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Abstract 

Polarization optics often uses expensive biréfringent elements made of inorganic 
crystals. In recent years new biréfringent materials such as polymer liquid crystals 
were developed. Replacing the inorganic crystals by these new types of liquid crystals 
would enable the fabrication of more affordable optical systems. This thesis presents 
the design and realization of several interferometric systems using biréfringent 
elements made of liquid crystal (LC). 
The main application that has been treated in this thesis is the realization of a hand­
held Fourier transform spectrometer based on a modified LC Wollaston prism. For the 
design of the optical system we developed original polarization ray-trace models that 
are able to deal with complex biréfringent structures such as twisted nematic LC. 
With these new design toots we were able to create compact configurations having 
high acceptance angles. We made important progress not only in the design but also 
in the fabrication of the LC elements. Since the conventional LCs are in the liquid 
phase and are therefore not temperature and shock resistant, we developed a 
completely new fabrication process based on liquid crystal polymers. With the help of 
these new materials, we were able to realize solid biréfringent elements (up to 0.6mm 
thick) with good optical quality. It has been shown that the polymer elements are 50 
times less temperature dependent than the elements made with the conventional LC. 
We have also investigated different alignment technologies and have shown that 
complex LC alignment pattern can be obtained by using high magnetic fields or photo 
alignment layers. By using these new designs and the polymer technology we realised 
and characterized a hand held spectrometer prototype specialized for colorimetry (low 
resolution), including LED illumination, background correction methods and an 
acquisition and data processing program. The advantages and limitations of the 
system are discussed. 
We used the developed LC polymer technology to fabricate two other optical systems: 
the first one is a double-focus polarization interferometer based on a biréfringent LC 
lens for surface topology measurements. We were able to perform first measurements 
and we have shown the aberrations and limitations of the system. The second 
application is a shearing interferometer for differential interference contrast 
microscopy that we installed in a conventional polarization microscope. We obtained 
good quality representations of the observed phase objects, which indicates that the 
expensive calcite or quartz elements used for such devices can throughout be replaced 
by LC polymer elements. 
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Chapter 1 

Introduction to polarization 
interferometry 

This chapter gives an introduction to some basic concepts in the field of polarization 
interferometry and optics in biréfringent media. The first section gives a brief 
overview of polarization interferometry. The second section explains how light 
propagates through anisotropic media and section three explains the interference 
mechanisms with polarized light. 

1.1 Introduction 
An interferometer is a device that divides a light beam into two (or more) beams, 
which follow different optical paths before being recombined to cause interference. In 
the particular case of a polarization interferometer, the entering light beam is divided 
by a polarization-division device into two beams having orthogonal polarizations. The 
first polarization interferometer was constructed by Jamin in 1868 [I]. The 
polarization interferometers can be classified in two categories: Interferometers with a 
small beam splitting angles (collinear) and systems with large splitting angles (non 
collinear). In the first category, the splitting angle between both beams is small and 
the optical phase or retardation shift is mainly created by the birefringence of the 
medium that is traversed by these beams. One of the main advantages of these 
interferometers is that the beams follow the same geometrical path. These 
interferometers are so-called "common-path interferometers". This makes them robust 
to vibrations and limits the geometrical extension of the device. In the second 
category with large beam splitting angles, the polarization-division is performed by a 
beamsplitter made of wire grids or by polarization beam splitter (PBS) cubes. These 
systems separate the incoming beam into two orthogonal polarized beams following 
two distinct geometrical paths. This kind of interferometers offer the possibility to 
induce larger phase shifts than the ones in the first category, but they cannot be 
considered as common-path anymore. Several examples of such systems, mainly used 
in astronomical spectroscopy, can be found in Polavarapu [2]. We will focus here on 
the first category, the common-path interferometers. 
Polarization interferometers have many applications; most of them are presented in 
Françon and Mallick [3]. Widely used and most popular is the observation of phase 
objects in microscopy. Such an application will be presented in chapter 4. But there 
are also other applications such, as optical surface (or system) testing (chapter 4), 
spectrometry (chapter 3), optical thickness or retardation measurements [4] and many 
others. 
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1.2 Propagation of light through an anisotropic medium 

1.2.1 Polarization 
Polarization of light is determined by the temporal evolution of the direction of the 
electric field vector Ë(x,y,z,t). Since the propagation of light in an anisotropic 
media depends of his polarization state, we must define a convenient way to express 
it. 
Generally, any light source can be decomposed in a sum of monochromatic electrical 
waves and each of these waves can be described as 

E(x,y,z,t)- Ä(r)cos(k r -eo-t + S), ( U ) 

where 2{r) is the amplitude, k the propagation vector, r(x, y,z) the position, to the 

angular frequency and Ô a constant phase shift. By choosing Cartesian coordinates 

with the z-axis along the propagation direction oflight, Ê can be decomposed into 

two orthogonal components Ex and Ey which are normal to the wave propagation 

È(?,t) = Êx(z,t) + Êy(z,t) = Ax(x,y)xcos(la-u>t + Sx)+Ay(x,y)ycos(/as-ûlt + Sy), (1.2) 

where x, y are unity vectors and Ax, Ay are the amplitudes along the Jt and y axis. 
When considering a planar wave, the amplitudes are spatially constant and so 
independent of x and y. 
Equation (1.2) can be rewritten in a complex representation, as: 

É(x,y,z,t) = Re[Ax(X, y)xej(kz-°x+S*) + Ay{xty)yeS{h-{°'^^'\, (1.3) 

The polarization state is defined by the two amplitudes Ax, Ay and the phase 
difference S = S1 -Sy. The polarization can be described by the projection of the 

curve that ¡s traced by the endpoint of the electric field on a plane perpendicular to the 
propagation direction. This curve is in general an ellipse. In this case the polarization 
is said to be elliptic. There are also some particular cases where the curve describes a 
circle (circular polarization) or a straight line (linear polarization). 
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Fig. 1.1: Projection of the endpoints of the electric field vector Efz.t) on a 
plane perpendicular to the propagation direction. The projection points 
describe here an ellipse, which means that the planar wave is elliptically 
polarized. 

Optical materials can change the state of polarization of incident polarized light. The 
primary mechanisms that change the state of polarization are: 

1) Reflection: the reflected light from a dielectric interface has generally a 
different polarization state than the incident light especially for oblique 
incidence. The relation between the two polarization components for the 
reflected and transmitted light is given by the Fresnel equations [S]. 

2) Dichroism: Dichroic materials show anisotropic absorption properties. They 
absorb one of two polarization components of the incident light differently. 
The most common dichroic polarizers are thin sheet polarizers (essentially 
used in display applications and sunglasses). Nowadays, thin sheet polarizers 
show very high extinction and they are usually used to produce linearly 
polarized light in the visible region. 

3) Birefringence: The state of polarization of the incident light can be modified 
by anisotropic materials because their optical properties (refractive index) 
change upon the direction of the electric field. Phase shifts between the 
polarization components can thus be induced in such materials. This subject is 
discussed in more detail in the next section. 

4) Optical activity: Some materials, especially crystals and molecules in solution, 
can naturally rotate polarized light. The most common example is diluted 
water-sugar mixture. The rotation of polarization is used to quantify the 
amount of sugar, for instance in Wine. Other materials must be placed in a 
static magnetic field to show optical activity. This is known as the Faraday 
effect [6]. 

5) Scattering: Light is polarized by scattering when a material re-emits the 
incident light in a preferential direction [7]. Since molecules cannot radiate 
light perpendicular to the oscillation of its electrons (oscillating dipole). The 
re-emitted light will be partially polarized in the direction perpendicular to the 
incident light. 

1.2.2 Anisotropic media 
In anisotropic materials, the macroscopic optical properties are not the same in all 
directions. In such materials the atoms or molecules may be arranged in a certain 
order with symmetry. In addition binding forces on the electrons in molecules might 
be anisotropic. So, the oscillation characteristics of the electrons in such materials that 
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are exited by incident electrical fields will depend on the direction of this field. The 
anisotropy of the oscillation characteristics will induce an anisotropy in the 
dielectrical properties, which are expressed by the permitivity of the material. 
The electric displacement vector D in Maxwell's equations is introduced to describe 
macroscopically the effect of the electrical field £ on matter. The relation between E 
and D is defined as: 

D = EE, 0 

where e is the permitivity tensor (3x3). Since the e tensor is symmetric, it can be 
transformed into the diagonal form 

E = 

(E1 0 O^ 

0 E2 

0 0 i 
(1 

by judicious choice of the coordinate system (eigenvectors of the matrix). 
In this particular case the coordinate axes x,yfz are parallel to the principal axis of the 
crystal. A vector £ parallel to one of these principal axes will generate a vector D 
that is also parallel to this axis. The principal refractive indices n¡ corresponding to £>, 
¢2 and ¿jare given by 

where C0 is the permittivity of free space. Here, we can distinguish three different 
cases: 

1 ) All the three indices are equal. In this case the material is isotropic. 
2) Two of the principal indices are equal. In this case the material is called 

uniaxial. One distinguishes two different indices, the ordinary index H0=It1 = 
n¡ and the extraordinary index nt=n3. 

3) All the three indices are different and the material is said to be biaxial. 

Since we will mainly encounter uniaxial optical systems, as represented by nematic 
liquid crystals, we will treat this particular case in more detail. 
The symmetry of uniaxial crystals has only one axes of rotational symmetry that is 
called the optical axes. When the crystal is rotated around this axis, its optical 
properties stay unaltered. The refractive indices of the normal modes are dependent of 
the propagation direction of the light. This dependency can be represented in an 
ellipsoid that carries all the information about the matrix presented in Eq. (1.5). This 
ellipsoid is called the index ellipsoid and its axes have half-lengths n¡ given by 
Eq. ( 1.6). In Fig. 1.2 we represented the case of an uniaxial crystal, here the length of 
first two axes are equal to n0 and the length of third axis is equal to nt. 
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ne ' optical axis 

M<M¿ 
Fig. 1.2: Index ellipsoid of an 
uniaxial crystal with positive 
birefringence. The ellipsoid 
has a rotational symmetry 
with respect to the optical 
axis. The Indice ne($) is given 
here by the half-length of the 
major axis. 

The index ellipse (hatched area) is given by the intersection between the ellipsoid and 
the plane that passes through the origin and that is perpendicular to k . The half-
lengths of the minor and major axes of this ellipse gives n0 and ne($), respectively, 
with [8] 

1 

ne(<PY 

cos2 0 sin2 $ 
(1.7) 

We see here that ne(<p) can vary from n0 {¢= 0°) to ne (¢= 90°). Figure 1.3 illustrates 
the double refraction (one incident ray and two refracted rays) of a non-polarized 
plane wave that arrives at an isotropic-anisotropic boundary. A ray splitting in two 
polarization components occurs due to two refractive indices associate with the 
anisotropic medium. Applying Snell's law for both polarizations separately, we obtain 
for the ordinary refraction angle 

/isin0 = nosin(9o, (1.8) 

and for the extraordinary refraction angle 

(1.9) 

where ne($) is given by Eq. (1.7). 

Optical axis 

Reflected wave Incident wave 

Fig. 1.3: Double refraction at an isotropic-anisotropic interface. 
The incident wave is refracted into two waves: the ordinary and the 
extraordinary. 
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Double refraction is of course a interesting property for many optical applications. 
However, the fabrication of biréfringent elements is laborious and expensive. 
The choice of material can be optimized in function of the wavelength, required 
birefringence and environmental conditions. The characteristics of the most 
commonly used natural-occurring materials which show birefringence are listed in 
Tab. 1.1 [9]. 

Name 

Quartz 
Calcite 
Rutile 

Chemical 
formula 
SiO2 

CaCOj 
TiOj 

Characteristic 

hard 
Soft 
large 
birefringence 

Spectral 
band 
0.2-2.6um 
0.2-3 urn 
0.6-5p.m 

no, n* 

1.544, 1.553 
1.49, 1.66 
2.6, 2.9 

Birefringence 

0.009 
0.17 
0.27 

Tab. ¡. I: The most commonly used inorganic uniaxial crystals. 

One of the crystals mentioned above, calcite, is widely used in polarization optics 
because of the wide spectral range, the large birefringence and the availability in 
reasonably sized rhombs. Another important family of uniaxial materials are the 
nematic liquid crystals. These materials will be discussed in chapter 2. 

1.2.3 Jones formalism 
An elegant and convenient way to express a polarization state mathematically is the 
Jones vector [10]. The Jones vector 

J = 
'Axe

jS*} 
(1.10) 

is derived from the complex notation that is shown in Eq. (1.3). The two orthogonal 
components Ex and Ey are recast as a column vector and the temporal dependency is 
not taken into account. In the particular case where A1= Ay and & -
^, = ±7t/2 + mn (m = 0, ±1,±2,...), the polarization is circular. The sign of the phase 

shift give the rotation direction of the electrical field vector. The light is linearly 
polarized when Ô* - 5y = ±mit. 
The Jones formalism permits to calculate polarization modifications of the light by 
multiplying the input Jones vector with appropriate Jones matrices. There are mainly 
three types of Jones matrices: the linear polarizer matrix 

L = 
1 0 

0 0 
(1.11) 

the wave retarder matrix T 

T = 
1 0 

0 e-'r (1.12) 

and the polarization rotator matrix 
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Riß) = 
coso -sino 

sin 6 coso 
(1.13) 

where /"is the induced phase shift between the two components and 0is the rotation 
angle of the polarization. Linear systems that alter the polarization can be decomposed 
in a set of retarders, rotators and linear polarizers. Depending of the orientation of 
these elements relatively to the x-y coordinate system of the Jones vector, we must 
apply a coordinate transformation to express the Jones vector in the new coordinate*'-
y' of the element. Ifx'makes an angle 0wkh the x direction then the Jones vector in 
the new coordinates is given by 

J'=R(0)J. (1.14) 

After been transformed by a Jones matrix, J' can then be transformed back in the x-y 
coordinates by applying the inverse rotation matrix R''(0) = Rf-0) . R(O) and R~'($) 
can be directly combined with L or T. For example, a retardation plate rotated by 0 in 
the x-y plane gives 

Te=R{-e)TR{6). (1.15) 

The resulting matrix that describes the complete system is given by the multiplication 
of the corresponding T, R and L matrices: 

Jollt=M„.,M2MvJini (1.16) 

where M1- is a T, R or L matrix, J011, is the output Jones vector and Jin is the Jones 
input vector. Note that the matrices have to be multiplied in the correct order (JW/ is 
the first element) because they are not commutative. 

1.2.4 Extended Jones formalism 
The conventional Jones matrix method is very powerful for studying the transmission 
characteristics of biréfringent systems. However, this method is limited to normally 
incident light. Fresnel reflection and refraction for off-axis light at an isotropic-
birefringent interface are not taken into account. The extended Jones matrix method 
[11], is a technique that can treat off-axis light more accurately than the conventional 
Jones matrix method. It takes into account Fresnel refraction and single reflections at 
the interface. Still, it neglects multiple reflections between plane interfaces (which is 
treated by the 4x4 Berremann matrix method [12]). But in most practical applications 
these effects are relatively small and can be neglected, 
In the extended Jones matrix method, the light propagates through a stratified 
medium, consisting of a stack of N biréfringent layers. N is assumed to be sufficiently 
large so that the optical axis can be regarded as constant within the layer (or plate). 
For simplification, we also consider that the birefringence is small \ne - n0\ « ne, n0, 
which is the case for most uniaxial crystals. By assuming small birefringence, 
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calculations are greatly simplified because we can consider that the refraction angles 
¢0 of the ordinary ray and $c of the extraordinary ray (Fig. 1.3) are almost equal. So, 
the wave vectors k0 and ke of the two rays can be considered almost equal. The local 
polarization vectors of the ordinary ray 5¡ and the extraordinary ray e¡ can be given 
approximately by: 

°' = \f-T]> (1.17) 

_ 0Xk0 
C/=FU!T ( l l 8 ) 

where ñ¡ is the local director of the optical axis. So the polarizations o¡ and è, are 

mutually orthogonal and propagate in the same direction given by k0(= kt ) . 
In order to treat mathematically only an isotropic-uniaxial boundaries (which is easier 
than treating uniaxial-uniaxial boundaries), we introduce an imaginary isotropic 
medium (with index n0) between die biréfringent layers with a thickness that tends to 
zero. 
When propagating through the stack of biréfringent and isotropic layers, we may 
distinguish four different cases: 

a) Isotropic layer to first biréfringent layer described by the input dynamic matrix 
D1n. 

b) Last biréfringent layer to isotropic layer described by the output dynamic 
matrix Dn,, 

c) Propagation inside the biréfringent layers described by the propagation matrix 
P1. 

d) Transition from layer 1 to layer i+l described by the dynamic matrix D1, (+/. 
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a) 

E's"s + E'np J1 

> s 

C ) 

^, K5, 

ELo1 

Layer i 

b) K « 

d) 

\ * 
V ^ ̂ -* 

Ko1 

*+O0 

Ä 3¾ 
Layer i 

Fig. 1.4: Schematic representation (a) of the input dynamic matrix, (b) the 
output dynamic matrix, (c) propagation matrix, (d) dynamic matrix 
between two layers. 

As depicted in Fig. 1.4a, the input dynamic matrix D¡„ projects the incoming 
polarization vectors onto the polarization vectors of the first layer (dependent of the 
optical axis) and multiplies them with the Fresnel input transmission coefficients 
t,, tp of the input polarisation components (s and p): 

KZ, 
= 2¾. 

pin 
\*-P 

^ e 0 / Pe0>p 

SO0T1 P5O1P, VEPJ 

(1.19) 

The output dynamic matrix Dmn (Fig. 1.4b) projects the polarization vectors of the last 
layer onto the output reference axes s and/j and multiplies them with the Fresnel 
output transmission coefficients t's,tp: 

= D„ 
'P J 

¿N-S's ¿N P'p 

QN-St's 5/f-ptp j 

rN} 

(1.20) 

The propagation matrix (Fig. 1.4c) adds the phase shifts cumulated by the two 
polarization components when traversing a homogeneous uniaxial layer: 

E'' ' 
K 

K4 

,-fie 0 
.-fie 

(1.21) 

The dynamic matrix (Fig. 1.4d) projects the polarization vectors of one layer onto the 
polarization vectors of the next layer (without transmission loss): 
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K 
i+\\ 

= D,-.7+1 • 

erSM örSM" 
ër5M ördMj 

E': 

E'jy 
(1.22) 

If we want the transformation matrix M of the whole stack, we must multiply the 
matrixes of the different layers in the correct order : 

M=DaulPNDN„x¡NPN^DN_w_v..D]¿PxDQAP0D¡„. (1.23) 

One common application of this method is to calculate the angular dependency of 
twisted liquid crystal structures (TN cells or STN cells) used for displays. In this case 
each layer has an optical axis that is slightly rotated with respect to the next one. 
Examples of such calculations can be found in [13]. 

1.2.5 Stokes Vector 
Natural light is said to be completely non-polarized. This means that the electric 
vector has no preferred oscillation direction over time. Mostly, light is partially 
polarized; this means that a significant part of the light is randomly polarized but the 
electric field shows a certain preferred direction on average. 
The Jones formalism is only applicable to completely polarized light. Another 
formalism, which can deal with partially polarized light, are the Stokes vectors and 
the Müller matrixes [14]. In polarization interferometry the incoming light is always 
polarized and interference effects are essential. The Müller matrix formalism is thus 
not well suited for our subject. However, it may be interesting to briefly explain here 
the significance of the Stokes vector. The Stokes vector is defined as 

S = 

2 \ ~\ A/+Aj) 

V-V) 
(2AxAy cas S) 

{2AxAysinS)j 

(1.24) 

where Ax and Ay are the amplitudes of two polarization components and S is the 
relative phase shift between these two components. These parameters are time 
dependent and the brackets denote averages performed over me detection time 
interval. So represents the total intensity, Si represent the excess of parallel to 
perpendicular polarized light, S2 the excess of+45° to -45° polarized light and S3 the 
excess of right circularly to circularly polarized light. These parameters can be 
measured by using different circular and linear polarization filters. 
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1.3 Interference with polarized light 

1.3.1 Introduction 
The observed light at a certain time and a certain point in space may be given by the 
superposition given by several electric fields E¡ originating from various sources. So 
wc can write the electric field as 

¿ = Z ¿ / = E A C 0 S ( * í ? - ^ + <Ji>- (1.25) 
í i 

To be able to observe interference phenomena, we need waves with similar 
frequencies and constant phase relations. For simplicity, we will consider here the 
superposition of two monochromatic plane waves 

E = Zf, + E2 = A1 cos(A F-(W)+ A2 cos(A r-eot + S), (1.26) 

with equal frequency and different directions at a certain point defined by r . The 
intensity is then given by 

(1.27) 

/ = ( E 2 ) = ( 4 2 e o s 2 ( í j - r - « ) \ + Í^A¡ eos2 (k2-r-ú)t+ S)} 

+2(A1 cos(*| •? -OX)- A1 COs(A2 • r -(Ot + S)\ 

Using the fact that (cos2 (kr-ûX+S)) =1/2 and 

icos(A, -r-u»)sin(£2 r-û)t)\ - O, we finally find 

I=I-A?+-A2*+2A1- A2 cos((i| -A2)-F-S). (1.28) 

The resulting intensity is the sum of two constant terms and a term that varies with the 
position r and the phase difference 5. This last term is called the interference term. If 
we consider now the particular case where the propagation vectors are both in the y-z 
plane and A\ and A2 are parallel, wc can write 

I = I1 +I2+2jIj2~cos(ksin0y-S), (1.29) 
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where //, h are the intensities corresponding to the two optical fields. Fig. 1.5 shows 
the spatial intensity distribution of Eq. (1.29). 

//+/* 
Fig 1.5: Sinusoidal interference pattern obtained with two coherent 
plane waves. 

The contrast of the signal or the visibility V of the fringes is defined by the 
normalized difference between the maximum signal ¡mar and the minimum signal ¡mln 

y _ *max 'min 
(1.30) 

The interference term will be maximal (for constant total intensity) if the intensities of 
both waves are equal (1| =12). The visibility (given by Eq. (1.30)) is in this case equal 
to i . 
In the particular case of a polarization interferometer as shown in Fig. 1.6, the 
interference pattern ¡s produced by two mutually orthogonal electric fields E¡ =EX 

(parallel to the *-axis) and £> =Ey (parallel to the^axis) that follows different optical 
paths. As it will be explained further, to be able to see an interference phenomena E1 

and Ey must have a defined phase relation (coherent), so practically they must 
emanate from a single source. Then the light has to be polarized with a polarizer to 
avoid averaging of all the polarization states at the output (which would make the 
interference pattern to disappear). The two polarization components of the polarized 
light will then accumulate a certain phase shift when traversing a biréfringent object. 
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Polarizer 
Biréfringent 
plate 

Analyzer 

Fig 1.6:shema of a typical polarization interferometer based on a 
biréfringent element. 

The general expression for an interference pattern generated by a polarization 
interferometer is given by [Bom and WoIfJ: 

I^1= ¡O]COs1X-SmI(PSmI^(P-X)Sm1 A , (1.31) 

where q> is the angle of the first polarizer with respect to the Jt-axis, x ¡s the angle 
between the two polarizers, I0 is the maximum intensity and Sis the spatially varying 
phase shift between the two polarization components. The interference contrast (or 
visibility) is maximized when ̂  = O0 and with a polarizer angle of q>= 45° and Eq. 
( 1.31 ) becomes then 

Im"focos2(S/2) , (1.32) 

In the case of the interferometer of Fig. 1.6, the phase shift 8depends on the local 
thickness of the biréfringent prism d, the wavelength À and the two refractive indices 
n, and n2 associated to the two polarization components and it is given by 

¿ = - y ( " 2 - " i K (1.33) 

In the case of the polarization interferometer of Fig. 1.6, the thickness d depends 
linearly on the y position of the ray and if the uniaxial plate is cut parallel to its optical 
axis. The phase shift relation of Eq. ( 1.33) becomes: 

¿ = -y(n e -* f l ) (D/2 + .ytan<*)), (1.34) 

where D is the maximal thickness of the prism and 0 is the wedge angle. At the 
output of the biréfringent prism, the polarization of the two beams have to be made to 
interfere with an analyzer set at 45°. When substituting Eq. (1.34) in Eq. (1.32), we 
finally obtain 
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louAy) = ̂ (^^(â))^(\ + C0S^(ne-no)(DI2 + ytmm^- (1.35) 

1.3.2 Temporal coherence 
In general light sources are not coherent and the sum of all the electric fields at a 
certain point ¡n space varies very rapidly in time (~10M Hz). Practically this variation 
cannot be detected. Therefore, integrated over a certain period of time, the measured 
intensity I might be seen as statistically constant (assuming that the amplitude of 
different sources are also constant) and there will be no interference phenomena 
observed. 
It is convenient to decouple here two types of coherence: the spatial coherence and the 
temporal coherence. The temporal coherence is expressed for a point source as the 
degree of correlation between electric waves observed with a time delay oft. A 
quantitative measure of this correlation is given by the normalized autocorrelation 
function y(r). Considering that all the light has the same polarization state we can use 
the scalar representation. That is the case at the output of the interferometer shown in 
Fig. 1.6. so that tf i (T) is given by 

(E1(OE^t + T)) 
i = \ ^ _ L Yu(T) = * ' ^ I. (1-36) 

711 (T) have values between 0 and I. j \ \ (r) is equal to one if the source is completely 
coherent (maximal correlation) and y\ \ (x) becomes zero when the source is 
completely incoherent (minimal correlation). 
All natural (real) light sources have a limited temporal coherence. This means that 
y, i (T) decreases with increasing time intervals. The coherence time Tc gives a 
quantitative measure of the decrease of T\\(t) and it can be defined as 

*c= \\rxMdt. (1.37) 

Sometimes X0 is also defined as the time interval above which y\ i (t) drops below a 
certain arbitrary value. Supposing that y\ \ (x) is varying more slowly over r than 
cos(<5), Eq. (1.32) can be written for partially coherent light source as [15] 

^ ( ^ 0 = ^ ( 1 + 1^.(^)1^5(^,04-,0!,)), (1.38) 

where 0i i is the phase of y\\(T). For the case of the interferometer described in Fig. 
1.6, f and rare related by Eq. (1.34) and T~ Sk/2nc (c = speed of light). For the 
same interferometer the local visibility of fringes oíIou¡ is directly given by the 
autocorrelation function 

file:////rxMdt
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The complex degree of temporal coherence quantified by y(t) is related to the power 
spectral density of the light source S(v) by an inverse Fourier transform 

jS(y)exp(j27TVT)dv 

A*)=- - • (1.40) 
JS(V)Jv 

This relation is known as the Wiener-Khinchin theorem [16}. The denominator is 
introduced for normalization and gives the total averaged intensity emitted by the 
light source. Light sources with a narrow spectral range have high temporal coherence 
(a large ¢.). In contrary, sources with a broad spectrum have a small temporal 
coherence (a small ^) . Practical illustrations of this theorem will be given in chapter 
3. 

1.3.3 Spatial coherence 
In order to decouple the spatial coherence from the temporal coherence, we will 
consider here that the effects of the limited temporal coherence (coherence time) of 
the source can be neglected compared to the effects produced by the limited spatial 
coherence (on the observed interference pattern). A spatial partial coherent source can 
be described as a collection of mutually incoherent point sources that are separated in 
space. From each of these point sources emits a spherical wave that is divided into the 
two arms of the interferometer (or two polarization components) and gives rise to an 
interference pattern. Ideally, if all the interference patterns (produced by the different 
point sources) are in phase (perfectly correlated) there is no reduction of the contrast. 
But in general the interference pattern produced by the different point sources are 
shifted to each other and the sum of these patterns will have a reduced visibility 
compared to the ideal case. The visibility of this interference pattern depends not only 
on the source but also on the plane (or surface) of observation. The plane where the 
visibility of the interference fringes is maximal (for a given source position and size) 
is called plane of localization. 
Similarly to Eq. (1.36), the complex degree of spatial coherence p\% is given by the 
normalized time-average of the product between the electric fields E1 coming from 
the first arm (ordinary ray) of the interferometer and E2 coming from second arm 
(extraordinary ray). E¡ and E2 are sampled at the same time t and the same position of 
observation 7(x',y',zT): 

tin(?) = ± _ - L. (1.41) 
V7I Vy2 
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Ei and Ej are the sums £, = ̂ £ | m , E2 = X^2m 0^a*' m e contributions £km coming 
m m 

from the point sources of the extended source. Hence, 

i£"2>- (1.42) 
m m*n it 

But since En,! and E112 are statistically independent point sources, the average 

{Em\En2¡ = 0 when m*n. The product (E^E*^) can be rewritten as 

{^!^2) = (^(0^2(0)^(-7*^!-^)). . (1.43) 

where ¿mi and Lm2 are the optical path lengths accumulated by the two beams. The 

intensity of a point source k placed at (x,y) is (At(t)Al(t)) = l(x,y)dxdy and the total 

emitted intensity is I101. Considering the case where /, = /2, introducing Eq. ( 1.42) and 
Eq. (1.43) in Eq. (1.41) and replacing the sum by the surface integral over the whole 
source S, we finally obtain 

Jj/(:t,y)exrt-y*(M^*..V)-^<W)))^ 
/,ia(r>J . <»•««> 

We note here that this expression is similar to the van Cittert-Zernike theorem [17] 
that gives the complex coherence degree between two points in a homogenous 
medium illuminated by an extended source. As already seen for the temporal 
coherence (Eq. (1.38)), the intensity ̂ „¡(r') for a certain point of the observation 
plane at the output of the interfcromctric system is given by 

L = /0/2(l + Re{//12(r')}cos(i(r'))) = /0^(H|^ l2(O|cos( iy(F') + ̂ 2 ) ) , 0-45) 

where ¢12 is the phase of/42. We assume here that the light is quasi monochromatic 
and that the modulation of cos(¿) over r is slower than the modulation of/¿12. The 
local visibility of the fringes is given by the degree of the complex spatial coherence 
fin, as in Eq. (1.39). 

1.3.4 Field of view 
In interferometry, one is interested in maximizing the visibility of the fringes (as 
defined in Eq. (1.30)) in order to increase the signal to noise ratio (SNR). As seen 
previously, the visibility is essentially given by the complex degree of spatial 
coherence. That is given in Eq. ( 1.45) and considers the temporal coherence as a 
given parameter. So, the parameter that has to be optimized is the optical path 
difference (OPD) between the two arms of the interferometer given by 
Ai(Z1X1^) = Z1-L2 . Ideally, to get maximum visibility, the OPD should be constant 
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between every point of the source and a given point f in the interference pattern. But 
practically this is rarely the case and there will be a certain variations of the OPD. The 
angular dependence of this variation for a polarization interferometers similar to that 
shown in Fig. ] .6 can be evaluated with a conoscopic method [19-20] in the 
polarizing microscope. As shown in Fig. 1.7, this method illuminates the 
interferometer with a coherent light source (with large aperture). The light is focused 
at the center of the system and the obtained interference pattern is analyzed in the far 
field. The central fringe of the interference pattern gives the angular range over which 
the OPD does not vary more than X/2. This angular range gives the so-called field of 
view. 

Biréfringent 

Fig. L 7: Schematic representation of the conoscopic method that 
permits to analyze the angular dependency of the interferometric 
system. 

This method is particularly interesting for analyzing polarization interferometers 
based on biréfringent plates. In this case, the angular variation of the OPD may 
become important because of the angular dependency of the birefringence. A detailed 
study of such systems will be presented in chapter 3. 

1.3.5 Localization of the fringes 
As already mentioned in the paragraph dedicated to the spatial coherence, when 
illuminating the interferometer with a spatial incoherent source the visibility of fringes 
depends on the plane of observation. The plane where the visibility is maximal is 
called the plane of localization or the plane of maximal contrast. It can be shown [21, 
22] that this plane is located at the intersection of the two rays that come from the two 
arms of the interferometer and that originated from the source point or ray S of the 
source. This is illustrated in Fig. 1.8 for a polarization interferometer where the two 
rays are the ordinary and the extraordinary rays O and E, respectively. 
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Extended 
Source 

Biréfringent 
polarization 
interferometer 

Plane of 
localization 

Fig. 1.8: Schematic representation of the plane of localization situated at (he 
intersection of the ordinary and extraordinary ray 

The plane of localization can be outside the interferometric system, as it is the case in 
Fig. 1.8, or inside. When the plane of localization is situated inside the system, the 
rays do not converge and optics is needed to image the fringes onto the detector. 
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Chapter 2 

Passive liquid crystal elements 

Since the early 1970's, liquid crystals (LC) are widely used especially for applications 
in the field of flat panel displays. The majority of these applications use the electro-
optical properties of LC (reorientation in the electric field). Very few investigations 
have been done so far to use LC as static biréfringent elements for optical 
applications. In this chapter, we will focus on the fabrication and the optical properties 
of such elements. The results will be used in the interferometric applications presented 
in chapters 3 and 4. 
After an introduction to liquid crystals, we will discuss the optical quality and defects 
of static LC biréfringent elements that have been obtained by using different materials 
and different alignment methods. 

2.1 Introduction 
In this section we will give an introduction to the field of thermotropic liquid crystals. 
We will discuss their principal properties such as phase behavior and birefringence. 
We will also give a brief review of the principal alignment methods and discuss more 
specifically the properties of liquid crystal polymers. 

2.1.1 Liquid crystal materials 
A liquid crystal (LC) is a liquid material that is generally made of elongated rod-
shaped organic molecules. In a particular region of the liquid, these molecules 
(mcsogens) tend to arrange themselves along a certain direction called the director. 
This ordering of the molecules gives the liquid some crystal-like properties such as 
strong birefringence. 
The LC molecules (or mesogenic groups) must have sufficient anisotropy in both 
attractive and repulsive forces to contribute strongly to the mesogenic phase. Some 
examples of typical LC molecules [I] are given in Fig. 2.1. 

R -G^x -o - * R -cy* -o- Y -o-* 
X and Y are covalent bonds or linking units such as: 

- N = N - - C H = C H - - C H = N - - N = N - - C - O - - c = C -
I Il 
O' O 

Fig. 2.1: Examples of mesogenic groups composed of aromatic rings joined by 
linking groups X and Y. 
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2.1.2 Liquid-crystalline phases 
When studying LC1 it is important to distinguish the different phases of these 
materials. 
For thermotropic LCs, which are studied in the present chapter, the phase transitions 
are initiated by changing the temperature. All descriptions are made for conventional 
materials containing rod like molecules. The most common phases are [I]: 

- Isotropic phase: as shown in Fig. 2.2a, in this phase the molecules are oriented 
randomly without order and the material shows no crystal-like properties. The 
phase appears as a clear liquid . 

- Nematic phase: as shown in Fig. 2.2b, in this phase rod like molecules are 
aligned along a certain direction (called the director n) but the center of mass 
of the molecules is not ordered. The nematic phase is optically uniaxial. 

- Smectic phase: as shown in Fig. 2.2c, in this phase rod like molecules are 
aligned along a certain direction as in the nematic phase and additionally they 
stay also within a layer. So this phase forms a layered structure. There are a lot 
of different smectic phases. The most common are: The smectic A (SmA) 
phase, where the molecules are aligned perpendicular to the layers and the 
smectic C (SmC) phase, where the molecules are tilted with respect to the 
layer normal. While the smectic A phase appears optically uniaxial the 
Smectic C phases is biaxial. 

- Cholesteric phase: In this phase the director (local main direction of rod like 
molecules) has a helicoidal structure. This phase is obtained with chira! 
molecules or by doping a nematic host with chiral guest molecules in which 
the local director processes around a single axis. The director is periodic along 
this axis with a pitch of the helical structure equal to the turn of the local 
director by 2TI. 

otfoo 
On 0000 

0000 

OQfO Í 

o op o \ 
0000 1 (a) (b) (C) (d) 

Pitch 

Fig 2.2: Orientation of the molecules (represented by (he director Tt) when 
the LC is in (a) isotropic phase, (b) nematic phase, (c) Smectic A phase, (d) 
smectic C phase, (e) cholesteric phase. 

Typically, when decreasing the temperature the order is increased. A typical phase 
sequence is isotropic phase, nematic phase, smectic phase and finally higher order 
phases. When decreasing the temperature sufficiently the LC becomes crystalline. 
We mainly have worked in the nematic phase, which has the wanted uniaxial 
biréfringent properties. Inversely to the smectic phase, the nematic phase is also stable 
over a broad temperature range and shows generally no major alignment defects when 
the cell walls are properly treated. 
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2.1.3 Alignment 
Liquid crystals are generally used in combination with a confinement that is a cell that 
holds the material. The inner surfaces of such a cell are generally treated in some 
manner to give a particular orientation of the molecules in contact with the substrate 
surface. Because of elastic interactions in the liquid crystal, this will affect the 
alignment of the whole volume contained in the cell and ideally will give a large 
region with a single director. Such a uniform aligned region is called a monodomain. 
Fig. 2.3 illustrates three different basic alignments that can be obtained by using 
different surface treatments (or aligning methods). These alignments are: 

1 ) Planar alignment: molecular alignment in which the director is parallel to the 
substrate. In Fig. 2.3a, the alignment is not completely parallel to the substrate 
but it is tilted by an angle 6. This angle is called the pretilt angle. 

2) Homeotropic alignment: molecular alignment in which the director is 
perpendicular to the surface substrate (Fig. 2.3b). 

3) Twisted alignment: molecular alignment for which the director rotates in a 
helical fashion when passing between two surfaces having molecules in 
uniform planar alignment (Fig. 2.3c). The orientation of the directors on the 
upper and the lower substrate are usually mutually orthogonal, and hence the 
directors undergo a 90° twist. 

(a) (b) (e) 

Fig. 2.3: The three different types of alignments obtained between adequate treated 
surfaces: (a) planar alignment, (b) homeotropic alignment, (c) twist alignment. 

The different alignment methods can be divided into two categories: surface 
alignment produced by adequate treated cell walls and bulk alignment produced by an 
externat electrical or magnetic field. 

Surface alignment: 
Via an anisotropic surface-LC interaction, the surface defines a well-defined 
orientation onto the bulk. These interactions can be chemical or due to the topology of 
the surface. To obtain a planar stable surface alignment, the substrates can be treated 
with the following methods: 

- Rubbed polyimide: the substrate is coated with an adequate polyimide layer 
and rubbed with a cloth. This is the standard alignment method used in display 
fabrication. Both, chemical and topological interactions play here a role [2]. 
The alignment is usually strong and planar with a certain pretilt smaller than 
10°. 

- Photo-alignment: the substrate is coated with a photosensitive-organic film 
(constituted of side chain polymers) and the surface anisotropy is obtained by 
illumination with polarized UV light. Here, the alignment is induced by 
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chemical interactions [3,4], The alignment can be locally structured and the 
pretilt angle can be chosen in a wide range. 

- SiOx deposition: oblique evaporation of silicone oxide on the substrate 
produces a columnar oblique structure. The alignment is essentially induced 
by the surface topology. This oblique structure can produce planar alignment 
with high pretilt angles [5] and different anchoring strength. 

- Grooved surface: any substrate with a anisotropic topology (gratings, rubbed 
substrates...) on the surface can induce a certain alignment of the LC [6]. 

Homeotropic alignment can be achieved by using amphophilic materials (surfactants). 
The polar part of these molecules bonds to the glass and the non-polar part extend into 
the LC material [5]. A second method is to use coupling agents such as si lanes with 
long alkyl chains and third method is to evaporate SiOx to form columnar structures. 
In addition, there are special polyimides that allow to implement tilted homeotropic 
alignments. 

Bulk alignment 
LC molecules can be aligned with an electric or magnetic field because of their 
magnetic or electric anisotropy. Uniform textures can be obtained. The applied field 
produces a certain torque on the molecules and they tend to align them in the same 
direction depended on the field and the sign of the permittivity. 

- Electric Field: For nematic liquid crystals an induced and permanent dipole 
moment creates a torque to align the molecule parallel or perpendicular to the 
field Ê. The constant of proportionality between the dipole moment per unit 
volume and the electric field is given by the electric susceptibility j£c. The 
anisotropy of %e A^8 = x» ~ Xi (" and -L denotes the electric susceptibilities 
parallel and perpendicular to the director), which is usually positive, will 
produce the alignment of the LC molecules along the direction of the field. 
The interaction energy density Ee connected with the reorientation in an 
electric field is given by [7] 

Ee = -~e0AXe(ñÉ)2
t (2.1) 

where Eo is the permittivity of free space. The LC will tend to adopt the 
configuration where Ee\s minimal, which correspond to the situation where E 
and the alignment director /t are parallel if Aj^ > O. 

- Magnetic field: A magnetic field influences the orbital motion of the electrons, 
leading to an induced magnetic moment, which in its turn interacts with the 
applied magnetic field. Due to this mechanism, every molecule subjected to a 
magnetic field B acquires an extra interaction energy is given by [7] 

•* Mo 

where Uo the magnetic permeability of vacuum. This energy is also related to 
the anisotropy of the magnetic susceptibility A^11 =Zu~Z± (similar as for the 
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electric field) which gives rise to an orientation dependence. Most of the LC 
molecules are diamagnetic, which means that their magnetic susceptibility is 
negative. In order to minimize the perturbation of the electron motion and so 
the interaction energy, the rod molecules (and especially the aromatic rings) 
align themselves rather parallel to the magnetic field. 

With bulk alignment only uniform planar or homeotropic alignment can be achieved. 
More complex textures such as hybrid textures (homeotropic and planar alignment in 
the same cell) or twisted structures cannot be obtained. 

Order parameter: 
The morphology of LC between untreated substrates consists of microscopic domains 
(a few microns) that are strongly ordered locally but their domain directors are 
randomly distributed to each other. So, we must distinguish two types of order: the 
local order 0 * (inside one domain) and the domain order ß ß (between domains). 
The quality of the nematic or local order (alignment) can be defined with the order 
parameter Q, which is given by [8] 

QN,D=\{{^s\0)-\)\ (2.3) 

The brackets denote an averaging over many molecules at the same time or the 
average over time for the same molecule. As shown in Fig. 2.4, for the local order #is 
the deviation angle of the molecule axis from the director. For the domain order, 6 
represents the angle between the directors of the different domains (<f>i in the Fig. 2.4). 
When the deviation of all the molecules is zero, the LC is perfectly aligned and Q = 1. 
If the molecules are aligned randomly, as it is die case in the isotropic phase, 0 = 0. 

Fig. 2.4: Schematic representation of the LC morphology. On the right-hand the 
order inside a domain and on the left-hand the boundary between two domains 
(domain wails). 
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2.1.4 Liquid crystal polymers 
Liquid crystals polymer (LCP) or polymcrisable liquid crystals combine the properties 
of liquid crystals and polymers. LCP can be described as a normal flexible polymer 
with mesogenic groups (Fig. 2.1) incorporated into their chains. The mesogenic 
groups give the LC characteristics to the LCP and the flexible spacers (chain) link 
these groups together to give the polymeric properties. 
As illustrated in Fig. 2.5, the placement of the mesogens plays a important role in 
determining the type of LCP that is formed. Main-chain polymer liquid crystals 
(MCLCPs) are formed when the mesogens are themselves part of the main chain of a 
polymer. Conversely, side chain polymer liquid crystals (SCLCPs) are formed when 
the mesogens are connected as side chains to the polymer backbone by a flexible 
"bridge" (called the spacer). These spacers decouple the mesogens from the backbone 
and allow them to move independently. By changing the nature of the mesogenic 
group and the spacers or by modifying their geometry, length or position and 
regularity a large variety of LCPs with tailored properties can be obtained. A more 
detailed discussion of these materials and their properties can be found in [9], 

MCLCP: ...S^^m^^m^^BT^^S^S^—* 

Spacer / S / \ Mesogen: 6 — a 

Fig, 2.5: Schematic representation of Main-chain liquid crystal polymers 
(MCLCP) and side-chain liquid crystal polymers (SCLCP) in terms of 
spacers and mesogens. 

LCPs exhibit the same phases than conventional LC (low molar mass mesogens) that 
are described in section 2.1.2. However the melting point of LCP is usually much 
higher ( 100°-300°C) than for low molar mass mesogens. Many LCPs exhibit a glass 
transition. The glass transition temperature is defined as the temperature where the 
material has a certain viscosity and it is for the interesting material classes below 
1000C. LCP can be aligned with the same methods as used for conventional LCs 
(section 2.1.3). 
LCP components can be prepared by filling a prepared cell with liquid crystal 
monomer (LC with polymerizable groups) or polymer. The cell is then heated to the 
nematic phase. After reorientation of the liquid crystal, there are two methods to 
freeze the nematic phase: via in-situ polymerization or via vitrification. 
All the LCP cells presented in this thesis where fabricated with the in-situ 
polymerization method. In this method, the aligned monomer is irradiated with UV 
light for polymerization. The curing process can be controlled by adding adequate 
quantities of photo-initiator or inhibitor in the monomer LC and by adjusting the UV 
intensity. One of the advantages of this method is that the material and the cell have 
not to be heated at too high temperatures (LC monomers has a lower melting 
temperature then LC polymers). Also once the LC monomer is polymerized, it is very 
stable and the orientation cannot be disturbed anymore. 
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In the vitrification method, LCP with a high molar mass that exhibits a glass transition 
are used. In this method the aligned LC is simply cooled down below the glass 
temperature transition. Of course, for practical use this glass transition must be 
significantly above ambient temperature. The main problem is the high viscosity of 
those materials. They must be heated at a very high temperature to get a chance to 
align them in a uniform texture. 
LCPs (main-chain) are mainly used for high strength plastics because of their 
chemical stability, poor solubility, high melting point and specially for their excellent 
mechanical properties. Of course LCPs are in principle not suited for electro-optical 
applications since the molecules are linked together and consequently cannot be 
switched by applying any electric or magnetic field, as it is the case in LC displays. 
But the fabrication of thermally stable biréfringent optical (static) components can 
lead to promising applications of those materials. 

2.1.5 Birefringence of liquid crystals 
Since LC is an anisotropic material, it is also biréfringent. A planar oriented LC 
nematic cell has similar optical behavior as a uniaxial crystal plate (as discussed in 
section 1.2.2). The birefringence of LC is relatively high compared to conventional 
crystals (Tab. 1.1). It can be more then 0.4 [10]. The birefringence (An = ^-no) of 
liquid crystals is strongly temperature dependent. Fig. 2.6 shows a typical variation of 
the two ordinary and extraordinary indices n0 and n«. as a function of the temperature. 

An i.s -

1.7 -

1.6 -

1.5 nD 
1 1 1 - -

80 100 120 140 T [ ° C ] 

Fig.2.6: typical curves of the refractive indices as a function of 
temperature. 

We see that the birefringence decrease strongly when approaching the isotropic phase 
and falls to zero when passing the nematic/isotropic transition. This can be easily 
understood when taking into account that the birefringence is directly related to the 
order parameter Q (Eq. (2.3)). 

2.2 Liquid crystal cell fabrication 
To make thick LC components, we need a cell that holds the LC material. To produce 
the uniform alignment, the LC must be in contact with some treated layer to produce a 
surface alignment as described in section 2.1.3. We produced essentially three types 
of cells: wedge shaped cells, planar cells and lenses. Before assembling the substrate 
surfaces have to be carefully treated. The glass substrates were cleaned in an 
ultrasonic bath, rinsed with Dl water, dried and coated with an alignment layer on a 
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spin coater. The layers were than adequately treated (rubbed, photo-aligned...). As 
shown in Fig. 2.7, the wedge shaped and the planar cells were obtained by placing foil 
spacers between two glass substrates (usually 0.55 mm thick). The cells were filled 
with LC by capillarity through the inlets and finally sealed with a two component 
(Araldit) or an UV glue (Norland). 

Substrates 

Spacer 

Fig. 2.7: The cells are composed of two treated glass substrates separated by 
plastic spacers. 

The wedge shaped cells are very useful to study the alignment quality as a function of 
the LC layer thickness. The wedge cells are placed in the setup described in Fig. 1.6. 
The deformation of the fringes that we get at the output gives a good indication of the 
homogeneity of the alignment. 
Liquid crystal lenses were made of a glass substrate and a plano-concave glass lens. 
They were prepared as described before for the planar and wedge cells. Since we 
cannot fill the lenses by capillarity, we filled the glass lens slightly over the edge of 
the cavity as it is shown in Fig. 2.8a. The glass cover is smoothly posed on the lens 
and the LC surplus is evacuated on the sides as illustrate in Fig. 2.8b. The difficulty 
results here by avoiding air bubbles being trapped between the cover and the LC. The 
lens and the cover are finally sealed together with UV glue. 

— Cover substrate 

^f^SsP^ 
Fig. 2.8: Side view of a plano-concave glass lens filled with LC. (a)The cover 
is smoothly deposed on the lens, (b) the surplus of LC is evacuated. 

The depth of the plano-convex lenses that can be used is limited because of the 
rubbing process. Since the rubbing cylinder cannot "penetrate" inside the lens; the 
depth is than approximately limited by the pile length of the rubbing cloth. However, 
deeper lenses can be used when rubbing manually. 

2.3 Nematic LC materials 
For static optical components, we are mainly interested in high birefringence and 
good optical quality i.e. transmission and uniformity of the LC material. It is also 
important that the LC has a nematic phase over a large temperature range if the final 
device is used in different ambient conditions. Since the LC is not switched, the 
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elastic properties, viscosity and electric properties are less relevant. However, the 
viscosity of the LC should not be too high to be able to fill the cells and the elastic 
properties should behave normal to speed up the texture relaxation and avoid 
sensitivity to mechanical disturbances. Of course the materials should also be 
commercially available. 
We have selected a list of 6 different materials from the data delivered by the supplier 
(Merck). The materials have either high birefringence or good transmission, and large 
temperature ranges of the nematic phase. The relevant parameters of these materials 
are summarized in Tab. 2.1. 

Designation 

BL006 
E7 (BLOOD 
BL045 
ZLI-1132(ML1002) 
ZLI-1695 
Smectic (Vilnius) 

Birefringence 
(An) at 20°C 
and 589 nm 

0.28 
0.22 
0.21 
0.14 
0.06 
0.18 

Nematic 
temperature range 
[0C] 

<-20toll3 
-lOto 61 

74 
-6 to 71 
13 to 72 

<20° to 62° 
(smectic) 

Cut-off 
wavelength [nmj 
(transmission 
below 20%) 

370 
350 
350 
<350 
<350 
400 

Tab. 2.1: Characteristics ofseveral LC data from MerckKG. 

The investigated LC cells were produced by the procedure outlined in section 2.2. The 
alignment was made by rubbed polyimide layer (PI 2545 Nissan) for cells with a 
thickness up to 300 p.m. Well-aligned nematic monodomains on surfaces of 
20x20 mm are obtained independent of the selected nematic liquid crystal. However, 
for thick cells (above 100 u.m) it takes time until the domain walls are disappeared. 
The time needed for relaxation was more than 1 hour in some cases. For such thick 
cells, the alignment becomes very sensitive to dust particles or any other impurities 
present in the cell. 

2.3.1 Absorption 
For comparison, we measured the transmission curves of the materials described in 
Tab. 2.1. The measurements were performed with a Perkin-Elmer Iamda900 
spectrometer. Since the LC cells were placed in front of an integration sphere, the 
transmitted light includes also the scattered light. The measurement losses are only 
due to reflection and absorption. The results are plotted in Fig. 2.9. 
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Fig. 2.9: transmission curves of 0.3mm thick glass cells containing 

Unfortunately, because of the strong absorption of the glass substrate below this 
wavelength, it was not possible to measure the transmission values below 350 nm. To 
exactly determine the cut-off wavelength for 2LI-1132 and ZLI-1695, substrates with 
a better transmission in the near UV have to be used. However, we can clearly 
distinguish two groups of LCs. The first group (BL006, E7, BL045) has high 
birefringence but poor transmission for the blue and in the near UV region. The 
second group (Zli-1695, ZH-1132) of has lower birefringence but better transmission. 
Compounds containing highly conjugated electron systems (many delocalized or it 
electrons) have to be used to obtain high biréfringent LC [I I]. In such systems the 
electronic transitions energies are lower. As a consequence, the UV absorption of 
these compounds extends to wavelength in the near UV [12]. 
Although we focused on the absorption properties in the visible region of the 
spectrum, we may add here that we measured good transmission coefficients (-80%) 
for all the above mentioned LCs in the near infrared region (700-2000 nm). 

2.3.2 Scattering 
The nematic LC samples look generally milky; this indicates that light is being 
scattered. The scattering is due to thermal fluctuations, causing a random variation of 
the director at different points in the cell. The scattered intensity tris approximately 
given by [13] 

o1« (2.4) 

where D is the thickness of the cell, e« the dielectric anisotropy and X the wavelength. 
Since £o is strongly related to the birefringence, we may expect increasing scattering 
losses for higher biréfringent materials. 
We measured for the samples described above lhc ratio between the scattered light 
and the total transmitted light with a Perkin-Elmer lamda900 spectrometer. The 
scattered light was measured by placing a light trap in the integration sphere that 
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removes the light within a cone of angle 10° around the direct transmitted light beam. 
The results are summarized in Fig. 2.10. 

BL0O6 

BL045 

E7 

ZIi-1132 

ZIM 695 
Smectic 

350 400 450 500 550 600 650 700 
Wavelength [nm] 

Fig. 2. IO: Ratio of the scattered to the total transmitted light for 0.3 mm 
thick glass cells containing different LCs. 

We can distinguish here three categories of LCs. The first two groups are the same 
ones as already defined for the transmission measurements: the high biréfringent ones 
(BL006, BL045 and E7) and the low biréfringent ones (ZIi-1132 and Zli-1695). As 
expected, the first group of LCs scatters much more than the second group. It also 
interesting to observe that although BL006 has a 30% higher birefringence than 
BL045, they have both almost identical scattering curves. The third category that 
contains only die smectic LC shows almost wavelength independent scattering losses. 
Also, for shorter wavelengths these losses are significantly smaller than for the high 
biréfringent nematic LCs. This is due to the additional order in the smectic LC that 
restrains some fluctuation modes [14]. The large offset of this curve is probably 
caused by the numerous defects present in the cell (see Fig. 2.12.). Note that the 
scattering measurements could not be performed below 375 nm because of the strong 
absorption of this material. 
The scattering losses for the wavelength in the near infrared region (700-2000 nm) are 
below 20% for all the measured LCs. 

2.3.3 Temperature dependence 
The temperature dependence of the birefringence of liquid crystals may be critical for 
applications that need precise phase shifts. By derivation of Eq. (1.33) we obtain the 
temperature dependence of the phase shift as 

dS dS dAn _2x-td&n 
dT~ dAn dT " X dT ' * ' 

We neglected here the influence of thermal expansion of the material on the phase 
shift. This approximation is certainly valid for the conventional LCs described in this 
section, but for more stable LCs such as LCPs, thermal expansion may become an 
important parameter. In this case, we calculate what we will call here "the effective 
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temperature dependence" which includes eventual influences of thermal expansion of 
the material on the phase shift. 
Experimentally, the temperature dependence of the birefringence can be obtained by 
observing the fringes produced by a wedge shaped cell in a polarization microscope. 
The wedge shaped cell is placed in a temperature-controlled chamber provided with a 
window for up-light observation and illuminated by polarized quasi-monochromatic 
light. When increasing the temperature of the cell, the fringes are shifted because of 
the change of the OPD between the two polarization components. The three pictures 
in Fig. 2.11 show the gradual shift of the fringes (here a quarter fringe) with 
increasing temperature. This shift can be evaluated quantitatively with a graduated 
ocular. With the known thickness t (that can be locally considered as constant), 
wavelength and temperature change AT, ddn/d7"can be determined using Eq. (2.5) 

HlJ 
Fig. 2.11: Observation of the fringe pattern produced by a wedge shaped cell in a 
polarization microscope. The gradual fringe shift (from left to right) of about x/2 is 
induced bv the change of the temperature. 

From the observed phase shift we could deduce a temperature dependence for the 

BL006 around room temperature of about dAnJáT= 10" K"1. 

2.4 Smectic LC materials 
As seen in the previous section, the major advantage of the smectic A phase are the 
reduced scattering losses [14]. This is even more important since we are dealing with 
high biréfringent thick optical components. 
On the other hand, the problem of smectic materials is that the available materials 
have only a small stable temperature range and it is difficult to prepare large mono-
domain samples. We used a LC smectic A phase mixture that has been prepared by 
the University of Vilnius and a commercial mixture S7 from Merck. This LC is 
interesting because it has a smectic A phase over a large temperature range from 600C 
to < 200C (lower temperatures have not been investigated). Because of its high 
viscosity at ambient temperature, we filled the wedge shaped (0 to 200nm thickness) 
cell at 1000C by capillarity. We slowly cooled down the cell (0.1°C/min.) through the 
nematic-smectic transition (TN.sm=62.50C). Fig. 2.12a shows the fringe pattern 
observed in a polarization microscope when placing the obtained cell between crossed 
polarizers oriented at 45°(as in Fig. 1.6). The LC shows an inhomogeneous alignment 
with many defects. Fig. 2.12b shows focal-conic defects obtained in a 0.3 mm thick 
cell (identical processed as the wedge-cell). These defects are typical for smectic 
phases and a special effort has to be made to avoid them. 
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Fig.2.12: (a) disturbed fringe pattern of the wedge shaped cell, (b) typical 
conic-focal defects often present in s medic phases. 

We did not succeed to obtain with smectic materials reliable thick biréfringent 
components for optical purposes. It has been found [ 15] that some special blend of 
smectic LCs show fewer defects and special alignment procedures like shearing may 
improve the texture quality. However, the temperature stability and the fabrication 
difficulties still remain major issues. 

2.5 LC polymer materials 
Liquid crystal polymers (LCP) are good candidates for the fabrication of passive 
components. The highly cross-linkable materials are much more robust and less 
temperature dependent than the conventional LCs. Moreover, these materials can be 
used in combination with mould replication techniques for mass production or for 
fabrication of elements with complex geometry. By using the phase sequence and 
tuning the birefringence due to their temperature dependence the optical properties 
can be varied. Usually the structures have been frozen in multiple polymerization 
steps and at different temperatures which allows to obtain a large variety of optical 
elements [16]. 
We have investigated the fabrications of optical components with some commercially 
available low molar main-chain monomers (RM from Merck) and a cross-linkable 
LC-silicone. 

2.5.1 Cross-linkable LC-silicones 
For our experiments, we used a mixture (provided by Wacker-Chemie GmbH) of high 
weight molecules that are constituted of a silicone backbone (siloxane) with in 
average 5 mesogenic side-chains containing methacryl groups attached to it via a 
flexible spacer. The material can be cross-linked via their methacryl groups by UV 
illumination. The cells were assembled as described in section 2.1.3. We used rubbed 
polyimides from Nissan as alignment layers. The cells had to be filled at 
approximately 1000C because of the high viscosity of the LC-silicone at room 
temperature. After filling, the cells must stay in the nematic phase for a certain time 
for relaxation ( 15 to 60 min at 1000C). The cells were then cooled down to room 
temperature (or at the limit of crystallization temperature). Finally, the cells were 
polymerized with UVA light at 365 nm. 
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(a) (b) 

Fig.2.13: On the lefl SCLCP wedge shaped cell with ¡% of photo-initiator, 
on the right without photo-initiator, (a) shows the transparency, (b) shows 
the homogeneity of the alignment between crossed polarizers. 

They main problem of thick cell fabrication is the deformation and the resulting stress 
birefringence due to inhomogeneous shrinkage of the material. They appear during 
the polymerization process, when intermolecular distances decrease due to the cross-
linking of the monomers. The thermal shrinkage that occurs during cooling down of 
the material can also induce stress birefringence. Figure 2.13. shows, for each picture, 
on the left hand a 25 mm square wedge-cell with 1% photo-initiator (Irgarcure 907, 
Ciba) and on the right hand an identical wedge-cell without photo-initiator. Both cells 
have been fabricated as described above. The small quantity of photo-initiator is 
added to the LC monomer material in order accelerate the polymerization process. 
Figure 2.13b that shows the two cells between crossed polarizers clearly demonstrates 
that the cell containing the photo-initiator (left) shows ¡nhomogenities due to stress 
birefringence. The photo-initiator (activated by UV light) creates monomeric radicals, 
which initiates the chain polymerization [17]. This means that polymerization velocity 
increases significantly with the initiator concentration. Apparently, the polymerization 
process was too fast for the cell containing the high concentration of photo-initiator 
and the rapid shrinkage of the material caused some distortions of the alignment and 
stress birefringence. Similar behavior has been observed when illuminating the LC 
monomers with high UV intensities. This also increases the polymerization rate and 
consequently causes distortions due to shrinkage. 

Similar observations can be made when cooling down the cells too rapidly (more than 
5 K/min). In this case the stress birefringence is due to thermal shrinkage. In 
summary, good cell quality can be obtained by slowly cooling down the LCP to room 
temperature and by reducing the polymerization velocity (reduce photo-initiator 
concentration and UV intensity). The drawback of this method may be a lower cross-
linkage of the material because of the reduced mobility of the molecules during 
polymerization. 
Another problem that may occur is unwanted absorption of the material. It is visible 
from Fig. 2.13a that the cell with the photo-initiator becomes yellowish (not visible on 
the grayscale version of the photo) and absorbs in the blue. This is confirmed by the 
transmission spectrum shown in Fig. 2.14 obtained with a lamda9 Perkin-Elmer 
spectrometer. The first curve describe the transmission of a Wollaston prism made of 
two wedge-cells with 1% photo-initiator and the second curve is related to an identical 
Wollaston prism without photo-initiator. 
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Fig. 2.14: Transmission curve of a Wollaston prism containing I%ofphoto-
initiator and a wollaston prism containing only the pure LC material. 

The difference between the two curves is due to the light absorption of the photo-
initiator and his side products created during polymerization. Note that the cells 
without photo-initiator can hardly be polymerized and it depends on the impurity 
concentration present in the material which degree of cross-linking one obtains. 
So, the cells that contain reduce concentrations of photo-initiator have better 
transmission and show less stress birefringence. 
Other, more local defects can also reduce the cell quality considerably. Fig. 2.15 
summarizes all these defects. Fig. 2.15a shows air bubbles that may enter the cell 
during the filling process. These bubbles strongly influence their neighborhood 
because the trapped oxygen inhibits the polymerization process and produce 
important deformations around them. Of course, air bubbles can be avoided by using 
vacuum filling. Fig. 2.15b shows a defect due to crystallization. Actually, when the 
LC reaches a certain temperature it starts to crystallize but very slowly. In our case 
visible crystallization started after about 30 minutes at room temperature (when 
cooling down from nematic phase). Such defects can be avoided by curing the LCP 
above the crystallization temperature. The last type of defect presented in Fig. 2.15c 
shows contamination that is already present in the original LCP materials or that is 
created afterwards. It can be partially removed by dissolving the LCP and filtering 
methods before application. However, it has been observed so far that there is always 
some contamination present in the material. The exact reasons for this have not been 
found. 
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(•) (b) (e) 

Fig. 2.15: Different types of local defects encountered in LCP cells (4OX 
magnification), (a) air bubbles, (b) crystallization, (c) material pollution. 

Finally, by choosing adequate concentration of photo-initiator (i.e. 0.1% oflrgarcure 
907), by curing with adapted UVA intensity (-1 -1 OmW/cm*) at low temperatures 
(22°C) and by carefully processing (avoiding air bubbles, crystallization and 
contamination), we realized cells with good optical quality. Fig. 2.16 shows two 
25mm square wedge shaped cells with a maximum thickness of 200 u.m: one with a 
90° twisted alignment and one with a planar alignment. Rubbed polyimide (PI-2545) 
is used as alignment layers. The cells show high contrast and good homogeneity. 

Fig. 2.16: A twisted and a planar cell made of Silicone-LC between parallel 
and crossed polarizers. The twist cell was rubbed at 45°. The cells show good 
uniformity and high contrast. 

We determined the temperature dependence of the birefringence assuming a constant 
volume of the polymerized material with the method described in section 2.3.3. We 
found that around room temperature and for a wavelength of 550 nm the temperature 
dependence of the birefringence is situated between 10-10"5 and 510"5K'1, depending 
on the polymerization degree of the sample. By using a post-polymerization method 
(polymerization at 800C for several days), we could reduce this dependence by a 
factor 5 to 1 ± 0.5-10"5 K'1. Note that these results represent an average temperature 
variation over a temperature range from 200C to 600C. Eventual non-linear behavior 
could not be measured with this method. More accurate results are presented in 
chapter 3. 
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2.5.2 Cross-linkable liquid crystal mesogens 
For our experiments we used two slightly different materials. The chemical structures 
of these LCP are given in Fig.2.17. The molecules are constituted of a mesogenic 
unity with acrylate groups on both sides. The acrylate groups are separated from the 
central aromatic core by flexible methyl spacers of variable size. Some photo-initiator 
(lrgacure 8 Í 9) was added to the LC monomer in order to start the free-radical chain 
polymerization when illuminating with UV light. Alignment, photo-polymerization 
kinetics, birefringence, temperature dependence and phase transitions of such 
materials has already been reported [18-24] and [28]. RM-82 is nematic from 86° to 
116° (when heating) and RM-257 from 70° to 125°. During cool ing the crystallization 
temperatures occurs at lower temperatures: it starts about 35° for RM-257 and about 
63° for RM-82; for lower temperatures the material begins rapidly to crystallize. 
Mixtures of mesogenes show generally an extended nematic range [25]. So, to 
decrease the crystallization temperature we mixed both LC monomers (50% of each). 
In this way, we were able to decrease the crystallization temperature (that was 
determined by microscope observation) of the material close to room temperature 
(25°C). Note that this mixture has not been optimized and it does not necessarily 
correspond to the eutectic point. 

^ ^ ^ ^ 0 /-ŷ > V f V o ^ ^ ^ Y ^ RM.82 
w °-% /r* 

O^-^o-Q^ _ ^ y Q ^ ^ n J U RM-257 

Fig. 2.17: Chemical structure of two liquid-crystalline acrylates having side 
groups of different lengths (6-carbon spacers for RM-82 and 3-carbon 
spacers for RM-257). 

After polymerization in the nematic phase the molecules form an ordered crosslinked 
network. Since the mesogenic units are uniaxially oriented along the rubbing direction 
in the nematic phase, the material shows the same optical properties as conventional 
LCs. 
As for the SC-LCP we used wedge shaped cells with rubbed polyimide as alignment 
layer. Since the material is solid at room temperature, we filled the cells by capillarity 
at 110°C. After 15 min relaxation time (until the domain walls disappeared), the cells 
were cooled down at room temperature (3°C/min.) and polymerized by UV 
illumination (~lmW/cm2). As already observed for the SC-LCP, the cells show 
important alignment inhomogenities due to shrinkage during polymerization [23] and 
due to thermal shrinkage, which has been studied for polymerized films in [24]. Best 
results were obtained when decreasing the polymerization temperature and 
polymerization rate. The latter can be realized by polymerizing at lower UV intensity 
or lower temperature and by using very low concentration of photo-initiator. 
We determined the effective temperature dependence at assumed constant volume of 
the birefringence of the polymerized material as described in section 2.3.3. Because of 
the very high stability of the material, we could not observe any phase shift by 
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varying the temperature. A more accurate measurement method is necessary. 
Nevertheless, we can state that the effective temperature dependence of the 
birefringence is lower than 10"s K"1. AlsoBroeret al. [20] did not find any 
birefringence variation for temperatures below 900C for similar materials. 

2.5.3 Absorption and scattering losses of the polymer materials 
We present here the measured absorption and scattering losses of thick planar aligned 
cells made of LCP. We prepared two 300 (im thick cells (with 0.55 mm glass 
substrates) filled with RM-257 and LC-silicone. A small amount (l%o of the total 
weight) of photo-initiator was added to the LCs to initiate the polymerization. The 
measurements were performed exactly as described in section 2.3.1 and 2.3.2. The 
results are reported in Fig. 2.18. 
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Fig. 2.18: Measured absorption and scattering losses for 300 /mi 
thick cells filled with polymerized RM-257 and LC-silicone. (a) Total 
transmitted light, (b), ratio of the scattered light to the total 
transmitted. 
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When comparing graph (a) with the transmission curves of Fig. 2.9, we see that the 
curves a relatively similar. The transmission of the LCPs is situated somewhere in 
between the low and the high biréfringent conventional LCs. The transmission dip of 
the LC-silicon between 380 and 500nm is probably due to the presence of photo-
initiator in the LC. Similar behavior has been already observed in Fig. 2.14. 
When comparing Fig. 2.10 with graph (b), we note that the LCPs apparently do not 
scatter as much as the conventional LCs. For example, E7 shows scattering losses of 
45% at 400 nm. The LC-silicone that has a birefringence (An = 0.2) comparable to the 
LC-silicone shows only 20% losses for the same wavelength. 

2.6 Alternative alignment methods 
In the previous sections the alignment of the LC has been obtained with rubbed 
polyimide. This alignment method is very common and gives good results nearly 
independent from the liquid crystal mixture. However, pretilt angles of more than 10° 
are difficult to obtain and even for lower preti It angles it is not obvious to obtain 
reproducible results. So, the optical axis orientation is limited to planar. This of course 
is a serious constrain for the optical design. Another disadvantage of this alignment 
method is the rubbing process step. It is not suited for processing non-planar elements 
such as prisms or lenses. Dust particles might be produced by detaching some 
polyimide from the substrate and will contaminate the system. The alignment layer is 
also very sensitive to contact, and scratches destroy the alignment completely. In this 
section, we will present two alternative alignment methods, which do not need 
rubbing. 

2.6.1 Magnetic alignment 
As already presented in section 2.1.3, this method is based on the alignment of 
mesogenes that show anisotropic magnetic susceptibility in a magnetic field. 
This alignment method offers many advantages. The magnetic field aligns over much 
greater distance than rubbed substrates because the forces act on all the molecules of 
the bulk, therefore we may expect even for thick components good alignment and 
uniform mono-domains. In addition, the internal walls of the glass substrates need no 
particular treatment. 
As described in section 2.1.3, the mesogenes align with respect to the magnetic field 
in such a way that the free energy (given by Eq. (2.2)) is minimized. 
Due to the thermal fluctuations, the actual orientation of the molecules in the 
magnetic field will have a certain orientation distribution function 

/ ( 0 ) = exp 'M±w, 
Ao 2*r 

, for A^ > 0 , (2.6) 

which is given by the Boltzman statistics [26]. Typical values of A^ (-10* ) indicate 
that the magnetic field induced alignment of individual molecules is a very small 
effect compared to HT. However in the case of collective molecular behavior, such as 
in the liquid crystalline mesophase, the magnetic field energy gain may become 
comparable with thermal fluctuations, allowing an important degree of orientation to 
be achieved. In this case the orientation distribution is given by [27] 
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/ (0) = exp 
Ao 2*r 

, for A^ > 0, (2.7) 

where Nc is the number of molecules acting collectively and Q describes the strength 
of die collective behavior, 0 <, Q < 1. In the case of LC, Qu is the local order 
parameter given by Eq. (2.3), which describes the mesophase. 

A number of experiments, which had as purpose to produce well-aligned LC polymer 
elements, have been performed at the high magnetic field laboratory of the University 
of Nijmegen. The experimental setup consists essentially of a 20 Tesla Bitter magnet, 
a temperature controlled chamber and an optical setup. For the alignment 
experiments, the sample is placed in the chamber and introduced in the core of the 
magnet. Via a mirror system and a window placed in the sample holder, a HeNe laser 
beam passed trough the sample, which enables real time (in-situ) transmission and 
birefringence measurements. The phase retardation between the two polarization 
components can be measured in-situ with an optical setup employing a photoelastic 
modulator that modulates the input polarization state. When placing a second 
polarizer at the output of the system the detected intensity will also modulate. The 
change of the phase retardation can be retrieved from the modulation variation of the 
output signal. A more detailed description of the setup and the measuring method can 
be found in [27]. Note that this measuring method gives only the relative phase shift 
with respect to the initial phase shift. Absolute values can only be found when starting 
the measurements with a zero or known birefringence value. 
In the following experiments we compared the alignment of three identical SO ^m 
thick planar samples (10x20 mm) filled with side-chain LC monomers (described in 
section 2.5.1) for various applied magnetic fields. The samples were hold at 1050C 
(20° below isotropic transition temperature) during the whole experiment. The graph 
in Fig. 2.19 shows the phase retardation variation as a function of the alignment time 
for three different magnetic field strengths (5 T, lOTand 15 T). Since the 
birefringence and hence the phase retardation is proportional to the order parameter of 
the LC, we can say mat the curves represent the order of alignment as described in Eq. 
(2.3). As already discussed in Eq. (2.7), the magnetic field effects are small at the 
level of individual molecules and thus should not affect the local order QN.. In 
domains, the molecules act collectively and the magnetic filed is susceptible to orient 
the different domains and so increasing QD. Since the cross section of the beam is 
larger than one domain, the measured birefringence is proportional to the increase of 
ßothat is produced by the rotations of the domains. 
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Fig. 2.19: phase retardation 
as a fonction of time for 
three similar samples 
aligned in a magnetic field 
of 5 T, Ï0 TandiS T, 
respectively, at ¡05°C. 
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As expected, higher applied fields induce faster alignment processes. Although we 
made measurements for only three different field strengths, the differences between 
the curves suggest some non-linear dependence between the field strength and the 
alignment time. We see also that the curves do not reach saturation. This indicates that 
the LC was only partially oriented when switching off the field. Unfortunately, 
exposition times were limited because of the high electrical power consumption of the 
magnet. When observing the 15 T curve, we can clearly distinguish two different rates 
of retardation changes. These two alignment stages are less pronounced for the tOT 
and the 5T curves. A possible explanation would be that in the first phase the domains 
rotate relatively freely and the birefringence increases quickly. In the second phase, 
the domain walls have to move and to disappear in order to create monodomains. This 
last phase, which is a sort of polydomain-monodomain jump, may be a slower 
alignment step than the fist phase. 
In some other alignment experiments with the same material we have tried to cool 
down the samples from isotropic phase to almost room temperature in a constant 
magnetic field from 5 T to 15 T. Once the samples reached room temperature, we 
polymerized them in-situ. After polymerization, the samples where inspected between 
crossed polarizers under the microscope. Almost all the samples show a global 
alignment but with many domain walls and contamination. Unfortunately, samples 
with an acceptable optical quality could not be obtained in a reproducible way. 
The following set of experiments illustrates the non-reproducibility of alignment 
quality. We used three identical cells made of cleaned but untreated glass substrates 
filled with LC monomers (RM-82, Fig. 2.17). However, we must note here that the 
three sample cells had slightly different inhibitor (HQME) concentrations. The 
samples were (as far as possible) identically processed. They were placed inside the 
magnet and heated up to 1400C for 10 minutes. After cooling down at 3 K/min to 
1000C in a magnetic field of 5 T, the cells were polymerized at 1000C for 15 minutes 
with a UV intensity of approximately 10 mW/cm2 leaving the magnetic field switched 
on. Figure 2.20 shows a 3x3 mm area of the obtained samples placed between crossed 
polarizers. 
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(a) (b) (e) 

Fig. 2.20: Three almost identical prepared RM-82 samples (50/jm thickness) 
observed between crossed polarizers (4X magnification). 

The pictures demonstrate clearly an increasing quality of the alignment from (a) to 
(c). Convincing explanations for these results could not be found. First, it can be due 
to slight variations of the curing process. We can imagine that slower polymerization 
rates induce less deformation of the alignment. However, such (very local) 
deformations were not observed when polymerizing samples that were aligned with 
the help of rubbed poly ¡mide surfaces. Also, real time measurement (made with 
another setup using a weaker magnet of 1.5 T) of the alignment during the 
polymerization process did not show any perceptible alignment deformations apart 
from some stress birefringence. An additional explanation could be that impurities 
due to some thermal polymerization occur during the experiment that hinders the LC 
monomers from aligning correctly. Similar observations have been reported in [28]. 
However, the experiments were made over a short time interval (-4 hours) and no 
thermal polymerization has been observed so far when working with this material in 
combination with inhibitor over such a short time. It may also be possible that the 
microscopic surface structure of the glass surface as well as the filling procedure, 
which gives the initial alignment (and domain structure) of the LC (and which can 
vary from cell to cell), plays a role. Such effects have important influence on the 
alignment quality for polymer liquid crystals. In other words, the alignment forces due 
to the magnetic field might be not strong enough to completely overcome the surface 
anchoring forces or to break down the domain walls [29]. 

In a second experiment made with a weaker continuous magnet of 1.3 T in the 
laboratories of ASULAB (Marin, Switzerland). We compared the alignment of two 
different LCPs. We aligned two wedge shaped cells: the first cell was 200um thick 
and was filled with RM-82 (see Fig. 2.17), the second cell was only 50^m thick 
(because of the limited available quantity) and was filled with a slightly different LCP 
call here 3d. We could monitor in real time the alignment produced by the magnetic 
field by observing with a CCD camera the interference fringes produced by the setup 
of Fig. 1.6. The measured interference fringes which are shown in Fig. 2.21 were 
obtained by heating the LCP into the isotropic phase and by cooling it down into the 
nematic phase (about 1000C) in a 1.3 T magnetic field. The alignment is mainly 
produced during the first seconds after entering the nematic phase. After this time no 
significant changes in the alignment has been observed. We found that passing the 
isotropic-nematic transition with applied magnetic field is necessary to obtain good 
alignment. 
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Fig. 2.21: Chemical structure of the liquid crystal polymers and the 
corresponding interference fringes measured with the magnetic aligned wedge 
cells. 

The images of fringes show an area of about 3x4 mm. For RM-82, the gray zones 
between the black and white strips indicate local distortions of the alignment. For 3D, 
the strips are more separate because of the thinner wedge cell. Here, we do not see 
such gray zones and the contrast is higher which indicates a better alignment. These 
results were confirmed by microscope observations of the polymerized cells. The 
better results obtained for the 3D LCP may be explained by the lower viscosity of the 
material. So, by choosing the adequate material the alignment can also be induced 
with lower magnetic fields. 
These two experiments show that many parameters, such as boundary conditions, 
material properties and magnetic field intensity, seem to influence the alignment of 
the liquid crystal. But all the mechanisms are still not fully understood and further 
investigations are necessary before making any final statements. 

2.6.2 Photo-alignment 
In the photo-alignment method, the anisotropy of the alignment layer is created by 
illuminating the substrate coated with linearly photo-polymerizable polymer with 
polarized UV light. The main advantage of this method is that it has no rubbing 
process and contamination can be prevented. It offers the possibility to fabricate 
structured optical elements (for instance twisted-planar alignment patterns) by 
masking surface areas. However, interactions causing the alignment are mainly 
chemical and the photo-alignment material is not "universal". Only some specific 
photo-alignment - LC combinations give good results and one has to make careful 
investigations to obtain stable and reproducible results for each new liquid crystal 
mixture. 
Several combinations have been tested. We found that a good alignment can be 
obtained by using a photo-alignment layer from Cheil (Korea) in combination with 
the LC ZLI-1132 from Merck. We produced a 0.2 mm wedge shaped cell with this 
alignment method. First, the substrates were ultrasonic cleaned and spin-coated with 
the photo-alignment material. Then, they were shortly baked at 1000C for 10 minutes 
to evaporate the solvent. As shown in Fig. 2.22, the substrates were illuminated with 
collimated and polarized UV light (Oriel lamp ImW, exposure time 30 min.). The 
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light was polarized with a sheet-polarizer (HNP-B from Polaroid) with a transmission 
in the UVA region. 

Fig. 2.22: UV illumination system 
for photo-alignment of the surface 
layer. The Collimated UV light is 
polarized with a UVpolarizer 
before arriving on the photo-
alignment layer of the substrate. 

UV unpotanzed 

UV Polarizer 

Substrate with photo-
alignment layer 

A picture of the assembled wedge-cell is shown between crossed polarizers in Fig. 
2.23a. Apart from a few scratches, the LC shows a homogenous alignment without 
defects over the whole cell (20x23 mm). Fig. 2.23b shows the fringe pattern at an area 
of 2x3 mm obtained in the setup described in Fig. 1.6. and illuminated with green 
light at 550 nm. 

Fig. 2.23: alignment quality of a 20OfJm wedge-cell obtained 
with a photo-alignment layer, (a) Between 0° and 90° oriented 
polarizers (left), (b) regular fringe pattern obtained when placed 
between 45°orientedpolarizers (right). 

The high contrast and constant spaced fringes indicate that there are no unwanted 
birefringence variations and deformations of the texture. In principle (according to the 
fabricant specifications), it should be possible to produce high pretilt angle (-1Oi by 
controlling the tilt angle 0 of the substrate during the exposure. However, we could 
not measure any change of pretilt angle for different values of 9. 
This technology offers the possibility to produce cells with various alignment patterns 
by using photo-masks and varying the polarization direction of the UV-light. Figure 
2.24 shows a flexible polymerized liquid crystal film of 0.13 mm thickness between 
crossed polarizers. 
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Fig. 2.24: Flexible 
structured film with three 
different alignment zones 
hold between crossed 
polarizers. 

It has been produced by tilling a cell with a reactive mesogene (RM-257 form Merck) 
that has a structured photo-aligned substrate and a rubbed counter substrate. Two 
illumination steps were necessary to structure the photo-alignment: 

1) A printed transparent foil is used as mask and the substrate is illuminated with 
0° polarized light. This produces three zones: a non-illuminated zone (CSEM), 
a zone that has been illuminated through the biréfringent foil (oriented at 45°) 
and a zone that is directly illuminated (below CSEM). 

2) The foil is removed and the substrate is illuminated with 90° polarized light. 
This only affects the non-illuminated zone (CSEM) from the previous step. 

After these two polymerization steps, the cell is opened (separate the substrates) and 
the polymerized film is removed manually from the substrates. So finally we end up 
with a flexible film having three different aligned zones that correspond to the gray 
levels of the image: planar, 90°twisted and -45° twisted alignment. 

2.7 Conlusion 
In this chapter, it has been shown that biréfringent optical component can be made of 
liquid crystals. However, we found also many limitations. Due to absorption and 
scattering losses LC components are not suited for near-UV applications, especially 
when important phase shifts are required. In the visible region, apart from the 
transition region around 430 nm (400-450 nm), absorption and scattering becomes 
less critical. The optical properties of the LCs are particularly well suited for NIR 
applications. Generally, cell thickness is limited at about 300-500 u.m, depending of 
the LC that is used. Above this limit domain walls become frequent. These restrictions 
set the maximum obtainable phase shift to about 150u.m (0.3x 500 urn). Another 
disadvantage is the limited pretilt angle (max. 10°) that can be obtained with the 
present alignment technologies. This may in some cases restrict the optical design. 
For many applications, temperature stability and robustness are important advantages. 
Contrary to conventional nematic LCs, liquid crystal polymers have these properties. 
It has been shown that optical components with good optical quality can be produced 
with such materials. This opens of course many interesting perspectives for 
applications where the use of crystals would be too expensive. Some examples will be 
treated in the next chapters. However, LCPs suffer from the same optical limitations 
(scattering and absorption) as the conventional LCs. 
With alternative alignment methods, such as the photo-alignment combined with 
LCPs, it is possible to fabricate thin structured biréfringent elements. This technology 
offers new and interesting design perspectives. 
In principle, bulk alignment with magnetic fields should be possible. Such an 
alignment method would overcome the problem of the limited cell thickness are 
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obtainable with surface anchoring. However, we did not succeed to produce such cells 
in a reproducible way. 
Finally, we can summarize the obtained performance of the investigated LCs in Tab. 
2.2. 

Material family 

Conventional 
LCs 

3CLCP (Silicone 
aolymers) 
MCLCP 
(diacrylate 
monomers) 

Birefringence 

0.14-0.28 

0.2 

0.14 

Cut-off wavelength 
(for 0.3mm thick 

cells) 

<350nm(380nm) 

400nm 

400nm 

Alignment 
uniformity 

Very good 

Acceptable 

good 

Effective 
temperature 

dependence of 
birefringence [1/Kl 

10° K.-1 

10° K'' 

<ltr*K'' 

Tab. 2.2: Summary of the performances of the different LCfamilies. The 
temperature dependence is eiven here as defined in section 2.3.3. 

Of course, the above-mentioned performances apply only to the materials that have 
been investigated in the present work. 
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Chapter 3 

Hand-held Fourier spectrometer 
In this chapter, we present the optical design and realization of a LC Fourier transform 
spectrometer (FTS). This FTS is based on a polarization interferometer that has a 
Wollaston prism made of LC material as key component. After a brief introduction 
into Fourier spectrometry, we will show original optical designing methods and new 
spectrometer configurations. Then we will show a practical realization (with 
conventional LC and polymer LC) of the most suitable design in a hand-held version 
of a FTS for measurements in reflection. The performances of the different designs 
and materials such as compactness, angular dependence (field of view), resolution, 
stray light and temperature dependence will be discussed. 

3.1 Introduction 
In comparison to other types of spectrometers such, as diffraction gratings or Fabry-
Perot resonators, the Fourier Transform Spectrometer (FTS) has well-known 
throughput and multiplex advantages. This can give the FTS with a better signal-to-
noise ratio. This also allows to have very high resolution, even for low intensity 
sources. The actual commercially available FT spectrometers are mainly used for 
application in near and far infrared region for chemical analysis or astronomical 
observations. They contain highly precise moving parts and are consequently large, 
expensive, fragile and can only be used in protected environments. So, they are 
obviously not suited for applications needing compact and robust spectrometers, such 
as for example portable devices. Mostly grating spectrometers are used for such 
applications. They are fabricated with well-established technologies and consequently 
they are relatively inexpensive. They have also the advantage to be robust and 
generally they do not need important signal processing power. 
The aim of the present work is to fabricate a spectrometer that overcomes the 
drawbacks of the common FT spectrometers and keeps as much as possible the 
benefits of it. For this purpose, we need a compact monolithic FTS that can be 
fabricated with low cost technologies. To achieve this goal, one approach presented 
by Manzardo [1] is to miniaturize a static Michelson interferometer with a tilted 
mirror. Another approach by the same author [2] is the fabrication of a time scanning 
Michelson interferometer by using silicone micromachining technology. A similar 
approach is presented in [3] were a 10 cm large scanning Michelson has been 
microfabricated. 
In the next sections we will present a monolithic low-resolution static FT 
spectrometer that is based on a polarization interferometer using a Wollaston prism as 
phase shifter. Since the fabrication of this device uses inexpensive liquid crystal 
technology and needs no particularly sensible adjusting or assembling procedures, it 
may become an interesting candidate for applications in the VIS or NIR region. 
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Applications such as colorimetry in the graphic industry, quality inspection or 
environment monitoring might be envisaged. We will discuss later on miniaturizing 
possibilities via alternative optical designs and present the performances of this 
spectrometer. 

3.2 Optical principle 
All Fourier transform spectrometers are based on the relation between the temporal 
coherence of the source and the spectrum of the incident light, which is given by the 
Wiener-Kintchine theorem (Eq. {1.40)). As already mentioned, the present FTS isa 
static common path polarization interferometer. The optical principle is very similar 
to the single prism setup presented in chapter 1 (Fig. 1.6). The only difference here is 
that the biréfringent system is composed of two prisms (Wollaston prism) in order to 
shift the zero path difference to the center. An enlarged version (with lenses) of this 
FTS is schematically shown in Fig. 3.1. The principle is shortly explained here below: 

1 ) The divergent incident light is collimated with a collimation optics. 
2) The light is linear polarized at 45° with a dichroic sheet polarizer. 
3) The light is decomposed into two linear polarization components x and y by 

the Wollaston prism. Due to the birefringence and the perpendicular (x- andy-
) orientation of the optical axes, the two wedge-shaped prisms produce a 
spatially varying phase shift in y direction between the two perpendicular (x-
and v-) polarization components. Similarly to Eq. (1.33), the phase shift at the 
output of the Wollaston is given by 

S = ̂ 2(nc-n0)t¡mW)y, (3.1) 

4) The two polarization components are recombined at the second polarizer (or 
analyzer), which is oriented at ±45° to obtain maximal contrast. 

5) With the help of the imaging optics the interference pattern, which is virtually 
localized inside the Wollaston prism, is imaged onto a photodetectorarray 
(PDA). 

6) Finally, a numerical Fourier transformation of the spatial intensity distribution 
gives the spectral intensity. 
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45°-polarizer ^ -45°-polarizer PDA 

collimation biréfringent liquid crystal imaging interference pattern 
optics prisms with perpendicular optics (=interferogram) 

optical axes 

Fig. 3.1: Optical principle of the Fourier transform spectrometer based on a 
Wollaston prism 

From Eq. ( 1.45), the measured intensity (interference) pattern In* is given by: 

lmlft = f r KO)D(O)T(O)K (1 + | / / l 2(^<r) |cos(¿(r>)))¿<T, ( 3 . 2 ) 
V 

where Hi: is the spatial coherence given by Eq. (1.44), £the phase shift given by Eq. 
(3.1), T(cf) the transmittance of the optical system, D(o) the spectral sensitivity of the 
detector, K the fill factor (and size) of pixels of the detector and 1(a) the input 
intensity from the homogenous polychromatic extended light source. The above 
formula does not take into account possible contrast reduction due to scattering or to 
not ideal polarizers. It also supposes that the spectrometer has no defects (phase 
distortions) and infinite length (no truncation). We will not determine the influence of 
each parameter (D, A.K.p) individually. We suppose here that all these parameters 
are independent of the incoming intensity (if the saturation level of the detector is not 
reached). The measured spectra from various samples will be divided by a "white 
spectrum". This normalization spectrum can be obtained from a special white 
reference for reflection measurements or directly from the source (without sample) for 
transmission measurements. So, at the end we will have a normalized spectrum with 
respect to a defined white spectrum. 

For simplification reasons, we will discuss the theory by expressing the 
interferograms as function of the phase shift S(y) and the spectra as function of spatial 
Fourier frequencies. 
If we suppose that/y/^ is constant over the spatially extended interferogram (along the 
y axis), we can rewrite Eq. (3.2) as 

OO 

Hà(y)) = J B (a) • (\+cos(2zoô(y)))do, (3.3) 
o 

where B' is the spectrum as seen by the spectrometer. It can be retrieved by applying a 
Fourier transform 
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B1Ia) = FT[J(S))= J I(S)cos(2nvS)dS. (3.4) 

We supposed here that I($ is even. The real normalized spectrum S(G) is then given 
by 

where Bw is the white reference spectrum. The spectrum as a function of the 
wavelength S(X) can be recovered with the help of a calibration table (or function) 
that relates the spatial frequency of the interference pattern to the corresponding 
wavelength. 

3.3 Elements of Fourier transform spectroscopy 
Fourier transform spectroscopy has become a wide field since the discovery of the fast 
Fourier transform (FFT) method by J. W. Cooley and J. W. Turkey in 1965 and the 
explosive growth of computational power during the past decades. Since this time, the 
principles of the FT spectroscopy has been extensively discussed in literature [4,S]. 
So, we will limit us here to introduce briefly some essential concepts that will be 
applied to our FTS. 

3.3.1 Instrumental function 
The instrumental function corresponds to the power spectral density that is obtained at 
the output of the instrument when illuminating with rigorously monochromatic light. 
This may also be regarded as the impulse response of the (linear) system. It contains 
any influence of the instrument over the spectrum. The true spectrum of the measured 
sample B(q) and the spectrum B'(a) obtained by the spectrometer are related by the 
convolution 

5 V ) = 5((7) o >,(<r), (3,6) 

with the spectral impulse response k(a) of the instrument (spectrometer). With the 
convolution theorem, we can rewrite this equation in the spatial domain as 

1(S) = H(S)F(S), (3.7) 

where F($ = FT{B(q)} is the true interferogram, H(S) = KT{h(q)} the transfer 
function and J(S) = ¥T{B'(a)) the measured interferogram. 

Truncation: 
h(a) is mainly influenced by the truncation of the interferogram. Actually, the 
measured interferogram has never an infinite length. It is limited by the path 
difference range (or maximal path difference Sm11x ) of the spectrometer. For a two-



Chapter 3. Hand-held Fourier spectrometer. 3¡5 

sided interferogram, this range is defined as - Sm0x < S < ¿ w If this is the only 
influence of the instrument (no phase error or distortions), the measured interferogram 
is given by 

/(«y> = rect( í /2ím a x) .F(í) , (3.8) 

which corresponds to the multiplication of the true infinite interferogram F(S) with a 
rectangular function red that is equal to one over the range -&,,»£ S< Om111 and zero 
otherwise. As illustrated in Fig. 3.2a, the impulse response will be in this case the 
Fourier transform of the red function, which is a sine function. So, from Eq. (3.6) we 
get 

BX<T) = B(cr)osmc{2SmBX(a-<r0)) = 

B{a) o sin(?r(<x-<T0)2ím¡J /( il((T -a0)2Smax)' 
(3.9) 

So the instrumental response for strictly monochromatic light (B(a) = Dîrac peak 
centred at Ob) is a sine function centred at ob with the first zero at 1/(25^). The 
resolution of the spectrometer can be defined as the full width at half maximum 
(FWHM) of the impulse response. As shown by Fig. 3.2b, it is given by the central 
peak of the sine function and is equal to 0.6/ámw 

wHK^m sincíl/Zfi,™^) 

Fig 3.2 : (a) multiplication of the true interferogram with a rectangular 
function, (b) the true spectrum (Dirac peak) becomes a sine function 
(FT(rect)) with a first zero at 1/(2 & J and a FWHM of 0.6/Sn^ 

Using Aa= A)J)? we get for the FWHM expressed in wavelength 

AA= = 0.6- (3.10) 

This shows that the resolution decreases with the square of the wavelength. Thus, for 
the visible spectrum (380 nm to 750 nm) this means that the resolution of the FT 
spectrometer varies by a factor 4. 

Apodization: 
Apodization is obtained by the multiplication of a well-defined function A (S) with the 
interferogram. From the convolution theorem, we get 
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I(S(y)) = A(S) • F(S) => B'(o) = A(o) ° B(o), <3-' ' > 

which is convolution of the Fourier transform of the apodization function A (0 with 
the spectrum B(O). As seen from Eqs. (3.9) and (3.10), the truncation of the spectrum 
can also been regarded as an apodization of the interferogram with a rectangular 
function. 
The apodization is used for two different purposes, depending on the type of 
spectrum: 

1 ) For smalt-band spectra it reduces the side-lobes (Fig. 3.2b) that are produced 
by truncation. The smoother the apodization function the bener the side-lobes 
reduction. 

2) For smooth broadband spectra ¡t helps to reduce the effects caused by poor 
signal-to-noise ratio at the borders of the interferogram. The effects on the 
side-lobes is not relevant here. 

Nevertheless, in both cases information is removed from the interferogram and 
consequently the resolution is reduced. A trade-off between loss of resolution and 
noise or side-lobe reduction has to be found for each application individually. A list of 
apodizing functions and their effects is given in (6]. 
The apodization can be preformed "mathematically" on the measured interferogram. 
But in some particular configurations where the aperture size is smaller than the 
spatial extension of the spectrometer and the sample has a Lambert scattering 
function, we get a predefined intensity distribution for the interferogram and a sort of 
natural apodization is produced. 

Large aperture: 
For most of the interferometers, me optical path difference (OPD) depends on the 
incidence angle of the incoming rays. So, if the source is spatially extended, which is 
practically always the case, we will have light that experience different OPDs at the 
output of the interferometer. This phenomenon has already been explained in section 
1.3.4. In this section, we define the field of view as the maximal angle for which these 
OPD differences are acceptable. Figure 3.3 illustrates the influence of the angular 
dependence of the spectrometer. For different incidence angles the light will undergo 
different OPDs and consequently transforms itself into interferograms with different 
spatial frequencies. When performing the Fourier transform of the measured 
interferogram, we get therefore a broader peak than what would be obtained with an 
instrument which is independent of the angle of incidence. 
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Fig. 3.3: Angular dependence of a FT spectrometer. Due to the angular dependent 
OPD of the spectrometer, light with different incidence angles will induce signals 
with different spatial frequencies. When performing the FT, these signais become 
peaks which are slightly shifted with respect to each other. Added up, they give a 
broader peak (continuous line) as it would be the case for an angle independent 
spectrometer (dashed line). 

We considered here the case of planar waves with different incidence angles 
(extended source), but we could also consider a non-collimated point source. In this 
case, we would observe a signal with a phase distortion (or local varying frequency), 
because the light that contributes to the extremes of the interferogram has a larger 
incidence angle than at the center. The FT of such a signal gives also a broader (or 
distorted) peak. 
Angle dependence is an important point because it imposes a limit the aperture of the 
optical system and therefore the throughput. Since the throughput is a main advantage 
of our FTS-spectrometer compared to grating spectrometers, this is a crucial 
parameter and has to be discussed in detail. 

Phase distortion: 
Due to fabrication defects such as nonlinear thickness variations At (imperfect cell 
fabrication or polymer shrinkage) or stress birefringence AAn, it is possible that the 
phase shift (as given by Eq. (3.1)) between the polarization components is not linear 
anymore and the interferogram will be distorted. The phase shift error ASis given by 

A8(5,o) = t(S)A(An(ö,o)) + An(oro)-At(S), (3.12) 

Where /(5) is the local thickness of the prism. The measured interferogram is given 
by: 

nà(y)) = nS{y) + àS{y)), (3.13) 

where F(S) is the true interferogram and Aó\y) is the phase error as a function of the 
position y in the observation plane. When Aô(y) is known, we can retrieve the true 
spectrum by modifying the Fourier transform 
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B(O)= ¡F(ö)cos(2xoS)dS= \¡(S^CQI(2MJ(0' -^dS1, (3.14) 
0 0 

We made here the variable change: 8' = 8 + AS. We suppose that the derivative of Ad 
is small so that 

dS'=dS^^iydS. (3.15) 

We can note that the phase shift error as defined in Eq. (3.12) is also depends also on 
the wavenumber a. We will show later how to measure ¿It?and to perform in practice 
the above described phase correction. 

Detector non-linearity: 
If the detector response is non-linear, the measured interferogram will be distorted. 
Every detector (or analogue/digital converter) shows some non-linearity, especially 
when approaching the saturation level or the detection limit of the detector. However, 
if detectors with very good linearity, such as high performance CCD are used, the 
distortions are negligible. 

3.3.2 Throughput 
In the field of spectroscopy, the throughput (or étendue) expresses (he ability of a 
spectrometer to collect light for a given resolution. It is an important characteristic of 
a spectrometer, especially when working with low intensity sources or when short 
integration times are required. 
The limiting aperture of the system defines the energy that reaches the detector. It can 
be the input aperture (source side) or the output aperture (detector side), but 
practically it is often the detector size that limits the collected energy. So, the spectral 
throughput 

G(A) = T(A)-SiI, (3.16) 

is given here by the detector surface S multiplied by the solid angle ¿2 of the cone of 
collected rays (by the detector) and the transmission of the system T(X). Note that for 
a circular symmetry of the optics we get 

G(A) = T(X)S -Tra1, (3.17) 

where a is the divergence angle of the cone (or field of view angle). Here, we do not 
take into account parameters such as the spectral sensitivity of detector and the fill 
factor of the pixels (as in Eq. (3.2)) because they are not relevant for the optimisation 
of the optical design. 
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3.3.3 Sampling 
For evident reasons, the interferogram is only measured at a finite number of points 
called sampling points. Of course, by sampling the interferogram information between 
the sampling points is lost. But if we are interested only in a particular spectral range, 
which is always the case, we can retrieve by adequate sampling the whole relevant 
spectrum. The well-known sampling theorem states that the highest frequency ûithat 
can be resolved is given by 

«=¿- (318) 

where b is the sampling interval. This means that we need always at least two 
sampling points to sample the smallest modulation. In our case, the sampling interval 
is given by the pixel pitch of the detector. So, for a given maximal wavelength ^ 1 n , a 
minimal wavelength Xn^ and a resolution of AX at Xn^, we need at least a maximal 
path length difference of 

_ Kia 
AX ^ B = - 3 ? = - - (3-19) 

To be able to resolve Xn^, we need a minimum number of sampling points or pixels N 
that is given by: 

(3.20) 

If, for instance, we aim a resolution of 10 nm over the visible range from 380 to 
730 nm, we need a maximal OPD of Sm0x= 53 jim. If we suppose that the 
birefringence An is equal to 0.2, this corresponds to a minimal wedge thickness of D = 
265 (im (Smax= An-D), The required number of pixels would be N- 280. 

3.3.4 Noise 
One has to distinguish two categories of noise: the noise due to optical defects or to 
the sensitivity variations between pixels, which affects directly the measured 
interferogram (fix pattern noise) and the statistical noises, which includes the noise 
due to the detection system and the photon noise. 
We distinguish between two types of noise: the additive noise and the multiplicative 
noise. The first one is independent of the light intensity and is just added to the signal, 
the second one varies with the signal level. 

Additive noise: 
As already mentioned, additive noise is independent of the intensity and is mainly 
related to the detection system. The main sources are: 

- Thermal noise (or Johnson noise) due to the thermal agitation of electrons in 
resistive electrical material of the read-out circuit. 

- Dark-current noise: Is due to thermally generated electron-holes pairs in the 
photodiode. This noise is present even if the detector is not illuminated. The 
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offset created by the dark-current can easily be measured and subtracted from 
the original signal. The noise itself is due to the shot-noise of the dark-current 
and is proportional to the square root of this current. 

The FT-spectrometers have the advantage that this type of noise is smaller than in 
grating spectrometers. This is due to the Felgett or multiplex advantage [7], which 
says that the SNR for a measurement of M spectral channels (sampling points) may be 

improved by a factor of VAf relative to grating spectrometers. 
However, in the visible and NIR region, where the detectors are less sensible to 
thermal radiation, this advantage is not so significant. 

Multiplicative noise: 
The multiplicative noise is essentially due to the photon noise that is produced by the 
statistical arrival of photons. This noise is related to the random nature of the 
spontaneous emission process and is therefore unavoidable. The fluctuations arc 
proportional to the square root of the number of photons. When the detection is 
photon-noise limited (photon noise larger than the additive noise), the multiplex 
advantage is not relevant anymore. 

3.4 Design and simulation 
There are mainly three parameters that characterize the spectrometer presented in 
section 3.2: 

1. the angular dependence or field of view, 
2. the localization of the plane of maximal contrast (see section 1.3.5), 
3. the resolution. 

The ideal spectrometer should have a large angular acceptance, a high resolution and 
the plane of maximal contrast localized outside the system to permit miniaturization. 
Other parameters that are related to the LC material such as birefringence, 
temperature dependence, scattering losses and absorption losses have also to be taken 
into account. 
Many designs have already been presented in literature [8,9, 10, 11, 12, 13,14, 15, 
16,17, 18], All these designs are based on inorganic crystals, such as calcite or quartz 
except [11], Some ofthem present rather compact designs by replacing the imaging 
optics by a second Wollaston prism [10]. An even more compact design can be 
obtained by inclining the optical axis of the first prism of the Wollaston [13, 18], 
Another design [12], containing a compensation plate and a second Wollaston prism, 
permits an increased field of view and to keep a relatively compact design. In addition 
to inorganic crystals, liquid crystals offer the possibility to produce biréfringent 
elements with twisted optical axis. This permits designs with a variety of new 
configurations. FTS designs with enhanced field of view using twisted LC cells were 
reported for the first time by Stalder et al. [19], The LC technology has also the 
advantage to be less expensive. 
Fundamentally, by using two or three cells with various twist and orientation of the 
optical axis many configurations can be obtained. Figure 3.4 shows the different 
possibilities when the number of cells is limited to three. For simplicity reasons we 
limit our investigations to a maximum of two wedge cells. 
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f ® Optical axis 

Twisted 
Optical axis 

Fig. 3.4: Possible configurations that can be obtained with two or three cells. Other 
configurations can be obtained by rotating the system by JSO" or by choosing various 
combinations of twist directions. 

3.4.1 Resolution 

To be able to use the spectrometer in the visible region and for colorimetiy, it is 
required to have a resolution of at least 20 nm [30]. By introducing X = 700 nm and 
AA =20nm into Eq. (3.19), we find that we need a minimal path difference of &*== 
24.5 um. In Tab. 3.1 are listed the maximal phase shifts and corresponding resolution 
for some LCs that we have used. We considered here a WoIIaston with a fixed 
thickness of D = 200um. 

Liquid crystal 
designation 

BL006 

E7 

ZLI-1132 

Wacker (LCP) 

RM-257 (LCP) 

Birefringence 
(An at 547 nm) 

0.28 

0.22 

0.14 

0.19 

0.14 

Maxima] phase 
shift ( W [uml 

56 

44 

28 

38 

28 

Theoretical resolution (AK) 
Tnml at 700 nm 

9 

Il 

18 

13 

IS 

Tab. 3.1: List of the resolutions that can be obtained for different LCs and for a fixed 
WoIIaston thickness of 200 /Jm. 

The number of required sampling points N is given by Eq. (3.20). If we introduce the 
values Ar,,!,, = 400 nm and ¿ w = 34 |im, we obtain N = 170 pixels. So we need a linear 
detector with at least 170 pixels which is not a large number. If we consider a "high 
resolution" version with the highest birefringence (An = 0.3) and the largest thickness 
(D = 300um) obtainable with the LC technology, we get a maximal resolution of 6 nm 
at 700nm and we need 450 pixels. This can be considered as a low resolution 
spectrometer when compared to laboratory FTS. However, ¡t may be sufficient for 
applications that need only a modest resolution, such as colorimetry for example. 
Note that the resolution decreases with the square of the wavelength, this means that 
in the near infrared region we have only a resolution of about 60 nm (at 1.5 um). 
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3.4.2 Field of view and throughput 
As explained in section 1.3.4, the field of view gives the angular range over which the 
OPD variations are acceptable. When measuring a low intensity sources or using short 
integration times, it is preferable to have a spectrometer with a high throughput (or 
étendue) and so a large field of view. 
A detailed investigation including simulations and measurements of the field of view 
of configurations 1, 2,3 in Fig. 3.4. is presented in the article [20] that can be found 
in Annex 1. In this article, it is shown that the configurations 2 and 3 have a reduced 
angular dependence compared to the classical configuration 1. They are almost 
angular independent for zero OPD, but show increasing angular dependence for 
higher OPDs. These configurations contain twisted structures and can therefore only 
be fabricated with LC technology. Unfortunately, the plane of maximal contrast of 
these configurations is localized inside the system and they cannot be miniaturized. 
As we will see in the next section, by tilting the optical axis, the plane can be pulled 
out of the system. This can be achieved for configuration 3. For configuration 2, we 
did not find a way to extract the plane of maximal contrast. 
Table 3.2 gives the field of view and the corresponding throughput as defined in Eq 
.(3.16) for the different configurations. For the calculation of the throughput, we 
considered a Hamamatsu detector (S5463-512Q) that has a total size of 6.4 mm2. The 
transmission coefficient 7" is given by the transmission of the optical elements (60% at 
630 nm) multiplied by the transmission of the two polarizers (25%), which gives a 
total transmission of about 15%. 

Configuration 
1 

2 (same twist direction) 
3 

Field of view 
±10° 

>±35° 
>±35° 

Throughput [mm¿ srl 
0.36 
4.3 
4.3 

Tab. 3.2: Field of view and throughput of the different configurations. 

When tilting the optical axis the rays follow different paths and we may expect the 
field of view to be altered. Wc simulated with ASAP [21] for a realistic design (an = 
0.2, D ~ 200 |im, ¢= 0.54°) the modification of field of view when changing the tilt 
angle of the optica] axis. Fig. 3.5b shows the field of view of configuration 1 for a tilt 
angle of0° and Fig. 3.5a for a tilt angle of 8° of the first wedge. Such angles are 
typical pretilt angle for LCD display technology. We see that the field of view stays 
almost unaltered by tilting the optical axis of the first wedge. Figure 3.5c shows the 
field of view that is obtained by tilting the optical axis of the second wedge by 2° (and 
0° in the first wedge). Here, we see that the interference pattern is shifted towards the 
right, which indicates that the angular dependence is asymmetric in the direction 
perpendicular to the linear detector. Simulations showed similar behavior for 
configuration 4. 
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(a) (b) (e) 

Fig. 3.5: Field of view in the plane of maximal contrast of a classical Wollaston 
prism with tilted optical axis, (a) 8° tilt for the first prism and 0°for the second, 
(b) 0° for both prism, (c) O°for the first and 2°for the second. 

So, only tilt angles that are perpendicular to the axis of detector seem to alter the field 
of view in the plane of maximal contrast. Fortunately, as we witl see in the next 
section, only tilt angles parallel to the detector axis are needed to extract the fringes 
out of the system. 

3.4.3 Plane of maximal contrast 
For miniaturization, one important aspect is the localization of the plane of maximal 
contrast. If this plane is localized inside the system, additional optics is needed to 
image it onto the detector. This makes the system bulky and it needs additional 
alignment. Also, the imaging optic may introduce some unwanted distortions. 
By tilting adequately the optical axis the plane of maximal contrast can be pulled out 
of the system. This is illustrated for the classical configuration in Fig. 3.6. In the first 
variant, the LC molecules (and so the optical axis) are parallel to the surface; the 
plane of maximal contrast is localized inside the system where the two rays 
(corresponding to the two polarization components) intersect virtually (see section 
1.3.5). In the second variant, the molecules are tilted and the plane is situated outside 
the system. 

LC molecules parallel to 
the surface 

Tilted LC molecules 

Plane of maximal 
contrast 

Fig. 3.6: Localization of the plane of maximal contrast for the 
classical Wollaston configuration. On the left, the LC molecules are 
parallel to the surface and the plane is localized inside the system. 
Ontheright, the LC molecules are tilted and the plane is localized 
outside the system. 
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The localization of the plane can be found analytically by geometrical considerations 
for the classical configurations [18]. For the configuration containing twisted 
structures, simulations that are based on ray tracing become necessary. For the 
simulations, we used the same ray trace program (ASAP) as for the field of view 
calculations presented in the previous section. This program is able to split the light in 
an ordinary and extraordinary ray when entering a uniaxial medium and so to track 
modification of the polarization state. Moreover, each ray (constituted of several 
elementary rays) models a Gaussian beam (including phase shift tracking) of a certain 
spatial extension [22, 23]. A quasi plane wave (limited in space) can be modeled by a 
superposition of such beams. So, coherent propagation and polarization effects can be 
treated with this program, which is absolutely necessary for simulation of polarization 
interferometer properties. Figure 3.7 illustrates the ray trace trough a spectrometer 
illuminated with an extended source having two wavelengths (632nm and 800nm). 
The simulation gives the output interferogram and its Fourier transform containing the 
two peaks corresponding to the two wavelengths. 

Ray-trace 

ion 

Interferogram 

I l 

Xi=632nm 
X2=SOOnItI 

I l 
Fourier Transform 

Fig. 3.7: Polarization ray trace through the spectrometer with the resulting interferogram 
and its Fourier transform. 

Three different methods can be used to localize the plane of maximal contrast of the 
simulated system: 

1 ) The system ¡s illuminated with a spatially extended light source and the points 
of intersection of two rays that represent the two polarization components give 
the localization of the plane (as shown in Fig. 3.6). 

2) An extended coherent source is focused iteratively in successive points (in the 
z direction) producing different interference patterns in the far field. The focus 
point that gives the interference pattern with the largest field of view lies in the 
plane of maximal contrast. 

3) The system is illuminated with a monochromatic spatially incoherent source 
and the detector is iteratively placed at different locations. The location for 
which the observed fringes have the maximal contrast correspond to the plane 
of interest. Figure 3.8 shows an example where the detector has been placed at 
three different positions. These simulations show that the plane of maximal 
contrast is situated here at 1.5 mm. 
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3 5 TO 
y position {mm) 

2.4 mm 

Fig. 3.8: Simulatedinterferograms for different localizations from the exit 
surface. 

For simplicity we modeled the planar TN cells (as for example in configuration B 
shown Fig. 3.9) with a simple polarization rotator of 90° (Jones matrix of Eq. (1.13)) 
and we neglect the additional phase shift introduced by this cell. This approximation 
can be done when the TN cell is thin (<20 u,m) compared with the thick wedge cells 
(200 Jim) and produce, in the case of configuration B, only a slight shift of the zero 
OPD. In this particular situation, the first method can still be used to determine the 
plane of maximal contrast. 
However, for systems containing thick twisted cells, such as in configuration 2 shown 
Fig. 3.4, we must calculate precisely the angle dependent phase retardation of the two 
polarization components. The calculation of the transmission of twisted cells is 
usually done with Jones matrices (section 1.2.3 and 1.2.4) or by Berreman's method. 
Unfortunately, these methods can hardly be implemented in ray tracing programs like 
ASAP. For this reason, we developed two new calculation methods that have been 
implemented in ASAP. We give here only a brief summary of these methods; a 
detailed description and the obtained results can be found in the article [24] enclosed 
in Annex 2. In the first method, called the multiple ray splitting method, the TN cell is 
divided in N layers with a homogenous uniaxial medium. At each layer interface 
every incoming ray is divided in a new ordinary and extraordinary ray and is 
propagated further. At the output of the cell we end up with 2N rays. The drawback of 
this method is the high number of rays that are produced when having many layers. In 
the second method, called the one splitting ray method, the TN cell is divided in N 
layers of homogenous uniaxial plates combined with a polarizator rotator (Jones 
matrix in Eq. ( 1.13)). The rotator rotates the polarization state by an amount equal to 
the angle between the optical axis of the previous and the next layer. The ordinary and 
extraordinary rays have not to be split as in the first method, because their 
corresponding polarization directions are respectively parallel and perpendicular to 
the optical axis of the next layer and can be traced further. Finally, we end up with 
much less rays than in the first method and the simulation is faster. Note that this 
method is very similar to the extended Jones calculation method presented in section 
1.2.4. 
It has been found that both methods give fairly accurate results for the simulation of 
our Wollaston prisms [24] (Annex 2). However, the incoming light (or rays) has to be 
limited to maximal incidence angle of ±35°, because of the paraxial limitations of the 
Gaussian beam ray tracing. 
We studied the localization of the plane of maximal contrast for the three different 
configurations described in Fig. 3.9. 
The maximum tilt angle a is given by the technology constraints. The alignment of 
the liquid crystal is the same for all the configurations and a = 7°. For the simulations, 

-10 0" 
y position [mm] 

0.8 mm 

-AT -i 
y position (mm] 

1.5 mm 



3.16 Chapter 3. Hand-held Fourier spectrometer. 

T 

^ © Optical axis 

¡|. Twisted 
Optical 

Fig. 3.9: Configurations with tilted optical axis that show different 
localizations of the plane of maximal contrast. (A) Classical modified 
Wollaston (or Normarski) prism with the optical axis of the first prism tilted 
by an angle Ct. (B) Two wedges with opposite tilted axis and a TN cell in 
between. (C) The Optical axis of both wedges are oriented by ±45° in respect 
of the detector direction and have opposite tilts. 

we used T =230 pm, ¢ = 0.6° and An = 0.2 (n„= 1.51 andn c = 1.71) which correspond 
approximately to the parameters of the fabricated systems. To determine theoretically 
the localization of the plane of maximal contrast, we used the first method of 
intersecting rays as described above. The measured values have been obtained by 
directly observing the localization of the fringes in a polarization microscope. The 
results are summarized in Tab. 3.2. 

Configuration 
Simulated values 
Localization of fringes 

Measured values 

A 

1.0mm 

1.2±0.2mm 

B 

2.4mm 

2.2±0.2mm 

C 

1.7mm 

-

Tab. 3.2: Measured and simulated position the fringes for the 
different configurations. 

There is a good agreement between measured and simulated values. The most sensible 
parameter is the pretilt angle (or the tilt angle of die optical axis). A variation of one 
degree can shift the localization of the fringes by a few hundred microns. Since we 
could estimate the pretilt angle of the fabricated cells only wîdiin a precision of ±1°, 
the obtained differences are understandable. 
From the results above, we see that the position of maximal contrast of the 
interference fringes varies strongly with the configuration. The maximum distance 
from the exit face of the system tíiat can be obtained is 2.2 mm. These distances 
depend of course also on the refractive index and the wedge angle of the system. 
For miniaturization, we need at least a distance of 0.5 mm from the exit face (imposed 
by the bonding of the electrical contacts of the detector) to be able to place the 
detector exactly where the fringes are localized. In our case, due to the packaging of 
the detector, a distance of more than 1.3 mm was necessary. This distance can 
obviously be attained with the present configurations. 

I 
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3.4.4 Summary of the different system designs 
For the complete design of the system, we have to take into account the topics 
discussed in three previous sections: resolution, field of view and localization of the 
plane of maximal contrast. Another important element for the design that is not 
considered here is the detector (size, number of pixels). But since we suppose here 
that all the configurations have the same dimensions and birefringence, they need also 
the same detector. So, this element is not relevant for our discussion. 
In order to get an overview of the different possible system configurations, we 
summarize their main performance in Tab.3.3. 

Configuration 

A 

B 

C 

D 

Design 

I 
Ï 

-45*/ 

/45* 

iny 

Nb. of 
cells 

2 

3 

2 

2 

Theoretical 
resolution at 
700 nm [nm] 

14 

14 

14 

14 

Loc. of the 
fringes from the 
exit surface 
fmrnl 

1.2 

2.2 

1.7 

Inside the 
system 

Field of 
view at 
zero OPD 

±10° 

>±35° 

±10° 

>±35° 

Tab. 3.3: Overview of the different configurations and their charteristics. 

A high performance system should have a large field of view for a large separation of 
the plane of maximal contrast to the exit surface. We see that the configuration B is 
the best one. However, it is also the most complex because of the additional TN cell. 
For applications where the throughput of the system is not so important, 
configurations A and C may be interesting variants. Configuration D has only two 
cells and has a good field of view but since fringes are located inside the system it 
needs undesired imaging optics. 
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3.5 Noise reduction and signal processing 
The fabricated spectrometers show always defects and are never perfect. There are 
many sources of defects: dust particles, stress birefringence, wedge deformations, LC 
impurities, polarizers imperfections, noniinearity of the detector, scratches, etc., An 
exhaustive list for FTS spectrometers can be found in [25]. These error sources are 
often constant over time and are part of the instrumental response. In this case, they 
can be measured and corrected. In this section we will present several methods to 
perform such corrections. 

3.5.1 Wavelength calibration 
To each wavelength of the incoming light X corresponds a sinusoidal intensity 
distribution with a certain spatial frequency p = MA at the output of the spectrometer. 
The relation of the output frequency as a function of the wavelength is not straight 
forward because it depends on the dispersion relation of the biréfringent material. 
From Eq. (3.1)weget 

2àn(X,T)tanf ( 3 ' 2 1 ) 

where $ is the wedge angle of the Wollaston prism and An(̂ 1T") is the birefringence 
of the LC which depends on the wavelength X and the temperature T. In most 
circumstances, A(X,$,An,T) cannot be calculated in a simple way. It is much easier to 
measure it precisely and to calibrate the system. 
To perform this wavelength calibration we used the set-up as shown in Fig. 3.10. It 
consists of a monochromator with a bandwidth of 5 nm that illuminates a diffuser 
placed in front of the spectrometer. This diffuser is necessary for spread the light in 
order to illuminate the whole Wollaston prism. We obtain so inside the housing a 
similar illumination as for a reflection measurement. 

Monochromator 

Fig. 3.10: Set up for the wavelength calibration of the spectrometer 

The measurements were performed every 10 nm from 400 nm to 750 nm. The peak 
position of the Fourier transform of the measurement gives p. The following graph 
shows p as a function ofX for the polymerized LC-siticone (Wacker) prototype at 
room temperature, 
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Fig. 3.11: Wavelength calibration measurement. 

From this measurement and the wedge angle (0 = 0.5°) we can deduce the dispersion 
curve of the birefringence by applying Eq. (3.21). The results are shown in Fig. 3.12. 

Fig. 3.12: dispersion curve of the birefringence of the LC-Silicone. 

The displacement of the curve at 480 nm can be due to a small rotation of the 
spectrometer during the experiment. A complete calibration curve is obtained by 
linear interpolation between the measured points. With help of this curve, the real 
spectrum can be retrieved from the Fourier transform of the output interferogram. For 
absolute measurements, a rescaling ofthe spectral intensity due a change of variables 
should be taken into account. By derivation of Eq. (3.21) we obtain 

2-Ùw(k,T)-tan$ 
dp = dX, (3.22) 
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So, when performing the variable change from p to X the intensity should be 
multiplied by a rescaling factor given by the equation above. However, this factor is 
not relevant when making relative spectral measurements. 

3.5.2 Phase correction 
As already mentioned in section 3.3.1, fabrication errors such as thickness variations 
or stress birefringence cause undesired phase distortions, which are described by Eq. 
(3.12). 
We present here a method already used by Manzardo [26], which permits to 
determine phase distortions and to correct the measured interferogram. 
If we suppose that the phase distortion ASis only (or mainly) due to a thickness 
variation At, we have only the first term 

A i = An-Af, (3.23) 

of Eq. (3.12). As shown in Fig. 3.13 for a simple biréfringent wedge, the thickness 
variation ai in the z direction can be translated into a shift Ay in the y direction. 
In this case the phase error can be written as 

Fig. 3.13: deformation of 
a wedge shaped celi. The 
thickness variation can be 
transposed into a shift of 
the interferogram in they 
direction. 

In this case the phase error can be written as 

In A S(y) = — &y(y)An(?.) tan 0 . 
A 

The corresponding y shifts are given by 

™ IJt bn(\)tan$ 

When introducing this phase error in a perfect interferogram given by 

(3.24) 

(3.25) 

(3.26) 

we obtain 
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J \ ÁJ 

This equation can be rewritten as 

(3.27) 

!'(yJ^a/ÀjJexp 
J 

i-j-&n('XJ)lan<¡>(y + Ay) |. (3.28) 

With the help of Eq. (3.21), we can re-express Eq. (3.28) in terms of spatial 
frequencies 

l'6>) = 'Zl<'j(kj)e*p(i2xpj(y+Ayj). ( 3 2 9 } 

Note here that Ay is independent of the wavelength. We can apply now the Fourier 
transform 

BÚ^i)''^l'^lOj(pj)exp(rZxpj(y¡+Ayl)ye3g>(i2xpl(y¡+ay¡)), ( 3 3 0 } 

p¡ y¡ 

including the rescaling of the y axis 4Ky) as described in Eq. (3.25), where B(p¡) are 
the Fourier components of the undistorted interferogram as a function of the spatial 
frequencies p¡. By applying the wavelength calibration as described in section 3.5.1, 
the corrected spectrum as a function of wavelength B(Z¡) can be found. 
Note that the phase correction can also be performed by simply re-sampling the 
interferogram, I'(y¡ ) —> I'(y¡ -Ay¡), and then applying the normal Fourier 
transform. 

Ay(y) can be found by comparing the measured and the ideal interferogram produced 
by a monochromatic light source. The ideal interferogram is a perfect theoretical 
sinusoidal signal with equidistant zeros. The measured interferogram will show some 
deviations from this perfect signal. The difference between the ideal zero positions 
and real zero positions gives the values of Ay(y) for the zero points of the 
interferogram. The measured interferogram is obtained by illuminating the 
spectrometer with diffused monochromatic light as shown in Fig. 3.10. 
The effects of the correction are particularly spectacular when it is applied to narrow 
band spectra. Figure 3.14c shows the spectra obtained from the interferogram shown 
in Fig. 3.14b. The dotted line shows the uncorrected spectrum and the solid line 
represents the spectrum obtained from the same interferogram but corrected with the 
method described above. The phase correction function Ay is shown in Fig. 3.14a. 
Since this correction is wavelength independent (if we suppose that only thickness 
variations cause the phase distortion), we can apply the same correction Ay to all 
wavelengths. 
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Fig. 3.14: (a) Phase correction applied to each pixel of the interferogram. (b) 
Uncorrected interferogram obtained with monochromatic light at 570 nm. (c) 
Uncorrected (dotted) anaphase corrected spectrum (solid) of monochromatic light 
at 570 nm. 

Here, the corrected spectrum (solid line) still shows some significant "stray light" 
(about 1 -2 %). This ¡s mainly due to distortions caused by local defects in the LC 
wedges. The correction of these defects is discussed in the next section. 

3.5.3 Fix-pattern noise correction 
The interferogram and its Fourier transform are very sensitive to what is called here 
"fix-pattem noise" (which should not be confused with the noise caused by the 
detection). This noise is mainly caused by local defects. These defects can be 
impurities or trapped air bubbles that are present in the LC material, inhomogcncitics 
of certain sheet polarizers, dust particles or scratches present on the substrates 
surfaces. 
In order to suppress this fix-pattem noise, we apply a method already used by 
Hashimoto [27J. In this method a first interferogram. 1] is recorded where the 
polarizer and analyser are oriented perpendicularly as shown in Fig. 3.15 A. Then, a 
second interferogram I2 is recorded where the polarization axis of the polarizer and 
the analyzer are now parallel as shown in Fig. 3.15 B. 
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Fig.3.15: Background and fix-pattern noise suppression. (A) lnterferogram 
with crossed polarizers (anti-phase). (B) lnterferogram with parallel 
polarizers (in-phase). (C) Fix-pattern suppression by subtraction of 
interferogram I¡ with /;. 

When subtracting the in-phase and the anti-phase interferograms (Ii and I2), the fix-
pattern (mean intensity) called P is suppressed and the signal 5 (or interference 
pattern) is doubled. We can write this as 

i = Ii-I2=(S + P)-(-S+P) = 2S. (3.31) 

Finally we end up with an interferogram where the fix-pattern noise has disappeared 
and the interference signal S is twice as high. 
In order to avoid the mechanical rotation of the polarizer as in the metiiod described 
by Hashimoto, we introduce a twisted nematic liquid crystal cell (TN cell) in the setup 
[28]. A properly designed cell rotates the entrance polarization by 90° when it is in the 
off-state (no electric field, V = 0) and does not affect the entrance polarization when it 
is in the on-state (V # 0). The TN cell must be aligned so that the polarization axis of 
the polarizer is parallel or perpendicular to the director (that indicates the optical axis) 
at incidence. As shown in Fig. 3.16, by introducing a TN cell after the polarizer, we 
can switch the orientation of the linear polarization by 90° to obtain the two 
interferograms shown in Fig. 3.15 A and B. 
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TN cell 
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Fig. 3.16: Tracking of the polarization state (arrows) in a system 
where the TN cell is switched off (left hand) and where the TN cell 
is switched on (right hand). 

In our set-up we did choose a TN cell with a thickness of 23 Jim filled with BL006 
(An = 0.28). It can be verified that the wave guiding (Maugin) condition [29] 

— «and, 
2 

(3.32) 

which is necessary for proper guidance of the polarization state and low dispersion in 
the twisted state, is fulfilled for visible wavelengths {end= 6.44 |xm). 
Figure 3.17 shows that this correction procedure reduces significantly the distortions 
of the spectra. Figures. 3.17a and b show a simple interferogram (gray line) and the 
same corrected interferogram (black line) and their corresponding spectra. These 
measurements were obtained by making a reflection measurement of a white 
reference. Both measurements were phase corrected as described in the previous 
section. Note that the uncorrected interferogram is here multiplied by two in order to 
facilitate the comparison. 

100 200 300 400 500 600 400 450 SOO SSO 600 650 700 750 

Pixel position Wavelength [nm] 
Fig. 3.17: Fix-Pattern and background substruction (A) Comparison of a 
corrected (black) and uncorrected (gray) white light interferogram and (B) 
their corresponding spectrums. 
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It is obvious that the black curve representing the corrected signal gives a smother 
spectrum than the uncorrected one. Also the tails of the corrected interferogram show 
less noise. So, this method seems to be very efficient for reducing the fix-pattern 
noise. However not all the defects can be completely corrected; for example some 
dust particles may completely obstruct the light on a certain pixel. In this case there is 
a loss of information and the true interferogram cannot be recovered with any method. 

3.5.4 System non-linearity 
As mentioned in section 3.3.1, a nonlinear response of the detector distorts the 
measured spectrum and has consequently to be taken into account. 
In principle, the Wollaston transfer function should be perfectly linear. However, we 
preferred to measure directly the transfer characteristics of the whole system 
(Wollaston + detector) to avoid any uncertainty. To measure the non-linearity of our 
system, a constant and well-defined illumination is needed. For this purpose, we used 
an integration sphere (Labsphere US-120-SF) combined with a LED array (626 nm). 
A silicon photodiode, which is mounted in the sphere, is connected in close loop with 
the LEDs and stabilizes the output intensity. We removed the first polarizer in order to 
avoid interference patterns on the detector. The final set-up is illustrated schematically 
in Fig. 3.18. 

Wollaston + 
photodetector array 

LED array 

Close loop 
Regulation 
system 

Photodiode Integration 
sphere 

Fig.3.18: Non-linearity measurement setup. The system is illuminated by a 
homogenous and stabilized illumination system. The detector responses 
for different illumination intensities are recorded. 

For different irradiance values the response of the photo-sensor (Hamamatsu C-MOS 
linear image sensor, S5463-512Q) was measured with help of the "SpectroSolutions" 
electronics and the acquisition program described in section 3.7.3.We took the 
average value over all 512 pixels. The results are reported in Fig. 3.19. 
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Fig. 3.19: Detector 
response (in digits) as a 
/unction of the incident 
irradiance. The point 
indicates the 
measurements and the 
curve the linear 
interpolation for the points 
between 0 and 5000 digits. 
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The graph shows that the detector reaches saturation at about 7000 digits. It also 
demonstrates a good linearity between 0 and 5000 digits. The measured points deviate 
by less than 30 digits from the linear interpolation. These deviations correspond to 
approximately to l-2%o of average signal. Compared to other error sources, such as 
distortions due to local defects in the LC (section 3.5.2), the non-linearity of the 
detector response can be neglected. However, these measurements show that the 
signal should not exceed 2/3 of the dynamic range of the detector. 

3.6 Experimental performance of the spectrometer 
In this section we will discuss the experimentally determined optical performance of 
the developed spectrometer. Other characteristics, such as temperature dependence, 
has been determined with the hand-held prototype presented in section 3.7. The 
presented results (for stray light and angle dependence measurements) were obtained 
by using the setup that is schematically described in Fig. 3.20. The light is produced 
by a high power xenon lamp or a HeNe laser, which is coupled into a light-guide. A 
spatially incoherent source is created by illuminating a diffiising plate. Before being 
analyzed by the spectrometer, the light is limited by an aperture. For the biréfringent 
part of the spectrometer, we used configuration B of Fig. 3.9. The biréfringent 
elements (except the TN cell made of ZLl-1132) were made of silicone LC. In order 
to perform the fix-pattern noise correction (section 3.5.3), we placed in front of the 
wedges a switchable 20p.m thick TN cell filled with ZLI-1132 having its optical axis 
oriented at 45° (parallel to the optical axis of the wedges). The whole arregment is 
sandwiched by two sheet polarizers oriented at ±45°. For detecting the interferogram 
we placed a 512 pixels Hamamatsu detector array (section 3.7.3) at 1.5 mm behind the 
last polarizer at the plane of maximal contrast. 
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Fig. 3.20: Setup used to characterize the spectrometer. It consists mainly of a 
light source (xenon lamp or HeNe laser), which illuminates a diffusing plate 
(Lambertian emitter). The NA of the system is limited by an aperture. 

3.6.1 Stray light suppression 
We measured the stray light suppression (or noise level) of the spectrometer with two 
different light sources: a HeNe laser (633 nm) and a xenon lamp combined with a 
GG495 filter from Schott, which blocks (more than 40 dB) the wavelengths below 
495 nm. The measuremnt condition were: 

- Single shot measurement or two shots for the fix pattern noise correction. 
- Integration time 160 ms. 
- Numerical aperture NA = 0.35 corresponding to an angle of ± 20°. 
- Phase correction has been performed. 
- No "mathematical" apodization. 
- Eventual non-linearities of the detector were not corrected. 
The results for the HeNe laser are plotted in logarithmic representation in Fig. 
3.21. The same graph shows also a comparison of the spectrum obtained with and 
without fix-pattern correction. 
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fig. 3.21: Spectra 
obtained by 
illuminating the 
spectrometer with a 
HeNe laser. Stray 
light suppression is 
significantly 
increased by using 
the phase anti-phase 
correction. 

10% 

S 10 

I 

L 

Without correction 

With phase anti-phase 
correction 

400 450 500 550 600 650 700 750 800 
wavelength in [nm] 

Figure 3.22 shows the stray light suppression (in logarithmic representation) measured 
by filtering a xenon lamp with a GG495 (Schott glass) filter. The spectrum is 
normalized by the spectrum measured without the filter. 

Fig. 3.22: Spectrum 
obtained by 
illuminating the 
spectrometer with a 
xenon ¡amp filtered 
by a GG495 filter. 
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The stray light suppression between 490 nm and 420 nm is better than 20 dB. Because 
of the large absorption losses, noise becomes important for wavelengths below 
420 nm and we have a stray light suppression of only 10 dB. 

3.6.2 Transmission 
The total transmission of the system ¡s influenced by the two polarizators and the 
prisms. Ideally, if we consider unpolarized incoming light, the first polarizer absorbs 
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50% of the light and the second polarizer absorbs again 50% of the remaining light, 
which results in a total transmission of 25% (supposing that all the other elements are 
perfectly transparent). But, as we already have seen in chapter 2, the biréfringent 
elements also absorb about 30% of the light. So, we may expect a total transmission 
of about 20%. We measured the transmission of the complete system (prisms and 
polarizers) shown in Fig. 3.23 with a Perkin-Elmer spectrometer. Since we used an 
integration sphere, the forward-scattered light is also included in the measurements. 
The slightly higher obtained values around 500 nm and above 700 nm are due to 
lower selectivity at these wavelengths of the sheet polarizers. It has also to be taken 
into account that the entrance light was already slightly polarized. This explains that 
the measured values are a few percent higher than expected. 
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Fig. 3.23: Transmission curve of the spectrometer including the 
polarizers. 

As we see, the transmission decreases drastically below 450 nm. This is not only due 
to the poor transmission of the LC elements (see chapter 2) but also due to the 
absorption of the polarizers below 420 nm in this spectral region. The cut-off 
wavelength is about 400 nm. Figure 3.24 shows the spectrum of a xenon lamp, which 
can be considered as a "cold white" source, measured with the set-up (NA = 0.35) of 
Fig. 3.20. Due to the above described absorption, the intensity starts to decrease 
significantly below 450 nm. 
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Fig. 3.24: Spectrum 
obtained by 
illuminating the 
spectrometer with a 
xenon lamp. 
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For colorimetry for instance, the high absorption losses can be compensated by using 
an adequate illumination, which has a higher intensity in the blue region. 

3.6.3 Resolution 
The theoretical resolution of the spectrometer is given by Eq. (3.10). By introducing 
A=633nm, An — 0.19 and D = 200um we obtain a theoretical resolution of 
Ok = lOnm. We measured the resolution by fully illuminating the spectrometer with 
the setup described in Fig. 3.20. The result is shown in Fig. 3.25. It shows a FWHM 
of 11 nm, which is very close to the expected value. 

Fig. 3.25: 
Spectrum obtained 
by full aperture 
illumination with a 
HeNe laser. The 
measured FWHM 
is 10 nm. 
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3.7 Hand-held Prototype for reflection measurements 
In this section we will present a hand-held FTS for reflection (and transmission) 
measurements. As schematically shown in Fig. 3.26, this prototype integrates an 
illumination module, spectrometer (polarizers and modified Wollaston prism), 
detector, read-out electronic with data acquisition and processing program. All these 
elements (except the read-out electronic) were integrated in a compact mechanical 
construction (measurement head), which is shown in Fig. 3.27. 

Fig. 3.26: Spectrometer system overview f¡g ¡ 2 7: hand-held FTS 

Since the prototype is thought to be used mainly for color measurements, we tried to 
follow as well as possible the ISO recommendations [30]. 

3.7.1 Spectrometer 
To get the optimal spectrometer for the targeted application, there are two important 
parameters to choose: the design and the LC material. Since we want a compact 
spectrometer with maximum throughput, the ideal design is given by configuration B 
(Tab. 3.3). It has a large field of view and the detector can directly be placed at the 
output of the system. For the LC material we have chosen ZLI-1132 because of its 
good transmission in the blue region and the reduced scattering (see chapter 2). The 
drawback of using this material is the low birefringence, which reduces the resolution 
of the spectrometer and the temperature dependence of the birefringence. Anyway, 
high resolutions was not the main goal. In a later version of this spectrometer, we used 
LC polymer materials. 
We have built two wedge shaped cells with a 200 ^m thick spacer. The glass 
substrates with side length of 25 mm have a thickness of 0.55 mm. They were coated 
with polymide layers providing a pretilt of about 6-7° (Nissan SE-610). A TN cell 
containing also ZLI-1132 was put in between the two wedge cells as shown in Fig. 
3.4. A supplementary TN cell was placed in front of the prisms to enable the noise 
correction described in section 3.5.3. The whole system was sandwiched between two 
sheet polarizers orientated at ±45°. The detector was placed just behind the last 
polarizer and the distance from the last glass plate was adjusted to be exactly in the 
plane of maximal contrast. 
The theoretical resolution that can be obtained with such a spectrometer is given by 
Eq. (3.10). Considering that the detector covers only 60% of the maximal path 
difference, we obtain a resolution of about 30 nm (FWHM) at 700 nm. 
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3.7.2 Illumination module 
The illumination module is made of a concentric arrangement of eight LEDs; four 
white and four blue LED's (-440 nm). The blue LEDs were added to compensate the 
poor performances of the white LEDs in the spectral region below 450 nm. The probe 
is illuminated via a conical mirror that is inclined by 22.5° to the sample normal in 
order to obtain the 45° illumination requested for colorimetrie measurements [31 ]. 
To get a qualitative idea of the illumination spectrum as seen by the spectrometer, we 
measured it with a commercial spectrometer (Spectrolino, Gretag-Macbeth). The 
results is shown in Fig. 3.28. 

Fig, 3.28: Spectrum of the illumination module. 

As seen from the graph above, the spectral region from 380 nm to 430 nm is badly 
covered by the LEDs. The illumination decreases also above 700 nm. 
A more detailed description of this illumination module can be found in [32]. 

3.7.3 Detector and read-out electronic 
For the measurement of the interferogram we used a 512 pixels C-MOS linear image 
sensor from Hamamatsu (model S5463-512Q). The pixels have a width of 19 urn, a 
height of 500 p:m and the pitch is 25 urn. This detector is chosen mainly for its large 
pixels and its large saturation achieving a high S/N ratio. 
During this work we used two read-out electronics: 

1) Electronic provided by Forschungszentrum Karlsruhe with a 16 bits A/D 
converter (65536 digits) and an RS-232 communication interface. The 
measured offset was about 500 digits. 

2) Electronics provided by Spectrosolutions with a 14 bits A/D converter and a 
USB communication interface. The measured offset was about 2000 digits. 

Additive noise: 
We measured the signal coming from the Spectrosolution Board when the detector is 
not illuminated. We measured a noise of about 3 digits (for an integration time of 
80 ms). From the data received from the Hamamatsu supplier, we calculated that 
about 25000 electrons of the integrated charges are due to the dark current. The dark 
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current shot noise is thus V25000 = 500 electrons, which is 105 smaller than the 
saturation charge of 2.5-107 electrons. This corresponds to a noise of less than 1 digit. 
So, the measured noise (of 3 digits) must be due to some other reasons. 
Multiplicative noise: 
The saturation charge is attained for about 2.5-10 photons per pixel. So, we have a 

shot noise of VÌI •10 = 5000. Considering a quantum efficiency near to one, this 
corresponds for a dynamic range the 104 digits to a maximum shot noise of about 2 
digit. 

3.7.4 Processing and acquisition program 
We developed a software tool (called "Color") implemented with Delphi 4.0 to 
acquire and analyze data coming from the read-out electronics described in the 
previous section. 
The software performs data acquisition via RS232 serial port and USB port, instant 
spectrum calculation, color coordinate computation, conversion and comparison, 
automatic calibration generation, and file handling. Several options can be edited to 
visualize the effects of changes in data processing, such as error correction, white 
light correction or apodization. 
Figure 3.29 shows a Screenshot of the main window. A detailed manual, program 
structure and algorithm description can be found in [33]. 

Fig. 3.29: Screenshot of the developed software 

3.7.5 Color measurements 
We made reflection measurements of uniform colored samples with our prototype and 
compared them with the spectra obtained with commercially available high 
performance spectrometer Spectrolino, Gretag-Macbeth). The results are shown in 
Fig. 3.30. 
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Fig. 3.30: Reflectance measured with the prototype (thick line) and 
compared with the Spectrolino measurements (thin line) 

The difference between our prototype and the Spectrolino measurements reach 5% at 
some wavelengths. The color distances AE (defined in [34]) between them are situated 
between I and 3. These distances are relatively important since the human eye can 
distinguish distances at least down to 1 and in optimal conditions down to 0.2 [35]. 
The reasons for these important differences can be various (calibration errors, 
instrumental distortions, illumination fluctuations...) but the main problem is the large 
temperature dependence of the prototype, which will be discussed in the next section 
3.7. Small changes of the temperature, for example due to the heat produced by the 
illumination module, shift the spectrum by a few nanometers. Such problems can be 
avoided by using polymer LCs, which have a much smaller temperature dependence 
than conventional LCs (section 2.7). 
Another drawback of this prototype is the weak intensity of the illumination module 
in the spectral range below 440 nm. The consequence is clearly demonstrated by the 
measurements shown in Fig. 3.30. 

3.8 Temperature dependence 
For applications in uncontrolled environment it is important to have a device that is 
not sensitive to temperature variations. Unfortunately, the birefringence of LCs is 
known tobe very much temperature dependent (see section 2.1.5) and so our 
spectrometer is also. From Eq. (3.21) and by considering A as constant, we find for 
the temperature dependence of the measured wavelength 

dX _ dX d&n_ X dbn(À.T) 
dT~ dÙJi dT ~ an dT 

Since we know that the birefringence is proportional to the order parameter Q, We can 
approximate [36] the birefringence by: 
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An = An1IiS = Ann 1-ör (3.34) 

'ff-ij 

where TN-i ¡s the nematic-isotrope transition temperature, An0 is the birefringence at 
T= OK (S = 1 ), a and ßare material parameters. By differentiating Eq. (3.34), we find 
for the temperature dependence of die birefringence 

dAn A -a J1 T 
= An0 ß\ \-a 

fl-i 
(3.35) 

By replacing Eq. (3.35) into Eq. (3.33), we obtain finally 

dX _ -k OUn0 

dT~ An TN_J 
1-ff-

<*-/ 

(3.36) 

According to [37] we have approximately ß = 0.22 and a = 0,98. For ZLl-1132 we 
have TIN= 344 K. By inserting An = 0.14 at T= 290 K irto Eq. (3.36) we find An0 = 
0. 212. With these values we get from Eq. (3.36) the wavelength drift \dX/dr\ around 
X = 500 nm shown in Fig. 3.31. 

Fig.3.31: Theoretical 
temperature dependence 
of the spectrometer. The 
graph shows the 
absolute value of the 
wavelength drift per 
degree K that would be 
observed by the 
spectrometer (with ZLI-
1132) around a certain 
temperature. 
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We investigated experimentally two prototypes: a first one made of conventional LC 
(ZLI-1132) and a second one made of photo-cross-linkable LC polymer (Wacker). To 
measure the temperature dependence, the FTS prototype was put into a temperature 
controlled test chamber (Vötsch VT4004). As described in Fig. 3.10, monochromatic 
light (spectral width of AX = 5nm) is produced by a monochromator and injected into 
a plastic wave-guide that is connected to the entrance of the spectrometer. We 
recorded the localization of the measured peak every 5°C. The results are shown in 
Fig. 3.32. 
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Fig. 3.32: Temperature dependence of a prototype with conventional LC 
prototype and with LC polymer. The curves indicate the peak drift rate 
with a measured monochromatic light source (500 nm and 650 nm) at 
different temperatures. 

The wavelength drift rate (around 25°C for 500 nm) can be reduced from 1 nm/°K for 
conventional LCs to a more acceptable rate of 0.1 nm/°K for LC polymers. If we 
compare these results (ZLI-U 32 for 500 nm) with the graph of Fig. 3.31, we see that 
the theoretical values are about two times higher than the measured values. 
Note that if we introduce the temperature dependence of birefringence (UAnIaT) 
measured in section 2.3.3,2.5.1,2.5.2 in Eq. (3.33), we obtain similar results to the 
results of Fig. 3.32. An even better performance may be expected from the LC 
polymer RM-257 that is practically temperature independent. However a prototype 
with this material has not been fabricated yet. 
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3.9 Conclusion 
We summarize the actual performance of the prototype hand held FTS spectrometer. 
The investigated spectrometer that has the configuration shown in Fig. 3.9 B and is 
made of polymerized LC-silicone (Wacker). We calibrated it as described in section 
3.5.1. We performed measurements of pattern noise correction and the phase 
correction as described in section 3.5.3 and 3.5.2, respectively. The main 
characteristics of this spectrometer are listed in Tab. 3.4. 

Size 
Resolution 
Field of view 
Stray light suppression 
Average Transmission (VIS) 
Cut-off wavelength 
Temperature dependence 

25 x 25 x 6 mmJ (without detector) 
11 nm (at 630 nm) 
> 35° (depending on OPD) 
< 22 dB (for X > 420 nm) 
-15% 
410 nm 
0.1 nm/°K 

Tab. 3.S: Overview of the performances of the investigated 
spectrometer. 

Several characteristics can still be improved in the future: 
- The size of the spectrometer can be reduced to the size of the detector. 
- Stray light suppression can be enhanced by optimizing the fabrication process 

of the LC cells. 
- Temperature dependence can be reduced by using higher cross-linked LC 

polymers or by performing post-curing processing steps (see section 2.5.1). 
The other characteristics are more intrinsically dependent of the LC technology or of 
the spectrometer design and can (to the best of our knowledge) hardly be improved. 
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Chapter 4 

Other applications 

In this chapter we will briefly present two applications based on polarisation 
interferometers that use liquid crystal biréfringent elements. The first application is a 
common path interferometer based on a biréfringent lens for optical surface 
measurements. The second application is a shearing interferometer based on two 
Wollaston prisms for phase object observation in differential interference contrast 
microscopy (DIC microscopy). 

4.1 Double focus common-path interferometer 
A double focus interferometer is a polarization interferometer that uses a biréfringent 
lens as beam splitter. One beam (reference beam) is focused on a small spot of the 
surface under test and the second beam (testing beam) is expanded over the whole 
aperture and is affected by the aberrations of the system. The main advantage of these 
common-path interferometers is their insensitivity to mechanical vibration and 
thermal drift. The first double-focus interferometer for testing optical components had 
been devised by Dyson [I]. Since that time other similar interferometers have been 
built [2,3, 4, 5]. One of the principal problems of these systems is the use of an 
expensive biréfringent lens made of inorganic crystal such as calette. To solve this 
problem, Nose et al. build an interferometer using a lens made of a conventional 
liquid crystal [6, 7]. In the present work we have realized such an interferometer and 
we did investigate the possibility to use the more robust polymer LCs instead of 
conventional LCs. 

4.1.1 Principle of functioning 
The principle of functioning of the interferometer is schematically depicted in Fig. 
4.1. Monochromatic light produced by a HeNe laser (633nm) is polarized at 45° (by a 
sheet polarizer), collimateti and expanded to a diameter of more than 1 cm (diameter 
of the LC cell). The so obtained quasi-plane wave I passes through a calibrated LC 
phase shifter and a beam-splitter before attaining the biréfringent LC plano-convex 
lens. The polarization component perpendicular to the optical axis, which corresponds 
to the test wavefront T, will experience the ordinary index of the LC that is equal to 
the refractive index of the surrounding glass. So, it will not be affected until it reaches 
the test surface. The polarization component parallel to the optical axis, which 
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corresponds to the reference waveftont R, will experience the extraordinary index. So, 
it will be focused on a small spot of the test surface (when adequately positioned), so 
that the beam does not suffer from any appreciable distortion. When reflected from 
the test surface the two wavefronts travels back through the biréfringent lens and the 
beam-splitter. Ideally, the reference beam should become planar again and the test 
wavefront should carry the information about the topology of the test surface. The two 
wavefronts pass finally through a second polarizer oriented at ±45° to permit them to 
interfere. The interference pattern is recorded with a 12 bits CCD camera (Dalsa CA-
Dl). 

Collimation optic H0, n„ 
Phase retarder na*» ~ n ° 

Test surface 

Fig. 4.1: Schematic ofthe double focus common-path 
interferometer. 

The recorded interference patterns I0n, are essentially given by Eq. (1.38). We can 
rewrite this equation in a form which is better adapted to our set-up 

I0Ul=(T + Rf = A$+A2
s+2ATARcos(klV(x,y)-M 

= I0(x.y){\ + V(x.y)tm(kiV(x.y)-M} 
(4.1) 

where kW(x,y) is the phase shift produced by the profile of the test surface, V(x,y) the 
visibility, h(x,y) the mean intensity and 0n constant phase shift. So, U« contains three 
unknown functions W, V and ¡Q. TO solve Eq. (4.1 ), we need at least two more 
equations. We can obtain these equations by introducing a phase-shift between the 
two interfering waves with the LC phase retarder. If we use the phases 
0,/r/2,;r,3tf/2, and substitute these for (¡lin Eq. (4.1), we obtain the four 
interferograms 

lom, = ^ + 4 + 2ATAR cos(kW(x, y)), 

hua = 4 + 4+ 2¿T¿R sin(kW(x,y)), 

/OB,3 =4+A2
R -2ATAR coS(kW(x,y)). ' 

IoutA =4 + 4 -IA7AR sin(kW(x.y)). 

(4.2) 
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From these equations we can obtain the well-known four-phase algorithm formula 

kW(x.y) = arcian\ Iou'2 7°»f4 

'OH/I ~^01//3 
(4.3) 

Because of the reflection, if corresponds to twice the deformation of the surface 
profile. There exist many others variations of this algorithm, having various 
advantages [8,9]. 
When the tested surface varies more than one wavelength (corresponding to 2rc phase 
shift), W will show discontinuities because of the discontinuity of the arctan function. 
In order to retrieve the real surface profile, we must apply a phase unwrapping method 
on W. To perform this, we used two different programs: one method is implemented 
in Matlab and described in [10] and a more sophisticated freeware program (FRAN) 
[H]. 

4.1.2 Liquid crystal lens 
The LC lenses were realized as described in section 2.2. One of the main difficulties is 
to index matching between Ti0 of the LC and then of the BK7 glass (nBK7= 1.5167) of 
the substrate lens. We must also make sure that the birefringence of the material is 
large enough in order to get a reasonable focal length. There is a large range of LCs 
available and the index matching can be done with a certain accuracy. Of course, the 
LC should also have a large nematic range around room temperature and show good 
alignment even for thick cells. The table below proposes a collection of three nematic 
LCs with a birefringence larger than 0.13 and for which the ordinary index is 
relatively close to the one of the BK7 glass. 

Material 
ZLI 1132 
ZLI1738 
ZLI1289 

ne 

1.6280 
1.7051 
1.707 

no 
1.4910 
1.5168 
1.517 

mismatch 
0.026 
0.001 
0.003 

Tab. 4.Í: Refractive indices of different LC materials 
compared to the refractive index ofBK7 glass. 

The ideal LC would be ZLI-1738, but we could only make lenses with a good optical 
quality (no domains and low scattering) with ZLI-1132. The focal length/of the 
extraordinary polarization component is given by 

1 / Ï 1 

f r, 
(4.4) 

Where r¡ is the radius of curvature of the substrate lens and ngwthe refractive index 
of the glass. When introducing the values for ZLI-1132 and r¡ = 24,81 mm into 
Eq.(4.4), we obtain a focal length of about 0.2 m. The lens has a maximal thickness of 
0.62 mm and a diameter of 12 mm. To obtain a shorter focal length, LC with larger 
birefringence should be used (for ne = 1.8 we would get/= Ö. 1 m). A smaller radius 
of curvature would also decrease the focal length, but the lens would become too thick 
for correct alignment of the LC. 
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Figure 4.2 shows the interference fringes obtained by placing biréfringent lenses, one 
with a conventional LC and the other with a polymerized LC (LCP), between 45° 
oriented polarizers. 

Fig. 4.2: Interference fringes produces by a biréfringent lens 
placed in between polarizers at ±45°. On the left side a Jens 
made ofLCSilicone (Wacker) and on the right side a lens made 
of standard LC (BL006, Merck). 

The noisy and deformed fringes in left picture show clearly that the LCP lens has an 
insufficient quality for the present application. The poor quality is mainly due to stress 
birefringence and the presence of little agglomerates present in the LC material. The 
right pictures shows a regular and clear interference pattern which reveals good 
optical quality. 
The small mismatch between the ordinary index of ZLl-1132 and the BK.7 glass 
makes the T wavefront slightly divergent when illuminated with coilimated light. As 
shown in Fig. 4.3, this can be compensated by introducing an additional converging 
lens between the test surface and the biréfringent lens. 

Bifocal tens Test surface 

Coilimated light 

Divergent beam 
Correction lens 

Focus point without 
correction lens 

Polarization vectors 

Fig. 4.3:Set-up withg an additional correction lens. 

Wc finally have used an achromatic lens with a focal distance of 1.33 m and 
positioned ¡t so that the divergence of the ordinary beam is compensated. 

4.1.3 Astigmatism of the liquid crystal lens 
The LC bifocal lens shows a strong astigmatism, i.e. the extraordinary wavefront 
(here the reference beam R of Fig. 4.1 ) that has traversed the LC lens is curved 
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differently along the x-axis than along the y-axis. As already been studied by Nose 
[7], this asymmetric effect is due to the alignment of the molecules. Figure 4.4 shows 
the alignment of the LC molecules that follow the curvature of the lens. In the y-
direction, the molecules are all oriented parallel. In the x-direction however the 
orientation of the molecules changes making an angle ^ with the normal to the 
incoming light. From Eq. (1.7) we know that the extraordinary index change with 6. 
So, the phase shift between the two polarization components will be different in point 
A and point B. This will produce an asymmetric phase shift pattern over the lens. 

Fig, 4.4: Alignment of the 
LC molecules in the 
bifocal lens. 

y 

Optical axis 

LC molecules 

Note that for a lens made of inorganic crystal where the optical axis is oriented 
homogcnously over the whole lens, we would not observe this asymmetry. 

We have calculated the astygmatism produced by a plano-convexe LC lens as shown 
¡n Fig. 4.4. For this purpose we have calculate the optical path for every x,y 
coordinate by taking into account the angular distribution of the optical axis and the 
thickness variation. 

Fig. 4.5: Transverse view 
of a plano-convexe LC 
lens with the glass 
substrate 

ytv 
5 ^ 
\a 
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From Fig. 4.5 we can deduce the thickness variation 

d,=D-(rt -I) = D-[T1-^-R2), (4.5) 

of the LC lens, where D and ri are the maximum thickness and the radius of curvature 
of the LC lens, respectively. R is the distance between the central axis and the point of 
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interest. If we consider the reference of the coordinate axes on the central axis, we can 

introduce R = ,Jx2 +y1 and get 

d,(x,y) = D-(r,-Jr*-**-/), (4.6) 

The angular distribution of the optical axis is given by the alignment of the 
molecules. Figure 4.6 shows the alignment variation of the molecules in the z 
direction for the arbitrary coordinates x, y. We divided the lens in infinitesimal cells 
(dxdydz) where the alignment is considered as being constant. 

Fig. 4.6: 
Angular 
distribution of 
the LC ^ . 
alignment x Ä 
along the Z 1 dz 
axis. v (•?—• 

, LC molecules 

lltirHIMMMM\ 

The inclination of the molecules (or optical axis) is given by the angle S(z), which 
varies linearly in the direction of z from n/2 to ft. So, 

*<W) = | + ^ ( * , . y ) - | | , (4.7) 

Supposing that the pretilt angle is zero, ft is equal to the angle made by the tangent to 
the surface (in the x-z plane) with the z axis. From Fig 4.5 we can deduce 

8s(x,y) = arelan +—= arctan 
2 {d,{xty)-D + r, 

By using arctan (a/è) = arcsin (a/Vo1 +61I , we get 

r?-x*-f 
K 

+ —. 
2 

(4.8) 

9s(xty) = arcsin (yf<Jr?-x2} +nfl. (4.9) 

The optical path of the extraordinary wave 

^ = J nt{e)dz + ngbs,{D-d,{x,y)). (4.10) 
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is given by the contribution of the LC lens and the lens substrate. By inserting 
riefe) from Eq. (1.7), Eq. (4.6) and Eq. (4.7) into Eq. (4.10) we finally get 

¿-%U^ir^^JvsmlrJ^rl * <4,» 
+ "^(D-d^y)) 

where d/(x,y) is given by Eq. (4.6) and ft by Eq. (4.8). We could determine the focus 
points of the extraordinary wave by introducing r¡ = 24.81 mm, no = 1.491, «f = 1.628, 
D = 0.62mm, nguas = «BA7 in Eq. (4.10) and by solving the integral numerically. We 
found for the x axis (parallel to the rubbing direction) the focal line at f, = 225,0 mm 
and for the y axis fy = 223,5 mm. So, we have an astigmatic difference of fx-fy = 
1.5 mm. 

With the help of the set-up of Fig. 4.1 we could determined the astigmatism of the LC 
lens experimentally. We used as test surface a planar mirror positioned 
perpendicularly to the propagation direction of the test beam. If the optical system had 
no aberration and if the mirror was in the focus point of the reference beam than we 
should obtain a perfectly uniform interference pattern. Instead of this, we obtained the 
interference pattern shown in Fig. 4.7. The interference patterns of Fig. 4.7b and c 
where obtained by positioning the test surface at 1 mm and 2 mm, respectively, from 
the position corresponding to the interference pattern of Fig. 4.7a. 

(a) (b) (e) 
Fig. 4.7: Interference patterns obtained with aflat mirror positioned at 
0 mm (a), at 1 mm fb) and at 2 mm (c). 

Interference pattern (a) corresponds to the situation where the extraordinary wave (or 
reference beam) is perfectly focused along the x-axis but not along the y-axis. 
Interference pattern (c) corresponds to the inverse situation. Interference pattern (b) 
corresponds to a configuration where the mirror is placed in between the two focal 
lines and the intensity varies in both directions. From these measurements, we can 
deduce that the focal lines corresponding to the x and the y axis are separated by 
2 mm (distance between interference pattern (a) and (b)), which is in good agreement 
with the theoretical value of 1.5 mm obtained by Eq. (4.11). 

4.1.4 Electro-optic phase retarder 
In order to perform the phase shift needed for the four phases algorithm, we used a 
6 urn thick switchable planar nematic LC cell. The phase retardation produced by the 
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cell varies with the applied voltage. Figure 4.8 shows the principle of the phase 
retarder. The applied voltage produces an electric field, which tends to align the LC 
molecules perpendicular to the surface. For 45° polarized light, the phase shift 
between the two polarization components depends on the tilt angle Öof the optical 
axis (see Eq. (1.7)). 
It will be zero for 6= 90° and And for O= 0°. So, the phase shift will vary with the 
applied voltage. 

ru 
Direction of 
optical axis 

^ ITO Electrodes 

Fig. 4.8: Schematic of an electro-optical phase retarder based on a LC cell. The 
strength of the applied electric field imposes the tilt of the optical axis and so the 
phase retardation. 

The dependence between of phase retardation and the applied voltage has been 
determined experimentally. The phase retardation was measured by placing the LC 
cell in a polarization microscope equipped with a calibrated Leitz 5X compensator. 
The results are shown in Fig. 4.9. 

Q. 04 

0 phase shift 

Voilage RMS [V) 

Fig. 4.9: Calibration curve of the phase retardation of the LC cell as a 
function of the applied voltage. 
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4.1.5 Experimental results 
With the set-up of Fig. 4.1, we measured different reflective test surfaces. Figure 4.10 
shows the surface profile obtained for the flat mirror over a surface of about 16 mm2 

(250 x 300 pixels and 1 pixel = 15 ¿im x 15 u.m). 

x [pixels] 

Fig. 4.10: Measured surface profile of aflat mirror. The covered area is about 
4mmx4mm, 

The measured curvature in the x direction comes from the uncorrected astigmatism of 
the LC double focus lens, as discussed in the previous section. Since we cannot 
distinguish between the phase shift due to the surface and the phase shift due to the 
lens, the additional retardation caused by the asymmetry of the lens on the reference 
beam is directly visible in the measurement of the test surface. Of course, this 
measurement artefact can be recorded and subtracted for the following 
measurements. 
From the local irregularities (less than 50 nm fluctuations) present on die measured 
surface (if we suppose the real surface to be perfectly flat), we can conclude that the 
measurement precision for the present interferometer is not better than V\ 0. 

4.1.6 Conclusion 
We have shown that with the presented interferometer we can make measurements 
with a precision of only A/10. Actually, this precision is relatively modest compare to 
other high-end common-path interferometers (mostly dedicated to special surfaces) 
which have precisions up Io A/1000. The present version of the interferometer shows 
also other some limitations: it cannot be miniaturized (smaller than 10 cm) because of 
the limited thickness (thus curvature) and birefringence of the LC used for bifocal 
lenses. It also gives noisy measurements due to the poor quality of the optical 
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elements (polarizers and LC lens) which have been used in the present setup. Better 
results are expected with optical elements of higher quality as for instance prisms 
made of calcite and Glan-Thomson polarizers. However, this would make the device 
more expensive. Another important limitation of such interferometers is that the tested 
surfaces should not present large gradients of depth variations. If this not the case, the 
measured interference pattern will show frequencies that die CCD camera cannot 
resolve and aliasing effects will occur. 
We also tried to make Uiick lenses made of LCP, but material shown too many defects 
to obtain a similarly good alignment as for the conventional LC lenses. 
We have calculated and measure the astigmatism produced by the asymmetric 
alignment of the LC molecules. The calculations and the measurements are in good 
agreement. 

4.2 Polarization interference microscope 
The system that we present here is a polarization interferometer for phase object 
observation in microscopy (Differential Interference Contrast microscopy DIC). DIC 
is a widely used method for observation of colorless transparent objects such as 
cultured cells for example. These object show no clear contrast when observed with a 
conventional microscope. However, a DIC microscope is a relatively expensive 
equipment because ¡t comprise precise biréfringent prisms mostly made of inorganic 
crystals, such as quartz or calcite. To overcome this drawback, we present here a DIC 
microscope that is made of more affordable LC (polymer) prisms. 

4.2.1 Principle of DIC microscopy 
In DIC microscopy two lateral sheared images are created. One image is related to the 
ordinary polarization component and the other image to the extraordinary polarization 
of the light. We can principally distinguish two types of shearing interferometers: The 
total doubling interferometer, where the shear is greater than the linear dimension of 
the phase object, and the differential interferometer, where the shear is much smaller 
than the object dimension. The first interferometer type is not very practical since for 
large phase objects the lateral shear that can be obtainable with the interferometer may 
not be sufficient for total doubling. So, we choose here to consider a differential 
interferometer with a lateral shear is roughly equal to the resolving limit of the 
microscope. When diese two slightty shifted ¡mages are superposed to interfere, the 
interferogram reveals die gradient of die optical thickness of die observed object. The 
most widely used DIC is the Smith interferometer witíi two modified Wollaston 
prisms for die polarization splitting. Figure 4.11 illustrates die principle of die 
apparatus. The light passes first a through a polarizer that polarizes the light at 45°. 
Then it passes dirough die first modified Wollaston prism (or Normarski prism) Nl to 
produce a lateral share between the two polarization components E and O indicated by 
die dashed lines. It is placed so that die front focal plane of the condenser coincides 
with the plane of the fringes of the prism. The two rays traverse the phase object at 
slightly different points. The light is then collected by die objective and me rays are 
recombined witii a second Nomarski prism N2. N2 is placed (as Nl) so diat the rear 
focal plane (dashed line) of the objective coincides with die plane of die fringes. 
Finally, the light passes the second polarizer to enable the two polarization 
components to interfere. 
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The Nomarski prisms can in principle be replaced by conventional Wollaston prisms, 
as it is the case in the Smith-type DIC microscope. But since the back focal length of 
the objective is generally small, the Wollaston prism, that has his plane of apparent 
splitting inside the system (see section 1.3.5), must be placed very close to the 
objective. This is for practical reasons not always possible. 

Fig. 4Jl: Schematic overview of 
the Smith interferometer. 

2nd polarizer 

Nomarski prism N2 

Plane of fringes 

Phase object 

* - Condensator 

Plane of fringes 

Nomarski prism N l 

1 * polarizer 

One has to be aware that off-axis rays (dotted line) will have different phase shifts 
than the on-axis rays because, they pass through Nl at different positions. N2 
compensate the phase shift produced by Nl if the following condition 

<*i-fi=<*2-f2 (4.12) 

is fulfilled [12], where a] and 0:2 are the splitting angles of Nl andN2 respectively,// 
is front focal distance of the condensator andy) the rear focal distance of the objective. 
If this condition is fulfilled, the prisms are said to be conjugated. 
A similar set-up can also be used for reflection DIC. In this case, the setup 
corresponds roughly to the upper half of Fig. 4.11; the same Nomarski prism is used 
for the splitting and the recombination of the two rays 
Note that the DIC system has to be used preferably with strain free objectives in order 
to avoid any additional biréfringent phase shift. Also plastic substrates are not 
recommended for the same reason. 

4.2.2 The Françon-Yamamoto configuration 
For our purposes, we need a design that can be implemented with the developed LC 
technology and that can be easily installed in a conventional polarization microscope. 
The main problem of the Smith interferometer shown in Fig. 4.11 is the necessity of a 
tilted optical axis in the first wedge of the Nomarski prism. Only small tilts can be 
obtained with LC polymer technology (maximum 7°) and the prisms have to be 
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placed very accurately. Moreover, the back focal plane of the objective is not always 
accessible. To avoid these difficulties, Françon and Yamamoto [13] have devised a 
system that is based on two conventional Wollaston prisms and which do not need to 
be positioned at a specific place. The schematic setup of the system is shown in Fig. 
4.12. As for the Smith interferometer, the two Wollaston prisms must be conjugated 
in order to compensate the phase shift that they produce for off axis rays. The 
conjugation condition (Eq.(4.12))can be expressed as 

"(Cl M cond "IF 2 M. obJ< (4.13) 

where Vw, are the frequencies of the fringes produced by the Wollaston prisms on its 
own, Mcond and M0bj are the magnification of the fringes produced by the condenser 
and the objective, respectively. These magnification terms depend of course on the 
position of the Wollaston prisms. If this condition is fulfilled and the prisms are 
oriented so that their birefringence is compensated, wc obtain a uniform illumination 
(without object sample). 

Fig. 4.12:Schematic setup 
of the Françon-Yamamoto 
interferometer. The dashed 
rays show the paths 
followed by the ordinary 
(O) and extraordinary (E) 
rays. The continuous lines 
represent the light paths 
without considering the 
polarization splitting. 
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The dashed lines O and E represent the ordinary and extraordinary rays created by the 
splitting for an off-axis incoming ray at the Wollaston prism Wl. They intersect in the 
plane of fringe localization. Then, they pass through the sample at two slightly 
separated points indicated by the white dots. After passing the objective, the two rays 
are set parallel by the Wollaston prism W2. Finally, the 2nd polarizer makes the two 
rays to interfere. The main difference of this system compared with the Smith 
interferometer is that the fringes are localized near the front focal plane of the 
objective and not in the back focal plane. This configuration has several advantages: 

- W1 and W2 are not required to be placed at a specific positions, as in the case 
of Fig. 4. ] 1. However, the objective and the condenser have to be adjusted so 
that the fringes belonging to the two systems are both imaged in M, 

- The optical axis of Wl and W2 do not need particular tilt angle, which is 
particularly advantageous when using LC technology. 

- Since the birefringence induced by W2 is compensated by Wl (if W] and W2 
are conjugated), the whole aperture can be used (as for the Smith 
interferometer). 

4.2.3 Experimental results 
We realized the Françon-Yamamoto configuration shown in the previous section, with 
the LC technology described in chapter 2. 
We have fabricated a first Wollaston prism pair having thicknesses of 125 urn and 
36 pirn, respectively. We did insert the prisms in a Leica DMRX polarization 
microscope. We adjusted the positions of Wl (125 (im), W2 (36 urn), the objective 
(2Ox, NA = 0.4) and the condensator to fulfill the condition of Eq.(4.13). 
Experimentally, this condition is satisfied when a uniform illumination is observed in 
the object plane. We could not obtain a perfect compensation over the whole aperture 
because of the deformation of the Wollaston prisms. However, we finally succeed to 
end up with the configuration described in Fig. 4.12. 
The phase objects (samples) were fabricated by immersing transparent 
microstructures in a fluid with a similar refractive index. These transparent samples 
can hardly be observed with a microscope, which is not equipped with DIC. 
Figure 4.13a shows a plastic grating with a period of about lOjim that is immersed in 
a close index matching fluid. Fig. 4.13b shows that turning the same grating by 90° 
makes the interference pattern disappear. This can be understood if we consider that 
only optical path gradients in the plane of splitting can be observed with this 
interferometer. 
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(a) (b) 

Fig. 4.13: (a) lOfim grating immersed in index matching fluid observed with the 
Françon- Yamamoto interferometer, (b) Same grating turned by 90°, the grating 
is now parallel to the splitting plane of the wollaston prisms and the interference 
pattern disappears 

Figure 4.14a shows an array of micro-lenses (diameter of about 0.1 mm) immersed in 
an close index matching fluid observed with the interferometer. The picture renders a 
three dimensional impression of the structures and also reveals the presence of small 
defects. Figure 4.14b shows the same sample when the second polarizer is removed, 
which is equivalent to "switching off" the interferometer. 

(a) (b) 

Fig. 4.14: (a) Array of micro-lenses immersed with an index matching fluid 
observed with the liquid crystal DIC apparatus, (b) The array cannot be 
observed when the DlC apparatus is removed. 

We have fabricated a more robust second pair of Wollaston prisms made this time of 
LC polymer (RM-257). The prisms have thicknesses of 50 urn and 125 u\m, 
repectively. As previously described for the first pair, we adjusted the optical 
elements of the microscope to get the desired configuration. Similar results as shown 
in Figures 4.13 and 4.14 were obtained. Figure 4.15a shows a picture that has been 
obtained with the polymer variant. It represents interference pattern obtained by 
looking at the surface of a fluid disturbed by a dust particle. The variation of the 
fringe spacing indicates that the surface is strongly bend in the neighborhood of the 
particle. Figure 4.15b shows the same particle when the DIC interferometer is 
"switched of f by removing the second polarizer. 



Chapter 4. Other applications. 4.15 

(a) (b) 

Fig. 4. ¡5: (a) Interference pattern that shows the topology ofafluidic surface 
deformed by a dust particle, (b) The same surface observed without second 
polarizer (interferometer is disabled). 

4.2.4 Conclusion 
We have demonstrated here that it is possible to replace conventional inorganic 
biréfringent elements by LC elements to perform good quality DIC measurements. 
Moreover, this application does in principle not need very thick elements compared to 
the FTS-spectrometer or the double focus interferometer describe in section 4.1. So, 
optical elements without too many defects and scattering losses can be achieved. The 
Françon-Yamamoto configuration is well suited for the LC technology, because it 
does not need biréfringent elements with highly tilted optical axis. Also, it presents 
the advantage that it can be installed in any polarization microscope having adjustable 
condensator and sample position. 
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Chapter 5 

Conclusion 
Passif biréfringent optical elements made of LC technology offers many advantages 
compared to inorganic crystal: 

- It permits to introduce twisted optical axis or hybrid alignments such as the 
planar-homeotropic alignment (Inorganic crystals are essentially limited to 
planar alignments). 

- By using gratings or photo-sensible alignment layers (chapter 2), small 
domains with different orientation of the optical axis can be obtained. 

- By using adequate substrates or molding technologies a wide variety of 
shapes, such as lenses (chapter 4) or even micro-structures, can be fabricated. 
Fabrication of LC elements is relatively inexpensive. 

In chapter 2, we have investigated different type of LC materials such as nematic, 
smectic or polymer LCs. We found that the latter is particularly well suited for 
industrial application because of its robustness and its low temperature dependence. 
We have also shown that the LC polymers are compatible with several alignment 
methods, such as the alignment with rubbed polymide, photo-polymerized layers, and 
that components with good optical quality can be obtained. By using adequate 
molecules, good alignment with reasonable magnetic fields may be obtained, which 
opens new perspectives for making thicker components. This wide range of alignment 
technologies, which permit to play freely with optical axis, offers new design 
possibilities. 
Design of complex biréfringent systems is still not a very common task. One major 
difficulty is to simulate optical system containing elements with twisted structures. 
We have shown that it is possible to simulate such systems by methods that have been 
implemented in a commercially available polarization ray-trace program. These 
methods have been applied to the polarization interferometer treated in chapter 3. The 
simulated angular dependence and the interferograms were in good agreement with 
the experimental results for incidence angles up to 35°. 
With the help of the developed technology and design methods, we realized a low-
resolution hand held Fourier transform spectrometer. We found a novel compact 
design having an acceptance angle of at least ±35° (for zero OPD) and a resolution of 
10 nm (at 633 nm). By using LC polymer instead of conventional LCs, we achieved to 
reduce the temperature dependence by at least a factor of 10 to less than 0.1 nm/K. 
We also have increased significantly the SNR (about a factor of 5) by making 
phase/anti-phase measurements by switching the entrance polarization state with a 
twisted nematic cell. The main disadvantage of the spectrometer is the weak 
transmission for wavelengths below 420 nm. 
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In chapter 4, wc have presented two other applications, which are also polarization 
interferometers. The first application is a double focus common path interferometer, 
which is used for surface measurements. We have shown that the measurements were 
distorted by the inherent astigmatism of the biréfringent lens. We only obtained a 
measurement precision of A/10, which is very low compared with classical versions of 
this kind of instruments. The second application is a shearing interferometer for 
differential interference contrast microscopy. We installed it in a conventional 
polarization microscope. We obtained representations of the observed phase objects of 
good quality, which indicates that the expensive calcite or quartz elements used for 
such devices can throughout be replaced by LC polymer elements. 
In general, interferometry requires precise optics. In this thesis, we have shown that 
LC (especially LC polymer) biréfringent optical elements can be used for such 
applications. However, corrections such as the phase or background corrections for 
the spectrometer or the astigmatism correction for the LC lens are necessary. 
Ideally, due to the absorption, LC polymer elements should be used for application in 
die VIS and NlR. Also, the elements should not exceed a few hundreds micrometers 
thickness because of the scattering losses and the alignment difficulties. In 
technologies such as micro-optics or integrated optics where the devices are small, 
these conditions are fulfilled. So, LC polymers can advantageously be used in 
combination with these technologies. Moreover, other interesting functions such as 
Bragg reflectors made of cholestcric polymer LCs may also be integrated. Since the 
ñeld of LC polymers is relatively new, progress is expected and materials with better 
or new properties will enlarge the range of possibilities. By playing with all these 
elements, one should be able to design in the future compact systems, which have the 
polarization state of light as a new degree of freedom. 
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Compact static Fourier transform spectrometer 
with a large field of view based on liquid-crystal 
technology 

We present designs of static Fourier transform spectrometers Uint lire bused on a Wollaston prism with 
a large field of view. Besides the usual advantages of static Fourier spectrometers (largo resolving 
power, large wave-number range, high throughput), these designs nlso present the advantage of using 
relatively cheap liquid-crystal technology. Tbc use of twisted liquid-crystal structures gives a large field 
of view, which ¡n turn gives the ability to collect more light from a divergent light source. Measurements 
are compared with simulations. Different simulation principles are used. We found new configura­
tions by using twisted structures that show a largo field of view. O 2002 Optical Society of America 
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1. Introduction 
A Fourier transform spectrometer (FTS) operates by 
splitting an incoming beam into two parts, applying a 
differential phase shift, and then recombining the 
beams. This phase shift is varied either temporally, 
for instance by translating a mirror in a Michelson-
type interferometer, or spatially, like in a tilted mir­
ror Michelson-type interferometer. The spectrum 
can be found by applying a Fourier transform on the 
measured intensity pattern. The main advantages 
of the FTS are the large optical throughput (Jacqui-
not advantage'), the multiplexing (Fellgett advan­
tage2), and the wide spectral coverage. Moreover, if 
the phase shifts are varied spatially, then there are 
no moving parts anymore, and the whole interfero-
gram can be acquired on a detector array.3 

The FTS designs, which we present, are polariza­
tion interferometers4 and use modified Wollaston 
prisms. The incoming linear polarized light is split 
into two orthogonal polarized components that un­
dergo different optical paths. The resulting phase 
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shift varies spatially. The polarization components 
are recombined at the output of the prism by a po­
larizer and transformed into an intensity pattern. 
TWs type of FTS does not present the usual disad­
vantages, such as alignment difficulties and vibration 
sensitivity. Several designs based on a Wollaston 
prism have already been proposed.*-7 These de­
signs use conventional biréfringent materials. As a 
result of the relatively low birefringence Un of crystal 
materials such as quartz (An = 0.01), the systems are 
often bulky. In this paper we describe new designs 
that use liquid-crystal (LC) technology,8 which offers 
the possibility of applying LC cell fabrication pro­
cesses. The birefringence of LC materials can be 
higher than that of calcite (An > 0.17), and the tech­
nology opens new design perspectives with a twisted 
optical axis (twisted nematic cells). We present sev­
eral designs having a large field of view. 

2. Design Principles 

In principle, every biréfringent system that induces a 
spatially varying phase shift can serve as a polariza­
tion interferometer.0 The shape of the interference 
fringes depends on the geometry of the biréfringent 
elements. One can use biréfringent prisms or lenses 
to build up such interferometers. 

Using LC technology with twisted structures of the 
nematic liquid crystal (i.e., rotation of the optical ax­
is), one can manufacture new unusual designs of bi­
réfringent prisms. Here we want to limit our 
attention to biréfringent prisms that have a 0* or 90" 
twist. Because of increasing complexity, we study 
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only those systems that have a mairi mum of three 
biréfringent elemente. There are many possible com­
binations of twiated and planar LC cells. Beside the 
normal Wollaston configuration, a twisted-twisted 
Wollaston prism, a planar-planar configuration with a 
twisted nematic cell in between, a planar-twisted Wol­
laston prism, and a planar-twisted configuration with 
a twisted cell in between are also possible. We dis­
cuss in detail the results for the first three possibilities. 
The general idea is to change the direction of polariza­
tion with respect to the wedge angle by rotating it with 
biréfringent elements. These elements must be non-
dispersive. Therefore twisted LC layers are used, 
which can rotate a linear polarization without chang­
ing the state of polarization. 

However, this perfect rotation of the polarization is 
only achieved if the so-called Mauguin condition10 is 
fulfilled. This condition states that the waveguiding 
or adiabatic regime for a 90° twisted cell takes place 
if the birefringence times the cell thickness is large 
compared with the wavelength; that is, An d/X <K 1. 
If this condition is not fulfilled then the polarization 
components do not follow the twisted optical axis 
without changing their state of polarization, and this 
introduces contrast reduction and interference pat­
tern distortions. For the thick twisted LC struc­
tures that we used in our experiments, the Mauguin 
condition is always fulfilled, except at very thin re­
gions of the wedge cell where the thickness of the cell 
becomes smaller than 10 \im. The phase shift for 
each component of a certain polarization is approxi­
mately the same as for a planar structure and is given 
by the product of the thickness of the layer and the 
ordinary or extraordinary refractive index,10 respec­
tively. 

To start with, the principle of the polarized FTS is 
explained by using the conventional Wollaston prism. 
Figure 1 schematically shows the principle of a static 
polarization FTS. The first biréfringent element of 
the Wollaston prism has its optical axis along the y 
direction. The incoming light ia linearly polarized at 
£45° by the first polarizer and can be decomposed 
into two orthogonal polarized components: a TM 

component parallel to the x axis and a TE component 
parallel to the y axis. In the first prism, the TM 
polarization is parallel and the TE polarization is 
perpendicular to the optical axis, respectively. 
Therefore, TE polarization sees an ordinary refrac­
tive index of nB and TM polarization sees an extraor­
dinary index of ne. In the second prism, the optical 
axis is rotated by 90° with respect to the first prism. 

Consequently, the TE component now experiences 
nt and TM experiences n0. Because of the geometry 
of the Wollaston prism, which is composed of two 
wedges, a linearly varying phase shift along the y 
direction is introduced between the two components. 
For normal incidence the phase shift B is given by 

S = (2ir/X)2y(nt - njtan 9, (D 

where 8 is the angle of the wedges and y is the posi­
tion along the y axis. A second polarizer at ±45° is 
placed at the output of the Wollaston prism to recom­
bine the two orthogonal polarization components and 
to produce an interference intensity pattern in the 
detector plane. Note that in the center (y = 0), 
where the thickness of the wedges is equal, the phase 
shift S becomes zero. The observed interferogram 
for monochromatic light at normal incidence has the 
form11 

I = Z0[COS' X - sin 2<t sin 2(4 - x)sina(6/2)], (2) 

where <[> is the angle of the first polarizer with respect 
to the x axis, x is the angle between the two polariz­
ers, /0 is the intensity of the incoming light, and 5 is 
the spatial varying phase shift given by Eq. (1). In 
our case, for parallel polarizers x = 0° and with a 
polarizer angle of $ = 45°, the detected intensity 
becomes 

I = I0[I - sin2(6/2)i = /a[cos2{8/2)]. (3) 

In this idealized cose for monochromatic light and 
normal incidence, the intensity modulation is strictly 
periodic in the y direction and looks like a cosine-
squared interferogram. For polychromatic light, 
one has a superposition of such interferograms with 
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Fig. 2. Central fringe of the interference pattern gives the accep­
tance angle (or field of view). 

dînèrent spatial frequencies. A Fourier transform 
of the obtained spatial intensity distribution provides 
with adequate calibration Ute spectral power density 
of the incident light, and hence the spectrum. There 
arc several alignment requirements to fulfill: the 
parallelism of the polarizers (the angle x). the po­
sition of the polarizers with respect to the optical 
axes of the prißms (angle ¢), and the orientation of 
the optical axis of the prisms itself. If the align­
ment of the optical components is not perfect, then 
the intensity is changed according to Eq. (2). If we 
assume a small alignment error of an angle Ax 
between the two polarizers, then, for parallel polar­
izers under 45* with respect to the optical axis, Eq. 
(2) becomes 

I = /„[COBVAJÍ) - Bin[(ir/2) + 2iX]sinï(&/2)J. (4) 

For small Ax, light intensity I does not change much 
because cos2 (Ax) and sin(ir/2 + 2Ax) ° cos(2Ax) are 
near the extreme points. It can be shown that in­
tensity I is also insensitive to small variations of ¢. 
Therefore, the alignment of the optical components is 
not critical and the contrast reduction caused by such 
misalignments is small. 

The resolution Av (in wave numbers) of a FTS is 
given by Av = |1/AL|, where AL = 2AnT is the max­
imum optical path difference across the used aper­
ture. With Av = - A \ / \ 2 one finds 

ù,\ = \'/&L = \*/2Tan, (5) 

where 27" is the total thickness of the Wollaston 
prism and An is the birefringence. 

The path difference between the two polarization 
components changes with the angle of incidence of 
the incoming light. As schematically shown in Fig. 
2, different rays, which are focused in the same point 
of the cell, traverse the Wollaston prism at different 
angles. Because of the angular dependence of the 
system, the two polarizations in these rays undergo 
different phase shifts. If the Wollaston prism is 
placed between crossed polarizers, an interference 
pattern is produced in the far field as shown in Fig. 2. 
The size of the central fringe gives a good indication 
of the angular dependence. Generally, we want to 
have a small angular dependence because rays arriv­
ing at the same point with different phase shifts re­
duce the interference contrast. The acceptance 

angle {field of view) corresponds to the range of input 
angles for which the reduction of the contrast is ac­
ceptable. In general, the field of view can be defined 
as the maximum angle7 for which the path difference 
of the two polarization components for different rays 
does not vary by more than X/2. For practical pur­
poses, one uses much smaller angles to have a suffi­
cient contrast of the interferogram. The acceptance 
angle depends on the design, and for that purpose 
wide-angle double Wollaston prisms have already 
been developed.6-7 

LC technology offers a variety of new designs, but 
there are limitations too. The scattering and ab­
sorption losses might be much larger for thick LC 
cells than for conventional crystal Wollaston 
prisms. For a Wollaston prism made of a ncmatic 
mixture (such as BL006 from Merck) with a thick­
ness of 200 u.m with An = 0.28, the scattering losses 
are approximately 15% and absorption losses can be 
approximately 35% for certain wavelengths. With 
adequate polarizers, such a spectrometer can be 
used in the wavelength range from 400 nm Lo 2000 
nm. For practical applications one has to be aware 
that the birefringence of the LC is temperature de­
pendent and has a relatively large dispersion.11 

As a result of the manufacturing process, a pretilt 
angle of the optical axis with respect to the sub­
strate surface is always present. This inclination 
of the optical axis shifts the center of the interfero­
gram and influences the localization of the plane of 
maximal contrast. 

3. Optical Design Simulations 

The optical design of a static FTS based on polariza­
tion of light can be simulated in different ways. A 
calculation of phase differences for polarized light is 
possible with ray tracing, including polarization ef­
fects of anisotropic materials. In this concept, re­
fraction is taken into account by splitting rays at each 
surface and propagating the polarization components 
separately. Such simulations can be performed 
with commercially available programs. We used the 
nonsequential ray-trace program known as ASAP.13 

This simulation program has the ability to simulate 
anisotropic materials, that is, crystals, which are uni­
axial. At the interface of the crystal, rays are split 
into an ordinary ray and an extraordinary ray with 
respect to the orientation of the local optical axis. At 
the detector plane the rays are coherently added. 
We consider our LC cells as ideal uniaxial crystal 
wedges without scattering or geometrical defects. 
Polarizers are also considered as ideal and are mod­
eled by ASAP by using the Jones calculus. Materi­
als with a twisted optical axis (e.g., twisted nematic 
cells) are more difficult to simulate. As shown in 
Fig. 3, we model the twisted nematic LC configura­
tion by dividing the wedge cell in a set of slices with 
increasing rotation of the optica] axis. This means 
that in the direction of light propagation the optical 
axis of each slice is rotated by a constant amount with 
respect to the previous one. Unfortunately, we had 
to limit the calculation to 14 slices (7 per wedge), 
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Fig. 3, Schematic representation of Che alice model used to Rim-
ulnte twisted nerantk wedge cells in the ASAP program, The 90* 
twisted optical axis (represented by the Arrows) is divided in slices 
with discrete rotation oogtes. 

because the splitting doubles the number of rays at 
each interface and consequently the computing time 
becomes too important. 

A different approach neglects the splitting of rays 
at the surfaces and calculates only the phase shift 
between the ordinary and extraordinary polarization 
components. Conventional matrix methods for po­
larizations optics Buch as a Jones matrix or the Ber-
reman matrix method10 are usually applied in this 
case. We used a commercial program1* (LCD Mas­
ter from Shintech) that was developed for the opti­
mization of LC display optics. This program can 
only handle planar geometries, and therefore our 
wedge geometry cannot be exactly modeled. How­
ever, considering the small wedge angle of less than 
Ia, we can assume that we have a locally planar 
configuration. When calculating the angular depen­
dence of the transmitted light intensity between po­
larizers, the program focuses the light exactly in the 
center of the system, which does not always coincide 
with the plane of maximal contrast. Fresnel reflec­
tion losses at the interfaces were taken into account. 

We will see that both simulation methods, that is 
beam splitting and Jones matrices, give similar re­
sults. The simulations are also in good agreement 
with the experimental observations. The Jones ma­
trix method with LCD Master has the advantage of 
short computation times, and the system configura­
tion can be easily defined in the program. However, 
this method is limited to angular dependence studies 
and allows only planar configurations. In contrast, 
when twisted configurations are encountered, the 
beam splitting method with ASAP is delicate to im­
plement and the computation time is important. 
However, ASAP permits us to implement biréfrin­
gent elements of any geometry and to add any other 
optical component in the system. 

4. Experiment 
To fabricate the LC cells, we used squared 25 mm x 
25 mm glass substrates with a thickness of 0.5 mm. 

The glass substrates were cleaned in an ultrasonic 
bath and coated with Dupont-Hitachì PI 2545 poly-
imide by spin coating. The polyimide was then po­
lymerized and mechanically rubbed parallel to the 
desired orientation of the LC director. The pretilt 
angle for the polyimide PI 2545 is approximately 3°. 
Plastic spacer foils with a thickness of 200 urn were 
used and placed on one side between the substrates to 
obtain a wedge-shaped cell. The orientation of the 
rubbing direction allows for the construction of pla­
nar and twisted cells. Twisted cells with a 90* twist 
were manufactured by assembling the glass sub­
strates with perpendicular rubbing directions. A 
chiral dopant {Merck CB15) was added to the LC for 
the twisted cells in order to avoid domains with dif­
ferent rotating directions. The substrates were then 
glued together and filled through the open sides with 
highly biréfringent nematic LC (Merck BL006, An = 
0.28). After relaxation of the LC texture, the cells 
were completely sealed. Two wedge-shaped cells 
were finally brought together to form a Wollaston 
prism. 

To study the angular dependence experimentally, 
we used the conventional conoscopic DIeIhOd.18,19 

We observed the back focal plane of the microscope 
objective. The observations were made with a po­
larizing microscope (Leica DMRX). Interference fil­
ters were used for different wavelengths. A 
condenser with a numerical aperture of NA. = 0.65 
and a 4Ox magnification microscope objective with 
N.A. = 0.6 and a long working distance allows us to 
observe an angle of approximately ±35°. The pic­
tures were taken with a digital camera (Nikon Cool-
pix 950). 

5. Results and Discussion 
We concentrate our discussion on three different de­
signs. The first is the classical design, which has 
already been studied in several publications.8'7-19 

The other two designs use twisted LC structures to 
increase the field of view. We have used the same 
LC parameters with a birefringence of An = 0.28 (na 
= 1.53 and nt = 1.81) and the same wedge dimen­
sions (wedge angle 6 = 0.7 and total thickness 2T = 
0.2 mm) for all the designs. Consequently, they also 
have approximately the same resolution of i \ = 7 nm 
at 633 nm as given by Eq. (5). Because we use a 
spatially incoherent source for the conoscopic obser­
vations, the plane of maximal contrast is local­
ized.' '-20 For the designs with twisted LC 
structures, we obtain the maximum fringe contrast 
by focusing the microscope objective near the inter­
face between the two wedges (also for large optical 
path differences, or OPDs). So1 the plane of maxi­
mal contrast is localized inside the system. 

The first design, presented in Fig. 4{a), is a classical 
Wollaston prism. It consists of two similar wedges 
made out of a biréfringent material and joined by 
their hypotenuses. The optical axes are mutually 
perpendicular at the interface of the two wedges. A 
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Fig. 4. (a) Schematic of the design with a standard Wollaston prism consisting of two wedges with orthogonal optical axes. The field of 
view is simulated by (b) ASAP and (c) LCD Master, (d) Coooscopic observation. The circle has a radius of 36*. 

theoretical approximation of the field of view* is given 
by the maximal incidence angle i through 

A n /n . (6) 

where 2T is the total thickness of the Wollaston 
prism. With our set of parameters (n0 = 1.53, n, = 
1.81, and total thickness 27" = 0.2 mm) we obtain 
approximately i = ± 10* at a wavelength X of 633 nm. 

Figures 4(b), 4(c), and 4(d) show the interference 
pattern in the far field. The white circle added to the 
figures represents the field of view within 35°. We 
notice here that the central fringe of simulations and 
the fonoscopio measurement covers an angular range 
of approximately 110°, which corresponds to the pre­
dicted theoretical value. 

The second design, presented in Fig. 5(a), consists 
of two wedges with twisted optical axes. This means 
that the optical axes are rotated by 90° in the two 
wedges when traversing the cell independently of the 
cell thickness. The two polarizers are oriented at 
±45* respective to the optical axis of the entrance and 
the output. One has to distinguish two different cas­
es: rotation of the optical axis in the same or in the 
opposite sense. The conoscopic measurements and 
simulations of the design with the same sense of twist 
are presented in Figs. 5(b), 5(c), and 5(d). The mea­
surement shows no fringes and we can conclude that 
the field of view is larger than ±35°. The LCD Mas­
ter simulations show a field of view up to ±60". A 
qualitative explanation of this large field of view can 
be found by looking at the phase shifts that undergo 

the two polarization components as shown in Fig. 6. 
Here we consider an arbitrary ray going through the 
center of the system and we compare the phase shift 
induced by the first and second wedges. When going 
through the first wedge, the orientation of the two 
polarization components follows the orientation of 
the twisted optical axis (indicated by the arrows). 
Therefore, TE and TM components will experience 
the ordinary n0 and the extraordinary n, refractive 
indices, respectively. 

Because the Mauguin limit is fulfilled, the phase 
shift between the two components at the output of the 
first wedge will be approximately the same as in the 
classical design but the direction of the polarizations 
is rotated by 90s. At the interface we have an iden­
tical situation (because the wedges are identical) as 
at the entrance of the first wedge, but now the TE and 
TM components are interchanged. So, TE and TM 
polarization will undergo exactly the opposite path 
differences as in the first wedge. We finally end up 
with a zero path difference between the two polariza­
tion components. The same arguments hold for all 
the other possible paths intersecting at this point. 
Thus for any incidence angle the phase shift induced 
in the first prism is perfectly compensated in the 
second one. Therefore at least for the center point of 
the system (OPD = 0) this design is perfectly angle 
independent. 

The system presented in Fig. 7(a) is very similar to 
the previous one, except that the sense of rotation of 
the optical axes of the two wedges is opposite. The 
conoscopic measurement and the simulations pre-

Fig. 5. (a) Schematic of the design with two LC wedges twisted in the s 
LCD Master. Id) Conoscopic observation. The circle has a radius MT36* 

(e) (d) 
The field of view is simulated by (b) ASAP and (O 
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Fig. 6. Schematic view of the evolution of the two polarization 
components (TE and TM) of an arbitrary path going through two 
wedges with equal twist sense. 

sented in Figs. 7(b), 7(c), and 7(d) show a field of view 
of only ±10°. This result appears quite surprising, 
because of the similarity to the system with equal 
twist sense. We can get some qualitative under­
standing about the difference of this result if we look 
at the phase shift between the two polarization com­
ponents TE and TM of an arbitrary ray going through 
the center of the system. In the first wedge with 
positive twist sense, the TE and TM components are 
rotated by +90° and undergo a certain phase shift. 
In the second wedge with negative twist, the TE and 
TM components are rotated by -90°. Now the 

phase shift between the TE and TM components is 
not exactly opposite to the phase shift induced in the 
first wedge, because of the opposite twist. In other 
words, the phase shift induced in the first wedge is 
not perfectly compensated by the second wedge as a 
result of the asymmetry of the optical axis directors 
between the first and second wedges. This may ex­
plain the small field of view compared with that of the 
previous design with equal twist. Because of the 
complexity of the twisted structures, which must be 
modeled in three dimensions, we did not find at this 
time any other convincing arguments to explain the 
obtained results. 

Note also that for the same polarizer orientations, 
the cross in the interference pattern shown in Fig. 
7(d) is rotated by 45° compared with the one shown in 
Fig. 4(d). 

The fourth design, presented in Fig. 8(a), consists 
of two identical wedges with a parallel optical axis 
and a 20-|xm-thick twisted nematic cell placed in be­
tween them. The twisted nematic cell rotates the 
output polarizations of the first wedge by 90°. 
Therefore, at the entrance of the second wedge, we 
have the same situation as at the entrance of the first 
wedge, but the TE and TM components are swapped. 
When going through the first wedge, TE and TM 
polarizations will experience the ordinary n0 and the 
extraordinary nt refractive indices, respectively. 
The twisted nematic cell rotates the direction of the 
polarizations by 90°. At the interface the TE and 
the TM polarizations are interchanged and undergo 

(b) 

Fig. 7. (a) Schematic of the design with two LC wedges of opposite twist sense. The field of view is simulated by (h) ASAP and Ic) LCD 
Master. Id) Conoscopic observation. The circle has a radius of 35°. 

TN 

Fig. 8. (a) Schematic of the design with two wedges with parallel optical axes and a twisted nematic cell in between. The field of view 
is simulated by (bl ASAP and (c) LCD Master, (d) Conoscopic observation. The circle has a radius of 36*. 
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(») (b) 
Fig. 9. Conoscopic observation of the field of view at different 
OPDa for the design with twisted structures lFig. 6): (a) aero 
OPD; (b) 2/3 of the maximum OPD. 

exactly the opposite path differences in the second 
wedge. A very small path difference between the 
two polarization components is found because of the 
angular dependence of the twisted nema tic cell. 
This is confirmed by the simulations and the cono-
scopic observation presented in Pigs. 8(b), 8(c), and 
8(d), which show a field of view larger than ±36*. 
Compared with the half-wave-plate configuration4 

suggested by Normanski, the twisted nematic cell 
has the advantage of low dispersion. Therefore, a 
white-light interferometer can be designed. Com­
pared with the other configurations, this design has a 
supplementary twisted nematic cell. This is, of 
course, a disadvantage because this introduces addi­
tional losses and makes the system more compli­
cated. However, the twisted nematic cell can be 
made relatively thin (approximately 20 u,m) com­
pared with the rest of the system so that losses are 
negligible. 

Until now, only the angular dependences for obser­
vation points in the center of the system (OPD = O) 
have been analyzed, but in general the angular de­
pendence changes with the position in the plane of 
maximal contrast. For the classical design in which 
the angular dependence is constant, this is not the 
case. To be able to determine the angular depen­
dence for every OPD, we must know the exact shape 

frsotton of OPD m « . 

Pig. 10. Graph representing the OPD dependence of the field of 
view for the configuration with equal twist sense (Pig. 6): circles 
represent the measured values and the curve represents the cal­
culated values. 

fraction of OPO M u 

Rig. 11. Graph representing the OPD dependence of the field ce* 
view for the three-cell configuration (FSg. 8). The circles represent 
Uta measured values and the curve represents the calculated values 

and position of the plane of maximal contrast. Be­
cause of the twisted structures, the calculations to 
find this plane are relatively complex. For the two 
most promising designs, the equal twist of Fig. 5 and 
the three-cell configuration of Fig. 8, we determined 
the field of view as the function of the OPD. The 
results are presented in Figs. 9, 10, and 11. We 
measured the field of view for different OPDs by fo­
cusing the microscope objective at different places 
within the plane of maximal contrast. Figure 9 
shows the interference pattern obtained for the con­
figuration with equal twist sense, for a point situated 
at 2/3 of the maximum OPD and at OPD = O. One 
observes a strongly reduced field of view for increas­
ing OPDs. Because the wedge angle is small, we can 
calculate the points with a nonzero OPD with LCD 
Master by defining two fiat cells with different thick­
ness. The graphs shown in Figs. 10 and 11 present 
the calculated and the measured OPD dependence of 
the field of view for the equal twist sense and the 
three-cell configuration, respectively. For both 
cam the field of view decreases for increasing OPD 
and reaches the value for the classical Wollaston 
prism for the highest OPD. These results clearly 
indicate that both designs lose their good angular 
dependence with increasing OPD. However, com­
pared with the OPD independent field of view of í 10* 
of the classical Wollaston prism, the designs still offer 
globally a substantial increase of the field of view. 

6. Summary 
We have shown several possible modifications of Wol­
laston prisms that are based on LC technology. We 
compared the measured and the simulated fields of 
view for different designs and configurations with 
planar and twisted LC structures. We showed that, 
with the help of twisted nematic cells, it is possible to 
have a symmetrical system with a large field of view 
for OPD = O. We also observed that the field of view 
decreases for a larger OPD. 
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In this paper it will be presented different ray trace models that are 
able to simulate uniaxial biréfringent optical elements with twisted 
structure. There exist already methods to calculate the optical behavior 
of biréfringent elements (including angular dependence) such as the 
Jones matrix method [2]. But those methods are not based on ray 
tracing and cannot be linked together with other optical components 
such as lenses for example. The aim of this work is to enable ray trace 
simulations of optical systems containing complex biréfringent 
elements and extended sources. The developed models are applied on 
problems that are related to twist liquid crystal Wollaslon prism. 

Keywords ray-trace; polarization; simulation; twist nematic; 
birefringence; interfcrometry. 

INTRODUCTION 

To model systems incorporating biréfringent elements, a ray trace 
program must take into consideration the polarization of light. So, two 
polarization components should be propagated through the system 
according the different refractive indices of the biréfringent media they 
will encounter. The simulation of biréfringent components with 
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uniform orientation is relatively simple but it becomes complex for 
twisted structures. The calculations of the optical transmission of 
twisted nematic cells are usually done with Jones matrix methods or a 
4x4 matrix method (Berreman). These methods calculate accurately 
the angle-dependent phase retardation of two polarization components 
for planar systems but they don't give the spatial or directional 
separation between rays caused for instance by refraction at interfaces 
between anisotropic and isotropic materials. In our case of polarization 
interferometry with extended sources, the localization of the plane of 
interference is important. One Finds this plane of localization of 
interference fringes as the point of intersection of beams that were split 
before. Since we need to perform ray-tracing simulations, a 
conventional matrix method is not suitable for our purpose. To 
overcome these problems, we developed new methods based on 
polarization ray tracing that can simulate twisted structures and take 
the direction of beams into account. Wc choose as a basis for our work 
the ray-trace program ASAP (Advanced Systems Analysis Program) 
form BRO [3]. This commercial available program is able to simulate 
accurately polarization properties of anisotropic uniaxial crystals as 
well as other conventional optical elements. We will present two 
different models for twisted elements. The first one is based on 
multiple ray-splitting. In the second one, the twisted cell is modeled in 
a similar way as in the Jones matrix calculus by using combinations of 
retarder plates and polarization rotators. 

RAY TRACE IN UNIAXIAL MEDIA 

In this chapter, we will discuss the possibility to simulate simple 
uniaxial biréfringent component by splitting an incoming ray into an 
ordinary and extraordinary ray. 

Each ray is characterized by the usual trace information such as 
ray direction, optical phase shift, flux and a polarization vector. When 
such a ray encounters uniaxial media, it splits into an ordinary and 
extraordinary ray. Snell's law gives the direction of these new rays. 
The reflection and transmission coefficients are calculated with the 
Fresnel formulae [4]. If one examines the case of a boundary between 
an isotropic material (index n) and an anisotropic material (index n0 

and nc), which is illustrated in Figure I1 the refraction angle §0 for the 
ordinary ray is given by: 
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nsiinfr = nosin0o (I). 

the refraction angle <|>e for the extraordinary ray is given by: 

n sin § = n t (§e ) sin $c (2) 

FIGURE. 1 Splitting at an isotropic anisotropic 
interface of an incoming ray into an ordinary (O) 
and extraordinary (E) ray. 

The refractive index n^) depends on the angle of incidence <|> and the 
orientation of the optical axis. The polarization vectors (P0, Pc) 
attached to the ordinary and extraordinary rays arc set perpendicular to 
the propagation direction. When passing through the crystal medium 
the ordinary ray will experience the refraction index Ti0 and the 
extraordinary ray will experience ne. The two rays carry also their own 
optical path length and amplitude. The reflected part is not considered 
here and eventual multiple reflections are neglected. 

ASAP uses this model for simulating simple uniaxial plates. In 
ASAP, each ray represents a Gaussian beam with a certain waist and 
divergence. An arbitrary field can be created by a judicious 
superposition of such Gaussian beams [7]. Those beams are then 
propagated by geometrical ray-trace methods [8], Phase, amplitude 
and polarization state are changed accordingly to the biréfringent 
components encountered by the rays. At the output (or at the detector), 
the different Gaussian beams can be added coherently (electric 



304 G. BOER and T. SCHARF 

amplitudes addition) or incoherently (square modulus of the electric 
field addition) with respect to each other. 

Plane of maximal 

Detector plane 

FIGURE 2 Ray tracing of a divergent FIGURE 3 Interference 
source trough a Wollaston prism with pattern in thedefocalised plane 
tilted optica] axis. 

Application to the Wollaston Prism 

To show the performance of such ray trace method, wc applied it to a 
polarization interferometer based on a Wollaston prism. As shown in 
Figure 2, a Wollaston prism consists of two wedges made of a 
biréfringent material and joined by their hypotenuse. The optical axes 
are mutually perpendicular at the interface of the two wedges. Tf die 
Wollaston prism is placed between two linear polarizers at 45°, it 
becomes a polarization interferometer [5]. At the input of the 
Wollaston prism, the polarized light can be decomposed into two 
polarization components TE and TM. The TE component is parallel to 
the ordinary axis with index n„ and the TM component is parallel to 
the extraordinary axis with index ne. In the second prism, the situation 
is inverted: TE and TM experience rie and Ti0 respectively. By summing 
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the phase shift produced by each prism, the total phase difference 8 
between the two components at the output of the Wollaston becomes: 

Ô = ^ 2 y ( n e - n , ) t a n 9 , (3) 

where y is the vertical coordinate, X the wavelength and 0 the wedge 
angle. The light passes then through a second polarizer, which 
transforms this phase shift into an interference pattern (output 
¡nterferogram). The Fourier-Transform of this interference pattern 
gives the spectrum of incident light [5]. 

One interesting property of interferonietry is the localization of 
the plane of interference if extended sources are used. Actually, when 
an interferometer is illuminated by a spatially incoherent source, the 
interference fringes are localized in space [4]. Depending on the 
interferometer configuration, the localization of the fringes (or plane of 
maximal contrast) may be difficult to find. 

To calculate the position of the plane of maximal contrast of 
the above-described interferometer, we need to simulate the directional 
changes of the rays. The interferometer was simulated with a spatial 
incoherent source by defining a set of point sources. Figure 2 gives a 
schematic overview: the incoming rays are split at the first interface 
due to the tilted optical axis and traverse the system. Behind the 
Wollaston prism, at the intersection point of the ordinary and 
extraordinary ray, one finds die locus of the plane of maximal contrast. 
Figure 3 shows the obtained interferogram for a detector plane that is 
defocalized as indicated in Figure 2. Because the detector plane is not 
the plane of maximal contrast, the contrast of the interferogram is only 
about 70%. 

TWISTED STRUCTURES 

In this previous chapter we have shown the possibilities to simulate 
optical systems containing simple uniaxial plates. Twisted structures 
are also interesting because of their numerous applications in liquid 
crystal devices. Angle dependence is one of the major problems when 
simulating such structures. Models that can calculate the transmission 
of light through biréfringent media are the Jones Matrix or the 
Berreman method [2]. We will show here two different methods that 
have been implemented in ASAP to simulate twisted nematic (TN) 
cells. 
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Multiple Ray Splitting Method 

In this first method, we divided the TN cell into N thin plates with 
linear increasing a/imuthal angle of the optical axis. Each plate can be 
considered as a homogenous uniaxial media and it can be modeled as 
in the previous chapter. So, at the interface of each plate, all the rays 
are split into an ordinary and extraordinary ray and than propagated 
further. Finally, we end-up with considerable number of rays equal to 
2K rays because each incoming ray is split at each interface. 

We applied this model to a system similar to the Wollaston 
prisms placed in between 45° polarizers. The biréfringent homogenous 
prisms are replaced by wedge shaped twisted nematic cells as shown 
in Figure 4. For normal incidence, this configuration has the same 
optical properties as the classical Wollaston prism but the angular 
dependence is different. 

FIGURE 4 Wollaston FIGURE 5 Interference pattern 
prism made of two twisted showing the field of view for (a) 
nematic wedge cells. opposite twist sense configuration (b) 

equal twist configuration. 

The angular dependence can be studied by focusing light (or 
rays) with high incidence angles into a point of interest. Since the 
number of rays needed to approximate accurately a converging wave 
front is proportional to the covered angle, we limit the incidence 
angles to the range of ±35°. The light is focused exactly in the center 
of the Wollaston prism (birefringence An = 0.28, wedge angle 6 = 0.6° 
and thickness = 0.2 mm). We compare the field of view between two 
différent configurations: the first configuration has two twisted 
nematic cells of opposite twist sense and the second configuration has 
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two twisted nematic cells with equal twist sense. The cells are divided 
into 7 slices each. Figure 5 (a) and (b) show the interference pattern in 
the far field for the configuration with opposite twist sense and equal 
twist sense respectively. In the angular range of ±35° the simulations 
are in accordance with experimental results given elsewhere [I]. 
Unfortunately, this method is suffering from the high computational 
times. As already mentioned above, the successive splitting produces a 
very high number of rays. Consequently, we have to limit the number 
of slices. Of course, this affects the quality of the simulation because 
the model becomes more precise with increasing number of slices. By 
using Fresnel formulas, losses due to simple reflections are taken into 
account but multiple reflections are not. So, this method is not suited 
to simulate twisted cells with high incidence angles where multiple 
reflections become important. 

One splitting Ray Method 

In a second approach, we model the cell as a set of polarization 
rotators and retarder plates. As shown in Figure 6, the cell is divided 
into N thin uniaxial crystal plates where each of them is followed by a 
polarization rotator. The azimuth angle of the optical axis of each plate 
is rotated by a constant amount with respect to the optical axis of the 
previous plate. The polarization rotators (R($/N)) rotates the 
polarization vector attached to each ray by the same amount. 
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FIGURE 6 Ray tracing of an ordinary and extraordinary 
ray through a Iwisled nematic cell modeled with the one 
split algorithm. 

At the first interface, the incoming rays are split into an ordinary and 
extraordinary ray. At the output of the first crystal plate the 
polarization vectors are rotated by iJ>/N with rotation matrices. At the 
entrance of the second plate, all rays are refracted. The polarization 
vector of the ordinary and extraordinary ray is projected parallel and 
perpendicular to the optical axis of the second plate. The same process 
is repeated for the following plates. Reflected light is not traced 
further, which causes problems for high angle of incidence. This 
algorithm doesn't takes multiple reflections into account but Fresnel 
[4] losses are considered. This ray trace algorithm is comparable to 
Jones matrix calculations because it divides the system into a set of 
retardation and rotation matrices [6]. However Jones matrix 
calculation does not takes the change of direction of the ordinary and 
extraordinary rays due to refraction into account. 

In our model, the incoming rays are only split once at the first 
isotropic anisotropic interface. So, the number of rays at the output is 
reasonable and more complex simulations can be performed, [n order 
to compare this new method with the previous one, we simulated the 
same configuration as shown in Figure 4. The system was illuminated 
with high angles of incidence up to ± 62°. Figures 7 (a) and (b) show 
the simulated field of view for configurations with opposite and equal 
twist sense respectively. Thanks to the reduced number of rays, the 
new method allows us to cover a much wider angular range (± 62°) 
than the simulations shown in Figure 5 (a) and (b). More accurate 
results for high incidence angles may be obtained with increasing 
number of layers per thickness. 
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For small angles of the liquid crystal wedge it is possible to 
regard the system as planar and one can simulate the angle 
dependence. Berreman matrix calculations with 100 layers are shown 
in Figure 7(c) and (d), which show a very large field of view for the 
configuration with equal twist sense. If one compares Figure 7 (a) and 
(b) with (c) and (d), the limitations of our model to small apertures 
becomes evident. 

(a) (b) 

(e) (d) 

FIGURE. 7 Interference pattern showing the field of view: (a) opposite 
twist sense configuration, (b) equal twist sense configuration with 10 
layers per cell, (c) Berreman calculation (100 layers) for the opposite 
twist,(d) Berreman calculation for the equal sense configuration. The 
white and black circles delimit the incidence angle within 60°. 

In that what follows, we apply this method to find the plane of 
maximal contrast for the twisted configuration as we did before for the 
classical Wollaston prism (Figures 2 and 3). In this configuration, the 
plane of maximal contrast is located inside the Wollaston prism. For 
this reason, we used an additional lens in order to image the plane of 
maximal contrast on a detector plane. Figure 8(a) shows the ray tracing 
through the system. The extended source is simulated with the help of 
multiple monochromatic point sources (tree in Figure 8(a)), which are 
mutually incoherent. 
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The twisted cells that constitute the Wollaston prism arc 
modeled as described in Figure 6. An ideal lens without aberrations 
images the inieiTerence pattern on the detector with a magnification of 
- 1 . We limit here the incidence angle to ± 4.5° so that internal 
reflections can be neglected. Figure 8(b) shows the obtained 
interferogram at the detector plane. 

Detector 

Twist celte Ideal lens 

i i , , , , , 

, • I r I . •- . 

(a) Cb) 

FIGURE 8 (a) Ray tracing with ASAP through a complete optical 
system, (b) Simulated interferogram at the detector plane. 

CONCLUSION 

We presented several methods able to simulate systems containing 
biréfringent uniaxial materials and in particular twisted structures. 
Those methods are implemented in an optical ray trace program 
(ASAP), which enables us to simulate biréfringent elements of almost 
any shape in combination with other optical elements, like lenses, 
mirrors or complete illumination systems. However, these methods are 
only suited for problems involving relatively thick twisted elements 
with small twist angles and limited incidence angles. The exact 
limitations of the presented methods have not yet been found. 
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