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ABSTRACT 

This dissertation explores the effects of two-photon absorption and color center in

duced absorption on all-optical switching devices. Two-photon enhanced optical nonlineari

ties provide a way to utilize an enhanced nonlinear refractive index in a material while rem

aining in a region of the spectum where the linear absorption is acceptably small. However, 

the results of this research show that the two-photon absorption associated with the two

photon enhancement may be large enough to render proposed devices useless. The amount 

of allowable two-photon absorption was quantified by the parameter T = 2{3>.j1l2' where>. is 

the operating wavelength, {3 is the two-photon absorption coefficient, and "2 is the nonlinear 

refractive index coefficient, the latter two being measured at >.. If the value of T exceeds 

unity, the operation of all-optical switching devices is in general degraded beyond usable 

regimes. This result was demonstrated by numerical experiments on systems of equations 

modelling a nonlinear directional coupler, a prototypical all-optical switching device. The 

value of T was measured in two fibers, one made of lead silicate glass, and one made of 

TiOz-doped silica. We find the value of T to be greater than unity at a wavelength of 1.06 

J.lm in both fibers. The dispersion of T with wavelength was also explored theoretically, 

using a model for semiconductors developed elsewhere. The results indicate that we can 

expect T to exceed unity by a large amount for light of any wavelength which has a photon 

energy greater than half of the bandgap of the semiconductor. 

Significant color center formation was seen in the lead glass fiber. These color 

centers were created through two-photon absorption and destroyed through one-photon 

absorption. Color center induced absorption was seen to mimic two-photon absorption in 

certain regimes. 

The nonlinear optical response of semiconductor-doped glasses, an example of a 

one-photon resonant nonlinearity, was studied. A relaxation time which is dependent on the 
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carrier density was found to be important when modelling the response of these glasses. 
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CHAPTER I 

INTRODUCTION 

In recent years, the use of optics in communications has been steadily increasing. 

Fiber optics, due to its prodigious bandwidth, is finding its way into telephone systems and 

computer networks as a means of transmitting data. As more and more information is 

transmitted optically, it is becoming desirable to find ways to process this information while 

still in its optical form. Currently, in order to switch optical data transmissions from one 

fiber to another, the signal is converted into an electrical signal, switched, and reconverted 

back to light for optical transmission. If the signal can be amplified and switched while in 

its optical form, the communication network can become smaller, cheaper, more flexible, 

and possibly faster (Shimada). Thus, attention has turned to all-optical methods of process

ing optically encoded information. 

The basic building block of a communications system is the switch. The mechanism 

usually proposed as the basis for an all-optical switch (Stegeman, and references therein) is 

the nonlinear refractive index, where the refractive index of a material varies as the inten

sity of the light incident on the material varies. This effect enables one to design switching 

devices, as shown later in this work. 

In order to avoid excessive power requirements, an ideal all-optical switch would 

operate at low optical powers. This means we require a large coefficient of the nonlinear 

refractive index. It is also desirable to fabricate these devices in waveguide form, where 

confinement of the optical energy to dimensions on the order of the wavelength of the light 
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results in large intensities from small powers. The main problem in implementing all-optical 

switching devices has been that of finding a suitable material for fabrication, where the 

nonlinear refractive index coefficient is large, and the material can easily be rr,ade in wave

guide form. 

Glasses are promising candidates for all-optical switching devices. Glass is quite 

easy to work with, facilitating the fabrication of waveguides such as optical fibers. The 

nonlinear refractive index coefficient for pure fused silica, however, is quite small. A way 

of enhancing the nonlinearity in glass is through the use of dopants which enhance the 

effect. In this dissertation, we examine three kinds of doped glasses: lead silicate glass, 

Ti02-doped silica, and semiconductor-doped glass. 

Examination of the form of the nonlinear refractive index coefficient 112 shows that 

it can exhibit several types of resonant behavior which greatly enhance its size (Shen). For 

the case of a single frequency beam, these resonance conditions occur when either the 

energy of a single photon or the sum of the energy of two photons is in the vicinity of a 

material transition. We shall call these situations one-photon and two-photon enhancements, 

respectively. We shall describe these below, after commenting on the fully nonresonant case. 

Nonresonant nonlinearities are those for which none of the photon energies involved 

are close to a resonance. These nonlinearities can utilize the fastest processes, such as distor

tion of bound electron orbitals, to obtain femtosecond response times (Adair, 1989; Chang). 

The main disadvantage to nonresonant processes is that they are generally very small, so that 

very high optical intensities or very long device interaction lengths are needed. 

A one-photon resonant nonlinearity is one in which there is a one-photon transition 

close to the photon energy. An example of such a process is the band-filling nonlinearity in 

a semiconductor. While these types of nonlinearities are usually the largest available, they 

suffer from the problems of absorption and slow response times (Jain; Fisher, Chap. 10; 
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Chang). 

In this dissertation we shall explore the third case, that of a two-photon resonant 

nonlinearity. A two-photon resonance occurs when twice the photon energy is resonant 

with a transition in the material. In this case, the operating wavelength can be kept in the 

region of transparency of the material, while still taking advantage of the enhancement in 

the nonlinearity. At first glance, it would appear to be an ideal solution, and many materi

als with large nonlinearities benefit from this effect (Friberg). 

However, when twice the photon energy is resonant with a transition in the material, 

two-photon absorption (TPA) can occur (Shen). TPA is a nonlinear absorption which 

becomes more pronounced at high intensities. It was to investigate and quantify the effects 

of TPA on the prospects for all-optical switching that the investigations in this dissertation 

were begun. Specifically, we wondered if the TPA associated with a two-photon resonant 

enhancement would degrade the operation of all-optical switches, and if so, how much TPA 

could such a device tolerate. 

This work is organized as follows. In Chapter 2, we review the basic electrodynam

ics necessary to understand the nonlinear refractive index and TPA. We addres~ the prob

lem of nonlinear optics in an optical fiber, where most of the experimen!s were conducted. 

In Chapter 3, we present the results for fibers made of lead glass and titanium-doped silica 

glass. We have measured the TPA coefficient for both systems at several wavelengths. We 

also present evidence for color center creation and destruction in the lead glass fiber. In 

Chapter 4, we derive a criterion which quantifies the allowable amounts of TPA in an opti

cal switching device, and we apply this criterion to the materials measured in the previous 

C:1pter. We also derive an analytic expression for the two-photon criterion in semiconduc

tors. We then show the effects of TPA on a numerical model of a typical all-optical switch

ing device, and also discuss the implications of color center induced absorption in this prob-
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lem. Chapter 5 contains the results of investigations done on a one-photon resonant nonli

nearity in semiconductor-doped glasses, including a comprehensive model and experimental 

results. In Chapter 6, we summarize the main results and indicate directions for future 

research. 

-------------- -
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CHAPTER 2 

THE WAVE EQUATION 

The phenomena described in this dissertation involve the interaction of light with 

matter. The propagation of light, like all electromagnetic waves, is governed by Maxwell's 

equations. In this chapter, we begin by stating Maxwell's equations, and deriving the wave 

equation for the propagation of light. We use a classical formalism to describe the interac-

tion of light with matter, in both the linear and nonlinear cases. We finish by specializing 

the formalism to the case of interactions in an optical fiber, which comprise a large part of 

this dissertation. 

Maxwell's Equations 

The propagation of electromagnetic waves is known to be governed by Maxwell's 

equations (Jackson), which in gaussian units are 

(2-la) 

v x H = 1 aD + 411" J 
c at c [ 

(2-lb) 

(2-lc) 

V·B = 0 . (2-ld) 

Here E. H are the electric and magnetic field vectors, respectively, and p[ and J[ are the 

free charge density and current, respectively. The displacement field D and magnetic in-



duction H obey the constitutive relations 

D = E + 411"P 

B=H+M. 
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(2-2a) 

(2-2b) 

P and M are the induced electric and magnetic polarizations. The functional form of P and 

M determine the response of the medium to the applied fields. From now on we consider 

only nonmagnetic dielectric media with no free charges or current, i.e. M, PI' JI = O. 

We can take the curl of (2-la), and use (2-lb) and (2-2) to eliminate Band D, to 

obtain 

(2-3) 

This is known as the wave equation for electromagnetic waves. All that we lack now for a 

complete description of the propagation of light (for given boundary conditions) is a relation 

between P and E. In general, quantum mechanics is now needed to obtain this relation 

(Shen). However, except for simple models, the ~ull quantum mechanical analysis is quite 

unwieldy. For the level of detail needed in this dissertation, a classical approach suffices. 

Nonlinear Optics 

We turn our attention to the form of the polarization P in (2-3). At low enough 

optical intensity levels, an induced polarization which is linear in the applied optical electric 

field is sufficient to describe the interaction of light with matter. This linear polarization is 

responsible for the index of refraction and for absorption. However, the advent of the laser 

made electric field strengths available which approach the strength of intra-atomic fields. 

These high field strengths can distort atomic electron orbitals, or cause appreciable material 

excitation, causing the polarization response to become a nonlinear function of the electric 

field. This nonlinear polarization introduces a new class of possible interactions, which are a 
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main topic of this dissertation. This formulation of nonlinear optics has been used for 

almost three decades, and the reader is referred to books by Bloembergen and Shen for 

further details. 

In this section we introduce the linear and nonlinear polarization response. Availing 

ourselves of the classical x(n) formalism, in which we expand the induced polarization in 

powers of the electric field, we apply the slowly varying amplitude approximation to solve 

the wave equation. From this solution, we can identify the nonlinear index and absorption 

due to the third order nonlinear polarization term. We then discuss briefly the phenomenol-

ogy of the nonlinear absorption term, which is of central importance in the rest of this 

dissertation. 

We begin by separating the polarization in (2-3) into two parts, a linear and a nonli-

near part 

(2-4) 

In all the cases in which we are interested, IpL I » IpNL I, allowing us to treat the nonlinear 

polarization as a perturbation on the linear part of the polarization. We therefore begin by 

solving (2-3) with PNL = O. 

To solve the wave equation (2-3), we proceed along the following lines. We assume 

that all the fields are polarized along a common direction, so that a scalar field approxima-

tion is justified. We write the field and the polarization in a quasi-monochromatic approxi-

mation as 

and 

E = J r!ie-iWl + cc 
2 

p= J91e-iWl +cc, 
2 

where cc stands for complex conjugate. We write the linear polarization of (2-4) as 

(2-5a) 

(2-5b) 

(2-6) 
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If the medium (and therefore x(1) is homogeneous and isotropic, we can combine (2-3) and 

(2-6) to get 

(2-7) 

Here E = I + 47rX(1). We have rewritten 'i/ x'i/ x E = - 'i/2E + 'i/('i/'E), and the isotropy con-

dition has allowed us to set the second term equal to zero (because E is transverse to the 

direction of propagation). The solutions to this equation are just the plane wave eigenmodes 

of free space, 8 = 8 oeikz , where k = VEwlc and z is the direction of propagation. In a tran

sparent medium, we can identify the index of refraction 11 with VE. 

In many cases, we can treat the nonlinear part of the polarization of (2-4) by 

expanding it in a Taylor series in the field E (excluding the already treated linear term): 

PNL = X(2) E2 + X(3) E3 + ... (2-8) 

In general, x(n) is a (11 + I)-rank tensor. However, since we are working in the scalar field 

approximation (all fields copolarized), we write the X(n) as scalar quantities. This expansion 

assumes that the induced polarization is local in space (nondiffusive). One also must assume 

that the expansion converges, ie. Ix(n) 1 < Ix(n + l)EI. For field strengths approaching the 

intra-atomic field strengths (~ 1011 V 1m, or 1011 W Icm2 optical intensity) this is not the 

case. Also, the series (2-8) may not converge for optical frequencies close to material reso-

nance frequency (Abrams). 

It can be shown that in a centrosymmetric medium (eg glasses, which are considered 

in this dissertation), X(2) vanishes, leaving the third order term X(3) as the dominant one. 

Using the quasimonochromatic expansions of (2-5), and a similar one for the nonlinear pol-

arization PNL , we find 

(2-9) 

In the widely used notation introduced by Maker and Terhune (Maker), the element of X(3) 

referred to in (2-9) is X(~)ii (-w; w, -w, w). However, in the single frequency and scalar field 



22 

approximations, with all fields copolarized, this is the only component of X(3) which 

appears; thus, we drop the superfluous parts of the notation. In this discussion we have 

considered only the part of the nonlinear polarization which oscillates at w, as assumed in 

(2-5b). Note, however, that a component which oscillates at 3w is also produced (Maker). 

We do not consider this component, which leads to third harmonic generation, in this ana-

lysis. 

Substituting (2-9) into (2-7) as a source term, we obtain the nonlinear wave equation 

(2-10) 

To proceed, we invoke the slowly varying envelope approximation (SYEA), which 

allows us to turn the second order differential equation of (2-10) into a first order differen-

tial equation. The essence of this approximation is the assumption that the amplitude and 

phase of the electric field are only slightly modified by the nonlinearity during a single opt-

ical period. For almost all situations of interest, this is the case. We factor the fast spatial 

variation out of the electric field envelope to obtain the slowly varying envelope 8 0(z): 

(2-11 ) 

where k2 = n2w2/c2• We now substitute (2-11) into (2-10), and make the SYEA by assuming 

(2-12) 

which allows us to eliminate second derivatives. The final equation for the field envelope 

becomes 

(2-13) 

This is the equation which governs the propagation of a single beam in a X(3) medium, and 

thus is the starting point for much of the analysis in this dissertation. 

The power series expansion of (2-8) is not valid in general. If one is near a reso-

nance, if the nonlinearity has a non-negligible response time, or if one relies on a substantial 
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material excitation to produce the nonlinear optical polarization, the X(n) model in general 

fails. Also, note that even for an analytically solvable model such as the two-level atom, for 

sufficiently high intensities a power series expansion of the polarization does not converge 

(Fisher, p.l5; Yariv). In these cases, a more sophisticated approach must be used. 

Nonlinear Refractive Index and Two-Photon Absorption 

We now examine the effects on the propagation of light which arise due to the non

linearity in (2-13). Consider first the case where X(3) is real. Then we can solve (2-13) to 

get 

(2-14) 

Here we have used the fact that the intensity 1= ~~I&oI2 is constant in z, and ko = w/c. 

Comparison with (2-11) indicates that the quantity ni is a correction to the refractive index 

of the material. We find that 

(2-15) 

This is the nonlinear refractive index coefficient of the material. Thus we see that the real 

part of X(3) gives rise to a change in the index of refraction which is proportional to the in-

tensity in the medium. A medium with this response is referred to as a Kerr medium. 

Although this Kerr law response is idealized, the concept of a Kerr medium has found great 

usefulness as a first order approximation to the response of nonlinear optical materials. In 

fact, for nonresonant interactions (such as in glasses and large bandgap crystals in the case 

when the photon energy is far below the band edge), the Kerr law response is a very accu-

rate model. 

The imaginary part of X(3) causes a change in intensity of the light as it propagates. 

MUltiplying (2-13) by &: and adding its complex conjugate yields 
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dl 
dz = -f3TPA /z • (2-16) 

where 

4811"3 ( ) 
f3TPA = - %""TIm{X 3 } , 

" CAo 
(2-17) 

and Ao is the free space wavelength 211"c/w. The quantity f3TPA is known as the two-photon 

absorption (TPA) coefficient, since a quantum mechanical analysis indicates that f3TPA rep-

resents the simultaneous absorption of two quanta of electromagnetic energy. Note that 

TPA appears as a nonlinear absorption which is linear in the intensity, aNL = f3TPA I. 

The concept of TPA is central in this dissertation, so it is desirable to expand upon 

its consequences here. The propagation equation for the intensity in the presence of TPA 

(2-16) is easily solved to yield 

) 1(0) 
l(z = I + f3TPA I(O)z . (2-18) 

If in addition there is one-photon absorption in the material (which requires adding a term 

-al to the right hand side of (2-16) ), (2-18) becomes 

l(z) - 1(0)e-QZ 
- 1 + f3TPA I(O)zell ' 

(2-19) 

where zell = (I - e-QZ)/a. If we define the transmission of a sample of length LasT = 

I(L)/I(O), we can invert (2-19) to get 

1 1 + f3TPA I(O)Leff (2-20) 
T = e-oL 

Note that the inverse transmission T-l is linear in the input intensity 1(0), and this line has a 

slope proportional to f3TPA' Thus by monitoring the transmission as a function of intensity 

and plotting T-l versus the input intensity, we can determine f3TPA' This is in fact a stan-

dard way to measure f3TPA , which we use later in this dissertation. 
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Optics in Fibers 

In the above discussion, we were considering a medium with a spatially homogene

ous refractive index. The modes of such a structure are the plane waves of (2-11). We now 

wish to consider the case of an optical fiber, which usually consists of a cylindrical core of 

high refractive index surrounded by a cladding of lower refractive index. This structure 

supports a different set of eigenmodes. 

In the nonlinear propagation problem, we again use the condition IpL I » IPNL I as 

assumed in (2-4). We assume that the nonlinear polarization changes the (complex) wave

vector of the eigenmodes, but not the eigenmode field profiles themselves. This means that 

in the field expansion of (2-11) we use the linear fiber eigenmodes as the basis for expan

sion. This approximation should be valid as long as the light induced refractive index 

change ni is much less than the core-cladding index difference. In the lead glass fiber of 

Chapter 3, n2 ~ 10-15 cm2/W, and the maximum intensity we encounter is of the order 108 

W/cm2, making t:..nNL = n2 / = 10-7• The linear core-cladding index difference is 0.021, so 

we see that this should be quite a good approximation. 

Linear Fiber Optics 

In this section, we quickly review the solution of the linear fiber eigenmodes. This 

analysis is well known (Okoshi, Argrawal). We then derive the nonlinear propagation equa

tions using these modes as a basis for expansion of the field, rather than the plane waves of 

(2-11). 

Beginning with the wave equation for a quasimonochromatic wave (2-7), we switch 

to cylindrical coordinates r, t/J, and z, where z is the direction of propagation. The dielectric 



constant l = lIZ in a transparent medium, and in a fiber we have 

"(r) = "1 (r ~ a) 

lI(r) = lIz < III (r > a) , 

where a is the radius of the core. We assume solutions of the form 

(J = L tPn(r, ~)iPnZ • 

" 
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(2-2Ia) 

(2-21 b) 

(2-22) 

f3 is known as the propagation constant. We find that tjJ(r, ~) must satisfy the condition 

2 .1. 112(r)w2 _ z.I, - 0 
V T 'l'n + 2 tPn f3n 'l'n - , c 

(2-23) 

where V~ is the transverse Laplacian. This is the equation which determines the form of 

the guided mode solutions. 

When the weak guidance condition 

" -" tl = _1 __ 2 « I 
"1 

(2-24) 

is satisfied, we find that suitable combinations of modes with degenerate f3n are very close 

to being linearly polarized. In the lead glass fiber used in this work, ll. ~ om. In this case 

we may speak of the so-called LP modes, introduced by Gloge. We quickly review the 

basic structure of the LP mode solution. The reader is referred to the original work (Gloge) 

for details. 

The form of the LP mode solution is 

.1.1 A.) = J/(ur/a) ,.i/", r 
'l'\r, 'I' J/(u) ~ lor r ~ a 

(2-25) 

where I is an integer, and J1 and K/ are the Bessel function and modified Bessel function, 

respectively. The parameters u and ware defined as 

(2-26) 

and 
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(2-27) 

Continuity of the tangential field components at the core-cladding interface (r = a) leads to 

the characteristic equation for the LP modes: 

uJl - 1 (u) wKI _1 (w) 
J/(u) = - K1(w) • 

(2-28) 

This equality is satisfied only for certain discrete values of P for a given fiber geometry. 

The characteristic equation (2-28) in general has multiple solutions for a given value of I. 

The solution associated with the rrfh zero of the JI_1 Bessel function in (2-28) defines a 

guided mode denoted by LPlm • These are the linearly polarized LP modes. A sketch of the 

first few LP modes is given in Fig. 2-1. 

It is useful to define the normalized spatial frequency V which is equal to 

V = (u2 + w2)1/2 = kcP JlIi - "i (2-29) 

The approximate number N of LP modes guided by a fiber with a normalized frequency V 

is given by 

N = V2/2 . (2-30) 

NOlllinear Fiber Optics 

We now extend this analysis to the nonlinear case. This analysis is completely analo-

gous to the case of planar waveguides (Stegeman). Using the linear eigenmodes (2-22), we 

rewrite the normal mode expansion (2-11) to read 

N 

(J = L tPn(r, ¢) an(z) ifJn z , 

11=1 

(2-31) 

where the an (z) are the slowly varying envelope functions, and the sum over 11 runs over the 

N guided modes of the fiber. The transverse wave functions t/J(r, ¢) are orthogonal, and 

thus obey the equation 
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Fig. 2-1. Radial field profiles of the first three LPlm modes (2-25), for a fiber 
with a V-number of 16.3. Normalization of the mode strengths is arbitrary in this 
graph. 
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00 2?1' 

Lrdr 10 dr/J ,pn,pm :; (,pn ,pm) = 0nm Cnm , (2-32) 

where Cnm is some normalization constant. Using the modal expansion (2-31) with the def-

inition of the transverse wave functions (2-23), we rewrite the nonlinear wave equation 

(2- 13). After multiplying by ,pn and integrating over the transverse dimensions, and using 

the orthogonality relation (2-32) among the ,pn' we obtain finally 

(2-33) 

with 6.f3 = f3i - f3j + f3k - f3n • For a term in (2-33) to contribute synchronously, we must 

obtain phase matching, where 6.f3 < I/L, L being the length of the fiber. Obviously, this is 

be true for the cases when i = j, k = II, and when i = II, j = k, for which 6.f3 = O. Some 

other mode combinations may fortuitously give 6.f3L !!! O. However, we confine our analysis 

to the cases where i = j, k = II, or i = II, j = k. If Pn is the power carried in mode II, the 

envelope equation (2-33) then becomes (after multiplying by a; and adding the complex 

conjugate to the equation) 

d P f3 \" (2 - ~"n) PAi p. n • dz n = - TPA L 0 
In 

i 

We have defined the quantities 

1 -= 

and 

(,p(1/lJ) 
(,pf)(,pJ) 

(2-34) 

(2-35) 

(2-36) 

which is the two-photon absorption coefficient. The quantity Aij has units of area, and is 

usually referred to as the effective area of the interaction between modes i and j. This is an 

important number, as it quantifies the strength of the nonlinear interaction between the 

modes. 

-------- ----
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This concludes the single beam analysis of nonlinear fiber optics. The equation 

(2-34) allows us to calculate the evolution of the guided mode powers in the fiber. How-

ever, note that we must know the values of all of the intermode effective areas Aij , as well 

as the distribution of power among the modes Pi. In general, we do not have this informa-

tion available. This places certain limits on the accuracy of the results of our calculations in 

fibers, as discussed in the next section. 

Another interesting situation occurs when two beams are present in the fiber at the 

same time. In this case, a "cross" TPA process can occur, in which the material simuItane-

ously absorbs a photon from each beam. This process is described in by the coefficient 

X(~)ii (-w; 0, -0, w) in the notation of Maker and Terhune (see discussion following (2-9», 

where 0 is the pump frequency. If one (pump) beam is strong, and the other (probe) is 

weak, the probe sees a pump-induced absorption which is linear in the pump beam inten-

sity, Ct.NL = f3TPA (w, 0)/(0), where f3TPA (w, 0) is called the cross TPA coefficient, defined so 

that as w -+ 0, f3TPA (w, 0) -+ f3TPA as introduced in (2-17). The case for a probe beam 

sampling an absorption which is linearly dependent on the intensity of a pump beam at a 

different frequency (the "cross" TPA process) follows the same development as the single 

beam case above, after allowing for a second Fourier component in (2-5). The effective 

area of Eq. (2-35) becomes 

(2-37) 

where the ~i are the transverse profiles of the waveguide modes at the pump frequency. If 

we assume equal power in all modes for the pump and probe, we can write 

N 
dPW = _ 2f3TPA (w, O)PW pO \" _1_ 
~ W LA~' 

i,n 

where Pw is the total power in the probe, and pO is the total power in the pump. 

(2-38) 
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Effective Area 

As we see from the equation of motion for the power carried by each mode (2-34), 

the strength of the nonlinear interaction is dependent upon the effective areas Ain • We can 

introduce an Ae!! which is an effective area for the entire process involving all modes. If 

Aeff is very large, the nonlinear effects are greatly reduced, and vice versa. It is therefore 

instructive to examine the numerical value of Aeff for certain cases. 

In the most general case, Aet! depends upon the distribution of power among the 

modes and the actual overlap integrals. Note also that the value of Aeff depends on z. This 

is because the modal power distribution also depends on z, since the right-hand-side of 

(2-34) is in general different for each mode. However, with certain approximations we can 

derive an expression for Aeff . If we assume equal power distribution between all N modes 

of the fiber, Pi = PIN, in the single beam case (2-34) we sum over the modes to get 

N 
dP f3TPA p2 I 2 - Oin 
dz =- N2 Aij 

i,n 

(2-39) 

or 

dP f3TPA p2 
dz = - Aeff (2-40) 

(2-40) can be regarded as a definition of Aeff . In the case that Aij = A regardless of the 

values of i and j, Aeff is approximately AI2 (for large N). In general, for equal power dis

tribution, (2-39) and (2-40) yield 

N 
1 1 

Aeff = N2 
i,n 
I (2-41 ) 

Note that even if we begin with equal intensities in each mode, (2-34) predicts that as the 

light intensities evolve down the length of the fiber, the modal power distribution will 

become unequal. For this reason, and because we assumed all the modal overlap integrals 
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Ain are equal (which is not true in general) this definition of Ae!! is of limited analytic util

ity, but is quite useful as a pedagogical example. 

One of the fibers used in the experiments of Chapter 3 was an experimental lead 

glass fiber fabricated from Schott SF-6 (core) and SF-56 (cladding) lead silicate glasses. 

Using bulk values for the indices of the glasses from the Schott Glass Catalog, and the mea-

sured core radius of 5 I'm, we calculate a V-number of 16.3 at a wavelength of 0.532 I'm. 

For these parameters, we have numerically integrated the field profiles to obtain the effec-

tive area Ain of (2-35) for combinations of the ten lowest order modes. In Table II-I we 

present the values of the inverse of the effective area, Ainl, for these ten mode combina-

tions. These areas have been normalized to the geometric area of the fiber core. 

In Fig. 2-2 we have plotted the value of Ae;/ as a function of the number of terms 

in the series of (2-41). We see the series seems to be converging fairly smoothly. At the 

highest value of N (= 10) we have 

I 1.17 
AeJJ = Ageom ' 

(2-42) 

where Ageom is the geometrical area of the core. 

The V-number of 16.3 in our fiber indicates that roughly 130 LP modes can propa-

gate, using (2-30). The extremely multi-mode nature of this fiber presents some limitation 

in obtaining exact values for material coefficients. Carrying out a sum like that of (2-41) 

for 130 modes would not only be impractical, but of limited use, since we cannot know if 

the condition of equal power in all modes is met (Coupled power theory predicts an eventual 

equilibration of modal powers in a waveguide with scattering: see Marcuse). However, we 

do see from the effective area calculation of (2-42) that in this highly multimode fiber we 

can most likely set the effective area equal to the geometric area of the core, and expect 

errors on the order of 15%. This is a standard procedure (Stolen), and since we can never 

know the exact modal power distribution in our fiber, it is the procedure which we follow 
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Table 2-1. Inverse effective areas/or two-photon absorption, tabulated/or the first 10 LP 
modes. The V number o/thefiber is 16.3. The effective areas were normalized to the 
fiber geometrical core area. 

LP 01 11 21 02 31 12 41 22 03 51 

01 1.86 1.27 0.950 1.59 0.750 1.50 0.613 1.32 1.56 0.515 

11 - 2.06 1.28 0.832 1.15 1.48 1.02 1.12 0.882 0.914 

21 - - 2.03 0.783 1.33 0.766 1.26 1.32 0.750 1.18 

02 - - - 2.42 0.827 1.39 0.861 0.776 2.02 0.871 

31 - - - - 2.08 0.718 1.39 1.33 0.677 1.36 

12 - - - - - 2.59 0.733 1.42 1.02 0.764 

41 - - - - - - 2.17 0.710 0.641 1.45 

22 - - - - - - - 2.38 1.02 0.711 

03 - - - - - - - - 2.69 0.635 

51 - - - - - - - - - 2.25 
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in this dissertation. 



CHAPTER 3 

TWO-PHOTON ABSORPTION AND COLOR CENTER FORMATION 

IN DOPED SILICA GLASS FIBERS 

36 

In this chapter, we describe several experiments which were designed to measure the 

amount of two-photon absorption (TPA) and color center absorption in twO types of metal

ion-doped silica fiber. The first fiber, a length of an experimental lead glass fiber, exhi

bited strong color center formation in addition to TPA. The second fiber was doped with 

TiOz' First we describe the lead glass fiber itself. We then review the experiments used to 

measure the TPA, and present the results of those measurements. We then present evidence 

for the generation of color centers in the lead glass fiber, and propose a model for the 

dynamics of these color centers. We finish the lead glass section with a discussion of the 

general nature of color centers, followed by some speculation on the nature of the color 

centers in lead glass. We then present the results of TPA measurements in the TiOz-doped 

fiber. 

Lead Glass Fiber 

The fiber used in these experiments is an experimental fiber obtained from Dr. 

Mansoor Saifi and M. Andrejco of Bell Communications Research. The fiber is made from 

Schott SF-6 (core) and SF-56 (cladding) lead silicate glasses. These glasses consist mainly of 

PbOz and SiOz' with lead oxide comprising (according to Schott data) 50-70 weight-% 
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(20-40 mole-%) of the glass. The microscopic structure of lead glass is treated in more 

detail in the discussion of the nature of the color centers, later in this chapter. The fiber 

core is 10 I-Im in diameter, and the cladding has a 100 I-Im diameter. The bulk values for the 

index from the Schott Glass Catalog at a wavelength of 532 nm are "core = 1.816, "clad = 

1.795. Using (2-29) we calculate a V-number of 16.3 at this wavelength. The relation 

(2-30) then indicates that roughly 130 LP modes can propagate. The extremely multi-mode 

nature of this fiber presents some limitation in obtaining exact values for material coeffi

cients. We are prevented from knowing the exact modal power distribution in the fiber, and 

calculation of all modal overlap integrals (2-35) is impractical. Thus we do not know the 

value of the effective area AeJJ defined in (2-41). As a reasonable approximation, we con

sistently use the geometrical core area Ageom as the effective area. The discussion following 

(2-42) indicates that we can expect errors of roughly 15% by making this assumption. This 

is a usual approximation made by workers in the field when using multimode fibers (Stolen). 

In order to cleave the fibers, we first removed the polymer jacket using a solvent 

called StripSolve (sold by Cargille), a solvent commonly used for this purpose. The fiber 

was then cleaved using a hand-held cleaver from Fujikura, model CT -02. This device holds 

the fiber in place while a diamond blade lightly scores the side of the fiber. The fiber is 

then bent, with the result that the glass cleaves, beginning along the scored edge. The lead 

glass is softer than normal glass, which makes it difficult to cleave. If one used a light score 

like one would use with a normal silica fiber, the end face of the cleave would reveal 

"hackle" as seen under a fiber inspection microscope, with the suface being jagged and 

irregular. This meant that the glass was "pulling" apart rather than making a clean cleave. 

If one used too much pressure when scoring the fiber, the fiber would shatter along the 

edges, developing cracks and fissures on the end face, again making coupling light into the 

fiber impossible. Often several attempts were needed to get a usable cleave. A fiber in-
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spection microscope (Newport Model F -ML I) was indispensable when cleaving the fiber. 

Coupling into the fiber was not overly difficult. The main problem was one associ

ated with the composition of the fiber itself, namely that the fiber has an outer cladding of 

a thin (~ 10 I'm) layer of low index (~ 1.6) glass. This meant that the inner/outer cladding 

combination made a strongly confining guide, and any light in the cladding would appear in 

the output of the fiber (see Fig. 3-1). In order to verify output coupling, it was necessary to 

image the output face of the fiber using a 60x microscope objective. The outcoupled clad

ding light would form a uniformly illuminated field in this image plane. When light was 

actually guided in the core, it would appear as a much brighter spot in the center of the 

field. In doing the experiments described later in this chapter, the bright spot of core light 

was separated from the cladding light through the use of a variable iris diaphragm. Fig. 3-1 

shows a schematic of the fiber geometry, and of the outcoupled light. 

Coupling into the cladding was unavoidable. Coupling into the core was quite sensi

tive to the axial position of the fiber end face relative to the focal plane of the input cou

pling objective. In order to couple into the fiber, coupling into the cladding was first 

obtained. As the fiber input face was translated axially, in and out of focus, observation of 

the imaged output face of the fiber revealed that the cladding light would grow brighter and 

darker. The axial position where the cladding light was brightest was also the position 

where the coupling into the cladding was most sensitive to transverse translation. This was 

also the position where the coupling into the core was obtained. When core coupling was 

achieved, the broad field due to the light in the cladding (observed at the image of the 

output face) darkened noticeably, as if light that was previously coupling into the cladding 

was now coupling into the core. Some more fine adjustment of both transverse and axial 

position was then necessary to optimize the core coupling. 

We were able to measure the transmission of the fiber with the use of a white light 
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Fig. 3-1. A schemalic of the geometry of the lead glass fiber (above). showing the 
oUler cladding which prevented the use of index matching fluid. Below. the light 
coupled oul of the fiber as seen al the image plane of the oUlpul face of the fiber. 
showing the core and cladding light. 
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probe and spectrometer combination. In this experiment, a white light source (Oriel model 

7340, with a quartz tungsten halogen lamp, model 6333) was coupled into an Oriel Model 

77525 3 mm diameter fiber bundle. The output of the fiber bundle was roughly collimated 

by a 35 mm lens and directed into the input coupling objective, and thus into the lead fiber. 

The transmitted light was coupled out of the fiber, and the cladding light was apertured. 

However, the small amount of white light coupled through the fiber made it impossible to 

visually recognize the core output coupling spot. Therefore we first coupled a HeNe laser 

into the fiber, and used the outcoupled laser light to position the aperture. The output end 

of the fiber was subsequently not disturbed. The remaining core light was focused with a 5x 

microscope objective into an //4 Jarrel-Ash Monospec 18 monochromator (using a grating 

with 1200 line pairs per mm, blazed at 500 nm) and optical multichannel analyzer (Princeton 

EG&G 142IB-I024-G blue enhanced detector head with a 1421 controller). With this com

bination, we were able to measure the transmission over a bandwidth of about 100 nm. 

Often, we could couple enough core light out of the fiber and into the OMA to reach the 

detector saturation level of 16000 counts per pixel with the minimum scan time of 0.02 sec

onds. In order to correct for the system response, the transmission spectrum of the lead 

glass fiber was normalized to the transmission spectrum of a highly multimode gradient

index (GRIN) silica fiber from Corning with essentially no absorption in the visible. This 

procedure yielded the relative loss spectrum of the fiber. To obtain an absolute calibration 

for this spectrum, the loss of the fiber at 532 nm was measured by a cutback technique 

(these measurements were done by Dr. Saifi at Bellcore). At 532 nm the loss of the fiber is 

equal to the bulk loss of SF-6 plus an additional 0.9 db/m, which is most likely due to 

scattering from the core-cladding interface, which is not perfect in this experimental fiber. 

Fig. 3-2 shows the measured absorption coefficient versus wavelength in the fiber, along 

with the values of the absorption coefficient tabulated in the Schott glass catalog for bulk 
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SF-6. We see that there is good agreement between the two measurements. As is normal in 

transparent materials, the electronic transitions have energies which lie in the ultraviolet; 

therefore, the absorption increases as the wavelength decreases. 

Two-Photon Absorption Measurements 

We set out to measure the TPA coefficient in the lead glass fiber. Lead glasses have 

been proposed as promising candidate materials for the fabrication of all-optical switching 

devices (Friberg). However, our work (Mizrahi; Delong, 1989a) had shown that TPA can be 

a serious limitation to all-optical switching (this is discussed in Chapter 4). In light of the 

fact that very large TPA coefficients had been reported in these materials (Hagen), we 

became interested in measuring the TPA coefficient in the lead glass fiber, in order to dem-

onstrate that the effects of TPA could become large enough to degrade all-optical switching 

in a material of interest. 

As discussed in the previous chapter, the evolution of the optical intensity with dis-

tance in a medium with an intensity dependent absorption such as TPA is 

dl = -ell - f3l2 
dz ' (3-1) 

where f3 is the intensity dependent absorption coeffient. For the current discussion, we can 

assume that f3 = f3TPA ' the two-photon absorption coeffient. Equation (3-1) is solved by 

_ I(O)e-az 
l(z) - I + f31(O)zell ' (3-2) 

where the effe~tive length zell = (I - e-az )/el. We now wish to generalize this expression to 

the case of an optical fiber. We rewrite the solution (3-2) in terms of the intensities ouJside 

the fiber, which are the measured quantities. If we define C1 as the amount of the incident 

light which is coupled into the fiber core (usually called coupling efficiency), and Cz as the 

amount of light in the fiber core which makes it into the detector (Fresnel reflection losses 
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Fig. 3-2. Loss spectrum of lead glass fiber. The value at 532 nm was determined 
by direct cutback measurements. 
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at the fiber end-face plus any losses in the output coupling lens), we find that the transmis-

siotl of the fiber is 

T= 
1 + Cl3P(0)Le{f , 

Ae!! 

(3-3) 

where P(O) is the power incident on the fiber input face, and we use Ageom (the geometric 

area of the core) as the effective area Ae!! of the interaction. We can see that the reciprocal 

of the transmission as a function of power has the form of a straight line, 

I T = b + mP(O) , (3-4) 

where 

b = ~ = I (3-5a) 
To C1C2e-aL 

is the reciprocal of the linear transmission of the fiber, and the slope m is given by 

m = PLeffC2e-aL • (3-5b) 
Ae!! 

As we approach linear behavior, (as P(O) goes to zero), the transmission approaches To, the 

linear transmission. As power increases, the inverse transmission increases linearly with 

power, and the constant of proportionality is proportional to p, the TPA coefficient. This 

provides a way of measuring p. 

Key elements of the experimental setup are indicated schematically in Fig. 3-3. The 

laser beam was focused into the fiber with a 5x or lOx microscope objective, and the 

transmitted light recollimated with a 60x objective. About 50% of the light went into c1ad-

ding modes, which cannot be completely removed with index matching fluid because of the 

thin (~ 10 pm) outer cladding of low-index glass surrounding the 100-pm-diameter high-

index SF56 inner cladding, as seen in Fig. 3-1. Instead, the cladding light was removed 

after the fiber with an adjustable-iris diaphragm, as discussed previously. The transmitted 

core light, and a fixed fraction of the incident light, were monitored using large area photo-

diodes. The laser beam was chopped with a mechanical chopper, and the output of each 
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detector measured using separate lock-in amplifiers. Absolute detector calibration was per

formed using a sensitive laser power meter. The incident laser power was varied by rotating 

a waveplate before a fixed polarizer. 

The measurements were performed with several different lasers in order to measure 

the dispersion of f3 in this material. A pulsed Nd: Y AG laser (with wavelengths of 1.06 I'm 

and 532 nm), pulsed dye lasers (570 nm, 842 nm), and a cw argon ion laser (various lines 

from 515 nm to 458 nm) were employed. 

By plotting the inverse of the transmission as a function of the incident power, and 

measuring the slope of the resulting line, we can use (3-5b) to obtain the value of p. Note 

that the absence of C1 in (3-5b) indicates that errors in the absolute calibration of the input 

power do not affect the value of p obtained. The results are summarized in Table 3-1, and 

the results using cw lasers are presented graphically in Fig. 3-4. Here we see the strong 

dis;:>ersion of p as we approach the single photon band edge, roughly at 350 - 400 nm (as 

determined from Carrie Spectrometer traces). The uncertainty in p is dominated by a 

7 -10% uncertainty in our detector calibrations, and also by a 5-10% uncertainty in pulse 

width for the pulsed source cases. The rest of the error derives from uncertainties in the 

slope of the best fit straight line to the inverse transmission data, as well as scatter in the 

values of p determined by sucessive measurements. 

We should note here that (3-1) applies in the case of any intensity dependent 

absorption, not exclusively TPA. As discussed later in this chapter, color center induced 

absorption was found to be significant in this fiber, and this absorption is seen to be inten

sity dependent. Therefore, the p values presented here should be interpreted as a sum of the 

true TPA coefficient and the effect color center induced TPA, or p = PTPA + Pee. The lim

itations to all-optical switching imposed by color center induced absorption are more fully 

explored in the next chapter. 
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Fig. 3-3. Experimental setup for TPA measurements. The laser was chopped by 
mechanical chopper (not shown). 
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waveleng!h (nm) f3 (cm/GW) source 

1064 0.013 ± 0.0042 pulsed 

842 < 0.0099 ± 0.0011 pulsed 

570 0.76 ± 0.14 pulsed 

532 23 ± 2.3 pulsed 

514.5 750 ± 97 cw 

496.5 2590 ± 310 cw 

488.0 1830 ± 220 cw 

476.5 7790 ± 780 cw 

472.7 12000 ± 1300 cw 

465.8 12000 ± 1400 cw 

457.9 19200 ± 2100 cw 

Table 3-1. Measured values for the intensity dependent absorption coefficient f3 for 
the lead glass fiber. 

-------.------------
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A distinction is made in Table 3-1 between the pulsed laser case and the cw laser 

case because of a complication in th-:! data analysis. The approach detailed above is based on 

a cw analysis. If the laser SourC<l is pulsed, the analysis proceeds as follows. Our detectors 

do not follow the instantaneous intensity of the pulse, but instead measure the integrated 

energy of the pulse. Since the effects of TPA are different at different intensities, we need 

to integrate the output of the fiber over time to obtain the pulse energy: 

00 

E = J dt C1C2e-aL
P(O)f(t) . 

-00 1 + PP(O)f(t)Lef[ 

AeJJ 

(3-6) 

Here E is the energy fluence of the pulse leaving the fiber, and f(t) is a normalized pulse 

shape function. 

To correct the data obtained using pulses, we define a correction factor (1 

(1 - IL (3-7) 
- Tsq , 

which is the ratio of the transmission of the pulsed laser relative to what it would have been 

if the laser pulses were square (same as a cw laser) with the same peak power. By multiply-

ing (1 by the inverse transmission values obtained with the pulsed laser, we obtain the equi-

valent inverse transmission values for a cw laser, to which we can apply (3-5b) to obtain p. 

It remains to determine (1. 

To determine (1, we need to determine the two transmissions Tp and Tsq. The 

transmission for a square pulse (or cw beam) is given by (3-3). For a pulsed beam, we have 

J~t [(L, t) 
Tp = 

J~t [(0, t) 
(3-8) 

We now assume a Gaussian form for the temporal profile of our pulses 

(3-9) 
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This definition has T as the FWHM of the intensity of the pulse. We can substitute the in-

tensity (3-9) into the expression for the transmission (3-8), and use the definitions of m and 

b (3-5) to finally obtain 

6' =~ (1 + m:o) JOOdZ _-=-_ 
V 71' 00 Z mPo - ez +--

b 

(3-10) 

This is the form of 6'. Note that the absolute width of the pulses T does not appear in the 

final equation, only the fact that the pulses are Gaussian in shape. When we attempt to 

apply the correction of (3-10), we immediately run into difficulty. The evaluation of 6' 

requires the knowledge of m, which from its definition in (3-5) requires the knowledge of 

the value of /3. But of course the value of /3 is what we are trying to determine! 

We can circumvent this problem by using an iterative procedure, as follows. We 

take the original uncorrected data of inverse transmission vs. incident power, and use the 

slope and intercept of a best fit line to this data as a first approximation for m and b. Using 

these values of m and b, we can evaluate (3-10) for 6' for each data point. We apply the 

correction factor 6' to each data point to obtain a set of corrected data points. We use the 

slope and intercept of a best fit line to this corrected set of data as a second approximation 

to m and b, recalculate the values of 6', and use these correction factors to correct the origi-

nal data. The best fit line to this set of data is used as the next approximation to m and b, 

etc. The procedure continues until the difference between successive approximations to m 

differ by less than some small amount, usually 0.1 - 0.01%. The rationale for stopping the 

procedure is that if we knew the true value of m when computing the correction factors, the 

slope of the data points after correction would yield exactly that value. Test runs on com-

puter generated sets of 10 or 40 data points find that this procedure converges to the correct 

slope within one or two parts in 104 • This procedure normally requires on the order of 5 -

10 iterations, and less than one minute of computer time on an IBM AT. 

_._-_._---_._-.-_ .. -.... _---
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Fig. 3-5 shows data obtained with a pulsed Nci: Y AG laser operating at 532 nm. 

This laser outputs near-Gaussian temporal profile pulses, of 70 ps duration (FWHM), with a 

76-MHz repetition rate, which were monitored with a fast photodiode and sampling oscillo

scope. The data in Fig. 3-5 are shown both before and after the correction for the temporal 

pulse profile. We see that the most obvious change is that the slope of the line, and there

fore the estimate for p, is larger after the correction, in this particular case by a factor of 

1.9. We can also see that the fit to a straight line is better for the corrected data than for the 

uncorrected data. Both of these observations show the importantance of correcting the data 

for the temporal pulse shape. 

In certain data sets, the inverse transmission versus incident power data exhibited a 

hysteresis as the input power was ramped from low power to high power and back (or vice 

versa). Fig. 3-6 shows such a hysteresis. This behavior was seen over a wide range of 

wavelengths and samples. If the data was taken slowly, ie, waiting for several minutes (or 

until the transmission stopped changing) to record the data after changing the input power 

to the fiber, the hysteresis was reduced or eliminated. The interpretation of this data is that 

we are somehow altering the fiber when we expose it to high intensity laser light, and this 

alteration affects the optical properties (ie, absorption) of the fiber. The extent of the alter

ation of the fiber is dependent on the intensity or fluence of the laser and occurs on a finite 

time scale. A laser induced alteration of the structure of a material which results in absorp

tion in the visible part of the spectrum is known as a color center. We now proceed to in

vestigate the dynamics of the color center induced absorption. 
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Fig. 3-6. Hysteresis in the reciprocal transmission of the lead glass fiber. The 
respolISible mechanism is color center induced absorption. 
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Color Centers in the Lead Glass Fiber - Dynamics 

We describe here a set of experiments which was designed to probe the dynamics of 

the color center induced absorption in the lead glass fiber. After a few words on the gen

eral nature of color centers, we describe the experimental arrangement, and show some typi

cal w;ults. 

The introduction of gamma rays or high intensity light of the appropriate wave

lengths into glass is known to create absorbing defect centers, encompassed by the term 

color center (Griscom, and references therein). A color center can be an electron or hole 

which is trapped on a defect or impurity site in the glass matrix. This trapped charge can 

make transitions to excited states through absorption of light, often in the visible and in

frared portions of the spectrum. This usually results in quite broad absorption bands. Color 

ce!lters have been the objects of much study in pure silica glass fibers, where the question 

of radiation resistance is important for long length fiber communications systems. Color 

centers created in glass by irradiation with gamma rays have been known to bleach when 

irradiated by laser radiation with wavelengths in their absorption bands (Friebele, 1980). 

In the lead glass fiber, we have observed that launching an intense laser beam into 

the fiber can cause color center formation, which we attribute to two-photon absorption 

(TPA) of the laser. We also observe subsequent photobleaching of the color center absorp

tion by much lower laser powers. The bleaching laser can have a different wavelength than 

the laser which induces the absorption. We attribute this bleaching of induced absorption to 

a one-photon absorption process. The magnitude of the color center induced absorption is 

significant, in some cases reducing the transmission of a 29 cm length of fiber to 50% of its 

original value. The photo bleaching is complete: we are able to return the fiber to its origi

nal transmission by irradiation with low laser powers. 
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To study the color center dynamics in the lead glass fiber, a Q-switched and mode

locked Nd:YAG laser (pump) operating at 532 nm (pulse length of roughly 80 psec, Q

switch envelope FWHM of 200 nsec, and Q-switch rate of I kHz), and a cw Helium Neon 

laser at 633 nm (probe), were coupled simultaneously into a 29 cm length of the lead glass 

fiber. The experiment is illustrated in Fig. 3-7. Typical peak powers in the fiber were I -

5 watts for the pump, and 5-50 microwatts for the probe. The light coupled out of the core 

was filtered by a Schott OG 550 color filter to remove the pump light, and the transmitted 

probe light was detected with a Coherent 212 power meter. The signal was digitized and 

stored on a microcomputer. 

A typical experimental result is shown in Fig. 3-8, where we plot probe transmission 

as a function of time. Initially, only the probe light is allowed to enter the fiber. When the 

pump is turned on (Fig. 3-8a), the probe transmission decreases by about 25%. After the 

probe transmission reaches a steady state, the pump is turned off. The probe transmission 

returns to its original state as the pump-induced absorption is bleached. This relaxation is 

always observed to be well described by the sum of two exponential decays with different 

time constants, thus suggesting two separate color center species. 

In order to rule out thermal effects (such as heating of the fiber input face causing 

the fiber to move slightly, thus changing the coupling), we block both the pump and the 

probe after inducing the absorption. In Fig. 3-8b, we see that the absorption has not reco

vered while there was no probe light in the fiber, and in fact, the decay constants of the 

relaxation are the same for Fig. 3-8a and Fig. 3-8b. If a thermal effect were responsible for 

this behavior, we would expect its effects to decay away regardless of the absence of the 

probe laser. Thus we conclude that it is the probe laser which causes the photo bleaching of 

the absorption. 

In examining Fig. 3-8, it appears that there is some recovery of the transmission 
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Fig. 3-7. Experimental setup for probing color center dynamics in the lead glass 
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Fig. 3-8. Transmission of a probe beam as a fWlctioll of time in the lead glass 
fiber. The transmission decreases when the pump laser is turned on, and then recov
ers after the pump laser is turned off. 
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while the bleaching probe laser is off. However, most of this is due to the sampling rate (10 

Hz) used in recording the data, and also to the steepness of that area of the curve. Even in 

the time between successive samples, the transmission changes significantly, so that by the 

time the first sample is taken after the probe beam is reintroduced to the fiber, noticeable 

recovery of the transmission has occurred. 

Data like those in Fig. 3-8 were taken for various values of probe power. The 

probe was attenuated with a half wave plate and polarizer combination, which presented 

small but tolerable amounts of beam steering. The deleterious effects of beam steering were 

clearly evident in earlier attempts to perform these experiments using neutral density filters 

to attenuate the probe. In this case, each time a new filter was inserted into the probe 

beam, the modal overlap between the pump and probe (discussed below) was changed 

enough so that little correlation was seen between probe power and any of the observables 

obtained from data like those in Fig. 3-8. 

Color Centers in the Lead Glass Fiber - Model 

Here we introduce a model for the dynamics of the color center induced absorption. 

We then compare the predictions of the model with the experimental results. 

In order to explain the experimental data, we introduce two species of color centers, 

which we label with the subscripts I and 2. We assume that the color centers are created 

through TPA of the pump beam, and bleached through one-photon absorption of both the 

pump and the probe. The model for the dynamics of the color center populations and the 

intensities of the strong pump and weak probe laser is summarized by these four equations: 

(3-lla) 

____ ~" __ ~ _______ ,_. ___ ". __ ,_______ _ _______ "< • __ 0--,_' 
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(3-11b) 

(3-11c) 

(3-11d) 

Here Nl and Nz are the population densities of the two color center species 1 and 2, and A 

and B are the creation and destruction coefficients for the color center populations, respec-

tively. Ip is the pump laser intensity, and Is is the probe laser intensity. N 1,2 and Ip,s are 

all functions of z and t. The absorption resulting from the color centers is assumed to be 

linear in their population density, where the coefficient of proportionality is labeled Ql' 

Since experimentally only the combinations A1Q1 and AzQ% are measurable, we use the same 

Q 1 for both species of color centers without loss of generality. We have ignored possible 

dispersion in Ql' The intrinsic absorption of the fiber (in the absence of color centers) at 

the pump and probe wavelengths is represented by Qp and Qs respectively. It is implicit that 

there is an unlimited supply of color centers. PTPA is the true TPA coefficient at 532 nm. 

We ignore the cross-TPA process of absorption of one photon of pump light and one photon 

of probe light in (3-1Id), in light of the facts that the pump duty cycle is very low (~1O-6), 

and our detector has a very slow response time compared to the pump pulse width 

(milliseconds compared to picoseconds). 

The factor R accounts for the fact that the pump laser is pulsed while the probe 

laser is cwo R results from the averaging over the fast time scale (the pump pulse width) in 

the problem. One can solve a set of equations similar to (3-11) (but with only one laser and 

one type of color center) both analytically (for square pulses) and using the approximation 

introduced as the factor R in (3-11). One finds that in the limit that the color center 

dynamics are slow on the time scale of the pulse length, both methods yield identical results. 

R is roughly equal to the duty factor of the pump laser (about 10-6). 

------ -- --------------- -----------------_. ------
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M is a factor which is proportional to the modal overlap integrals of the pump with 

the probe. Due to the multimode nature of the fiber, this modal overlap between the two 

beams varies in an unpredictable and uncontrollable fashion with every attempt to couple 

light into the fiber. Because of this uncertainty, we are prevented from obtaining absolute 

values for many of the coefficients in (3- I I). The modal overlap integrals which determine 

M were developed in the previous chapter. Although the absolute value of M is unknown, it 

allows comparisons between sets of data taken under different coupling conditions. Initially, 

we arbitrarily set M = 1. For a second set of data, taken under different coupling condi

tions, we find M to be roughly 0.6, meaning that the overlap of the two beams was different 

by almost a factor of two. 

The model described by (3-11) provides reasonable agreement with the experimental 

results. The set of parameters which were found to model the experiment most accurately is 

CIlIA/RBI = 4.1 cm/GW, CIliAiRB2 = 5.6 cm/GW, R = 6 X 10-6, Bl = 7.81 X 10-2 sec- l 

IlW-l, and B2 = 4.49 X 10-3 sec-1 IlW-l (these values for Bl ,2 make use of the geometrical 

area of the core to convert probe intensities into powers). We used f3TFA = 20 cm/GW. 

These are the parameters used in the theoretical fits discussed in the next section. 

We note here again that the color center induced absorption can appear as TPA. 

Solving the set of equations (3- II) for a single laser and a single color center species in 

steady state yields an absorption due to color centers CIlee = f3ce I = CIlIA I / RB, which is an in

tensity dependent absorption, identical to true TPA. However, color center induced absorp

tion differs from TPA in several ways. TPA is an instantaneous effect, involving an 

absorption of two photons simultaneously. Color centers, once created, will remain for 

extended periods of time, often up to months. And of course, a weak beam sampling color 

centers created by another laser does not experience an absorption which is linearly increas

ing with intensity. as we see in Fig. 3-8. 
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From the measurements discussed earlier in this chapter (Table 3-1), we know the 

sum of the TPA and color center induced absorption (PTPA + Pee)' but we do not know the 

exact value of PTPA in (3-lIc). We do know the total intensity dependent absorption (TPA 

plus color centers). When numerically integrating the set of equations (3-11), we ignore the 

color center absorption terms in (3-11c) and lump all of the intensity dependent absorption 

into PTPA' The resulting set of equations should be valid after the absorption (color center 

populations) has reached a steady state, and also when Ip = O. These are the regimes which 

we are interested in. 

Color Centers in the Lead Glass Fiber - Experimental Tests of the Model 

We now compare the predictions of (3-11) with the experimental data. As noted 

above, the introduction of the strong pump into the fiber induces an absorption. When the 

pump is turned off, the probe bleaches the absorption, and the fiber transmission returns to 

its original value. The experimentally measured transmission was digitized at a maximum 

rate of 10 Hz. The time evolution of the transmission during bleaching was fitted to the 

function 

(3-12) 

which is found to be an extremely good approximation to the numerical solution of (3-11) 

for Ip = O. From numerical integration we find that '1 1,2 are linearly dependent on the 

probe power Is for this set of parameters. 

Fig. 3-9 shows the variation in 71,2 with probe power for a typical set of data. Fig. 

3-9a shows the values of the fast time constant 71' while Fig. 3-9b shows the slower 7 2 , 

The solid lines represent the linear fit predicted by the model of (':;-11). The siopes of these 

lines are proportional to, but not equal to, Bl and B2 • The reason the slopes are not equal to 
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B1,2 is that the probe power, and thus the decay constants 1 1,2' vary along the length of the 

fiber in a nonlinear way (due to the nonlinear transmission of the pump which created 

them). Thus 1 1,2 represent a weighted average of Is B1,z along the length of the fiber. For 

this set of parameters, 1 1,2 ~ Is (0)B1,2/1.25. 

In Fig. 3-9 we can see clearly the effect of the change in modal overlap between the 

pump and probe, which can vary for each different probe power. The probe power was 

varied by a halfwavf, plate and polarizer combination, and small amounts of beamsteering 

introduced by slight misalignments or wedge in the halfwave plate can vary the input cou

pling conditions, and thus the pump/probe overlap in the fiber. Note how the shapes of the 

curves for the experimental data are similar in Fig. 3-9a and Fig. 3-9b. If these variations 

were random error, we would not expect correlation in the two curves. We therefore believe 

these deviations from linear behavior are due to small amounts of beam steering in the half 

wave plate-polarizer combination, which varies the modal overlap factor M in (3-11). 

The experiment was repeated with different coupling conditions, and a qualitatively 

similar behavior was seen, with the value of 1 1,2 linearly dependent on the probe power. 

However, the absolute values of the coefficients of proportionality between the probe power 

and the value of 1 1,2 in the two experiments were different, due to the different overlap 

between the pump and probe. This ratio is an estimate of the factor M in (3-11). The ratio 

of 11 for the two experiments was 0.55, while for 12 it was 0.62. We thus estimate that M ~ 

0.6. Also, in both cases, the two components in (3-12) (fast, Cz' and slow, C3 ) were experi

mentally found to have values within 50% of each other (Cz ~ C3 , to within 50%). This in

dicates that the absorption is not dominated by one species of color centers, but instead con

tains a strong contribution from each. 

It is also interesting to measure the maximum amount of the induced absorption as a 

function of probe power. In Fig. 3-10, we see the variation of the transmission (normalized 
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to the transmission in the absence of color centers) as a function of probe power for two sets 

of data taken under different coupling conditions. For comparison, the predictions of the 

model (obtained by integrating (3-11» are also presented. The only difference between the 

modelling of Fig. 3-1Oa and that of Fig. 3-IOb is the value of M. In Fig. 3-IOa, M = I, and 

in Fig. 3-1Ob, M = 0.6. We see that as the probe power increases, the amount of color 

center induced absorption decreases. This occurs because the probe is bleaching the color 

centers even as they are formed, and a higher level of probe power in the fiber results in 

fewer color centers being formed. 

The above discussion presents a fairly strong case for the conjecture of bleaching of 

color center induced absorption by a single photon absorption process. We now examine 

evidence supporting the claim of color centers generated by TPA. Fig. 3-11 shows the 

amount of amount of induced probe transmission loss as a function of incident pump power. 

For this experiment, we operated the laser in the cw modelocked only mode (repetition rate 

Ir = 76 MHz, pulse width Tp = 80 psec), yielding a f1uence between two and three orders of 

magnitude larger than the Q-switched mode locked case for a given peak power. Therefore, 

the pump beam (when on) dominates the color center dynamics, with little contribution 

from the probe beam. Fig. 3-11 also shows the predictions of the model. In order to adjust 

the model for the cw mode locked case, we increase the value of R by a factor of 100 to Tplr 

= 6 x 10- 3 to account for the higher f1uence of the cw modelocked beam. We see that the 

experimental data clearly support our assertion of TPA generated color centers. 

We see from (3-lIa) and (3-11 b) that in steady state (ignoring the probe beam 

intensity), the color center population should be linearly proportional to the local pump in

tensity. Since the induced absorption is assumed linear in the color center populations (and 

thus linear in pump intensity), we expect to see the transmission fall off exponentially with 

increasing pump intensity. This functional form is suggested in Fig. 3-11. We also point 
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out that (3-11 a) and (3-11 b) indicate that if the generation of the color centers were due to 

one-photon absorption, the color center populations (and thus the induced absorption) would 

reach a steady state value which is independent of intensity. This prediction is confirmed 

by numerical integration of the full set of (3-11), and is clearly inconsistent with the experi

mental data. 

We now discuss a different experiment which lends more experimental support to 

the assertion that TPA is responsible for creating the color centers. This experiment is sche

matically almost identical to that of Fig. 3-7. However, the pump beam in this case is an 

argon laser operating at 488 nm, and modulated by a LaserMetric Model 5025 Pulse E}I.trac

tor. This device is a fast Pockel's cell electrooptic modulator, designed to extract single laser 

pulses from a mode-locked train of pulses. The device consists of a Pockel's cell situated 

between crossed polarizers. Normally, light is blocked by the polarizers. When a high volt

age (several hundred volts) electrical pulse, roughly 5 nsec in duration, is applied to the 

Pockel's cell, the cell becomes a half-wave plate and the polarization of the light is rotated 

so that it is passed by the output polarizer. A synchronization signal from the laser's mode

locker is usually applied to the Pulse Extractor to keep its internal electronics in phase with 

the pulses coming out of the laser. When using the cw argon laser, we apply a false syn

chronization signal to the Pulse Extractor, and use it to create argon laser "pulses". The res

ultant pump intensity as a function of time is illustrated in Fig. 3-12. There are high inten

sity pulses of repetition rate 13.7 kHz and duration 5 nsec superimposed on a low intensity 

background, which is due to leakage through the crossed polarizers (caused by depolarization 

in the Pockel's cell). The ratio of the peak intensity Ip to the background intensity Ib is 

labeled p and can be varied from p = 1 (no pulses) to p ~ 250 by varying the amplitude of 

the switching voltage applied to the Pulse Extractor. The Pulse Extractor was gated exter

nally to inhibit or enable the switching of the high intensity pulses. The difference in the 
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transmission of the HeNe probe (633 nm) between the on state (pulses plus background) and 

the off state (background only) was measured by a boxcar averager and stored by a micro-

computer. The resultant fractional change in transmission as a function of the ratio p is 

shown as the experimental points in Fig. 3-13. 

The analysis of this experiment is fairly straightforward but algebraically tedious. 

We begin by assuming, for simplicity, that there is only one species of color center. We also 

make a stronger assumption, namely that the probe beam does not contribute to the dynam-

ics of the color center population. This seems to be in direct contradiction to the experi-

mental facts presented above. However, the f1uence of the probe beam was equal to or gre-

ater than that of the modelocked pump beam in the experiments described earlier, while in 

the experiments using the argon pump beam, the power (and therefore the f1uence) of the 

probe (~ I J1.W) is much less than that of the pump (~ 100 J1.W). As we shown below, it is 

the f1uence which describes the effect of a laser beam on the bleaching of the color center 

induced absorption (we are assuming that the probe does not contribute to the creation of 

color centers, due to its much lower intensity, and the fact that it is operating at a much 

longer wavelength, where TPA is much smaller - less than 10-3 of that at the pump 

wavelength, using the values in Table 3-1). 

We begin the analysis with the equation of motion 

dN = AI2 _ BNI 
dt ' 

(3-13) 

which has (in the case of a constant intensity) the solution 

N(t) = N(O)e-B11 + 1.{ (I - e-B11 ) • (3-14) 

Here we see that the f1uence, It, is the governing quantity in the dynamics, as discussed in 

the previous paragraph. We now note that according to Fig. 3-10, there are two different 

regimes in which we must follow the color center dynamics, one where I = Ip' and one 

where I = lb. In the first regime of high intensity, we expect in general to see the color 
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center populations increasing due to creation by the term AI:! in (3-13), while in the low in-

tensity regime we expect to see a reduction in the number of color centers due to the 

bleaching term -BNI in (3-13). Using the time coordinates as labeled in Fig. 3-12, and 

using the notation N j = N(tj), we have 

(3- I 5) 

where we have defined F = Alb/B, G = BlbT, R = Ip/T, and p = Ip/lb' We seek the 

dynamic equilibrium where 

(3-16) 

Combining (3-16) with (3-15) yields an expression for Nss 

N = pF(J - e-GpR ) + Fe-GpR (J - e-G) 
ss 1 _ e-G(l + pR) (3-17) 

We note that if there are no pulses (p = 1), Nss takes on the value predicted by the steady 

state solution of (3-13), Nss(p = 0) = F = Alb/B. 

We again assume that the absorption induced by the color centers is linearly propor-

tional to their population, or a = a1N. Since the color center populations are varying in 

time, we need to do a time average over one period of the driving intensity to get the time 

average absorption. The time average of the color center populations is 

T [ T-~ T 1 
]V = ~ f dl N(t) = ~ f dl Nb (I) + J dl N' (I) . 

o 0 T-Ip 

(3-18) 

The quantities Nb and NP refer to the evolution of the color center population under the 

effect of Ib and Ip' respectively. By definition (3-16), Nb(O) = NSS' If Ip « T, we can 

extend the upper limit of the first integral in (3- I 8) to T, and solve for ]V : 

]V = Nss(J(G) + e-G RJ(GpR» + F(I - J(G» + FR(I - e-G)J(GpR) 

+ FpR(I - J(GpR» , 

where we have introduced the function J(x) = (I - e-X )/ x. 

(3- I 9) 

The function derived for ]V in (3- I 9) is complicated; we would like to have some 
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approximation which is valid in the experimental regime in which we are working. To this 

end, we note that if we use for the B coefficient in (3- 13) a value measured in the previous 

section (7.81 x 10-2 I'W-I sec-I), an experimentally measured value of Ib of about 150 I'W, 

and the value of T (73.5 l'Sec), we obtain G = 8.6 X 10-4• If we apply the criterion G « I to 

(3-19), and note that the largest value of pR in the experiment is 0.017 (so that GpR « I), 

we find the considerable simplification 

(3-20) 

This result is not so surprising. The condition G « I implies that there is very little change 

in the color center population during the time between pulses when 1= Ib (see (3-14», and 

therefore, referring to Fig. 3-12, N(t;') ~ N(ti) = Nss ' Because we are taking a time average 

of the color center populations, the population in the long interval between the pulses domi-

nates, and the time average population is NSS' 

The quantity which we measure experimentally is the fractional change in transmis-

sion of a probe beam when the pulses are present relative to when only the background in-

tensity Ib is present (p = I). This can be represented by 

-a foR L -a rvb L 
t:.T = e 1 - e 1 

-a rvb L e 1 

(3-21 ) 

where now NP and Nb are the steady state absorptions N = Nss in the presence and the 

absence of the pulses. For small absorptions this becomes 

(3-22) 

All that remains is to find the values of /If and Nb. From the form of Nss (3-17) we find 

for GpR < G « I 

• .P N ( ) p2R + I 
IV" = ss P = F 1 + pR 

Nb = Nss (p = I) = F . 

Therefore the final result for the fractional change in transmission is 

-_ .. _------.----- . -- -.-., --------~--.- .. " '" ~ -,,,---

(3-23a) 

(3-23b) 
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(3-24) 

A general linear least squares fit was performed on the data in Fig. 3-11, using the 

function (3-24) for tl.T, to yield the strength of the color centers 

aA 
~ = 1560 ± 180 cm/GW . (3-25) 

The theoretical single parameter fit to the data is also shown in Fig. 3-13 as the solid line. 

We can see that the agreement is quite good. The p'1. term in (3-24) gives the theoretical fit 

of Fig. 3-13 its characteristic quadratic appearance. This p'1. term can be traced directly to 

the fact that the color centers are generated by the /z (TPA) term in (3-13). 

The above analysis is not complete, due to the fact that the expression for the 

change in transmission (3-21) assumes that the color center population is the same along the 

length of the fiher, ie, that the pump intensity is the same along the length of the fiber. 

However, the pump intensity is depleted due to one-photon, two-photon, and color center 

induced absorption. Experimentally, the intensities were measured after the light was cou-

pled out of the fiber, and so the intensity of the light in the rest of the fiber is greater than 

that measured. If the actual light intensity is higher than what we used in our calculations, 

the color center strength (3-25) would have to be lower to achieve the same experimentally 

observed effect. To correct for this offset requires an extremely tedious analysis. Due to 

the size of the experimental error bars on the color center strength (3-25) and the total in-

tensity dependent absorption (Table 3-1), and also due to the number of assumptions and 

approximations that would be needed, an analysis of this sort is of dubious value. We do 

not attempt such an analysis. The main point of this section was to lend weight to the pos-

tulate of color center creation due to TPA. 

The measured value of the total intensity dependent absorption at 488 nm in Table 

3-1 is 1830 cm/GW. Comparison with the result in (3-25) shows that a large part of the in-

duced absorption at this wavelength is due to color centers. Note that the values of P 
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reported in Table 2-1 were single wavelength measurements, while the color center induced 

absorption measured here was a two wavelength measurement. This should be kept in mind 

when comparing the two numbers, although data to be presented later (Fig. 3-15) suggest 

that the dispersive effect here is minimal. 

Color Centers - Microscopic Picture 

We now endeavor to give some insight into a microscopic picture of the formation 

of color centers. Color centers in silica glass have been the object of many years of study. 

We first outline some facts concerning color centers in silica glass, in order to gain some 

understanding of the nature of color centers. We then present the results of earlier studies 

on the nature of color centers in lead glasses, and we propose a likely mechanism for the 

observed absorption based on these results. 

Much of what follows is based on an excellent review by Griscom, and the reader is 

referred to the original paper for more details and an extensive list of references (Griscom). 

The term color center is a broad reference to structural defects in crystals and 

glasses which often lead to an optical absorption band in the UV, visible, or JR. These 

absorption bands are generally quite broad, often on the order of one-half to one electron 

volt (eV) of photon energy. Even though color center induced absorption can be small, it is 

an important limitation in optical fibers intended for use in long haul networks. Here the 

fibers are often tens to hundreds of kilometers long, and absorptions of less than I dB/km 

(~ 10-6 em-I) can be unacceptable. It is for this reason that color center studies have often 

concentrated on optical fibers and candidate materials for optical fibers. 
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Color Centers - General 

Color centers can be created in many ways. Gamma ray irradiation, electron, 

proton, and ion beam bombardment, and intense electromagnetic radiation (UV and visible 

light) are all known to create color centers in glasses and crystals. In this work, we are 

mainly concerned with the generation of color centers by high intensity laser light. The two 

most probable mechanisms for generation of color centers in this case are "radiolytic" 

processes and "electron rearrangement." A radiolytic process occurs when an excited carrier 

relaxes through nonradiative means, and the energy released is converted into nuclear 

motion of an atom or atoms, resulting in a breaking of interatomic bonds and the rearrange

ment of the local atomic structure. In SiOz' the Si-O bond strength is about 4.5 eV. This 

corresponds to a photon with a vacuum wavelength of 276 nm, or two photons of wave

length 550 nm. Thus a carrier excited through TPA of light at, say, 532 nm, has enough 

energy to radiolyticaIly break a typical Si-O bond. The electron rearrangement process 

occurs when excited carriers become trapped on already existing defects, such as lattice vac

ancies, non-bridging oxygen atoms, or impurities in the glass. AIl of these represent devia

tions from the ideal continuous random network (CRN), and all are present to some extent 

in any real glass system. Of course, carriers can also be trapped at radiolytically created 

defect sites. Carriers trapped at defect sites often can make transitions to final states where 

the transition frequency lies in the normaIly transparent band-gap region, resulting in an 

anomalous optical absorption. 

More is known about color centers in SiOz than in any other glassy material. Thus 

we discuss some common color centers in SiOz in order to demonstrate what sorts of micro

scopic processes are responsible for color center formation. 

The study of color centers relies heavily on the tool of electron spin resonance 
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(ESR). ESR is sensitive to unpaired electron spins, such as occur when a hole is trapped in 

a covalent bonding orbital which normally shares two electrons (Assenheim). ESR operates 

by applying a strong oscillating magnetic field to the sample. This magnetic field causes 

electron energy levels in orbitals with unpaired spins to split, and form a two-level system 

which absorbs radiation in the microwave area of the spectrum. By mapping the microwave 

absorption spectrum of the sample, much can be learned about the nature and location of 

the orbitals with the unpaired spins. A glass in the form of an ideal eRN would have no 

such unpaired spins. Through the analysis of ESR spectra, much can be learned about the 

microscopic nature of the defects. ESR spectra often show correlation with optical absorp

tion spectra, often leading to very probable but still speculative links between the two. 

A common color center in Si02 is the E' center. This structure occurs when there is 

an oxygen vacancy in the lattice, ie, two silicon atoms are bonded to each other. A hole can 

become trapped on this bond, causing the bond to weaken and break, leaving a dangling Sp3 

orbital on a single silicon atom with only one electron in it (see Fig. 3-14). This unpaired 

spiro can be detected with ESR. Another common defect is that associated with a nonbridg

ing oxygen, which is an oxygen bonded to only one silicon atom. Here a hole can be 

trapped in a 2p7r orbital, leading to a color center. 

Attempts to link features in ESR spectra to optical absorption bands are not always 

successful. Some absorption bands are ESR inactive, for example the B2 band, suspected to 

be the excitation of a carrier in a Si-Si bond (and thus a possible precursor to an E\ Also, 

sometimes different optical absorption bands are seen to be strongly correlated, suggesting 

that they are different transitions of the same type of microscopic defect. 

The glass we are concerned with, lead-silicate glass, contains large quantities of 

atoms which are neither silicon nor oxygen. This statement is in fact true of most "techno

logical" glasses which have important applications in today's technology. The addition of 
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Fig. 3-14. Typical £' color centers in SiOz (taken from Griscom). 
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these new types of atoms makes the analysis of ESR and optical absorption spectra even 

more difficult. The defects directly associated with the dopant atoms generally dominate the 

intrinsic defects associated with the Si02 network. Thus a whole new species of defects and 

their optical absorption properties need to be identified in each new glass (Williams). 

Another phenomenon of central concern in this dissertation is the bleaching or des

truction of color centers. This can apparently occur in two ways. One can actually correct 

the structural damage in the network by the rearrangement of atoms and their bonds, or one 

can use carrier transport to depopulate the trapping levels of their trapped carriers. So far, 

it appears that there are three ways to accomplish bleaching: thermal annealing (probably 

carrier rearrangement of thermally excited carriers), radiation annealing (possible "healing" 

of structural defects), and photobleaching (possibly carrier rearrangement of optically 

excited carriers). 

Color Centers in Lead Glass 

We now present a brief discussion of the possible candidates for color centers 

observed in lead glass. After a few words concerning the structure of lead-silicate glass, we 

review a series of experiments performed by other workers which together lead to a specu

lation on the color centers seen in the experiments described earlier in this chapter. 

The structure of lead-silicate glasses is complicated. Many properties of this system 

exhibit a qualitative change when the concentration of lead in the glass rises above a certain 

value. This is believed to be due to a change in the way that lead atoms are incorporated 

into the structure. At lead oxide (PbO) concentrations below approximately 35 molar per

cent, most of the lead is expected to be in interstitial sites in the form of PbH . At higher 

lead concentrations the lead apparently becomes incorporated into the network, linking iso-
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lated Si04 tetrahedra (Bishay, 1966; Baiocchi; Brekhovskikh). 

The exact nature of the absorption centers in lead silicate glasses is uncertain. How

ever, ESR studies of lead glass have identified a paramagnetic defect center of an interstitial 

0- center near an interstitial PbH ion (Kim). Using optical absorption measurements, three 

species of color centers have been identified (Bishay, 1966) in lead borate glass irradiated 

with gamma rays (two of these types of color centers should have strong absorption at our 

probe wavelength of 633 nm, thus strengthening our hypothesis of two dominant color 

center species). These color centers appear to have the same dependence on lead concentra

tion as the defect center in the ESR studies (Kim), suggesting that they are the same or 

closely related. Brekhovskikh et al. have also suggested that interactions of PbH with 0- in 

interstitial sites may be responsible for some of the induced absorption. It is well known 

that the PbO bond is highly polarizable (Biaocchi; Digilina). 

The results of Vlasov et al. suggest that the color centers formed in lead glass by 

gamma ray irradiation and those formed by two-photon absorption of light at 0.532 pm are 

identical. They also observed that the magnitude of the color center absorption varies little 

with the impurity concentrations in the glass, and thus also concluded that the lead atoms 

are in some way involved. Evidence of electrons trapped on PbH ions, which contribute to 

a broad feature at 730 nm, has been seen (Bishay, 1970). It thus appears that the color 

centers generated in our experiments are most likely associated with lead and oxygen ions in 

interstitial sites in the glass, with the actual absorption being associated with charges trapped 

on one or both of the ions. 

An attempt was made by Kelly D. Simmons to reproduce the ESR results (Kim) 

using lead glass fibers which had been irradiated with 532 nm radiation. Unfortunately, we 

were unable to see the ESR peaks seen earlier (Kim). Our samples had been on the shelf 

for several months since being irradiated, and it is possible that the defects self-healed using 
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the thermal energy available at room temperature. This type of behavior has been seen in 

the bulk (Barker; Vlasov), as discussed later in this section. 

The three species of color centers found by Bishay (1966) have their absorption 

peaks at roughly 780-830, 480-520, and 360 nm. We have measured the dispersion of the 

color center induced absorption in the lead glass fiber, as seen in Fig. 3-15. The position of 

the second peak in Bishay's data (480-520) is in rough agreement with the smooth spectral 

feature (peak at about 450 nm) seen in the data presented in Fig. 3-15. This spectrum of 

the color center induced absorption was measured by comparing the transmission spectrum 

of a fresh piece of lead glass fiber with the transmission spectrum of the same piece of fiber 

after illuminating it with 4 mW (inside the fiber) of argon ion laser radiation at 457.9 nm. 

The high value of TPA at this wavelength enabled the generation of strong color center 

absorption with low laser powers. A loss in transmission of roughly 10% was introduced. 

The spectrum was recorded with a white light source and a monochromator/optical multi-

channel analyzer combination. By reducing the Argon laser power to 65 J.'W, nearly all of 

the transmission was recovered. The transmission of the fiber could be cycled in this 

manner by irradiating the fiber repeatedly with low and high intensity laser light. 

We can estimate the number of absorption centers by using Smakula's formula 

(Schulman): 

Nf = (0.87 X 1017
) (1/" : 2)"Qmax W . (3) 

N is the number of absorption centers, f is the oscillator strength, 1/ is the index of refrac

tion, Qmax is the maximum absorption, and W is the FWHM of the absorption peak in eV. 

A 50% absorption over a length of 29 cm leads to Q = 0.024 cm-1, and using the value of W 

= 0.89 (Bishay, 1966), we have Nf = 1.2 X 1014 cm-3• For comparison, using typical compo

sition data, we estimate that the concentration of lead atoms in the core of our fiber is 

roughly 1022 cm-3• Even if the oscillator strength is much less than unity, we still have far 
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fewer absorption centers than lead atoms. This strengthens the implicit assumption of 

unlimited color center supply made in (3-11). 

Photobleaching of induced absorption centers has also been seen in silica fibers 

(Friebele, 1980), and in bulk silica (Rothschild) and borosilicate glass (White). This process 

is sometimes reversible, i.e., when the bleaching light is turned off the absorption recovers, 

sometimes fully (Friebele, 1981; Dianov, 1979, 1981). Also, it has been found that many 

types of color centers are often present at once (Dianov, 1984), and these can be strongly 

dependent on the fabrication conditions for the fiber (Friebele, 1980). One type of color 

center can change into other types under thermal or optical excitation (Dianov, 1981, 1984). 

At room temperature, some of the induced absorption can decay away on a time scale of 

hours to days (Dianov, 1979). This behavior has also been seen in lead-silicate glass 

(Vlasov; Barker). 

In light of the many complicated and interrelated processes which occur in pure 

silica, we should expect rich behavior in the lead silicate glasses as well. While some evi

dence implicates interstitial PbH and 0- as a color center in lead glass, many more studies 

such as ours and the others mentioned above will be required on more carefully controlled 

systems before we can hope to understand fully the nature of the color centers induced in 

such materials. 

Titanium Doped Fiber 

We have also measured the TPA coefficient in a fiber doped with titanium. Like 

the lead glass fiber, this fiber was also obtained from Dr. Saifi and M. Andrejco. Silica 

glass doped with heavy ions such as titanium are known to have enhanced nonlinear refrac

tive index coefficients (Vogel). This makes TiOz-doped silica a promising material for all-
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optical switching. 

The fiber core contained 1.6 mole% Ti02 • The core diameter was 4.6 J.lm, and the 

core-cladding index difference was L1n = 0.0085. At a wavelength of 1.06 J.lm, the fiber was 

single mode with a V-number of 2.15. This yields an effective area of 1.32 times the geo

metrical core area. At 0.532 J.lm, the V-number was 4.3, making the fiber muItimode. The 

effective area for the LPOl-LPOl interaction was 0.758 of the geometrical core area. 

The measurements of the TPA coefficient f3 were carried out in exactly the same 

way as the measurements on the lead glass fiber. A modelocked Nd:YAG laser operating at 

wavelengths of 1.06 J.lm and 0.532 J.lm was employed. The measured value of f3 at ). = 1.06 

J.lm was 0.94 ± 0.14 cm/GW. At 532 nm, the measurement was done twice, and the values 

of f3 at this wavelength were found to be 1.00 ± 0.1 7 and 0.605 ± 0.1 I cm/GW. This varia

tion in the value of f3 is probably due to our inability to launch the laser radiation into a 

single mode, as discussed in the next paragraph. No hysteresis of the type in Fig. 3-6 was 

seen, indicating that color center effects are either absent or not as strong as in the lead glass 

fiber. 

An interesting complication arose in the fiber at 0.532 J.lm. Unlike the case at 1.06 

J.lm, the fiber here is multimode, having a V -number of 4.3 at 0.532 J.lm. The higher order 

modes (such as LP02 and LP21 ) are less strongly confined, and therefore have larger effec

tive areas, than the lower order modes (as per discussion at the end of Chapter 2) (This 

may seem to contradict Table 2-1, however, note that Table 2-1 was prepared using a V 

number of 16.3, where the LP02 and LPn are tightly bound. However, in the case of the 

titanium doped fiber, the V number is 4.3. The LP02 and LP21 modes are then close to 

cutoff, and thus they are weakly confined compared to the LP01 mode). Thus these modes 

are affected by TPA less strongly. In fact, evidence of this was observed experimentally. 

At the highest incident powers used in the experiment (~ 16 W peak incident power), the 



83 

fiber input face was translated transversely through the focal spot of the input coupling 

objective, as illustrated in Fig. 3-16. As the core moved closer to the focal spot, the input 

coupling increased to a maximum. At this point, the output pattern had a muItiIobed pat

tern typical of higher order fiber modes, such as LP21 • As we continued to translate the 

fiber input face, the coupling decreased to a minimum. At this point, the output pattern 

was a smooth circular pattern typical of the lowest order mode LPOl • As the input face was 

translated even farther, the coupling increased to another maximum, again with a multiIobed 

output pattern. Finally, the coupling dropped off as the fiber core moved out of the focal 

spot of the input coupling objective. 

The interpretation of these results is that the coupling dip observed when the fiber 

was centered corresponded to maximum coupling into LP01 ' which has higher nonlinear 

losses. The coupling maxima represented coupling into the higher order modes, where the 

larger effective area reduces the effects of TPA. Therefore, the measurements at >. = 0.532 

J.lm were done with the input coupling optimized for coupling into the LPOl mode. 

We measured the one-photon absorption coefficient using the cutback method. 

Light was coupled into the fiber (into the LP01 mode preferentially when working at 532 

nm), and the input end of the fiber was locked into position (by using the set screw on our 

Newport fiber mount, and holding the fiber itself motionless with putty), in order to keep 

the input coupling constant. The power out of the fiber was then measured, after which the 

fiber was cut to a shorter length, and the power measured again. This power was measured 

for 3 different lengths of fiber at each wavelength, yielding loss coefficients of Q: = 6.7 X 

10-3 cm- 1 at >. = 1.06 J.lm, and Q: = 5.7 X 10-2 cm- 1 at>. = 532 nm. We see that the absorp

tion has increased by an order of magnitude in going from a wavelength of 1.06 J.lm to 532 

nm. The one-photon absorption edge has been measured previously to lie at a wavelength 

of 215 nm (Schultz), so the measured increase in loss is unexpected from bulk absorption 
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Fig. 3-16. Coupling illlo TiOz-doped fiber. As the input face is moved trans
versely. the coupling efficiency experiences a minimum on axis which corresponds to 
coupling into the low order LP01 with its higher nonlinear losses. 
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considerations. 

Compared with the lead glass fiber, there seems to be relatively little dispersion in f3 

for this material. This is not surprising in light of the one-photon absorption spectrum of 

the material (ref). The single photon absorption edge occurs at a wavelength of about 215 

nm in Si02- TiOz' This means that at 0.532 I'm, the two-photon energy is stilI less than the 

bandgap energy, insofar as a bandgap can be defined in an amorphous material like this. 

Therefore the TPA is probably linked to defect and trap states inside the normal transparent 

bandgap region. We can therefore expect the dispersion of the TPA coefficient to be less 

pronounced than in the case where the final state is in the conduction band. 
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CHAPTER 4 

EFFECTS AND APPLICATIONS OF TWO-PHOTON ABSORPTION ON 

ALL-OPTICAL SWITCHING AND SIGNAL PROCESSING 

In this chapter we examine the role of two-photon absorption (TPA) in the field of 

all-optical signal processing. First we review the macroscopic effects of TPA on the propa-

gation of light, describing the effects of optical limiting and pulse shaping. We then discuss 

nonlinear optical switching devices, in particular the nonlinear directional coupler. We show 

the effect of TPA on such a device. We finish by discussing the role of color centers (which 

can appear to mimic TPA) on such all-optical switching devices. 

Two-Photon Absorption and Propagation 

We first review the basic effects of TPA on the propagation of light. We first solve 

the equation of motion for the light intensity. We then demonstrate the effects of optical 

limiting and pulse shaping which are due to TPA. 

In the presence of one- and two-photon absorption, a beam of light propagating in 

the z direction obeys the equation of motion 

dl - = - al - f312 
dz ' 

(4-1 ) 

where Cl (f3) is the one- (two-) photon absorption coefficient. Note that the TPA term has 

the form of an intensity dependent absorption: 
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d[ 
dz = -(a + fJl)[ • (4-2) 

The attenuation equation (4-1) has the solution 

_ [(O)e-ax 
[(z) - 1 + fJ[(O)zeff ' (4-3) 

where we have defined the effective length of the interaction as Zett = (1 - e-ax )/a. As a 

approaches zero, the effective length becomes equal to the actual length, while for large 

absorptions, Zett = a-I. 

It is easy to see that (4-3) describes an optical limiter, where high intensity light is 

attenuated, but low intensity light is transmitted with little loss. Optical limiters are of prac-

tical interest (Wood, Powell). They could be used to protect sensitive detectors, or the 

human eye, from high intensity light, while allowing low intensity radiation to pass unatten-

uated. 

Fig. 4-1 shows the output of an ideal optical limiter, where all intensities above a 

certain value are clamped to that value, and also the output of a medium which uses TPA 

for limiting. In the case of TPA, if we let [(0) become arbitrarily large, we see that the 

output intensity never rises above the asymptotic value of (with a = 0) 

1 
[lim = fJL ' (4-4) 

where L is the length of the medium. This intensity also describes the input intensity at 

which the transmission of the medium has fallen to 50%. 

Practical optical limiters have been constructed using TPA. Using a combination of 

TPA and self-defocusing resulting from free carriers generated through TPA enables one to 

build a limiter whose characteristics are very close to that of the ideal limiter in Fig. 4-1 

(Van Stryland, 1985b). 

So far we have confined our attention to the case of a cw beam. Another effect 

manifests itself when TPA attenuates a pulsed laser. This is the fact that for any pulse 

shape except square pulses, TPA acts to change the shape of the pulses. This is due to the 
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nonlinear transfer function for the intensity (4-3). Pulse shaping can be useful in the case 

of all-optical switching, where the non-square shape of typical pulses has been shown to 

degrade the performance of switching devices (Weiner). 

The role of TPA in pulse shaping is seen in Fig. 4-2, where we have plotted the 

transmitted pulse intensity (normalized to the peak input pulse intensity 10 ) for differing 

values of of f3laL. Here we can see that increasing TPA causes the pulse to become flatter 

and broader, as well as decreasing its intensity. The effect is similar for other input pulse 

shapes. 

Note that TPA does not redistribute the energy in a pulse, it can only attenuate. We 

see that in the case of f3IL = 5 in Fig. 4-2, we have lost a substantial portion of the input 

pulse energy to TPA. Therefore, pulse shaping \:~ing TPA is not an efficient process. 

Effect of Two-Photon Absorption on All-Optical Switches 

As optical data transmission and storage systems become more common, it is desir

able to develop all-optical switching and signal processing devices to manipulate information 

which is optically encoded. Most of these devices operate by an accumulation of phase 

change achieved through the nonlinear index of refraction (Stegeman). In this section we 

discuss the effects of TPA on these sorts of devices, and consider one such device (the 

nonlinear directional coupler, or NLDC) in detail. 

In an ideal Kerr medium, the refractive index is by definition linearly dependent on 

the intensity through the nonlinear refractive index coefficient nz' 

n = no + ni. (4-5) 

110 is the linear index of the medium. Through this effect, an intense beam of light travel

ling through a nonlinear Kerr medium experiences an accumulated phase shift of 
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(4-6) 

where >'0 is the free space wavelength. As a rule of thumb, a switching device utilizing 

accumulated nonlinear phase change needs to accumulate roughly "-, or some small multiple 

of "-, of phase change to switch from one state to another. 

We have seen in Chapter 2 that TPA behaves as an intensity dependent absorption. 

Let us assume that the minimum throughput we can tolerate in our device is 50%. We see 

from (4-3) that this means that /3laL s 1. Combining this requirement with phase change 

requirement (4-6) of t.tP = nnr, we find the criterion 

m/3>'o 
-2- S I. n2 

(4-7) 

This criterion is very important. m is generally a small number, on the order of I - 4. For 

a given m, note that there are no device parameters contained in (4-7). As such, it repre-

sents a geometry independent, material specific criterion. In fact, this criterion can be recast 

into a form which involves only the phase of X(3). Using the relations (2-15) and (2-17) for 

n2 and /3, we have 

Im{x(3)} < _1_ 
Re{x(3) ) 2m1r . 

(4-8) 

Even in materials which cannot be described by a X(3) formalism (eg, semiconductors near a 

one-photon resonance), we can define phenomenological n2 and /3, and the relationship (4-7) 

must still be obeyed (Mizrahi). 

This relationship (4-7) is a potentially serious restriction on the applicability of a 

given material to all-optical switching applications. It identifies areas of the spectrum where 

a given material cannot function efficiently in this context. 



92 

Dispersion of the Two-Photon Parameter 

The relation (4-7) must be satisfied by any material out of which all-optical 

switches are fabricated. Another important characteristic of (4-7) is that it is strongly 

wavelength dependent. As we saw in Chapter 3, TPA (as well as n%) can be very strongly 

dispersive, and thus the numerical value of the left-hand side of the criterion (4-7) varies 

with wavelength. This dispersion limits the applicability of a given material to certain areas 

of the spectrum where (4-7) is satisfied. 

To examine the dispersion properties of (4-7), one needs values of n% and f3 at vari-

ous wavelengths. For most materials, this sort of data is not available. One then turns to 

theory, but again one finds that dispersion relations for the nonlinear index and absorption 

are scarce. One could compute the dispersion of (4-7) in, for example, a two or three level 

system, or use quantum mechanical perturbation theory to evaluate X(3) (Shen). 

A simple model of such a system is that of a two-level system, where the transition 

between the two levels is dipole forbidden, coupled to a manifold of states which provide 

the virtual intermediate state for the TPA process. The optical response of this system can 

be solved to all orders in the optical intensity (in the rate equation approximation, and 

within a rotating wave approximation: 2w + Wo » 2w - wo' where w is the field frequency 

and Wo is the two-level transition frequency; see Meystre), given that one knows the dipole 

matrix elements which describe the coupling of the two levels of interest to the manifold 

(Meystre). The resulting solution for the complex absorption coefficient (which is 

proportional to X(E» can be expanded in a power series in the optical intensity I. We then 

identify terms which are equivalent to X(3) (third order in the electric field), to get 

Im(x(3» '1 
Re(x(3)} - Wo - 2w ' 

(4-9) 

where again Wo is the two-level transition frequency, w is the optical field fequency, and '1 
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is the tinewidth of the two-level transition (more properly it is the dephasing rate of the 

off -diagonal density matrix element connecting the two levels; however, these concepts are 

beyond the level of this discussion, and one is referred to Meystre for a complete treatment). 

Using (4-8), this implies that the detuning from the two-photon resonance, 0 = Wo - 2w, 

must satisfy 0 > 21m1l', where m is the nonlinear phase shift, in units of 11', required for 

device operation. Thus we have an analytic formula for determining over which frequency 

ranges the criterion (4-8) is satisfied. 

The above model is of limited utility, since most envisioned optical switching dev-

ices would be constructed in solids (eg. semiconductors and glasses), which behave quite dif-

ferently than discrete level systems. 

Recently a simple analytical form of the dispersion of 112 and f3 has been found by 

Sheik-Bahae and coworkers for the case of a semiconductor (Sheik-Bahae). The theory 

begins with a dispersion relation for f3 derived by Wherret for a simple two parabolic band 

semiconductor (Wherret). This dispersion relation has been found to be quite accurate for 

many types of semiconductors (Van Stryland, 1985a, 1986). A nonlinear Kramers-Kronig 

transformation is then applied to obtain the corresponding dispersion relation for 112, Even 

though the analysis is not rigorous, the resulting expressions agree remarkably well with 

experiment. We can use these results to derive a dispersion relation for (4-7) in the case of 

a semiconductor. 

According to Wherret, the value of f3 follows the relation 

_ KVE; (2IiW) 
f3(w) - lIfiEi F2 Eg , (4-10) 

where K and Ep are (nearly) material independent, 110 is the linear refractive index and Eg is 

the band gap energy. The function F2 is equal to 

-----_.-._--_ .. _--_ ... 
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s 
F (x) = (x - I) 2 9(2x - I) 

2 x5' (4-11 ) 

e(x) being the Heaviside step function. This scaling law has been found to hold for many 

semiconductors over 3, wide range of wavelengths. From a single parameter fit to the exper-

imental data, the vaJue of K in (4-10) is determined (Van Stryland, 1985a). 

Sheik-Bahae et al. then apply the nonlinear Kramers-Kronig to the dispersion rela-

tion (4-10). There are formidable difficulties in rigorously applying the Kramers-Kronig 

relations to the nonlinear case. The usual Kramers-Kronig relation is 

00 

new) = f I dW' a(w\ 2 ' 
11' 0 w2 -w 

(4-12) 

where c is the speed of light. If the action of an external perturbation € modifies the mater-

ial response, we can alter (4-12) to read 

Lln(w;€) =f I:w' Lla(W';P . 
11' 0 W2 -W 2 

(4-13) 

Sheik-Bahae el al. take the external perturbation € to be the presence of a pump beam at 

frequency w, and rewrite Llex = {31(w) and Lln = ni(w). 

A difficulty arises here. In the numerator of (4-13), we need to know the full 

dispersion properties of {3, ie, we must know the absorption induced at frequency w' by the 

pump beam at frequency w. This is what we refer to as "cross TPA", and is denoted by the 

coefficient {3(w, w\ Unfortunately, the dispersion relation (4-10) includes only what we 

might call "self TPA", or {3(w, w). Sheik-Bahae et al. now make the assumption that 

(4-14) 

If the intermediate state in the TPA process is virtual, or if wand w' are roughly equal, we 

should expect (4-14) to be a fair approximation. At w far from w', the denominator of 

(4-13) reduces the contribution of these poorly approximated regimes, thus preserving the 

overall usefulness of the assumption (4-14). 

--.----~-------
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Under these assumptions, Sheik-Bahae et al. perform the integral (4-13) to obtain a 

dispersion relation for "2: 

_ KfzcV£; (fzW) 
"2 - 2111,EJ G2 Eg • (4-15) 

The dispersion function G2 is given by 

(4-16) 

By keeping the value of K determined from the fit of experimental TPA data to (4-10), we 

have no free parameters in (4-16). Even so, the agreement of experimental "2 data to the 

function (4-16) is remarkably good over 4 or 5 orders of magnitude of "2 values (Sheik-

Bahae). Thus it appears that we have a useful working model for the dispersion of {3 and "2 

for a semiconductor medium. 

We can now recast the criterion (4-7) into the form (for m = 4) 

T = 2{3).o _ 81r F2(x) 
- "2 - X G

2
(x) , 

(4-17) 

where x has been defined as fzw/ Eg. The value of m = 4 was chosen because of its rele-

vance to the nonlinear directional coupler (Wright), as discussed in the next section. 

We have plotted the criterion T from (4-17) in Fig. 4-3. For fzw/Eg < 0.5, there is 

no TPA in this model and thus T = O. As the photon energy begins to exceed half the band 

gap energy (ie, as soon as TPA is allowed), the criterion T very quickly becomes greater 

than unity and the criterion (4-7) is violated. (The singularity in T at fzw !:!:! 0.75Eg occurs 

because ":I. goes to zero there as it changes from a positive quantity at longer wavelengths to 

a negative quantity at shorter wavelengths). This would suggest that in order to use the 

non-band gap resonant nonlinearity in a semiconductor, the photon energy must be kept out 

of the regime where TPA is allowed, ie, fzw < Eg/2. This is a very restrictive requirement 

on potential materials. 

The conclusion in the previous paragraph has implications in the selection of materi-



E-4 

~ 
Q) 
~ 
Q) 

E 
cd 
~ 
cd 
~ 

..:x: 
~ 
E-4 

1000 

100 

10 

1 
0.4 0.5 0.6 0.7 0.8 0.9 

Photon Energy/Band Gap 
1.0 

96 

Fig. 4-3. Dispersion of the two photon parameter T = 2(3)./n2• For fiw/Eg < 0.5, {3 
= 0, and thus T = O. For regions where TPA is allowed, T is greater than wlity 
almost everywhere (implies poor optical switching in these regions). 



97 

als for all-optical switching devices. If we confine our attention to semiconductor materials 

and non-bandgap resonant processes, we can ask what materials are suitable at wavelengths 

of interest to all-optical switching (eg, 1.3 and 1.5 pm). Since the nonlinear refractive index 

coefficient decreases monotonically from liw = Eg/2 to lower values of liw (Sheik-Bahae), 

the optimal operating point is just below the two-photon band gap, ie, liw just less than 

Eg /2. We find that for>. = 1.3 pm, this is true for C~ Se1_x for x ranging from 0.5 to I. 

At a wavelength of >. = 1.5 pm, CdSe appears to be a good choice. In GaAs at 1.5 pm, 

liw/Eg = 0.58, which indicates that the effects of TPA are significant. CdTe has roughly the 

same bandgap energy as GaAs, so again we expect TPA to be large at 1.5 pm. 

The dispersion relations (4-10) and (4-15) have been shown experimentally to hold 

for a wide variety of semiconductors and wide bandgap crystals (Sheik-Bahae), thus we 

expect the relation for the dispersion of T (4-17) to be valid in these regimes as well. 

We should pause here to comment on the applicability of the above model. The ori

ginal dispersion relation (4-10) was derived for a semiconductor with two parabolic bands. 

The presence of impurities leading to allowed states in the bandgap can lead to a breakdown 

of the assumption (4-14). Also, the model only applies to bound electronic nonlinearities. It 

does not include nonlinearities due to excitonic resonances or bandfilling effects due to 

appreciable excitation of the material. These effects are expected to dominate when the 

single photon energy becomes close to the bandgap energy, eg., liw/Eg > 0.9. This point is 

more fully explored in the next chapter following the discussion of the semiconductor

doped glasses. 

We can estimate the highest intensity at which we expect the effect of generated 

carriers to become non-negligible. If we assume that the only mechanism generating free 

carriers in the semiconductor is photoexcitation by TPA, we have 

----_._---_._ ... --_.-
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(4-18) 

where N is the number of carriers per unit volume. Let us identify a maximum carrier 

concentration N max for which the previous analysis holds. Then we have for the maximum 

allowable intensity 

(4-19) 

If we choose Nmax = 1016 cm-3 (according to the plasma theory model referred to in the 

next chapter (L. Banyai), this value of carrier density is just below the regime where 

macroscopic material parameters (absosorption and index) begin to change significantly), >. = 

114m, (3 = 10 cm/GW, and T = 10-9 sec as typical values, we find Imax = 2 X 107 W/cm2. 

This intensity is not so high that we cannot expect to encounter it in practice, thus this is a 

limitation to the above discussion that should be kept in mind. At intensities higher than 

[max' the excitation of the material becomes large enough that effects not included in Wher-

rett's analysis (eg., bandfilIing effects, bandgap renormailzation, etc.) may begin to contibute 

to the nonlinear coefficients (L. Banyai). 

It is not clear how much, if any, relevance this analysis has for other materials, such 

as glasses. However, we can now evaluate the two-photon parameter T == 2(3)./n2 for the 

lead glass and titanium-doped glass, using experimentally measured values for (3 and n
2

• 

In the lead glass fiber, we evaluate T for a wavelength of 1.06 !Jm. We can use the 

previously reported (Adair, 1987) value for n2 in SF-6 glass of 1.9 x 10-6 cm2/GW, and our 

measured value of (3 = 0.013 cm/GW from Table 3-1. We find a value of T = 1.4 at this 

wavelength, indicating that switching may be marginal. As we move to shorter wavelengths, 

the dispersive nature of (3 probably dominates the T parameter, leading to even less favor-

able material constants. 

In the TiOz-doped fiber, we expect the value of n2 to lie between the values of nz in 
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Si01 and Ti01 (Hall, 1989; Vogel). Using the pure Ti01 value of "1 = 9.4 X 10-6 cm1/GW 

(Adair, 1989) as a maximum, and f3 = 0.94 cm/GW, ~ = 1.06 IJm, we find that T = 21. This 

indicates that the TPA in this material is far too strong to observe any optical switching 

based on nonlinear phase change. At shorter wavelengths, we can expect an even worse sit

uation, because once the two-photon energy exceeds the bandgap energy the TPA coeffi

cient f3 should be greatly enhanced. Also note that the value of "1 in the fiber is probably 

smaller than in pure Ti01, and thus the true value of the T parameter is even larger. 

We see that even at wavelengths less than half the bandgap energy, TPA in lead

and titanium-doped silica glasses is strong enough to cause serious concerns for optical 

switching. It may turn out that the very dopants which provide an enhancement in "1 also 

create enough trap and defect states to make the amount of TPA unacceptable for all-optical 

switching applications. The situation appears to worsen at shorter wavelengths: once the 

two-photon energy is larger than the bandgap, the enhancement in f3 may cause the T < I 

condition to be violated even more strongly. The discussion following (4-17) indicated that 

in a semiconductor, T is too large for wavelengths where the two-photon energy exceeds the 

bandgap. The observations in the Ti01-doped fiber and in the lead glass fiber suggest that 

in metal-ion-doped Si01 the conclusion may be the same. Of course, we have only a very 

small sample of glasses represented here, and it is likely that systems can be found where 

this conclusion is not valid. However, these studies do point out the need for continued in

vestigation into TPA and its effects in glassy materials. 

An All-Optical Switch: The Nonlinear Directional Coupler 

Let us now investigate how this two-photon criterion applies to a specific device, 

the NLDC. First let us examine the linear behavior of the device, and then include the 
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effects of the nonlinear refractive index and absorption. 

The NLDC is a prototypical all-optical switching device. Since this device was ori

ginally proposed (Jensen; Maier), there has been much research activity directed toward the 

properties of this device (Caglioti; Trillo, and references therein). The NLDC often serves 

as a test bed for demonstrating new ideas and discoveries in all-optical switching due to its 

familiarity and conceptual and mathematical simplicity. 

A NLDC is constructed by fabricating two identical and parallel waveguides, which 

could be two fiber cores, two planar waveguides, or two channel waveguides (for this 

discussion we assume channel waveguides), each of which we assume is single mode for 

simplicity. Let us also assume that the two waveguides are so closely spaced that the eva

nescent tail of the electric field of one waveguide's guided mode overlaps with the field of 

the other waveguide. In this case, the modes of the individual waveguides are no longer 

orthogonal, and power is coherently exchanged between them. The characteristic coupling 

length Lc after which all the power in waveguide one has transferred to waveguide two 

obeys the relationship 

(4-20) 

where E1,2 are the electric field profiles of guided mode of the first and second waveguide. 

The result (4-20) is derived through coupled mode theory (Jensen; Stegeman), and thus is 

valid only when the coupling between the two waveguides is weak enough that the field 

profiles E 1,2 can be considered identical to their form in the case of a single isolated guide. 

In the linear regime, the NLDC behaves as two coupled simple harmonic oscillators, 

with complete exchange of power between the two modes every coupling length. The addi

tion of the nonlinearity causes the behavior of the NLDC to become power dependent. The 

coupled mode analysis then yields to first order 



101 

(4-2Ia) 

(4-2Ib) 

Here a1,2 are the slowly varying field envelopes of the two guided modes, and Aeff is the 

effective area of the nonlinear self-interaction of a single mode, which is proportional to 

Idxdy £4. The normalization of the field envelopes has been appropriately chosen so that 

lal l2 is equal to the power carried in mode I, and similarly for mode 2. In the low power 

regime, the system behaves as the linear system: after a single coupling length Lc ' all the 

power has coupled from the input channel to the other channel. At high powers, however, 

the nonlinear terms in (4-21) serve to introduce a phase mismatch between the two chan-

nels, and the power transfer is frustrated. When the input power reaches a value of P = 

1.25Pc (where Pc is the critical power defined by Pc = 27rAefflkoll'J.Lc), 100% of the input 

power is found to leave the device in the same channel as it was input. Therefore the 

NLDC is a power dependent switch. 

Fig. 4-4 illustrates this behavior schematically. We see how the low intensity input 

pulse is totally coupled over into the second channel, while the high intensity pulse remains 

completely in the input channel. This sort of an all-optical switching device would allow 

routing of optical information based on the intensity of the light, and could conceivably 

switch as fast as the response time of the nonlinearity (as fast as femtoseconds for 

nonresonant nonlinearities). Of course, in practice, there are many limitations in the opera-

tion of a NLDC. We shall discuss some of these below. 
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input output 

JlSL----- JL bar 

..JL cross 

Fig. 4-4. Schematic of a nonlinear directional coupler (NLDC). Low intensity 
pulses input illto the upper guide couple into the lower (cross) guide. while high in
tensity pulses remain in the upper (bar) guide. 
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The NOlllillear Directiollal Coupler with Two-Photoll Absorption 

Now let us examine the effects of TPA on a NLDC. The addition of TPA modifies 

the equations of motion (4-21) to read 

dal i7r (. fl) Z dz = 2Lc a2 + lkrfl2 - 2 lall al/Ae!! (4-22a) 

~:= 2~cal+ (iko1l2- ~JlazIZaz/Aeff' (4-22b) 

where f3 is the TPA coefficient. We can examine the effects of TPA on this device by con-

sidering the quantity known as the switching fraction. The switching fraction is defined as 

the fraction of the total output power appearing in the input guide (hereafter called the bar 

channel; the other guide is commonly referred to as the cross channel). We consider a 

device one coupling length long. In Fig. 4-5 we see the switching fraction as a function of 

the input power (normalized to the critical power Pc) for various values of the parameter T, 

which is defined as T == 2f3>"o/llz. We see that for no TPA (T = 0), the switching fraction 

reaches 100% at a power of 1.25Pc : all of the input light appears in the output of the bar 

channel. As we increase TPA (T > 0), we see that not only does the maximum switching 

fraction decrease, but also the amount of input power needed to achieve this amount of 

switching increases. Both of these effects are undesirable. 

Fig. 4-6 shows the input power (known as switching power) at which the maximum 

switching fraction in Fig. 4-5 occurs as a function of the parameter T. As mentioned 

above, as T (and TPA) increases, so does the switching power. We can make an analytic 

estimate of the effect of TPA on the switching power of the NUX by examining the 

amount of accumulated nonlinear phase change. If we consider the input guide as isolated 

(no coupling to the cross channel), we can evaluate the accumulated phase change 6.¢ along 
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Fig. 4-5. Output switching fraction (fraction of output power in the input (bar) 
guide) as a fWlction of input power for various values of the two photon parameter 
T. As T increases beyond unity, switching efficiency is degraded. From DeLong, 
J989a. 
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the guide: 

(4-23) 

Using the form of l(z) in the presence of TPA «4-3), for Q = 0) and the definition of T 

(4-17), we can evaluate (4-23) to get 

P = f (e ~t1 - I], (4-24) 

where P is the input power normalized to the critical power, as before. The NLDC without 

TPA switches at a power where fl.¢! = 2.511". In Fig. 4-6 we have also plotted the switching 

power predicted by (4-24) for fl.¢> = 2.511" and 211". The reason that these analytic estimates do 

not agree with the full numerical solutions is that the coupling to the cross channel affects 

the evolution of the phase in the bar channel (and vice versa), invalidating the assumption 

of (4-23). 

In Fig. 4-7, we find an even more serious limitation. The solid line represents the 

maximum switching fraction achieved at the switching powers indicated in Fig. 4-6 as a 

function of T (this is output switching fraction, or the fraction of the total output power 

appearing in the bar channel). The dotted line, however, represents the amount of power 

appearing at the output of the bar channel as a fraction of the total input power. Here we 

see that at a T value of unity, for example, even though nearly all the output power appears 

in the bar channel (output switching fraction nearly unity), this amount of power is roughly 

just 60% of the input power. Fig. 4-7 suggests that before TPA spoils the switching chamc-

teristics of a NLDC, the amount of power lost to the nonlinear absorption is appreciable. 

We can determine the reason that TPA spoils the switching characteristics of a 

NLDC. This is summarized in Fig. 4-8, which shows power in the two channels of the 

NLDC as a function of distance along the coupler. In Fig. 4-8a, we see the case where 
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5 

Fig. 4-6. Power at which maximum switching fraction is reached (see Fig. 4-5) as 
a function of the two photon parameter T. Also plotted are analytic estimates for 
switching using (4-24). with tlr/! = 2.511" and 211". 
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Fig. 4-7. Amount of power appearing at the output of the bar channel as a fraction 
of total output power (output switching fraction) and total input power (throughput). 
The effects of TPA are most serious for the throughput of the device. 



108 

there is no TPA (T = 0). For input powers less than pc. the energy exchanges between the 

two channels. When the input power is increased above pc. the coupling is frustrated and 

the energy remains in the bar channel, yielding 100% of the power in the bar channel at a 

length L = Lc. In Fig. 4-8b, we see a coupler with T = 1. We see how the input power 

drops below Pc very quickly, so that a large phase mismatch is not able to build up. With 

the power less than pc. linear coupling is no longer frustrated, and the NLDC begins to 

operate once more as a linear coupler, and the power is exchanged between the two guides. 

However, due to the slight phase mismatch introduced at the input of the coupler, the 

energy exchange is no longer 100% efficient the coupler no longer achieves a switching 

fraction of 100%. 

Another way to monitor the behavior of the NLDC is by observing the evolution of 

the phase. In Fig. 4-9, we see the phase of the fields in the two guides as a function of dis

tance along the coupler. In Fig. 4-9a, we see the T = 0 (no TPA) case. At low powers, the 

phase difference between the fields in the two guides remains at approximately 7r/2 (as it 

does in the linear coupler). At high powers, the phase difference 4>1 - ¢2 decreases and 

becomes negative, and at a distance of one coupling length, becomes -7r/2. At this point 

100% switching has occurred. For the T = I case, the low power evolution remains rela

tively unchanged. The phase in the high power case, however, is radically different. The 

phase difference evolves toward zero. and then oscillates around this point without ever 

reaching the switching point of -7r/2. Thus the coupler never switches with complete effi

ciency. 
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Fig. 4-8. Evolution of power along the length of a NLDC for low powers (dashed 
lines) and high powers (solid lines). (a) No TPA. (b) T = 1. 
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Fig. 4-9. Evolution of the phase of the optical field along the length of a NLDC. 
for the case of no TPA (a). and for T = 1 (b). The reversal of phase difference at 
L = Lc occurs in (a) does not occur ill the presence on TPA (b). This accounts for 
the degraded switching in a NLDC with TPA. 
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Pulsed Response of NLDC 

Up to this point, we have been considering only the cw response of the NLDC. 

However, we find that for pulses which are not square the response of the NLDC is deg

raded (Kitayama; Weiner). This is most easily seen by examining the energy transfer char

acteristics of the device. Energy is an appropriate quantity to monitor since for short pulses 

mos( envisioned devices would not resolve the structure of a pulse of light but instead would 

employ integrating detectors. 

Fig. 4-10 presents the energy response of an NLDC for square (identical to cw case) 

and gaussian shaped pulses. We see how the switching of gaussian pulses is incomplete. 

This occurs because the wings of the pulse have an intensity which is too low to switch the 

coupler, and thus they represent leakage into the cross channel. We see that no matter how 

intense the input pulse is, there is still light emerging from the cross channel. This is a deg

radation of the NLDC response: the distinction between the "on" and "off' states is being 

lost. 

At this point we should mention that TPA has been seen to produce a type of 

switching action in an NLDC (Townsend). However, this is not the usual switching action 

which we have been discussing, but instead is due to a differential absorption in the two 

guides of the NLDC. In fact, this behavior was also seen in NLDC's made in semiconduc

tor-doped glass (Finlayson, 1988), where the differential absorption was caused by an 

absorption which decreased with increasing intensity. In both cases the material exhibits an 

intensity dependent absorption, but the sign of the absorption change is opposite for the two 

cases. TPA has also been observed in experiments dealing with spatial solitons in wave

guides (Aitchison; Aitchison). 

In light of the pulse shaping effects of TPA, we can investigate whether pulses 
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Fig. 4-10. Integrated output pulse ellergy for a NLDC for square (cw) and gaus
sian shaped pulses. The gaussian pulse response fails to achieve total discrimina
tion between the "Oil" and "off" state. 
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shaped by TPA could be used to improve the energy transfer characteristics of the NLDC. 

Consider passing a gaussian pulse through a medium with TPA, and then propagating the 

resulting pulse through a NLDC. Fig. 4-11 shows the results of just that calculation. A 

gaussian pulse was propagated through a two-photon absorber with f3loL = 10. This pulse 

was then injected into the NLDC (which had no TPA). The resulting energy transfer char

acteristics of Fig. 4-11 reveal that this amount of shaping brings no major improvement to 

the energy switChing characteristics of the NLDC. Also, we have lost a large portion of the 

initial gaussian pulse's energy to the TPA shaping process. In view of these facts, it does 

not appear that pulse shaping using TPA is a useful procedure for improving NLDC 

response. 

Color Centers and All-Optical Switching 

In this section, we point out that color centers also pose a limitation to materials for 

all-optical switching. The model proposed in the previous chapter predicts that color centers 

can mimic TPA, and thus impose the same restrictions on switching devices as was discussed 

earlier in this chapter. Color center induced absorption has a slow response compared to 

true TPA; however, we cannot avoid the effect of color centers by using short pulses due to 

the cumulative nature of color center formation. 

Although the above discussion of limitations to all-optical switching was couched in 

the terms of TPA, we note that any absorption that is linearly dependent on intensity pro

duces the same effects (see (4-2». We can define a phenomenological intensity dependent 

absorption coefficient f3p by writing the nonlinear absorption as ClNL = f3p I, where 1 is the 

laser intensity. This nonlinear absorption can arise from several sources, among them TPA 

and color center induced absorption. 
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A model for the dynamics of the formation and destruction of the color centers was 

proposed in the previous chapter which assumes color centers are formed by two-photon 

absorption of a laser and destroyed by one-photon absorption (White; Rothschild; DeLong, 

1990a). The color center induced absorption aee is assumed to be linearly proportional to 

the color center population density N, or aee = alN, where a l is the proportionality constant. 

The color center population density changes according to 

dN = AI2 _ BIN 
dl ' 

(4-25) 

where A (B) is the creation (destruction) coefficient, and I is the laser intensity. We can see 

that color center induced absorption can mimic TPA by solving (4-25) in steady state, to get 

N = AI/B. The absorption due to this color center population is aee = alN = alAI/B, which 

is an absorption that is linear in intensity. Since true TPA is also an absorption that is linear 

in intensity, we call the quantity Pee = alA/B the effective TPA coefficient for the color 

center absorption. In steady state, a color center induced absorption which is linear in in-

tensity is indistinguishable from true TPA. The total intensity dependent absorption coeffi-

cient fJp is thus be a sum of the true TPA plus the color center induced absorption, or fJp = 

fJTPA + fJee • 

Because color center induced absorption has a finite response time, generally on the 

order of micro- to miIliseconds (as discussed in the previous chapter) for the kinds of inten-

sities that we are concerned with, one might suppose that by using short pulses the effects of 

the absorption could be reduced. However, even though color center induced absorption 

does not respond instantaneously, it stilI limits all-optical switching applications because the 

effects of color center formation are cumulative (DeLong, 1990b). The use of short pulses 

will not avoid color center formation, since the size of the color center population is depen-

dent on the integrated fIuence E through the material. Solving (4-25) for square pulses (or a 

cw beam) yields 
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N = NSQ/ (1 - e-BE ) , (4-26) 

where E is the fluence, and NSQ/ = AIIB is proportional to the peak intensity. This behavior 

has also been observed empirically in silica (Gagarin). Therefore, although the number of 

color centers formed during an individual pulse may be small, after a sufficient number of 

pulses pass through the material an appreciable population forms. The final value of the 

color center induced absorption is linearly proportional to the peak intensity. 

The model represented by (4-25) may also suggest a solution to this problem. Ima

gine a fiber communications system transmitting high intensity, low fluence, short duration 

pulses. Color centers form and accumulate according to (4-26). Now it is possible to bleach 

the color centers by applying a low intensity, high fluence beam. For a high fluence beam, 

(4-26) predicts a rapid equilibration of the color center populations. However, the low in

tensity implies a small value for Nsat ' Thus the color center populations could be kept 

within reasonable bounds. However, this represents additional complication and power con

sumption in a practical system, which is unattractive. 

Since color centers can mimic TPA, they can also contribute to optical limiting as 

discussed earlier in this chapter. In this case, the slow response time of color center induced 

absorption imposes some restrictions. Fer example, color center induced absorption cannot 

be used to shape pulses which are faster than the response time of the absorption. However, 

the color center induced absorption eventually reaches a level proportional to the intensity of 

the pulses according to (4-26), which predicts that this absorption forms on the time scale of 

T = II BI. As long as the features which are to be limited are slower than this characteristic 

time, color center induced absorption is effective as an optical limiter. 

This notion can be made quantitative by calculating the response of the color center 

populations to a time varying intensity. If the color center populations can follow the 

changes in the intensity, then optical limiting occurs just as in the case of instantaneoulsy 



following TPA. To perform this calculation, we rewrite (4-25) as 

(:1 + BI(t) )N(/) = AI2(/) . 

The homogeneous solution to the left-hand side of (4-27) is 

N(/) - N(I) exp[-B I;dt' [(/')] , 

where l is an arbitrary time. Now we note that 

~ AI'(/) e+ (d( [(/)] . 
If we now integrate both sides of (4-29) from 1 to 1 + t11, we find 

N(t+t1t) = N(I) exp B Jt+~; 1(/) + A exp -B Ie d/ 1(/) 
[ 

1 1 [t+t1/] 

x t dt J2(t) exp B Ie d/ 1(/) . 
t+t11 [I" 1 
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(4-27) 

(4-28) 

(4-29) 

(4-30) 

If the intensity is a periodic function of time, we can set t11 in the above discussion equal to 

the period of the intensity. In a dynamic steady state, then, N(t) = N(t + t1/) == Nss (I). For 

our discussion we choose a sinusoidal function of the form 

(4-31) 

which has a period t11 = 21r/w. Substituting (4-31) into the resulting equation for Nss(t) 



yields the final result 

HAt t+At 

A I dt 12(t) exp -B t, dt' I(t') 

lijA exp - B:o (I + :: + ~Sin(wt») 
1 

Nss(t) = 8 I _ e-B1o'lr/w 

" " " BI" " t+27r/w [1 
x { dt (3 + 4cos(wt ) + cos(2wt » exp -t-(t + ~sin(wt ») . 

lIS 

(4-32) 

(4-33) 

We have evaluated (4-33) numerically. As the intensity goes from its maximum (10) 

to zero, the color center population also experiences minima Nmin and maxima Nmax . In 

Fig. 4-12 we have plotted the amount of modulation, which we define as (Nmax -

Nmin )/(Nmax + Nmin ), as a function of the ratio of the response time of the color centers 

I/Blo to the inverse frequency of the intensity I/w. We see that as the characteristic time of 

the intensity approaches the response time of the color centers (w/ BI 0 ~ 1), the amount of 

modulation of the color center population begins to fall, eg., the color center population 

cannot follow changes in the intensity faster than roughly I/Blo' precisely as the intuitive 

argument preceeding (4-27) suggests. This means that for low frequencies, or high intensi-

ties, color centers (with a time rate of change obeying (4-25» can be used for optical limit-

ing in the same way as TPA. 
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Fig. 4-12. The amount of modulalion of the color center populalion. (N max -
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CHAPTER 5 

ONE-PHOTON ENHANCED NONLINEARITIES -

SEMICONDUCTOR-DOPED GLASS 
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In this chapter we examine a material which uses a one-photon resonant nonlinear

ity, semiconductor-doped glass. We first discuss the nature of the mechanism responsible 

for the nonlinearity in this material. We present a detailed model which illustrates the com

plexities of this systp.m. Again, we evaluate the suitability for optical switching of this mat

erial in the context of TPA. 

Semiconductor-Doped Glass 

Semiconductor-doped glass (SDG) is a composite material, formed from glasses 

doped with semiconductor microcrystallites. In this chapter, we are concerned with glass 

doped with microcrystallites (100 }{ diameter) of CdSx Se1-x ' SDG is commercially available 

in the form of long-wave-pass colored glass filters from Corning (eg. 3-6x series) and Hoya. 

The experiments in this chapter were performed using Corning 3-68 color filter glass. The 

particular filter used in the experiments in this chapter had a thickness of 2.77 mm, had a 

10% transmission wavelength of 527 nm, a 50% transmission wavelength of 535 nm, and a 

85% transmission wavelength of 565 nm. 

There are several aspects of SDG which are attractive from an all-optical switching 

viewpoint. It is well known that the nonlinear refractive index coefficient in semiconduc-
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tors can be very large (on the order of 5 orders of magnitude larger than fused silica; see 

Jain). However, free carrier diffusion can limit device performance (Heatley), and the long 

carrier relaxation lifetimes of bulk semiconductors (!::! I nsec) prevent fast recovery of the 

system, frustrating fast switching, and are thus undesirable. By doping a host glass with iso

lated microcrystalIites, one avoids diffusion effects on length scales larger than the micro

crystallite size. The increased surface area to volume ratio increases the availability of sur

face recombination sites, thus reducing the free carrier lifetime. Using glass as a host allows 

one to utilize the technology developed for glass waveguide fabrication. SDG has been the 

subject of many investigations (Jain; Yao; Olbright; Roussignol, 1987a; Horan; Hall, 1988). 

It has proven to be very easy to fabricate waveguides in the host glass, and a number of 

nonlinear guided wave interactions have already been demonstrated (Cullen; Gabel; Patela, 

1986a, 1986b; Assanto; Finlayson, 1988; W. C. Banyai). 

Degenerate Four-Wave Mixing and Nonlinear Transmission 

The semiconductor-doped glasses (SDG) provide an example of a nonlinearity which 

is enhanced through a single photon resonance. We investigated both theoretically and 

experimentally the nonlinear optical properties of the SDG using nonlinear transmission and 

degenerate four-wave mixing (DFWM) measurements. 

Commercially available long-wave pass color filters are made of semiconductor

doped glass. The experiments discussed below were performed on Corning 3-68 glasses. 

These were studied primarily with a pulsed Nd:YAG laser, frequency doubled to yield IS 

nsec pulses with a 532 nm wavelength at a 10 Hz repetition rate. Some experiments were 

also performed with a frequency doubled Nd: Y AG which produced 30 psec pulses, which 

enabled us to use higher peak powers. The detailed results of the experiments are presented 

---.... ------- ---.~---------------~~------.. 
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later in this chapter, following the development of a mathematical model which enables in

terpretation of the experimental results. 

In order to measure the transmission of the sample, the flue nee of the beam before 

and after the sample was measured with a pulse energy meter. As the intensity of the inci

dent laser radiation was increased, the transmission was seen to increase. This saturation of 

the absorption is discussed later in the context of band-filling effects. 

The usual phase-conjugate geometry was used in the DFWM experiments, as shown 

in Fig. 5-1. In this geometry, the forward pump beam If and the probe beam Ip are copo

larized and incident on the same spot on the sample. The resulting intensity fringes effec

tively write a volume grating into the material, since the refractive index (and in this case, 

also the absorption) is a function of the local intensity. A third beam, I b , is cross-polarized 

to and collinear (but counter-propagating) with If. This beam is Bragg-matched to scatter 

off the index and absorption grating in the sample to produce a signal beam Is which is col

linear and counter-propagating with respect to the probe beam. The two pump beams (If 

and I b ) were of equal intensity, while the probe beam Ip was 20-40 times weaker in inten

sity than the pumps. The intensity of all the beams was controlled by a single polar

izer/halfwave plate combination (see Fig. 5-1). No change in the DFWM reflectivity vs. in

tensity data was observed as the ratio Ip / If was varied. 

The fluence of the probe and signal beams was again measured with a pulse energy 

meter. We define the DFWM reflectance as the ratio of the signal beam fluence to that of 

the probe beam. Experimentally, we record the DFWM reflectance as a function of the 

peak intensity of a single pump beam. In an ideal Kerr medium, this reflectance should in

crease as the square of the pump intensity (Pepper). This behavior was not observed in our 

experiments, where instead we see a levelling off of the reflectivity as we increase the pump 

intensity. In order to understand why, we must first examine the nature of nonlinear optical 
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Fig. 5-1. Experimental setup lor lour-wave mixing. showing the lor ward and 
backward pumps (I I and I b) as well as the probe (I p) and signal (Is) beams. H. 
hallwave plate; p. polarizer; BS. beam splitter; D. detector. Below. the grating pic
ture 01 lour-wave mixing. II and Ip interlere to produce a grating which scatters 
Ib into Is. 
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response of a semiconductor. We then construct a model, and compare the results of the 

experiments against the predictions of the model. 

Optical Nonlinearity in SDG 

The specific mechanism responsible for the nonlinearity in the SDG is band filling 

(Lee). When laser light is incident at a wavelength which falls in the absorbing region at 

energies just below (the region known as the Urbach tail) or higher than the bandgap, the 

absorbed photons promote carriers to the conduction band. If a significant number of these 

carriers are generated, they begin to fill the lower states in the band, making them unavail

able for further valence band carrier transitions. This in effect shifts the band edge to 

higher energies, and shorter wavelengths (See Fig. 5-2). This change in absorption is related 

to a change in the index of refraction through the Kramers-Kronig relations as in Chapter 

4. This is the origin of the main contribution to the nonlinear refractive index. 

In our model, the plasma theory of Banyai and Koch was used to describe the 

response of the semiconductor to incident light (L. Banyai). Previous experiments have 

verified the predictive power of this model (Lee). The plasma theory is a two-band model, 

which includes nonlinearities due to bandfilling, band-gap renormalization, and exciton 

screening. The theory predicts the one-photon interband 2bsorption coefficient Cl.{N) and 

the change in refractive index ~n(N) of the semiconductor as a function of the carrier den

sity N in the conduction band. The predicted absorption shows a functional dependence of 

the form Aexp(-N/No) - B. Here the values of A, B, and No are dependent on specific 

system parameters, such as the ratio of sulfur to selenium in the microcrystallites, the detu

ning of the laser wavelength from the bandgap, the temperature, etc (For our system we 

have A = 9.88 em-I, B = 3.7 em-I, and No = 1.45 X 1018 cm-3). Note that if enough carriers 
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Fig. 5-2. Bandfilling ill a semiconductor. Photoexcited carriers occupy the lowest 
stales in the conduction band (a). resulting in all increase in the effective bandgap 
(b). The shift ill the absorption edge implies a similar shift in the refractive index. 
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are excited to the conduction band, the system can reach population inversion and exhibit 

gain. The crossover from absorption to gain (for our particular set of system parameters) 

occurs in this theory at carrier densities of 1.4 x 1018 cm-3 (inside the crystallites of the 

SOO). The predicted change in refractive index relative to that of the unexcited semicon-

ductor is approximately linear in carrier density, and reaches the value of All = 4.5 X 10-5 at 

the absorption/gain crossover point. These two response curves a:(N) and AII(N) form the 

basis for the modeling of the response of the SOO. 

Model 

A model was developed to describe the response of the SOO in nonlinear transmis-

sion and degenerate four-wave mixing experiments. The model tracks the optical intensity I 

and carrier density N in the material as a function of space and time. An initial value of N 

= 1015 cm- 3 is assigned to the equilibrium carrier density (chosen to be well within linear 

ranges). The photogene rated carrier density is driven by the local optical intensity according 

to 

dN = _ (N)(I + AN + BN2) + gfJjJJ. + ..P.!!..-. . 
dt TO liwp 2liwp 

(5-1 ) 

Here To is the linear relaxation time, A is a radiative relaxation term, B describes Auger rec-

ombination, Q and f3 are the macroscopic one- and two-photon absorption coefficients, liw is 

the photon energy, and p is the volume fill fraction of the semiconductor in the host glass 

matrix (approx. 10-3). (For a complete description of these various parameters as they relate 

to semiconductors, see Pankove; Blakemore.) In this work, we consistently refer to the opti-

cal properties of the microcrystalIites as the microscopic properties, while the term 

macroscopic refers to the properties of the composite structure. These two are related 

through the volume fill factor p. We can write a rate equation such as (5-1) because the in-
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traband relaxation time (thermalization of hot carriers) and the dephasing time of interband 

coherences by intraband scattering are much shorter than the -pulse widths of interest 

(femtosecond as opposed to picosecond; see Auston, 1990). Here, Ct and fJ are the macros-

copically measured absorption coefficients of the entire composite structure. We thus must 

include the fill fraction p in the source terms in (5-1) to account for the locally higher 

values of Ct and fJ in the microcrystallites themselves. The host glass is assumed to be tran-

sparent, and we assume the field in the crystallites to be equal to the incident field. 

The nonlinear transmission model follows a pulse of light through the material, 

tracking the local carrier density by (5-1), and the intensity via 

dl = -cr(N)1 - fJI'- - aNpl - Ct I dz ns , (5-2) 

where a is the microscopic free carrier absorption cross-section, Ctns is a (macroscopic) non-

saturable component of the absorption, and z is the direction of propagation. The intensity 

of the pulse leaving the material is then integrated numerically and normalized to the input 

energy to give the total energy transmittance, which was the experimentally measured quan-

tity. 

The experimental arrangement used for DFWM was the conventional phase conju-

gate geometry (Fisher) (see Fig. 5-1), with two orthogonally polarized counterpropagating 

strong pump beams, and a weak probe incident at a small angle (3-5°) to one of the pumps 

(called the forward pump). The weak probe beam is polarized parallel to the forward pump. 

This combination of polarizations ensures that only one grating contributes to the DFWM 

signal (Steel; Pepper; Mac Kenzie). 

The two strong pumps photoexcite carriers (5-1) which saturate the absorption of 

the material. At each discreet step in time, we first numerically solve the two-point boun-

dary value problem of the coupled equations (5-1) and (5-2) with Ip = 0 and 11(0) = Ib(L), 

where L is the length of the material. This solution yields the value of the carrier popula-
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tion density N and the values of If and Ib as a function of z. We have assumed that any 

saturation of the material by the probe beam is small compared to the saturation due to the 

pump beams. Experimentally, the probe was 20-40 times weaker in intensity than either 

pump; therefore we feel this is a reasonable assumption. 

The role of the interference between the probe and forward pump in the generation of 

the signal beam is now considered (the backward pump does not interfere with either of 

these beams since it is polarized in an orthogonal direction). In solving this part of the 

problem, we treat the carrier grating formed by this interference pattern as a small pertur-

bation to the overall carrier population generated by the two pumps, as discussed in the pre-

vious paragraph. We assume that the perturbation of the pump beams by the DFWM pro-

cess is negligible, that is, there no significant depletion of the pump beams by conversion 

into the signal beam. (In our experiments, the maximum DFWM reflectivity was ~ 1%.) 

The interference between these two beams produces local intensity minima and maxima in 

the material, according to 

(5-3) 

resulting in minima and maxima in the carrier density. Here If Up ) and kf(kp ) are the in

tensity and wave vector of the forward pump (probe) beams. This spatial modulation of car-

rier population density translates into a spatial modulation of the absorption and refractive 

index, thus producing a volume grating structure perfectly Bragg-matched to scatter the 

backward pump into the signal (conjugate) direction. To model this scattering, the volume 

diffraction grating theory developed by Kogelnik was employed (Kogelnik). In this frame-

work, the coupling constant is 

(5-4) 

where 00 and .t."o are the amplitudes of the (intensity) absorption and phase gratings res pec-

tively. For cross-polarized pump beams the coupled mode equations, following Kogelnik, 



are written as 

and 

dEs = -~E - iKEb 
dz 2 s 

dEb a . 
-= --Eb - IKE dz 2 s ' 
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(5-5a) 

(5-5b) 

where Es(Eb ) is the signal (backward pump) slowly varying complex field amplitude. These 

coupled mode equations for the signal and backward pump are now solved, and again the 

output intensity of the signal is integrated and divided by the input energy of the probe to 

yield a DFWM energy reflectivity. 

As the intensities of the two pumps become sufficiently high, the one-photon inter-

band absorption coefficient a is everywhere bleached to zero. The amplitude of the carrier 

grating thus also approaches zero, implying that the absorption and index gratings also dis-

appear. This is the origin of the saturation and eventual decrease of the DFWM reflectivity 

with increasing intensity. 

This model contains the adjustable parameter To' the linear relaxation time. This 

parameter essentially scales the intensity axis: decreasing r 0 by an order of magnitude incre-

ases the intensity required to obtain a given material response by approximately an order of 

magnitude. Reported values of r 0 have ranged from> 1 nsec (for fresh glass) to C:! 10 psec 

for glass that has been altered by extended exposure to high intensity light (photodarkened 

glass) (Jain; Yao; Roussignol, 1987a; Remillard; Mitsunaga). The value of TO used in these 

calculations is 0.1 nsec, which gave the best fit to the experimentally measured intensities. 

There are several other material parameters that are not known to sufficient preci-

sion to attempt an absolute prediction of the SDG response. Among these are the exact ratio 

of sulfur to selenium in the microcrystallites and the volume fill fraction of the semiconduc-

tor material. Furthermore, the models developed here are based on plane wave calculations, 

while the experiments were done with a laser that operated in higher order transverse 
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modes. Thus we do not expect exact quantitative agreement with experiment. However, it 

is instructive to examine the qualitative features of this model. 

We find that thi~ model does not adequately describe the response of the SDG in 

either the transmission or DFWM experiments. In both cases. the saturation of the response 

(the absorption in the case of transmission measurements. the reflectance in the DFWM 

measurements) from the SDG is found experimentally to increase less rapidly with increas-

ing intensity than the model predicts. It was found that other effects must be included in 

the model. Some important effects which we have ignored are carrier density-dependent 

relaxation rates, two-photon absorption, free-carrier absorption, and residual nonsaturable 

absorption. These effects are considered below. 

Nonlinear Relaxation 

Many workers have seen a relaxation time in SDG which is dependent on the state 

of system excitation (de Rougemont; Roussignol. 1987b; Cotter). In this work (DeLong, 

1989b), the nonlinear optical response was found experimentally to saturate too slowly with 

increasing intensity for simple, single relaxation time models to be valid. The lowest order 

density dependent relaxation effects are radiative recombination and Auger recombination 

(Pankove). These are represented by A and B respectively in (5-1). These terms cause an 

effectively density dependent relaxation time: 

TO 

r(N) = I + AN + BN2 . (5-6) 

The effect of a nonlinear relaxation time is to "stretch" the intensity axis as the intensity in-

creases. That is, increasing the intensity leads to the generation of more carriers. and thus a 

faster relaxation time (see (5-1». Hence the incremental intensity which is required to in-

crementally increase the carrier density, increases as the carrier density increases. 
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Evidence of Auger recombination has been reported (term B in (5-1» in semicon

ductor-doped glasses (de Rougemont; Roussignol, 1987b). These workers obtained reason

able fits to their data using this form for the nonlinear relaxation time. However, Auger 

processes in large band-gap semiconductors such as these are usually quite small (Auston, 

1975; Peterson), although they may be enhanced in small crystallite volumes. An alternative 

to the Auger type recombination is the (nongeminate) radiative recombination term (A in 

(5-1». Roussignol et al. argue that this term is small in these systems (Roussignol, 1987b). 

Therefore, they ascribed the density dependence of the relaxation to Auger processes. The 

value of the Auger coefficient B given in (Roussignol, 1987b) is 5 x 10-36 cm6 (after scaling 

for our value of To' which is 10-10 sec). This is the value assigned to B for the calculations 

in the following discussion. 

Fig. 5-3 and Fig. 5-4 present a comparison of the effects of the two types of density 

dependent relaxation. Examination of these figures reveals that for nonlinear transmission 

and DFWM there is a large difference between totally linear relaxation (A and B equal to 

zero) and the case of carrier density-dependent relaxation (A and/or B nonzero). However, 

it is clearly difficult to distinguish between the two different forms of nonlinear relaxation 

on the basis of these types of experiments. Note that the value of the Auger coefficient 

used is rather large (Auston, 1975; Peterson). Using a value of B an order of magnitude 

smaller almost eliminates its effects on the calculations. 

Although these arguments seem to imply that Auger effects may not be important, 

Roussignol et al. presented further evidence, beyond DFWM and nonlinear transmission, to 

support their hypothesis of Auger recombination (Roussignol, 1987b). Such data should also 

be considered when drawing conclusions about the nonlinear response of these glasses. 

However, the data does support the conclusion that density dependent relaxation is impor

tant in this material system (de Rougemont; Roussignol, 1987b; Cotter). 
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Fig. 5-3. Effect of density-dependent relaxation on nonlinear transmission for 
different values of the parameters A and B in (5-1). A = 5 indicates A = 5 X 10-18 

cm3, B = 5 indicates B = 5 X 10-36 erne, 
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Fig. 5-4. Effect of density-dependent relaxation on four-wave mixing for differ
ent values of the parameters A alld B in (5-1). A = 5 indicates A = 5 X 10-18 cm3, 

B = 5 indicates B = 5 X 10-36 cm6• 
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Two-Photon Absorption 

We now consider the effects of two-photon absorption (TPA) on nonlinear transmis

sion and degenerate four-wave mixing. TPA occurs when a carrier simultaneously absorbs 

two photons from the field to make the transition from the valence to the conduction band. 

The intermediate state in this process is virtual (Nathan). When the virtual state's energy is 

near the energy of a real state, the TPA transition probability is enhanced. 

By exciting a semiconductor near the band edge, as in our experiments, TPA should 

be enhanced because the conduction band and near-conduction band states can contribute 

significantly to the virtual intermediate state's probability in the TPA process. Furthermore, 

in glasses there should be more defect and surface states available to contribute to interme

diate TPA levels than in a perfect crystal. Therefore, an enhanced TPA coefficient may be 

expected in these glasses. 

TPA can playa significant role in the photogeneration of free carriers. If carriers 

are generated only by single photon absorption, the carrier density can never become greater 

than the amount needed to change the sign of the interband absorption coefficient Q; that is, 

to change absorption to gain. This is evident through careful examination of (5-1). How

ever, if free carriers are generated also through TPA, the carrier density can increase 

beyond the absorption/gain transition point. TPA can take place into high energy states 

which are away from the center of the Brillouin zone, and so be unaffected (to first order) 

by the filling of the lower conduction band states. These TPA-generated carriers enter the 

conduction band "hot," that is, at high energies, but quickly thermalize to the bottom of the 

conduction band, leaving the higher energy states available to receive more TPA generated 

carriers, thereby avoiding the bandfiIling that reduces the one-photon absorption process. It 

should be noted that TPA enters the model only phenomenologically: it has no dependence 



135 

on the number of carriers or the state of the system. One must therefore be extremely cau

tious when attempting to apply this model to very high levels of excitation, as these assump

tions are likely to prove unfounded. 

We investigated the effects of TPA on DFWM and nonlinear transmission within the 

framework of our model. First, there is the generation of free carriers by TPA, through the 

term (:112/2fiwp in (5-1), as discussed above. The second effect of TPA is the nonlinear 

attenuation of the beam through the (:112 term in (5-2). This should reduce both the 

transmission and the DFWM signals. 

A final effect of TPA is to provide an alternate source for an absorption grating in 

the material which contributes to the DFWM signal. To illustrate this effect, we write an 

effective absorption ae!! = a + (:11. Since the forward pump and probe create an intensity 

grating, an absorption grating which can scatter the backward pump is created through the 

TPA interaction. Note that for the backward pump to be affected by this absorption grat

ing, the material must absorb two photons which are orthogonally polarized (one from Ib 

~nd one from the intensity grating formed by I! and Ip). In general, this process is weaker 

than the absorption of two photons of like polarizations (for degenerate frequencies), and 

can even vanish (McClain). Note also that this TPA absorption grating has the opposite sign 

to that associated with the bandfilling grating: wherever the local intensity is high, the one

photon interband absorption is low, but the TPA absorption is high (ae!! ex (:11). Thus the 

presence of this grating reduces the DFWM signal. 

The TPA coefficient in doped glasses of this type has been measured, with a value 

of 0.2 cm/GW for the TPA coefficient at a wavelength of 1.06 pm reported (Canto). This 

appears t( be a small enhancement over the bulk value (multiplied by the volume fill 

fraction p) (Van Stryland, 1985b; Stewart; Arsen'ev). This value of (:1 does not have an 

observable effect on the predictions of the model for nonlinear transmission and DFWM at 
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the intensities used in our calculations. We have therefore used a larger value of f3 in our 

calculations to make the effects of TPA clear. As was found in the experiments on the lead 

glass fiber in Chapter 3, f3 is a dispersive quantity, and an enhancement of, say, 3 orders of 

magnitude, in going from 1.06 I'm to 0.532 I'm is not totally unreasonable. 

The detailed effects of TPA on the calculations are shown in Fig. 5-5 and Fig. 5-6. 

In transmission (Fig. 5-5), we see that the transmitted energy begins to decrease with suffi

ciently high intensity, as expected from the nonlinear absorption term. In DFWM (Fig. 

5-6), TPA has little effect until fairly high intensities, where it causes first a decrease, then 

a strong increase in the DFWM reflectivity. At these high intensities, the generation of car

riers becomes dominated by TPA and the carrier grating once again begins to grow. We 

have defined 'Y = f3perp lf3par ' the ratio of TPA for two orthogonally polarized photons to 

that for two copolarized photons. We have plotted the limiting cases of 'Y = 0 and 'Y = I in 

Fig. 5-6. We see that higher values of gamma cause the reflectivity to rise more quickly 

with increasing intensity. 

Free-Carrier Absorptioll alld NOllsaturable Absorptioll 

At high laser intensities, large numbers of conduction band carriers are generated. 

These carriers can absorb additional light and make transitions to higher energy states in the 

conduction band, then rapidly thermalize back to the bottom of the conduction band. Thus 

light is absorbed without changing the number of carriers present in the conduction band. 

This process is called free-carrier absorption (FCA) and is characterized by the FCA cross

section (J (see (5-2». 

At the high excitations needed to bleach the interband absorption coefficient a, we 

can expect an additional absorption due to FCA. We therefore do not expect the absorption 
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Fig. 5-5. Effects of two-photon absorption on nonlinear transmission. Here A = 2 
X 10-18 cm3• and B. G. and O!ns are all zero. We see a decrease in transmission at 
high intensities. 
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Fig. 5-6. Effects of two-photon absorption on four-wave mixing. Here A = 2 X 

10- 18 cm3 , and B, (J, and O:ns are all zero. '1 is the ratio of the TPA coefficient for 
absorption of cross-polarized photons to that for copolarized photons. 
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to bleach to zero at high intensities. Such a non-zero saturation value for the absorption has 

been frequently seen experimentally (Finlayson, 1989). It can also be explained by intro

ducing a residual nonsaturable component of the total absorption, represented by Clns in 

(5-2). This component of Cl has no carrier density dependence. 

To discriminate between residual background absorption and FCA, it is necessary to 

generate a large number of carriers. Absorption due to FCA increases linearly with carrier 

density, while the nonsaturable absorption, by definition, stays constant. Thus in principle 

it should be possible to measure the FCA coefficient a and to determine whether FCA has 

any effect at the experimentally available carrier densities. Unfortunately, it is not possible 

through photogeneration of carriers by one-photon absorption to create a carrier density 

higher than the value required to bleach out the absorption completely. This is evident from 

an examination of (5-1). This Cl = 0 point should occur in our system at a carrier density of 

about 1018 cm-3 • 

The value of a for bulk CdS and bulk CdSe has been found to be 1-2 x 10-18 cm2 in 

the near infrared, and is expected to decrease at shorter wavelengths (Piper; Stewart). We 

expect the value for CdSx Se1-x to be of a similar magnitude. Assuming that approximately 

1018 cm-3 carriers are generated, and assuming a = 10-18 cm2, the local FCA in the micro

crystallites is Cleffmicro = aN = I cm- 1. In the SDG it is necessary to weight the FCA in

duced absorption by the volume fiII fraction p of the semiconductor in the glass, approxi

mately 10-3• Therefore the macroscopic ClefjQcro = 10-3 cm- 1 , a negligible amount for our 

purposes. We thus conclude that, barring a very large enhancement of a in the microcrystal

lites, FCA probably does not have a very large effect at the carrier densities available 

through photogeneration. 

The effects of FCA and nonsaturable absorption on nonlinear transmission and 

DFWM are shown in Fig. 5-7 and Fig. 5-8. Note that we have plotted a value of a three 
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orders of magnitude higher than expected to make clear the effects of FCA. The theoretical 

predictions for (1 = 10-18 cmz are indistinguishable from those for (1 = O. 

In transmission, the effect of a sufficiently large FCA is to prevent the absorption 

from saturating to zero, as expected. We see in Fig. 5-7 that in transmission, the back

ground absorption behaves nominally like FCA, except for differences in the magnitude of 

the effect. It therefore would appear to be difficult to distinguish between FCA and a resi

dual absorption on the basis of transmission experiments alone. 

The effect of FCA on DFWM, an overall lowering of the reflectivity (Fig. 5-8), is 

due to the fact that FCA increases the absorption of the medium. FCA also produces an 

absorption grating via the spatial modulation of the carrier density (Qeff = (1Np). Just as in 

the TPA case, the sign of this nonlinear absorption is opposite to that of the bandfilIing 

nonlinearity: an increase in the carrier density implies less interband absorption 

(bandfilling), but more intraband absorption (FCA). If residual absorption is substituted for 

FCA, the effect on the predictions of the model is virtually the same, except for the magni

tude of the reduction in DFWM efficiency. Once more it would appear difficult to distin

guish between the two processes. 

Experimental Data 

We are now in a position to compare the results of our experiments on SDG to the 

predictions of the model. We can then draw some conclusions concerning the importance of 

the parameters discussed above. 

All of the experiments were conducted with glass that had undergone previous 

exposure to laser radiation which is known to induce the photodarkening effect in the glass 

(Roussignol, 1987a). This was done in order to avoid modifying the properties of the glass 
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during the experiment. The experiments described below were done with invaluable assis

tance from Alan Gabel. 

The predictions of the model are compared with the experimental results in Fig. 5-9 

to Fig. 5-12. Unless stated otherwise, all of the theoretical curves were generated with A = 

2 X 10-18 cm3, B = 0, (1 = 10-18 cm%, {3 = 0.2 cm/GW, and a residual absorption of Qns = 2.16 

cm-1• This value of Qns was chosen to account for the amount of residual absorption seen at 

high intensities in the 30 psec transmission experiments (Fig. 5-11). 

The results for the 15 nsec pulse experiments are shown in Fig. 5-9 and Fig. 5-10. 

There is relatively good agreement with the calculations for both the nonlinear transmission 

and DFWM measurements. In Fig. 5-9, we see the difference made by adding the nonsa

turable component Qns' If the value of Qns is chosen to agree with the amount of residual 

absorption seen in the experiments using 30 psec pulses (Fig. 5-11), we get fine agreement 

with experiment. In DFWM (Fig. 5-10), we see that even a large value of TPA ({3 = 200 

cm/GW) does not have an appreciable effect at these intensities. 

Experiments were also conducted using a second laser system with 30 psec pulses 

and higher peak intensities. In Fig. 5-11 the residual absorption in the transmission data is 

evident for the first time. However, the overall fit to the data is not as good as it was for the 

15 nsec pulse case; in Fig. 5- lIthe absorption saturates more sharply with intensity than 

predicted theoretically. 

For the DFWM data shown in Fig. 5-12, relatively good agreement with calculations 

was found, except for a rise in the reflectivity at higher intensities. (Similar features were 

seen in Roussignol, 1987a, Fig. 6, for example). This is reminiscent of the effects of TPA, 

but TPA at these intensities should be negligible. Theoretically, TPA leads to a slightly 

sharper feature than the relatively broad and slow rise observed experimentally. (By using a 

large value for the Auger coefficient, B ~ 5, we can bring the curves into closer agreement 
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Fig. 5-9. Experimental results for nonlinear transmission for 15 nsec pulses. and 
the theoretical fit for different values of ans ' Other parameters as given in the text. 
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Fig. 5-10. Experimental results for four-wave mixing for 15 nsec pulses. Here we 
see that large two-photon absorption does not make a difference at these intensities. 
Other parameters as given ill the text. 
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Fig. 5-11. Experimental results for nonlinear transmission for 30 psec pulses, and 
comparison to theory for different values of cxns ' Experimentally we see a sharper 
feature than predicted theoretically. 
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with experiment; however, we cannot justify this on the basis of the other fits.) Also note 

that :.0 get a reasonable fit we used a f3 which is two orders of magnitude higher than that 

previously reported (Canto). This high value of TPA should have manifested itself in the 

nonlinear transmission experiments (see Fig. 5-5), but this was not seen experimentally. 

This discrepancy remains unresolved. 

Thus the effect of density dependent relaxation times was found to be very impor

tant in modelling the optical response of SDG to nonlinear transmission and four-wave 

mixing experiments. However, on the basis of these experiments, we were unable to distin

guish between a radiative type recombination and an Auger type recombination. Two

photon absorption was found to have little effect at the intensities occurring in the experi

ment when the values of the TPA coefficient reported in the literature are used. We note, 

however, that some features reminiscent of TPA were observed experimentally, which imply 

a larger value of the TPA coefficient. Free-carrier absorption is probably not significant in 

these systems, based on measurements on the bulk material, unless there is a several-orders

of-magnitude enhancement in the FCA cross-section of the microcrystallites relative to the 

bulk semiconductor. Instead, the observations of partial saturation of the absorption in these 

glasses are probably due to a residual nonsaturable background absorption, which in turn 

could be the result of defect centers or trapping sites intrinsic to the composite material 

(Mitsunaga; Van Wonterghem). 

Relevance of the T Parameter in One-Photon Enhanced Optical Nonlinearities 

We are now in a position to demonstrate that caution is needed in applying figures 

of merit and criteria such as the two-photon parameter T discussed in Chapter 4. We exam

ine the relevance of the T parameter in the context of the SDG. 
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Fig. 5-12. Experimental results for four-wave mixing for 30 psec pulses. and com
parison to theory for different values of two-photon absorption. 
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Our operating wavelength in these experiments was very close to the band edge, 

such that fiw/Eg > 0.9. Examination of Fig. 4-3 indicates that we should expect the value of 

the T parameter to be roughly 50, indicating that switching in these systems is unfeasible. 

Within certain approximations, we can calculate the value of the T parameter for 

these glasses. We first need a value of 112• In a resonant nonlinearity such as this, perturba

tion theory in general fails, and the meaning of X(3) is not clear. Therefore the meaning of 

112 is also ambiguous. However, in steady state and in the small intensity limit, these SDGs 

behave somewhat like a Kerr medium (4-5). If we solve (5-1) in steady state, with p, A, 

and B = 0, we get 

alTO 
N=-. 

fiwp 
(5-7) 

In the beginning of the discussion of the SDGs. we mentioned that the index change was 

roughly linear in the carrier density, reaching a value of 4.5 x 10- 5 at N = 1.4 X 1018 cm-3• 

This yields 

where 

All = (3.21 X 10-23 cm3) N = IIi ' 

QT 
112 = (3.21 X 10-23 cm3) ~. 

flWP 

(5-8) 

(5-9) 

Using a = 6.2 cm- 1 (low carrier density limit), To = 10-10 sec, fiw = 2.33 eV, and p = 0.001, 

we obtain a value of 5.3 x 10-2 cm2/GW for " 2• This is extremely close to reported values 

of ~ 4 x 10-2 cm2/GW (Friberg; Jain). This "2 is about 3 orders of magnitude larger than "2 
in CS2• 

As a value for the TPA coefficient p, we have reasonable estimates ranging from the 

measured value of 0.2 cm/GW at 1.06 J.lm (Canto) to the value of 20 cm/GW interpolated 

from the fit of Fig. 5-12. If we use the larger value of p, we find that at >. = 0.532 J.lm we 

have T = 0.04. This indicates that switching is possible. 

The reason for the discrepancy between the measured value of T and the value 
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predicted by Fig. 4-3 is that the derivation of the dispersion for T was based on bound elec

tronic nonlinearities, and specifically excluded processes that were one-photon enhanced or 

cases where material excitation was appreciable. In the case of the SDG, both of these con

ditions are violated. We can thus see that care must be taken when applying the results of 

Chapter 4. One must be aware of the approximations and assumptions involved, and be sure 

not to apply the formalism in incorrect circumstances. Other figures of merit have been 

developed for the case of one-photon enhanced nonlinearities (Wright; Friberg), and these 

are relevant in this case. 

In fact, there is another problem with applying the T parameter to a system like the 

SDG. The T parameter is relevant because the absorption of a material increases with in

tensity in the presence of TPA. In the case of a material with a saturating one-photon 

absorption coefficient (such as SDG), the increasing absorption caused by TPA is masked by 

the decreasing absorption caused by the saturation of the one-photon absorption coefficient. 

Thus the T parameter is not applicable in this regime. 

Photodarkeniog Effect 

For completeness, we should mention the observation of what has been called the 

photodarkening effect in SDG (Roussignol, 1987a; Mitsunaga). When a sample of SDG is 

exposed to many high intensity laser pulses, the glass often visibly darkens, and its fluores

cence yield decreases. The photodarkening effect is correlated with fundamental alterations 

of the optical response of the glass: in a photodarkened glass the nonlinear optical response 

is weakened, the nonlinearity response time shortens, and the linear transmission of the 

sample decreases (RoussignoJ, 1987a). Unfortunately, much of the previously reported work 

has not contained information on the degree of photodarkening of the glass, making it 



]5] 

impossible to compare results from different experiments. In general, the larger the degree 

of photodarkening, the faster the nonlinearity recovery time. Values ranging from nanose

conds down to some saturation value of a few tens of picoseconds have been reported (Jain; 

Yao; Roussignol, ]987a; Remillard; Mitsunaga). These changes are not yet understood on a 

microscopic level, although defect sites and trap states are thought to play a role (Mitsunaga; 

Van Wonterghem). 
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CHAPTER 6 

CONCLUSIONS 

The conclusions of this work can be grouped into two basic categories. First we dis

cuss the implications of two-photon absorption (TPA) on all-optical switching in general, 

and discuss the re~iI"jctions imposed on materials. We then summarize the material-specific 

results of the experiments. Finally, we present some directions for future research. 

Two-Photon Absorption and All-Optical Switching 

Most envisioned all-optical switching devices utilize the nonlinear index of refrac

tion to produce the required intensity-dependent phase shifts (Stegeman). It thus becomes 

useful to find materials in which the magnitude of the nonlinear refractive index coefficient 

is enhanced. One method which previously seemed attractive was to utilize a two-photon 

resonant enhancement, which provided a larger nonlinear refractive index coefficient with

out the absorption associated with one-photon resonances. In this dissertation, we have 

shown that the TPA associated with these resonances can be detrimental to all-optical 

switching. 

The effects of TPA were quantified by defining the two-photon parameter T, which 

is equal to 2(3)./n,,, where (3 is the TPA coefficient, >. is the wavelength, and "" is the nonli

near refractive index coefficient. A frequently modelled all-optical switching device, the 

nonlinear directional coupler (NLDC), was used to show that at values of T > I, the device 
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switching characteristics are degraded, and eventually switching action is lost as TPA 

becomes even larger. 

A recently developed dispersion relation for llz and fJ in semiconductors (at 

wavelengths away from the bandgap) was used to derive a dispersion relation for T. This 

model only includes contributions to the nonlinear refractive index arising from the bound 

electronic nonlinearity associated with the TPA resonance. In this context, for wavelengths 

where the photon energy was greater than half the bandgap energy, it was found that the 

amount of TPA was too large to allow for efficient switching. This implies that the opti

mum wavelength to work at in a semiconductor is where the photon energy is just less than 

half the bandgap. For the wavelengths 1.3 and 1.5 I'm, CdSe was shown to be a good 

choice. 

Doped glasses are also promising materials, since the technology required for work

ing with glass is highly developed, allowing waveguides and fibers to be made with relative 

ease. Two types of doped glasses were examined, lead silicate and TiOz-doped glass. The 

value of the TPA coefficient was measured at various wavelengths. The T parameter was 

evaluated at 1.06 I'm, the shortest wavelength for which we have both "2 and fJ values for 

these materials. The value of T for the lead glass was lA, while in the TiOz-doped glass it 

was 32. For both of these glasses, the two-photon energy at this wavelength is less than the 

bandgap, so that this is the region where TPA should be the smallest. Even so, we see that 

switching may be limited or even impossible here. We may speculate that TPA at these 

wavelengths presumably involves defect states, possibly associated with the dopants, which 

generally introduce lattice dislocations and defects on some scale. It would therefore appear 

that the use of these glasses is contingent on a "clean" fabrication, where the amount of 

defects is kept to a minimum, in order to minimize the states available for TPA at two

photon energies less than the bandgap. 
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Another possibility for all-optical switching is to utilize a fully nonresonant nonline

arity, such as that in pure fused silica. The main disadvantage here is that the value of "2 is 

so small that very high intensities and/or long device lengths are needed; however, the 

response times in these materials are extremely fast (Adair, 1989). 

A final option is to use a material with a one-photon resonant nonlinearity. This 

type of process was discussed in the chapter on the semiconductor-doped glasses. Although 

the enhancement in "2 in these processes allows one to obtain a value of the T parameter less 

than unity, as desired, one-photon enhanced nonlinearities are plagued by linear absorption 

(which can lead to competing thermal processes (Friberg», and slow response times. 

Material Results 

We were able to measure the TPA coefficient at several wavelengths for a lead sili

cate glass fiber, as well as for a titanium oxide doped silica fiber. In the lead glass fiber., we 

found significant color center generation. These color centers were found to be created 

through two-photon absorption and bleached through one-photon absorption. The color 

center induced absorption was found to mimic TPA in certain limits, and thus could act to 

limit all-optical switching. An effective TPA coefficient characterizing the strength of the 

color center induced absorption was defined, and found to be a significant portion of the 

total measured "TPA" coefficient, with color center induced absorption comprising roughly 

half of the total of 23 cm/GW at a wavelength of 532 nm. 

In the semiconductor-doped glass, we were able to demonstrate the importance of a 

nonlinear relaxation time for the photogcnerated carriers in the glass. We were also able to 

argue that for the system we considered free carrier absorption should not be a significant 

process. We did, howe"er, see evidence of a nonsaturable residual absorption, as welJ as 
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some features reminiscent of TPA. 

Future Directions 

The most important part of this dissertation is the quantification of the two-photon 

parameter T for all-optical switching. Until recently, most models of all-optical switching 

devices have ignored the effects of TPA. What we have seen here is that this neglect of 

TPA effects is unjustified, and in fact, TPA may render otherwise promising materials use

less. 

The parameter T is highly dispersive, and it is a very important task to tabulate this 

number for materials at various wavelengths. The analytic expression for T (for 

semiconductors) discussed in Chapter 4 is an important first step. This expression indicates 

that at photon energies less than half the bandgap, the TPA coefficient is zero. Actual mat

erials are not completely modelled by this simple relation, and generally f3 is nonzero even at 

long wavelengths, due to impurity and trap states which serve as final states for the two

photon transition. What is needed are experimental values of ": and f3 at various wave

lengths, especially at long wavelengths, to see how this residual TPA affects all-optical 

switching. 

Thus it becomes important to measure f3 as well as ": for materials which are pro

posed for all-optical switching devices. It remains to be seen just how far from a resonance, 

and just how "clean" a system is needed, before the amount of TPA is acceptable for all

optical switching. 
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