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The theoretical investigation, based on the Bloembergen and Pershan theory,
of transmitted second harmonic generation in Ammonium Dihydrogen Phosphate
(ADP) crystal immersed in the optically denser fluid 1-bromonapthalene was

performed at different orientations of crystal. The transmitted second harmonic
intensity has been theoretical calculated as a function of the incident angle (8") of the
ultrashort pulse laser which has the polarization in [1 10 ] direction with respect to the

ADP crystallographic axes at wavelength equal 900 nm. The colinear and noncolinear
phase matching of second harmonic generation in transmission and also null
transmitted second harmonic intensity at normal incidence are shown. The theoretical
results agree well with the previous experimental work of the transmitted second

harmonic generation in KDP crystal (Bhanthumnavin and Lee, 1990; 1994)
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Chapter |

| ntroduction

1.1Literature Review

After its invention by Gordon (1954), the new theory of the Maser was
presented by Bloembergen (1956). Later, the theory of optical Masers that was
presented by Schawlow and Townes (1958) and following the first invention of laser
(Ruby laser) by Maiman (1960) appeared. This laser light source not only has one
frequency (monochromatic) at wavelength equals 694.3 nm, but also high coherence
and higher intensity than any other light source known at that time. Physicists have
been able to utilize the properties of the laser light above them for the study of
nonlinear optic phenomena, since an ordinary light source is not monochromatic and
has low intensity. The nonlinear optic effects occur when the intensity of the induced
electric field of light sources have high value (about 10%V /m). Second harmonic
generation in transmission of laser light was performed for the first time by using
quartz by Franken and Weinreich (1961). The experiment was conducted by using
ruby laser at wavelength equal 694.3 nm incident on the quartz and it was found that
the emerging transmitted light had double frequencies of the incident laser. The
nonlinear optical experiment carried out by Franken et al. was regarded as the
beginning of nonlinear optical harmonic generation. Thereafter, the laser was
frequently used for studies the nonlinear optic effects. The improvement of efficiency

of second harmonic generation was performed by Maker, Terhune, Nieoff, and



Savage (1962) and Giordmaine (1962) by using a phase matching technique.
Furthermore, Hellwarth (1961,1966) had achieved a generation of giant laser pulses,
called Q-switched laser which became the standard laser pulse for second harmonic
generation. Later on, the output pulsewidth of laser was improved to a narrow size of
femtosecond by Shank, Fork, Yen, Stolen, and Toomlinson (1982). The theory of the
interactions between light waves in nonlinear dielectric have been studied by
Armstrong, Bloembergen, Ducuing, and Pershan (1962). Light waves at the boundary
of nonlinear media have been studied by Bloembergen and Pershan (1962).
Bloembergen and Pershan (BP) theory became the main theory for second harmonic
generation and has been verified experimentally for a variety of geometrical
situations. The first second harmonic generation in reflection by using ruby laser
incident on GaAs crystal was demonstrated by Ducing and Bloembergen (1963) and
as a consequence the generalized Snell’s law was established. Further, the values of

reflected second harmonic light were varying relative with the incident angle and

nonlinear polarization, P"°(2w) in GaAs crystal. Later, Chang and Bloembergen
(1966) used the same crystal in their experiment of second harmonic generation and
successfully demonstrated the first minimum reflected second harmonic light at the
condition of the nonlinear Brewster angle. The phenomenon was not clearly seen in

their experiment because of the complex values of nonlinear susceptibility, c;, of the

GaAs crystal. Later Lee and Bhanthumnavin (1976) studied the reflected second
harmonic light by using picosecond pulse of Nd: Glass laser incident on KDP crystal
for achieve phenomena of nonlinear brewster angle from transparent medium was
firstly discovered. In addition, the nonlinear brewster angle of ADP crystal was

theoretically predicted by Bhanthumnavin and Ampole (1990). In former times, the



studying of second harmonic generation amost always involved the case of incident
light normal to the crystal for observing the maximum transmitted second harmonic
light. In 1969, Bolembergen, Simon, and Lee has demonstrated second harmonic
generation in reflection and transmission when the incident light make an oblique
angle of incidences with NaClO; crystal. They aso presented the first second
harmonic generation at the noncolinear incidence or two beam spatial mixing (TBSM)
condition. However the maximum second harmonic light at noncolinear phase
matching condition was not achieved from this experiment. Later, Bhanthumnavin
and Lee (1990) have demonstrated TBSM of transmitted second harmonic generation
at the noncolinear phase matching condition from KDP crystal by using Nd: Glass
laser at wavelength equals 1064 nm. Moreover, the maximum transmitted second
harmonic light and the first null transmitted second harmonic intensity at normal
incident angle when P™-(2w) lies parallel to face normal were illustrated. Later Di
rr, Hildebrand, Marowsky, and Stolle (1997) use the idea of null transmitted intensity
for the demonstration of the nonlinear brewster angle in transmission in liquid crysta
cell. Later in 1994, Bhanthumnavin and Lee have performed the maximum and

minimum second harmonic generation in reflection and transmission from KDP

crystal at different orientations of P"-°(2w) by using Mode-locked Nd: Glass laser at
wavelength equal 1064 nm.

However, the field of transmitted second harmonic generation is interesting
and not fully investigated. In order to improve the knowledge of second harmonic
generation, this thesis theoretically studies transmitted second harmonic generation
from Ammonium Dihydrogen Phosphate (ADP) crystal immersed in the optically

denser liquid 1-Bromonaphthalene. This theoretical study will be based on the theory



of Bloembergen and Pershan by using an ultrashort laser pulse (Shapiro, 1977) at

wavelength equals 900 nm.

1.2 Purpose

The main purpose of this thesis is the theoretical study of second-harmonic
intensity in transmission from ADP crystals as a function of incident angle by using
an ultra short pulse laser at wavelength 900 nm. The ADP crystal has red
susceptibility so that second harmonic light will not be absorbed. An ultrashort pulse
laser is used as a source at wavelength 900 nm because its high peak power output can
help to generate second-harmonic beam in crystal more efficiently than a low peak
power laser. The study is involved with two cases of the characteristics of the incident
light: the colinear and noncolinear incident cases. The colinear incident case means
there are two incident lights having the same direction of propagation and aso the
same angle of incidence. In this case of incidence, both maximum and minimum
transmitted second harmonic generation at different orientations of ADP crystal will
be searched for. The maximum transmitted second harmonic generation at the
noncolinear phase matching condition will be studied. This technique had been
theoretical studied and was demonstrated by the theory of Bloembergen and Pershan
(1962) furthermore it had been first verified experimentally by Bhanthumnavin and

Lee (1990).



1.3 Hypothesis

According to the purpose, it is expected that second-harmonic light in
transmission will be obtained by using ultrashort pulse laser at wavelength equals 900
nm. For the colinear incidence case, the maximum and minimum of transmitted
second-harmonic intensity in case of colinear phase matching are expected to occur at
new crystallographic orientation of ADP crystal. For noncolinear incidence case, the
maximum transmitted second harmonic intensity in case of noncolinear phase

matching is expected to occur from ADP crystal.



Chapter |1

Theory

2.1 Introduction
When an electromagnetic wave is incident on crystalline materias, the

electron is induced by an electric field creating dipole and linear polarization P“. As
a consequence, there are waves could be classified as reflected and transmitted waves.

However, if the incident light is a monochromatic wave with high intensity such as

laser light not only linear polarization but also nonlinear polarization P™-°will be

created. P" is a source of linear optic effects and P™*is a nonlinear optical source
that caused transmitted and reflected harmonic light in material. In this theoretical
study, only second harmonic generation will be considered. Further, if the nonlinear

medium is a uniaxia crystal, there will be two beams of transmitted light due to
different values of refractive indices, which are the ordinary ray index n,and

extraordinary ray index n,. The theory of second harmonic generation has been

developed (Bloembergen and Pershan, 1962) after the first discovery of second
harmonic light by Franken et a. (1961). The theory of light waves at the boundary of
nonlinear media (Bloembergen and Pershan, 1962) has successful predictions for
various phenomena of second harmonic generation. Therefore in this thesis, the

theory of Bloembergen and Pershan will be employed as the main theoretical analysis



tool for transmitted second harmonic generation in Ammonium Dihydrogen

Phosphate or ADP crystal.

2.2 Theory of Second Har monic Generation

The second harmonic light, generated by P™-° | is created in the material, by

using high intensity of light source such as laser light. The occurrence of P™° can be

theoretically created as of following.

2.2.1 Nonlinear Polarization, P™S

When laser light source with high peak power output is incident on the crystal,
the polarization in the crystal will not only have the linear polarization term, (P"-) but
aso have nonlinear polarization term, (P™°). The relationship between total

polarization, P™? and electric field, E of the incident light can be expressed as the
following.
PMS=c"EW)+c™ (W, = 2W)EW)EW) +..., (2.1)

where c' isthe linear susceptibility, c™

is the nonlinear susceptibility tensor, and
w is the frequency. From equation (2.1), the nonlinear polarization is not only
proportional to E but also proportional to |E|*. Thetem c™ EE of equation (2.1) is
the nonlinear source term which second harmonic light (w, =2w;) is generated. This

second order polarization is given by

P (2w) =c™ E(w)EW). (2.2)



The coefficient c¢™ is a tensor so that the vector P is not necessary parald to

vector E. The nonlinear polarization, P"°(2n) could be expressed in term of

summation of its components as.

e (ZW) = é. Cij E, Ek ' (2.3)

where i, j, k represent the coordinates x, y, z The P™°(2w) occurs only in certain

type of crystals that lack inversion symmetry or noncentrosymmetric crystals.

2.2.2 Maxwell Equations of Nonlinear Medium
In order to describe the behavior of second harmonic light at the boundary of

nonlinear medium, Maxwell equations are considered and employed as follows

N E=- LIk (2.4)
c 1t

N-R=1TP. %5 2.5)
cft c

N>D = 4pr, (2.6)

N>B=0, (2.7)

where D =eE +4P™°, E is the electric field, H is the magnetic fidd, D is the
electric flux density, B is the magnetic flux density, P™Sis the nonlinear
polarization, € and m are the permittivity and permeability of crystal respectively.
For a noncentrosymmetric crystal, consider e as a scalar and nonmagnetic material,

so that m=1. The wave equation is given by

e2m) TE __4p TP™ (2w (28)

N N E+ ,
c® ft? c? qit>




o R2E.SAMITE_4p TP (W 2.9)
¢ qt? c? qt?

where P (2w) is the nonlinear polarization.

The nonlinear source term on the right hand side of (2.9) will yied an

inhomogeneous solution of the wave equation. The nonlinear source term at
frequency w, = 2w, isgiven by

PMS (2w,) =c, (W, = 20,)E,"E," expi(k S - 2wt) (2.10)
where E,' isthe transmitted electric field in the crystal, k® is the source wave vector
(k°=2k/"), t isthe time that wave propagates along distance wave vector . By using
equation (2.9) and (2.10), the electric (E;) and magnetic (H,) fields of the
transmitted second harmonic light and the electric (EF)and magnetic(H ) fields of

the refracted second harmonic light, of the incident light from vacuum to the

nonlinear medium are given by

4H3NLS(4W12)
2 2
. o c
E, = &€ expi(k, xr_ZWlt)_W
Cé. KS(kSxp)U .
ep-#;apl(ksmmt),
é kD)™ G

=T C CT - A T LT
Hz :E(kz er)ez 9(pl(kz xr—2vvlt)

s (M)
) c
K)7- (k) 2w,

(K~ p)expi(K® - 2wt), (2.11)

EX =6.€ expi(k) ¥ - 2wit),



10

AR :(2\‘;\/)(12;' 8.)E expi(KR F - 2wit) | (2.12)

where €] ,€F are the amplitude of the electric field of the transmitted and refracted

second harmonic light respectively, k) and k; are the wave vector of the reflected
wave and homogeneous transmitted wave which have the unit vector é; and &,

respectively and P is the unit vector of P™-°(2w) as shown in figure 2.1.

)

R AR

I
/ VumX

Ly

B\ O

i

L
=
—— — N
L
=
sl
=
— —— —— N

~ .
—_
=
@)

—_—

=

AR

3

K

P T T T % 1 T T T 3

<

(2

Figure 2.1. Theincident, reflected and refracted rays, near the boundary between vacuum

and ADP crystal at the fundamental and second harmonic frequencies.
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Linear
Non-linear

Figure 2.2. Two incident rays at frequencies w, and w, caused the reflected wave, a
homogeneous and inhomogeneous transmitted wave at the sum frequency

w;, =w, +w, eiminate from the boundary between the linear and nonlinear medium.

From figure 2.2, the fundamental incident beams are the two incident waves
represent by E expi(k; ¥ - wit) and E, expi(k, @ - w,t). The incident, reflected,
homogeneous transmitted and inhomogeneous transmitted wave vectors are
represented by k', ki, kX, Kk, kS respectively. These two waves are incident at

the interface between linear and nonlinear medium. The angle of incidence of wave
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vectors k; and k, arerepresented by g and g, respectively. The planes of incident
waves k; and k, make an angle J with each other. Consider x and y direction of
the coordinate system at plane z = 0 (the interface between linear and nonlinear
medium), the x, y components of the momentum wave vector are conserved. The
summation of the wave vector leads to the condition

ks = Ka =Ks, =kj +kg, =k, +koy

ke, =ks, =Ks, =k, +k;, =k, +k;, =0. (213)
From (2.13), it is found that the inhomogeneous wave, the transmitted and reflected
waves and the boundary normal lie in the xz plane called the plane of sum reflection.
The propagation of the inhomogeneous wave is at the sum frequency proportional to
PMs(2w) andgivenby exp i { (kI +kJ)» - (W, +w,)t }. The angle between the

normal and itsdirection ¢ is determined by

Snag =Ky, + ko, |/

K +k3 |- (2.14)

The propagation directions of wave vectors kjand k, are given by Snell's law for
refraction. From figure 2.2, the value of the angle | varies from 0 to p and the
vaues of the incident angle g vary from 0 to 2p . The wave vectors kj ,k; and k|

are related by following equation
K;|*sn?q,” = |k| sn”q,"
=Jk[*sn*q, + [l sn*q,” + 2K [ gy sngy' cosy . (215)

2
The permittivity is defined by e= kZCW. Equation (2.15) can be rewritten as the

following
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ew sn’qg, = "wisn’q,"
=efw’sn?q' + ew?sn?qg, + 2(efef)”?ww, snq,' sn g, cos| . (2.16)
From equation (2.13) and (2.16) we get
efsn’g; = dn’q; =€f'sn’q;. (2.17)

If two incident beams have the same angle of incidence g, =g, and aso
j =0,e° =€} =€,w =w, =w , equation (2.16) becomes

€ dn’q =e°sn’q'. (2.18)
Thus equation (2.17) can be written as

Jefsng' = Jel sng,” = Jefsng® =€’ sng® (2.19)
where the refractive index is, n=+e. This is the case of colinear incidence. figure

2.6.
Now if two incident beams are incident on the crystal at this case is opposite

directions and make the same angle of incidence with the face normal, that called two
beam specia mixing, (TBSM), ¢, =q,. Theangle j =180, means that two incident
beams lie on the same plane of incidence. From (2.16) and (2.17), it can be shown

that
g =a5 =q," =0° [if K@) =kw)|. (2.20)
This means the wave vectors k. , kX and k;’ propagate along the direction of face

normal. The noncolinear incident in general case as showed in figure 2.3.
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K, (2

Figure 2.3. The noncolinear incident case or Two Beam Spatial Mixing

| for ki w)® Kiw) .

2.2.3 Nonlinear Polarization and Second Har monic Gener ation
In order to analyze second harmonic generation, the direction of polarization
of the incident light could be classified in to two types perpendicular and parallel to

the plane of incidence.

A. Nonlinear Polarization Perpendicular to the Plane of Incidence,

(P (2w)
The beam of frequency (w) isincident on the crystal that lies on the xy plane
with boundary at plane z=0. The direction of nonlinear polarization occurred in the y

direction perpendicular to the plane of incidence,
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Figure 24 The second harmonic and electric and magnetic field when nonlinar

polarization P (2w) perpendicular to the plane of incidence.

PN =PMS (2n). The directions of polarization of second harmonic waves are
parallel to the plane of incidence as shown in figure 2.4. In this case, using equation.
(2.11) and (2.12), the component of the electric and magnetic fields have the
following form

E, =EX =€ +4pP"*(e; - &), (2.21)

H, =- el’EX cosq, =€/*€! cosq,

+4pel’(e; - €)' P** cosq. (222)

Combining equations (2.21) and (2.22), EX can be written as
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ER = 493'\“_5 ée’lr/2 cosq; - e]s/2 cosqs
"7 e - e ge cosq, +e€l’ cosq,

(2.23)

oo

By substituting equation (2.23) into equation (2.21), the amplitude of transmitted

second harmonic wave, eI has the following form

€ =E'- 4P (- )"

_ 4“3N|_s 96‘1!2 cosg, - eJS/ COSC]S 4FPANLS
e -

7 cosq, +e 005G, €. - €,

2.24
~ (2.24)

B. Nonlinear Polarization Parallel to the Plane of Incidence, (P,""° (2w) )
When the polarization of the incident wave is paradlel to the xy plane, the

plane of incidence, the values of the y components of the incident electric field, Eiy

and nonlinear polarization, F3yNLS, are definitely equal to zero. The nonlinear

polarization parallel to the xz plane make an angle alpha, a with the direction of

propagation of the transmitted source wave vector, k* as shown in figure 2.5. From
equation (2.11) and (2.12), the tangential components at z=0 of the electric and

magnetic field become

NLS &
4pP™° dnacosq;

E, =- EJf cosq, =€ cosqy; +

€-&
NLS :
) 4pP cosaans, (2.25)
e
NLS
elR/ZER —_ ]/ZeT e]5/2 4pP/ sna (226)

&-&
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Figure 25 The second harmonic electric and magnetic field when nonlinar

polarization P (2w) parallé to the plane of incidence.

The amplitude of the reflected harmonic field, E, is given by substituting
T . .
e/, of (2.26) into (2.25) and has the following form

NLS o A -1 i 2 ¥
ER = . Sna gl' (es +eT) & 3n qRH
" e’ cosq, - €/*cosq,, @ €77 cosq, +e? cosqs

NLS :
M-S cosasn g

2.27
ef*ex” cosq; - e: cosa, 220

Using (2.16), (2.27) can be rewritten as
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r___ 4pR°sngedn’q sSn(a+q +a) (2.28)
" e,snq.sn(q, +q)sn(q, +qg) cos(g; - Gy)

Substituting (2.28) into (2.26), the amplitude of the transmitted second

harmonic wave, €] is given by

eng/fe _ e13/2 //NLS Sn a
el” e’ (e-e)

From (2.23), (2.24), (2.27), and (2.29), the electric fields of second harmonic

e = (2.29)

waves compose with the term of nonlinear polarization, P™°(2w). These relations
show and confirm that P "5 (2w)was a source term of second harmonic generation so

the electric fields of second harmonic wave could be written in term of P (2w).

Ex(20) = 4pP™SFR", (2.30)
E; (Qw) = 4pP™MSF ", (2.31)
E<(2w) = 4pP S, (2.32)

where E.(2n) is the electric field of the reflected harmonic wave, E.(2w) and

E.(2w) are the eectric fields of the transmitted harmonic wave of the wave vectors
kR, k",and k® respectively. The nonlinear fresnd factors Fi', FM*,and F" are
the ratio of the amplitude of the incident field on the amplitude of the reflected,
transmitted inhomogeneous and transmitted homogeneous wave respectively. The
subscripts ~ , and //  will be used to represent the variables that occur in case of
nonlinear polarization perpendicular and parallel to the plane of incidence
respectively. From (2.23) and (2.24), the nonlinear fresnel factors when nonlinear

polarization perpendicular to the plane of incidence are given by



19

F NL 1 éelrlz cosq; - e]slz COSQs l:j
R

L= , 2.33

e - & g’ cosq, +el? cosq, &%)

Fo's = o -1er : (2.34)

L (2.35)
oe-e YT '

Consider (2.27) and (2.29). The nonlinear fresnel factors when the nonlinear

polarization is parallel to the plane of incidence are given by

N dngssn’q; Sn(a+q +q;) (2.3
“1 eq8nggSn(o; +0s)Sn(a, +0,)CoS( - Oy, |
sna
F = , (2.37)
e - €
e dna /2
R === =R (2.38)

elfe-e &F

where a isthe angle between PM-S(2w)and kS.

2.2.4 Theoretical Calculation for Transmitted Second Harmonic I ntensities
The transmitted second harmonic intensity will be theoretically studied as a
function of the angle of incidence, g from an ADP crystal, the nonlinear medium,
that isimmersed in the optically denser liquid 1-Bromonaphthalene, a linear medium,
by the using ultra short pulse laser at wave length equal 900nm.
The ADP crystdl is a uniaxia crystal, with a crystallographic point group

42m. The elements of the nonlinear susceptibility tensor of the crystal, c™, can be

represented as a 3° 6matrix so that relation between nonlinear polarization and the

incident electric field is given by
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N
x

m
me m m

¢ E2 0
_ é o G
éXNLS(a/v)l:j é) 0 0¢c, O Ogg E); H
P (@ g= 0 0 0 c oggzéz G (2.39)
§RC(Wf @ 00 0 0 cufig "
e -y
eEEq

m
x

<

where c,,, C,;, and c,, are the nonlinear susceptibilities of the crystal and the value
of ¢, isequa to c,. From (2.39), the components of nonlinear polarization,
P (2w) at each point inside the crystal are represented by

P (2w) = 2¢,E,E

.Eys
P"°(2w) = 2c,E,E,, (2.48)
P"*(2n) = 2c,4E, E, .

In this case, the incident laser pulses have the polarization in I]iOI direction
with respect to ADP crystallographic axes so the eectric field has direction of
polarization perpendicular to the plane of incidence and causes the nonlinear
polarization to be parallel to the plane of incidence. Since it has a component in x and
y direction, equation (2.48), indicates that the nonlinear polarization will occur in z
direction. (Fig. 2.6)

(2.49)

P (2w) = 2¢c,E,E

Xy 1!

where E, and Ey are the component of the transmitted electric field in x and y

direction respectively.
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kl(w dj
1-Bromonapthalene
ADF (2w) q KT

Figure 2.6 The geometry of wave vector of the incident wave, the refracted waves,
and the reflected waves a the interface between 1-Bromonaphthalene and ADP

crystal.

Figure 2.6 shows the geometry of wave vector of the incident wave, the
refracted waves and the reflected waves at the interface between ADP crystal
(nonlinear medium) and optically denser liquid 1-Bromonaphthaene (linear medium).
This is colinear incident case of the second harmonic generation in transmission. The

incident wave vector (W), k', the reflected wave vector (2w), k®, the reflected

wave vector (v), k', the homogeneous transmitted wave vector (2w), k', the
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inhomogeneous transmitted wave vector (W), k° make the angle of incidence (W),
g, the angle of reflection (2w), gy, the angle of reflection (W),q,, the angle of
transmisson (2W), g, and ggwith the normal line respectively. The driven

polarization, P™°(2w) which represents the particular solution of the
inhomogeneous wave, has the same direction of propagation as the transmitted laser
beam and has a wave vector k° =2k (w).

In order to know the directions of the incident light wave, the reflected waves
and the transmitted waves, the relation of the angle g, gy, g5, and g, or the
nonlinear Snell’s law will be derived by using (2.16) when the value of index of
refraction of the crystal is n =e¥2.

n,,(Wsnqg, =n,, (2w)sng, =nWw)sngs =n(2n)sng; , (2.50)

where n., n(w), and n(2w) are the refractive index of liquid and the refractive

liq s
indices of ADP crystal respectively.

In practice, the transmitted electric field in the crystal can not be measured
inside the crystal. Therefore, the linear fresnel factor, the ratio of the amplitude of the
incident wave with the transmitted wave, will be used together with E_ instead of the
term of transmitted electric field. Then (2.49) can be written as

P (2w) = c)th(FFE, ), (2.50)
where E,is the amplitude of the incident wave and h is a geometrical factor. This
factor depends on the polarization of the incident electric field and the direction of

nonlinear polarization component with respect to the crystallographic axes of the

ADPcrystal. F" isthe linear fresnel factor and is given as
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7 23nd; cosg,

. 252
- dn(gs +q) (2:52)

In this case, the fundamental beam is transmitted parallel to the surface in the
nonlinear crystal ADP. According to Bloembergen and Pershan theory, the nonlinear
fresnel factors in case of nonlinear polarization PMS(2w) paralel to the plane of

incidence follow equation (2.36), (2.37), and (2.38) and are given by

N = sngssn’ g sn(a+qs +q;) (2.30)
M1 e, (w)sng, Sn(g, +0) cos(@; - G;)Sn(gs + )
Foo-_Sna (2.37)
G
il UL Pl (2.38)
e (e - &) e?

where ef(2w), eZ(2w), and €f(2w) are equa to N, (W), NH(2n), and

Nop(2W) respectively. a is the angle between P™°(2w) and k. The power of

second harmonic beam is given by
c
s (20) = (G Hsr (W[ (20 A - (259)

The subscripts R, S,and T mean the reflected, transmitted inhomogeneous, and
transmitted homogeneous respectively. Theterm A, ¢ ; is the cross section area of the
beam and is given by

Avsr = (dd®osay o)/ cosq | (254)

where dddis the width of the rectangular dit. In the experiment, the laser beam is
incident on this dit before incident to the ADP crystal. Then dd¢ used to define the

cross section area of the beam. Substituting equations (2.30), (2.31), (2.32), (2.36),
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(2.37), (2.38), (2.54) into equation (2.53), the second harmonic intensities are given

by

o (2n) = (%)eé|Eo|“(4pc§é)2h2|FL|“ FH[ cosol,(cosay) *, (2.55)

2
Is(2w) :(%)eéé|Eo|4(4pC3'iL)2h2|FL|4 Faiy| ~ cosas(cosa)™*, (2:56)

4 NL \ 2}~ 2 4l |?- -1
IT(aAo:(%)eﬂEJ (4pciy)?h?|F [‘|[FM | cosqy (cosq) * . (257)

The intensities of the transmitted homogeneous wave and transmitted source
will be obtained from equation (2.57) and (2.56) respectively. The two transmitted

beams are not in the same direction, therefore, in general, the total transmitted second

harmonic beam, | _ (2w) is caculated using

total

I T
total

(2w) =1°5(2w) + 17 (2w) + 21 °(2n)| " (2w) cosf . (2.58)

The third term of (2.58) is the interference term that occurs by the interference
of two transmitted waves. When an experiment is performed, the third term of (2.58)
is neglected (Savage, 1965; Bhanthumnavin and Lee, 1994) because of the incident
surface of the ADP crystal and the exit surfaces of the transmitted harmonic wave of
the crystal are not precisely parallel. Therefore there exists phase difference among
the two waves. Then the integration along the optical path length of two transmitted
harmonic waves in the crystal caused the average value of the interference pattern of

the two transmitted beams to vanish. So the total transmitted second harmonic

intensity is equal to the sum of homogeneous and inhomogeneous intensity.

I T
total

(2n) =1 5(2w) + 17 (2w) . (2.59)
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From equation (255), (256), and (257) the vadue of the term
(%)e;ﬂE0|4(4pc:3NGL)2h2 can be considered as a congtant, therefore, the theoretical

value of the total transmitted second harmonic intensity is given by

I T
total

FNL

4 NL 2, -1 4 2, -1
(2w) » |F| Foyi| = cosas (coscy) +|F, | T11| ~ cosay (cosq) . (2.60)

2.2.5 The Criteria of Optimization of Second Harmonic Generation
One of the purposes of this theoretical study is searching for the appropriate
condition that caused the maximum transmitted second harmonic intensity and also
the minimum transmitted second harmonic intensities. We now discuss the relevant
conditions.
From equation (2.10), the nonlinear polarization term that causes second

harmonic generation in the crystal is
PMS (2w) =c, (W, =2W,)E,"E," expi(k® x - 2wt) . (2.10)
The electric field of second harmonic field is proportional to the following

term (Yariv, 1989).

Ew) p 2RI 1o (261)
e iDk
where Dk =k - 2k™ =2w" [n® - n® |/c. (262

Here, Dk isthe difference of wave vector at (2w) and the wave vector at (w). n®"

and n™ are the refractive index of crystal of the second-harmonic beam and the

refractive index of crystal of the fundamental beam respectively. c is the velocity of

light and | isthe optical path length and E, isthe electric field of fundamental beam.
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The intensity of second harmonic light is proportiona to the following term

(Yariv, 1989).

- )
, &&in (Dk|/22)g, E* (2.63)
(K12 5

(2n) p E*(20) p (c™)
where |(2w) is the intensity of second harmonic light. The coherence length, | ¢ is a

measurement of the maximum crystal length that is useful in producing the second-

harmonic power (Y ariv, 1989).

i S - R . (2.64)
Dk wn®™-n"l 2n* -n"]

The conditions for producing the enhancement value of 1(2w) and |_, by

considering equations (2.63) and (2.64), could be summarized as follows

(1) From (2.63), by using the crystal which has high value of nonlinear
susceptibility, ¢, the value of nonlinear susceptibility of ADP crystal that is used in
this theoretical study is as high as the KDP crystal to generate second harmonic light.

(2) From (2.63), the second harmonic intensity is proportional to fourfold of
the incident electric field, so increase the amplitude or intensity of the incident light to
increase the second harmonic intensity

(3) From (2.62) and (2.63), when the value of Dk is set to equd to zero, the
value of second harmonic intensity will increase to maximum value. This technique
was first demonstrated by Giordmine (1962) and Maker et a. (1962).

Dk =k - 2k™ =2w" [n® - n® |c=0. (262

Then the value of n®" is equal to the value of n® . This is the condition for

the occurrence of phase matching and is the very important phase matching condition.
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The ADP crystal used in the theoretical study is a negative uniaxial crystal. When a
wave is incident on the uniaxia crystal, there are two refracted waves in the crystal.
These waves depend on two refractive indices of the uniaxial crystal. The first is the

extraordinary wave whose refractive index is independent of the direction of
propagation (n,). The second is the ordinary wave whose refractive index depends on
the direction of propagation (n,(q)). The characteristic of the refractive index is

described by using index of elipsoid. Figure 2.7 shows the construction for finding
the value of index of refraction when the vector s is the direction of propagation of

wave in crystal.

Z (optic) axis S
(0.0.n.) §
i A |
(0, - ,510, 0) ne(Q) i
____________ B & Y-asz
X-axis , 4
(n,, 0,0)

Figure 2.7. The construction for finding the value of index of refraction when vector s

is the direction of propagation of wave in crystal (Yariv, 1989).

The propagation of the wave vector inside a crystal makes an angle g with the

optic axis (z-axis). The intersection, the elipse shaded in figure 2.7 and perpendicular
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to the direction of propagation is used to describe the characteristic of the index of
refraction. The polarization of the wave aong the segment OA is the extraordinary
wave and corresponds to the refractive index n.(q) =|OA|. The polarization of wave
along the segment OB is the ordinary wave and corresponds to the refractive index

propagation n0:|OB|. From figure 2.7, the equation of index of ellipsoid on z-y

planeis.
y*, 2z _
pe + P 1. (2.65)
From figure 2 we have following relations
nZ(@)=2z*+y*, (2.66)
z =dn q,L:cosq. (2.67)
n. (@) n. (@)
From equation (32), (33), and (34) the value of n (q) is given by
1 _cos dn?
- 2(q) 4 z(q) _ (2.68)

n@ n ne
For this case, consider the negative uniaxia crystal with refractive index of
ordinary wave greater than the refractive index of the extraordinary wave (n, < n,).

The incident wave will propagate along the direction of ordinary wave and the second

harmonic wave will propagate along the direction of extraordinary wave. In order to

yield the condition of phase matching, the value of n, must be equal to the value of
n?'(q,). The phase matching angle, (q,,) was the angle between homogeneous

transmitted second harmonic wave, k' (2w) and the optic axis of the crystal that
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caused the value of n, (q,,)= n,. Figure 2.8. From (2.68), the phase matching angle

is given by

L /2
€(ny)* - (") " d
) - ()7

g, =sIn- (2.69)

Z (optic) axis

k(2w

-

Figure 2.8. The condition for the occurrence of colinear phase matching

For the case of noncolinear phase matching, two incident waves, lie in the
same plane of incidence, incident on the crystal at the opposite directions and make

the same angle of incidence with the face normal (Figure 2.3). The same two incident

wave vectors are represented by k; and k. The incident angle of two incident wave

are g, and g, respectively. This incident case is the case of TBSM. From (2.20) and



30

figure 2.5, if @, =g, the results of the summation of two waves vector, k, will
propagate along the direction of face normal. The condition of noncolinear phase
matching occur when the summation of two transmitted waves vector, k'(w) =
ki(w),isequa to k; (2w) and is given by, (Figure 2.9)

Ky (2w) = k{ (W) + k; (W),

or Dk=K!(w) + k(W) - kJ (2w) = 0. (2.70)

Figure.2.9 The occurrence of noncolinear phase matching

From figure 2.3, in order to find out the incident angle that caused noncolinear
phase matching angle, the same method for analysis for the colinear phase matching
angle will be used. In the negative uniaxia crystal (ADP crystal), the incident wave

will propagates along the direction of ordinary wave and the second harmonic wave
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will propagates along the direction of extraordinary wave. From (2.70), The results of

the summation of two wave vectors is given by the norma components of the results:

2w %
o]

~— 2wcosq, = d weos(q, +d,) +n—°wcos(q2 - Q) (2.71)
C C C

and the tangential component of the results

e n o o
; 2wsing, = . wsn(oﬂ+q3)+7wsn(qz - Q) (2.72)

ni'w n2"

where k(w) = and k(2n) =—=2 ZW. From (2.20), if the value of the angle q, is
c

equal to zero, the results of the summation of two waves vector will propagate along

the direction of face normal. Therefore from (2.40), the result is given by

n? =n" cosf (2.73)
where f . is the noncolinear phase matching angle and is refracted angle of the wave
vectors k(W) and k; (W) .

From equation (2.42), the crystallographic orientation of the negative uniaxial

crystal (ADP crystal) for the noncolinear phase matching condition of this theoretical

study to occur is shown in figure 2.10.
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Figure 2.10 The crystalographic orientation of the theoretical study, which

caused noncolinear phase matching.



Chapter 111

Procedure

3.1 Introduction

The transmitted second harmonic generation of wavelength 450 nm in
Ammonium Dihydrogen Phosphate, ADP crystal immersed in an optically denser
liquid 1-Bromonaphthalene will be theoretically studied and analyzed by using ultra
short pulse laser at wavelength equal 900 nm as the incident beam. The Bloembergen
and Pershan theory (1962) is used as the main theory for analysis. The results of
transmitted second harmonic intensity, as a function of the incident angle will be
calculated by the application of C++ language and ssimulated by the Microsoft Excel
Version 7. In order to perform the theoretical study, the technical data of the ADP

crystal and the liquid 1-Bromonaphthalene are necessary for investigation of 17 (2w)

and 15(2w).

3.2 Ammonium Dihydrogen Phosphate, ADP Crystal

The ADP crystal has transparent range at wavelength from 184 nm to 1500
nm. (Johnson and Duordo, 1967; Cimerl, 1987), thus there are transparencies at the
fundamental and second harmonic wavelengths. In addition the crysta has high
damage threshold then so that it is suitable for the high peak power of laser pulse. The

crystal is a negative uniaxial crystal with two values of refractive index: the ordinary
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index, n,and extraordinary ray index, n., for which n_,an,. The refractive indices of

ADP crystal at the fundamental and second harmonic wavelengths of 900 nm and 450
nm respectively, are calculated to be the following: (Zernike ,1964a; 1964b).

At the wavelength equal 900 nm:

nY =1.5120, nY = 1.4709
At the wavelength equal 450 nm:

n2" =1.5343, n2V =1.4870

(The details of calculations are given in appendix A.)

The optimization of second harmonic generation to obtain the maximum
transmitted second harmonic intensities in the ADP crysta was successfully
performed by the phase matching technique (Giordmaine, 1962; Maker et al., 1962,
Bloembergen and Lee, 1967). The occurrence of the phase matching condition could

be considered in the case of colinear incidence and noncolinear incidence.
For colinear incidence, the colinear phase matching angle, q.,, causng the

condition of colinear phase matching (n?* = n") is given by (2.68) and (2.69)

1 _i:coszqm dn?q,
T AT 0 T =
e w) 2 w2 u
O =Sin 18 0y j(”o ) _q, (2.69)
8n2p/2l) * - (2 %4

In case of noncolinear incidence, the noncolinear phase matching angle, f ., is
given by (2.42) as the following

n? =nY cosf _,and
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én2" U
—coslale -
f.=cos e—u.
a

2.42
e n, ( )

The ADP crystal is a piezoelectric crystal with the same crystal point group,

42m as the KDP crystal. Therefore, theoretical results could be compared with the
previous experimental work of transmitted second harmonic generation from KDP
crystal Bhanthumnavin and Lee, 1990; 1994a; 1994b; Lee and Bhanthumnavin,
1976). Furthermore, the ADP crystal has high values of the nonlinear susceptibility
tensor, which could increase second harmonic intensity, and the crystal is readily
available. Thus, these crystal properties will be useful when the experiment will verify
the theoretical study. From the mentioned properties, ADP crystal is the suitable one
of the negative uniaxia crystals to be used for both theoretical and experimenta
studies of transmitted second harmonic generation based on the theory of

Bloembergen and Pershan (1962).

3.3 Fluid 1-Bromonaphthalene

The theoretica study of transmitted second harmonic generation in ADP
crystal could be directly performed from ADP crystal in air. When the incident light
wave propagate from opticaly denser medium to the lower medium, the totd
reflection phenomenon could be observed. In order to establish a connection with
preliminary research of reflected second harmonic generation at total reflection as
mentioned in chapter one, the optically denser fluid 1-bromonaphthalene will be used
in this theoretical study. The liquid is not corrosive to the crystal and is transparent at
the wavelength of fundamental and second harmonic beams. Further it is stable when

the temperature is varied and its vapor is not dangerous to human health. Furthermore,
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the liquid will prevent the humidity in air to dissolve the crystal surface. Therefore,
the fluid 1-bromonapthal enne was chosen because of its properties above.

The refractive indices of the optically denser liquid 1-bromonaphthalene, n,
at wavelength equal 900 nm and 450 nm are calculated by using Cauchy equation
(Jenkins and White, 1976) and are given by

At wavelength equal 900 nm:

n. =1.6355

liq
At wavelength equal 450 nm:

n? =1.6952

liq

(The details of calculations are given in appendix A.)

3.4 Computer Program

In the study, C++ (Turbo C++ Version 3) is used to calculate the theoretical
value of total transmitted second harmonic intensity. The results are plotted and
illustrated by Excel Version 7. The procedures of the program are shown by the
flowchart and illustrated in figure 3.1

From flowchart, the upper part of the program will give the total information
used in the program such as the crystallographic orientation of the crystal, the values
and the definition of the variables used in the program. The main procedure for
calculation of total transmitted second harmonic generation of colinear incidence is
the same as noncolinear incidence shown in the flowchart. At the beginning of the
program, the initial values of the variables such as the starting transmitted angle, the

ending transmitted angle, and the increment of the transmitted angle will be inputted.
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Then the data of the initial values will be used in the computing process (Figure 3.2).

The process of calculation begins by using the value of starting transmitted angle, g,
to discover the angle between homogeneous transmitted wave vector, k' (2w) and
the optic axis of the crystal, . Because of the wave vector, k' (2w)is defined to

propagate aong the direction of the extraordinary ray, thus n?"is depends on the

angle, q. The refractive index, n2" is calculated as given by (2.68)
2

1
sn?q

(n2¥(p/2))

The transmitted angle of inhomogeneous wave vector (k°(2w)), qg, the

(2.68)
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reflected harmonic wave vector (k" (2w)), g, and the fundamental incident angle
beam g are then calculated by the relation of nonlinear Snell’s law as given by

(2.50).

2w

nZ¥a)snar =n¥(a)sng =n}(@)snagg =n(a)sna. (2.50)

Now, the values of the angles and the refractive index will be used to calculate the
linear fresnel factor, F.- and nonlinear fresnd factors, F,“ by using equation (2.52),
(2.36), (2.37), and (2.38), respectively.

_ 29nq, cosq,

F. = : 2.52

' sn(g,+q) 22
sng.sn’q; snfa +q, +q; )

FRj = s=_ 1 s (2.36)

eRsIngg gn(QS +QT)§n(QT +QR)COS(CIT - CIR) ’



Starting Angle,
Ending Angle
Increment
Angle.

l

Computing
—»| Process.

Store the

results in

Text file.
No

{ End. |

Figure 3.1. The Flowchart of C++ program for the calculation of

transmitted second harmonic intensity.
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Computing Process

G 1 _co?(@, sn’@)
ne" (@ @ () (nIpf2)’
a, g, Oz, Qs ] . W w
N (Wsng =n,(2W)sng, =n; Sngs =n." sng;
v »
sin g, cosq,
FLFNL,FNL, FT: : S i
Ij " " dn(gs +q)
and F; FR,\,‘|L|:
\ 2 S-nqss-nqus.n(a-*_qS-*-qT)
eR(Zvv)s'an Sn(QT +qR)COS(qr - qR)gn(qS +qr)
| et (2V) o= dna
e en)
Y
Itotal(zvv) 4 NL 2, I
and q, | | orar (20V) » |FL| Fs,| | cosq (cosq )~ +
|FL|4 I:ThviLI - cosg; (cosq,)
P|Ot Itotal(alv)
versus g

Figure 3.2. The computing process of the C++ program for calculation of

transmitted second harmonic intensity.
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e L (2.37)
e-e

_el’ sna &
el’e-e €

NL —
FT,// -

Fal/s (2.38)

w 2w

where e = ;' f, e =(n2(@))", and e, = (a2 ).
All data will then be used to calculated the total transmitted second harmonic

intensity as a function of specified incident angle for the colinear incident case by:

| ol F [ cosqg (cosgy) R FY) ** cosqy (cosq) "t (2.60)

s/ |

@) » |F |

In the case of noncolinear incidence or Two Beam Spatia Mixing, the tota
transmitted second harmonic intensity can also be calculated from equation (2.60)

used in the colinear incident case. The process of calculation will only differ at the

values of ordinary ray index, n! and the permittivity, e, equa to nY'cosq, and

(n‘cﬁ"c:osqS )2 respectively as indicated in chapter two.
Data of the total transmitted second harmonic intensities at each incident angle
will then be plotted by using Microsoft Excel Version 7. (The detailed of C++ is

given in appendix B.).



Chapter 1V

Results and Discussion

4.1 Introduction

In the study, the incident laser is polarizing in []iOJ direction with respect to
crystallographic axis of ADP crystal and perpendicular to the plane of incidence. The

nonlinear polarization P™-°(2w) will occur in the z direction, is the optic axis and
parallel to the plane of incidence. The results of second harmonic generation in
transmission at any orientation of the ADP crystal will be illustrated in this chapter.
The occurrence of maximum transmitted second harmonic intensity at colinear and
noncolinear phase matching conditions and aso the occurrence of minimum and null

transmitted second harmonic intensity will be shown here.

4.2 Minimum Transmitted Second Har monic Gener ation

The first nonlinear optical phenomenon was second harmonic generation in
transmission (Franken et a., 1961). The condition that causes the minimum
transmitted second harmonic intensity will be illustrated instead of the phase
matching condition that caused the maximum value of transmitted second harmonic
intensity as shown in chapter two. As generally understood, when laser light is
incident on the nonlinear crystal, the transmitted second harmonic light is usually

aways generated in the crystal. But for some specific crystallographic orientation of
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the nonlinear crystal and the angle of incidence, the null transmitted second harmonic

light was experimentally observed (Bhanthumnavin and Lee, 1990; 1994).

4.2.1 Null Transmitted Second Har monic Generation
The ADP crystdl is prepared with P™*(2w) lying along the optic axis, which
is in the direction of the face normal as shown in the inset of figure 4.1. The variation
of total transmitted second harmonic intensity is observed near the zero value of the
incident angle and the null transmitted second harmonic intensity occurred at this

normal incident angle. The value of total transmitted second harmonic intensity is

given by (2.60)
2, . 2, ;
| ot (200) » |F | Fs’\h cosq (cosqy ) ™ +|F|_| I:TN|L| cosg; (cosq,) ™, (2.60)
where | Fl. ‘ Feri || Fry |are linear, nonlinear fresnel factors of inhomogeneous and

homogeneous wave vector, which are given by (2.52), (2.37), and (2.38) respectively.

. _ 29nqQg cosg

F=—, (2.52)
sn(ds +q)
F N :s'n—a’ (2.37)
e e
efdna & .
= (2.38)
R yarab il
where F. = sngs sn°qg; sn(a +qg, +qy) (2.39)

eR(Z\N)S-an ST\(C]T +qR)COS(qT - qR)gn(qs +qT) '
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The values of reflected, transmitted angle at normal incident angle and the angle a,
the angle between the source transmitted wave vector, k® and P™*°(2w) are equal to

zero. Then equation of nonlinear fresnel factor is rewritten as

%
NL essna . —_
F/ ;(a=0)
I efe,- &)
L& sng, sn’q, sn(q, +q,) 0

e e, @w)sna, Sna, +0 )oos(d), - O ) SNy +0y)

NL eg/ anx — (q :0)
) X

atl _¥ cosq,
From above, the values of st‘l  and FTNlL| are equal to zero respectively. Therefore

the value of total transmitted second harmonic intensity as given by (2.60) is equal to
zero at normal incident angle. This result agrees well when compared with the result
of the previous experimental work in the KDP crystal, which has the same crystal
point group as ADP crystal, under the same crystal orientation Bhanthumnavin and

Lee, 1990; 1994).

4.2.2 Minimum Transmitted Second Harmonic Generation when P™-° (2w)

Makes Phase M atching Angle with the Crystal Surface.

At this condition, the ADP crystal has nonlinear polarization, P™*(2w) lying
along optic axis and makes phase matching angle with the boundary as shown by the
inset of figure 4.2. The minimum value of total transmitted second harmonic intensity
that occurs, instead of the null transmitted harmonic intensity as shown in figure 4.1,

at the angle of incidence equal to 42.88°. From (2.59), the value of total transmitted
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second harmonic intensity is the summation of |°(2w) and | 7 (2w) so implying that
the minimum value of 1°(2w) and | ' (2w) does not occur at the same angle of
incidence. By means of dipole radiation, there is no radiation of waves in the direction
of oscillation of polarization. If consider the condition of the values of |°(2w) will be
equal to zero by (2.56) and (2.37). The value of the angle a must equal to zero. This
means that the direction of the source wave vector k*° is same as the direction of
nonlinear polarization P™-*(2w) . This condition agrees well with the dipole radiation
theory. Further, the value of transmitted angle q is equa to 47.31°. Its value is not
equal to the transmitted angle q, because of the different values of the refractive
index. The direction of homogeneous wave vector k' (2w) is not paralel to the
direction of P"-(2w) . However the small value of 17(2n) occurs because of the
first term of the right side of (2.38) is equal to zero. So from (2.57), the value of

I T
total

(2n) issmall but not equal to zero at this condition. Then the incident angle that

causes the zero values of |1 °(2w) is calculated by Snell’s law:

W W
r-lliqani =n, Inqg,

. ,an"dnqg. 0

qi zsn—lé 0 qST,
w -

Nig g

=gn @212 SNA7316_ 4 goe. (4.1)
@ 1.6355 ]

q
Later consider the value of 17(2w) by using (2.57). By means of dipole

radiation, the minimum or zero values of | " (2w) should occur when the direction of

the homogeneous wave vectors k' is parallel to the direction of P™°(2w) . Under
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this condition the direction of the source wave vector, k° is not parale to P (2w)
because of the different value of the index of refraction. Thus the value of the angle a
is not equal to zero. Therefore, from (2.57) and (2.38), the zero value of | " (2w) can
not occur. However, the small value of the angle a leads to the small value of

| T (2w) . The value of the angle q; at this condition is equal to 47.31° and the vaue

of n2(q) =n2"(0°) = n?" isequal to 1.5343. So the incident angle is given by

ni,Sng =n2* (@)sng;

q' :S'n -1§ngw (OO)S.nCIT 9
S 5

q :Sin_lgé.5343 an 47'319=43.59°. (4.2)
- 1.6355 g

Therefore, from (4.1) and (4.2), the vaues of the angle of incidence that
caused the minimum values of total harmonic intensity is found to occur between the

valueof g equal 42.80° to 43.59°. Further, the tendency to decrease of the values of

| 5. (20) is slowly than the results of the occurrence of null transmitted harmonic

intensity of item 4.2.1. The result agrees well with the result of the experimental work
that performed with the KDP crystal under the same crystallographic orientation

(Bhanthumnavin and Lee, 1994).
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4.3 Transmitted Second Har monic Gener ation under Phase

Matching Condition.

The occurrence of maximum transmitted second harmonic intensity could be

achieved under phase matching condition as shown in chapter two. In order to yield

this condition, the values of the refractive index of n, must equal to n,. This study,
the transmitted inhomogeneous source wave vector k°(2w) and the homogeneous

transmitted harmonic wave vector k' (2w) are the ordinary and extraordinary light

that depend on the refractive index n! and n2" respectively. Therefore, the same

vauesof n! and nZ” is considered at phase matching condition. The result of total

transmitted second harmonic intensity under colinear and noncolinear phase matching

at any orientations of ADP crystal will beillustrated in this topic.

4.3.1 The Maximum Transmitted Second Har monic Gener ation under

Colinear Phase Matching Condition when P™*(2w) Lies Along Face
Normal.

The ADP crystal was cut to have the direction of the optic axis and the
nonlinear polarization P™-°(2w) lie along face normal as same as the orientation of
the ADP crystal of item 4.2.1. At this orientation not only providing the null but also
the maximum transmitted second harmonic intensity as shown by figure 4.3. The
tendency of the values of total transmitted second harmonic intengity is increase near

the region of the values of the incident angle equal 38.81° and reach to the maximum
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value at this angle. The maximum values of | (2w) must be occurred under phase

total

matching condition where the value of the refractive index n2?"isequa n! as the
propagation direction of wave vector k° isthe sameas k' . This condition lead to the
equivalence of the value of the angle g = q; . Its value equal to the value of phase
matching angle inside the crystal that equal to 42.69°. So the value of the refractive
indices equa to n2'(g,) =n?"(42.69) =n! =1.5120. Then from Snell's law, the

value of the incident angle is given by

ni,Sng =n2"(q,)sna,

g :s‘n'1§ @) =1k [ ona g
n/ o
q :gn_la@.slzo Sn 42.69 '9': 38.81°

€ 16355 g

From above, the result confirmed that the maximum values of transmitted
second harmonic intensity would be occurred at colinear phase matching condition.
This agrees well with the BP theory and the experimental work that performed under

the same orientation with KDP crystal (Bhanthumnavin and Lee, 1990; 1994).

4.3.2 The Maximum transmitted Second Har monic Gener ation under

Colinear Phase Matching Condition when P"-(2w) M akes Phase
Matching Angle with the Crystal Surface.
In this case, the orientation of the crystal is the same as was discussed in item
4.2.2, so that the direction of nonlinear polarization P"-°(2w) makes phase matching

angle with the boundary. Not only the minimum but aso the maximum transmitted
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second harmonic occurred. This phenomenon is shown by figure 4.4. The tendency of
the values of total transmitted second harmonic intensity increases from zero value of

the incident angle and reach to the maximum values at the value of incident angle
equal 4.27°. The incident angle that yield the colinear phase matching condition
could be discussed as case of the direction of nonlinear polarization P™-*(2w)
paralel to face normal of item 4.3.1. At phase matching condition, the value of n2"
equal n; and aso the value of the transmitted angle q; equal ¢, which equa to
4.61. Then the value of the refractive indices n2* () = n2" (q,, ) =n! equas to 1.5120.

So the value of the incident angle is given by Snell’s law as
ni,dng, = n*(q,)sng;

q_ :S'n»l(ia]sw (qm)anT 9
& 5

q :S.n_lé.5120 sn4.61 9:4.270

€ 16355 g

The result agrees well with BP theory and the experimental work that
performed under the same crystal orientation with KDP crystal (Bhanthumnavin and
Lee, 1994). From the occurrence of maximum transmitted second harmonic intensity
as shown by figure 4.3 and 4.4, it's clear that this phenomenon will be occurred at

phase matching condition.
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4.3.3 The Maximum Transmitted Second Har monic Gener ation under
Noncolinear Phase M atching Condition, Two Beam Spatial Mixing
(TBSM).

For the case of colinear incidence, the second harmonic light beam occurred
from the participation of two photons of one laser light beam. However the
combination of each photon of two incident laser light beam of different direction
could generate second harmonic light at the condition of noncolinear incidence or
Two Beam Spatial Mixing (TBSM). The ADP crysta is cut to have the direction of

nonlinear polarization P™-°(2w) and the optic axis lie at the interface as shown by

the inset of figure 4.5. The tendency of the value of total transmitted intensity begin to

increase from zero value of the incident angle and reach to the maximum value at the

angle of incidence equal 9.63°. The maximum value of the harmonic intensity under

noncolinear phase matching condition is explained in chapter two. From figure 2.10,

the linear transmitted wave vector k'(w) is considered as the inhomogeneous wave
vector k°(w) and the results of the harmonic wave vector will be occurred in the

direction of face normal. Therefore, the value of the wave vector k °(2w) as shown by

the inset of figure 4.5 is given by

~s _2W A
® =—n! cosq.a
c

where the angle g is the transmitted angle of k®(2w) and & is the unit vector in the

direction of face normal. Then the value of the refractive index n2"(q) =n2"(p/2)

equal to 1.4870. So (2.70) could be rewritten as
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én?(p/2) . u. énv n"
e ®/2) o= £ weos(a, )ua
g C a e&c¢ Q
n2" (p/2) =ny cosq

2)u_ 48701
qs :f _COS (p/) le]- u 10430

ee ne &1.5120
where f  is the phase matching angle of noncolinear phase matching condition. Then

the incident angle under noncolinear phase matching condition is given by Snell’s law

as
g =sn*(n¥dnf )
g, =sn*(1.5120" §n10.43°) =9.63°
The result agrees well with the BP theory and the result of the experimental work that

performed under the same crystal orientation from KDP crystal (Bhanthumnavin and

Lee, 1990).



Chapter V

Conclusion

Transmitted second harmonic generation in  Ammonium Dihydrogen
Phosphate, ADP crystal immersed in the optically denser fluid 1-bromonaphthalene

by using ultra short laser pulse laser at wavelength equal 900 nm. is investigated at

different orientationsof P (2w) of the crystal. The theoretical results are compared
with the results of the previous experimental work with KDP crystal immersed in the
optically denser liquid 1-bromonaphthalene. (Bhanthumnavin and Lee, 1990; 1994)
with very good agreement. The results of the maximum transmitted second harmonic
intensity of colinear and noncolinear incident cases at the phase matching condition
are shown. Besides, null transmitted second harmonic intensity at normal incidence is
found to occur at a specific orientation of P™S(2w) of the crystal. The occurrence of
the minimum and maximum values of the transmitted second harmonic intensity are
differentiated when the crystal orientation is changed, concluding that the transmitted
second harmonic generation is dependent on the orientation of the crystal as shown by
the conclusion of the theoretical results (Table 5.1). These agree well with the
preliminary experimental work (Bhanthumnavin and Lee, 1990; 1994) and the theory

of Bloembergen and Pershan (1962).
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Table 5.1 The summarized results of the transmitted second harmonic generation at

different crystallographic orientations.

Crystallographic orientation g Is(2n) 1 (2w) 1T (2w
Colinear Null =0° Min min min
38.81° Max max max

1-Bromonaphthalene

ADP
T I3NLS (2\/\/)
Colinear 42.80° Min - very low
43.59° - min very low
1-Bromonapthalene
qm - 42690 ADP 4-2880 = = min
PN (2w) 4.27° max max max
9.63° max max max

Noncolinear

1—Br)omonapthalene
pMS(2w) ADP

A further experiment to be performed for verification of this theoretical study

is suggested as the following:
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1. The laser light source should be pico or femto second pulsewidth because a
very short duration of pulsewidth will produce less crystal damage. Besides, it has a
very high peak power which is useful for generating the transmitted second harmonic
intensity. It is especially useful for observing the small signa at the condition of
minimum values of the harmonic intensity. Therefore, the ultrashort pulse laser
should be used as the incident light source for both theoretical and experiments.

2. A very sensitive detector should be used for detecting the second harmonic
signal so that it could easily detect the small value of the second harmonic signal,
especially at the occurrence of the null signa and minimum transmitted second
harmonic intensity. Nevertheless the spurious signal and light generated by other
sources should be avoided by using the analyzer or the filter technique.

3. The entrance and exit surface of ADP should be polished opticaly flat to
| /10 for protection of the scattering of laser light. If the crystal is surrounded by air,
the humidity could damage the crystal surface. Therefore, the crystal should be
immersed in the fluid 1-bromonaphthalene for protection the crystal surface and the
results could be compared with the previous experimental works Bhanthumnavin and

Lee, 1990; 1994).
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Appendix A.

The Calculation of Refractive Indices of Ammonium
Dihydrogen Phosphate and Liquid 1-Bromonaphthalene at

Wavelength Equal 900 nm and 450 nm.
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The conclusion of the refractive indices that used in the theoretical study
transmitted second harmonic intensity of Ammonium Dihydrogen Phosphate, (ADP)

crystal and liquid 1-Bromonaphthalene is shown by table A1l.

Table A1 The value of the refractive index of ADP crystal and liquid 1-

bromonaphthal ene at wavelength equal 450 nm and 900 nm.

The refractive index, n

Wavelength, | (nm) Ne Ny nliq
900 1.4709 1.5120 1.6355
450 1.4870 1.5343 1.6952

Where ne = Therefractive index of extraordinary ray

>S5
I

The refractive index of ordinary ray

n,. = Therefractive index of liquid 1-Bromonaphthalene

lig

The calculation of ne and no

The values of refractive index of ADP crystal at wavelength 900 nm and 450
nm has been calculated by using the method of known incidence used by Rydbrg
(1828), Tilton, Plyler, and Stephens (1949) and by using the work of Zernike (1964,

1965). From the work of Zernike, the refractive indices of ADP crystal and KDP

crystal have been measured at 25 wavelengths between 2138 A’ and 1.529 nr. The

following equations are used to calculate the values of index of refraction:
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n? = A + Bn?/(1-n?/C) + D/(E- n?), or D
n’= A+ 8/(1*-yc) + (DI*/E)/1? - yE), @

where n= Il (cm*)and A,B,C,D, E areconstants.

Table A2 Thevaue of constant A,B,C,D, and E with respect to air.

ADP, eray ADP, oray

A | 2.163510 2.302842

B | 9.616676" 10" 1.1125165" 10°*°
C | 7.698751" 10° 7.5450861" 10°
D | 1.479974" 10° 3.775616" 10°

E | 25 10° 25" 10°

[ Zernike (1965) |

Equation (2) was used to calculate the value of index of refraction n, and n_at

wavelength 900 nm and 450 nm by substituting the values of constant A,B,C,D,E

from table 2 and the value of wavelength into equation(2). The unit of wavelength has
been change from cm. to nm. by multiplying by 10°.

The refractive indices at wavelength equal 900 nm or 0.9 nm.

n?= 2163512 + — Q006676 59198% ° (09)° _ 5 163563814
[(0.9)2 - 0.01298912 ] [(0.9)? - 400]

n, = (21635638197 = 1.4709
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n?= 2300842 + — QU6 151004647 09)° _ 556160701
[(0.9)2 - 0.013253659 ] [(0.9)% - 400]

n, = (2.28616070)7 = 1.5120

The refractive indices at wavelength equal 450 nm or 0.45 nm.

. 2
n?=2.163512 + Q00016676 591%% " (0.45)° _ 5 51195657
[(0.45)? - 0.01298912 ] [(0.45)? - 400]

n, = (22112562537 = 1.4870

n?= 2302842 + — QOIS 1510264 (045) _ 3537919
° [(0.45)2 - 0.013253659 ] [(0.45)2 - 400]

n, = (2.353079197 = 1.5343
Therefore, we conclude that the value of refractive indices at wavelength equal

900 nm n, = 1.4709 and n, = 1.5120. At wavelength equal 450 nm, the refractive

indices n, =1.4870 and n, = 1.5343

The calculation of n

lig

The refractive index of liquid 1-bromonaphthalene, n,.  at wavelengths equal

liq
900 nm and 450 nm, is calculated by using the Cauchy’s equation (Jenkins and White,

1976).
n=A+B/I? +C/I ?, ©)
where A, B, and C are constants.
In order to know the values of constants A, B, and C, it necessary to know at

least three values of n,.  at different valuesof | . Then equations could be set up and

lig
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will be solved for finding the constant’s values. In this calculation, four sets of three
different wavelengths are used. The result is the average value of each set. The

refractive index of n,. — of four sets of three different wavelengths will be used to

lig
calculate nqu at wavelength equals 900 nm and 450 nm. Further average values of

n. areshown in Table A3 and Table A4 respectively.

lig

Table A3 The four set of the value of nqu for calculating the new value of nqu a
wavelength equals 900 nm.

1% Set 279 Set 39 Set 4™ Set
I (nm) nqu I (nm) nqu I (nm) nqu I (nm) nqu

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 1.6817 434 1.7041 532 1.16701 434 1.7041

=1.6320 n,.

lig = 1.631548 n,.
19

liq = 1.642057 n.
1q

lig = 1.636248
19

Nig

The averagevaluesof n,. at wavelength equal 900 nm. is 1.6355

lig

Table A3 shows the refractive index of nqu of four sets of three different

wavelengths that used to calculate n,. — at wavelength equals 900 nm and the average

liq

vaueof n,.
lig
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Table A4 Thefour set of thevaueof n,. for calculating the new vaue of ni a

lig 1q
wavelength equals 450 nm.
1% Set 2" Set 39 Set 4" Set
I (nm) nqu I (nm) nqu I (nm) nqu I (nm) nqu

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 1.6817 434 17041 | 4885 1.6810 434 1.7041

n,. =1.69350 n. =1.69669 n. =1.69408 n. =1.696435
liq lig lig lig

The average values of nqu at wavelength equal 450 nmis 1.6952

Table A4 shows the refractive index of nqu of four sets of three different

wavelengths that used to calculate nqu at wavelength equals 450 nm and the average

valueof n,. .In order to average out for good accuracy, the different values of three

lig

wavelengths of the third set were used to calculate nqu at wavelength equals 450 nm.




Appendix B.

Computer Programming (C++)
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B1. Colinear Incidence when P™*(2w) LiesAlong Face Normal.

Program for calculation relative transmission intensity of ADP at wavelength
equal 900nm. in case of P™S(2w) and Optic axis lie along face norma. The
refractive indexs of ADP crystal n (w) equal 1.5120, n,(2w) equal 1.5343, and

n.(2w) equal 1.4870. The refractive indexs of liquid 1-bromonaphthalene n; (W)

equal 1.6355, n,,(2n) equal 1.6952.

#include <iostream.h>
#include <stdio.h>
#include <iomanip.h>
#include <stdlib.h>
#include <math.h>
#include <conio.h>
#include <complex.h>
double nzeta2wl1(double);
double nzeta2w?2(double);
double It(double,double,complex);
int  show(double,double,double,double,double,int);
void main()
{
float AngS,AngE,AngEE,Add;

float OID;
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double zetai,zetasl,zetat1,OTT,0OSS,nzeta2w, | total ;
const float now=1.5120;
const float nlgw=1.6355;
clrscr();
FILE *f;
f=fopen("data3.txt","w+");
cout<<"\n\nStaring Incident Angle at:";cin>>Angs,
cout<<"\n\nEnding Incident Angle at:";cin>>AngE;
cout<<"\n\nlncreasing Angle equal:";cin>>Add,;
OiD=AnNgS;
AngEE=AnNQE;
int i=0;
while (OiD<=AngEE)
{ if(OiD<0)
{ while(OiD<0)

{ double OiD1=(QiD*(-1));
zetai=0iD1*M_PI/180;
nzeta2w=nzeta2wl(zetai);
complex zs=nlgw* sin(zetai)/now;
complex zsl=asin(zs);
complex zetal=zsl;
Itotal=It(zetai,nzeta2w,zetal);

OTT=(nlqw* sin(zetai)/nzeta2w);

complex OT=asin(OTT);



OSS=(nlqw* sin(zetai)/now);
complex OS=asin(0SS);
zetat1=real (OT)*180/M_PI;
zetasl=real (0OS)* 180/M_FI;
fprintf(f," %10.61f %20.201f\n",
QiD,ltotal);
i=show(QOiD,zetasl,zetat1,nzeta2w,ltotal,i);
OiD=0iD+Add;
}
}
if (OiD<65.40)
{
zetai=0OiD*M_PI/180;
nzeta2w=nzeta2w1(zetai);
complex zs=nlgw* sin(zetai)/now;
complex zsl=asin(zs);
complex zetal=zsl,
Itotal=It(zetai,nzeta2w,zetal);
OTT=(nlqw* sin(zetai)/nzeta2w);
complex OT=asin(OTT);
OSS=(nlgqw* sin(zetai)/now);
complex OS=asin(OSS);
zetat1=real (OT)*180/M_PI;

zetasl=real (0OS)* 180/M_FI;



}

if (OiD>65.40)

{ const float ne2w=1.4870;
zetai=0OiD*M_PI/180;
nzeta2w=ne2w;
complex zs=nlqw* sin(zetai)/now;
complex zsl=asin(zs);
complex zetal=zs1,
Itotal=It(zetai,nzeta2w,zetal);
OTT=(nlgw* sin(zetai)/nzeta2w);
complex OT=asin(OTT);
OSS=(nlgw* sin(zetai)/now);
complex OS=asin(0SS);
zetat1=real (OT)*180/M_P!;
zetasl=real (OS)* 180/M_P;

}

fprintf(f," %10.61f %20.20lf\n",

OiD,Itotdl);
i=show(QOiD,zetasl,zetat1,nzeta2w,ltotal,i);
OiD+=Ad(d;

}
fclose(f);

cout<<"Completely Calculation";

getch();
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double nzeta2w1(double zetai)
{
const float nlqw=1.6355;
const float Nno2w=1.5343;
const float ne2w=1.4870;
double termnl =pow( (nlgw*sin(zetai)),2);
double termn2 = 1+( termnl* (1/pow(no2w,2)-1/pow(ne2w,2)) );
double termn3 =termn2* pow(no2w,2);
double nzeta2w =pow(termn3,0.5);
return nzeta2w;
}
double It(double zetai,double nzeta2w,complex zetal)
{ const float now=1.5120;
const float nlgw=1.6355;
const float nlg2w=1.6952;
complex apha=zetal,
double zetar = asin(nlqw* sin(zetai)/nlg2w);
complex zs=(nlqw* sin(zetai)/now);
complex zetas = asin(zs);
complex zt=(nlgw* sin(zetai)/nzeta2w);
complex zetat = asin(zt);
complex fl = (2*cos(zetai)*sin(zetas) )/

( sin(zetai+zetas) );



complex fnlr = (sin(zetas)* pow(sin(zetat),2)* sin(a phat+zetas+zetat))/
(pow(nlg2w,2)* sin(zetar)* sin(zetat+zetar)
* cos(zetat-zetar)* sin(zetastzetat) );
complex fnls = sin(apha)/( pow(now,2)-pow(nzeta2w,?2) );
complex fnlt = ( -now*fnls/nzeta2w )+( nlg2w*fnlr/nzeta2w );
complex Its = pow(fl,4)* pow(fnls,2)* cos(zetas)/cos(zetai);
complex Itt = pow(fl,4)* pow(fnlt,2)* cos(zetat)/cos(zetai);
complex Irr = pow(fl,4)* pow(fnlr,2)* cos(zetar)/cos(zetal);
double Is  =abg(lts);
double It =abs(Itt);
double Itotal= (Ist+lt);
return  Itotal,
}
int show(double OiD, double zetasl,double zetat1,double nzeta2w, double
Itotal,int i)
{printf("%210.5lf|",OiD);
printf("%210.6lf|",zetasl);
printf("%210.6If[",zetatl);
printf("%10.4If|",nzeta2w);
printf("%15.8If\n|",Itotal);

return i;

}
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B2. Colinear Incidence when P™s(2w) Makes Phase Matching Angle

with the Crystal Surface.
Program for calculation Relative Transmission intensity of ADP at

wavelength equal 900nm. (Note: when g, >128.76, g >90). The refractive indexs of
ADPcrystal n (w) equal 1.5120, n (2w) equal 1.5343, and n (2w) equal 1.4870.

The refractive indexs of liquid 1-bromonaphthalene n, . (W) equal 1.6355 and

lig
N, (2n) equal 1.6952. The direction of P™°(2n) makes phase matching angle with

the surface crystal.

#include <iostream.h>
#include <stdio.h>
#include <iomanip.h>
#include <stdlib.h>
#include <math.h>
#include <conio.h>

#include <complex.h>

double nzeta2w1(double);// with the interface of two media.
double nzeta2w?2(double);

doubl e It(double,doubl e,doubl e,double,compl ex);

int  show(double,double,double,double,double,int);

void main()
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float AngS,AngE,AngEE,Add;
double zetai,zetai1,0i T,zetas], zetat, zetat1, OTT,0SS,nzeta2w, | total ;
const float now=1.5120;
const float nlqw=1.6355;
clrser();
FILE *f;
f=fopen("dataA 1.txt","w+");
cout<<"\n\nStaring Transmit Angle at:";cin>>Angs;
cout<<"\n\nEnding Transmit Angle at:";cin>>AngE;
cout<<"\n\nIncreasing Angle equal:";cin>>Add;
OiT=AngS;
AngEE=AnNgE;
int i=0;
while (OiT<=AngEE)
{
if(OiT<=47.31)
{
zetat=0iT*M_PI/180;
nzeta2w=nzeta2wl(zetat);
double zetai=asin(nzeta2w* sin(zetat)/nlgqw);
complex zs=nlqw* sin(zetai)/now;
complex zsl=asin(zs);

double zetal=((47.31-real (zs1)* 180/M_P1))*M_PI/180;



double zeta2=47.31;

complex zeta3=0;
|total=It(zetai,nzeta2w,zetal, zeta2, zetal);
OSS=(nlgw* sin(zetai)/now);

complex OS=asin(0SS);

zetai 1= zetai* 180/M_P;

zetat1=0iT;

zetasl=real (0S)* 180/M _PI;

}

if (OiT<=90)

{

zetat=0iT*M_PI/180;
nzeta2w=nzeta2w2(zetat);

double zetai=asin(nzeta2w* sin(zetat)/nlgw);
complex zs=nlgw* sin(zetai)/now;

complex zsl=asin(zs);

double zetal=((real (zs1)* 180/M_PI)-47.31)*M_P1/180;
double zeta2=(2* (real (zs1)* 180/M_Pl)+47.31)*M_PI/180;
complex zeta3=0;

Itotal=It(zetal ,nzeta2w,zetal, zeta?, zetal),
OSS=(nlgw* sin(zetai)/now);

complex OS=asin(OSS);

zetai1=zetai* 180/M_PI;

zetat1=0iT;
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zetasl=real (0S)* 180/M_FI;
}else
{
zetat=0iT*M_PI/180;
nzeta2w=nzeta2w2(zetat);
double zetai2=asin(nzeta2w* sin(zetat)/nlqw);
double zetai=((67.591457-(zetai2* 180/M_P1))+67.591457)*M_PI/180;
complex zs=nlgw* sin(zetai)/now;
complex zsl=asin(zs);
double zetal=((arg(zsl)* 180/M_PI)+42.68)*M_PI/180;
double zeta2=0;
complex zeta3=(((arg(zsl)*180/M_PI)+42.68)* M_PI1/180)+zs1;
Itotal=It(zetal ,nzeta2w,zetal, zeta?,zetal);
complex OSS=(nlgw* sin(zetai)/now);
complex OS=asin(0SS);
zetai 1=zetai* 180/M_PI;
zetat1=0iT;
zetasl=real (OS)* 180/M _PI;
}

fprintf(f," %06.3If %15.8I1f\n", zetail,ltotal);

i=show(zetai 1,zetasl,zetatl,nzeta2w, I total ,i);

OiT+=Add;

}
fclose(f);



cout<<"Completely Calculation"”;

getch();

double nzeta2w1(double zetat)
{ const float no2w=1.5343;

const float ne2w=1.4870;

double zeta=47.31-(zetat* 180/M_PI);

double zetal=zeta*M _PI1/180;

double termn= (pow(cos(zetal),2)/pow(no2w,2))+

(pow(sin(zetal),2)/pow(ne2w,2));

double nzeta2w = pow(termn,-0.5);

return nzeta2w;

}

double nzeta2w?2(double zetat)
{ const float no2w=1.5343;

const float ne2w=1.4870;

double zeta=(zetat* 180/M_Pl)-47.31;
double zetal=zeta*M_PI/180;
double termn= (pow(cos(zetal),2)/pow(no2w,2))+

(pow(sin(zetal),2)/pow(ne2w,2));

double nzeta2w = pow(termn,-0.5);

return nzeta2w;
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zetad)

}

double It(double zetai ,double nzeta2w,double zetal,double zeta2,complex

{ const float now=1.5120;
const float nlgw=1.6355;
const float nlg2w=1.6952;
int imp=1;
if (zetai* 180/M_PI>90)
imp=0;
double alpha=zetal;
complex zt=(nlgw*sin(zetai)/nzeta2w);
complex zetat= asin(zt);
double zetar = asin(nlgw* sin(zetai)/nlg2w);
complex zs=(nlgw* sin(zetai)/now);
complex zetas= asin(zs);
complex fl = (2*cos(zetai)*sin(zetas) )/
( Sn(zetai+zetas) );
complex fnlr = (sin(zetas)* pow(sin(zetat),2)* sin(zeta2+zetat+zetal3))/
(pow(nlg2w,2)* sin( zetar)* sin(zetat+zetar)
* cog( zetat-zetar)* sin( zetas+zetat) );
complex fnls = sin(alpha)/( pow(now,2)- pow(nzeta2w,?2) );
complex fnlt = ( -now*fnls/nzeta2w )+( nlg2w*fnlr/nzeta2w );
complex Its = pow(fl,4)* pow(fnls,2)* cos(zetas)/cos(zetal);

complex Itt = pow(fl,4)* pow(fnlt,2)* cos(zetat)/cos(zetal);
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complex Irr = pow(fl,4)* pow(fnlr,2)* cos(zetar)/cos(zetai);
double Is =abg(Its);

double It =abs(ltt);

double Itotal= (It+Is)*imp;

return ltotd;

int show(double OIT, double zetasl,double zetat1,double nzeta?w, double
Itotal,int i)
{printf("%10.51f|",OIT);
printf("%210.6lf|",zetasl);
printf("%10.6lf|",zetat1);
printf("%10.4f[",nzeta2w);
printf("%15.8If\n|",Itotal);

return i;

}
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B3. Noncolinear Incidence when P™s(2w) Pardlé to the Crystal Surface

Program for calculation relative transmission intensity of ADP at wavelength

equal 900nm. at the noncolinear phase-matching condition (Note: when ¢, >124.95,
g, >90). The refractive indexs of ADP crystal n,(w) equal 1.5120, n, (2w) equa

15343, and n.,(2w) equal 1.4870. The refractive indexss of liquid 1-

bromonaphthalene. n,,(w) equal 1.6355 and n,,(2a) equd 16952. P™°(2w)

lig

paralel to the crystal surface.

#include <iostream.h>
#include <stdio.h>
#include <iomanip.h>
#include <stdlib.h>
#include <math.h>
#include <conio.h>

#include <complex.h>

double nzeta2w2(double);

double It(double,double,double);

int  show(double,double,double,double,double,int);
void main()

{
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float AngS,AngE,AngEE,Add;
double zeta,nol,zetai,zetai 1,01 T,zetasl, zetat, zetatl,OT T,0SS,nzeta2w, I total ;
const float now=1.5120;
const float nlqw=1.6355;
clrser();
FILE *f;
f=fopen("data7.txt","w+");
cout<<"\n\nStaring Transmit Angle at:";cin>>AngS,
cout<<"\n\nEnding Transmit Angle at:";cin>>AngE;
cout<<"\n\nlncreasing Angle equal:";cin>>Add,;
OiT=AngS;
AngEE=AnNQE;
int i=0;
while (OiT<=AngEE)
{
if (OiT<=90)
{
zetat=0OiT*M_PI/180;
zeta=(M_Pl/2)-zetat;
nzeta2w=nzeta2w2(zeta);
double zetai=asin(nzeta2w* sin(zetat)/nlqw);
complex zs=nlqw* sin(zetai)/now;
complex zsl=asin(zs);

double zetal=(90.0-(real (zs1)* 180/M_PI))*M_P1/180;
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Itotal=It(zetai,nzeta2w,zetal);
OSS=(nlgw* sin(zetai)/now);
complex OS=asin(0SS);
zetai1=zetai* 180/M_PI;
zetat1=0iT,
zetasl=real (0S)* 180/M_FI;
}else
{
zetat=0iT*M_PI/180;
zeta=zetat-(M_PI/2);
nzeta2w=nzeta2w2(zeta);
double zetai2=asin(nzeta2w* sin(zetat)/nlqw);
double zetai=((69.738675-(zetai 2* 180/M_P1))+69.738675)* M_PI/180;
complex zs=nlgw* sin(zetai)/now;
complex zsl=asin(zs);
double zetal=arg(zsl);
Itotal=It(zetai,nzeta2w,zetal);
complex OSS=(nlqw* sin(zetai)/now);
complex OS=asin(0SS);
zetail=zetai* 180/M_PI;
zetat1=0OiT;
zetasl=real (0OS)* 180/M_FI;
}

fprintf(f,"” %10.61f %20.20If\n",



zetail,ltotal);
i=show(zetai 1,zetasl,zetat1,nzeta2w, I total i);
OiT+=Add;
}
fclose(f);
cout<<"Completely Calculation"”;

getch();

double nzeta2w2(double zeta)
{ const float no2w=1.5343;

const float ne2w=1.4870;

double termn= (pow(cos(zta),2)/pow(no2w,2))+

(pow(sin(zeta),2)/pow(ne2w,2));

double nzeta2w = pow(termn,-0.5);

return nzeta2w;
}
double It(double zetai ,double nzeta2w,double zetal)
{ const float now=1.5120;

const float ne2w=1.4870;

const float nlgw=1.6355;

const float nlg2w=1.6952;

int imp=1;
if (zetai* 180/M_PI>90)

imp=0;
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double apha=zetal;
complex zt=(nlgw*sin(zetai)/nzeta2w);
complex zetat= asin(zt);
double zetar = asin(nlqw* sin(zetai)/nlg2w);
complex zs=(nlqw* sin(zetai)/now);
complex zetas = asin(zs);
complex fl = (2*cos(zetai)*sin(zetas) )/
( sin(zetai+zetas) );
complex fnlr = (sin(zetas)* pow(sin(zetat),2)* sin(al phatzetas+zetat))/
(pow(nlg2w,2)* sin(zetar)* sin(zetat+zetar)
* cos(zetat-zetar)* sin(zetas+zetat) );
complex fnls = sin(alpha)/( pow((now* cos(zetas)),2)-pow(ne2w,?2) );
complex fnlt = ( -(how* cos(zetas))* fnls/ne2w )+( nlg2w* fnlr/ne2w );
complex Its = pow(fl,4)* pow(fnls,2)* cos(zetas)/cos(zetai);
complex Itt = pow(fl,4)* pow(fnlt,2)* cos(zetat)/cos(zetai);
complex Irr = pow(fl,4)* pow(fnlr,2)* cos(zetar)/cos(zetai);
double Is =abg(Its);
double It =abg(Itt);
double Itotal= (Is+It)*imp;

return ltotd;

int show(double OiT, double zetasl,double zetat1,double nzeta?w, double

Itotal,int i)
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{ printf("%10.5lf|",OiT);
printf("%10.6lf|",zetasl);
printf("%610.6/f|" zetat1);
printf("%10.41f|" ,nzeta2w);
printf("%15.8f\n|",Itotal);

return i;

}
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