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ABSTRACT 

This dissertation represents the culmination of a comprehensive experimental 

study of a number of nonlinear optical materials and their device applications. The 

optical phenomenology surrounding. the interaction of laser radiation with these 

materials is emphasized. In addition to using interferometric techniques for their 

investigation and application. the overall theme of this research is the incorporation 

of interferometric descriptions of these interactions. Interference is commonly 

regarded to be the domain of linear optics; this work invalidates that notion. 

Nonlinear optics (NLO) is presented as simply a natural extension of linear optics. 

After a complete introduction to the general theory and rei event concepts 

required in the field of NLO. the first half of this manuscript presents a number of 

studies concerned with second-order nonlinear crystals for laser frequency 

conversion. The second half of this dissertation presents research on the nonlinear 

optical properties of semiconductors and semiconductor microstructures for optical

bistability-related applications. Optical bistability and related phenomena made 

possible using these materials in a nonlinear Fabry-Perot interferometer are stressed. 
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1.0 INTRODUCTION 

Scope and Outline of Dissertation 

The high intensities of light needed to initiate the field of nonlinear optics (NLO) 

became available with the invention of the laser in the early 1 960s. The first and 

still the most useful and proven area of NLO is frequency conversion; readily 

extending the wavelength regimes available for coherent radiation. Materials for 

use in frequency generation and related experiments are described first. The 

feasibility of controlling light with light through the use of nonlinear optical 

materials has excited a lot of interest in the scientific community recently. The 

possibility of extending the technological capabilities of computing. signal processing. 

and opto-electronics feeds much of the research described near the end of this 

work. 

This manuscript is written from the viewpoint of an experimental optical 

physicist. Complex. unenlightening theoretical derivations are purposely avoided and 

simply referenced as needed. Alternatively. intuitive descriptions; many of which 

are original insights. are emphasized. It is this intuitive understanding of the 

physics. much neglected in the education of today's physicist. that leads to the 

creative novel. ideas so important to the advancement of science and technology. 

This dissertation is divided into two parts: Chapters 2 through 7 are 

predominantly concerned with second-order nonlinear materials; and Chapters 8 and 

9 cover third-order. or more accurately. intensity-dependent. nonlinear optics in 

semiconductors. 
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The second chapter presents a brief outline of the basic physics of nonlinear 

optical interactions. The relevent material properties of four second-order nonlinear 

material~. which were extensively studied; are, also presented. These materials are 

lithium niobate (LiNb03). lithium iodate (Lil03). potassium dideuterium phosphate 

(KD-P). 'and potassium titanyl phosphate (KTP). 

Chapter 3 describes in detail three-wave mixing (3WM) and particularly the 

requirement of phase matching for efficient nonlinear optical frequency conversion. 

All of the phase-matching configurations and requirements for second harmonic 

generation (SHO). third harmonic generation (THO). and general sum frequency 

generation (SFO) are derived and listed for uniaxial crystals. The phase-matching 

possibilities and requirements for SHO and THO are also listed for biaxial crystals. 

These relations are subsequently applied in the following two chapters. where a 

number of 3WM interactions are investigated. 

Chapter 4 describes a dual-frequency Nd:YAO laser system which was 

conceived and constructed in our laboratory. As the name suggests. one tricks the 

laser into simultaneously (in space and time) emitting two different frequencies. in 

our case 1.3 pm and 1.06 pm. Subsequently. using numerous nonlinear optical 

crystals under a variety of three-wave-mixing configurations. a number of different 

colors. extending throughout the visible region of the spectrum. can (simultaneously 

or separately) be produced. It is interesting to note that included among these are 

the three primary colors. Now. from a single laser system. qne has what essentially 

amounts to a high-powered source of "white-light" radiation. A well-engineered 

version of this prototype could have numerous applications; e.g.:-'in"color projection 

systems. color pulsed holography. variable-sensitivity interferometry. and so forth. 

It is naturally a very practical system for use as a simple and relatively inexpensive 

source of "quasi-tunable" laser radiation. The aforementioned nonlinear crystals 



15 

were investigated using this system. 

Chapter 5 concentrates primarily on our efforts to apply the biaxial crystal 

KTP for use in tripling to blue the Nd: YAG 1.3-pm line by means of SFG with its 

second harmonic. It was found that for our hydrothermally-grown crystal. a critical 

phase match (CPM) exists at room temperature and that a noncritical phase match 

(NCPM) exists at elevated temperatures. This is possible under a Type II phase

matching configuration. which is the configuration of choice since it avoids the 

necessity of additional multi-wavelength. polarization-rotating optical elements. 

Near-NCPM mixing at room temperature in a flux-grown KTP crystal is also 

reported. 

Chapter 6 describes a simple. common-path. and self-referencing 

interferometric technique based on the wavefront reproducibility of phase-matched 

second harmonic generation. This "nonlinear Fizeau interferometer" (NLF) is. by 

construction. inherently suited to characterizing nonlinear crystals. in that it is 

sensitive to the optical path difference between the fundamental frequency and the 

second harmonic (and their respective polarization directions). Specifically. an 

application of the NLF is described for measuring the temperature tuning coefficient 

of nonlinear optical crystals far more accurately (and simply) than is possible using 

conventional tehniques. The results for LiNbOs• at both 1.318 pm and 1.064 pm, 

are presented. 

Chapter 7 describes another simple and yet powerful common-path, self

referencing, and all-optical interferometric technique for measuring thermal 

diffusivity directly in an arbitrary direction of an anisotropic crystal. Further, the 

experiment is general enough that many materials, which need not be crystalline, 

may be studied. The thermal diffusivity of lithium niobate was measured at room 

and elevated temperatures. The main impetus for our development of this method 
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was the need to maintain a consistent and uniform phase match in a nonlinear 

crystal for second harmonic generation. This phase match may be severely altered 

if the temperature rise resulting from laser absorption is not adequately diffused. 

The thermal diffusivity of many nonlinear optical materials is not known (especially 

at elevated temperatures), and it is quite important to be able to measure it in an 

optics laboratory. This technique requires equipment not uncommon to most 

moderately equipped optics laboratories. The method itself basically consists of 

monitoring the change in optical path brought about by heating due to a heat pulse 

derived from an appropriate laser source (in our case a CO2 laser was 

implemented). Hence it is all-optical; even the heat source is derived through 

"optical" means. In many ways it is the ideal experiment. in that no extraneous 

parameters must be known or measured; one need only measure changes in optical 

path difference (fringe shifts) as a function of time. 

Chapter 8 is concerned with the resonantly enhanced. intensity-dependent 

nonlinear behavior of semiconductors and semiconductor microstructures. The 

evolution of these nonlinearities for increasing quantum confinement is stressed. 

Included are our experimental studies of bulk MBE-grown ZnSe. bulk and multiple

quantum-well (MQW) GaAs. and finally. CdSe-doped glasses exhibiting quantum 

confinement effects. The absorption is measured as a function of pump intensity 

using two-beam nonlinear pump-probe spectroscopy experiments. and consequently. 

the change in refractive index is calculated using a Kramers-Kronig transformation 

of the absorption data. ZnSe is found to possess electronic optical nonlinearities 

comparable to bulk GaAs. but with recovery times more than two orders of 

magnitude faster. We also report an increase. by a factor of three. in the nonlinear 

index as the well size is decreased from bulk GaAs to 76-A GaAs/AIGaAs MQWs. 

This is explained to be attributable mainly to the factor of three increase in the 
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heavy-hole exciton absorption. Finally. nonlinear behavior. including absorption 

saturation in CdSe quantum dots. is discussed. The absorption saturation of three 

different size quantum dots are compared. 

Chapter 9 discusses the utilization of these intensity-dependent. semiconductor 

nonlinearities in a Fabry-Perot interferometer. These include the phenomena of 

optical bistability. optical switching and gating. A 58-A GaAs/AIGaAs MQW 

etalon is studied. The switching behavior and differential gain. as measured. are 

reported. It is found that an energy gain of approximately 0.2 and contrast of 

approximately 4 is obtained in the nanosecond time regime. 

In closing. Chapter 10 presents conclusions and directions for further research. 

This is followed by an Appendix which gives two examples of programs used for 

calculating phase-matching angles for a variety of 3WM interactions in a number of 

nonlinear crystals. The Appendix is followed by the references for work cited in 

the text. 
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2.0 OVERVIEW OF NONLINEAR OPTICS AND MATERIALS 

The following sections provide a brief overview of some of the most pertinent 

areas of noqlinear optics (NLO). A detailed description can be found in the recent 

treatises of Shen (1984). and Hopf and Stegeman (1986). Simple heuristic models are 

stressed wherever possible. Note that these phenomenological models are actually 

inappropriate for a proper quantitative description of resonantly enhanced optical 

nonlinearities (Chapter 8); however. the qualitative behavior of the NLO interactions 

is similar. Interferometric concepts and models are used when applicable. 

Classical Linear Optics 

Many optical phenomena can be accurately described (albeit phenomenologically) 

using classical eleCtrodynamics. and the propagation of optical radiation through 

matter is always accurately described by the Maxwell equations. Here. matter is 

.envisioned as a collection of positive charges (the nuclei) and negative charges (the 

interacting electrons). Thus when an optical wavefront interacts with matter. its 

associated electric field separates the negatively charged electron cloud from the 

positively charged nuclei. The sum of these induced charge separations. or dipole 

moments. is known as the polarization. 

The polarization. P. is usually a linear function of the applied electric field. 

resulting in linear optics. However. even linear crystalline materials may be 

anisotropic and the direction of P is not necessarily the same as the direction of the 

electric field. E. P is written as a tensor dot product of the crystal electronic 

susceptiblity. X. and the electric field: 



Or in Levi-Civita notation: 

Pi - EoL XijEj 
i.j 
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(2.1) 

(2.2) 

The valence electrons thus can be envisioned as being bound to their host nuclei by 

a set of three (possibly anisotropic) springs. for three-dimensional space. 

Classical Nonlinear Optics 

The optical polarization. mainly attributable to outer. loosely bound. valence 

electrons. cannot continue to respond linearly to a driving electrical (optical) field as 

the field strength approachs the atomic binding energy (Eatomic 2! 1010 V 1m). The 

electron sits in an effective potential well. determined by the Coulomb forces of its 

environment. Near the bottom. the well is quadratic and the force resembles that 

of a linear harmonic spring. The nonlinear terms begin to become important as the 

electron is pushed up the edges of the well by external electric fields. Here. the 

"springs" begin to get "soft" or anharmonic (requiring higher-order terms for their 

description. as in Eq. (2.3». Note that. in general. the smaller the depth of the 

well. the 'larger the nonlinearity; i.e.. the electron does not have to move very far 

before encountering nonlinear terms in the potential. 

Nonlinear Optical Susceptibilities 

The resulting electronic susceptibility is expressed formally as a (Taylor series) 

function of the electric field (in SI units): 
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Pj(E) ~ foL X(l)ijEj + EoL X(2)ijkEj Ek + fO L X(3)jjkIEjEkE1 + ... , (2.3) 

ij ijk ijkl 

where i, j, and k are summed over the three crystal axes. In this representation,· 

the XCi) values are associated with amplitudes of monochromatic plane-wave fields; 

i.e., this· is the polarization that relates the Fourier components of the electric fields. 

It is sometimes instructive to write the electronic susceptibility explicitly as 

(2.4) 

where the susceptibility itself is expanded as a function of the electric field. These 

expressions work quite well for most materials, given interactions that are located 

far from a material resonance; i.e., virtual transitions only. As a counter-example, 

near the fundamental absorption edge (resonance) of semiconductors, strong 

absorption (and many-body) effects bring into play higher-order terms in this 

expansion; and a quantum-mechanical approach is usually necessary (Chapter 8). 

Tile nature 0/ tile x(i) values is determined by tile crystal symmetry. Their 

magnitudes are, of course, a strong function of the material, and also may be a 

strong function of the frequencies involved, especially for resonantly enhanced 

nonlinearities (Chapter 8). For X(2) far off resonance, Kleinman symmetry is 

invoked, which results in approximately frequency-independent elements [Kleinman]. 

The frequency dependence of the first-order susceptibility, X(l), manifests itself as 

ordinary dispersion, and therefore, in Sell meier equations for the refractive indices 

[Singh (1984)]. When written in the above manner, the susceptibilities can be 

considered as material parameters, the consequences of which can be studied and 

applied experimentally. The magnitudes of the XCi) values are thus directly 

accessible by experiment. 
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Note that the polarization is a vector quantity. This necessarily requires that 

X(1). X(2). and X(3) are second-. third-. and fourth-rank tensors. respectively. It is 

clear from the construction that the second-order nonlinear polarization term 

requires two input fields. If both of these fields are optical in nature. it is 

referred to in nonlinear optics as three-wave mixing (3WM); i.e.. two input fields 

mix to create a third. If one of the input fields is a dc electric field (or slowly 

oscillating as compared to optical fields). it is called the Pockels or linear electro

optic effect. Likewise. the third-order nonlinear polarization term requires three 

. input fields which mix to create a fourth; this results in four-wave-mixing (4WM) 

phenomena. In practice. the multiple input fields may be derived (and usually are) 

from the same laser source (Chapter 4). 

Second Harmonic Generation: A Simple Example 

The simplest example which illustrates both the frequency mixing and tensorial 

nature of a nonlinear polarization is depicted schematically in Fig. 2.1 for the case 

of Type I (i.e.. Ej - Ek in Eq. (2.3» second harmonic generation (SHG). or 

degenerate 3WM (see Chapter 3 for further explanation). A two-dimensional 

projection of a crystal unit cell with a single interacting valence electron is 

considered. A triangular configuration is chosen since it represents the simplest 

two-dimensional structure that exhibits a lack of inversion symmetry. This 

noncentrosymmetry is required for a non-zero .(macroscopic. dipolar) X(2). 

The valence electron sits in equilibrium because of the Coulombic attraction of 

the positively charged nuclei. A weak perturbing electric field typically causes the 

electron to oscillate harmonically about its equilibrium position. This separation of 

the positive and negative charge centers thus creates an electric dipole. The sum of 
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(a) 

(b) 

Figure 2.1. Pictorial representation 0/ SHG: (a) a two-dimensional projection of a 
crystal unit cell with one interacting valence electron held in place due to the Coulomb 
attraction of the positively-charged nuclei. This "unit cell" exhibits noncentrosymmetry. 
(b) Schematic of the fundamental electric-field eigenvector (E,) and the second harmonic 
eigenvector it produces (Es) over one period of oscillation. Note: (I) the nonlinear 
polarization is at twice the frequency of the incoming fundamental field, and (Ii) it is 
orthogonally polarized to E f. 

many such electric dipoles (the higher-order mUlti-pole terms are usually negligible 

in comparison to the dipole term) manifests as the normal linear polarization of the 

medium. a macroscopic quantity. The resulting re-radiated wave (from oscillating 

electric dipoles) is coherently added to the driving field. The subsequent 

interference downstream manifests itself as the linear refractive index. no. and the 

linear absorption. Note that no may be a function of field direction. since X(I) is 

generally a second-rank tensor (see Chapter 3). 



23 

If the driving field is strong. the electron is pushed far enough away from its 

rest position that it feels the Coulombic pull from the "base" nuclei to a greater 

extent than that of the "top" nucleus. Hence. the electron is pulled downward. 

traveling in a circular arc. A complete cycle of the incoming electric-field 

oscillation results in two cycles of the nonlinear second harmonic polarization. as 

depicted in Fig. 2.I(b). The second harmonic field is clearly polarized orthogonally 

to that of the inducing fundamental electric field. To reiterate. the component of 

the induced polarization orthogonal to the inducing field oscillates at twice the 

frequency and is referred to as (a term 00 the nonlinear polarization. This is a 

X(2) procE'.ss. However. note that a more realistic physical model would be electron 

repulsion from the negatively charged ionic cores. This model has been used to 

theoretically estimate X(2) from first principles [Levine]. Incidentally. one also 

notices from the figure that a dc offset of the polarization occurs. This physically 

realizable phenomenon is known as dc rectification. 

Nonlinear Field Coupling and the SVEA 

Maxwell's equations and their resulting wave equations are first- and second

order linear differential equations in free space or in a linear medium. This 

assumes that there are no driving source ,terms which are functions of the electric 

and magnetic fields themselves. However. a nonlinear polarization term. being a 

function of the electric fields. destroys this linearity. resulting in E2. ES, etc. terms 

within Maxwell's equations. Thus. the nonlinear processes in the medium itself 

result in a coupling of the electric fields and act as a catalyst for mixing photons 

(multi-photon processes). 
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The effect of the coupling is typically too complicated to solve exactly. 

However. the nonlinear polarization terms are usually much weaker than the linear 

terms (recall that they result from higher-order terms in a converging power series). 

This implies that the resulting electromagnetic (complex) field amplitudes vary 

slowly over distances comparable to an optical wavelength. This allows one to 

simplify Maxwell's equations in the so-called "Slowly Varying Envelope 

Approximation" (SVEA) [Hopf and Stegeman (1986)]. From Eq. (2.3). one sees that 

the polarization is given by the strong term Pst due to X(I). and a number of 

higher-order nonlinear terms resulting in a weak polarization P W' 

In the SVEA. a wave equation is derived from Maxwell's equation where the 

response of Ps is included as the ordinary refractive index. Pw is then treated as 

a weak perturbation driving this wave equation. If one now concentrates on a 

single Fourier component of the total optical field. the electric and polarization 

fields can be written as 

E • ! {G(z) ei(kz - wt) + cc} , (2.5) 

and 

(2.6) 

G(z) and !lJ(z) are the slowly varying complex amplitudes for the electric field and 

the weak polarization field. respectively. Note that the wand k dependence has 

been suppressed and the fields were chosen to propagate collinearly in the z 

direction. Moreover. by assuming that G(z) and !lJ w(z) change slowly over an 

optical wavelength, second-order derivatives may be dropped; hence. Maxwell's 

equations become simplified. 
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The SVEA thus results in a phased array of electric dipoles radiating fields 

which grow (in the adiabatic limit) as: 

88(z) _ i ~ ~ eff ei~kz 
az 2nfoc W • 

(2.7) 

where ~weff is an effective polarization. which in this manuscript is taken to be 

due to a nonlinear term in the susceptibility (~NL eff) of Eq. (2.3). In crystals. it is 

rigorously necessary to use the component of the nonlinear polarization term that is 

orthogonal to the propagation direction. k. and parallel to the appropriate 

displacement vector. D. Therefore. Eq. (2.7) actually represents a pair of equations. 

one for each eigenvector. 

Of critical importance is the so-called phase mismatch term. ei~kz. where 

~k :: kp - k is the wavevector mismatch. The consequences of this term and the 

methods to achieve phase matching (~k 5!! 0) are the subjects of Chapter 3. The 

importance of phase matching is easily seen by integrating Eq. (2.7) over a distance 

L. When a constant (nondepleted) ~NL eff is assumed. &tel) becomes 

where 

8(L) .. .J!L ~NL eff L ei~kL/2 sinc(~kL/2) 
2ncfo • 

sinc(x) == sin(x) . 
x 

(2.8) 

(2.9) 

The sinc(x) function is peaked at unity for x 5!! 0 and decays quickly with 

increasing x to an oscillation about zero. This behavior is readily understood as an 

interference phenomenon. as discussed in Chapter 3. 

A nonlinear polarization has the effect of coupling numerous fields and their 

reSUlting harmonics. and sum and difference frequencies. Phase matching allows 

for the isolation of one nonlinear process in second-order NLO. or in a limiting 

number of nonlinear processes in third-order NLO. This occurs because only the 
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polarization waves that exhibit constructive interference over large distances build 

up considerably. The remaining terms tend to cancel one another out; i.e .• interfere 

destructively (Chapter 3). 

Second-Order Nonlinear Optics (X(2» 

Second-order nonlinearities were not only the first nonlinear effects to be 

observed [Franken. et a1. (1961)]. but are stiU the most widely used. X(2) 

interactions are electric-field-dependent phenomena (Eq. (2.4» which a110w one to mix 

two ac fields t(J produce a third. The most frequently used 3WM applications are: 

1) second harmonic generation (frequency degenerate 3WM); 

2) parametric osciUation using a nonlinear crystal in an optical cavity (a11ows 

tunable coherent radiation); 

3) sum and difference frequency generation; 

4) parametric amplification (up and down conversion); 

5) electro-optic (effect) modulation (if one of the driving fields is '" a dc 

electric field). 

In general. noncentrosymmetric crystals are required for efficient (dipolar) 

processes. This is easily seen from symmetry considerations which require that 

Per) - -P(-r) for a material with inversion symmetry (Eq. 2.3). Conservation of 

energy (WI ± W2 - w3) and conservation of momentum (kl ± k2 - k3) are also 

required for efficient processes. Conservation of momentum. more correctly known 

as phase matching in the context of NLO, can be obtained in a number of ways. 

The most important of these is the use of birefringent nonlinear crystals under 

appropriate geometry and temperature conditions (Chapters 3 through 6). 
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Third-Order Nonlinear Optics (X(3» 

Third-order nonlinearities are the subject of much of the current research in 

nonlinear optics. Since from Eq. (2.4), XNL 9! X(3)E2, it is clear that intensity

dependent phenomena are contained within third-order NLO (Chapters 8 and 9). 

All materials have a nonzero X(3) to varying degrees. The most popular. the Kerr 

ellect. results from the third-order electronic polarizability term (electronic or ac

Kerr effect) of Eq. (2.3). In liquids. this effect may also result from partial 

alignment of highly polarizable molecular dipoles resulting from field-induced 

molecular reorientation (nuclear or dc-Kerr effect) [Shen (1984); Hopf and Stegeman 

(1985 and 1986)]. The important result is a refractive index that changes linearly 

with intensity. This is most commonly represented as: 

n(l) - no + n21. (2.10) 

A nonlinear refractive index also occurs from absorption saturation (via the 

Kramers-Kronig transformation). as discussed in Chapter 8. 

X(3) nonlinearities. especially the nonlinear refractive index, result in many 

important nonlinear optical effects. a few of which are listed below (typically 

resulting from a degenerate 4WM configuration): 

I) self focusing (n2 > 0) and. self defocusing (n2 < 0), for spatially varying 

fields; 

2) self phase modulation. for temporally varying fields; 

3) optical bistability; 

4) four-wave mixing: optical phase conjugation and nonlinear optical 

spectroscopies. 

These effects are commonly used as the means to experimentally measure X(3). 
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Self Focusing and Self Defocusing 

Self focusing can be a serious problem in laser materials. and unlike most of 

NLO. one is usually concerned with choosing materials which minimize it. Self 

focusing can cause serious damage in high-power laser materials and must be 

avoided. Self focusing (and self defocusing) can be understood easily by 

considering a field similar to a plane wave but displaying a transverse dependence; 

e.g.. a Gaussian beam. Clearly for n2 > 0 (or n2 < 0). the phase of the more 

intense central portion will be delayed (advanced) with respect. to the less intense 

periphery. The result is a converging (diverging) wavefront. This js depicted in 

Fig. 2.2. 
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Figure 2.2. Illustrates seillocusing lor n2 > O. 
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Another form of self focusing results from a nonuniform temperature 

distribution. caused by absorption from a nonuniform laser intensity distribution. 

This acts similarly to an n2 proce~ (where n is instantaneously proportional to I). 

but is essentially a two-step process: some energy is absorbed from the laser "and 

is subsequently converted to heat. It is this increase in temJjerature that increases 

the refractive index nonuniformly (Chapter 8) and results in self focusing. This 

was an important motivation for Chapters 6 and 7. where thermal perturbations are 

considered." A common technique for counteracting the effects of self focusing in 

high-power Nd:YAG lasers is to install a variably defocused telescope within the 

cavity. As the repetition rate increases. so does the thermal load in the laser rod. 

and the telescope is defocused accordingly. 

Self Phase Modulation 

A spatialiy varying intensity resulting in a spatially varying refractive index 

increases the spatial frequency (angular) spectrum in an n2 material. Analogously. 

the effect an n2 medium has on a temporally varying intensity (i.e .• a pulse or signal) 

is to increase its frequency spectrum. This effect. referred to as self phase 

modulation. can be applied to produce a broad-band radiation pulse for use in 

pump-and-probe spectroscopy (Chapter 8). It may also be used to compensate for 

normal dispersion in a fiber. resulting in solitons. or in pulse compression due to 

frequency chirping [Tomlinson. Stolen. and Shank (1984)]. 

Optical Bistability 

Optical bistability (OB) and optical switching in a nonlinear Fabry-Perot 

interferometer are the subjects of Chapter 9. A system is said to be optically 
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bistable if it displays two (or more) stable output intensities for a single input 

intensity (see Fig. 2.3); i.e.. it may have a relatively high or low output intensity. 

depending upon the history of the device [Gibbs (1985)]. OB may result from the 

use of a X(3) medium. 

lout 

A B c 

Figure 2.3. Characteristic optical bistability curve plotted as transmitted intensity IT vs. 
input intensity I I [Warren, Koch, and Gibbs (1987) J. 

There are essentially three forms of intrinsic (all-optical) OB: dispersive; 

absorptive; and increasing absorption. If an n2 material is placed within an optical 

cavity. the intensity-dependent "shifts" of the cavity transmission (constructive 

interference) peaks may result in dispersive OB and optical logic gating. Absorptive 

OB results from intensity-dependent saturation or bleaching of the absorption in a 
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nonlinear material [Szoke. et a1. (1969)]. Both absorptive and dispersive OB require 

some form of external optical feedback; for example. from a Fabry-Perot cavity. 

The cavity acts as a "capacitor" which stores light intensity. A higher level of 

intensity internal to the cavity is maintained even though the input intensity is 

decreased. Hence. for dispersive OB. the internal nonlinear medium continues to 

exhibit its high-intensity refractive index value (Eq. (2.10». The phase velocity is 

thus such that partial constructive interference still occurs. Likewise. for absorptive 

OB. the medium remain:; bleached. The result is that the output remains in a 

highly transmitting state (Fig. 2.3). Increasing absorption OB requires no external 

feedback [Miller, Gossard. and Wiegmann (1984)]. It may occur when the 

absorption of the material increases with increasing intensity; hence. the more a 

material absorbs the more it wants to absorb (as may be the case for bandgap 

renormalization or thermal nonlinearities. as discussed in Chapter 8.) This results in 

a self-generating positive feedback. One may also combine electronics with 

nonlinear optics to produce hybrid optical bistable systems [P. W. Smith (1980); 

D. A. B. Miller. et. al. (1985)]. 

Optical bistable' elements have been used to perform logic operations [Gibbs 

(1985); Peyghambarian and Gibbs (1985)]. The possibility of an "all-optical" 

computer (or more realistically. specialized optical computing. switching. and signal 

processing operations) based on nonlinear optical elements and their associated 

advantages. provides much of the impetus for research in thi~ area. 

Degenerate Four-Wave Mixing and Optical Phase Conjugation 

Optical phase conjugation. resulting from degenerate four-wave mixing (D4WM) 

by means of a nonlinear refractive index. enables one to conjugate a wavefront in 



32 

real time. and thus frequently is referred to as real-time holography (which is 

essentially interferometry). A phase conjugate mirror allows one to retro-reflect a 

wavefront back through an aberrating medium. reproducing the undistorted 

wavefront [Fisher]. Phase conjugation can be understood in the context of 

dynamically induced interference gratings [Eichler. Gunther. and Phol (1986)]. The 

pump and probe beams "interfere" with each other. The X(3) coupling of the fields 

results in index gratings (due to n2). or amplitude gratings (e.g.. due to medium 

saturation). analogously to holography. These gratings scatter light in appropriate 

directions. In the event of D4WM (as opposed to frequency-nondegenerate 4WM). 

where all fields have the same frequency. the process may be inherently phase 

matched by construction. Note that the induced gratings therefore "stand still" 

(neglecting carrier diffusion for real excitations). Of course. one could simply use a 

forward geometry. creating a self-induced grating with two beams and subsequently 

self diffracting from this grating. In P. M. Peterson (1988). the diffraction 

efficiency of n2-induced gratings is derived solely from an interferometric 

perspective. 

Nonlinear Optical Spectroscopies 

If the four waves are nondegenerate (WI =1= W2• etc.). the induced gratings are 

no longer stationary. but are moving (with velocity v - Aw/Ak). The scattered 

waves are therefore Doppler down-shifted (Stokes) or up-shifted (anti-Stokes) off the 

beat; i.e. they can emit or absorb a phonon. respectively. 

This results in a powerful technique for nonlinear Raman spectroscopy. Since 

the third-order susceptibility is related to the normal modes at the (typically) 

difference frequencies in the infrared (IR). one can study the normal mode (optical 
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phonon) distribution of the material [Shen (1984)]. Of course, the strength of the 

scattered wave is determined by the magnitude of X(3) at the frequencies of interest, 

and therefore characterizes the material. One commonly applies these techniques to 

produce tunable, coherent (Raman-scattered) laser radiation in the IR and ultraviolet 

(UV). Tunable laser systems using stimulated scattering from hydrogen gas are 

presently available commercially. These systems typically require enormous powers, 

such as are available from the Nd:YAO laser. It should be noted that Raman 

shifting requires a threshold power level (for gain), as opposed to X(2) mixing 

processes. 

Second-Order Nonlinear Materials X(2) 

This section outlines the relevant properties of a number of nonlinear optical 

materials that were studied. The X(2) materials, lithium niobate, lithium iodate, and 

potassium dideuterium phosphate, all of which are uniaxial crystals, and potassium 

titanyl phosphate, an important biaxial crystal, are described. 

For general three-wave mixing interactions, the nonlinear polarization term 

(Eq. (~.3» is written as 

Pj(Wc) • EoL djjk(-wc;Wa,Wb)Ej(wa)Ek(Wb) , 

ijk 

(2.11) 

where the second-order nonlinear electronic susceptibility tensor, d, is defined as 

d - ~ 2 . (2.12) 

The nonlinear polarization term in Eq. (2.3) can be inserted into the SVEA 

Eqs. (2.7) and (2.8) to determine the stren.gth of the nonlinearly generated fields. 

As discussed further in the next chapter, there are, in general, two types of 
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collinear 3WM interactions. Type I and Type II. For a Type I interaction. the two 

input-field eigenvectors are approximately collinear in the crystal and produce the 

third eigenvector orthogonal to them. In the case of degenerate 3WM or second 

harmonic generation. these two input fields are the same. For a Type II 

interaction. the two input eigenvectors are orthogonally polarized. producing the 

third eigenvector approximately collinear with one of' them. These interactions are 

not only restricted by the influence of crystal symmetry on the d tensor. but also 

by phase-matching constraints. The existing elements for d jjk for all crystal 

symmetries are shown in Fig. 2.4. where contracted or Voight notation is used 

[Hopf and Stegeman (1985. 1986)]. 

Lithium Niobate 

Lithium niobate (LiNhOs). belongs to the rhombohedral symmetry group 3m. 

From Fig. 2.4. it is clear that this symmetry supports a number of 3WM 

configurations. As discussed in Chapter 3. this material is exemplary for 

noncritically phase-matched (NCPM). Type I 3WM interactions. This implies that 

d31 alone is the necessary coefficient; i.e .• derr - dS1 e! 5xlO-1z m/V [Singh (1984)]. 

LiNbOs is a negative uniaxial crystal and its extraordinary index of refraction 

varies much more rapidly with temperature than does its ordinary index [Morgan 

and Hopf (1986)]. The birefringence and large temperature tuning coefficient of 

lithium niobate are responsible for its versatility in a number of NCPM 3WM 

interactions throughout the visible (Chapter 4). If possible. this 90°-angle, phase

matching configuration i$ generally preferred because of its relative insensitivity to 

angular deviation and its minimal walkoff effects (both can degrade 3WM 

performance for multi-mode or spherical wavefronts). 
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A fair estimate of the refractive indices for LiNbOs can be obtained from the 

following temperature-dependent Sellmeier equations [Edwards and Lawrence 

(1984)]: 

n 2 _ 4.9048+ ·0.11775 + 2.2314xI0-a Fm 12.l429xlO-8 F(T)-0.027153X2 • (2.13.a) 
o X2 _ (0.21802 _ 2.967IxI0-8 Fm)2 

n 2 _ 4.5820+ 0.09921 +5.2716xI0-a Fm 12.297IxlO-7 F(T)-O.021940X2 • (2.13.b) 
e X2 _ (0.21090 _ 4.9143xI0-a F(T»2 

where 

F(T) • (T - 24.5) (T + 570.5) . (2.13.c) 

Here X is the vacuum wavelength in microns (J.tm). and T is the temperature (OC). 

Sellmeier equations are. for the most part. empirical fits to refractive index data. 

Some forms are. however. related to the basic physics of the interaction (for 

example. the oscillator model presented ~n Hopf and Stegeman (1985». Any number 

of perturbations. such as impurities. variations in stoichiometry. and defects. will. of 

course. change the refractive indices and hence the Sell meier equations (Chapter 8). 

For the more advanced crystals (such as LiNbOs). it is hoped that consistency in 

their growth is obtained. resulting in accurate Sellmeier equations for sample-to-

sample and boule-ta-boule repeatability. Most Sellmeier equations typically claim 

accuracy to the fourth decimal place [Singh (1984)]. (This may not be sufficient for 

properly predicting phase-matching angles. as discussed in the following three 

chapters. An exception to this is discussed in Chapter 5.) These Sellmeier 

equations are necessary for predicting phase-matching configurations. angles. and 

even temperatures. 

A drawback for frequency conversion applications in LiNbOs is that iron 

impurities present during crystal growth create localized traps. These traps. when 

excited by visible and UV light. cause a migration of charge. The induced electric 
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fields. resulting from charge buildup. then modulate the refractive index by means 

of the electro-optic effect [Chen]. Therefore. after irradiating LiNbOs with high

energy light. semi-permanent refractive index damage may occur. However. heating 

the LiNbOs (~ 1700 C). for an extended period of time. anneals the damage. 

Therefore. NCPM temperatures above 1700 C are required for high-energy 

conversion applications (Chapter 4). The damage effect reportedly has been 

minimized by doping the LiNbOs with MgO [Bryan. et al. (1984)]. This also raises 

the NCPM temperature above 1700 C for SHG at 1.064 p.m. However. doping is 

unnecessary for doubling 1.318 p.m. since the NCPM temperature is already above 

1700 C (Chapter 4). LiNbOs is occasionally used fOf difference-frequency 

generation of IR radiation. Here. photorefractive damage is not a problem 

(assuming the wavelengths used are long enough). This photorefractive effect in 

LiNbOs is extensively used for holographic storage [Hariharan]. Ammann and 

Guch (1988) claim that efficient SHG can be obtained in LiNbOs• despite the optical 

damage that results from using a multi-mode beam. However. in applications where 

a clean optical wavefront is required. as discussed in this dissertation. 

photorefractive effects will still create problems. 

Thermal properties are an important consideration in maintaining a uniform 

phase match. Although the temperature tuning coefficient for LiNb03 is large 

(Chapter 6). its thermal diffusivity is also relatively large [Morgan. et al. (1987 and 

1988)]. The thermal diffusivity is presented in Chapter 7. and the advantages and 

disadvantages of the relevant thermal properties are presented in later chapters. 
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Lithium Iodate 

LithiuIn iodate (LilO,) belongs to the hexagonal symmetry group 6. Its djjk 

elements (from Fig. 2.4) permit only Type I (eoo) 3WM configurations when 

Kleinman symmetry is valid. as is the case for the frequencies of interest here. 

LilO, has a large effective (nonlinear). second-order electronic susceptibility. 

derc - -dslsinOpm ; d15 - dSl e! 5.6x 1O-1Z m/V [Singh (1984)]. where Opm is the phase-

matching angle. LilOs has a large birefringence. which results in its great 

versatility for 3WM processes over a large range of frequencies [Morgan. Hopf. and 

Peyghambarian (1987. 1988)]. The relative temperature insensitivity of the extra-

ordinary index of refraction with respect to its ordinary index of refraction (a near-

zero temperature tuning coefficient) is responsible for the stability of its critically 

phase-matched (CPM) angle. despite laser absorption and changes in ambient 

temperature [Zernike and Midwinter (1973)]. Practically. this is an advantage 

because realignment of the CPM angle of the crystal as the temperature drifts is not 

necessary. Slight beam displacements caused by slight deviations in the angle and 

refractive index of this "plane parallel plate" can also cause problems when critical 

alignment i.s required. LilOs also is utilized readily for difference frequency 

generation [Goldberg (1975); Kato (1985)]. 

The Sell meier equations for Lil03• which were used for calculating 9pm for a 

number of CPM 3WM interactions in Chapter 4. are [Now icky ]: 

0.706452 0.00691437 
no Z - 4.09436 - I + 0.1l6546/,,2 + I _ 5.82044xI0-4/"z • (2.14.a) 

Z 3 56896 0.662886 0.00365882 
ne -. - 1 + 0.07800311\2 + • (" 1 - 1.34103x I 0-4/" Z 

(2.14.b) 

where the wavelength " is in p.m. 
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Lithium iodate is hygroscopic and special precautions, such as placing it in a 

desiccator or in an index-matched protective cell, should be taken to prevent its 

gradual dissolution from moisture in the air. The surfaces also tend to cloud with 

time. For handling, latex gloves should be used. LilOs also has a much lower 

damage threshold than either potassium dideuterium phosphate or potassium titanyl 

phosphate [Singh (1984)]. 

Potassium DideuteriumPhosphate 

Potassium dideuterium phosphate (KD-P) belongs to the tetragonal symmetry group 

42m. For Type I interactions, derr • d14sillepmsin2~ and for -Type II interactions 

derr • -d14sin2epmcos2~. Note that to maximize the efficiency of these processes, ~, 

the azimuthal angle between the crystallographic x and y axes, is cut at 45° and 00
, 

respectively. Since KD-P is a (negative) uniaxial cystal. the angle ~ has no effect 

on the linear-optical or phase-matching properties resulting in epm ' KD-P is 

therefore usually cut to maximize its nonlinear optical properties, which are clearly 

quite dependent on~. Even though it has a relatively small d14 (approximately 

0.5xI0-12 mN [Singh (1984)]), one tenth that of LiNb03 and Lil03, it is still the 

most widely used nonlinear crystal for both CPM and NCPM Type I and Type II 

3WM interactions. Its birefringence, nonzero temperature tuning coefficient. size 

availability (high-quality crystals with dimensions of many centimeters are available), 

and relatively high damage threshold result in its extreme versatility and popularity 

[Singh (1984); Zernike and Midwinter (1973); Eimerl (l987a)]. 

Potassium dihydrogen phosphate (KDP) is usually deuterated to decrease its 

absorption in the near infrared. However. the refractive indices depend on the 

level of deuteration. The level of deuteration. and therefore the refractive indices. 



40 

of a given sample are difficult to determine in practice [Nowicky]. Thus, the 

sample-to-sample variation of the CPM angle varies considerably, even though the 

nonlinearities are only slightly affected [Singh (1984)]. The Sellmeier equations for 

ImP are [Singh (1984)]: 

2.259276 + 1.008956x10-10 X-2 + 3.251305xl06 

I - (7.726408xI09 X2t 1 2.5xl05 - X-2 ' 
(2.15.a) 

ne2 _ 2.132668 + 8.637494xlO-u X-2 + 8.069981 X 105 

1 - (O.142631xl09 X2t 1 2.5xl05 - X-2 ' 
(2.15.b) 

where X is in centimeters. Although deuteration decreases the absorption in the IR, 

it increases absorption in the near-UV [Eimerl (1987a)]; therefore, one should use 

undeuterated ImP for use in tripling Nd:YAG, or in other short-wavelength mixing 

operations. The extreme versatility of ImP for 3WM interactions, resulting from its 

birefringence, is shown in Chapter 4. 

Because of the temperature sensitivity of 9pm' many commercial systems using 

Im-P crystals employ temperature regulation. A feedback loop is used to maintain 

conversion efficiency. Im-P typically has a higher conversion efficiency when 

used in a Type II configuration (at 1.06 pm). KO-P is quite hygroscopic, and as 

with Lil03, a number of precautions must be taken. KOP and KO-P have a 

number of analogues, such as ADP, CD-A, and RDA [Zernike and Midwinter 

(1973); Singh (1984); Eimerl (1987a)]. These behave very similarly, and are 

sometimes substituted for Im-P in a number of specific applications. Despite its 

higher cost, CD-A is often substituted for KO-P because it has a slightly larger 

conversion efficiency for doubling 1.064 pm in a Type I configuration. Type I 

interactions avoid the polarization problems associated with Type II SHG 

interactions (the birefingent doubler still acts as a waveplate). This also avoids the 

problem of using compensating waveplates to return the fundamental to its original 
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linear polarization state for use in subsequent interactions (e.g .• Type II tripling). If 

not corrected. the energy of the fundamental. which is rotated to the inappropriate 

polarization state. is useless for subsequent frequency conversion stages. KD·P has 

a higher damage threshold than CD· A. and cannot be replaced for extremely high

power systems. 

Potassium Titanyl Phosphate 

A final example ofax(2) material is potassium titanyl phosphate (KTP).. KTP 

belongs to the orthorhombic symmetry group 2mm. and is thus optically biaxial. 

KTP is a relatively new nonlinear material. appearing on the nonlinear optics scene 

in 1976 [Zumsteg. et aI.]. It is difficult to obtain commercially. is quite expensive. 

and is still only readily available in sizes up to approximately 5 mm3. However. it 

is beginning to be used extensively because of its high figure of merit and high 

damage threshold [Zumsteg. et aI. (1976); Belt. et al. (1985); Singh (1984)]. Because 

KTP is biaxial. a number of possible phase-matching configurations exist (Chapters 

3 and 5). However. from Fig. 2.4. it can be determined that only three 

configurations have appropriate nonlinear coupling. Therefore. under Kleinman 

symmetry. derr becomes. in the x-y plane (oee). derr - d32.cos20l + d3lsin20l; in the y

z plane (ooe). derr - dslcos02.; and in the x-z plane (ooe). derr .. -d32.sin03' where 

dSl - 6.5xlO-l2 mlY e! dls - 6.1xlO-l2 roN, and dS2 - 5.0xlO-l2 mlY [Zumsteg, et 

al. (1976)]. Note that x. y. and z refer to set crystallographic axes. Here, OJ is the 

phase-matching angle with respect to the ith axis (see Chapter 3 for further details 

and conventions). 

One of the aims of this research has been to triple the 1.318-/Lm Nd: Y AG line 

to blue (0.44 /Lm) by mixing it with its second harmonic, as discussed in Chapter 5. 
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F('Ir this purpose. a crystal of KTP cut and polished parallel to its crystallographic 

planes was purchased from Airtron of New Jersey. It was hoped that a near

NCPM configuration could be found. even though the material is known to be only 

slightly temperature tunable [Zumsteg. et aI. (1976)]. A number of Sell meier 

equations exist for KTP [Belt. et at. (1985); Eimer! (1986); Fan. et al. (1987); Kato 

(1988); Anthon and Crowder (1988)]. Results using these Sellmeier equations are 

compared with our experimental findings in Chapter 5. The Sell meier equations for 

KTP (from Eimerl (1986» are: 

nx 2 - 1+0.9409939-2.617697xlO-3 X2-2.039736xl0-s X4+ 1 _ (k~~~~~~7/X)i' (2. 16.a) 

n/ - 1 +0.9839293+3.24354 Ix 10-3 X2-3.399234xl0-3 X4+ 1 _ (k~~~~~~5Ih)2' (2.16.b) 

I1z2 - 1+0.9338169-3.071542xI0-3 X2-2.284115xI0-3 X4+ I _ (k~~~i~~5Ih)2' (2.16.c) 

for a wavelength X in p.m. 

These materials not only represent a fine cross-section of the main types of 

materials one encounters for use in frequency conversion. but they also represent 

the most important choices from a current technological standpoint. 

In closing. this chapter has presented a brief overview of nonlinear optics and 

nonlinear optical phenomena. Only classical theory and phenomenology were 

discussed. and some consequences of the nonlinear polarization terms were 

presented. The requirement of phase matching for efficient frequency conversion 

and use of the Sell meier equations for the XCi) materials is discussed in the following 

three chapters. 
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This chapter will elucidate the principles of phase matching (PM) in 

nonlinear optics (NLO). It is shown that PM is really nothing more than 

constructive interference. However. in NLO. one is usually concerned with more 

than a single frequency (at least for 3WM). different polarization directions. and. 

hence. different refractive indices. and possibly even different propagation directions 

for noncoIIinear interactions. These complexities make PM in NLO substantially 

more intricate than conventional interferometry. where typically only a single 

frequency is required. Note that even in linear optical interferometry. two 

frequencies are often used in so-called heterodyne or phase-shifting interferometry 

[Malacara]. Here. the frequency of the reference arm is shifted slightly with 

respect to that of the test arm (e.g.. with a moving mirror. electro- or acousto-optic 

cells. moving waveplates. or gratings). and the beating of the fringes enables one to 

analyze the data more efficiently. In Chapter 6. a nonlinear harmonic 

interferometer is presented which is a true two-frequency interferometer. 

This chapter concentrates predominantly on second-order. X(2). interactions. 

where PM must be achieved for efficient processes. The conditions and 

configurations for a number of 3WM interactions are outlined. 

Phase Matching: An Interference Phenomenon 

As discussed in Chapter 2. the nonlinear polarization terms (Eq. (2.3» act as 

electric-dipole sources radiating their own fields in conjuction with Eq. (2.7). It is 
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thus clear that the net re-radiated field (i.e.. that attributable to the nonlinear 

polarization) results from a coherent sum of the fields re-radiated from this phased 

(three-dimensional) array of electric dipoles. Thus. it is simply an interference 

phenomenon. This is most clearly understood in the context of Type I SHG (as 

was seen in Fig. 2.1). The electric-dipole contribution from each unit cell emits 

electromagnetic (EM) radiation. which then interferes with subsequently radiated 

fields. However. the phase of the re-radiated field depends. of course. on the phase 

of the driving field (in this case. the fundamental field). This is depicted one 

dimensionally in Fig. 3.1 for the case of second harmonic (SH) generation. 

Figure 3.1. Representative unit-cell electric dipoles (denoted as dots) shown radiating a 
second harmonic 0/ the driving field (/or example, each dot can represent the unit cell 0/ 
Fig. 2.1(a)}. The radiated second-harmonic fields must constructively inter/ere lor 
efficient conversion. 

In the terminology of multiple-beam interferometry. constructive interference 

can occur if each newly created wavefront is in phase with the previously and 

subsequently radiated wavefronts. This is equivalent to requiring that the induced 

nonlinear polarization wave have the same phase velocity as the inducing EM wave. 

The result is a large buildup of the nonlinearly radiated field. On the other hand. 

if the inducing and induced fields vary slightly in phase velocity. destructive 



45 

cancellation occurs. drastically limiting the amount of conversion. This phenomenon. 

known as phase matching or conservation of momentum. states more generally that 

Ak - kl + k2 - ks - O. From Eq. (2.7) it is clear that the magnitude of the 

nonlinearly driven field will not oscillate but will increase linearly (for constant 

flJNL err) when phase matching has been achieved. (If flJNL err is not constant. it is 

clear that the strength of the re-radiated fields changes in accordance.) The concept 

of phase matching is not limited to nonlinear optics; analogies extend into many 

other areas of optics and physics. and it is really nothing more than interference. 

This concept can be placed on even firmer quantitative grounds. Recall 

from physical optics or electrodynamics that the electric field strength, as radiated 

from a sum of coherent oscillating dipoles. is given by [Hecht and Zajac (1974)]: 

E oc sin(N6/2) 
sin(6/2) , (3.1) 

where 6 is the phase difference between each successive source and equals kasinO, 

N is the number of oscillators, II; is their separation, 0 is the angle away from the 

line perpendicular to the array of oscillators. and k - 21Tn1'A (see Fig. 3.2). In the 

situation depicted in Figs. 3.1 and 3.2, the electric dipole formed from oscillation of 

the valence electron in each crystal unit cell (Fig. 2.1) is illustrated as a single point 

source. The entire contribution from a chain of these cells. each separated by the 

distance a, can now be summed according to Eq. (3.1) if the following 

identifications are made. First recall that for crystals, the lattice constant, a, is 

much less than a wavelength of light; thus ka oc a/h «I. Note also that the 

length of the crystal, L, equals Na. Next, for the case at hand, the phase 

difference between a given cell and the next depends on both the phase velocity of 

the SH field and the driving fundamental field. Hence, 6 must be replaced by 

AkasinO. Now, by observing the radiation downstream from the line of oscillators 
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(9 - 90°). and by expanding the denominator (and multiplying numerator and 

denominator by N). Eq. (3.1) can be rewritten as 

E oc sin(AkL{2) 
AkL/2 . (3.2) 

This (when properly normalized) agrees with the phase-mismatch term. as given in 

Eqs. (2.8) and (2.9). Since the wavefronts of plane waves are by definition infinite 

in extent. this one-dimensional argument is easily generalized to three dimensions. 

This descriptive argument is essentially simply drawing an explicit 

correspondence between the continuous limit (as assumed in the Maxwell equations) 

and the actual discrete limit of matter. Similar arguments can be applied in taking 

~iscrete sums of waves (i.e.. interferometry) to their continuous limit (i.e .• 

diffraction). or vice versa. Clearly. interference and diffraction are really the same 

phenomena. since an integral is simply the limit of a sum. Likewise. the optical 

phenomena associated with nonlinear interactions are primarily sums of linear 

optical effects (after generation). If one masters the realm of linear interference in 

optics. the extension to nonlinear optics and related phenomena is qualitatively 

straightforward. although the mathematical complexity increases dramatically. 

As mentioned in Chapter 2. a nonlinear polarization has the effect of 

coupling numerous fiel~s and their resulting harmonics. and sum and difference 

frequencies. Phase matching allows the isolation of one nonlinear process in 

second-order NLO. or a limiting number of nonlinear processes in third-order NLO. 

This occurs because only the polarization waves that exhibit constructive 

interference over large distances build up considerably. The remaining terms tend 

to cancel out through destructive interference. An obvious advantage of D4WM 

(i.e.. all four waves of the same frequency). over multi-wavelength mixing. is that 

PM is usually inherent. 
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Figure 3.2. Phase matching represented as the inter/erence /rom a chain 0/ coherent 
radiators [a/ter Hecht and Zajac (1974)] (see text). 
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Optical Propagation in Crystals 

Before determining how to achieve PM. the propagation of optical waves in 

crystals will be reviewed. The notation is similar to that found in Hopf and 

. Stegeman (1985 and 1986). ~is manuscript is concerned with 0- and e-

configuration eigenvectors; i.e.. those confining E and k within a plane containing 

crystal pripcipal axes. These are sufficient for the description of uniaxial crystals. 

but not for biaxi~ls. For a complete description of propagation in biaxials. 

appropriate projections of the index ellipsoid are required [Born and Wolf (1980)]. 

By limiting oneself to 0- and e-configuration eigenvectors. the refractive index can 

be written generally as 

(3.3) 

where nj(9j) refers to the angle-<iependent index of an eigenvector in the i-j plane. 

and 9j is the angle between the principal crystal axis having index nj and the k 

vector. Unless otherwise indicated. in this document the right-hand rule (RHR) is 

followed exclusively in determining angles; i.e.. angles are rotated from the I axis to 

the 2 axis. from the 2 axis to the 3 axis. and from the 3 axis to the I axis (the 

other axis always points outward from the page). as illustrated in Fig. 3.3 for 

rotation in the 1-3 plane. A consistent convention is necessary to avoid later 

confusion when a large number of possible 3WM interactions are discussed. Note 

that Eq. (3.3) is valid for both uniaxials and biaxials as long as one remains in the 

principal planes. This equation is easily checked by noting that. for example. at 

9j • 0°. then nj(OO) • nj. and similarly at 9j - 90°. nj(900) • nj. as expected from 

Fig. 3.3. where i .. 3 and j .. I. For 9j between 0° and 90°. the index oscillates 
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sinusoidally between nJ and nl: This makes critically phase-matched or angle-tuned 

3WM interactions possible. 

1 -E 

-K 

3 

. e ray configuration 

Figure 3.3. Representation of an e-configuration eigenvector in an anisotropic crystal. 
The crystal axes are represented as J, 2, and 3. The walko/l angle is 0, and the 
wavevector angle, 6 (here from the 3 axis), is measured according to the RHR (see text). 
On the same diagram, an o-configuration eigenvector would be polarized along the 2 axis. 
Its index is independent of 6, 0 = 0, '$ = the Poynting vector. 

A drawback of CPM interactions is the walkoff effect, illustrated in Fig. 3.3. 

The walkoff angle is given by 

tan !: _ n
2
(6j) [ 1 I]. 211 

U -2- -2- - -2- SID \1 • 
nj nj 

(3.4) 

Clearly the closer one gets to noncritically phase-matched (NCPM) interactions, i.e., 

6j - 90° or 0° (possible for biaxials), the smaller the value of o. As a result, a 
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greater portion of this research has been devoted to NCPM operations. as is possible 

in LiNbOs' 

Three-Wave Mixing 

As mentioned in the previous chapter. there are two general types of 3WM 

interactions (specializing to K-collinear interactions): Type I and Type II. For a 

Type I interaction. the two input-field eigenvectors are approximately collinear in 

the crystal and produce the third eigenvector orthogonal to them. In the case of 

degenerate 3WM or second harmonic generation (SHG). these two input fields are 

the same. For a Type II interaction. the two input eigenvectors are orthogonally 

polarized. producing the third approximately collinear with one of them. These 

interactions are not restricted only by the influence of crystal symmetry on d. but 

also by phase-matching constraints. Note that Type II SHG from a single laser 

source is possible (and frequently used) simply by orienting the crystal axes at ,,-450 

to the incoming laser polarization. 

The equations describing the growth of the nonlinearly generated fields are 

easily derived using the SVEA equations of Chapter 2. For SHG they are 

81J(ws ;z) _ iwsdeff. lJ(w )2 ei~kz 
8z 2nc f • s 

Type I (3.5) 

81J(ws;z) _ iwsdeff fl (W )fl (W ) ei~kz 
8z n c ~ 0 f ~ e f • Type II 

s 
(3.6) 

Here. 0 :: o-configuration eigenvector. e :: e-configuration eigenvector. s :: second 

harmonic. and f :: fundamental. Integration of these equations leads to the phase-

mismatch term of sinc(AkL/2)/(AkL/2). as in Eqs. (2.8) and (2.9). 
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It is easily shown that to achieve phase matching. or Ak - O. 

n(wr) - n(ws)' Type I (3.7.a) 

and 

(3.7.b) 

The index or phase-velocity matching condition of Eq. (3.7 .a) is obvious from the 

previous discussion. However. the index averaging condition of Eq. (3.7.b) is 

somewhat surprising at first glance. It begins to illustrate how complications 

develop for phase matching in nonlinear optics. where one is concerned with the 

interaction of a number of fields and frequencies. It will be shown that for 

nondegenerate 3WM. the index averaging conditions are also weighted by the 

relative wavelength ratios of the interacting fields. 

For general nondegenerate 3WM interactions. the (coupled) differential 

equations describing the growth of the fields are given under the SVEA: 

(3.8.a) 

(3.8.b) 

(3.8.c) 

Conservation of energy requires that 

(3.9) 

The general expression for phase matching (for collinear interactions) then becomes 

Note that a number of possible 3WM configurations exist. These are analyzed one 

by one and the solutions are presented below. 
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Phase-Matching Configurations 

Uniaxial crystals are typically divided into two classes. negative uniaxials 

(ne < no) and positive uniaxials (ne > no)' Most available nonlinear uniaxial 

crystals. and all uniaxials used for this research. are negative uniaxials. Therefore. 

phase matching in negative uniaxials will be presented first and in greater detail. 

Because of the three-fold nondegeneracy in biaxial crystals. no such negative

positive terminology is necessary. It is convention to label the principal axes such 

that noy > np > na (however. they may not have any specific relation to the 

crystallographic axes x. y. z). In this research. the only biaxial crystal of concern 

was KTP. for which the crystallographic axes are the same as the principal axes. 

Throughout this discussion of PM. eigenvectors are listed from left to right in 

order of increasing wavelength. For example. eoe third harmonic generation means 

that an e-configuration third harmonic is produced by summing an o-configuration 

second harmonic with an e-configuration fundamental. Only normal dispersion is 

assumed. as is the case for all materials studied at the frequencies of interest. The 

possible configurations for CPM SHOo third harmonic generation (THO). and general 

sum frequency generation (SFO) for uniaxials. and for SHO and THO in biaxials 

are presented below. 

Phase-Matched Second Harmonic Generation in Uniaxials 

Figure 3.4(a) illustrates Type I (eoo) SHO in a negative uniaxial crystal. 

(Figs. 3.4 through 3.7 are taken from Hopf and Stegeman (1986) and adapted for 

use in this manuscript.) The corresponding index-tuning curve is shown in 

Fig. 3.5(a). Here the circles represent the principal indices that are involved in the 

angle-dependent index of Eq. (3.3). and the Xs represent the values of the actual 
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indices, nr - no(wr) and ne(ws,6). The fundamental field is illustrated as being 

polarized along the 2 axis; this really represents any axis that is perpendicular to 

the 3 axis, and is typically chosen to maximize conversion efficiency, as discussed 

in Chapter 2 (if> is chosen). In any event, Er experiences the ordinary index of 

refraction, no(wr)' The second harmonic field, Ea, will experience any index from 

no(ws) for 6 - 0°, to ne(ws) for 6 - 90°. Hence, by changing 6, we "angle tune" not 

only the index, but the phase match as well. 

1 1 

2 

(8) (b) 

Figure 3.4. (a) Eigenvector diagram 0/ the Type I (eoo) con/iguration /or PM SHG in 
a negative uniaxial: (b) Type I (oee) con/iguration /or PM SHG in a positive uniaxial. 
The crystallographic axes are labeled J, 2, and 3. 

From Eq. (3.7 .a), it is clear that the PM condition for Type I (eoo) SHG is 

ne(ws,6) - no(wr). This is also called critical phase matching because the acceptance 

angle, i.e., the range of angles where. Ak is sufficiently close to zero. is typically 

quite small [Hon (1979); Hopi and Cervantes (1982)]. When 6 e! 90°. it is called 

noncritical phase matching. This condition usually requires some form of 

temperature tuning. because the probability of ne(ws) .. no(wr)' at room temperature 

for the given wavelengths. is quite small. Why 90° PM is termed noncritical is 
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new) 

(a) (b) 

Figure 3.5. (a) Index matching plot lor Type I (eoo) SHG in a negative uniaxial,' (b) 
the corresponding plot lor Type I (oee) SHG in a positive uniaxial. The circles 
represent the principal indices that are involved in the angle-dependent index 0/ 
Eq. (3.3). The Xs represent. the values 0/ the actual indices lor PM,' i.e., the index 
match occurs when the X s are at the same vertical location. 

k new) 

~----3 

2 

(a) (b) 

Figure 3.6. (a) Eigenvector representation 0/ the Type II (eoe) configuration lor PM 
SHG in a negative uniaxial,' (b) the corresponding index diagram fulfilling the index 
averaging condition 0/ Eq. (3.7.b). 

easily seen from a plot of refractive index vs. e. and Eq. (3.3). Here. the slope is 

horizontal. and therefore it is only a second-order effect. For NCPM interactions. 
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1 

k new) 

~-...I---3 

2 

(a) (b) 

Figure 3.7. (a) Eigenvector representation of the Type II (oeo) configuration for PM 
SHG in a positive uniaxial; (b) the corresponding index diagram fulfilling the index 
averaging condition of Eq. (3.7.b). 

the acceptance angle may be increased by two or three orders of magnitude. This 

noncritical condition may also occur in biaxials at 0°. 

Figs. 3.4(b) and 3.5(b) are the eigenvector configuration and index curves. 

respectively. for positive uniaxials. As for its negative uniaxial counterpart. it is 

clear that the PM condition occurs when the Xs are at the same vertical position. 

The results for these Type I PM configurations from the figures and from 

Eqs. (3.3) and (3.7a) are: 

Type I. negative uniaxial. (eoo) 

(3.1l) 

and 



Type I. positive uniaxial. (oee) 

no(ws) S; ne(wf) 

S6 

(3.12) 

The first lines of Eq. (3.11) and Eq. (3.12) describe the Type and configuration for 

PM. the second lines describe the necessary condition for PM to be possible. and 

the last lines give the equation for determining the CPM angle. This convention is 

used for all the following formulae. Note that the necessary condition for phase 

matching to occur becomes extremely valuable in limiting a vast number of possible 

configurations. As shown below. the possible number of cases can become quite 

excessive when dealing with TIlO and SFO in uniaxials. and especially with 

biaxials. It is also interesting to note that Eq. (3.12) follows from Eq. (3.11) by 

simply interchanging Ws for wf' This symmetry is also apparent from Fig. 3.4. 

Other analogies are used for the cases analyzed below. 

The process of angle tuning has been described. It is instructive to include a 

short description of temperature tuning. which is of great interest in the following 

chapters. Temperature tuning is easily understood from Figs. 3.4 through 3.7. 

Now instead of changing the angle of the crystal axes to' tune the index (from 

Eq .. (3.3». the entire index curve itself is moved. The simplest and most illustrative 

example is Type I SHOo For a negative uniaxial crystal (eoo). such as LiNb03• the 

relative change with temperature of the extraordinary index at the SH. with respect 

to the ordinary index at the fundamental. F. is the important temperature tuning 

coefficient (see also Chapter 6). Keeping () constant. we simply heat or cool the 

crystal until the condition in Eq. (3.7 .a) is achieved. This is only accomplished if 

the index experienced by the SH changes differently with temperature than the 
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index, experienced by the F. Temperature tuning appropriate for other interactions 

and configurations may be analyzed analogously. 

An important practical note emerges from examination of Fig. 3.5(a), by 

imagining the ne curve to move up more readily with increasing temperature than 

the no curve (as is the case for LiNb03). Once the index curves are temperature 

tuned beyond the NCPM condition, it is no longer possible to angle tune them back; 

i.e., ne(ws) > no(wr) for all (J at this temperature. This results in a valuable 

technique for determining the NCPM condition more accurately. At a given 

temperature, if upon rotation of the crystal about its critical axis (the x axis for Y-

cut Type I doublers), phase matching cannot be achieved, then the NCPM 

temperature has been exceeded. From the opposite viewpoint, if the NCPM 

temperature has not yet been reached, it can still be angle tuned into phase match. 

The conditions for Type II CPM SHG are obtained from the index averaging 

condition of Eq. (3.7.b). Figure 3.6 illustrates Type II (eoe) PM for negative 

uniaxials and Fig. 3.7 illustrates Type II (oeo) PM for positive uniaxials. The 

conditions for PM are easily shown to be 

Type II, negative uniaxial, (eoe) 

(3.13) 

and 

Type II, positive uniaxial, (oeo) 

(3.14) 
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A closed-form solution for Type II (eoe) SHG is not possible. Equation (3.13) is 

therefore solved numerically after proper substitution of the refractive indices into 

Eq. (3.3) (see the Appendix). 

Phase-Matched Third Harmonic Generation in Uniaxials 

Third harmonic generation from the Nd:YAG l.064-pm line is an important 

high-power source of near-UV radiation. It may be used as a source for pumping 

dye laser systems. For second-order nonlinearities. THG is achieved by mixing the 

fundamental with its second harmonic; hence. two nonlinear crystals are required 

[Craxton (1980); Seka, et aI. (1980)]. The Type I and Type II terminology is simply 

extended to this nondegenerate case. Some sources differentiate between the two 

variations of Type II 3WM and introduce a Type III in the terminology [Eimerl 

(1986)]. Since all ambiguities are erased by specifying the eigenvector 

configurations. this terminology is not adopted. here. 

The condition on the refractive indices for PM is easily derived from .6.k - 0 

and is given by 

(3.15) 

where wT is the frequency of the third harmonic. The indices are weighted by the 

respective ratio of their frequencies. or inversely weighted by the ratio of their 

wavelengths. 

The PM configurations for THG are analyzed analogously to the cases for 

SHG shown in Figs. 3.4 through 3.7. The resulting configurations are given below. 

Only formulae which have a closed-form expression for 0pm are given. The others 

can be calculated numerically by substituting the proper index expressions from 

Eq. (3.3) into Eq. (3.15). Generally. the indices must be measured or determined 
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from appropriate Sellmeier equations (Chapter 2). The possible PM configurations for 

negative uniaxial crystals reduce to the following: 

and 

and 

Type I. negative uniaxial. (eoo) 

Type II. negative uniaxial. (eoe) 

Type II. negative uniaxial. (eeo) 

. 3ne(wT)!5: 2ne(ws) + no(wr) . 

The possible PM configurations for positive uniaxial crystals: 

Type I. positive uniaxial. (oee) 

Type II. positive uniaxial. (oeo) 

3no(wT) !5: 2ne(ws) + Do(Wr) 

(3.16) 

(3.1 7) 

(3.18) 

(3.19) 

(3.20) 
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Type II. positive uniaxial. (ooe) 

(3.21) 

Although the possible conditions for PM in negative uniaxials are derived from 

those of positive uniaxials simply by interchanging e and o. this is not true of the 

formulae for 9pm • Therefore. even though many symmetries are prevalent. blind 

substitution is to be used with caution. Note from Eqs. (3.20) and (3.21). and the 

consequences of normal dispersion. that both the numerator and denominator under 

the square root are negative and cancel out. This also provides a cross check for 

eliminating a number of possibilities in the initial stages of determining the possible 

PM configurations; i.e .• a negative argument under the square root implies an error 

was made. 

Phase-Matched Sum Frequency Generation in Uniaxials . 

Although THO is used. much more frequently than general sum frequency 

generation (SFO). the latter is coming into play more often in extending the range of 

laser frequencies; for example. in generating violet and near-UV light from 

Nd: YAO-pumped dye laser systems. It is typically more efficient to mix the output 

of the TH-pumped dye with one of the Nd:YAO harmonics than to pump the dyes 

with the fourth harmonic. Often only SH pumping is used. followed by SFO of the 

fundamental (F) or second harmonic (SH) with the output of the dye. (In fact. SHO 

from the dye alone may be sufficient.) Tuning the dye laser in the usual ways. 

followed by SFO with a Nd:YAO harmonic (perhaps even with the SH of the dye 
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and so forth). thus extends the frequency range. Another interesting application for 

SFO. as described in· Chapter 4. is to mix two separate Nd: YAO lines to produce 

yellow light. Note that SHO and THO are merely special cases of SFO. 

The PM condition for general SFO is easily derived from A.k - 0 as 

(3.22) 

or 

Note from conservation of energy. Eq. (3.9). that we - wb + wa' For convenience 

the specification. 

(3.24) 

is chosen. 

Fortunately. the conditions for CPM SFO are perfectly analogous to those for 

SHO and THO. It is also helpful to incorporate a normalized index. defined by 

n(Wj) 
l1j :: T (i - a. b. c) • 

For negative uniaxials. the possible PM configurations reduce to the following: 

and 

Type I. negative uniaxial. (eoo) 

Type II. negative uniaxial. (eoe) 

l1e(We) ~ l1o(wb) + l1e(Wa) • 

(3.25) 

(3.26) 

(3.27) 
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Type II. negative uniaxial. (eeo) 

The analogy with like configurations for SHO and THO is obvious. A general 

program for calculating Opm for SFO using a number of different negative uniaxials 

is given in Appendix A.I. 

and 

For positive uniaxials, the pos.dble PM configurations reduce to the following: 

Type I. positive uniaxial. (oee) 

Type II. positive uniaxial. (oeo) 

t'1o(wc ) ~ t'1e(wb) + t'1o(wa) 

Type II. positive uniaxial. (ooe) 

t'1o(wc) ~ t'1o(wb) + t'1e(wa) 

(3.29) 

(3.30) 

It is clear from the above PM-configuration expressions for 3WM. that for the 

nondegenerate cases (i.e.. everything but Type I SHO). any configuration with two 

e-configuration eigenvectors must be solved numerically, as in Appendix A.I. A 

large number of different 3WM interactions were carried out in three negative 

uniaxials using a new experimental technique described in Chapter 4. 
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Phase-Matched Second Harmonic Generation in Biaxials 

Most commercially available nonlinear crystals are negative uniaxial. One 

important exception to this is the biaxial crystal KTP (Chapter 5). KTP is used 

mainly because it exhibits high conversion efficiency and a high damage threshold 

for doubling the Nd:YAG l.064-J,Lm line [Belt. Gashorov. and Liu (1985)]. KTP is 

preferred for doubling cw Nd:YAG radiation. It is also possible to double the 

Nd:YAG 1.318-J,Lm line using KTP. (Note. these are CPM operations.) Of 

importance for this research was this ability to triple the 1.318-J,Lm line by mixing 

it with its SH (Chapter 5). In biaxials. tuning can occur in three planes: 0I.-{3. {3-"(. 

and 01.-"( (when one is concerned with e- and o-configuration eigenvectors only). As 

previously mentioned. the index convention for biaxials is defined as 

For SHG in hiaxials, the possihle PM configurations reduce to the following: 

Type I. (eoo). 0I.-{3 

np(ws) ~ n'Y(wr) ~ nQ(ws) 

Type II. (eo e). 0I.-{3 

(3.32) 

(3.33) 

np(ws) ~ ![np(wr) + n'Y(wr)] and nQ(ws) s: ![nQ(wr) + n'Y(wr)] (3.34) 



Type I. (oae). /J-1 

D'Y(Wr) ~ Da(Ws) ~ Dp(Wr) 

Type II. (oeo). /J-1 

Type I. (eoo). 01.-1 

Dp(Wr) ~ Da(Ws) 

Type I. (oee). 01.-1 

D'Y(Wr) ~ Dp(Ws) 
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(3.35) 

(3.36) 

(3.37) 

(3.38) 
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Type II. (oeo). a-'Y 

(3.39) 

and 

Type II. (eoe). a-'Y 

(3.40) 

It is clear that the complexity for SHG in biaxials is greater than that for 

uniaxials. Note that for biaxials. there may be both an upper and a lower limit on 

the refractive index requirement for PM. For some cases in biaxials (as for 

uniaxials). this is already accounted for by normal dispersion and Eq. (3.32); i.e .• 

only one limit is required. The requirements are easily found by letting the 

minimum tunable-index value be less than or equal to the PM condition on n. and 

the maximum value greater than or equal to the PM condition. Therefore. PM 

must be achieved at an intermediate angle. since. from Eq. (3.3). all indices vary 

sinusoidally. In fact. to be completely general. PM configurations not contained 

within principal planes must also be considered. These configurations for SHG are 

summarized in Hobden (1967). Calculations for optimum PM parameters for SHG 

in KTP may be found in Yao and Fahlen (1984). 

Phase-Matched Third Harmonic Generation in Biaxials 

The configurations for CPM THG in biaxials are analogous to those for 

uniaxials; however. their number increases. The general program of Appendix A.2 

determines all the possibilities using Sellmeier equations for a number of different 

... 
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biaxials. The possible PM configurations for THG in biaxials reduce to: 

Type I. (eoo). 01.-(3 

30,1(~) ~ 20,(w8) + o,(wr) and 30Q\(~) ~ 20,(ws) + o,(wr) 

(3.41) 

Type II. (eoe). 01.-(3 

30,1(~) ~ 20,(w8) + 0,1(wr) aod 30Q\(~) ~ 20,(ws) + oQ\(wr) ; (3.42) 

Type II. (eeo). 01.-(3 

30,1(~) ~ 20,1(ws) + o,(wr) aod 30Q(~) ~ 20Q\(ws) + o,(wr) ; (3.43) 

Type I. (Dee). (3-1 

30Q\(wT) ~ 20,1(ws) + 0,1(wr) aod 30Q\(wT) ~ 20,(ws) + o,(wr) ; (3.44) 

Type II. (Doe). (3-1 

(3.45) 

Type II. (oeD). (3-1 

30Q\(~) ~ 20,1(ws) + 0Q\(wr) and 30Q\(wT) ~ 20,(ws) + DQ\(Wr) 

(3.46) 



and 

Type I. (eoo). a-'Y 

30a(w.r) S; 2op(ws) + np(wr) 

Type II. (eoe). a-'Y 

3na(w.r) S; 2op(ws) + 0a(wr) ; 

Type II. (eeo). a-'Y 

3na(w.r) S; 2na(ws) + np(wr) ; 

Type I. (oee). a-'Y 

3np(w.r) S; 20'Y(ws) + 0'Y(wr) ; 

Type II. (ooe). a-'Y 

30p(w.r) S; 2np(ws) + 0'Y(wr) 

Type II. (oeo). (1.-'Y 

3np(w.r) ~ 2na(ws) + 0p(wr) and 30p(wT) S; 2n'Y(ws) + 0p(wr) 
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(3.47) 

(3.48) 

(3.49) 

(3.50) 

(3.51) 

(3.52» 
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It is clear from symmetry that the PM configurations (eoo. eoe. and eeo) and 

equations in the a-'Y plane may be derived from those in the a-f3 plane by letting 

a .. 'Y. {J .. ct. and 'Y .. {J. Likewise. the PM configurations (oee. oeo. and ooe) and 

equations may be derived from those in the f3-'Y plane by letting a ~ f3. f3 ~ 'Y. and 

'Y .. 01. Symmetries and configurations are easier to keep track of when a 

consistent convention. such as the RHR. is used exclusively. 

Again. the conditions for PM in nonprincipal planes are more involved. A 

generalized study on the angular dependence of decr (but not the PM conditions) for 

biaxials may be found in Ito. Hatsuhiko. and Inaba (1975). 

Using the above equations and the program in Appendix A.2. the possible PM 

configurations for KTP were calculated using Eimerl's (1986) Sell meier equations 

(Chapter 2). The results are shown in Table 3.1. This subject is discussed in 

detail in Chapter 5. Examples of PM SFO in uniaxials are presented in the 

following chapter. 

Table 3.1. Possible THO phase-matching configurations for KTP. at 
the fundamental frequency 1.318 p.m. as determined using the 
program in Appendix A.2. 

Plane Configuration CPM angle 

0I-f3 Type II eoe 24.9° 

{J-'Y Type I oee 39.9° 

{J-'Y Type II oeo 21.0° 

OI-'Y Type I oee 60.1° 
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The Nd:YAO laser is most commonly engineered to oscillate at its strongest 

transition. the 1.064-pm line [Koechner]. By means of the nonlinear techniques 

discussed in this manuscript. its harmonics are readily generated (0.532 pm. 

0.355 pm. and 0.266 pm) to produce coherent radiation in the visible and near-UV . 

. Less commonly used is a line at 1.318 pm that can be readily doubled to red 

(0.659 pm) or tripled to blue (0.44 pm). and so on. This chapter describes an 

experimental technique that was devised for generating both the 1.318-pm and 

1.064-pm lines simultaneously (in space and time) [Morgan. Hopf. and 

Peyghambarian (1987 and 1988)]. The system was employed for studying 3WM in 

three commercially available. nonlinear optical crystals (negative uniaxials). Emission 

of both 1.064 pm and 1.318 pm from this single laser allows simultaneous 

generation of a number of sum frequencies. in addition to the laser harmonics. The 

visible frequencies include 0.659 pm. 0.589 pm. 0.532 pm. 0.44 pm. and 0.407 pm. 

Note that included in this list are the three primary colors. 

Figure 4.1 is a schematic of this laser system. It consists of a modified 

Oeneral Photonics model TW0-45BQ Q-switched. flash-lamp-pumped Nd:YAO laser. 

which was further modified with a frequency-selecting prism to suppress the 

stronger 1.064-pm line in favor of the 1.318-pm line. The mirrors and elements. 

whose parameters are given in Fig. 4.1. were coated for 1.318 pm. (For increased 

efficiency. we would have preferred an antireflection coating at 1.064 pm for M2). 

The Pockels cell voltage was also maximized by the manufacturer for operation at 

1.318 pm. Despite these adjustments. the laser still prefers to lase at 1.064 pm and 
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considerable effort is needed to generate the 1.318-pm line. With this in mind. it 

was found experimentally that the best method of tuning the laser is to direct an 

exterior 1.064-pm alignment laser into the 1.318-pm cavity. thus avoiding the often 

too drastic effects of dispersion when using a typical 0.633-pm HeNe alignment 

laser. The laser is subsequently adjusted and fine tuned to emit at 1.064 pm. 

Now. by an adjustment of the cavity dispersing prism angle. followed by further 

fine tuning. the 1.318-pm line is made to lase readily. When aligned properly. this 

laser can be made to lase solely at 1.318 pm. 

With the 1.064-pm alignment laser still properly positioned. the additional rear 

mirror. M3. highly reflecting (HR) at 1.064 pm. is positioned externally to the cavity 

so that it retroreflects the 1.064-pm radiation back through the laser cavity. One 

thus obtains simultaneous lasing at 1.064 pm. M3 was chosen to form a stable 

resonant cavity with the output coupler. MI. coated (50/50) for 1.318 pm. It was 

found that. properly aligned. this new cavity suppressed the 1.318-pm radiation. 

permitting only the 1.064-pm line to lase. A slight misalignment of M3 enabled 

both lines to lase simultaneously but not collin early . Collinearity was obtained with 

the use of an additional adjustable aperture (aperture' 2) positioned before M3. 

Aperture 2 serves to decrease the mode volume of the 1.064-pm radiation. A 

neutral density filter was also occasionally used between M3 and aperture 2 to aid 

in the attenuation of the 1.064-pm radiation. By varying the aperture position and 

diameter. and thus attenuating the 1.064-pm beam as well as improving its spatial 

structure (followed by some fine adjustments). both laser lines were produced 

collin early and simultaneously. 

When properly tuned to operate at 1.318 pm only. the laser emitted 8.2 mJ in 

a 29-ns full-width at half-maximum (FWHM) pulse in the Q-switched mode. It 

produced 8.1 mJ in a 150-ns FWHM pulse when operated in long-pulse mode; i.e .• 
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with the Q-switch off. When allowed to operate in both modes. the laser could be 

adjusted to emit a large range of different powers and different pulse widths for 

each frequency. Usually. the dual-frequency system was initially optimized at 

1.318 p.m. without M3. Various parameters. including aperture 2. the mirror 

orientations. and occasionally the Pockels-cell orientation. were adjusted to maximize 

the output power of the sum-frequency-generated 0.589-p.m yellow light 

(1.318 p.m + 1.064 p.m). indicating an optimum overlap in space and in time. When 

so adjusted. typical output energies for 1.064 p.m ranged from 0.2 mJ to 1.0 mJ. 

and those for 1.318 p.m ranged from 7.8 mJ to 2.0 mJ. Pulse widths for 1.064 p.m 

ranged from 32 ns to 17, ns Q-switched. and from 93 ns ~o 130 ns long pulse. The 

1.318-p.m pulse width did not change dramatically when operating dual frequency if 

the laser was initially optimized for L318 p.m. Additional output power at 1.064 

p.m with less expense to the 1.318-p.m radiation could be achieved when the two 

modes propagated noncollinearly. They could subsequently be spatially combined 

externally. Oscilloscope traces showed that the extent of overlap for the two pulses 

fluctuated in time. This was also apparent from observing the fluctuations in the 

intensity of the yellow light. This may result from the fact that the two transitions 

share the same level. 

Three-Wave Mixing in Nonlinear Crystals 

Using these two laser lines. various extracavity 3WM experiments were carried 

out in the three nonlinear negative uniaxial crystals: lithium iodate. lithium niobate. 

and potassium dideuterium phosphate (mixing in KTP is discussed in the following 

chapter). 
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With lithium iodate (LilOs). all of the visible frequencies mentioned above 

were produced. The CPM angles for LilOs• calculated from known Sell meier 

equations [Nowicky]. are given in Table 4.1. Type I SFG at 0.44 p.m by means of 

the summing of 1.318 p.m and its second harmonic (SH). 0.659 p.m. in LilOs was 

accomplished with the aid of a typical commercial dichroic sheet polarizer (at 45°). 

as shown in Fig. 4.2. The polarizer had little effect on the infrared (IR). but had 

high extinction in the visible. making a multi-frequency waveplate unnecessary. 

However. it was noted that even though the IR was poorly absorbed by this 

anisotropic dichroic material (which was highly saturated and perhaps below 

resonance). the polarizer still acted as a waveplate. Hence. the polarization state of 

the fundamental light was altered. becoming elliptical. In fact. for 1.064 p.m. the 

major axis could be rotated by nearly 90°. 

With lithium niobate (LiNbOs). 0.532-p.m. 0.589-p.m. and 0.659-p.m radiation 

was generated in an NCPM Type I (eoo) 3WM configuration. The NCPM 

temperatures observed are reported in Table 4.1. The NCPM temperatures 

numerically calculated from known temperature-dependent Sell meier equations for 

congruent-melt lithium niobate [Edwards and Lawrence (1984)] are also listed. The 

actual NCPM temperatures are found to vary from sample to sample (see discussion 

in Chapter 2). Note that the NCPM temperatures needed to produce 0.589 p.m and 

0.659 p.m are above the temperature where refractive index damage no longer 

occurs [Chen]. making lithium niobate a preferred source for generating these 

wavelengths (at intermediate power levels). 

As mentioned previously. typical dichroic sheet polarizers may not absorb well 

in the IR and may easily become saturated at these high energies. Therefore. 

expensive prism (Glan-type) polarizers. usually made from birefringent calcite. are 

necessary. Another practical advantage of NCPM Type I SHG is that it is an 



, ~E1(1.31') 
~(1~6P) TYPE I 

SFG 

~ 

t ESF,SH 

I 
I 
I 

VISIBLE 
POlARIZER 

or 
WAVE PLATE 

TYPE ][ 
(or TYPE!) 

SFG 

Figure 4.2. Various configurations for 3W M in nonlinear crystals used to generate several frequencies 
simultaneously by means of SFG and SHG using the dual-wavelength Nd:Y AG laser. Although it is 
preferable to perform Type II SFG in the second crystal, Type I SFG is made possible, in general, by 
use of a multi-frequency wav.eplate. It was also made possible by use of an off-the-shelf polarizer (at 
the expense of some light energy and nonpreservation of the fundamental polarization state). 

.....:I 
~ 



75 

efficient polarization discriminator in the IR. That is. only when the incoming 

fundamental polarization is along. for example. the x axis. is SHO along the z axis 

possible (for these Y -cut crystals). Therefore. by rotating the crystal in the same 

manner as one would rotate a polarizer. and observing when the SH disappears. the 

direction (and the extent) of the linearly polarized fundamental can easily be 

determined. TIzis is aclzieved witlzout tlze need lor an analyzer. 

All of the visible wavelengths. 0.659 p.m. 0.589 p.m. 0.532 p.m. 0.44 p.m. and 

0.407 p.m. could conveniently be generated using potassium dideuterium phosphate 

(KD·P). including the natural Type II eoe (or eeo) configuration for tripling 

1.318 p.m by means of SFO with its second harmonic (Fig. 4.2). As discussed in 

Chapter 2. the difficulty in determining the level of deuteration of KD·P and its 

effect on the refractive indices causes considerable sample-te-sample variation in the 

CPM angle. The angles calculated from known Sellmeier equations for potassium 

dihydrogen 'phosphate (ImP) [Singh (1984)] are presented in Table 4.1. Also note 

from Table 4.1 that a variety of PM configurations may be possible for a given 

3WM interaction. The CPM angles for generating 0.659 p.m. 0.589 p.m. and 

0.532 p.m were so similar in our sample. which was cut for CPM Type I SHO at 

1.318/0.659 p.m. that all three frequencies could be produced (slightly off phase 

match) simultaneously from this single crystal. 

Four of the visible frequencies. 0.659 p.m. 0.589 p.m. 0.532 p.m. and 0.44 p.m. 

which were simultaneously generated with this laser. are shown in Morgan. Hopf. 

and Peyghambarian (1987). The same four frequencies appear to be brilliant white 

when nondispersed. To demonstrate the versatility of this system. it is noted that 

the following crystals were used for the photographs: CPM (Type I) KD·P for 

0.659 p.m; CPM LiI03 for 0.589 p.m; NCPM LiNb03 for 0.532 p.m; and CPM 

(Type II. eoe) KD·P for 0.44 p.m. 
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In summary. it was demonstrated' that two independent and well-separated 

laser lines can be generated from a single Nd:YAG laser source. No excessive 

alterations. for example. in Pockels-cell voltages. dielectric coatings. or mirror 

curvatures were performed to maximize either the power output. stability. or spatial 

and temporal purity. A multitude of frequencies may be generated simultaneously 

using nonlinear optics techniques and well-characterized. commercially available. 

nonlinear crystals. Included in a number of possible visible frequencies are the 

three primary colors: red (0.659 pm). green (0.532 pm). and blue (0.44 pm). By 

using neodymium-doped glass as the main laser medium. or different lasing 

transitions [Koechner]. one even may be able to shift these to further cover the 

extent of the C.I.E. chromaticity diagram [Hariharan]. In addition. numerous 

parameters can be altered to allow for power equalization (or unequalization) of the 

various wavelengths. These not only include parameters interior to the laser. such 

as multiple laser rods and Pockels cells. aperture sizes. filters. coatings. and 

intracavity SFG. but more importantly. they include exterior factors such as energy 

densities (variable by focusing). and crystal parameters such as crystal lengths. 

temperatures. angles. and ultimately. different nonlinear crystals. A well-engineered 

version of this prototype may permit a number of important applications: for 

example. in color projection systems. in variable-sensitivity interferometry. or in 

color holography. It may also act as a partial substitute for a fully tunable dye 

laser system when only a discrete number of wavelengths spanning the visible and 

near-UV are required. It is not only much simpler to operate and much less 

expensive than a dye laser system. but is much more efficient at producing these 

. particular frequencies. For the immediate purposes of this research. it provides a 

very useful and relatively inexpensive tool for studying a variety of PM 

configurations for 3WM. Uniaxial crystals for SFG only were presented in this 
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cl:1apter; the biaxial crystal. KTP. more efficient at producing 0.44 p.m. is discussed 

in Chapter S. 



Table 4.1. Three commercially available nonlinear crystals, used for 
generating visible light by means of SHG and SFG. 

Lithium Iodate (Type l eoo) 

Calculated 
~ (pm) CPM angle 

0.659 
0.589 
0.532 
0.44 
0.407 

22.50 
26.20 
28.20 
29.30 
29.60(a), 31.6D(b) 

Lithium Niobate (Type I eoo) 

0.659 
0.589 
0.532 

NCPMT . 
observed (DC) 

375(C), 361(d) 
217(c), 222(d) 
_I(e) 

Potassium Dihydrogen Phosphate 

~ (pm) 

0.659 

0.589 

0.532 

0.44 

0.407(a) 

0.407(b) 

Type 

I (eoo) 
II (eoe) 

I (eoo) 
II (eoe~s) 
II (eeo)(S) 

I (eoo) 

II (eoe) 
II (eeo)(h) 

I (eoo) 
II (eoe) 
II (eeo)(h) 

I (eoo)(h) 
II (eo e) 
II (eeo)(h) 

I (eoo)(h) 
II (eoe) 
II (eeo)(h) 

NCPMT 
calculated (DC) 

362 
226 
-19 

Calculated 
CPM angle(O 

35.30 
21.10 

32.10 
39.10 
21.10 

32.60 

35.10 
53.10 

32.60 
35.90 
58.90 

32.60 
35.10 
58.10 

33.20 
36.90 
53.10 

78 



79 

Notes to Table 4.1 

e - extraordinary eigenvector. 0 - ordinary eigenvector. Eigenvectors are 
listed from left to right in order of increasing wavelength. Note. for example. that 
the same crystal cut for CPM SHO at 1.064/0.532 p.m may be easily tuned with a 
gimbal mount to generate all the frequencies of interest. 

(a) For mixing 1.318 p.m and 0.589 p.m. 

(b) For mixing 1.064 p.m and 0.659 p.m. 

(c) Y -cut optical-grade LiNbOs• grown from a congruent melt. obtained from 
Crystal Technology (Palo Alto. CA). 

(d) Y -cut optical-grade LiNbOs• grown from a congruent melt. obtained from 
Inrad (Northvale. NJ). 

(e) Y-cut acoustic-grade LiNbOs• grown from a congruent melt obtained from 
Union Carbide Corp. (San Diego. CA). We note that the NCPM temperature went 
from 15° C to _1° C after the deposition of anti-reflection coatings. At these power 
levels. with the laser unfocused. refractive index damage has not proven to be a 
problem. 

<0 Calculated from Sellmeier equations. which are strictly valid for KDP only 
[Singh (1984)]. and listed for completeness. 

(g) This is not a preferred configuration for the present laser system. and no 
attempts were made to use it. 

(h) We were unable to generate this frequency under this configuration with 
our two KD·P samples cut for CPM SHO (Type I and Type II) at 1.318/0.659 p.m. 
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5.0 BLUE-LIGHT SUM FREQUENCY GENERATION IN KTP 

Potassium titanyl phosphate (KTiOP04). or KTP. is a good candidate for 

frequency conversion applications. This is attributable to its birefringence. large 

nonlinear coefficient. high damage threshold. low absorption for wavelengths 

between 0.35 p.m and 4.5 p.m. thermal and chemical stability. and its wide 

temperature bandwidth for phase matching [Zumsteg. Bierlein. and Gier (1976); Belt. 

Gashurov. and Liu (1985); Baumert. et aI. (1987); Risk. et aI. (1988)]. 

Our hydrothermally grown KTP crystal. purchased from Airtron (of New 

Jersey). was cut and polished parallel to its crystallographic planes. Using this 

crystal and three other KTP samples borrowed from Philips Research. we were able 

to triple the 1.3l8-p.m and the 1.338-p.m Nd:YAG fundamentals by means of sum 

frequency generation (SFG) with its second harmonic (0.659 p.m and 0.669 p.m) to 

produce blue (0.44 p.m and 0.446 p.m) under Type II phase-matching configurations. 

(Actually. the SH of this line was measured with a spectrometer and found to be 

1.319 p.m. as opposed to the 1.318 p.m originally reported by General Photonics 

(Chapter 4).) For simplicity. we concentrated on mixing interactions within the 

principal planes. These were found to be critically phase matched (CPM) at room 

temperature. and it was shown that one configuration could indeed be noncritically 

phase matched (NCPM) at an elevated temperature. Furthermore. slight differences 

in the phase-matching angles (and temperatures) were observed between flux-grown 

(FO) and hydrothermally grown (HO) KTP. 
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Critically Phase-Matched Third Harmonic Generation in KTP 

Our original HG KTP crystal (Sample 4) studied was cut and polished parallel to 

its crystallographic planes. The size of the crystal is 3)(3.5)(4 mm in the x. y. and 

z directions. respectively. At room temperature. the second harmonic (SH) generated 

from a Type I CPM (LiNbOs) crystal was mixed with the fundamental in the KTP 

crystal to produce the blue third harmonic at 0.44 p.m. Two Type II critical phase

matching (CPM) configurations were discovered. All possible Type II phase

matching configurations (within the tunability limit of the crystal) were attempted 

by carefully tuning the angle between the incident laser beam and the 

crystallographic axes. The results are given in Table 5.1. 

Both observations of CPM third harmonic generation (THO) in Sample 4 are 

Type II (oeo) or fast-slow-fast (FSF) configurations [Eimerl (1986)]; however. the 

tuning occurred in different planes. For tuning in the {3-'Y plane. the fundamental 

(F) and third harmonic (TH) are polarized along the ct axis. and the polarization 

direction of second harmonic (SH) is in the {3-'Y plane. and the angle of propagation 

is measured from the {3 axis. For tuning in the ct-'Y plane. the F and TH are 

polarized along the {3 axis. and the polarization direction of SH is in the ct-'Y plane. 

and th!! angle of propagation is measured from the ct axis. For example. the 

measured external CPM angles. gext• for tripling 1.319 p.m are 21.8° and 18.2° for 

tuning in the {3-'Y and the ct-'Y planes. respectively (21.8° is somewhat inaccurate 

since it was beyond the tuning range of the goniometer). gext is defined as the 

angle between the crystal axis (normal to the surface) and the laser beam external 

to the KTP crystal. 



Table 5.1. Numerical predictions and experimental results of Type II CPM and NCPM TIlG in KTP. 

Lin Emerl Fan Kala Anthon SI(FG) S2(FG) S3(HG) S4(HG) }. 

o:-fj 38.1° 24.1° * 21.9" 2.1° run run nm 6.75° °en 1.319 PIll Type II 3.86° Oint 
eoe 31.00 * * * * run nm nm °en 
(from 0:) oint 

1.338 PIll 

fj - "( 25.1° 21.1° 24.6° 24.5° 25.00 run nm nm 48.51° °en 1.319 PIll Type II 26.13° Oint 
oeo 27.1° 23.4° 26.5° 26.3° 26.00 nm nm nm 53.500 °en 
(from fj) 28.12° Oint 

1.338 PIll 

0:-,,( 1.9" 2.1° 4.99" 5.34° 4.23° 4.18" °en 1.319 PIll 
Type II 2.800 2.99" 2.400 2.38" Oint 
oeo 2.8" 9.6° 2.5° 9.7° 18:33° 18.47° 18.100 18.15° °en 1.338 PIll 
(from 0:) 10.36° 10.43° 10.23° 10.25° Oint 

Type II (oeo) NCPM TIIG for propagation along 0: axis. 

}. (pm) NCPMf COO TBW rc-cm) 

S2 1.319 60 9.0 
S3 1.319 47 10.4 
S4 1.319 45 8.4 
S4 1.338 465 10.0 

00 
t-.) 



83 

Notes to Table 5.1 

I. CPM angle is calculated using the Sellmeier equations of: . Liu (1984); 
Eimerl (1986); Fan (1987); Kato (1988); AnthOn (1988). 

2. SI through S4: Samples I through 4. respectively; FG stands for flux grown. 
and HG for hydrothermally grown: . 

3. nm indicates not measured; 
-- indicates not possible; 
• indicates I nr + 2ns - 3nT I > 10-4

• 

(For tuning in the ct-'Y plane. the angle is chosen with respect to the ct axis. 

for ease of description. in violation of the RHR described in Chapter 3. since 

the proper propagation direction for this NCPM interaction is along the ct axis. 

Note that the normal convention for propagation angles in the literature for 

biaxials is to use the spherical-angular coordinates (9.¢J). where 9 is measured 

from the z (3) axis and ¢J is the azimuthal angle measured from the x (I) axis. 

For this interaction then. ¢J - 0° and 9 is easily determined by subtracting our 

reported value from 90°. As discussed in Chapter 3. this terminology was 

rejected in favor of the above for ease in extending the use of the simple 

uniaxial formulas and concepts. Of course. Fresnel's index equations are readily 

solved numerically in (9.¢J); however, the simple physical insights. conditions, and 

formulae presented in Chapter 3 are quickly lost.) 

From measurements of gext ' one can calculate the internal CPM angle, 9int , 

which is defined as the angle between the crystal axis (normal to the surface) 

and the laser beam internal to the KTP crystal. From Snell's law, 9int can be 

numerically computed using the following equation: 

(5.1) 

where the angle-dependent refractive index, n(9int ), is determined from Eq. (3.3) 

and the appropriate Sell meier parameters. Table 5.1 was tabulated using 

Sell meier parameters from Eimerl (1986); Liu, Dentz, and Belt (1984); Fan, et al. 
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phase-matching angles calculated in this manner are compared with those 

computed from Eq. (5.1) using the measured values of 8ext ' For general 

propagation out of the crystallographic principal planes. numerical solutions to 

Fresnel's index equations for phase matching must be computed [Hobden (1969); 

Ito. Hatsuhiko. and Inaba (1975)]. 

Type II (eoe) CPM THO (for 1.319 pm) in the 01.-/3 plane was calculated 

from Eimerl (1986) (Eq. (2.16» to occur at Oint - 24.10 (from the ot axis) at room 

temperature (see also the other angles in Table 5.1); however. this was not 

observed. In addition. Type II (oeo) CPM THO in the ot-1 plane was observed. 

even though it was prohibited at room temperature by several of the Sel1meier 

equations. We suspect that the inconsistency between the numerical prediction 

and the experimental results is attributable to the inaccuracy of the Sel1meier 

parameters themselves. as is evident from their distribution and from· the 

discrepancies with the experimental values. 

Noncritically Phase-Matched Third Harmonic Generation in KTP 

In the NCPM THO (at 1.338/0.446 pm) experiments using Sample 4. the 

fundamental was first doubled in LiNb03 under a Type I CPM configuration. 

and subsequently mixed in the KTP crystal. which was set inside a crystal oven 

(Inrad Model N-3640). The temperature inside the oven was swept from room 

temperature to 5500 C for all crystal orientations. With the laser propagating 

along the ot axis. Type II (oeo) NCPM THO was observed. The measured 

NCPM temperature is· 4650 C and its temperature bandwidth is 100 C-cm 

(Fig. 5.1). The corresponding measurements at 1.319 pm for three of the four 

samples are given in Table 5.1 (note that Sample 1 was not cut or polished 
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orthogonally to the a axis; hence no measurement was performed). This 

configuration appears promising as a method for producing high-power. coherent 

blue radiation. particularly when the NCPM THG temperature occurs near room 

temperature as it does for tripling 1.319 p.m. 

For Sample 4. at 1.338 p.m. both LiNbOs and KTP may be noncritically 

phase matched for SHG and THO. respectively. at similar elevated temperatures. 

This may be advantageous for a practical THG system. such as described below. 

By placing LiNbOs and KTP in the same oven. we achieved Type I NCPM SHG 

in LiNbOs and nearly NCPM Type II THG from KTP. simultaneously. We 

obtained nearly NCPM THG at 406° C (the NCPM temperature for SHG of 

1.338 p.m in this LiNbOs crystal) and the tuning angle was measured to be 4.3° 

(which is defined as the angle between the a axis and the laser beam inside the 

KTP crystal). The walkoff angle. 6. can be calculated from Eq. (3.4). For this 

configuration. 6 2! 0.45° (using Sellmeier parameters from Eimerl (1986». Hence. 

walkoff effects are insignificant for many applications in this configuration. 

Alternatively. one could perform NCPM SHG in LiNbOs at 1.319 p.m (which 

from, Chapter 4 occurs near 370° C) and tune the KTP (out of plane). This 

method is then an alternative means of simply and efficiently producing blue 

coherent light. 

In ·collaboration with Richard Stolzenberger. Philips Laboratories. Briarcliff. 

NY. we also recently found nearly NCPM THG at room temperature for 

propagation along the a axis in these KTP crystals. This occurs at 9int 2! 2.5° 

(from the a axis); see Table 5.1. This also agrees with the recently published 

result of 9int 2! 2.4° «9. </J) .. (87.6°. 0.0°» for the flux-grown KTP crystal studied 

in Anthon and Crowder (1988). The experimental results are given in 

Table 5.1. Note that the angles (and temperatures) are larger for FG than for 
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BLUE THIRD HARMONIC INTENSITY VS. TEMPERATURE FOR KTP 
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Figure 5.1. Noncritical phase-match temperature is 4650 C for Type II third 
harmonic generation (0.446 pm), by means of sum frequency generation of the 
Nd:YAG fundamental (1.338 pm) with its second harmonic (0.669 pm). The squares 
represent data points of the measured relative intensity of the blue T H as a function 
of temperature. The symmetry about the NCPM temperature indicates good sample 
quality. 

HG KTP. One possibility for the difference in the phase-matching properties of 

HG KTP, as opposed to FG KTP, for 1.319 pm is the change in index resulting 

from the absence of the O-H ion absorption at 2.8 pm [Fan, et al. (1987); Huang 
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and Shen (1985)]. Or perhaps the FG crystals are susceptible to different 

impurities than the HG crystals. or of a slightly different stoichiometry capable 

of altering the refractive indices accordingly (Chapter 2). It also appears from 

Table 5.1 that the two FG crystals (Sample 1 and Sample 2) vary more than the 

two HG crystals (Sample 3 and Sample 4). 

In summary. we note that KTP has been shown to exhibit NCPM Type II 

THG of 0.44 p.m for propagation along the CIt axis at temperatures from 45° C to 

60° C. Of course. this will eliminate aU walkoff effects and avoid the need for 

much temperature stabilization (at room temperature. KTP is not very 

temperature sensitive). This coupled with KTP's large nonlinear coefficient and 

damage threshold make THG in KTP a useful source of high-power blue light. 

It was not determined whether residual absorption in hydrothermally grown KTP 

is too extreme at 0.44 p.m to make this a practical material for tripling a high

energy 1.3-p.m laser source (e.g .• iodine laser). However. it has been shown that 

flux-grown KTP crystals exhibit a decrease in absorption. in addition to slightly 

different refractive indices [Fan. et al. (1987); Huang and Shen (1985)]. Note 

that the size of KTP crystals. readily available is still limited to approximately 

5x5x5 mm3• However. larger crystals have been grown [Stolzenberger; 

Gashorov] and may soon be commercially available. As discussed in Chapter 2. 

it appears that this is a perfect example of failure of the Sellmeier equation to 

predict proper phase-matching angles. One should always be aware that these 

equations may be only good to as little as the second or third decimal place (and 

even worse for near resonance interactions). Certainly. as is clear from the 

discussion of phase matching in Chapter 3. extreme accuracy (even in the fifth 

decimal place) is needed to accurately predict 6pm • Accuracy is even more 

critical when dealing with THG and SFG where three wavelengths are involved. 



88 

Moreover. as one begins to approach resonances (see Chapter 8). the refractive 

indices change drastically (large slopes) and slight errors are much more 

detrimental. It will be interesting to determine whether or not the discrepancies 

in 9pm for THO in HO KTP and FO KTP are attributable to different impurities 

or to stoichiometry characteristics of the different growth processes. As a final 

remark. note that phase matching in NLO is a much more sensitive technique for 

determining the accuracy of Sell meier equations than are any linear optical 

techniques. Similar advantages are obtained with nonlinear interferometry. 

discussed in the next chapter. 
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6.0 MEASUREMENT OF THE TEMPERATURE TUNING COEFFICIENT 

USING NONLINEAR OPTICAL INTERFEROMETRY 

The variation of refractive indices with temperature is an important 

consideration in many applications of both linear and nonlinear optics. In second 

harmonic generation (SHO). the relative change with temperature of the index at the 

laser or fundamental frequency (w). with respect to the index at the second 

harmonic frequency (2w). known as the temperature tuning coefficient (P) is an 

important parameter for phase matching (Chapter 3). Lithium niobate is a negative 

uniaxial crystal with an extraordinary index that varies much more rapidly with 

temperature than does its ordinary index [Edwards and Lawrence (1984); Hobden 

and Warner (1966); Morgan and Hopf (1986)]. making it a versatile material for 

noncritically phase-matched (NCPM) second harmonic generation at low average 

power densities (Chapter 4). For the power densities and wavelengths used in the 

exterior-cavity SHO described in this chapter. refractive index damage in LiNb03 

has not been found to be a problem [Chen (1969); Ammann and Ouch (1988)]. 

In this chapter. a nonlinear optical interferometer based on second harmonic 

generation is used to accurately and directly measure the temperature tuning 

coefficient of lithium niobate. It is shown that the temperature tuning coefficient 

increases approximately linearly with increasing 'temperature. Different samples of 

lithium niobate are also compared. 

As shown below. phase-matched SHO can be used in applications of 

interferomeiry [Hopf. Tomita. and AI-Jumaily (1980); 'Hopf. et al. (1981); Cervantes

Montoya (1982); Liepmann and Hopf (1985); Sinofsky (1984); Sinofsky ,and Hopf 

(1985); Morgan and Hopf (1986)]. The nonlinear Fizeau interferometer (NLF). 
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illustrated schematically in Fig 6.1. is, a real-time. common-path. self-referencing 

interferometer based on the wavefront reproducibility of phase-matched SHOo It 

measuresdir~t1y the optical path difference (OPD) between the wavefront at the 

fundamental (F) frequency and the wavefront at the second harmonic (SA) 

frequency. The real-time. common-path capabilities of the NLF greatly enhance the 

ability to make measurements that require temperature variation. 

SHG IR Filter 

Nd:YAG 1-_.<1. 
I • .., 

'UOATIAL , .. TEIU 
- --

WeDGE ,-I ____ ---' 

oveN 

Figure 6.1. Schematic of a nonlinear Fizeau interferometer. The wedge introduces 
straight, parallel reference fringes. For ease of data acquisition, both the fringes and 
the crystal temperature readout were simultaneously projected into a TV camera and 
recorded on film. 

The interferometric properties of phase-matched SHO are easily determined by 

examining Eq. (3.5) for ~k - 0: 

811(ws ;z) 
8z .. (6.1) 
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In the NLF, very low conversion efficiency, on the order of 10-6, is needed; 

therefore, the fundamental beam is, for all practical purposes, undepleted. 

Equation (6.1) then is readily integrated to give 

where L is the thickness of the second harmonic generator. The complex constant 

(f is defined as 

(6.3) 

Note that there is a phase lag (because of i) of the SH with respect to the F. An 

additional phase lag of rr may result if derr is negative. Using this result, 

interferometric methods, similar to those in this chapter, have been applied to 

measure the absolute signs of the djjk elements [Chang, Ducuing, and Bloembergen 

(1964); Wynne and Bloembergen (1969); R. C. Miller and Nordland (1970 and 

1972)]. Recall from Eq. (2.5) that. by construction. (] is a complex amplitude; 

therefore. it contains complete information on the phase. This is easily understood 

by rewriting (] as 

-". I -".1 j~j(x.y) 
C)J - C)J e • j - f, s (6.4) 

where x and y are the transverse coordinates. If Ej is not a uniform plane wave, 

I (]jl may. of course. also be a function of x and y. Now the phase of the 

complex amplitude can be written (ignoring its absolute origin) as 

4»r(x,y) - ~; nr1(x.y) • (6.5.a) 

4»s(x,y) - ~rr nsl(x.y) • 
s 

(6.5.b) 

where l(x.y) is the physical path length, which may, in general. be a function of the 

tranverse coordinates. In reality. nj may also be a function of x. y, and z. and the 
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total integral optical path determines the net phase delay. 

It is clear that the phase of the SH wavefront for Type I phase-matched SHO 

(nr - ns) is essentially twice that of the F wavefront. since ~s - ~r/2. This clearly 

demonstrates the wavefront reproducibility of phase-matched SHOo Actually. this is 

true. to within a numerical factor. for all 3WM processes. as can be seen from 

Eq. (3.8). In fact. a number of nonlinear interferometers were demonstrated in the 

laboratory using other SHO configurations and third harmonic generation of 

1.318-pm radiation (Chapters 4 and 5). These. however. are not of great practical 

value. except to verify the previous statement (and possibly for some multi

frequency applications). Note that specific polarization directions for the F and SH 

fields were not specified in the above arguments. This ability to simultaneously 

probe OPOS along different directions and at different wavelengths makes the NLF 

especially well suited for studying anisotropic crystals. as shown below. This 

attribute also enables the NLF to be a valuable diagnostic tool for studying phase 

matching in nonlinear birefringent crystals [Sinofsky (1984); Sinofsky and Hopf 

(1985)]. For a description of the NLF using SHO off phase match (for the second 

doubler in Fig. 6.1). consult Hopf. et al. (1980 and 1981). 

Temperature tuning is described by Figs. 3.3 through 3.7 and the discussion in 

Chapter 3. NCPM Type I SHO for the negative uniaxial crystal LiNb03 was the 

interaction studied. The relative change with temperature of the extraordinary 

index at the SH. with respect to the ordinary index at the F. is the important 

temperature tuning coefficient. Temperature tuning coefficients for other 

interactions and configurations may be measured and analyzed analogously. 

As mentioned above. the NLF is especially well suited to measuring the 

temperature tuning coefficient {J (defined in Eq. (6.9». because it is directly sensitive 

to the difference' between the index at the F and SH frequencies (see Eqs. (6.6) and 
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(6.7». In the NLF. interference fringes occur when the two SH wavefronts (after 

the second doubler in Fig. 6.1) are separated by mXs; i.e .• they occur when 

(6.6) 

where Xs is the wavelength of the SH. m is an integer. and l(x.y) is the physical 

depth between the harmonic generators. (Note. l(x.y) is not the thickness of the 

SHGs in Fig. (6.1).) For a negative uniaxial crystal. oriented with its extraordinary 

axis parallel to the direction of the incoming SH polarization and its ordinary axis 

parallel to the direction of the F polarization (which is the normal configuration for 

NCPM SHG in Y -cut LiNbOs). it clear is that 

(6.7) 

Here I is the thickness of the crystal under test, the ordinary index for the F is 

denoted ur.o' and the extraordinary index for the SH is denoted ns.e ' The constant 

OPD due to the two SHGs of Fig. 6.1 (if off phase match). the dispersion of the air 

and oven windows. and so forth. are simply included in m absolute. Differentiating 

Eq. (6.7) with respect to temperature gives 

(6.8) 

where the temperature tuning coefficient f3 is defined as 

_ 8(ns•e - nr.o) 
f3 = aT . (6.9) 

Here ~m is the number of fringes corresponding to the change in temperature. 

~ T - T - To. The thermal expansion. O! :: t :+ . may be neglected since it has 

a negligible effect on the NLF's determination of f3. This is rigorously justified by 

comparing the magnitudes of the quantities in Eq. (6.8). Obviously near the NCPM 
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temperature. To - TNCPM' Ano == (ns,e - nr'O)IT.T
o 

e! O. and this second term is 

entirely negligible. However. even as the temperature is changed. Ano still only 

increases to at most approximately 10-2 in the temperature range of interest 

(Chapter 2). and since O! e! 10-5 °C for LiNbOs [Smith and Welsh (1971)]. it is clear 

that this term is still negligible. This is easily understood. qualitatively. since both 

the F and the SH traverse through the same thickness of crystal; thus. if the crystal 

expands. both wavelengths will experience (to first order) an equivalent optical path 

change because of expansion. The effect thus cancels out. However, this may not 

be true for a highly birefringent material far away from its NCPM temperature 

(ns,e - nr,o sufficiently greater than zero). From Eq. (6.8). it is clear that the 

temperature tuning coefficient is given simply by 

(6.10) 

Use of the NLF avoids the tedious task of measuring to extreme accuracy both no 

and ne at different wavelengths and temperatures. and also avoids the requirement 

for wedged samples [Hobden and Warner (1966)]. 

Several samples of Y -cut lithium niobate were tested using a repetitively 

pulsed Nd:YAG laser of modest peak power. (Fig. 6.1). Sample S I was a 

congruent-melt optical-grade crystal from Inrad of Northvale. NJ. Samples S2 

through S7 were obtained from Crystal Technology of Palo Alto. CA. Sample Sl 

was 39.95-mm thick. and samples S2 through S7 varied from 2.06- to 3.13-mm 

thick. 

With this technique. the accuracy of (3 is limited merely by the ability to 

measure temperature accurately. SI was tested using a different oven and 
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temperature controller than used for S2 through S7. The oven housing used with 

SI was built by Inrad. By converting the thermocouple voltage reading. the 

temperature was accurately determined. Samples S2 through S7 were enclosed 

between two Watlow half-cylinder fiber heaters. We used a Watlow 808 series 

temperature controller with a variable transformer that permitted better temperature 

stability and control. Amorphous quartz windows were placed on either side of the 

oven. (Amorphous quartz is highly resistant to thermal strain and avoids the 

perturbations in the polarization states caused by birefringence and optical activity 

of crystalline quartz. As an interesting side note. optically active quartz [or any 

well-behaved optically active crystal] can be used as a polarization rotator 

independently of the azimuth angle [for propagation along the z-axis]. unlike a 

waveplate. In addition. such rotators are relatively temperature and wavelength 

independent. Such devices have recently become commercially available. For a 

discussion on the theory of optical activity. see Hopf and Stegeman (1985).) These 

windows decreased air turbulence and incteased temperature stablity. Gradually 

increasing the voltage of the variable transformer allowed a slow rise in oven 

temperature and minimized condensation. A slow rise (or fall) in temperature 

allows better temperature uniformity throughout the crystal. increasing experimental 

accuracy. The instrument error in determining the temperature measurement for Sl 

was rated (by Inrad) at ± 0.50 C. while that for S2 through S7 was rated (by 

Wallow) at ± 20 C. 

Monitoring the change in OPO was accomplished easily by projecting the 

fringes into a TV camera and recording them on a VCR. Imaging of the test 

crystal is unimportant since only changes in OPO at a given location are required. 

By simultaneously projecting the crystal oven-temperature readout while the crystal 

was heating up or cooling down. the fringe change with temperature was recorded. 
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The fringes were later analyzed simply by counting the fringe shift (Am) with 

temperature. Because the Inrad oven. which housed SI. heated so quickly. it was 

more accurate to observe the fringe shift as the oyen cooled. Also. since SI was 

nearly 4-cm thick. small changes in temperature drastically changed the OPD. since 

from Eq. (6.10). the larger 1. the greater Am for a given AT. Hence. many fringes 

(which may move quite quickly) must be counted. An additional advantage of 

recording the fringes for later analysis is efficiency. It took many hours for the 

Inrad oven to cool down. On replay. the VCR is simply fast forwarded' until the 

appropriate number of fringes have shifted. Furthermore. temperature uniformity is 

easily monitored by ob::lerving the fringe quality; i.e.. how severely the fringes 

deform. OPD changes with temperature not due to p (e.g.. ns - nr for the quartz 

windows) were measured by performing the experiment without the test crystal in 

place and were found to be negligible (Am 2! 1.5 for AT - 5000 C). A "fringe" 

benefit of this interferometer is simplicity in checking the uniformity of the crystal 

and refractive index. in addition to determining how well the crystal oven is 

designed for temperature uniformity. 

By comparing the data for the samples tested. in the form m"As/l vs. 

temperature. with Eq. (6.10). it is seen that the data slope at any temperature is the 

instantaneous p. A linear-regression fit of the data slope p vs. temperature was 

performed. To increase the accuracy. several fringes in a finite temperature 

interval. AT. were averaged. This determined p at the average temperature in that 

interval. One result is shown in Fig. 6.2. where AT 2! 500 C was used. The 

experiments were repeated at a second Nd:YAG laser wavelength of 1.318 p.m. 

Practically. one usually is concerned with measuring p only near the crystal 

NCPM te~perature (or indeed at a given CPM temperature). Therefore. a single 

data point in Fig. 6.2 is sufficient for that temperature. The ability to show how P 
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itself changes with temperature demonstrates the extreme sensitivity and accuracy of 

this method. A quadratic fit of m vs. T is also possible. Its intercept (m absolute) 

is not required since the derivative alone determines {J. 

p vs T for 82 at AF = 1.064 101m 

• 
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Figure 6.2. Linear lit 01 the slope 01 mAsll vs. T lor S2 at 'AI = 1.064 p.m, giving 
directly (J vs. T(OC). The thickness o/the crystal was 1 = 2.88 mm and an average value 
01 A.T 5!! 500 C (directly Irom the data) was used. The equation was computed to be 
{J = 4.97x10-5 + 1.45x10-7 T. 
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The fJ at the F wavelengths ~r - 1.064 p.m and ~r - 1.318 p.m for samples SI 

and S2. representing the two extremes of the samples tested. are shown in Table 

6.1. These equations are based on a least-squares regression analysis of the data. 

using a 95% confidence interval for the slope V and the intercept U at T - 00 C. 

A comparison of the data for the several samples tested indicates agreement to the 

third significant digit for V and agreement to the second significant digit for U. 

By way of comparison. fJ was numerically computed from the known temperature

d~pendent Sellmeier equations for stoichiometric-melt lithium niobate [Hobden and 

Warner (1966)]. and the results are shown in Table 6.1 for both wavelengths. 

Whether the apparent differences in the experimentally measured values of fJ are 

caused mainly by the systematic variations between the two ovens or by the 

crystals themselves was not determined. The results from the stoichiometric-melt 

lithium niobate data are qualitatively similar to that of our test samples; however, 

the slopes appear to be slightly larger. This may result in an error if used to 

determine fJ at elevated temperatures for the currently available congruent-melt 

lithium niobate. This is especially a problem for NCPM SHG at 1.318/0.659 p.m, 

which occurs at temperatures near 3750 C (Chapter 4). Better accuracy may be 

obtained from recent temperature-dependent Sell meier equations for congruent-melt 

LiNbOs [Edwards and Lawrence (1984)]. 

In summary, 'a simple, direct, and accurate method of measuring the 

temperature tuning coefficient of lithium niobate (or any birefringent crystal) was 

demonstrated. This technique alleviates the need to measure refractive indices 

directly. Other interferometric schemes to determine fJ required wedged samples, 

were far less accurate, and were unable to predict the temperature dependence of {3 

[Sinofsky and Hopf (1985)]. Another advantage of this NLF interferometer is that 

the two SHGs (Fig. 6.1) need not be NCPM [Hopf and Cervantes (1982)]. These 



Table 6.1. Resulting equations for 13 vs. T (0C) for the two extreme 
samples tested (fJ - U + VO. Also shown is 13 vs. T computed from 
the temperature-dependent Sell meier equations for stoichiometric-melt 
(SESM) lithium niobate [Hobden and Warner (1966)]. 

SAMPLE Xr(pm) U(E-5) V(E-7) CORRELATION AT (0C) 

Sl 1.064 4.25±0.73 1.47±0.33 0.9937 20 
S2 1.064 4.97±O.53 1.45±0.18 0.9980 50 
SESM 1.064 4.8 1.9 
Sl 1.318 3.07±0.68 1.33±0.27 0.9947 15 
S2 1.318 3.92±0.49 1.28±0.14 0.9984 50 
SESM 1.318 4.2 1.5 
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data are more accurate than determinations of 13 based on the temperature-dependent 

Sellmeier equations for stoichiometric-melt lithium niobate. The optical analysis is 

straightforward. shifting the major source of error to the temperature measurements. 

Results indicate that 13 increases approximately linearly with increasing temperature. 

and that 13 is slightly smaller at Xr - 1.318 p.m than at Xr - 1.064 p.m. In fact. 

from the Sell meier equations. it was found that. in general. the smaller the 

wavelength. the larger the 13. This is related to the resonant behavior of the 

refractive index (Chapter 8). The sample-to-sample variation of 13 was slightly but 

,not significantly different. and the extreme sample limits were presented. All 

samples tested from the same boule (S2 - S4) were. within experimental error. 

identical. As is evident from the different NCPM temperatures of Chapter 4. the 

refractive indices of the different samples themselves may be sufficiently altered 

(because of impurities. compositional variations. etc.). However. no major change is 

observed for the temperature dependence of the refractive indices. whicl). indicates 

that this is more fundamental to the material itself. A similar statement can be 

made about the thermal diffusivity. as discussed in Chapter 7. 
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7.0 MEASUREMENT OF THE THERMAL DIFFUSIVITY OF NONLINEAR 

ANISOTROPIC CRYSTALS USING OPTICAL INTERFEROMETRY 

In this chapter we describe a simple. common-path. self-referencing 

interferometric method. requiring no auxiliary optical elements. which accurately and 

directly measures the thermal diffusivity of anisotropic crystals in non-steady-state 

conditions [Morgan. et al. (l987b and I 988b)]. We determine the thermal diffusivity 

of a lithium niobate crystal as a function of temperature. ranging from room 

temperature up to 5000 C. The conceptual framework of thermally perturbed phase 

and refractive indices is readily extended to include the intensity-dependent 

nonlinearities discussed in Chapter 2 and the two upcoming chapters. 

The thermal diffusivity. D. is an important consideration when second 

harmonic generation (SHG) is needed from a high-energy laser source [Hon (1979); 

Eimerl (l987b)]. Optical absorption causes self heating and temperature gradients to 

occur in the second harmonic generator. The resulting change in temperature of 

the crystal is detrimental to the phase-matching condition (Chapter 3). A 

nonuniform temperature distribution can also have devastating effects on the beam 

profile and the phase fronts (Chapter 2). Lithium niobate is a negative uniaxial 

crystal with an extraordinary index that varies much more rapidly with temperature 

than does its ordinary index [Morgan and Hopf (1986)]. This creates potential 

problems for maintaining a uniform phase match when the optical absorption is 

sufficiently high and the thermal diffusivity is sufficiently low. Thermal 

diffusivity measurements are also of concern in other areas of nonlinear optics. 

since thermal variations in the refractive indices can impose limits on nonlinear 
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optical devices [Gibbs (1985); see also Chapters 8 and 9]. Good data on the 

thermal diffusivity for nonlinear materials are not readily available. nor are most 

optics laboratories usually equipped to make such determinations. In this chapter 

we demonstrate that an all-optical interferometer can be used to make the required 

measurements. 

The interferometric configuration used (a variation of a Fizeau interferometer). 

which we call . the rear-shear interferometer (RSI). interferes the front and rear 

reflections off the test crystal. The interference takes place directly at the test 

crystal. which acts as the interferometer; thus. no auxiliary optics are needed. The 

tilt needed to analyze the fringe data is "built in" as a result of the inherent wedge 

angle of the test sample (time-consuming and costly effort would be required to 

polish two sides of a slab parallel to within an optical wavelength). The real-time 

common-path capabilities of the RSIgreatly enhance our ability to make 

measurements that require temperature variation; system simplicity increases the 

ease and accuracy of the experiment. 

It has recently been pointed out that a shearing interferometer can be used to 

measure the thermal diffusivity of solids [Gustafsson. Hamdani. and Karawacki 

(1979)]. However. this technique requires prior knowledge of index and thermal 

expansion coefficients. One also needs to perform. critical measurements of both 

refraction angles and the power of an electrically heated metal strip. Furthermore, 

material size requirements and the need for optically flat polishing make this 

method prohibitively unattractive (if not impossible) for most nonlinear optical 

materials. However. our all-optical technique requires measurement of optical path 

differences (OPO) only. and the material requirements are minimal (only small thin 

crystals are needed). This technique measures the thermal diffusivity directly, 

superseding the need to measure thermal conductivities. specific heats. and densities 
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separately. One can determine the thermal diffusivity along . two nondegenerate 

crystal axes if required. This method is quite general· and will work for a large 

variety of linear and nonlinear materials. which need not be crystalline nor 

anisotropic. 

The method we used to determine the thermal diffusivity of lithium niobate 

was to insert the crystal into the RSI and heat the crystal by means of its lattice 

absorption of an input pulse from a focused CO2 laser operating at 10.6 /lm 

(Fig. 7.1). As the heat diffuses outward in the crystal. the refractive index 

increases and the crystal expands. The resulting optical path change can be 

monitored interferometrically in real time. and the thermal diffusivity can be 

determined from fringe data. (This represents one extreme of the pump-probe or 

light-controlling-light experiments that are so prevalent in the field of NLO. Here. 

we are pumping with a "heat pulse" [i.e.. a resonantly enhanced nonlinearity; 

resonant with the lattice-phonon energy states]. increasing the phonon density. 

resulting in changes in the optical properties. We subsequently monitor/probe these 

phase changes with a weak. non perturbing probe wavefront [analogous to the pump

probe nonlinear spectroscopy of Chapter 8]. Here we specifically wish to study 

transverse behavior. in the following chapters. we purposely avoid it.) The static 

variations resulting from optical imperfections and poor polishing are subtracted out 

in the data analysis. leaving only the temporally varying optical path change 

resulting from the thermal diffusion. This method not only increases the accuracy. 

but also places less stringent requirements on the crystal under test. 

Diffusion is a phenomenon common to many areas of physics and engineering. 

and its effects are important to measure and visualize. A unique advantage of an 

interferometric mapping of thermal distribution is that one can physically see how 

the heat diffuses outward in the crystal. Similar techniques. as described in this 
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Figure 7.1. Schematic of the experimental configuration used to measure the thermal 
diffusivity of lithium niobate. Note that two slightly different configurations were used. 
First, to collect data with the one-dimensional CCD array and OMA, a collimating lens 
L1 is necessary. Also it aids in the accuracy and alignment to have a slit which is 
parallel to the appropriate crystal axis and CCD array. Second, to collect data with a 
TV camera, L1 is not necessary if the crystal is properly imaged (and magnified) into 
the camera. 

chapter. also may be applied to easily monitor the temperature distribution or 

temperature change of a test medium. In addition. other nonlinear refractive index 

effects could be monitored and measured using a technique similar to the RSI. As 

described in Chapter 8. one could do "pump-probe nonlinear interferometry" to 

measure nonlinear index changes. 
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In the RSI of Fig. 7.1. destructive interference fringes occur when 

OPO - 2nd + 2nytan9 - m}.. • (7.1) 

where n is th~ refractive index of the crystal in the direction of the incoming laser 

polarization. d is the thickness of the crystal. m is an integer. }.. is the laser 

wavelength. and 9 is the relative wedge angle between the two "parallel" surfaces. 

which open in the y direction. The net result is straight parallel reference fringes. 

commonly used to determine the wedge angle of a "parallel plate" [Malacara]. In 

reality. imperfect polishing and nonuniformity of the refractive index result in 

aberration of these perfect. straight. parallel reference fringes by some arbitrary 

function of the transverse coordinates. f(x,y). which results in the following OPO: 

OPOO - 2nd + 2nytan9 + f(x,y) . (7.2) 

This general form of the unperturbed OPO. as we will see, also allows for a wedge 

angle that opens in a direction different from the principal crystal axes. 

Equation (7.2) expresses the OPO at a given steady-state temperature. A 

change in the temperature results in a change in refractive index and in thickness 

of the crystal, manifesting itself as a change in OPO. To first order. this is given 

by: 

OPOl _ OPOo + 2d an cST + 2n ad cST 
aT aT' (7.3) 

where cST is the change in the temperature from its unperturbed value. a quantity 

we allow to be a general function of space and time. Noting that the thermal 

expansion coefficient at :: ! ~~ . we can rewrite Eq. (7.3) as 

OPOl _ OPOo + ccST(x.y.t) • (7.4) 

where the constant c is given by 
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(7.S) 

From this it is clear that a large perturbation with temperature requires large 

thermal expansion and refractive index coefficients (also of like sign). 

From Eq. (7.4) it is clear that the change in the OPO resulting from a 

perturbing change in temperature is simply proportional to the change in 

temperature, 

AOPD - c6T(x,y,t) . (7.6) 

The temperature distribution in an anisotropic medium follows the diffusion 

equation [Kittel and Kromer (1980)] given generally in two dimensions (in the 

diagonalized coordinate system) by 

86T(x,y,t) [82 82 
] 8t - Ox 8x2 + Dy 8y2 6T(x,y,t) + S(x,y,t) - R(x,y,t) , (7.7) 

where 6T(x,y,t) is the change in the temperature distribution from the steady-state 

value To. Ox and Oy are the respective thermal diffusivities in the x and y 

principal directions, S(x,y,t) is a general heat source, and R(x.y,t) refers to a 

nondiffusive loss of heat (e.g., thermal radiation). (Note the rate equation given in 

Eq. (8.2) takes the other limit, letting the diffusion effects go to zero and 

concentrating on the generation term S - tt: T and the decay term R - NIT; clearly 

N in Eq. (8.2) is analogous to 6T here, as discussed above.) To form a retractable 

solution of Eq. (7.7) consistent with experiment. we let the source term go to zero 

and assume radiative cooling to be negligible. The diffusion equation can thus be 

written simply as 

86T(x,y,t) (,D 82 D 82 ] 6T( ) 
8t - r x 8X2 + Y 8y2 X,y,t. (7.8) 
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The solution of Eq. (7.8) to a heat impulse (assuming infinite boundaries) is given 

by a two-dimensional Gaussian 

C [ (x - XO)2] [ (y - YO)2] 
6T(x.y.t) - / exp - 40 t exp - 40 t • 

47T(DxOy)1 2t X Y 
(7.9) 

where C is a constant related to the heat capacity and to the total heat energy 

absorbed. Xo and Yo are the transverse coordinates of the impulse. and 47T(OXOy)I/2t 

is a normalization constant reflecting the conservation of energy. 

When the lithium niobate crystal is irradiated by the CO2 laser. it will absorb 

essentially all the IO.6-J,tm radiation. Equation (7.9) is valid under the assumptions 

that the effects of surface conduction and radiative cooling are negligible and that 

the transverse dimensions of the crystal are much larger than its depth (so a two-

dimensional model is legitimate). The measurements are performed in conditions for 

which the above assumptions hold. This Gaussian model was also verified 

empirically. One can. of course. extend this to more general models and 

temperature distributions if desired. In fact. this could serve as a useful technique 

for measuring these temperature distributions. 

The effect of the heat pulse on the OPD is easily determined by substituting 

Eq. (7.9) into Eq. (7.6): 

(7.10) 

where we have incorporated all the constants into the proportionality cons~ant C'. 

The refractive indices of lithium niobate increase with increasing temperature 

(Chapter 6). In SHG. the important parameter for phase matching is the relative 

change with temperature of the index at the laser frequency. with respect to the 

index at the second harmonic frequency. This is known as the temperature tuning 
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coefficient. fJ. defined in Chapter 6 as 

fJ == a(ns,ea~ nr,o) • (7.11) 

where the ordinary index at the laser frequency is denoted nr.o and the 

extraordinary index at the SH frequency is denoted ns•e' Thus. the index difference 

in the crystal changes with changing temperature as 

~n - ~no + fJ6T(x.y.t) • (7.12) 

where ~no - ns.e - nr.o at the steady-state temperature To. In lithium niobate. as 

in many nonlinear crystals. fJ is nonzero [Zernike and Midwinter (1973); Singh 

(1984); Morgan and Hopf (1986)]. The effect of self heating. as well as external 

temperature changes. on the phase-matching condition can be catastrophic to 

efficient SHG for these materials. The thermal diffusivity thus becomes an 

important consideration for doubling high-energy lasers. It is also important for the 

study and design of intensity-dependent nonlinear optical experiments and devices to 

. be able to separate the electronic and thermal nonlinearities. and avoid the latter if 

necessary. as discussed in the following chapters. 

Experimental Setup 

The experimental setup is depicted in Fig. 7.1. A 1 O-m W HeNe laser beam is 

expanded and directed toward the test crystal. The polarization of the light was 

adjusted parallel to the extraordinary axis. maximizing the temperature response (as 

discussed in Chapter 6). A cw CO2 laser is focused onto the crystal with a ZnSe 

lens (f - lOin.). Precise focusing is unimportant. An adjustable aperture and a 

germanium plate were placed in front of the CO2 laser to aid in its attenuation. A 

number of different power levels were used in various phases of the experiment. 
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ranging from 0.7 to 4 W. A shutter was used to control the CO2 pulse length. 

As illustrated in Fig. 7.1. the probe beam is collimated by means of L1 and 

directed by a beamsplitter toward the crystal. The reflected fringe pattern is 

subsequently directed to a one-dimensional CCO array. To increase accuracy and 

aid in locating the approximate center of the CO2 pulse (for maximum fringe 

deviation). we passed the fringe pattern through a slit (width e! 0.5 mm) oriented 

parallel to the proper crystal axis and to the detector array. The CCO array 

contained 1024 elements per inch. and was controlled and analyzed using an EG&G 

Model 1460 optical muiti-channel analyzer (OMA). The detector scan time of 

16.633 ms permitted us to take many sets of fringe data before and after the heat 

pulse. The fringe center locations were typically determined to 1/30th of a fringe 

with the sample used. Alternatively. the crystal could be imaged into a .TV camera 

by means of a lens after the beamsplitter. Collimation of the probe beam with L1 

was thus unnecessary. The fringes were subsequently monitored in real time with 

the option either to record on video tape with the VCR. or to store in the computer 

for analysis. A precision ruler in the object plane was imaged to determine the 

magnification. 

The lithium niobate sample (Ixlxl/8 in.) was grown by Crystal Technology. 

Palo Alto. CA. from a congruent melt and was of optical grade. It was cut for 

noncritically (90°) phase-matched SHG; i.e.. with the crystallographic b axis 

perpendicular to its aperture. (This is normally called "Y cut." a· terminology we 

purposely shun in this chapter to avoid confusion with the spatial y coordinate.) It 

was enclosed between two Watlow half-cylinder fiber heaters. whose temperatures 

were controlled with a variable transformer by a Watlow 808 series temperature 

controller. Windows were placed on either side of the oven and properly oriented 

so as not to produce confusing interference fringe patterns. Closest to the CO2 
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htser we used a NaCI window. which is transmissive at 10.6 p,m and throughout the 

visible and is relatively inexpensive. The remaining window was quartz. 

Since the NaCI window was water soluble. some special precautions were used 

to avoid any moisture condensation. An infrared heat lamp was used overnight and 

while heating the oven to extend the lifetime of the NaCI window. Gradually 

increasing the voltage of the variable transformer allowed for a slow rise in oven 

temperature. which minimized condensation. The variable transforfiler also allowed 

for better temperature stability and control. 

Various shutter speeds (from 1/8 to I s) were used. all resulting in 

temperature distributions that fit extremely well to the proposed Gaussian model. 

For practical purposes. a shutter speed of 1/8 s was used most often. We found 

that temporary surface damage occurred at room temperature as a result of 

excessively tight focusing or excess irradiation by the CO2 pulse (for CO2 powers 

greater than 1.7 W for f - 5 in .• and 5.5 W for f - 10 in. at a shutter speed of 

1/8 s). This damage faded quickly on heating or after a few minutes at ambient 

temperature and presented no serious problem. 

Data Analysis and Results 

Two methods of data analysis were attempted. The first method was a simple 

one that used the fringe data taken from the one-dimensional CCO array and the 

OMA. Representative fringe data at times before and after the pulse are shown in 

Fig. 7.2. By measuring the deviation of the fringes from their steady-state values. 

th~ thermal diffusivity was determined. Note from Eq. (7.2) that the location of the 

unperturbed fringe minima is given when 

OPOo - 2nd + 2ntanOy + f(x.y) • moX (7.13) 



110 

Likewise from Eq. (7.10). the location of the perturbed fringe minimum at a given 

time tl is 

C' [ (x - XO)2] , [ (y - yo)2] 
OPD(tl)1 - OPOO + t exp - 40 t exp - 4D t - mIX . 

I X I Y I 
(7.14) 

Clearly the change in OPO can be determined by subtracting Eq. (7.13) from 

Eq. (7.14). At tl for a fixed x position. say x - XO' AOPO is given by 

C' [ (y - YO)2] AOPD(tl) - t exp - 40 t - (ml - mo)X . , 
I Y I 

(7.15) 

Similarly. at a later time t2• AOPO becomes 

C' [ (y - YO)2] AOPD(tJ - t exp - 4D t - (m2 - mO>X . 
2 Y 2 

(7.16) 

We note that the y axis here is representative of a crystal axis and is generally not 

in the same direction as the wedge angle. although for maximum sensitivity this 

would be preferred. The difference in fringe order number Am12 - m12 - mo can • • 

be found by linear (or higher order) interpolation between the fringes. Therefore. 

if we divide Eqs. (7.15) and (7.16) by X. and make the result linear by taking the 

natural logarithm. the diffusion coefficient can be determined by means of a least-

squares regression fit: 

[C,] I In(Aml.J - In -t - 40 t (y - Yo)2 • 
1,2 Y 1,2 

(7.17) 

After collecting and rearranging constants, this becomes 

(7.18) 

where 40y t1,2 - -1/C1,2' If the center (Yo. xo) of the CO2 laser can be adequately 

determined visually and cross checked from fitted data, one can use a simpler linear 

regression (Yo - 0) to determine 0, simplifying the data analysis. The inverse of 
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the slopes (In(~m) vs. y2) gives directly the coefficients 4Dytl•2. In either case. since 

~t - t2 - tl is known from the TV frame rate of 1/30 s. or from the OMA scan 

rate. Dy can easily be determined from 

I 1 
CI - Cz 

Dy - 4~t (7.19) 

The diffusion coefficient along the x axis. Dx. may be obtained similarly. Dy is 

also readily obtained from a plot of 4Dyt versus t. as described below. 

Typically. about 3 W . of CO2 laser power was pulsed for 1/8 of a second. 

Data were subsequently taken about one and one-half seconds later for tl• followed 

by a second set at t2, approximately one second later (i.e., ~t e! I s). At least eight 

fringes were perturbed sufficiently to be used for analysis. A number of fringe 

data sets at various temperatures were analyzed in this manner (about ten for each 

temperature). A representative graph is shown in Fig. 7.3. We note that for our 

sample, the fringes were approximately spaced along the crystallographic c axis 

(extraordinary axis). The thermal diffusivity value corresponding to Dy in the 

above equations is actually associated with the crystallographic c axis (Dc is 

measured). The results were consistent with the only available thermal diffusivity 

data at room temperature for lithium niobate, i.e., data obtained using thermal 

conductivity measurements [Sigrist and Balzer (1977); Chechkin (1980); Venevtsev, et 

al. (1973); Zhdanova. et al. (1968)]. To the best of our knowledge. this is the first 

direct measurement of thermal diffusivity of LiNbOs at temperatures higher than 

room temperature. (We note that anisotropy is reported to be less than 5% for 

lithium niobate [Zhdanova. et al. (I 968)J.) The results are shown in Fig. 7.4 for 

temperatures ranging from 200 C up to 5000 C. Precision values better than 10% 

were typical. 
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Figure 7.2. Illustrations 0/ interference fringes from this experiment: (a) reference 
fringes as seen in the crystal plane be/ore heating (OPDO) - note that perfectly straight 
parallel reference fringes were not required; (b) interference fringes alter the crystal 
has been irradiated with the CO2 heat pulse, deviating the fringes from their unperturbed 
positions,' (c) the one-dimensional CCD array scan 0/ the reference fringes at to (solid 
line) and superimposed are the perturbed fringes at a later time tl (dotted line). The 
intensity in arbitrary units is plotted vs. the distance along the y direction. 
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Figure 7.3. Data (denoted by circles) and the resulting quadratic lit (see Eq. 7.17) 
computed Irom a least-squares regression. The curvature determines the parameter 4Dyt 
at a given time t alter the pulse. 

Another variation on this data-analysis technique is to use a frame grabber to 

store and analyze the fringe data. The data is obtained using a TV camera and 

digitizer. The digitizer digitizes a picture and stores the data into memory. 

Because of the large amount of data required. this method can only utilize two 

pictures for a given (two-dimensional) data run. However. this problem is easily 

alleviated using only a one-dimensional line of data (along the appropriate crystal 
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Figure 7.4. Thermal di/lusivity of lithium niobate as a function of temperature, as 
determined using the RSI. (The dashes connecting the data points are for visual 
guidance.) 

axis), reducing the memory requirements. One is able to obtain 30 pictures within 

two seconds (set by the TV raster rate). The data analysis then follows. as 

described in the above equations. 

The fringe data. consisting of a single intensity scan. resemble that shown in 

Fig. 7.2(c). Each subsequent frame requires 256K-bytes of data in two dimensions 

(512x512 pixels); however. a single line of data is only 512 bytes. This one-

dimensional data is all that is required for analysis. as indicated previously. It is 
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selected from the complete picture and stored into the computer memory. This 

process is repeated for 30 consecutive TV scans (at an interval of 1/15 s). The 

software for the data acquisition and analysis was developed by Koo I. Kang in our 

laboratory. The program. written in Turbo Pascal. was divided into six 

subsections: I) data acquisition; 2) automatic location of the fringe orders; 3) editing 

of the fringe orders; 4) interpolation of the fringe orders; 5) polynomial fitting; and 

6) linear fitting. Software was written to locate the fringe centers and assign to 

them consecutive order numbers. m. The fringe data was smoothed using a 

convolution algorithm. The smoothed fringe intensity. free of high-frequency noise. 

is then graphed. From this graph. the user selects an intermediate intensity level. 

The computer subsequently selects the fringe center and assigns to it an appropriate 

order number. In the event that the fringes are assigned an erroneous order 

number as a result of intensity variation. the user may modify the ordering. Data 

tables containing m and its corresponding y coordinate are displayed to facilitate 

editing. 

Mathematical interpolation is required to calculate the fringe shift for a given 

spatial coordinate. To increase accuracy. a quadratic interpolation scheme was 

chosen. Two fringes to the left and one fringe to the right of the position of 

interest. followed by one fringe left and two fringes right. were used for. the 

quadratic interpolation. These two values were then averaged to give mj and 

subsequently subtracted from the appropriate reference fringe. 'determining the 

fringe shift Am. 

The thermal diffusivity can thus be obtained by polynomial and linear least

square fitting of the results. using our Gaussian model (Eq. (7.15)). The variances 

4Dtj are ascertained and knowledge of time absolute is not required. D is readily 

determined from the slope. as illustrated in Fig. 7.5. 
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Figure 7.5. The Gaussian variance or width representing the quantity 4Dt plotted vs. t, 
the slope 0/ which readily determines the thermal dil/usivity. Data, denoted with dots, 
were taken at twice the TV raster rate (1115 s). 

A second method to analyze the data and to still keep costs reasonable makes 

use of the TV camera and takes advantage of commercially available software. 

Modifications to an existing, commercially available fringe-analysis software package 

[FAST, Phase Shift Technology, Inc.] allowed both an automatic means of acquiring· 

the data and a means to determine the fringe center positions. 

A video digitizer was used to digitize two video images separated in time by a 

user-specified amount (in units of 1/60 s). The digitization thus captured an image 

of the interference pattern produced shortly after the heating pulse has ended, and 
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another interference pattern at some .at later (in addition to an unperturbed image). 

Each frin~e pattern is digitized to 8 bits of intensity. 

An IBM PC/AT microcomputer is then used to automatically determine the 

coordinates of the dark fringe-center positions and assign to them a fringe-order 

number. The fringe-center positions are found to subpixel resolution by using an 

adaptive fitting function to the local intensity ,distribution near the dark fringe 

regions. Repeatability of this approach after smoothing of varying fringe patterns is 

better than A/50 peak-to-valley, with an accuracy in the determination of the fringe 

center coordinates better than A/to peak-to-valley. 

Once an interferogram has been digitized, a set of Zernike polynomials [Born 

and Wolf (1980); Malacara (1978)] is used in a least-squares fit to the x, y, and 

order number of the fringe-center positions. The Zernike polynomials are used in 

optical testing because of their orthogonality over the unit circle. The polynomial 

coefficients are subsequently used to generate a uniform 63x63 grid of OPO values. 

From this map, the overall tilt of the OPO map resulting from the fixed wedge of 

the crystal may be removed. Furthermore, before thermally perturbing the crystal, 

a reference map of the OPO values of the crystal at equilibrium is taken (OPOO). 

These values are then subtracted from each of the two thermally perturbed 

measurements (OPO'(t, J). The resulting OPO map (.aOPO) is due to only the heat , 

distribution in the crystal. This is simply a two-dimensional Gaussian (Eq. (7.10)). 

We subsequently fit the resulting .aOPD(x,y,t,.J maps. using standard least-square-

regression techniques. to a general two-dimensional Gaussian. The resulting 

variances should thus determine both Ox and Oy' as in Eq. (7.19); however. certain 

aspects associated ,with the analysis prevented their accurate determination. as 

discussed below. The average results of this method at 20° C and 375° C were 

found to agree well with the first method of analysis (shown in Fig. 7.4). 
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Discussion 

A number of drawbacks should be noted in the two methods of data analysis 

discussed above. First. the logarithm used as part of the regression procedure 

accentuates errors for small deviations (Am). This resulted in poorer precision 

when end fringes were included in the data set. limiting the number of useful 

fringes to eight or nine near room temperature. At elevated temperatures. because 

of the increased temperature response [Morgan and Hopf (1986)]. more fringe data 

could be incorporated. Also to minimize the effects of errors in our determination 

of O. it was generally found advantageous to take a large At. However. this 

method is still very accurate and precisions better than 10% were obtained. 

A couple of potential problems were encountered in the second data-analysis 

(or phase-map) procedure. The first is a consequence of the fact that 

determinations of the OPO are ambiguous. since absolute phase information is lost 

for intensity measurements. Since it is known from Eqs. (7.4) and (7.5) that the 

OPO increases with increasing temperature. the experimenter can unambiguously 

identify the narrow part of the crystal wedge as being in the direction in which the 

reference fringes bend on heating. One can therefore modify the software 

sufficiently to guarantee an upright Gaussian phase map. However. because of 

noise. the absolute base or zero level of the Gaussian had to be determined in the 

fitting process (see Fig. 7.6). This was done by means of a visual check of the 

data and the fit. 

The second problem incurred in this second analysis was associated with using 

Zernike polynomials: they automatically fit to a zero mean (setting piston to zero). 

This created problems not only in finding the absolute base of the Gaussian phase 

distribution. but also in determining its anisotropy. since the base level of the x 
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(a) 

x-profile . y- profile 

(b) 

Figure 7.6. (a) Perturbed phase distribution (AOPD) at a given time following the CO2 

laser heat pulse. This is also simply proportional to the temperature distribution. Tire 
data were determined by fitting fringe data to Zernike polynomials after irradiating tire 
crystal witlr a heat impulse (OPD1) and subsequently subtracting out tire reference phase 
(OPDO). (b) Tire x and y profiles of OPDl (denoted by dots) and their corresponding 
fits to a two-dimensional Gaussian (solid line). 
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direction differs from that of the y direction if anisotropy exists in the phase 

distribution. This is a definite drawback to applying currently available. 

commercial fringe-data-analysis packages. and ultimately limits their effectiveness if 

used "as is" for this particular application. The logarithm created similar problems 

for the regression, as noted above. for small phase values. We believe that 

alterations of this second method of analysis could result in a highly accurate 

determination of the thermal diffusivity in two principal directions of an anisotropic 

crystal with a single measurement. independent of fringe orientation. 

In summary. we have demonstrated a relatively simple and all-optical non

steady-state method of directly determining the thermal diffusivity of a material. 

The method is quite general and should work for a variety of materials. given the 

proper laser probe and (heat) pump wavelengths. By measuring only the OPO. we 

supersede the need to measure temperature distributions. powers. critical crystal 

parameters. dimensions. and angles. The method requires equipment that is not 

uncommon for most optics laboratories and the work may be carried out with 

relative ease. Possible analysis techniques to extend the accuracy and to determine 

the thermal diffusivity in two nondegenerate crystal axes in a single measurement 

were pointed out. The thermal diffusivity of lithium niobate was measured as a 

function of temperature for .elevated temperatures and found to decrease by more 

than a factor of two at 500° C. as compared to room temperature. The simple RSI 

configuration also lends itself to monitoring temperature distribution or perturbations 

in "quasi-real time." The interferometer is easily calibrated; for example. simply 

by counting fringes ('" 100° C per 25 fringes). we determined that a fringe shift. 

Am - 1. corresponds to a temperature change AT ~ 4° C. Analogous light

controlling-light nonlinear interactions are presented in the next chapter. 
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8.0 INTENSITY-DEPENDENT NONLINEAR OPTICAL MATERIALS: 

SEMICONDUCTORS AND SEMICONDUCTOR MICROSTRUCTURES 

This chapter will discuss the relevant properties of the nonlinear optical 

semiconductors and semiconductor microstructures that were studied: MBE-grown 

ZnSe; OaAs and AIOaAs/OaAs mUltiple quantum wells (MQWs); and CdSe-doped 

glasses exhibiting quantum confinement effects. These "X(3)" materials exhibit large, 

resonantIy-enhanced, intensity-dependent optical nonlinearities. After a general 

introduction to nonlinear optical effects in semiconductors, our steady-state and 

time-resolved studies of the eiectronic optical J)onlinearities in ZnSe are presented. 

ZnSe has the advantage of operating using visible light. OaAs and OaAs/ AIOaAs 

multiple quantum wells have been exemplary nonlinear materials and are discussed 

next. The emphasis is placed on the evolution of the optical nonlinearities as one 

goes from bulk to a two-dimensionally confined quantum well. Finally, our 

experimental results of nonlinear optical effects (absorption saturation) resulting from 

three-dimensional confinement are presented for CdSe-doped glasses (quantum dots). 

The variation of nonlinear behavior as one goes from bulk to quantum-confined 

semiconductor structures is stressed. 

Intensity-Dependent Phenomena in Semiconductors 

Semiconductors have been extensively studied for possible applications to fast 

opto-eiectronic devices, since they exhibit large optical nonlinearities in the vicinity 

of their bandedge [Haug (1988); Oibbs (1985)]. Nonlinear phenomena in 

semiconductors, which depend on the incident laser intensity, fall roughly into two 
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categories: 1) electronic optical nonlinearities; and 2) thermal optical nonlinearities. 

Electronic optical nonlinearities typically depend on the density of photo-generated 

carriers. which in turn depends on the exciting laser intensity (density of photo-

generated carriers e! :! T. in steady state). Thermal optical nonlinearities result 

from absorbed laser-power heating of the lattice (Chapter 7). 

Electronic nonlinearities are largely just manifestations of a dense electron-hole 

plasma and the resulting screening and blocking effects [Banyai and Koch (1986); 

Haug (1988)]. The microscopic origins of the electronic nonlinearities in 

semiconductors are explained theoretically by many-body effects such as screening 

of Coulomb interactions. bandgap renormalization. and band- and phase-space filling 

[Haug (1988); Banyai and Koch (1986); Chemla, et at. (1984 and 1985)]. The many

body, effects resulting from large carrier concentrations are. in general. interrelated 

and quite complicated. Thermal nonlinearities may be quite large but may be too 

slow for some applications (Chapter 9) [Gibbs (1985)]. Both result in an intensity

dependent absorption O!(I) and. hence. an intensity-dependent refractive index. n(l). 

via the Kramers-Kronig relation (see below). 

The general effects that a changing absorption has on the refractive index is 

illustrated in Fig. 8.1 for a single resonance; i.e .• a single classical oscillator [Yariv] 

or quantum-mechanical two-level atom [Sargent. Scully. and Lamb (1974); Gibbs 

(1985)]. In principle. one can think of absorption sources (or bands) as being 

composed of a linear combination of many such (Lorentz ian) resonances. These 

nonlinear absorptive properties are generally attributed to the power or intensity 

and not so much to the electric field (in the quasi-steady-state limit). However. 

they may not be a linear function of the intensity as is normally considered for 

X(3)-type nonlinearities. One can think of them as loosely resulting from the sum of 
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higher (odd) terms of the nonlinear susceptibility, or perhaps the sum of the entire 

infinite series [Fisher]. A few of the main contributions to semiconductor optical 

nonlinearities are summarized below. 

a(w) 
or 
X" 

new) 
or 
X' 

HIGH INTENSITY 

Figure 8.1. A plot 01 the real (X') and imaginary (X") parts 01 the electronic 
susceptibility lor a typical classical oscillator or quantum-mechanical two-level atom 
[Gibbs (1985)}. It is clear Irom the normalized plots 01 X' and X" that a decrease in at 
decreases the rei ractive index below the absorption resonance (or bandgap), but increases 
the relractive index above it. Note that lor Irequencies exactly on resonance, no index 
change occurs. 

Excitonic Optical Nonlinearities 

Excitonic nonlinearities may occur in semiconductors such as ZnSe. OaAs and 

OaAs/AIOaAs MQWs. as discussed below. High-density. photo-generated carriers 

result in bleaching of the excitons [Haug (I 988}]. This results in a decreasing 
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absorption with increasing intensity for photons with energies near that of the 

exciton excitation energy. The exciton absorption line is also lifetime broadened; 

this may in fact increase the absorption for energies below the bandgap. e.g.. in 

ZnSe at room temperature [Park. et al. (1987)]. as may the thermal nonlinearity. 

Another many-body excitonic effect is the screening of the continuum-states 

Coulomb enhancement [Haug (1988); Banyai and Koch (1986)]. This results in a 

general decrease in absorption even for states far removed from the exciton levels 

themselves [Yo H. Lee. et al. (1986)]. 

Band Filling 

The Pauli exclusion principle permits only one fermion with a given set of 

quantum numbers to occupy a given state for a given time. If this state is 

occupied. additional carrier excitations are forced to seek a resting place elsewhere. 

By filling up the electron states near the bottom of the conduction band and 

consequently the hole states near the top of the valence band. the effective energy 

gap is increased. This band filling (Burstein-Moss shift) may occur as a result of 

thermally excited carriers in doped semiconductors [Pankove]. It can also happen 

in reaction to a large number of photo-generated carriers initially excited by 

photons with energies greater than the bandgap energy. After a few picoseconds. 

the excited carriers thermalize [Lin. et al. (1988); Olbright (1987); Chemla. et al. 

(1985)]. filling in the lowest available states. This effective increase in the bandgap 

results in a lowering or saturation of the absorption and its corresponding refractive 

index change. The resulting "population inversion" may actually cause optical gain 

(a negative absorption) because of stimulated emission [Haug (1988)]. Band-filling 

effects are most readily observable in small-bandgap semiconductors (as are minimal 
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excitonic effects resulting from large dielectric constants) such as JnSb [Miller, et at. 

(1981)]. 

Bandgap Renormalization (Reduction) 

Another consequence of many-carrier excitation is the many-body effect of 

perturbing the bandgap. from what one might expect from the single-electron 

approximation [Haug (1988); Banyai and Koch (1986)]. The exchange and correlation 

terms in the quantum-mechanical Hamiltonian result in a reduction of the bandgap 

energy with an increasing number of excited electrons. The carriers are described 

as being surrounded by an "exchange sphere" or "correlation sphere" [see the' 

chapter by D. S. Chemla in Haug (1988)]. The the carriers assume a position in 

real space that minimizes their energy (a red shift). This increases absorption. 

The effects of these electronic optical' nonlinearities in (bulk) semiconductors 

are summarized in Fig. 8.2 [Gibbons]. 

Thermal Nonlinearities 

Thermal nonlinearities result when power absorbed from the laser is used to 

heat the lattice (Chapter 7). The lattice typically expands, resulting in a 

perturbation of the band structure. Thermal expansion can result in either a 

decrease in the effective bandgap energy, as in GaAs (or LiNb03), or in an increase 

in the effective bandgap energy, as in the lead salts and CuCI [Pankove]. This is 

illustrated schematically in Fig. 8.3. Since thermal effects actually "move" the 

atoms, their effects can be quite large. Of course, an increased lattice temperature 

means an increase in the number of phonons (see discussions in Chapter 7). Hence, 

the absorption increases from the increased probability of multi-particle absorption 
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Figure 8.2. Nonlinear optical absorption spectra 01 a direct-gap semiconductor 
[Gibbons}: (a) band lilling shilts the band edge to higher energies; (b) bandgap 
renormalization shilts the band edge to lower energies,' (c) plasma screening broadens 
and saturates excitons,' (d) reduction 01 the Coulomb-enhanced states (absorption 
saturation) . 

processes. This is especially important below the bandgap. Naturally. however. it 

requires considerably more time to heat and subsequently to alter the lattice than to 

simply push around electrons (at least for bulk structures). Thermal recovery times, 

e.g., cooling attributable to thermal diffusion. are likewise much slower. Therefore. 

the sluggishness of thermal nonlinearities tends to limit their practicality for many 

device applications where speed is a necessity. Thermal effects may also counteract 
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the effects of electronic optical nonlinearities and. in so doing. tend to set limits on 

nonlinear optical devices and experiments [Gibbs (1985); Lee (I 986b); Jewell. et al. 

(1984. 1985. and 1987)]. Note that the relatively large thermal changes in the 

refractive index are frequently utilized for temperature-tuned phase matching in 

second-order nonlinear crystals (Chapters 3 through 6). 
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ATOMIC SEPARATION 

(b) 

Figure 8.3 Illustration 01 the electronic energy vs. atomic separation resulting in energy 
gaps and bands. The ellect 01 thermal expansion on the bandgap and hence on the 
absorption lor temperatures Tl > To is apparent. Note that whether or not Eg decreases 
(a increases), as in (a), or increases (a decreases), as in (b), with temperature depends 
on the material's band-structure characteristics. 
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Room-Temperature Excitonic Optical Nonlinearities of MBE-Grown ZnSe 

We have observed large optical nonlinearities in MBE-grown thin films of 

ZnSe at room temperature and at T • ISO K [Park. et al. (1987 and I 988a); 

Peyghambarian. et al. (1988)]. A comparison with the Banyai-Koch plasma theory 

indicates that in both cases exciton screening is the dominating mechanism for the 

nonlinearity. The maximum nonlinear index per excited electron-hole pair at room 

temperature is comparable to that of bulk GaAs (see below). 

Polycrystalline ZnS and ZnSe have been studied extensively in the form of 

interference filters because of their room-temperature capability. ease of fabrication. 

and visible wavelength operation [Karpushko. et al. (1978); Olbright. et al. (1984); 

S. D. Smith. et al. (1984)]. However. thermal nonlinearities have been employed in 

these ZnS and ZnSe interference filters. resulting in inefficient switching with slow 

switching speeds. Nonlinear excitonic effects at T - 77 K have been also reported 

in ZnSe/ZnMnSe superlattic~ [Kolodziejski. et al. (1986)]. 

Zinc selenide is a direct-gap semiconductor. with a zincblende crystal structure 

and a relatively large bandgap energy of Eg E!! 2.7 e V at T - 300 K [Made lung. 

Schulz. and Weiss (1987)]. This corresponds to the visible blue portion of the 

spectrum. Excitons in ZnSe are relatively strongly bound with a binding energy of 

EBx E!! 18 me V and a Bohr radius of approximately 51 A [Peyghambarian. et al. 

(1988)]. ZnSe has been a potential candidate for a diode laser material for blue 

light emission [Kolodziejski. et al. (1986); Madelung. Schulz. and Weiss (1987)]. For 

optical bistability applications and for optimization of logic devices (Chapter 9). the 

material must be characterized: one needs to understand the origin of optical 

nonlinearities and know the nonlinear refractive index over a range of wavelengths 

in the vicinity of the bandgap. Such measurements have been performed and are 
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described next. 

The standard pump-and-probe method was used to determine the change in 

absorption coefficient as a function of probe frequency for various pump intensities. 

This setup is illustrated in Fig. 8.4. Further details may be found in Jeffery (1987) 

and Olbright (1987). The broad-band spontaneous luminescence emitted by a dye 

cell containing Coumarin-460 was used for the probe beam. The pump beam was 

generated by a tunable dye laser (using Coumarin 440). Both dye laser and dye 

cell were synchronously pumped by the same nitrogen laser. Both beams were 

approximately 3 ns in duration (FWHM). They were collimated and brought onto 

the sample so as to be coincident in time and space. The spot diameter of the 

pump beam on the sample was approximately 50 p.m. while the probe beam 

diameter was approximately 25 p.m. allowing us to neglect the effects of diffusion 

(Chapter. 7). The wavelength of the pump beam was fixed at 435 nm (above the 

g~p). generating an electron-hole plasma rather than excitons directly. The pump 

beam was polarized orthogonally to the probe beam. which allowed a selective 

blocking of the pump beam before it entered the spectrometer. Pumping at a 

different wavelength than the probe also enabled blocking of the pump within the 

spectrometer IOMA arrangement. 

collected by the O~. 

Thus. only the transmitted probe beam was 

The samples used for this study were grown at the 3M Company. St. Paul. 

MN. by molecular beam epitaxy (MBE). Details concerning the growth and 

characterization of these samples may be found in Cheng. et al. (1987). 

Figure 8.5(a) shows the absorption coefficient of the probe as a function of 

probe wavelength for various pump intensities at room temperature. The thickness 

of this sample was 0.55 p.m. The spectrum labeled O. which is taken ill the 

absence of the pump beam. exhibits a small exciton peak around 460 nm. together 
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SPECTROMETER 

Figure 8.4 Nanosecond pump-and-probe experimental arrangement. BS = beamsplitter; 
L = lenses,' M = mirror,' PBS = polarization beam splitter,' and ND = neutral density 
lilter. 

with the Coulomb-enhanced continuum states at higher energies. The exciton 

resonance is broadened by phonon interaction. In the presence of the pump pulse. 

one observes a reduction of exciton oscillator strength and a small broadening on 

either side of the exciton. At higher pump intensities. the absorption near the 

exciton gradually disappears. This is because of. the screening of the Coulomb 

potential by the pump-injected carriers. 
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Figure 8.5. Experimental and theoretical spectra of the nonlinear absorption and 
nonlinear refractive index for a 0,55-p.m ZnSe thin film at room temperature. 
(a) Experimental absorption spectra for various pump intensities: 0) no pump, 1) 100 
kW/cm2, 2) 206 kW/cm2, 3) 475 kW/cm2 , and 4) 981 kW/cm2• (b) Nonlinear refractive 
index changes corresponding to the measured absorption spectra,' curves (1) through (4) 
are obtained from curves (1) through (4) in (a), respectively. (c) Calculated spectra 
for different electron-hole pair densities, N: 0) 1015 cm- 3, 1) 9x1016 cm-3 , 

2) 1,5x1017 cm-s, 3) 3x1017 cm-s, and 4) 5xlO17 cm- 3• (d) Calculated refractive index 
changes, curves (1) through (4) are obtained from curves (1) through (4) in (c), 
respectively. 

Note that the intensity values reported in Fig. 8.5 are a factor of 6.25 larger 

than those reported in Peyghambarian. et al (1988). The values reported there are 

in error since the laser-precision RJP-765 Si detector responsivity of approximately 

16% was not taken into account. 
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The change in the index of refraction. An. can be obtained by making a 

Kramers-Kronig transformation of the measured change in absorption coefficient. AOI. 

(8.l) 

P stands for the principal value of the integral. Even though this is an indirect 

method of measuring the nonlinear index. it has the advantage of providing correct 

values of An simultaneously over a range of wavelengths using a simple 

experimental setup. The validity of this technique has been confirmed by several 

direct interferometric measurements. Olbright and Peyghambarian (1986) have used 

a modified Twymann-Oreen interferometer to measure the nonlinear refractive index 

of CdSxSel_x-doped glasses. Using a birefringent crystal to create a separate test 

and reference beam. they were able to measure the fringe shift in the test beam 

with intensity. attributable to the nonlinear refractive index of the doped glass. and 

compare this with a reference beam not passing through the doped glass. Y. H. 

Lee (1986b) sandwiched OaAs between two highly reflecting mirrors. and by 

observing the shifts of the Fabry-Perot peaks. measured An (see Chapter 9). For 

accurate measurements of the nonlinear refractive index at the wavelength of 

interest. interferometric techniques similar to those decribed in this manuscript are 

preferred. For thin films however. a large enough change in 'the optical path length 

may not be achievable. 

Figure 8.5(b) shows the nonlinear index changes corresponding to the measured 

absorption spectra changes. The maximum An at room temperature is - 0.017 at 

about 1 EBx e! 18 meV below the exciton energy. with approximately 100 kW/cm2 

pump intensity. (Note also that the quantity Anmax/Alpump measured here does not 

correspond directly to n2.) 
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Figure 8.S(c) shows the calculated absorption spectra at various electron-hole 

pair densities. N. The spectrum labeled 0 which is calculated for N - lxlO15 cm-3 

represents the linear absorption (i.e.. lower carrier densities do not change the shape 

of the spectrum). As the density of carriers is increased in Fig. 8.S(c). the exciton 

is screened and broadened. The calculated nonlinear refractive index changes using 

the spectra of Fig. 8.S(c) are plotted in Fig. 8.S(d) [Peyghambarian. et al. (1988)]. 

The experimental data were analyzed using the recently developed plasma 

theory of Banyai and Koch (1986). It takes into account band filling. screening of 

the Coulomb interaction. and density-dependent broadening of resonances. For 

details of this theory as applied to ZnSe. see Peyghambarian. et at. (1988). To 

determine the relative importance of the effects of band filling. screening. and 

broadening in the measured nonlinear index. these effects may be artificially turned 

off in the calculations and subsequently compared with the experimentally obtained 

magnitude and shape of the nonlinear index [Yo H. Lee. et aI. (1986); 

Peyghambarian. et al. (1988)]. Analysis of the spectra in Fig. 8.S shows that the 

main contributions to the nonlinear index are exciton screening and density

dependent broadening. Turning off the band-filling term produces spectra that 

closely resemble the measured spectra. indicating the unimportance of band-filling 

effects at the intensities employed. This is in contrast to the room-temperature 

optical nonlinearities of bulk GaAs. in which approximately 50% of the nonlinearity 

is attributed to band filling and 50% to screening [Yo H. Lee. et al. (1986)]. and also 

in contrast to InSb. whose electronic optical nonlinearities are essentially attributable 

to only band-filling effects [Miller. et al. (1981)]. This contrast is the result of the 

much larger exciton binding energy in ZnSe. as compared with GaAs. Band-filling 

effects usually give a dominant contribution after the exciton has been ionized. In 

ZnSe. the Mott density at room temperature is approximately 4xl017 cm-3 (it is 
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approximately 2)(1017 cm-3 for T - 150 K). so that at the highest intensities used 

(N e! 5)(1017 cm-3). the exciton is just ionized [Peyghambarian. et aI. (1988)]. Only 

at higher densities does band filling start to play a major role. In general. larger 

dielectric and hence smaller energy-gap materials (less polar) tend to exhibit more 

band-filling effects than higher dielectric and hence larger energy-gap materials 

(more polar) because of the less pronounced excitonic features. However. because 

of the increased polarity of larger-gap materials (usually II-VIs. as opposed to the 

smaller-gap 111-Vs). phonon interactions may also increase, minimizing their excitonic 

features (especially at room temperature). For a listing and comparison of a number 

of different NLO materials. see Gibbs (1985). 

It should be emphasized that in contrast to previous results on ZnSe, thermal 

effects do not play a role in the observed spectra. This is because the pulses are 

3-ns long at a lo-Hz repetition rate. As discussed above. thermal heating would 

also cause a red shift of the absorption edge. No such effects are visible. 

(However. thermal effects are not ruled out entirely as the cause of the below-gap 

increasing absorption for the strained-ZnSe-sample nonlinearities reported in Park, et 

aI. (1987). in addition to exciton broadening effects). 

Femtosecond Dynamics of Excitonic Optical Nonlinearities in ZnSe 

The recovery time of the electronic optical nonlinearities in ZnSe was 

measured using both femtosecond pump-probe spectroscopy (for details of the 

experimental arrangement see albright (1987». and streak camera measurements of 

the luminescence after excitation with a 100-fs, 310-nm laser pulse. The results 

show the recovery time to be less than 110 ps for all samples studied at room 

temperature (thicknesses of 0.68 /lm, 0.55 /lm. and 0.23 /lm). As the sample size 
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decreased, the recovery time decreased as a result of enhanced surface 

recombination. The recovery time was also found to decrease with decreasing 

temperature and to decrease with increasing pump intensity. The details of our 

results may be found in S. H. Park, et al. (1 988a). The important point to note. as 

discussed below, is that optical nonlinearities (AnlN) obtained with ZnSe are 

comparable to bulk GaAs; however. the recovery time of ZnSe is more than two 

orders of magnitude faster than GaAs [Chemia. et al. (1984)]. This provides 

impetus to study the nonlinear optical switching behavior of ZnSe etalons, as 

discussed for GaAs/AIGaAs MQW etalons in Chapter 9. Note that similar recovery 

times may also be achieved in windowless GaAs [Lee (1986b)]. 

Room-Temperat~re Bandgap-Resonant Optical Nonlinoarities 

of GaAsl AIGaAs Multiple Quantum Wells and Bulk GaAs 

The following section describes a systematic study of the dependence of the 

optical nonlinearities on quantum well thickness for GaAs/AIGaAs multiple 

quantum wells (MQWs) at room temperature. and a comparison with bulk GaAs 

[Park. et al. (I 988b)]. The maximum change in the refractive index is greatest for 

the MQWs with the smallest well size. and decreases with increasing well size. 

reaching a minimum for bulk GaAs. The maximum index change per photo-excited 

carrier increases by a factor of three as the well size decreases from bulk to a 

76-A MQW. 

Modern crystal-growth techniques like MBE and metal-organic chemical vapor 

deposition (MOCYD) make possible high-quality multiple-quantum-well structures 

with precise layer thicknesses and high uniformity. A quantum well (QW) acts to 

confine the carriers to quasi-two dimensions. This is accomplished by growing a 
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layer of a material with a lower energy gap (OaAs) surrounded by a material of 

higher energy gap (GaAs/AIOaAs). Hence the carriers excited in the lower gap 

layer feel the potential barrier of the higher gap layer. resulting in "particle-in-a

box" behavior [D. S. Chemla and D. A. B. Miller (1985)]. In general. alternating 

layers of different materials (or different doping levels) are referred to as 

superlattices (SL) if the wave functions of the excitations penetrate through the 

barriers enough to overlap significantly with those in the adjoining layers. In an 

MQW. the barriers are sufficiently thick to avoid this effect. Hence. an MQW 

behaves in the same manner as a single QW whose effects are simply multiplied by 

the number of QWs [D. S. Chemla and D. A. B. Miller (1985)]. The confinement 

of electron-hole pairs in MQWs enhances excitonic effects and makes them 

observable even at room temperature [Chemla. et al' (1985 and 1984); Y. H. Lee. et 

al. (1986a)]. Note that the magnitude of the nonlinear refractive index has been 

previously measured for two OaAs/AIOaAs MQWs using degenerate four-wave 

mixing [Chemla. et al. (1984 and 1985)]. 

Four different MBE-grown samples were used for this research: 76-A. I 52-A. 

and 299-A OaAs/AIOaAs MQWs. and bulk OaAs. The first MQW sample 

consisted of 63 layers of 76-A-thick OaAs. Each OaAs layer is followed by an 

81-A-thick layer of Alo.370ao.63As. The total OaAs thickness of this sample was 

0.48 p.m. The next sample consisted of 100 layers of 152-A OaAs and 104-A 

Alo.330ao.67As barriers. The third sample had 61 layers of 299-A OaAs and 98-A 

Alo.360ao.64As. resulting in a total OaAs thickness of 1.8 p.m. The bulk OaAs 

consisted of a 2.05-p.m OaAs layer sandwiched between two AIOaAs layers. These 

four samples are called 76 A. 152 A. 299 A. and bulk. respectively. throughout this 

manuscript. 
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The pump-and-probe technique described previously. and shown in Fig. 8.4. 

was used. The absorption changes for .the various pump intensities were measured 

in the vicinity of the bandedge at room temperature. The pump wavelength was 

fixed above the bandedge at 816 nm. The same pump beam intensities were Used 

for all four samples. The probe consisted of the spectrally broad-band spontaneous 

luminescence emitted by a cell containing IR-I44 or HITC dyes. The spot diameter 

of the pump beam at the sample was approximately 200 p.m. much larger than the 

probe beam diameter of approximately 50 p.m. This allows one to neglect the 

diffusive decay time in comparison with the recombination time [Chemla. et al. 

(1984)]. and these transverse diffusion effects are not studied. in contrast with the 

experiments described in the previous chapter. The changes in the refractive index 

are obtained from a Kramers-Kronig transformation of the measured absorption 

changes. as described above. The index variation. ~n. and the ratio of maximum 

~n to the carrier concentration N. ~n/N. is compared for these samples. The 

pump-probe experiments are performed by using both 3-ns pulses and quasi-cw 

beams; the results of both experiments are consistent. giving similar values for 

~n/N. 

Fig. 8.6(a) shows the nonlinear absorption spectra for bulk GaAs. A very 

small exciton feature appears in the linear spectrum labeled O. Exciton screening is 

observed for small pump intensities. while broad absorption changes in the band 

become more pronounced as the pump intensity is increased. Fig. 8.7(a) shows the 

resulting variation in the refractive index. The rising edge observed for short 

wavelengths is an artifact from the use of a finite integration interval in the 

Kramers-Kronig transformation [Morhange. et al (1985)]. The error introduced by 

clipping this interval is less than five percent in the region of interest near the 

exciton resonance. This was verified by numerically integrating the absorption 
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changes extended over an infinite frequency range and comparing this result with 

the An computed using finite integration limits. 
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Figure <t6 Experimentaloroom-temperaturf!o absorption spectra lor: (a) bulk GaAs,' 
(b) 299·A MQW,' (c) 152-A MQW,' (d) 76-A MQW. rile curves labeled in tile ligure 
represent pump beam intensities (in W/cm2) 01: (0) 0,' (1) 790,' (2) 1490,' (3) 3120,' 
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Excitons and carriers are confined quasi-two-dimensionally in MQWs. This 

quantum-confinement causes a shift in the linear absorption edge to higher energies. 

enhanced excitonic features. and a splitting of the heavy- and light-hole excitons 

[Chemla. et al. (1985 and 1984)]. The exciton peak. which is barely resolvable in 

the bulk sample. is more prominent in the 299-A sample. as shown in Fig. 8.6(b). 

For the low pump intensity. exciton saturation dominates. At high intensity. the 
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nonlinear behavior is similar to that of bulk OaAs because of the relatively weak 

confinement in the 299-A sample. Similar curves are displayed in Figs. 8.6(c) and 

8.6(d) for the 152-A and 76-A samples. The increase in the excitonic absorption is 

now very apparent. Notice that separation of the heavy- and light-hole excitons is 

very clear in the 76-A sample in contrast to the 152-A sample. The corresponding 

refractive index changes are shown in Figs. 8.7(c) and 8.7(d). Nonlinearities in 

MQWs are reported to result from saturation of the exciton resonance as a result of 

phase-space filling and exchange [Haug (1988); Schmitt-Rink. Chemla. and Miller 

(1985)]. 
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Figure 8.7. Refractive index changes correspondingodirectly to the m~asured changes i(} 
the absorption spectra for: (a) bulk GaAs,' (b) 299-A MQW,' (c) J52-A MQW,' (d) 76-A 
MQW. 
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Curves of An vs. intensity for ~ll four samples are plotted in Fig. 8.8. Note 

from Fig. 8.8 that for a given An. a lower pump intensity is required for the 76-A 

MQW sample than for the bulk sample. These results indicate that the smaller 

MQWs have larger nonlinear refractive indices (at these intensity levels). However. 

it is argued below that the comparison of intensity-dependent index changes is 

somewhat misleading. For resonant excitation. one should always compare carrier-

density-dependent changes. since the optical material properties depend on the 

excitation intensity only through the carrier density (at least for bulk and two-

dimensional semiconductors). 
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Figure 8.8. The peak refractive index change versus pump beam intensity. 
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Although these samples exhibited similar absorption at the pump fre,quency 

(measured to be approximately 10· em-I). different samples typically have a 

different pump absorptions (and different recombination times). so that the same 

excitation intensity generates a different number of carriers. To obtain a more 

sensible comparison of the material nonlinearities. the index change per excited 

carrier. I:J.n/N. is computed. Fig. 8:9 shows the maximum I:J.n/N vs. carrier 

concentration. The carrier concentration is obtained using the simple rate equation: 

dN 
dt -

OI(Wpump)l N 
flwpump - T · (8.2) 

where 1 is the lifetime of the electron-hole pairs. wpump is the frequency of the 

pump beam. and OI(Wpump) is the linear absorption coefficient measured at the pump 

frequency. Assuming a Gaussian temporal profile for the pump beam. Eq. (8.2) 

yields 

-tIT 1 I t { [ ] 
2 

} N(t) _ e OI(Wpump) 0 et'IT exp _ 1.6651 t' dt' • (8.3) 
flwpump -x (FWHM) 

where 10 is the peak pump intensity. x is chosen to be twice the FWHM. and t is 

the delay time between the pump and probe. For this experiment. t is 1 ns. 

FWHM is 3 nSf and the carrier lifetime is chosen to be 20 ns for all investigated 

samples. This assumption of the same carrier lifetime does not significantly 

influence our results as long as the carrier lifetime is substantially longer than the 

3-ns pulse width. (Note that recent measurements by A. Chavez-Pirson indicate 

that the recovery time of the optical nonlinearities does indeed decrease with 

decreasing well size by nearly an order of magnitude [from approximately 30 ns for 

bulk to less than 5 ns for the 76-A MQW].) However. from Eq. (8.3) it was found 

that this affected the carrier density by always less than 30%. so the following 
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arguments are still valid. (Note also that the Si detector responsivity [approximately 

85%] should be used for determining the absolute values of intensity [and hence N] 

at this wavelength. increasing their values by approximately 18%. However. since 

the pump wavelength used for all four samples was the same. this does not change 

their relative comparison. it simply shifts slightly all the data given in Figs. 8.8 and 

8.9. The corrected intensity values are given in Fig. 8.6. and are therefore slightly 

different than those reported in Park. et al. (l988b).) 
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Figure 8.9. The maximum change in index per carrier concentration vs. the carrier 
concentration. 

As shown in Fig. 8.9. An/N increases by a factor of three for N :!! 1017 cm-3 

as the MQW well size decreases from bulk to 76 A. Similar results were obtained 

by A. Chavez-Pirson and coworkers using microsecond pulses derived from an Ar-

pumped dye laser operating as the pump beam and the photoluminescence from a 
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GaAs/AIGaAs MQW as the probe beam. In their experiments. the pump and probe 

were synchronously modulated. at a repetition rate of 5 kHz. by acousto-optic cells 

to produce I-ps and O.8-ps rectangular pulse trains. respectively. 

As can be seen from Fig. 8.6. the light- and heavy-hole excitons bleach and 

broaden with increasing carrier concentration. Several models were employed in 

order to determine the absorption saturation with carrier concentration. The best fit 

to the experimental data was obtained using the following empirical saturation 

model: 

OI(N) -
010 (8.4) 

where 010 is the linear absorption coefficient at the heavy-hole exciton peak and Ns 

is the saturation carrier concentration. Ns and 010 for the MQW samples. as 

determined from fitting Eq. (8.4). are given in Table 8.1. The larger 010 for the 

smaller-well MQWs results from the decrease in their effective exciton Bohr radii. 

as (since the transition probability is proportional to as -3 [Haug (1988)]). These 

results indicate that the saturation density. Ns• is nearly independent of well size. 

and that the factor of three increase in the optical nonlinearities is mainly the result 

of the factor of three increase in the exciton absorption. 

In summary. the measured ratio of nonlinear refractive index to carrier 

concentration was found to increase by 'a factor of three as the well size decreased 

from bulk to 76 A. Note that the larger nonlinearity and the better compatibility 

with existing semiconductor lasers tends to favor MQWs over bulk GaAs for device 

applications. These results are also reassuring in that they indicate the nonlinearity 

may be increased by engineering the microstructures. This says that one is not 

limited merely by the inherent material properties. It is also intuitively appealing. 
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analogous to the single resonance model of Fig. 8.1. that as the resonance absorption 

increases. so does the nonlinearity. as a result of saturation of this resonance 

(similar effects occur in the quantum-dot samples to be discussed below). However. 

we have really been discussing a material figure of merit (C.n/N). For an actual 

OB device application. one must also consider the absorption involved at the 

operating wavelength. If this absorption (below the heavy-hole exciton) also 

increases in proportion to O/h' one must conclude that the device figure of merit 

remains approximately constant. This may explain the very similar operating 

behavior for both MQW and bulk etalons. as reported in Ovadia. et al. (1985). 

It remains to be seen if a solution to existing nonlinear optical devices will 

come from improved materials or improved devices. It most likely will be a 

combination of both. 

Table 8.1. Values of % and Ns determined by least-squares fit. 

Sample 

76 A 
152 A 
299 A 

2.7 
1.4 

0.8 

9.0 

7.2 
11.1 



Absorption Saturation and Hole· Burning in CdSe-Doped Glasses 

Exhibiting Three-Dimensional Quantum Confinement Effects 

145 

Thus far we have presented experimental results on the nonlinear optical 

behavior of bulk and multiple quantum wells where confinement occurs in only one 

dimension. In this section we discuss the effects of three-dimensional confinement. 

For this purpose. we received three samples of experimental CdSe-doped glasses 

grown at Corning Glass Co. by D. W. Hall and N. F. Borrelli. The samples were 

reported by Borrelli. et al. (1987) to have average crystallite diameters of 30 A. 

44 A. and 79 A. For simplicity. we will refer to these samples as 30-A. 44-A. and 

79-A quantum dots. Details regarding their growth and characterization can be 

found in Borrelli. et al. (1987). The results presented in this section are primarily 

experimental. The conclusions regarding the physical origins of the linear and 

nonlinear optical properties are largely speculative. 

During the past five years. semiconductor-doped glasses have been studi~d 

because of their large nonlinear optical properties. their availability. and their 

flexibility [Jain and Lind (1983); Rustagi and Flytzanis (1984); Yao. et at. (1985); 

Roussignol. et al. (1985 and 1987); Olbright (1987)]. These glasses have long been 

available commercially as sharp-cut filters from both Corning and Schott Glass 

Works. By varying the stoichiometry. e.g .• the value of x in CdSxSel_x glasses. the 

band edge can readily be tuned throughout the visible. These materials exhibit 

relativelY' large. resonantly enhanced third-order nonlinearities. Furthermore. carrier 

diffusion is not a problem since the excitations are confined to the particles [Jain 

and Lind (1983)]. However. it has been reported that these commercial glasses do 

not exhibit quantum confinement effects because of large particle size and 

distribution (100 A to 1000 A) [Borreli. et at. (1987)]. 
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Quantum confinement effects in semiconductor microcrystallites occur when the 

particle size approaches or is smaller than the exciton Bohr radius [Efros and Efros 

(1982); Eikimov and Onushchenko (1982); Brus (1986); Schmidt-Rink. Miller. and 

Chemla (1987); Banyai. Lindberg. and Koch (1988); Hanamura (1988)]. In this 

manuscript. we will refer to these materials as quantum dots (QDs). One has what 

amounts to an intermediate state of matter. falling somewhere between a molecule 

and an "infinite" structure many unit cells across [Brus (1986)]. In fact. a 

4S-A-diameter QD of CdSe has been reported to contain only approximately 1800 

atoms [Alivisatos. et al.]. These QDs. thUS. behave analogously to the two-

dimensional MQWs discussed above; the excitations feel the potential barrier at the 

crystallite boundary. resulting in "particle-in-a-(3D)-well" behavior. This barrier 

results in a confinement-induced energy shift of the absorption edge (first transition 

energy) and the formation of discrete electron-hole energy states. The resulting 

levels for CdSe QDs are depicted in Fig. 8.10 [AHvisatos. et al.]. A represents the 

levels resulting from spin-orbit coupling; i.e.. the split-off (SO) valence band. Note 

that according to the data contained in Broser. Broser. and Hoffmann (1982). this SO 

band occurs in hexagonal CdSe. but not in the cubic CdSe. Our samples are 

reported to exhibit the usual hexagonal wurzite crystal structure [Borrelli. et al. 

(1987)]. (Alivisatos. et al. claim cubic crystal symmetry but show SO data 

representative of hexagonal CdSe.) 

The shift of the absorption edge has been given by Brus (1986) to be 

AEg - 2~flR2 2 - 1.8e
2 

+ smaller terms . 
---x 47TEEoR 

(8.5) 

Here. e - 1.602x 10-19 Coulomb. Eo is the permittivity of free space. E is the (static) 

dielectric constant. R is the QD radius. and Dlx is the exciton reduced mass. defined 

as 
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1 --D1x 
(8.6) 

where me and mh are the effective masses for the electron and the hole. 

respectively. The first term of Eq. (8.5) is typically dominant. resulting in the 

confinement-induced blue shift (smaller QD. larger shift) and the second term is the 

Coulomb correction term. Note that this may be vanishingly small for small 

bandgap materials. such as GaAs. where f is generally large [Brus (1986)] (see 

discussion surrounding Fig. 8.1). The case at hand is discussed below. 

Absorption spectra for the three QD samples are shown in Fig. 8.11 [Borrelli. 

et aI. (1987)]. The heat treatment temperatures were 6000 C. 6500 C. and 7000 C 

for the 30-A. 44-A. and 79-A samples. respectively. The blue shift and the 

enhanced "excitonic" absorption peaks are clearly seen in the smaller QDs. 

The relative size of the electron. hole. and exciton Bohr radii with respect to 

the crystallite radius determines the confinement effects [Efros and Efros (1982)]. 

For the samples used in this research. we are in the intermediate quantum 

confinement regime. 

llx > ae > R > ah (intermediate confinement regime) . (8.7) 

The Bohr radii of the exciton (llx). electron (ae). and hole (ah) are readily determined 

from 

f 
m./m ao. 

I 0 
i-x. e. h (8.8) 

where ao -. 0.529 A is the hydrogen atom Bohr radius and mo is the free-electron 

mass. Of course. the larger the value of f. the larger the polarization-screening 

effects; and the larger the mj' the smaller the orbit and~ hence. the smaller the aj. 

The required Bohr radii for CdSe are readily calculated (llx ... 55.6 A. ae ... 43.1 A. 

and ah - 12.5 A) using the known values for f (10.6) and mj (me" 0.13 mo' 
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Figure 8.10. (a) Energy level diagram for a spherical 45-A-diameter CdSe QD [after 
Alivisatos. et al.J. The dotted lines are the bulk band edges. (b) Simplified 
representation 0/ the QD levels appropriate for the discussion in the text. 

mh - 0.45 mo' and hence Illx - 0.10 mo) [Broser. Broser. and Hoffmann (1982)]. 

Condition (8.7) is thus valid for all samples studied. assuming a confinement radius 

given by the microcrystallite radius itself. 

Substituting the reported QD radius (15 A) into Eq. (8.5). ~Eg - 1.5 eV. which 

is much greater than the observed 10-K value of 0.38 e V (see Figs. 8.13 and 8.19). 

(Here we use the measured value of the QD "exciton" peak (E!! 2.222 eV). and the 
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Figure 8.11. Absorption spectra 01 the CdSe QD samples discussed in this chapter 
[alter Borrelli, et al. (1987)]. The temperatures were those used in the heat troeatme(Jt 
(0.5 hr.~ during sample preparation. The reported particle diameters are 30 A. 44 A. 
and 79 A, lor temperatures 01 6000 C, 65(jl C. and 7000 C, respectively. 

reported value for the bulk exciton peak (1.8415 e V) [Broser, Broser, and Hoffmann 

(1982)].) Substitution of the measured .6.Eg 5!! 0.38 e V into Eq. (8.5) results in 

R - 28.5 A. If one neglects the Coulomb correction term of Eq. (8.5), then 

R - 31.5 A. This implies a Coulomb correction of approximately 10% for CdSe. 

In either event, we see R 5!! 30 A, a factor of two larger than that given in 

Borrelli, et at. (1987). The discrepancy between the experimental absorption-edge 

spectrum and the predictions of Eq. (8.5) are probably due to imperfect nodes for 
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the wave functions at the QD boundaries. resulting in a larger effective radius 

(reduced energy shift) [Ekimov and Orushchenko (1985)] or a larger effective mass. 

However. from the simple model of Efros and Efros (1982). which only takes into 

account the quantum confinement effects of a spherical well. one can estimate the 

ratio of the energy shifts for the n - I state to that of the n • 2 state [following 

Borrelli. et al. (1987)] 

~. [~;}. (8.9) 

where XI • 3.142 and X2 • 4.493 are the appropriate multiplicative factors (roots of 

the spherical Bessel functions) for the first and second levels. respectively. Here n 

• I and n • 2 are assigned to the IS-IS and the IP-IP transitions (Fig. 8.10) 

respectively. Our data is consistent with Borrelli. et al. (1987). As discussed 

below. and as is evident from Figs. 8.10 and 8.11. these transitions are complicated 

further by multiple hole sub-bands. 

Figure 8.12 illustrates the luminescence resulting from excitation of the 30-A 

QD sample with a high-energy pump (Xp • 562 nm) at low temperature. The 

luminescence spectrum and location appeared similar for three different pump 

wavelengths (562 nm, 538 nm, and 478 nm). This photoluminescence peak is 

reported by Borrelli, et al. (1987) to be the result of direct electron and hole 

recombination. They also see a broad luminescence peak in the near IR (the tail of 

which is visible in Fig. 8.12). reportedly due to phonon-broadened recombination 

from traps [Brus (1986); Borrelli, et al. (1987)]. Note that we have not observed 

photoluminescence at room temperature, probably because of the decrease in 

emission efficiency at elevated temperatures [Pankove]. 
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Figure g.}2. Linear absorption spectrum and correspoO'ding luminescence spectrum lor 
the JO-A sample at }O K. The sharp peak at 5620 A is from scattered pump light. 
Similar photoluminescence spectra were obtained lor shorter wavelength excitations. 

To study the· absorption saturation of the sample exhibiting the largest degree 

of quantum confinement (30 A). pump-probe experiments similar to those described 

earlier (Fig. 8.4) were performed at both room and liquid-helium (10 K) 

temperatures. Slight modifications of the previously described pump-probe 

experiment should be noted. First. in order to study saturation effects near the 

pump wavelength. the pump and probe were noncoIlinearly directed onto the 

sample. Subsequently. use of a blocking aperture after the sample better kept the 

pump from entering the spectrometerjOMA. This also aided in attenuating the 

luminescence at low temperatures. However. some pump scattering entering the 

spectrometer was unavoidable. Second. the fast recovery time of the 30-A QD 
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sample (measured to be TR 2! 300 fs at room temperature). necessitates the overlap 

in time of our 2-ns pump pulse and our 8-ns probe pulse for maximum absorption 

saturation. Third. avoiding detector nonlinearity in our measurement apparatus 

required a very broad-band and relatively spectrally flat probe luminescence. Both 

of these conditions were obtained for the various dyes used by nitrogen pumping 

the probe dye cell in such a way as to avoid the reflective feedback from the dye-

cell windows. In essence. this feedback increases the amount of stimulated emission 

in the probe. This narrows the probe both temporally and spectrally and results in 

greater probe intensity. Eliminating this feedback increased the FWHM probe pulse 

width from 3 ns to 8 ns (at the expense of the intensity) and widened the spectrum 

by nearly a factor of two. The laser pulse width is shorter than the probe pulse 

width. and both are much longer than the material recovery time; therefore. the 

signal-to-noise ratio of the absorption saturation is decreased. This. and the need to 

study more clearly the level saturation. prompted us to study the nonlinear behavior 

using differential transmission spectroscopy [Olbright (1987)]. 

The differential transmission spectrum is defined as 

DTS _ T ~oTo • (8.10) 

where T is the intensity transmission with the pump present and To is the linear 

transmission; i.e .• without the pump. It is clear from the definition of transmission 

T:: ~~ _ e-QL 
I 

(8.11) 

that in the limit of small transmission changes 

DTS E!! -AotL . (8.12) 

Here IT and Ii are the transmitted and incident intensities. respectively. and L is 

the thickness of the slab. Thus the DTS is proportional to the (negative) absorption 
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change. This technique increases the signal-to-noise ratio immensely and allows a 

clearer representation of the data. as shown in the figures below. Note that the 01 

presented here is artificial in that we are really only concerned with the absorption 

of the QDs themselves. O!(dot). Hence. OIL • O!(dot)pL. where p is the so-called 

filling factor. defined as the volume ratio of microcrystallites to that of the entire 

slab. For larger crystallites exhibiting bulk-like characteristics. p can be estimated 

by comparing the absorption of the slab with that of the bulk material. or it can be 

roughly determined by simply counting dots in a TEM photograph [Olbright (1987)]. 

These estimates give p 2! 10-3• However. absorption estimates for QDs compared 

with the bulk are not expected to be accurate. since the optical properties are 

altered by the confinement. as discussed above. Moreover. extremely accurate 

determinations of particle diameter for the 30-A QD sample were unobtainable since 

slab sizes large enough for use in low-angle x-ray diffraction were not available. 

Figures 8.13 through 8.15 show the DTS and their corresponding linear 

absorption spectra at 10K. Here. the sample was placed in a dewar filled with 

liquid helium. Figures 8.16 through 8.18 show the same data taken at room 

temperature. For both low and room temperatures. the sample was irradiated using 

three different pump wavelengths. as indicated in the figure insets by the vertical 

arrows. . The pump was focused to a spot size of approximately 100 /Lm (larger 

than the probe spot at the sample) and the laser was operated at a repetition rate of 

approximately 20 Hz for all data. 

Before proceeding with the discussion of these results some terminology is 

required. As is apparent from both the DTS data and the 6000 C (30 A) linear 

absorption data in Fig. 8.11. at least three peaks are distinguishable at wavelengths 

of approximately 571 nm. 540 nm. and 471 nm at room temperature. One 

possibility for the origin of these peaks is the A. B. and C exciton peaks listed in 
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Figure 8./3. Linear absorption spectrum (inset) and corresponding DTS lor the 30-A 
QD sample at /0 K,' "'-p = 5620 A. Coumarin 540A dye was used lor both pump and 
probe. The top (maximum) DTS was obtained using a pump intensity 0/ approximately 
5.5 MWlc~. The lower DTS signals were obtained by successively cutting the intensity 
approximately in hall. The lowest DTS signal was obtained with a maximum intensity 0/ 
0.3/ MWlcm2• . 

Broser. Broser. and Hoffmann (1982). The energy shift of the C exciton peak. 

attributable to the SO valence band. is reported to be ~Eso ~ 0.425 eV at room 

temperature. For our sample. the B peak cannot be associated with the SO 

transition because the observed energy separation between A and B of 

approximately 0.12 eV is much smaller than ~Eso. which may be even further 

increased because of the confinement. For our room-temperature absorption data 

("'-A ~ 571 nm). AEso would correspond to a wavelength difference of 

~"'-AC ~ 110 nm (~E - hc/"'-2 ~"'-). which is in fair agreement with the observed 

~"'-AC ~ 100 nm. However. with the support of the absorption-saturation data 
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Figure 8.14. Linear absorption SJ1ectrum (inset) and corresponding DTS lor the 30-A 
QD sample at 10 K: Xp = 5380 A. Coumarin 540A dye was used lor both pump and 
probe. The top (maximum) DTS was obtained using a pump intensity 01 approximately 
7.0 MWlcm'-. The lower DTS signals were obtai'ded by successively cutting the intensity 
approximately in half. The DTS peak near 5380 A is Irom scattered pump light. 

described below. we reject this possibility. and attribute the C peak to the second 

(n - 2 or I P-l P) transition. in agreement with Borrelli. et at. (1987). We do. 

however. believe the A and B peaks result from increased quantum-confinement 

splitting of the A and B excitons. respectively. as is clear from the low-temperature 

data presented below. (Analogous to the heavy- and light-hole valence band 

splitting for the MQWs described above. we might expect further splitting of these 

valence bands because of the confinement perturbation.) In summary. it is clear 

from Fig. 8.11 that the spectrum of the 30-A sample has two distinguishable peaks 

at wavelengths of approximately 571 nm and 471 nm and a shoulder on the high-

energy side of the 568-nm peak. Based on the data presented below. we label the 
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Figure 8.15. Linear absorption suectrum (inset) and corresponding DTS lor the 30-A 
QD sample at 10 K: >'p ::: 4780 A. Coumarin 540A dye was used lor the probe and 
Coumarin 480 lor the pump. The top (maximum) DTS was obtained using a pump 
intensity 0/ approximately 30.5 MWlcm2. The lower DTS signals were obtained by 
successively cutting the intensity approximately in hall. 

two peaks E 1S•A and E 1P•A and the shoulder E1S,B' The lowest energy absorption 

peak at 571 nm is assigned to the transition from the highest hole sub-band level 

(E1S•A ) to the lowest electron sub-band level (E1s)' as shown schematically in 

Fig 8.IO(b). The highest energy absorption peak' at 471 nm is assigned to the 

second quantum-confined transition; i.e .• the transition from a hole sub-band level 

E1P,A to an electron sub-band level E1P,B' The shoulder. E1S,B' is assigned to the 

transition from the highest hole level in the valence band (E1S,B) to the lowest 

electron level (E1s)' We will continue to use the A. B. and C identifications to 

serve as labels for these three peaks in the remainder of this manuscript. It is also 
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worth noting that the (bulk) LO phonon energy ELO 5!! 0.025 eV (implying shifts of 

approximately 6 nm) [Broser. Broser. and Hoffmann (1982)]. Alivisatos. et al. 

attribute their absorption characteristics to interactions with LO phonons (even at 

low temperature). They claim this phonon energy should not change significantly 

for confined systems in the intermediate regime; hence. we conclude this is not the 

source of our B peak. 
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Figure 8.16. Linear absorption sl1Fctrum (inset) and corresponding DTS for the 30-A 
QD sample at 293 K: Ap = 5810 A. Coumarin 540A dye was used for the probe and 
Rhodamin 590 for the pump. The top (maximum) DTS was obtained using a pump 
intensity of approximately 7.0 MWlcm2. The lower DTS signals were obtainedo by 
successively cutting the intensity approximately in half. The DTS peak near 5810 A is 
from scattered pump light. 

It should be re-emphasized that how bulk characteristics change as one goes to 

QDs is not thoroughly understood [Brus (1986)]. Most of the calculations presented 

in this and other works are rough estimates. made using the effective mass 
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Figure 8.17. Linear absorption sQectrum (inset) and corresponding DTS for the 30-A 
QD sample at 293 K,' "'p = 5520 A. Coumarin 540A dye was used for both pump and 
probe. The top (maximum) DTS was obtained using a pump intensity of approximately 
8.5 MWlcm2• The lower DTS signals were obtai'ded by successively cutting the intensity 
approximately in half. The DTS peak near 5550 A is from scattered pump light. 

approximation and other extensions of the realm of known bulk properties. 

Theoretical fits of the data indicate that the bands are deformed by decreasing the 

dot size. leading to effective masses which are three to four times larger than the 

corresponding bulk values. Moreover. how phonon effects are altered in the 

transition from bulk solids to QDs is also far from being understood [Brus (1986); 

Schmidt-Rink. Miller. and Chemla (1987); Alivisatos. et aJ.l. As an example. most 

calculations ignore the host medium [Takahara (1988)]. which may contribute to the 

phonon mode distribution. 

Given the above terminology. we now proceed to discuss our experimental 

results. The low-temperature DTS data of Fig. 8.13 was obtained using Coumarin 
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Figure 8.18. Linear absorption ~ectrum (insets) and corresponding DTS lor tlte 30-A 
QD sample at 293 K,' Xp = 4900 A. (a) Coumarin 540A dye was used lor tlte probe and 
Coumarin 480 lor tlte pump. Tlte top (maximum) DTS was obtained using a pump 
intensity 01 approximately 11.0 MW Icm2• Tlte lower DTS signals were obtained by 
successively cutting tlte intensity approximately in Itall. (b) Same as in (a) but witlt 
Coumarin 480 dye used lor botlt pump (fnd probe and a maximum pump intensity 01 
13.5 MWlcm2• Tlte DTS peak near 4900 A is Irom scattered pump ligltt. 
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540A dye dissolved in ethanol for both pump and probe. The loss of signal for 

short wavelength absorption results from limited probe luminescence. A pump 

wavelength ~p - 562 nm. below (in energy) the ~A (E1S•A) peak was used. The 

level locations are clearly observable from this bleaching data, ~A - 558 nm and 

~B - 573.8 nm (E1S,B)' resulting in ~~AB - 15.8 nm. compared with a value of 

~~AB - 6.5 nm obtained from low-temperature data given in Broser. Broser. and 

Hoffmann (1982). This shows an increased splitting factor of about 2.4. possibly 

resulting from confinement-induced splitting. 

An order-of-magnitude estimate of the dephasing time. T2• can be obtained 

from Heisenberg's uncertainty principle. or more appropriately by using the Fourier 

transform of a Lorentzian spectrum (a decaying exponential) [Gaskill (1978)]. If the 

lifetime. ~t. is defined as the lIe point of the exponential 

(8.13) 

Using the measured FWHM ~~A 9! 20 nm from the DTS of Fig. 8.13. T2 9! 20 fs. 

This is only an order of magnitude faster than the measured recovery time 

'(T1 9! 300 fs at room temperature; it has not yet been measured at 10 K) [Fluegel 

(1988)]; hence. much of the lifetime broadening may come from recombination. In 

fact. one expects that as the surface-to-volume ratio increases for these crystals. the 

density of surface states. resulting from dangling bonds and peturbations of the 

plane-wave eigenwavefunctions (Bloch functions). would increase proportionally. 

This accounts for the' decrease in recovery time from lOps for non-confined 

microcrystallites [Olbright (1987)]. to the measured room-temperature recovery times 

of 500 fs and 300 fs. for the 44-A and 30-A QDs. respectively [Fluegel (1988)]. 

The recovery time for the 79-A sample was not directly measured. but from the 

above arguments we expect it to be in the l-ps time regime. 
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It is clear from Fig. 8.13 that the E1S•A transition is saturated more efficiently 

than the E1S•B transition; there are more stateS to block. Furthermore. by 

comparing Fig. 8.15, with Fig. 8.13 it is clear that ~p - ~62 nm. near ~A' is more 

efficient than pumping with ~p • 538 nm. near ~B' Consistent with Fig. 8.10(b). 

we assume that filling up the electron IS state is the mechanism for bleaching. 

Hence. the more electrons we excite into IS. the more efficient is this state-filling 

nonlinearity. It is clear from the linear absorption spectrum that E1S•A transitions 

are more probable than E1S•B transitions. Therefore. pumping near AA is more 

efficient for producing saturation than pumping near ~B' This pattern is 'consistent 

with that observed at room temperature in Figs. 8.16 and 8.17. which are naturally 

more smeared because of interactions with phonons., Note that Chemla and Miller 

(1985) present similar selection rules for linear absorption in a MQW. They predict 

an (ideal) ratio of 4: 1 for heavy-hole absorption compared with light-hole absorption 

(for light polarized parallel to the MQW layers). Of course degeneracy is removed 

in a real MQW. lessening this ratio. 

The next important observation. evident from Figs. 8.15 and 8.18. is that 

pumping near ~c (E1P.A> has a relatively minor effect. compared with pumping near 

AA and ~B" Accepting the possibility that the C peak is the result of the next 

highest transition. E1P•A (see above). this could be explained by much faster decay 

times out of the higher n • 2 state. This is because one expects the higher lying 

states to have more extended wavefunctions (higher up in the well). which would 

feel and penetrate the surface more efficiently. thus permitting easy access to those 

fast nonradiative surface recombination sites. Note that the A and B levels are also 

slightly saturated for ~p near ~c. but far less than for direct pumping. This slight 

bleaching may be the result of energy-tranfer mechanisms (scattering) which fill up 

state I. in addition to size-distribution effects. or perhaps from excitation into the 
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tail of the ISA -IS transition. In any event. it is clear that one cannot excite free 

carriers above the "gap" and obtain the same effects (in steady-state) as were 

obtained for ZnSe and OaAs (discussed above). The effects are different and our 

understanding and analysis must be adjusted accordingly. Bleaching effects on the 

n - 2 transition from nonresonant pumping is easily observed from the femtosecond

DTS data given in Fig. 8.19. where the A-. B-. and C-DTS peaks are all 

simultaneously visible [Fluegel (1988)]. This data was taken at 10 K using a ~p 

centered around 558 nm. 

Another interesting observation is the ability to obtain increasing absorption. 

This is apparent from the negative DTS of Figs. 8.13 through 8.18. At room 

temperature. this increasing absorption occurs at ~ e! 513 nm (2.4 e V). and at low 

temperature. ~ 2! 500 nm (2.5 eV). The physical origin of this phenomenon is 

unclear at present. One possible explanation is level broadening. as discussed for 

OaAs anf ZnSe. A more likely explanation is that the increased absorption results 

from excited-state transitions; i.e.. the photo-excited carriers themselves are 

subsequently photo-excited to a higher-lying resonant level. Perhaps an analogy can 

be drawn from intralevel quantum-well envelope state transitions in two-dimensional 

structures (MQWs). which require a lower level to be populated for intralevel 

transitions to occur [L. C. West (1985)]. 

In contrast to the work by Alivisatos. et a!.. we obtained far less 

(inhomogeneous) hole burning in a spectral region directly surrounding the pump 

energy. The absorption saturation was observed to move only slightly with pump 

energy. indicating a homogeneous width still greater than the inhomogeneous width. 

even at low temperatures. This can be observed in Figs. 8.14 and 8.17. where the 

region surrounding the pump is filled in to a greater extent than the corresponding 

data from Figs. 8.13 and 8.16. where the peaks are more distinct. The 
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Figure 8.19. DTS taken with approximately 100-ls pulse excitation lor tlte JO-A QD 
sample at 10 K with no time delay between the pump and probe; "'p. 5!! 558 nm. The 
intensity lor the top (maximum) DTS was not measured. The lower DTS signals were 
obtained by inserting ND lilters 010.9 and 1.5. 

homogeneously lifetime-broadened width may be larger than the inhomogeneous 

width (attributable to the particle size and shape distribution) because of a large 

flux of carriers into the great number of surface states. The CdSe QDs discussed 

in Alivisatos. et aI. were reported to be dispersed in a polystyrene film. as opposed 
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to our CdSe QDs which were dispersed in a borosilicate glass matrix. The 

polystyrene film may serve as a much more hospitable environment. easing the 

transition between CdSe and the surface environment. thus reducing the number of 

dangling bonds and their resulting surface states. This is consistent with their 

reported recovery times approaching IOns. In comparison. our recovery times are 

many orders of magnitude faster. indicative of a large number of surface 

recombination sites. attributable to poor surface bonding. Perhaps research should 

concentrate on finding a more suitable QD host environment. Certainly the effect 

of the surrounding environment on the optical properties has not been sufficiently 

addressed in the current QD research literature. 

Finally. a study was done in order to compare the relative magnitudes of the 

nonlinearities as a function of crystallite size for the aforementioned QD samples. 

The dependence of the X(3) nonlinearity as a function of QD size has been 

addressed in the different quantum-confinement regimes in a number of theoretical 

papers [Schmidt-Rink. Miller. and Chemla (1987); Hanamura (1988); Banyai. 

Lindberg. and Koch (1988)]. However. limited experimental evidence is available. 

It is evident from the discusSion above that pump-probe measurements similar to 

those used for ZnSe and GaAs will not give a valid comparison. We opted. 

therefore. to compare the sample nonlinearities using a simple self-saturation 

experiment. This also avoids the requirement of knowing p. The absorption vs. 

intensity at room temperature for all three samples is shown in Fig. 8.20 for 

(a) room temperature. and (b) and (c) low temperature. The wavelength was chosen 

at the first transition peak (EIS,A) for all three samples. Figure 8.20(c) is for 

pumping at the EIP,A peak (n • 2) of the 30-A QD sample. This indicates very 

little saturation. consistent with the pump-probe data presented above. The pulse 

width was 2 ns. the spot size at the sample was 100 p.m. and the laser was 
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operated at 20 Hz. Clearly the absorption decreases with increasing intensity, as 

expected. 

This data was fit to the expected two-level homogeneously broadened 

absorption model (with background absorption) 

01-
010 

-~~+ OlD' 

1 + .L 
Is 

(8.14) 

where O!o and OlD are the saturable and nonsaturable (background) absorption 

coefficients, respectively. We were unable to obtain intensities sufficient to 

measure OlD and to perform a valid comparison at room temperature. This is 

because of the well-known photodarkening effect in semiconductor-doped glasses 

[Roussignol, et at. (1985 and 1987)]. This effect deserves some elaboration and is 

discussed below. 

When the experiment was repeated at low temperature, the effects of 

photodarkening were observed to decrease for the 30-A and 44-A samples. No 

photodarkening was observed (at the intensity levels used) for the 79-A sample at 

either low or room temperatures. In any event, taking data at large enough 

intensities before the onset of photodarkening (see below), allowed us to measure OlD 

(Eq. (8.14». OlD was found to increase from approximately 2.7 cm-1, to 3.0 cm-1, 

up to 9.0 cm-1, for the 79-A, 44-A, and 30-A samples, respectively. (The sample 

thicknesses were approximately 300 J,tm.) For a rough comparison of the data in 

Fig. 8.20(b), the saturation intensity Is was determined from fitting the data to 

Eq. (8.14). The fitted curve is indicated by the dashed lines in Fig. 8.20(b). The 

adequacy of the model is questionable. The Is values obtained from the least

squares fit are approximately 0.076 MW /cm2, 0.73 MW /cm2, and 1.87 MW /cm2 for 

the 79-A, 44-A, and 30-A samples, respectively. These results, although 
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Figure 8.20. Absorption versus intensity for the 30-A, 44-A, and 79-A QD samples, (a) 
at 293 K, and (b) at 10 K. Clear absorption saturation is evident from this single-beam 
experiment. The laser wavelengths were consistently chosen 60 be at the n = 1 peak for 
all samples. (c) Absorption versus intensity for the 30-A QD sample at 10 K for 
pumping at the n = 2 peak. 
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preliminary and rough. tend to indicate that the smaller QDs exhibit smaller 

nonlinearities than the huger dots (X(3) '" R3) [Hanamura (1988); Hall and Borrelli 

(1988)]. However. a fair comparison should incorporate other material parameters 

such as speed. absorption. and perhaps wavelength. A suitable figure of merit. for 

example. might be proportional to 1/(Is1) (this is proportional to An/N). Low

temperature values for 1 have not yet been measured. These' results are. as yet. 

still preliminary; a complete paper on the subject is being prepared. 

We found that upon irradiation beyond a certain threshold intensity. the 

sample transmission decreased with time (number of pulses). indicative of 

photodarkening. At room temperature. the critical nuence for the 30-A sample 

« 13 MW/cm2) was smaller than that for the 44-A sample « 23 MW/cm2). 

Moreover. the critical photodarkening fluence for the 79-A sample was not obtained 

even with an intensity as high as 30 MW /cm2• This trend of increasing 

photodarkening with decreasing microcrystallite size supports a surface-related 

explanation. We propose that the photodarkening effect results from increased 

absorption and scattering from surface damage. If we pump the sample hard 

enough. the increased phonon density (in this very small volume) literally shakes the 

crystallite loose' from its environmental bonds. drastically increasing the number of 

scattering sites. The increase of the damage threshold intensity at low temperature 

(less phonons) also favors this viewpoint. It has been reported that photodarkening 

damage can be annealed by heating the material for extended periods of time. 

followed by slow cooling [Roussignol. et al. (1987)]. This would give broken 

surface bonds sufficient energy to be rebonded with their neighbors. More research 

is needed to thoroughly understand this photochemical effect. 

In summary. the experimental results for the nonlinear behavior of CdSe QDs 

and conjectures as to the physical origin have been presented. It appears that 
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increasing three-dimensional confinement may not offer any advantage in the 

magnitude of the nonlinearity. However. flexibility in absorption profiles and new 

intriguing physical phenomena may result in novel device ideas. In order to firmly 

understand both the linear and nonlinear physics of quantum dots. much more 

quantitative modeling should be performed. 

Use of these nonlinear . materials for OB-related applications (nonlinear 

interferometry) is the subject of Chapter 9. 
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9.0' NONLINEAR FABRY-PEROT INTERFEROMETRY: 

OPTICAL BISTABILlTY, SWITCHING, AND GATING 

In this chapter we switch our attention to the use of interference and 

nonlinear optical materials for device applications. As discussed briefly in the 

second chapter. optical bistability (OB). switching. and gating can occur when a 

medium with an intensity-dependent refractive index. absorption. or both. is given 

the appropriate interfe~ometric feedback; e.g .• a Fabry-Perot interferometer. These 

devices are readily understc?od from an interferometric viewpoint after incorporating 

the nonlinear phenomena characteristic of the materials discussed in the previous 

chapter. After a brief review of nonlinear etalon behavior. our experimental results 

of nonlinear optical switching and gain in a 58-A GaAs/AIGaAs MQW nonlinear 

etalon are presented. 

Figure 9.1 illustrates the so-called Airy transmission function for an ideal 

Fabry-Perot interferometer [Warren. Koch. and Gibbs (1987); Warren (1988)]. In 

reality. absorption decreases the cavity finesse. and dispersion alters the relative 

spacing between the transmission peaks. The transmission (reflection) peaks of the 

interferometer occur when the accumulated phase shifts of each multiple reflection 

constructively (destructively) interfere with one another. Said another way. the 

phase shift between successive beams must be an integral multiple of 27T, or the 

optical path difference (OPO) an even number of wavelengths for optimum 

transmission. It is perfectly analogous to the multiple-beam interference discussed 

in Chapter 3. and is a multiple-beam version of the RSI of Chapter 7. The result 

is the well-known "standing-wave" resonance condition 
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Figure 9.1. The transmission of an ideal Fabry-Perot interferometer as a function of 
wavelength [after Warren, Koch, and Gibbs (1987)]. For a refractive index which 
decreases (increases) with intensity, the peaks shift to shorter (longer) ~s. This may 
result in optical bistability, switching, and gating. 

~R L-m-
2,n • 

(9.1) 

where L is the cavity length. m is the order number. n is the refractive index. and 

~R is the resonator eigenwavelength in vacuum (Le .• at a transmission peak). 

To qualitatively understand the operation of a dispersive nonlinear Fabry-Perot 

interferometer (NFP). first consider a medium with a negative nonlinear refractive 

index. This is appropriate for both GaAs and ZnSe. for energies below the exciton 

resonance; i.e .• at longer wavelengths (Chapter 8). (For energies above the exciton 

[shorter wavelengths]. the refractive index increases.) It should be noted in 
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Eq. (9.1) that n is a complicated function of intensity. time. and space (for non

plane wavefronts). Often the spatial dependence may be suitably ignored for 

diffusion-dominated interactions common for carrier-density-dependent nonlinearities 

in semiconductors [see the chapter by S. W. Koch in Haug (1988)]. In fact even to 

use Eq. (9.1) in any quantitative manner assumes that the cavity round-trip time is 

much less than any characteristic medium-response and laser-pulse times. (For more 

accurate theoretical treatments. consult Bischofberger and Shen (1979); Gibbs (1985) 

and references therein.) This is the case for our MQW sample. as discussed below. 

and a simple but accurate qualitative understanding of NFP action is easily 

obtained. 

Consider Eq. (9.1): for fixed Land m. the ratio "'R/n remains constant. As 

n(l) decreases. "'R must subsequently decrease; i.e.. the transmission peak shifts to 

shorter A values. Therefore. for an operating wavelength '" < "'R' it is easy to see 

that as the laser intensity increases. "'R (I) decreases. increasing the transmission at '" 

(and therefore the internal intensity affecting the nonlinear medium). NFP positive 

feedback is easily understood: the more the cavity peak shifts. the more light 

enters the cavity. and the more the peak shifts. and so on. Eventually the 

resonance peak shoots past A (resulting in overshoot) and the device switches into a 

highly transmitting state. Depending upon the temporal relation between the laser 

pulse. material response. and cavity lifetime. a number of interesting dynamical 

loops can be obtained [Bischofberger and Shen (1979); Gibbs (1985); Warren. Koch. 

and Gibbs (1987); Warren (1988)]. 

One could operate a NFP using a two-beam experiment similar to those 

discussed in Chapter 8. The "pump" beam is used to cause the changes in the 

material response. and the other beam is used to "probe" the cavity state of 

excitation [Jewell. et a1. (1984. 1985. and 1987)]. This type of device would be 
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efficiently implemented (in transmission mode) if the front surface is highly 

transmitting (HT) and the rear surface is highly reflecting (HR) at the pump 

wavelength. and both mirrors are HR at the probe to optimize the cavity finesse. 

However. for practical implementation in a system. this two-wavelength operation is 

inherently problematic for cascading unless an isolated resonance (as in Fig. 8.1) can 

be obtained. or unless more complicated wavelength-conversion schemes are used 

[Jewell. et al. (1987); Jin. et al. (1988); Warren (1988)]. This is one goal possibly 

attainable with quantum dots. as discussed in the previous chapter. 

Depending upon the detuning and device parameters. one may also obtain 

non bistable switching behavior. as indicated in Fig. 9.2 [Warren. Koch. ,and Gibbs 

(1987)]. If a holding beam with input intensity A (associated with an output 

intensity IA). is used to bias the device having the transfer function of Fig. 9.2. it 

is clear that additional switching power Is - B - A is needed to tune the device to 

a highly transmitting state. This extra power could come from an external 

switching beam or simply an increase in the bias beam itself. The actual switching 

behavior would be a function of a number of parameters. as mentioned earlier. 

In order to understand the following experimental results. it is necessary to 

describe suitable figures of merit for these devices. The differential gain. Go. is 

defined as 

Go -
IB - IA (9.2) 

Is 

This parameter determines the fan-out of the device. as discussed in Jin. et aI. 

(1988). However. power differential gain is really only appropriate for steady-state 

operation. An energy differential gain is required for non-steady-state operation. 

This is defined as the difference in transmitted energy between the high and low 

transmitting states. divided by the difference in input energy (corresponding to the 
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Figure 9.2. Representative transfer function relating output intensity to input intensity 
for an NFP operating in non-bistable or differential-gain mode [after Warren, Koch and 
Gibbs (1987)]. Tile NFP is initially detuned from resonance for input intensity A. It 
may be tuned into resonance with increasing intensity or, if biased at A, with a switching 
pulse having intensity B - A. 

switching energy). A second important figure of merit. representing the device 

signal-to-noise ratio. is the contrast 

(9.3) 

Again. in the transient regime. one is concerned with the ratio between the high-

transmission to the low-transmission energies. For the remainder of this manuscript 

GD and CD represent the appropriately defined energy ratios. 

As discussed in Jin. et at. (1988). differential gain and contrast become 

important for cascadable operation of a NFP device. They discuss the latching 
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operation of an optically bistable Nf:P (Fig. 2.3). Using a 15-pm-diameter. 1.5-ps 

triangular pulse with 45-mW peak power. they obtained an optimum CD 2! 10 and 

GD 2! 4. The NFP transmission with given mirror reflectivities and' linear phase 

detuning was calculated from the normal Fabry-Perot Airy function by 

incorporating carrier-density-dependent absorption and refractive effects [Warren 

(1988)]. N is calculated as in Eqs. 8.2 and 8.3. The general behavior agreed fairly 

well with theoretical modeling. which incorporated the Banyai-Koch plasma code. It 

simulated AND-gate behavior of a NFP subjected to a long bias signal when 

switched with a short input pulse. The theory predicted that differential gain 

greater than unity is unachievable for laser pulse widths At greater than 10 times 

the carrier relaxation time T. However. this theory is only rigorously legitimate for 

bulk GaAs (or other bulk semiconductors with the suitable plasma parameters). 

Yet. qualitative agreement is still expected. As described below. we were unable to 

achieve a differential energy gain greater than 0.2 with laser pulses At 2! 2ns 

FWHM (At 2! T. Chapter 8) in agreement with their predictions. 

Gain and Switching in a 58-A GaAsl AIGaAs MQW Nonlinear Etalon 

Our NFP was constructed from a 180-period 58-A GaAs/ AIGaAs MQW with 

96-A barriers. and was sandwiched between two dielectric mirrors. R 2! 90%. (This 

is the same etalon used in Jin. et al. (1988).) Note that the cavity round-trip time 

is easily calculated ,to be less than 50 fs. in agreement with the adiabatic 

assumptions stated above. Our nitrogen laser (Chapter 8) was used to pump the 

infrared dye LOS 821 dissolved in PC solvent. and optimum switching was found 

for X • 838.6 nm. A Hamamatsu streak camera with greater than 2-ps resolution 

was used to monitor both the input and output pulses in real time and to display 
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them in adjacent windows. A schematic of the experimental setup is given in 

Fig. 9.3. The laser was focused down to a spot diameter of approximately 20 p.m 

at the NFP. 

The sample thickness was nonuniform. This was clearly visible by imaging 

the NFP into a TV camera. With the wavelength fixed. the spatially varying 

transmission peaks (resulting from a spatially varying L) were easily observed by 

defocusing the beam at the etalon and observing the interference fringe patterns. 

This is essentially a topographic map of the etalon optical path length. and also 

served to locate a uniform area of the sample. These interferometric techniques aid 

in determining the "wedge" of the etalon. similar to the temperature perturbation 

method described in Chapter 7. The wavelength may be tuned to differentiate 

between optical path "hills" and "valleys" in accordance with Eq. (9.1). For 

example. if we increase ~. the fringes will shift to the thicker sample portions. 

Alternatively. the transmission peaks can be monitored with the focused beam by 

measuring the output energy as the sample is translated. We took advantage of 

these effects to select an optimum etalon position for switching. From the 

discussion surrounding Eq. (9.1). it is clear that. ~ must be shorter than ~R for 

~n < O. One method of obtaining this experimentally is to translate the etalon to a 

Fabry-Perot peak (at low intensity). and subsequently tune the dye laser to shorter 

~s. Increasing the intensity will shift the transmission peaks accordingly. Optimum 

switching was then obtained by observing the output on an oscilloscope. as 

described next. 

In the transient regime associated with our experiment. clear OB is 

unrealizeable [Bishofberger and Shen (1979)]. So typical experiments which display 

an oscilloscope trace of lout vs. lin as an indication of OB were forsaken. Instead 

we opted to study the switching behavior by separately monitoring the input and 
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Figure 9.3. Illustration 0/ the experimental setup lor measuring the switching behavior 0/ 
an NFP. The streak camera must be triggered tens 0/ nanoseconds be/ore the event can 
be traced. The spot size at the etalon was approximately 20 p.m. The input and output 
temporal signals were also monitored on the oscilloscope. In addition, the sample could 
be imaged into a TV camera. 
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output. This was done initially with PIN photodiodes. one monitoring the input and 

the other monitoring the output. Quantitative data was taken using the streak 

camera. The laser output fluctuations were far too severe to do any signal 

averaging. However. it was observed that near the switching intensity. small 

fluctuations in the input signal resulted in large fluctuations in the output intensity. 

The optimum switching position on the NFP was thus determined by finding the 

largest fluctuations in the output photodiode signals. The input and output signals 

were subsequently directed into the streak camera and a number of consecutive 

traces were stored. The inputs and their corresponding output energies. were 

analyzed to determine GD and CD' The streak camera traces were calibrated to 

obtain the absolute energy values of both the input and the output pulses. This 

was accomplished by measuring the energy with a laser-precision energy meter and 

relating this to the integrated area under the streak trace. Thus. a conversion 

factor of energy/pulse/area was obtained: one for the input and one for the 

output. The sample was removed for this calibration and 100 pulses were 

averaged. The streak camera traces for the input and output pulses are shown in 

Fig. 9.4. 

The actual streak camera data corresponding to the signal intensity vs. time is 

shown in Figure 9.5. Figure 9.S(a) is the unswitched input and its corresponding 

output signal. The switched input signal and its corresponding output are shown in 

Fig. 9.5(b). Notice the characteristic pulse narrowing of the output. indicative of 

switching. Partial switching is still apparent in the output of Fig. 9.5(a); however. 

its intensity scale is magnified with respect to the output of Fig. 9.5(b). It is 

important to keep in mind that the intensity axes are in arbitrary units and could 

be misinterpreted if one is not careful. Also there is a slight error in the relative 

time scale of the output with respect to the input. This results from the short 
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Figure 9.4. Calibration pulses (without sample) averaged over 100 shots. The time-axis 
full scale .is 6.2 ns. (a) Input streak; (b) output steak. The average 
energy/pulse 5!! 320 pJ. Clearly the input and output pulses are similar and exhibit no 
pulse narrowing, in contrast to the switched pulses of Fig. 9.5. The full width is 
consistently taken (between the two vertical lines) to be 3.45 ns. The energy calibration 
ratio was 19.61 tJ/area for the input pulse and 5.53 fJ/area for the output pulse. 

delay of the input trace resulting from the extra distance traversed, as is clear from 

Fig. 9.3. From the peaks of the calibration curves of Fig. 9.4, this is estimated to 

be approximately 350 ps. Integrating the data area in Fig. 9.5 and multiplying each 

curve by its appropriate energy/area conversion factor determined the energy in 

each pulse. The full width for both input pulses (vertical lines in Fig. 9.5) was 
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consistently taken to be 3.45 ns and that of the output pulses to be 3.06 ns. The 

output energy increased from 29 pJ to 121 pJ as the input energy increased from 

1220 pJ to 1780 pJ. resulting in a differential energy gain of 00 5!! 0.2. The 

measured contrast was Co 5!! 4. These are admittably rough but certainly legitimate 

estimates for the time scales involved. 

The measured 00 < 1 for our laser pulse width At < lOr was expected from 

the theoretical work reported in Warren (1988) and Jin. et al. (1987). However. 

note that our experimental results do not necessarily validate this theory. but could 

strictly only be used to disprove it. Note also that the maximum transmission of 

the etalon is less than 10%. This indicates the presence of a considerable amount 

of background absorption. Whether this is mainly attributable to scattering and 

imperfections in the dielectric coatings or to the sample itself was not determined. 

since we received the sample with the reflective coatings already attached. The 

presence of this background absorption and its effect on determining the gain are 

not considered in the aforementioned references and is certainly a source of 

degradation. The main trend of decreasing 00 with decreasing At/r is however 

substantiated. 

It is clear that to achieve useful cascadable operation of nonlinear optical 

switching devices. their lifetimes must be shortened significantly. and even more so 

for bistable operation. However. as is clear from the previous chapter. a shorter 

lifetime necessarily results in a lower N and thus a smaller nonlinear response. 

(This is essentially the motivation for the use of An/N as a material figure of 

merit.) Using data from the previous chapter. it is determined that ZnSe exhibits a 

An/N comparable to bulk OaAs. A possible advantage of ZnSe. from a device 

perspective. is shorter wavelength operation. This not only allows visible operation. 

but permits a smaller diffraction-limited spot size and smaller required index 
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Figure 9.5. Raw data 01 intensity in arbitrary units vs. time lor the NFP input and 
output signals. The time axis lull scale is 6.2 ns. (a) Unswitched input (1220 pJ) and 
output (29 pJ) traces,' (b) switched input (1780 pJ) and output (121 pJ) traces. 
G D :!! 0.2,' CD :!! 4. . 

changes for device applications (recall the figure of merit as reported in D. A. B. 

Miller (1981) is inversely proportional to X). However. ZnSe has a higher 

"threshold" intensity than GaAs for observable absorption and index changes. 

Much work still remains to be done for adequate device comparison. 
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10.0 CONCLUSION 

In summary. numerous nonlinear optical materials and interactions were 

studied experimentally. The basic physics of nonlinear optical phenomenology was 

discussed. Moreover. the optics of nonlinear optics was stressed in an exhaustive 

description of phase matching. These concepts were subsequently applied to the 

study of a number of three-wave mixing experiments. which resulted in the 

generation of wavelengths spanning the visible spectrum. The application of 

nonlinear crystals for interferometry was subsequently presented. These nonlinear 

interferometers were ideally suited for characterization of the phase-matching 

properities of the crystals themselves. Use of this nonlinear interferometer for 

measuring thermal diffusivity was rejected in favor of a simpler linear 

interferometer. the RSI. This also allowed study of thermal perturbations (using 

light) of the optical path length in a nonlinear crystal. and consequent measurement 

of its thermal diffusivity. These interactions are perfectly analagous to the 

intensity-dependent changes in optical path brought about in highly excited 

semiconductors. Thermal diffusion was studied by concentrating on the transverse 

dependence of the perturbation. resulting in a transverse dependence of the 

wavefront. In contrast. transverse dependencies of the nonlinearities were purposely 

avoided in the experimental investigations of the semiconductors. This was 

achieved by using a pump-beam diameter sufficiently larger than the probe beam. 

Conversely. the probe beam for the interferometry experiment was much larger than 

its respective pump beam. The pump for the spectroscopy experiments was used to 

increase the carrier density in the semiconductors; likewise. the heat pump for the 
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, interferometry experiment was used to increase the phonon density. Both result in 

a perturbation of the optical properties of the medium. Hence. light is controlling 

light. Using interferometry in combination with these nonlinear properties permits 

the interesting physical phenomenon of optical bistability. as well as related device 

applications. as discussed in Chapter 9. 

As clearly demonstrated. phase and intensity are two of the most useful 

information-carrying properties of light. Changes in these quantities resulting from 

optical-field or intensity perturbations of the medium (index and absorption) not

only allow valuable ~xperimental techniques for studying material physics. but also 

forman important basis for device applications. Perturbations in the polarization 

state of light using similar techniques has also proven valuable (for example. in fast 

Kerr-effect switching and polarization-encoded logic). Certainly. external 

perturbations derived by other means are also important. These include changing 

the material temperature or angie. as discussed in Chapters 3 through 6. In 

addition. an external electric (or magnetic) field or mechanical stress will alter the 

optical properties. The elimination of the need for these external forces (and the 

associated flexibility) is. of course. the attraction of nonlinear optics. 

It is clear that the many experiments and different materials discussed in this 

treatise are readily unified under the theme of the interaction of radiation and 

matter. Primarily. the effects of light on itself or on another light beam by 

interaction in a material was presented. Moreover. one of the most exciting 

opportunities resulting from these experimental' investigations was that they 

permitted the simultaneous study and incorporation of many areas of physics • 

. including quantum electronics. optics. electrodynamics. material and solid-state 

physics. quantum physics. and thermodynamics. In addition. they opened the door 

to a number of interesting engineering possibilities. 
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Suggestions For Future Research 

The work discussed in Chapters 4 through 7 is essentially complete. and 

suggestions for further research are presented in those chapters. An important 

advance would be a well-engineered version of the dual-frequency Nd:YAG laser 

of Chapter 4. In addition to more pragmatic commercial applications. this would be 

of great value to the research scientist. Next. greater understanding of the 

discrepancy in phase-matching angles for third harmonic generation in flux-grown 

and hydrothermally grown KTP should be (and is being) pursued. Most notably. it 

has long been a goal of AFWL research to measure the thermal diffusivity of 

lithium iodate. A proper extension of the interferometric methods discussed in 

Chapters 6 and 7 should be used for this purpose. The NLF was rejected early in 

this research. because for sufficient phase shifis. it requires a large temperature 

tuning coefficient that is unavailable in lithium iodate (which actually serves to its 

advantage for temperature-insensitive. high-energy frequency conversion). This was 

the initial motivation for the RSI. which does not require a non-zero temperature 

tuning coefficient for its operation. In addition. it avoided the need for pulsed 

operation and associated synchronization complexities and other difficulties. 

It is quite apparent from the discussion surrounding quantum dots. that for 

these materials to be competitive for device applications. an increased packing 

density and better material quality is desirable. The physics is far from fully 

understood and is very. interesting. A better understanding may also result in some 

valuable insights for use in nonlinear devices. Different quantum dot materials 

(e.g.. CdS) or different construction techniques (e.g.. etching) may give improved 

performance. and should be studied. 
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Optical bistability and gating in ZnSe etalons. resulting from their electronic 

optical nonlinearities. should be studied. (For this purpose. six ZnSe etalons were 

constructed and are awaiting characterization). 

Much more research is needed in order to determine the most suitable 

nonlinear materials for optical-bistability-related applications. including the 

development of a practical optical switch or logic device. There is much 

uncertainty as to the best route to pursue to this end. In contrast to the intentions 

and predictions of early researchers in this field. it looks like we are still far from 

practical nonlinear optical devices. It would be wonderful if a magic material with 

all the right properties could be synthesized. Perhaps the solution lies in the 

conception of new and/or improved device designs. Most probably. both material 

and device breakthroughs will be required. In any event. nonlinear optics is a 

fascinating area of physics. and by studying it we most certainly have improved our 

basic understanding of the interaction of radiation and matter and have had a lot of 

fun (in addition to putting milk on the table). 
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APPENDIX A: COMPUTER PROGRAMS 

A.1 PROGRAM FOR DETERMINING CPM ANGLES FOR 
SUM FREQUENCY GENERATION IN UNIAXIAL CRYSTALS 

This program was written by Robert A. Morgan (1987) in Microsoft Quick Basic. 
for use on an IBM PC/AT compatible. 

SCREEN 0 : CLS 
DEFINT M.T.u 
PRINT "THIS PROGRAM FINDS CPM ANGLE SUM-FREQUENCY 
GENERATION FOR A " 
PRINT "NUMBER OF UNIAXIAL BIREFRINGENT CRYSTALS. TYPE I OR 
TYPE 2" 
DEF FNASIN(X) - A TN(X/SQR(l-X*X» 
PI - 3.1415927 : DEG - 180/PI : RAD - PI/180 

TOP: 
DK - 9.000001E+20 
PRINT "1. TEMP. DEP. NIOBATE" 
PRINT "2. IODATE" 
PRINT "3. KDP" 
PRINT "4. BARIUM BORATE" 
PRINT "5. CONGRUENT NIOBA TE" 
PRINT "6. YOUR OWN" 
PRINT "99. END" 
INPUT "CRYSTAL NUMBER TO USE";M : IF M - 99 THEN END 
IF M - 6 THEN 

INPUT "Crystal name";crystal$ 
input "nol ";no(1) 
input "n02";no(2) 
input "nel";ne(l) 
input "ne2";ne(2) 
input "n03";no(3) 
input . "ne3";ne(3) 

end if 
INPUT "LARGEST INPUT WAVELENGTH IN MICRONS";LMBDA(1) 
INPUT "SMALLEST WA VELENGTH IN MICRONS" ;LMBDA(2) 
LMBDA(3) - I/(I/LMBDA(I) + I/LMBDA(2» 
IF (M - I OR M - 5) THEN INPUT "TEMP. IN C";TI(1) 
CLS 
IF M - I THEN PRINT "Lithium Niobate T _";TI(1);" C"; 
if m - 2 then print "Lithium Iodate"; 
if m - 3 then print" KDP"; 
if m - 4 then print "Barium Borate"; 
IF M - 5 THEN PRINT "Congruent Niobate T -";TI(l);" C"; 
if m - 6 then print crystal,. 
print" For LAMBDAI-";LMBDA(1);"And LAMBDA 2 -"lmbda(2); 
print "For an Output Wavelength of";lmbda(3);"Microns" 



print "" : print "" 
ON M OOSUB NIOBA TE.IODA TaKDP.BORA TE.congruent.CRYSTAL 

TEST: 
nxl(l) - nx(I)/lmbda(l) : nzl(l) - nz(l)/lmbda(l) 
nxl(2) - nx(2)/lmbda(2) : nzI(2) - nz(2)/lmbda(2) 
nxl(3) • nx(3)/lmbda(3) : nzl(3) • nz(3)/lmbda(3) 

IF (NzI(3) <- (Nxl(l) + nXI(2))) THEN TIEOO • I 
IF (NzI(3) <. (NzI(l) + Nxl(2))) THEN TIEOE • I 
IF (NzI(3) <- (Nxl(l) + NzI(2))) THEN TIEEO • I 
print "" 
print "There are three possible phase-matching configurations for SFO"; 
print " in negative uniaxials: type I eoo. type 2 (eoe and eeo)." 
print "" 
if tI eoo <> I then 
print "However. type I eoo is not possible at these temperatures." 

end if 
if t2eoe <> I then 
print "However. type 2 eoe is not possible at these temperatures." 

end if 
if t2eeo <> I then 
print "However. type 2 eeo is not possible at these temperatures." 

end if 
if tIeoo - I then gosub typel 
if t2eoe • I then gosub type2eoe 
if t2eeo • I then gosub type2eeo 

IF TIEOO • I THEN 
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PRINT "Critical phase match angle for type I eoo ."CPMAeoo; :PRINT 
"degrees." 
PRINT "" 

end if 
if t2eoe • I then 
PRINT "Critical phase match angle for type 2 eoe ."CPMAeoe; :PRINT "degrees." 
PRINT "DELTA n -";DKeoe 
PRINT "" 
end if 
if t2eeo - I then 
PRINT "Critical phase match angle for type 2 eeo ."CPMAeeo; :PRINT "degrees." 
PRINT "DELTA n -";DKeeo 
PRINT·"" 
end if 
PRINT " " : PRINT " " 
input "Do you want analyze another. yes • I ";yes 
PRINT "" : PRINT '"' 
if yes - I then goto top else end 

TYPEl: 
NXIS - NX(l)*NX(l) : NZIS - NZ(l)*NZ(l) 



NX2S - NX(2)*NX(2) : NZ2S - NZ(2)*NZ(2) 
NX3S - NX(3)*NX(3) : NZ3S ... NZ(3)*NZ(3) 
brack - nx(3)*nzl(3)/(nxl(1) + nxl(2» 
nurn - brack*brack - nz3s 
den - nx3s - nz3s 
arg - sqr(nurn/den) 
CPMA - FNASIN(arg) 
CPMAeoo - CPMA*OEO 
return 

TYPE2eoe: 
NXIS - NX(l)*NX(1) : NZIS - NZ(l)*NZ(I) 
NX2S - NX(2)*NX(2) : NZ2S - NZ(2)*NZ(2) 
NX3S - NX(3)*NX(3) : NZ3S .. NZ(3)*NZ(3) 
A - nx(3)*nz1(3) : B - NX(1)*NZI(1) : C - nxl(2) 
dif3 - nx3s - nz3s : difl - nxls - nzls 
FOR PM - 0 TO 90 
PMR - PM*RAO 
SS - SIN(PMR)*SIN(PMR) 
KI2 - B/SQR(NZIS + DIFI*SS) + C 
K3 - A/SQR(NZ3S + DIF3*SS) 
OKT - ABS(KI2 - K3) 
IF OKT < OK THEN OK - OKT : CPMAEOE - PM 
NEXT PM 
I - CPMAEOE -I : J - CPMAEOE + I 
FOR PM - I TO J STEP .1 
PMR - PM*RAO 
SS - SIN(PMR)*SIN(PMR) 
KI2 - B/SQR(NZIS + DIFI*SS) + C 
K3 - A/SQR(NZ3S + DIF3*SS) 
NEXT 
F - CPMAEOE - .1 : 0 - CPMAEOE + .I 
FOR PM - F TO 0 STEP .01 
PMR - PM*RAO 
SS - SIN(PMR)*SIN(PMR) 
KI2 - B/SQR(NZIS + DIFI*SS) + C 
K3 - A/SQR(NZ3S + DIF3*SS) 
OKT - ABS(KI2 - K3) 
IF OKT < OK THEN OK - OKT : CPMAEOE - PM 
NEXT PM 
OKEOE - OK 
return 

TYPE2eeo: 
OK - 9.0E20 
NXIS - NX(l)*NX(l) : NZIS - NZ(l)*NZ(l) 
NX2S • NX(2)*NX(2) : NZ2S - NZ(2)*NZ(2) 
NX3S - NX(3)*NX(3) : NZ3S - NZ(3)*NZ(3) 
A - nx(3)*nzl(3) : E - nx(2)*nzl(2) 
dif3 • nx3s - nz3s : difl - nxls - nzls : dif2 - nx2s - nz2s 
FOR PM - 0 TO 90 
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PMR - PM"'RAD 
SS - SIN(PMR)"'SIN(PMR) 
K12 - E/SQR(NZ2S + D1F2"'SS) + NXl(l) 
K3 - A/SQR(NZ3S + D1F3"'SS) 
DKT - ABS(KI2 - K3) 
IF DKT < DK THEN DK - DKT : CPMAEEO • PM 
NEXT pM 
I - CPMAEEO -1 : J - CPMAEEO + 1 
FOR PM - I TO J STEP .1 
PMR - PM"'RAD 
SS - SIN(PMR)"'SIN(PMR) 
K12 - E/SQR(NZ2S + D1F2"'SS) + NXl(l) 
K3 - A/SQR(NZ3S + D1F3"'SS) 
NEXT 
F. CPMAEEO - .1 : 0 • CPMAEEO + .1 
FOR PM • F TO 0 STEP .01 
PMR. PM"'RAD 
SS • SIN(PMR)"'SIN(PMR) 
K12 • E/SQR(NZ2S + D1F2"'SS) + NXl(1) 
K3 • A/SQR(NZ3S + D1F3"'SS) 
DKT • ABS(KI2 - K3) 
IF DKT < DK THEN DK • DKT : CPMAEEO • PM 
NEXT PM 
DKEEO. DK 
return 

NIOBATE: 
FOR K. 1 TO 3 
LS • (LMBDA(k)'"1 OOO)"'(LMBDA(k)'" 1 000) 
TSI • (T1(l)+273)"'(TI(l)+273) 
RA TX • (1173001 + .0165"'TSI)/(LS - (212 + .000027"'TSI)"2) 
NX(K) • SQR(4.913 - 2.78E-08"'LS + RATX) 
RATZ • (970001 + .027"'TSI)/(LS - (201 + .000054"'TSI)"2) 
NZ(K) - SQR(4.5567 + 2.605E-07"'TSI - 2.24E-08"'LS + RATZ) 
NEXT K 
print "nol .";nx(1),"no2 .1I;nx(2),"no3 .";nx(3) 
print "nel .";nz(1),"ne2 .";nz(2),"ne3 -";nz(3) 
RETURN 

IODATE: 
REM SELLMIER EQN. FROM INRAD 
REM A(l) - ORDINARY; A(2) - EXTRAORDINARY etc. 
A(l) - 4.09436 : A(2) - 3.56896 . 
B(l) - -.706452 : b(2) - -.662886 
c(l) - -.116546 : c(2) - -.0780031 
d(1) - .00691437 : d(2) - .00365882 
eel) - 5.82044e-4 : e(2) - 1.34103e-4 
for k - 1 to 3 
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LSQ a LMBDA(K)"'LMBDA(K) 
for j a I to 2 
numb(j,k) a a(j) + b(j)/(l - c(j)/lsq) + d(j)/(l - e(j)/lsq) 

next j . . 
next k 
for i a 1 to 3 
nx(i) a sqr(numb( I,i» 
nz(i) - sqr(numb(2,i» 

next i 
print "nol a";nx(l),"n02 a";nx(2),"n03 'a";nx(3) 
print "nel a";nz(l),"ne2 a";nz(2),"ne3 a";nz(3) 
RETURN 

KDP: 
FOR K a 1 TO 3 
VS • I/(LMBDA(K)"'LMBDA(K)'" I E-08) 
RXI a 1.008956E-IO"'VS/(l - VS/7.726409E+09) 
RX2 a 32513051/(2500001 - VS) 
NX(K) a SQR(2.259276 + RX I + RX2) 
RZI a 8.637494E-ll"'VS/(l - VS/I.4263IE+08) 
RZ2 a 806998.1/(2500001 - VS) 
NZ(K) a SQR(2.132668 + RZI +RZ2) 
NEXT 
print "nol a";nx(l),"n02 a";nx(2),"n03 a";nx(3) 
print "nel a";nz(l),"ne2 a";nz(2),"ne3 a";nz(3) 
RETURN 

BORATE: 
FOR K a I TO 3 
LSQ a LMBDA(K)"'LMBDA(K) 

ARGo - .7892"'LSQ/(LSQ - .02163) 
NX(K) - SQR(l.9595 + ARGo) 
ARGe - .6782"'LSQ/(LSQ - .01816) 
NZ(K) a SQR(1.6932 + ARGe) 

NEXT K 
print "nol -";nx(l),"n02 -";nx(2),"n03 a";nx(3) 
print "nel -";nz(l),"ne2 a";nz(2),"ne3 -";nz(3) 
RETURN 

CONGRUENT: 
REM Edwards and Lawrence 
Alo - 4.9048 : A20 a .11775 : A30 a .21802 : A40 a .027153 
ale a 4.5820 : a2e •. 09921 : a3e - .21090 : a4e - .021940 
blo - 2.2314e-08 : b20 - -2.9671e-08 : b30 - 2.142ge-08 
ble - 5.2716e-08 : b2e - -4.9143e-08 : b3e - 2.297Ie-07 
F - (T(l) - 24.5)"'(T(l) + 570.5) 
for k - I to 3 
lsq - Imbda(K)*lmbda(k) 
sec - (a20 + blo*O/(1sq - (a30 + b20*O"'(a30 + b20"'0) 
nx(k) .. sqr(alo + sec + b30*f - a40"'lsq) 
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sec - (a2e + ble"'O/(lsq - (a3e + b2e"'O"'(a3e + b2e"'O) 
nz(k) - sqr(al e + sec + b3e"'f - a4e"'lsq) 
next k 
print "nol -";nx(I);"n02 -";nx(2);"n03 -";nx(3) 
print "nel -";nz(l);"ne2 -";nz(2);"ne3 -";nz(3) 
RETURN 

CRYSTAL: 
for k .;. I to 3 
nx(k) - no(k) 
nz(k) - ne(k) 
next k 

print "nol -";nx(1);"n02 -";nx(2);"n03 -";nx(3) 
print "nel -";nz(1);"ne2 -";nz(2);"ne3 -";nz(3) 
RETURN . 
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A.2 PROGRAM FOR DETERMINING CPM ANGLES FOR 
THIRD HARMONIC GENERATION IN BIAXIAL CRYSTALS 

191 

This program was written by Robert A. Morgan (1987) in Microsoft Quick Basic. 
for use on an IBM PC/AT compatible. 

SCREEN 0 : CLS 
defint P.t· 
DEF FNASIN(X) .. A TN(X/SQR(l-X·X» 
pi! - 3.1415927 : DEG - 180.0/pi! : RAD - pi//180 
PRINT "THIS PROGRAM FINDS CPM ANGLE FOR A NUMBER OF 
BIREFRINGENT" 
PRINT "CRYSTALS UNDER A NUMBER OF PHASE-MATCHING 
CONFIGURATIONS. " 

TOP: 
DK - 9.000001E+20 
PRINT "I. LITHIUM SULFATE" 
print "2. GMO" 
PRINT "3. TMO" 
PRINT "4. KTP-Airtron" 
print "5. KTP-Eimerl" 
print "6. Your own" 
print "7. KTP- BYER" 
print "8. KTP-KA TO" 
print "9. KTP-ANTHON" 
PRINT "99. END" 
INPUT "CRYSTAL NUMBER TO USE";P : IF P - 99 THEN END 
if p - 6 then 

input "Crystal name";crystal 
input "nal" ;na(l) 
input "nbl ";nb(l) 
input "ncl ";nc(l) 
input "na2";na(2) 
input "nb2";nb(2) 
input "nc2";nc(2) 

end if 
PRINT "This is a biaxial crystal with index curves na < nb < nc." 
print "Note that index planes na.nb.nc do not necessarily" 
print "correspond to the crystal principle planes a.b.c or X.Y.Z." 
PRINT "Please indicate which plane you would like to tune in." 
PRINT "1. na-nb" 
PRINT "2. nb-nc" 
PRINT "3. na-nc" 
INPUT "CPM Plane";PLANE 
INPUT "FUNDAMENTAL WAVELENGTH IN MICRONS" ;LMBDA 
cis 
if P • I then print" LITHIUM SULFATE"; 
IF P - 2 then PRINT" GMO"; 
IF P • 3 then PRINT" TMO"; . 
IF P - 4 then PRINT" KTP-Airtron"; 



if p - S then print" KTP-Eimerl"; 
if p - 6 then print crystal .. 
if p - 7 then print" KTP-BYER"; 
if p - 8 then print" KTP-KATO"; 
if p - 9 then print " KTP-ANTHON"; 
print" For a Fundamental Wavelength of";lmbda;"Microns." 
PRINT 1111 : PRINT "" 
ON P GOto SULFA TE,GMO,TMO,KTPA,KTPE,crystal,KTPB,KTPK;KTPAN 

eoo: 
brack - (nz(l) + 2*nz(2»"'(nz(1) + 2"'nz(2» 
num - 9"'ny3s - brack 
den - brack"'(ny3s - nx3s) 
arg - nx(3)"'sqr(num/den) 
CPMA - FNASIN(arg) 
CPMAeoo - CPMA*OEG 
return 

eeo: 
OK - 9.0E20 
A - 3"'nx(3)"'ny(3) : B - NX(1 )"'Ny(1) : C • 2*nz(2) 
E - 2*nx(2)*ny(2) 
dif3 - ny3s - nx3s : difl - nyls - nxls : dif2 • ny2s - nx2s 
FOR pml - 0 TO 90 
pmrl .. pml"'RAO 
SS - SIN(pmrl)*SIN(pmrl) 
Kl2 - e/SQR(Nx2S + DIF2*SS) + Nz(l) 
K3 • A/SQR(Nx3S + DIF3*SS) 
OKT - ABS(KI2 - K3) 
IF OKT < DK THEN OK - OKT : CPMAEEO • pml 
NEXT pml 
I - CPMAEEO -I : J - CPMAEEO + 1 
FOR pm! - I TO J STEP .1 
pmrl - pml*RAO 
SS - SIN(pmrl)*SIN(pmrl) 
KI2 • E/SQR(Nx2S + DIF2*SS) + Nz(l) 
K3 - A/SQR(Nx3S + DIF3*SS) 
NEXT 
F· CPMAEEO - .1 : G • CPMAEEO + .1 
FOR pml - F TO G STEP .01 
pmrl • pml*RAO 
SS - SIN(pmrl)*SIN(pmrl) 
KI2 • E/SQR(Nx2S + DIF2*SS) + Nz(1) 
K3 - A/SQR(Nx3S + DIF3*SS) 
OKT - ABS(KI2 - K3) 
IF OKT < OK THEN OK • OKT : CPMAEEO • pml 
NEXT pml . 
OKEEO - OK 
return 

eoe: 
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OK - 9.0E20 
A - 3"'nx(3)"'ny(3) : B - NX(l)*Ny(l) : C - 2"'nz(2) 
E - 2"'nx(2)"'ny(2) 
dif3 - ny3s - nx3s : dift "* nyls - nxls : dif2 - ny2s - nx2s 
FOR pml - 0 TO 90 
pmrl - pml"'RAO 
5S - SIN(pmrl)"'SIN(pmrl) 
K12 - B/SQR(NxlS + D1FI*SS) + C 
K3 - A/SQR(Nx3S + D1F3*SS) 
OKT - ABS(KI2 - K3) 
IF' OKT < DK THEN OK - OKT : CPMAEOE "* pml 
NEXT pml 
I - CPMAEOE -1 : J "* CPMAEOE + 1 
FOR pml - I TO J STEP .1 
pmrl "* pml"'RAO 
SS -' SIN(pmrl)*SIN(pmrl) 
KI2 - B/SQR(NxIS + D1Fl*SS) + C 
K3 - A/SQR(Nx3S + D1F3*SS) 
NEXT 
F - CPMAEOE - .1 : 0 - CPMAEOE + .1 
FOR pml - F TO 0 STEP .01 
pmrl - pm'*RAO 
SS - SIN(pmrl)*SIN(pmrl) 
K12 - B/SQR(NxlS + D1FI*SS) + C 
K3 - A/SQR(Nx3S + D1F3*SS) 
OKT - ABS(KI2 - K3) 
IF OKT < OK THEN DK - OKT : CPMAEOE - pml 
NEXT pml 
OKEOE,,* OK 
return 

oee: 
OK - 9.0E20 
k3 "* 3*nx(3) : B - Ny(l)"'Nz(l) : C - 2*nz(2) 
E - 2*ny(2)*nz(2) 
dif3 "* ny3s - nx3s : dift "* nzls - nyls : dif2 - nz2s - ny2s 
FOR pml "* 0 TO 90 . 
pmrl - pml*RAD 
SS - SIN(pmrl)*SIN(pmrl) 
KI2 - b/sqr(nyls + difl*ss) + e/SQR(Ny2S + D1F2*SS) 
OKT - ABS(KI2 - K3) 
IF OKT < OK THEN OK "* OKT : CPMAoee - pml 
NEXT pml 
I "* CPMAoee -I : J - CPMAoee + 1 
FOR pml - I TO J STEP .1 
pmrl "* pml*RAO 
SS - SIN(pmrl)*SIN(pmrl) 
K12 - b/sqr(nyls + difl*ss) + e/SQR(Ny2S + D1F2*SS) 
NEXT 
F - CPMAoee - .1 : 0 "* CPMAoee + .1 
FOR pml "* F TO 0 STEP .01 
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pmrl - pml*RAO 
K12 - b/sqr(nyls + difl*ss) + e/SQR(Ny2S + DIF2*SS) 
SS - SIN(pmrl)*SIN(pmrl) 
OKT - ABS(K12 - K3) 
IF OKT < OK THEN OK - DKT : CPMAoee - pml 
NEXT pml 
OKoee - OK 
return 

ooe: 
brack - (3*nx(3) - 2*nx(2»*(3*nx(3) - 2*nx(2» 
num - nzls - braek 
den - brack*(nzls - nyls) 
arg - ny(O*sqr(num/den) 
CPMA - FNASIN(arg) 
CPMAooe - CPMA*DEG 
return 

oeo: 
braek - (3*nx(3) - nx(1»*(3*nx(3) - nx(l» 
num - 4*nz2s - brack 
den - braek*(nz2s - ny2s) 
arg - ny(2)*sqr(num/den) 
CPMA - FNASIN(arg) 
CPMAoeo - CPMA*OEG 
return 

REM Tuning plane SUBROUTINES 

AB: 
if (3*nb(3) >- (ne(O + 2*ne(2») and (3*na(3) <- (ne(t) + 2*ne(2))) then 
Tlabeoo - 1 
end if 
if (3*nb(3) >- (nb(1) + 2*ne(2))) and (3*na(3) <- (na(1) + 2*ne(2))) then 

. t2abeoe-1 
end if 

if (3*nb(3) >- (ne(1) + 2*nb(2))) and (3*na(3) <- (ne(O + 2*na(2))) then 
t2abeeo -1 

end if 
PRINT '"' 
print "There are 3 possible phase-matching configurations for tuning "; 
print "in the a-b plane: type 1 eoo and type 2 (eeo and eoe)." 
print "" 
if t1 abeoo <> 1 then 
print "However. type 1 eoo is not possible at these "; 
print "temperatures for this material." 
end if 
if t2abeoe <> I then 
print "However. type 2 eoe is not possible at these "; 
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print "temperatures for this material." 
end if 
if t2abeeo <> 1 then 
print "However. type 2 eeo is not possible at these "; 
print "temperatures for this material." 
end if 
print "" 

for k - 1 to 3 
nx(k) - na(k) : ny(k) - nb(k) : nz(k) - nc(k) 

next k 
NX1S - NX(l)*NX(l) : NylS - Ny(l)*Ny(l) : nzls - nz(l)*nz(l) 
NX2S - NX(2)*NX(2) : Ny2S - Ny(2)*Ny(2) : nz2s - nz(2)*nz(2) 
NX3S - NX(3)*NX(3) : Ny3S - Ny(3)*Ny(3) : nz3s - nz(3)*nz(3) 

if tlabeoo - I then gosub eoo 
if t2abeeo - I then gosub eeo 
if t2abeoe - I then gosub eoe 

if tlabeoo -I then 
PRINT "Critical phase match angle for type 
PRINT"degrees" 
PRINT .11. 
end if 
if t2abeeo - 1 then 
PRINT "Critical phase match angle for type 2 eeo - "; 
PRINT USING "##.##";CPMAeeo; : PRINT" degrees" 
pRINT "DELTA n -";DKeeo 
PRINT" " 
end if 
if t2abeoe - I then 
PRINT "Critical phase match angle for type 2 eoe - "; 
PRINT USING "##.##";CPMAeoe; : PRINT" degrees" 
PRINT "DELTA n -";DKeoe 
end if 
PRINT It " : PRINT " " 

input "Do you want to do another. yes - I";yes 
if yes - 1 then goto top else end 

eoo - ";CPMAeoo; 

BC: . 
if (3*na(3) >- (nb(l) + 2*nb(2))) and (3*na(3) <- (nc(1) + 2*nc(2») then 
Tlbcoee - I 
end if 
if (3*na(3) >- (nb(l) + 2*na(2))) and (3*na(3) <- (nc(1) + 2*na(2») then 
t2bcooe - 1 

end if 
if (3*na(3) >- (na( 1) + 2*nb(2))). and (3*na(3) <- (na( 1) + 2*nc(2))) then 
t2bcoeo -1 
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end if 
PRINT 1111 

print "There are 3 possible phase-matching configurations for tuning "; 
print "in the b-c plane: type I oee and type 2 (ooe and oeo)." 
print 1111 

if tl bcoee <> I then 
print "However. type I oee is not possible at these "; 
print "temperatures for this material. II 
end if 
if t2bcoeo <> I then 
print "However. type 2 oeo is not possible at these "; 
print "temperatures for this material. II 
end if 
if t2bcooe <> I then 
print "However. type 2 ooe is not possible at these "; 
print "temperatures for this material. II 
end if 
print "" 

for k - I to 3 
nx(k) - na(k) : ny(k) - nb(k) : nz(k) - nc(k) 

next k 
NXIS - NX(1)"'NX(I) : NylS - Ny(l)"'Ny(1) : nzls - nz(1)"'nz(1) 
NX2S - NX(2)"'NX(2) : Ny2S - Ny(2)"'Ny(2) : nz2s - nz(2)"'nz(2) 
NX3S - NX(3)"'NX(3) : Ny3S - Ny(3)"'Ny(3) : nz3s - nz(3)"'nz(3) 

if tl bcoee - I then gosub oee 
if t2bcooe - I then gosub ooe 
if t2bcoeo - I then gosub oeo 

if tl bcoee - I then 
PRINT "Critical phase match angle for type I oee - "; 
print using "##.##";CPMAoee; : PRINT" degrees" 
print "Delta n - ";dkoee 
PRINT 1111 

end if 
if t2bcooe - I then 
PRINT "Critical phase match angle for type 2 ooe - ";CPMAooe; 
PRINT"degrees" 
PRINT "" 
end if 
if t2bcoeo - I then 
PRINT "Critical phase match angle for type 2 oeo - ";CPMAoeo; 
PRINT"degrees" 
print 1111 

end if 
print "" : print 1111 

input "Do you want to do another. yes - I";yes 
if yes - I then goto top else end 
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AC: 
if (3·na(3) <- (nb(l) + 2·nb(2») then tlaceoo - I 
if (3·nb(3) <- (nc(1) + 2·nc(2») then Tlacoee - I 
if (3.na(3) <- (nb(l) + 2·na(2») then t2aceeo - I 
if (3.Dll(3) <- (na(l) + 2·nb(2») then t2abeoe - I 
if (3*nb(3) >- (nb(1) + 2·na(2») and (3·nb(3) <- (nb(1) + 2·nc(2») then 
t2acoeo -I 

end if 
if ,3·nb(3) <- (nc(1) + 2·nb(2») then t2acooe -I 
PRINT "" 
print "There are 6 possible phase-matching configurations for tuning in the "; 
print "a-c plane: type I (eoo and oee) and type 2 (eeo.eoe.oeo and ooe)." 
print '''' 
if t1 aceoo <> I then 
print "However. type I eoo is not possible at these "; 
print "temperatures for thi~ material." 
end if 
if t1 acoee <> I then 
print "However. type I oee is not possible at these "; 
print "temperatures for this material." 
end if 
if t2aceeo <> 1 then 
print "However. type 2 eeo is not possible at these "; 
print "temperatures for this material." 
end if 
if t2aceoe <> I then 
print "However. type 2 eoe is not possible at these "; 
print "temperatures for this material." 
end if 
if t2acooe <> I then 
print "However. type 2 ooe is not possible at these "; 
print "temperatures for this material." 
end if 
if t2acoeo <> I then 
print "However. type 2 oeo is not possible at these "; 
print "temperatures for this material." 
end if 
print '''' 

for k • 1 to 3 
nx(k) - nc(k) : ny(k) - na(k) : nz(k) - nb(k) 

next k 
NXIS - NX(1)·NX(1) : NylS - Ny(1)·Ny(l) : nzls - nz(1)*nz(1) 
NX2S - NX(2)*NX(2) : Ny2S - Ny(2)*Ny(2) : nz2s - nz(2)*nz(2) 
NX3S - NX(3)*NX(3) : Ny3S - Ny(3)*Ny(3) : nz3s - nz(3)*nz(3) 

if tl aceoo - I then gosub eoo 
if t2aceeo - I then gosub eeo 
if t2aceoe - I then gosub eoe 
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for k - I to 3 
nx(k) - nb(k) : ny(k) .. nc(k) : nz(k) - na(k) 

next k 
NXIS - NX(l)*NX(l) : NylS - Ny(l)*Ny(l) : nzls - nz(l)*nz(l) 
NX2S - NX(2)*NX(2) : Ny2S - Ny(2)*Ny(2) : nz2s .;. nz(2)*nz(2) 
NX3S - NX(3)*NX(3) : Ny3S - Ny(3)*Ny(3) : nz3s - nz(3)*nz(3) 

if tl acoee - 1 then gosub oee 
if t2acooe - 1 then gosub ooe 
if t2acoeo - I then gosub oeo 

if tl aceoo -I then 
PRINT "Critical phase match angle for type eoo - ";CPMAeoo; 
PRINT"degrees" 
PRINT "" : PRINT "" 
end if 
if t2aceeo - I then 
PRINT "Critical phase match angle for type 2 eeo - "; 
PRINT USING "##.##";CPMAeeo; : PRINT" degrees" 
pRINT "DELTA n -";DKeeo 
PRINT" " 
end if 
if t2aceoe - I then 
PRINT "Critical phase match angle for type 2 eoe - "; 
PRINT USING u##.##";CPMAeoe; : PRINT" degrees" 
PRINT "DELTA n -" ;DKeoe 
end if 
PRINT" " 
if tlacoee - I then 
PRINT "Critical phase match angle for type I oee - "; 
print using "##.##";CPMAoee; : PRINT" degrees" 
print "Delta n - ";dkoee 
PRINT '"' 
end if 
if t2acooe - I then 
PRINT "Critical phase· match angle for type 2 ooe - ";CPMAooe; 
PRINT"degrees" 
PRINT "" 
end if 
if t2acoeo - I then 
PRINT "Critical phase match angle for type 2 oeo - ";CPMAoeo; 
PRINT"degrees" 
print "" 
end if 
print "" : print "" 

input "Do you want to do another. yes - I n;yes 
if yes - I then goto top else end 
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REM BIAXIAL Sellmier equations NOTE: na < nb < nco 

REM LITIUM SULFATE 
SULFATE: 
FOR K. 1 TO 3 
RAI • 1.1l289634152#*(LMBDA/K)"'2/«LMBDA/K)"'2 - .007838170657#) 
RA2 • (.1878378231#*(LMBDA/K)"'2)/«LMBDA/K)"'2 - 26.865683744#) + 1 
NA(K) • SQR(RAI + RA2) 
ReI • 1.18488621726#*(LMBDA/K)"'2/«LMBDA/K)"2 - .00798953912211#) 
RC2 - .14058302446#*(LMBDA/K)"'2/«LMBDA/K)"'2 - 14.9821684079#) + 1 
NC(K) • SQR(RCI + RC2) 
RBI • 1.15694006361#*(LMBDA/K)"'2/«LMBDA/K)"'2 - .0077805432895#) 
RB2 • .11287305559#*(LMBDA/K)"'2/«LMBDA/K)"'2 - 12.8196205923#) + 1 
NB(K) • SQR(RBI + RB2) 
print "na";k;". ";na(k),"nbtl;k;"- ";nb(k),"nc";k;"- ";nc(k) 
NEXT K 
IF PLANE - 1 OOTO AB 
IF PLANE • 2 GOTO DC 
IF PLANE - 3 GOTO AC 

REM OMO 
OMO: 
FOR K - 1 TO 3 
NA(K) - SQR(2.245*(LMBDA/K)"'2/«LMBDA/K)"'2-.022693)+ 1) 
NB(K) • SQR(2.24654*(LMBDA/K)"'2/«LMBDA/K)"'2-.0226803)+ 1) 
NC(K) - SQR(2.41957*(LMBDA/K)"'2/«LMBDA/K)"'2-.0245458)+ 1) 
print "na";k;"- ";na(k),"nb";k;"- ";nb(k),"nc";k;"- ";nc(k) 
NEXT K 
IF PLANE - 1 GOTO AB 
IF PLANE • 2 OOTO DC 
IF PLANE - 3 OOTO AC 

REM TMO 
TMO: 
FOR K -1 TO 3 
NA(K) - SQR(2.27241 *(LMBDA/K)"'2/«LMBDA/K)"'2-.023359)+ 1) 
NB(K) • SQR(2.273955*(LMBDA/K)"2/«LMBDA/K)"2-.023333)+ 1) 
NC(K) - SQR(2.4430 16*(LMBDA/K)"2/«LMBDA/K)"2-.025133)+ 1) 
print "na";k;". ";na(k),"nb";k;"- U;nb(k),Unc";k;"_ ";nc(k) 
NEXT K 
IF PLANE - 1 OOTO AB 
IF PLANE - 2 OOTO BC 
IF PLANE - 3 OOTO AC 

REM KTP-Airtron 
KTPA: 
FOR K - 1 TO 3 
ra - 2.208889 + .79993644#/(1 - 4.706234E-02/(LMBDA/K)"'2) 
rb - 1.328297/(l-100/(LMBDA/K)"2) 
nA(K) - sqr(ra +rb) 
ra - 2.308938# + .7225603/(1 - 5.793344E-02/(LMBDA/K)"2) 
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rb - 1.647279/(I-IOO/(LMBDA/K)"2) 
nB(K) • sqr(ra +rb) 
ra • 2.3469479# + .9698851/(1 - 5.793344E-02/(LMBDA/K)"2) 
rb - 1.647279/(I-IOO/(LMBDA/K)"2) 
nC(K) - sqr(ra + rb) 
print "na";k;"- U;na(k),"nb";k;u_ ";nb(k),"ne";k;". ";nc(k) 
NEXTK 
IF PLANE • 1 OOTO AB 
IF PLANE - 2 OOTO Be 
IF PLANE • 3 OOTO AC 

REM KTP-BYER 
KTPB: 
A(I).2.16747 : A(2)-2. t 9229 : A(3).2.25411 
B(1) •. 83733 : B(2)-.83547 : B(3).1.06543 
C(I)-.046 1 1 : C(2) •. 04970 : C(3) •. 05486 
0(1)-.01713 : 0(2)-.01621 : 0(3) •. 02140 
for k.1 to 3 
Isq.lmbda·lmbda/(k·k) 
for j.1 to 3 
r 1 (j)-A(j)-O(J)·lsq 
r2(j)-B(J)/(I-(C(J)/lsq» 
n(k,j)-sqr(r 1 (j)+r2(j» 
next j 
next k 
for k.1 to 3 
na(k)-n(k,l) :nb(k)-n(k,2) : nc(k)-n(k,3) 
print "na";k;"-";na(K),"nb";k;"-";nb(k),"ne";k;"-";nc(k) 
next k 
if plane-I goto ab 
if plane-2 goto be 
if plane-3 goto ae 

REM KTP-KA TO 
KTPK: 
A(I)-3.0129 : A(2)-3.0333 : A(3)-3.3209 
B(1)-.03807 : B(2)-.04106 : B(3)-.05305 
C(l)-.04283 : C(2)-.04946 : C(3)-.05960 
0(1)-.01664 : 0(2)-.01695 : 0(3)-.01763 
for k .. 1 to 3 
lsq.lmbda·lmbda/(k·k) 
for j-I to 3 
r 1 (j)-A(j)-D(J)·lsq 
r2(j)-B(J)/(lsq-c(j» 
n(k,j)-sqr(r 1 (j)+r2(j» 
next j 
next k 
for k-I to 3 
na(k)-n(k,1) :nb(k)-n(k,2) : nc(k)-n(k,3) 
print "na";k;"-";na(K),"nb";k;"-";nb(k),"ne";k;"-";nc(k) 
next k 
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if plane-I goto ab 
if plane-2 goto be 
if plane-3 goto ac 

REM KTP-ANTHON 
KTPAN: 
A(I)-2.029809 : A(2)-2.079195 : A(3)-2.006239 
B(1)-o.9737485 :B(2)-0.9412874 :B(3)-1.2965213 
C(1)-0.04093072 : C(2)-0.04595899 :C(3)-0.04807691 
0(1)-1.1048585 : 0(2)-0.9320789 : 0(3)-1.1329810 
for k-l to 3 
isq-lmbda*lmbda/(k*k) 
for j-I to 3 
r 1 (j)-A(j)+(D(j)*lsq!(lsq-l 00.0» 
r2(j)-(B(j)*lsq)/(lsq-C(j» 
n(k,j)-sqr(r 1 (j)+r2(j) 
next j 
next k 
for k-l to 3 
na(k)-n(k,l) :nb(k)-n(k,2) : ne(k)-n(k,3) 
print "na";k;"-";na(k),"nb";k;"-";nb(k),"ne";k;"-";ne(k) 
next k 
if plane-l goto ab 
if plane-2 goto be . 
if plane-3 goto ae 

REM KTP-Eimerl 
KTPE: 
al(1) • .9409939 : al(2) - .9839293 : a1(3) - .9338169 
a2(1) - -.002617697 : a2(2) - .003243541 : a2(3) - -.003071542 
a3(1) - -.002039736 : a3(2) - -.003399234: a3(3) - -.002284115 
bl(1) - 1.049808 : b1(2) - 1.021604 : b1(3) - 1.356929 
11(1) - .2023557 : 11(2) - .2124985 : 11(3) - .2191295 
for k - I to 3 
Isq - Imbda*lmbda/(k*K) 
for j- I to 3 
rl(j) - I + al(j) + a2(j)*lsq + a3(j)*lsq*lsq 
r2(j) - bl(j)/(1 - 1I(j)*I1(j)/lsq) 
n(k.j) - sqr(rl(j) + r2(j» 
next j 
next k 
for k - I to 3 
na(k) - n(k,l) : nb(k) ~ n(k,2) : ne(k) - n(k.3) 
print "na";k;"- ";na(k),"nb";k;"- ";nb(k),"ne";k;"- ";ne(k) 
next k 
IF PLANE - I GOTO AB 
IF PLANE - 2 GOTO BC 
IF PLANE - 3 GOTO AC 
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CRYSTAL: 
FOR K. 1 TO 3 
print "na";k;". ";na(k),"nb";k;". ";nb(k),"nc";k;". ";nc(k) . 
NEXT K . 
IF PLANE • 1 GOTO AD 
IF PLANE' • 2 GOTO Be 
IF PLANE • 3 GOTO AC 
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