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We report a sensitive single beam experimental technique for

measuring nonlinear refraction and nonlinear absorption in a wide

variety of materials. We describe the experimental setup and

present a comprehensive theoretical analysis including cases where

nonlinear refraction and nonlinear absorption are simultaneously

present. In these experiments, the transmittance of a sample

through an aperture in the far field is measured as the sample is

moved along the propagation path of a focused Gaussian beam. The

transmittance curve (Z-scan) of a sample with negative nonlinear

refraction has a maximum transmittance (peak) when the sample is

before focus and minimum transmittance (valley) when the sample is

after focus. For a sample with positive nonlinear refraction, the

transmittance curve has a valley-peak signature. Thus, the sign of

nonlinear refraction is readily given from a Z-scan experiment.

The magnitude of the nonlinearity is given from a simple relation

between the transmittance changes and the on-axis phase change.

Employing this technique, a sensitivity of A/300 phase distortion is

demonstrated in n, measurements of a BaF2 sample at 0.532 pm. When

nonlinear refraction is accompanied by nonlinear absorption, as in

the case of two-photon absorbing semiconductors, we can separately

measure the two effects by performing a second Z-scan with the



aperture removed. In these semiconductors, we use this technique

to separately measure nonlinear refraction due to bound electrons,

two photon absorption (2PA) coefficients, and nonlinear refraction

arising from the free carriers generated via 2PA.

The Z-scan is extended to measure nonlinear refraction in

"thick" media. In this case the sample is considered as a stack of

individual thin lenses. Using nanosecond and picosecond pulses at

10,.6 ,im on a thick sample of CS,, the thermal effect and

reorientational Kerr effect of CS2 are measured.
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CHAPTER 1

INTRODUCTION

The field of nonlinear optics is a ramification of the laser

technology. The invention of the laser enabled the generation of

strong electromagnetic fields. The high power laser light induced

effects which cause a deviation from the normal behavior of light-

matter interactions. At high incident fields the material

response is not proportional to the incident field, instead it

depends on a power series of the field. The induced polarization

is then,

P(E) = E(X(1)E + X( 2 )EE + X( 3)EEE + X( 4 )EEEE + ...), (1.1)

where E is the permittivity of free space and X is the electrical

suceptibility of the material (in MKS units). For example, the

second order effect (x(2)) is utilized in generating new laser light

frequencies from the incident light frequency. (12) The third order

effect gives rise to nonlinear absorption and nonlinear refraction

effects where the absorption coefficient and index of refraction

are no longer constant but depend on the irradiance of the

incident field. Just as in linear optics the real part of X(3) is

associated with refraction while the imaginary part is responsible

for absorption. Nonlinear refraction, usually referred to as n

gives rise to self-lensing and self-phase modulation. These

1
11 ...........
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effects are useful for optical switching and optical limiting. (3,5)

It is desirable to achieve optical switching at low input powers,

thus, the search for materials with high nonlinear refraction is a

very active research area. Nonlinear refraction can also cause

optical breakdown in laser materials having a positive n2 and

other optical components with positive n in high power lasers. (6)

It also causes degradation in the laser beam quality as it alters

the phase propagation of the beam. Knowledge of n2 values is,

therefore, crucial in order to devise ways to avoid optical damage

in these materials and minimize degradation in beam quality. The

induced change in the index of refraction An is proportional to

the incident irradiance. Since the spatial profile of a laser beam

is Gaussian, it induces a larger index change at its peak than at

the wings, thus the incident light "sees" a material with a

variable index of refraction. This in turn affects the beam as it

exits the surface. This self-action (13) effect is the basis of

several methods for n2 measurements.

The motivation of this work stems from the need to

characterize optical nonlinearities in different materials. To do

this, we developed and analyzed a new method we call the "Z-scan,"

a sensitive and simple experimental technique which gives the sign

and magnitude of nonlinear refraction as well as nonlinear

absorption. There are various techniques for measuring nonlinear

refraction in materials. Among these are nonlinear

interferometry, (7,8) degenerate four-wave mixing (9), nearly

degenerate three-wave mixing, (10) ellipse rotation (11) and beam
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distortion measurements. (12) Wave mixing and nonlinear

interferometry are very sensitive techniques but they require

relatively complex experimental setups. Beam distortion

measurements are not as sensitive and they require detailed

analysis of the beam propagation. This work introduces a simple

yet higly sensitive experimental technique, "Z-scan", based on

spatial beam deformation as viewed in the far field.

The Z-scan experimental setup is described in chapter 2. A

theoretical analysis is also given for a "thin" sample possesing

nonlinear refraction. A simple relation between transmittance

changes and induced phase change which allows a rapid

determination of the sign and magnitude of n2 is derived. Also

described is a method by which parasitic effects due to sample

inhomogeneities are eliminated.

A brief description of the laser systems used in conducting

the experiments is given in chapter 3. With the Z-scan in hand,

nonlinear refraction in Carbon Disulfide, CS2, at different

wavelengths is examined in chapter 3. Different mechanisms can

cause nolinear refraction in CS. Among these are thermal heating

and electrostriction, both of which are nonlocal effects, and the

reorientation of the molecules or optical Kerr effect, a local

nolinearity. Z-scan experiments at 10 pm conducted in different

time regimes indicate that nonlinear refraction is dominated by

the negative thermal lensing when probed with long pulses whereas

the positive reorientational optical Kerr effect is the dominant

mechanism when short pulses are used. The measured Kerr effect at
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10 pm agrees with the Z-scan measurements obtained in the visible

region at a wavelength of 532 nm. Furthermore, the electronic

Kerr effect in Barium Flouride is also measured by the Z-scan

method using picosecond pulses at 532 nm to demonstrate the

extreme sensitivity of this technique.

In materials where nonlinear refraction is accompanied by

nonlinear absorption such as two-photon absorption (2PA) or

saturation of the linear absorption, the Z-scan technique is used

to separately measure these two effects. Chapter 4 is dedicated

to the study of nonlinear refraction and nonlinear absorption in

semiconductors. The nonlinear optical properties of

semiconducting materials are widely studied as potential

components of various optical devices. Z-scan experiments on two-

photon absorbing semiconductors namely, ZnSe at 0.532 pm, CdTe1,

GaAs and ZnTe at 1.06 pm are performed with picosecond pulses at

different input energies. The nonlinear refraction is due to the

anharmonic motion of the bound electrons, n2 in addition to the

free carriers generated via 2PA. The Z-scan enables us to

separately measure n2 (the electronic Kerr effect), a (the index

change per free carrier density generated) and fl (the 2PA

coefficient in each of the above materials). Measurements of n2 in

the absence of 2PA in semiconductors are also conducted, for

example, we use the Z-scan to measure n2 in ZnSe at 1.06 pm and Ge

at 10.6 pm.

Our Z-scan measurements along with degenerate four-wave

mixing measurements (14) on ZnSe and CdTe are the launching pad of a



5

new theoretical model which explains the dispersion of n2 in

solids. (15,16) A brief review of this theoretical model is presented

and the calculated n. is compared to our measured values. A survey

of some theoretical models for the free carrier refraction is also

presented and compared to our experimental values.

Chapter 5 deals primarily with measurements of nonlinear

refraction in "thick" media and optimization of optical limiting

geometries. The Z-scan analysis is extended to measure nonlinear

refraction in thick samples by assuming that the beam remains

Gaussian within the sample. This approximation is referred to as

the constant shape approximation or aberration free

approximation. (13,17) We examine nonlinear refraction in CS2 at 10

pm and compare it to the "thin" sample results. Optical limiting

experiments are performed at different sample positions with

respect to the focal plane. The second part of this chapter is a

theoretical and experimental analysis of a modified Z-scan

geometry which we brand as Near Field Z-scan where a collecting

lens is added to the Z-scan setup. The advantages and

disadvantages of this geometry are discussed.

Chapter 6 is a departure from the X(3) studies. Instead, it

deals with the X(2) effect. Experimental studies on the surface

damage thresholds and conversion efficiencies in second harmonic

generating (SHG) crystals in the mid-infrared region are

presented. The materials studied are Thalium Arsenic Selenide

(Tl1AsSe3 ) usually referred to as TAS, Galium Selenide (GaSe) and

Zinc Germanium Phosphide (ZnGeP 2).
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Appendix A is a mathematical proof that the time averaging

factor of a cumulative effect is one half. Listed in appendix B is

the correct procedure of removing linear sample inhomogeneities

effects from a Z-scan data.. Appendix C is a list of the Fortran

program which simulates the Z-scan experiment on semiconductors.

In Appendix D the relation between the transmittance changes and

induced phase change is derived for the Near Field Z-scan.

In summary, we introduced a new sensitive diagnostic

technique for characterizing the nonlinear optical properties of

materials that gives both the real and imaginary parts of the

nonlinear susceptibility as well as the sign of nonlinear

refraction. We apply this Z-scan technique to a variety of

materials with emphasis on semiconductors. This leads us to a

better fundamental understanding of the basis for the observed

nonlinear behavior of these materials as used in optical devices

such as optical limiters.
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CHAPTER 2

Z-SCAN

2.1 Interaction of Light with Matter

When an intense beam of light interacts with a medium, the

incident radiation changes the optical properties of the medium

which in turn affects the propagation of the beam. This process is

referred to as "Self-Action". (1) Self-action is a general term

which describes self-focusing, self-defocusing, nonlinear

absorption and other effects.

Self-focusing and self-defocusing or nonlinear refraction

arise when the incident light beam changes the index of refraction

of the material or the real part of the complex dielectric

constant. Nonlinear absorption is a result of the change in the

imaginary part of the dielectric constant. Nonlinear absorption

is seen in semiconductors when the incident photon energy is less

than the energy gap between the conduction and the valence bands

of the semiconductor. (213) Nonlinear interactions in

semiconductors are discussed in more detail in chapter 4.

The induced polarization in the medium due to the incident

light is related to the electric field in the MKS system (MKS units

are used unless otherwise specified) through the constitutive

relation,

9
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P(E) = eOX (E)E. (2.1)

where E is the permittivity of vacuum and X (E) is the electric

susceptibility of the medium and it is generally a tensor. For the

case of self-action only one element of the tensor is considered.

The susceptibility X is a function of the incident electric field

and is given by,

X(E) = X(1) + X(2)E + X( 3)(E.E) + ... (2.2)

The first term is the linear optics approximation and the second

term gives rise to second harmonic generation and other frequency

mixing phenomena. For centrosymmetric materials the second order

term and all other terms with even superscripts are identically

zero. (4) Self-lensing (self-focusing and or self-defocusing) and

other effects such as phase conjugation and third harmonic

generation are a result of the third term in equation (2.2) and are

usually referred to as third order or X(3) effects. Throughout this

work we will be mainly concerned with x(3) and higher order effects

with the exception of chapter 6 where X(2) processes are discussed.

It is important to point out that higher order terms with odd

supercripts also give rise to self-lensing effects.

The nonlinear wave equation obtained from Maxwell' s

equations for a is
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V2  &EaB 2E _pe 8 zpNLV2E - AOtz atz (2.3)

where p. is the the magnetic permeability in vacuum. PNI is the

nonlinear polarization taken here as a third order effect and the

linear polarization is implicit in the second term of the equation.

For a wave propagating in the z direction, the field and

polarization are given by,

E = E0(r, z,t) ei(wt-Kz), (2.4)

pNL =pNL(rot) ei(wt-Kz), (2.5)

where w is the angular frequency of the field and K is the

magnitude of the wave vector given by K=nw/c where c is the speed

of light and no is the linear index of refraction of the medium. E0

and PNL are the slowly varying envelopes. The Laplacian in

equation 2.3 can be separated into a transverse part and a

longitudinal part. We can neglect the transverse Laplacian if we

use the "thin sample" approximation. A sample is considered "thin"

if the effects of diffraction and nonlinear refraction inside the

sample are negligible. In this case the self-action is referred to

as "external self-action". (1.5) To further simplify the wave

equation, we use the slowly varying envelope approximation (SVEA).

The SVEA states that the envelope of the field E changes very

little over an optical cycle. (6) Now we can rewrite equation (2.3)

as
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2iKw = - IE| 2E0  (2.6)
C1z 2c2

where we have used PNL= =EX(3) (E.E)E. With E0 = A (r, z,t) eio(rzt)

equation (2.6) can be separated into an equation for the amplitude

and one for the phase. Using the relation I = n0 A/2ps0 c (7) and

equating the real and imaginary parts of (2.6) we arrive at

= 
kI(2.7)

for the phase and

a P2 (2.8)

where I is the beam irradiance (intensity), k is the magnitude of

the wave vector in free space. y and f are the nonlinear index of

refraction and the nonlinear absorption coefficient respectively.

They are related to the third order susceptibility through

= e2nx4c( and, (2.9)

W I= 2nMePc ImX 3). (2.10)

For simplicity we have assumed a medium with no linear absorption,

but the above analysis can easily be extended to include linear

absorption. If a is the linear absorption coefficient equation

(2.7) remains unchanged and (2.8) becomes
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= -cI-pGD (2.11).
Oz

For the remainder of this chapter we will consider the case

of materials which possess nonlinear refraction but not nonlinear

absorption. In the following sections of this chapter we will

describe and analyze an experimental method which allows us to

measure the nonlinear index of refraction ,., of different

materials. (8,9)

2.2. Z-Scan Technique

In external self-action the sample behaves as a positive or

negative lens depending on the sign of the nonlinearity. For a

sample with positive nonlinear refraction, a beam with a Gaussian

irradiance profile induces a higher index of refraction at its

center than at the wings because the index change is proportional

to the irradiance (eq.2.7). Thus the sample behaves as a positive

lens. If the sample has a negative nonlinearity the beam sees a

smaller index of refraction at the center than at the wings. The

result is a diverging beam or self-defocusing and the sample acts

as a negative lens.

The Z-scan experimental setup is shown in Fig.2.1. A

Gaussian beam is focused onto the sample and a fraction of the

transmitted beam is collected through an aperture in the far field

onto detector D2. Detector D, monitors the input energy. Keeping

the energy constant the sample is scanned through the focal plane

along the beam propagation direction, and the transmittance

through the aperture (D2/D 1 ) is measured as a function of z, the

461 "1
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Fig. 2.1. Z-scan experimental setup where the ratio D2/D1 is

measured as a function of the sample position z with respect to

the focal plane.
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Fig. 2.2. Calculated Z-scan transmittance data for a thin sample

with a negative nonlinearity.
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sample position with respect to the focal plane, hence the name

"Z-scan". Fig.2.2 depicts a typical Z-scan transmittance signal

for a sample with a negative nonlinearity. To elucidate how this

signal evolves, it is important to keep in mind that although the

energy is kept constant, the irradiance changes as the spot size

of the focused beam changes with z. When the sample is far from

and to the left of the focal plane (z<O), the beam irradiance is

low and as a consequence the change in the index of refraction is

negligible. Subsequently the transmittance remains constant and

we normalize this transmittance to unity. As the sample

approaches focus the irradiance increases creating self-

defocusing which is manifested as beam narrowing in the far field

and more light goes through the aperture onto D (see Fig.2.3).

This results in an increase in transmittance. When the sample is

after the focus (z>O) the same self-defocusing will create beam

broadening in the far field and less light arrives at D2 resulting

in a decrease in transmittance. The Z-scan is completed as the

sample is moved away from focus where the transmittance becomes

linear. From Fig.2.2 we find the normalized transmittance is

unity when the sample is at the focus. This is analogous to

placing a thin lens at the focus of a focused beam which results in

minimal change in the far field pattern of the beam. Beam

narrowing and broadening as a function of the sample position with

respect to focus were studied previously in semiconductors (10,11),

liquids (12) and thin films. (13)

A maximum (peak) before focus followed by a postfocal mini-

11 .- goIsMa" M ,
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mum (valley) indicate a negative nonlinearity. Using the above

explanation for a sample with a positive nonlinearity it is clear

that a Z-scan signal will result in a valley-peak configuration.

This indicates that the sign of the nonlinearity is immediately

given from Z-scan data. It is worth pointing out that the far

field aperture in the Z-scan geometry is the cause for the shape

of the Z-scan signal. By removing the aperture, i.e. collecting

all the light onto D., the transmittance will not change leading to

a flat response. In chapter 4 we will see how a Z-scan with the

aperture removed allows one to accurately measure nonlinear

absorption.

2.3. Theoretical Analysis

With reference to Fig 2.1, we calculate the total power

incident on detector D2 at any position z of the sample. To

achieve this, we first have to calculate the field at the aperture.

At any position z of the sample, the field of a Gaussian beam

travelling in the +z direction is given by (13,14)

E (r,z,t) = E (t) w exp w 2 ) - 2krz)) e-i(Zt) (2.12)
w (Z) (-W2(Z) 2R)

where w(z) is the beam radius at z given by w2 (z) = w 2 (1 + Z2/Z 2),

R(z) = z (1+z0
2/z 2) is the radius of curvature of the wavefront and

zo = w0
2/A is the confocal parameter of the beam defined as the

distance at which the on axis irradiance becomes half its value at

the focus. A is the wavelength of light in free space. E (t) is the

temporal envelope of the pulse and 0(z,t) = kz -wt - arctan~1(z/z 0 ).
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For a material with a third order nonlinearity which was

discussed in section 2.1, the change in the index of refraction is

given by

An = -yI [MKS] = El 2 [esu] (2.13)

- was defined in eq. 2.9 and it is related to the more familiar n2

through the relation,

n,(esu) = 40r ,(M2/W) (2.14)

where c is in m/s and esu stands for electrostatic units. Using

the results of section 2.1 for a thin sample with only nonlinear

refraction we rewrite equations 2.7 and 2.11 as;

dO = k I (2.15)

and

dIdz, = -aI (2.16)

where AO is the radial phase change at z and z' is the propagation

distance inside the sample to be distinguished from z, the sample

position relative to the focal plane. The irradiance at any

position z' inside the sample is given by integrating 2.16;

I(z' ) = I(r, z, t)(e-27 (2.17)
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Now we can integrate eq. 2.15 to find the total phase change,

AO (r, z, t) = kryteff I(r, z, t), (2.18)

where Ijf = (1 - e-aL)/a and L is the sample length. Eq. 2.18 shows

that the phase change is proportional to the incident irradiance.

Eq. 2.18 can also be written as

ADO(t)A(r, z, t) + Z/z exp(-2r2/w2(z)) (2.19)

where A(P (t) = k-yI (t) 4f is the on axis phase change at the focus

and 1,(t) = I(0,0, t) is the on axis at focus irradiance inside the

sample. Eq. 2.18 together with eq. 2.17 at z'=L completely

describe the beam at the exit surface of the sample and the field

Ee is;

Ee (rz, t) = E (r,z,t) e-aL/2 e-iAO(r,.,t). (2.20)

We have ignored Fresnel reflections at the surfaces which are

easily included in the experimental results. The field at the

aperture can be obtained by using a Huygens-Fresnel propagation

integral. (15) However, we will use a different approach given by

Weaire et. al (16) which reduces the time of the numerical analysis by

three orders of magnitude. This method is referred to as the

"Gaussian Decomposition" (GD) method and it utilizes the Gaussian

properties of the input beam.

14 " NO limp
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2.3.1 Gaussian Decomposition Method

Since the phase change in eq. 2.19 has a Gaussian form in r,

we can expand the nonlinear phase term in eq. 2.20 in a Taylor

series and still maintain its Gaussian features;

exp (-iAO 0 (r, z, t)) = [-iA[(ZFt) 1 M e-2m 2/w2(z) (2.21)

m=0

where A 0 (z,t) is the on axis phase change given by A0 (z,t) =

A~0 (t)
+ 2 /z) Thus, we can write the field as

Ee (r, z,t)=E (z, t)e-aL/2  LiAP(z t)IMexpt. w2_r} (2.22)
m. w2mo (Z) 2R (z)

m=O

with

w2mo (z) =2m + (2.23)

This implies that the field at the exit surface of the sample is

the sum of individual Gaussian beams each of which can be

separately propagated to the aperture in free space. These

Gaussians will be summed again at the aperture to reconstruct the

field. Therefore, the problem reduces to that of propagating a

Gaussian beam in free space from any plane z = z ( sample position)

at the focus to the aperture plane (z = z + d). This is done by

following the treatment of Gaussian beam propagation by Kogelnik

and Li. (13)



22

The field of a Gaussian beam at the aperture can be written

as

Ea (r, t, z) = exp -ifP + r2 e-i(z+d,t) (2.24)
(P 2q

where P and q are functions of z and d which is the distance of

propagation, i.e. the distance between the sample and the

aperture. They are given by

dP _=_-.L 

(2.25)
dz q

and

q(z,d) = q(z) + d (2.26)

where q is defined in terms of the beam radius w and radius of

curvature R through (14)

q R1--L- (2.27)q R iw

If we let do = rw2Z(z)/A and set eq. 2.27 equal to eq. 2.26, we can

determine Ra, the radius of curvature at the aperture, and wa, the

beam spot size at the aperture. These are given by

Ra (z) = d -g + d 2/d7 ~1 (2.28)

and
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wZa (z) = w2 (z) (g + dZ/d02), (2.29)

where g is given by g = 1 +d/R (z). Integrating equation 2.25 gives

P at the aperture as,

iP = ln(gZ + dZ/d02)1/2 - iarctan(d/gd0 ). (2.30)

Here we have used the mathematical identity ln(a + ib) = lnv/aZ + bZ

+ itan~1( . Substituting the values for P and q in eq. (2.24) gives

the field at the aperture as

Ea = (g2 + d2/d02) -1/ 2 exptr2 - i + i(6 - kd)], (2.31)

where 6 = tan-'(d/gdo). Eq. 2.31 is the result of propagating one

Gaussian beam. To find the total field at the aperture we sum the

individual Gaussian beams

00
ET (r,z,t) = E (r=0, z,t)e-aL/2 > [-iAq 0 (z,t)]m (g2 + d/d2m)-1/2

m=0

.expt -r 2  +(M -kd) (2.32);2+

with

dmm O(2.33)

and

www"Wip ""Immmillp WRANNINI I'll Im mwwm Imillmol III lllllww
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Om = tan'(dJ _(2.34)
gdn

Rm and wm are defined in equations (2.27) and (2.28) respectively

by replacing do and w by dm and wm.

The expression given by Weaire et. al is a special case of

equation (2.32) for they considered the case of interaction at the

beam waist (z=O) where R=oo and g=1. As mentioned above the

Gaussian decomposition method is very useful especially for

measuring small phase shifts where we find that only a few terms

in the sum of expression 2.32 are needed.

At this stage we can find the power transmitted through the

aperture which is given by integrating the irradiance over space

from 0 to the aperture radius ra; this gives

r

PT (A4 (t)) = cenOr JI ET (r, t, z)j 2 rdr. (2.35)

We can find the input power in terms of 1(t), the on axis

irradiance at the focus inside the sample as

Pi (t) = 27r1(t)J' e 2 /wOrdr

2 (t), (2.36)

where wo is the beam spot size (HWI/e2 M) of 10 (t). The

transmittance is given by the ratio of the transmitted energy to
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the input energy. We obtain the normalized transmittance as,

f 0PT (Alto (t))dt

T(z) = (2.37)

SJ Pi(t)dt

where S is the transmittance through the aperture in the linear

regime and is defined as,

S = 1 - exp(-2ra2/wZa) (2.38)

Here wa is the beam radius at the aperture in the linear regime. In

figure 2.4 we show the results of the above analysis for a phase

shift of AD = 2.5 and on axis transmittance (S=0.01).

2.4. Z-Scan Properties

The expression in eq. 2.37 gives the Z-scan normalized

transmittance signal. In this section we will discuss the Z-scan

characteristics that will allow us to bypass this elaborate

analysis and extract the values for nonlinear refraction through

much simpler relations.

2.4.1. Relation Between Z-Scan Signal and Induced Phase change

For simplicity we first discuss the case of a square pulse

and an instantaneous nonlinearity. This permits one to disregard

the temporal dependence. Looking back at Fig. 2.4, we find that

the sign of the nonlinearity is readily given. For A<0 the
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Fig. 2.4. Calculated Z-scan transmittance for a negative and a

positive nonlinearity. The sign of the nonlinearity is readily

given from the data.
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the expected peak-valley feature can clearly be distinguished

from the valley-peak signature of AD>0.

For a square pulse or cw radiation and instantaneous

nonlinearity expression 2.32 for the field on axis becomes,

ET (r=0,z,A 0 ) = E(z)e-aL/ 2  [-A4 0]]m (g2 + d2/d2M)-1/2expi(M

m=0
- kd)

The field in the linear regime is given by setting AD=0 and m=0.

Since we are looking on axis, we drop the spatial integral in

calculating the normalized transmittance which leads to,

T(z, AD) Ir(rzAO)2(2.40)|r (r=o, z,A,=0)I Z (2.40)

For very small phase shifts A 0 <<1, we need only retain the first

two terms in the summation in eq. 2.39 giving,

I (g - id/d)-1 - iA 0 (z) (g - id/d)-1) 2

I (g - id/d)-11 2(2.41)

where we have used the relation eiatan(b/a) = (a + ib) (a2 + b2)-1. Using

the far field condition d>>zo and the definitions of R (z) and w (z)

as given in eq. 2.12 and letting x=z/z. the above expression

reduces to

T (z, A,) 1 - i 0  X 1(2.42)
1 + x2 x - Xi-(.2
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The final form for the on axis Z-scan transmittance is obtained by

expanding 2.42 in a Taylor series and keeping only the linear term

in AD;

) +(X + 1)(X 4A 9x (2.43)

The maximum and minimum or peak and valley of the Z-scan

signal can be calculated by differentiating 2.43 with respect to x

and setting the derivative equal to zero. The result of this

process gives the positions of the peak and valley as

5~- -5
xp * 3 ~ 0.858. (2.44)

It is clear from 2.43 that a negative nonlinear refraction yields a

peak-valley Z-scan signal while a positive nonlinearity gives a

valley-peak Z-scan signal. The separation between the peak and

valley in z is given by

AZ= |xp - xj ~ 1.7 zo. (2.45)

Equation 2.45 implies that for small phase shifts the peak and

valley separation is constant. For large phase shifts j Aob >1, we

find from numerical analysis (Eq. 2.37) that although the peak and

valley both shift toward the direction of the peak regardless of

the sign of A4 , AZP, remains fairly constant. This is illustrated
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in fig. 2.5 for a negative and a positive nonlinearity with A =

3. For example, even though for A, = -3 the peak and valley occur

at -1.32z 0 and +0.36azo respectively, Az_, is still ~1.7z0 . This

means that a Z-scan gives the value of the confocal beam parameter

z0 from which the beam spot size wo can be determined and hence,

the irradiance. Therefore, the Z-scan can be used as a quick way

to double check the beam parameters which are usually determined

by performing beam scans in the transverse plane.

Plugging the values of x, and x in 2.43, we can find the

normalized transmittance at the peak and valley to be

T ~1 + 0.2031 &oI (2.46)

and

T ~ l- 0.2031 AGDj (2.47)

Introducing the term AT,_, = T - T as the difference in the

normalized transmittance between peak and valley, we have,

ATPv ~ 0.4061 A 01 . (2.48)

Relations 2.45 and 2.48 are independent of the wavelength

and geometry as long as the far field condition d>>z0 is met.

Additionally, from comparisons with more rigorous numerical

calculations of Eq. 2.37 we find that the range of validity of Eq.

2.48 is much larger than the approximation would indicate.

However, ATp.. depends on the aperture size S. Numerical
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calculations show that as S increases AT, decreases. In fig. 2.6

ATP, as numerically calculated from Eq. 2.37 is plotted versus the

phase distortion A4, for three aperture sizes. Two observations

can be made from fig. 2.6; first, the linear relation between AT

and A4D holds up to AD,=r, and second, the slope of the line

reduces for larger apertures. In other words, the sensitivity of

the Z-scan decreases as the aperture size increases and eventually

the signal disappears when the aperture is wide open (S=1). This

disappearance of sensitivity upon opening the aperture is expected

as all of the energy is then collected by the detector which is

insensitive to the area of the beam. Based on a numerical fitting

we find that eq. 2.48 can be extended to include any aperture size.

This relation has an uncertainty of 2% and it is given by,

AT,_, ~0.406(1-S)0.25I AD| . (2.49)

and holds for phase changes that are less than ~i.

Expression 2.49 reveals the simplicity of the Z-scan

technique. It implies that the nonlinear refraction of a material

is easily measured by taking the difference in transmittance

between the peak and valley of a Z-scan experimet, i.e, it saves

the time of analyzing and numerically fitting the data. This

expression also reveals the high sensitivity of the Z-scan

technique. For example, with an experimental system that is

capable of resolving one percent transmittance changes, i.e.

ATP.-=0.01, the corresponding phase change using Eq. 2.48 is &00~
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2.5 x 10-2. On the other hand, a phase shift of 2 corresponds to

one wavelength. Thus, a phase shift of A4D corresponds to

A (AP/2r). Therefore, a resolution of one percent transmittance

change correspond to a phase change of A/250. In chapter 3 we will

show an experimental sensitivity of ~ A/300 from Z-scan data on a

sample of Barium Flouride.

As mentioned earlier we have discussed the case of a square

pulse with an instantaneous nonlinearity. We now account for the

temporal shape of the pulsed radiation because a Z-scan

measuremet is a time-averaged measurement. The time-average of

the change in index of refraction is given by

f Ano (t)1(t)dt

(An(t)) = , (2.50)

(t)dt

where

k(An(t))4ff = (A0 (t)) -(2.51)

With a nonlinearity that follows the shape of the pulse

(instantaneous) and a pulse with a temporal Gaussian profile, we

use eq. 2.50 to calculate the time average change in index;

-
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JAne((t/Ir)2)e-(t/'r)2 dt

where An0 = 11 is the peak on axis index change at the focus. For a

cumulative nonlinearity with a decay time that is much longer than

the pulse width, the average index change is given by

(An (t)) = AF

where F is the on axis pulse fluence at the focus and A is a

constant that depends on the nature of the nonlinearity. We find

that the time-averaging factor is 1/2 regardless of the pulse

shape. The proof of this is given in Appendix A.

2.4.2. Fifth Order Effects

A cubic nonlinearity or a X(3) effect was considered

throughout the above analysis. The Z-scan transmittance signal

has similar features for higher order refractive nonlinearities.

In this section we discuss the case of a fifth order or X5)

nonlinearity. This is the third term in the expansion of the index

of refraction,

n = no + yI +11 + -1 -25 (2.54)
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Nonlinearities of this kind appear in semiconductors (actually

they appear as an effective X(5)) when two-photon absorption is

present. (2,17,18) To derive relations for this effect similar to

those derived for a third order nonlinearity, the same procedure

is followed as above. Replacing II by 77P in eq. 2.15, the phase

change AO in eq. 2.18 is now given by

AO (r, z, t) = kriLP (r, z, t) (2.55)

where It = (I - e-2aL)/2a is the effective interaction length of the

sample for this higher order effect. Using the Gaussian

decomposition method we find that the field at the aperture has

the same form as ET in eq. 2.39 if we replace w2m in 2.23 by

w2m = W2(z) (2.56)

For small phase shifts and on axis transmittance, the normalized

transmittance is calculated by following the same steps as in

section 2.4.1 to be

8At0xT (z,A0 ) ~ 1 + (x2 + l)2(x + 25) (2.57)

Fromd = 0, the peak and valley positions are found as,

Xp-v = 0.567 (2.*58)
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These values lead to

AZ,_, ~ 1.2 z0 , (2.59)

and

AT, =~0.2051 A|. (2.60)

Numerical calculations verified that eq. 2.60 can be extended to

any size aperture as was done for the the X(3) effect to give,

ATP_, ~ 0.205(1-S)(. 25)f A~Jj . (2.61).

EQuation 2.61 is valid up to phase changes nir with 2% certainty.

Comparing equations 2.59 and 2.45, it is seen that the distance

between. peak and valley reduces from 1.7z0 for a 3rd order effect

to 1.2z0 for a 5th order nonlinearity. This implies that the Z-

scan technique predicts the order of nonlinear refraction in

addition to its sign and magnitude.

2.4.3. Elimination Of Background Signals Due To Sample

Inhomogeneities

The above analysis of the Z-scan experimental method assumes

samples with excellent optical qualities. In reality, many of the

samples under experimentation do not fall under this category.

Sample inhomogeneities such as surface imperfections and or wedge

in the sample can result in transmittance changes at different z
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positions that add to or subtract from the transmittance signal

due to nonlinear refraction. Sometimes these parasitic effects

are large enough that they completely mask the effect of

nonlinear refraction. However. if these effects do not depend on

the irradiance (linear) they can be eliminated by subtracting a

low irradiance Z-scan data from a high irradiance Z-scan data. In

Figure 2.7 a computer simulation of the extraction of these sample

imperfections is shown. Fig. 2.7(a) shows the low irradiance Z-

scan (A&0=O) and the high irradiance Z-scan (AO =0.25). The

background signal is introduced by adding a phase shift A, (x) =

Cxsinx where x = z/z0 and C is a constant. In Fig. 2.7 (b) the

subtraction of the data in (a) and the Z-scan signal due nonlinear

refraction alone (no parasitic effects) are shown. It is clear

that the signal due to nonlinear refraction is recovered by the

subtraction. The experimental example of this process is

illustrated in figure 2.8 (a) and (b) where we used a poor quality 1

mm thick ZnSe sample at 532 nm. In 2.8 (b) the subtraction of the

high and low Z-scan data shows the typical Z-scan shape of a

negative nonlinearity even though intially this signal was

completely buried in the background signal (Fig.2.8 (a)) due to the

surface imperfections. This process can be explained as follows.

At very low irradiance (background) no nonlinear refraction occurs

and the signal is simply the background independent of the input

irradiance. At high irradiance both noise and nonlinear

refraction exist. Therefore, subtracting the low irradiance data

from the high irradiance data effectively removes the background
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leaving only the signal due to nonlinear refraction. A complete

set of instructions to correctly eliminate the experimental

background due to the poor optical quality of the sample is

presented in Appendix B.

2.5. Chapter Summary

In this chapter we introduced the Z-scan as a simple single

beam experimental technique for measuring nonlinear refraction.

In section 2.1, an introduction to the nonlinear interaction

between light and matter was given. The nonlinear index of

refraction -y, and the two-photon absorption coefficient #,, were

calculated in terms of the nonlinear susceptibility. The Z-scan

experiment was described and the evolution of the Z-scan signal

was qualitatively explained in section 2.2. Theoretical analysis

of the Z-scan was illustrated in section 2.3 using the Gaussian

decomposition method which allowed us to write a simple computer

code to simulate the Z-scan experiment. The simple relations

between AT-, and the on-axis phase change at focus derived in

section 2.4 make Z-scan an easy yet sensitive method for

determining the sign, magnitude and order of nonlinear refraction.

This technique will be used in chapter 3 to measure the nonlinear

refraction of different materials at different wavelengths. A way

to remove any background due to sample inhomogeneities was also

described in this section.
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CHAPTER 3

NONLINEAR REFRACTION IN CS2 AND BaF2

3.1 Introduction

The experiments conducted on Carbon Disulfide CS2 and Barium

Flouride BaF2 are surveyed in this chapter. We performed Z-scan

experiments on CS 2 in the mid-infrared region using picosecond and

nanosecond pulses. In the visible using picosecond pulses, we

prformed Z-scan experiments on CS2 and BaF2. The reported

experimental values of n2 of CS2 in the visible to the near

infrared region are in close agreement. (1-4) This has made CS2 a

standard nonlinear material in this frequency range against which

the nonlinear index of refraction of other materials are measured.

The nonlinear index in this wavelength regime is attributed to the

reorientational optical Kerr effect. The cause of different

reported values of the nonlinear index of refraction in CS2 as one

goes from the visible to the infrared region has been an important

issue in the last two decades.(5 .6) Differnt experimental

conditions used in measuring n2 at 10 pm led to descrepancies in

the reported values of n2 -(5'6) The nonlinear index of CS2 is

generated via various physical mechanisms and depending on the

experimental conditions used, one of these mechanisms can have a

larger contribution to nonlinear refraction than the others. In

addition to the reorientational Kerr effect, the electronic Kerr

effect, electrostriction and thermal lensing can cause nonlinear

45
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refraction.

Using our optical free induction decay C02 laser system,

which is described in the following section and gives 9 to 11 Am

radiation with pulsewidths ranging from 30 picoseconds to 300

nanoseconds, we are able to separate the contributions of the

different mechanisms involved. We use the Z-scan technique to

show that the dominant nonlinearity with 300 ns is thermal

lensing. Thermal lensing is strong in the infrared because the

linear absorption of CS, in this frequency regime is large (a = 0.22

cm-' at 10.6 pim) compared to the visible region (a ~ 10-3 cm-1). Z-

scan experiments at different wavelengths as well as time

resolved transmission measurements were performed to confirm the

above conclusion.

The Z-scan results in the picosecond time regime at 10 am

show that nonlinear refraction is a result of the reorienation of

the CS, molecules with the incident field. The reorientational

optical Kerr effect in this liquid which has a response time of

approximately 2ps (2,7) dominates because thermal lensing has a rise

time of tens of nanoseconds under our experimental conditions.

Our measured value of n. is in good agreement with the measured

value in the visible and near infrared. (1,2)

The CS2 experiments at 10 1m and a description of the TEA Co2

laser experimental apparatus are presentad in section 3.2.

Section 3.3 deals with experiments on CS2 and BaF2 at 0.532MAm.

These materials are used here to show the simplicity and

sensitivity of the Z-scan technique. We measure the Kerr effect



47

at 0.532 14m in CS2 using the simple relation between AT, and the

on axis phase distortion A4D (Eq. 2.48 in chapter 2). Our measured

values are consistent with that reported in reference [2].

Nonlinear refraction in BaF. which is a dielectric solid is caused

by the anharmonic motion of the electrons or the electronic Kerr

effect. This effect is positive in wide band-gap solids 8,9) and

causes self-focusing. Experimenting on a good optical quality

BaF2 sample, we show that the Z-scan can measure phase changes as

small as A/300. This attests to the sensitivity of this technique.

A brief description of the laser apparatus used at this visible

wavelength is also presented in this section.

3.2. Experiments At 10 Am

3.2.1. Experimental Apparatus

The CO. laser system used in charecterizing the optical

properties of some of the materials discussed in this thesis is a

state of the art facility. This system produces 30-150 picosecond

pulses as well as 50-300 nanosecond pulses in the 9-11 Am region.

Measurements of nonlinear optical parameters depend on different

powers of the irradiance. Thus to minimize the experimental

errors in the measurements, it is crucial to have a spatial

Gaussian profile for all pulsewidths and a single longitudinal

mode for nanosecond operation.

3.2.1.1. Nanosecond CO laser System

The nanosecond system is a modified version of the system

used by Mohebi. (10) It consists of an oscillator and an amplifier.

The oscillator is a transversely excited at atmospheric pressure
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(TEA) C02 laser manufactured by Laser Science Incorporated (model

prf-150 serial number 3). It can operate with a repetiton rate up

to 150 Hz with 100 mj energy per pulse and 130 nanosecond (FWHM)

gainswitched pulsewidth. The gain medium is a mixture of C02, N2

and He with a flow ratio of 1.3: 1.2: 4.5 respectively. The back

mirror is a gold plated reflection grating. This makes the laser

tunable from 9 to 11 Am along sixty different vibration and

rotation lines. The output coupler is a Germanium spherical

mirror with 85% reflectivity.

Use of a longitudinal discharge low pressure (~15 torr) gain

cell within the laser cavity helped achieve single longitudinal

mode operation. The gain cell is a 24 cm long glass tube 1 cm in

diameter with cylindrical brass electrodes having the same inner

diameter as the glass tube and placed at the ends of the cell near

the zinc selenide Brewester windows. The gas mixture consists of

the same percentages of C021 N., and He as the main discharge tube.

Excitation of the low pressure cell is done by a pulsed discharge

prior to the main laser discharge. This gives much improved

stability from the original manufacturer' s cw (continous wave)

excitation gain cell. This is due to the reduction in the heating

of the gas mixture due to low repetition rate discharge. Damage

on one of the ZnSe Brewester windows was consistently observed

after a certain period (two to three months) of operation. This

damage, which is not of an optical nature, could be caused by the

repetetive bombardment by charged particles on the windows due to

there proximity to the electrodes. Another discharge geometry is
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now used in which the electrodes form a double helix. () This

makes the discharge along the transverse direction and hence

protects the windows from the charged particles beams. the

damage problem now seems to be avoided. In addition to the invar

rods of the cavity, thermal drift in the cavity length was

accounted for by mounting the output coupler on a piezoelectric

(PZT) mount which has an adjustment range from 0 to 6 pm. The

temporal profile of the laser pulse is shown in Figure 3.1. It has

a gain switched spike followed by a long Nitrogen tail which is the

signature of a TEA CO2 laser pulse with N in the gas mixture. The

FWHM is 130 ns but the effective width of this pulse is 300 ns

carefully determined by dividing the area under the curve by the

peak at different energies. The single transverse mode TEMOO is

obtained by placing an aperture before the output mirror inside

the cavity.

The 100 mJ laser pulse is amplified approximately 4 times by

a single pass through a C02 amplifier. The amplifier is a Lumonics

model K-921 module. It is basically a TEA CO2 laser without the

end mirrors. Its power supply is designed such that it can operate

at a maximum repetition rate of 3 Hz. The amplifier is triggered

about 1 1s after the laser for optimum amplification. A trigger

generator regulated the delay times between the electrical

discharges of the low pressure gain cell, the laser and the

amplifier. This system produced 400 mj pulses with 300 ns

effective pulse width and 1.3 MW peak power.

3.2.1.2. Picosecond System
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There are different techniques for genarating ultrafast

pulses in the infrared region such as modelocking (12),

semiconductor switching (13,14) and optical free induction decay

(OFID). (15) Ours is an OFID system. The OFID system is carefully

charecterized by Sheik-Bahae and Kwok. (16,17) The optical free-

induction decay is a transient optical phenomena that can be

described in the following. An electric field incident on a

resonant absorbing medium (in this case CO2 gas where the ground

state is populated by heating to 450 OC) excites the dipoles in the

medium which induces a macroscopic oscillating polarization. This

polarozation (i.e. oscillating dipoles) radiates a field 180o out

of phase w.r.t. the incoming light. The destructive interference

between the two fields reduces the output. This is one way of

describing absorption. Now, if the input beam is abruptly blocked

(within picoseconds), the macroscopic polarization still remains

and radiates a field for the dephasing time T2 (i.e. oscillating

dipoles survive until the phases are randomized). Therefore, the

output pulse has a pulsewidth proportional to the dephasing time

T which in this case is determined by pressure broadening. In the

frequency domain the absorbing CO2 gas only absorbs over its

pressure broadened width. The abrupt truncation of the pulse adds

high frequency Fourier components outside this bandwidth that are

not absorbed. Thus we slice a short section of the pulse which is

transmitted.

A schematic of the optical free induction decay (OFID)

picosecond system is presented in Figure 3.2. It consists of the

,,, , -* - - I .
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CO2 laser and amplifier described in the previous section, a plasma

shutter and a resonant absorber. The plasma shutter is a two lens

device plus electronic spark gap trigger. The first lens focal

length f1=25.4 cm) focuses the beam very strongly (spark gap

placed near this focus) and the second with a larger focal length

(f2 = 4f,) recollimates the beam and sends it to the resonant

absorber. The high irradiance at the focal volume when triggered

by the spark gap at the peak of the pulse creates a breakdown in

the gas generating a plasma. The generated plasma blocks the

trailing edge of the pulse through absorption and reflection. The

plasma growth is via an avalanche ionization mechanism which

occurs on a picosecond time scale (16) and thus, so does the

truncation of the pulse.

The resonant absorber or "hot cell" is a 10 ft long glass

tube filled with Co2 gas and kept at 460 0C whose pressure can be

adjusted from 0 to 760 torr. This resonant absorber acts as a high

pass filter transmitting the high frequency radiation, generated

by the fast truncation, and blocks the low frequency (nanosecond

pulse envelope). As illustrated in Figure 3.2, the beam is double

passed through the hot cell to increase the absorption factor (L)

and hence increase the extinction ratio of the nanosecond pulse.

It was mentioned before that the pulsewidth of the output pulse is

proportional to the dephasing time T2 of the gas which is related

to the pressure of the C02 gas, thus, by continously changing the

pressure in the hot cell from 50 to 250 torr, we can change the

pulse width from 130 to 30 ps.
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It is clear that most of the enegy in the pulse is lost

because we are only utilizing a very small slice of the original

pulse. However, the peak power of the short pulse can be the same

as that of the nanosecond pulse if the truncation occurs at the

temporal peak of the latter. To insure this, pure nitrogen gas is

flowed through the focal volume of the plasma shutter. This

inhibits the random spontaneous breakdown which could occur at

any time within the pulse. The field intensity is just below the

breakdown threshold of the flowing nitrogen. The gas is then

preionized via a UV spark-gap located close to the focus. The

first order reflection from the grating at the end of the laser is

detected by a fast room temperature HgCdTe detector. This signal

is then amplified with a wide band amplifier and used to trigger a

Marx-bank which drives the spark-gap. Synchronizing the

triggering pulse for truncation with the laser pulse produces low

jitter in the truncation. The truncation was constantly monitored

on a TV screen using a Tektronix 7912AD programmable transient

digitizer which has a video output. The digitizer was also

connected to an IBM-AT computer for data acquisition. A typical

truncated pulse is shown in Figure 3.3 and an autocorrelation

trace of the picosecnd pulse is presented in Figure 3.4. In this

example, the pressure in the hot cell was 100 torr giving a pulse

width of ~60 ps. The nonlinear crystal used in Figure 3.4. is

Thalium Arsenic Selenide (Tl3AsTAS). This crystal and the

autocorrelation measurement method are discussed in detail in

chapter 6. To operate in the nanosecond regime, the hot cell is

-C, - - - - , 1-- "MMMWANAWA I-omia-milm -- -- PXNNNM
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simply filled with air and the spark gap diabled. Adjusting the

delay in the truncation by controlling the delay of the plasma

shutter trigger, produces asymmetric pulses as short as 30 ns.

The laser system is supported by a sophisticated detection

and analyzing system. The energy detectors are pyroelectric

(Nolectron) with either small or large area elements and are

absolutely calibrated with a Gentec ED200. For high sensitivity

measurements, liquid nitrogen cooled (77 OK) HgCdTe detectors

(Eletro-optical Systems) were used. These are four orders of

magnitude more sensitive than the pyroelectric detectors and have

a spectral range from 3 to 14 pm. Among the fast detectors an

Au :Ge liquid nitrogen cooled detector from Santa Barbara Research

Company with 2 ns rise time and two room temperature HgCdTe (MCT)

detectors with 1 ns response time from Boston Electronics and

photon drag detectors were used. The MCT detectors were chosen in

triggering the plasma shutter and monitoring the pulse shape

because they were easier to use. An infrared vidicon system from

I.S.I. Group Inc. is used to acquire and store into the computer the

spatial profile of a single shot. This infrared imaging system is

described in detail in reference C10]. A typical spatial profile

of the beam taken at the exit of the hot cell is shown in Figure

3.5. The data from the energy detectors is fed into the computer

via a 12 channel sampler and digitizer capable of controlling

three stepper motors. Other supporting equipment such as a

Tektronix 7834 storage oscilloscope and a digitizing camera are

available in addition to the various optics needed to conduct the
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experiments.

3.2.2. Nonlinear Mechanisms in CS,

Carbon disulfide is a colorless isotropic toxic liquid.

Nonlinear refraction in CS2 can be caused by different physical

mechanisms, namely thermal lensing, molecular reorientational and

electronic Kerr effects and electrostriction. Depending on

experimental conditions, one of these effects can dominate the

others. In this section we give a brief description of these

nonlinear effects.

The reorientational Kerr effect in CS2 is a result of the

alignment of the molecules with the incident field. CS2 molecules

have an elongated shape and are randomly oriented. Upon

interaction with light, each molecule reorients itself to follow

the polarization of the incident field (i.e. it responds to the

torque from d (P.E)/dO). This induces a change in the polarizabilty

of the molecule, i.e. making the material anisotropic. The change

in polarizability is positive along the direction of the field. (18)

The total change in polarizability is summed over all molecules.

The in polarizability implies a change in the index of refraction

which is related to the polarizability through the Clausius-

Mossotti relation. (19) The Kerr effect has response time of ~2 ps

defined by thermal randomization of the dipoles making it a fast

compared to the pulses we used which are ~60 picoseconds to 300

nanoseconds. This effect which gives rise to self-focusing was

measured in the visible and near infrared regions with good

agreement. (1-4)
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When a laser beam passes through an isotropic liquid, it

exerts a force on the medium proportional to the gradient of the

irradiance. The induced dipoles experience a force proportional

to the gradient of the nonuniform field. Since the induced dipole

is proportional to the field, then the electrostrictive force is

proportional to the gradient of the square of the field and, hence,

the gradient of the irradiance. This electrostrictive force is

directed inward in the case of a beam with a Gaussian spatial

profile. (20) The magnitude of this force is greatest at the edge of

the beam where the slope is highest. Electrostriction was

suggested as another nonlinear effect which causes self-focusing

by Chiao et al. (21) The steady state of the electrostrictive

effect is reached after a time r, which is the time it takes the

pressure wave to cross the beam radius. With the velocity of

sound in CS2 ~ 1.5 x 105 cm/s, r, is usually on the order of tens of

nanoseconds for beam radii of the order of tens of microns.

Another nonlinear effect is caused by thermal effects.

Light absorbed by the medium generates heat which increases the

temperature of the medium. The change in temperature is

accompanied by a change in the density of the material (usually

expansion) and, thus, a change in the index of refraction. A

positive change in temperature causes a negative change in the

index of refraction in most materials, although an/aT is positive

in the majority of semiconductors due to a different thermal

effect (band-gap shrinkage). (22) In CS2 the thermal effect is

negative and causes self-defocusing of the beam. The rise time of
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the thermal lens is the acoustic transit time r and the decay time

is of the order of 100 ms governed by heat conduction, convection

or radiation. (23)

A distinction can be made between the above three effects

depending on the experimental conditions. The Kerr ef fect and

electrostriction are positive (self-focusing) effects while

thermal lensing is negative (self-defocusing). Shen (24) calculated

the relative contributions to self-focusing of electrostriction

and the reoreintatinal Kerr effect. The main difference between

electrostriction and the Kerr effect is their response times. The

experiments conducted with picosecond pulses in the visible and

infrared were insensitive to electrostriction and thermal lensing

and the authors measured an n2 due to the reorientational Kerr

effect on the order of 10-11 esu. (1,4) At 10.6 pm Golub et. al (25)

measured a comparable Kerr n = (2.1 o.7) x 10-11 esu using 3 ns

pulses and a 1.5 mm beam radius. Under these conditions the

experiment is only sensitive to the Kerr effect because the rise

time of the thermal lens and electrostriction is 1 ps. The Kerr n2

at 10 pm was also measured with reasonable agreement by Owen et.al.

(5) and Thomas et. al.. (26) In reference [5] n2 was measured by the

polarization rotation of a He-Ne laser beam propagating through a

CS2 cell illuminated by 10.6 pm radiation. Only the reorientatinal

Kerr effect is sensitive to this measurement as the other two

effects do not induce polarization changes. In reference [26] the

authors measured the Optical Kerr effect indirectly by measuring

the DC Kerr effect. In the following section we measure the
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thermo-optic coefficient of CS2 and optical Kerr effect using the

Z-scan with nanosecond and picosecond pulses.

3.2.3. Experimental Results

Z-scan experiments were conducted on 1 mm and 3 mm thick

cuvettes of CS2 using the 300 ns CO2 laser pulses. The sample is

ultra-pure spectrophotometric grade CS2 from EM Science company

held between two 1 inch diameter, 4 mm thick NaCl windows. The

different cell thicknesses were obtained by using viacon and

teflon (these materials do not react with CS2 which is a strong

solvent) o-rings of 1 mm and 3 mm thickness respectively. The Z-

scan experimental setup illustrated in chapter 2 is shown again in

Figure 3.6. The signals from detectors Di and D are digitized and

fed to the computer. The computer also controls the stepping

motor which drives the translation stage where the sample is

mounted. The collimated beam with a radius of 3.5 mm is focused by

lens L, to give a beam spot size of ~ 60 ym for L1= 6.35 cm. To

ascertain that all the transmitted light through the sample and

aperture is collected by D2, a focusing lens It with a large

diameter is placed behind the aperture. A pair of wire grid

polarizers were used as an attenuator to adjust the input energy,

and a beam splitter provided the reference beam collected by DI.

With a 60% aperture (S=0.6) and an input energy of 2.7 mJ a Z-

scan was performed on a 3 mm CS2 cell using 300 ns pulses at 10.6

14m. The experimental data given in Figure 3.7 shows a peak-valley

feature. It was shown in chapter 2 that a peak-valley Z-scan

implies a negative nolinearity or a self-defocusing effect.
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Knowing that electrostriction and the optical Kerr effect are

positive leads us to suggest that we are measuring a thermal

effect. CS2 has a linear absorption coefficient a=0.22 cm-1 at 10.6

pm which implies that the absorption can give rise to a thermal

effect. Another factor is the response time of the thermal lens.

With a 60 pm beam radius the rise time r. is ~40 ns, fairly shorter

than our 300 ns pulses. Thus, the thermal effect is nearly in the

steady state regime. To confirm the thermal lensing effect we

conducted two Z-scan experiments at 10.6 pm and 9.6 pm under the

same conditions of the previous experiment with 0.2 mJ input

energy. The results presented in Figure 3.8 show that the effect

is larger at the smaller wavelength. This result is because a=0.6

cm-1 at 9.6 pm (10) almost three times its value at 10.6 pm and, thus,

we expect to see a larger effect at 9.6 pm. By immersing rubber o-

rings in CS2 we could increase its linear absorption from 0.22 cm-1

to ~1.9 cm-1 at 10.6 pm. Figure 3.9 shows the results of two Z-

scans on pure CSz (low absorption) and on 052 with impurities (high

absorption). We see that the effect is enhanced for the higher

absorption indicating a thermal effect.

The thermal effect reaches steady state after ~200 ps (10) and

decays by thermal diffusion in ~100 ms. (23) This means that it is a

cumulative effect within the laser pulsewidth. Using the plasma

shutter we performed Z-scans under the same experimental

conditions for 300 ns pulses and =50 ns pulses. The effect is

larger for the longer pulses as seen in Figure 3.10, again

indicating a thermal effect. The scatter in the data at 50 ns is

-QwR W-
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is due to the noise introduced by the truncation of the pulse.

Time resolved transmission mesurements at the peak and

valley positions show the cumulative nature of the nonlinearity.

This experiment was performed by replacing detector D., with a room

temperature HgCdTe fast detector. As can be seen in Figure 3.11,

at the peak or maximum transmission position the tail of the pulse

is more enhanced than the main pulse because at the tail the

thermal effect is larger as the energy increases with time. The

same cumulative feature is verified in Figure 3.12 where the same

experiment was performed at the valley or minimum transmission

position.

All the previous experimental results show the thermal

nature of the nonlinearity. At this stage we set out to measure

the absolute magnitude of the thermal nonlinearity. We performed

a 60% Z-scan on a 1 mm thick CS, cuvette with 300 ns at 10.6 Am

with 60 Am beam waist and 0.85 mJ input energy. With a linear

index of 1.63,(26) the diffraction length inside the sample (nz0) is

larger than the sample length. Therfore the sample can be treated

as "thin" and we can use the results of chapter 2 to calculate the

change of the index of refraction. Figure 3.13 shows the

experimental data and a theoretical fit using an average phase

change (As) = -0.6 0.1. Recall that this result can be obtained

without fitting the experimental data by simply applying the

results of chapter 2. In particular we use equation 2.49 which

gives the relation between the change in transmittance between

peak and valley ATP.. and the on axis phase change at the focus AP;
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Fig. 3.8. Z-scan data under the same conditions of the same CS2

cell using 300 ns pulses at 10.6 pm (solid line) and 9.6 pm (dashed

line).
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AT,., ~ 0.406 (1-S)0.251 API . (3.1)

Examining the data in Figure 3.13 we find that the maximum

transmittance is TP = 1.08 and minimum transmittance T = 0.89

giving a ATP-v = 0.19. With S= 0.6, equation 3.3 gives (AO) = 0.59

which is less than 2% different from the value obtained by fitting

the experimental data. The average sign is a time average over the

temporal shape of the pulse. From the change in phase we can

determine the thermo-optic coefficient of CS2. The change in the

index of refraction due to heating is

An = AT, (3.2)dTAT

where AT is the change in temperature and it is obtained from the

thermodynamic equation,

pCAT = oI (3.3)

with a being the linear absorption coefficient, I the incident

irradiance, C, the specific heat at constant volume and p the

density of the material. Using the averaging result in equation

2.53, (An0) is found to be,

(An0) = dn Fa (3.4)dT 2pC .r

where F is the fluence. With pCv = 1.3 J/Kcm3 for CS2 , dn/dT is

mw_
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Fig. 3.12. Same as Fig. 3.11. with the sample placed at the

transmittance valley. The solid line represents low input energy

and the dashed line represents high input energy.



73

is calculated to be - (8.3 1.0) x 10-4 0C-1 which is in good

agreement with the reported value of -8 x 10-4C-1. (27)

As explained above with ultrashort pulses neither thermal

nor electrostrictive effects are significant. Figure 3.14 shows

the Z-scan experimental results on a 2.4 cm CS, Cell with ~130 ps

pulses at 10.6 pm. Comparing this figure with Figure 3.13 shows

the sign reversal of the nonlinearity. In other words, we now see

a positive effect which is the Kerr effect. The beam waist in this

experiment is about 120 pm giving a confocal beam parameter of z0

0.4 cm which is much less than the sample length. In light of

this, the sample cannot be considered thin and the analysis of

chapter 2 is not adequate in this case. The theoretical analysis

for beam propagation in thick media is described in detail in

chapter 5. The n. value obtained for picosecond pulses at 10.6 pm

is (1.5 0.6) x 10 -11 esu or 3.9 x 1014 cm2 /W (see chapter 5). This

value is in good agreement with the reported Kerr effect values

measured at different wavelengths. 1,2,25,26

We conclude that nonlinear refraction in CS. at 10 pm is

dominated by thermal lensing in the nanosecond time regime and the

reorientational Kerr effect in the picosecond time regime. We

find that electrostriction does not play a significant role in

either time region.

3.3. Experiments at 1.06 and 0.532 pm

Nonlinear refraction in CS2 has been characterized for

visible and near infrared radiation to the extent that it is

considered a standard nonlinear optical material for measuring
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nonlinearities in other materials. (28,29,30) We applied the Z-scan

technique at 0.532 pm and 1.06 pm to measure nonlinear refraction

in CS2 as a test of the useful features that this technique

exhibits.

The laser system used is a Q-switched mode-locked Quantel

model YG401C oscillator and amplifier laser that produces 1.06 pm

and can be frequency-doubled to produce 0.532 pm picosecond

pulses. Mode-locking is acheived via a saturable absorber, which

is a passive mode-locker, and an acousto-optic modulator which is

an active mode-locker. The output is a train of pulses one of

which is selected by a single pulse switch out apparatus. The

maximum energy of the 42 ps (FWHM) pulse at 1.06 pm is about 5 mJ

after amplification with a repetition rate of 10 pulses per

second. Green light (0.532 Am) is obtained by passing the 1.06 pm

pulses through a KD*P crystal which is a second harmonic generator

(SHG). The output of the laser gives a Gaussian spatial profile

and Gaussian temporal profile. Examples of the spatial profile

and autocorrelation of the temporal profile in addition to a

detailed description of the different components of this laser

system are given in reference [29].

With 27 ps (FWHM) pulses at 532 nm, and a 40% aperture

(S=0.4), Z-scans were performed on a 1 mm cuvette of CS2 at

different irradiance levels. The beam spot size was wo = 25 pm

giving a confocal beam parameter of z0 = 3.7 mm which is larger

than the sample length implying that the sample is thin. Figure

3.15 shows the experimental Z-scan data at an input irradiance of
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Fig. 3.13. Z-scan experimental data of a 1 mm CS2 cell at 10.6 Am

with 300 ns pulses. The theoretical fit yields an average phase

change of (AD) = -0.6.
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3 = 1.9 GW/cm2 . Throughout this work the input irradiance is taken

as the irradiance inside the sample,i.e, reflection losses from

the first surface are already accounted for. First, we notice the

self-focusing nature of the nonlinearity (n2>0) from the valley-

peak feature of the data. Second, we measure the separation

between the positions of the peak and valley which is Az1,= ~ 6.1

mm = 1.79 zoo This value of Az., is within 5% from that predicted

by our theoretical modelling of the Z-scan. This indicates that

the Z-scan can indeed be used to verify beam parameters. Thirdly,

we measure ATPV = 0.18 which gives a (A4t) = 0.49 from equation 3.1

with S=0.4. The average index change is (Ano) = 4.2 x 10-5

calculated from AD = (2r/A)An0L. It is mentioned in chapter 2 that

the averaging factor for a Gaussian temporal profile of an

instantaneous nonlinearity is -,2. The n value we obtain is (1.2

0.2) x 10 -11 esu or 3.14 x 10-14 cm2/W which is in excellent

agreement with the values found in the literature.(2) Z-scan

experiments on the same CS2 cell were performed with ps pulses at

1.06 Am and the measured n2 is (1.3 0.3) x 10-11 esu (-y = 3.4 x 10-14

cm2 /W) again in good agreement with reported values.(1,2)

Transparent dielectrics are usually used as window

materials because of their good optical properties and relatively

small nonlinear index. The nonlinearities in these materials is

due to the anharmonic motion of the bound electrons which is

usually referred to as the electronic Kerr effect because of

distortion of the electronic cloud with the incident electric

field. A theoretical model for the dispersion of this
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nonlinearity has been recently developed for solids by Sheik-

Bahae et. al (89) which allows one to predict n2 for any material at

any wavelength given the energy gap and the linear index of the

solid.(see chapter 4). Adair et. al. (28) have performed a careful

study of the nonlinear index of refraction in some of these

materials at 1.06 Am using a nearly degenerate three-wave mixing

technique. We performed Z-scan experiments on some of these

materials at 532 nm using the same parameters used in the CS2

experiments at 532 nm. We give the example of BaF2 which has a

good optical quality to show the sensitivity of the Z-scan

technique. The experimental Z-scan results for a 2.4 mm randomly

oriented BaF2 sample is shown along with the theoretical fit in

Figure 3.16. The input pulse energy is ~-28 pJ which gives a peak

irradiance of ~ 100 GW/cm2 for a 25 Am beam waist and 27 ps pulses.

Again this shows a positive nonlinearity which gives n ~ (0.9

0.15) x 10-13 esu or - ~ 2.7 x 10-16 cmZ/W. Here we have used n;=1.47

for BaF2 at 0.532 Am assuming there is very little dispersion in

these dielectrics due to their wide transparency range which is

from mid-IR to UV. The dispersion of the nonlinear index should

also be small and this is proven by the agreement between our

measurement at 532 nm with the reported values of 0.7 x 10-13 esu

(28) and 1 x 10-13 esu (30) both measured at 1.06 Am using more

complicated experiments of nearly degenerate three-wave mixing

and time-resolved nonlinear interferometry respectively.

Moreover, our measured value is in good agreement with the theory

of references (8] and [9]. In Figure 3.17 we show the result of a
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Fig. 3.15. 40% Z-scan data of 1 mm CS, at 0.532 pm and 27 ps pulses.

The reorientational Kerr effect is measured from this data.
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Z-scan experiment on the same sample at an input energy of ~ 4 pJ.

The input energy was purposely lowered to show the sensitivity of

the Z-scan. The theoretical fit to the data gives an n. ~ (0.8

0.15) x 10-13 esu (-y ~ 2.4 x 10-13cm2 /W). The phase change measured

here is (As) = 0.085 or A/75. However, the resolution of the

measurement which is represented by the error bar is

approximately A/300. This resolution is also seen in Figure 3.16

by the fluctuation in the experimental data.

3.4. Chapter Summary

The main purpose of this chapter is to study the different

mechanisms in CS, which lead to nonlinear refraction especially in

the infrared region of the spectrum. The various nonlinearities

were isolated by performing Z-scan experiments at different pulse

widths. Thermal lensing which gives rise to self-defocusing was

found to be the dominant mechanism in the nanosecond regime at 10

jpm. Various experiments were performed to prove this fact and

this led us to measure the thermo-optic coefficient of CS which

agrees remarkably well with the reported values. With picosecond

pulses the reorientational Kerr effect which is a self-focusing

effect dominates the nonlinear refraction at 10 pm and in the

visible and near infrared regions. Our measured values of the

Kerr effect 10.6 pm, 1.06 pm and 0.532 pm are in good agreement

with those found in the literature and show no dispersion.

The Z-scan features derived in chapter 2 which make the Z-

scan a simple and easy technique for measurement of nonlinear

refraction were proven experimentally at different wavelengths

IIMF HIIEll'III':Fillir i FI IInf I 1 111'[ I 1 III'11Fnrini''1 I'll-'illlillfilMilla- 'liary igrillenlil 11 1 1 r anislasg|1%B4101||EFWii i 1 1 1 min r s
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Fig. 3.17. Z-scan data of the same BaF2 sample at very low input

energy shows the sensitivity of the Z-scan. A phase distortion of

A/75 is measured but the fluctuation in the data gives a A/300

sensitivity.
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using either CS2 or BaF2 as the nonlinear sample. We showed that

nonlinear refraction can readily be estimated from the Z-scan

experimental data without resorting to detailed fittings. Finally

a sensitivity of A/300 was demonstrated in BaF2 and our measured n2

of BaF2 is in good agreement with the reported experimental and

theoretical values.
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CHAPTER 4

NONLINEAR REFRACTION AND NONLINEAR ABSORPTION

MEASUREMENTS IN SEMICONDUCTORS

4.1 Introduction

Semiconductor materials enjoy wide attention in the optical

research community owing to their potential use as optical

devices. Among the areas of interest are optical switching and

optical limiting. Large nonlinearities in InSb (1), GaAs (2) and

HgCdTe (3) were observed and used in demonstrating all-optical

switching when the incident photon energies were nearly resonant

with the energy gap of the material. Nonlinear refraction was

also measured in a variety of semiconductors at different

wavelengths where two-photon absorption (2PA) was present (4-8). In

the above references beam distortion measurements at high

irradiance levels were used to determine the nonlinear refraction

which was attributed solely to the free charge carriers generated

via one or two-photon absorption. The nonlinear refraction due to

the bound electrons (electronic Kerr effect) was neglected.

However, picosecond time-resolved degenerate four-wave mixing

experiments at much lower irradiance levels performed on ZnSe and

CdTe in the presence of 2PA have shown a large and fast

nonlinearity in addition to the high order carrier nonlinearity. (9)

Irradiance dependence measurements showed that the fast

nonlinearity is a third order effect and the 2PA generated carrier

88
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refraction is a fifth order effect.

In reference [10] we measured the third order nonlinearity

in ZnSe, which is attributed to the refraction due to bound

electrons, using the Z-scan technique (11). However, as was pointed

out in reference (10), at higher irradiance levels the refraction

caused by the 2PA-generated free charge carriers becomes

significant. In this chapter we use the Z-scan technique with

picosecond pulses at several irradiance levels to separately

measure the 2PA coefficient, fl, the bound electronic refraction, n2

and the free carrier refraction in four different semiconductors,

ZnSe at 532 nm and CdTe, GaAs and ZnTe at 1.06 um using picosecond

pulses. We also measure n2 in the abscence of 2PA. For example,

we measure n2, using picosecond pulses, in Germanium at 10 1m and

ZnSe at 1.06 Am.

A brief review of current theoretical models for bound

electronic refraction and free carrier refraction is presented in

sections 4.2 and 4.3. It is shown in section 4.4 how the Z-scan

experiment can be used to measure nonlinear absorption (a) and

nonlinear refraction (An) when both are simultaneously present. A

theoretical analysis for determining Aa and An is also presented

in this section. Experimental results are given in section 4.5 and

these results are compared with the results of theoretical models

described in sections 4.2 and 4.3. An easy and simple method which

allows for the determination of An in the presence of nonlinear

absorption and avoids the process of fitting the experimental data

is described in section 4.6. This method also allows one to
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simultaneously determine the different orders of nonlinear

refraction without detailed fitting.

4.2. Two-Photon Absorption Im(X(3)) and Nonlinear Refraction Due to

Bound electrons Re (x(3))

When a solid is irradiated with high incident fields at

frequencies below resonance, electron transitions from the

valence band to the conduction band are not allowed, but as the

electrons try to follow the oscillating incident field their path

deviates from the ideal harmonic motion. This anharmonic behavior

gives rise to nonlinear effects. In materials with inversion

symmetry, the first appreciable nonlinearity is a x(3) nonlinearity

(see chapter 2). This is primarily due to the electrons which are

light as compared to nuclei which are heavy, (i.e. they can follow

the incident field instantaneously). Thus, the bound electronic

nonlinearity which is a Kerr like effect has a response time in the

femtosecond regime (the order of an optival period). The real and

imaginary parts of x(3) give rise to nonlinear refraction and

nonlinear absorption respectively. In chapter 2, we derived the

relation between # (the 2PA coefficient) and ImX , and between n2

or - the nonlinear index of refraction and Re X(.

When the incident field frequency is such that Eg/ 2 < /tW <EI

elctrons make the transition from the valence band to the

conduction band by simultaneously absorbing two photons. Two

main approaches are usually considered in 2PA calculations. These

are the second-order perturbation (12-14) calculation and the

tunnelling or Keldysh approach. 15 Both of these approaches have
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been discussed by Canto (16) and Sheik-Bahae. (17) We only mention

here that 2PA coefficient calcuations using either approach give

the same frequency dependence. In the absence of excitonic

effects and assuming a parabolic two-band structure 6G is given by;

(7)

S(2w) = KrgF 2 h(4.1)

where K is a material independent constant, E=2mP2/h 2l is ~21 eV

for semiconductors, P is the Kane momentum (18), no is the linear

index of refraction and E. is the energy gap. The frequency

dependence is contained in F2 which is given by, (13)

F. (x) = (2x-1) 3/2(42

(2x)5  (4.2)

where x=hw/Eg. To obtain expression 4.2, Wherrett (13) used a second

order perturbation approach in a two-parabolic band model where

the intermediate states were degenerate with the initial or final

states. Thus, the two-step transition is valence to valence and

valence to conduction or valence to conduction and conduction to

conduction. This simple theory was verified by Van Stryland et al.

(7) to agree with experimentally measured values of P for a number

of semiconductors. Also equation 4.1 shows that # is inversely

proportional to E3 . The implication of 4.1 is that P at any9

incident frequency can be determined for any semiconductor if its

linear index of refraction and energy gap are known.
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Various theoretical calculations of the real part of X(3) are

found in the literature. Most of these calculations are near the

zero frequency limit (19-23). Those with semi-empirical formulation

are most successful in predicting the magnitude ofn. (22,23) Here,

we discuss a new model which predicts the magnitude and the

dispersion of n2 from the zero frequency up to the linear

absorption edge of the material. (24,25) This model takes a Kramers-

Kronig (KK) approach in which the real part of X(3) (n2) is related

to the imaginary part (8) in the same way the real (n) and

imaginary (a) parts of x(1) are related.

The KK relation relates the change in refraction to the

change in absorption through,

An(w;e) = J )dw' (4.3)

where c is the speed of light and denotes the cause of change in

absorption. In the case of 2PA, the change in absorption is caused

by the pump field at 0. This implies that e=O and the dispersion in

the nonlinear refraction is An(w;) which becomes An(w;w) for self-

refraction. Assuming that the change in absorption is

predominantly caused by 2PA then Aa=#I0 where I, is the laser

irradiance at 0. Equation 4.3 indicates that knowledge of the

nondegenerate Aa is essential at each W'. Sheik-Bahae et al. (24) used

equations 4.1 and 4.2 in 4.3 where 2x in 4.2 was substituted by x +

X for x + X > Eg (x = hW/Eg and X = hOl/Eg) to obtain the dispersion of
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n2 .

n2(esu) = I G2 (W/Eg) (4.4)
n~e.

where K=3.4 x 10-8 is proportional to K and Eg is in eV. The

dispersion of n2 is contained in G2. To arrive at 4.4 an

approximation was made in which the degenerate form of fl (eq. 4.2)

where x = X was generalized to the nondegenerate case where x * X.

This semiempirical approach is justified by the agreement with

experimental values. (24)

Later Sheik-Bahae et al. (25) performed a more rigorous

calculation of the nondegenerate imaginary X(3) where they also

accounted for Raman effects and the optical Stark effect by using

a Keldysh-type calculation. The KK transformation resulted in n2

values in agreement with experiment even near the band edge. (25),

4.3. Nonlinear Refraction Due to Free Carriers

When an electromagnetic wave interacts with a semiconductor,

electrons are excited from the valence band to the conduction band

via the absorption of one or more photons. The creation of free

electrons and holes alters the linear index of refraction. The

free carriers are assumed to relax to the band extrema by various

mechanisms such as phonon emission until they are in thermal

equilibrium with the lattice. This occurs in a time scale short

compared to our shortest pulses of ~30 ps duration. There are

various theoretical models to calculate the change in the index of

refraction due to the generation of free charge carriers. (26-32) In
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this section we survey two of these models.

4.3.1. Direct Calculation of the Change in Refraction Due to Free

Carriers

In this model the change in the linear index of refraction is

calculated directly by calculating the real part of the dielectric

function. (26,27). For a direct gap semiconductor with parabolic

band structure and assuming the transitions are mainly from a

single valence to the conduction band, Auston et. al. calculated the

change in the real part of the dielectric function as

4rANe2  ES -(4.5)

Apw 2 (hw)2 - Eg'

where e is the electron charge, AN is the number of free carriers

generated per unit volume, Eg is the energy gap, w is the frequency

of the incident photon and y is the reduced effective mass given by

=mcmcIV , with mc and mv being the effective mass of the
mc + mv

conduction band electrons and valence band holes respectively.

The dielectric function is proportional to the square of the index

of refraction leading to an index change of

An~ 2rANe EZ .(4.6)wozno (h) -Eg2*

Expression 4.6 shows that for incident photon energies less than

the energy gap the change in the index of refraction is negative

and it is positive for hw>Eg. Also for hw<<Eg this expression

reduces to the classical Drude result. A convenient measurement
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quantity is the change of the index of refraction per free carrier

pair density generated. It is referred to as a = d(An)/d(AN) which

is determined from equation 4.6,

2re2  (4.7)
-wno (W) 2 - E9Z

The above result is obtained from a quantum mechanical

treatment of the electronic transitions. This result can be

obtained by considering the electron classical oscillator model

or the Lorentz model. In the classical oscillator model el is given

by (34)

E =1+ 47rNe2  W 0 W2(4.8)
m (w 2-w 2 )2 + (r1w)2

where w0 is the resonance frequency of the electron, m is its mass

and r is a damping factor. Far off resonance I wO-w >>rw, and

equation 4.8 reduces to

+ 4xNez 14.9)M mWO 2-wg

The creation of free electrons in the conduction band is

accompanied by the loss of bound electrons in the valence band.

Hence, for AN free carriers gained, AN bound electrons are lost.

Setting w0 =0 for the free electrons and wo=Wg for the bound

electrons we can write the change in el as

w..
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4rANe(A g1

4rANe2  W (4.10)
MozW2 W2 W 2

With Eg = hWg the index change is obtained as;

An ~ 2ANe1  E _(4.11)
mw2 no (hw)2 - E92

This expression is identical to equation 4.6 if the mass of the

electron m is replaced by A, the reduced effective mass.

4.3.2. Dynamic Burstein-Moss Model with Boltzmann statistics

The free carriers created by absorption of light thermalize

rapidly with the lattice and occupy the band edges after which

they recombine. By filling the available states at the band

extrema, the absorption is blocked at wavelengths slightly above

the band edge, i.e, the absorption saturates. This saturation of

the absorption occurs because in effect the incident light sees a

larger bandgap. Through the Kramers-Kronig relations, the change

in absorption causes a change in refraction. This model was

suggested by Miller et al (28) to explain the large nonlinear

refraction effects observed in InSb when probed with incident

photon energy near the bandgap. Wherrett et. al. (21)) further

developed this model where they included the plasma contribution

and the contribution due to electronic transitions from the light

hole band to the conduction band. The linear absorption

W
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coefficient at a frequency w' is calculated from k.p theory

assuming a two-band model (28)

(hw' - E)/c (hw' ) C (h 2 - fe (E) - fh (E,)) , (4.12)

with E. and Ev being the conduction and valence band energies given

by;

E= (Eg - hw');E= (E - hw'

and f, and fh are the the Boltzmann distribution functions of the

electrons and holes in the conduction and valence bands

respectively. The incident radiation will change the absorption

by changing f, and fh- Miller et. al, (28) neglecting the hole

contributions, estimated the absorption change as

AA -(hw' -Ez)/ 2  p(h' - E)](4.13)
hw' p m KT

with A- 87r3/2 e2h f_ mP. AN (4.14)
3 n cm 1j2j (rP) 3/2

where P is the momentum matrix element or Kane momentum (18) (for

parabolic bands P = (3/4)h2Eg/mV,, (35)), c is the speed of light in

free space, K is the Boltzmann constant and T is the temperature

in degrees Kelvins. Using the Kramers-Kronig relation, the change

in the index of refraction at photon energy hw is



98

00

An -hc Aa (hw' )d(h' ) .(4.15)7 j0 (hw' )2 - (ho)2

For simplification, we define the following terms: x =

i (hOw' -E,)/m KT, a = I (hw-E,)/m. KT and b = IEg/mc KT. This yields

An = ArKT rx01/2e-x dx.(4.16)
mc j 0 (x+b)(x-a)(x+a+2b)

For incident radiation very close to the energy gap, |Ihw - Eg << Eg

and for K << Eg which translate to x << b and a << b and expression

4.16 reduces to the result obtained in reference (28). The change in

the refractive index is then given by

An ~ -BJ -E(4.17)

where J(a) = x1/ e-x dx , (4.18)
fo x - a

and B = 4v/e2E AN

In our experiments, the carriers are generated by 2PA,

meaning that we are probing the material in its transparency

region, i.e, I hw -Egj is not much less than Eg specially in the case

of ZnTe where I hw-Eg I is approximately one half the bandgap
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energy. Thus, the integral in expression 4.16 is to be solved

exactly. Its solution gives

An ~ -B -2J[++ E+ J-(4.20)
[mc KT I me KTme K

In our experiments the low temperature condition or hw - Eg| >> KT

is still satisfied; for example, in the case of GaAs I hw - EgI =

0.25 ev and at room temperature KT ~ 0.025ev. Examining the

integral in equation 4.18, we see for a>> 1,

J(a) ~ (-l/a)vr/2. (4.21)

Plugging this in 4.20, we find the change of the refractive index

due to the transition blocking is given by,

An=~-re2AN (h)2 .(4.22)
pnow-2 Eg9- (hw)2

Notice that this term is equivalent to the interband term in

equation 4.6 with a factor of 2 difference. The Dynamic Burstein-

Moss (DBM) model does not consider the plasma contribution to An

and it also neglects the hole contributions. Moreover, the

definition of the Kane momentum P is not consistent in the

literature. (15,25,35) Nevertheless, the two models give the same

frequency dependence and if we add the plasma term in the DBM

model and follow the procedure of Wherret et. al. (29) we get the same

----
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result for the index change as the one obtained by the direct

calculation model. The total change in refraction is,

An~- (1+ l-)]{mc+m,,}

~2-re2 ( (4.23)

where we have used x = hw/Eg, mc ~ m, and ANc ~ ANv. Equation 4.23

is identical to 4.6. The agreement between the above two models is

expected since they both describe the same physical phenomena

(band filling). The difference between the two is that the first

(direct calculation) calculates the change in refraction directly

and the second (DBM) calculates this change in refraction using a

Kramers-Kronig integral on the change in absorption.

4.3. Z-scan Analysis Including Nonlinear Absorption

The Z-scan experimental arrangement is given in Figure 1 of

chapter 2. We briefly remind the reader of the Z-scan experiment.

The transmittance of a focused Gaussian beam through an aperture

in the far field is measured as a function of the sample position,

z, with respect to the focal plane, hence the name "Z-scan".

Although the input energy is kept constant, the sample experiences

different incident fields at different z positions. If the sample

possesses a refractive nonlinearity then the lensing effect the

beam experiences as it traverses the sample, which manifests

itself as beam broadening or narrowing in the far field, will
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change the fraction of light passing through the aperture as the

sample position is changed. Therefore, the transmittance is a

function of the sample position. As explained in chapter 2 the

sign of nonlinear refraction is readily given from a Z-scan

signal. An increase in transmittance followed by a decrease in

transmittance (peak-valley) denotes a negative nonlinear

refraction while a valley-peak configuration implies a positive

nonlinearity. Removal of the aperture, i.e. collecting all the

transmitted light into D2 will result in a flat response for a

purely refractive nonlinearity. However, if nonlinear absorption

is present the transmittance signal appears as an inverted

Lorentzian which has a minimum at z=0 (sample at focal plane)

where the irradiance is maximum.

At any position z of the sample we want to find the electric

field at the aperture. This can be done using the same procedure

of chapter 2 by solving the propagation equations inside the

sample and then propagating the field in free space from the exit

surface of the sample to the aperture. If the sample length is

less than the confocal beam parameter and if the phase changes in

the field caused by the nonlinear interaction are not transformed

into amplitude changes inside the sample then the sample is

considered thin (external self-action) (m,37). Considering a thin

sample and using the slowly varying envelope approximation we can

separate Maxwell' s equations into an equation for the phase and an

equation for the irradiance (7)
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dAD= kAn(I) (4.24)
dz'

a =--a (I)I (4.25)

where An is the change in the index of refraction, k is the wave

vector in free space and z' is the propagation distance inside the

sample to be distinguished from z, the sample position with

respect to the focal plane. In semiconductors, when the incident

photon energy is such that Eg/2 <how < Eg, 2PA is allowed, a (I) in

4.25 is written as

a(I) = a + pI + a AN, (4.26)

where a is the residual linear absorption, fl is the 2PA

coefficient, AN is the density of free carriers generated via 2PA,

and ax is the cross section of these free carriers. In our

experiments we used 30-40 ps pulses at irradiance levels below the

"critical value" for free carrier absorption. (,39) Therefore, we

drop the third term in equation 4.26. We verified experimentally

that free-carrier absorption is negligible. On the other hand, we

have to include refraction arising from the free carriers. (40) So

An in Eq. 4.24 is written as,

An ='yI + aAN, (4.27)

where y is the nonlinear index due to the bound electrons and it is
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related to the usual nonlinear index n2 through n2 (esu)=(cnl 4 Or)

, (mz/W) and a is the change in the index of refraction per unit free

charge carrier density. Assuming 2PA as the only mechanism for

generating carriers, then the carrier generation rate is given by

dN-=#.(4.28)
dt 2hw

Here we have neglected the loss of carriers due to recombination

and diffusion because these processes occur on longer time scales

than the picosecond pulses we use in the experiments. Looking at

4.27 and 4.28 we notice that the index of refraction change due to

the free carriers is proportional to a temporal integral of ] .

This effect is an effective X(5) effect along the same reasoning

that makes the index change due to single photon absorption

generated free carriers an effective x(3) effect. (28) In the 2PA case

this is a sequential Im(X(3)) (i.e. 2PA) followed by a Re (X1)) (i.e.

linear index change from carriers) process. The existence of two

different effects with different decaying times was also observed

by Canto et. al (9) using picosecond Degenearte Four Wave Mixing

(DFWM). The fast nonlinearity had a 3rd order dependence on the

incident irradiance ( X(3) effect) and the slowly decaying

nonlinearity had a 5th order dependence on the incident

irradiance. It is worth mentioning here that the DFWM technique

could not identify the nature (refractive or absorptive) and sign

of the X(3) effect since it measures the square of the absolute

value of the nonlinear susceptibility. Also examining the two
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terms in 4.27, it is clear that the electronic Kerr effect (yI) will

be dominant at low irradiance levels while the free carrier

refraction will dominate at high irradiance levels. We can

rewrite equations 4.24 and 4.25 as

S-0= k-yI + kLAN (4.29)
dz'*

and

d -aI - RD (4.30)

where AN is given by

t

ANP= - { (t' )dt' (4.31)
2hw.-0

The irradiance at the exit surface of the sample is obtained from

4.30 as

I(L,r,t,z) = 1(0,r,t,Z)eL(4.32)
1 + q(L, r,t,z)(

where q(Lr,t, z)=#I(0,r, t,z)Iff, L ef e-L and the irradiance

inside the sample is taken as

l(,rtz) = Iexp[-2 (r/w) 2-(t/to) 2 )1 + (z/z0 ) 2

with z0=irw/A. Removing the aperture in Figure 1 of chapter 2 is

analogous to placing detector D2 at the exit surface of the sample.

This allows us to ignore the phase changes and integrating
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equation 4.32 over space and time giving the normalized

transmittance for a spatially and temporally Gaussian pulse as,

00

T (z, S=1) = 1q -fJln[1 + q(L,0,0, z)e-r 2 ]dr. (4.34)
v7rq (L, 0, 0, z) J_O.

Here S is the linear aperture transmittance given by

S=l-exp (-2 (ra/wa)2) with ra and wa being the aperture radius and

the beam radius at the aperture in the linear regime respectively.

We can use a summation form to express the normalized

transmittance in terms of the peak irradiance if I qO (0)1<1, where

clo (z) =q(L, 0,10., z).,

00

T (z, S=1) = Z.(mI+ 1)3/ (4.35)
> (M + 1) 3/2

m=O

The only unknown parameter in 4.34 or 4.35 is P which implies that

an open aperture Z-scan will give the 2PA coefficient. This open

aperture Z-scan could also be used to determine the free carrier

absorption for longer pulses. At high irradiance levels where

free carrier absorption is present, the third term in equation

4.26 must be included. With # already known from low irradiance

data, the open aperture Z-scan (S=1) would allow us to determine

the free carrier absorption cross section. The total phase change

the beam experiences is given by (7)
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t

A(r,,)t, z) -k/ +,, z)] +2 dt' F (t'), (4.36)

where

F (t) = aln[_1 + q(L, r, t, z) _______ _ 7L,
Lff1l+q(I(L ,r,t,z) j

The field at the exit surface of the sample is completely

determined by equations 4.32 and 4.36 where E oc V'I eiAa. To find

the field at the aperture we use a Hygens-Fresnel propagation

integral, (17)

E. (r,.tz) = 2r x

x r'dr'E(L,r' , t ,z)expt1JO{(2)r , (4.38)

where d is the distance between the aperture and the focal plane.

The transmitted power through the aperture is given by

ra

PT (zI t)=c.,-noex 0|1E, (r, t) 1 2 rdr,

and the normalized transmittance is



107

JPT (t)dt

T(z,S) = , (4.40)

S Pi (t)dt

where p (t)=(rw2/2)I(r=0,t, z=0) is the input power. Equation 4.40

includes the losses due to nonlinear refraction (blocked by the

aperture) and nonlinear absorption. For S=1 equation 4.40 is

identical to equation 4.36. Numerical evaluations of equations

4.40 and 4.34 will be compared to experimental results in the next

section. A computer code of the above analysis is listed in

Appendix C.

4.5. Experiments and Results

4.5.1 Experiments

We performed Z-scan experiments on three II-VI

semiconductors, ZnSe, CdTe and ZnTe, as well as on GaAs, a II-V

semiconductor. ZnSe is a two-photon absorber at 532 nm while the

other three samples are two-photon absorbers at 1.06 Am. We first

discuss experiments on ZnSe at 532 nm.

With 27 picosecond (FWHM) pulses at 532 nm we performed Z-

scans at different input energies on a 2.7 mm thick

polycrystalline sample of chemical-vapor deposition grown ZnSe

which has an energy gap of 2.67 eV. First, an open aperture Z-scan

was performed at ] =0.21 GW/cm2 . All of the experimental

irradiances reported here are within the sample (i.e. Fresnel

reflections taken into account). In Fig. 4.1(a) we plot the
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experimental data and the theoretical fit obtained by setting

P=5.8 cm/GW in equation 4.34. This is within 5 percent of the value

reported in reference [7] of 5.5 cm/GW. The fitting uncertainties

for this measurement and for the measurements listed below were

10% but the overall experimental uncertainty is 20% arising

mainly from uncertainties in the irradiance calibration. With the

40% aperture (S=0.4) another Z-scan was performed at the same

irradiance. In this case the measurement is sensitive to both

nonlinear refraction and nonlinear absorption. Experiments on

ZnSe were conducted at irradiance levels from 0.21 GW/cm2 to 2.4

GW/cm2. At the lowest irradiance we expect the change in the index

of refraction to be mostly due to the third order anharmonic

motion of the bound electrons. (10) With f=5.8 cm/GW and neglecting

free-carrier refraction (i.e. a=0), we fit the experimental data

using y=-6.8x10-14 cm2/W (n2=-4.4x10-11 esu) in equation 4.36. This

is illustrated in figure 4.1(b). The negative sign of n2 can easily

be deduced from the peak-valley feature of the Z-scan signal. The

same experiment was repeated at =2.4 GW/cm2 . The free-carrier

contribution to the refraction becomes significant at this

irradiance level. In all, ten Z-scans were performed (5 "open"

aperture and 5 "closed"). Using an iterative approach to best fit

all the data, we found a better fit modifying n2 from -4.4x10"- esu

to -4.0x10"- esu and using a=-0.8x10-21 cm3. Thus, there is a small

contribution from a even at the lowest irradiance level. The data

and fit for I =2.4 GW/cm2 and I =0.57 GW/cmZ are shown in Fig. 4.2 (a)

and (b) respectively. The agreement between experiment and theory
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is remarkable given that the change in transmittance between peak

and valley ranges from approximately 10% in Fig. 1(b) to 90% in

Fig. 4.2(a). The absolute errors on the measurement of a of 25%

are only slightly larger than those for f and I even though the

nonlinearity is of higher order. This is in part due to the fact

the calculation of a depends on the products PI and -4 which we

know more accurately than p or - separately.

CdTe has an energy band-gap of 1.44 eV. This makes it a two-

photon absorber at 1.06 jim. The sample used is undoped,

polycrystalline, and 3 mm thick. Following the same procedure as

in ZnSe we were able to determine P=26 cm/GW (22 cm/GW and 15

cm/GW for two different samples in reference 7]), -y=-3.0x0-13 esu

or n2=-2.0x10-10 esu, and a=-5.0x10-2' cm3 . An opern apeture at =0.1

GW/cm2 Z-scan data and the theoretical fit are shown in Fig. 4.3.

One of the theoretical fits to Eq. 4.36 for the eight Z-scan

experiments using the above values is shown in figure 4.4 (closed

aperture taken at I =0.3 GW/cm2 ).

Two-photon absorption and nonlinear refraction in GaAs were

utilized for optical limiting in Ref. [40]. However, the different

refractive nonlinearities, bound electronic and free carrier, were

not separately measured. Recently high irradiance measurements

were used to estimate a in GaAs ignoring refractive contributions

from fromn2. (2 We followed the same steps taken in determining

the nonlinearities for ZnSe and CdTe using data from eight Z-

scans. In figure 4.5 we show open aperture data (experiment and

theory) at I =0.13 GW/cm2 on a 1.2 mm thick undoped sample of GaAs



110

1.04

ZnSe
X -532 nm

E

- -

S-I

0.92-

0.88
1.04

2nSe
X -532 nm

1.00

'3%

E

S-0.4

0.9

(b)

0.88
-24 -18 -8 0 8 16 24 32

Z5(MM)

Fig. 4.1. Normalized transmittance as a function of sample

position (Z-scan data) of a 2.7 mm ;LnSe sample measured with 27 ps

(FWHM) pulses and A=532 nm at low irradiance (] =0 .21 GW/cm2) . The

solid lines are the theoretical results. (a) Open aperture data

(S=1) was f it with fi=5.8 cm/GW. (b) 40% aperture data fit with

p=5.8 cm/GW and n27=-4.4 x 10-11 esu.
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(orientation 110 perpendicular to the surface). Figure 4.6 shows

the theoretical fit to the experimental data extracted from a

closed aperture Z-scan experiment at TO=0.45 GW/cm2 . We did not

see a measurable anisotropy with changing polarization in any of

the nonlinearities. We measured P=26 cm/GW (23 cm/GW in reference

[7] and 26 cm/GW in reference [40]), n=-2.7 x 10-10 esu and o=-6.5 x

10-21 cm3.

In the three materials mentioned above, the bound electronic

nonlinearity was found to be negative. Thus, the bound and free-

carrier refraction are of the same sign and add. This explains why

the Z-scan signal maintains its peak-valley feature at low (Fig.

4.1(b)) and high irradiance levels (Fig. 4.2). For each of these

semiconductors the incident photon energy was below but close to

the band edge (i.e. well above the 2PA edge). The band-gap of ZnTe,

2.26 eV, is almost resonant with the two-photon transition, 2.34

eV. The ZnTe sample is a 2 mm thick single crystal (111 from

Cleveland Crystal). The shape of the Z-scan signal is drastically

different from those of the other semiconductor materials. A

peak-valley or valley-peak signature is not obvious from the data

of Fig. 4.7.

At low irradiance we expect the nonlinear refraction to be

dominated by the boundn2. Figure 4.8, using the relatively low

irradiance of =0.6 GW/cm2 , shows a valley-peak signal indicating

a positive n2. The input irradiance of IO=1.4 GW/cmz used for the

data of Fig. 4.7 is twice that used for Fig.4.8. Here the negative

free carrier refraction becomes significant but not dominant. At
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Fig. 4.2. (a) 40% aperture (S=0.4) Z-scan data and theoretical fit

(solid lines) of the ZnSe sample taken at high irradiance (T=2.4

GW/cm2) where free-carrier refraction is significant. The data

was fit with R=5.8 cm/GW, n2=-4.0 x 10~11 esu and o=-0.8 x 10-21 cm3 .

(b) Z-scan data and fit at T =0.57 GW/cm2 using the same fitting

parameters used in (a).
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Fig. 4.3. Open aperture (S=1) Z-scan data of a 3 mm CdTe sample

using 1.06 pm, 40 ps (FWHM) pulses at 10=100 MW/cm. 'The solid line

is a theoretical fit obtained with =26 cm/GW.
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Fig. 4.4. 40% aperture (S=0.4) Z-scan data of the CdTe sample using

1.06 Am, 40 ps (FWHM) pulses at I=300 MW/cm 2. The theoretical fit

(solid line) was obtained with #=26 cm/GW, n;=-2.0 x 10-10 esu and

cr-5.0 x 10-21 cm 3 .
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this irradiance the two effects with different signs compete to

give the unusual shape of the Z-scan data. We were unable to go to

higher irradiance levels because of the low damage threshold of

the sample. As in the other semiconductors, the 2PA coefficient

was obtained from open aperture Z-scan data (figure 4.9 at I,= 1.4

GW/cmZ). The measured value is P=4.2 1.0 cm/GW (4.5 cm/GW in

reference [7]). The data in Figures 4.7 and 4.8 were fitted with

-y=+ (1.2 0.3)x10 3-1 cm2/W (n2=+(8.3 2.1)x10-11 esu) and

o=-(0.75 0.25)x10 2-' cm'. The errors in these values are somewhat

higher than for the other materials as data from only four Z-scans

could be used.

We also measured n2 in ZnSe at 1.06 Mm where two-photon

absorption is not present. We obtained n2=+(1.7 0.3)x10-11 esu. In

figure 4.10 we plot closed aperture (S=0.4) Z-scans obtained in

ZnSe at 1.06 pm and at 0.53 Am showing the change in sign of n 2  In

this figure, the nonlinear absorption has been divided out of the

0.53 Am data. In reference [9] we showed that dividing the closed

aperture Z-scan data by the open aperture data approximates the

purely refractive Z-scan (this procedure is explained in section

4.6.1.).

Germanium is an indirect band semiconductor with 0.67 eV

indirect energy gap. The smallest energy gap at the same k (direct

gap) is 0.87 eV. Because it is transparent in the mid-infrared

region, Ge is regularly used for optical elements such as lenses

and windowsfor CO2 lasers.

To measure n2 in Ge at 10.6 pm we performed Z-scans on an AR



116

1.04 GaAs

X=1.06,um

r1.00

0.96 *

0.92

0.880

0.84
-50 -25 0 25 50

Z (mm)

Fig.4.5. Open aperture (S=1) Z-scan data of a 1.2 mm GaAs sample

using 1.06 pm, 40 ps (FWHM) pulses at I.=130 MW/cm 2 . The solid line

is a theoretical fit obtained with =26 cm/GW.
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Fig. 4.6. 40% aperture (S=C.4) Z-scan data of a 1.2 mm GaAs sample

using 1.06 pm, 40 ps (FWHM) pulses at I,=450 MW/cm2. The

theoretical fit (solid line) was obtained with f=26 cm/GW, r2-2.7

x 10-10 esu and o=-6.5 x 10-'21 cm3
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coated 3 mm sample using 60 ps pulses from our OFID CO2 laser

system. The incident photon energy is 0.117 eV indicating that 2PA

is not allowed. At an incident irradiance of IO=1.5 GW/cm2

significant nonlinear absorption was observed. Figures 4.11 and

4.12 show the closed aperture data (S=0.4) and the open aperture

data (S=1) respectively. Since 2PA and 3Pa are not allowed, we

reason that the observed absorption is caused by an avalanche

mechanism. Lowering the input irradiance to 1,=0.8 GW/cm2 resulted

in the disappearance of nonlinear absorption (a flat line for open

aperture Z-scan). This justifies the impact ionization mechanism

which was also suggested by James and Smith. (43) The theoretical

fit to the closed aperture data shown in figure 4.13 gave -y=(+2.8

1.1) x 10- 3 cm2 /GW (n2=(+2.7 1.1) x 1010 esu). The same value of n

was obtained from a closed aperture Z-scan at 10=1.1 GW/cm2 .

This measured value of n2 in Ge which corresponds to X(3) =

(1.7 0.8) x 1010 is in close agreement with the reported

experimental value by Watkins et al. using ellipse rotation. (44) The

value reported by Wynne and Boyd who used difference frequency

mixing is more than 5 times larger than our measured value. (45) A

comparison between various experimental and theoretical values of

X(3) in Ge is given by Jain and Klein. ()

In addition to Ge, we attempted to measure n. in ZnSe at 10.6

Am. We performed Z-scans on different samples of ZnSe under the

same experimental conditions as in Ge. The data was dominated by

the avalanche nonlinear absorption. Although we could not

measure n. exactly, we measured an upper limit to the n2 value in
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Fig. 4.7. 40% aperture (S=0.4) Z-scan data and theoretical f it

(solid line) of a 2 mm ZnTe sample at 1.06 pm and =1.4 GW/cm. The

data was fit with fi=4.2 cm/GW, n2=+8.3 x 10-11 esu and a=-0.75 x

10-21 cm3 . No definite peak-valley or valley-peak pattern can be

observed.
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Fig. 4.8. 40% aperture (S=0.4) Z-scan data and theoretical fit

(solid line) of the ZnTe sample at k=0 .6 GW/cm2. The data was fit

with the same parameters used in Fig. 4.7. The valley-peak

configuration indicate that the positive bound electronic Kerr

effect is dominant at this irradiance.
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determine the two-photon absorption coefficient of ZnTe. The

theretical fit (solid line) yields a l=4.2 cm/GW.
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negative at 532 nm.
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ZnSe. This upper limit is n2=+5 x 10-11 esu or 7y=+8 x 10-14 cm2/W.

More work needs to be done to understand the nonlinear absorption

we observed in ZnSe and other wide band-gap semiconductors at 10

,m.

4.5.2. Comparisons Between Experiment and Theory

In this section we compare our experimental results to

proposed theoretical models for the different nonlinearities

involved. First, our measured values of the 2PA coefficients

agree very well with earlier reported values. 740) In reference

[7] the authors give a detailed comparison between their

experimental results and existing theoretical models (13,14) for 2PA

which showed remarkably good agreement with simple two parabolic

band second order perturbation theory. Also consistent with the

results of reference [7], the only significant deviation was for

ZnTe in which , is ~4 times larger than predicted by this simple

model. However, in ZnTe two photons couple states only 3% above

the gap where exciton enhancement and impurity effects may be

expected to be important.

The n2 values of our results are compared to those calculated

from the theoretical model of Sheik-Bahae et. al. (24,25). This theory

relates the real and imaginary parts of x(3) using a nonlinear

Kramers-Kronig transformation in a relation similar to that

between the linear absorption and index of refraction (see section

4.2). References (24,25] also show that n2 is inversely

proportional to the fourth power of the energy gap. In table 4.1

we list the measured values of n2 and the values predicted by
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Fig 4.11. Closed aperture (S=0.4) experimental Z-scan data of a 3

mm Ge sample prformed at 10.6 pm with 60 ps pulses (FWHM). With I=

1.5 GW/cm 2 the positive nonlinear refraction is accompanied by

avalanche absorption.
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transmittance implies its high order dependence on irradiance.
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Fig . 4 .13 . Closed aperture (S=0 .4 ) experimental Z-scan data of the

Ge sample prformed at ] =0.8 GW/CM2. At this relatively low

irradiance there is only nonlinear refraction. The theoretical

fit (dashed line) gives n2=+2.7 x 10-11 esu.
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reference [25] using a two-band model for the different

semiconductors under investigation. Also listed in table 4.1 are

are our measured A values and the experimental and theoretical

values of p reported in reference [7].

The trend in n. as a function of the ratio of photon energy to

bandgap energy shows small positive values for small ratios which

slowly rises to a broad resonance peak at the 2PA edge and then

decreases, eventually turning negative between the two-photon and

single-photon absorption edges. Thus, the change from negative

values of n2 for semiconductors where two photons couple states

well above the gap (ie. ZnSe, GaAs, CdTe) to a positive value for

ZnTe where two photons couple states only 3% above the gap is

expected.

We compare our results for the nonlinear refraction caused

by free carriers to two different band-filling models which were

described in section 4.3. These models are a band-filling model

first attributed to Aronov et al (26) and often referred to as

Auston' s model, (27) (this model is discussed in section 4.3.1) and

the dynamic Burstein-Moss model with Boltzman statistics. (28,29,32)

(see section 4.3.2) These theories are similar in the sense that

they ignore the means by which the free carriers are created.

Auston et. al. (27) have calculated the nonlinear refraction due to

free carriers directly from the real part of the complex

permittivity. The creation of N free electrons in the conduction

band is accompanied by an elimination of N oscillators in the

valence band. The former is often referred to as the Drude



128

Table 4.1. Comparison between experiment and theory of the bound

electronic n2 and 8 for the two-photon absorbing semiconductors

studied.

(1) denotes this work, (2) are the values obtained from reference

[24 , 25) and (3) are values obtained from ref erence [7 ].

Material A (nm) no n 2 (10-11 esu) f (cm/GW)

exp.(1) theor.( 2) exp.(1) exp.( 3) theor.( 3)

ZnSe 532 2 .70 -4.0 -3.8 5.8 5.5 4.27

CdTe 1064 2.84 -20 -21 26 22 25.1

GaAs 1064 3.43 -27 -31 26 23 19.7

ZnTe 1064 2.79 83 54 4.2 4.5 0.89
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contribution while the latter is referred to as a Lorentz

contribution to the change in the dielectric constant. The

overall change in the index of refraction is given by,

An = -2(Ne EZ(4.41)
neOWsmcI,, - (hio) 2

where m, is the reduced effective mass of the electrons in the

conduction band and the holes in the valence band.

In the dynamic Burstein-Moss model with Boltzman statistics

the free carriers block the absorption at frequencies higher than

the energy gap by filling the available states in the conduction

and valence bands. This model uses a Kramers-Kronig integral on

this change in absorption. In section 4.3.2. we assumed a two-band

model. However, the total change in the index of refraction is

given by Wherrett et al. as (29)

An=- 2ire ANC 1+Z Jc J
ngzmc m m

+ Ap 1+Z hJhh + AP,1+Z !MIJ]} (4.42)

where,

Z=4 mP2  (4.43)3W r h2KT'
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00

Jij= { x 2  dx , (4.44)

and

a 1 = .j (4.45)

AN and AP represent the photogenerated electron and hole

densities and the subscripts c, h, and 1 represent the conduction,

heavy hole and light hole bands respectively. APh and API are

given by, (29)

A ~ + M--3,2(4.46)
APh lmhJ

and

AN l mh/A ~ + M- ./2(4.47)
AP Mi

The electron contribution to the index change is the first term

(ANc) and this includes blocking caused by electron transitions

from the heavy hole band and the light hole band in addition to the

change in the electron population in the conduction band. The

other two terms give the contributions of the holes. Table 4.2

lists the contribution of each of these effects for ZnSe, CdTe and

GaAs. The change in the index of refraction from the light hole

band (electron blocking, light hole blocking and free light hole

generation) sums up to ~27% in all three semiconductors listed in

the table. Thus, it is not unreasonable to approximate this model
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by a two-band model where only transitions from heavy hole band to

conduction band are considered. The same partition of change in

refraction due to the different effects in ZnTe is not listed

because we were unable to find the effective mass of the light

hole in the literature.

As explained in section 4.3.2. expression 4.42 is an

approximation adequate for near resonance radiation, but off

resonance as in 2PA we find that Jj should be replaced by Fi where

F is defined as

F- = -2J E + J( Eg- +w ( Efci +] . (4.48)
[ I [ ] + [ ).I

For h w~=E. and Eg >> KT, the first and second terms in Eq. 4.48 are

very small compared with the third term, thus, it is reasonable to

neglect them.(28 ,29) In 2PA experiments, Eg - hw is comparable to E

and all three terms in Eq. 4.48 need be retained. In the

calculations of table 4.2, Fij was used rather than Jij.

We also compare our experimental results with the Banyai-

Koch theory () which takes into account excitonic effects and

coulomb screening. An accurate comparison was not possible due to

our lack of knowledge as to the band-edge absorption coefficient

of our thick bulk semiconductor samples. This empirical

absorptance is needed in this theory to calculate the carrier-

induced refraction. However, using approximate values of this

absorptance from the literature the agreement is within an order

of magnitude. Table 4.3 lists our experimental results in



132

Table 4.2. Relative contributions to the index change from

electrons and holes due to the change in the free carrier density

and transition blocking from heavy hole band to conduction band

and light hole band to conduction band.

plasma blocking blocking plasma blocking plasma blocking

electron electron electron h-hole h-hole 1-hole 1-hole

hh-e lh-e hh-e lh-e

ZnSe 20% 33% 23% 4% 16% 2% 2%

CdTe 27% 23% 21% 7% 15% 4% 3%

GaAs 34% 25% 24% 3% 10% 2% 2%

The first three columns show the electron contribution, the

fourth and fifth columns show the heavy hole contribution and the

last two columns give the light hole contribution. hh-e implies

heavy hole to conduction band transitions and lh-e implies light

hole to conduction band transitions.
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addition to the calculated values of the three models mentioned

above.

4.6. Determination of n2 and a Without Detailed Fitting

4.6.1. Separation of Nonlinear Refraction from Nonlinear

Absorption

In the case of a material with only nonlinear refraction, we

derived a simple relation in chapter 2 which allows the

determination of - or n. without resorting to detailed fitting of

the experimental data. It is also desirable to be able to estimate

nonlinear refraction in materilas where nonlinear absorption is

also present without detailed fittings. The process :by which this

can be achieved is outlined in the following. A closed aperture

(S<1) Z-scan and an open aperture (S=1) Z-scan are performed at

the same irradiance. The closed aperture data contains both

nonlinear absorption and nonlinear refraction while the open

aperture data contains only nonlinear absorption. Dividing the

closed aperture data by the open aperture data results in a new Z-

scan which gives AT_, of the purely refractive case to within

10%. With AT-, known the simple relation derived in chapter 2,

ATp_ = 0.406(1-S)0.251j A| , can be used to quickly estimate - or n.

A thorough numerical evaluation using the theoretical results of

section 4.4 showed that this procedure can be followed provided

that AakL 1, and Aa < 2kAn. In the case of two-photon absorbing

semiconductors these conditions are j4ff : 1 and ,8 2k-y, where 10

is the on-axis peak irradiance. The first condition can be met by

adjusting the incident irradiance and the second condition
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Table 4.3. Our experimental values of the index change per carrier

density, o-, compared to different theoretical models.

(1) is the value obtained using direct calculation model in section

4.3.1 of references [26] and [27], (2) the bandfilling model in

section 4.3.2 of references [28] and [29] and (3) represents the

Banyai-Koch model of reference [30]. In (2) Fj was used rather

than Ji.

Material A (nm) E, (eV)j m,/mo mu/mo 10-1 (10-21 cm3 )

exp. theor.(') theor.(2) theor.( 3)

ZnSe 532 2.67 0.15(a) 0.78(a) 0.8 1.6 1.6 8.0

CdTe 1064 1.44 0.11(b) 0.35(b) 5.0 5.9 5.9 2.5

GaAs 1064 1.42 0.0 7(b) 0.68(b) 6.5 7.2 6.2 7.5

ZnTe 1064 2.26 0.12(a) 0.60(a) 0.75 2.4 2.2 1.4
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indicates that nonlinear absorption should be smaller than

nonlinear refraction. This divison procedure was applied to

different materials. An illustration is given in figure 4.14 for

ZnSe where the closed aperture data (experiment and theory) of

figure 4.1 (b) was divided by the open aperture data 4..1(a). This is

compared to a calculated Z-scan with the same -y but #=0. The

difference between AT-, obtained by division and A'T,_V of the

purely refractive case is less than 3. Therefore, the division

method is a reliable easy way to estimate nonlinear refraction in

the presence of nonlinear absorption.

4.6.2. Determination of n2 and -

In chapter 2 we showed that the difference in transmittance

between peak and valley, ATP-,, is related to the on axis phase

change at focus, A'D, through the following equation,

ATP = p W (Ai) (4.49)

where p(3) =0.406 (1-S) 0 .25 for a third order nonlinearity and p(5 )

=0.21(1-S)O.2 5 for a fifth order nonlinearity. S is the linear

transmittance through the aperture. When nonlinear absorption is

present, dividing the Z-scan data with the aperture in position

(S<1) by the Z-scan data with the aperture removed (S=1) gives the

signal due to nonlinear refraction. When the nonlinear refraction

is caused by a third order nonlinearity and a fifth order

nonlinearity ,which is the case in semiconductors, we assume that

__
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ATP_, = AT( 3) _, + AT( 5)

=p(3)k(An) (3) 4, + p(5) k(An) (5) 1-.e2aL,(4.50)2a '(.0

where 4ff=(1-e-a1)/a. Using equations 4.27, 4.28 and 4.49 and

assuming a Gaussian temporal profile, we calculate the total

change in the index of refraction

An = qI + CoID (4.51),

where

An=v/ ~' , (4.52)
p(3)kLeff'

and

C=0.1145L (1+eOL). (4.53)

If we divide equation 4.51 by I and plot An/I vs I we should get a

straight line provided that a in '4f is taken as a (I) = ao + PI. The

intercept of this line gives the electronic n2 and its slope gives

the refraction due to the free carriers (t). We applied this

method to ZnSe at 532 nm and obtained y=-6.4 x 10-14 cm2/W (n2=-4.1

x 10-11 esu) and a=-1.1 x 10-21 cm3. This data is given in Figure

4.15. Figure 4.16 shows the data of CdTe and GaAs at 1.06 pm. The

best fits to the lines gave -y=-2.7 x 10-13 cm2/W (n2=-l.8 x 10-10 esu)

and o=-4.8 x 10-21 cm3 for CdTe and 7=-4.1 x 10-13 cm2/W (n2=-3.3 x

10-10 esu) and o=-5.6 x 10-21 cm3 for GaAs. Comparing these values

with those obtained in section 4.5.1. by fitting the experimental
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open aperture Z-scans of Fig. 4.1; experiment (diamonds) and

theory (solid line). The dashed line shows the calculated Z-scan
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that of the solid line. Thus it is possible to estimated, by the

division process.
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simultaneously determine the electronic Kerr effect and the free-

carrier refraction in semiconductors.

4.7 Chapter Summary

In this chapter we extended the application of the Z-scan

technique to materials possesing nonlinear absorption in addition

to nonlinear refraction. The bound electronic n2 of Ge at 10.6 pm,

ZnSe at 0.532 and 1.06 um, and CdTe, GaAs and ZnTe at 1.06 pm were

determined. The predicted dispersion in n2 was observed, for

example n2 changed from positive in ZnSe at 1.06 pm where hw is in

the middle of the transparency range at 532 nm where the incident

radiation is below but close to the absorption edge. 2PA

coefficients in some of the above semiconductors were also

measured. The nonlinear refraction caused by 2PA generated free

carriers, a,, was also measured. Our experimental results agreed

fairly well with simple two parabolic bands models. This

agreement between experiment and these simple two-band models can

be attributed to a weak dependence of those nonlinear parameters

on the details of the band structure. From this we can conclude

that the nonlinear absorption and refraction in semiconductors

can be predicted with the knowledge of a few material constants

such as energy gap and linear index of refraction.

The ability to separately measure the different nonlinear

parameters attests to the power of the Z-scan technique as a tool

for measuring optical nonlinearities.

--- W
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Fig. 4.15. An/I directly derived from ATp.v plotted as a function

of I for ZnSe. The intercept of the best fit straight line to the

data yields 7=-6.4 x 10" cm2/W and the slope gives o=-1.1 x 1021

Cm3 .
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Fig. 4.16. An/I plotted as a function of I for CdTe (filled circles)

and GaAs (empty circles). The best fits to the data give 1=-2.7 x

1013 cm2/W and cr=-4.8 x 10-21 cm3 for CdTe and 1=-4 .1 x 10-13 cm2/W

and o=-5.6 x 10-21 cm3 for GaAs.
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CHAPTER 5

APPLICATION TO OPTICAL LIMITING

5.1 Introduction

Materials with nonlinear optical properties have been used

as passive optical limiters at various wavelengths. In

semiconductors both nonlinear absorption and nonlinear refraction

were utilized to achieve optical limiting. (1-3) An ideal optical

limiter (Fig. 5.1) transmits light linearly up to a certain input

threshold after which the transmitted light is clamped to a

constant value. A typical optical limiting geometry often used as

a screening test is shown in Figure 5.2. The beam is focused onto

or into the sample and the transmitted light is collected through

an aperture. The aperture is there to measure the fluence which

is the important quantity in limiting applications. The threshold

is the input power at which self-action occurs which causes beam

broadening in the far field and lowers the on-axis amplitude.

Different materials were used for optical limiting. In liquids

Leite et al. (4) utilized the negative thermal lensing and Soileau et al

(5) used the positive Kerr effect to demonstrate optical limiting.

Other materials such as liquid crystals (6) and suspended particles

(7) also showed optical limiting behavior. Perhaps, the materials

with best limiting properties are semiconductors which posses

high refractive and absorptive nonlinearities. The optical

nonlinearities described in chapter 4 are useful for optical
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limiting. (8,9,10)

An optical limiter is also rated by its dynamic range which

is the ratio of its limiting threshold to its damage threshold.

Thick samples are often more desirable because a thicker medium

possesses larger nonlinearities implying that we do not have to

focus near the surface which is more prone to optical damage than

the bulk. If a thick sample is to be used, the nonlinear

refraction should be negative because a self focusing nonlinearity

leads to optical breakdown. Van Stryland et al (1) demonstrated a

monolithic self-protecting optical limiter with a large dynamic

range.

In this chapter we use the Z-scan technique as a guide for

optimization of optical limiting in thick and thin media in the

presence of nonlinear refraction.

5.2. Z-Scan in Thick Media

In chapter 2 the interaction between light and matter was

treated using the thin sample approximation or external self-

action. This allowed us to disregard the transverse Laplacian in

the wave equation. For sample lengths larger than zO, the confocal

beam parameter, the above approximation does not hold and we now

have the problem usually referred to as internal self-action. In

the thin sample case, the self-focusing and self-defocusing or

self-lensing effects imply that the sample can be assumed to act

as a thin lens with an effective focal length that depends on the

beam irradiance. We will first apply this approximation to the

thin sample case (external self-action) and then extend it to

W.RWAWOMWA.-V
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solve the thick sample problem (internal self-action).

5.2.1. Thin Lens Approximation

The thin lens approximation (TIA) was first used by Gordon et

al. (11) to explain thermal lensing in absorbing liquids. The relation

between the effective focal length and the absorption was later

used by Leite et al (12) to measure the low absorption of some

liquids. The thermal lensing effect was also exploited for

optical limiting. (4) In what follows, we will derive the Z-scan

transmittance using the TLA method and compare it with the results

of chapter 2 where the Gaussian Decompositin (GD) method, an

"exact" wave optics formalism, was used.

In the Z-scan geometry (see figure 5.2 or figure 2.1) at any

given position z of the sample the incident field is given by

E (r,z,t) = E0(t) w ) exp ( ) - fk-rz) e-i(t) (5.1)
w (Z) W2 (z) 2R (z)

where w (z) = wo(l + z2/z2) is the beam radius at z, w. the beam

radius at the focus, R (z) = z (1 + z 2/z 2 ) is the radius of curvature

of the wavefront, z,=kw0
2/A is the confocal beam parameter, k=27r/A

is the wave vector and A is the radiation wavelength in free space.

O(z,t) contains all the radially independent phase terms. The

change in phase in the beam due to the nonlinear interaction for a

thin sample in the absence of absorption is given by,

AO (r, z) = kAn (r, z)L (,(5.2)
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SAMPLE APERTURE

____ DETECTOR

Fig. 5.2. Z-scan experimental setup. For a thick sample, z is the

distance between the center of the sample and the focal plane.
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where L is the sample length and An is the change in the

refractive index. For simplicity, we assume a steady state

condition which allows us to drop the time dependence. If linear

absorption is present L can be replaced by leL with a the linear
a

absorption coefficient. For a TEMOO Gaussian beam, An is

An (r, z) = An (z) e-2r2/w 2(-) , (5.3)

where An0 (z) is the on-axis index change at z and w (z) is the beam

radius at the sample. Using the "aberration-free" approximation

(13,14) only the r2 dependent term in the expansion of the exponential

in 5.3 is retained. We can rewrite eq. 5.3 as,

An(r, z) = An(z) 1 - 2(2) , (5.4)
1 aw (Z)

where a is introduced to compensate for dropping the higher order

terms in the expansion. In the "aberration free approximation" or

"constant shape approximation" in thick media, it is assumed that

the beam preserves its Gaussian shape inside the medium. (13,14) Now

consider a Gaussian beam striking a thin lens of focal length f.

From paraxial ray approximation, the change in phase, A, induced

on the beam by the lens is (15)

= kr2  (5.5)

From 5.2, 5.4 and 5.5 we find the effective focal length of the

WAO-A-O-MWWA-AW SPWOWXAMI.M
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sample is,

f aw2 (z) - akw2 (z) (5.6)
4An0 (z)L 4AqO (z)

The thin sample approximation condition, namely f>>L, is met if

L<< 4(a 1/2 (5.7)

For a cubic nonlinearity, the phase change is proportional to the

irradiance which is given for a Gaussian beam as (see chapter 2)

I(z) = 1 + / , where is the on-axis irradiance at the focus

and zo is the focusing depth. Letting x=z/z0 we can rewrite 5.6 as

-=az 0(1 + x2) (5.8)

where AM, is the on-axis phase change at the focus. Now we can

solve the Z-scan problem by simply using the ABCD matrices (15) for

Gaussian beam propagation. The normalized transmittance through

the sample and the far field aperture is

1 - _2r zaa(-O)
T(z) = S- ,a u(5.9)

where ra and wa are the aperture and beam radii respectively and S

is the linear transmittance through the aperture given by,

wopft
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(5.10)Se r2e a a(Ao=O,Z)

To find the beam radius at the aperture we use the q

transformation where (15,16),

1 = 1 _+ ____+q.(
q R(z) mrw(z)

(5.11)

Propagating the beam through the lens (sample) and then a distance

d in free space, which is the distance between the sample and

aperture, we get q at the aperture as,

q q+aB(5.12)

where,

(5.13)
aA B . 1 d 1 0 b e1-d/uf - t/ o 1 -1

and q6 is defined by equation 5,.11,

1 1 A
SRa (Z) rz() (5.14)

Equating the imaginary parts of 5.14 and the inverse of 5.12, we

derive the beam radius at the aperture as,
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W2 x()+X2) 1 -12A$D + DX + D2(5.15)
wz,-0 a (1+X2)2 1+x2 I 1+x2 I

where D=d/z0 . The beam radius at the aperture in the linear regime

is defined by setting A4D=0 in 5.15. With the far field condition

satisfied, D>>l, and for a small phase shift equation 5.15 reduces

to

__ 4Ag~x
W 2

1 D -l A )o -(5.16)I 0a(l+X2) 2

For on axis transmission (S~1), the normalized transmittance

reduces to

T (z) ~Wza (4b=) (5.17)W2 (A4 0 0)

hence,

T(z) 1 I + 4Ax (5.18)

With this simple expression we can now find the positions of the

peak and valley and the defference in transmittance AT,_v in terms

of the phase distortion. Differentiating 5.18 and setting the

derivative equal to zero we get

xPV =*+ 1(5.19)

and

AT,_v = 2.61 AD -(5.20)a 0

wow
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Comparing 5.20 with the result obtained by the exact wave optics

frmalism (GD) which is equation 2.48 in chapter 2, AT ~

0.4061 Aej, we find that a should be set to 6.4 for on-axis

transmission and small phase distortions. In figure 5.3 we show Z-

scans obtained from the TIA method using equation 5.15 and the GD

method using the results of chapter 2. At the small phase change

of I4 )0=0.25, we find that setting a=1 in equation 5.16 does not

match the GD data, but with a~6.4 the two methods give similar Z-

scan data with equal ATP.. . The two methods cannot give the exact

Z-scan shape regardless of what value of a is used. One reason is

that the distance between peak and valley, Az,._ is independent of

a as can be deduced from equation 5.19.

The main difference between the TIA and GD methods arises

from assuming in the TIA that the Gaussian profile of the index

change is parabolic. Evidently a depends on the geometry

(aperture size S) and the magnitude of the induced phase

distortion. Figure 5.4 shows the comparison between GD and TIA

for AD,=0.5 and S=0.5. The best match between the ATP.. of the two

methods is obtained by setting a=5. For any aperture size, a is

found as a function of AD as the ratio of AT,.. obtained by GD to

AT.. obtained by TIA. In figure 5.5, a is plotted versus A', for

three aperture sizes. The observed trend in a is that it decreases

with increasing aperture and with increasing AP. From numerical

calculations, we find that in general, the aperture dependence of

a within 5% accuracy is such that,
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a (S) ~ 6.4 (1-S)035 for A, D . (5.21)

Expression 5.21 does not hold for higher phase shifts due to the

deviation from the constant shape approximation at large phase

distortions. (i.e. the beam is no longer well approximated by a

Gaussian).

5.2.2. Distributed Lens Approximation

In a thick sample, the nonlinear wave equation for beam

propagation is given by,

VE - l/cZ(nO + =n)2E= 0, (5.22)

where no is the linear index of refraction. This equation does not

have an analytical solution. Marburger, Kelly, Mohebi and others

solved it numerically.(17-1 9) To obtain an analytical solution the

beam is considered to preserve its Gaussian profile inside the

medium which is usually referred to as the "constant shape" or

"aberrationless" approximation. This means that the phase of the

beam should be quadratic in r. We have already made this

assumption to obtain the solution for a thin sample using the TLA.

Assuming a small nonlinearity, Akhmanov et al. (20) used the "slowly

varying envelope approximation" to get two coupled differential

equations for the amplitude and phase. In the case of a self-

focusing nonlinearity (An > 0) they derived the critical power for

self-focusing which differed by a constant from the value obtained
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from the numerical calculations by Marburger (19), i.e.

P = CA 2  (cgs units) (5.23)
S3222

where n2 is defined in cgs by An = (n2/2) I E1 2 . The value obtained

numerically by Marburger is 3.77P, which is defined as P in the

literature. (5) Yariv and Yeh (14) used the results of Gaussian beam

propagation in lenslike media to solve equation 5.22. They

assumed that the index of refraction depends on r2 as well as on

the intensity of the beam which is the case of a medium with a

cubic nonlinearity. They obtained the self-focusing critical

power as defined by equation 5.23. The discrepancy in the critical

power values between the analytical (14,20) and numerical (19)

solutions originates from the aberration free approximation.

Allowing a to vary from unity can critically remove this

discrepancy.

To analyze the Z-scan in a thick medium, we can extend the

solutions of Akhmanov et al. (20) or Yariv and Yeh (14) at different

sample positions and then propagate the beam from the exit surface

to the aperture. Alternatively, we choose a slightly different

method which allows us to include the effects of linear

absorption. (21,22) As long as the beam remains Gaussian within the

sample, we approximate the optically thick sample as a collection

of thin lenses separated by a distance AL (Distributed Lens

Approximation). This arrangement is shown in figure 5.6. The

effective focal length of the i-th lens is defined as in equation
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Fig. 5.3. Calculated Z-scan using the GD method (solid) and the TLA

method using a = 1 and a = 6.4. With a = 6.4, ATP-, is the same as

the one obtained by the GD method.
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5.6 as,

aW2.
f=aw (5.24)

4AniAL'

where wi and Anj are the beam radius and on-axis index change at

that element respectively. For each element to be considered as. a

thin lens, AL must be less than the confocal beam parameter inside

the sample, i.e, AL < nozo. AL should also meet condition 5.7. The

sample position z, is the distance between the focal plane and the

center of the sample. The beam propagation through the sample is

solved using successive ABCD matrices given by;

Ai B - 1-AL/nfj AL/n (525)
Ci Di J~. -l/fi 1

Similar to Eq. 5.12, a free space matrix is multiplied by 5.25 to

find wa, the beam radius at the aperture. The effect of linear

absorption can be accounted for by replacing Ani in 5.24 by

Anjexp(-itAL) where a is the linear absorption coefficient. The i

here stands for the i-th element and should not be confused with

the complex number i. The normalized transmittance is defined by

equation 5.9 and if the temporal variations are included it is

given by
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Fig. 5.5. a plotted as a function of phase distortion for different

aperture sizes.
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00

J-0PT (t)dt

T(z) = (5.26)

S{Pa (t)dt

where Pa is the linear power transmitted through the sample.

In figure 5.7 we plot the calculated Z-scans for a sample

with a third order nonlinearity and an optical length of L/no =

15z0 . Positive and negative nonlinearities are considered with 0/a

= 0.5 where 0 = 2nezekAn0 and could be considered as the

nonlinearly induced phase change within the sample between -zo and

+zo. The peak-valley (0 < 0) and valley-peak (0 > 0) features

observed in the thin sample Z-scans are sill obvious but now they

are separated by an almost flat region. The distance between peak

and valley is now ~L/n, which is the optical length of the sample.

Considering a negative nonlinearity, we see that the peak

corresponds to focusing the beam near the back surface of the

sample and the valley corresponds to focusing near the front

surface. In general we find that the distance between peak and

valley for a thick medium can be approximated by,

AzP_, (thick) j (L/n;)z+Azp_, (thin) , (5.27)

where Azp_, (thin) ~ 1.7z is the distance between peak and valley

for a thin sample as derived in chapter 2. The flat region
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corresponds to focusing in the bulk of the material. When

focusing near the center of the sample, the lensing effect due to

the first part of the sample seen by the converging beam is offset

by the same lensing effect due to the second part of the sample.

Another observation that can be made from figure 5.7 is that the

magnitude of AT-, for 60> 0 is larger than that for 6 < 0. This can

be explained in the following. Self-focusing (6> 0) is a self-

strengthening ef fect (the smaller the beam size the higher the

effect) which at a high enough input power (critical power) leads

to beam collapse, while self-defocusing produces larger spot

sizes inside the sample making it a self-weakening effect. This

difference in the transmittance changes between positive and

negative nonlinearities is not seen in thin samples because in

this case changes in the beam diameter within the sample are

insignificant.

From the detailed discussion about the nonlinearities in CS2

in chapter 3, we have established that with nanosecond pulses and

tightly focused beams at 10.6 Am the dominant nonlinearity is

thermal lensing. We performed a Z-scan experiment with 1 mJ input

energy on a 24 mm thick CS2 cell using 300 ns pulses at 10.6 pm.

The beam was focused to a ~ 60 pm spot size giving a z-1 mm. With

n=1.63 for CS 2, the optical length of the sample L/n0 ~15z0 . The

result of this Z-scan is shown in figure 5.8. With an 50% aperture

(S=0.5) and setting a~-5.0 we fit the experimental data with (An1) ~

(-1.0 0.1) x 10- which yields a thermo-optic coefficient (dn/dT ~

-8.3 x 10-4 0 C-1) of the same value obtained by fitting the Z-scan
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Fig. 5.6. The distributed lens geometry. The sample is assumed as

a stack of thin lenses separated by AL.
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data of a thin CS2 sample by the exact wave optics formalism (see

chapter 3). Note that the peak and valley are not symmetric with

respect to the z=0 point because the z=0 point is defined as the

position of the focal plane in air, i.e, no sample present. The

insertion of a thick sample within > 1 in the beam path changes

the position of the focal plane. In figure 5.7 we chose n0 =1 which

explains why the peak and valley are equidistant from the z=0

point.

Observation of beam broadening and narrowing in the far

field in some exotic material "chinese tea" was reported and

explained in a recent paper as positive and negative nolinear

refraction (23). Our Z-scan analysis in thick media explains this

beam broadening and narrowing due to focusing at different sample

positions. In light of our theoretical and experimental results,

we beleive the effect is thermal lensing due to linear absorption

similar to the case of CS2 described above.

The optical reorientational Kerr effect in liquid CS2 is

nearly independent of the wavelength with a positive nonlinear

index of ~ 1.3 x 10-1 esu. (524,25). With 130 ps pulses at 10.6 um,

and with a peak power of 350 KW we performed a Z-scan on the same

CS2 cell discussed above. Here the beam was focused to give a z4

mm. This makes the optical length of the sample L/no = 3.7z., thus,

the sample is still considered "thick", but as can be seen in

figure 5.9 the flat transmittance region has almost disappeared.

The Z-scan data shows a valley-peak feature indicating its

positive nature. With an aperture size S=0.4 giving an a~5.4 the
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Fig. 5.7. Calculated Z-scan for a thick sample, where L/n0 = 15zo

and 6/a = 0.5.
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the theoretical fit (dashed line) was obtained with n ~ +1.5 0.6

x 10-" esu which is in close agreement with the values found in

the literature and shows no dispersion of n2 from 10.6 pm to 0.532

14m. (5,24,25)

As was done in the thin sample case we want to find a way

which allows us to extract an experimental value for nonlinear

refraction without the use of detailed fitting. For very thick

samples, making the sample any thicker does not increase AT-,..

This leads us to look at the effective interaction length of the

sample which we define as,

= AT,- (thick)1f(5.28)
TP T,(thin)

where I is defined as 1=L/nz0, AT-., (thick) is calculated using the

distributed lens method, and AT-,, (thin) is calculated for a thin

sample using the GD method (exact wave optics approach in chapter

2). Figure 5.10 shows the result of equation 5.28 where 'eff is

plotted versus I for different 0/a values and for S=0.5. It is seen

that a positive nonlinearity increases ,ff while a negative

nonlinearity decreases it as the beam is narrowed (0>0) and

broadened (0<0) inside the thick sample. Note that most of the

index change is achieved within a length of ~2z0 and beyond this

length AT-, barely increases. This is true because the irradiance

has dropped by 50% at zO from its value at z=0. Also calculations

of equation 5.28 at different S values showed that leff is

insensitive to S. With AT,.v (thin) given by
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Fig. 5.8. Experimental Z-scan data of a 24 mm CS, cell using 300 ns

pulses at 10.6 pm. The solid line is a theoretical fit. (S = 0.5

and a 5)
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AT,.v ~=0.406(1-S) 0.2 5 A(P0 , (5.29)

and using equation 5.28 we get,

AT_, (thick) ~=0.406 (1-S) 0 .25  . (5.30)2

From figure 5.10 it is clear that we can extract leff only if 6 is

known. This means an iterative procedure which converges rapidly

can be used to determine n2. A good starting value for 6 is a small

one, 161 < 0.2. With this 6 an leff is determined from figure 5.10.

This leff is now used in equation 5.30 to extract a new 6. This

process is repeated until 6 converges.

For example applying this method to the Z-scan data in

figure 5.8, we start by choosing 6/a = -0.05 (a=5 for S=0.5). This

gives an leff of 1.5. Plugging this value in equation 5.30 and with

AT-,, =0.42 we calcualate a 6=1.64 (6/a=0.33). This process is

repeated once after which 6 converges to 6~1.8 which yields a

(AnO)~9.4x10-4 which is 6% different from the value measured by

exactly fitting the experimental data. As to the data of figure

5.9 where ATP,_~.1 and S=0.4, we obtain a 6~0.36 compared to 0=0.38

obtained from the theoretical fit. Given that this measurement

was performed with the highest energy available from our OFID

picosecond system, use of a thick sample was crucial to measure n2 -

In this measurement I = 3.7 giving ,ff ~ 1.5 and AT(P.,)~.1. If a thin

sample was used then 1 < z. and leff << 1 leading to a AT-,, which

cannot be resolved.
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5.2.3. Optical limiting

The Z-scan geometry is also a limiting geometry where the

sample is fixed at a certain position and the transmittance is

measured as a function of input power. Optical limiting is

achieved when nonlinear refraction causes the normalized

transmittance to drop as a function of input power. The lowest

limiting threshold is obtained when the sample is positioned in

the transmittance valley of the Z-scan signal. Looking at any Z-

scan data, we observe that the best limiting results are achieved

in the vicinity of the transmittance valley regardless of the sign

of the nonlinearity. The closer the sample is to the minimum

transmittance point the lower the limiting threshold which is the

input power at which the transmittance drops by a factor of two.

With reference to figure 5.7, the results of limiting calculations

taken at different sample positions are shown in figures 5.11 and

5.12 for a negative and positive nonlinearity respectively. For a

negative nonlinearity (fig. 5.11) focusing near the back surface of

the sample results in an enhancement of the transmission signal

which is undesirable for optical limiting. Optimum limiting is

obtained when focusing near the front surface of the sample. The

opposite is true for a positive nonlinearity. Materials with

self-defocusing effects are more desirable for optical limiting

because they are self-protecting. (1,2) This is true because self-

defocusing broadens the beam within the sample and thus,

decreases the fluence which causes the damage, while self-

focusing narrows the beam and increases the fluence within the



173

I

0
+2.0

+1.0
+0.2
-0.2
-1.0
-2.0

2 3 4 5 6 7 8

Fp

Fig. 5.10. lefT plotted as a function of I for different values of

0/a.

2.0

1.5

4-

0.5

0.0
'c )

-01
w -- - --

,4. - -

.w-j

1 .0



174

sample.

For a positive nonlinearity (fig 5.12), we notice that there

is a sharp decrease in the output for 0/a 1 regardless of the

sample position. 0 can also be expressed as the ratio P/Pcr, where

Pe,. is the critical power for self-focusing and it is defined by

equation 5.23, we see that setting a=3.77 for large phase

distortion gives P,=3.77 which is the value obtained by

Marburger (ref). Thus, including the factor a in the aberration

free approximation leads to closer results to the exact

calculation of the nonlinear wave equation. We should mention

here that for very large phase distortions, and when catastrophic

focusing occurs, the aberration free approximation breaks down

and is inadequate to model the problem as the beam radius becomes

comparable to A. (26) At this beam radius the intensity becomes so

large that higher order nonlinear effects become significant such

as plasma formation and optical breakdown of the material.

Referring to figure 5.8, we performed limiting experiments

on CS2 at different sample positions a, b and c. The best limiting

performance is at position c (figure 5.13) where the beam is

focused near the front surface of the sample. We did not attempt

to focus at the minimum transmittance point so that we do not

damage the NaCl window. As explained in chapter 3, thermal

lensing is a result of linear absorption, thus, by increasing the

linear absorption of the material the change of the index of

refraction is increased and subsequently lowers the limiting

threshold. Experimentally we were able to reduce the limiting
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threshold of CS, substantially by dissolving impurities in CS2

which increased the linear absorption coefficient to a=2 cm-'.

Figure 5.14 shows the limiting results of pure and modified CS 2 for

a 3 mm cell with the sample situated near the transmittance

valley.

5.3. Near Field Z-scan

In a practical situation optical power limiters are used to

protect optical sensors which are situated at the image of an

object at infinity. This implies that the sensor should be

positioned at a focal plane where the image is sharp. This is why

in optical limiting geometries a two-lens system is often used.

(1,2,5,27) Thus, we added another lens to the Z-scan geometry and

placed the aperture at the focal plane of the second lens. This is

shown in figure 5.15. In the previous sections, it was verified

that the Z-scan plays an important role as a guide for where to

focus the beam with respect to the sample position. Therefore, we

first study the effects of the two-lens system on the Z-scan

results.

5.3.1. Beam Propagation

We start with a thin sample because this allows us to follow

the exact wave analysis used in chapter 2 for the normal Z-scan

geometry. In the course of this discussion we will refer to the

normal Z-scan geometry (Fig. 5.2) as "Far Field" (FF) Z-scan and

the two-lens geometry (Fig.5.15) as "Near Field" (NF) Z-scan. The

reason for this nomenclature will soon become clear. Figure 5.16

shows the calculated Z-scan transmittamnce for a thin sample with

41
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a negative nonlinearity for FF and NF geometries. There are three

major differences between the two results: First, we see that the

peak-valley configuration which is the signature of a negative

nonlinearity changes to valley-peak configuration. Secondly, the

transmittance signal or ATv has increased by a factor of three,

and thirdly, the distance between the positions of the peak and

valley AzP_, has decreased. The sign change of the Z-scan signal

can be explained using the thin lens argument as shown in figure

5.17. When the sample is to the left of the focal plane, the self-

defocusing creates beam narrowing in the far field (at the face of

lens L2) which is focused to a larger spot size than the one

obtained in the linear regime leading to a decrease in the fraction

of light incident on detector D2. Hence, there is a decrease in

transmittance or a transmittance valley. On the other hand, when

the sample is placed after the focal plane, the same self-

defocusing causes beam broadening in the far field (at lens L2)

which focuses to a smaller spot size than the one obtained in the

linear regime and more light passes through the aperture. Hence,

there is an increase in transmittance or a transmittance peak.

Notice that the beam changes near the new focal plane are the

images of the changes in the beam in the original focal plane.

This explains the FF and NF nomenclature. To explain the

enhancment in AT,_ and the reduction in Az,_,, the beam

propagation from the sample to the new position of the aperture is

analyzed. This is done in Appendix D.

We performed NF and FF Z-scan experiments on a 1 mm CS2 cell
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at a wavelength of 1 Am with picosecond pulses under which

conditions the optical Kerr effect is the dominant nonlinearity.

In figure 5.18 the Z-scan data for FF and NF Z-scans are shown for

a 40% aperture (S=0.4). Low irradiance was purposely chosen to

see the enhancement and to protect the pinhole (aperture). The

positive optical Kerr effect is manifested in a valley-peak

transmittance signal in the FF Z-scan geometry and switches sign

to a peak-valley shape. A slight enhancement in AT,_, is seen but

not by a factor of three as the theory predicts. Also noticed is a

reduction in Azp, from ~l.7z0 to ~1.2z0. One reason why we did not

observe a AT-, three times larger in the NF geometry is that the

enhancement factor which is defined as E= AT-, (NF)/AT._, (FF), is

strongly dependent on the aperture size. Figure 5.19 shows how

the enhancement drops sharply as the aperture size increases. At

S=0.4 E is closer to 2 than to 3. Other reasons could be

experimental; for example, we found that as the sample moves it

walks the beam by a very small percentage deviating it from the

center of the collecting lens. Even though, this small deviation

barely changes the FF Z-scan signal, it greatly af fects the signal

at the position of the new focus where the aperture is now

located.

Although, the near field Z-scan is not very practical for n2

measurements, it gives an insight as to how to optimize the

geometry of optical limiting. The near field Z-scan shows that a

complete reversal of sign between the near field and far field is

achieved only if d-f>>zo and the aperture is exactly placed at the
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focus. For example, if the collecting lens is placed in a geometry

such that the beam is collimated, then the Z-scan signal will be

exactly the same as the FF field result. In figure 5.20 the Z-scan

signal evolves from the FF signature when the aperture is placed

behind the lens to the NF signature at focus and back to the FF

result when it is far behind the focus. We experimentally

verified the different shapes the Z-scan transmittance signal

undergoes as a function of aperture position with a 1 mm cell of

CS2 at 10.6 jsm. With 300 ns pulses the nonlinearity is thermal

lensing which is a defocusing effect. Figures 5.21 and 5.22 show

the qualitative agreement between theory and experiment at

different D, values, where D, is the aperture position with respect

to the new focal plane. The confocal beam parameter at the new

focus is zj,.

When applied to thick samples, calculations show that the NF

Z-scan shows the reversal of sign. In this case the aberration

free correction factor a is not the same as in the FF Z-scan. If

the same a is used for both geometries then the only difference

between the two Z-scan signals is the sign reversal. Figure 5.23

shows the FF and NF calculated Z-scans for a sample with 1 = 15 and

negative nonlinearity where a =1 in both cases. It was mentioned

above that for optical limiting in thick media a negative self-

defocusing nolinearity is desirable for self-protecting limiters.

In the FF Z-scan geometry we saw the best limiting results are

obtained when focusing near the damage prone front surface of the

sample. The NF geometry allows one to focus near the back surface



184

1.08

C)

c-

Q0
N

-E
0
z

1.04

1.00

0.96

0.92
-4 -2 0 2 4

Z/zO

Fig. 5.16. Calculated far field (dashed) and near field (solid) Z-

scan for a thin sample.

.00 1

0.0

A6t =-- 1T

' -

.- r I= k.-)L-1 "'Ir



185

L2

Li Focal Plane

z+z

D2

-z +z0

A n<O

D 2

Fig. 5.17. Beam broadening (sample before focus) and narrowing

(sample after focus) caused by self-defocusing.

:.-M X

C-X



186

where the self-defocusing of the beam (the beam radius is larger)

increases the damage threshold of the limiter. ()

5.4. Aperture Scan

Another Z-scan geometry is one where the sample is fixed at

the focus and the aperture is scanned in the z direction (see

figure 5.15). This geometry was also suggested by Hermann and

Chaple. (28) The advantage of this geometry is that the sample is

fixed and sample imperfections do not affect the measurement. The

Z-scan shape is obtained by performing two Z-scans; one in the

linear regime (low irradiance) and another in the nonlinear regime

(high irradiance). In the linear regime the transmittance at any

position z of the aperture is inversely proportional to the beam

radius w' (z) = w' 0 (1+x' 2) where x'2 = (z/zo' )Z and zo' is the confocal

beam parameter at the new focus. The result of the scan is then a

Lorentzian which peaks at the linear position of the focus. At

high irradiance the self-lensing due to beam interaction with the

sample changes the position of the focus and the size of the beam

at the focus. Thus, the result for small An is another Lorentzian

shifted to the left or right for a negative or positive

nonlinearity respectively. The results of the aperture scans at

low and high irradiance for on-axis transmittance (S~O) and a

small negative nonlinearity (A,=-O .1) are shown in figure 5.24 (a) .

The division of the two scans (figure 5.24 (b)) gives a Z-scan

shaped curve with a AT,_, three times larger than the FF Z-scan.

Unlike the NF Z-scan the tramsmittance signal does not reverse

sign, i.e. it preserves its peak-valley shape which is the
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signature of a negative nonlinearity in the normal FF Z-scan.

We used CS2 at 1.06 pm with picosecond pulses to demonstrate

the aperture scan experimentally. Two scans were taken at low and

high irradiance levels. Dividing the two scans did not give a Z-

scan shape. The experiment was repeated many times but the results

were always noisy data with no definite shape. Any slight

fluctuation in the data between the two measurements results in

huge errors in the division especially at the slope of the

Lorentzians where the Z-scan signal is obtained. Experimentally

there is always less error in data obtained from one step than

from two. Also the fact that the aperture, which is a small

pinhole, is moving results in fluctuations in the transmittance.

The experimental difficulties encountered in this geometry

and the NF Z-scan geometry make them unreliable for nonlinear

refraction measurements. However, they provide us with knowledge

about how best to geometrically arrange the optics for optical

limiting experiments.

Chapter Summary

In this chapter, we extended the Z-scan technique to measure

nonlinear refraction in thick Kerr-like media by using a

modification of the aberration free approximation. The analysis

is based on comparisons between the exact wave optics formalism

and the thin lens approximation for thin samples which is extended

to a thick sample by considering the sample as a distributed stack

of lenses. Comparisons with Z-scan experiments showed that this

method is reliable for measuring n in thick media and in designing
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limiting devices.

The ability of measuring n2 in thick media is important when

the nonlinearity is small and one is limited by the available

power such that An is too small to be measured in a thin medium.

Such was the case in our picosecond measurement of the optical

Kerr n2 in CS2 at 10.6 Am. We also showed an easy method to extract

n2 values without detailed fitting of the data. This method was

proven to work when applied to our Z-scan measurements of thermal

lensing and the Kerr ef fect in CS2 at 10.6 ym.

Different Z-scan geometries were explored for measurement

of n2 and optimization of optical limiting. Theroretical

calculations showed a factor of three enhancement in the Z-scan

transmittance and a reversal in sign when the near field (NF) Z-

scan geometry was used. The evolution of the Z-scan signal as a

function of the aperture position gives insight in designing

optical limiters.

Although, both NF Z-scan geometries did not prove to be

advantageous in nonlinear refraction measurements, they show

promise for guiding the optimization of optical geometries for

limiting devices. For example, the NF Z-scan in thick media shows

how to design self-protecting optical limiters based on a material

with negative nonlinear refraction. A monolithic optical power

limiter (MONOPOL) like the one designed by Van Stryland et al. (1) can

be envisioned. This device will have a spherical first surface and

a flat back surface. The first surface which acts as a lens

focuses the beam to a spot near the back surface where the
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transmittance valley occurs. We should emphasize here the

absence of nonlinear absorption. Including nonlinear absorption

in thick media is a difficult task and it is outside the scope of

this work. However, it is an interesting problem for future work.
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CHAPTER 6

SECOND HARMONIC GENERATION AT 10 pm

6.1 Introduction

The advent of the laser gave the scientific world a new tool

to examine different physical phenomena. Unfortunately, lasers

do not span the optical spectrum and this is due to the lack of

laser materials that are tunable over a wide band of wavelengths.

Among the optical nonlinear effects observable at high radiation

intensities which are only achieved from laser sources is the

generation of waves at sum and difference frequencies. These

second order (X(2)) effects help generate laser radiation at a

different wavelength from the source and were first observed in

the early sixties. (1,2) Frequency mixing techniques are now used

frequently to extend the availability of coherent light sources to

different -wavelengths. The search for materials possesing high

X(2) nonlinearities and their optical characterizaton are therefore

among the active research areas in the field of optics.

The CO. laser is the main source of laser radiation in the

mid-infrared region with laser output from 9-11 im. Frequency

doubling and tripling of the C02 light produces coherent light in

the 5 and 2.6 pm regions. Laser radiation in the mid-infra red

region can also be obtained by frequency mixing or optical

parametric oscllation. Kato (3), for example, obtained

continously tunable radiation over the range of 5-11 pm by mixing

201
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the output of a Nd:YAG laser with the output of an infrared dye

laser in AgGaS 2. Many materials for second harmonic generation

and parametric oscilltaion in the mid-infrared region have been

investigated. (4-8)

One of the most promising materials for frequeny mixing and

harmonic generation in the 2-18 Im region is TAS or Thalium

Arsenic Selenide (Tl3 AsSe3 ) 9-11. In this chapter we mainly study the

laser induced damage threshold of TAS which was used in our

autocorrelation measurements of the pulse width of the CO2 OFID

picosecond pulses. (12) We also investigate its second harmonic

generation (SHG) conversion efficiency with nanosecond and

picosecond pulses. The SHG conversion efficiency and the laser

induced damage threshold of GaSe and ZnGeP2 which were grown in

the U.S.S.R are also investigated. This study resulted from our

need to characterize our picosecond CO2 laser pulses.

6.2. Second Harmonic generation

SHG is achieved when an input wave of frequency w interacts

with a nonlinear crystal to produce another wave with frequeny 2w.

Frequency doubling or SHG was the first experiment in nonlinear

optics and it marked the birth of the field. (2,13) SHG which is a

special case of frequency mixing arises from the second term in

the polarization expansion, i.e, it is a x(2) effect. The theory of

SHG is well known and it is described in detail in nonlinear optics

text books. (1316) For completeness we briefly discuss the

derivation of the second harmonic field and the conversion

efficiency in terms of the fundamental wave field. In general, the

oil
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nonlinear induced polarization in materials lacking inversion

symmetry is

101 (E) = COX(2) EE, (6.1)

where we have neglected the tensorial nature of x(2) for

simplicity. The wave equation is as described in chapter 2,

p0 Oe2 E _ ppNLV 2E - ata =Aati ,(6.2)

where PNL is given by 6.1. Solving this equation under the same

conditions followed in chapter 2, the coupled wave equations for

the fundamental and second harmonic fields are obtained as, (16)

dE =-0- 
iAzdE1 =- F dE2 (z)E (z) ] e(A ) (6.3)

and

= -= d[E,(Z)]2ei(llk) ,(6.4)

where El and E2 are the slowly varying envelopes of the the

fundamental and second harmonic waves respectively, A is the

magnetic permeability, e is the electric permeability of the

crystal, d is the nonlinear optical coefficient and it is linearly

related to X(2) and Ak=k2-k 1 where k, and k2 are the wave vectors

inside the crystal of the fundamental and second harmonic
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respectively. Assuming no pump depletion due to conversion, we

can set 6.3 to zero and solve 6.4 for E2. For a crystal of length

L, we find the power conversion efficiency r as,

2wZdZL2 sin2 (AkL/2)(
C3n3%03  (AkL/2)2

This efficiency is derived assuming a plane wave. In practice the

incident wave has a Gaussian profile. For focused Gaussian beams,

a confocal focusing geometry is used in which L = 22:, where z0 =

rwA2/nA is the confocal beam parameter. (16) Substituting IT,=2P/rw0
2

for a Gaussian beam in Eq. 6.5 and w02 = AL/2ixn. Thus using focused

Gaussian beams makes nI dependent on L rather than LU. The maximum

efficiency is obtained when Ak=0, i.e, the crystal is phase-

matched,

Ak = k2w-2k, = (n2.-n.)= - (6.6)c

This is usually achieved in birefringent materials by tuning the

angle between the optic axis of the crystal and the propagation

direction of the beam. For example, in a negative uniaxial crystal

(n,<no) the sample is oriented in such a way with respect to the

incident wave so as to make the ordinary index of refraction no (w)

equal to the extraordinary index of the second harmonic n, (2w).

Phase matching can also be achieved by temperature tuning in some

crystals. (15)

6.3 TAS
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TAS is a sulfosalt compound similar to proustite (Ag3AsS3).

It is a hard material with a gray color. It was first grown and

analyzed by Feichtner and Roland at Westinghouse Research

Labratories. (10) It is transparent from 1.26 to above 17 14m with a

nonlinear cofficient (dff) more than three times that of proustite

making it a very attractive material for frequency conversion and

optical parametric oscillation in the mid infra-red region. (9)

Barnes et al. (17) performed a compartive study of the linear

absorption coefficients of a number of nonlinear crystals at room

temperature and found that TAS along with GaSe has the smallest

linear absorption with a=8.2 x 10-2 cm~1. Although, CdGeAs2

posseses a deff= 2 3 6 pm/V six times higher than that of TAS, (9,18) its

high linear absorption (2.4 cm- 1) drastically reduces its

conversion efficiency at room temperature.

6.3.1 Autocorrelation Measurements

Our room temperature HgCdTe detectors have a resolution of

~2 ns and the bandwidth of the transient digitizer is 500 Mhz

rendering it inadequate for temporal measurements of the OFID

picosecond pulses. However, an indirect measurement technique

which employs SHG can be used to temporally resolve the

picosecond pulses. We used TAS in a background free geometry to

characterize the pulse width of the OFID picosecond pulses. The

beam is split into two beams which are then made to intersect

inside the sample. Phase-matching indicates that the direction of

the second harmonic wave lies on the bisector between the two

fundamental beams. The output detector is placed such that it

M
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only sees the second harmonic signal. This noncollinear geometry

was first demonstrated by Maier et al.. (19) A schematic of the

experiment is shown in figure 6.1. A time delay r is introduced in

one of the converging beams by directing it to a corner cube which

is placed on a translation stage. Therefore, the signal is

maximum when the two beams are coincident (r=0) and it is at a null

when r is very large. We used this geometry to measure the

autocorrelation width of the OFID pulse at different hot cell

pressures (see chapter 3). The measured autocorrelation at 50

Torr hot cell pressure is shown in figure 6.2 giving a FWHM ~230

ps. The ratio of the widths of the autocorrelation and that of the

pulse is ~1.7, (20) for an OFID pulse, thus, the pulse width at 50

torrs is ~130 ps. Figure 6.3 shows the autocorrelation at p=100

Torr in which the secondary lobe of the OFID pulse predicted by

theory can be seen. (20) The width of the main pulse at this

pressure is ~60 ps.

6.3.2. Damage Measurements

The TAS sample used in the autocorrelation measurements is a

good optical quality cylindrical crystal 3.8 cm long and 2.54 cm in

diameter. It was grown by a modified Bridgeman technique at

Westinghouse Research Laboratories. (9) Westinghouse also supplied

us with two more samples to conduct laser induced damage studies.

Of the two extra samples one is doped with silver. It is

cylindrical with a 2.5 cm diameter and 1.5 cm length. The other

sample is undoped with a cone shape. Its polished surface has a 2

cm diameter. The measurements were conducted by focusing the
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laser beam on the first surface of the sample as depicted in

figure 6.4. The continuously variable attenuator consisted of two

wire grid polarizers. Rotation of the first polarizer varied the

energy delivered on the sample without changing the polarization.

Each site was irradiated once and the damage was visually detected

through a long working distance telescope. With 300 ns pulses a

fluence damage threshold of 9.2 J/cm2 was measured (I=30 MW/cm 2 )

for the doped sample when LI was a 6.35 cm focal length lens. When

the beam waist was doubled by using a 12.7 cm focal length lens as

L1, the damage threshold measured was 11 J/cm2 (37 ]4W/cm2). The

measured damage thresholds of the undoped sample were 8.8 J/cm2

(29 MW/cm2) for L1=6.35 cm and 12 J/cm2 (41 MW/cm 2) for L1=12.7 cm2.

The results of the damage measurements from which the above

thresholds were extracted are shown in figures 6.5 and 6.6. With

60 ps pulses no damage was observed on either sample. The maximum

fluence that could be reached with these short pulses was 1.6

J/cm2 corresponding to an irradiance of ~19 GW/cm2. Note that this

maximum irradiance is 500 times higher than the nanosecond

threshold. At this maximum irradiance one site of each sample was

irradiated for 5 minutes at 2 pulses per second without any damage

observed.

We deduce from the above measurements that the damage

threshold of TAS is ~l0 2 J/cm2 for doped and pure samples. This

threshold is twice that measured by Feictner and Roland (10) which

could be attributed to improvements in sample growth techniques.

6.4 Comparisons of Conversion Efficiencies and Damage
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Thresholds between TAS and Other SHG Crystals

SHG conversion efficiency measurements were performed on

the 3.8 cm long TAS samples. TAS is a negative uniaxial crystal

(n,<no) with a phase matching angle of 190. The sample was cut in

such a way that phase matching was satisfied by normal incidence

with a 1-20 fine adjustment. Therefore the fundamental beam was

normally incident on the sample and the transmitted second

harmonic and fundamental were collected by a pyroelectric

detector. For measuring the energy of the 5.3 pm beam, saphire or

LiF filters were used to block the 10.6 pm beam. The beam was

focused with a 25 cm lens giving a beam waist, w0 ~220 pm and a

depth of focus inside the crystal of z~4.6 cm. The measured

efficiency is defined as follows,

Transmitted Energy at 5.3 .mTotal Transmitted Energy

The maximum efficiency measured with 300 ns pulses at a I=20

MW/cmZ was 1.2%. We did not go to higher irradiance so that the

sample would not be damaged. With 60 ps pulses the efficiency was

7% at I=150 MW/cm 2. Recall from equation 6.4 that the conversion

efficiency is proportional to the input irradiance. AT I=150

MW/cm 2 , the expected efficiency fro the nanosecond pulse

measurements would be 9%. This is in good agreement with the 7%

measured efficiency using picosecond pulses taking into account

the uncertainty in the picosecond measuremnts which amounts to

~ 40% . Nevertheless, this measured efficiency is still small for
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BS M

CC M M SHG
k

---- kg D

Fig. 6.1. Schematic of the background-free autocorrelation setup.

M stands for mirror, BS, beamsplitter, CC, corner cube, L lens, D

detector. k3 = k1+k1 .
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Fig. 6.2. The measured autocorrelation signal of the OFID pulse at

hot cell pressure of 50 torr. The measured FWHM is =:230 ps.



211
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Fig. 6.3. Autocorrelation trace at hot cell pressure p=100 torr.

The secondary pulse is clearly seen. the measured pulsewidth FWHM

is -~ 60 ps.
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a 3.8 cm crystal. One reason for the small r is double refraction

or walkoff. When phase matching occurs at an angle different than

900, the fundamental and second harmonic separate inside the

sample and this reduces the conversion efficiency. (15) For

efficient SHG, the crystal length must be less than ytf where

Lff * , whre p is the walkoff angle and k is the wave vector at
pkw

w. q is given by, (15,21)

r (P) = 1 + L/: . (6.8)

The walkoff angle in TAS is calculated to be 36 mrad leading to leff

= 0.12 cm. Thus, r(0)/ri(p) ~30. Recently Suhre (22) has measured a

57% in a 4.6 long TAS crystal using 20 ns pulses from a cavity

dumped low pressure CO2 laser. He focussed the beam to a 140 pm

radius at a maximum irradiance of 630 MW/cm2 at the focus. In

addition to using an AR coated crystal, the irradiance used in his

experiment is 4.2 times larger than our 150 MW/cm2 . Accounting for

50% reflection losses and assuming that the linear dependence of

the efficiency on the irradiance still holds at high I, his results

agree with ours.

In addition to TAS, we performed SHG and damage measurements

on Galium Selenide (GaSe) and Zinc Germanium Phosphide (ZnGeP2 )

crystals grown in the USSR. GaSe forms as a stack of thin sheets

which can easily be separated. It is also a soft material, i.e, it

can be bent with a small force. The type I (ooe) phase matching

angle for SHG is 14.50.(23) ZnGeP. has a larger linear absorption

11141, ORRIN
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ENERGY MONITOR

Fig. 6.4. The experimental setup used for the damage measurements.

The 10.6 Am pulse is focused onto the surface of the crystal.
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which was not uniform over the entire surface of the sample. The

linear absorption range is from 0.4 to 1.5 cm-1. This is a hard

material like TAS. Type I (eeo) phase matching was achieved at an

angle of 740* (23) The results of the efficiency measurements and

damage threshold measurements of GaSe, ZnGeP. and TAS are shown in

table 6.1. It is seen that the damage threshold of all three

samples is essentially the same within experimental errors. The

conversion efficiency of TAS seems to be higher than the other two

samples. Considering the different crystal lengths of the three

materials, this comparison is not a fair one. For a good

comparison, a parallel beam should be used such that the plane

wave condition is satisfied for all crystals and then we can

calculate the conversion efficiency per unit length.

6.5 Chapter Summary

In this chapter we measured the laser induced damage

threshold in TAS to be 10 J/cm 2 . It was found that this threshold

does not change upon doping TAS with silver nor upon doubling the

size of the laser beam radius. The damage thresholds of GaSe and

ZnGeP. were also measured to be approximately equal to that of

TAS. SHG efficiency measurements were conducted on the above

crystals and TAS shows the highest efficiency as expected from its

length which is considerably larger than the other crystals.

Another study should be conducted where plane wave incidence is

used to better compare the SHG conversion efficiencies of these

crystal plus other crystals such as AgGaS2 and AgGaSe. A

preliminary measurement on a 0.94 cm long sample of AgGaS 2 (first
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surface AR coated for 10.6 pm and second surface AR coated for 5.3

pm) gave an efficiency q=5% at 180 MW/cm2 input irradiance with 60

ps pulses.

We conclude from this study that TAS can be used for

generating efficient laser radiation in the 5 pm region. We expect

to obtain efficiencies as high as 40% by adding antireflection

coatings for 10.6 pm and 5.3 pm on the first and second surfaces of

the crystal respectively at ~400 MW/cm2 . With our OFID picosecond

pulses, we can study transient effects in small band-gap

semiconductors such as InSb.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

Optical nonlinearities in a wide selection of materials were

measured and analyzed via the Z-scan technique. The theoretical

analysis of this technique shows that it is a powerful tool for

nonlinear refraction and nonlinear absorption measurements.

Perhaps the best characteristic of the Z-scan method is its

ability to determine the sign and magnitude of nonlinear

refraction from a simple linear relation between transmittance

changes and the phase distortion introduced on the beam by the

nonlinear interaction. The simplicity of the Z-scan does not

imply that it is not a sensitive measurement. Phase changes of

A/300 were resolved in Z-scan measurements of nonlinear

refraction in BaF2. The fact that it is a single beam measurement

makes the Z-scan an attractive technique since it can be

absolutely calibrated with far more precision than methods that

require multiple beam overlap. When parasitic effects due to

sample inhomogeneities alter the the shape of the Z-scan signal, a

simple procedure removes these effects. In materials where

nonlinear absorption and nonlinear refraction occur

simultaneously, we showed that each of these effects can be

separately determined by performing two Z-scans: one with the

aperture in place "closed aperture" and another with the aperture

removed "open aperture". Another positive feature of the Z-scan

222
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is the simple division process by which the effects of nonlinear

absorption are "removed" leaving the effects of nonlinear

refraction, thus, making it possible to quickly estimate An. In

summary, the Z-scan is a simple single beam measurement technique

which can determine the sign, magnitude and order of nonlinear

refraction and nolinear absorption with a high degree of

sensitivity and precision.

We employed the Z-scan to measure nonlinear refraction in

CS, at 10 pm. Our measurements indicate that with 300 ns pulses

the nonlinear refraction is dominated by thermal lensing which is

a self-defocusing effect and has a risetime of~. 40 ns under our

experimental conditions. Our measured values of the thermo-optic

coefficient of -8.3 x 10-4 C-1 is in good agreement with the

reported value of -8 x 10-4 C-1. (1) Z-scan measurements with 60 ps

pulses showed a self-focusing effect attributed to the

reorientational optical Kerr effect which has a ps risetime. We

also used picosecond pulses at 1.06 and 0.532 pm. We obtain the

same value of the optical Kerrn within experimental errors at

all three wavelengths. The bound electronic in BaF2 and several

other wide gap dielectrics are determined via Z-scan experiments

with picosecond pulses at 0.532 pm and 1.06 pm.

In semicondictors where two-photon absorption (2PA) is

present the Z-scan was used with picosecond pulses to determine

the the 2PA coefficient, 8, the bound electronic refraction, n2 ,

and the refraction arising from the 2PA generated free carriers.

These measurements were conducted on ZnSe at 0.532 pm and CdTe,



224

GaAs and ZnTe at 1.06 jim. The Z-scan was also employed in

measuringn2 in semicondiuctors below the 2PA absorption edge.

For example, n2 of Ge at 10.6 Am and ZnSe at 1.06 m were

determined. The n2 measurements in those various semiconductors

showed a strong dispersion in n. We saw that n starts out

positive and remains positive (Ge at 10.6 Am, ZnSe and ZnTe at 1.06

,pm) until finally it turns negative near the linear absorption

edge. The results of the Z-scan measurements in conjunction with

the degenerate four-wave mixing studies by Canto et al (2) instigated

the development of the theory by Sheik-Bahae et al (3,4) which is

based on a Kramers-Kronig relation between the real part of x(3) or

n. and the imaginary part of X(3) or P,, the 2PA coefficient. This

theory is in good agreement with our n measurements of all the

semiconductors measured above and it also matches the

experimental results in wide band-gap solids. Our measured 2PA

coefficients are in excellent agreement with those measured by

Van Stryland et al (5) who used a different experimental technique.

Theoretical calculations of fl using simple two-band models also

agree with our experimental results. (6,7) The measured index

change due to free carriers per unit carrier density generated via

2PA, a, were compared to band-filling theoretical models with

which they agree fairly well. A((8,11) In summary, the agreement

of ., n2, and a of different semiconductor materials between

experiment and theoretical models based on simplified band

structures indicate that these parameters are not very sensitive

to the details of the band structure. Therefore, it is possible to
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predict each of these nonlinearities in any semiconductor given

the linear index of refraction, energy gap and the incident photon

frequency.

The theoretical analysis and applicability of the Z-scan was

extended to measure nonlinear refraction in thick media or

"internal self-action". This is a modified version of the constant

shape approximation where the beam is assumed to preserve its

Gaussian shape within the sample. The sample was considered as a

stack of thin lenses through which the beam was proagated using

the ABCD matrix Gaussian beam propagation. The Z-scan signal in

the thick sample case showed that the transmittance peak and

valley occur near the surfaces of the sample with a flat

transmittance in the center. Z-scan experiments in thick samples

of CS2 were carried out at 10.6 pm in nanosecond and picosecond

temporal regimes to measure the thermal lensing effect and the

optical Kerr effect. The measured values are consistent with

those measured using thin samples of CS 2. Optical limiting

experiments at different sample positions with respect to the

focal plane show that the Z-scan is a good guide for optimizing

optical limiting geometries.

Different geometries of the Z-scan setup were also explored.

These were the Near Field Z-scan where a collecting lens is placed

in the far field and the aperture is positioned in the vicinity of

the focal plane of this lens. Although we found that this NF Z-

scan is not as practical for n2 measurements as the normal Z-scan

setup is, we showed that it plays an imporatant role in the
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optimization of limiting geometries.

Laser induced damage experiments and second harmonic

generation (SHG) conversion efficiency experiments were conducted

on Tl3 AsSe. or TAS, GaSe, and ZnGeP. at 10.6 pm using nanosecond and

picosecond pulses. Within experimental uncertainties the

measured surface damage thresholds in all three materials was ~10

J/cm2. The highest measured SHG conversion efficiency was 7% in

TAS, 3% in GaSe and 2% in ZnGeP 2, although TAS was by far the

longest crystal.

Suggestions for Future Work

Undoutedly, the Z-scan technique is going to play a major

role in the determination of optical nonlinearities because it

offers simplicity as well as sensitivity. It has already been

applied to other materials not mentioned in this work such as

organic materials, (12) liquid crystals (13) and semiconductor doped

glasses. It has also been used to measure the anisotropy of

optical nonlinearities. (14) A pump-probe Z-scan measurement where

the pump and probe have different wavelengths (two-color Z-scan)

has also been carried out from which nondegenerate optical

nonlinearities are determined. (5) This is important to further

test the nonlinear Kramers-Kronig theory which predicts n2 (, ')

and (w,w' ).

Another Z-scan experiment can be envisioned where a tunable

light source is used. In this experiment, similar to the

anisotropy measurements, the sample is placed at the position of

the transmittance peak while the laser wavelength is continuosly
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changed. The same procedure is repeated with the sample now

placed at the valley position. Since nonlinear refraction can be

determined from the difference in transmittance between peak and

valley, the result of this measurement gives the dispersion of n2.

Unfortunately, tunable lasers have a small tunable range.

Nevertheless, this measurement can give the dispersion within the

available spectrum of the laser.

In two-photon absorbing semiconductors, open aperture

picosecond Z-scans at higher irradiance levels can be used to

determine the free carrier absorption cross-section ur. This will

complete the picture in these materials in the picosecond regime

or nanosecond regime. We also like to extend the Z-scan analysis

and experiment to "thick" samples in the presence of 2PA.

A more detailed study should be performed of the nonlinear

absorption observed in ZnSe when probed with picosecond pulses at

10.6 14m. This behavior was also observed in other semiconductors

such as InCdTe.

Finally a comparative study of the SHG conversion

efficiencies of the SHG crystals studied in chapter 6 and others

like AgGaS2 and AgGaSe2 should be carried out with a collimated

beam. Under these conditions we have plane wave illumination and

the efficiency per unit length can be measured. This lets one

determine the best material to be used for SHG at 10 pm.
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The average value of a quantity g (t) over the function f (t) is

given by,

g(t)f (t)dt

(g) = ,(A. 1)

f (t)dt

and the averaging factor A of a g(t) over f (t) is given by,

Jg (t) f (t)dt

A= (A.2)

f(t)dtJ f(t)dt
J -0 Jf-00

Consider the function g (t) such that,

t

g (t) = f(t')dt' (A.3)

If g(-oo)=0, then we can write

dg = f (t)dt. (A.4)

Using A.4 in A.2, we get,

I W
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00

g(t)dg

A = 00 00
f(t)dtJ f(t)dt
f--W f-00

1/2 [g2 (oo)-gz(-(A.)5)
[g (00))] [g (00) ,(

but, g(-oo)=0, therfore,

A- =0.5. (A.6)2 g2 (oo)

Therefore, the averaging factor of a cumulative effect is 1/2

regardless of the shape of the pulse.
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The Z-Scan technique gives the sign and magnitude of

nonlinear refraction and nonlinear absorption. The simple

relations developed to measure these nonlinearities are based on a

simulation which assumes a normalized Z-scan signal. In order to

extract the correct optical values from the Z-scan experiments

the following procedure must be followed.

I. Purely Refractive Case (ie. no nonlinear absorption):

-1- Normalize the Z-scan signal by dividing by the linear

transmittance value (i.e. divide the transmittance at each z

by the transmittance at a z far away from the focus).

II. Purely Refractive Case With Bad Surface Quality:

-1- Perform a Z-scan at low irradiance (background).

This should give the signal due to the noise arising from

surface imperfections.

-2- Perform a Z-scan at high irradiance.

This signal is due to nonlinear refraction and noise due

to surface effects.

-3- Normalize each of the above Z-scan signals such that:

Low I(background): Z = 1 + Tn (B.1)

High I: ZNH = 1 + Tn + Tr (B.2)

where Tr is the signal due to nonlinear refraction, T is the

noise signal and ZN and ZNH are the normalized Z-scan signals

at low and high irradiances respectively.

.4001AUXHOW ......... *.
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-4- Subtract low irradiance from high irradiance to get :

ZNH Z NL - Tr (B .3)

-5- Add 1 to the result of subtraction to renormalize. So

the final correct Z-scan signal is:

ZNF= I + Tr (B.4)

NOTE: It is imperative to use the above procedure because

one can easily get the wrong result. For example, if the

linear transmittance is (a) and subtraction was done before

normalizing then:

ZH = a-(1 + T + Tr)

ZL = a- (1 + Tn) (B .6)

ZH - ZL = a.Tr (B.7)

add 1 :

Z=H = 1 + a.Tr # 1 + Tr (B*8)

III. Nonlinear Absorption Present :

-1- Perform a Z-scan with closed aperture (S<1)

(B-5)
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This signal is due to both nonlinear refraction and

nonlinear absorption.

-2- Perform a Z-scan with open aperture (S=1).

This signal is due to nonlinear absorption (-:nly.

-3- Normalize each of the above signals.

-4- Divide closed aperture signal by open aperture signal.

This signal is due to nonlinear refraction only

(approximately).

IV. Nonlinear Absorption And Bad Surface Quality:

-1- Follow procedure II for closed aperture.

-2- Follow procedure II for open aperture.

-3- Follow procedure III.
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The following is a listing of the computer simulation of the

Z-scan problem in a thin sample where both nonlinear absorption

and nonlinear refraction are present. This Fortran program was

used to fit the experimental Z-scan data and extract values for n 2 1

the bound electronic refraction, f, the two-photon absorption

(2PA) coef ficient, and a the density of the index change due to the

free carriers generated via 2PA.

The program solves the wave equation in the medium and

propagates the field to the aperture position for each z position

of the sample. The input data is read from a file called ZSCN.IN in

which all the input parametrs are stored such as beam radius at

focus, aperture size, distance between aperture and focus,

scanning range in z, sample length and its linear absorption, etc.

There are three main output files which give the results of a

closed apeture Z-scan (nonlinear absorption and refraction), an

open aperture Z-scan (nonlinear absorption), and the division of

the closed aperture data by the open aperture data which gives the

contribution from nonlinear refraction alone.
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0****** ***** * ****** * *** ***** ***** ** *** **** *** *** *** *** **** *********

C**
C** THIS PROGRAM IS CALLED ZSCANF.FOR.IT CALCULATES THE
0* * THE NORMALIZED TRANSMITTANCE OF A FOCUSED GAUSSIAN BEAM

AS A FUNCTION OF THE SAMPLE POSITION WITH RESPECT TO THE
0* * THE FOCAL PLANE. THE PROGRAM ASSUMES A THIN SAMPLE

AND A kA13 EFFECT WITH TWO PHOTON ABSORPTION AND THE
C** EFFECTIVE KAIS EFFECT ARISING FROM THE GENERATED
C** FREE CARRIERS VIA TWO PHOTON ABSORPTION.IT ASSUMES NO
C** FREE CARRIER ABSORPTION AND NO INITIAL FREE CARRIERS.
0* *
C *** ** ***** ** ***** ** **** *** * *** **** * *************** ** ***** ***** ** **

C------ ALL UNITS ARE IN (cm,second,J)
C----------DOUBLE PRECISION-------

PROGRAM ZSCANF1
IMPLICIT REAL*8 (A-H,O-Z)
COMMON/TWO/SI(200),PH(200)
COMMON/THREE/FL(200),FLO(200),RI(200),PHS(200)
REAL*8 Fl(200),QUE(200),QUE1(200)
COMPLEX*16 E(200),E2(200),I
REAL*8 GAMA,GAMA1,BETA1,Z,ZO,DX,T,TF,DZ,DT
REAL*8 XXTT,WW1,DR,DRP,WAPT,LAMDA,TP,SW
INTEGER KL
OPEN(6,FILE='ZSCNF.IN',STATUS='OLD')
OPEN(7,FILE=' ',STATUS='NEW')
OPEN(8,FILE=' ',STATUS='NEW')
OPEN(9,FILE=' ',STATUS='NEW')
OPEN(10,FILE=' ',STATUS='NEW')
OPEN(11,FILE=' ',STATUS='NEW')

WRITE(*,*)'Z POINTS TIME PTS R-PTS APERTURE PTS'
READ(6, *)NZ,NTNRN1
WRITE(*,*)'IO AT FOCUS (MW/cm2) WO(l/e2 in I AT FOCUS (um)

& APERTURE'
READ(6,*)FIO, WO, APT
WRITE(*,*) 'ALFA(I/cm) BETA(cm/GW)
READ (6,*)ALFA,BETA
WRITE(*,*)' SAMPLE LENGTH(mm) REFLECTIVITY'
READ(6,*) SPL,RF
WRITE(*,*)'nO DISTANCE BETWEEN FOCAL PLANE & APERTURE(cm)'
READ(6,*)ENODF
WRITE(*,*)'Z-RANGE IN MULTIPLES OF ZO WAVELENGTH(um)'
READ (6, *)XMIN, LAMDA
WRITE(*,*)' n2(esu) INDEX CHANGE PER CARRIER (cm3)'
READ(6,*)EN2,GAMAI



WRITE (*,*) 'PULSE WIDTH (ps)
READ(6,1*)TP,KL
PI=3 . 14 16
I= (0 ,1)
FIO=FIO*1E6
W0=Wo *) E- 4
BE TA=BETA* 1E-9
LAMDA=LAMDA* 1E-4
TP=TP* 1E-12
SPL=SPL*.1
C=-.3*1E10
WAV=2 *PI /LAMDA
GAMA=(4./3.)*PI*1E-3*EN2/ENO
BETA1=WAV*GAMA
H=6.63E-34
HBARW=H*C / LAMDA

XAXIS SCALE: 0 (mm) 1(Z/ ZO)'

ZO=PI*WO*WO/ LAMDA
Z=-XMIN*ZO
DX=2*XMIN/NZ
DZ=DX*ZO
DT=5*TP/NT

RF1=1-RF
HH=RF1*RF1*GAMA1*WAV/ (2*HBARW*BETA)
write (*, *) 'hh=',hh
ELFA=EXP (-ALFA*SPL)
ELFA1=(1-ELFA) /ALFA
QO=PI*WO*WO*RF1*ELFA/(2*BETA)
Q=Q0 / ELFAl
Q1=BETA*FIO*RF1*ELFA1
ENER2=FIO*WO*WO*TP*PI*SQRT(PI)/2

C** ---------------------------------------------------------------- **C
C** CALCULATING THE BEAM SPOT SIZE AT THE APERTURE WITH NO SAMPLE **C

WW1=WO*WO* (1+ (DF/Z0 ) **2)
W1=SQRT (WW1)
ABL=-LOG (1-APT)
WAPT=SQRT(ABL/2)*W1
DR=2 .5*W1/NR
DR1=WAPT /NI

YYMAX=0
YYMIN=10
YY2MIN=10
TMAX=0
TMIN=10
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C**-------------------------------------------------------------*C
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C** STARTING THE Z SCAN LOOP **C
DO 10 K=1,NZ
WRITE(*,*)K
ZZ=-30*ZO
IF(Z.LT.ZZ)Z=-XMIN*ZO
IF(K.EQ. 1) Z=-40*Z0

DFZ=DF-Z
SW=O

C
15 CALL SPAR(LAMDA,WO,Z,NR,DRP)

C
C** THIS SUBROUTINE CALCULATES THE IRRADIANCE AMPLITUDE AND PHASE **C
C** IN R AT Z **C

T=-2.5*TP
DO 40 J=1,N1
FL(J)=0

40 CONTINUE
DO 80 JJ=1,NR
F1(JJ)=0
FLO(JJ)=0

80 CONTINUE
DR=DRP

C
C** STARTING THE TIME LOOP **C

DO 20 J1=1,NT
TF=EXP(-(T/TP)**2)

C** STARTING THE R LOOP **C
DO 30 J=1,NR
RI(J)=RF1*FIO*TF*SI(J)/(1+(Z/ZO)**2)

IF(SW.EQ.0)GOTO 11
C

RIO=RF1*RI(J)*ELFA/(1+BETA*RI(J)*ELFAl)
QUE (J) =BETA*RI (J) *ELFA1
QUE1(J) )=1+QUE (J)
F1(J)=F1(J)+(ALFA*LOG(QUE1(J))-QUE(J)*(1-ELFA/QUEI1(J))/ELFA1)*DT
PHS(J)=BETA1*RF1*LOG(QUE1(J))/BETA
PHSO=PH(J)+PHS(J)+HH*F1(J)
GOTO 60

11 RIO=RI(J)
PHSO=PH(J)

C
60 E(J)=27*SQRT(RIO)*CEXP(I*PHSO)

FLO(J)=FLO(J)+E(J) *CONJG(E(J) ) *DT/ (27*27)
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30 CONTINUE
C

CALL HYGENS (E, E2, DFZ, LAMDA, DRP, NR, DR1, N)

C** THIS SUBROUTINE PROPAGATES THE BEAM FROM THE EXIT SURFACE **C
C** OF THE SAMPLE TO THE APERTURE **C

DO 35 J2=1,N1
FL(J2)=FL(J2)+E2(J2)*CONJG(E2(J2))*DT/(27*27)

35 CONTINUE

T=T+DT
20 CONTINUE

C** BUT FOR A WIDE OPEN APERTURE THE BEAM NEED NOT PROPAGATE TO **C
C** THE APERTURE.INSTEAD THE TOTAL ENERGY IS CALCULATED AT THE **C
C** EXIT SURFACE OF THE SAMPLE **C

C** ** * ** * ****** ****** * ***** **** ** **** *********** ****** *C

C** INTEGRATING OVER R TO GET TRANSMITTED ENERGY **C
C** FL2 FOR OPEN APERTURE FLI FOR CLOSED APERTURE **C

FL2=0
R=0
DO 70 J=1,NR
FL2=FL2+2*PI*FLO(J)*R*DR
R=R+DR

70 CONTINUE

FL1=0
R=O
DO 75 J5=1,N1
FLI=FL1+2*PI*FL(J5)*R*DR1
R=R+DR1

75 CONTINUE

IF(SW.EQ.0)GOTO 25
TT=FL1/FLO
TT2=FL2/FL3
GOTO 55

25 FLO=FL1
FL3=FL2
SW=-
GOTO 15

55 IF(K.EQ.1)TTO=TT
IF(K.EQ.1)TT3=TT2
IF(K.EQ.1)GOTO 85

IF (KL.EQ.0)XX=Z*10
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IF (KL.EQ.1)XX=Z/ZO

WRITE(7,*)XXTT/TTO
WRITE(8,*)XXTT2/TT3

C** CALCULATING THE DIFFERENCE IN TRANSMISSION BETWEEN PEAK AND VALLEY
YY=TT/TTO
YY2=TT2/TT3
WRITE(9,*)XX,YY/YY2

DELT=YY/YY2
YYMAX=MAX (YYMAX, YY)
YYMIN=MIN(YYMIN,YY)
YY2MIN=MIN(YY2MIN,YY2)
TMAX=MAX (TMAX, DELT)
TMIN=MIN(TMIN,DELT)

C** FINDING THE TRANSMITTED ENERGY WITH OPEN APERTURE **C
C** USING EXACT ANALYTICAL METHOD. **C

85 Q3=1+(Z/Z0)**2
T=-2.5*TP

ENERGY=0
DO 65 J4=1,NT
ENERGY=ENERGY+Q*Q3*LOG(1+Q1*EXP(-(T/TP)**2)/Q3)*DT
T=T+DT

65 CONTINUE

ENER3=ENERGY/ENER2
IF(K. EQ. 1) ENERO=ENER3
IF(K.EQ.1)GOTO 95
ENER=ENER3/ ENERO
WRITE(I1,*)XX, ENER

95 Z=Z+DZ

10 CONTINUE

DELT1=YYMAX-YYMIN
DELT2=1-YY2MIN
DELT3=TMAX-TMIN
ALFF=ALFA+(FIO*BETA)
DENOM=.406*WAV*FIO*(1-EXP(-ALFF*SPL))/(SQRT(2)*ALFF)
ANI=DELT1/DENOM
AN2=DELT3/DENOM
EXPIO=FIO*(1+EXP(-ALFF*SPL))
WRITE(10,*)'Z PTS TIME PTS R PTS APT PTS'



WRITE (10,101)NZ,NT,NR,Ni
WRITE(10, *)
WRITE(10,*)'IO (W/cm2) IO(1-EXP(-ALFA.L
WRITE(10, 102) FIO,EXPIO,WO
WRITE(10,*)
WRITE (10 ,*) ' ALFA (1/cm) BETA(cm/W)'
WRITE(10,102)ALFA,BETA
WRITE(10,*)
WRITE(10,*)'n2(esu) GAMA(cm2/W) INDX C:
WRITE(10, 102)EN2,GAMA,GAMAl
WRITE(10,*)
WRITE(10,*)' no SAMPLE LENGTH(cm)
WRITE(10,102)ENO,SPL
WRITE(10, *)
WRITE(10, *) 'WAVELENGTH (um) PULSEWIDTH(S
WRITE(10, 102) LAMDA,TP, XMIN
WRITE(10, *)
WRITE(10,*)' DELTAT DELTATABS DELTAT
WRITE(10, 102)DELT1,DELT2,DELT3
WRITE(10,*)
WRITE(10, *) 'DELTAn/I0 (DELTAn REFRACTION
WRITE(10, 102)AN1,AN2

102 FORMAT(3(E12.3,3X))
101 FORMAT(2X, I3, 7X, I3, 7X, I3, 7X, I3, 7X, I3)

WO (cm)'

HG /CARRIER GANA1 (cm3) '

Z RANGE(Z /ZO)'

DIVIDED BY ABSORPTION'

N) /10 

CLOSE(7, STATUS='KEEP')
CLOSE (8, STATUS='KEEP')
CLOSE (9, STATUS='KEEP')
CLOSE (10, STATUS='KEEP')
CLOSE (11, STATUS='KEEP')
STOP
END

C############################################ ## #########mnlr

SUBROUTINE HYGENS(EO,E2,DFZ,LAMDA,DRP,NRP,DR1,N1)
IMPLICIT REAL*8 (A-H,O-Z)
COMPLEX*16 EO(200),E2(200),S1,I
REAL*8 XI, R, LAMDA, BESELO ,ARG
I=(0, 1)
PI=3. 1416

XI= 2*PI/(LAMDA*(DFZ))
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R=0
DO 10 J=1,N1
E2 (J) =0
RP=0
S:=XI*CEXP(I*XI*R*R/2)/I

DO 20 K=1,NRP
ARG=XI*R*RP
BSLO=BESELO(ARG)

E2(J)=E2(J) + S1*EO(K)*CEXP(I*XI*RP*RP/2)*BSLO*RP*DRP
RP = RP + DRP

20 CONTINUE
R=R+DR1

10 CONTINUE
RETURN
END

C*** *** ******* *** ** *** ***** * *** ** *** **** * *** * *** *** ***** **** ** ******* ** *C

SUBROUTINE SPAR(LAMDAW0, Z,NR,DRR)
IMPLICIT REAL*8 (A-H,O-Z)
COMMON/TWO/SI(200) ,PH(200)
REAL*8 WW,KAPA,RC,R,W,DRR,LAMDA

PI=3.1416
ZO=PI*WO*WO /LAMDA
RC =Z/(ZO*Z0+Z*Z)
KAPA=2*PI/LAMDA

WW= WO*WO*(1+(Z/ZO)**2)
W=SQRT (WW)
DRR=2 .5*W/NR
R=0

DO 30 J=1,NR
SI (J) =EXP ( -2*R*R/WW)
PH (J)=KAPA*R*R*RC/2
R=R+DRR

30 CONTINUE

RETURN
END
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REAL*8 FUNCTION BESELO(X)
REAL*8 X,Y,F0,TO
IF(X.GT.3.0) GO TO 8
IF(X.LT.1.OD-6) GO TO 7
Y=X/3.0
Y=Y**2
BESELO=1.0-2.2499997*Y+1.2656208*(Y**2)
BESELO=BESELO-.3163866*(Y**3)+.0444479*(Y**4)
BESELO=BESELO-.0039444*(Y**5)+.00021*(Y**6)
GO TO 10

7 CONTINUE
BESELO=1.0
GO TO 10

8 CONTINUE
Y=3. 0/X
FO=.79788456-.00000077*Y
F0=F0-.0055274*(Y**2)-.00009512*(Y**3)
F0=F0+.00137237*(Y**4)-.00072805*(Y**5)
FO=FO+.00014476*(Y**6)
T0=X-.78539816-.04166397*Y-.000039s4*(Y**2)
TO=TO+.00262573*(Y**3)-.00054125*(Y**4)
TO=TO-.00029333*(Y**5)+.00013558*(Y**6)
BESELO=FO*DCOS(TO)/DSQRT(X)

10 CONTINUE
RETURN
END

C *** ** **** * * ******** * **** *** ** ***** **** *** *** ** **** ** * ******** -
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The near field (NF) Z-scan is analyzed using the Gaussian

decomposition method (GD) and the relation between ATv and the

on-axis phase change is derived. This problem is explicitly

solved in chapter 2 for the normal far field (FF) Z-scan. First,

we consider the linear propagation of a Gaussian beam from a

position z of the sample with respect to the first focal plane to

the aperture which is now positioned after a collecting lens.

With reference to figure 5.15, d is the distance between the

sample and the Lens L2, d' is the distance between L2 and the

aperture position. The field at z is given by equation 2.12,

E (rr, zr, t) = Ej(t) ex _r jkr2 e-4 (0t), (D.1)wE(z)e w2 (z) - 2R(z)

with w2 (z) = w02 (1 + Z2/Z02)

and R(z) =z (1+zo2/Z2),

where w (z) is the beam radius at z, R (z) is the radius of curvature

of the wavefront, wo is the beam radius at the original focus and z

is the Rayleigh range. 0(z,t) contains the phase changes that are

independent of r. It was also established in chapter 2 that the

Gaussian beam at any position is completely described by its q and

P parameters, (1,2)
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E (r,z) = exp -itP((z) + 2qz) r21e-i(), (D.2))

where q is given by

1 1 - (D.3)q R irw2

and

dP__i.(D.4)
dz q0

The beam is determined after propagation through various linear

optical elements by the ABCD matrix method such that the new q is

given by,

C6 = Acl + B ,D5
Cq + D(D.5)

and P is determined from D.4. In chapter 2 we found q and P at the

face of the lens, thus, we need only to propagate the beam through

the lens and to the aperture. The ABCD matrix is then given by,

[A B) = (I d' 1 0 = 1-d' /f d (Do6)

C D 0 1 -1/f1)l-1/f

where f is the focal length of L2 and q=q(z) + d from chapter 2. ga

is also defined by D.3. From D.3 and D.5 we find wa and Ra at the

aperture,

w2a =w2 (z) (G 2 + D/d2) (D.7)
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and

RaG 2 + y/d02(D.8)

[ ---- G+ F_--)
R f RfIf ZJ

whereD=d+ d'd, (D.8a)

G = 1 + P -d,(D.8b)R f'

and do=7rw2 (z)/A, and A is the laser wavelength in free space. Using

equation D.4, we find Pa as;

iPa = ln(G-iD/dO)

= ln (G2 + D2/do2)1/2 - iarctan (D/Gdo) . (D.9)

With wa, Ra and Pa determined, the field at the aperture is given

by

Ea = (GZ + DZ/d02)-1/
2 exp(- - 2 + i(6 - kD) + d/f. (D.10)

Equation D.10 is equivalent to 2.31 with g and d replaced by G and

D respectively. This infers that the total field at the aperture

with the phase change due to the nonlinear interaction with the

sample is given by equation 2.32 as long as g and d are replaced by

G and D respectively. The normalized transmittance is given by
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expression 2.37.

Now we consider the relation between AT, and. A for on-

axis transmittance (S~O) and small phase shift (AD<<1).

Following the procedure of chapter 2, the normalized

transmittance is given by 2.41 as

T (z, 0) j (G - iD/do)' - iAO 0 (z) (G - iD/d)(D 2
I (G - id/d0 )-12Dl

Using d=d0/3 and do = z0 (l+xZ) from chapter 2 where x=z/z 0 , we can

further reduce D.11 to

2
- iA% G(l+x2) - iD/z(

1+xZG(l+xZ) - 3iD/z . (D.12)

Recall that d is the distance between the sample and lens L2. Let

d"=d-z be the distance between the original focal plane and L2.

From D.8a, D becomes

D = d" + d' - d'd"I - Z 1-& (D.13)

If the aperture is situated at the new focus, d' is found in terms

of d" and f by making Ra and R infinite in equation D.8. This leads

to the following relation,
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d"(d"-f) +

& 0= -(D.14)
f d"-f12 + 

(
I zo J

For tight refocusing d"-f>>z0 , D.14 reduces to the simple lens

formula,

f.d +d-gr ,+(D.15)

and D becomes

D~ -z 1-f , (D.16)

and G ~ 1-( +xz -(D.17)

Plugging these in D.12, the normalized transmittance becomes

2

TiA4O l+ixj(D.18)
1+xz 1+3ix

For A<<1 we get the final form for the normalized transmittance,

4A+,xT(M 1X) ~ 1 -(1 )(+x (D.19)(1+X 2) (l+9X2)

Compared to equation 2.43, we note the minus sign appearing before

M O indicating a reverasal in the peak-valley configuration with

respect to the FF Z-scan. Setting dT/dx=O, we obtain the positions
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of peak and valley as,

xp,, +~1 3_2.5(D.20)

This is exactly one third the value of xP_. obtained in the normal

FF Z-scan. This gives

A zp, (NF) = FA z.F. (D.21)Y3

and ATP_, (NF) = 3ATP_. (FF) (D.22)

This result was obtained under two assumptions: the beam is

refocused to a tight spot and the aperture is positioned at the

focus. If the first condition is not met, the FF Z-scan result

will be obtained. For example, for a recollimated beam d~f, d'~ d

and D ~ d giving G ~ d/R ~g of FF Z-scan. Plugging these values in

D.12, we reproduce equation 2.43. Also if the aperture was placed

at a distance d3 from the new focus such that d3>>zo it can be shown

that the FF result will be obtained.
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