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ABSTRACT 

In this work we present a non-iterative technique for computing the steady-state 

optical properties of nonlinear multilayers and we examine nonlinear multilayer designs for 

optical limiters. Optical limiters are filters with intensity-dependent transmission designed 

to curtail the transmission of incident light above a threshold irradiance value in order to 

protect optical sensors from damage due to intense light Thin film multilayers composed 

of norJinear materials exhibiting an intensity-dependent refractive index are used as the 

basis for optical limiter designs in order to enhance the nonlinear filter response by 

magnifying the electric field in the nonlinear materials through interference effects. The 

nonlinear multilayer designs considered in this work are based on linear optical interference 

filter designs which are selected for their spectnd properties and electric field distributions. 

Quarter wave stacks and cavity filters are examined for their suitability as sensor protectors 

and their manufacturability. The underlying non-iterative technique used to calculate the 

optical response of these filters derives from recognizing that the multi-valued calculation of 

output irradiance as a function of incident irradiance may be turned into a single-valued 

calculation of incident irradiance as a function of output irradiance. Fmally, the benefits 

and drawbacks of using nonlinear multilayer for optical limiting are examined and future 

research directions are proposed. 
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CHAPTER ONE 

INTRODUCTION 

Since the advent of nonlinear optics numerous schemes for optical power limiting 

have been proposed [Davy, Rees, et al., 1995; Leite, Porto and Damen, 1967; Siegman, 

1962; Tutt and Boggess, 1993; Wood, Clark, et al., 1989]. Optical power limiters, as 

the name suggests, limit the light transmitted through a system. The power transmitted 

through an optical limiter is a function of the incident power, as shown schematically in 

Figure 1.1. 

411 

Optical 
Limiter 

lout(Iin) 

Figure 1.1 Schematic of an optical power limiting filter. 

An ideal limiter would be transparent for low incident irradiances but above a threshold 

irradiance would limit transmitted light to a constant maximum output irradiance. Optical 

limiting behavior is plotted in Figure 1.2 which labels the threshold irradiance and 

maximum output irradiance. 

Potential applications for optical limiters include protection of the human eye and 

optoelectronic sensors from high power laser radiation. Due to the increased use of lasers 

in medical treatments, communication systems, and manufacturing settings, eye damage 
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from laser exposure has become an everyday risk for a large segment of the population. 

Also, the Department of Defense is concerned with the potential use of laser weapons for 

blinding ground troops and aircraft pilots in battles. 

lout 

Imax — 

Ithreshold 

Rgure 1.2 Output irradiance of an ideal optical limiter for increasing input irradiance. 

If the operational laser wavelengths are known, fixed line filters may be used for 

protection, but increasingly multiple laser sources are used thus necessitating the costly 

purchase of multiple sets of protective laser goggles for specific laser lines. An optical 

limiter with broad spectral response would protect against multiple laser wavelengths, thus 

obviating the need for multiple sets of laser goggles. Perhaps a more persuasive argument 

for optical limiters over fixed line filters is that they would be transparent up to the critical 

irradiance, allowing unobscured vision under low-light conditions[Kushner and Neff, 

1988], 

Because damaging laser sources can range in pulse width from sub-picosecond 

laser pulses to continuous wave lasers[Davy, et al., 1995], it is essential to design optical 
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limiters with rapid response times. Optical limiter response times are largely dependent on 

whether the device is active or passive. Active devices require an external sensor which 

sends a signal to the filter to trigger limiting. One example of an active device for 

protection from low irradiances is the electrochromic self-darkening welding goggle sold 

by Donnelly Optics of Tucson, Arizona. These goggles incorporate a detector that 

measures the incident irradiance and sends a signal causing the glasses to darken when the 

irradiance surpasses a set value. Passive devices on the other hand, use the optical energy 

directly to induce optical limiting in a nonlinear material. Photochromic glasses are passive 

limiters that darken when exposed to bright light Passive devices are capable of producing 

fast response times because the component initiating optical limiting is also the element 

which limits the transmissionfTutt and Boggess, 1993]. Because of this rapid response we 

will examine passive optical limiting devices manufactured from nonlinear materials. 

Our work is concerned solely with optical limiters based on intensity-dependent 

refractive index effects. This phenomenon is a third-order nonlinear effect that is observed 

in numerous transparent materials when they are subjected to sufficiently large irradiances. 

Most nonlinear refraction-based optical limiting devices incorporate a focused laser beam to 

increase the electric field strength and hence increase the nonlinear response of themedium. 

An inherent difficulty with focusing a laser beam into any material is the possibility of 

laser-induced optical damage, therefore it is desirable to develop alternate methods for 

enhancing the electric field within an optically limiting nonlinear medium. We approach 

optical limiter design from the perspective of optical interference filter design, by using the 

interference effects of nonlinear thin-film layers to increase the electric field magnitude and 

hence the nonlinear response of the materials. 

Previous work by Macleod and his colleagues has examined nonlinear thin-film 

multilayers for enhancing electric field strength through interference effects[Bovard and 

Macleod, 1988; Macleod and Craigie, 1993; McCall and Macleod, 1993]. The initial 
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model used an iterative method to calculate the optical response of a nonlinear multilayer. 

Fundamentally, iterative approaches for calculating the properties of nonlinear interference 

filters are computationally intensive and therefore time consuming. By its nature, the 

iterative solution converges slowly and this restricts the number of layers that may be 

calculated in a reasonable amount of time. In fact, the amount of time required to reach a 

solution increases geometrically with the number of layers involved[Macleod and Craigie, 

1993]. Due to the small nonlinear response of most materials, a multilayer optical limiter 

may require thousands of layers to limit the output irradiance to desirable levels. 

Therefore, designing multilayer optical limiting filters using iterative calculations is 

prohibitively time-consuming and an alternative method must be found. 

The work presented in this dissertation solves the time-limitation problem due to the 

iterative calculation of nonlinear multilayers. We present a new technique which allows us 

to calculate the optical properties of nonlinear multilayers non-iteratively. This new method 

allows faster calculation because the amount of time required to calculate the filter 

performance increases linearly with the number of layers involved as opposed to 

geometrically, as is the case with iterative calculation. As a result of this improvement we 

present new filter designs composed of hundreds of layers and discuss their applicability to 

practical optical limiters. We also discuss realistic nonlinear materials for use in optical 

limiters and fumre research directions. 

1.1 Overview 

This dissertation provides an alternative approach to designing optical limiters, one 

that is based on linear optical interference filter design concepts. A brief outline of each 

chapter follows to provide an overview of this work. Chapter 2 describes the interaction of 

light with stratified linear media. This chapter also states relevant results that are extracted 

from the field of linear optical interference filter design. In Chapter 3 we modify the 
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interference filter equations of Chapter 2 to include the intensity-dependent refractive index. 

The novel algorithm for computing the optical properties of a nonlinear multilayer without 

iteration is also presented. Chapter 4 introduces relevant design concepts from 

conventional interference filters. These concepts are applied to the design of optical limiters 

and the results are examined. Nonlinear materials and their applicability for optical limiting 

filters are discussed in Chapter 5, as well as the suitability of our designs for practical 

limiters. Chapter 6 summarizes this research and suggests future directions for additional 

investigation. In Appendix A the characteristic equation from Chapter 2 describing the 

transfer of electromagnetic fields across a thin film is derived. Appendix B starts with the 

Lorentz atom model and shows the origin of nonlinear optical effects, identifying the 

nonlinear polarization terms. Then, conversions between different systems of nonlinear 

units are summarized in Appendix C. Pitfalls in comparing nonlinear parameters from 

different nonlinear equation definitions are also identified. 
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CHAPTER TWO 

MODEUNG UNEAR OPTICAL INTERFERENCE HLTERS 

Nonlinear interference filter design begins with understanding linear interference 

filter design. This chapter introduces equations describing the optical properties of linear 

interference filters. Readers familiar with the concept of optical admittance and 

characteristic matrices for quantifying optical interference filters may skip this chapter 

without any loss in comprehension. The key equations describing optical interference 

filters are presented here without derivation, but in Appendix A the characteristic matrices 

are derived from the boundary conditions set by Maxwell's equations. 

An interference filter is designed to use the interference of electromagnetic waves to 

modify the light transmitted through or reflected from that filter. In nature optical 

interference is manifested as the bands of color seen in soap bubbles [Simon, 1971] as well 

as in the vivid colors reflected from hummingbird gorgets[Greenewalt, Brandt and Friel, 

1960], iridescent pigeon throat feathers[Cavagnaro and Lanting, 1982], and the wings of 

certain butterflies[Steinbrecht, Mohren, et al., 1985]. We may engineer filters to perform 

such useful tasks as color separation for CCD cameras, cold mirrors for heat control in 

movie projectors, and anti-reflection treatments on eyeglasses and camera lenses. These 

striking effects result from the appropriate combination of thin film layers. 

The interference effects of thin films arise from the partial refection of light at 

refractive index discontinuities. Figure 2.1 shows several of the partial waves generated by 

transmission and reflection at index boundaries between an incident medium, a thin film 

layer, and a substrate. The thin film layer introduces a phase shift between the waves 

reflected from its front interface and those reflected from its rear interface. This phase shift 
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determines the phase difference between the light reflected from the two interfaces and 

consequently whether the light interferes constructively or destructively. 

Incident E-field 

Figure 2.1 Partial waves and definition of terms. 

The interference-supporting layers are known individually as thin films, but 

together these layers are described as a multilayer, optical coating, or a stack. A film is said 

to be thin when interference effects can be detected in the transmitted or reflected lighL The 

presence of these effects is generally a function of the incident light source as well as the 

films because a layer must have an optical thickness less than the coherence length of the 

illuminating light to support interference effects. Coherence is a property that describes the 

correlation of electromagnetic waves. For example, laser light has a high degree of 

correlation and therefore a long coherence length. Coherence length is the longest path 

difference between interfering light beams that still produces fringes. 

In thin film filter design work, the optical response of a multilayer is characterized 

Incident Medium Thin Film Layer 
(Front) 

Substrate 
(Emeigent Medium or Rear) 

Transmitted E-field 

z-axis 
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by a parameter icnown as the optical admittance. In this chapter we show how to calculate 

admittance from the thin film characteristic matrices and we discuss how to calculate 

reflectance and transmittance from admittance. Several examples emphasizing the 

admittance transforming properties of thin film systems will be presented. 

2.1 Assumptions and Definitions 

In this dissertation we presume that the reader is familiar with the equations of 

linear optics. Thus the equations presented here will stand on some appropriate 

introductory optics texts such as Fowles[Fowles, 1975] or Bom and Wolf[Bom and Wolf, 

1980]. For a complete discussion of optical admittance the reader should consult an 

appropriate interference filter text such as Thin-Rlm Optical Filters[MacIeod, 1989], 

In this work we follow some standard assumptions; the individual layers are 

isotropic, homogeneous, and non-magnetic, all of the interfaces and surfaces are plane, 

parallel, and of infinite extent, and all optical properties of the mutlilayer are examined in 

the steady-state time domain with no consideration of transient system resp)onse. 

Homogeneous layers are layers that have a constant refractive index as a function of 

thickness. Throughout this dissertation equations are presented in SI units. 

We begin by assuming a normally incident harmonic plane wave of infinite extent 

traveling along the z-axis with electric and magnetic fields of the following form: 

E = St\Tp[i{Q)t— fcz)], and (2.1) 

H = K z ) ] .  (2.2) 

In equations (2.1) and (2.2) any additional exponential phase factor is absorbed into the 

complex amplitudes S and f?' such that 
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S =l5lexp[z^], and 

=\'^\exp[i(p]. 

htn In 
The wave number and angular frequency are defined as JC = —^ and co = —- respectively 

A, f " 

and A is the free-space wavelength. The sign convention we have chosen for the harmonic 

wave phase factor, cot—Kz, is commonly used in thin-film literature. It is essential to use 

this sign convention consistently throughout all calculations since altering it affects the 

outcome of our derived results. Figure 2.2 illustrates the standard thin film sign 

convention for the direction of positive electric and magnetic fields. 

incident ^ 

incident ^incident ^ 
medium 1 

i 

) c 
• 

. 

Reflected 

^ ^reflected 

emeigent 
medium q 

T—T ^ 
transmitted 

T 

^ ^transmitted 

z-axis 

Figure 2.2 Positive directions of electric and magnetic fields for normal incidence. 

In addition to dielectrics, absorbing media may be considered simply by allowing 

the refractive index to be complex such that in our previous equations 
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n—> n — ik. (2-3) 

where n is the real part of the refractive index and k is the extinction coefficient The 

extinction coefficient, k, is a. positive real number and the negative sign in the complex 

refractive index is a consequence of the harmonic wave phase factor we have chosen. 

2.2 Optical .Admittance 

To understand the optical response of interference filters, it is useful to employ a 

concept known as admittance. Admittance and its inverse, impedance, have been used by 

electrical engineers for decades to design well-matched transmission lines[Johnk, 1988], 

such as those found in cable television networks. The concepts used in transmission line 

design apply equally to optical interference filter design: to minimize reflectance, in both 

cases it is necessary to match admittances. Conveniendy, the transmission line equations 

may be simplified for optical frequencies. 

Admittance is a material property, measured in units of siemens (or mhos). It is the 

ratio of the magnetic to the electric field for a uniform plane wave in a medium; formally. 

At optical frequencies we can make the simplification that = 1. Then the refractive index 

and admittance of a material are directly related by the admittance of free space: 

H 
(2.4) 

(2.5) 

where ̂  is the admittance of free space. is a constant 
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1 
" 4  - s i e m e n s .  ( 2 . 6 )  

Since the admittance of free space is constant, we may redefine the admittance at 

optical frequencies in terms of a new set of units to simplify our equations. We will 

remove the free space admittance from equation (2.5) and refer instead to admittance in 

terms of a new system of units, so that 

y — n free space units. (2.7) 

This simplification allows us to state material admittances in terms of their familiar 

refractive indices. For example, the refractive index of crown glass is 1.5, hence its 

admittance is 1.5 free space units. 

Everything stated up to this point implicitly refers to a bulk optical material, but we 

are primarily interested in the optical response of thin film layers. We may also define the 

optical admittance of a surface as the ratio of total magnetic to total electric fields at the 

surface in question. For a bulk material, the surface admittance is the same as the 

admittance within the material because there are no multiple partially-reflected waves 

present However, for a thin film layer, the surface admittance is different than the bulk 

admittance of the same material due to the modification of the total electric and magnetic 

fields by multiple partially-refiected interfering waves. 

In fact, the admittance of a thin film surface will depend on the film's layer 

thickness and bulk admittance as well as the substrate admittance. Since the admittance of a 

thin film surface may be different from the bulk admittances of both the substrate and the 

film, we consider the thin film to be an admittance transfomier. The admittance at the 

surface of the thin film characterizes the optical response of the filter. Because this single 

parameter quantifies the behavior of a multilayer, admittance serves as a useful tool for 
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understanding and designing optical interference filters. In the next section we show how 

to calculate surface admittance from the characteristic matrices relating electric and magnetic 

fields at the rear of a thin film to the fields at the front of the film. Then in the following 

sections we define reflectance and transmittance in terms of admittance. 

2.3 Linear Thin-Film Characteristic Matrices 

The total electric and magnetic fields at the incident surface of a thin film may be 

related to the total fields at the emergent surface by a unimodular 2x2 matrix. This matrix is 

derived from the boundary conditions satisfied by electromagnetic fields and it is known as 

the characteristic matrix of a layer. The electromagnetic field boundary conditions are 

determined by Maxwell's equations which require that the tangential components of the 

total electric and magnetic fields be continuous across a boundary. 

The characteristic matrix for a multilayer stack is found by matrix multiplication of 

the characteristic matrices for the individual layers. This results in a matrix for the entire 

coating that may be used to relate the electric and magnetic fields at the Incident surface to 

the emergent fields at the substrate. Because this characteristic matrix relates the total 

electric and magnetic fields at the front of the coating to the rear of the coating, it also 

relates the admittance of the uncoated substrate to the surface admittance of the coating on 

that substrate. 

The admittance at the front surface of the multilayer characterizes the optical 

behavior of the coating. Once we know the system admittance at the wavelength of interest 

we can then calculate all other optical properties of interest including reflectance, 

transmittance and phase shift on reflection. 

Since we are interested only in admittance, it is convenient to normalize the electric 

and magnetic fields. The most convenient normalization defines the output electric field as 
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unity and the output magnetic field as the substrate admittance, In this case, the 

transfer matrix for each layer is well known to thin-film designersjMacleod, 1989] and the 

equation relating the normalized fields at the incident surface to the normalized fields at the 

emergent surface is: 

where 

n y=i 

cos 5; 
isin<5y 

yj 
iyij sinSj cosSj 

1 

Ly,ui. 

Itc / \ 

Oj = is the phase thickness 
A 

yj is the admittance. 

(2.8) 

and 
cos5. 

i sin^y 

JyjSin5j  cos5j .  
is the characteristic matrix of layer j. 

The numbering of the layers is shown in Figure 2.3. 

Equation (2.8) and the corresponding definitions are valid for normally incident 

light. It is possible to consider the case of oblique incidence by modifying the phase 

thickness and the characteristic admittances of each layer, but this complication is 

unnecessary for the work presented in this dissertation. For additional information, the 

reader may consult any of a number of books, including those by Macleod[Macleod, 

1989], ThelenfThelen, 1988], or Knittl[Knittl, 1976]. 
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Incident 
Medium Substrate 

Figure 2.3 Multilayer on substrate. 

At this point we may calculate a system admittance which describes the optical 

properties of the entire multilayer in terms of a single parameter. The admittance at the 

surface of layer number 1 is the system admittance and it is given by the ratio of the 

normalized magnetic and electric fields at the incident surface of the coating as calculated 

from the characteristic matrices of equation (2.8): 

In general, the system admittance is a function of wavelength because the optica! properties 

of a material are also a function of wavelength due to dispersion. Recall however, that we 

are neglecting dispersion effects throughout this dissertation, thus our system admittance 

will be independent of wavelength. 

2.4 Definition of Irradiance 

We may define the irradiance of an electromagnetic wave from the Poynting vector. 

Irradiance is the mean rate of energy transfer across a unit area normal to the wave's 

propagation direction; in the SI system 

(2.9) 
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/  =  i Rc[EH *]  =  i  . (2.10) 

Using eqviation (2.4) which relates electric and magnetic fields via admittance, we may also 

express irradiance solely in terms of the electric field as 

I  =T^e[y]EE*=in1^SS* ,  (2.11) 

where n is the real part of the complex refractive index. 

For absorbing media, we may relate the extinction and absorption coefficients as 

follows: 

4kk  
a=—r- (2.12)  

Irradiance in a lossy medium falls off as a function of distance traveled in that medium as 

described by Beer's Law: 

/(z) =/oexp[-a2], (2.13) 

where /„ is the irradiance at z=0. 

2.5 Reflectance and Transmittance 

Optical filters are generally characterized by their reflected and transmitted 

irradiances or by the amplitude reflection and transmission coefficients. The amplitude 

reflection coefficient describes the amplitude and phase of the reflected electric field. It can 

be expressed in terms of the system admittance as 
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where is the incident medium admittance and Y is  the admittance presented by the filter's 

front surface. The amplitude transmission coefficient describes the amplitude and phase of 

the trsuismitted electric field and expressed in terms of the system admittance is 

2^0 

When the incident medium is free from absorption, >o is real and we can separate 

the flux into independent incident and reflected flows. Then we can define a reflectance 

and transmittance that are ratios of the appropriate flows. The multilayer reflectance is 

defined as 

R = pp*. (2.16) 

Transmittance is siven bv 

Re[r] 
T = —^,T:r*. (2.17) 

Myo]  

We have left the explicit Re[yQ ] in equation (2.17) to emphasize the symmetry' of the 

equation, although to define transmittance in this way requires that the incident medium be 

non-absorbing. 

Equations for the reflectance and transmittance of a linear thin-film filter may also 

be expressed in terms of the normalized electric and magnetic fields as calculated in 

equation (2.8) by substituting for the admittance, Y. 
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R = 
{y ,B -c l y^B-C) '  

(y^B^Cfy^B + c)' 
(2.18) 

T = 
(y„S + cX>„B + C)« 

(2.19) 

2.6 Examples of Thin Film Systems as Admittance Transformers 

We now present some examples of thin-films as admittance transformers to show 

how a thin film modifies the substrate admittance and hence its optical response. Three 

examples will be considered, a perfect anti-refiection coating, an imperfect anti-reflection 

coating, and a quarter wave stack. The two anti-reflection coatings each assume a single 

quarter wave optical thickness dielectric layer on the same substrate material, but two 

different layer admittances are chosen for the examples. Figure 2.4 shows a plot of a 

single layer coating on a substrate for examples 1 and 2. In these examples, the 

admittance, Y(zJ, at a plane within the coating will be plotted on an Argand diagram. 
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Figure 2.4 Admittance example for single layer coating examples 1 and 2. 

2.6.1 Example 1: Perfect Anti-Reflection Coating 

First we will examine the case of a perfect quarter wave anti-reflection coating. We 

choose a thin film of admittance such that a quarter wave optical thickness of this film on a 

dielectric substrate results in zero reflectance at one wavelength. To produce a coating with 

no residual reflectance, the following equation must be satisfied: 

p = ̂ =0. (2.20) 

Clearly, ¥=>(, gives zero reflectance. We may calculate the equivalent admittance for a 

quarter wave layer on a substrate from the characteristic matrix for that layer 
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B 

C 
0 

1 

— yi 
i y i  0 

' .y,ub 
= yi 9 

L '>1 -

1 

Jsub. 

(2.21) 

and therefore 

~7 ^ .3^ 

3'i y (2.22) 

y sub 

Thus to satisfy equation (2.20) we must choose >•, such that 

•sub 

therefore. 

(2.23) 

>':=V^ 
sub '  (2.24) 

Now that we have selected a film admittance, we will consider the variation of surface 

admittance with z for this coating. 

Within the substrate, there is only a single transmitted beam. Therefore, no 

interference effects alter the observed admittance within the subsuate. As a result, the 

admittance at all points in the substrate is constant 

= forz ,>i / , .  (2.25) 
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However, in the quarter wave layer we can expect the admittance to vary as a 

function of z due to the interference of multiple partial waves in the coating. The values of 

electric and magnetic fields, B and C, as a function of z can be determined by using the 

characteristic matrix of equation (2.8). The equations relating entrance and exit fields for a 

single layer coating as an explicit function of z can be written in terms of the characteristic 

matrix as: 

LC(ZJJ 
cos 

2jt 

ly^ sm 

I 
'in: 

zsm 
Ijt 

cos 

>1 
2jc 

1 

Usub. 

(2.26) 

(231 ] 
We interpret j as the phase thickness of the film between the substrate and the 

plane defined by z,. Using equation (2.26) we calculate the electric and magnetic fields at 

Zj and plot the variation of admittance with z, in Figure 2.5. The admittance as a function 

of layer thickness is then 

y ( z j=  CizJ 

BUJ 
for 0<z„ <d.. 

A I 
(2.27) 

.A.t the front surface of the coating (z=0), the admittance, Y, is calculated from the 

ratio of electric and magnetic fields that are calculated from the characteristic matrix for a 

phase thickness of a quarter wave, f-, and is found to be: 

. * r •  
sinf-

COST 

-Vruf, cos sinf 

.y^ub 
= ' >1 

- ' Vi . 
(2.28) 
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Therefore the admittance at the coating surface, = 0, is 

„ C iCVi) yoysub 
= — = =yo 

5 iy.ub ysub 
(2.29) 

Since the system admittance is equal to the admittance of the incident medium, by equation 

(2.20) there is no residual reflectance. Of course this isn't surprising, because we 

specifically chose a value of y j to yield zero system reflectance. 

We summarize these results in Rgure 2.5 where the admittance in the coating is 

plotted as a function of z^. Note that the admittance curve is a semi-circle that starts at the 

substrate admittance and ends at the incident medium admittance in this example. It is 

always true that perfect anti-reflection coatings have admittance loci which end at the 

incident medium admittance. 

Im 

Y(z=0)=yo ^sub 
Re 

Y(z=a) 

Figure 2.5 Admittance plot for perfect anti-reflection coating. 

The plot of admittance as a function of coating phase thickness is known as an 

admittance diagram. The curve traced by the admittance is known as an admittance locus. 
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In Chapter 4 of this dissertation, the relationship between the admittance locus and the 

relative values of electric field at points on that locus will be shown. 

2.6.2 Example 2: Imperfect Anti-Reflection Coating 

In this example we consider the case of an admittance mismatch between the 

incident medium and the coating. There is a residual reflectance in this case due to the 

mismatch, therefore the coating is not a perfect anti-reflection coating. For the purpose of 

illustrating an imperfect anti-reflection coating we choose to be greater than the previous 

case: 

We know from equations (2.20) and (2.22) that this admittance value will yield a non-zero 

reflectance. 

Following the methods of example 1, once we have determined the admittance 

values for the different regions of the system we will plot the system admittance as a 

function of z,. The results from example 1 are entirely general and will not be repeated 

here, except to calculate the surface admittance at the front of the quarter wave layer. The 

admittance at the front surface of the coating is 

(2.30) 

(2.31) 

thus from our assumption in equation (2.30) for the value of y,: 

(2.32) 
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Since the system equivalent admittance is not equal to the admittance of the incident 

medium, by equation (2.32) there is a residual reflectance. The plot of the admittance locus 

as a function of the phase thickness in the coating is shown in Rgure 2.6, where it is 

apparent that the admittance locus does not end at y^. 

Im 

Re 

Figure 2.6 Admittance plot for imperfect anti-reflection coating. 

2.6.3 Example 3: Qiiartpr Wave Stack 

In this section we consider a quarter wave thin film stack composed of two different 

materials. A quarter wave stack is exactly what it claims to be: a stack of quarter wave 

optical thickness layers. Usually these stacks are manufactured of dielectric materials and 

used as low-loss mirrors or edge filters. 

Quarter wave layers are so fundamental to optical filter design that they have a 

special notation. A stack design may be written as: 

air I HLHLHLH I substrate. 



38 

Each capital letter in this formula stands for one quarter wave optical thickness of high or 

low refractive index, depending on the letter. Each material in the design is denoted by a 

different capital letter. A shorthand for this design is 

air I (HL)^ H I substrate. 

The superscript 3 signifies that the period in parentheses, (HL), is repeated three times. 

To calculate the reflectance of a quarter wave stack at the design wavelength, we 

use the characteristic matrices to calculate the system admittance. The characteristic matrix 

for layer j is the following: 

I 
0 — 

yj 
i y j  0. 

(2.33) 

Calculating the equivzdent admittance for a quarter wave stack, reveals a general calculation 

rule for quarter wave layers, known as the quarter wave rule. The equivalent admittance 

for a quarter wave stack with an even number of layers may be expressed as 

y _  ^^34) 
0'2>'^6 layer) 

And the equivalent admittance for a quarter wave stack with an odd number of layers may 

be expressed as 

( y i y^ys—)  ysu i ,  
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For both cases the layers are numbered as shown in Figure 2.7. Note that the final location 

of the y,„,, term (numerator or denominator) is dependent on whether the stack has an even 

or an odd number of layers. 

H hH h"' 

Incident 
Medium H L H Substrate 

Figure 2.7 Quarter wave stack for example 3. 

Now we calculate an admittance chart for the design; 

air I HLHLI glass. 

where 

<W <3'h-

As in the previous examples, we will plot the admittance diagram by calculating the 

admittance at a plane that moves through the layers, starting at the substrate and ending at 

air. For this case we will need to take the product of the characteristic matrices for all of the 

layers into account. 

The admittance for the layer deposited on the substrate, layer 4, is calculated as in 
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layer 4 begins at the substrate admittance and ends on the real axis, following the locus 

labeled in Rgure 2.8. 

For the next layer, we take the electric and magnetic fields at the front of layer 4 and 

use them as the fields at the back of layer 3. Using the characteristic matrix equation the 

fields at the front surface of layer 4 are 

^ front of 4 

r  - front of 4-

0 
i 
' 1 ' i2U 0 

y'L 
Jsub. 

= 

JyL  0 _ Jsub. JyL  .  
(2.36) 

This simplifies to: 

B(zJ  

LC(zJ. 

cos 
7jt 

' ^nZa  

2Jt 
T zy^sml—/i^z^ 

27t 

A 
zsinl  — 

yn 
( 2jt 

cos(-^n„z„ 

OU 
yt 

L'>t . 
(2.37) 

The variation of admittance through layer 3 is calculated from the electric and magnetic 

fields given in equation (2.37): 

y = 

yt . 
sm 

yn C(zJ 
B{z , )  -yHy^ub 

yt 

-he 
+ i^cos 

Vl 

2it 

sin 
2jt 

j+f yt cos 
2jt 

T 
(2.38) 

The locus for the third layer is labeled and plotted in Figure 2.8; it starts at the endpoint of 

layer 4, on the real axis, and ends on the real axis after traversing a semi-circle. 

Calculations for layers 2 and 1 are essentially the same as for layers 4 and 3. The 

endpoint of the admittance locus for the entire multilayer may be calculated from the quarter 

wave rule; 
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Calculations for layers 2 and 1 are essentially the same as for layers 4 and 3. The 

endpoint of the admittance locus for the entire multilayer may be calculated from the quarter 

wave rule: 

y= 
( y t y t )  

2 — 4 
yt 

(2.39) 

The admittance locus for Ae quarter wave stack is plotted in Figure 2.8. Note that 

each quarter wave layer endpoint is on the real axis, marked with crosses. If the substrate 

admittance value is not on the real axis, then the quarter wave layer endpoints will not He on 

the real axis. 

Figure 2.8 Admittance diagram for quarter wave stack example. 
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From Figure 2.8 we see that the admittance diagram for a quarter wave stack spirals 

outward from its starting point as additional layers are added. The admittance values are 

getting larger at the end of the H admittance layers, smaller at the end of the L admittance 

layers, and as additional layers are added to the filter the locus endpoint moves farther from 

yo along the real axis. Remember that the equation for reflectance is 

- {y . - yK-& 

U+i 'Xj 'o+>")••  

Thus we see that there are two ways to increase reflectance: either by making Y very large 

or by making Y very small. The endpoints of the H layers move farther to the right along 

the real axis, in the direction of increasing admittance, but the endpoint of the L layers 

moves farther to the left along the real axis, in the direction of decreasing admittance. At 

the end of the first few L layers, the reflectance may be decreasing, as the locus endpoint 

nears the incident medium admittance, y^. However, as additional periods are added, the 

endpoint of the L layers becomes much smaller than and thus the reflectance increases. 

For many layers, we may produce high reflectance independent of whether the final layer is 

Hor L. 

2.7 Summary 

In this chapter we presented the necessary equations to calculate the admittance, 

reflectance, and transmittance of normal-incidence linear optical interference filters and we 

presented concepts essential to understanding the behavior of these filters. These equations 

will be used as the basis for modeling the optical response of nonlinear interference filters. 

Optical limiter design concepts will be taken from linear optical interference filter designs. 

Chapter 3 will introduce the nonlinear refractive index term into the admittance calculation 
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and explain how to calculate the optical properties for a nonlinear filter. Filter design rules 

appropriate for optical limiters will be discussed in Chapter 4 along with optical limiter 

designs and results. 
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CHAPTER THREE 

MODELING AND COMPUTER CALCULATION OF 
NONLINEAR INTERFERENCE HLTERS 

As stated in Chapter 1, most techniques for optical limiting concentrate on 

increasing the power density in a nonlinear material by illumination with a focused laser 

beam[Davy, et al., 1995]. We have instead chosen to enhance the electric field within a 

nonlinear material through the interference effects of thin-film multilayers. Previous efforts 

to model nonlinear multilayers used iterative techniques to calculate the steady-state electric 

field within the multilayer[Bovard and Macleod, 1988; Macleod and Craigie, 1993; 

McCall and Macleod, 1993]. Nonlinear multilayers are promising for use as optical 

limiters; however, determining their optical properties through iterative calculation is 

computationally intensive. To further investigate nonlinear multilayer designs for optical 

limiting, a faster technique for computing the optical response of these filters has been 

developed. 

In this chapter the nonlinear refractive index is incorporated into equations 

describing thin film multilayers. A new, non-iterative technique based upon the 

characteristic matrix equations of conventional multilayer filters is presented and used for 

calculating the electric field distribution within a nonlinear multilayer. This technique 

allows for faster computation of nonlinear multilayer optical properties than previous 

iterative methods. Finally, an example is calculated following the new method. 
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3.1 Nonlinear Effects 

All transparent media, regardless of symmetry-, exhibit nonzero third-order 

nonlinear responses [Prasad and Williams, 1991], but the strength of the nonlinearities 

varies by many orders of magnitude for different materials. To exhibit second-order 

nonlinearities, materials must obey a special symmetry property': they must be 

non-centrosymmetric. In this discussion, we assume our materials have an inversion 

symmetry and therefore exhibit only third-order nonlinearities. Due to their small 

magnirades, we neglect all nonlinearities higher than third-order. The third-order 

susceptibility is responsible for such phenomena as third-harmonic generation, optical-

field-induced birefringence, degenerate four-wave mixing, two-photon absorption, and 

coherent Raman effects. Unless special efforts are made to achieve phase matching, 

nonlinear processes involving the generation of new frequencies (e.g. third-harmonic 

generation and four-wave mixing) are inefficient; since our designs make no effort to phase 

match, we neglect these effects. We will consider only the effects resulting from nonlinear 

refraction. Nonlinear refraction is a phenomenon that refers to the intensitv' dependence of 

the refractive index resulting from the nonlinear polarization contribution of the third-

order nonlinear susceptibilitv'. 

In this chapter, we address the intensity-dependent refractive index and its 

contribution to the optical response of nonlinear multilayers. The reader unfamiliar with 

nonlinear optics may read Appendix B for a discussion of the origins of the intensitv-

dependent refractive index. All readers are warned that in the field of nonlinear optics there 

is no single convention for the definition of n,, the nonlinear refractive index, thus a 

discussion of definitions and conversions between different definitions is presented in 

Appendix C. 



46 

3.2 Assumptions 

In our model we make the following assumptions: the only nonlinear effect is 

nonlinear refraction, both the linear and nonlinear refractive indices are dispersionless, and 

the nonlinear refractive index does not saturate with intensity. 

As in Chapter 2, we will also assume that the incident radiation is in the form of 

normally incident harmonic plane waves of infinite extent, the individual thin film layers are 

isotropic, homogeneous, and non-magnetic, all of the interfaces and surfaces are plane, 

parallel, and of infinite extent, and all optical properties of the mutlilayer are examined in 

the steady-state time domain with no consideration of transient system response. 

3.3 Nonlinear Refractive Index Equations 

The refractive index including nonlinear effects can be modeled as 

where is the linear refractive index, is the intensity-dependent refractive index, and I 

is the irradiance in the material. In SI units n, is measured in m^ W"' although units of cm^ 

W"' are commonly used in the literature. Using the definition of I in Chapter 2, 

n = + n^I (3.1) 

(3.2) 

we may express equation (3.1) in terms of the electric field: 

(3.3) 

An expression relating to the third-order susceptibility may also be derived with 

the help of equation (B.21), the nonlinear polarization expansion. 
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3Re[z'"] 

4e,cni • 

where we have suppressed the nonlinear susceptibility tensor notation by referring 

to;i:^^\inSiniplyas;i;''\ 

3 • 4 Nonlinear Multi layer Stack 

Incorporating nonlinear materials into a multilayer stack results in a multi-valued 

solution for the output irradiance: for a given input irradiance, the output depends on the 

irradiance history of the filler, as shown in Figure 3.1 [Bovard and Macleod, 1988]. As the 

input irradiance increases from a low value the output suddenly switches to a high 

irradiance, as shown by the curve corresponding to arrows number 1 through 3. 

However, as the input irradiance is decreased from a high level the output suddenly 

switches to a low irradiance, as shown by the curve corresponding to arrows number 4 and 

5. Thus, the same value of input irradiance may have two possible output irradiances 

depending on whether the input is increasing from a low level or decreasing from a high 

level. 



48 

4 

Ou^ut 

Irradiance 

Input Irradiance 

Figure 3.1 Optical bistability. Hysteresis of the output irradiance versus input irradiance 
curve. 

This bistable behavior complicates the calculation of nonlinear multilayer filter properties; 

due to the intensity-dependence of the refractive index, the characteristic matrix equations 

of Chapter 2 cannot be used to calculate the optical response of nonlinear filters without 

modifications. The material intensity-dependence initially points to using iterative 

techniques to solve for the filter response because the electric field distribution in the stack 

is a function of the refractive index distrubution and vice versa. However, a more efficient 

method is presented later in this chapter. 

3.4.1 Iterative Calculation 

To model the behavior of a nonlinear multilayer iteratively, we begin by choosing 

an incident irradiance. This irradiance determines the electric field distribution throughout 

the stack due to the linear index profile. The electric field distribution is used to calculate 

the nonlinear refractive indices of the layers. The modified refractive index profile is then 

used to recalculate the electric field distribution. At this point, the recalculated electric field 



49 

distribution is compared to the initial electric field distribution. If the two distributions are 

the same within a predetermined tolerance, the solution has converged, and the calculation 

is stopped. From a known electric field distribution, the reflectance and transmittance of 

the stack may be computed. If the two distributions are outside of the selected tolerance, 

the calculation cycle is repeated. This method produces accurate results, but has the 

drawback of being computationally intensive. Additionally, there are the complications of 

all iterative solutions, for example damping may be required to force convergence. Our 

new technique uses a different method to calculate the steady-state electric fields within the 

multilayer that allows us to avoid iteration. 

3.4.2 Non-Iterative Calculation 

Macleod and Craigie have shown that the optical properties of the nonlinear 

multilayer are a single-valued function of the output irradiance[Macleod and Craigie, 1993]. 

This behavior is clearly demonstrated if we swap the plot axes of Figure 3.1 to produce 

Figure 3.2. For a selected output in Figure 3.2 we now have a single-valued solution for 

the input irradiance. The single-valued nature of this problem allows us to calculate the 

incident electric field non-iteratively for each value of output electric field. From the 

solution for the incident electric field, we may then calculate the refiectance and 

transmittance of the nonlinear filter. 
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Irradiance 
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Figure 3.2 Single-valued solution for input irradiance as a function of output irradiance. 

Non-iterative calculation of the steady-state electric field distribution is based on the 

characteristic matrix approach outlined in Chapter 2. Recall that the characteristic matrices 

are 2x2 matrices that relate the values of electric and magnetic fields at the rear surface of a 

layer to the fields at the front surface of a layer. Each layer of constant refractive index in a 

linear multilayer stack is represented by a characteristic matrix. To use characteristic 

matricies for a nonlinear multilayer it is necessary to account for the intensity-dependence 

of the refractive index which produces an inhomogeneous index distribution. These 

inhomogeneous layers must be broken into smaller sub-layers of constant refractive 

indices. 

In a typical linear multilayer stack, the stack may be designed of two materials with 

refractive indices n^ and nL deposited on a substrate of index n^^i,. The refractive index 

profile of such a multilayer is shown in Figure 3.3. Each layer in this figure has a constant 

refractive index, these layers are called homogeneous layers. 
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Figure 3.3 Homogeneous multilayer refractive index profile. 

In a nonlinear multilayer the refractive index is a function of electric field 

distribution in the stack, thus the index is no longer constant in each layer- the index 

distribution is inhomogeneous for large irradiances. A possible nonlinear multilayer index 

profile is shown in Figure 3.4. 

index 

optical thickness 

Figure 3.4 Inhomogeneous index profile. 

To relate the electric and magnetic fields at the rear surface to the front surface of a 

layer using characteristic matrices, we must examine layers that have constant refractive 

indices. Thus we will divide the nonlinear layers into infinitesimally thin slices of constant 
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refractive index. From a selected output value of irradiance assigned to the rear of the slice 

we may calculate the refractive index at the rear of the slice. Then from the refractive index 

at the rear of the slice we may use the characteristic matrix to calculate the electric and 

magnetic fields at the front of the slice. These fields are then used as the output fields from 

the next thin slice and the calculation is repeated to find the fields at the front of the second 

slice. Eventually, the fields at the front of the entire multilayer are calculated and these then 

determine the filter's reflectance and transmittance. This technique for dividing the 

multilayer into thin slices and propagating the fields through has been well-documented in 

the rugate filter literature as a sound method for computing the optical properties of 

inhomogeneous layers[Jacobsson and Martensson, 1966]. In the next section we will 

introduce a correction to this technique that allows for finite thickness slices. 

3.5 Non-Iterative Nonlinear Calculation with Finite Slices 

To decrease the calculation time for the nonlinear multilayer calculation technique 

presented in Section 3.4, we will use finite thickness slices and incorporate a correction 

into our calculations. As shown in Fngure 3.5, a finite thin slice will not have a constant 

refractive index across its thickness. We account for this refractive index variation by 

using the geometric mean of the indices at the front and the rear of each slice as an effective 

index for that slice: that is, . 
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output 
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Optical thickness 

Figure 3.5 Expanded scale of varying index profile showing thin slice. 

Incorporating this finite slice thickness correction alters our computation algorithm 

slightly. Referring to the lettered slices and numbered boundaries between slices shown in 

Figure 3.5, we may follow the revised algorithm. From the output irradiance, a refractive 

index value at interface 1 is calculated. The index at interface 1 is used to calculate the 

fields at interface 2. From the fields at interface 2, we calculate the refractive index at 

interface 2. Then the geometric mean of the refractive indices from interfaces 1 and 2 is 

assigned to slice A. From this new refractive index, we recalculate the fields at interface 2. 

The recalculated fields are then used as the output fields from slice B, and the entire 

procedure is repeated for the next slice. This calculation continues until the front of the 

stack is reached. Provided that the sublayers are thin enough, no additional corrections are 

necessar>'. To determine if the sublayers are thin enough, the calculation is repeated with 

smaller slices. If the refractive index distribution changes for a calculation with smaller 

slices, then the initial slices were not thin enough to approximate the actual index 

distribution. The flow chart for this algorithm is pictured in Figure 3.6. 
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Calculate refractive index 
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Figure 3.6 Non-iterative algorithm flowchart 
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3.6 Example Nonlinear Multi laver Calculation 

We now calculate the index distribution and the incident irradiance for an example 

nonlinear quarter wave stack with a selected output irradiance of 1 MW cm"^. This 

example demonstrates the application of the non-iterative calculation technique described in 

section 3.5. The following stack design and parameters are used: 

air 1 HLHLHLHL i substrate. 

air H L sub 

"o 1.0 1.7 1.45 1.5 

n2 [cm^ W"^] 0 +0.005 -0.005 0 

Table 3.1 Refractive indices and nonlinear parameters for quarter wave stack example. 

An unrealistically large value of nonlinear refraction was chosen for this example to 

illustrate the effects of electric field enhancement with fewer layers than would ordinarily be 

required. 

Figure 3.7 labels the first several slices and their interfaces for reference in this 

calculation. Numbers refer to the slice interfaces while letters refer to the slices themselves. 

For this calculation, each slice is arbitrarily chosen to have a physical thickness of 0.1 A,Q, 

where is the design wavelength of the stack. Calculations with this thickness value have 

given good results for designs in Chapter 4. 
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Figure 3.7 Slice labels for nonlinear quarter wave stack. 

Hve steps are required to propagate the electric field across a slice of material; 

1. Calculate the Refractive Index at Surface 1 

From the 1 MW cm"^ selected output irradiance at surface 1 the refractive index at surface 1 

is calculated from equation (3.1). Since the substrate nonlinear index, 'S zero, the 

index at surface 1 is the same as the substrate index. 

where n(l) is the index at surface 1, is the linear refractive index of the subsu^ and 

is the nonlinear refractive index of the substrate. 

2. Calculate the Fields at Surface 2 

To calculate the intensity-dependent refractive index contribution to a slice we must know 

= 1.5, 
G.5) 
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the absolute field values in that slice. The non-normalized characteristic matrix equation 

relating the fields at the rear of slice A to the fields at the front of slice A is 

5(2) 

L'»(2)J 
COS5[A) 

/sin5(A) 

yd) 
./)<l)sin5(A) cos5(/i). 

S(X) 

ml 
(3-6) 

where 5( 1) and f?<(l) are the complex amplitudes at surface 1,5(2) and '??(2) are the 

Tjt 
complex amplitudes at surface 2, 5{A) = —:^n{l)d{A) is the phase thickness of slice A with 

A 

physical thickness d{A), and y(l) = ^n(X) is the admittance of surface 1. Initially we 

assume that slice A has the same refractive index as surface 1, but in step 4 we will 

incorporate the effective index correction. Earlier we chose all of the slice thicknesses to be 

equal to one-tenth the design wavelength: 

d{A) = d{B) = --= d{Z) = 0. UQ . (3.7) 

Substituting for the phase thickness of slice A and performing the characteristic matrix 

multiplication yields an equation relating the fields at surface 1 to the fields at surface 2: 

5(2) = SQL) cos[0.2n: n(l)] -h i^V) 
sin[0.2;rn(l)] 

y(i) (3.8) 

1?(2) ='»a) cos[0.2n: n(l)] + zXl)5(l)sin[o.2;r/i(l)]. 

Substituting for the magnetic field at surface 1 in terms of the substrate admittance yields 

equations (3.9). 
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r 1 sinro.2;r/i(l)l 
5(2) =5(1)008 0.2;rn(l) + z>a)5a)—^-—r -

^ XI) (3.9) 

^{2) =y(l)5a)cos[0.2;rn(l)] + iy(l)5a)sin[0.27rn(l)]. 

Equations (3.9) may be simplified to 

5(2) =5(l)[cos[0.2;r/i(l)]+ /sin[0.2;rna)]] 

»C2) =>'(l)5a){cos[0.2;rn(l)] + /sin[0.2n:n(l)]} 
(3.10) 

or 

5(2) =5(l)exp[i0.2;rn(l)] 

^(2) =y(.l)Sa) exp[/0.2;r«(l)]. 
(3.11) 

It is necessary to find an expression for the electric field at surface 1, since we initially 

assumed an output irradiance for the calculation. 5( 1) may be found from the expression 

for irradiance in Chapter 2 

<3.13) 

From Chapter 2 we know the general form for the complex electric field amplitude is 

g=\s \cyip[i(p] ,  (3.13) 

where 0 is the complex phase of the electric field. If we assume that 0 is zero, equation 

(3.12) may be simplified to 
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5(1) = [JL 

\ 

% 
2(1 MWcm-=') 
—T 

1.5 
1 

377 
siemens 

/ 

= 22.4^^ 
m 

where we have chosen the positive root 

Substituting for 5(1), y(l), and n(l) in equations (3.11) yields 

(3.14) 

5(2) =22.4 exp[i0.3nr] — 
m 

_V 

m 
»?(2) =89.1 exp[{037r] —. 

(3.15) 

3. Calculate the Refractive Index at Surface 2 

From 5(2) we calculate the refractive index at surface 2 using equation (3.3): 

n(2)=Aio(A)+n,(A)/(2) 

= no(A) + ̂ n,(A)^|S(2)|' 

= 1.45+-
0 -0.005x10" 

V 

m 

377 
22.4xl0'exp[/0.3;r] — 

m 

(3.16) 

=1.117 

where the value of n(,(A) is known from the design. 

4. Refine the Slice Refractive Index 

Now we correct for the slice finite thickness by assigning the geometric mean of the 

refractive indices from interfaces 1 and 2 to slice A. 
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n\A) =^n{l)n{2) 

=^(1-5X1.117) 

=1.29 

(3.17) 

The prime in equation (3.17) signifies the cxjirected (or effective) index of slice A. 

5. Calculate the Corrected Helds at Interface 2 

Now we recalculate the fields at interface 2 using the new refractive index of slice A: 

where the prime signifies the corrected fields at surface 2. The entire five step calculation is 

now repeated taking the fields at interface 2 as the output fields from slice B. This process 

is repeated until the field at surface z, the front of the coating, is calculated. The input 

irradiance for this quarter wave stack corresponding to an output irradiance of 1 MW cm"' 

is found to be 1.84 MW cm"^ Figure 3.8 plots the output irradiance as a function of input 

irradiance at the design wavelength. Each point in this plot is obtained from a calculation 

for the input irradiance from a chosen output irradiance, as was done in the example 

calculation. Note that the example was calculated at a very small irradiance value compared 

to the full plot scale. 

SX2) = S{\)  exp[i0.2;rn'(A)] 

(3.18) 
1?^(2) =y{l)S(\)  exp[/0.2;rn'(A)] 
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Figure 3.8 Output versus input irradiance for example quarter wave stack. 

From Figure 3.8 it is apparent that there is a reduction in the output irradiance due 

to the nonlinear response of the stack. We will see in Chapter 4 that as the incident 

irradiance increases, the reflectance of the stack increases, resulting in a reduction in 

transmission. 

3.7 Summary 

The equations required to model nonlinear refraction were presented and 

incorporated into a non-iterative technique for computing the optical properties of nonlinear 

multilayers. An example was presented to clarify this technique. In Chapter 4 we will find 

that more sophisticated multilayer designs produce optical limiting at lower irradiances. 
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CHAPTER FOUR 

MULTILAYER DESIGNS FOR OPTICAL LIMITING 

4.1 Optical Limiter Design Approach 

In this ch^ter we investigate nonlinear multilayer optical limiter designs based on 

linear multilayer designs. We define an optical limiter as a device that has high 

transmission at low incident irradiances and low transmission at high irradiances. Ideally 

these limiters have a broad spectral response, limiting across the visible and near infra-red 

spectrum. The benefit of designing limiters from optical interference filters is that they 

magnify the electric field and hence enhance the nonlinear response of the coating materials. 

Design techniques relevant to optical limiting include the methods for designing reflectors 

with broad spectral responses and the enhancement of the electric field strength within a 

multilayer. Section 4.2 presents linear filter design concepts and examples that illustrate 

these methods. 

In section 4.4, we present nonlinear multilayer optical limiter designs and examine 

the optical response of these limiters. We will see that optical damage due to large electric 

fields is a concern in multilayer limiters and that broadband response is difficult to achieve 

due to the small refractive index contrast that is available from the intensity-dependent 

refractive index. 

4.2 Linear Filter Designs 

Ultimately, we want a structure with high transmittance at low incident irradiances 

and high reflectance at high incident irradiances. In other words, we must design a 
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structure that mimics a window at low incident irradiances and a mirror at high incident 

irradiances. We will use quarter wave stacks as the basis for the high reflectance mirror at 

high irradiances, but we must find a way to make the quarter wave stack transmit strongly 

at low irradiances. This will be accomplished by using dielectric filter materials with the 

same low linear refractive indices, thus at low irradiances the filter will appear to be a solid 

block of dielectric material. A small amount of the incident light will be reflected due to the 

index mismatch between air and the filter at the front and rear interfaces, but the majority' of 

the light will be transmitted, as with a piece of glass. 

4.2.1 The Uncoated Substrate 

If we arrange for each layer of the nonlinear multilayer to have the same linear 

refractive index as the substrate, that is, 

yoL ~ yo H ~ yosub' 

then at low incident irradiances the filter will have the same residual reflectance as the 

uncoated substrate. An uncoated dielectric substrate is essentially a window, with residual 

normal incidence reflectance defined in Chapter 2 as: 

R = yp yp sub 

yp + ypsub 
(4.1) 

where the linear admittance of the substrate and 3^0 is the incident medium 

admittance. This is easily recognized as the Fresnel reflectance of the substrate. We see 

that building our nonlinear multilayers from dielectric materials with the same linear 

refractive indices as the substrate insures high transmission at low irradiances for indices 

near the index of air. 
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4.2.2 Qiiartpr Wave Stack 

We know from linear thin-film theory[Macleod, 1989] that a quarter wave stack of 

alternating high and low refractive index layers, as shown in Figure 4.1, reflects strongly 

over a wavelength region that includes the design wavelength. The quarter wave stack is 

the basis of broad-band dielectric mirror design and we use it as the basis of the optical 

limiter designs presented in this work. In this section we present some fundamental results 

from quarter wave stacks that directly apply to nonlinear multilayers. 

Incident 
Medium H Substrate 

nHdH-nLdL=0.25A,o 

Figure 4.1 Quarter wave stack. 

All quarter wave stacks have similar optical responses, typified by the example filter 

of Table 4.1. The refractive indices in the example are typical for the visible region, and 

the number of periods is reasonable for manufacture. 
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"H ''glass 

air 1 (HL)^^ H1 glass 1.7 1.45 1.52 

Table 4.1 Quarter wave slack design example for Figure 4.2. = 1.0, Ag = 510 nm. 

Figure 4.2 shows the characteristic reflectance plot for this design. As is typical for quarter 

wave stacks, the reflectance characteristic has a high reflectance region and outside of that 

region is a potential high transmission region, known as the pass band. To achieve high 

transmission in the pass band, the reflectance ripple must be reduced. 

REFLECTANCE 
100 
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450 550 650 700 500 400 600 
UflUELENOTH 

Figure 4.2 Quarter wave stack reflectance characteristic for air I (HL)^^ H I glass. 

The ripple in the pass bands may be suppressed by optimizing the filter design using 

well-known optical interference coating design techniques. Though interesting, these 

techniques are not directly relevant to this dissertation. For additional information, the 
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reader is directed to Optical Thin-Rlm Filters[Macleod, 1989] or Design of Optical 

Interference Coatings|Thelen, 1988]. 

The full width at half maximum of the high reflectance region for a quarter wave 

stack depends solely upon the ratio of high to low refractive indices. This result[Macleod, 

1989] may be expressed in terms of the dimensionless ratio, g, as: 

^is sometimes called the relative wavelength or the wavelength ratio; it is a convenient 

parameter that expresses an observation wavelength. A, relative to the design wavelength: 

Often, characteristics are plotted as a function of g, rather than wavelength. In equation 

(4.2), 2 Ag is the width of the high reflectance zone normalized to the design wavelength, 

AQ, and 

where Aj and A^ are the wavelengths of the half-maximum points of the high reflectance 

zone. Equation (4.2). demonstrates that the width of the high reflectance region varies 

directly with the ratio of n^ to n^. Larger ratios of index produce wider high reflectance 

zones. 

The reflectances for three designs with different ratios of n^ to n^ is ploted in 

Figure 4.3. These designs and their parameters are listed in Table 4.2. As indicated by 

(4.2) 

(4.3) 

(4.4) 
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equation (4.2), the largest ratio of high to low refractive indices yields the widest high 

reflectance bjuid and the smallest ratio of refractive indices yields the narrowest bandwidth. 

REFLECTfiliCE <«> 

design a 

design b 

400 450 500 550 600 650 700 
HflUELEHGTH 

Figure 4.3 Reflectance characteristics for three refractive index ratios. 

"H "L '^sub n^/ni. 

design a air 1 (HL)^^ H 1 sub 2.70 1.45 1.52 1.86 

design b air 1 (HL)" H1 sub 1.7 1.45 1.52 1.17 

design c air 1 (HL)®° H1 sub 1.5 1.45 1.52 1.03 

Table 4.2 Design parameters for Figure 4.3. n^, = 1.0, AQ = 510 nm. 

For the smallest refractive index ratio it was necessar>' to increase the number of layers in 

order to attain 100% reflectance at the design wavelength. The reader should bear in mind 

that these 100% reflectance values are theoretical and cannot be attained in actual filter 
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manufacture. We see from these results that a large index contrast is required to broaden 

the spectral response of a quarter wave stack. Consequently, we will show that the small 

intensity-dependent refractive index response limits the spectral response of optical limiters. 

Figure 4.4 illustrates the dependence of reflectance on number of layer pairs for a 

design with low index contrast The designs for the filter characteristics plotted in Figure 

4.4 are listed in Table 4.3. As we expect from the equivalent admittance of the filler, 

design d gives the highest reflectance because it has the most layers, while design f gives 

the lowest reflectance because it has the fewest layers. We will demonstrate that nonlinear 

multilayers require many layers to achieve high reflectance because of their small index 

contrast 

REFLECTANCE <»> 

W-
— design d 

— desisn e 

f-
— design f 

L 
- - ^ L 

400 450 500 550 500 650 700 
HFIYELENGTH 

Figure 4.4 Reflectance characteristics for three designs of increasing numbers of layers. 
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"H '^sub Y 

design d airl(HL)«°Hlsub 1.5 1.45 1.52 335.8 

design e air 1 (HL)'^° H1 sub 1.5 1.45 1.52 22.3 

design f air 1 (HL)^^ H 1 sub 1.5 1.45 1.52 13.0 

Table 4.3 Design parameters for Figure 4.4. n,;, = 1.0, = 510 nm. 

Bnally, we examine the electric field distribution in a quarter wave stack to 

understand how this distribution affects nonlinear quarter wave stacks. The quarter wave 

stack was selected as a potential optical limiter design that would enhance the electric field 

magnitude and thus the nonlinear response of an intensity-dependent multilayer. As we 

will see, the electric field magnitude can increase markedly within individual layers of the 

filter, thus increasing the refractive index. However, the large electric fields are also a 

source of concern, since they may damage the materials. 

Assuming an incident irradiance of 1 W m"^, equivalent to an electric field of 27.5 

V m"\ the electric field within a multilayer is directly related to the admittance at that 

location by 

\S\= 1,  \  . (4-5) 

From equation (4.5) we plot the electric field distribution in a quarter wave stack for design 

a, from Table 4.2. For convenience, this design is listed again in Table 4.4. 
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"H "l 

design a air 1 (HL)" H 1 glass 2.7 1.45 1.52 

Table 4.4 Design example for electric field distribution of Figure 4.5. n^, = 1.0, 
AQ = 510 nm. 

Figure 4.5 shows the electric field distribution for design a assuming an incident irradiance 

of 1 W m"^ at the design wavelength. The front surface of the coating is to the left of the 

plot, at zero optical thickness, and the vertical lines in the plot indicate the boundaries 

between layers. We see from Figure 4.5 that the resultant electric field just before the front 

interface of the coating is 50 V/m, nearly twice as large as the incident field. The largest 

electric field seen in a quarter wave stack is at the front surface, thus the largest possible 

field that may develop in a quarter wave stack is twice the incident field due to the 

continuity of the tangential electric field at a boundary: if the reflected and the incident wave 

are in phase, the most they can add up to is twice the incident field. The electric field drops 

off exponentially from the front surface of the coating, but continues to oscillate until it 

damps to the substrate value. 
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Figure 4.5 Quarter wave stack electric field distribution for incident irradiance of 
1 W cm~^ at the design wavelength. The solid vertical lines are layer boundaries. 

In any coating regions of large electric field are locations of potential loss, either 

from scattering or from absorption. Regions of large field are also potential optical damage 

locations. In Chapter 5 we show that optical damage is a serious issue for multilayer 

optical limiters due to the large incident fields necessaiy to produce optical limiting. 

The relative electric field values in a multilayer may be found graphically from the 

admittance diagram. It is app)arent from equation (4.5) that we may determine the relative 

electric field magnitudes throughout the coating directly from the admittance locus of a 

coating. Additionally, lines of constant electric field magnitude are parallel to the 

admittance diagram's imaginary axis and the relative magnitude of these lines is a function 

of admittance. 

Figure 4.6 plots the admittance locus for the first five layers of the quarter wave 

stack. From this plot we see that the admittance locus for a quarter wave stack spirals 

outward from the substrate admittance as successive layers are added. As the locus 

endpoint spirals outward, the electric field swings from very low to very high values. 
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starting from an intermediate value at the substrate, and ending at a low value at the front 

surface (for a quarter wave stack with an outer layer of H admittance). 

imCINflRV flOMITTfiNCE <HLr32 H 
30 

20 

-10 

-20 

-30 
0 20 30 80 90 100 10 40 50 60 70 110 120 

REAL fIDMITTfiHCE 

Figure 4.6 Admittance diagram for the first five layers of the quarter wave stack in Table 
4.4. 

Thus we may easily visualize the relative electric fields within a coating from the admittance 

diagram, without calculating an electric field distribution plot. This is useful for 

understanding the electric field magnification of different coating designs. 

4.2.3 Single-Cavitv Filter 

If we put two quarter wave stacks together we now have a structure that is known 

as a cavity filter because the adjacent high index layers of the two stacks form a cavity. 

This filter is a Fabry-Perot etalon: a dielectric spacer layer surrounded by mirrors. The 

resulting optical response is a very narrow pass band for wavelengths that interfere 

constructively after a round trip through the cavity. Traditionally Fabry-Perot etalons were 

made with silver mirror layers, but the dielectric quarter wave stack is now preferred to 
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metal mirrors, due to their higher reflectance and lower absorption[Fowles, 1975]. 

The reflectance characteristic for a single-cavity filter has a narrow, triangular pass 

band surrounded by regions of high reflectance. The characteristic for the single-cavitv' 

filter of Table 4.5 is plotted in Figure 4.7 and clearly shows these features. The pass band 

sharpness indicates that away from the design wavelength the reflectance increases rapidly. 

This may be useful in designing nonlinear filters with broad spectral response, because of 

the strong reflectance due to the electric field magnification within the cavity. 

"H '^glass 

air 1 (HL)® HH (LH)® 1 glass 2.7 1.45 1.52 

Table 4.5 Single-cavity filter design, n,;^ = 1.0, A,, = 510 nm. 

REFLECTANCE <HL>*8 HHCLHrS 
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Figure 4.7 Reflectance characteristic for single-cavity filter. 
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A single cavity filter may magnify the electric field more than the quarter wave stack 

because the mirror stacks surrounding the cavity layer store energy. In the steady state, the 

large reflectance of the mirrors causes a buildup of light in the cavity layer. This is exactly 

what occurs in a laser cavity, the only difference being that there is a gain medium within 

the laser cavity. The peak field value may occur in the center of the cavity layer or at its 

boundaries depending on whether the cavity layer is a low or high index material. This 

magnification of the field with a cavity filter enables us to obtain larger nonlinear response 

from a cavity filter design than from a quarter wave stack. 

Figure 4.8 shows the admittance diagram for a single-cavity filter, note that this plot 

is not drawn to scale. From this plot, we expect to find the largest electric field within the 

stack where the spacer layer meets the mirrors. From an examination of the admittance 

diagram, it is apparent that if the quarter wave stack reflectors have more layers then the 

maximum electric field value within the stack will be larger. This occurs because the 

quarter wave stack locus endpoint spirals farther away from the starting point when 

additional layers are added, as shown in Figure 4.6. 
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inflGIMflRV flDniTTflrCE (HL)"8 HH<LH>-8 

Figure 4.8 Admittance diagram for the single-cavity filter of Table 4.5. Diagram not to 
scale. 

When we calculate the electric field for this single-cavitv' filter, we discover that the 

maximum electric field is significantly larger than for the quarter wave stack. Although the 

single-cavity filter design has only 34 layers, the interference effects of the cavity cause the 

maximum electric field in the filter to rise above 3 kV/m for an incident electric field of 27.5 

V/m. This 100 times amplification of the electric field seen in Figure 4.9 explains why 

naiTOwband filters can explode when illuminated by lasers; even a minute amount of 

absorption in a region of high elecuic field causes rapid heating of the filter and imminent 

failure. Additionally, this large electric field magnification can cause optical damage to the 

materials if the field becopmes too large, as is shown in Chapter 5. 
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Figure 4.9 Electric field distribution for single cavity filter. 

4.2.4 Two-Cavitv Filter 

We consider here a two-cavity filter design for comparison with the single-cavity 

filter design of section 4.2.3. Multiple cavity filters are made by adding additional cavity 

filters with quarter wave coupling layers in between, as follows: 

air I (HL)® HH (LH)® L (HL)® HH (LH)® I glass is a two-cavity filter, and 

air I (HL)® HH (LH)® L (HL)® HH (LH)® L (HL)® HH (LH)®I glass is a three-cavitv' filter. 

The low index layers inserted between the (LH)® and (HL)® quarter wave stacks are 

coupling layers. Note that the two-cavity filter requires one coupling layer and the three-

cavity filter requires two coupling layers. The two-cavity filter design and parameters for 

the plot in Figure 4.10 are listed in Table 4.6. 
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"H 

air 1 (HLf HH (LH)® L (FIL)® HH (LH)® 1 glass 2.7 1.45 1.52 

Table 4.6 Two-cavity filter design and parameters. 

As shown in Figure 4.10, the two-cavity filter reflectance characteristic pass band 

has steeper sides than the single-cavity filter. These steep sides resulting from the 

additional cavity give the characteristic a more rectangular profile. 
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Figure 4.10 Reflectance characteristic for two cavity filter. 

Figure 4.11 plots the electric field distribution for the two-cavity filter example of 

Table 4.6. From this plot, we see that the two-cavity narrowband filter magnifies the 

electric field slightly more than the single-cavity filter, with the maximum electric field 

being located in the cavity nearest the incident medium. 
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Figure 4.11 Electric field distribution for two cavity filter. 

For an incident field of 27.5 V/m the maximum electric field in Figure 4.11 is 

3.4 kV/m. The two-cavity filer is promising as an optical limiter design due to the 

additional region of high electric field and its strong reflectance response away from the 

design wavelength. As mentioned previously, the large incident irradiances optical limiters 

must protect against are likely to lead to optical damage in multilayer limiters at locations of 

significant electric field enhancement, thus it is desirable to enhance the filter's nonlinear 

response without increasing the interference-enhanced electric field above the filter 

materials' damage thresholds. The nonlinear two-cavity filter may respond more strongly 

to lower incident irradiances than the single-cavity filter due to the additional region of high 

electric field. 

4.3 Summary of Relevant Linear Hlter Design Concepts 

The ideal optical limiter has high transmission at low incident irradiances, low 

transmission at high incident irradiances, and a broad sectral response. We have shown in 

3.65 7 . 3  1 0 . 9 5  
OPTICfiL THICKNESS 

14.6 
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the prvious sections how to produce these behaviors with linear dielectric multilayers. 

To produce high transmission at low incident irradiances with a multilayer, the 

stack must appear to be a solid block of one transmissive material with a single linear 

refractive index. The only light reflected in this case is due to the index mismatch to air at 

the filter incident and emergent surfaces. Using nonlinear materials with linear refractive 

indices identical to the substrate will produce a filter that appears to be a continuous block 

of material. This multilayer will be highly transmissive at low incident irradiances. 

To produce high reflectance at large incident irradiances, the multilayer must be 

based on a quarter-wave stack or a cavity filter of alternating high and low index materials 

at high irradiances. This may be accomplished by using two materials in the multilayer 

with nonlinear parameters of opposite signs or by using one nonlinear material and one 

linear material. 

4.4 Nonlinear Filter Designs and C)iscussion 

In the next section we present and discuss nonlinear filter designs for optical 

limiting based on quarter wave stacks and cavity filters. However, we will find in Chapter 

5 that the output inadiance levels from most of these filters are above the damage threshold 

for the sensors we wish to protect The issue of optical damage to the filters due to the 

large power densities created by the interference effects in the multilayers is also discussed 

in Chapter 5. 

The design wavelength is not specified in terms of a physical value for these 

nonlinear multilayer designs because we have chosen ideal, dispersionless nonlinear 

materials. Under the condition of dispersionless materials, the wavelength dependence of 

the plots on specific numerical wavelength values is meaningless. 
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4.4.1 Nonlinear Desi |gn #1: 65 Layer Quarter Wave Stack 

Design #1 is a quarter wave stack composed entirely of transparent materials that 

have the same linear refractive indices. Therefore, at low incident irradiances the stack 

appears to be a uniform solid block and will have a high transmission limited only by the 

index mismatch between air and the stack. We assume that the substrate and the incident 

medium respond linearly but that the two multilayer materials have equal nonlinear 

refractive index magnitudes with opposite signs; in other words h • The 

nonlinear parameter values selected for Design #1 are realistic for available 

materials[Chang, 1981]. Design #1 consists of 65 layers that have exactly quarter wave 

optical thicknesses for low incident irradiances, where the nonlinear refractive index 

contribution is negligible. 

Design #1 Air I (HL)" H I Sub 

air H L sub 

"o 1.0 1.45 1.45 1.45 

n, [cm^/GW] 0 +0.005 -0.005 0 

Table 4.7 Linear and nonlinear indices for Design #1, air 1 (HL)^^ H I sub. 
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Figure 4.12 Irradiance characteristic for Design #1 at design wavelength. 

Figure 4.12 shows the output irradiance for illumination at the design wavelength. 

As the incident irradiance is increased the output irradiance levels off for incident 

irradiances greater than 5 GW cm"^. This plot shows typical optical limiting behavior for 

nonlinear quarter wave stacks at the design wavelength. Although the optical thicknesses 

of the layers changes from exact quarter waves at high irradiances due to the nonlinear 

materials response, the nonlinear refractive inde.x change is relatively small and the layers 

remain nearly quarter waves. From our knowledge of linear quarter wave stacks, we may 

assume that the maximum electric field in this coating is near the front interface and is no 

more than twice the incident field. For an incident irradiance of 5 GW cm'^ the incident 

electric field is 160 MV m"\ and therefore the maximum field in the coating is 

320 MV m~^ (twice the incident field), corresponding to an irradiance of 20 GW cm"^. In 

Chapter 5 we will show that this irradiance exceeds the damage limits of all known 

nonlinear materials. 

Examination of Design #1 at non-design wavelengths reveals that the bandwidth of 
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the region where optical limiting is observed is approximately 10% of the design 

wavelength. However, as the observation wavelength is moved farther from the design 

wavelength, the ou^jut limiting inadiance steadily increases to a maximum of 

6.5 GW cm~^ at the edge of the spectral region exhibiting limiting. Figure 4.13 shows 

the onset of bistable behavior at the edge of the optically limited spectral region. 
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Figure 4.13 Onset of bistable behavior for Design #1 at 95% of the design wavelength. 

Looking further from the design wavelength, the irradiance plot at twice the design 

wavelength shows a multistable optical response. For low irradiances, the design is highly 

transmissive, this occurs because for the calculation wavelength, 

^calculation ' 

the optical thicknesses of the layers are exactly half waves when the nonlinear refactive 

index does not contribute. In other words: 
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n„d„ = n,d, =0.25(2A,) =0.5A^^„. 

Half wave layers, also known as absentee layers, cause constructive interference at the 

wavelength for which they are a half wave thick. Thus the end result is the same as if the 

thin film layers weren't there. Because the layers are half waves at the calculation 

wavelength, we can expect the multilayer response to be weak for low incident irradiances. 

However, when the irradiance increases, the nonlinear refractive index contributes to the 

total refractive index and causes the optical thicknesses of the layers to shift away from half 

waves. This optical thickness shift initially causes the reflectance of the stack to increase. 

As the incident irradiance is increased, multistability is seen, resulting from successive 

increases and decreases in reflectance of the filter. The multistability seen in Figure 4.14 

corresponds to the sideband ripples seen in the linear quarter wave stack plots. For linear 

filters, these ripples are stationary with respect to wavelength because the optical 

thicknesses of the layers are fixed. However, for nonlinear filters, the optical thicknesses 

of the layers is a function of the incident irradiance, and so the ripple peaks shift to different 

wavelengths for different incident irradiances. This ripple shift manifests itself as 

multistability on the output irradiance plots. In addition to a wavelength shift in ripple peak 

locations, the refiectance of the ripple increases for increasing irradiance. This increase 

occurs because the ripple reflectance is a minimum at the half wavelength condition for all 

quarter wave stacks, but away from the half wavelength condition, the reflectance of the 

ripple envelope increases. 
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Figure 4.14 Multistable behavior of Design #1 at twice the design wavelength. 

The reflectance characteristic at twice the design wavelength is shown in Figure 

4.15. Initially the reflectance is constant for low incident irradiances; this region is in the 

linear behavior regime extending out to 20 GW cm"", where the nonlinear response 

becomes significant For low incident irradiances the reflectance is 4%; this \ alue is 

consistent with the reflectance of an uncoated substrate with refractive index 1.45, just as 

we predicted for a design composed of materials with the same linear indices. For high 

incident irradiances we see multistable behavior due to the effects of variations of layer 

optical thickness in the spectral region of quarter wave stack ripple. Note that as the optical 

thicknesses of the layers change, the ripple peaks shift and grow larger. 
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Rgure 4.15 Reflectance versus input irradiance for Design #1 at 

4.4.2 Nonlinear Oesign #2: 1.001 Laver Quarter Wave Stack 

Design #2 is a quarter wave stack composed of one linear and one nonlinear 

transparent material. To compensate for the linearit\' of the low index material, we have 

increased the nonlinear refractive index of the H material by three orders of magnitude from 

Example #1. In this case, the magnitude of the selected nonlinear index is nearly 

realistic[Agnesi, Banfi, et al., 1989], but perhaps a little large. Since the index contrast 

between the layers is small we have included additional layers in the filter to increase the 

reflectance, following the design rules from linear quarter wave stacks. 

Design #2 a i r l (HL)^°°Hlsub 
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air H L sub 

"o 1.0 1.6 1.6 1.45 

n^ [cmVGW] 0 6.56 0 0 

Table 4.8 Linear and nonlinear indices for Design #2, air I (HL)^"" H I sub. 
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Figure 4.16 Optical limiting with Design #2 at the design wavelength. 

For the characteristic plot of Design #2 in Figure 4.16 optical limiting begins to 

occur at an input irradiance of 1.5 kW cm"'. This is three orders of magnitude lower than 

the onset of limiting for Design #1; the increased nonlinear refractive index for Design #2 

explains the lowered threshold. The clamped value of output irradiance is also three orders 

of magnitude lower than for Design #1. 

The electric field corresponding to an incident irradiance of 1.5 kW cm"^ is 
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106 kV m~^ Assuming that the maximum field in the stack is twice the incident field, or 

212 kV m'S the maximum irradiance in the stack is 9.5 kW cm"^. This is below the 

optical damage threshold of most materials. 

The reflectance plot of Rgure 4.17 shows a rapid reflectance increase with 

increasing irradiance due to the large nonlinear parameter of the H layers. Reflectance rises 

to nearly 100% due to the large number of layers in the design. 
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Figure 4.17 Reflectance characteristic for Design #2 at the design wavelength. 

Due to the large number of layers in this quarter wave stack, we can expect the 

region of optical limiting to occur over a narrower spectral region than for a quarter wave 

stack of fewer layers. This expectation is supported by calculations done for Design #1. 

4.4.3 Nonlinear Design #3: 122 Layer Single-Cavity Filter 

In Design #3 we return to the small nonlinear indices of Design #1. This design is 

based on a single-cavity filter, as described in section 4.2.4. 
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Design #3 air I (HLf ° HH (LH)^° 1 sub 

air H L sub 

"o 1.0 1.45 1.45 1.45 

n, [cmVGW] 0 0.005 -0.005 0 

Table 4.9 Linear and nonlinear indices for Design #3, air I (HL)^° HH (LH)^° I sub. 

We observe characteristic optical limiting behavior from Design #3 in Figure 4.18. 

The onset of limiting occurs at an input irradiance of 3 GW cm"^, at the same order of 

magnitude as with Design #1, but at a lower value. Additionally, the clamped value of 

output irradiance is at 3 GW cm"^, lower than for Design #1, but at the same order of 

magnitude. 
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Figure 4.18 Optical limiting with Design #3 at the design wavelength. 
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The onset occurs at a lower irradiance due to the large magnification of the incident field 

within the cavity filter. Recall that the maximum electric field that can occur within a 

quarter wave stack is twice the incident field, but that this limit does not apply to the cavity 

filter. These results indicate that by using a cavity filter design, we may lower the 

irradiance at which optical limiting occurs. 
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Figure 4.19 Reflectance characteristic for Design #3 at the design wavelength. 

The reflectance characteristic for Design #3 does not rise as steeply as the 

reflectance of Design #2. This can be accounted for by the reduced number of layers in the 

cavity filter design. Since there are fewer layers and a small index contrast, the reflectance 

cannot reach as great a value at small irradiances. This is apparent from Figure 4.4 that 

shows the dependence of reflectance on number of layer pairs for quarter wave stacks with 

small index contrast 

A study of the irradiance characteristic of Design ^ as a function of wavelength 

indicates that farther from the design wavelength, the output limiting irradiance rises to a 
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maximum of 7 GW cm"^ at the edge of the spectral region of limiting. The spectral 

bandwidth of optical Hmiting for Design #3 is 10% of the design wavelength. 
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Figure 4.20 Design #3 calculated at 95% of the design wavelength. 

Figure 4.20 shows the onset of bistable behavior at the optical limiting bandwidth edge of 

Design #3. Farther from the design wavelength the filter shows multistable behavior 

similar to that seen in Figure 4.14. 

4.4.4 Nonlinear Design #4: 125 Laver Two-Cavity Filter 

Design #4 is a two-cavity filter that uses the same refractive index parameters as 

Designs #1 and #3. 

Design #4 air I (HL)'^ HH (LH)'^ L (HL)'' HH (LH)'^ I sub. 
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air H L sub 

1.0 1.45 1.45 1.45 

n^ [cmVGW] 0 0.005 -0.005 0 

Table 4.10 Linear and nonlinear indices for design #4, 
air I (HL)'^ HH (LH)'" L (HL)^^ HH (LH)'^ I sub. 
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Figure 4.21 Optical limiting for Design #4 at the design wavelength. 

In Figure 4.21, the onset of limiting occurs at 5 GW cm"^ and the clamped output 

irradiance is approximately 5 GW cm"". The onset of limiting occurs at a slightly larger 

irradiance than for the single-cavity filter of Design #3 because this design has half as many 

layers in the reflectors surrounding the cavit>' layers. Recall that the cavity filter is a Fabry-

Perot like filter that uses dielectric quarter wave stacks as the mirrors. Quarter wave stacks 
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with small index contrast require more layers to reach maximum reflectance, thus we can 

assume that a higher irradiance is required to produce a larger index contrast and thus reach 

the same reflectance level for fewer layers. Fewer layers means that the electric field 

buildup in the cavities is less, thus we would expect a smaller response. However, the 

second cavity magnifies the response of the overall filter and compensates for the reduced 

response of the weakened single cavities. 

Examination of the irradiance characteristic for Design #4 as a function of 

wavelength indicates that the optical limiting bandwidth of the two-cavity filter is narrower 

than for the single cavity filter. The filter has spectral regions of limiting alternating with 

regions of multistable behavior. The transition from limiting region to multistable behavior 

is very sharply a function of wavelength as seen in Figure 4.22 and Figure 4.23. 
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Figure 4.22 Design #4 at 100.3% of the design wavelength. 
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Figure 4.23 Design #4 at 100.4% of the design wavelength. 

4.5 Conclusion 

We have shown that optical limiting may be achieved at a single wavelength with a 

nonlinear multilayer, but far from the design wavelength, multistable behavior is observed. 

The narrow spectral response of these filters is due to the small nonlinear index contrast 

that is available from realistic materials. Unless materials with larger nonlinear parameters 

are engineered, this is a fundamental limiting factor. It may be possible to make quarter 

wave stacks with staggered thicknesses to respond to wider wavelength regions, but these 

multilayers will require thousands of low-absorption, low-scatter, optical quality layers to 

attain large reflectances. In addition to this, quarter wave stacks with small index contrast 

require many layers to reach 100% reflectance. This explains why many hundreds of 

layers are required to produce optical limiting at relatively low (kW cm"^) incident 

irradiances. Our results are completely consistent with linear filter theory when the 

nonlinear index is accounted for. In the next chapter we will discuss the suitability of these 
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designs for optical limiting in light of optical limiting device requirements and available 

nonlinear materials. 
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CHAPTER HVE 

PRACTICAL ISSUES 

In this chapter the suitability of our multilayer designs for sensor protection is 

examined along with the manufacturing issues associated with nonlinear multilayer optical 

limiters. We present nonlinear refractive indices from the literature and discuss the 

availability of nonlinear materials with appropriate physical properties. The issue of optical 

damage due to large electric fields within the mutlilayer is explored. Hnally, an 

examination of sensor damage limits shows that one of our designs is suitable for solid 

state detector protection over a narrow wavelength region. 

5.1 Nonlinear Parameters 

The intensity-dependent refractive index of a material is simply related to the third-

order nonlinear susceptibilityof that material. is a fourth-rank tensor with as 

many as 81 independent components. Even in isotropic materials, such as liquids, random 

sol ids ,  and  amorphous  polymers ,  has  three  independent  components ,  Xnn^ Xi in^  

and X\\n • For an isotropic medium far from resonance and for purely electronic (nearly 

instantaneous) nonlinearities these three components are related by[Prasad and Williams, 

1991] 

lyO) _ (3) _ (3) 
3  Aim Al212~All22-

Hectronic and vibrational resonances of the medium cause the wavelength dispersion of 

and the linear susceptibility to be frequency dependent Far from resonance 
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frequencies, the material absorption is small and the refractive index dispersion is weak. 

Near resonance frequencies, the absorption is large and the index changes rapdily. The 

linear and nonlinear susceptibility are both complex quantities, where the imaginary part of 

the nonlinear susceptibility quantifies absorption and the real part quantifies refractive 

index. To accurately model the spectral response of nonlinear multilayer filters it is 

necessary to include the refractive index dispersion. In this work we have assumed that 

our materials are non-dispersive and non-absorbing, thus we characterize them with purely 

real, wavelength-independent linear and nonlinear refractive index values. 

Generally, to characterize a nonlinear medium, experimenters measure Xnii 

refer to it as the value for the medium[Prasad and Williams, 1991]. Common 

measurement techniques include degenerate four-wave mixing (DFWM), the z-scan 

method[Sheik-Bahae, Hagan and Stryland, 1990; Sheik-Bahae, Said, et al., 1989], the 

nonlinear Fabry-Perot methodpPrasad and Williams, 1991], and the optical Kerr gate[Ho, 

1984]. Some of these methods allow for time-resolved measurements of the nonlinear 

parameters that enable detennination of the contributing nonlinear mechanisms. We see in 

the next section that the time response of a nonlinear material generally determines the order 

of magnitude of that response. 

To compare nonlinear susceptibilities from the literature, we must choose a unit 

system and a nonlinear refractive index definition. The data presented were converted to 

the same units and forced to conform to a uniform definition of nonlinear index. This is 

necessary because the nonlinear optics community does not have a common convention for 

the polarization expansion and subsequently derived nonlinear terms [Butcher and Cotter, 

1990]. The polarization expansion and nonlinear refractive index definition we have 

selected for this work are 
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P = eo[;f^''-£'+ x^^^\EE->r x^^^ '-EEE+ higher orders] (5.2) 

and 

n = /!(, + n^I. (5.3) 

These equations are fully developed in Appendix B. The resulting relation between 

and is 

Appendix C compares some of the basic definitions for the nonlinear polarization 

expansion and the nonlinear refractive index. Conversions between these definitions are 

also provided. 

5.2 Nonlinear Materials for Optical Limiting 

We require that the nonlinear materials meet application-dependent criteria for 

optical and physical properties to be useful for multilayer optical limiters. Most important 

for our work is that the materials be depositable in multilayer thin film stacks. Requiring 

that materials be deposited in multilayers excludes many nonlinear materials from use in our 

designs. For example, liquid crystals and nonlinear solutions are unsuitable for multilayers 

due to their liquid phase. 

Because these filters are intended for use in visual optical systems, the materials 

must be transparent across the visible and near IR spectral region. This requirement further 

excludes many semiconductors and strongly-absorbing materials from our list of possible 

nonlinear materials. 

In addition to processing and optical transmission requirements, applications 

(5.4) 
4£ocno 
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dictate that the materials possess sub-nanosecond response times to protect sensors from 

short laser pulses [Uhlrich, 1989]. The response time of a nonlinear phenomenon depends 

on the physical mechanism responsible for the nonlinearity. Table 5.1 shows the response 

time of several nonlinear meachnisms and their orders of magnitude. We examine materials 

with an electronic Kerr nonlinearity to meet the sub-nanosecond response time requirement 

Response Time 

Mechanism (cm^AV) (esu) (sec) 

Electronic polarization 10-16 10-'^ 10"'^ 

Molecular orientation 10-14 10-'^ 10"'^ 

Hectrostriction 10-14 10"'^ 10"' 

Saturated atomic absorption 10-10 10'® 10"® 

Thermal effects 10'® 10-^ 10-" 

Table 5.1 Typical vjilues of the nonlinear refractive index and response time for different 
mechanisms, after Boyd[Boyd, 1992]. 

The electronic polarization results from the nonlinear response of bound electrons in an 

applied optical field and can be modeled as an anharmonic oscillator. The time required for 

an applied optical field to distort the electron cloud determines the electronic nonlinearitv-

response time[Boyd, 1992]. Note from Table 5.1 that fast mechanisms have smaller 

nonlinear responses [Boyd, 1992]. Therefore, requiring fast response times limits the order 

of magnitude of the nonlinear index available for our designs. 

Much effort has been invested in designing materials with heightened nonlinear 

responses [Prasad and Williams, 1991]. The nonlinear strength of a material depends on 

the electronic structure of the atomic and molecular constituents of the medium and their 

dynamic behavior, as well as the symmetry and geometric arrangement of the molecules in 

the mediumPPrasad and Williams, 1991]. Along these lines, polymers may be the most 
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promising source of nonlinear materials for multilayer optical limiters since the values 

of polymers depend strongly on their structural features[Guha, Frazier, et al., 1989; 

Kushner and Neff, 1988]. Polymers may be engineered to have inherently fast response 

times and relatively large third order molecular susceptibilities[Uhlrich, 1989]. They also 

posses excellent mechanical properties, environmental resistance, and high laser damage 

thresholds [Uhlrich, 1989]. 

In Table 5.2 nonlinear parameters for dispersive nonlinear materials with sub-

nanosecond response times are listed. Numbers listed in parentheses are calculated from 

the conversion equations in Appendix C and assume a linear refractive index of 1.6. From 

this table it is evident that no single material stands out as having a fast response time and a 

large intensity-dependent refractive index. This table corroborates the order of magnitude 

of available nonlinearities used in the nonlinear multilayer designs of Chapter 4. 
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Material (esu) njCesu) n^Cm^AV) 

10-5 M Kiton Red 620 dye-doped 
colloidal crystal 

[Herbert, C^inski and Malcuit, 1992] 

-4.2 X 10"^ (2X 10-")  

CdSjSei.jj in borosilicate matrix 

[Agnesi, et al., 1989] 

10"' 10"''* 

cyano-biphenyls and cyano-terphenyl 

[Hochbaum, Hsu and Fergason, 
1994] 

-10-'" (5x  10- '®)  

poly (phenylenevinylene) 
PPV-9H 

[Samoc, et al., 1998] 

-2.2 X 10"'®+ 
i 0.28 X 10"''' 

2-methyl-4-nitroaniline (MNA) 

[Chang, 1981] 

6.56 X 10-'' 

vinyl amine-propyl 

[Aron, Lytel, el al., 1989] 

-10"" (2X IQ-")  

CS2 

(carbon disulfide) 

[Wood, et al., 1989] 

5 X 10"'' 1 .2  X 10"^ '  (6X 10- '^ )  

YAG(no= 1.829) 

[Koechner, 1996] 

4.09 X 10"'^ (2X IO" ' ' )  

BK-7 (no= 1.517) 

[Koechner, 1996] 

1.46 X 10"'^ 00
 

X
 

1—
» o
 

fused silica (n<,=1.456) 

[Koechner, 1996] 

0.99 X 10"'^ (6X 10" ' ° )  

Table 5.2 Nonlinear parameters for selected materials. 
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5.3 Optical Damaoe 

For multilayer limiters, we require that the filter materials possess large damage 

thresholds[Kushner and Neff, 1988] to withstand the large electric fields generated within 

the multilayer thin-film coatings, as discussed in Chapter 4. In this section we examine the 

electric fields within quarter wave stacks and cavity filters resulting from realistic laser 

sources. Realizable power densities are calculated and compared with typical material 

damage thresholds. 

To address the issue of electric field-induced damage in filters, it is necessary to 

determine realizable incident laser power densities. Incident laser sources range from the 

ubiquitous low power HeNe to battlefield laser weapons. It is easy to locate information 

for commercial lasers, however it is difficult to find detailed specifications for laser 

weapons. Information available from Boeing and TRW web site indicates that the airborne 

laser (ABL) weapons under development for deployment in the year 2002 are based on 

chemical oxygen iodine lasers (COIL) manufactured by TRW. Publicly available 

information indicates that the ABL-based COIL is a multi-megawatt continuous wave laser 

with a 1.5 m beam diameter and an intended target range of hundreds of miles. In our 

calculations, we will conservatively estimate the power of the COIL to be 2 MW. 

To estimate power densities from laser threats, we will examine two scenarios: a 

large (1.5 m) diameter laser beam and a small (1 cm) diameter laser beam. The large beam 

corresponds to long propagation distances and minimal beam divergence, as might be used 

for laser radar systems (LIDAR) or laser weapons. The smzill laser beam is more likely to 

be found in the laboratory or in industrial settings. 

From the laser power information listed in Table 5.3 we may calculate incident 

power densities at a detector for the two selected laser beam diameters. The electric field at 

the detector is calculated from the irradiance equation of Chapter 2: 
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for an iiradiance in W m"^. 

io-o)(>k) 

= 27.5-JT V m 

2/ 
V m (5.5) 
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Source Peak Pulse Power 
or CW Power and 

Beam Diameter 
(if specified) 

Worst-Case 
Irradiance 

and Incident 1^ 
(1 cm Beam 

Diameter) 

Best-Case 
Irradiance 

and Incident IB 
(1.5 m Beam 

Diameter) 

Nd:YAG laser 300W(CW) 380 W cm"' 20 mW cm"^ 

[Koechner, 1996] 
54 kV m"' 360 V m"' 

Dye laser pumped bv 
N±YAG 

1 kW 1.3 kW cm"' 50 mW cm"^ 

[Meyers, 1991] 98 kV m-' 650V m"' 

Dye lasers 2.5 kW 3.2 kW cm"' 140 mW cm"^ 

[Duarte, 1995] 160 kV m"' 1 kV m"' 

transverse flow, 
transverse discharge 
CO^ 

15 kW (CW) 19 kW cm"^ 850 mW cm'" 

[Meyers, 1991] > 15 mm 380 kV m"' 2.5 kV m-' 

ABL chemical 
oxygen-iodine laser 

2MW(CW) 2.6 MW cm"' now cm"^ 

[TRW, 1989] 1.5 m 4.4 MV m"' 29 kV m"' 

Ruby laser 1 GW 1.3 GW cm"^ 57 kW cm-' 

[Meyers, 1991] 98 MV m"' 650 kV m"' 

Q-switched Nd:YAG 1 GW 1.3 GW cm"' 57 kW cm"-

[Meyers, 1991] 98 MV m"' 650 kV m-' 

Nd-Glass laser 
(NOVA) 

100 GW 130 GW cm"' 5.7 MW cm"' 

[Meyers, 1991] 2 m 980 MV m"' 6.5 MV m"' 

Table 5.3 Realistic laser powers and power densities. 

Recall from Chapter 4 that the maximum electric field vvithin a quarter wave stack 

does not exceed twice the incident field; therefore optical damage is less of a concern in 
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these designs than in cavity filters which magnify the electric fields by many orders of 

magnitude. The large field magnification observed in cavity filters is more likely to 

produce power densities that cause optical damage to the filter. Examining the incident 

irradiances for the designs in Chapter 4, only Design #2 limits the output irradiance below 

typical material optical damage levels. Typical bulk material optical damage limits are on 

the order of MW cm"^[Koechner, 1996]. Unfortunately, measured damage thresholds for 

thin films are reduced below the level expected for the same material in bulk form due to 

factors associated with the production of thin films. Some of these factors include thin film 

purity, composition, and imiformity, residual stress, and substrate cleanliness(Koechner, 

1996]. 

5.4 Limiter Requirements for Sensor Protection 

Device requirements for sensor-protecting optical limiters are stringent In addition 

to the previously-mentioned requirements of transparencv' in the visible and near-IR and 

response times that are sub-nanosecond, devices must protect over a broad spectral range 

and have large damage thresholds[Kushner and Neff, 1988]. 

Limiters intended for use with the unaided human eye should be small and 

lightweight and the maximum permissible radiant exposure to a short (less than 10 |j.s) 

pulse must not exceed 0.7 jxJ cm~^ at the cornea[Davy, et al., 1995; Kushner and Neff, 

1988]. Limiters for quantum detectors should transmit less than 0.1 to 100 J cm"^, 

depending on the detector. In this section we will discuss the suitabilitv' of the Chapter 4 

nonlinear multilayers designs for protection of the eye and solid state detectors. 

The human eye is a highly sensitive detector with a self-protecting blink reflex. 

Unfortunately this reflex is too slow to protect against laser pulses of less than 0.1 s and 

CW laser exposure. We discuss only protection from short pulses in this section, since the 
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damaging exposure level for pulses is smaller than for CW sources, thus the short pulses 

represent the worst case damaging irradiance scenario. To design appropriate limiters, it is 

necessary to examine the exposure limits of the eye. For a fully-opened iris (approximately 

6 mm diamter), the ratio of fluence at the retina to fluence at the cornea is 10^. This 

quantity, known as the optical gain of the eye, is the reason that seemingly low energies 

incident on the cornea damage the retina[Tutt and Boggess, 1993]. The ANSI standards 

plotting the limiting level for eye protection as a function of optical pulse width and energy 

are shown in Hgure 5. l[Sliney, 1990]. Note that the damage level for the eye is power 

dependent for pulse widths between 10 p.s and 10 s, but the level is fluence dependent for 

pulse widths below 10 ^is. This is due to a difference in thermal diffusion rates at the 

retina. For short exposure times there is negligible thermal diffusion, thus the maximum 

deposited energy determines whether damage occurs. During longer pulses, the retina is 

heated by thermal diffusion and the diffusion rate of the irradiated spot determines the 

damage limit[Tutt and Boggess, 1993]. As shown in Figure 5.1, the maximum 

permissible radiant exposure to a short (less than 10 |j.s) pulse must not exceed 

0.7 p.J cm~^ at the cornea. For a uniformly illuminated cornea and a fully open iris this 

corresponds to a 0.2 pulse energy. 

In Table 5.4 we calculate the damage limiting average irradiance for laser pulses of 

different radiances and pulse lengths incident on the cornea. From these calculations we 

see that the optical power limiting requirements for the eye are quite stringent. None of the 

nonlinear multilayer design examples presented in Chapter 4 meet these requirements for 

output irradiance. 
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lE-05-

lE-06-

9 9 9 9 9 9 9 9 9  

Exposure Duration (Sec) 

Figure 5.1 ANSI standard for eye protection for different incident optical pulse widths 
with wavelengths between 400 and 700 nrnfTutt and Boggess, 1993]. 

pulse radiance at the cornea 
[|j.J cm"^] 

pulse length damage limiting 
average irradiance 

500 100 ms 5 mW cm"^ 

0.7 10 (IS 0.07 mW cm"^ 

0.7 1 ns 700 W cm"' 

Table 5.4 Average irradiances for laser pulses at the damage limit incident on the cornea. 

In contrast with the eye, the damage thresholds for most quantum detectors fall 

within a range of 0.1 to 100 J cm"^ depending on the detector, the incident wavelength, 

and the pulse durationfTutt and Boggess, 1993]. The quantum detector damage thresholds 

are much higher than for the eye; this is because the detectors have no built-in lenses to 
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increase the radiance at the detector. The damage threshold of the retina, discounting the 

optical gain provided by the cornea, is comparable to that of a standard Si PIN 

photodiode(Tutt and Boggess, 1993], Although these detectors are generally used with 

imaging optics, we will neglect the effects of collecting optics on the damage thresholds of 

solid state detectors. Figure 5.2 plots measured damage thresholds for typical detector 

materials as a function of pulse width. Note that for longer pulse widths, the damage is 

limited by thermal diffusion out of the irradiated spot which helps to dissipate energy, just 

as with the retina[Wood, et al., 1989]. 

;tLICON>X 

TGS 

10' 
SILICON (pm) 

2 
10' 

,1 10 
,-7 -6 .-S -4 •3 C2 id' 10® 10 10 10 10 10 10 

tp (sec) 

Figure 5.2 Optical damage thresholds for typical detector materials as a function of pulse 
width[Bartoli, et al., 1977], Doped silicon, LiTaOS, and TGS curves are for 10.6 |im 
radiation. The Si (PIN) is for 0.69 |im light 
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Taking the Si (PIN) detector curve as the typical detector curve, for 100 ns pulses 

the output irradiance of the optical limiter must be less than 10 MW cm"^. Design #2 of 

section 4.4.2 meets this requirement at the design wavelength with a limiting output 

irradiance of approximately 1 kW cm-2, but none of the designs with fewer layers match 

this performance. However, due to the small nonlinear refractive index contrast, the 

spectral region of high reflectance for this design is very small. Taking the bandwidth of 

Design #1 as an upper limit, we expect the region of limiting to be less than 10% of the 

design wavelength. Thus, the narrow spectral bandwidth of Design #2 falls short of the 

spectral requirement that the detector limit irradiance over the entire visible and the near IR 

spectrum. 

5.5 Filter Manufacture 

The motivation for modeling nonlinear multilayers is to develop realistic and 

practical designs that fulfill optical limiting requirements for sensor protection. To be 

useful, these designs must be manufacturable and the filters must be durable enough for 

their intended applications. To manufacture these designs we must deposit hundreds of 

thin film layers. In this instance, thin means optical thicknesses of a single quarter wave in 

the visible. Thus thin films for the visible region are on the order of 100 nanometers thick. 

Although the deposition of hundreds of optical thickness layers may seem daunting, 

it is possible to deposit hundreds of layers in a reasonable amount of time through a 

vacuum chamber drum-coating process[Boufelfel, 1997]. As shown in Figure 5.3, a 

deposition chamber with a rotating drum may be used to spray deposit polymers and 

evaporate materials onto a thin flexible substrate during one coating run. The substrate is 

wrapped around the drum and during deposition the drum spins. As the substrate passes 

over each of the deposition sources (the evaporant and the polymer evaporator), a 
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multilayer of alternating materials is built up. Def)ending on the method of deposition used 

for a particular material, it may be necessary to heat it resistively or sputter it with inert 

ionized gases[Wada, Hosoda, et al., 1993]. In the case of resistive heating, the target 

material is evaporated and then condensed onto the substrate. 

Vacuum 
Chamber 

Uononef 
Delivery System Nanolaminate Composite 

Rotating Drum 

Wire Feed or 
Electron Beam 

Vacuum 
Pump 

7ft dia. 

Figure 5.3 Sigma Labs (Tucson, AZ) vacuum system for depositing hundreds of layers of 
polymers[Boufelfel, 1997], 

For sputtering, an inert gas, usually Ar, is introduced into the vacuum chamber, ionized to 

form a plasma, then accelerated into the target material causing molecules of the target to 

dislodge, fly off, and condense on the substrate. For these physical vapor deposition 

processes it is essential to deposit both organic and inorganic materials with caution to 



110 

avoid thermal decomposition[Wada, et al., 1993]. Alternate deposition techniques that are 

commonly used with organic films include laser beam target ablation, spin coating, 

Langmuir-Blodgett method, liquid-phase epitaxy, and chemical vapor deposition [Wada, et 

al., 1993]. These processes are less promising for the deposition of hundreds of layers, 

but it may be possible to modify them to improve their suitability for multilayer production. 

5.6 Summary 

In conclusion, currently available nonlinear materials are inadequate for nonlinear 

multilayer optical limiters because the materials have small nonlinear responses and optical 

damage thresholds too low for the fields in nonlinear multilayers. The small index contrast 

available from fast nonlinear refraction materials increases the difficulty of designing optical 

limiting filters with broad spectral response. Due to the small nonlinear material response, 

it is necessary to use hundreds of layers to enhance the nonlinear filler response. These 

hundreds of layers magnify the already large incident electric field beyond the optical 

damage threshold of typical optical materials, which is a serious concern for multilayer 

limiters. Rnally, in section 5.4 we determined that the designs presented in Chapter 4 do 

not clamp the output irradiances at low enough values to protect the human eye. However, 

one design may be sufficient for protecting quantum detectors over a narrow spectral 

bandwidth. 
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CHAPTER SIX 

CONCLUSION 

6.1 Summary Of Current Work 

In this dissertation we developed a new, non-iterative computation technique for 

modeling nonlinear multilayers. We then presented nonlinear multilayer designs for optical 

limiting based on the design fundamentals of linear optical interference filters using realistic 

nonlinear material parameters. These designs were then examined in the context of material 

processing and sensor protection requirments. Although most of the designs were 

unsuitable for sensor protection Design #2, a 1,001 layer quarter wave stack, limits the 

output irradiance to reasonable levels for a Si (PIN) detector at one wavelength. 

Unfortunately this design also shows a very narrowband spectral response due to the small 

nonlinear index contrast of the filter materials. Of additional concern is the material damage 

threshold due to the large electric fields produced in multilayer coatings by optical 

interference. Depending on the laser source and the multilayer design (cavity- or quarter 

wave stack), these electric fields may be large enough to cause optical damage to the 

nonlinear materials. 

6.2 Future Directions 

It is apparent from our results that additional work must be done to tailor nonlinear 

multilayers to the design requirements for sensor protection. Multilayers must be designed 

to produce broader spectral responses, lower output irradiances, and resistance to optical 

damage. One possibility for broadening the spectral response may be to use stacks of 
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staggered layer thicknesses, effectively producing a quarter wave stack for each incident 

wavelength. The drawback to this idea is that it may require the use of many thousands of 

layers to limit output irradiance to reasonable values, due once again to the small nonlinear 

material response. To lower the output irradiances requires either materials with larger 

nonlinearities or filters with stronger responses to incident irradiance. Materials with fast 

response times and larger nonlinear parameters may be in the future of organic polymer 

research, but breakthroughs are difficult to predict Cavity filters respond more strongly to 

incident irradiances than quarter wave stacks, but optical damage due to large electric fields 

within the cavities is a serious problem. 

Stronger nonlinear response may be found from absorptive nonlinear materials. 

Thus, it may be beneficial to consider a multilayer design including both absorptive and 

dispersive nonlinearities. This filter would be engineered to behave as an induced 

transmission filter at low irradiances, but a mirror at high irradiances. Potential drawbacks 

to nonlinear absorption effects are the dissipation of heat in the multilayer and the relative 

slowness of nonlinear absorption in comparison to electronic nonlinear refraction 

processes. The slower response might be outweighed by the potentially larger response, 

including the large nonlinear refraction dispersion near nonlinear absorption peaks. 

All of our calculations assumed a steady-state filter response; since the incident laser 

pulses are expected to be on the order of nanosecond pulses, it may be inappropriate to 

discount transient effects for our relatively thick multilayers. There may be a regime for 

which the nonlinear multilayer does not respond as predicted by the steady state 

calculations. As far as we know, no group has attempted to manufacture a nonlinear 

multilayer for optical limiting. To realize these multilayer designs it will be necessarv' to 

manufacture coatings of great accuracy and many hundreds, if not thousands, of layers. 

The deposition techniques to produce such multilayers must be fast and accurate. 

Evaporation, sputtering, or even organic molecular beam epitaxy are potential candidates 
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for nonlinear multilayer manufacture. 

In summary, the field of nonlinear multilayers for optical limiting is a rich field of 

inquiry with room for additional experimentation and modeling to determine correlation 

between experiments and theory. 
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APPENDIX A 

A. 1 Characteristic Matrix E)erivation 

This appendix is intended to accompany the material in Chapter 2, in it we derive 

the characteristic matrix relating the electric and magnetic fields at the rear of a thin film to 

the fields at the front of a thin film. 

The characteristic matrices of an optical interference filter are derived from the 

boundary equations which arise from Maxwell's equations governing electromagnetic 

fields and waves. In the case of an interference-supporting film, it is necessary to include 

the partially reflected fields in the continuity of total tangential electric and magnetic fields. 

A. 2 Assumptions and Definitions 

In this work we follow some standard assumptions: the individual layers are 

isotropic, homogeneous, and non-magnetic, all of the interfaces and surfaces are plane, 

parallel, and of infinite extent, and all optical properties of the mutlilayer are examined in 

the steady-state time domain with no consideration of transient system response. All 

equations are presented in SI units. 

We begin by assuming a normally incident harmonic plane wave of infinite extent 

traveling along the z-axis with electric and magnetic fields of the following form; 

E = 5exp[z(Q}f- jcz)], and 

H = ̂  exp[i(C!)r- K:Z)] . 

(A.1) 

(A.2) 
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In equations (A.l) and (A.2) any additional exponential pliase factor is absorbed into the 

complex amplitudes 5 and such that 

5=|5|exp[ i(l>], and (A.3) 

(A4) 

iTtn iJt 
The wave number and angular frequency are defined as k = —^ and co = — respectively, 

A / 

where A is the free-space wavelength. 

The sign convention for the direction of pxjsitive electric and magnetic fields is 

illustrated in Hgure A.L It is the one commonly used in thin-film literature, and to 

maintain consistent results, it is necessary to follow this convention at all times. 

incident 
medium 

^nc. 

^inc. C) C) E 

Hren. 

'refl. 

emergent 
medium 

G E 

H trans. 

trans. 

Figure A. 1 Positive directions of electric and magnetic fields for normal incidence 
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A. 3 Admittance 

Equation (A.5) gives the optical admittance of a medium for a harmonic wave. 

H 
y=i=i (A.5) 

The work in this dissertation is concerned only with optical frequencies, for which we can 

assume the relative permeability of all materials is unity. This allows us to relate optical 

admittance to refractive index by a constant, the admittance of free space: 

y=n1p. (A.6) 

In SI units, for optical frequencies, the admittance of free space has the value 

= rrr siemens or mhos. 
" 311 

Because the admittance of free space is a constant for optical frequencies, this allows us to 

refer to optical admittances of materials in terms of a new set of units. We will express 

admittance in terms of free space units, so that 

y = n free space units. (A. 7) 

A. 4 Characteristic Matrix Calculation 

We will begin by assuming a non-absorbing thin film on a substrate, with the 

illustrated normally-incident linearly polarized harmonic plane waves. 
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Figure A. 2 Partial fields for a thin dielectric film on a substrate. 

The subscripts a and b refer to the interfaces of the thin film with the incident medium and 

the substrate, respectively. The superscript +'s and -'s refer to the forward and backward 

traveling partial waves. For example 

is the forward-traveling partial wave exactly at interface a, in the medium with admittance 

yj. In the incident medium there is both an incident and a partially reflected wave, while in 

the substrate there is only a transmitted wave. 

We may write expressions for the total electric and magnetic fields at interfaces a 

and b in the film, remembering to include the sign convention for normal incidence waves: 
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~ \̂a \̂a ~ Îb 
H.=- '»:a * - '̂ -.  ̂

Because we know the thin film's phase thickness 

'27U 
5 = — ( A . 9 )  

and we know that the electric field oiaeys equation (A.l), we may write the partial waves at 

interface b in terms of the partial waves at interface a: 

= S*^eKp[-i5] fl^i; = ??,;exp[-/5] 
- ^ ^ (A. 10) 
Sit = 5i^exp[+z5] exp[+/5]. 

We may instead write the fields at surface a in terms of the fields at b inside the film: 

Sil = SileKp[+i$] '»î  = '»*eiip[+i5] 

= S~t,exp[-iS] exp[-z5]. 

Substituting equations (A. 11) into equations (A.8) yields 

=  Kb « P [ + +  ̂ib expC- El, = Sit, + S'xb 

Ha = '»ib^p{+i5\-'»-yeii.p{-i5\ H, 

(A. 11) 

(A. 12) 

At this point we will substitute an expression for the partial magnetic fields from equation 

(A.5) into equations (A. 12), relating admittance to electric and magnetic fields: 

Ha = -^i^riexpL-i^] = y^Sil-yiS'^,. (A. 13) 
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Now we will solve for the partial electric and magnetic fields at surface b in terms of the 

total electric and magnetic fields at surface b and the admittance of medium 1 from 

equations (A. 12) and (A. 13); 

'lb 

'lb' 

1 / f ib '  
— 4 + 

O 

2 
\ >1 J 

1 / »b\ 
— Eb-

a 

2 If 
\ y^ > 

^Ib ~ -^{yi^b 

^Ib ~ "^{yi^b ~^b\ 

(A. 14) 

Substitution of these partial fields into equations (A.8) yields the total fields at interface a: 

1 
exp[+/5] + ^ ^b e - — ^b yi .  

exp[-/5] = £.cos5+/—^sin5 
^1 

ecp[+i^ - ]:[yxEb-fib] ocpH5] =iyxE^ sin5 + cos5. 

(A. 15) 

Finally, we may write this result in matrix form in equation (A. 16). This is the 

characteristic matrix for a single thin film dielectric layer. The result is completely 

applicable to absorbing layers as long as we use the complex admittance and refractive 

index. 
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„ zsin5 
cosd 

^1 
jy^ sin5 cos5. 

(A. 16) 

where 

£, and a d 

and 

are the total electric and magnetic fields at surface a, 

are the total electric and magnetic fields at surface b, 

sin 5 
cosd i 

^1 
./ji sin5 cos 5. 

is the characteristic matrix. 

2?r / \ 
d = )di is the phase thickness, and 

is the admittance. 

For most purposes, the total electric and magnetic fields will be normalized, so that 

the total magnetic field at the substrate (surface b, in this case) is equal to the substrate 

admittance, and the total electric field at the substrate (surface b) is unitv', as is shown in 

Chapter 2. 
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APPENDIX B 

This appendix briefly introduces nonlinear optics for the reader who is unfamiliar 

with this subject Nonlinear optics is presented here with a bias towards introducing the 

nonlinear refractive index term which is essential to this dissertation. Any of a number of 

excellent nonlinear optics books may be consulted for additional elucidation [Baldwin, 

1969; Boyd, 1992; Butcher and Cotter, 1990; Prasad and Williams, 1991]. 

B. 1 Propagation Of Light In Linear Media 

The propagation of light in a linear medium provides a foundation for the 

introduction of nonlinear optics. We assume homogeneous, nonmagnetic, nonconducting 

media that have no free charges nor currents. The resulting wave equation follows from 

Maxwell's equations: 

2 = (B.l) 
c ot 

All propagating waves obey this equation which governs the time and space variations of 

the electric field. Under the assumption that light is propagating as an infinite plane wave 

in the z-direction, the wave equation simplifies to 

d^E n' d^E 
+ -r-Tr = o- (B.2) 

dz" dt' 

We note that our original Chapter 2 plane wave is a solution to equation (B.2) 

Eiz,t)  =Sexp[iicot~Kz)],  (B.3) 
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where the vector nature of the electric field has been suppressed for simplicity. 

B.2 Dispersion: Lorentz Harmonic Oscillator Model 

We may model the optical response of a medium by treating the electrons as 

damped harmonic oscillators driven at the optical field frequency. This classical model is 

due to LorentzCBom and Wolf, 1980]. Electrons bound to the nuclei are approximated as 

charged particles held by springs to nuclei. The force exerted by an electromagnetic wave 

of frequency co on an electron is: 

where we assume that E is in the form of equation. If we assume small displacements 

from equilibrium, it is valid to consider the restoring force to be quadratic, therefore the 

spring will exert a restoring force on the electron according to: 

where m is the electron's mass, x is its displacement from equilibrium, and (OQ is the 

natural frequency of the oscillator. It is also necessary to include a damping term that 

resists the driving force of the electric field. Ultimately, this term arises from radiation 

reaction. The damping force is 

^ring —(lE (B.4) 

binding (B.5) 

damping dt 

where T is the damping constant of the oscillator. According to Newton's second law, the 

equation of motion for the electron is: 
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^iiring binding ^^amping 'Wfl 

dx d^x (B.6) 
qE—m(Qtx — 2mT—-=m-—r. 

° dt  dr 

Equation (B.6) may be rearranged: 

d^x ^dx 2 q 
(B.7) 

The steady-state solution for equation (B.7) for the electric field in equation (B.3) is: 

q Scxpi^m-Kz)] 

From this equation we see that the electron displacement varies sinusoidally in time and that 

the amplitude of displacement increases as the electric field frequency approaches the 

oscillator's natural frequency. The electron oscillates at the driving frequency of the electric 

field. 

The charge distribution induced in an atom by the electric field is approximated by 

an induced dipole: the applied field polarizes the atoms, displacing the electrons from their 

equilibrium positions, resulting in a dipole moment The dipole moment is 

^mdu«d=«^. (B.9) 

where q is the electronic charge of the atom, including the sign of that charge and x is the 

displacement of the electron from equilibrium. It is possible to relate a bulk material 

polarization to the dipole moment for each electron and the electron density of the medium. 

We may calculate a bulk polarization for the medium if we know the electron densitv', N, in 

the material: 
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P=Nqx. (B.IO) 

Substituting for the electron's displacement from equilibrium: 

m (p)l -0)^) - 2icor Sevpiioit-Kz)']. (B.ll) 

Notice that the induced polarization is proportional to the amplitude of the electric field and 

it has the same frequency dependence. 

Within a material, the electric field is lowered by the material's bulk polarization 

which opposes the externally applied field. In the case of a linear material, the polarization 

is related to electric field by a linear susceptibility, 

where is the permittivity of free space. Since the susceptibility relates components of the 

polarization vector to the electric field vector, it is a second-rank tensor. Susceptibility is 

related to the dielectric constant of the medium by the following relation: 

where e is the material dielectric constant. The optical response may also be represented by 

its complex refractive index. For an isotropic medium: 

P = SoX' ' 'E,  (B.12) 

(B.13) 

(B.14) 

where for optical frequencies, ju=l. The real part of the refractive index accounts for 

refraction through a medium, and the imaginary part describes the absorption of the light 
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Note that for a linear medium response, the refractive index is independent of the electric 

field strength. Combining equation (B. 14) with (B. 11), we may calculate the complex 

refractive index of the medium: 

2 Nit 1 
n =1+ f , 77 (B.15) 

[Oil -co )-2icor 

Equating real and imaginary parts of equation (B.15) gives the following expressions: 

Nq"" (col-o)^) 
Re[n]=l + — .2 / ^ (B.16) 

(cOg ) +[20jr) 

and 

Nq" cor 
Im[n]=-f-— -5— (B.17) 

(ct)o -CO ) +(2(i)r) 

The behavior of the real and imaginary part of the refractive index are shown in Figure B. 1. 
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Figure B. 1 Real and imaginary parts of the refractive index versus frequency. 

B.3 Nonlinear Optical Effects 

When an intense electric field interacts with a medium, the medium responds 

nonlinearly. This nonlinear response results in higher order contributions to the 

polarization, thus it is necessary to expand the susceptibility in terms of electric field to 

account for these effects. 

Assuming that the polarization of the medium is weak in comparison with the forces 

binding the electrons to the nuclei, we may express the polarization as a Taylor series 

expansion in field strength, E. 

P = higher orders] (B.18) 

The superscript on x gives the order of the nonlinearity, and also the dependence on E of 

the polarization. For example, is first order, thus it is linear and the associated 

polarization term depends on E to the first power. All terms of order higher than first order 
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are nonlinear effects, is a third-rank tensor describing the strength of second-order 

nonlinear processes, is a fourth-rank tensor that describes third-order processes. For 

most materials, effects due to orders higher than third-order are difficult to observe, and 

therefore are not included in this expansion. We may rewrite this polarization equation in 

terms of an effective x which is dependent on electric field strength. 

To cleariy demonstrate nonlinear optical behavior, we may substitute a sinusoidal electric 

into the polarization expansion: 

P = €o[x'^^^ScQs{Q3t-Kz)+ ;t^^^5^cos^(Q)f-K-z)+ ;t^^^5^cos^(Q>r-K'z) +...](B.21) 

Using appropriate trigonometric identities reduces equation (B.21) to: 

Due to the nonlinear polarization terms, there are now new frequency components 

generated at twice and three times the incident optical field frequency in addition to a term 

which is frequency independent To observe the effects of the frequency generation terms 

it is also necessary to meet the appropriate criteria for momentum conservation. Table B. 1 

lists the nonlinear terms and their standard descriptions. 

Symmetry properties of the medium determine the contributions to second- and 

(B.19) 

field 

£(z,r) = Re[5exp[/(fUf - k-^)]] = £cos(cot - K Z )  (B.20) 

f* = £o ;i:^'^5cos(<or -Kz)+ TC o  -  K: Z) ) ]  

+£O Z cos(Q)/- fcz) + •jcos(3(a)r - K:Z))] +... 
(B.22) 
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third-order nonlinear terms. A contribution can only come from noncentrosymmetric 

media, whereas contributions can come from any medium regardless of 

symmetry [Prasad and Williams, 1991]. 

term description 

^COS{Git-Kz) linear response at incident field frequency 

dc polarization/optical rectification 

T£o;t^'"^'cos(2(£0/-K:z)) second-harmonic generation 

EoX^^^S^COSiCOt-Kz) nonlinear response at incident field frequency/ 

intensity-dependent refractive index 

£o ^^^^^•4Cos(3(fUf - K:Z)) third-harmonic generation 

Table B. 1 Description of nonlinear polarization terms. 

Naturally, it is necessary to modify the wave equation to include the nonlinear 

effects of the medium on the electric field: 

= (B.23) 

The wave equation is important because it describes the conditions for momentum 

conservation for the generation and propagation of newly generated fields. 

Appendix C defines the nonlinear refractive index, n^, and discusses the difficulties 
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in the comparison of results from different authors due to inconsistent definitions of the 

intensity-dependent refractive index. 
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APPENDIX C ON UNITS 

C. 1 Different Definitions Of Nonlinear Refractive Index Terms 

The nonlinear material response we are interested in for this woric is the intensity-

dependent refractive index, which is due to the third-order polarization term. In the field of 

nonlinear optics, there is no singular convention for the basic definitions of many nonlinear 

equations. As one might expect, different books use different conventions and it can be 

difficult to compare results because of this lack of uniformity. This appendix presents 

several common definitions for the polarization expansion and the intensit>'-dependent 

refractive index as well as conversions between these definitions. 

C.2 Polarization Expansion Definitions 

In the SI system there are two common expansions for the polarization: 

and 

P •  £ +  J:™ !£££+..., (c.2) 

where the removed constant is the permittivity of free space 

Co =8.85x10"'' F/m 
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In the gaussian unit system (sometimes known as esu), the polarization is most often 

defined as 

P= •£+ x^^^:EEE+ . . . .  (C.3) 

In each of the three equations (C.l), (C.2), and (C.3), the values of and 

X^^^ are different To compare any measurements of nonlinear susceptibilities it is 

necessary to convert to one definition and unit system. In this work, we have used the SI 

definition in equation (C.l). 
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C.3 Converting Nonlinear Susceptibility Units 

We may relate the nonlinear susceptibilities from equations (C. 1) and (C.3) as 

shown in the following table adapted from ButcherfButcher and Cotter, 1990] and from 

Boyd[Boyd, 1992]. 

Physical Quantity SI esu N SI =  AN_  

A 

P(N)_^(D) GN Om^ statvolt/cm 10" 

z"' 1 1 4K 

m'V cm/statvolt 471/(3x10^) 

M-\- cm"/statvoIt^ 47C/(3X10^)-

^(0) (m'Vr* (cm/statvolt) 47C/(10-'C)''-' 

E Vm statvolt/cm 3x10^ 

I W/m^ erg/(cm^ s) 10-^ 

TaWe C. 1 Conversion factors for nonlinear parameters. 

Note that in Table C.l c = 3x10^. 
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C.4 Nonlinear Refractive Index Definitions 

Three common definitions for the notxlinear refractive index are presented here with 

conversions between the definitions for the reader's convenience in comparing values from 

different sources. 

C.4.1 Definition of Nonlinear Refractive Index Used In This Dissertation 

In this work we define the total refractive index, including the nonlinear part, in SI 

units in terms of the irradiance as 

n = . (C.4) 

For clarity, I will refer in this appendix to , but in the rest of the dissertation, this 

quantity will be known only as n^, the intensity-dependent index. In this case, the time-

averaged irradiance is 

/ = T£oCno|5f. (C.5) 

Using our knowledge of admittance, we can write this equation as; 

/=Tno^ |5 f .  ( C6 )  

From equations (C.6) and (C.4) we find the expression for total refractive index used in 

this work: 

n  =  ̂ 0+Tno^ '4  (C .7 )  

The nonlinear refractive index expressed in terms of susceptibility' using the polarization 

expansion of equation (C.2) is: 
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, 3Re[;t°"] 

4e,cnl • 

where has the units of W 

C. 4.2 Definition of Nonlinear Refractive Index In Terms of Electric Field 

We may also define the nonlinear refractive index in SI units in terms of the electric 
field amplitude in the medium as follows: 

n  =  no+  n^ \E f ,  (C .9 )  

where 

E = T[5exp[-zfi*] + £* exp[+zfi*]], (C. 10) 

and the total polarization at frequency O) is given by equation (C. I); 

P = 

In this case the nonlinejir refractive index is 

3Re[;i:'"] 

where have the same units, m^ 

We may relate to nf by; 

I 2/4 

(C.11) 

(C.12) 

(C-13) 
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C.4.3 Definition of Nonlinear Refractive Index In Gaussian System 

In the gaussian system, is typically defined as: 

1 = "o + «2 FI ' (C-14) 

where £ has units of statvolt cm"\ and has the dimensions of (statvolt/cm)"*. 

In this case the polarization is given by 

(£-!)£ 
P = (C.15) 

Alt 

the linear refractive index is 

no=^ l  +  47uR ex l l i ,  (C .16 )  

and the dielectric constant may be expressed in esu as 

£ = l + 4t[;t;i:;+i3;2'j£f] (C.iT) 

The nonlinear refraction coefficient, n"\ in terms of susceptibility is 

ReCO- (C-18) 
~^o 

C.5 Converting Nonlinear Refractive Index Units 

The most commonly used coefficients in the literature are (m^ V"^), (m^ W"'), 

/ij"" (esu), and xTu-
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Table C.2 summarizes the definitions and units of intensity-dependent refractive index 

expressed in terms of nonlinear susceptibility. 

n Uj units "2 

n = /Iq + r^\E^ m'V-^ H 3Re[;t:'"] 

w = /Zq + rr^I m^ W , 3Re[;c<"] 

4e„cnl 

n = /Iq + esu or (statvolt/cm)'^ 

-"•Q 

Table C.2 Nonlinear refractive index definitions in terms of susceptibility. 

Conversions from the other unit systems to the nonlinear refractive index definition used in 

this work are summarized in Table C.3. 

n^ [m^ W] 

I 3Re[;t2;l 
Ae^cn] 

I 

I 

eocrio 
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esu 

Table C.3 Intensity-dependent refractive index conversions for the definition used in this 
work. 

C. 6 Complication In Definition Of Numerical Factor For Nonlinear Polarization 

Unfortimately, there is no convention as to whether or not to explicitly include the 

3 
numerical factor in the nonlinear polarization expression. Often the degeneracy factor of — 

is incorporated into the definition of susceptibility so that equation (C. 1) becomes: 

in all prior SI equations defining the nonlinear refractive index in terms of nonlinear 

susceptibility. 

An additional complication arises when the electric field is defined without the 

factor of out front, as: 

P = ^  pO) 

(C.19) 

In this case it is necessary to perform the substitution 

(C.20) 
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in which case the formula for intensity becomes 

/ = 2£oCnol£|\ 

and the resulting expression for including both of these complications is 

I ReCz'"] 

^ 4£(,cno • 

In conclusion, when comparing nonlinear parameters form the literature, the reader must be 

aware of the nonlinear polarization definition and the nonlinear refractive index definition 

used by the author of the paper presenting nonlinear measurements in order to obtain 

correct comparisons. 
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