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SUMMARY

In today’s technology an increasing use is made of materials consisting of thin layers with thick-
nesses in the range of a few nanometers. Applications of these types of materials can be found
in integrated circuits, magnetic heads and tapes, solid-state lasers, X-ray mirrors and coated win-
dow glass, etc. They are used for their mechanical, magnetic, optical and/or electrical properties.
These properties are related to the structural parameters of these materials, such as the elemental
composition, thickness, roughness and number of layers in the material. The first part of this thesis
explores both the thickness of layers and the number of layers in x-ray multilayer mirrors by using
the Luus-Jaakola optimization procedure in order to achieve a desired reflectivity. The reflectivity
of multilayer coatings shows a strong dependence on the thickness of each layer and the number
of layers. In the first chapter we present and modify the Luus-Jaakola algorithm to design optical
th in-film systems by optimizing the thickness of the layers as well as the number of layers. We
show that the optimization model can improve the results using fewer layers of material with the
Luus-Jaakola method for the design of x-ray multilayer mirrors in both the angular and spectral
domains. Numerical results indicate that the proposed approach performs very competitively with
other approaches. It has become possible to design optical coatings with fewer layers. This opens
a new opportunity for the design of high quality optical coatings. We then apply this technique to
help in the design of multilayer mirrors for a target application, such as an astronomical grazing-
incidence hard X-ray telescope. These designs are compared with other author’s results. Further,
we present a computational study of a modification of the Luus-Jaakola method that could be used
in multilayer mirrors with more than two components. Then we apply this method to determine the
optical constants, thickness and root mean square roughens of the layers. Finally, in the last part
of the thesis we present optimization results of phase-only sampled fiber Bragg gratings by using
the modified Luus-Jaakola method. We show that it is able to produce a high number of channels

with less refractive-index modulation, high reflectivity, as well as requiring fewer segments.



SOMMAIRE

De nos jours, les usages de matériaux en couches minces de 1’ordre du nanomeétre se multiplient
dans diverses spheres technologiques. Par exemple, on retrouve ces types de matériaux dans les
circuits intégrés, les tétes et cassettes magnétiques, les sources de laser a 1’état solide, les miroirs
pour rayon X, et I’enduit de certaines fenétres. Ce sont leurs propriétés mécaniques, magnétiques,
électriques et/ou optiques qui sont recherchées, propriétés qui sont liées aux parametres struc-
turaux de ces matériaux, tels la composition, I’épaisseur, la rugosité, et le nombre de couches.
La premiere partie de cette thése vise une meilleure compréhension du réle de 1’épaisseur et du
nombre de couches dans les miroirs multicouches sensibles aux rayons X en utilisant la procé-
dure d’optimisation de Luus-Jaakola pour obtenir la réflexivité désirée qui dépend fortement de
ces parametres. Le premier chapitre présente une version modifiée de 1’algorithme de Luus-Jakola
permettant la conception de films en couches minces ol les deux parametres sont optimisés. Nous
démontrons que notre méthode permet d’améliorer les propriétés de miroirs multicouches sensibles
aux rayons X autant dans le domaine angulaire que spectral tout en réduisant le nombre de couches
nécessaires. Les résultats numériques montrent que notre approche se compare avantageusement
aux autres. Il devient alors possible de créer des films optiques avec moins de couches ouvrant la
porte a I'innovation dans le domaine de 1’optique de haute qualité. Nous avons par ailleurs util-
is€ notre technique pour aider a la conception d’un télescope a incidence rasante pour rayons X
(“grazing-incidence hard X-ray telescope’). Nos résultats se comparent a ceux de ’auteur. Nous
présentons ensuite une étude numérique de ! 1a méthode Luus-Jaakola modifiée permettant I’'usage
de plus de deux composantes dans les miroirs multicouches. Nous employons ensuite cette nou-
velle méthode pour déterminer les constantes optiques, 1’épaisseur, et la moyenne des carrés de la
rugosité des couches. Enfin, dans la derniere partie de cette these, nous utilisons cet algorithme
modifié de Luus-Jaakola pour optimiser les réseaux de Bragg a fibres échantillonnés exclusivement
dans la phase. Nous pouvons ainsi produire une grande quantité de canaux qui comportent moins
de modulation dans I'index de réfraction, poss¢dent une forte réflexivité, et requierent moins de

segments.
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Background Theory

By definition, x-rays are a form of electromagnetic radiation produced following the ejection of an
inner orbital electron and subsequent transition of atomic orbital electrons from states of high to
low energy [1]. According to this definition, the wavelength of x-ray radiation ranges from 0.01 to
23 nm. X-rays with a wavelength longer than 0.1 nm are called soft x-rays. At wavelengths shorter
than this, they are called hard x-rays. Hard x-rays overlap the range of gamma rays, which are
generated by transitions within atomic nuclei. At the long wavelength side x-rays are adjacent to
Extreme Ultra Violet (E/XUV) radiation. Also on this side an overlap between two regions exists,
although this overlap is not based on any physical argument: wavelengths longer than 10 nm are
usually referred to as XUV. Notably the term EUV, mostly used to indicate the wavelength of 13.4
nm, has been proposed for EUV lithography.

For normal incidence the reflection of electromagnetic radiation with energy less than 25eV (=~
50nm )at a single surface can result in reflectivities of between 10 and 80%. For energies larger
than 2.5 keV (= 0.5nm) natural crystals can be used as reflectors. Reflections from different
crystal layers, also named Multilayer Optical Coatings, obeying Bragg’s law can result in reflec-
tivity values higher than 80% [2]. Artificially layered structures have been of considerable interest
during the last decades. Their use in visible optics is widely known. Application of these struc-
tures having nanometer periods can be found in superconductivity [3], magnetism [4] and optics
in the regime from far UV to X-rays. The high reflectivity as well as the dispersive character of

multilayer coatings has opened new possibilities for applications in X-ray optics [5, 6], X-ray tele-

2
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scopes [7, 8] and spectroscopy [9]. Such coatings are basically stacks of thin films, composed of
two materials with alternately high and low scattering power or equivalently, optical densities. In
principle all material combinations are possible, but in order to obtain stable structures, materials

have to be chosen that do not interdiffuse.

The reflectivity of the multilayer coatings is based on interference and depends primarily on

the optical properties of materials, the thickness of each layer and the total number of layers.

The reflection at a single interface of two materials can be described using two approaches:
an atomic and a macroscopic approach. In the atomic approach [2], each atom in the material is
considered to scatter and absorb the radiation. The interaction takes place with the electrons and
is strongly dependent on the frequency or wavelength of the incoming wavefront. The reflection
is calculated by summing the partially scattered waves. In the macroscopic approach a complex
refractive index n is attributed to each material [10]. The reflectivity is then calculated using
Fresnel’s equations. Because the atomic and macroscopic approach describe the same phenomena,
a relation between the refractive index and the atomic scattering factors can be found [2]. In the
case of wavelengths larger than 1000A, which is in the near UV region, interaction with the nearly
free electrons in the conduction band of metals is very strong, so reflection at normal incidence
can be obtained at smoothly polished metal surfaces. For wavelengths smaller than 100A, the
interaction cross-section is low and decreases rapidly for shorter wavelength X-rays, so normal

incidence reflectors consisting of a single interface with vacuum are not efficient.

As a result of interference of waves, reflected from many interfaces, a strongly improved
normal incidence reflector with dispersive character can be obtained. Theoretically the reflectivity
of multilayer optical coatings depends on the reflectivity of each interface in combination with
absorption and extinction of the whole stack. Deviation from the theoretical reflectivity is caused
by thickness errors of the individual layers and the character of the interfaces [11]. Thickness

errors are increasingly difficult to control for growing numbers of layers in the stack.

Transition layers due to interdiffusion, giving rise to less sharp boundaries, reduce the reflec-
tivity of the interface [12]. For a transition layer consisting of graded composition the reduced
reflection is compensated by an enhanced transmission. As more layers take part in the reflection
process, an improved energy resolution can be expected, limited by the total absorption or extinc-
tion of the whole stack. Due to interface roughness, reflection at each interface is reduced due to

scattering. This results in reduced reflected intensity in the specular direction. As scattering can
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be considered as a loss and does not give rise to an enhanced transmission, no improvement of
the energy resolution can be expected. In the high spatial frequency range, interface roughness
behaves as a transition layer for X-rays, where it can give rise to reduced reflectivity and enhanced

transmission.

It can be concluded that, in order to produce a multilayer mirror with high reflectivity, the
multilayer stack should be made with suitable materials, a proper thickness of each layer, limited

interface roughness, and also the most suitable number of layers in the stack.

Nowadays, many different approaches have been proposed for designing multilayer optical
coatings. They roughly include analytical, graphical, and numerical methods [ 13, 14]. The numer-
ical methods are particularly powerful because they can be applied to the design of coatings with
complicated properties. In most numerical methods the design of optical coatings is formulated as
an optimization problem, based on the use of merit functions, which are often extremely difficult
due to the large number of local minima [15], and so it is hard to find feasible solutions efficiently
no matter what methods are applied. These numerical approaches can be classified into refinement

methods [ 16, 17] and synthesis methods [I8, 19].

Refinement methods, such as damped least square, modified gradient, golden section, Hook
and Jeeves search [20], and simplex methods, normally require a starting design that is close to
the desired performance. Then, a desired solution is achieved by gradually modifying the start-
ing design. Unfortunately, to choose a starting design is a time-consuming and difficult task in
complex systems and the performance of refinement methods is very sensitive to the choice of
starting points. On the other hand, the synthesis method, such as gradient evolution and simulated
annealing, can generate their own starting designs. Unfortunately, the quality of many synthesis
approaches are not satisfactory, so that they need a refinement method to refine their obtained so-
lutions. Many of the above approaches require the determination of first and second derivatives
of the merit function or require other limitations. The objective of these approaches is to find the
thickness of layers of a multilayer coating and none of these approaches can be used to optimize
the number of layers of a multilayer coating system at the same time. Therefore, to develop a good
synthesis method which is capable of optimization the layer thicknesses as well as the number of

layers is an important research topic.

Luus and Jaakola [21] successfully showed that their method could be used to solve difficult

optimization problems with functions having large numbers of local minima. This procedure uses
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random search points and systematic contraction of the search region. Luus [22, 23] introduced
a multipass formulation for the procedure with the region size between each pass to be changed
according to the extent to which each variable changes with respect to the previous pass. With this
method, Luus et al.[24] were able to solve the complex cancer chemotherapy optimization prob-
lem of high dimension that involved 84 variables and several state constraints. The Luus-Jaakola
optimization procedure was successfully employed to solve multiphase equilibrium calculations
involving both phase as well as chemical equilibrium [25]. In article I, we modified the Luus-
Jaakola method to allow the number of layers in the multilayer mirror structure to be one of the

variables that can be optimized, along with the layer thicknesses.

Now I briefly outline the structure of the present thesis. This thesis consists of five pub-
lished articles related to some problems of optimization in optics. The first three articles [Chapters
two,three and four] are part of a series that examines the modification of the Luus-Jaakola opti-
mization procedure as applied to multilayer optical coatings. Some examples are demonstrated in
Chapter two. Another application in Hard X-rays is posed in Chapter three. The effect of adding
a third material to multilayer stacks is studied in the following article. Finding the optical con-
stants and some information about each layer by using the Luus-Jaakola optimization method is
presented in Chapter five. The last chapter of the thesis presents the phase-only sampling fiber
Bragg gratings technique for producing channels in optical fibers. Here we used the modification

of the Luus-Jaakola method to model this technique.

The remainder of this chapter is organized as follows: section 1 provides a short overview
of multilayer theory, and outlines some of the techniques that have been used to calculate the
multilayer reflectivity. Section 2 overviews the fiber Bragg gratings and the numerical technique is
summarized. The Luus-Jaakola optimization procedure is introduced in section 3, and application
of the algorithm to the optimization of Lennard-Jones clusters is also investigated. In section 3.3,
we apply the Luus-Jaakola method to a test function, and compare it in several dimensions against

the well-known Particle Swarm optimization algorithm.

Theory of Multilayer reflectivity

Several methods are available in the literature for the estimation of the reflectivity of a multilayer
stack [26]. Such methods can be grouped according to the theory, kinematical or dynamical, on

which they are based. In the kinematical theory, multiple reflections and depletion of the incident
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beam are neglected if the reflectivity at each boundary, absorption, and the total reflectivity of
the structure are small. In these approximations, the multilayer reflectivity is the vector sum of
the reflected amplitudes of the single boundaries [26]. Instead, the dynamical theory takes into
full consideration the multiple reflections at each interface and provides an exact determination of
the amplitude and phase of the reflected beam. For each theory, two formalisms are available for
evaluating the reflectivity performance of multilayers: the recurrence formalism derived by Parrat

and the matrix formalism introduced by Abeles [27].

Recursive method

A two-material multilayer coating deposited on a substrate is considered as pictorially shown in Fig
1.1. The stack has N layers counted from the top, so that layer 1 is close to the coating surface and
layer N is close to the substrate. The j* layer has a thickness ¢; and a complex index of refraction
n; = 1 —d; —i3;, where the real term J; is associated with dispersion and the imaginary term
B; with absorption. Both parameters can be calculated when the atomic scattering factors f; and
f2, the material density and the radiation energy are known [26]. The reflection coefficient of the
electric field at the j** interface is defined as:

R; =e‘ikftj.(&), (1.1)

E;;

where F; ; and E, ; are the incident and reflected electrical fields in the j* layer, respectively and
t; is the thickness of its layer. In equation 1.1,k; is the component of the wave vector normal to
the coating surface in the j-th layer. Since the parallel component of the wave vector is conserved

and equal to 27mngsinfy/ A, k; is given by:

2
k; = 7”,/ 2 _ nZsin?fy, (1.2)

where 0, is the incident angle at the interface between air and the first layer and ng is the index of
refraction of air. In the Parrat formalism, the reflection coefficients at two adjacent interfaces are
related by the following relation [28],
R; = e—Qikjtj'M7 (1.3)
Rj+1 ri+1
where r; is the Frensel reflection at the j-th interface. The expression for r; depends on the

polarization of the electromagnetic wave. For s-polarization (electric field perpendicular to the
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Interface 0

Interface 1

Interface 2

Interface j

T < interface N
Substrate . | '

FIGURE 1.1 Pictorial cross-section of a multilayer stack

plane of incidence), r; is given by :

—20%k;kji1 kj — ki1 (1.4)

ri=-=e . ,
! kj+k'j+1

whereas,for p-polarization (electric field in the plane of incidence), the Fresnel reflection is :

-2 -2
e — o—203ksk;e kjn; kjrini (1.5)
J . —2 -2 *
kyng ™ + kjangi

The exponential term in 1.4 and 1.5 is the Nevot-Croce factor modeling roughness and inter-

diffusion, assumed to have a Gaussian distribution with vertical rms value o; [29].

The reflection coefficient © = R, of the whole stack can be calculated by recursive appli-
cation of 1.3. To this end, one starts from the N-th interface where Ry = ry and then applies
relation 1.3 N times up to the topmost interface. Once the electric field reflection coefficient R is
calculated, the intensity reflectivity is obtained as |R|?. For un-polarized fields | R|> must be com-
puted as the average value of the two orthogonal polarizations. Finally, the multilayer performance
is evaluated through a figure of merit (FOM) calculated by integrating the reflectivity over either a
wavelength or angular range. More precisely, the FOM is defined as :

FOM = | [ S (R(V) ~ Ra(N))? 16)

i=1

where R4 is the design reflectance.
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Matrix method

Using the matrix method , one relates the incident I; and reflected F, electrical fields on each

side of the multilayer to each other using 2 x 2 matrix S [30]:

Ei(2) _ Su Sz Ei(z + 1) (1.7)
E,.(2) S Saa Ey(z+1) 7 |
or
E(z) = SE(z + ), (1.8)

where t equals the thickness of the structure. The scattering matrix S represents the overall re-
flection and transmission characteristics of the multilayer and can be composed of a product of the

interface and layer matrices I and L:

N
S = [[ 1L, (1.9)

=1

where N equals the number of layers, and I; equals the interface matrix between layer / and I-1:

1 1 _
I = e (1.10)
tl—l,l -1, 1

where t;_, and r;_; are the Fresnel coefficients for the interface /-1 and I. L; describes the effect

of propagation through the homogeneous layer [ alone, and is given by:

e 0
, (1.11)

L= .
0 e

where the phase shiftis 3; = %\’—’nltlcosgl. The reflectivity 1 of the multilayer structure can easily

be calculated using: g
O

R=—=.
S11

(1.12)
The main advantage of this calculation method is the ability to perform fast calculations of
systems with many periods, since one can calculate a matrix describing one period, and then raise

this matrix to the power of the number of periods to obtain the result for the full multilayer stack.
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Bilayer thickness distribution

Broadband reflectivity is achieved with multilayer coatings by varying the bilayer thicknesses
throughout the coating. Methods for specifying the bilayer thickness distribution generally fall

into two categories: power-law distributions and "needle variation" derived distributions.

Power law distributions are motivated by the fact that more bilayers are needed to achieve a
given level of reflectance for high energy photons than are needed for low energy photons. The use
of power law bilayer thickness distributions originated with F. Mezei [31], who was also the first
to propose the use of multilayer coatings for the reflection of thermal neutrons. Mezei’s approach
to power-law parameterizations is outlined in Jonesen [32] and will not be repeated here. Mezei
(1976) derives a power law formula for flat response, broadband neutron mirrors assuming that N,
the number of bilayers, is large and ignoring multiple reflections and absorption/extinction. The

Mezei formula is

d(k) = do/k**, (1.13)

where k is the index of the bilayer consisting of layers j = 2k—1 and j = 2k, and d. = A/2sinf.
Note also that his definition for the maximum bilayer thickness (d.) does not include any refraction

corrections to the Bragg formula.

Other power-law parameterizations have been developed [33, 34, 35] but will not be expanded
upon, with the exception of Jonesen’s parameterizations. In his thesis, Jonesen proposes an empir-
ical distribution formula which is a generalization of the Mezei formula:

)= G wy

(1.14)

with a,c > 0 and b > —1. Using the energy weighted average reflectance at a single incidence
angle as his figure of merit, Jonesen finds superior performance with his parameterizations when
compared against those of Mezei et al.[31], Schelten and Mika et al.[33], Hayter and Mook et
al.[34], and Yamada et al.[35].

The other major class of multilayer designs involves the needle variation technique, where a
merit function is used to predict locations in the coating design where the addition or subtraction
of bilayers will improve the desired reflectance response. This technique was pioneered in the

1980s by Tikhonoravov [36] and Baskakov [37]. The needle variation method is potentially very
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useful for solving the inverse of the Fresnel formulae, i.e., calculating a bilayer distribution from
a desired reflectance profile. For example, in the work of Kozhevnikov et al. [38, 39], a recursion
relation has been developed to calculate an initial distribution for a given reflectance profile. Stan-
dard minimization techniques (Newton-Raphson, Levenberg-Marquadt, simplex) are then used to
minimize the mean square difference between the calculated reflectance and the desired profile.
The limitation to Kozhevnikov’s present method is that the number of bilayers is fixed, narrowing
the search space considerably, but also, very likely, missing the true optimal design. It is possible
that the needle variation technique, in conjunction with Kozhevnikov’s recursion relation, would

be a very powerful technique for solving the "inverse problem".

Fiber Bragg gratings

In 1978, at the Canadian Communication Research Center (CRC), Ottawa, Ontario, Canada [40],
K. O. Hill et al first demonstrated refractive index changes in a germanosillica optical fiber by
launching a beam of intense light into a fiber. Three years later, Lam and Garside [4 ] showed
the relationship between the photoinduced refractive index and the power of the exposed UV light.
This led to the discovery of a new writing technology for fiber Bragg gratings. The ultravio-
let(UV)light side-written technology, was demonstrated by Meltz et al. [42] in 1989. Fiber Bragg
grating technology developed rapidly after UV light side-written technology was developed. Since
then, much research has been done to improve the quality and durability of fiber Bragg gratings.
Fiber gratings are the keys to modern optical fiber communications and sensory systems. The
commercial products of fiber Bragg gratings have been available since early 1995. FBGs have
found applications in wavelength stabilization of semiconductor lasers [43]. They are also used in
dispersion compensation of long-haul transmission systems [44]. Add/drop multplexers of dense
wavelength division multiplexed (WDM) networks have been designed cost effectively using FBGs
[45]. For sensor applications, complete discussions on the use of FBGs for temperature, strain and
pressure sensors are given by Kersey et al. [46] and Kashyap [47]. Further uses in communica-
tions include: gain flattening for erbium-doped fiber amplifiers [48]; wavelength tuning for optical
sources [49]; and temperature sensors for wavelength routers in WDM passive optical networks
[50]. Recently high channel-count fiber Bragg gratings, as one of the fiber based promising solu-
tions to the broad-band chromatic dispersion compensation for the existing fiber line, has attracted
great interest [S1, 52, 53, 54, 55]. However, with an increasing number of wavelength-division-

multiplex (WDM) channels to cover the full C-band, high channel-count FBG devices become
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extremely difficult to realize due to the requirements of a considerably high index modulation
and the tremendous precision of the FBG writing tools. To date, three main methods have been
proposed trying to make FBG based broad-band devices realizable. One is the utilization of a
long-length fiber as reported in [54], where a nonlinearly chirped FBG was demonstrated as a si-
multaneously chromatic dispersion and slope dispersion compensator, but the grating length is 1
meter - too long to be used in a practical system due to the effects of the package, temperature and
uniformity. The second one is to overwrite the gratings with different central wavelengths in the
same length of fiber[56], but exactly matching the channel central wavelengths to the ITU grids
is a challenge, and the writing time for a high channel-count FBG is too long to be acceptable.
The third one is the utilization of various advanced sampling functions [57, 55, 58, 59, 52, 53] to
construct a multiple identical FBG in the same length of fiber as that of a one-channel FBG. Of all
the sampling methods the phase-only sampling seems to be the most promising one, because it can
reduce the index change required for 40- or 80-channel sampled FBGs to practical levels[59, 52].
Furthermore, phase-only sampling has no modulation in its amplitude such that the apodization
profile for a multi-channel FBG is the same as that of the seed grating, which thus makes the
multi-channel gratings particularly suitable to be fabricated with robust side-writing phase-mask

techniques [60].

This section will discuss the fundamentals of fiber Bragg gratings. This will be followed by
a discussion the principle of phase-only sampling FBGs. A numerical technique used to simulate

the properties of FBGs will be presented.

Fundamentals of Fiber Bragg gratings

The Bragg grating is defined as a perturbation to the effective index of refraction,n.ss, of the
optical fiber core described by,

2

Onepr(2) = Onepp(l + Vcos[A
0

z+ ¢(2)]) (1.15)

where v is the fringe visibility, A, the nominal period, ¢(z) the grating chirp, and dn.s; the "dc"
index change spatially averaged over a grating. When light propagates through the periodically
alternating regions of higher and lower refractive index within the fiber, it is reflected by succes-
sive, coherent scattering from the index variations. When the reflection from a crest in the index

modulation is in phase with the next one, we have maximum mode coupling or reflection. The
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FIGURE 1.2 Bragg resonance for the reflection

strongest mode coupling occurs at the Bragg wavelength, A, (see figure 1.2) given by,

AB = 2nespAA (1.16)

where n.ss is the effective mode index of refraction of the fiber. Coupled mode theory is an
excellent tool for obtaining quantitative information about the spectral response of fiber Bragg
gratings [0 1, 60]. The assumptions are made that the optical fiber is weakly guiding and no energy
is coupled to radiation modes. Using coupled mode theory with the above assumptions, one obtains
the following coupled first order differential equations describing mode propagation through the

grating (z is the coordinate in the direction of propagation)[62]:

dl;iz) = 0R(2) +ikS(2)
dS(z) » .
1 = —165(z) — ikR(z) (1.17)

where R(z) and S(z) are the amplitudes of the forward and backward propagating modes. & is
the general "dc" self-coupling coefficient as a function of the propagating wavelength, A, defined
as

1 1 2r—— 1

g = 27Tneff(x - E) + Téneff - —¢(Z)I (1.18)

where ¢(z) = d¢/dz, and A\p = 2n.spAo is the design wavelength. & is the "ac" coupling

coefficient defined as

K= gwsneff (1.19)

We define the limits of the grating to be (—L/2) < z < (L/2). Equation 1.17 can be solved
exactly for a uniform grating (i.e. A(z)’ = ¢(z)" = 0) with the following boundary conditions:
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R(—L/2) =1and S((L/2) = 0. In order to model the physical conditions of the grating, we then
transfer the boundary conditions into R(—L/2) = 1 and S(L/2) =0 [62].
Principles of phase-only sampled FBG (WDM)

For phase-only sampled fiber Bragg gratings (PSFBG), the effective index modulation can be writ-

ten by using Fourier analysis as [53] :

6ness = Oneps(1 4+ vRe{> | Fpexpli(2mz/A + 2rmz/As)]}) (1.20)

u[\ﬂ2

exp (i2mp(k)) exp(—ik2rm/M)],m = 0,1,2, ..., M. (1.21)

where A; is the period of the sampling function which contains N segments per sampling
period and M is the number of Fourier coefficients which is assumed to be equal to the number of
segments N. I, is the Fourier coefficient which is linearly dependent on the coupling coefficient
Km 88 Ky = Fp,m0ness/Ap. The channel spacing Af of the sampled gratings is determined by

the sampling period A, through the following expression [63]:

C

Af = (1.22)

2nepps
The reflected spectrum for a PSFBG can be calculated by using the transfer matrix method as will
be discussed in the next subsection . One begins by defining a fitness function E. In this case, for
the minimization problem, the function E provides a measurement of the deviation between the

target reflection spectrum and the calculated reflectivity:
E= Z |Rcalc Rtarg( )l (1 23)

where {);} is the discrete set of wavelengths where the reflection spectra are evaluated. This

function E becomes the figure-of-merit (FOM) function for the optimization algorithm.

Simulation of fiber Bragg gratings

For non-uniform gratings equation 1.17 can be solved numerically using different techniques.
Equation 1.17 can be transformed into the Ricatti differential equation by substituting p(z) =

S(z)/R(z). Differentiating p with respect to z and substituting into equation 1.17 yields

dz(zz) = —ik — 2i5p(2) — ikp(2)? (1.24)
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FIGURE 1.3 Principle of the T-matrix approximation

The boundary conditions are then transformed to p(L/2) = 0. Fourth order Runge-Kutta numeri-
cal integration with adaptive step size can be used to solve the equation 1.17 or 1.24 by integrating
backwards from z = L/2 to z = —L/2. The reflectivity r(\) of the Bragg grating can then be

calculated as a function of wavelength as

r(A) = \2&2—%!2 = |p(~L/2)[? (1.25)

However, each of these methods is computationally intensive and therefore not practical for an-
alyzing large amounts of experimental data. For this reason, T-matrix approximations have been

developed.

The T-matrix approximation, first introduced by Yamada nad Sakuda, is widely used to model
Bragg gratings with non-constant properties [64]. This approach divides the grating into M smaller
sections each with uniform coupling properties as illustrated in Fig. 1.3. Defining R; and S; to be
the field amplitudes after traversing the i** section, the propagation through this uniform section

is described by the 2 x 2 matrix F; defined as

R; i
=F Hiey (1.26)
S Si-1
The components of F; are given by
o cosh(ypAz) — i%sz’nh(’yBAz) —i%sz’nh(A’yBAz) (127)
ir-sinh(ypAz) cosh(vpAz) + i2=sinh(vpAz)

where, v = k% — 2%, and Az is the length of the section [62]. For the entire grating, the
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transfer matrix, /' can be written,

R(—L/2 R(L/2
(-L/2) | _ [ B(L/2) 129
S(=L/2) S(L/2)
where, I' = Far . Fypq. . ... F . The reflectivity as a function of wavelength can then be calculated

using equation 1.25.

The primary advantage of the T-matrix method is that it is computationally efficient as com-
pared to direct numerical integration of equation 1.17. Typically, M = 100 is more than sufficient
to accurately model chirped gratings. A limitation of the T-matrix approximation is that the num-
ber of sections M can not be arbitrarily large since several grating periods are required for complete
coupling. Therefore, we require that [60] ,

27’LeffL

M
< A

(1.29)

The Luus-Jaakola optimization procedure

The Luus-Jaakola method

As stated by Liao and Luus [65], the idea behind the Luus-Jaakola algorithm is very simple: ran-
dom solutions are selected over a region that is decreased in size as iterations proceed. The con-
vergence properties of the Luus-Jaakola optimization method has been studied theoretically and
some of the conditions for convergence of the algorithm are given[66]. It is shown that the global
minimum can be found even if the performance function is multimodal (has several local minima)

because searches are made in random directions.

The optimization process is described by a vector x consisting of a set of real numbers. The

idea of the optimization is then very simple, so the standard LJ algorithm may be summarized most

conveniently in the following [65]:

1. Choose some reasonable initial point z*; a reasonable initial region size r; and choose the
number R of random points to be used at each iteration; and the number of iterations M to

be used in a pass.
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2. Choose R test points through the equation x = x* 4+ Dr where D is a diagonal matrix of

randomly chosen points from the interval [-0.5, 0.5], and r is the region size vector.
3. Check each of the R test points with respect to feasibility from the domain of variables.
4. For each feasible point evaluate the FOM.
5. Replace z* by the test point that gives the smallest value for the FOM.
6. Repeat steps 2-5 for M iterations.

7. Reduce the region size vector r by ~ through 77! = 47/ where + is a region contraction

factor such as 0.95, and j is the iteration index.

8. Go to step 2 and continue for M iterations to finish a pass and examine the results.

Optimization Of Lennard-Jones clusters

Determining the global minima of Lennard-Jones clusters poses a challenging task of numerical
optimization techniques as the number of local minima on the potential energy surface grows
exponentially with the number of atoms NV in the cluster [67]. Global optimization techniques
to minimize the potential usually combine global and local search algorithms: a global search
algorithm, e.g., genetic algorithm [68, 69, 70], simulated annealing [71], or Monte Carlo suggests
points from where a local optimization (e.g., conjugate gradient method) is started. The Lennard-
Jones potential models van der Waals interactions between noble gas atoms. The Lennard-Jones

otential is given b
p g Yy Nt N

=Y Y

i=1 j>i

o (22

T yi2_ (L (1.30)

rij rij

where € is the pair well depth and o is the pair separation at equilibrium. 7r;; is the distance
between atoms ¢ and j. Throughout this section, reduced units ¢ = 1 and o = 1 are used. Thus,

the potential can be expressed as

N-1 N

i=1 j>i

1 12 1 6
iy Lyey (1.32)
9= )" = ()"

The aim is to find a spatial distribution of atoms with minimal energy. The atomic coordinates

Ti; are the optimization parameters and the number of atoms is N which results in n = 3N
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parameters. Table 1.1 shows optimized energies for Lennard Jones clusters N = 2 — 13 by Luus-
Jaakola optimization method over 100 runs, along with the average outcome over the successful
runs (global minima are found) out of 100 runs. Also shown is V,,;, , the global minimum pub-
lished in the literatures [72]. For 2-6 atom clusters, in each case 100% of the runs are successful,
for the others, more than 50% on average of the runs are successful. It can be seen that all the

optimizations succeeded and compare well with the published results.

TABLE 1.1 Optimized Lennard Jones energy by Luus-Jaakola optimization
method over 100 runs (Unit:¢)

N | Dimension | V,,;, | Lowest energy | Average energy | Successful runs
2 6 -1.000 -1.000 -1.000 100
3 9 -3.000 -3.000 -3.000 100
4 12 -6.000 -6.000 -6.000 100
5 15 -9.103 -9.103 -9.103 100
6 18 -12.712 -12.712 -12.712 100
7 21 -16.505 -16.505 -16.107 68
8 24 -19.982 -19.982 -18.914 79
9 27 -24.113 -24.113 -23.854 62
10 30 -28.422 -28.422 -27.107 71
11 33 -32.765 -32.765 -28.541 57
12 36 -37.976 -37.966 -32.874 51
13 39 -44.326 -44.326 -37.147 53

Comparing the LJ method with other optimization algorithms

Genetic algorithm

Liao and Luus [65] found that the Luus-Jaakola method is advantageous over the genetic algorithm

in test problems. In this subsection, we will summarize the advantages as follows:

¢ The LJ method is faster than GA.

» Using a center point of the possible solution region in the LJ method is more convenient
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to using an initial population randomly chosen over the whole possible region in GA to

introduce diversity into the population.

* The number of parameters in the LJ method is less than in the GA, so the LJ optimization

procedure is easier to use than the GA.

* The LJ procedure was found to be more reliable than the GA for getting the global opti-

muin.

Particle Swarm optimization

In order to test the capability of the LJ method in comparison to the Particle Swarm optimization,
a test problem that is commonly used in the evolutionary computation literature is used. In this
subsection, the Particle Swarm Optimization is introduced. Both the LJ method and the Particle

Swarm Optimization methods are compared on a test problem function.

Particle Swarm Optimization (PSO) is a metaheuristic based on auto-organizing structures
inspired by biological systems. The analysis of bird flock behavior, similar to fish school behavior
and swarm insect behavior made researchers try to develop an algorithm able to describe this
dynamic [73]. Instead of birds in the sky looking for food, or fish looking for a safe place in
the ocean, there is a group of data structures, the particles, "flying" in an n-dimensional search
space looking for optima, or for the near-optimal region. PSO is similar to the other evolutionary
algorithms in that the system is initialized with a population of random solutions. However, each
potential solution is also assigned a randomized velocity, and potential solutions, called particles,
corresponding to individuals. Each particle in PSO flies in a D-dimensional problem space with
a velocity which is dynamically adjusted according to the flying experiences of its own and its
colleagues. The location of the i*" particle is represented as X; = (z;1,...,Zid,. .., Zip),Where
Tig € [la,ud],d € [1, D], 14, uq are the lower and upper bounds for the d** dimension, respectively.
The best previous position (which gave the best fitness value) of the " particle is recorded and
represented as P, = (pi1,-..,Pid, - . -), Which is also called pbest. The index of the best particle
among all the particles in the population is represented by the symbol g. The location F, is
also called gbest. The velocity for the i** particle is represented as V; = (vi1, ..., %id, ..., VD).

The particle swarm optimization concept consists of, at each time step, changing the velocity and
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location of each particle toward its pbest an gbest locations according the equations 1.33 and 1.34,
respectively:
Vig = wvq + errand()(pig — Tig) + corand()(pga — Zia) (1.33)

Zid = Zid + Vid (1.34)

where w is an inertial weight [74],¢; and ¢, are acceleration constants [75], and rand() is a random
function in the range [0,1]. For equation 1.33, the first part represents the inertia of the previous
velocity; the second part is the "cognition” part, which represents the private thinking by itself;
the third part is the "social" part, which represents the cooperation among the particles [76]. The

process for implementing PSO is as follows:
1. Initialize a population (array) which includes m particles.

2. Evaluate the desired optimization fitness function for each particle.

3. Compare the evaluated fitness value of each particle with its pbest. If current value is better
than pbest, then set the current location as the pbest location. Furthermore, if current value

is better than gbest, then reset gbest to the current index in the particle array.

4. Change the velocity and location of the particle according to the equation 1.33 and 1.34,

respectively.

5. Loop to step 2 until a stop criterion is met.

The parameters of a standard PSO include: number of particles m, inertial weight w, acceleration

constants ¢; and cp.

The Rosenbrock function is our test function, which is also known as the banana function
or the second function of De Jong. Figure 1.4 is a plot of the Rosenbrock funtion in 2D. The
global optimum lies inside a long, narrow, parabolic shaped flat valley. To find the valley is trivial,
however, convergence to the global optimum is difficult and hence this problem has been used in

comparing both algorithms. The function has the following definition:

n/2
flz) = 2100 Toj — x5;_1)° + (1 — @2j-1)7] (1.35)

with any dimension D. Here z; € [—2.048,2.048], and the global minimum is given by f*(x) =0
at the point (1,...,1).
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FIGURE 1.4 Rosenbrock function in 2D

We executed the PSO using the following parameter values: 10,000 objective function eval-
uations, 20 and 50 particles (in configuration #1 and #2 respectively), w = 1, ¢; = 2.0 and
c; = 2.0. As the purpose of this section is to compare the Luus-Jaakola method against the
widely-employed PSO, we executed the Luus-Jaakola algorithm using more configurations than
the PSO, as presented in Table 1.1. Note that in all configurations the product pass*iteration is

equal to 10,000, so that the computational effort is the same as in PSO.
TABLE 1.2 Parameters for each Luus-Jaakola algorithm configuration

Configuration | No. of pass | No. of iteration | ~

#1 40 250 0.97
#2 20 500 0.97
#3 50 200 0.95
#4 10 1000 0.99

Tables 1.3, 1.4, 1.5 and 1.6 show the average best results achieved over 100 runs by both
algorithms for 3-D, 6-D, 9-D and 12-D.

Examining the tables, one can note that LJ method performed better than PSO in higher

dimensions as well as lower dimensions.
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TABLE 1.3 Average best results in 3-D

Algorithm | Configuration | Average Best Result
PSO #1 3.613e-5
#2 9.947e-6
LJ #1 0.000
#2 0.000
#3 0.000
#4 0.000

TABLE 1.4 Average best results in 6-D

Algorithm | Configuration | Average Best Result
PSO #1 0.026
#2 0.014
LJ #1 6.453e-29
#2 1.117e-19
#3 2.299¢e-24
#4 8.110e-21

Presentation of the thesis

This thesis is composed of five articles published in scientific journals during the course of my

Ph.D. degree. Below is a list of these articles, with a few additional notes.

1) SM Al-Marzoug, R J W Hodgson. Luus-Jaakola optimization procedure for multilayer optical
coatings. Opt. Commun. 265, 234-240 (2006).

The Luus-Jaakola optimization procedure for global optimization of the reflectivity of mul-
tilayer coatings in the extreme-ultra-violet and soft-Xray wavelength ranges has been imple-
mented as a new technique. It shows how the LJ algorithm can evolve the design for better
performance. Examples of designs obtained by LJ optimization techniques are given.

2) S M Al-Marzoug, R J W Hodgson. Optimization of platinum-carbon multilayer mirrors for
hard X-ray optics. Opt. Commun. 268, 84-89 (2006).
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TABLE 1.5 Average best results in 9-D

Algorithm | Configuration | Average Best Result
PSO #1 4.311
#2 0.357
LJ #1 1.537e-19
#2 8.358e-12
#3 1.028e-16
#4 5.522e-8

TABLE 1.6 Average best results in 12-D

Algorithm | Configuration | Average Best Result
PSO #1 3.895
#2 5.350
LJ #1 9.685e-11
#2 0.001
#3 3.095e-6
#4 1.198e-5

In this article, Pt/C multilayer coatings have been designed and characterized for use in the Hard
X-ray region. By numerically simulating the reflection from a multilayer mirror during the
optimization procedure based on Luus-Jaakola algorithm, we obtain optimized layer designs.

3) S M Al-Marzoug, R J W Hodgson. Optimization of multilayer mirrors at 13.4nm with more
than two materials Appl. Opt. 47, 2155-2160 (2008).

In this article, we study the increase of normal incidence reflectivity generated by the addition
of a third material in the period of a standard periodic multilayer, for a wavelength of 13.4 nm.
The nature and thickness of the three materials and the number of layers has been optimized
to provide the best enhancement of reflectivity. By adding Be layers and C layers in different
orders in a Si/Mo stack, we have observed enhancements of the reflectivity and a reduction in
the number of layers compared with different orders.

4) S M Al-Marzoug, R J W Hodgson. Determination of optical constants in the EUV/soft X-ray
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region using the Luus-Jaakola optimization procedure. Opt. Commun. 280, 110-113 (2007).

The present paper considers the calculation of the absorption coefficient, the index of refraction,
the root mean square roughness, and the thickness of thin films using optical reflectivity data
only. To solve the problem, The Luus-Jaakola optimization approach is used. Examples are
presented and discussed.

S M Al-Marzoug, R J W Hodgson.. Luus-Jaakola optimization procedure for phase-only sam-
pled fiber Bragg gratings.Appl. Opt. 47, 2275-2280 (2008).

Phase-only sampling functions are proposed for the sampled fiber Bragg gratings (FBGs) with
high channel count, which require significantly less refractive-index modulation. The design
using the Luus-Jaakola optimization results in high channel uniformity, a high number of chan-
nels, with a minimum of segments required.

Other contributions

1)

2)

In the course of my Ph.D. studies, I presented the results of my work at various conferences. Below

is a summary of these research related activities

Saeed Almarzoug, Richard Hodgson.Application of Luus-Jaakola optimization method to the
design of optical coatings. The World Scientific and Engineering Academy and Society, Van-
couver, Canada (2007).

Saeed Almarzoug, Richard Hodgson. Luus-Jaakola optimization procedure for multilayer
optical coatings.. Canadian Association of Physicists , Brock University, St. Catharines,
Canada (2006).
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Luus-Jaakola optimization
procedure for multilayer
optical coatings

S M Al-Marzoug, R J W Hodgson. Opt. Commun 265, 234 (2006)
Reproduced with permission, © 2006 Elsevier B.V.

Corrections

1. On page 26, after the equation 3 of the first column. " with k; = 27“ n; — n2cos?fp."
shuld read "k; = 2%, /n? — ndcos26,".

2. Equation 5 should read:

F}' — F0€_2kjkj+1032
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Abstract

Designing multilayer optical coatings is a difficult optimization problem because of the huge size of the search space. In the present
paper, the Luus—Jaakola (LJ) optimization procedure, a new optimization algorithm, is employed to model multilayer optical coatings in
the X-ray domain. With this algorithm it is not necessary to specify initially the number of layers present in a design. Only an upper limit
needs to be defined. The algorithm has been used to maximize the reflectivity over a range of incident angles at a fixed wavelength, and
over a wavelength range at a fixed incident angle. The results show that the LJ algorithm can be effectively applied to the design of mul-
tilayer optical coatings resulting in fewer layers than obtained using alternative optimization methods.

© 2006 Elsevier B.V. All rights reserved.

PACS: 41.5; 61.10.Kw; 95.55.Ka; 2.30.Zz; 2.60.Pn

Keywords: Luus-Jaakola optimization; Multilayer mirrors; Reflectivity; Depth-graded X-ray optics

1. Introduction

The Luus-Jaakola (LJ) optimization procedure [1]
has enabled several difficult optimization problems to be
solved, and has provided a means to solve a wide variety
of problems in optimal control, such as singular time opti-
mal control [2]. This optimization procedure has been used
effectively for the optimization of complex systems such as
heat exchanger networks [3], and it has successfully been
employed for the minimization of the Gibbs free energy
for single phase situations [4]. The LJ method and Genetic
algorithm have been compared [5]. It was found that the LJ
method is faster and is more reliable in achieving the global
optimum.

To improve the convergence rate of the LJ optimization
procedure, Luus [6] suggested using a multipass procedure,
where at the beginning of the process, the region size for
each variable is chosen to be the range over which the
variable has moved during the previous pass. If the range

* Corresponding author. Tel.: +1 613 562 5758; fax: +1 613 562 5190,
E-mail addresses: salma224@science.uottawa.ca (S.M. Al-Marzoug),
rhodgson@physics.uottawa.ca (R.J.W. Hodgson).

0030-4018/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.0ptcom.2006.03.039

is smaller than some tolerance ¢, then the region size would
be set equal to that tolerance.

The goal of this paper is to test the reliability of the LJ
optimization procedure by optimizing the reflectivity pro-
file of multilayer coatings both over a range of wavelengths
at a fixed incident angle, or over a range of incident angles
at a fixed wavelength. The LJ method also has the advan-
tage of allowing the number of layers in the mirror to be
one of the variables that can be optimized.

2. Multilayer reflectivity calculation

A basic understanding of multilayer structures for X-ray
and extreme-ultraviolet (EUV) optics has grown signifi-
cantly in the last decade. Multilayer structures based on
X-ray and EUV optical systems are in an advanced stage
of development in many laboratories. In most of these
systems the basic requirements are the highest possible
reflection efficiency, moderate energy resolution, and
high-imaging characteristics. Therefore, to increase the
reflection efficiency, periodic multilayers are prepared as
artificial structures where not a single surface but
many interfaces reflect the incoming beam and under a
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convenient angle of incidence, the beams reflected from
individual interfaces combine together in phase to produce
an intense reflected beam.

A multilayer coating for X-ray mirrors consists of a
stack of alternating layers of two materials, an absorber
and a spacer. The reflectivity of the multilayer coating
depends on several parameters: the pair of materials used,
the d-spacing, the thickness ratio, the number of bilayers,
and the root-mean-square interface roughness.

If the multilayer optics coatings can be considered as
a stratified continuous medium, we may use the optical
method to calculate its reflectivity. In this approach, a com-
plex refractive index n=1 - 6 — iff is attributed to each
layer, where & and B are, as usual, the refractive decrement
and the absorption coefficients, respectively. We calculate ¢
and f from the atomic scattering factors f; and f> using well
known relationships, é = Kf; and f = Kf,, with

_ VO}»ZN A

KWZnA’D )

Here rj is the classical electron radius, N, is Avogadro’s
number, 4 is the photon wavelength, A4 is the atomic weight
and p is the mass density. The optical constants for the
materials are entered from external files which can be
loaded from a database [7].

Therefore, the reflectance of a multilayer system,
consisting of N layers can be calculated using a recursive
formalism given by Parratt [8]. For s-polarized radiation
where the electrical field vector is perpendicular to the
plane of incidence, the Fresnel coefficient for reflection
from the interface between the j and j + 1 layer is given by

ki — ki
F,=-1_1 2

J kj + kj+1 ( )
and for p-polarized radiation where the electrical field vec-
tor is parallel to the plane of incidence it is

k= kg 3)
T knt  kpan

with k; = y/n; — cos? 6,. Here 6, and 4 are the incident an-
gle and its wavelength, respectively. The recursion relation
for reflection is given by:

RJ\QI +Fj

R, = e ki
/ 1+ R F;

(4)
where d; is the thickness of jth layer. The calculation takes
into account the decrease of the specular reflectivity due to
the interfacial roughness by the modification of the Fresnel
coeflicients according to

Fj = Foe™kmci (5)
where Fj is the reflection coefficient from an ideal interface
for either s- or p-polarization and ¢ is the root-mean-square

deviation of the interface atoms with respect to a smooth
interface. Thus, the procedure to compute the net reflection

R, coefficients for the multilayer stack is to apply Eq. (4)
recursively, starting at the bottom layer with the assump-
tion that Ry =0, since there is no reflection from an
infinitely thick substrate. The final reflectivity from the mul-
tilayer system can by obtained from |R,|. For unpolarized
radiation the reflectivity is given by the average value of
the two polarizations. Finally, the desired spectral reflec-
tance profiles are fitted by minimizing a suitable merit func-
tion that is composed of an appropriate function of R
defined within the wavelength range or incident angle range.
For that we can define the typical figure-of-merit (FOM):

1 N
FOM = [N ;(R - Rdes)2:| (6)
where Rges is the design reflectance.
3. Algorithm of Luus—Jaakola (LJ) optimization procedure

Let us now consider an optimization procedure that
does not require any auxiliary variables to be introduced
in order to solve the above parameter estimation problem.
The set of variables in the optimization process are
described by a vector x consisting of a set of real numbers.
The idea of the optimization is then very simple, so the
standard LJ algorithm may be summarized most conve-
niently in the following [5]:

1. Choose some reasonable initial point x*; a reasonable
initial region size r; and choose the number R of random
points to be used at each iteration; and the number of
iterations M to be used in a pass.

2. Choose R test points through the equation x = x* + Dr
where D is a diagonal matrix of randomly chosen points
from the interval [—0.5, 0.5], and r is the region size
vector.,

3. Check each of the R test points with respect to feasibility
from the domain of variables.

4. For each feasible point evaluate the FOM as give by Eq.
6).

5. Replace x* by the test point that gives the smallest value
for the FOM.

6. Repeat steps 2-5 for M iterations.

7. Reduce the region size vector r by y through ' =y
where y is a region contraction factor such as 0.95,
and j is the iteration index.

8. Go to step 2 and continue for M iterations to finish a
pass and examine the results.

The modification of the LJ optimization procedure for
multilayer optics coatings may be given by the followings
steps:

1. Choose a reasonable initial number of layers 1", for
example 1" = 0.5(/max T Imin), Where lng, is the maxi-
mum number of layers and /,,;, is the minimum num-
ber of layers allowed.
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. Choose a reasonable initial region size for the

number of layers riyer, for example

lo(lmax - lmin)~

HNayer =

. Choose some reasonable initial thickness 4, for

example d° = 0.5(dmin + dmax), Where dmi, is the
minimum thickness and dn.x is the maximum
thickness.

. Choose a reasonable initial region size r, for example

¥ = Hdmax — @min)-

. Choose the number R of random points to be

used at each iteration; the number of iterations
M to be used in a pass; and the number of passes

0.

. Choose a test point R through the equation

1=1"+ Drigye; where D is a diagonal matrix with
randomly chosen elements from the interval [—0.5,
0.5).

. Check each of the R test points with respect to feasi-

bility with the domain of layers.

. For every R points, choose the thickness point

through the equation d = d* + Dr.

. Check each of the R test points with respect to feasi-

bility for the domain of thicknesses.

For each feasible point evaluate the FOM as give by
Eq. (6).

Replace 1 by the test point that gives the smallest
value for the FOM.

Replace d" by the test point that gives the smallest
value for the FOM.

Repeat steps 2-12 for M iterations.

Reduce the region size vector r by y through #*' = 3/
where y is a region contraction factor of thicknesses
such as 0.95, and j is the iteration index; reduce the
region size for the number of layers by
r{:yir = ar{ayer, where « is a region contraction factor
for layers, such as 0.96.

Go to step 6 and continue for M iterations to finish a
pass.

At the end of the pass determine the region size to be
used at the beginning of the next pass from the size of
the variation of each variable as suggested by Luus
[5], i.e., choose

A= k) —di(k—1)|, i=12,...,N (7)

where d; (k) is the best value of d; after & passes and
d;(k—1) is the best value of d; after kK — 1 passes
and N is the number of layers. To prevent the region
becoming zero, if the region size as calculated from
Eq. (7) is less than the region collapse parameter ¢,
set the region size at the beginning of the pass for that
variable equal to .

If ryayer is less than some parameter # put the region
size for the next pass equal to some integer value,
for Example 10.

Continue the procedure for Q passes.

results.

4. Examples and numerical results

Initially the algorithm was used to design multilayer
stack structures for high reflectivity in the wavelength
range 16-19 nm at normal incidence. Note that for X-ray
mirrors this is a sufficiently wide range of wavelengths.
On the one hand it is required that the mean reflectance
in the target wavelength range is a high value, wherever
possible. On the other hand it is also desirable to have
the smallest possible number of layers. It is also required
that variations of the reflectance from the mean value in
the target wavelength be small enough.

Along with the above target demands there are a num-
ber of additional feasibility demands. The thicknesses of
each layer should be in the range from 0.8 to 12 nm. Also
the roughness was taken to be 6 = 0.3 nm.

The layer materials were chosen to be Mo and Si,
which are known to be suitable materials for the construc-
tion of high reflectivity mirrors in this region of the soft
X-ray spectrum. For the absorber we have selected Mo
and the spacer is Si. The multilayer consists of alternat-
ing absorber and spacer layers. The target reflectances
for the wavelength region from 16-19 nm was chosen to
be 0.2, 0.25, and 0.3. The optimization process adjusts
the thickness of each layer, as well as the total number
of layers in the stack, in order to achieve the best value
for the FOM.

The results are shown in Figs. 1-3. In each case the left
panel shows the optimized reflectivity. The design values
for the reflectivity Ry are 0.2, 0.25, and 0.3, respectively.
The reflectance shown in Fig. 1 was achieved with a stack
having 22 layers. Its reflectance features an excellent uni-
formity (AR =0.002). The best results as shown in Fig. 2
were achieved with a 32-layer stack. The mean reflectance
(R = 0.252) in this case is very good, but the reflectance
uniformity in the target region is slightly worse than in
the previous case (AR =0.004). Fig. 3 shows that the
response is less uniform when Ry = 0.3 and more layers
were required to achieve the desired reflectivity (34 layers).
The bilayer thicknesses for each design are shown in the
right panel in each of the figures.

The effectiveness of the LJ optimization procedure is
confirmed by comparing the above results with those of
other authors. Table 1 presents the reflectance of Mo/Si
mirrors from Ref. [9] in the same wavelength range. The
number of layers, mean reflectance values, and deviations
are compared. For the first case (Ry = 0.2), the mean reflec-
tance is the same as the result from our LJ calculation,
however the uniformity in our case is much better than
obtained in Ref. [9]. In the second case (R, = 0.25), the
LJ method gives an excellent result for both the mean
reflectance and the deviation from the mean. The average
reflectivity in the Ry =10.3 case is much better than in
Ref. [9]. In all three cases the LJ calculations led to better
results with far fewer layers. We reduced the number of lay-
ers by 64% in the first design, whereas in the second and
third designs they were reduced by 50%.
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Fig. 1. Optimized reflectivity (left) of broadband multilayer mirror Mo/Si in the wavelength range from 16 to 19 nm and the thickness (right) of each
bilayer for design Ry =0.2.
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Fig. 2. Optimized reflectivity (left} of broadband multilayer mirror Mo/Si in the wavelength range from 16 to 19 nm and the thickness (right) of each
bilayer for design R, = 0.25.
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Fig. 3. Optimized reflectivity (left) of broadband multilayer mirror Mo/Si in the wavelength range from 16 to 19 nm and the thickness (right) of each
bilayer for design Ry = 0.3.

The LJ optimization procedure was also tested by apply- at a glancing angle of 0.2°, and a roughness of 0.5 nm was
ing it to Pt/C multilayer mirrors over the energy range 20—  assumed. The results of the optimization for this mirror are
30 keV. In this case the incident radiation struck the mirror ~ shown in Fig. 4. This same example was optimized using a
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Table 1
Parameters of multilayer mirror Mo/Si for normal incidence with rms roughness 0.3 nm
Design Ry No. of layers R AR
Ref. [9] LJ Ref. [9] LJ Ref. [9] L)
0.2 60 22 0.20 0.20 0.04 0.002
0.25 60 32 0.225 0.253 0.08 0.004
0.3 60 34 0.23 0.288 0.14 0.027
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Fig. 4. Optimized reflectivity (left) of broadband multilayer mirror Pt/C in the energy range from 20 to 30 keV and the thickness (right) of each bilayer.

Table 2
Parameters of multilayer mirror Pt/C for angular incidence 0.2° and rms
roughness 0.5 nm

Optimization algorithm No. of layers R AR
Genetic algorithm 20 0.6079 0.0293
Luus—Jaakola method 20 0.62836 0.01281

Genetic algorithm in Ref. [10]. Table 2 shows the results of
both the Genetic algorithm and the LJ method for the Pt/C
multilayer. In the case of the Genetic algorithm, the num-
ber of layers was fixed, whereas in the LJ case, the number
of layers was variable. It is interesting to see that in the lat-

084

0.6+

Reflectivity

04

024

0.0 T T T T T T
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Grazing incidence angle(6°)

ter case the optimum number of layers turned out to be the
same as for the Genetic algorithm. However the LJ optimi-
zation procedure resulted in a lower standard deviation
and a higher average reflectivity.

The LJ procedure was also applied to an example with a
fixed wavelength, but with a range of angles for the inci-
dent radiation. A W/C multilayer coating at a wavelength
of 0.154nm was studied over three different angular
ranges. Typical thicknesses of layers are from 0.8 to
10 nm. The root-mean-square surface roughness o was esti-
mated to be 0.3 nm. The left panels in Figs. 5-7 show the
optimized reflectivity spectra in different angular ranges
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Fig. 5. Optimized reflectivity (left) of broadband multilayer mirror W/C in angular range from 0.45° to 0.55°, and the thickness (right) of each bilayer.
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Fig. 6. Optimized reflectivity (left) of broadband multilayer mirror W/C in angular range from 0.75° to 0.84° and the thickness (right) of each bilayer.
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Fig. 7. Optimized reflectivity (left) of broadband multilayer mirror W/C in angular range from 0.96° to 1.03° and the thickness (right) of each bilayer.

Table 3
Parameters of multilayer mirror W/C for 7 = 0.154 nm, with rms roughness o = 0.3 nm
Angular range No. of layers AR

Ref. [11] LJ Ref. [11] L] Ref. [11] LJ
0.45-0.55 12 8 0.706 0.706 0.006 0.0016
0.75-0.84 20 18 0.668 0.689 0.017 0.018
0.96-1.03 24 22 0.548 0.563 0.008 0.0324

after applying the LJ method. The performance parameters
of these figures are compared with results from Ref. [11],
and are listed in Table 3.

From Table 3 we see that both results have the same mean
reflectivity in the angular range 0.45°-0.55°, but the LJ
method gives a more uniform reflectivity (standard devia-
tion = 6 times lower) and uses fewer layers (33% less). In
the angular range 0.75°-0.84°, both results have the same
standard deviation, but the LJ result has a 3% higher average
reflectivity and 10% fewer layers. Finally, the result in Ref.
[11] has a smaller deviation in the angular range 0.96°-
1.03° than the LI method. However, the LJ method gives a
higher average reflectivity with fewer layers. The bilayer

thicknesses for each angular range are shown in the right
panel of each figure.

§. Conclusion

The Luus-Jaakola optimization procedure proves to be a
very successful optimization scheme for the design of multi-
layer mirrors. Like the Genetic Algorithm (GA), and other
stochastic methods, no derivatives of the figure-of-merit
function are required. The prime advantage of the LJ algo-
rithm over the GA is that one can mix integer and real vari-
ables in the scheme so that the number of layers can be
optimized at the same time as the thicknesses of the layers
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Abstract

The design of hard X-ray optics for astrophysical technology is one of the key technologies for investigating active galaxies and clus-
ters of galaxies. In the present paper, we have optimized multilayer mirrors of platinum-carbon layer pairs for the hard X-ray region at
different grazing angles. The Luus—Jaakola optimization procedure has been implemented for the global optimization of multialyer mir-
rors. With this algorithm it is not necessary to specify initially the number of layers present in a design.
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1. Introduction

Designing X-ray multilayer mirrors is the enabling tech-
nology for a new generation of astronomical space telescopes
working above E = 10 keV, including the high-energy focus-
ing telescope (HEFT) [1] and InFocus [2] balloon instru-
ments. The multilayer coatings are designed to provide
broadband X-ray reflectance at grazing incidence. The mul-
tilayer mirrors used for a hard X-ray telescopes must satisfy
many requirements, such as: (1) high reflectivity in the 20—
40 keV band with grazing angles of 0.107-0.358° to get a
large effective area for the telescope, (2) a flat and broad
energy response, and (3) a minimum number of layer pairs
N in order to shorten the time for their mass production
[3-7].

Several methods of designing multilayer stacks have
been studied for astronomical applications, such as Genetic
algorithms [8], multi-block methods [9], simplex methods
{10], and simulated annealing methods [11]. Most of these
methods optimized the multilayer stack by varying the

* Corresponding author. Tel.: +1 6135625758; fax: +1 6135625190.
E-mail address: thodgson@physics.uottawa.ca (R.J.W. Hodgson).

0030-4018/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.0ptcom.2006.06.081

thicknesses of the layers for a fixed number of layers. How-
ever, the Luus—Jaakola (LJ) optimization procedure [12]
allows the number of layers in the mirror to be one of
the variables in the optimization algorithm that can be
optimized. This optimization procedure has been used
effectively for optimization of complex systems such as heat
exchanger networks [13,14], and it has successfully been
employed for the minimization of the Gibbs free energy
for single phase situations [15]. The LJ method and Genetic
algorithm have been compared [16]. It was found that the
LJ method is faster and offers a higher reliability in achiev-
ing the global optimum.

To improve the convergence rate of the LJ optimization
procedure, Luus [17] suggested using a multi-pass proce-
dure, where at the beginning of the process, the region size
for each variable is chosen to be the range over which the
variable has moved during the previous pass. If the range
is smaller than some tolerance e, then the region size would
be set equal to that tolerance. In this paper, we make use of
the Luus—Jaakola optimization procedure to find the max-
imum reflectivity of Pt/C mirrors in a given energy band
with the minimum number layer pairs to be used in hard
X-ray telescopes.
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2. Multilayer reflectivity calculation

A basic understanding of multilayer structures for X-ray
and extreme-ultraviolet (EUV) optics has grown signifi-
cantly in the last decade. Multilayer structures based on
X-ray and EUV optical systems are in an advanced stage
of development in many laboratories. In most of these
systems the basic requirements are the highest possible
reflection efficiency, moderate energy resolution and high-
imaging characteristics. Therefore, to increase the reflection
efficiency, periodic multilayers are prepared as artificial
structures where not a single surface but many interfaces
reflect the incoming beam and under a convenient angle of
incidence, the beams reflected from individual interfaces
combine together in phase to produce an intense reflected
beam.

A multilayer coating for X-ray mirrors consists of a
stack of alternating layers of two materials, an absorber
and a spacer. The reflectivity of the multilayer coating
depends on several parameters: the pair of materials used,
the d-spacing, the thickness ratio, the number of bilayers,
and the root-mean-square interface roughness.

If the multilayer optics coatings can be considered as
a stratified continuous medium, we may use the optical
method to calculate its reflectivity. In this approach, a
complex refractive index n=1- 3 —if is attributed to
each layer, where § and B are, as usual, the refractive
decrement and the absorption coefficients, respectively.
We calculate § and B from the atomic scattering factors
f1 and £, using well known relationships, d = Kf; and
B = Kf,, with

_ I"()/lzNA

K=—=—=p (1)

Here ry is the classical electron radius, N, is Avogadro’s
number, 4 is the photon wavelength, A4 is the atomic weight
and p is the mass density. The optical constants for the
materials are entered from external files which can be
loaded from a database [18].

Therefore, the reflectance of a multilayer system, con-
sisting of N layers can be calculated using a recursive for-
malism given by Parratt [19]. For s-polarized radiation
where the electrical field vector is perpendicular to the
plane of incidence, the Fresnel coefficient for reflection
from the interface between the j and j + 1 layer is given by

ki —kin
F,=- 2
J kj + kj+| ( )
and for p-polarized radiation where the electrical field vec-
tor is parallel to the plane of incidence it is
_ kjnj'z - kj+1”j_-fl

ST a2 L ka2
kjnj 2 + kj+1nj+l

3)

with &; = 4 /n';? — cos? 6. Here 8, and A are the incident an-

gle and its wavelength, respectively. The recursion relation
for reflection is given by

ity By +F

R;=¢e
! L+ R F;

“)
where d; is the thickness of jth layer. The calculation takes
into account the decrease of the specular reflectivity due to
the interfacial roughness by the modification of the Fresnel
coefficients according to

Fj = Foe %kme) (5)

where Fj is the reflection coefficient from an ideal interface
for either s or p polarization and ¢ is the root mean square
deviation of the interface atoms with respect to a smooth
interface. Thus, the procedure to compute the net reflection
Ry cocfficients for the multilayer stack is to apply Eq. (4)
recursively, starting at the bottom layer with the assumption
that Ry =0, since there is no reflection from an infinitely
thick substrate. The final reflectivity from the multilayer sys-
tem can by obtained from |Ry|. For unpolarized radiation
the reflectivity is given by the average value of the two polar-
izations. Finally, the desired spectral reflectance profiles are
fitted by minimizing a suitable merit function that is com-
posed of an appropriate function of R defined within the
wavelength range or incident angle range. For that we can
define the typical figure of merit (FOM):

N
FOM = % 3 (R(%) — Raes(2))* (6)

i=1

where Ry is the design reflectance.

3. Algorithm of Luus-Jaakola (LJ) optimization procedure

The problem of maximizing the reflectivity of the multi-
layer structure reduces to that of determining the layer
thicknesses and the number of layers in the structure.
The optimization procedure that is employed here does
not require any auxiliary variables to be introduced in
order to solve this parameter estimation problem. The set
of variables in the optimization process, i.c., the layer
thicknesses and the number of layers, are described by a
vector x consisting of a set of real numbers. The idea of
the optimization is then very simple, so the standard LJ
algorithm may be summarized most conveniently in the
following [16]:

(1) Choose some reasonable initial point x*; a reasonable
initial region size r; and choose the number R of ran-
dom points to be used at each iteration; and the num-
ber of iterations M to be used in a pass.

(2) Choose R test points through the equation x = x* +
Dr where D is a diagonal matrix of randomly chosen
points from the interval [—0.5, 0.5], and r is the region
size vector.

(3) Check each of the R test points with respect to feasi-
bility from the domain of variables.

(4) For each feasible point evaluate the FOM as given by
Eq. (6).
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(5) Replace x* by the test point that gives the smallest
value for the FOM.

(6) Repeat Steps 25 for M iterations.

(7) Reduce the region size vector r by y through #/*! = y/
where 7y is a region contraction factor such as 0.95,
and j is the iteration index.

(8) Go to Step 2 and continue for M iterations to finish a
pass and examine the results.

The modification of the LJ optimization procedure for
multilayer optics coatings may be given by the followings
steps:

(1) Choose a reasonable initial number of layers :*, for
example ¥ = 0.5(Zpnax + fmin), Where /., is the maxi-
mum number of layers and /;, is the minimum num-
ber of layers allowed.

(2) Choose a reasonable initial region size for the num-
ber of layers riayer, for example, riayer = 10(/max —
lmin)-

(3) Choose some reasonable initial thickness d*, for
example, d* = 0.5(dmin + dimax), Where dp;, is the min-
imum thickness and dy,x is the maximum thickness.

(4) Choose a reasonable initial region size r, for example,
7= Hdmax — dmin)-

(5) Choose the number R of random points to be used at
each iteration; the number of iterations M to be used
in a pass; and the number of passes Q.

(6) Choose a test point R through the equation 1 = 1* +
Dryayer Where D is a diagonal matrix with randomly
chosen elements from the interval [—0.5, 0.5].

(7) Check each of the R test points with respect to feasi-
bility with the domain of layers.

(8) For every R points, choose the thickness point
through the equation d =d" + Dr.

(9) Check each of the R test points with respect to feasi-
bility for the domain of thicknesses.

(10) For each feasible point evaluate the FOM as given by
Eq. (6).

(11) Replace :* by the test point that gives the smallest
value for the FOM.

(12) Replace 4" by the test point that gives the smallest
value for the FOM.

(13) Repeat Steps 2-12 for M iterations.

(14) Reduce the region size vector r by y through /' = y/
where y is a region contraction factor of thicknesses
such as 0.95, and j is the iteration index; reduce the
region size for the number of layers by ’fy::r =
‘xrliayer’ where a is a region contraction factor for lay-
ers, such as 0.96.

(15) Go to Step 6 and continue for M iterations to finish a
pass.

(16) At the end of the pass determine the region size to be
used at the beginning of the next pass from the size of
the variation of each variable as suggested by Luus
[17), i.e., choose

A = \di (k) —di(k—1)|, i=12,...,N (7
where d; (k) is the best value of 4; after k passes and
d;(k — 1) is the best value of d; after kK — 1 passes
and N is the number of layers. To prevent the region
becoming zero, if the region size as calculated from
Eq. (7) is less than the region collapse parameter ¢,
set the region size at the beginning of the pass for that
variable equal to e.

(17) If riayer is less than some parameter # put the region
size for the next pass equal to some integer value,
for example 10.

(18) Continue the procedure for Q passes.

(19) Run the algorithms many times and examine the
results.

4. Optimization results and discussion

The algorithm was used to design multilayer stack struc-
tures for high reflectivity in the energy range 20-40 keV
over a range of incident angles from 0.1° to 0.358°. The
calculations were divided into 13 groups according to the
grazing angle. On the one hand, it is required that the
mean reflectance in the target energy range has a high
value, wherever possible. On the other hand, it is also
desirable to have the smallest possible number of layers.
It is also required that the variations of the reflectance
from the mean value in the target energy are sufficiently
small.

Along with the above target demands there are a num-
ber of additional feasibility demands. The thicknesses of
each layer should be in the range from 1 to 10 nm. For
all the mirror groups, the interfacial roughness of two
materials is estimated to be 0.3 nm.

The layer materials were chosen to be Pt and C, which
are known to be suitable materials for the construction of
high reflectivity mirrors in this region of the hard X-ray
spectrum [20,21]. Both materials have no absorption edges
in the hard X-ray region concerned. Long term chemical
stability and its ease of thin film deposition are also prefer-
able characteristics of platinum. For the absorber we have
selected Pt while the spacer is C. The multilayer mirror
consists of alternating absorber and spacer layers. The
optimization process adjusts the thickness of each layer,
as well as the total number of layers in the stack, in order
to achieve the best value for the FOM.

The optimization results for the Pt/C mirrors studied are
summarized in Table 1. Fig. 1 also shows calculated reflec-
tivities of all groups. From Table 1, the reflectance at inci-
dence angle 0.11° was achieved with a stack having only 10
layers. Its reflectance features an excellent uniformity
(AR = 0.006). At incident angles of 0.123° and 0.135°, the
average reflectivities are above 80% and the standard devi-
ation is less than 4% while the numbers of layers required
are less than 20. At incidence angles between 0.152° and
0.187°, the standard deviations are the same (AR = 0.09)
and the average reflectivity is more than 60%. However,
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Table 1
Pt/C Mirror design for broad band energy 20-40 keV
Group Angles (6°) Total number Total Average Standard
of layers d(nm) reflectivity deviation
1 0.11 10 521 0.90 0.006
2 0.123 14 87.8  0.88 0.02
3 0.135 18 923  0.83 0.04
4 0.152 18 86.2 075 0.09
5 0.169 24 1083  0.69 0.09
6 0.187 28 1107 0.62 0.09
7 0.208 42 2039 055 0.139
8 0.219 44 176.5 0.532 0.140
9 0.23 46 181.1 0.492 0.133
10 0.253 50 1824 0422 0.1355
11 0.28 60 2315 0.345 0.156
12 0.31 68 241.3 0.28 0.151
13 0.342 76 270.3 0.241 0.156

the number of layers are increased up to 28 in order to
achieve the higher reflectivity. The angles chosen for these
calculations are the same as those used by other authors

2
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Fig. 1. Optimized reflectivity curves of broadband multilayer mirror Pt/C in the energy range from 20 to 40 keV at grazing angle from 0.11 to 0.342.

[22]. Even though the critical angle for Pt is 0.161°, the
inclusion of absorption and the roughness at the interfaces
results in non-perfect reflection at angles below this.
When the gazing angle is more than 0.2°, the reflectance
uniformity in the target region is less than for the smaller
angles. The average reflectivity is in the range 30-55%,
and the number of layers needed is between 40 and 60.
For angles larger than 0.3°, the reflectivity becomes less
uniform and more layers are required to achieve a higher
reflectivity (more than 68 layers). The bilayer thicknesses
of some designs are shown in Fig. 2. The effectiveness of
the LJ optimization procedure is confirmed by comparing
the above results with those of other authors. Table 2 pre-
sents the reflectance of Pt/C mirrors from Ref. [22] in the
same energy range. The number of layers, mean reflectance
values, and total thicknesses of the stack are compared.
From grazing angles 0.11° to 0.187°, the mean reflectance
obtained using the LJ procedure is higher than that found
in Ref. [22] and requires fewer layers. It also results in a
reduced total thickness of the stack. For example, at 0.123°,
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Fig. 2. Layer thicknesses as a function of the bilayer number for grazing angles 0.123°, 0.169°, 0.219° and 0.31°.
Table 2 of the stacks in Ref. [22] is less than that found using the

Comparison between LJ method design and Ref. [22] design of Pt/C  LJ method. However, the LJ result has a higher average
mirrors for broad band energy 20-40 keV

reflectivity and a reduced number of layers needed. Also,

Angles (6°)  Number of Average Total d (nm) in the LJ method, at 0.28°, the average reflectivity is
layers reflectivity (%) increased by 70% over that of Ref. [22] while the total
L} Ref[22] LJ Ref[22] LJ Ref. [22]  thickness is also larger by more than 30%.

0.11 10 50 9 80 521 1524

0.123 4 50 88 80 878 1524 5. Conclusion

0.135 18 50 83 75 923 1524

gjﬁ; ig §§ §§ Zg ;(],(3):; igg:g The Luus-Jakkola optimization procedure proves to be

0.28 60 126 34 20 2315 178.9 a very successful optimization scheme for the design of

0.31 68 126 2820 2413 1789 multilayer mirrors in the hard X-ray region. We have

0342 76 130 2“2 2703 2178 applied this optimization method to the design of multi-

layer mirrors using Pt/C layers. In this design, the average
reflectivities obtained fell in the range 25-90% for grazing

the LJ method gives a higher reflectivity (by more than 8%)  angles in the range 0.1-0.34°, which for most cases was lar-
and requires fewer layers (70% less). In addition, the total  ger than that obtained in previous calculations. It was also
thickness of the stack is reduced by 40%. However, when found that the number of layers and the total thickness of
the grazing angle is larger than 0.2°, the total thickness  the stack was less than that obtained by other methods.
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The design of multilayer mirrors with more than two materials is one of the key technologies for inves-
tigating lithography. We study a new procedure for optimizing multilayer mirrors of different combina-
tions of materials at a wavelength of 13.4nm. By adding Be and C layers in different orders to a Si/Mo
stack, we have observed enhancement of the reflectivity and a reduction in the number of layers. The
Luus—Jaakola optimization procedure has been implemented for the global optimization of the multi-
layer mirrors. With this algorithm it is not necessary to specify initially the number of layers present
in a given design. © 2008 Optical Society of America

OCIS codes:  310.0310, 340.0340.

1. Introduction

The wavelength region ranging from 10 to 15 nm is of
particular importance for extreme ultraviolet (EUV)
lithography [1-3]. For high reflectivity at normal inci-
dence, in the EUV spectral region, mirrors are neces-
sarily multilayered thin film designs. So far most
multilayer coatings have been constructed by alter-
nating layers of two materials with optimized thick-
nesses at every layer in order to provide the highest
possible reflectance for a given wavelength. An exam-
ple of high-reflectivity EUV mirrors for normal inci-
dence is the Si/Mo stack that shows high reflectivity
in the 13.4 nm spectral region [4]. The typical designs
that have been created so far use 5060 periods of Si/
Mo. These designsyield a maximum theoretical reflec-
tivity of R = 0.73. Small improvements in the reflec-
tivity are significant when several such mirrors are
combined ininstrumentation. However, only afew stu-
dies have attempted to calculate reflectances for mir-
rors having more than two materials [5,6]. It has been
shown that for both intermixing zones and barrier-
layer designs, the reflectanceisslightly increased with
designs ignoring the intermixing zones or the barrier

0003-6935/08/122155-06$15.00/0
© 2008 Optical Society of America

layers. Larruquert [6] has developed a theory of quasi-
periodic multicomponent multilayers made of highly
absorbing materials and obtained a selection rule
for the materials to be used with a period to optimize
the reflectivity. However, most materials are moder-
ately absorbing in the EUV range, so this theory is
no longer valid in this range [6].

Several methods of designing multilayer stacks
have been studied for lithography applications. These
include multiparameter optimization methods such
as genetic algorithms [7], simplex methods [8], and si-
mulated annealing methods [9]. Most of these meth-
ods optimized the multilayer stack by varying the
thicknesses of the layers for a fixed number of layers.
Other approaches include the layer-by-layer scheme
[10] and the use of optimal control theory [11]. How-
ever, the Luus—Jaakola (LJ) optimization procedure
[12] allows the number of layers in the mirror to be
one of the variables in the optimization algorithm
that can be optimized. This optimization procedure
has been used effectively for the optimization of com-
plex systems such as heat exchanger networks
[13,14], and it has successfully been employed for
the minimization of the Gibbs free energy for sin-
gle-phase situations [15]. The results of [16] show that
the LJ algorithm can be effectively applied to the de-
sign of standard multilayer optical coatings, resulting

20 April 2008 / Vol. 47, No. 12 / APPLIED OPTICS 2155
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in fewer layers than are obtained by using alternative
optimization methods. The LJ method and genetic al-
gorithms have been compared [17], and it was found
that the LJ method is faster and offers a higher relia-
bility in achieving the global optimum.

To improve the convergence rate of the LJ optimi-
zation procedure, Luus [18] suggested using a multi-
pass procedure, where at the beginning of the process
the region size for each variable is chosen to be the
range over which the variable has moved during the
previous pass. If the range is smaller than some tol-
erance €, then the region size would be set equal to
that tolerance. In this computational study, we make
use of this variation of the LdJ optimization procedure
to improve the reflectivity of the standard Si/Mo
stacks at 13.4nm by adding another material and
manipulating the ordering, the thickness, and the
number of layers.

2. Multilayer Reflectivity Calculation

A basic understanding of multilayer structures for x-
ray and EUV optics has grown significantly in the
past decade. Multilayer structures based on x-ray
and EUV optical systems are in an advanced stage
of development in many laboratories. In most of
these systems the basic requirements are the highest
possible reflection efficiency, moderate energy reso-
lution, and high-quality imaging characteristics.
Therefore, to increase the reflection efficiency, peri-
odic multilayers are prepared as artificial structures
where not a single surface but many interfaces re-
flect the incoming beam, and under a convenient an-
gle of incidence the beams reflected from individual
interfaces combine together in phase to produce an
intense reflected beam.

A multilayer coating for x-ray mirrors typically
consists of a stack of alternating layers of two mate-
rials, an absorber and a spacer. The reflectivity of the
multilayer coating depends on several parameters:
the pair of materials used, the d spacing, the thick-
ness ratio, the number of bilayers, and the root-
mean-square interface roughness.

If the multilayer optics coatings can be considered
a stratified continuous medium, we may use the op-
tical method to calculate its reflectivity. In this ap-
proach, a complex refractive index A=n-ik is
attributed to each layer, where n and % are, as usual,
the refractive decrement and the extinction coeffi-
cients, respectively. The optical constants for the ma-
terials are entered from external files that can be
loaded from a database [19].

Therefore, the reflectance of a multilayer system
consisting of IV layers can be calculated by using a
recursive formalism given, for example, by Parratt
[20]. Details of the basic theory have been presented
in earlier work by the authors [16]. The net reflection
coefficients are computed by using the well-known
recursion relation for each layer, starting at the bot-
tom layer where it is assumed that the reflectivity is
zero from an infinitely thick substrate. The average

2156 APPLIED OPTICS / Vol. 47, No. 12 / 20 April 2008

reflectivity coming from the s- and p-polarizations is
used in this study.

Finally, the desired spectral reflectance profiles
are fitted by minimizing a suitable merit function
that is composed of an appropriate function of the re-
flectivity R defined within the wavelength range or
incident angle range. For that, we can define the ty-
pical figure of merit function (FOM):

N
FOM = J 5> BG) -Rau@P (1)

where R is the design reflectance. The computed
value of R is a function of the number of layers of ma-
terial in the mirror, as well as the thickness of
each layer.

3. Algorithm of Luus—Jaakola Optimization Procedure

The problem of maximizing the reflectivity of the
multilayer structure, for a given set of materials, re-
duces to that of determining the layer thicknesses
and the number of layers in the structure. The opti-
mization procedure that is employed here does not
require any auxiliary variables to be introduced in
order to solve this parameter estimation problem.
The only parameters required are those associated
with the optimization procedure. The set of variables
in the optimization process, i.e., the layer thicknesses
and the number of layers, are described by a vector x
consisting of a set of real numbers. The idea of the
optimization is then very simple; the standard LJ al-
gorithm as described in [17] has been summarized in
our earlier work [16]. It is important to emphasize
that the number of layers, in the multilayer stack,
is one of the variables that is free to change in the
optimization calculation, as opposed to the normal
procedure where a fixed number of layers is chosen.
This differs from the common procedure of fixing the
number of layers (or periods) and then performing
the optimization on the layer thicknesses.

The modification of the LJ optimization procedure
for multilayer optical coatings as employed in the
current study have been summarized by the 19-step
algorithm described in our previous work [16]. Mini-
mization of the figure-of-merit function FOM will
yield the best values for the thickness of each layer
in the mirror, as well as the total number of layers.
The optimization variables that are chosen at the out-
set include R, the number of random points in each
iteration; M, the number of iterations in a pass;
and @, the number of passes. The complete algorithm
is run 50 times in order to determine the optimum
solution.

4. Optimization Results and Discussion

The above algorithm was utilized to design multi-
layer stack structures for high reflectivity at the
wavelength 13.4 nm at normal incidence. This wave-
length, above the Si L edge, is important in the de-
sign of optics for EUV lithography. On the one hand,
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it is required that the reflectance at the target wave-
length have a high value, wherever possible. On the
other hand, it is also desirable to have the smallest
possible number of layers. Along with target de-
mands there are a number of additional feasibility
demands. The thickness of each layer should be in
the range from 0.1 to 4nm. The number of layers
of each stack should be in the range from 4 to 400
layers. Table 1 lists the parameters of the LdJ algo-
rithm used in the following simulations. For all
stacks we have assumed that there is no intermixing
between the materials, so that there is a clean dis-
tinction where one material ends and the other
starts. The basic layer materials were chosen to be
Mo and Si, which are known to be suitable materials
for the construction of high-reflectivity mirrors in
this region of the soft-x-ray spectrum. We chose Be
and C as third materials. The optical constants, n
and %, of these materials at a wavelength of
13.4nm are depicted in Fig. 1.

The notation that we adopted to represent a period
in a multicomponent stack is based on the commonly
used notation for a two-component stack, e.g., Si/Mo,
where Si is the high-refractive-index and Mo is the
low-refractive-index material. For the three compo-
nent stacks, we used two methods (Fig. 2): (1) multi-
layers with barrier zones, e.g., Si/Be/Mo/Be, where
Be is deposited as Si on Mo and Mo on Si interfaces;
(2) multilayers with three-component stacks in per-
iodic structures, e.g., Si/Mo/C multilayers formed
with Si as the outermost layer, a Mo layer under-
neath, and a C layer for a complete period, followed
by the second period starting a new Si layer, and
S0 on.

Table 1. P: for LJ Optimi
Parameter Value
No. of test points (R) 35
No. of iterations (M) 80
No. of passes (@) 12
Region contraction factor (y) 0.95
T T T T T
0.007 | - 4
Mo eC A=13.4nm
L ]
0.006 -| 4
0.005 4
k 0.004 4 4
0.003 - 4
Si
0.002 i
Be °
0.001 T T T T v T
0.92 0.94 0.96 0.98 1.00
n
Fig. 1. Optical constants for Si, Mo, Be, and C at 13.4nm.
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Fig. 2. Ideal standard Mo/Si multilayers (top left) consist of alter-
nating Mo and Si layers. Three-component multilayer mirror
(right) consists of Mo and Si layers separated with barriers.
Three-component multilayers (bottom left) consists of three Mo,
Si, and Be layers.

Standard mirrors having two materials for compo-
nents are considered for optimization first. The calcu-
lated reflectances of optimized multilayers are shown
in Table 1 for combinations of different materials.
Data are shown for the combinations for materials
that provide the highest possible reflectance. The best
results, as shown in Table 2, were achieved with a
150-layer stack of Si/Mo and Mo/Si multilayers.
The reflectance in these cases is very good, with the
total thickness of the Mo/Si stack 10% higher than
that of the Si/Mo stack. The Mo/Be multilayer combi-
nation is also shown to have a high reflectivity, but
less than the Si—-Mo combination. Also, the number
oflayers is 20% more than for the Si—-Mo combination.
Choosing C as a second material of a bilayer combina-
tion is not a good choice to get high reflectivity. Again,
the Si/Be combination shows a worse response for
both reflectivity, the number of layers, and the total
thickness of the stack. The reflectivity response from
the bilayer stacks of Table 2 is shown in the left-hand
panel of Fig. 3. The right-hand panel of Fig. 3 shows

Table 2. Optimized Normal Incidence Reflectances of Standard
Multilayer Mirrors at 13.4nm

Mirrors No. of layers Total d (nm) Riz4mm
Si/Mo 150 376.7 0.7455
Mo/Be 180 451.1 0.7326
Si/Be 256 638.2 0.1701
Mo/Si 150 416.0 0.7464
Si/C 178 474.1 0.5130
Mo/C 162 462.6 0.3561
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Fig. 3. Optimized reflectivity (left) of multilayer mirrors from Table 1 at a wavelength of 13.4nm and using the thickness design of a Mo/

Si bilayer.

the bilayer thickness for the Mo/Si design. It is to be
noted that there is considerable variability of the
thickness of each material as a function of the layer
number. This is in contrast to some other studies car-
ried out with fixed numbers of layers, where the thick-
ness of the layers tends to vary smoothly with layer
number [10,11].

The three-component system in Table 3 is set as a
two-component stack with the third material inter-
leaved between the two layers. These barrier layers
are often introduced to prevent mixing of the materi-
als on either side. In other studies using barrier
layers, the thicknesses of these layers are held fixed,
whereas in this study we allow the thickness of each
barrier layer to vary as well. C and Be were used as

Table 3. Optimized Normal Incidence Reflectance of Multilayer
Mirrors, Barrler at 13.4nm

Mirrors No. of layers Total d (nm) Riz40m
Mo/Be/Si/Be 176 358.3 0.7294
Si/Be/Mo/Be 156 286.6 0.7310
Mo/C/Si/C 176 312.2 0.6887
Si/C/Mo/C 212 399.2 0.6810
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Reflectivity

the barrier materials in this study. The results of op-
timization of the reflectivity with inclusion of the bar-
rier layers at different stacks are shown in Fig. 4.
From these optimizations, it appears that Be barrier
layers are more suitable for the Si-on-Mo boundaries.
On optimization of the stack with C barriers for Si-on-
Mo boundaries, the peak reflectivity decreases by 5%,
whereas the number of layers and the total thickness
increases by 36%. Comparing Mo/C/Si/C multilayers
with the Mo/C/Si/C interface-engineered multilayers
in {21], the number of layers of Mo/C/Si/C engineered
multilayers is 240 with a fixed thickness of Mo
(2.6nm), Si (4.4nm) and C (0.4 nm), which is 35%
more than the optimized multilayer in this study.
However, the reflectivity of the engineered multilayer
is 0.696, which is 1% more than the optimized struc-
ture found here. The thicknesses of barrier layers for
the Si/Be/Mo/Be stack is shown in Fig. 5, showing con-
siderable variability through the stack.

The results for the optimization of the multilayer
mirrors composed of three materials per period is
shown in Table 4. In this table, we selected C and
Be as the additional third material in the standard
multilayer (Si-Mo combination). With these selected
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Optimized reflectivity of multilayer mirrors with barrier layer Be (left) and with barrier layer C (right) at the wavelength 13.4nm.
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Fig. 5. Thickness design of Si/Be/Mo/Be stack.

materials, we have six structure possibilities per third
material. For example, with the Be component as the
third material, we can realize six multilayers, noted
as Si/Mo/Be, Si/Be/Mo, Mo/Si/Be, Mo/Be/Si, Be/Si/Mo,
and Be/Mo/Si. In the notation Si/Mo/Be, the first ma-
terial (Si) is on the top of the multilayer, and the last
one (Be)is next to the substrate. For each combination
the algorithm numerically optimizes the thickness of
each material and the number of layers (see Fig. 6).
From Table 4, we can see that the addition of Be or
C on top of the Si/Mo combination results in an in-
crease in the reflectivity over that of two materials
on their own. Also, when compared with the standard
multilayer results in Table 2, the addition of Be be-
tween Mo and Si (Be deposited on Si) yields a de-
crease of the total thickness of multilayers by up
to 30%, and the reflectivity decreases by 3%, whereas
the addition of C between Mo and Si (C deposited on
Si) results in a lowering of the reflectivity by 52%,
while the number of layers is increased by 18%.
Also, when the Be layer is between Si and Mo (Be
deposited on Mo) the reflectivity is increased slightly
by 1%. However, the reflectivity is 30% less when
adding the C layer between Si and Mo (C deposited
on Mo). Hence the Si/Be/Mo stack and C layer as a
bottom layer give the best results for the reflectivity.
Choosing C as the top layer in the Mo—Si combina-

Table 4. Optimized N | Incid Refl of Multilayer
Mirrors, Three-Component Materials at 13.4nm
Mirrors No. of layers Total d (nm) Ri34nm
Si/Mo/Be 141 327.7 0.7480
Mo/Si/Be 126 273.7 0.7395
Be/Mo/Si 147 343.0 0.7329
Mo/Be/Si 138 289.5 0.7199
Si/Be/Mo 177 401.2 0.7551
Be/Si/Mo 177 398.6 0.1084
Si/Mo/C 177 389.2 0.7494
Mo/Si/C 147 339.4 0.7379
Si/C/Mo 156 350.4 0.5006
C/Si/Mo 150 340.8 0.4931
Mo/C/Si 177 406.1 0.3568
C/Mo/Si 177 394.6 0.3554
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Fig. 6. Optimized reflectivity of multialyer mirrors with a third

layer Be (top) and with a third layer C (bottom) at the wavelength
13.4nm.

tion and Be on top of the Si/Mo stack, the reflectivity
is decreased.

5. Conclusion

The technique of Luus—Jaakola optimization has
been successfully applied to the design of multilayer
mirrors showing improved reflectance at 13.4 nm for
more than two materials. Instead of using the stan-
dard two-layer multilayers, we designed multilayer
systems in which Mo and Si layers are separated with
C and Be materials. In addition, we studied different
combinations of three-component multilayer systems
for their reflectance, total thickness of the stack, and
the total number of layers. The approach employed in
this study offers a simple tool to investigate the effects
of varying the number oflayers in a multilayer mirror,
as well as determining the layer thicknesses.

The authors acknowledge financial support from
the government of Saudi Arabia for this study.
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Abstract

A Luus-Jaakola optimization procedure is described that simultaneously determines the optical constants, thickness and root mean
square roughness of thin films for reflectance versus angle-of-incidences data measured in the EUV/soft X-ray region. The optimization
method is applied to different films at different wavelengths. The results show that the Luus-Jaakola optimization procedure is able to
determine the thickness of films and the roughness with an accuracy of less than 7%. The optical constants obtained are also in good
agreement with reported values for films having an error of less than 1%.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Multilayer mirrors are becoming essential optical ele-
ments in applications in the soft and extreme ultraviolet
(EUV) range, such as lithography, astronomy and synchro-
tron research. It is important to know the refractive index
of the materials in these mirrors with great accuracy, since
it allows successful modeling and predication of the
performance of these optical elements. The thin films on
transparent, slightly absorbing substrates have been exten-
sively investigated with spectral transmittance and reflec-
tance measurements to determine the optical constants
[1-4] and many analytical and numerical methods have
also been proposed to determine the optical constants [5—
10]. In all these methods the input data are the values of
transmittance or reflectance measured at several wave-
lengths. Then, using a model based on thin film optical
constants, computational software fits the parameters of
the model to achieve the best agreement with experimental

* Corresponding author. Tel.: +1 6135625758; fax: +1 6135625190,
E-mail address: thodgson@uottawa.ca (R.J.W. Hodgson).

0030-4018/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.0ptcom.2007.08.001

data. Some of the methods are quite complicated and
require solution by computer iteration procedures with
an efficient criterion to identify the correct solution and
require properly chosen initial values. The Luus-Jaakola
(L]) optimization procedure is one of the optimization
methods that is largely independent of the initial conditions
[11].

This latter optimization procedure has been used effec-
tively for the optimization of complex systems such as heat
exchanger networks [12,13], and it has been successfully
employed for the minimization of the Gibbs free energy
for single phase situations [14]. The results of Ref. [15]
show that the LJ algorithm can be effectively applied to
the design of standard multilayer optical coatings, resulting
in fewer layers than obtained using alternative optimiza-
tion methods. The LJ method and Genetic algorithms have
been compared [16]. Here it was found that the LJ method
is faster and offers a higher reliability in achieving the glo-
bal optimum.

To improve the convergence rate of the LJ optimization
procedure, Luus [17] suggested using a multi-pass proce-
dure, where at the beginning of the process, the region size
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for each variable is chosen to be the range over which the
variable has moved during the previous pass. If the range
is smaller than some tolerance e, then the region size would
be set equal to that tolerance. In this work we will deter-
mine the optical constants, the thickness, and the root
mean square roughness of the film, using reflectance data.
For this purpose, a Luus-Jaakola optimization procedure
has been employed.

2. Theory

Fig. 1 shows a schematic diagram of the reflection of
light from a thin homogeneous layer with a constant thick-
ness. The thickness and the complex refractive index of the
film are 7 and n = n;— iks X-rays in air are incident at the
grazing angle 6,. The incident light is transmitted through
an absorbing substrate of complex refractive index
n = ng — ik,. The reflection coefficient of the electric field
at the jth interface is defined as

_(E,.
R, =¢ (—Ei) )]

Where E; and E,; are the incident and reflected electrical
fields in the jth layer, respectively. In Eq. (1), &; is the com-
ponent of the wave vector normal to the coating surface in
the jth layer. Since the parallel component of the wave vec-
tor is conserved and equal to 2anecoso/4, k; is given by
k= 277r n} — nfcos? 6, 2)
where 6 is the incident angle at the interface between air
and the first layer, and #ng is the index of refraction of air.
The Fresnel reflectivity of a single layer bonded on a
semi-infinite substrate is [18]:

_ | F() + F[CXP("Zik[l]) IZ (3)
|1 4+ FoF exp(=2ikt,)|

Here F, is the Fresnel coefficient of the free surface (air/film
interface), F; the Fresnel coefficient of the film/substrate
interface, k; is given by Eq. (2), and ¢ is the film thickness.
The expression for F; depends on the polarization of the
electromagnetic wave. For s-polarization, F; is given by

kj— ki
KT K 4
kj + kj-H ( )

R

Fj:

no
t|ln 5 — tky Film
ng— ks Substrate

Fig. 1. Schematic diagram of a thin-film system.

whereas for p-polarization, the Fresnel reflection is
-2 -2
.:kjnj —kj+1nj+l (5)
/ kjnj‘z + kj+|}’lj__31
The calculation takes into account the decrease of the spec-
ular reflectivity due to the interfacial roughness by the
modification of the Fresnel coefficients according to

Fj = Figege™imc (6)

where Figea is the reflection coefficient from an ideal
interface for either s- or p- polarization and ¢ is the root
mean square deviation of the interface atoms with re-
spect to a smooth interface. For unpolarized radiation
the reflectivity is given by the average value of the two
polarizations. Once the expression for the calculation
has been specified, one would like to obtain optical
information of the film (1, n; ks o) from reflectivity
measurements. With these parameters a theoretical reflec-
tance spectrum can be generated and compared with the
experimental one. In this case we can define the typical
figure of merit (FOM):

N
FOM = % Z(Rexp(ei) - Rcomp(ei))2 (7)

i=1

where N is the number of points in the spectrum, Reomp and
Rexp are the experimental and computed values of reflec-
tance. The optimization algorithm will be used to minimize
the value of FOM.

3. Algorithm of the Luus-Jaakola (LJ) optimization
procedure

The problem of determining the optical constants of the
film structure reduces to that of determining the film thick-
nesses ¢, the root mean square roughness o, and the refrac-
tive index n,— ik, of the film in the structure. The
optimization procedure that is employed here does not
require any auxiliary variables to be introduced in order
to solve this parameter estimation problem. The set of vari-
ables in the optimization process, i.e. the film thicknesses ¢,
oy, nrand kg, are described by a vector x consisting of a set
of real numbers. The idea of the optimization is then very
simple, so the standard LJ algorithm may be summarized
most conveniently in the following [16]:

(1) Choose some reasonable initial point x"; a reasonable
initial region size r; and choose the number R of ran-
dom points to be used at each iteration; and the num-
ber of iterations M to be used in a pass.

2 Choo:se R test points through the equation
x =x -+ Drwhere D is a diagonal matrix of randomty
chosen points from the interval [—0.5,0.5], and r is the
region size vector.

(3) Check each of the R test points with respect to feasibil-
ity from the domain of variables.
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(4) For each feasible point evaluate the FOM as give by
Eq. (7). .

(5) Replace x by the test point that gives the smallest
value for the FOM.

(6) Repeat steps 2-5 for M iterations.

(7) Reduce the region size vector r by y through #*' = 3/
where y is a region contraction factor such as 0.95, and
j is the iteration index.

(8) Go to step 2 and continue for M iterations to finish a
pass and examine the results.

4. Optimization results and discussion

In the present work, the LJ algorithm has been used
to determine the optical constants, root mean square
roughness, and thickness of different films at different
wavelengths through a region of incidence angles, i.e
from different reflectance spectra. Therefore, the possible
solution of the problem is represented as a vector of the
form,

x:(tf’"kafvaf) (8)

10° T T T T 3

Cr layer on SiO, substrate

—0—R
f 10° 4 k s R::»::r.:l 3
4
H

4y
d

\7?\ ) - 3
?ﬁg@ﬁ%"\@ e

20 O
10° —r— T T
0 20 40 60 80

deg(6")

/ Optics C

ications 280 (2007) 110-113

In all the numerical calculations, we have generated exper-
imental data, that were obtained using the IMD software
[19] as shown in Figs. 2 and 3, in order to get reflectance
data. For all stacks, the interfacial roughness of experimen-
tal spectrums has been taken to be ¢ = 0.3 nm. The data
from the IMD software are unpublished and comes from
measurements made on the films. From angles of incidence
0° to 5°, we optimize these reflectance spectra by finding
the solution of Eq. (8). Table 1 lists the parameters of the
LJ used for the following simulations. The LJ algorithm
was executed for different films as shown in Table 2. The
theoretical values of the indexes of refraction were taken
from Center of X-ray Optics at Lawrence Berkeley Na-
tional Laboratory [20] to compare with the optimized val-
ues. In Table 2, the optical constants, the root mean square
roughnesses, and the thicknesses of the films (Cr, Mo, C,
Si) were simultaneously determined by applying the LJ
optimization algorithm. This algorithm gave a thickness
of 61.7 nm for the chromium film at A = 4.138 nm, showing
very good agreement with the actual thickness value of
60.0 nm, with a difference of <3%. However, the thickness
of the molybdenum film found using the LJ algorithm is
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Fig. 2. Comparison between generated reflectance spectra from experimental data and reflectance spectra computed from the extracted thicknesses,
roughness, 7 and & (left) Cr film on SiO, at A =4.138 nm and (right) Si film on Si3Ny substrate at A =17.712 nm.

10° T T T T

104 '\ Mo layer on SiO, substrate
Q.\
L ]
Jt

10° T T T T E

deg(e")

°
84
&
3
]

deg(6°)

Fig. 3. Comparison between generated reflectance spectra from experimental data and reflectance spectra computed from the extracted thicknesses,
roughness, » and & (left) Mo film on SiO, at 1 =6.199 nm and (right) C film on SiO, substrate at A = 12.398 nm.
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Table 1
Parameters of Luus-Jaakola (LJ) optimization procedure
Parameter Value
No. of test points (R) 30
No. of iterations (M) 60
No. of passes (Q) 12
Table 2
Optimized normal incidence reflectances of the standard films at 13.4 nm
Film/substrate Cr/Si0, Mo/Si0, C/Si0,  Si/SisNg4
Wavelength (nm) 4,138 6.199 12.398 17.712
Thickness (optimized) (nm)  61.7 3231 51.56 41.60
Thickness (experiment) (nm) 60 30 50 40.0
oy (optimized) (nm}) 0.28 0.31 0.29 0.31
oy (experiment) (nm) 0.3 0.3 0.3 0.3
ny (optimized) 0.9912 0.9899 0.9676 0.9824
ny (tabulated) 0.9912 0.9899 0.9676  0.9827
k¢ (optimized) 0.00243  0.00262 0.00528  0.00401
ky (tabulated) 0.00243  0.00261 0.00529  0.00410
T T T T T 0.03
0.98- —¥— k optimized
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Fig. 4. Optical constants of the carbon film; constants derived in this
study are compared with the data of <http://www-cxro.lbl.gov/>.

slightly worse than the other films, having an error of 8% of
the actual thickness. Furthermore, the results of the thick-
nesses for carbon and silicon show good agreement (<5%)
between the experimental and optimized values. However,
the value of » and k& show excellent agreement (error <1%)
for all the films at different wavelengths. The root mean
square roughness of Mo, C, and Si was achieved by <3%
of the actual value, but for chromium film was >6%. Figs.
2 and 3 also show the reflectance spectra computed using
the parameters deduced from the fit.

We also applied the LJ method to carbon film on BK7
optical glass substrates. The R-0 data were taken for soft
X-rays of wavelength 10-20 nm at various angles of inci-

dence, using the IMD software. The thickness of the car-
bon film and root mean square roughness were 50 and
0.3 nm. The results found for the carbon optical constants,
along with optical data taken from CXRO [20], are shown
in Fig. 4. The values of the optical constants for the carbon
film obtained using the LJ method agree very closely with
the CXRO values. Also, the average thickness of the car-
bon film is 50.7 nm with a standard deviation 2.7 nm and
the average roughness is 0.305 nm with a standard devia-
tion 0.06 nm.

5. Conclusion

The technique of Luus-Jaakola optimization has been
successfully applied to determine the thickness of thin
films, the root mean square roughness and their optical
constants simultaneously. Comparison with other sources
shows differences as great as 5% between our optimized
data and those reported by other authors.
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We describe a Luus—Jaakola (LdJ) optimization algorithm approach for the design of wavelength division
multiplexing (WDM) optical communication systems by using phase-only sampled-fiber Bragg gratings.
The LJ method is used to optimize the phase grating as well as the number of segments which form the
grating. The numerical example of WDM is studied. The method is easily applicable and shows promising
results with low refractive index modulation. © 2008 Optical Society of America

OCIS codes:  060.2340, 230.1480, 050.2770.

1. Introduction

Fiber Bragg gratings (FBGs) are essential parts of
optical communication networks and sensor applica-
tions [1-4]. Wavelength division multiplexing
(WDM), based on sampled-fiber Bragg gratings
(SFBGs), are of special importance sincetheycanserve
as dispersion compensators [5] and optical add—drop
multiplexers (OADMs) [6]. Therefore the design of
multichannel FBGs has become an important re-
search area. Correspondingly, in order to get a higher
number of channels, the effective amplitude of the re-
fractive index modulation must be increased. Two es-
sential techniques are employed for SFBGs, either
sampling the phase of the fiber core [5,7,8] or the re-
fractive index amplitude [9]. Wu et al. [8] obtained
eight channels with an effective amplitude of refrac-
tive index modulation én.g = 8 x 10~* by using sinc
amplitude sampling. However, using phase-only sam-
pling can produce eight channels with a grating length
of 10 cm and dney = 4 x 1074 [5].

In the literature, several methods of designing mul-
tichannel FBGs using optimization algorithms have
been studied, such as genetic algorithms [10,11]
and simulated annealing algorithms [12,13]. These
methods are complicated and lack the design flexibil-

0003-6935/08/132275-06$15.00/0
© 2008 Optical Society of America

ity for many practical applications. However, the
Luus—Jaakola (LJ) optimization procedure [14] al-
lows the number of segments in the FBG to be one
of the variables in the optimization algorithm that
can be optimized. This procedure has been used effec-
tively for the optimization of complex systems, such as
heat exchanger networks [15,16], and it has been suc-
cessfully employed for minimization of the Gibbs free
energy for single-phase situations [17]. The results of
[18] show that the LJ algorithm can also be effectively
applied to the design of multilayer optical coatings,
resulting in fewer layers than are obtained using al-
terative optimization methods. The LJ method and
genetic algorithm have also been compared [19]. It
was found that the LJ method is faster and offers
higher reliability in achieving the global optimum.
In this computational study, we make use of the LJ
optimization procedure to increase the number of
channels by minimizing the phase shift for phase-only
sampled-fiber Bragg gratings (PSFBGs) inside the
sampling period as well as minimizing the number
of segments in the grating.

2. Principles of Phase-Only Sampled-Fiber Bragg
Grating

An FBG is produced by creating a periodic perturba-
tion of the index of refraction along a certain length
of the core of an optical fiber. When light propagates
through the periodically alternating regions of high-

1 May 2008 / Vol. 47, No. 13 / APPLIED OPTICS 2275
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er and lower refractive indices within the fiber, it is
reflected by successive, coherent scattering from the
index variations. When the reflection from a crest in
the index modulation is in phase with the next one,
we have maximum mode coupling or reflection. The
wavelength at which maximum reflection occurs, Ag,
is called the Bragg wavelength and is given by [20]

Ag = 2ngA, 1)

where n.g is the effective mode index of refraction of
the optical fiber and A is the period of the grating.
The periodic modulation in the refractive index of
the optical fiber core can be given by the function
[2,20]

2r

ey = @{1 + vcos [Xz + ¢(z)} }, (2)

where 6n.y is the mean mode effective index of the
refraction change and v is the fringe visibility of
the index change. The function ¢(z) describes the
grating chirp (i.e., the change in the grating period
along the grating length) and contains the grating
phase. For PSFBG, the effective index modulation
can be written by using Fourier analysis as [5]

SNer = ONegr (1 +Re

x {Zm:Fm expli(2nz/A + 27rmz/As)]}) , (3

N-1
F, = A%};[exp(ﬂmﬁ(k)) exp(-ik2zm /M),
m=0,12 ..M. (4)

where A, is the period of the sampling function that
contains N segments per sampling period and M is
the number of Fourier coefficients, which is assumed
to be equal to the number of segments N. F,, is the
Fourier coefficient that is linearly dependent on the
coupling coefficient «,, as x, = F,,#0n¢z/ig. The
channel spacing Af of the sampled gratings is deter-
mined by the sampling period A, through the follow-
ing expression [21]:

¢
Af A (5)
The reflected spectrum for a PSFBG can be calcu-
lated by using the transfer matrix method commonly
employed in multilayer optical calculations [2,20].
One begins by defining a fitness function E. In this
case, for the minimization problem, the function E
provides a measurement of the deviation between
the target reflection spectrum and the calculated
reflectivity

2276 APPLIED OPTICS / Vol. 47, No. 13/ 1 May 2008

E= Z'Rcalcui) _Rtargui)lv (6)

where {4;} is the discrete set of wavelengths where
the reflection spectra are evaluated. This function
E becomes the figure-of-merit (FOM) function for
the optimization algorithm.

3. Algorithm of the Luus—Jaakola Optimization
Procedure

The problem of maximizing the number of channels
reduces to that of determining the phase shift for
the FBG inside the sampling period and, at the same
time, minimizing the number of segments. The opti-
mization procedure employed here does not require
any auxiliary variables to be introduced in order to
solve this parameter estimation problem. The set of
variables in the optimization process, i.e., the grating
phases and the number of segments, are described by
a vector x consisting of a set of real numbers. A theo-
retical analysis and proof of convergence for the LJ
algorithm has been published [22]. The procedure
for the optimization is then very simple, so the stan-
dard LdJ algorithm may be summarized most conveni-
ently in the following [19]:

1. Choose some reasonable initial point x*, a rea-
sonable initial region size r, and choose the number R
of random points to be used at each iteration and the
number of iterations M to be used in one pass.

2. Choose R test points through the equation x =
x* 4+ Dr where D is a diagonal matrix of randomly
chosen points from the interval [-0.5,0.5] and r is
the region size vector.

3. Check each of the R test points with respect to
feasibility from the domain of variables.

4. For each feasible point evaluate the FOM as
give by Eq. (6).

5. Replace x* by the test point that gives the
smallest value for the FOM.

6. Repeat steps 2-5 for M iterations.

7. Reduce the region size vector r by y through
1 = yri, where y is a region contraction factor, such
as 0.95, and j is the iteration index.

8. Go to step two and continue for M iterations to
finish a pass and examine the results.

To include the number of segments as an addi-
tional variable in the optimization process, the mod-
ification of the basic LJ optimization procedure for
PSFBG may be given by the followings steps:

1. Choose a reasonable initial number of seg-
ments i*, for example i* = 0.5(spay + Smin), Where
Smax 18 the maximum number of segments and sp;,
is the minimum number of segments allowed.

2. Choose a reasonable initial region size for the
number of segments ryegmen, for example, rgegment
= 10(Smax = Smin)-

3. Choose some reasonable initial phases p*, for
example, p* = 0.5(Dyin + Pmax), Where ppi, is the
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minimum phase and p,, is the maximum phase.

4. Choose a reasonable initial region size r, for
example, r = 4(pmax "pmin)'

5. Choose the number of random points R to be
used at each iteration, the number of iterations M
to be used in a pass, and the number of passes Q.

6. Choose a test point R through the equation
t = 1" + Dregment, Where D is a diagonal matrix with
randomly chosen elements from the inter-
val [-0.5,0.5].

7. Check each of the R test points with respect to
feasibility with the domain of phases.

8. For every R points, choose the phase point
through the equation d = d* + Dr.

9. Check each of the R test points with respect to
feasibility for the domain of phases.

10. For each feasible point evaluate the FOM as
given by Eq. (6).

11. Replace i* with the test point that gives the
smallest value for the FOM.

12. Replace p* with the test point that gives the
smallest value for the FOM.

13. Repeat steps 2—-12 for M iterations.

14, Reduce the region size vector r by y through
mtl =y, where y is a region contraction factor of
phases and j is the iteration index and reduce the re-
gion size for the number of segments by i e
= OTegment» Where a is a region contraction factor
for segments.

15. Go to step six and continue for M iterations to
finish a pass.

16. At the end of the pass, determine the region
size to be used at the beginning of the next pass from
the size of the variation of each variable as suggested
by Luus [23], i.e., choose

ittt =pjk)-pi(k-1), i=12,..N, (1)
where pf(k) is the best value of p; after & passes,
pi(k-1) is the best value of p; after k- 1 passes,
and N is the number of segments. To prevent the re-
gion becoming zero, if the region size as calculated
from Eq. (7) is less than the region collapse para-
meter ¢ set the region size at the beginning of the
pass for that variable equal to «.

17.  If reegment is less than some parameter 5 put
the region size for the next pass equal to some integer
value, for example 10.

18. Continue the procedure for @ passes.

19. Run the algorithm many times and examine
the results.

4. Optimization Results and Discussion

The above algorithm was utilized to design multi-
channel spectra gratings for high reflectivity with
a design wavelength A = 1550 nm and with a low re-
fractive index modulation amplitude. On the one
hand, it is required that the reflectance of the chan-
nels have a high value, wherever possible. On the
other hand, it is also desirable to have the smallest
possible number of segments. Table 1 lists the para-

Table 1. Parameters for Luus-Jaakola Optimization Procedure

Parameter Value
No. of test points (R) 30
No. of iterations (M) 60
No. of passes (@) 10
Range of segments (Spin — Smax) 2-50
Range of phases (Pmin — Pmax) 27— 2n
Region contraction factor of phases (y) 0.97
Region contraction factor of segments (a) 0.95

meters of the LJ algorithm used for the following si-
mulations and the grating parameters are as follows:
grating length [ = 10 cm, effective refractive index
neg = 1.46, refractive index modulation amplitude
dneg =4x107*, and the period of phase sam-
pling A, = 1mm.

The results are shown in Figs. 1-8. In each case the
figures show the reflection spectra of PSFBG and its
phase profile. The number of WDM channels in these
simulations are 14, 16, 20, and 32, respectively. The
reflection spectra shown in Fig. 1 was achieved by
dividing the sampling period into 10 segments.
The phase profile for the 14 channel WDM is shown
in Fig. 2. Its reflectance features an excellent unifor-
mity where the reflectivity of the channels is nearly
100% and identical. In Fig. 3, the number of WDM
channels is increased to 16 by dividing the sampling
period into 16 segments, as seen in Fig. 4. The WDM
channels are identical and the reflectance in this
case is nearly 99%.

By dividing the grating phase into 20 segments, we
are able to get 20 channels with reflectivities of almost
99%, as shown in Fig. 5. Producing 32 channels can be
achieved by dividing the grating phase into 36 seg-
ments. For 32 channels, with dn.g = 4 x 1074, the re-
flectance features are slightly worse than in the
previous cases, with R = 97%, as shown in Fig. 7.
By using the phase profiles in Fig. 8, and increasing
the value of the effective mode index of refraction to
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Fig. 1. Reflectivity spectrum of optimized phase profile with 10
segments.
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gy =6x107, the reflectivity is increased
(R =98.9%), as shown in Fig. 9. The effectiveness
of the LJ optimization procedure is confirmed by com-
paring the above results with those of other authors.
The spectra of PSFBGs that produces 16 channels
was obtained with a grating length of 10cm and
bner = 8 x 1074, by using 30 segments and by using
a multidimensional optimization method [5]. In an-
other study using the simulated annealing method,
20 segments were required to produce 16 channels
with a grating length of 1.52 cm [12]. However, only
16 segments were needed in our case with the LJ
method. This is a consequence of allowing the number
of segments to be variable in the LJ method whereas,
in the other methods, this number was fixed.

5. Conclusion

A new method based on the Luus—Jaakola optimiza-
tion procedure and the transfer matrix method has
been applied for designing multichannel spectra

1.0
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o

1
1

Reflectivity
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N
1

0.2 -1

0.0

1545 1550 1555 1560

wave length (nm)

1
1540

Fig. 9. Reflectivity spectrum of optimized phase profile with 36
segments and dn.y = 6 x 1074,

based on PSFBG. Simulation results show that with
this method the multichannel design can be recon-
structed with a minimum number of segments in
the region with minimum phases. The number of
channels determines the number of segments of the
FBG. By increasing the number of channels, the spa-
tial resolution can be improved but the complexity of
PSFBG structure and calculation effort will also be
increased. The development of this algorithm will per-
mit the use of PSFBG for dispersion compensation of
WDM optical communication systems.
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Conclusion

The research described in this thesis was rooted in applying the Luus-Jaakola optimization pro-
cedure to some optical problems. The LJ optimization method is simple, easy to implement, and
robust in calculating the optimum. The impact of initial guess values is minimal on the optimal
parameters and the optimum. Furthermore, it was illustrated that a large number of random points
is not necessary. In the LJ method, the objective function is controlled directly. The parameters
that give the smallest objective function are saved in the first pass after a search in the given region
space. Subsequently, it proceeds into the next pass with the saved parameters, whereby the objec-
tive function is minimized along the number of passes until the optimum is reached. The central
theme is the mixing of integers and real variables in the parameter optimization process. From the
optimization results of multilayer coatings, the optimal solutions of Luus-Jaakola showed better
multilayer performance , in terms of flatness, maximum reflectivity and the number of layers,than

do existing methods.

To test the efficiency of the simple Luus-Jaakola technique, we used the Lennard Jones po-
tential as a massively multimodal test problem. As we know, finding the equilibrated configuration
of atomic clusters modeled by the Lennard-Jones potential posses a challenging task to numerical
optimization strategies as the number of local minima grows exponentially with the number of
atoms in the cluster. The algorithm was successful in finding the the global minima of the Lennard
Jones clusters. We showed that the algorithm is a fast and highly efficient optimization tool, which

can be used in optimization problems. Also, the efficiency of Luus-Jaakola was compared with the
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particle swam optimization technique. A standard benchmarking function was used to compare
both algorithms. We showed that the Luus-Jaakola optimization performs much better than the

particle swarm technique in higher dimension optimization problems.

The multilayer mirror is another problem of higher dimension and a difficult optimization
problem. In the second chapter, we modified the Luus-Jaakola optimization by mixing both in-
tegers and real variables in the space of optimization. In section 4 of this article, we applied the
modification of Luus-Jaakola to the design and characterization of multilayer coatings for Soft
X-rays. The modified algorithm has been used to maximize the reflectivity over a range of inci-
dent angles at fixed wavelength, and over a wavelength range at a fixed incident angle. To test the
modification, we showed how such a procedure can be applied efficiently to the case of multilayer
coatings to maximize the reflectivity with a smaller number of layers. From the numerical results
of three multilayer thin-film problems, we demonstrated that the Luus-Jaakola approach is better
than some other optimization methods like Genetic algorithms. Also, the Luus-Jaakola optimiza-
tion procedure outperformed f or a mixed number of layers and thickness of each layer, combining
the real variables with integer variables, based on numerical results. We showed that the reflec-
tivity designs could be achieved with fewer layers. The main point is that the modification of the
Luus-Jaakola algorithm is able to find good multilayer stack performance within a single procedure
resulting in fewer layers and higher reflectivity. This reduces the amount of human effort and ex-
pertise required for analyzing different designs of multilayer mirrors. Furthermore, it reduces the
probability of over looking feasible solutions. These properties make the Luus-Jaakola algorithm

a promising and valuable alternative method.

Following the results from the second chapter, we applied this technique to the design of
multilayer mirrors for a target application, such as an astronomical grazing-incidence hard X-ray
telescope in the third chapter. As we know, a high through-put telescope is an essential instrument
for astronomy. In the X-ray region, it is also needed for high sensitivity observations. In the hard
X-ray region, total reflection which used in previous X-ray telescope requires extremely grazed
incident angles. It means multilayer X-ray mirrors must be needed for hard X-ray telescope. We
developed multilayer mirrors for hard X-ray telescopes. For astronomical use, X-ray optics re-
quires a wide energy band and high through-put. From this point of view, performance of the
X-ray reflector is most important for the X-ray telescope. Multilayer mirrors make it possible to
extend the energy band to the hard X-ray region above 10 keV, in contrast to the total reflected

mirror, used in previous X-ray telescopes, which limits the energy band of telescopes in the soft
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X-ray band. We tried to extend the energy band of X-ray telescopes up to 40 keV using Pt/C multi-
layers. Platinum is one of the most suitable materials for X-ray telescopes, because it is very stable
chemically and the energy of the K absorption edge is higher than the energy of the 44Ti nuclear
x-ray, which is key of the mystery of supernovas. We tried to optimize the design of the multilayer
mirrors for X-ray telescopes. It has to have high reflectivity for high through put and a wide energy
band, for wide band observation and field of view of the telescope. Furthermore, a small number

of layer pairs is required for mass production of reflectors.

We designed multilayer mirrors by modifying the Luus-Jaakola optimization procedure . De-
sign parameters are interval energy and number of layer pairs of these multilayers. We designed
13 multilayer mirrors according to its incident angle, 0.1-0.3 degree. We achieved high reflectivity
in the range between 25% and 90% using these multilayer mirrors with fewer layer pairs. By com-
paring our approach with the Block method, the reflectivity is improved and the number of layers

is decreased.

Determination of parameters of thin films was shown in chapter four. We proposed the Luus-
Jaakola method that makes it possible to determine the optical constants, the root mean square
roughness and the thickness of thin films with the use of only reflectance data obtained at a single
wavelength over a range of incident angles. The calculation procedure is based on the use of fairly
simple relations suitable for the programmed realization and does not call for the prescription
of the initial values of the determined parameters and complex methods of numerical search for

minimization of the merit function.

The method provides excellent accuracy and makes it possible to uniquely solve the inverse
problem of multilayer mirrors. Its applicability has been verified on some numerical models of a
thin film system as presented in chapter four. The results show that the Luus-Jaakola optimization
procedure is able to determine the thickness of films and the roughness with an accuracy of less
than 7%. The optical constants obtained are also in good agreement with reported values for films

having an error of less than 1%.

In chapter five, a new type of periodic structure with three different materials has been inves-
tigated and compared with standard multilayer mirrors from the optimization point of view. We
have studied two structures to design these mirrors. These structure are multilayers with barrier
zones and multilayers with three-component stacks in periodic structures. Using the modification

of Luus-Jaakola approach that was introduced in the second chapter, three material structures have
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been optimized in terms of thickness and number of layers. The modification of the Luus-Jaakola
algorithm has proven to be extremely effective for these designs. The algorithm allows for an
automated search of material combinations for the design of optimal multilayer components for
specific applications and this is the subject of ongoing research. In addition, the number of layers
was optimized to achieve the maximum reflectivity for every structure. We showed that the use of
a third material allows an important increase of the reflectance if the order of the three materials in
the stack is optimized. We have selected in a numerical study Mo, Si, C and Be materials as good
candidates to produce three component multilayers in the spectral range around 13.4nm. These
combinations of high reflective properties and lower number of layers can provide good potential
for their use as elements in EUV collector optics. It is a simple matter to adapt the algorithm
to desensitize the stack structure to use preferred materials which may be required for their inert

properties in particulary harsh environments.

Phase-only sampled fiber Bragg gratings (PSFBG)is also another challenge in high dimen-
sional optimization problem. The purpose of this problem is to obtain the maximum number
of identical channels with higher reflectivity by constituting minimum possible phase shift for a
PSFBG containing regularly located phase variation inside the sampling period. This problem
again is one of mixing optimization variables where the number of segments is an integer and
the phase shift is a real variable. For this reason, in chapter six, we used the modified Luus-
Jaakola optimization procedure and transfer matrix method to minimize the number of segments
with minimum phases. In this chapter, the phase sampling function is divided into fewer but
enough segments to develop super structure PSFBG. When optimized the number of segments and
the phase shift in FBG, multiple channels with high uniformity and fewer number of segments can
be achieved. It can be predicated that the modification of Luus-Jaakola optimization procedure
will become a powerful rival to other approaches to realize the purely phase only sampled fiber

Bragg gratings for wavelength-division-multiplexing applications.

Final Thoughts

This thesis dealt with using Luus-Jaakola optimization procedure in some optical problems. Sev-
eral advantages were introduced for optimizing multilayer mirrors and fiber Bragg gratings. Firstly,
the representation employed makes it unnecessary to specify beforehand how many layers or seg-

ments will be present in a design. The algorithm can decide this, which is very efficient. Secondly,
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Luus-Jaakola method is able to locate promising designs with fewer parameters. Finally, it is
believed that the proposed method is an attractive and effective way for optimally designing com-
plicated optical systems, and can be further developed to construct a powerful toolbox for practical

design of many optical devices.

However, the full capability of this approach, in particular for application to hard X-rays,
should be further investigated. Even the extremely simple algorithm that has been modified and
presented has not yet been fully and systematically explored and the examples discussed in this
thesis are examples that may possibly be improved. In particular, the algorithm should be enriched
with a number of extensions from more sophisticated reproduction to the possible inclusion of
local minima searching techniques into the Luus-Jaakola algorithm, achieving a so called memetic

algorithm.
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import java.io.BufferedWriter;
import java.io.FileWriter;
import java.io.JOException;

import java.io.PrintWriter;
/ sk

* A simple Luus-Jaakola optimization procedure
* to to minimize Rosenbrock's function
¥/

public class LJ {

private static final int TestPoints = 50;

private static final int MaxPass=50;

private static final int Parameters =12;

private static final double Min_Value =-2.048;

private static final double Max Value =2.048;

private static final int NLoop = 200;

private FitnessFunction fit = new FitnessFunction();
private RandomHelper random = new RandomHelper();
private static final int runs=50;

// the Luus_Jaakola loop

4

private void run() throws IOException {

Individual[] population;
Individual yi ,y;

double[] Region;
int value=NLoop*(MaxPass+1);,
double eps=Math.pow(10,-3);

// open file to write iteration vs fitness function
PrintWriter it=new PrintWriter(new BufferedWriter(
new FileWriter("loops.dat")));
//open file to write pass vs fitness function
PrintWriter ps=new PrintWriter(new BufferedWriter(
new FileWriter("'pass.dat")));
double[] avF = new double[value];
double[] bestF = new double[value];
for(int ii=0;ii<runs;ii++){
int k=0;
double[] bestF=new double[value];
int loopCount = 0;
int pass=0;

// initial starting values for y* and r(0)

Region=initialRegion();
yi=initial Values();
y=vi; //save the initial values

//passes loop

do{
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50
51
52
53
54
55
56
57
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60
61
62
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64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

pass++;

if(pass % 2 == 0)eps=0.5*eps;
/literation loop
for(int lop=0;lop<NLoop;lop++) {
k++;
loopCount ++;

population = createPopulation (Region,yi);
evaluate (population, fit);

// sort the best fitness from population
printStats (population);
int best = 0;
double bestFitness;
bestFitness = population[0].getFitness();
for (int 1=0; i<population.length; i++)
if (population[i].fitness < bestFitness) {
best=1;
bestFitness = population[i].fitness;

// write the file loops ( iteration vs bestFitness)
it.println(loopCount+" "+bestFitness);

// reducing the region size vector r by the factor 0.95
Region=reduceRegion(Region);

// save the bestFitness for next iteration
yi=population[best];

bestF[k]=yi.getFitness();
/' printStats (population, loopCount);

} // end iteration loop

//print the pass vs bestFitness
ps.println(pass+" "+yi.getFitness());

// change of region size for next pass
Region=RegionPass(eps,yi,y);
// save the best fitness for next pass

Y=yL

+ while (! endTest (pass));
for(int j=0;j<avF.length;j++) {avF[jl+=bestF[j];}
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// close both files
it.close();
ps.close();
System.out.printin("run="+ii+" "+"BestF= "+yi.getFitness()) ;

}
PrintWriter af~=new PrintWriter(new BufferedWriter( new FileWriter("avgFitness.dat"
for(int j=0;j<avF.length;j++)af printin(j+" "+avF[j}/runs);
af.close();

}

Jx*

* Method regionPass

@return v after Pass Loop
@param yi Best value of 'y afeter k passes
@param eps region Callapse
@param yy Best value of y after (k-1) passes
*/
private double[] RegionPass( double eps, Individual yi,Individual yy)

{
double[] RegionPass=new double[Parameters];
for(int i=0;i<Parameters;i++)
{
RegionPass[i]=Math.abs(yi.getPos(i)-yy.getPos(i));
if (RegionPass[i]<=eps)RegionPass[i]=eps;
}

return RegionPass;

}

/ %ok

* Method reduceRegion

* @return Region size after j loop

*@param regionBefore size befer j loop

*/
private double[] reduceRegion( double[] regionBefore)
{

double[] regionAfter= new double[Parameters];
for(int i=0;i<Parameters;i++){
regionAfter[1]=0.95*regionBefore[i];}

return regionA fter;

}

/ %k

* Method initial Region r(0)
* @return Region r
*/

* % X ¥

private double[] initialRegion()
{

double[] Region=new double[Parameters];
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148 for(int i=0;i<Parameters;i++)

149 {

150  Region[i]=0.5*(Max_Value-Min_Value);
151 }

152 return Region;

153 }

154

155 /*

156 * Method initial Values of point y*
157 %

158 private Individual initial Values()
159 {

160 Individual yi=new Individual(Parameters);
161 for(int i=0;i<Parameters;i++)

162 {

163  yisetPos(i,0.5*(Min_Value+Max_Value));
164 }

165 return yi;

166 }

167

168 /* Method create Random points

169 ¥

170

171 private Individual[] createPopulation( double[] Region,
172 Individual yi)

173 {

174

175  Individual[] population = new Individual[TestPoints];
176  for (int i=0; i<TestPoints; i++) {

177 population[i] = createRandomIndividual (Region,yi);
178  }

179  return population;

180 }

181

182 // Create a single random individual and check

183 // the feasibility of each yi with respect to the bounds.

184  private Individual createRandomIndividual (double[] Region,
185 Individual yi) {

186

187  Individual individual = new Individual (Parameters);

188  for (int i=0; i<Parameters; i++) {

189 individual.setPos (i, yi.getPos(i) + (random.random() * Region[i]));
190 }

191

192 for(int i=0;i<Parameters;i++)

193 {

194 if(individual.getPos(i)<Min_Value) individual.setPos(i,Min_Value);
195 if(individual.getPos(i)>Max_Value) individual.setPos(i,Max_Value);

196 }
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return individual;

}

// Evaluate an array of individuals

private void evaluate (Individual[] individuals, FitnessFunction fit) {
for (int i=0; i<individuals.length; i++) {
fit.evaluate (individuals[i]);
}
}

// Print some runtime statistics
private void printStats(Individual[] population)
throws IOException {
int best = 0;
PrintWriter op=new PrintWriter(new BufferedWriter(
new FileWriter(" optimal.dat')));
double bestFitness = population[0].getFitness();
for (int i=0; i<population.length; i++) {

if (population[i].fitness < bestFitness) {
best = i;
bestFitness = population[i].fitness;

}
}

//Print the optimal positions in data file

// System.out.println("Loop " + loop + " best fitness " + bestFitness );

}

for(int i=0;i<Parameters;i++){
//System.out.println(i+" = "+population[best].getGene(i)),
op.printin(population[best].getPos(i));

//close file optimal
op.close();

}
// End test

// Implemented Algorithm: finish after n loops

private boolean endTest(int pass) {
return(pass>=MaxPass); }

// Main class (static)

public static void main (String[] args) throws IOException {
LJ 1j = new LJ();

?-M();
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JR*
* Fitness funtion:
*/
public class FitnessFunction {
/**
* Avaluate an individual. Compute fitness and store it in the individual
%
* @param individual an <code>Individual</code> The individual to be evaluated
*/
public veid evaluate (Individual individual) {
//Rosenbrock’s function( n variables)
double f=0;
for( int 1= 0; 1 < (individual.postypeSize() - 1); i++) {
double pl = individual.getPos(i) * individual.getPos(i); / x i"2
double p2 = (1 - individual.getPos(i)); // (1-x1i)
p2 *=1p2;/ (1-x_i)"2
double p3 = individual.getPos(i+ 1) -pl; 7/ (x_{i+1}-x i"2)
p3 *=p3;/ (x_{i+t1}-x i"2)"2
f+=100 * p3 + p2;/ 100 (x _{i+1}-x i™2 )2+ (1-x_i)2
}
individual.setFitness(f);
}
}
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/%%
* A simple individual

* Storage for the genotype and fitness information
*

*/

publie class Individual {

—
SOOI NP W

DA PR A DPDUWWLWWWWUWWWWNNDNINDNDPDNDODNNDDNDNFE s e e
NBAWN—ROOVWOIAUNMPAWINRFRODOVOXITAANANEBRWN—, OOV DS WND—

double[] pos;
double fitness;

public Individual (int size) {
pos = new double[size];

}

public double getPos (int position) {
return pos[position];

}

public void setPos (int position, double value) {
pos[position] = value;

}

public int postypeSize() {
return pos.length;

}

public double getFitness() {
return fitness;

}

public void setFitness (double newFitness) {
fitness = newFitness;

}
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1 import java.util. Random,;

OO0V bW

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

35
36
37
38
39
40
41
42
43
44
45
46
47
48

SRk

* Some Random Helper classes
¥

public class RandomHelper {

Random rng ;

/**

* Creates a new <code>RandomHelper</code> instance.
*

*/
public RandomHelper () {
rmg = new Random (System.currentTimeMillis());

}

/**

* Get a random int with equal distribution
*

* @param minVal an <code>int</code> value: minimum random value (inclusive)
* @param maxVal an <code>int</code> value: maximum random value (exclusive)
* @return an <code>int</code> value: the random value

*/

public int between (int minVal, int maxVal) {
if (minVal == maxVal -1) return minVal;

return (minVal + rng.nextInt (maxVal - minVal));

}

/**

* Get a random double value with equal distribution
*

* @param minVal a <code>double</code> value: minimum random value (inclusive)
* @param maxVal a <code>double</code> value: maximum random value (

exclusive)

* @return a <code>double</code> value: the random value
*/
public double between (double minVal, double maxVal) {
if (minVal ==maxVal) return minVal;
return (minVal + rng.nextDouble () * (maxVal - minVal));

}

/ %k

* Return a random boolean with equal true-false probability

*

* @return a <code>boolean<,/code> value: the random boolean
*/

public boolean randomDecision () {
return (rng.nextDouble() >= 0.5);
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}

Sk
* Return a random boolean with given true-probability
*
* @param prob a <code>double</code> value: probability that value is true
* @return a <code>boolean</code> value: the random boolean
*/
public boolean randomDecision (double prob) {
return (prob > rng.nextDouble());

}

/**

* Get a Gaussian distributed random value with given standard deviation

*

* @param deviation a <code>double</code> value: standard deviation of Gaussian
* @return a <code>double</code> value: the random value

*/

public double gauss (double deviation) {
return (deviation * rng.nextGaussian());

}

/**

* Get a Cauchy-distributed random value with given scale

*

* @param deviation a <code>double</code> value: Cauchy scale
* @return a <code>double</code> value: the random value

*

public double cauchy (double deviation) {

doubleu, v;

do {
u = 2.0 * rng.nextDouble() - 1.0;
v = 2.0 * rng.nextDouble() - 1.0;

}
while (u*ut+v*v>1.0 || (u1==0.0&&v==0.0));

if (u!=0)
return(deviation * (v/u));
else
return(0.0);
}
public double random(){
double u;
u=2.0*rng.nextDouble()-1.0;
return u;
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FIGURE B.1 Presenting the comparison between Luus-Jaakola method and Depth-
graded method of number of layers as columns graph of Table 1 in chapter two



AppendixB 75

0.30 - ' ' i
Il Depth-Graded method
I Luus-Jaakola method
0.25 -
g 0.20 -
)
> 0.15 -
l;
1)
o
% 0.10 -
14
0.05
0.00 -
0.20 0.25 0.30
0
RDesign( A))

FIGURE B.2 Presenting the comparison between Luus-Jaakola method and Depth-
graded method of reflectivity as columns graph of Table 1 in chapter two
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FIGURE B.3 Presenting the comparison between Luus-Jaakola method and Depth-
graded method of uniformity as columns graph of Table 1 in chapter two
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FIGURE B.4 Presenting the comparison between Luus-Jaakola method and Depth-
graded method of uniformity as columns graph of Table 3 in chapter two
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FIGURE B.5 Presenting the comparison between Luus-Jaakola method and Depth-
graded method of reflectivity as columns graph of Table 3 in chapter two
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FIGURE B.6 Presenting the comparison between Luus-Jaakola method and Depth-
graded method of number of layers as columns graph of Table 3 in chapter two
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FIGURE B.7 Presenting the comparison between Luus-Jaakola method and Block
method of number of layers as columns graph of Table 2 in chapter three
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FIGURE B.8 Presenting the comparison between Luus-Jaakola method and Block
method of reflectivity as columns graph of Table 2 in chapter three
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FIGURE B.9 Presenting the comparison between Luus-Jaakola method and Block
method of total thickness as columns graph of Table 2 in chapter three
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