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Abstract

Polarization aptics often uses expensive birefringent elements made of inorganic
crystals. In recent years new birefringent materials such as polymer liquid crystals
were developed. Replacing the inorgenic 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 birefringent
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. Faor the
design of the optical system we developed original polarization ray-trace models that
are able to deal with complex birefringent structures such as twisted nematic LC.
With these new design tools we were able to create compact confipurations 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 ate in the liquid
phase end 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 birefringent elements {up to 0.6mm
thick) with good optical quality. 1t has been shown that the polymer elements are 50
times less iemperawre dependent than the elements made with the canventional LC.
We have also investigated different alignment technologies and have shown that
complex LC alignment pattern ¢an be obtained by using high magnetic fields or photo
alignment layers. By using these new designhs end the polymer technology we realised
and characterized a hend held spectrometer prototype specialized for colorimetry (low
resolution), including LED illumination, background correction methods end en
ecquisition and data processing program. The advantages and limitations of the
system ere discussed,

We used the developed LC polymer technology to fabricate tweo other optical systems:
the first one is a double-focus polarization interferometer based on a birefringent LC
lens for surface 1opology 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 conventionel 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 palymer elements.
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Chapter 1. Intraduction to polarjzation j me

Chapter 1

Introductiou to polarization
interferometry

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

1.1 Introduction

An interferometer is a device that divides a light beam inte two (or more) beams,
which follow diffcrent optical paths before being recombined to cause interference. In
the particular ceae of a polarization interfecrometer, the entering light beam is divided
by a polarization-division device inte two beams having orthogonal polarizations. The
first polarization interferometer was constructed by Jamin in 1868 [1). The
polarization interferometers can be classified in two catepories: Interferometers with a
small beam splitting angles (colfinear) 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 bcams 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 then the ones in the first category, but they cannot be
considered as common-path enymore. Several examples of such systems, mainly used
in astronotnical spectroscopy, can be found in Polavarapu [2). We will focus here on
the first category, the common-path interferometers.

Polarization interferometers have meny applications; most of them are presented in
Frangon 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 alse other applications such, as optical surface {or system) testing (chapter 4),
spectrometry {chapter 3), optical thickness or retardation measurernents [4] and meny
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 tempeoral evolution of the dircetion of the
electric ficld vector £(x,y,2,4). 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 efectrical
waves and each of these waves can be described as

E(x,p,2,0) = A(F)oos(k - F—w-1+8), (.1

where A(F) is the amplitude, & the propagation vector, F(x, y,z)the positicn, @ the
angular frequency and 8 a constant phase shift, By choosing Cartesian coordinates
with the z-axis along the propagation direction of light, E can be decomposed into
twe orthogonal components E, and E,which are normal to the wave propagation

E(F D= E(z,0)+ E (2.0) = A (x, y)F cos{hz— @t + 5, )+ Ay(x, ) Fcoslke —ax + 8,) . (1.2)

where ¥,y are unity vectors and A, A, are the amplitudes along the x 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:

ECx,p,2,1) = Re 4, (x, )R/ 20400 4 g (x, Wyelte-end], (1.3)

The polarization state is defined by the two amplitudes 4., A, and the phase
difference &=J, - 8,. The polarization can be described by the projection of the
curve that is traced by the endpoint of the electric field on a plane perpendicular to the
propagation direction. This curve is in general an ellipse. Tn this case the polarization
is said to be elliptic. There are also some particular cases whare 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 vectar Efz.t)on a
plarne perpendicular to the propagation direction. The projection points
describe here an eliipse, which means that the planar wave is elliptically
polarized

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

D]

3

3

4

3)

1.2.2

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 compornents for the
reflected and transmitted lipht is given by the Fresnel equations [3].
Dichroism: Dichroic materials show anisotropic absorption properties. They
ahsorb ene of two polarization components of the incident light differently.
The most comman dichroic polarizers are thin sheet polanzers (cesentially
used in display applications and sunglasses). Nowadays, thin sheet polarizers
show very high extinction and they are usually used to produce linearly
polasized light in the visible region.

Birefringence: The state of polarization of the incident light can be maodified
by anisotropic malerials because their optical properties (refractive index)
change upon the direction of the electric ficld. Phase shifts between the
polarization components can thus be mduced in such materials, This subject is
discussed it more detail in the next sectiosn.

Onptical activity: Some materials, especially crystals and molecules in solution,
can naturally rotate polarized light, The most common example is dituted
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).

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 1o the ostillation of its electzons {oscillating dipole). The
re-emitted light wilt be partially polarized in the direction perpendicular 10 the
incident bight.

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
arder 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 edectrical fields will depend on the direction of this field. The
anisotropy of the oscillation characteristies will induce an anisotropy in the
dielectrical properties, which are expressed by the permitivity of the material,

The eleciric displacement vector D in Maxwell's equations is intreduced to describe
macrascopically the effect of the electrical field £ on matter. The relation between E

and D is defined os:
D=cF s .4

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

3] 0 O
=10 £ 0 (1.5
0 0 5

by judicious choice of the coordinate gystem {eigenvectors of the matrix).
In this particular case the coordinate axes x,y,2 are parallel to the principal axis of the

crystal. A vector £ parallel 1o one of these principel axes will generate a vector D
that is also parallel 1o this axis. The principal refractive indices »; comresponding to &,
£rand grare given by

n? =g fey, 0.6)

where g is the permittivity of free space. Here, we can distinguish three different
Cases;
1 Ali 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
vniaxial. One distinguishes two different indices, the ordinary index np = »;=
#; and the extraordinary index s, = a1,
3) All the three indices are different and the malerial is said to be biaxial.

Since we will mainly encounter uniaxial optical systems, as represented by nematie
liquid crystals, we will treat this particular case in more detail.

The symmetry of uniaxial crystals has only one axes of rotational syminetry that is
called the optical axes. When the crystal is rotated around this axis, its optical
properties siay unaliered. The refractive indices of the normal modes are dependent of
the propagation direciion of the light. This dependency can be represented in an
ellipsoid that carries &l the information about the matrix presented in Eq. (1.5). This
ellipsoid is called the index ellipsoid and its axes have half-lenpths m, 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 10 n, and the length of third axis is equal to ..
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Fig. 1.2: Index ellipsoid af an
uniaxial crystal with positive
birefringence. The eflipsoid
has a rotational symmetry
with respect to the optical
avis. The Indice nd) ix given
here by the half-length of the
major aris.

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-

tengths of the minor and major axes of this ellipse gives #, and #,(¢), tespectively,
with [8]

1 _coszehsinzg}
n@ M 4

We see here that s (g} can vary from a, {#=0°) to r, (¢="90°). Figure 1 3 illustrares
the double refraction {one incident ray and two refracted rays) of a non-polarized
plane wave that arrives at an isotropic-anisotropic boundacy. A ray splitting in two
polarization componens occurs due to twa refractive indices associate with the
anisotrapic medium. Applying Snell's law for both polatizations separately, we abtain
for the ordinacy refraction angle

nsing=n,sing,, (1.8}
and for the extracrdinary refraction angle
asing=rn,(#,)skad,. | (19

where (@) is given by Eq. (1.7).

X Optical axis
)
-

L n

-

& @
Reflected wave Incident wave

Fig. 1.3: Double refraction at an isotrepic-anisotropic inierface.
The incident wave is refracted inte two waves: the ordinary and the
extrgordinary.
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Double refraction is of course a intercsting property for many optical applications.
However, the fabrication of birefringent elements is laborious and expensive.

The choice of materig] ¢an be optimized in function of the wavelength, required
birefringence and environmental conditions, The characteristics of the most
commonly used natural-occurming materials which show birefringence are listed in
Tab. 1.1 [9].

Narme Chemical Characteristic | Spectrel T, Tle Birefringence
formula band {ne-na)
Quartz 8i0; hard 0.2-2.6um |1.544, 1.553 | 0.009
Calcite CaCly Soft 0.2-3 um 1.49, 1.66 0.17
Rutile TiOy large 0.6-5um 256,29 0.27
birefringence )

Tab. 1.1: The most commonly used tnorganic uniaxial crystals.

Cne of the crystals mentioned above, calcite, is widely used in polarization optics
because of the wide spectral range, the large birefiingence and the availability in
rensanably sized thombs. Ancther important family of uniaxial materials are the
nematic liquid erystals. These materials will be discussed in chapter 2,

1.2.3 Jones formalism

An elegant and convenienmt way to express a polarization state mathematically is the
Jones vectar [10]. The Jones vector

_ Axefax
J=[ Jay]. (1.10)

A).e

is derived from the complex notation that is shown in Eq. (1.3). The two orthogonal
components £, and E, are recast as a column vector and the temporal dependency is
not taken into account. [n the particular case where A,= A, and & -

& = tn/2 + ma{m =0, £1, 42,...), the polarization is eircular. The sign of the phase
shift give the rotation direction of the electrical field vector. The light is linearly
polarized when &, - 8, = 4mn.

The Jones formalism permits to calculate polarization modifications of the light by
multiplying 1he input Jones vector with appropriate Jones matrices. There are mainly
three types of Jones matrices: the linear polarizer matrix

1 ¢
L=_0 0], (1n

the wave retarder matrix 7

1 o
7= 8_,1.]. (1.12)

and the polarization rotlator matrix
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(1.13)

cosé —sind|
siné cosd |’

Ri#)= [

where [is the induced phase shift between the two components and @is the rotation
angle of the polarization. Linear systems that alter the polarization can be decomposed
in a sct of retarders, rotators and linear polarizers, Depending of the orientation of
these elements relatively to the x-y coordinate systen: of the Jones vector, we must
apply a coordinate transformation to express the Jeoes vector in the new coordinate x*
¥'of the element. If x* makes an angle &with the x direction then the Jones vector in
the new coardinates is given by

J'=R@&)J . {1.14)

After been transformed by a Jones matrix, /" can then be transformed back in the x-y
coordinates by applying the inverse rotation matrix R”(%) = R(-8 . R(@ and B'(&)
can be directly combined with L or T. For example, a retardation plate rotated by & in
the x-¥ plane gives

T, =R(-TR(H) . (1.15)

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

Joun = My MyM (- T, (1.16)

where M; is a T, R or £ matrix, J ,,, is the output Jones vector and J,,is the Jones

input vector. Note that the matrices have to be multiplied in the correct order (3, is
the first element) because they are not conumatative.

1.2.4 Extended Jones formalism

The conventional Jones matrix method is very powerful for studying the transmission
characteristics of birefringent systems. However, this method is limited to normally
imcident light. Fresnel reflection and cefiaction for off-axis light at an isotropic-
birefringent interface are not taken into accournt. The extended Jones matrix method
[11], is a technigue that can trest off-axis light more accurately than the conventional
Jones matrix method, It takes inte account Fresnel refraction and single reflections at
the interfzce. Still, it neglects multiple reflections between plane interfaces (which is
trzated by the 4x4 Berremann matrix method [12]). But in most practical applications
these effects are relatively small and can be neglected.

1o the extended Jones matrix method, the light propagates theough a stratified
medium, consisting of a stack of N birefringent layers. N is assumed to be sofficiently
large so that the optical axis can be regarded as constant within the layer (or platg).
For simplification, we also consider that the birefringence is small [ng - na| T Hyyly s

which is the case for most uniaxial erystals. By assuming small birefringence,
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calculations are greatly simplificd because we can consider that the refraction angles
do 0f the ordinary ray and ¢, of the extraordinary ray (Fig. 1.3) are almost equal. So,
the wave vectors &, and &, of the two rays can be considered almost zqual. The local
polarization vectors of the ordinary ray §; and the extraordinary ray z, can be given
approximately by:

8= E"xff- (1.17)
o ® N

-

. axk
e‘-=‘j =
|oxk°

where #, is the local director of the optical axis. So the polarizations ; and &, are

, (118}

mutuaily orthogonal and propagste in the same direction given by £, (= &, ).
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 »,) between the birefringent layers with a thickness that 1ends to
zero.
When propagating through the stack of birefringent and isotropic layers, we may
distinguish four different cases:
a} Isotropic layer to first bircfringent layer described by the input dynamic matrix
Dm
b) Last birefringent layer to isotropic layer described by the outpui dynamic
MK Dyr
c) Propagation inside the birefringent layers described by the propagation matrix
i
d) Transition from layer i 10 layer i+/ described by the dynamic matrix [J; 4,
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Fig. 1.4: Schematic representation (o) of the input dynamic motrix, (b} the

output dynamic matrix, (c) propagation matrix, (d) dvramic matrix

berween two layers.
As depicted in Fig, 1.4a, the input dynamic matrix [, projects the incoming
polarization vectors onto the potarization vectors of the first layer (dependent of the
optical axis) and multiplies them with the Fresnel input transmission coefficients
#;.¢, of the input polarisation components {s and p):

Eo Ein F.2 52 E.‘n
r] =Dm ' [ eals {’ _Otp]. " . (1|9)
Ef E‘: oty P 'Dl)ip E;
The output dynamic matrix Dy, (Fig. 1.4b) projects the polarization vectors of the last

layer onto the output reference axes s and p and multiplies them with the Fresnel
output transmission coefficients 1,7, :

R i I
a [T ol ow T 2 2 moom5 | N | .
E;” E, i onpt, || E,

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

#f f — ik f
i 20
Eo Eﬁ 0 g 1o Eﬂ

The dynamic matrix (Fig. 1.4d} projects the polarization vectors of one layer onto the
polarization vectors of the nexi layer {without transmission toss):

™

]
=
b
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£ E; [': & Gy 'EmJ E}
=D 178 =] . R B S {1.22)
{E;" e E} ) By 8y B ) \EX
If we wani the transformation matrix M of the whole stack. we must multiply the
matrixes of the different layers in the comrect order :

ot

M =D Puly h PPy na D P00 R Dy .23

One common application of this methad is to calculate the angular dependency of
twisted liquid crystal structures (TN cells or TN cells) used for displays. 1n this case
each layer has an optical axis that is slightly retated with respect 10 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 Moller matrixes [14]). In polarization interferometry the incoming light is always
polarized and interference effects are essential. The Miller matrix formalism is thus
not well suited for our subject, However, it mey be interesting to briefly explain here
the significance of the Stokes veclor. The Stokes veetor is defined as

(Af +4,}? )
(-4
(24,4, co3 8) '
{2 A A, sind )

§= (1.29)

where A, and A, are the amplitudes of two polarization components and & is the
relative phase shift between these two components. These pammeters are time
dependent and the brackets denote averages performed over the detection time
interval. S represents the total intensity, S; represent the excess of parallel to
perpendicular polarized light, S» the excess of +45° to -45° polarized light and $; the
excess of right circularly 1o 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

E=YE =3 4cosk; - F-wi+8). (1.25)

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 monechromatic plane waves

E=E +E, = A cos(k -F—ar)+ Ay coslk -F—ax+ &), (1.26)

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

! ={F:2}r ={ 4} cos’th, -F—ax)}r +{4 cos?(y -7 - ot + 8))

T
(.27
+2(.:11 cos(k, -F —ox)- 4, cos(fz F—ax 5))1"
Using the fact that (cosz(f F -ax-ui)}r =1/2 and
(cos(fl F —ﬁr‘»‘}sinﬂf2 F —ax))?_ =0, we finally find
I=-;-A,2+-;~.422+22|-jzcos((El—El)-F—J). (1.28)

The resulting intensity is the sum of twe constant terms and a term that varies with the
position F and the phase difference 8. This last term is called the intecference term, T
we consider now the particular case where the propagation vectors are both in the y—=z

plane and :4.1 and 22 are parallel, we can write

I=1+1+2J11; cos(k-sin@-y— &), (1.29)
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where I, I; are the imensities corresponding te the two optical fields. Fig. 1.5 shows
the spatial intensity distribution of Eq. (1.29).

AY
="
T
- 1
W

48

Fig 1.5: Sinusoidal inierference patiern obiained with iwo coherent
plane waves.

The contrast of the signal or the visibility V of the fringes is defincd by the
normalized difference between the maximum signal /... and the minimum signal /s

y=!mnx — A min . (1.30)

lmax"' min

The interference term will be maximal (for constant tota! intensity) if the intensities of
both waves are equal {1, = I3). The visibility (given by Eq. {(1.30)) is in this case equal
10l .

In the particular casc of a polarization interferometer as shown in Fig. 1.6, the
interfercnce patiern is produced by two mutually orthogonal electric fields E; =E,
(parallel to the x-axis) and £; =&, {parallel to the y-axis) that follows different optical
paths. As it will be explained further, to be able to see an interference phenomena E,
and E, must have a defined phase relatton {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 owput (which would make the
interfercnce patiem to disappear). The two polarization components of the polarized
light will then accumulate a certain phase shift when traversing a birefringent object.
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Foa () =120-(| +ms(5))=%°[l+cos[%(n,-n,)(m2+ ylan((ﬁ})]} (1.35)

1.3.2 Temporal ceherence

In general light sources are not coherent and the sum of all the eleciric fields ata
certain point in space varies very rapidly i time (~10'"* Hz). Practically this variation
cannot be detected, Therefore, integrated over a certain period of time, the measured
intensity f might be seen as statistically constant (assuming that the amplitude of
differeat sources are also constani) and there will be no inlerference phenomena
observed.

1t is convenient to decouple here rwo 1ypes of coherence: the spatial coherence and the
temporal cohereace. The temporal ¢oherence is expressed for a point source as the
degree of correlation between electric waves observed with a lime delay of 7. A
quantitative measure of this comelation is given by the normalized autocorrelation
funetion )7} 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. 50 that 31,¢%) is given by

(E, (OE (t+7)

()= .
0 Jf_l n

71z} have values between O and 1. 71 (%} is 2qual to ane if the source is completely
eoherent (maximal correlation) and )¢z} becomes zero when the source is
completely incohereni {minimal comelation).

All natural (real) light sources have n limiled temporal coherence. This means that
71T} decreases with ingreasing time intervals. The coherence fime T, gives a
quantitative measure of the decrease of 3, ¢7) and it ean be defined as

{1.36)

-

7= [lnof ar. (137

—

Sometimes 1. is also defined as the time interval above which 31/7} drops below a
certain arbitrary value, Supposing that v,(% is varying mare slowly over 7 than
cos( ), Eq. (1.32) can be writlen for partially coherent light source as [15]

Ioa .00 =" (147 (D) cost8F.0 + 1)), (1.38)

where ¢ is the phase of }1,(Z}. For the case of the interferometer described in Fig.
1.6, ¥ and vare relaied by Eq. (1.34) and 7= 8A/2nc (¢ = speed of lipht). For the
same interferameter the local visibility of fringes of L, is directly given by the
autocometation functian
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y = . =0)-1w_{5=ﬁ)
Lo (6 =0y (6 =7)

=fe), (1.39)

. The complex degree of temporal coherence quantified by 317} is related to lhe power
spectral density of the light source 5¢v} by an inverse Fourier transform

E]S (v)exp(i2rut)dv
rry=L—— - (1.40)
[swyav
0

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 2 narrow spectral range have high temporal coherence
(a large 7.}. 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 pattem). A spatial partial caherent source can
be described as a collection of mutally 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 inierference patterns (produced by the different
point sources) are in phase (perfectly correlated) there is no reduction of the contrasi.
But in generel the interference pattemn 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 observaiion. The plane where the
visibility of the interference fringes is maximal (for a given source position and size)
is called plane of localization.

Simitarly to Eq. (1.36), the complex degree of spatial coherence g2 is given by the
normalized time-average of the producl between the electric fields £, coming from
the first arm (ordinary ray) of the interferometer and E; coming from second arm
{extraordinary ray). £ and E; are sampled at the same time t and the same position of
observation F{x'y',z%):

oy LECETIE )
N i

(1.41)
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£, and E; are the sums E, = ZE,N, By = ZEZN, of all the contributions Fim coming

from the point sources of the exlended source. Hence,

<E| (f.?)gz‘(;';-“)) mlEm2)+z ZCE,", (1.42)
m#r "

But since E,; and E,; are statistically indcpendent point sources, the average

{EEy2) =0 when m# n. The product (Em] E;:) can be rewritten as

(EmiEra = { a4}y O) XD b Ly ~ L)) 1.43)

where £m; and Lm; are the optical path Jengths accumulated by the two beams. The
intensity of a point source & placed at (x,y) is (At(t)A;(t)} =J{(x, ¥)dxdy and the total

emitted intensity is Ji,. Considering the case where i = J;, intreducing Eq. (1.42) and
Eq. (1.43)in Eq. (1.4]) and replacing the sum by the surface integral over the whole
source S, we finally obtain

[fre pyexpl—ik(ts(F o2, 0) - L F . ydbedy

PR (149

er

We note here that this expression is similar to the van Cittert-Zemike theorem [17]
that gives the complex coherence degree between two points in a homogenaus
medium illuminated by an extended source. As already seen for the 1emporal
coherence (Eq. (1.38)), the intensity ,,, (F) for a certain point of the observation

plane at the output of the interferomettic system is given by
Lou = 1o 200+ Re{ 2PV oos(BG)) =194 (1411, (7)| costo®) + 1z2). (1.43)

where 7 is the phase of u1. We assumc here that the light is quasi monochramatic
and that the modulation of cos(J) over ¥ is slower than the modulation of g2, The
local visibility of the fringes is given by the degree of the complex sparial coherence
M 85inEq (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 increese the signal to noise ratio (SNR). As seen
previonsly, the visibility is essentially given by the complex degree of spatial
coherence, That is given in Eq. {1.45) and considers the temporzal coherence as a
given parameter. So, the parameter ihat has to be optimized is the optical path
dilference (OPD) between the two arms of the imerferometer given by

AL(F, x, ¥y = L, — L, 1deally, to get maximum visibility, the OFD should be constant
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between every point of the source and a given point 7 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 ta that
shown in Fig. 1.6 can bé 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 pattem is analyzed in the far
field. The central fringe of the interference pattern gives the angular cange over which
the DPD does not vary more than A/2. This angular range gives the so-called field of
VIEW,

Birefringenl

system

gy

Interferance Pattern

(L

Cenlral fringe

Fig. 1.7: Schematic representation of the conoscopic method that
permits o analyze the engular dependency of the interferometric
System.

This methad is particularly ineresting for analyzing polarization interferometers
based on birefringent plates. In this case, the angular variation of the OPD may
become important because of the angular dependency of the birefringence. A detziled
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
tlluminating the interferometer with a spatial incoherent source the visibility of fringes
deperds 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 ean be shown [21,
22] that this plane is located at the intersection of the two tays 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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Fig. 1.8: Schematic representatian of the plane of localization sitwated at the
intersection of the ordinary and extraordinary ray

The plane of 1ocelization 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 systam, the
tays do not converge and optics is needed to image the fringes onto the detector.
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Chapter 2

Passive liguid crystal elements

Since the early 1970', 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 birefringent elements for optical
applicstions. In this chapter, we will focus on the fabrication and the opticsl propertics
of such elements. The results will be used in the interferometric applications prescnted
in chapters 3 and 4.

After an introduction to liquid crystals, we wil discuss the optical quality and defects
of static LC birefringent 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
(mesogens) terd 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 bircfringence.

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 [1] are given in Fig. 2.1,

OO OO v

X and Y ara covalent bonds or linking units such as:

—N=N— =CH=CH— —CH=N-— —I?I‘:N— -C=0— =C=C-—
il
o ) _
Fig. 2.1: Examples of mesogenic groups composed of aromatic rings joined by
finking groups X and Y.
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2.1.2 Liquid-crystalline phases

When studying LC, i1 is important 1o distinguish the different phases of these
materials.

For thermotropic LCs, which are studicd in the present chapter, the phase transitions
are initiaied by changing the temperature. All descriptions are made for conventional
materials containing rod like molecules. The most common phases are [1]:

20y 0 k0

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

MNematic phase: as shown in Fig. 2.2b, in this phase rod like molecules are
aligned along a certain direction (czlled the director 7 ) but the center of mass
of the molecules is not ordered. The nematic phase is optically uniaxial.
Smectic phase: as shown in Fig. 2.2¢, 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 (3SmC) phase, where the molecules are tiited 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 chiral
molecules or by doping a nematic host with chiral guest molecules in which
the locai director processes around & single axis. The direcior is periodic along
this axis with a pitch of the helical structure equal to the turn of the local
director by 2m.

-
i

00

(b)

Fig 2.2: Orientotion of the molecules {represemted by the director 7 ) when
the LC is in (a) isotropic phase, (b) nematic phase, (c) Smectic A phase, (d}
smectic C phase, () 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
birefringent properties. Inverscly 10 the smectic phase, the nematic phase is also stable
over a broad temperature range and shows generally no major elignment defects when
the cell walls are properly treated,
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2.1.3 Alignment

Liquid crystals are generally used in cambination with a confinement that is a cell that
holds the material. The inner surfaces of such a cell are generally treated n some
manner (o 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 comained in the cell and ideally will give a large
region with a singte director. Such a uniform aligned region is called a moncdomain.
Fig. 2.3 illustrates three different basic alignments that can be obtatned by using
different surface treatments {or aligning methods). These alignments are:

1y Planar alignment: molecular alignment in which the director is parallel to the
substrate. [n Fig. 2.3a, the alignment is not completely parallel to the substrate
but it is tilted by an angle 8. 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) Iwisted glignment: molecular alignment for which the director rotates in a
helicel fashion when passing between two surfaces having molecules in
uniform planar alignment (Fig. 2.3¢). The orientation of the directors on the
upper and the lower substrate are usually murnually orthegonal, and hence the

directors underga a 90° twist.
it
zzZr 1000, BE £+
(a) (b) &

Fig. 2.3: The three different ivpes of alignments obtained beiween adeguate treated
surfaces: (a) planar alignment, (b) homeotropic alignment, (c) twist alignment.

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

Surface alipnment:

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 alighment, the substrates can be treated
with the following methods:

- Rubbed polyimide: the substrate is coated with an adeguate polyimide [ayer
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
{constitluted of side ¢hain 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 Tacally structurcd and the
pretilt angle can be chosen in a wide range.

- 5i0Ox deposition: oblique evaporation of silicone oxide on the subsirate
produces a columnar oblique structuee, 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, ibbed
substrates...) on (he surface can induce a certain alignment of the LC [6).

Homeotropic alignmeat can be achieved by using amphiphilic matarials (surfactants).
The polar part of these molecules bonds 10 the glass and the non-potar part extend into
the LC material [5). A second method is to use coupling agents such as silanes with
Jong alkyl chains and third method is 10 evaporate SiOx to form columnar structures.
In addition, there are special polyimides that allow to implement tilted homeotropic
alignments.

Bulk alignment

L.C molegules 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 10 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 perpendiculat 1o the
field E. The constant of proportionality between the dipole momem per unit
volume and the electric field is given by the electric susceplibility 3. The
anisowopy of ¥ &%, = ¥, - 2, (Il and L denotes the electric susceptibilities
paralle] 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 E, connetted with the reorientation in an
electric ficld is given by 7]

1 _ o=
E= ‘Efnﬁle("'g}z' (2.1)

where Eq is the permittivity of free space. The LC will tend to adopt the
configuration where E, is minimal, which comrespond 1o the situation where £
and the alignment director # are parallel if Ay, > 0.

- Magpetic 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]
Ep= 220 (5. 5, @.2)

where |1p the magnetic permeability of vacunm. This energy is also related 1o
the anisotropy of the magnetic susceptibility Ay, = z, — 7, (similar as for the
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electric field) which gives rise to an orientation dependence. Most of the LC
molecules are diamagmetic, 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 celt) or twisted stmctures cannot be obtained.

meter:
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
Yocal order Oy (inside one domain) and the domain order Op (between domains).
The quality of the nematic or local order (alignment) can be defined with the order
parameter (, which is given by [8]

O =5 {(3005®)-1)). 23)

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 8is
the deviation angle of the molecule axis from the director. For the domain order, #
represents the angle between the directors of the different domains (¢s in the Fig. 2.4).
When the deviation of all the molecutes is zero, the LC is perfectly aligned and 0= 1.
If the molecules are aligned randomily, as it is the case in the isotropic phase, 0 =0.

Domesin Domain

Fig, 2.4: Schematic representation of the LC morphology. On the right-hand the
arder inside a domain and on the lefi-hand the boyndary between two domaing
{domain walls), )
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2.1.4 Liquid crystal polymers

Liquid crystals polymer (LCP) or polymerisable liquid crystals combine the properties
of Jiquid erystais and polymers. LCP can be described as a normal flexible polymer
with mesogenic groups {Fig. 2.1} incorporated inta their chains, The mesogenic
groups give the LC characteristics to the LCP and the flexible spacers {chain) link
these groups together to pive the polymeric properties.

As illustraied in Fig. 2.5, the placement of the mesogens plays a importani role in
determining the type of LCP that is formed. Main-chain polymer liguid crystals
{MCLCPs) are formed when the mesogens ane themselves part of the main chain of a
polymer. Conversely, side ¢hain 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 tu move independently. By changing the nature of the mesogenic
group and the spacers or by medifying their geometry, length or position and
regularity a large variety of LCPs with tailored properties can be obiained. A more
detailed discussion of these materials and their properties can be found in [9].

Fig, 2.5: Schematic represeniation af Main-chain liquid crysial polymers
(MCLCP) and side-chain liquid crysial 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 melling 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 tempernture is defined as the temperature where the
material has a certain viscosity and it is for the interesting material classes below
100°C. LCP can he aligned with the same methods as used for conventional LCs
{section 2.1.3).

LCP componenis can be prepared by filling a prepared cell with liguid crystal
monomer {LC with polymerizable groups) or polymer. The cell is then hested {o the
nemalic phase. After reorientation of the liquid crystal, there are two methods to
freeze the nematic phase: via in-sity 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 palymerization. The curing process can be controlled by adding adequate
quantities of photo-initiator or inkibitor 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 1oo 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 plags transitton
ate used, In this method the aligned LC is simply cooled down below the gless
temperature transition. OF course, for practical use this glass transition must be
significantly above ambient temperzture. The main problem is the high viscosity of
those matertals. They must be heated at a very high temperature to get a chance to
align them in & uniform texture,

LCPs (main-chain) are mainly used for high strength plastics because of their
chemical stability, poor solubility, high meling poim. 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 consequertly cannot be
switched by applying any ¢lectric or magnetic field, as it is the case in LC displays.
But the fobrication of thermally stable birefringent optical (static) components can
lead to promising applications of those materials.

2.1.5 Birefringence of liquid crystals

Since LC 15 an anisetropic matenial, it is also birefringent. A planar oricnted LC
nematic cell has similar optical behavior es a uniaxial crystal plate (as discussed in
section 1,2.2), The birefringence of LC is relatively high compared 1o eonventional
crystals (Tab. 1.1). It ean be more then 0.4 [10). The birefringence {An = n, - ny) of
liquid crystals is strongly temperature dependent. Fig. 2.6 shows a typical variation of
the two ordinary and extraordinary indices n, and n, as a function of the temperature.

an 18 N
1.7

- Misn
16
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Fig.2.6: typical curves of the refractive indices as a fumction 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 O (Eq. (2.3)).

2.2 Liquid crystal cell fabrication

To make thick LC components, we need a cell that holds the LC matcrial. To produce
the uniform alignment, the LC must be in contact with some treated layer to produce a
surface alignment as deseribed in seetion 2.1.3. We praduced 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
ulirasorie bath, rinsed with DI water, dried and coated with an alignment fayer on a
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¢lastic properties, viscosity and electric properties are less relevant. However, the
viscosity of the LC should not be too high to be able to il 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 Birefringence | Nematic Cui-off

(An) at 20°C temperakure range wavclength [nm)

and 589 nm [*Ci {transmission

below 20%)
BLOOG 0.28 <-20to 113 370
E7 (BLOO1} 0.22 -10 1061 350
BLO4S 0.21 74 350
Z11-1132 (ML1G02) 0.14 -6t0 71 <350
ZLI-1695 0.06 13t0 72 <350
Smectic (Vilnius) 0.18 <20°to0 62° 400
(smectic)

Tab, 2.1: Characteristics of several LC data from Merck KG.

The investigated LC cells were produced by the procedure outlined in section 2.2, The
alignment was made by rubbed polyimide layer (Pl 2545 Nissan) for cells with a
thickness up to 300 um, Well-aligned nematic monodomains on surfaces of

20x20 mm” are obteined independent of the selected nematic liquid crystal, However,
for thick cells (above 100 pm) 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 dost particles or any other impurities
present in the cell.

23.1 Absorption

For comparison, we measured the transmission curves of the materials described in
Tab. 2.1, The measurements were performed with a Perkin-Elmer lamde900
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 plass substrate below this
wavelength, it was not possible to measure the transmission values below 350 nm. To
exactly determine the cut-off wavelength for ZLI1-1132 and ZL1-1695, substrates with
a better transmission in the near UV have to be used. Howewver, we can clearly
distinguish two groups of LCs. The first group (BL0O0G, E7, BL045) has high
birefringence tarl poor transmission for the blue and in the near UV region. The
second group (ZI1i-1695, Z1i-1132) of has lower birefringence but better transmission.
Compounds containing highly conjugated ¢lectron systems (many delocalized or nt
clectrons) have 10 be used to obtain high birefringent LC [11]. In such systems the
electronic lransitions energies are lower. As a canseguence, 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 ta thermal fluctuations, causing a random variation of
the director at different points in the cell. The scattered intensity oris approximately
given by [13]

2
g D

5 24

T ac

where D is the thickness of the cell, £, the dielectric anisotropy and A the wavclength.
Since g, is strongly related to 1he birefringence, we may expect increasing scattering
losses for higher birefringent materials.

We measured for the samples deseribed above the ratio between the scattered light
and the total ransmitted light with a Perkin-Elmer lamda200 spectrometer. The
scattered light was measured by placing a light trap in the integretion 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,

scattared light %

50 400 450 500 550 €00 650 700
Wavelangth [nm]

Fig. 2.10: Ratio of the scatiered to the total transmitted lght for 0.3 mm
thick glass cells cantaining different LCs.

We can distinguish here three categories of LCs. The first éwo groups are the same
ones a5 alrgady defined for the transmission measuremnents: the high birefringent ones
(BLODS, BLO4S and E7) and the low birefringent ones (Zli-1132 and Z1i-1695), As
expected, the first group of LCs scatters much more than the second group. 11 also
interesting 1o observe that although BLOO0G has a 30% higher birefringence than
BL{45, they have both almost identical scattering curves. The third category that
comains ondy the smectic L.C shows almost wavelength independent scattering losses.
Also, for shorter wavelengths these losses are significantly smaller than for the high
birefringent nematic LCs, This is due to the additional order in the smectic LC that
restrains some fluctualion modes [14]. The large offsel of this curve is probably
cansed 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 eritical for
applications that nced precise phase shifts, By derivation of Eq. (1.33) we obtain the
temperature dependence of the phase shift as

d8 _ dS dAn 2x .1 dAn

dr dan dT L dT @3

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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Fig. 2 14: Transmission curve of a Wollaston prism containing 1% of photo-
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-
iniiiator and his side products created during polymerization. Note that the cells
without photo-initiator can hardly be polymerized and it depends on the imputity
concentration present in the material which degree of cross-linking one obtains,

So, the cells that contain reduce concentrations of pheto-initiator have better
transmission &nd show less stress birefringence.

Other, more local defects can also reduce the cell quality considerably. Fig. 2.13
sumnmarizes all these defects, Fig, 2.15a shows air bubbles that may enter the cell
during the filling pracess. These bubbles strongly influence their neighborhood
because the trapped oxygen inhibits the polymerization precess and produce
important deformations around them. Of course, air bubbies can be avoided by using
vacuum filling. Fig. 2.15b shows a defect due to crystallization. Actually, when the
LC reaches = certain temperature it starts to crystallize but very slowly. In our case
visible crystailization 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 crysiailization temperature. The last type of defect presented in Fig. 2.15¢
shows contamination that is alreedy present in the criginal LCP materials ot 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 chere is always
somé contamination present in the material. The exact reasons for this have not been
found.
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2.5.2 Cross-linkable liguid 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 2 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
(irgacure 819) 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]. RA. 82 is nematic from 86° to
116° (when heating) and RM-257 from 70° to 125°. During cooling the crystallization
temperatures occurs at lower temperatures: it stants 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 crystaflization 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 necessartly
correspond to the eutectic point.

;\EO\/\/\/\O_@_(‘, Z a}—@—gwr‘* RM-82

wﬁ\o«.n.,_@_,{; _Q-}_Q_.,Mnjv | RM-257

Fig. 2.17: Chemical structure of two liguid-crysialline acryiates having side
groups of different lengths (6-carbon spacers for RM-82 and 3-carbor
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 remperature, we filled the cells by capillarity
at 110°C, After 15 min relaxation time {until the domain wzlls disappeared), the cells
were cooled down at room temperature (3°C/min.) and polymenzed by UV
illumination (~ImW/cm?). 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 a1 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 107 K™, Also Broer et al. {20] did not find any
birefringence variation for temperatures below 90°C for similar materials.

2.5.3 Absorption and scattering losses of the polymer materlals

We preseat here the measured sbsorption and scattering losses of thick planar aligned
cclls made of LCP. We prepared two 300 yum thick cells (with 0.55 mm glass
substrates) filled with RM-257 and L.C-silicone. A small amount (1% 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
resulis are reported in Fig, 2.18. '
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Fig. 2 18: Measured absorption and scastering iosses for 3080 gom
thick cells filied with polymerized RM-2357 and LC-silicone. (a) Total
transmitted light, (b), ratio of the scartered light to the fotal
transmified,
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When comparing graph (8) with the transmission cutves 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 birefringent conventional LCs. The transmission dip of
the LC-silicon between 380 and 500nm is probably due to the presence of photo-
inttiator 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 niot
scatter as much as the conventional LCs, For example, E7 shows scattering losses of
45% at 400 nm. The LC-silicone that has a birefringeoce {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 s very common and gives good results nearly
independent from the liquid crystat mixture. However, pretilt angles of more than 10°
are difficalt to obtain and even for lower pretilt angles it is not obvious to obtain
reproducible results. So, the optical axis orientation is limited to planar. This of course
is a serious consirain for the optical design. Anather disadvantage of this alignment
methed is the rubbing process step. It is not suited for processing non-planar elements
such as prisms ot leases, Dust particles might be produced by detaching same
polyimide from the substrate and will contarninate 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 Moagnetic alignment

As already presented in section 2.1.3, this method is based on the alignment of
mesogenes that show anisatropic magnetic susceptibility in a magnetic field.

This alignment method offers many advantages. The magnetic field alipns over much
greater distance than rubbed substrates because the forces aot on all the molecules of
the bulk, therefore we may expect even for thick compenents pood 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 molecuoles in the
magnetic field will have a certain orientation distribution Runction

B '
f(ﬂ):exp[—lg%i"i;—f%iﬂz 6], for Ay >0, (2.6)
)

which is given by the Boltzman statistics [25]. Typical values of A% (-10”7) indicate
that the magnetic field induced alignment of individual molecules is a very small
effect compared to &T. However in the case of collective molecolar behavior, such as
in the liguid crystalline mesophase, the magnetic field energy gain may become
comparable with therma) fluctuetions, allowing an important degree of orientation to
be achieved. in this case the orientation distribution is given by [27]
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A-B 1 .,
f(0)=exp[—N¢-Q--—Z!|J;—‘m-sm @i, for Ay >0, Q.

where Ng is the number of moleculzs acting collectively and (* describes the strength
of the collective behavior, 0 £ @ <. In the case of LC, Qv 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 consisis essentiaily of a 20 Tesla Bitter magnet,
a temperature controlled chamber and an optical seiup. For the alignment
experiments, the sample is placed in the chamber and intreduced in the core of the
magnet. Via a mirror system and a window placed in the semple hoider, 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 photeelastic
modulator thar 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]. Wote that this measuring method gives only the relative phase shift
with respect to the initial phase shift. Absclute 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 50 ym
thick planar samples (10x20 mm) filled with side-chain LC monomers (described in
section 2.5.1) for various applicd magnetic fields. The samples were hold at 105°C
(20° below isotropic transition temperature) during the whole experiment. The graph
in Fig. 2.19 shows the phase retardation vaniation as a function of the alignment time
for three different magnetic field strengthis (3 T, 10 T and 15 T). Since the
birefringence and hence the phase retardation is proportional to the order parameter of
the LC, we can say that the curves represent the order of alignment as described in Eq.
{2.3). As alveady discussed in Eq. (2.7), the magnetic field effects are small at the
level of individual melecules and thus sheuld not affect the local order Ou. In
domains, the molecules act collectively and the magnetic filed is susceptible o orient
the different domains and so increasing s, Since the cross section of the beam is
larger than one domain, (he measured birefringence is proportional 10 the increase of
Qnthat is produced by the rotations of the domains.
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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 ihe 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 Jess pronounced for the 10T
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 t0 create moncdomains. This
Tast phase, which is a sort of palydomain-monodomain jurnp, may be a slower
alignment step than the fist phase,

In some other alignment experimenis with the same material we have tried to cool
down the samples from isotropic phase to almost room temperature in a constant
magnetie field from 5 Tao 15 T, Once the samples reached room temperature, we
polymerized them in-siru. After polymerizetion, (he samples where inspected between
crossed polarizers under the microscope. Almost ail the samples show = global
glignment but with many domain walls and contaminaion. 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 untrepted glass substrates
filled with T.C monomers (RM-82, Fig. 2.17). However, we must note here that the
thres sample cells had slightly different inhibitor (HQME) concentrarions. The
samples were (as far as possible) identically processed. They were placed inside the
magnet and heated up to 140°C for 10 minutea. After cooling down at 3 K/min to
100°C in a magnhetic field of 5 T, the cells were polymerized at 100°C for 15 minutes
with a UV intensity of approximately 10 mW/om? leaving the magnetic field switched
on. Figure 2,20 shows a 3x3 mm area of the obtained samples placed between crossed
polanzers.
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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.
. . e Cut-olfwavelel_'lgth Alignment tc?:;é:t';ttlie
Material family |Birefringence|] {for 0.3;]:11:)1 thick uniformity dependence of
birefringence [1/K]
Conventional 0.14-0.28 | <350nm (380nm) | Very good -
LCs 10K
CLCP (Silicone 02 4000m Acceptable 10° K"
lymers)
CLCP 0.14 400nm good <107 K
diacrylate .
onoMmers)

Tab 2.2: Summeary of the performances of the different LC families. The
remperature dependence is given kere as defined in section 2.3.3.

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

Hand-held Fourier spectrometer

In this chapter, we present the optical design and realization of 8 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 3 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 sitable design in a hand-held version
of a FTS for measurements in reftection. The performances of the different desipns
and matetizls such as compactness, angular dependence (ficld of view), resolution,
stray light and temperature dependence will be discussed.

3.1 Introduction

In comparison to other types of spectromelters such, as diffraction gratings or Fabry-
Perot resonators, the Fonrier Transform Spectrometer (FTS) has well-known
thronphpot and multiplex advantages. This can give the FTS with a betier 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 chemiczl anzalysis or astronomical
observations. They contain highly precise moving parts and are consequently large,
expensive, fragile and can only be nsed 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-gstablished 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 awthor [2] is the fabrication of a time scanning
Michelson interferometer by osing silicone micromachining technology. A similar
approach is presented in [3] were a 10 cm large scanning Michelsen 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 2nd needs no particularly sensible adjusting or assembling procedures, it
may become an interesting candidate for applications in the V1S or NIR region.
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Applications such as colorimetry in the graphic indusiry, quality inspection or
environment monitoring might be envisaged, We will discuss later on miniatutizing
possibilities via altemative optical designs snd 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 end the spectrum of the incident light, which is given by the
Wiener-Kintchine theorem (Eq. (1.40)). As slready mentioned, the present FTS is a
static common path polarization interferometer. The optical principle is very similar
to the single prism setup presented in chapter | (Fig. 1.6). The only difference here is
that the birefringent system is composed of two prisms {Wollaston prism) in erder 1o
shift the zero path difference to the center. An enlarged version (with lenses) ef this
FTS is schematically shown in Fig. 3.1, The principle is shorily explained here below:

1)
2)
3)

4}

3)

5)

The divergent incident light is collimated with a collimation optics.

The light is linear polarized at 45° with a dichroic sheet polarizer.

The light is decomposed into two linear polarization components x and y by
the Wollasion prism. Due to the birefringence and the perpendicular (x- and y-
} 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 y-) polarization components, Similarly 1o Ea. (1,33), the phase shifi at the
output of the Wollaston is piven by

§=22(r,-n,)an(@y, G

The two polarization companents are recombined at Yhe second pelarizer {or
analyzer), which is oriented at £45° to obtain maximal contrast.

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

Finally, & numerical Fourier transformation of the spatial intensity distribuion
gives the spectral intensity.
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B(o)=FT{I(6) = { 1(8)cos(2m81d5 . (34)

We supposed here that /(2 is even. The real normalized spectrum Sfa) is then given
by

B(o)

S(o)= s
S W

(3.5)

where By is the white reference spectrum. The spectrum as s function of the
wavelength S{A} can be recovered with the help of a calibration tabie (or function)
that relates the spatial frequency of the interference patiern 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) methad 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
principies of the FT spectroscopy has been extensively discussed in literature [4,5).
So, we will limit us here to introduce briefly some essential concepts that will be
applied to our FTS,

3.3.1 Instrnmental fanction

The instrumental function corresponds to the power spectral density that is oblained 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. 1t contains
any influence of the instrument over the spectrem, The true spectrum of the measured
sample B{ g} and the spectrum B'{) obtained by the spectrometer are related by the
convoiution

B(0) = B(C)o k(o) 3.6

with the spectral impuise response 4o} of the instrument (spectrometer). With the
convolution theorem, we can rewrite this equatian in the spatial domain as

1{8)= H(8)-F(5), 3.7

where F(8) = FT{B(a}} is the true interferogram, H{3) = FT{4{g}} the transfer
function and /(&) = FT{B'fa)} the measured interferogram.

tion;
hfa} is mainly influenced by the truncation of the interferogram. Actuaily, the
measured interferogram has never an infinite tength. 1t is limited by the path
difference range (or maxitnal path difference Sur ) of the spectrometer. For a two-
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sided interferogram, this range is defined a5 - Gun € 8 € G Ithis is the only
influence of the instrument {no phase error or distortions), the measured interferogram
is given by

H(8)=rect(F/25,,.) - F(5), 3.8)

which corresponds to the multiplication of the true infinite interferogram Ff) with a
rectangular function rect that is equal to one over the ranpe - &< §< Gy and zero
otherwise. As illustrated in Fig. 3.2a, the impulse response will be in this case the
Fourier transform of the rect function, which is a sinc fimction. So, from Eq. (3.8) we
get

B{o)= B(0)esine[28,, (0~ &) =

Blayssin(z(o - 0y)24,,, )/(z(a-aa)Zﬁm)' @9
So the instrumental response for sirictly monochromatic light (B(o} = Dirac pesk
centred at 0p} 15 a sine function centred at & with the first zero at 1/(28,...). The
resolution of the spectrometer can be defined as the full width at half meximum
(FWHM) of the impulse response. As shown by Fig, 3.2b, it is given by the central
peak of the sinc function and is equal to 0.6/8,,,.

@) ()

reci(Ae ANF(E) § SIne(1/26,1,10)
X ﬁ.'.,_—; 0.6/8, .,
A o e

Fig 3.2 : (o) multiplication of the irue interferogram with a reciangular
funciion, (b} the true specirum (Dirac peak) becomes a sine finction
{FTirect) with a firsi zerc ot 142 B and a FWHM of 0.6/ 8pe

Using do= AV47 we get for the FWHM expressed in wavelength

2o
A =0, 310
Arwrm . (3.10
This shows that the resalution decreases with the square of the wavelength. Thus, for
the visible spectrum (380 nm t¢ 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 4¢J} with the
inerferogram. From the convolution theorem, we get
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T T
HE(») = 43)- F(&)= B(0) = 4(0)~B(o), (.17

which is convolution of the Fourier transform of the apodization function d(g} with
the spectrum Bfal. As seen from Eqs. {3.9) and (3.10), the truncation of the spectrutn
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
specirum:

1) For small-band specira it reduces the side-Jobes {Fig. 3.2b) that are produced
by truncation, The smoother the apodization function the better the side-lobes
reduction,

2} For smooth broadband spectra it helps 10 reduoe the effects caused by poor
signal-1o-noise ratio at the borders of the interferogram. The effects on the
side-lobes is not relévant here.

Nevertheless, in both cases information ig removed from the interferogram and
consequently the resolotion is reduced, A trade-off between loss of reselution and
noise or side-lobe reduction has 1o be found for each application individually. A list of
apodizing functions and their effects is given in {6].

The apodization can be preformed "mathematieslly” 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
funciion, we get a predefined intensity distribution for the interferogram and a sort of
natural apodization is produced.

Large aperture:
For most of the interferometers, the 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
ontput of the interferometer. This phenomenon has already been explained in section
1.3.4.1n this section, we define the feld of view as the maximal angle for which these
OPD differences are acceptable. Figure 3.3 illustrates the influence of (he angular
dependence of the spectrometer. For different incidence angles the light will undergo
different OPDs and consequently transforms itself into itterferograms 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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M= 2=,

Spectro-
meter

Fig. 3.3: Angular dependence of a FT specirometer. Due to the angular dependent
OPD of the spectrometer, fight with different incidence angles wiif induce signals
with different spatiai frequencies. When performing the FT, these signals 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
specirometer {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 disiartion {or local varying frequency),
because ehe light that contributes to the extremes of the inerferogram 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 comnpared to grating spectrometers, this is a crucial
parameter and has to be discussed in detail.

Phase distortion:

Due to fabrication defects such as nonlingar thickness variations A (imperfect cell
fabrication or polymer shrinkage) or stress birefringence 42w, 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 A&is given by

AB(8,a)= i(8)-A(An(S,0)) + Anfb.0)- A1(E), ' (3.12)

Where #(8) is the local thickness of the prism. The measured interferogram is given
by: .

{3 =F(8(y)+Ad(¥D, (3.13)

where F(& is the true interferogram and A&y} is the phase errar as a function of the
position y in the observation plane. When A&y} is known, we can retrieve the true
spectrum by modifying the Fourier transform
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B(o‘)=TF(J)::OS(Zmﬁ)dJ=‘jl(¢5‘)cos(2m{5'-r55})d§', 3.14)
0 0

We made here the variable change: § = 8 + AS. We suppose that the derivative of A5
is small 5o that

dAd(d)

dﬁ':dﬁ-[l+ ]":'dci”. (3.15)

We can note that the phase shift error as defined in Bq, (3.12) is also depends also on
the wavenumber o We will show later how to measure Ad and to perform in practice
the above described phase cofrection.

Detector non-tineanty:

If the detector response is non-linear, the measured interferogram will be distorted.
Every deiector {or anatogue/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 lincarity, such as high performance CCD are used, the
distortions are negligible.

3.3.2 Throughput

In the field of spectroscopy, the throughput (ot étendue) expresses the ability of a
spectrometer 1o collect light for a given resolinion, Tt is an importam characteristic of
a spectrometer, especially when working with low infensity sources or when short
integration times are required.

The linviting aperture of the system defines the energy that reaches the detectar. It can
be the inpui aperture (source side) or the oulput aperture {(detector side), but
practically it is often the detector size 1hat limits the collected energy. So, the spectral
throughpul

GfA)=T(R)-5.4, (3.16)

is given kere 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 J¢4). Note that for
a circular symmetry of the optics we get

G(A)=T(2)-8n-, ain

where u is the divergence angle of the cone (or ficld of view angle). Here, we do nol
take into account parameters such as the spectral sensitivity of deteclor 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

Far 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 thearem states that the highest frequency @ that
can be resalved is given by

w=—, .
n (3.18)

where b is the sampling interval. This means that we need always at [east twa
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 Ay, &
minimal wavelength 4, and a resolution of A1 at 4., we need at least 8 maximal
path length difference of

2.
5, = tn (3.19)

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

5 .
N=2-t=
Anin €29

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 &= 53 pm. I we suppose that the
birefringence An is egual ta 0.2, this corresponds ta a minimal wedge thickness of D=
265 Um (S = A D}, The required number of pixets would be ¥ = 280,

3.3.4 Naise

Dine has ta distinguish two categaries of noise; the noise due to optical defects or to
the sensitivity variations between pixels, which affects directly the measured
interferogram (fix pattemn noise)} and the statistics] noises, which includes the naise
due to the detection system and the photon noise.

We distinguish between twa 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: 1s due to thermally generated electron-hales pairs in the
photadiode. This noise is present even if the detector is nat illuminated, The
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offset created by the dark-current can easily be measured and subtracted from
the original signal, The naise itself is due to the shot-neise of the dark-current
and is praportional to the square root of this current.
The FT-spectrometers have the advantage that this type of naise 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 M selative to grating spectrometers.
However, in the visible and NiR region, wherc the detectors are less sensible to
thermal radiation, this advantage is nol so significant.

Multiplicative naise:

The multiplicative noise is essentially due to the photon naise 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 are
proportional to the square root of the numbcr of photans, When the detection is
photon-noise limited {photan noise larger than the additive noise), the multiplex
advantage is not relevant anymore.

3.4 Design and simulation

There are mainly three parameters that characierize the spectrometer presenied in
section 3.2;

. the angular dependence or field of view,

2. the localization of the plane of maximsl contrast (see section 1.3.5),

3. the resolution.
The idcsl spectrometer should have a large angular acceptance, a high resolution and
the planc of maximal contrast localized ouiside the system to permit miniaturization,
Qther parameters thay are related to the LC material such as bircfringence,
temperature dependence, scattering losses and absorption losses have also to be taken
into account.
Many designs have already been presented in litesature [8, 9, 10, 11, 12, 13, 14, 15,
16,17, 18]. All these designs are based on inorganic crystals, such as calcite or quanz
except [11]. Some of them 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 aptical axis of the first prism of the Wollaston [13, 18]
Another design [12], containing a compensation plate and 2 second Wollaston prism,
permits an increased field of view and to keep a relatively compact design. In addition
10 inorganic crystals, liquid crystals offer the possibility to produce birefringent
elements with twisted optics] axis. This permits designs with a variety of new
configurations. FTS designs with enhanced field of view using twisted L.C cells were
reparted for the first time by Stalder et al. [19). The LC technalogy has alsa the
advaniage to be less expensive.
Fundamentally, by using two ar 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
fimit qur investigations 1o a maximum of two wedge cells.



Chapter 3. Hand-held Fourier spectrometer. ill

4 2 I"" 3 14 4 "l"

+ ® Qptical axls

“l" Twisted
Opticsl axis

® "l' 4 4

Fig. 3.4: Possible configuratians thai can be obtained with two or three cells. Other
configurations can be abtained by ralating the system by 180° ar by choosing various
combinations of twist directions.

3.4.1 Resolution

To be able 0 use the spectrometer in the visible region and for colorimetry, it is
required to have a resalution of at least 20 nm [30). By introducing 4 =700 om and
AA =20 nm into Bq_ (3.19), we find that we necd a minimal path difference of S =
24.5 um. In Tab. 3.1 are listed the maximal phase shifts and corresponding resolution
for some LCs that we have used. We cansidered here a Wollasion with a fixed
thickness of D = 200um,

Liquid crystal Birefringence | Maximal phase Theoretical resalution (AX)
designation {An at 547 nm) | shift (Smy) [um] | [nm] at 700 nm
BLOJ6 0.28 36 9
E7 0.22 44 11
ZLI-1132 0.14 28 18
Wacker (LCP) 0.19 38 .13
RM-257 (LCP) (.14 28 18

Tab. 3.1: List of the resolutions that can be obtained for different LCs and for a fived
Wollaston thickness of 200 jm.

The number of reguired sampling points N is given by Eq. (3.20). If we introduce the
vilues Apzy = 400 nm and &, = 34 pm, we obtain ¥ = 170 pizels, So we need a linear
detector with at least 170 pixels which is not a large number. 1f we consider a “high
resolution” version with the highest bireftingence (An = 0.3) and the largest thickness
(D = 300pm} obtainzble with the LC technology, we get a maximal rezolution of 6 nm
at 700nm and we need 450 pixels, This can be considered as a low resolution
spectrometer when compared ta leboratory FTS. However, it 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 regton we have only a resolution of about 60 nm (a1 1.5 um).
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3.4.2 Fleld of view and throughput

As explained in seclion 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 simulstions 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 iz Jocalized inside the system arid 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 sxiract the plane of maximal contrast.

Table 3.2 givea the field of view and the corresponding throughput as defined in Eq
.(3.16) for the different econfigurations. For 1he calculation of the throughput, we
considered a Hamamatsu detector (S5463-5]12Q)) that has a total size of 6.4 mm’. The
transmission coeffictent 715 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 Field of view Throughput [mm” sr]
1 +{Q° 0.36
2 (same twist direction) >+35° 4.3
3 >+35° 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
ficld of view 1o be altered. We simulated with ASAP [21] for a realistic design (4 =
0.2, D =200 pm, ¢=0.54°) the modification of field of view when changing the tilt
angle of the optical axis. Fig. 3.5b shows the figld of view of configuration 1 for a tilt
angle of 0° and Fig. 3.5a for u tilt angle of §° of the first wedge. Such angles are
typical pretilt angle for LCD display technology. We see that the ficld of view siays
almaost unaltered by tilting the optical axis of the first wedge. Figure 3.5¢ shows the
ficld of view that is obtained by tilting the optical axis of ihe second wedge by 2° (and
0° in the first wedge). Here, we see that 1he interference pattemn is shified 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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{b)

Fig. 3.5: Fteld of view in the plane of maximal contrast of a classical Wollaston
prisem with tilted optical axis, (a) 8° tilt for the first prism and §° for the second,
(B) G° 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 will see in the next
section, only tilt anples 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 impartant 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
slignment, 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 paralle] 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 ta
the sUrface Tilled LC malecules

_Planz of maximal /i
conlrast

Fig. 3.6: Localization of the plane of maximal contrast for the
classical Wollaston configuration. On the leff, the LC molecules are
parallel ta the surface and the plane is localized inside the spstem.
On the right, the LC molecules are tilted and the plane is localized
oufside the system. '
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The localization of the plane can be found analytically by geometrical considerations
Tor 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 irace program (ASAP) as for the field of view
calculations presented in dhg previous section. This program is able to split the light in
an ordinary and extraordinary ray wheo entering & uniaxial medizm and so to track
maodification of the polanization state. Moreover, each ray (constituted of several
elementary rays) models & 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, S0, coherent propagation and polarization effects can be
treated with this program, which is absoluiely necessary for simulation of polarization
interferometer properties. Figure 3,7 illustrates the ry trace trough a spectrometer
iltuminaled with an extended source having two waveleogths (632nm and 800nm).
The simulation gives the output interferogram and its Fourier transform containing the
two peaks corresponding to the two wavelengths.

| [

o — S

e S AR FT j

Y — ‘ A(=632nm
7 A=R00nm
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17— (!

7 z

Ray-trace Interferogram 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 sysiem is illuminated with a spatially extended light saurce and the points
of inlersection of two rays that represent the bwa polarization components give
the localization of the plane {as shown in Fip. 3.6).

2} An axtended coherent saurce is focused iteraively in successive points {in the
z direction) producing differenl interference pattems 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 (o 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
comirast is situated here ar 1.5 mm.
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Fig. 3.8: Simwlared interferograms for different locatizations from the exit
surface.

For simplicity we modeled the planar TN cells (as for example in configuration B
shown Fig. 3.9) with & simple polarization rotator of 90° (Jones matrix of Eg. (1.13))
and we neglect the additional phase shift introduced by this cell. This approximarion
can be done when the TN cell is thin (<20 pm) compared with the thick wedge cells
{200 um) 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 ¢ontrast.

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
ASARP, For this reason, we developed two new calculation methods that have been
implemented in ASAF. 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 spliting 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 ead up with 2™ 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
layera of homogenous uniaxial plales combined with a polarizater rotator (Jones
matrix in Eq. {1.13)). The rotalor rotates the polarization state by an amount equal to -
the angle between the optical axis of the previous and the next tayer. 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 £33°, 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 o is given by the technology constraints. The alignment of
the liquid crystal is the same for all the configurations and ¢ = 7°, For the simulations,



3.16 Chapter 3, Hand-held Fourier specirometer.
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Fig. 3.9: Configurations with tilted optical axis that show different
localizations of the plane of maximal comtrast, (A) Classical wmodified
Wollasion (or Normarski) prisee with the optical axis of the first prism iilted
by an angle a (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 directian and have opposite tilis.

we used T=230 pm, ¢ = 0.6° and An = 0.2 (1, = 1.51 and n,, = 1.71) which comespond
approximately 1o the parameters ofthe 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 obtzined by
directly observing the localization of the fringes in a polarization microscope. The
results are summarized in Tab. 3.2,

Configuration A B C
Simulaied values

Localization of fringes 1.0mm 2.4mm 1.7mm
Measured values 1.240.2mm | 2.240.2mm -

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 it angle of the apticel 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 within 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 distanee
from the exit face of the system that 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 1o place the
detector exacily 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,
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3.4.4 Summary of the different system designs
For the complele 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 confipurations have the same dimensions and hirefringence, they need also
the same detector. So, this element is not relevant for our discussion.
in order to get an overview of the different possibie system confipurations, we
summarize their main perfarmance in Tab.3.3.

Configuration | Design | Nb. of | Theoretical Loc. of the Field of
ceils | resolution at | fringes from the | view at
700 nm [nm] | exit surface zero OPD
[mm]
A 2 14 1.2 +10°
O
B 3 i4 22 »>+35°
Ty
k
Cc 2 14 1.7 +10°
45*
e
Inside the o
D || 2 14 system >+35
I

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. Confipuration [ has only two
cells and has a good field of view but since fringes are [ocated inside the system it
needs undesired imaging optics.
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3.5 Noise reduction and signal processing

The [abricated spectrometers show always defects and are never perfect. There are
many sources of defects: dust particles, stress birefringence, wedge deformations, LC
impurities, polarizers imperfections, nonlinearity of the detector, scratches, etc., An
exhaustive list for FTS spectrometets can be found in [25]. These emor 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 comections.

3.5.1 Wavelength calibration

To each wavelength of the incoming light A corresponds a sinusoldal intensity
distribution with a certain spatial frequency p = 174 at the output of the specirometer.
The relation of the output frequency as a function of the wavelength is not straight
forward becsuse it depends on the dispersion relation of the birefringent material.
From Eq. (3.1} we get

A

A A AT yiamg (3:21)

where ¢ is the wedge angle of the Wollaston prism and An{A4,T)is the hireftingence

of the LC which depends on the wavelength A and the temperature 7. In most
circumstances, A(A,¢.4n, T cannot be calculated in a simple way. 1t is much casicr to
measure it precisely and to celibrate the system.

To perform this wavelength calibration we used the set-up a5 shown in Fig. 3.10. It
consists of & monechromator with a bandwidih of 5 nm that illuminates & 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.

Fc difuser
wl
ar

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

‘The measurements were performed every 10 nm from 400 nm 10 750 nm. The peak
position of the Fourier transform of the measurement gives p. The following graph
shows p as a function of A for the polymerized LC-silicone (Wacker) prototype at
TOOm tempotature,
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Fig. 3.11; Wavelengih calibration measurentent.

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

023

0.22 |
5 021
£ 020
& 0.19
0.t8 {

o?
400 43¢ 500 550 800 €50 00 750
Wavslangth fnm]

Fip. 3.12: dispersion curve of the birefiingence of the LC-Silicane.

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

"12

z-Anr,Lr)-mw'“}”d’I’ (322
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S0, when performing the variable change from p to A the intensity should be
multiplied by a rescaling factor given by the equation above. However, this factor is
not retevant when making relalive 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 a2 method already used by Manzerdo [26], which permits to
determine phase distortions and to correct the measured interferogram.

If we supposc that the phase distortion A&is only (or mainly) due to a thickness
variation Al, we have only the first term

Ad=An-M, (3.23)

of Eq. (3.12). As shown: in Fig, 3.13 for a simple birefringent wedge, the thickness
variation A/ in the z direction can be translated into a shift 4y in the y direction.
In this case the phase error can be written as

Fig 3.13: deformation of

a wedge shaped cell. The
thickmess varigtion can be
transposed into a shift of ¥
the interferopram in the y
direction.

In this case the phase error can be wiriticn as
2T
AJQJ)=TAJ'MA»0.)1¢:H¢. {3.24)

The comesponding y shifis are given by

_A_ast
Ayly}= 2% oty (3.25)
When introducing this phase error in a perfect interferogram given by
2r
= Zaj(z!j)arp[!-i——-yﬁn(.ij)mnq#) (3.26)
7 i

we obtain
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=2 a;(4 )exp[f%- (yanr i, )fan¢+dyﬁnr4;)ran¢)J- (3.27)
i
This equation can be rewritien as
' 2z
I'=Ya jrzj)ap[fl—jan(zl,)mwry+ay)]. (3.28)
J

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

r'o)=3a (k; jexp(iznp,(y+bv)). (3.29)
2

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

B )= 2. 2 a,tp; Jexp{i2mp( y +ivn )} exp(i27pil v +89 ), (3.30)
)

including the rescaling of the y axis A9} as described in Eq. {3.25), where B(p)) are
the Fourier components of the undistarted interferopram as a function of the spatial
frequencies p;. By applying the wavelength calibration as described in section 3.5.1,
the comrected spectrum as a fimetion of wavelength B({4,) can be found.

Note that the phase correction can also be performed by simply re-sampling 1he
interferogram, I'(y; )= I'( y; — Ay, ), and then applying the normal Fourier

transform,

Ayfy) can be found by comparing the measured and the idea) interferogram produced
by a monochromatic light source. The ideal interferogram is & perfect theoretical
sinusoidal signal with equidistant zeros. The measured interferogram will show some
deviastions from this perfect signal. The difference between the ideal zera positions
and real zere positions gives 1he values of Awy) for the zero points of the
interferogram. The measured interferogram is obtained by illuminating the
spectrometer with diffused monochrematic fight as shown in Fig. 3.10,

The effects of the correction are particularfy spectacular when it is applied to narrow
band spectra, Figure 3.14¢ shows the spectra obtained frem the interferogram shown
in Fig. 3.14b. The dotted [ine shows the uncorrected spectrum and the solid line
represents the spectrum obtained from the same interfoerogram 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 comrection Ay to all
wavelengths.
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Fig. 3.14: (a} Phase correction applied fo each pixe! of the interferogram. (b)
Uncorrected inierferogram obtained with monochromatic fight at 570 wm. (c)
Uncorrecied (dotted) and phase 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 is mainly due to distortions caused by local defects inthe LC
wedges. The correction of these defects is discussed in the nex! section.

3.5.3 Fix-pattern noise correction

The interferogram and its Fourier transform are very sensitive to what is called here
*fix-pattern noise” (which should not be confused with the noisc caused by the
detection). This noise is mainly caused by local defects. These defects can be
impuritics of trepped air bubbles that are present in the LC material, inhomogencitics
of certain sheet polatizers, dust particles or scratches present on the substrates
surfaces,

In order to suppress this fix-pattern noise, we apply a method already used by
Hashimoto [27]. In this method a first interferogram. |y is recorded where the
polarizer and analyser are oriented perpendicularly as shown in Fig. 3.15 A, Then, a
second interferogram /; is recorded where the polarization axis of the polarizer and
the analyzer are now parallel as shown in Fig. 3.15 B,



Chapter 3. Hand-held Fourier spectrometer, 323

A) In-phase
FARETYEET ]
Vgl ilan § jaf:} I
Fmes !
3 5=
$1E § K Interferogram without
\ fix-pattern noise:

nolariw.{ | Birefringent
element

Li-k:
B) Anti- phase b

ot

Fig.3.15: Background and fix-pattern noise suppression. {4) Interferogram
with crossed palarizers (anti-phase). (B) Interferogram with paralie!
palarizers (in-phase). (C} Fix-pattern suppression by subtraction of
interferagram 1y with 1.
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When subtracting the in-phase and the anti-phase interferagrams (fy and 1), the fix-
pattemn (mean intensity) called P is suppressed and the signal § (or mterf‘erence
pattern) is doubled. We can write this as

=l =1, =[5+ P)-(-8+P)=25. {3.31)

Finatly we end up with an interferogram where the fix-pattern noise has disappeared
and the interference signal § is twice as high.

In order to avoid the mechanical rotation of the polarizer as in the methad described
by Hashimoto, we introdnce a twisted nematic liguid crystat 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, ¥ = 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)
ol 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 %0° 16 obtain the two
interferograms shown in Fig. 3.15 A and B,
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Fig. 3.16: Tracking of the polarization state {arrows) in a systen
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 pm filled with BLO0G
(An = 0.28). It can be verified that the wave guiding (Maugin) condition [29]

%ccﬁn-d, (3.32)

which is necessary for proper guidance of the polarization state and low dispersion in
the twisted staie, is fulfilled for visible wavelengths (dnd = 6.44 i),

Figure 3.17 shows that this correction procedure reduces significantly the distortions
of the spectra. Figores. 3.17a and b show a simple interferogram (gray line) and the
same comrected interferogram (black ling) 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 uncomrected interferogram is here oultiplied by twa in order to
facilitate the comparison,
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Fig. 3.17: Fix-Pattern and background substraciion (4) Comparison of a

corrected (binck) and uncorrected (gray) white fight imterferogram and {B)

their corresponding specirums.

50



Chapter 3. Hand-held Fourier spectrometer, 325,

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 o 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 detectar 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 iransfer 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. .18.

Wollaston +

photadetector amay LED array

Close loop
Reguialion
systam

integration
sphara

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

For differem imradiance values the response of the photg-sensor (Hamamatsu C-MOS
linear image sensor, $5463-512Q) 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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The graph shows that the detector reaches samration at about 7000 digits. h also
demonstrates 2 good lincarity between 0 and 5000 digits. The measured points deviate
by less than 30 digits from the linear interpolation. These deviations correspond to
approximately to 1-2%y of average signal. Compared to other error sources, such as
distortions due to local defects in the LC {seciion 3.5.2), the non-linearity of the
detector esponse can be neglected. However, these measurerents show that the
signal should not exceed 2/3 of the dynsmic 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) wers obtained
by using the setup thal is schematically described in Fig. 3.20. The light is produced
by a high power xenon lamp or a HeNe laser, which is coupled inte a lighi-guide. A
spatially incoherent source is created by illuminating a diffusing platc. Before being
analyzed by the spectrometer, the light is limited by an aperture. For the birefringent
part of the spectrometer, we used configuration B of Fig. 3.9. The birefringent
elements (exeept the TN cell made of ZLIE-1132) were made of silicone LC. In order
Lo perform the fix-pattern noise correction (section 3.5.3), we placed in front of the
wedges a switchable 20um thick TN cell filled with ZL1-1132 having its optical axis
oriented at 45° (parallel 1o (he 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 Hamametsu 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 specirometer, It consists mainfy of a
light source (xenon lamp or HeNe laser), which Hluminares 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 {(er noise level) of the spectrometer with two
different light sources: a HeNe laser (633 nm) and a xenon lamp combined with a
(G495 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.

- MNumerical aperture NA = 0.35 corresponding to an angle of = 20°.

- Phase correction has been performed,

- Na "mathematical" apodization, .

Eventual non-linearities of the detector were not corrected,

The resulis for the HeNe laser are plotted in logarithmic representation in Fig,

3.21, The same graph shows also a comparison of the spectrurn obtained with and

without fix-pattern comrection.
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Figure 3.22 shows the stray lighl suppression (in logarithmic representation) measured
by filkering a xenon Lamp with 8 GG495 (Schott glass) filter. The spectrum is
normalized by the spectrum measured withoul the filter.
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The stray light suppression between 490 nm and 420 om 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 is influenced by the (wo 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 remaming 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 birefringent
elements also absorh about 30% of the light. So, we may expect 2 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
integralion 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 ¢
lower selectivity at these wavelengths of the sheet polarizers. It bas 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 specirometer 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 polartzers 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 considersd 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 stasts to decrease
significantly below 450 nm.
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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, A+= (.19 and £ = 200pm we obtain a theoretical resolution of

AX = 10nm. We measured the resolution by fully illuminating, the spectrometer with
the setup deseribed in Fig. 3.20. The resuli is shown in Fig. 3.25. It shows s FWHM
of 11 nm, which is very close 1o the expected value,
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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 (~44{0 nm). The blue LEDs were added to compensate the
poor performances of the white LEDs in the speciral region below 450 nm. The probe
is illuminated via a conical mirror that is inclined by 22.5% 10 the sample normal in
order 10 obtain the 45° illumination requested for colorimetric measurements [31].

To get a qualitative idea of the illumination spectrum as seen by the spectrometer, we
measured it with a commercial spectrometer (Spectroling, Gretag-Macbeth). The
results is shown in Fig. 3.28.

1 -

sity
bt
@

relative inten:
o o o
[ ] E- o
1 L 1

0 o

Ly T £ D 0
FPEPLCLLPLL LSS
Wavalength [nm]

Fig, 3.28: Spectrum of the iltumination module.

As seen from the graph above, the spectral region from 330 nm to 430 nm is badly
covered by the LEDs. The tlumination decreases also above 700 nm.
A maore detailed description of this illumination module ¢an 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 lingar image
sensor from Hamamatsu (model 85463-512Q). The pixels have a width of 19 pm, a
beight of 500 pm and the pilch is 25 pn. This detegtor is chosen mainly for its large
pixels and its large saturation achieving a high 8/N ratio.

During this work we used two read-ou electronics:

1} Electronic provided by Forschungszentrum Karlsruhe with a 18 bits A/D
converter (65536 digits) and an RS5-232 communication interface. The
measured offset was about 500 digits.

2} Eiectronics provided by Spectrosolutions with a 14 bits A/D converter and a
USB communication interface. The measured offset was about 200C digits.

Additive noise:

We measured the signal coming from the Spectrosolution Board when the detector is
nat illuminated. We measured a noise of about 3 digits (for an integration titne of

80 ms}. From the data received from the Hamamatsu supplicr, we calculated that
about 25000 electrons of the integrated charges are due to the dark current. The dark
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Fig. 3.30: Reflectance measured with the pratotype (thick line) and
compared with the Spectrolino measuremenis (thin fine)

The difference between our prototype and the Spectroline measurements reach 5% at
some wavelengths. The color distances AE (defined in [34]) between them are situated
between 1 and 3. These distances are relatively important since the human eye can
distinguish distances at least downto 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 nenometers, Such problems cen be
avgided by using polymer LCs, which have a much smaller temperature dependence
than conventicnal L.Cs (section 2.7).

Another drawback of this prototype is the wea)k intensity of the lumination module
in the speciral range below 440 nm. The consequence ts clearly demonsirated 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 to be very much temperatare dependant (sec section 2.1.5) and so our
spectrometer is also. From Eq. (3.21) and by considering A as constant, we find for
the temperaiure dependence of the measured wavelength

dA_ dA dan_ A dAn(A.T)

dT  dAn dT An  dT (3:33)

Since we know that the birefringence is proportional to the order parameter O, We can
approximate [36] the birefringence by:
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T #
M=MDS=MD(I—0——] . (3.34)
M-t

where Ty, is the nematic-isotrope transition temperature, Ang is the birefringence at
T=0K (§= 1), ot and £ are material parameters, By differentiating Eq. (3.34), we find
for the temperature dependence of the birefringence

y.x
A1 _ an -2 ﬁ[| _a,..’"__] _ (3.35)
a7 Ty1 Tu_i
By replacing Eq. (3.35) into Eq. (3.33), we obtain finalty
di -4 r Y
di _-Aom gy o T (3.36)
dl  An Ty, Tyt

According to [37] we have approximately B =0.22 and o= 0.98. For ZLI-1132 we
have Ty = 344 K. By inserting An = 0,14 at 7'= 290 K into Eq. {3.36) we find A=
0. 212. With these values we get from Eq. (3.36) the wavelength drift { 44T | around
k= 500 mn shown in Fig. 3.31.
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We investigated experimentally two prototypes: a first one made of conventional LC
(ZL1-E132) and = second one made of photo-cross-linkable L.C polymer {Wacker). To
measure the temperature dependence, the FTS prototype was put into a temperature
controlled test chamber (Vétsch VT4004). As described in Fig. 3. ), monochromatic
light {spectral width of A). = nm} is prodoced by & monechromalor and injected into
& plastic wave-guide that is connected ta the entrance of the spectrometer. We
recorded the localization of the measured peak every $°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 arifi 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.Inm” K for LC polymers. 1f we
compare these results (ZL1-1132 for 500 nm) with the praph of Fig. 3.31, we see that
the theoretical values are aboul two times higher than the measured values.

Note that if we introduce the temperature dependence of birefringence (dAq/dT)
measured in section 2.3.3, 2.5,1, 2.5.2 in Eq. (3.33), we cbtain similar results 10 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 1his material bas not been fabricated yet.
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3.9 Concluslon

We summiarize the actual performance of the prototype hand held FTS spectrometer.
The investigated spectrameter that has the configuration shewn in Fig. 3.9 B and is
made of polymerized LC-silicone (Wacker). We calibrated it as described in section
1.5.1. We performed measurements of pattem noise comrection and the phase
correction a8 described in section 3.5.3 and 3.5.2, respectively. The main
characteristics of this specttometer are listed in Tab. 3.4.

Size 25% 25 x 6 mm’ (witheut detector)
Resolution 11 nm (at 630 nm) :
Field of view > 359 (depending on OPD)

Stray light suppressian <22 dB (for A > 420 nm)

Average Transmission (VIS) | ~15%

Cut-off wavelenath 410 nm

Temperature dependence 0.1 nm/°K

Tab. 3.5: Overview of the performances of the investigated
Spectromeier.

Several characteristics can still be improved in the fiture:
- The size of the spectrometer can be reduced ta 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 ar of
the spectrometer design and can (to the best af 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 birefringent elements. The first application is a
common path interferometer based on a birefringent lens for optical surface
measurements. The second application is a shearing interferometer based on two
Wollasion prisms for phase object observation in difTerential interference contrast
microscapy {DIC microscopy).

4.1 Double focus common-path interferometer

A double focus interferometer is a polarization imerferomener that uses a birefringent
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 compenents had
been devised by Dyson {1]. Since that time other similar interferometers have been
built [2, 3, 4, 5]. One of the principal problems of these systens is the use of an
expensive birefringent lens made of inorganic crystal such as calcite. To solve this
problem, Nose et al. build an interferometer using & lens made of a conventional
liquid crystat [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), collimated and expanded to a diameter of more than 1 cm {diameter
of the LC cell). The so obtzined quasi-plane wave 1 passes through a calibrated LC
phase shifter and a beam-splitter before attaining the birefringent 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 1o
the refractive index of the surrounding giass. So, it will not be affected untii it reaches
the 1est surface. The polarization component parallel to the optical axis, which
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corresponds 16 the reference wavefront 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 1est surface the two wavefronts travels back through the hirefringent lens and the
heam-sgplitter. 1deally, the reference beam should become planar again and the test
wavefront should carry the information about the 1opelogy of the test surface. The two
wavefronts pass finally through a second polarizer oriemted at +45° to permit them to
interfere. The interference paltem is recorded with a 12 bits CCD camera (Dalsa CA-
DI).

Colimation eptic Mol o epn
A Phase retarder e
| ] e e : / Test suriaca
e o
| i/
1% Polarizer
R
2™ Polarizer
e
cCcD

Fig. 4.1: Schematic of the double focus common-path
interferometar.

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

T =(T+R)? = A2+ A3+ 24 Ag cos(kW(x.y )-8

4.1
=hy(x.y ) {1+ V(x.y)cos( kW(x v) =)} @
where £H/(x.y) is the phase shift produced by the profile of the test surface, ¥{x,)) the
visibility, fofx.3} the mean intensity and ¢ a constant phase shift. So, lw contzing three
unknown funclions #, ¥ and /. 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
0,472, 7,37{2, and substitute these for gin Eq. (4.1), we obiain the four
interferograms

oy = A2 + A2 + 2 A Ag COS(KW X, )),
Tz = AX+ A2 4 24, Ag sin(kW(x, 3 )),
Lo = A2 + AL =247 Ag cos(kW (2.3 ),
Tours = AF + A3 =247 Ag sin(kW(x,p }).

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

kW {x,y)= amtan(w] . 4.3y

Ly _]aufS

Because of the reflection, # correspands to twice the deformation of the surface
profile. There exist many others variations of this algorithin, having various
advantages [8, 9].

When the tested surface varies more than one wavelength (corresponding to 2n phase
shift), ¥ will show discontinuities because of the discontinuity of the arctan fiunction.
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 ir: [10] and a more sophisticated freeware program (FRAN)
[

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 n, of the LC and the n of the BK7 glass (ngx7= 1.5167) of
{he substrate lens. We must also make sure that the birefringence of the material is
large enough in order lo 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 n, Ny mismatch
ZL11132 |1.6280 14910 0.026
ZLI 1738 |1.7051 1.5168 G001
ZLE 1289 11.707 1.517 0.003

Tab. 4.1: Refractive indices of different LC maierials
compared 1o the refractive index of BK7 glass.

The ideal LC wounld be ZLE-i 738, but we could only make lenses with a good optical
quality (no domains and low scattering) with ZLI-1132. The focal kength f of the
extraordinary polartzation component is given by

i |
}" ={n, =Ny, }‘; : (4.4)

[}

Where r; is the radius of curvature of the substrate lens and #,1... the refractive index
of the glass. When introducing the values for ZLI-1132 and ;= 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 #, = 1.8 we would get £= 0.1 m}. A smaller radius
of curvature would also decrease the foce] 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 plating bircfringent lenses, one
with & conventional LC and the other with a polymerized LC (LCP), between 43°
oriented polarizers.

Fig. 4.2: Interference fringes produces by a birefringent lens
placed in berween polarizers at £45° On the {efi side a fens
made of LC-Silicone {(Wacker) and on the right side a lens made
af standard LC (BLOOS, Merck).

The nolsy and deformed fringes in left picture show clearly that the LCP lens has en
insufficient quelity 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 mismaich between the ordinary index of ZL1-1132 and the BK? glass
makes the T wavefront slightly divergent when iliuminated with collimated light. As
shown in Fig. 4.3, this can be compensated by introducing an additional converging
lens between the test surface and the birefringent lens.

Bifocal lens

I |
Coltimated light T
__________ ==*""Focus point without
---- cetrecton lens
— ]
@
t Polarization vectors
Divergent beam

Correction ens

Fig. 4.3:Set-up withg an edditional corvection lens,

We finally have uscd en achromatic lens with a focal distance of 1.33 m and
positioned it so that the divergence of the ordinary beam is compensated.,

4.1.3 Astigmatism of the liquid crystai tens

The L bifocal lens shows a strong astigmatism, i.e. the extraordinary wavefront
(here the reference beam R of Fig. 4.1) thet 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
[?], this asymmetric effect is due to the alignmeni 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 normel to the
incoming light. From Eq, (1.7) we know that the exiraordinary index change with &
So, the phase shift between the two polarization components will be different in point
A and point B. This will produce an asymmeiric phase shift pattern over the lens,

Fig, 4.4: Alignment of the

LC molecules In the Optical axis
bifocal lens.
Y
LB
LC molecules

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

We have calculated the astypmatism produced by & plano-convexe LC lens as shown
in Fig. 4.4. For this purpose we have calculate the optical path for every X,y
<oordinate by taking into account the angular distribution of the optical axis and the
thickness variation.

X | D
Fig, 4.5: Transverse view z R
of a plano-canvexe LC ¥
{ens with the glass n R N
substrate o \—\3

i
N
Ny [ ngoEn,

From Fig, 4.5 we can deduce the thickness variation

dy= D-(r-1y=D~{n -5’ - &), (4.9)

of the LC lens, where D and 1) are the maximum thickness and the radius of cuevature
of the LC lens, tespectively. R is the distance between the central axis and the point of
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interest. 1f we consider ihe reference of the coordinate axes on the central axis, we can

introduce R= \Ix: +yt and pet

4(1sy)=D—(n—Jn’~x’—y’)‘ (4.6)

The angular distrubution 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 coordinetes x, y. We divided the lens in infinitesimal cells
(dxdydz} where the alignment is considered as being constant.

Fig. 4.6: LC molecules
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The inclination of the molecules {or optical axis) is piven by the angle &z), which
varies linearly in the direction of z from 7/2 to &:. So,

B(x,y,7)= %,,3{_ -(ﬂs(x‘ y)--’zi], (4.7)

Supposing that the pretilt angle is zevo, & is equal 1o the angle made by the tangent to
the surface (in the x-z planc) with the z axis. From Fig 4.5 we can deduce

8.(x.y)=arctan| —2 — |+Z = aretan| — % |+ Z.
) [a?(x.y)-D+q]+2 [qz_xz_yz 3 4.8)

By using arctan{a/b) =arcsin(a/\‘a’ + b’] , we get

80 y)= arcsin(y/,}r,’ ~xt )+.1rf2. “.9)

The optical path of the extraordinary wave

LAEAY)

L= [ n(8)de+ny, (D-dz.5). (4.10)

L]
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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 $o 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 &of the optical
axis (sce Eq. {1.7)).

1t will be zero for 6= 90° and And for &= 0°. So, the phase shift will vary with the
applied voltage.

L ¥
S Yy, Ty, Yy, Ny,

@ ‘Qk\ \‘: Direction of
T, Ny, Wy, §\ optical axis
S — — .

e \\lToerectmdas

Fig. 4.8: Schematic of an electro-gpiical phase retarder based on a LC cell. The
strenpth of the applied eleciric fleld impases the tilt of the optical axis and so the
phase retardation.

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

= 1IN
5 \ In2
e .
E b
g o
g 2
% o
[]
§ 0 phasa shift
£ o
H 3 E) E ] "
Voltage RMS [V]

Fig. 4.9: Calibration curve of the phase retardation af the LC cell as o
function of the applied voliage.
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4.1.5 Experlmental resnlts

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 mm?
(250 x 300 pixels and 1 pixel = 15 pm x 15 um}.

Dapth profite [x10% am)

% '.\sn » - »
y IplerSI\

¥ [pixels]

Fig. 4.10: Measured surface profile of a flat mirror. The covered area is about
dmmxdmm.

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 shifl due to the surfece 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
measurcment artefact can be recorded and subtracted for the following
measurements.

From the local irregularities (less than 50 nm fluctuations) present on the measured
surface (if we suppose the real surfece to be perfectly flat), we can conclude that the
measurement precision for the present interferometer is not better than A/10,

4.1.6 Conclusion

We have shown that with the presenied interferometer we can make measurernents
with a precision of only 3/10. Actually, this precision is relatively modest compare to
other high-end common-path interferometers (mostly dedicated to special surfices)
which have precisions up to A/1000. The present version of the interferomater shows
also other some limitalicns: it cannot be miniaturized {smaller than 10 cm) because of
the limited thickness (thus curvature) and birefringence of the LC used for bifocal
lenses. li 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 es 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. 1f'this not the case, the
measured interference pattern will show frequencies that the CCD csmera cannot
resolve and aliasing effects will occur.

We also tried to make thick lenses made of LCP, but material shown too many defects
{0 abtain a similarly good alipnment as for the conventional LC lenses.

We have calculated and measure the astigmatism produced by the asymmetric
alignment ol the LC molecules. The calculations and the measurements are in good
agreement.

4.2 Polarization interference microscope

The system that we present here is 2 polarization interferometer for phase object
observation in miccoscopy {Differcntial Interference Contrast microscopy DiC). DIC
is 8 widely used method for abservation of calorless transparent objects such as
cuitured cells for example. These abject show na clear contrast when gbserved with a
canventional microscope. Hawever, a DIC mictoscope is a relatively expensive
equipment because it comprise precise birefringent prisms mastly made of inorganic
crystals, such as quartz or calcite. To overcome this drawback, we present hene a DIC
microscope that is made of more affordable LC {polymer) prisms.

4.2.1 Principle of MC 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 cxtraordinary polarization
of the light, We can pringipally distinguish fwo types of shearing interferometers; The
tatal doubling interlerometer, where the shear is greater than the Jinear dimension of
the phase object, and the differcntial interferometer, where the shear is much smailer
than the object dimension. The first interferometer type is not very practical since for
large phase objects the lateral shear (hat can he obtainable with the interferometer may
not be sufficient for total doubling. S0, we choose here to consider a differsntial
interferometer with 2 lateral shear is roughly equal to the resolving fimit of the
microscope. When these bwo slightly shified images are supcrposed 1o interfere, the
interferogram reveals the gradient of the optical thickness of the observed abject, The
most widaly used DIC is the Smith interferometer with two modified Wollaston
prisms for the polarization splitting. Figure 4.11 illustrates the principle of the
apparatus. The light passes first a through a polarizer that polarizes the light at 45°.
Then it passes through the first modified Wollasion prism (or Normarski prism} N1 to
produce 2 lateral share between the two polarization components E and O indicated by
the dashed lines. It is placed so that the front focal plane of the condenser coincides
with tite plane of the fringes of the prism. The twao rays traverse the phase objcct at
sliphtly different points. The light is then callested by the objective and the rays are
recombined with & second Momarski prism N2, M2 is placed (as N1) so that the rear
foeal plane (dashed line) of the objective coincides with the plane of the fringes.
Finaily, the light passes the secand polarizer to enable the 1wo polarization
components lo interfere,
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The Nemarski prisms can in principle be replaced by conventional Wollaston prisms,
a5 it is the case in the Smith-type DIC microscope. But since the back focal length of

the objective is penerally small, the Wollaston prism, (hat has his plane of apparent

sphitting inside the system (see section 1.3.5), must be placed very close to the
objective. This is for practical reasons nat always possible.

| interference patiern ‘

Fig. 4.11: Schematic overview of e 2™ yofarizer
. ] -
the Smith interferometer. @ e Nomarski prism N2
1]
:i: === Plane of fringes
-=:__'I;_“l_'_‘=-—
N
L] *@m Phasa object
Ei ©
—_— Condensator
Y
e Nemeeas ---= Plane ot fringes
’@’,,,4 r W Nomarski prist N1
17 polarizer

Ome has to be aware that off-axis rays (dotted lire) will have different phase shifts
than the on-axis rays because, they pass through N1 at different positions. N2
compensate 1he phase shift produced by N1 if the following condition

a-fi=ay 1o

(4.12)

is fulfilled [12], where o) and o are the splitting angtes of NI and N2 respectively, )
is front focal distance of the condensator and ) 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 roughty 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 birefringent phase shift. Also plastic substrates are not

recommended for the same reason,

4.2.2 The Frangon-Yamamaoto configuration

For our purposes, we need a design that can be implemented with the developeci LC

technology and that can be easily installed in a conventional polarization microscope.
The main problem of the Smith interferometer shown in Fip. 4.11 is the necessity of a
tilted optical axis in the first wedge ol 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, Frangon and Yamamoto [13] have devised 2
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 phasc shift that they produce for off axis rays. The
conjugation condition (Eq.(4.12)) can be cxpressed as

Vit Meomd =Virz My (4.13)

where vy, are the frequencies of the fringes produced by the Wollaston prisms on its
own, Mcos and Moy 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 Wollasion prisms. If 1his condition is fulfilled and the prisms are
oriented so that their birefringence is compensated, we obtain & uniform illumination
{without object sample).

Fig. 4.12:Schematic setup

of the Frangon-Yamamoto =] Tekscopic ocular
interferometer. The dashed =1

rayvs show thie paths

followed by the ordinary Image plana of the

() and extraordinary (E) sample
rerys. The confinuous lines 2™ Potarizar
represeni the light paths

without considering the Wallaston 2
polarization splitting. w2)

Objective

Sample plane
Plane of fringes M

Condanser

E

]
‘I'
H
i
\i' Wollaston 4
. (W)
éﬂ% 1% Polarizer
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The dashed lines O and E represent the ordinary and extrzordinary rays created by the
splitting for an off-axis incoming ray at the Wollaston prism W1. 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 2™ polarizer makes the two
rays 1o 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 41 a specific posilions, as in the case
of Fig. 4.11. However, the objective and the condenser have 1o be adjusted so
that the Fringes belonging to the two systems ace both imaped in M,
= The optical axis of W1 and W2 do not need particular tilt angle, which is
particularly advantageous when using LC technology.
- Since the birefringence induced by W2 is compensaied by W1 (if W1 and W2
are conjugated), the whole aperture can be used (as for the Smith
interferometer).

4.2.3 Experimental results

We realized the Frangon-Yamamoto configuration shown in the previous section, with
the LC technology desctibed in chaprer 2,

We have fabricated a first Wollaston prism pair having thicknesses of 125 pm and

36 1um, respectively. We did insert the prisms in a Leica DMRX polarization
microscope. We adjusted the posittons of W1 (125 um), W2 (36 um), the objective
(20x, 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 fabricaled by immersing transparem
microstructures in a Auid with a similar refractive index. These iransparent samples
can hardly be observed with a mictoscope, which is not equipped with DIC.

Figure 4.13a shows a plastic grating with a period of about 10 pm 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 gradicnts in the plane of splitting can be observed with this
interferometer.
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Chapter 5

Conclusion

Passif birefringent optical elements made of LC 1echnology 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 malding 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 robusmess 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
molecirles, good alignment with reasonable magnetic fields may be obtained, which
opens new perspectives for making thicker components. This wide range of alignment
1echnolepies, which permit to play freety with optical axis, offers new design
possibilities.

Design of complex birefringent 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 svstems by methods that have been
implemented in a commercially available polarization ray-irace 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 1echnology and design methods, we realized a low-
reselution hand held Fourier transform spectromeier. 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 ar least a factor of 10 to less than 0.1 nm/K.,
We also have increased significantly the SNR (about a fagtor 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.



2 Chapter clusion.

In chapter 4, we 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 birefringent lens. We cnly obtained a
measurgment precision of A/10, which is very low campared 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 guality, which indicates thal 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) bircfringent optical elements can be used for such
applications. However, comections such as the phase or background corrections for
the spectrometer or the astigmatism comection for the LC lens are necessary.

Tdeally, due ta the absorption, LC palymer elemenis should be used for application in
the VIS and NIR. Also, the elements should not exceed a few hundreds micrometers
thickness because of the scattering losses and the alignment difficulties. In
technologies such es micro-optics or integrated optics where the devices arc small,
these canditions are fulfilled. So, LC polymers can advantageously be used in
combination with these technelogics. Moreover, other interesting functions such as
Bragg reflectors made of chalesicric polymer LCs may also be integrated. Since the
field 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 abie to design int the future compacl 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
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T Introduction

A Fourier tranaform gpectrometer (FTS) operates by
splitling an incoming beam into twe parts, applying a
differential phess shift, end then recombining the
beams. This phase shift is varied either temporally,
for instance by translating a mirror in a Michelson-
type interfarometer, or epatially, like in a tilted mir-
ror Michelson-type interferometer. The spectrum
caa be found by applying a Fourier transform on the
measured intensity pattern.  The main adventoges
of the FTS are the larpe optical throughput (Jacqui-
not adventage!), the multiplexing (Feligett ndvan-
tage?), and the wide spectral coverage. Mareover, il
the phase shifts are varied spetially, then there are
no moving parts anymore, and the whole interforo-
gram can be aequired on a detector array.?

The FTS designs, which we present, are palariza-
tion interferometerst and use modified Wollaston
prisms. The incoming linear polarized light is aplit
into two orthegenal polarized components thet un-
dergo different optical paths. The resulting phaee
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ghift varies spatially. 'The polarization components
are recombined at the gutput of the prism by e po-
larizer and tr. ed into an inteneity pattern.
This type of FIS does not present the osuel disad-
vantages, such as alipnment difficulties and vibration
sensitivity, Several designs based on & Wallasten
prism have already been proposed.*-? These de-
gigne use conventional birefringent materials. Asa
reenlt of the relatively low birefringence An of erystal
materinls such as quartz {An = 0.01), the aystems are
often bulky. In this paper we describe new desipns
that use¢ liquid-crystal {LC) technology,® which offers
the possibility of applying LC cell fabrication pro-
cesses, The birefringence of LC materials ecan be
bigher than that of calcite {dn > 0.17), and the tech-
nology opena new design perspectives with a twistad
optical axis (twisted nemetic cells). 'We present sev-
eral designs having & Jarge field of view.

2. Design Princlpes

In principle, every birefringent aystem that induces a
spatially varying phase shift can serve as a polariza-
tion interferometar.® 'The shape of the interference
fringes depends an the geometry of the birelvingent
elements. One can use birefringent prisma or lensss
to build up euch interferometers.

Using LC technology with twisted structures of the
nematic liguid cryatal (i.e., rotation of the aptical ax-
is}, one can manufarture new uwnusual designe of bi-
refringent prisms. Here we want to )mit our
attention to birefringent priems that have a 0* or 30*
twist. Because of increasing complexity, we study
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only thote systems that have a mazimum of three
birefringent elements. There are many possible com-

binatiens of twisted 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-twigted configuration with
a twisted cell in between are alsa possible. We dis-
cusa in detail the results for the first three possibilities,
The general idea is to change the direction of palariza-
tion with respect to the wedge angle by rotating it with
birefringent elernents.  These elements must be non-
dispersive. Therefore twisted LC layers are used,
whith san rotate a linear polarization without chang-
ing the state of polarization.

However, thia perfect rotation of the polarization ia
only achieved if the so-calted Mauguin condition!t ja
fulfilled. This condition atates that the waveguiding
or adiabatic regime for a 90* twisted cell takes place
if the birefringence times the cell thickeess is large
compared with the wavelength; that is, &An d/x << 1,
If this condition ia not fulfilled then tha polarization
components do not follow the twisted optical axis
without changing their etate of polarization, and this
introduces contrast reduction and interference pat-
tern distortiona. For the thick twisted LC struc-
tures thet we used in our experiments, the Mauguin
condition is always fulfilled, except at very thin re-
giona of the wedge cell where the thickness of the cell
becomes smaller than 10 pm, The phase shift for
each component of a certain polarization ia approxi-
mately the same as for a planar structure and is given
by the produet of the thicknesa of the layer and the
ordinary or extraordinary refractive indax,!® respee-
tively.

To start with, the principle of the polarized FTS is
explained by using the conventional Well aston priam.
Figure 1 schematicelly shows the principle of a static
polarization FTS. The first birefringent element of
tha Wollaston prism has its optical axis along the y
direction. The incoming light is linearly polarized at
*45° by the first polarizer and ¢an be decomposed
into two orthogonal polarized components: a TM

componeat paraliel to the x axis and a TE compenent
parallel to the y axia. In the first prism, the TM
polarization is parallel and the TE polarization is
parpendicular to the ophical axie, cespectively.
Therefore, TE polarization aees an ordinary refrac-
tive index of i, and TM polarization sees an extraor-
dinary index of n,. In the second prism, the optical
axis is rotated by 90° with respect to the firat prism.
Conzequently, the TE component now gxperientes
n, and TM experiences #,. Betouse of the geometry
of the Wollaston prism, whith is composed of two
wedges, a linearly varying phase shift along the y
direction is intreduced between the two components.
For normal incidence the phase shift b is given by

B = (2w/\)2vin, — n )tan g, 4]

where 0 is the angle of the wedges and y ia the posi-
tion along the ¥ axis. A second polarizer at *45° is
placed at the cutput of the Wollaston prism to recom-
bina the two orthegonal polarization components and
to produce an interference intensity pattern in the
detectar plane. Note that in the conter (y = 0),
where the thickness of the wedges ia equal, the phase
shift & hacomes cero. The observed interferogram
for morochromatic light at normal incidence bas the
form*

I = I'fcos® x — sin 2& 8in 2($ — Ysin®(8/2)], (2
where 4 ia the angle of the firat polarizer with respect
to the z axis, y is the anple between the two polariz-
era, I is the intensity of the incoming light, and 5 38
the spatial varying phase shift given by Eq. {I). In
our case, for paraltel polanizers x = 0° and with =
polerizer angla of & = 48°, the detected intensity
becomas

I= 11 — sin*{8/2)] = I,[cos’(8/2)]. )

In this idealized casc for monochromatic light and
ourmal ineid the intensity modulation is trietly
periodic in the y directicu and Iooks like a cosine-

squared interferogram. For polychromatic light,
one has a superposition of such interferograms with
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difforent spatinl frequencies. A Fourier transform
of the obiained spatial intensity distribution provides
with adequate calibration the apectral power density
of the incidend light, and hence the spectrum,  'There
are several alignment requiremeota (o fulfill; the
parellelism of the polarizers {the angle x), the po-
aition of the polarizera with reapect to the apticsl
axes of the prisms (angle ¢), and the orientation of
the opiical axis of the prisms itself. 1 the align-
went of the optical components is not perfect, then
the intenaity is thanged according to Eq. (2). 1 we
assume & small alipnment error of an angle Ay
between the two polarizera, then, for parallet polar-
izera undar 46* with respect to the oplical axia, Eq.
(2} becomes

I = Ifeos™(Ay) — sin[(m/2) + 2ax]sin%(6/2)). (4)

For small Ay, light intensity I does nat change much
because cos2 (Ay) and ain(n/2 + 24x) = cos(24y) are
near the extreme points. 1t can be shown that in-
tensity J is aleo insensitive to small variations of ¢.
Therefare, tha alignment of tha opticel components ia
not critical and the contrast reduction caused by such
miaslignments is small.

The reeslution Av [in wave numbers) of & FTS is
given by Av = [1/AL], where AL = 24nT [a the max-
imum optical path difference across the used aper-
ture, With Av = —4A/A? one finds

A = AY/AL = 3*/2T4n, (5)

where 2T is the total thicknesa of the Waollaston
priem and 4n is the birefringeoce.

The path difference hetween the twa polarization
eomponents thanges with the angle of tocidencs of
the incomiog light. As schematically shown in Fig,
2, different cays, which are focused in the sama point
of the call, traveran the Wollaston priem at different
angles. Because of the angular dependence of the
system, the two polarieations in these rays undargo
different. phase ghifts, If the Wollasion prism ia
placed hetween crossed polariters, an interforence
pattern is produced in tha far field as shown in Fig. 2.
The size of the centrsl frings gives a good indication
of the angular dependenss. Genarally, we want to
have a small angular dependence hecause rays arriv-
ing &t the game point with different phase shifts re-
duce the interferenca contrast. The acceptanca
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angie {field of view) corresponds to the cooge of input
angles for which the reduction of the contrast is se-
ccptable. In genersl, the field of view can bedefined
as tho maximum angle” for which the path difference
of the two polarization componenta for different rays
does nat vary by mare than 3/2. For practicel pur-
poses, one uses much smsller angles Lo have a suffi-
cient contrest of the interferopram. The seeptance
angle depends on the deaign, and for thet purpose
wide-angle double Wollaston prisms have already
been developed.™?

LG technolegy offers a variely of new designs, but
there are limitations too. The zcettaring and ab-
aorptian losaes might be much larger for thick LC
ezlls than for conventional crystal Wollaston
prisma. For a Wollaston prism msde of a nomatic
mixture (such as BLOOE from Merck) with & thick-
poss of 200 pm with Ar = 0.28, the scattering loeses
are approximataly 156% and absorption [osses can be
approximately 35% for certain wavelengtha, With
adoquata polarizers, such a spectrometer can be
used in the wavelength range from 400 nm Lo 2000
om. For practicel applications one has th be aware
that the birefringence of the LC ia temperature de-
pendent and has & relatively large dispersion.'®
As B result of the maoufacturing procesa, a pretilt
angle of the opticel axis with respect to the aub-
strate surface i3 alwoys present. Thia inclination
of the optical axis shifta the centar of the interfero-
gram and influences the localization of the plane of
maximal contrast.

3. Cptical Design Slmutations
The optical desipgn of a static FTS based on polariza-
tion of light can he simulated in different ways. A
calculation of phasa differences for polerized light is
poesible with ray traring, including polarization ef:
fects of anisotropic raterials. 1n this concept, re-
fraction is taken 1010 account by sphitting rays at each
surface and propagating the polarization components
separalely. Such msimulations c@n be performed
with commercially available programs.  We used the
nonsequential ray-trace program known as ASAP.1
This eimulation program has the ability {0 simulaie
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
reapect to the orientation of the local optical axis. At
tho detector plane the rays are coherently added.
We consider aur LC cells as ideal uniaxal crystal
wedges withont scattering or geomotrical defects.
Polarizers are also considered es ideal and are mod-
eled by ASAP by using the Junes calculua,  Materi-
ala with a twisted aptical axis (e.g., twisted nematic
cells) are more difficult ¢o simnlate. As shown in
Fig. 3, we model the lwisted nematic LC canfigura-
tion by dividing tha wedge cell in a set of slices with
increaging rotation of the optical mxis. This means
that ip the divection of light propagation the optical
axig of esch slice is rotated by a constant amount with
respect (o the previous cae.  Unfortunalely, we had
to limit tha calculation to 14 slices (7 per wedge),



Fig. 8. Schemaotit representalion of the aliee model wasd to slm.
ulnta twintad nemntic wedge cells in the ASAP progeam,  The 9G*
1wistad cptieal axis (vepresented by the srrows) is divided in shes
with discrets rotation nagles.

becsuse tha splitting doublea the number of rays at
each interface and consequently the computing time
becomes o0 important,

A different approach neglects the splitting of rays
at ths surfaces and calculates only the phase shift
between the ordinary and extraordinary polarization
comporeents, Conventional matrix msthods for po-
Iarizations optics such B& & Jones matrix or the Ber-
reman matrix method’? aro usually applied in this
case. We used 5 commereis]l program!* (LCD Mas-
ter from Shinteth) that was developed for the opti-
mization of LC display optica. Thiz 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
1°, we can assume that we have a locally planar
configuration. When calculating the angular depen-
dence of tha transmitted light intensity betwean po-
larizers, the program foeuses the light exactly in the
center of the system, which does niot alweys ooincide
with the plane of maximal contrast. Fresnel reflec-
tion Josses st the interfaces were taken into account.

Wa will see that both simulation methods, that is
beam splitting and Jonas matrices, give similar re-
gults. The simulations are alse in good agreement
with the experimental obgervations. The Jonas ma-
trix methaed with LCD Master has the advantage of
short computation times, and the aystem configura-
tion can be easily dufined in the program.  Howsver,
this method ia limited to angular dependence atudies
and ellows only plenar configurations. lo contrast,
when twisted configurations are encountered, the
beam splitting method with ASAP is delieate to im-
plement and the computation time is important.
However, ASAP permita ns to implement birefrin-
gent elements of any geornetry snd to add any othar
optical component in the system.

4, Experimant

‘Ta fabricate the LC cells, we used squared 25 mm x
25 mmn gloss substrates with o thicknase of 0.5 mm.

The glass substrates were cleaned in an ultrasooic
bath and coated with Dupeot-Hitachi PT 2545 pely-
jmide by spin coating. The polyimide was then po-
lymerized and mechanically rubbed parallel to the
dasired arientation of the LC director. 'The pretilt
angle for the polyimide PI 2545 iz approximately 3%,
Plastic spacer fmls with a thickness of 200 pm were
used and placed oo one side betwesn the aubstrates to
obtain 8 wedge-shaped cell. The orientation of the
rubbing direction allows for the construction of pla-
nar and twisted cells. Twisted cells with & 90° twist
ware manufactured by assembling the glass sub-
gtrates with perpendicular rubbing directions. A
chiral dopant {Merck CB15) was added to the LC for
the twisted cells in arder to avaid domains with dif-
ferent rotating directions, The substrates were then
glued together and filled through the open sides with
highly birefringent pematic LC (Merek BLO(S, An =
0.28). Afer relaxation of tha LC texture, the cells
were completely sealed, Two wedge-shaped cella
were finally brought together to form & Wollaston
prism.

To study the angular dependence experimentally,
we used the conventional conoscopic method.!52%
We ohserved the back focal plane of the micrescope
ubjective. Ths observations were made with a po-
Ierizing microscope {(Leiea DMEX). 1pterforence fil-
ters were used for different wevelengths. A
condenser with 8 pumerieal Bperture of N.A, = 0.65
and a 40X magnificetion microscope objective with
M.A. = 0.6 and & long working distance sllows vs to
observe an angle of epproximately +35°. The pic-
tures were taken with a digital camera (Nikon Cool-
pix §50).

8. Resufts and Discussion

We trate our di ior: o three different de-
gigne. ‘The first i the elassical design, which has
already been studied in meveral publicationg®17-19
The ather two dasigns use twisted LC structures to
increase the field of view, We have used ths same
LC parameters with a birefringence of A = 0.28 {n,
= 1.58 snd n, = 1.81) and the same wedge dimen-
sions (wedge angle & = 0.7 and total thickness 2T =
0.2 mm) for all the designs. Consequently, they also
have approximately the same resolution of Ax = 7nm
at 633 nm as given by Eq. {(5). Because we use a
spatially inccberent asurce for the cenosecopic obser-
vations, the plane of maximal eonitrast is local-
ized.)1.2 For the designs with twisted LC
atructures, we obtain the maximum fringe eontrast
by fecusing the microscope ohjective near the inter-
face between the two wedges (also for large optical
peth differences, or OPI)s). Sa, the plane of maxi-
mal contrast is lecalized ingids the system.

‘The first design, presented in Fig. 4(s), i a clagsical
Wollaston prism. 1t consists of two similar wedges
made ont of a birefringent material and joined by
their hypotenuses, The oplical axes are mutually
perpendicular gt the interface of the two wedges, A
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Polarization Ray Tracing in Twisted
Liquid Crystal Systems

GERBEN BOER? and TORALF SCHARF®

*CSEM Badenersirasse 569 CH-8048 Zitrich, Switzerland and
YIMT Brepuer 2 CH-2000 Neuchdtel, Switzeriand

In this paper it will he presented different ray trace models that are
able to simulate uniaxial birefringent optical elements with twisted
stucture. There exist already methods to calculate the optical behavior
of birefringent elements (including angular dependence) such as the
Jones matrix method [2]. But those methods are not based on ray
tracing and cannot be linked togother with other optical components
such as lenses for example. The aim of this work is to enable ray trace
simulations of optical systcms containing complex  birefringent
elements and extended sources. The developed models are applied on
problems that are related to twist liquid crystal Wollaston prism.

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

INTRODUCTION

To model systems incarporating birefringent elements, a ray trace
program must take into consideration the polarization of light. So, twa
polarization components should be propagated through the system
according the different refractive indices of the birefringent media they
will encounter. The simulation of birefringent components with

m
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uniform orientation is relatively sinple but it becomes complex for
twisted structures. The calculations of the optical transmission of
twisted nematic celis are usually done with Jones matrix methods or a
4x4 matrix method (Berreman). These methods calculate accuratety
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 anisetropic and isotropic materials. In our case of polanization
interferometry with extended sources, the localization of the plane of
interference is importani. One finds this plane of localization of
interference fringes as the point ef intersection of beamns that were split
before, Since we need to perform ray-tracing sirmnulations, a
conventional matrix method is not suitable for cur pupose. Teo
overcomne these problems, we developed mew methods based on
polarization ray tracing that can sirnulate iwisted structures and take
the direction of beams into account. We 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 sirnulate
accurately polarization properties of anisotropic uniaxial crystals as
well as other conventional optical clicments. We will present two
different modefs for twisted elements. The first one is based on
rultipie ray-sphtting. In the sccond one, the twisted ccii is medcled in
a similar way as in the Jones matrix calcuius 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 birefringent component by splitting an incoming ray inic an
ordinary and extraordinary ray.

Each ray is characterized by the usual trace information such as
ray direction, optical phase shift, flux and 2 polarization vector. When
such a ray encounters uniaxial media, it splits into an ordinary and
extraordinary ray. Snell’s faw gives the direction of these new rays.
The reflection and transmission cociTicients are caicufated with the
Fresnel formulae [4). if one examines the case of a boundary between
an isetropic material (index n} and an anisotropic material (index n,
and nc), which is illustrated in Figure 1, the refraction angle ¢, for the
ordinary ray is given by:
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nsing =n_ sing, (1)
the relraction angle §. for the extraordinary ray is given by:

nsing=n_(9,)sind, @

Incoming ray Reflected Ray

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

The refractive index ngg) depends on the angle of incidence ¢ and the
crientation of the optical axis. The polanzation vectors (P,. P.)
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 n, and the
extraordinary tay will experience n.. The two rays carry also their own
optical path length and amplitude. The rellected part is not considered
here and eventual multiple reflections are neglected.

ASAP uscs this model [or simulating simple uniaxial plates. In
ASADP, each rey represents a Gaussizn beam with a certain waist and
divergence. An arbitrary [eld can be created by a judicious
superposition of such Gaussian beams [7]. Those beams are then
propagated by geometrical ray-trace methods [2]. Phase, amplitude
and polatization state are changed accordingly to the birefringemt
components encountered by the rays. At the output {or at the detector),
the different Gaussian beams can be added coherently {electric
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amplitudes addition) or incoherently {square modutus of the electric
field addition) with respect to each other.

Flans of maximal
Wollaston prism1  cankrast

ﬁmﬂoﬁs !llﬂ-ﬂ-ﬂ-ﬂ-ml ﬂlﬂﬂﬂll:

Z Detector plane

FIGURE 2 Ray tracing of a divergent  FIGURE 3  Intetference

source trough a Wollaston prism with pattern in the defocalised plane
tilted cptical axis.

Applicalion to the Wollaston Prism

To show the performance of such ray trace method, we applied it lo a
pelarization interferometer based en a Wellaston prism. As shown in
Figure 2, a Wollasten prisin consists of two wedges made of a
birefringent material and joined by their hypotenuse. The optical axes
are mutually perpendicular at the interface of the two wedges. If the
Wollaston prism is placed between two linear polarizers at 45°, il
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 n,. In the second prism, the situation
is inverted: TE and TM experience n. end n, respectively. By summing
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the phase shift produced by each prism, the total phase difference &
betwaen the two components at the output of the Wollaston becomes:

%zm ~n,)tan®, @

where vy is the veriical coordinate, A the wavelength and 9 the wedge
angle. The light passes then through a second polarizer, which
transforms this phase shift into an interference pattem (ouiput
interferogram). The Foutier-Transform of this interference pattern
gives the spectrum of incident light [5].

One interesting property of interferometry 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 simuiate 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 interfuce
duec 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 the locus of the plane of maximal contrast.
Figure 3 shows the obtained interferogram for a detector plane that is
dcfocalized 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 caleulate the transmission
of light through birefringent 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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two twisted nematic cells with equal twist sense, The cells are divided
into 7 slices each. Figure 5 (a) and (b) show the interference pattem 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 [1].
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 shices. By
using Fresnel formnulas, losses due to simple reflections are taken into
account but multiple reflections are not. 8o, this method is not suited
to simulate twisted cells with high incidence angles where multiple
reflections become important.

Qne solitting 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 cach ray by the same amount.
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FIGURE 6 Ray tracing of an ordinary and extraordinary
ray through a twisted nematic cell modeled with the onc
split algorilhm,

At the first interface, the incoming rays are split into an ondinary and
extraordinary ray. At the output of the first crystal plate the
polarization vectors are rolated by ¢/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 plete. 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
relardation 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
10 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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The twisted cclls that constitute the Wollaston prism arc
modeled as described in Figure 6. An ideal lens without aberrations
images the inlerference pallern on the detector with a magnification of
-1. We limit here the incidence angle to + 4.3° so that intemal
reflections can be neglected. Figure 8(b) shows thc obtained
interferogram at the detector plane,

Cetector ..

Ideal lens -l i
L]

Twist calls

(a) )

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

CONCLUSION

We presented several methods able to simulate systems containing
bireftingent uniaxial materials and in particular twisted structurcs.
Those methods are implemented in an optical ray trace program
(ASAP), which enables us to simulate birefringent elements of almost
any shape in combination with other optical elements, like lenses,
mirrors or complete illomination systems. However, these methods are
only suited for problems involving relatively thick twisted elements
with small twist angles and limited incidence angles. The cxact
limitations of 1the presented methods have not yet been found.
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