
n'(90°- g+ay) \/cosz(90°- g+dh) , Sn*(90°- g+qr)
(%Y GRA

(3.3)

The angle gcan be easily known when the nonlinear crystal was assigned and the

orientation of P"-°(2w) was known.

3.5.2 The calculation of relative reflected second-har monic intensity
(SHI)
After calculating n2" () , it is now time to obtain the values of ¢, g, and g

via generalized Snell’s law by

q' - S'n-la‘lgw(q)s'ang

B ST
an’ sIng 0

G = S"”'léhqqu'i (34)

Nig g
ad W =
.18, 9nq 9
gs = 9Sn 1§q—W:
5

The relative magnitude of reflected SHI dependson F, and F.), as

lo(2w) @JF; ['|Fa*|" cosqq(cosq) ™,

as shown in Figure 3.4, since the factor



Computing process

| 1 _cos’(@), sn’@)
Ne@) [@— Togf e [eesf

l

Linear Fresnel factor

2cosq,
cosq} +sn ¢, (W) cosg

F=

>
|
I
o : _ : I
Nig(W) sn g = nli;AfZW) .sn Ok =N, (W)SN Qs —:—>| 4;.dg.05 ‘
—n2(q)sinc |
|
I
J_,l

F NL — S.n‘qs sn qu Sﬁ(ﬁ +qT +QS) I Nonlinear Fresne factor
R . B 3
eR(ZV\,)Sthsn(QT +QR)COS(qT - qR)Sn(qT +qs)

T

Figure 3.4. Process for computing of SHI in reflection
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N = sngssin’c sn(a +q; +gg) (2.30)
" e (2n)sng, Sn(g, +0g) cos(qy - 0,) SN gy +0s)

depends on the crystallographic cut of the crystal. According to the geometry used in

the study (see figure 3.3) it is clear that
a+qs = 270°+g, (3.5)
because a +q is the angle between the face normal direction and the optic axis. Thus

the factor F., can be rewritten as

. ) . 2700 +a+

S-an Sn(QT +QR)COS(qT - qR)Sn(qT +qs)

Here the term of e,(2w) has been taken as a constant.

The detail of computer program C*™* is available in the Appendix B. The
program used to calculate the reflected SHI in previous work of Bhanthumnavin and
Lee (1994). The smulated results are exactly correct to those previous results. This

means that the program is acceptable be use of the thesis.



Chapter 1V

Results and Discussions

4.1 Introduction

In this chapter the results from theoretical investigation of SHI in reflection
from ADP crystal using ultrashort laser pulse of 900nm as an excitation source are
analyzed and explained. It is shown that this study agrees well to the hypothesis,

especially for the prediction of nonlinear Brewster angles.

4.2 Phase-matched Second-har monic Generation

The reflected second-harmonic generation, under phase matching at total
reflection has been theoretically described in chapter 2. In our study, ADP is set up
with its optic axisincliningat q,, =42.68° (see for calculation in sec. 3.3) from the
incident surface, in order to facilitate a phase matching condition. At the critical

angle, the harmonic waves vector k*and k' go in same direction along the interface,
This situation leads to the enhancement of the reflected second-harmonic intensity, as

evidence from the nonlinear Fresnel Factor

NL - — S.nqs‘,s.nZCIT Sr-(a-l-qT +Cl3) . (230)
" e (2w)snd,Sn(g, +0g)cos(@;, - Gg) SN(G; +0k)

When g, =qg =90°, then

Far ® ¥ .
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Also for reflected second-harmonic intensity,
(W) ® ¥ .
Simulation by varying the angle of incidence g, from 55°-75° is provided in
Figure 4.1. Figure 4.1 shows that the intensity increases nearly at eight orders of

magnitude at critical angle

q :qu (W) :qcr (2\,\/)
.n_lénws'n 90°U

:s e—'\ 0 u

W

8 Mg 0@
_ 416151200

. = 67.76°.
&1.63354

Comparing these results with previous work of Bhanthumnavin and Lee (1990,1994),
finds that both of them are alike. In addition, the theoretical result agrees well with the
prediction of Bloembergen and Pershan(1962). Because the nonlinear crystals used in
the previous works carry the same point-group as those in this study, one can deduce
that under the new proposed crystallographic orientation, the phase-matched second-

harmonic generation at total reflection can be achieved as proposed.

4.3 Nonlinear Brewster angle

According to the nonlinear Brewster angle condition, the reflected second-
harmonic intensity will go to zero:
I (2w) =0.

The condition for this situation is:

N sngssn’qgr sn(a+q; +4qs) _
“ ey(2n)sng, Sn(g; +0) cos(y - Of) SN(Gy +G)

or
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1.0E+07
K(w) K{2w)
E(w
1.0E+06 i E'(2w)
1-Bromonaphthalene
ADP
1.0E+05 - dw)
sl
1.0E+04 -
1.0E+03 -
1.0E+02 4
1.0E+01 4
LOE+00 - q, (W) = 67.76°
1-0E'01 | | | | I | | | | I | | f | I | 1 1 |
55° 60° 65° 70° 75°

INCIDENT ANGLE (q)

Figure 4.1 Relative reflected second-harmonic intensity (SHI) from ADP crystal asa
function of ¢, with phase-matching at total reflection. g =q,, (W) =q,, (2w) = 67.76°
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a+qg+d; =np, n=012,....
This leads to the fact that nonlinear Brewster angle is not unique for a crystal but
depends on the orientation of P™°(2w)) inside the crystal. In the study several

orientation of P™° (2w) ) of ADP were studied and the results will now be presented.

4.3.1 Nonlinear Brewster angle of ADP with P"-°(2w) making an

angle 42.68°from theincident surface
In this case, the crystallographic cut of ADP is same as the case of phase

matching condition, so the condition for nonlinear Brewster angle is

a+qs+¢ =2p.
Here a +q is the angle between the face normal and P™*° (2w) direction and may be
taken as the fixed angle, as show in the inset of Figure 4.2

a+qs = 270°+42.68° = 312.68°.
Thusthe angle of transmission ¢ is easily to known,

g = 360°-312.68° = 47.32°.
The incident angle or nonlinear Brewster angle, which gives, ¢, = 47.32°can be

found by Snell’s law as
n,Wsng® = n(2g)snq.

Thus 5 . _,6n?"(94.64°)dn 47.32°U
= 9n ¢ u
é n|iq(V\b 9
. ,61.48735n 47.32°0)
qn .
&8 16335
42.02°.
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Figure 4.2. Relative reflected second-harmonic intensity (SHI) from ADP crystal as a
function of ¢ . Nonlinear Brewster angle is at '° =42.02° with P"°(2w)is at
42.68° from the incident surface.
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The variation of optical second-harmonic intensity in reflection is given by figure 4.2.
The graph shows that achievement of both maximum and minimum intensity of
reflected second-harmonic depends on satisfaction of the phase-matching condition.

Comparison with those reported by Bhanthumnavin and Ampole (1990) and

Bhanthumnavin and Lee (1994) shows the same feature of | ,(2w) dependenceof ;.

4.3.2 Nonlinear Brewster angle of ADP with P"-*(2w) making an

angle 30° from theincident surface
According to the condition of nonlinear Brewster angle, the possibility of
observation of the phenomenon of nonlinear Brewster angle in any nonlinear optical
crystal is not unique as in linear case. The nonlinear Brewster angle depends on the

orientation of the (P (2w) ). In order to test this statement, another crystallographic

orientation, in this case the one of its optic axis making 30° from incident surface is

considered. The condition of nonlinear Brewster for thiscaseis

a+Qs+q- =2p
and
a+qs = 300°.
Thus
o, = 360°- 300°
= 60°.

To know the incident angle, making use of Snell’s law,

n;(Wsn a° = n’(X;)sng

or
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Figure 4.3. Relative reflected second-harmonic intensity (SHI) from ADP crystal as ¢
function of g . Nonlinear Brewster angleisat g'® =52.60° with P™°(2w) isat 30°
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At g =52.60°the reflected second-harmonic intensity is then vanish as show in

Figure 4.3.

4.3.3 Nonlinear Brewster angle of ADP with P"“-*(2wj)is lies along

the face normal
When the optic axis of the crystal lies along the face normal, it means that the

nonlinear Brewster angle corresponds to the condition of

a+gs+c = 0

a =95 = g = 0.
Assameasfor g

g™ =0°.
This case it seems to be the trivia condition. Normally, one says that the reflected
second-harmonic can be generated as long as laser light passes through the
noncentrosymmetric crystal, but this statements not aways true, as can see in Figure
4.4. Recal linear optics that when the normal incident from air to glass is performed,

we get 4% out of reflected. However, in the nonlinear optical case of SHI in

reflection, it is zero in contrast to the linear case.
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Figure 4.4. Relative reflected second-harmonic intensity (SHI) from ADP
crystal as a function of ¢ . Nonlinear Brewster angle is at ¢'® =0° with

PN (2w) lies along the face normal.



4.3.4 Nonlinear Brewster angle of ADP with at total reflection

In section 4.2.1, one can see that at total reflection the reflected second-
harmonic intensity is vary high. Under the same situation with a different orientation
of the crystal, the minimum intensity of second-harmonic in reflection will occur. By
cutting the crystal in such a way that its optic axis lies dong the interface, the

condition for nonlinear Brewster angle will be achieved if

at+tgs +¢ = p,
which

a+q, = 90°.
One can find

g = 90°.

Aslong as the wave k' reach out from the interface between 1-bromonaphthalene and
ADP crystal, the reflected intensity of second-harmonic will go to zero as shows in
Figure 4.5.
By Snell’s law, the critical angle, which leads to zero intensity at total
reflection, is
_— .n_lgnjw (180°)sn 90°3
é nliq(W) 9]
. .,€1.53439n90° U
n

€ 16335 H
69.93°.

Figure 4.5 shows that at first critical angle g, (W) =67.76° the intensity trends to be

increase rapidly. For large angle of incident, this second-harmonic intensity

eventually decreases. Until the second critical angle is approached the deepest of
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Figure 4.5. Relative reflected second-harmonic intensity (SHI) from ADP crystal as
afunction of ¢ . Nonlinear Brewster angle is a g =q, (2w) = 69.93° with

P (2w) liesaong theincident surface.
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intensity is occurred. This is due to the fact that nonlinear Brewster phenomenon can

be occurred when a coincidence between PM-°(2w) and k™" is accomplished.



Chapter V

Conclusion

The theoretica framework about behavior of optical second-harmonic
generated from ADP in reflection, especially phase-mating at total reflection and the
nonlinear Brewster phenomenon was studied and applied. The relative reflected
second-harmonic intensity was calculated by C™ program. The computer simulation

was taken in two steps, the first being the calculation of refractive index of
extraordinary ray n2'(q) by the equation of index elipsoid. The second step is

concerned with the calculating of relative reflected second-harmonic intensity

depending on the nonlinear Fresnel factor FY,, and linear Fresnel factor F\. The

results show that under the proposed ADP crystal orientation, the maximum and
minimum of reflected second-harmonic intensity were accomplished and agree well
with previous work of Bloembergen and Lee (1962); Lee and Bhanthumnavin (1976)
and Bhanthumnavin and Lee (1994) of the same crystal point group. Furthermore, the
results from the theoretical calculation also indicate that nonlinear Brewster angle is

not unique and can have many vaues in a crystal depend on the orientation of

PNS (2w) (seetable5.1).
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Table 5.1. The summarized results of reflected SHI of ADP with different aspect of

crystallographic cuts.

Crystallographic orientation q a, I (2w)
a., W) =q, (2w) | 90° Maximum
1-bromonaphthalene =67.76°
N _:y ADP q'® = 42.02° 47.32° Minimum
P NLS (2\/\/)
1-bromonaphthalene q™ = 52.60° 60° Minimum
30 ADP
P NLS (Z/V)
1-bromonaphthalene g™ =0° 0° Minimum
ADP
Y
P NLS (2\/\/)
1-bromonaphthalene P (2"2 a'® =q, (2w) 90° Minimum
ADP =90°

It is important to note that both of maximum and minimum of second-harmonic

intensity occur at the same orientation of P"° (2w) as in the case of phase-matched at
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total reflection. This is due to the fact that second-harmonic intensity is depended on
the orientation of crystal.

The results provide theoretical data, which will be served as a background
information for future experimental verification. The suggestion for experimental
verification are as following;

1. In order to observed second harmonic signal clearly, ultrashort pulse of

high peak power should be used to excite the nonlinear crystal.

2. The optically denser liquid 1-bromonapthalene should be used for
achieving total reflection condition and to prevent the deterioration of the
crystal surface

3. The instrument for detecting second-harmonic signal need to be very
sensitive, since it will be involved in detection of very low intensity (in the
case of minimum).

4. The filter, polarizer and analyzer should be used in order to prevent our

second-harmonic signal unwanted signal.
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Appendix A

Derivation of Refractive Indices of 1-bromonaphthalene

The derivation of refractive indices of 1-bromonapthaen based on the

Cauchy’s equation, at both 900nm (n,.(W)) and 450nm(n,.(2w)) is given in this

lig liq

section. Due to the variation of the index of refraction with the wavelength of light
passing through the material leads to the fact that n is a function of wavelength as
Cauchy has been given mathematically. The refractive indices of 1-bromonaphthalene
at fundamental and second-harmonic wavelength can be obtained by Cuation’s

equation as

n:A+E+£

AR (A2
Where A,B, and C are the constant. In order to find the values of A, B, and C, one

have to know value of n for three different of | . Then three equations of three

unknowns will be set up as a matrix form

u
}I/f }I/flJéAu én u
Ugot _ & 4
- o I 14
: A
e 3 3u

By using the Cramer’ s rule, the constant A, B, and C can be solved as
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(A.3)

Now the value of A, B, and C have been solved, then substitute these values in

equation (A.1) and find the value of indices nat 900nm

Ngoy = A+ B + C
(00 9002 900* "’
and for 450nm
n = A+ B + c
(450 4502 450*

(A4

(A.5)

In the thesis, four sets of indices nof different wavelength are used for the calculation

of the indices of 1-bromonaphthalene of both fundamental and second-harmonic

frequencies. An acceptable vaue of n,

at needed wavelength is the average vaue.

Table A.1 and A. 2 show the sets of wavelength and indices n which corresponds to

those wavelengths, used for the caculation of n,, (W) andn,,(2w) .
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Table A.1. The sets of wavelength and indices n, used for the calculation of n;, (W)

Set | Set 1l Set il Set 1V
I (nm) n I (nm) n I (nm) I (nm) n
1064* 1.6262 1064 1.6262 1064 1.6262 977 1.6340
532* 1.6701 532 1.6701 977** 1.6340 532 1.6701
486.1 | 1.68173 434 1.7041 532 1.6701 434 1.7041
Ny (W) = 1.6320 Ny (W) = 1.631548 | n, (W)= 1.642057 | n (W)= 1.636248

n,q(W) =1.6335

* from Bhanthumnavin and Lee (1994)

** from Bloembergen, Simon, and Lee (1969)

Table A.2. The sets of wavelength and indices n, used for the calculation of

N, (2W) .
Set | Setll Set 11 St v
I (nm) n I (nm) n I (nm) n I (nm) n
1064 1.6262 1064 1.6262 1064 1.6262 977 1.6340
532 1.6701 532 1.6701 977 1.6340 532 1.6701
486.1 | 1.68173 434 1.7041 532 1.6701 | 488.5* 1.7041
n,,(W) = 1.6935 N (W) =169669 | n, (W) =1696435 | n,,(wW) = 1694088

N (20) =1.6952

* from Bloembergen, Simon, and Lee (1969)




Appendix B
C"™ Program for Calculate Relative Reflected SHI

B.1 P"°(2w) making at q, =42.68° with theincident surface

/I C™ program for calculation of relative reflected SHI generated from ADP crystal under the
excitation of ultrashort pulse laser of | = 900nm (optic axisinclining at 42.68° from the
incident surface) //

#include <iostream.h>

#include <math.h>

#include <iomanip.h>

#include <stdio.h>

#include <conio.h>

#include <complex.h>

complex nee(complex);
double ref(complex,complex);
int show(double, complex, double, int);
complex Oig;
void main()
{
float AngS, AngE, AngEE, Add;
complex OiD,OR,0s,OTT,SHI, Degg;
complex nE2, OT, OTD;
double x=0;
const float NO1w=1.5120;
const float NO2w=1.53426;
const float nNE2w=1.4870;
const float nL1w=1.6335;
const float nL2w=1.6952;
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I

I
Il
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const float Pi=3.1415927;
complex O_s, Oi;
clrscr();
FILE *stream;
FILE *index;
stream=fopen("SHIM .txt","w+");
index=fopen("nADP.txt", "w+");
cout << "\n\nTransmited Angle: Starting "; cin >> Angs;
cout << "Transmited Angle: Ending "; cin >> AngE;
cout << "Transmited Angle : Increasing ";cin >> Add,;
cout << endl << setw(10)<<" Inci(deg) ";
cout << setw(10) <<" Tran(deg)";
cout << setw(12) << " index of RDP";
cout << setw(15) << " reflected of SHI" << endl;
OTD =AngS;
AngEE = AngE;
int i=0;
while(imag(OTD) >= 90-AngEE) {
OT=0TD*Pi/180;
NE2=nee(OT);
SHI = ref(OT, nE2);
Degg = real (abs(Oig)* 180/Pi);
fprintf(stream, "%6.31f\t%15.8Ig\n", real(Degg), real (SHI));
fprintf(index, "%7.6lf, %7.3If\n", nE2, DegQ);
i = show(real(Degg), nE2, rea (SHI), 1);
if(real (OTD)<90)
{
if(rea (OTD) == 89) OTD+=0.001;
else OTD+=Add;
}
else {
if(imag(OTD) > -1) x-=0.001;
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ese x-=Add;
OTD=complex(90, x);
}

}

fclose(stream);

fclose(index);

cout << "Completely Calculating”;

getch();

complex neg(complex OT)

{

complex O_s,ss, xX;

const float nL1w= 1.6335;

const float nO2w = 1.53426;

const float nE2w = 1.4870;

const float nO1w = 1.5120;

congt float pii =3.1415927;

xx=1/sgrt(pow(cos(47.32* pii/180+0T),2)/(nO2w* nO2w)+pow(sin
(47.32*pii/180+0T),2)/(NE2W* nE2W));

complex nE2 = abs(xx);

return nE2;

doubleref(complex O _t, complex nE2)

{

complex tt;

const float Piii=3.1415927;
const float NO1w=1.5120;
const float nL1w=1.6335;
const float nL2w=1.6952;
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complex ii=nE2*sin(O_t)/nL1w;

complex Oi=asin(ii);

Oig = redl(abs(0i));

Oi = Qig;

complex OR=asin(nL 1w*sin(Oi)/nL2w);

complex ss = nL1Iw*sin(Oi)/nO1w;

complex O_s=asin(ss);

complex crit_ w=asin(nO1w/nL 1w);

complex FLm =2* cos(Oi)/((sin( crit_w)* cos(O_s))+cos(Oi));

complex FNLm=(sin(O_s)*sin(O_t)*sin(O_t)*sin(O_t+(312.68* Piii/180)))/
(sn(OR)*sin(O_t+OR)* cos(O_t-OR)*sin(O_t+0O_9));

double Ir=real (abs(pow(abs(FLm), 4.0)* pow(abs(FNLm), 2.0)* cos(OR)/
cos(Oi)));

return Ir;

int show(double Degg, complex nE2, double SHI, int i)

{

printf("%8.3If |, DegQ);
printf("%210.6If [, real(nE2));
printf("%15.8Ig \n",SHI);
if(i>20)

{ i=0;

getch();

}

i++:

return i;
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B.2 P"°(2w) making at 30° with the incident surface
/I C™* program for calculation of relative reflected SHI generated from ADP crystal under the
excitation of ultrashort pulse laser of | = 900nm (optic axis inclining at 30° from the incident
surface) //
#include <iostream.h>
#include <math.h>
#include <iomanip.h>
#include <stdio.h>
#include <conio.h>
#include <complex.h>
complex nee(complex);
double ref(complex,complex);
int show(double, complex, double, int);
complex Qig;
void main()
{
float AngS, AngE, AngEE, Add;
complex OiD,0OR,0s,OTT,SHI, Degg;
complex ne2, OT, OTD;
double x=0;
const float NO1w=1.5120;
const float NO2w=1.53426;
const float nE2w=1.4870;
const float nL1w=1.6335;
const float nL2w=1.6952;
const float Pi=3.1415927;
complex O_s, Oi;
clrser();
FILE * stream;
I FILE *index;
stream=fopen("SHIM .txt","w+");
I index=fopen("nADP.txt", "w+");



cout << "\n\nTransmited Angle: Starting *; cin >> AngS;
cout << "Transmited Angle: Ending "; cin >> AngE;
cout << "Transmited Angle : Increasing ";cin >> Add;
cout << endl << setw(10)<<" Inci(deg) ";
cout << setw(10) << Tran(deg)";
cout << setw(12) << " index of RDP";
cout << setw(15) << " reflected of SHI" << endl;
OTD = AngsS;
AngEE = AngE;
int i=0;
while(imag(OTD) >= 90-AngEE) {
OT=0TD*Pi/180;
NE2=nee(OT);
SHI = ref(OT, nE2);
Degg = real(abs(Oig)* 180/Pi);
fprintf(stream, "%6.31f\t%15.8Ig\n", real(Degg), real (SHI));
fprintf(index, "%7.61f, %7.3If\n", nE2, Degg);
i = show(real(Degg), nE2, real (SHI), i);

if(real (OTD)<90)
{
if(rea(OTD) == 89) OTD+=0.001;
else OTD+=Add;
}
else {
if(imag(OTD) > -1) x-=0.001;
ese x-=Add,
OTD=complex(90, x);
}
}
fclose(stream);
fclose(index);

cout << "Completely Calculating”;



getch();

complex neg(complex OT)

{

complex O_s,ss, xX;

const float nL1w= 1.6335;

const float nO2w = 1.53426;

const float nE2w = 1.4870;

const float nO1w = 1.5120;

congt float pii =3.1415927;

xx=1/sgrt(pow(cos(60* pii/180+0T),2)/(nO2w* nO2w)+pow(sin
(60* pii/180+0T),2)/(NE2w* NE2W));

complex nE2 = abs(xx);

return nEz;

double ref(complex O _t, complex nE2)

{

complex tt;

const float Piii=3.1415927;

const float NO1w=1.5120;

const float nL1w=1.6335;

const float nL2w=1.6952;

complex ii=nE2*sin(O_t)/nL1w;
complex Oi=asin(ii);

Oig = red(abs(0i));

Oi =QOig;

complex OR=asin(nL 1w* sin(Oi)/nL2w);
complex ss = nL1w*sin(Oi)/nO1w;

complex O_s=asin(ss);
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complex crit_ w=asin(nOlw/nL 1w);

complex FLm =2* cos(Oi)/((sin( crit_w)* cos(O_s))+cos(Oi));

complex FNLm=(sin(O_s)*sin(O_t)*sin(O_t)*sin(O_t+(300* Fiii/180)))/
(sn(OR)*sin(O_t+OR)*cos(O_t-OR)*sin(O_t+0 _9));

double Ir=real (abs(pow(abs(FLm), 4.0)* pow(abs(FNLm), 2.0)* cos(OR)/
cos(Oi)));

return Ir;

int show(double Degg, complex nE2, double SHI, int i)

{

printf("%8.3If |, Degg);
printf("%10.6If |", real(nE2));
printf("%15.8Ig \n",SHI);
if(i>20)

{ i=0;

getch();

}

i++;

return i;
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B.3 P"-°*(2w) making at 0°with the face normal

/I C™ program for calculation of relative reflected SHI generated from ADP crystal under the
excitation of ultrashort pulse laser of | = 900nm (optic axisinclining at 0° from the face
normal) //

#include <iostream.h>

#include <math.h>

#include <iomanip.h>

#include <stdio.h>

#include <conio.h>

#include <complex.h>

complex neg(complex);
double ref(complex,complex);
int show(double, complex, double, int);
complex Oig;
void main()
{
float AngS, AngE, AngEE, Add;
complex OiD,OR,0s,OTT,SHI, Degg;
complex nE2, OT, OTD;
double x=0;
const float NO1w=1.5120;
const float NO2w=1.53426;
const float nE2w=1.4870;
const float nL1w=1.6335;
const float nL2w=1.6952;
const float Pi=3.1415927;
complex O_s, Oi;
clrscr();
FILE * stream;
FILE *index;
stream=fopen("SHIO0.txt","w+");
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index=fopen("nADP.txt", "w+");
cout << "\n\nTransmitted Angle: Starting "'; cin >> AngS;
cout << "Transmitted Angle: Ending "; cin >> AngE;
cout << "Transmitted Angle : Increasing ";cin >> Add;
cout << endl << setw(10)<<" Inci(deg) ";
cout << setw(12) << " index of ADP";
cout << setw(15) << " Reflected SHI" << endl;
OTD = AngsS;
AngEE = AngE;
int i=0;
while(imag(OTD) >= 90-AngEE) {
OT=0TD*Pi/180;
NE2=nee(OT);
SHI = ref(OT, nE2);
Degg = real(abs(Oig)* 180/Pi);
if(real(OTD) < 0) Degg = -Degg;
fprintf(stream, "%6.31f\t%15.8lg\n", real(DegQ), real(SHI));
fprintf(index, "%7.6lf, %7.3If\n", nE2, DegQ);
i = show(real(Degg), nE2, rea (SHI), 1);

if(real (OTD)<90)
{
if(real(OTD) == 89) OTD+=0.01,
else OTD+=Ad(d;
}
else{
if(imag(OTD) > -1) x-=0.01;
ese x-=Add;
OTD=complex(90, x);
}
}
fclose(stream);

fclose(index);



cout << "Completely Calculating”;
getch();

complex neg(complex OT)

{
complex O_s,ss, xX;
const float nL1w= 1.6335;
const float nO2w = 1.6952;
const float nE2w = 1.4870;
const float nO1w = 1.5120;
congt float pii =3.1415927;
xx=1/sgrt(pow(cos(OT),2)/(nO2w* nO2w)+pow(sin(OT),2)/(nE2w* nE2w));
complex nE2 = abs(xx);
return nE2;

doubleref(complex O_t, complex nE2)
{
complex tt;
const float Piii=3.1415927;
const float NO1w=1.5120;
const float nL1w=1.6335;
const float nL2w=1.6952;
complex ii=nE2*sin(O_t)/nL1w;
complex Oi=asin(ii);
Oig =red(Oi);
Oi = Qig;
complex OR=asin(nL 1w*sin(Oi)/nL2w);
complex ss = nL1Iw*sin(Oi)/nO1w;
complex O_s=asin(ss);

complex crit_ w=asin(nOlw/nL 1w);



complex FLm =2* cos(Oi)/((sin( crit_w)*cos(O_s))+cos(Oi));

complex FNLm=(sin(O_s)*sin(O_t)*sin(O_t)*sin(O_t))/
(sn(OR)*sin(O_t+OR)*cog(O_t-OR)*sin(O_t+0O_9));

double Ir=real (abs(pow(abs(FLm), 4.0)* pow(abs(FNLm), 2.0)* cos(OR)/
cos(0i)));

return Ir;

int show(double Degg, complex nE2, double SHI, int i)

{

printf("%8.3If |', DegQ);
printf("%10.6If |", real(nE2));
printf("%15.8Ig \n",SHI);
if(i>20)

{ i=0;

getch();

}

i++;

return i;
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B.4 P"-°(2w) making at 90°with the face normal

/I C™ program for calculation of relative reflected SHI generated from ADP crystal under the
excitation of ultrashort pulse laser of | = 900nm (optic axis inclining at 90° from the face
normal) //

#include <iostream.h>

#include <math.h>

#include <iomanip.h>

#include <stdio.h>

#include <conio.h>

#include <complex.h>

complex neg(complex);
double ref(complex,complex);
int show(double, complex, double, int);
complex Oig;
void main()
{
float AngS, AngE, AngEE, Add;
complex OiD,OR,0s,OTT,SHI, Degg;
complex nE2, OT, OTD;
double x=0;
const float NO1w=1.5120;
const float NO2w=1.53426;
const float nE2w=1.4870;
const float nL1w=1.6335;
const float nL2w=1.6952;
const float Pi=3.1415927;
complex O_s, Oi;
clrscr();
FILE * stream;
FILE *index;
stream=fopen("SHI90.txt","w+");
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index=fopen("nADP.txt", "w+");
cout << "\n\nTransmitted Angle: Starting "'; cin >> AngS;
cout << "Transmitted Angle: Ending "; cin >> AngE;
cout << "Transmitted Angle : Increasing ";cin >> Add;
cout << endl << setw(10)<<" Inci(deg) ";
cout << setw(12) << " index of ADP";
cout << setw(15) << " reflected SHI" << endl;
OTD = AngsS;
AngEE = AngE;
int i=0;
while(imag(OTD) >= 90-AngEE) {
OT=0TD*Pi/180;
NE2=nree(OT);
SHI = ref(OT, nE2);
Degg = real(abs(Oig)* 180/Pi);
fprintf(stream, "%6.31f\t%15.8Ig\n", real(Degg), real (SHI));
fprintf(index, "%7.61f, %7.3If\n", nE2, Degg);
i = show(real(Degg), nE2, real (SHI), i);

if(real (OTD)<90)
{
if(real(OTD) == 89) OTD+=0.001;
else OTD+=Add;
}
else {
if(imag(OTD) > -1) x-=0.001;
ese x-=Add,
OTD=complex(90, x);
}
}
fclose(stream);
fclose(index);

cout << "Completely Calculating”;



getch();

complex neg(complex OT)

{

complex O_s,ss, XX;

const float nL1w= 1.6335;

const float NO2w = 1.53426;

const float nE2w = 1.4870;

const float nO1w = 1.5120;

congt float pii =3.1415927;

xx=1/sgrt(pow(cos(90.00* pii/180-OT),2)/(nO2w* NO2w)+pow(sin
(90.00* pii/180-0OT),2)/(NE2wW* nE2wW));

complex nE2 = abs(xx);

return nE2;

doubleref(complex O_t, complex nE2)

{

complex tt;

const float Piii=3.1415927;

const float nO1w=1.5087;

const float nL1w=1.6298;

const float nL2w=1.6781;

complex ii=nE2*sin(O_t)/nL1w;
complex Oi=asin(ii);

Oig = red (abs(0i));

Oi = Qig;

complex OR=asin(nL 1w*sin(Oi)/nL2w);
complex ss = nL1Iw*sin(Oi)/nO1w;
complex O_s=asin(ss);

complex crit_ w=asin(nOlw/nL 1w);
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complex FLm =2* cos(Oi)/((sin( crit_w)*cos(O_s))+cos(Oi));
complex FNLm=(sin(O_s)*sin(O_t)*sin(O_t)*sin(O_t+(90.00* Piii/180)))/
(sn(OR)*sin(O_t+OR)* cog(O_t-OR)*sin(O_t+0O_9));
double Ir=real (abs(pow(abs(FLm), 4.0)* pow(abs(FNLm), 2.0)* cos(OR)/
cos(01)));

return Ir;

int show(double Degg, complex nE2, double SHI, int i)

{

printf("%8.3If |', DegQ);
printf("%10.6If |", real(nE2));
printf("%15.8Ig \n",SHI);
if(i>20)

{ i=0;

getch();

}

i++;

return i;
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