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Theoretical calculation for reflected second harmonic intensity (SHI) is
performed in RDP crystal having nonlinear polarization, f’;;’fs, in [001] direction.

The investigation of reflected SHI as a function of incident angle is demonstrated by

means of varying an angle [ with incident surface of crystal, which is immersed in
optically denser fluid, 1-Bromonaphthalene. The ultrashort pulsed laser of 900 nm

with the polarization in [110] direction is utilized as the excitation source.

According to the calculation under phase matched condition at the reflection, the

maximum reflected SHI is achieved at 8, =8, =66.67°, and also the minimum
value of SHI occurs at a nonlinear Brewster angle, 6,"° =33.30° with
B=6,=5293°. However, the minimum of reflected SHI clearly occurs at this
critical angle, 8 =6 when B =0°. In addition, when f=90° and 56.77° the

minimum reflected SHI are at 6" =0° and 30 °, respectively.
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CHAPTER |

INTRODUCTION

1.1 Literature Review

After the advent of LASER or Light Amplification by Stimulated Emission
Radiation by Maiman (1960) using ruby as the laser medium at Hughes Aircraft Co.
laboratory, the ruby optical maser at wavelength | = 694.3 nm was utilized as the
coherent source, making possible the experimental observation of nonlinear effects,
especially second harmonic generation (SHG). The first nonlinear optical experiment
was performed by Franken, Hill, Peter, and Weinrich (1961). In their experiment, the
observable second harmonic intensity (SHI) in transmission was the unambiguous
bluelight at | = 347.15 nm when the pulsed ruby laser was focused through a quartz
plate as the nonlinear material. In their experiment, it was also found that the light at
the wavelength of 347.15 nm exhibited the expected dependence on polarization
orientation. Later Maker, Terhune, Nisenoff, and Savage and independently
Geordmaine (1962) performed an SHG experiment, which successfully enhanced the
higher SHI in transmission by the phase matching technique.  Furthermore,
Bloembergen and Pershan (1962) theoretically analyzed the behavior of light waves at

the boundary of a nonlinear optical medium via Maxwell’s equations in nonlinear



dielectrics. In Bloembergen and Pershan (BP) theory, the boundary conditions at the
interface of linear and nonlinear medium, harmonic intensity, polarization as well as
linear and nonlinear Fresnel factors are clearly given. To verify BP theory, various
second harmonic experiments in a variety of geometrical situations have been
successfully carried out. In 1963 Ducuing and Bloembergen performed the first
reflected SHG experiment investigating the optical laws of nonlinear second harmonic
in reflection from GaAs crystal by using ruby laser light as an incident beam. Ducuing
and Bloembergen (1963) confirmed the BP theory from the observation of
dependence of intensity and polarization of the harmonic beam on crystallographic
orientation. Moreover, the intensity of the reflected second harmonic light from GaAs
was also measured as a function of the incident angle of Q-switched laser beam by
Chang and Bloembergen (1965). In particular, the distinguishable nonlinear Brewster
angle of reflected SHI was observed with the harmonic electric field in plane of
incidence. However, in their experiment with GaAs, the pronounced dip of detectable
SHI was not distinct due to the imaginary part of refractive index of the crystal. Later
on, Lee and Bhanthumnavin (1976) successfully observed a very distinct nonlinear
Brewster angle in KDP using ND: Glass as a fundamental beam. Bloembergen and
Lee (1966) have demonstrated the maximum reflected SHI experiment from KDP
crystal under the phase matching technique at total reflection. 1n 1969, Bloembergen,
Simon, and Lee observed the direction, polarization and intensity of second harmonic
light as a function of the incident angle in NaClO3 crystal and verified total reflection
phenomena in SHG of light. In their experiment, three harmonic waves in reflection

and transmission were studied with special emphasis on the region near the critica

angel, q; , under the different crystal and polarization orientation. Bhanthumnavin



and Lee (1990) performed the experiment of reflected and transmitted SHG from
KDP crystal and observed the null of SHI at normal incidence when the fundamental

beam was Nd: Glass laser with the polarization perpendicular to the plane of
incidence. By using an orientation of P)° of ADP crystal at the phase matching

condition, Bhanthumnavin and Ampole (1990) not only demonstrated the maximum
of reflected SHI at total reflection but also minimum of the reflected SHI at the
nonlinear Brewster angle. Furthermore by using the KDP crystal, Bhanthumnavin
and Lee (1994) experimentally observed the maximum reflected SHI at the phase
matchable second harmonic generation at total reflection and also the minimum
reflected SHI at the nonlinear Brewster angle of KDP crystal verifying their
theoretical predictions. Suripon and Bhanthumnavin (1999) have theoretically shown
the other pronounced dip of SHI at new nonlinear Brewster angle of ADP crystal.
This study investigates the reflected second harmonic generation at total
reflection in the other wavelength of the fundamental beam. In this proposal a 900
nm ultrashort pulsed laser passing through the linear medium, 1-bromonaphthalene
will be incident on the less-dense nonlinear medium, rubidium dihydrogen phosphate
(RDP). The reflected second-harmonic intensity will be computed as a function of the
incident angle. The nonlinear Brewster angle and phase matching condition will be
investigated for minimum and maximum second-harmonic intensities. By using
different crystallographic orientations of RDP crystal, a new nonlinear Brewster angle
and variation of maximum SHI as a function of incident angles will be studied and

compared to previous results of similar situations.



1.2 Resear ch Objective

The main propose is to study reflected second-harmonic intensity (15,) from 42
m-class crystal, especialy, rubidium dihydrogen phosphate (RDP). The variation of
| X will depend on the incident angle (q,) and P orientation of the crystal. Also
)

in this study, it is intended to study for new nonlinear Brewster angles (q

occurring at different orientation of nonlinear polarization ( ISZC‘VLS ).

1.3 Research Hypothesis

It is expected from this research that, the nonlinear Brewster Angle in RDP will

occur at different P)° orientations. Furthermore it is anticipated that a phase

matching condition for higher second harmonic intensity at total reflection will be

achieved at the wavelength of 900 nm.

1.4 Scope and Limitations of the Study

In this study, the ultrafast laser pulses are utilized as incident pulses in order to

create second-harmonic intensity, 1 . The wavelength of the incident laser isat | =

900 nm with polarization being in [110] direction with respect to the crystallographic

axes of the RDP crystal. In order to facilitate a condition of total reflection, an



isotropic medium of higher index of refraction than of the RDP is required. In order

to achieve this, 1-bromonaphthalene is employed as medium in which RDP is

immersed. Thedirection of P} is conducted to be in the optical axis of RDP crystal
and aso in the plane of incidence.

The C++ program and Microsoft Excel will be used for investigation the
guantitative study of SHG in reflection with oblique incidence of the fundamental
beam. The special emphasis is on the vicinity of the critical angle of the fundamental
beam. Furthermore, the existence of the nonlinear Brewster angle will be

theoretically demonstrated.



CHAPTER [1

THEORY

Lasers can generate coherent radiation at many wavelengths utilized for
various applications in nowadays. However, during the time that laser was under
development, many wavelengths of coherent light were not available. The nonlinear
optical effectsin material are a major effort in order to generate frequencies that were
not available and tunable as well. Therefore, other useful wavelengths involving
second harmonic generation as first presented by Franken et al. (1962), were produced
on the basics of the nonlinear interactions of the fundamental laser beam as the

initiating source.

2.1 Polarization in an Anisotropic Crystal

Nonlinear interactions between the fundamenta laser beam, applied electric
fidd E, and nonlinear optical medium (anisotropic) crystal, can be demonstrated by
the nonlinear response, induced nonlinear polarization PM-. The response between

the applied field and nonlinear polarization is described by means of a susceptibility

tensor, c, representing the material property of the crystal. In the case of second



harmonic generation, the tensor susceptibility can be shown to be of second order,

C,;. Thus second harmonic generation (SHG) can be radiated by the nonlinear

polarization at twice frequency of the fundamental beam inside the anisotropic crystal

with second-order nonlinear optical susceptibility.

2.1.1 Uniaxial Crystal and ItsIndex of Ellipsoid

There are two types of anisotropic crystal according to symmetry: uniaxial and
biaxia crystals where each category is a function of symmetry. Crystals with trigonal,
tetragona and hexagonal symmetries are al uniaxia, whereas crystals with
orthorhombic, monoclinic and triclinic symmetries are biaxial. For biaxial crystals,
there is no orientation for which the index is the same for two orthogonal
polarizations. Particularly, in a uniaxia crystal there exists one orientation of the
crystal for which the index of refraction and wave velocity are independent of the
polarization of the beam defined in the direction of the optic axis (z-axis) of the
crystal. Thus there are two identical refractive indices while the other orthogonal
direction has different refractive index. In this study, the negative uniaxia crystal,
RDP, isanonlinear crystal for SHG.

The refractive index of uniaxial crystal can be expressed in a form of index of

elipsoid as, (Hecht, 1987):

+Z =1 2.1)



where the n, is the refractive index of wave polarization perpendicular to the optic
axis, called ordinary, while ne is refractive index of wave, called extraordinary. If ne
< ny, crysta is called negative uniaxial, on the other hand, if it is postive uniaxid

crystal then ne > no, (Vendeyen, 1995) as shown in figure 2.1.

n." (0) =ny
nZ" (0) =ny

N2 (p/2) i N2 (p/2)

(a) Ne <Ng (b) N> Ng

Figure 2.1. Refractive Index of (a) a negative (b) a positive uniaxia crystal

Because a uniaxia crystal has circular symmetry about the z (optic) axis, its
optical properties depend only on the polar angle q that the wave vector k makes

with the optic axis and not on the azimuthal orientation of k relative to the x and y

axis. Thereby, the index of elipsoid, (Nye, 1976) can be defined as

1 _cos’q +s'nzq
n@ ng ne

2.2)



where g isthe angle between k and z axis, as shown in figure 2.2.

Z axis K
A

ne'(0) =n;

T
q /
X

n2 (p/2)

Figure2.2. Theintersectionof k and the surface of elipsoid is indicated

for n (Q)

2.1.2 Physical Origin of Polarization in I sotropic and Anisotropic Medium

Due to the response of the medium to the applied electric field, the induced

polarization can be radiated inside the isotropic medium for the linear case expressed

as
P=¢,(c”E) (2.4)

For an anisotropic crystal with strong applied E , thepolarization P can be expressed

by a power series asfollows,

B=e,(CPE + CYEE + CUEEE +...) (25)
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Equation (2.4) is a combination of the linear and nonlinear polarization terms
presented by e,c’E and e,cPEE+e cYEEE+---, respectively. The induced
optical polarization of the dielectric medium is due mostly to the loosely bound
valence electrons that are displaced by the applied field and can be demonstrated as

electron oscillation. Denoting the electron deviated from the equilibrium position by
X and the density of electron by N, the polarization P isgiven by

P=- Nex (2.6)

2.1.2.1 Linear Polarization

V(X)

Figure2.3. Symmetrical potentia energy in linear medium
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In a symmetric or isotropic crystal, the potential of an electron must reflect the
crystal symmetry, so V(x) = V(-x) then symmetry V(x) contains only even powers of X

by

V(%) :gvvjx2+?8x3+m 2.7)

where W’ and B are constants and m is the electron mass. The restoring force on an

dectron is

v
ix

F=-—=-mwWX- mBX® +--- (2.8)

and is zero at the equilibrium position x = 0.

Considered a low frequency electric field E (t) with Fourier components at
small frequencies compared to w,. The excursion x caused by this field is found by

equating the total force on the electron to zero.

- eE- mW%=0

50 that
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This resulting in a induced polarization, P =- NeX, whose is instantaneously

proportional to the applied field or

P aE (2.9)

That is defined as linear polarization, P“, which response to the applied

electric field within a symmetric crystal is shown in figure 2.5 (a)

2.1.2.2 Nonlinear Polarization

V(X)

.

Figure2.4. Asymmetrical potential energy in nonlinear medium
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In an asymmetric or anisotropic medium (noncentrosymmetric type) in which
the condition V(x)1V (- x), the potential function can contain odd powers of x and

thus

mw?
V() = yz 1 Mpya (2.10)
2 3
corresponding to arestoring force on the electron
E=- I o rwex- mDR? + - (2.11)

If D > 0, it follows immediately that if the electric force on the electron is

positive ( E < 0), the induced polarization is smaller than when the field direction is
reversed as shown by figure 2.5 (b).

For an aternating electric field at w applied to the crystd, if the crysta is
linear, the induced polarization oscillates at w as shown in figure 2.6 (a). But in a
nonlinear crystal the induced nonlinear polarization in the positive peak (b) is smaller
than the negative one (b¢) due to the stiffer restoring force at x > 0 as in figure 2.6
(b). Using a Fourier series to anaysis the nonlinear polarization wave, the average

(dc) term, the fundamental and second harmonic components are plotted in figure 2.7.
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Optical eectric field

Optical polarization

€Y
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\

- >
o I

Optical electric field

(b)

Figure 2.5. Relation between induced polarization and the electric field

causing it (a) in a symmetric and (b) asymmetric crystal.
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Figure2.6. An applied sinusoid electric field and the resulting polarization in

(a) symmetric and (b) asymmetric crystal
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Optical

Polarization t
(a

Fundamental

Polarization t
(b)

Second harmonic
Polarization t

()

Steady dc
Polarization t
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Figure2.7. Analysisof the nonlinear polarization wave (a) of figure 2.6 (b) shown
that it contains components oscillation at (b) the same frequency (W) as the wave
inducing it, (c) twice that frequency (2w) and (d) an average (dc) negative
component.
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To relate the nonlinear polarization formally to the inducing field, we use

equation for the restoring force and take the driving electric field as E" coswt by

;:—ZZX(U +S %X(t) +W02X(t) + Dx? (t) =- %(eiwt + e-iwt). (212)

Then the nonlinear polarization at 2w is
ﬁZ\’/\\I/LS(t) — Czw[Ew]z XeZth +CcC.

where c.c. isthe complex componentsof PS(t).

Given P)S(t), the complex amplitude of the polarization, we have

PMS(t) = PMSx€? +cc.,
or
P“S(n) = § clE"E". (2.13)
j.k=x,y,z

Equation (2.13) is a scalar equation. Thus the induced nonlinear polarization, P

can be written in matrix form using the second order susceptibility, c;.
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P, = elc, ” ‘ (2.14)

0

O

w

0 0

g R
0 0O

g 8
0 0

g R
0 0

& &
o 0O
x

In crystal processing with inversion symmetry, al the nonlinear coefficients

C; Must be zero. This follows directly from the equation (2.14). By reversing the
direction of the electric field, E{ becomes - E{ and E;’ becomes - E’. Since the

crysta is centrosymmetric, the new induced polarization, Pj,, produced by the

reversed electric field must be the same relationship to the origina electric field, that

is

-R' (@) = A ci - EY)E). (2.15)

Equation (2.15) can hold ssimultaneoudly only if cﬂ“ are al zero inferring no second

harmonic generation in symmetric crystal.
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2.2 Second Har monic Gener ation in Reflection

The generation of waves at new frequencies in an anisotropic medium due to
the nonlinear interaction will be investigated in the macroscopic by using Maxwell’s
eguations since there is enough power density in alight beam from a coherent source.
The solution of Maxwell’s equations shows the behavior of light wave at the
boundary of nonlinear media and describes how harmonic waves in both reflection
and transmission commence to grow when a fundamental wave enters a nonlinear

crystal. Especialy useful is it description of second harmonic generation (SHG)
phenomenon by nonlinear polarization, P,-°. Besides the generation of the direction

of light harmonic waves, Snell’s law is extended as well as observation of second

harmonic intensity (SHI).

2.2.1 Second Harmonic Waves Emanating from a Boundary

When a monochromatic plane wave at frequency w with perpendicular
polarization to the plane of incidence passes through a uniaxial crystal, such as RDP
crystal, the resulting second harmonic waves can be treated by Maxwell’s equation

for nonlinear medium as follows.

NORFE = - 20 )
cqt
Y 19 = 4p -
RN A = =Lp+2R3,
1P (2.16)
N xD = 4pr, and
N xB = 0



with auxiliary equation

D = eE+P

For the nonlinear case, the polarization can be expressed as

P = P“+4pP™ = ec E+4pP™°.

Given e=¢ (1+c ), then

—

B = & +4pPns,

where E is the dectric field and H is the magnetic field. Also rand e are the

(2.17)

(2.18)

(2.19)

20

permesbility and permittivity of the medium in which the wave propagates and c is

the velocity of propagation in vacuum. For lossless, nonconducting and nonmagnetic

medium, e will be taken as a scalar and m=1. The wave equation of the second

harmonic is expressed as

PR E+EMW T 2 o DT s

c  t2 % qt?

or

2 2
NZE_ e(le):_[-[?E — ﬂ;:[-‘[t_ZPZ\II\IVLS
C C

2w H

(2.20)

(2.21)

Solution of (2.21) comprises the homogeneous and inhomogeneous solutions,

~NLS
P2w !

due to the driving term,

on the right hand side. The P} arising from the
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. T NL . . . .
nonlinear susceptibility, c;~, will radiate energy at second harmonic frequencies,

2w, and can be shown by
ﬁp NS — lijLS —
2w

= c(2W)ETE] expi(k® xF - 2nt). (2.22)

In RDP crystal, the solutions of inhomogeneous wave equation are

PNLS 2
Esz = é'E], e(pi(lzzTW X - 2nt) - 4'F1P3N (4V\Ij/C )
(kZTN)Z- (kziv)z

(2.23)

I
—
I

M(E;W &) Ey, expi(ky, X - 2nt)

AP (AW IC?) © s an s
- —= = —(k k - :
(k;N)z_ (kziv)z Z\N( 2w p) e(pl( 2w al M

In vacuum the solutions of homogeneous wave equation are,

EX = &RER expi(kR > - 2wt), and,

- C ,mr ., - L= .
HzF\z/v = Xl(kzsv eR)EzF\z/v@(pl(kzsvw'M)-

(2.24)

The geometry of incident, reflected and transmitted waves are sketched in

figure 2.8. For the wave vector of the fundamenta wave, IZV‘V, with polarization

perpendicular to the plane of incidence passing from a linear through a nonlinear

medium, the P)° will arises along the plane of incidence as well as with the
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reflected and transmitted with wave vectors, k!, k', kR kS and k] . From figure

2.8, the directions of each wave vectors are identified with the angles made with the
normal surface and will be used to derive for further information concerning the

general laws of reflection and refraction.

liquid

Non-linear

Figure 2.8. Theincident, reflected, and transmitted rays at the fundamental
and second harmonic frequencies near the boundary between a RDP crystal

and linear medium.
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2.2.2. Generalized Snell’sL aw

Figure 2.9. Two incident rays at frequencies w and ws create a reflected
wave, a homogeneous transmitted wave at the sum frequency wWs = Wi + W,

all emanating from the boundary between the linear and nonlinear medium.
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Consider a boundary (z=0) between the linear and nonlinear medium. Two
incident plane waves, E, expi(k! ¥ - wt)and E, expi(k), X - w,t) simultaneously
emanate reflected and transmitted waves at both frequencies w and 2w. The

geometry is defined in Fig 2.9. The angle of incidences of the two waves are *and

g’, the incident planes make an angle f with each other. Choose the x and y

directions of the coordinate system such that E;y =- Eziy. This leads to the momentum

conservation as for the sum wave.

G =k =k =KL =k (2.25)
kst = k;—x = k:fy = k]-.ry + szy = k]I-y + klzy = 0

From (2.25), the inhomogeneous source wave (IZjV); the homogeneous

transmitted, k,,,, and reflected waves at sum frequency lie in the same phase xz plane

as well as the boundary normal and crystal optic axis.

The direction of inhomogeneous wave is given by

expi{(k +k] )x - i(w, +w,)t} and itsangle with the normal Q2 is determined by

snag = |k + kG| /k] + kg (2.26)

Then (2.25) can be written by using (2.26) and simple trigonometry as shown
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2
ShYely

N
.
>
N
o)
&
I

%

k| snzq; 2.27)

e

+4|21‘

|k‘2|s'n q, snq, cosf,

where al angles with the normal are defined in the interval 0 to p/2. The angle

between the planes of incidence goes from O to p. Furthermore, (2.27) can aso

written as

ewdn’g; = ewsn‘g; (2.289)

= efw/dn’q, +efw; sn’q; +2(ef'ef)*ww, snq, snq; cosf,

-1

: &V 0 - : :
sncee= kzg—zi . Then, an effective dielectric constant € for nonlinear source
Co

wave can be defined by
e’dn’g; =€ dn’g = efdn’gf (2.29)
In this study, the planes of incidence coincide on the same side, and w;, = 2w

snce w, =w,, Then et =€f,f =0 and g, =q,. A simple relationship can be

introduced:

(e} s = H{er ) anai+ CE{er f *ana,

2
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or

R

(&) snai =(e "'

or

Jd snq, =4/& snq = /el sngS, (2.30)

when refractive index n = «/E. Thus

n, Sng, =n)dng, =n)sdng, =n)"sng, (2.31)

where n; the refractive indices of the linear medium at w which n)“, n)- are the

refractive index of nonlinear medium of 2w, respectively.

2.2.3 Polarization in Plane of Incidence and Second Harmonic Intensity

in Reflection
Second harmonic generation can occur by nonlinear polarization, PN,
identified as the inhomogeneous part of Maxwell’s equation. The induced nonlinear
polarization at frequency wWs = wi+Wp, by the two incident waves of wi + W = 2w

can be presented by

Pl = cMSET Elexpi |(k!+k)<- 20, (232



27

ad kS =k'+k!.

From (2.32) both magnitude and direction of P> depend on the nonlinear
susceptibility, c,", and the transmitted wave at fundamental frequency EVTV , given in
the formulas of Snell and Fresnel for the incident beam.

The decomposition of P°, along and normal to plane of incidence, might

2w 1

account for its directional dependence, since in the preceding section, Py and P
are independent from each other. Furthermore, the angular dependence P can be

divided from transmitted wave through a function of the fundamental wave EVTV by the

usual Fresnel equation. Therefore, the nonlinear polarization aong the plane of
incidence; P insde the RDP crystal can be treated by the incident vector
perpendicular to that one, E,,. or E, =P}** =0.

The nonlinear polarization in the plane of incidence by its magnitude P,-°

makes an angle a with the direction of propagation of generating source IZjv. The

second harmonic wave is shown in figure 2.10. The SHG can be investigated from

(2.23) and (2.24) by the continuity of the tangential componentsat z= 0.

E. = - Ejcosq, = Ejcosq
N NS dn a cosgg S cosasinqg » and, (2.33)
& - & e
4pP)*+° sna
Hy - _ eé/ZER - _ eillV/Zell eé/Z 11 (234)

es- &
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Z axis
K., B}
Ko,
EL
liquid
Non-linear X
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Figure 2.10. The harmonic wave at the boundary of a nonlinear medium, with
electric field vector in the plane of reflection, the nonlinear polarization and

lies in the plane of incidence.

By substitution of E, of (2.34) into (2.33), the amplitude of the reflected

electric field at second harmonic frequencies is given by

NLS o A -1 : )
- Psna €1 (e, - &) 'e,sng, U
1

= e u.
Jor cose, ~Ja cose, /o o + Jor cos 4
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. 4pPMsna
Je.eweosq, - e cosa,

(2.35)

This expression can be transformed by shell’s equation in (2.28). Then E; is

given as
NLS & in 2 :
S LML snatd ) (2.36)
€, 9N g, SN(G; +0s)IN(q; +gz)cos(q; +0k)
E, simultaneously be derived by substituting E;} into (13) as
NLS &
e = [Sen JEM (237)
€ e (&-¢)

The significant component of E;f and E; can be apparently seen by P*°
term as the source of second harmonic wave at frequency 2w Using the usual Fresnel

equation, E,; can be written as

Ej(2w) = 4P (20 Fy), (2.38)

where F.'; is the nonlinear Fresnel factor in reflection when P, lies the plane of
incidence and have been calculated by BP theory. Comparing (2.38) with (2.36),

Fay isdetermined as:
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N snqgssn’q, Sn(a +ds +q;)
Fen = - : : , (2.39)
€ Sng,SN(¢; +gs)sn(q; +gg)cos(d; +0x)

According to Bloembergen and Pershan (1962). The time-averaged second-

harmonic power carried by the harmonic beam or second harmonic intensity is given

by
15, a ——JelEL| A (2.40)
3p
where Ar is a cross-sectional area of the reflected wave and be calculated from (2.40)

A, = (ddtcosq,)/cosq,. (241)

In (2.41) dd¢is the rectangular dlit which defines the size of the incident laser
beam. ¢k isthe incident face normal; ¢, and g, are the incident and the reflected
respectively.

Inside a 42m uniaxial crystal such as KDP, ADP and RDP, the nonlinear
susceptibility terms are reduced to c,,, C,; and C,,. Thus the relationship between

P and applied field at fundamental frequency is shown.
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Ez
_ E2
P (2w) 000¢c, 0 Ol 2
& E
P@w)| = 10 0 0 0 ci5 O EZE (2.42)
PNS (2w) 000 0 0 cgl="2
E,E,
E,E,

In case of RDP crystal, P inx, y and z (optic) axis is derived as

PXNLS (ZVV) ClAEz Ey
I:)yNLS (2,\,) = C 25 Ey Ex (243)

P (2w) CsEE,

In that incident beam having polarization of applied field in x and -y direction

or [110] respect to the crystallographic orientation, the nonlinear polarization inside

the medium will grow aong z direction or [001] direction whereas

R (2w) =P (2w) =0  =0causeof E;=0by zaxis as optic axis of the crystal.

P (20) = cuEE,, (2.44)

when Ex and Ey are the electric field of fundamental wave at each point inside the
crystal with polarization in x and y direction.

Following (2.38), (2.39) and (2.44), the reflected SHI is proportiona to the
transmitted fundamental beam. In practice, it is very difficult to measure the

guantities of transmitted fundamental beam inside the crystal. In order to achieve the
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expression of reflected SHI in terms of fundamental wave, the linear Fresnel factor

will be utilized:

PNS (2n) = chh(F'E)?, (2.45)

where h is a geometrical factor that depends on the orientation of the fundamental
field vector and nonlinear polarization component with respect to the crystallographic
cubic axes of the RDP. The linear Fresnel factor F, describes the changes of
amplitude in the fundamental wave upon transmission at the crystal surface. If the

incident wave with respect to the crystallographic cubic axes of the RDP crystal

polarizes perpendicularly to the plane of incidence, FTEA isgiven by

FL = 20080, , (2.46)
" cosq, +sinq, W)cosq;

where g, (W) is the critical angle of incidence of the fundamenta beam and is

determined by using Shell’s law as the relation of g s and gr with the refractive

R .

index. From figure 2.11, the wave vector in reflection, k,, ; inhomogeneous

transmission, IZjv; and homogeneous transmission, kI : make angles of cg s and gr

2w !

to face normal. Using Snell’slaw and n = Je, then

W — A2W — AW 2w
rlqu ani - r-]qu anR - no an qS - ne anT’ (243
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where niig(W) and nig(2W) are the refractive indices of optically denser liquid, 1-

bromonaphthalene, for the fundamental laser and second-harmonic light, respectively.

k! k!

kR

1-bromonaphthalene

RDP

kT
2w
Zaxis ) \\

Figure2.11. The propagated direction of the harmonic wave at the boundary

of RDP crystal and 1-Bromonaphthalene liquid

The refractive indices without subscript refer to the RDP crystal, which is the
negative uniaxial crystal, (no > ne). Its extraordinary refractive index, n2'(q),

depends on the angle between incident wave and optic axis as



1 _ cos’q dn’q

5 = > > (2.48)
[ @)] SRR

where n, and ne are the ordinary and extraordinary refractive indices. Here q is the

T

angle between the optic axis of nonlinear crystal and the propagation vector k., , asin
figure 2.12.
Zaxis
A
K, )
Kz
3
Ea
liquid

Z
>
g
&
et gy e D et

Figure2.12. The geometry of the RDP refractive index of ellipsoid employed

to investigate the reflected SHI.

In case of total reflection, the crystal isimmersed in the higher-dense liquid, 1-

bromonaphthalene, whose njig(W) > ng(W) and niig(W) > ny(W). Thus the critical angle

for kS and k] will be g and ¢, respectively, and can be calculated from (2.49)
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dnqg,” = n,/nfand
, & B (2.49)
sngg, = n2/nk.
, L o . n, Snq,
According to (2.48), the F., can be divided in another formulausing nj= ———
sngq,
L 29nq, cosq,
o sng, cosq +snq cosq,
29N q, cosq,
- £3Nn4, cosq, (2.50)
sn(o, +0,)

From al of the above, the reflected SHI with [L10] incident polarization
passing the liquid through RDP crystal is given by (2.51) whereas the induced P)S

lies in plane of incidence.

5= gole el dddapet fhfRy

4 | = |2 COSQ
COs(;

R,/

(2.51)

However, the term é@ |E0|4dd(1(41ox3”2.))2h2 is constant for each crystal

orientation and incident situation. So 17(2w) will be treated as the relative magnitude

as.

2 COSqr

4
R — L
I 2w - | F N | P
cosq,

NL
I:R,//|

(2.52)
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2.3 Phase Matching in Second Har monic Generation

To achieve the optimum SHG, the reflected SHI might be enhanced by

choosing high nonlinear susceptibility and using high peak power of fundamental

beam, as 1) in (2.52). In this case, the RDP crystd is utilized because its c™ is

approximately to c™ of KDP, which is widely used to generate the second harmonic

wave. Besides, the phase matching technique (Maker et al., 1962; Giordmaine, 1962),
would be advantageous, © that a fundamental ordinary wave and second harmonic
extraordinary wave have the same propagating direction. The following elucidates
this further

From

Pu® =Cy (QME WE, W), (253)

the P, induced inside the medium generates the second harmonic wave as

1- expi(Dk x7)

E(2w) a cjE;WE, WY } (254)

Dk = k(2w)- 2kw)
where W (2.55)
= e
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Then the intensity of SHG is given by

1- expi(Dk )

"n) a ETWH }, (2.54)
Dk
or
e 35U
éS'nzg.%kgu
1w = [ET W) e—52, (255)
e aeDko ‘J
é g 2 o g
From (2.55) the optimization of SHI can be achieved by maximizing
an?;E[LKWQ
= > 2 or phase factor term.
abk o
Q_ZT
el g

The phase factor term is maximum when X is zero. This condition is called

phase matching as shown by

(nV-no"Y =0. (2.56)

To satisfy Ok = 0, it is necessary that ne?Y = n™V. Thisis referred to as index
matching. Then SHI will be optimized. In a negative uniaxia crystal, RDP, no > ne.
The index surface at the fundamental frequency and the extraordinary index surface at

the second harmonic areillustrated in figure 2.13.
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Figure 2.13. Geometry for phase matching in negative uniaxial crystal, Yariv

(1989).
The angle between the intersection of each refractive indices and z axis is
called phase matching angle, (qm). It can be derived from the index of ellipsoid of

nonlinear medium.

1 _cos’g . Sn?q

[hw]  n  nip/2 (257

When n2 (g,,) = n?, there is phase matching. Then (2.57) is rearranged for g
m &S

4720 \- 2 2wy-2 £V2
'n-lg(no ) - (noW) lfl

= 9
* g7~ ()7 4

(2.58)
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24 Nonlinear Brewster Angle, g'®

a

liquid

Non-linear

|

T
k2w

Figure 2.14. Geometry for existing nonlinear Brewster angle

Bloembergen and Pershan (1962) theory predicted the vanished
reflected SHI that it would be occur a nonlinear Brewster angle (g'°). This is
analogous to the Brewster angle in linear optics. However, the nonlinear Brewster
angle can occur only whenthe P liesin then plane of incidence, for then reflected
SHI will have vanished, 15 =0. The confirmations of g'® were experimentally
demonstrated by Bloembergen and Chang (1966); Lee and Bhanthumnavin (1976);
Bhanthumnavin and Lee (1994). The value of g'® is not unique, however. It

depends on the crystallographic orientation and the polarization of the incident
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polarization. The existence of the nonlinear Brewster angle is shown in figure 2.14.

The condition for the occurrence of nonlinear Brewster angel mentioned above

implies that the nonlinear polarization P,°> is parallel to that direction of

propagation in the nonlinear medium, k™, which on refraction into the linear

medium gives rise to the reflected ray in the direction cg. One may say P, is same

direction of kT and also lies in plane of incidence, k" // B8 // plane of incidence.
Therefore, the incident laser beam polarization is set so that the reflected second

harmonic polarization liesin this plane. The mathematical interpretation for 15 = 0'is

treated by
R 2|*| |2 COSOR
15, a R | s (2.59)
Here |} =0, whenever Fup,=0, so that:
sin@+ost+ar) = 0
or atostgr = np (2.60)

wheren=10,1, 2,3, ...

By satisfying this condition, |15 = 0, the nonlinear Brewster angle will be

obtained from (2.60).



CHAPTER Il

PROCEDURE

In this chapter, the procedure of theoretica study for reflected second harmonic
generation (SHG) in RDP crystd is described in order to obtained results as explained in
detall in the next chapter. In this study, an ultrashort pulsed laser is employed as a
fundamental source for the incident light of frequency w. The negdive uniaxid crysd
rubidium dihydrogen phosphate (RDP) of point group 42m is a the nonlinear optical
medium for SHG at frequency of 2w. One feature of this Sudy is phase matching at total
reflection. Therefore, it is required an isotropic linear medium of an optically denser index of
refraction so that total reflection from RDP crystd will be achieved. Furthermore, the
computer program C™* version 3.0 and Microsoft Excel version 7.0 are used for caculation

of second harmonic intensity (SHI) as a function of incident angle . Deails of the

procedure are described as follows.

3.1 Ultrashort Pulse Laser
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The study of reflected SHG from RDP a phase matching at totd reflection and dso
the nonlinear Brewster angle (15, ® 0) will require a proper coherent source: an Utrashort

pulse laser with a pulsewidth in an order of Q-switched pulse or narrower. It is employed

as the fundamental beam of | = 900 nm with polarizationin [110] direction with respect to
the RDP crystallographic axes. Due to the property of RDP, the P> will be in [001], an

optic axis. The advantage of an ultrashort pulse laser is that it has low energy of few
millijoules  However, because of its short pulse duration, it has a very high peak power of

greater than 100 MW/cn?. Thiswill be avery powerful excitation source for SHI when ¢

approaches the nonlinear Brewster angle whereby |5, will rapidly decrease to null intensity.

3.2 Rubidium Dihydrogen Phosphate (RDP) Crystal

RDPis an anisotropic nonlinear optical medium, a negative uniaxia crystd of 42m
point group. It has two indices of refraction namely, ordinary index n, and extraordinary

index n,, with n, greater than n,. Furthermore, the RDP crystd has red nonlinear

susceptibility and so is trangparent a both fundamenta and second harmonic wavelengths.
Therefore, there will be no absorption at frequencies w and 2w. This transparency
property enables the theoretical cadculation and observation in the vicinity of nonlinear

Brewster angle in the experiment for SHI to be enhanced. Thevaueof n!'; n2; n! (p/2)

and n? (p/2) were caculated & wavelength of 900 nm and 450 nm and are given in

gppendix A



At =900 nm
ny =1.4965 n; =1.4716.
Atl =450 nm

> =15160; n> =1.4857.

The phase matched condition requires n = n?' whereby kS, and k., travel inthe
same direction inside the RDP crystd.  As the result, the enhancement of SHI (1.5,) will

reach its maximum vaue. According to the equation of index of elipsoid at phase matched

angle, q,,, the g,, can be found from the equation.

1 _ cos’ dn , SN ’q,

W T el

(3.1)

therefore

A )

) (ng ) 1_.:_Il/2
i (2 pr2)”

(e

g, =3n (3.2

Upon subgtitution of gppropriate vaue of n? " (p/2) and n?" (p/2) in(3.2), the

o 0 ! e

vaue g, will be obtained as

1/2

1 (1.4965)” - (1.5160) > U
1 (1.4857) 7 - (1.5160) 7

A, =sn’’

Then



q, =52.93° (3.3)

3.3 Liquid 1-Bromonaphthalene

Fadilitating the condition of tota reflection from RDP crysid requires an isotropic
medium which occur naturdly liquid form liquid. Ligiud 1-bromonaphdthalene is a good
candidate due to its index of refractionn;,, > N, . The liquid is an isotropic medium and
has transparency propertiesat | =900 nmand | =450 nm. Furthermore, the liquid has
high threshold damage for high pesk laser pulses. Therefore, it is dways stable under
repeated incidence laser pulses. It dso isnoncorosve and stable a room temperature. The
1-Bromonaphthal ene vapor causes no hedlth harzard to human. The indices of refraction at

I =900 nmand | = 450 nm are cdculated by extrgpolation with the hep of Cauchy

Formulas, (Jenkin and White, 1976):

M —16781.

lig

n;, =1693 n

Their caculation is given in gopendix A. Since the laser pulse enters te uniaxid
crysta RDP from the liquid of higher index of refraction, therefore, there are two angles of
critical incidence (Bloembergen, Smon, and Lee, 1969); (Bhanthumnavin and Lee, 1990,

1994). The vadues of the two critica angles of incidence are



@ =en e
Nig g
n_1£.49659
21.6335¢g
=66.37°

(34)

2

.G C
G, =sin ﬁ:
nliqﬂ

. ,en 0
§1.6952;,'

and (35)

3.4 Computer Program

In the study, the ultrashort pulse laser beam has polarization in [110] direction with
respect to RDP crystalographic axes. Due to the properties of 42m point group

possessed by the RDP crystd, the P\-° given by (2.44)

Pa > =C4EE

X—y!

(2.44)

will bein the z optic axis or [001] direction. Furthermore, the study involves nonlinear
Brewster angle at different P} orientation, therefore, it is required that P> must bein the

plane of incidence (Bloembergen and Pershan, 1962). The equation given in chapter 2 for

SHI inreflection is

[ (25

15, =~ e |E;|dddapcit n?F L,

4|F NL
3o

R/l
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where

2C0sq
FL = 9

= — , and (2.46)
coscj +snqy cosq

. -9 .

€, SnQ, SN(Qs +0}; ) SN(q, +0J;) Cos(Cy -0l

Since the terms %@|EO|4dd((4pc3“§)2h2 in(2.51) of | are treated as a congtant in

the caculation for rlative SHI, 15, 1 can be caculated from

2w !

2 COSQy
cosq|

15 a |RL R (2.52)

The computer program for caculaion will involve equation (2.52). The C™
program and Microsoft Excel are utilized for caculation of 1, as afunction of g and is
displayed in asemi-logarithm graph as shown in chapter 4.

The flow chart concerning procedure and block diagram for caculation is shown in

figure 3.1 as shown.
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START

1 _ coszq+ sn’®q
r@f Pl eeaf

n2(@) =<

.00y [=——— N (Wsing, =n, (2w)sna, =n,W)sng, =n,(W)sng,

S 2cosq
\ ! cosg;, +sin g, (W) cosq,
FTL,A , I:R’\,‘/L/ <
N snq,sn’q, sn(a +qg; +qs)
“ ex(2n)Sn g, Sn(gy +0g) cos(dy - Og)SN(fy +0g)
Reflected SHI ||: L|4||: NL|4COS
——— |§W a T R qR
cosg
STORAGED
\
STOP

Figure 3.1. The flowchart for caculation of reflected second harmonic intengity.



CHAPTER IV

THEORETICAL RESULTS

In this chapter, results of the theoretical study of reflected second harmonic
generation (SHG), udng an ultrashort pulse laser as incident beam and RDP crysd
immersed in 1-Bromonaphthdene, as the nonlinear crystd are described and andyzed as

given below. The polarization of the incident laser beam is set a the [110] direction and
due to RDP crystal properties, the P, as a result, will be in the [001] direction. The
results of this theoretical study lie in the reflected SHI at phase matched condition at total

reflection, g, =g (w) and new nonlinear Brewster angles a different orientations of PS .

4.1 Phase Matched at Total Reflection

Theoretical study of reflected SHI, 1), a phase matched condition a total

reflection is set up by arrangement of RDP crystal with P making the phase matched

angle q,, =52.93° with respect to the incident surface as shown in figure 4.1. There are

R

two driking phenomena from this st up, namdy, 1, ® maximum vaue &
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g =9°(W) =6337° and I, ® mnimum a nonliner Brewnger angle

g =q"® =33.30°. Resultsof thisinvestigation are described in detail as follows.

4.1.1 Phase matched SHI at Total Reflection

The reault is shown in figure 4.1 where the incident angle lies in between

50° <q, < 75°. From the graph in figure 4.1, one can see that when g, increases to the
vaue of g =g (W) =66.37°, 1, will increase rapidly and reache maximum vaue a

g =g“ (W) where, g, =g, =90°, due to phase matching &t totd reflection.

Since
cosq
B [t o . 2.51
& alFs | |Fa| oo (251)
and
2c0sq
L = 054, (2.46)
" cosq +9n(q, C0Sqs
at total refection, then F;, ® 2
Also since
dng.sn®qg, sn(a+q. +

sn g, Sn(g; +0,) cos(g, +a,)sSn(g; +0)
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Fay ® maximum vaue as g and g, approach 90°. Therefore, for phase matched
condition (n! =n2") a totd reflection (g, =g (W) ), one get | X ® maximum vaue as
showninfigure4.1.

Note that the intensity of SHI, 17 increasesby 107 order of magnitude as ¢ varies

between 60° <q, <70°.

4.1.2 Nonlinear Brewster Angleat g =g = 33.30°

With the same orientation of P\ used for phase matching condition as indicated in

figure 4.1, it isfound out that as g increases from 20° and approachesqg, =g™* = 33.30°,

R
IZW

decreases rapidly. The minimum 1), isa g =q'® =33.30° so that as g >q,"°,
| X increases to higher vaue. Therefore, from figure 4.1 in the region of 20° <q < 45°,

thereisadip of |5, a g™ =33.30° and dynamicd range of 1, in this region is about

2w

10%. The andyss for |2 ® minimum vaue & ¢ =g =33.30° can be given as

W

follows.

: R NL |2
Since 1}, a|Fa| ", and
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sngssn®qg, sn(a +qs +q;)
s.an s.n(QT +qR)COS(qT - qR)ngQT +qs) ,

Fry = (2.39)
I:R'\,‘/L/ ® 0,ifa+qs+qg, =0,p,2p,...

From figure4.1, it isclear th51at

a+qs = 360°- q;

Therefore, a +qg +g, = 360°=2p. Thiswill resutin Sn(a+q; +g;,) =0 and as a
consequence | 5 in (2.51) will be zero (minimum).
Summaizing, the orientation of P,° in this situation, as indicated in figure 4.1 will

resutin 13

® maximum vaue & g, =q'® =66.37° and 1), ® minimum veue a
g =q" =33.30°. Thetotd dynamica rangeof | intheregion 20° <q, <75° will be

in the order of 10™. Furthermore, the results agree very wel to the theoreticad and
experimental work of SHG in KDP crystd of the same Stuation, Bhanthumnavin and Lee

(1990, 1994).

4.2 Nonlinear Brewster Angles
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In this section, results of theoreticd investigation for nonlinear Brewster angle will be
presented in accordance with new different orientations of P)">. There are two nonlinear
Brewster angles a g, =q°= 0° and g =q'® =qj, =68.14°, respectivdy. The

detalled analysisis given asfollows.

4.2.1 Nonlinear Brewster Angleat g =g =0°

The RDP arystd in this situation is cut in such away that P, which is in [001]
direction, lies dong face normd as shown in figure 4.2. According to this crystalographic
st upof P onewill find a striking phenomena, in contrast to general expectation, that
1Y ® minmum & ¢ =g =0°. Thus means the nonlinear Brewster angle occurs at
norma incident angle, g =0°. This is in contrast to the generd understanding thet

whenever fundamentd laser beam is normaly incident on a nonlinear crystd, there will be

reflected SHI coming out. The reason for 1) decreasss to minimum vaue a

g =q" =0° isfolowing

sngssn’qg, sn(a+q, +q;)

Snce, FaY =— _ : ,
e SIle Sn(qT +qR)COS(qT - qR)Sr(qS +qT)




by applying generdized Snell’slaw a g, =0°, wewill get g5 =¢, = 0°. Therefore,

Fay =0,

and as a consequence

2
R NL
|5 &Ry

=0, aswdl.
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From figure 4.2, one can see that the variation of 1, in the vidnity of g =0° is

about 10™ order of magnitude.

4.2.2 Nonlinear Brewster Angleat g =qg'° =q5 =68.14°

Ancther nonlinear Brewster angle isinvestigated for the case of P, lying dong the
incident surface of RDP crystd as shown in figure 4.3. This Stuationis corresponding to the
occurrence of nonlinear Brewster angle at totdl reflection a g, =q,, =68.14°. It is well
understood that in case of non-phase matching at totd reflection, there will be two critical
angles of incidence (Bloembergen, Smon, and Lee, 1969); (Bhanthumnavin and Leg,

1990,1994). For thissituation a nonlinear Brewster angle g'® occursat g'° =q, .
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The andysis of the occurrence of g'° =g, = 68.14° can be given asfollows.

sngssn®g, Sn(a +qgs +q;)
S.an Sn(qT +qR)COS(qT - qR)gn(qS +qT) ’

Since Ry =

F.h ® 0, if a+qgs+q; =0,p,2p,...

For this Stuation, shown in figure 4.3, it is clear that when g, =q,,, = 68.14°, we
will get g, =90° and therefore, a +qg+q, =270°+90° =2p and consequertly
sn(a +q; +0,) = 0. Thiswill resitin I, a[F%[ =0.

It can be analyzed from another point of view that, according to BP theory, the

nonlinear Brewster anglewill occur when PS // k™™ vector. For thiscase, K™ isin
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the direction dong the incident face of RDP crysd. In other words, it is in the same
direction as P, . Therefore, the nonlinear Brewster angle prevails for this situation where
g =q' =ds,. This dtudion is intereging that 1 ® minimum & totd reflection in
contrast to the Situation in section 4.1 where | Y, ® maximum vaue at totdl reflection.  This
contrast can be explained and understood in view that the P,° of the two cases are in
different orientation despiteof g, =q; . It is observed that, as in figure 4.3, the dynamical

rangeof |2 inthevidnity of 65° <q < 70° isabout 10" order of magnitude.
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4.3 Investigation for a Definite Orientation of P)* when g™ =30° is

Specified

It is interested to perform a theoreticd investigation for a particular orientation of
P)S of RDP crysta when a definite nonlinear Brewster angle, g®, is expected. For this
case, '° ispecifiedtobeat g =30°. According to a theoretica cdculation as given in
appendix B, it is found out that P,\*° must be in the plane of incidence and makes an angle
of 56.77° to the incident surface of RDP crystd as shown in figure 4.4. At this orientation
of P\S | itistheoretica predicted that g will bea q =30°. The andysis, besides that

2w 1

given in the gopendix B. isfallowing.

. 2
Since 1}, a|Fgj| ", and

R,/I

sngssn’q; sn(a +qg, +q;)
sng, Sn(a, +0,)cos(d; - o) SN(g; +0)

Faui = (2.39)
Fay ® 0, ifa+gs+cd, =0,p,2p,...

According to figure B.1, it is found that a+qg =360°- ¢, therefore

a+Qgs +q, =360° and as a consequence Sn(a+gs +q;)=0. This will lead to
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Faiy =0,and 15 a|F[" =0 aswell. Since g, =90°- 56.77° =33.23°, by using the

generdized Sndl’s law, we find that

L@ dng, O

g =¢n é—w;
Nig g

Sincewehave n¥ =n?"(q =2" 33.23° = 66.46°) =1.4904

Therefore

w o gn1614904dn(33.23°)

NB = 30°.
9 & 1.6335 H
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From this Stuation, it is remarkable that a nonlinear Brewster angle can be specified
a any given veluewhere 0 <g™ < 90° corresponding to a calculated orientation of P-S
asindicated in appendix B. Agan, adynamica range of 1) of this cae is in another of

10% .



CHAPTER YV

DISCUSSION AND CONCLUSIONS

Since 1961, there has been many nonlinear opticd experiments carried out in
various Stuaions. Second harmonic generdtion in reflection was first performed by
Bloembergen and Ducuing (1962) from GaAs. Bloembergen and Lee (1966) performed
phase matched at tota reflection from KDP crysta and as a consequence Lee and
Bhanthumnavin  (1976), Bhanthumnavin and Lee (1990, 1994), theoreticadly and
experimentaly studied SHG &t totdl reflection and aso discovered a new nonlinear Brewster
angle from KDP whichisa 42m point group crystal.

In this theoretical study, RDP crystal which has the same point group 42m as of
KDP crystd, is employed as a nonlinear medium.  The ultrashort pulse laser isused as a
fundamenta beam of incidenceat | = 900 nm and the second harmonic light of | = 450

nm is generated and many nonlinear Brewster angles are predicted in accordance to the

orientation of P> of RDP crystal. New nonlinear Brewster angles are found to be at
g =0°%q =30%q =33.30° and g =q, =68.14°. The occurrence of many nonlinear
Brewster angles, g™ , depend on the orientation of P** which isin [001] direction. The

summary of relationship of g and the orientation of P,\° isgiveninatable 5.1 below.
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Table 5.1 Summary of nonlinear Brewster angles corresponding to various orientation of

~ NLS
PZW

. REFLECTED SHI
INCLINATION OF B | g™
Maximum Minimum
1) PMS liesdong face
normd (figure 4.2) 0° - Minimum
2) PMS makesan angle of
56.70° to the crystal
30° - Minimum
surface (figure 4.4)
3) PMS makesand angle of
Maximum at .
52.93°-phase matched Minimum a
33.30°
d =97 (W) =66.37° _ o
condition (figure 4.1) g, =33.30
4) PN liesdong crysta
Minimum &
surface (figure 4.3) 68.41° -
g =g (2n) = 68.41°
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Phase matching a totd reflection, which means whenq =q” , the critica angle of
incidence, can obtain SHI at the maximum vaue (1), ® maximum). This result is shown in
figure 41. In this situation one aso gets minimum 1) which is a nonlinear Brewster
condition a g =g =33.30° asshown in figure 41. It is interesting that, on a second
harmonic generation (SHG) point of view, one can produce SHI with avery large dynamica
range of 10* orders of magnitude when q, isin between 25° to 70° asshownin figure 4 1.

In this sudy, not only are new nonlinear Brewster angles predicted from RDP
crysd by usng a new waveength of laser a 900 nm as incident beam but aso two sriking
phenomena are worth pointing out. Thefirstiswhen P lies dong face norma as shown

in figure 42. In this situation we obtain nonlinear Brewster angleq, =g =0°. This

R

means that thereisno |, at g = 0°. Itis contrary to a generd understanding that, when

an incident beam of laser isincident normally to a nonlinear optica medium, it is expected to
generate reflected and transmitted SHI coming out along face norma direction, but obtain
IR =0 a g =0°, a nonlinear Brewster angle, instead.  Therefore, this result is a
confirmation of the Bloembergen and Pershan (BP) theory that the SHG is dependent on
polarization of the incident beam as well as the orientation of P'® of the crysta. The resuit
of this gtuation (as shown in figure 42) and table 5.1 agrees very well to the previous

experiment of reflected SHG from KDP (of the same point group of 42m), (Bhanthumnavin

and Lee, 1990, 1994).
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The second striking phenomenaiswhen P makes an angle of phase matching,
g,, =52.93° to the incident surface of the RDP crystd, as shown in figure 43. For this

gtuation, one gets phase matched SHG a tota reflection. This means that under this

sStudtion 1 ® maximum vaue & g, =g (W) =66.37°. It can be concluded that one

w

can get maximum vaueof 1 at totd reflection from RDP crystd. However, in contrat, if

one carefully examines the Stuation as shown in figure 4.3, one will see that at total reflection

where g =g (W), 15 ® 0. This is a nonlinear Brewster angle. The situation of
|5, ® 0 at tota reflection is caled the occurrence of nonlinear Brewster angle at total
reflection. By comparing Stuations as shown in figure 4.1 and figure 4.3, one will see that

they ae in contradiction, despite of the same dtuation of totd reflection,

g =q° (W) =66.37°, a which for one case 1}, is maximum and for another case of the

R
2w

same qg;, |,, is minimum. The contradiction of the two cases can be explained by
Bloembergen and Pershan (BP) Theory that, despite of the two cases sharing the same

situation of totd reflection, they give the contrasting resuits of | as indicated in table 5.1
(item 3 and 4). Therefore, one can conclude that at totd reflection 1, will dways greater

than zero value. Thisisthe beauty of the BP theory.
Furthermore, another gtriking result from this theoretical study is that by knowing the

crysta point group of the nonlinear crystd i.e. 42m asof RDP crystal by making crystal cut

that will dictate the orientation of P> and together with the polarization of laser beam, one

can get any nonlinear Brewster angle corresponding to the definite orientation of PS
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provided there is afixed polarization of incident laser beam. This Stuation is shown in figure

4.4 and the cdculation for orientation of P,° when g, =g =30° as indicated in

gppendix B. This result will lead us to an application whenever onewants 15 ® 0 at a

paticular g, =q"® of acertain crystl of 42m point group. This situation can be used as

an “opticd switch” in the future.

Since this study is theoreticd by nature, it is worthwhile to suggest an experimentd

preparation for verification of thistheoretical prediction as follows.

1)

2)

3)

The ultrashort pulsed laser system of Q-switched type or picosecond or
femtosecond type is needed in order to produce a high peak power of at
least 100 MW/c?. Thiswill enhance SHG in vidinity of nonlinear Brewster

anglewhere |} ® 0.

The RDP crystd, a nonlinear optical medium of 42m, must be prepared
and cut precisely in order to get a very definite orientation of P for the

case of phase matched conditions and for nonlinear Brewster condition. It
is srongly emphasized that the surface smoothness of the crysta must be in
the order of at least | /10 in order to avoid interference of reflected SHI
coming out of the crysd.

An isotropic opticaly denser fluid of 1-Bromongphthdene is necessary to

ensure the occurrence of tota reflection from RDP crystd.



66

4) A very sendtive sysem for detection of SHI a | =450 nm is required,
gnce the SHI at the vicinity of nonlinear Brewder isvery low. Therefore, a
photomultiplier must have at least 10 dynodes in order to detect a very low-

level sgnd of SHI.

5) There must be an opticd filtering syssem composed of aneutrd dengity filter,
a spectrd filter of a very narrow bandwidth centered at 450 nm together
with polarizer and andyzer in order to discriminate the “spurious Sgnd” of
random polarization. An oscilloscope of avery fast rise time of a least 10°

second in order to handle the ultrafast laser pulse is dso needed.

In conclusion, this theoreticd study of reflected SHG from RDP by phase matching

a totd reflection as wel as finding new nonlinear Brewster angles at different orientation of
P agree very well to the theoretica and experimental study for the case of KDP crystal

of the same point group of 42m, Bhanthumnavin and Lee (1990, 1994); Lee and

Bhanthumnavin (1976). This theoreticd study will serve as an extenson of Bloembergen
and Pershan (BP) theory to another nonlinear crystd with different orientation of PS
corresponding to the assigned g is demonstrated and it can be used as an gpplication for

future “optica switch”. Suggestion for the gpplication of the future “optica switch” can be

given asfollow. Since 1), vanishes very fast to zero vdue when ¢, isin avidnity of g®,
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therefore, we can set up a diode pumped ultrashort pulse laser system of high peak power

and let the laser beam incident on the RDP or 42m point group crystds a the g =q'®.
As a consequent, upon reflection |15 =0 a the photomultiplier (detector). When the
incident laser, which is mounted on a system which is required to be on a very precise

location is moved by a minute lateral displacement, it will result in the displacement of the

incident laser beam & g, 1 g"® resulting in increasing of 1}

2w "

The photomultiplier will
register and send a signd to a connected circuit. The circuit will be activated and acts as a

turned on switch.
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APPENDIX A

THE CALCULATION FOR REFRACTIVE INDICES

In order to achieve the investigation of reflected second harmonic intensity as
a function of incident angle, the refractive indices of higher-denser liquid, 1-
Bromonaphthalene and a negative uniaxia crystal, RDP crystal, immersed in the
liquid will be utilized by means of a generalized Snell’s law, Bloembergen and
Pershan, 1962). Both of its refractive indices are actually dependent on the
wavelength or frequency propagating inside the medium. The calculation for
refractive indices of RDP crystal and 1-Bromonaphthalene can be obviously treated
by using dispersive equations, Omitriev, Gurzadyan and Nikogosyan, 1991) and

Cauchy’ s equation, (Jenkins and White, 1976), respectively.

A.1 TheCalculation for indices of refraction of RDP Crystal

The computation for refractive indices of RDP crystal can be obtained as

wavelength dependence by (A.1).

2
(no)2 — 2949885 + 3.688005I N 0.01056 (A1)

| 2-127.1998253 |7 - 0.007780475
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0.988431l ? 0.0009515

> +— : (A.2)
| ©-127.692938 | “ - 0.00847799

(n,)? = 2159913+

where n, and n, are the ordinary and extraordinary refractive indices, respectively.
By subgtitution into (A.2), the indices of refraction at | = 450 and 900 nm are

achieved as follows.

Atl =900 nm,
n, = 1.4965
n, = 14716
Atl =450 nm.,
n, = 14965
n. = 14716

Table A.1. Changesin refractive indices of RDP crystal with a wavelength

range 0.266-1.064 nm.

[ [nm] n, n,
0.266 1.5542 | 1.5206
0.355 1583 | 1.4967
0.532 1.5100 | 1.4807
1.064 | 1.4920 | 1.4695
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By comparison to the other typical values of refractive indices as shown, the
RDP refractive indices are seen to be reasonable. As the result, the calculated

refractive indices of RDP crystal at | = 450 and 900 hm make senses.

A.2 The Calculation for indices of refraction of 1-Bromonaphthalene

1-Bromonaphthalene refractive indices can be treated as according to the

Cauchy’ s equation, (Jenkins and White, 1976).

n = A+BL+C (A3)

From (A.3), its dependence of wavelength can be utilized to compute the
unknown constants A, B and C, which is specific for each medium in order to reveal
therefractiveindicesat | =450 and 900 nm. Therefore, the 4 samples of well-known

refractive indices of 1-Bromonaphthalene as shown in table A.2 are exploited to

determine the constants A, B and C by using the Cramer’s Rule as follows.

enu  eA B Cuelua

u - e u
doq = & B G/l (A-2)
.0 A B, C,H/1%g
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Table A.2. Changes in refractive indices of 1-Bromonaphthalene with a

wavelength range 0.434-1.064 nm.

I (nm) Miig

0.434 1.7041
0.486 1.6817
0.532 1.6701
0.977 1.6340
1.064 1.6262

Therefore, sets of each sample simultaneously lead to determine the RDP

refractive indices shown by table A.3.

Form tables A.3, the refractive indices of 1-Bronaphthalene at 450 and 900 nm
are 1.6952 and 1.6335, respectively, that will be utilized to clarify the reflected

second harmonic generation.
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Table A.3. The sets of samples and calculated RDP refractive indices and its

average vaue
NO. | (nm) I, (rm) I, (nm) Ny, at 450 nn n,;, at 900 nn
1 1.064 0.532 0.434 1.69669 1.63155
2 0.486 0.532 1.064 1.69350 1.63200
3 1.064 0.977 0.532 1.69408 1.64306
4 0.977 0.532 0.434 1.69643 1.63625
Average refractive indices 1.6952 1.6335




APPENDIX B

The Existence of Nonlinear Brewster Angle, g', by Setting

the Angle between a Crystal Surface and Nonlinear

Polarization, b

The Calculation

2721

liquid

Non-linear

FigureB.1. Theorientation of P\ causes g"® = 30°.



Given the nonlinear polarization, P, liesin optical axis of the crystal, z-

axis, along plane of incidence as shown by figure B.1.

From the figure,

o, = a, = 90°-b. (B.1)

Using Snell’s law,

nisng'™ = n(2q )sng;. (B-2)

To find the index of ellipsoid, consider

1 _ cosz(2qT)+ sn?(x,)
) e s
or
1 _ cos’(180°- 2b)  sin®(180° - 2b) B3
[n2 (180°- 2b)f Ine [n2 (o1 2) |
From (B.1), we find that
n> (180°- 2b) = i, Sn G~ (B.4)

sn(90°- b)’

Substituting (B.4) ® (B.3),
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€5n(90° - b)ljf _ cos’(180°- 2b) _ sin?(180°- 2b)

Yielding

S " ¢ (o A T
A = [nsng®f (B.6.1)
B = [n] (B.6.2)
c = [p/2f (B.6.3)

Substituting

in (5):

BC sin *(90° -

Letting x =sin2(90° -

or

cos(180° - 2b) =1- 28n?(90°- b)

sn?(180°- 2b) = 4sn?(90°- b)- 4sn*(90°- b)

b) = AC|i- 4sn?(90°- b)+4sn*(90°- b)|
+ ABsn?(90° - b)- 4sn*(90°- b)|

b),

BCx = AC[L- 4x+4x%|+AB|x- 4x¥,

AC - (BC +4AC- 4AB)x +(4AC - 4AB)x*.  (B.7)
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Substitute the values of refractive index for constant A, B, C by

n(p/2) = 1.4857,

n? 1.5160, and

o

ny, = 1.6335,
for g"®=30°
[s'n qiNB] = 05.
Therefore, from (6), we get
A =0.66708

B =2.29826 and

C=220730
Solving for (6),

x? = 0.30030

X = 0.54800
or

sn(90°- b) = sng, = 0.54800.

Then

g, = 3323
and

b = 56.77°.

Therefore the Nonlinear Brewster angle will occur at ¢'® = 30° when the

P\ makes the angle between the crystal surfacewith b = 56.77°. At this P*°
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orientation, second harmonic generation disapprears, 12" ® 0, whichisthe

Nonlinear Brewster angle condition.

Checking for the P)*® orientation with b = 56.77° givesthe Nonlinear

Brewster angleat g® =30°.

From Snell’s law, (B.2)

nsng™ = n"(2g )sng;, (B-2)
then
qNB - Qn'lmg' (B.8)
é nqu Q
For index of elipsoid,
1 _ cosz(2qT)+ sn’(2g; )
() e ei2)f
By substitution of
n(p/2) = 1.4857,
n = 15160,
ny,, = 16335,
and
g, = 33.23°,

then



Substitute into (8), and obtain

That confirms previous work.

n®(2a,) = 1.4904.

G;

NB

gy -+ €1:49045n(33.23°)
g 16335 H

30°.
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APPENDIX C

COMPUTER PROGRAM

C 1. Reflected SHI of RDP Crystal at 900 nm with Nonlinear

Polarization 52.93 Degreed Lieswith 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=1.4965;

const float nO2w=1.5160;

const float nE2w=1.4857;

const float nL1w=1.6335;

const float nL2w=1.6952;

const float Pi=3.1415927;

complex O_s, Oi;

clrser();

FILE * stream;

FILE *index;

stream=fopen("SHIO0.txt","w+");
index=fopen("nRDP.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 RDP";

cout << setw/(15) << " Reflected SHI" << endl;
OTD = AngS;

AngEE = AngE;

int i=0;

while(imag(OTD) >= 90-AngEE) {
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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%15.8Ig\n", real(Degg), real (SHI));
fprintf(index, "%7.6lf, %7.3If\n", nE2, DegQ);

i = show(real(Degg), NnE2, real (SHI), i);

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();
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complex neg(complex OT)

{

complex O_s,ss, XX;

const float nL1w = 1.6335;
const float nO2w = 1.5160;
const float nE2w = 1.4857,
const float nNO1w = 1.4965;
const float pii =3.1415927;

xx=1/sgrt(pow(cos(OT+(90.00-52.93)* pii/180.00),2)/(nO2w* nO2w)+pow(sin

(OT+(90.00-52.93)* pii/180.00),2)/(NE2W* NE2W)):;

}

complex NnE2 = abs(xx);

return nE2;

double ref(complex O_t, complex nE2)

{

complex tt;

const float Piii=3.1415927;
const float NO1w=1.4965;

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

complex ss = nL1w*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+(270.00+52.93)* Piii/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
(G));

return Ir;

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

{
printf("%8.3f |, Degg);
printf("%210.6If |", real(NE2));
printf("%15.8lg \n",SHI);
if(i>20)
{ i=0;
getch();
}
i++;

return i;}



C 2. Reflected SHI of RDP at 900 nm with Nonlinear Polarization

Liesin Face Normal

#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,OR,0s,OTT,SHI, Degg;
complex ne2, OT, OTD;
double x=0;
const float NO1w=1.4965;
const float NO2w=1.5160;
const float nE2w=1.4857;
const float nL1w=1.6335;

const float nL2w=1.6952;
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const float Pi=3.1415927;
complex O_s, Oi;
clrscr();
FILE * stream;
FILE *index;
stream=fopen("SHIO0.txt","w+");
index=fopen("nRDP.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 << satw(12) << " index of RDP";
cout << setw(15) << " Reflected 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);
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);



}

90

i = show(real(Degg), nE2, real (SHI), i);

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 = 1.5160;
const float nE2w = 1.4857,

const float nO1w = 1.4965;



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;
}
double ref(complex O _t, complex nE2)
{

complex tt;

const float Piii=3.1415927,

const float NO1w=1.4965;

const float nL1w=1.6335;

const float nL2w=1.6952;

complex ii=nE2*sin(O_t)/nL 1w;

complex Oi=asin(ii);

Oig =red(Oi);

Oi = Qig;

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

complex ss = nL1w*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)*cos(O_t-OR)*sin(O_t+0 _9));
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double Ir=real (abs(pow(abs(FLm), 4.0)* pow(abs(FNLm), 2.0)* cos(OR)/cos
(G0));
return Ir;

}

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

printf("%8.3If ", Degg);

printf("%10.6If |", real(NE2));

printf("%15.8lg \n",SHI);

if(i>20)

{ i=0;

getch();

}

i++;

return i;

C 3. Reflected SHI of RDP at 900 nm with Nonlinear Polarization 90

Degreed Lieswith Face Nor mal

#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 Qig;

void main()

{
float AngS, AngE, AngEE, Add;
complex OiD,OR,0s,0OTT,SHI, Degg;
complex ne2, OT, OTD;
double x=0;
const float NO1w=1.4965;
const float NO2w=1.5160;
const float nE2w=1.4857;
const float nL1w=1.6335;
const float nL2w=1.6952;
const float Pi=3.1415927;
complex O_s, Oi;
clrser();
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 RDP";
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%15.8Ig\n", real(Degg), real (SHI));
fprintf(index, "%7.61f, %7.3If\n", nE2, Degg);
i = show(real(Degg), nE2, rea (SHI), 1);
if(real (OTD)<90)
{
if(real (OTD) == 89) OTD+=0.01;

dse OTD+=Add;



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 = 1.5160;

const float nE2w = 1.4857;

const float nNO1w = 1.4965;

congt float pii =3.1415927;

xx=1/sgrt(pow(cos(OT+(90.00)* pii/180.00),2)/(nO2w* nO2w)+pow(sin(OT+
(90.00)* pii/180.00),2)/(NE2w* NE2w));

complex nE2 = abs(xx);

return nE2;
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double ref(complex O _t, complex nE2)
{

complex tt;

const float Piii=3.1415927,

const float NO1w=1.4965;

const float nL1w=1.6335;

const float nL2w=1.6952;

complex ii=nE2*sin(O_t)/nL 1w;

complex Oi=asin(ii);

Oig =red(Oi);

Oi = Qig;

complex OR=asin(nL 1w*sin(Oi)/nL 2w);

complex ss = nL1w*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+(270.00+0.00)* 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
(G));

return Ir;
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int show(double Degg, complex nE2, double SHI, int i)
{

printf("%8.3If |', Degg);

printf("%210.6If |, real (NE2));

printf("%15.8lg \n",SHI);

if(i>20)

{ 1=0;

getch();

}

i++;

return i;

C 4. Reflected SHI of RDP Crystal at 900 nm with Nonlinear

Polarization 56.77 Degreed Lieswith Face Normal

#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,OR,0s,0OTT,SHI, Degg;
complex nE2, OT, OTD;
double x=0;
const float NO1w=1.4965;
const float NO2w=1.5160;
const float nE2w=1.4857;
const float nL1w=1.6335;
const float nL2w=1.6952;
const float Pi=3.1415927;
complex O_s, Oi;
clrser();
FILE *stream;
FILE *index;
stream=fopen("SHIO0.txt","w+");
index=fopen("nRDP.txt", "w+");
cout << "\n\nTransmitted Angle: Starting "; cin >> AngsS;
cout << "Transmitted Angle: Ending "; cin >> AngE;
cout << "Transmitted Angle : Increasing ";cin >> Add,;

cout << endl << setw(10)<<" Inci(deg) ";
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cout << setw(12) << " index of RDP";
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%15.8Ig\n", real(Degg), real (SHI));
fprintf(index, "%7.61f, %7.3If\n", nE2, Degg);
i = show(real(Degg), nE2, rea (SHI), 1);
if(real (OTD)<90)
{
if(real (OTD) == 89) OTD+=0.01;

dse OTD+=Add;

if(imag(OTD) > -1) x-=0.01,
ese x-=Add;

OTD=complex(90, x);
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}
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 = 1.5160;

const float nE2w = 1.4857;

const float nNO1w = 1.4965;

congt float pii =3.1415927;

xx=1/sgrt(pow(cos(OT+(90.00-56.77)* pii/180.00),2)/(nO2w* nO2w)+pow(sin

(OT+(90.00-56.77)* pii/180.00),2)/(NE2w* nNE2w));

complex nE2 = abs(xx);

return nE2;
}
double ref(complex O_t, complex nE2)
{

complex tt;

const float Piii=3.1415927;

const float NO1w=1.4965;



101

const float nL1w=1.6335;

const float nL2w=1.6952;

complex ii=nE2*sin(O_t)/nL 1w;

complex Oi=asin(ii);

Oig =red(Oi);

Oi = Qig;

complex OR=asin(nL 1w*sin(Oi)/nL 2w);

complex ss = nL1w*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+(270.00+56.77)* 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

(G));

return Ir;

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

printf("%8.3If ", Degg);

printf("%210.6If |, real(nE2));

printf("%15.8lg \n",SHI);



if(i>20)
{ i=0;
getch();
}

i++;

return i;}
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