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Abstract 

Images obtained from large astronomical telescopes are dis­
torted and blurred by the effects of the atmosphere. In or­
der to compensate for this, an adaptive optics system can be 
incorporated downstream from the telescope focus. Conven­
tional technology uses small piezo-driven mirrors to deviate 
the wavefronts through angles of the order of tens of arcsec­
onds. This thesis is concerned with the possible replacement 
of these mirrors with liquid crystal phase control devices, in 
particular, small-angle prisms. The thesis considers the fol­
lowing fundamental optical properties of liquid crystals rele­
vant to astronomy; dispersion, optical quality, dynamic r-ange, 
and response times. Results of a novel approach to electrically 
addressing liquid crystals by a ramp voltage are given. 



"The living being is stable. It must be so in order not to be 
destroyed, dissolved or disintegrated by the colossal forces, of­
ten adverse, which surround it. By an apparent contradiction 
it maintains its stability only if it is excitable and capable of 
modifying itself according to external stimuli and adjusting its 
response to the stimulation. In a sense it is stable because it 
is modifiable - the slight instability is the necessary condition 
for the true stability of the organism." 

Charles Richet (1900) 

" ... I have suggested a special designation for these states, 
homeostasis. The word does not imply something set and 
immobile, a stagnation. It means a condition - a condition 
which may vary, but which is relatively constant." 

Walter B. Cannon (1932) 

-------- ---
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Preface 

No part of the above thesis has been submitted previously 
for a degree to Durham or any other University. The work 
described is the author's own apart from where otherwise in­
dicated. The MARTINI instrument described is an existing 
prototype device and no part of this is the author's work. 

Some of the work contained in this thesis has been published 
in the following. 

• G D Love and J V Major, The Measurement of Optical 
Thickness and Dispersion in Liquid Crystal Prisms. In 
Applied Optics Digest. Editor. J.C. Dainty, p.123 lOP 
Publishing Co. 1990. 

• G D Love and J V Major, The Application of Edser­
Butler Fringes to the Measurement of Optical Struc­
ture of Liquid Crystal Prisms and the Determination 
of Dispersion Characteristics and Thickness. Journal of 
Physics D: Applied Physics. 24{10):1708 1991. 

Some work concerning the use of the Jamin interferometer, 
but not directly contained in this thesis is contained in, 

• N J Powell, R W Kelsall, G D Love, and A Purvis. 
An Investigation of Fringing Fields in Liquid Crystal 
Diffraction Gratings, in SPIE Conference on Active and 
Adaptive Optical Systems. July 1991. · 
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In astronomy the words ADAPTIVE OPTICS and 
ACTIVE OPTICS have two distinct definitions. 
Adaptive optics refers to ima.ge correction with a. 
bandwidth of a.t least several Hertz. Hence it is 
primarily concerned with correcting ima.ge degra­
dation caused by atmospheric seeing. 
Active optics involves image correction over longer 
time scales. It is therefore, for example, concerned 
with correcting ima.ge degradation caused by op­
tical misalignment of the telescope under its OWn 
stress as the telescope is pointed and guided. 
This convention is adhered to in this thesis. 
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Chapter 1 

Introduction 

This thesis combines two areas of research both of which are expanding fields of cur­

rent interest. Firstly advances in astronomical instrumentation have made possible 

the construction of several new superlative telescopes in the last decade, notably the 

William Herschel Telescope in the Canary Islands and the New Technology Tele­

scope in Chile. H the full potential of these instruments is even to be approached, 

then it is imperative that they incorporate an adaptive optics system in order to 

correct for the effects of atmospheric turbulence (known as seeing). For example, a 

4m telescope has a theoretical diffraction limit of 25 milliarcseconds at visible wave­

lengths, however seeing limits this image size to typically 1 arcsecond at an average 

observing site. The seeing is a mixture of two effects; atmospheric seeing and dome 

seeing; i.e. degradation caused by the passage of light through the atmosphere, and 

degradation due to turbulence within the telescope dome. These can be improved 

by choosing a good telescope site and by careful dome ventilation however an adap­

tive optics system is still necessary. Recent work in adaptive optics has increased 

the resolution by a factor of ,... 3 but there is still potential for much greater im­

provement. Image sharpening is of importance for two main reasons. The obvious 

advantage is that previously undefineable objects may be resolved and· the second 

is that the signal-to-noise ratio is improved. Although this work concentrates on 

the astronomical applications of an adaptive optics system, such devices are of cur­

rent interest in other fields. For example, military applications such as surveillance 

and laser weapons involve the same basic problem of propagation of light through 

the turbulent atmosphere. The possibility of adaptive optics systems has only be­

come possible relatively recently with the development of new materials, such as 
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CHAPTER 1. INTRODUCTION 2 

piezo-electric devices and liquid.crystals, and the rapid advances in computer speed. 

The second topic is liquid crystal technology. This is another area that has seen a 

resurgence in the last twenty years due to the realisation of the full potential of these 

devices, along with advances in chemical synthesis of suitable tailor-made molecules. 

The application of liquid crystals to display technology is well established, however 

more recently their use as optical control elements is being investigated. 

The broader field of applied optics has recently risen to the forefront of techno­

logical science. 

In particular this thesis considers how a ramped voltage may be applied to a 

parallel-sided liquid crystal cell to produce a phase wedge in order to simulate the 

action of a small-angled prism. This follows from some earlier provisional work in 

Durham by MARGETTS (41). 

The liquid crystal, described in detail later, is birefringent. In its normal state, 

light polarised parallel to a characteristic direction of the crystal ( parallel to the 

polar molecules ) will experience the extraordinary refractive index. When a voltage 

is applied across the thickness of the liquid crystal cell then the molecules rotate 

and the birefringence approaches zero and the light now experiences the ordinary 

index ( see figure l.la. ). So now if a ramp voltage is applied, for example 4V at 

one end of the cell, falling linearly to to zero at the other ( figure l.lb. ), then 

the index falls approximately linearly and the optical thickness will be as shown in 

figure l.lc. Consequently a wavefront incident on this modified optical medium will 

be deflected through angles which are typically around 30 arcseconds. This is the 

range of angles required in adaptive optics. These prisms may be used to replace 

the small moving mirrors, driven by piezo-electric actuators, used in traditional 

adaptive optics systems. They have the potential of being low-cost, of having low 

power consumption (and hence low heat dissipation), and of being reliable, with a 

possible very large number of correcting elements. 

Some work has been carried out on using liquid crystals as adaptive optics ele­

ments ( VORONTSOV et al. (62) or BONACCINI et al. (8) ). This is, however, still 

a new application of liquid crystals. This thesis attempts to bring together the two 

relevant fields. It discusses what the required specification of liquid crystals must 
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Figure 1.1: Design Concept behind a liquid crystal prism. (a)LC extraordinary 
index versus voltage. (b) Voltage applied across cell versus distance along cell (c) 
phase of emergent light from a prism. 



CHAPTER 1. INTRODUCTION 4 

be if they are to be of use, what properties of liquid crystals are attractive and what 

are the problems. This means the properties of liquid crystals are looked on from 

a slightly alternative viewpoint than the conventional literature on liquid crystals 

which is generally concerned with display devices. 

The structure of the thesis is as follows. 

• Chapter Two describes the structure of liquid crystals and how this is affected 

by the application of an electric field. It gives a brief survey of the applications 

of liquid crystals, both as display and as control devices. 

• Chapter Three discusses the theoretical basis of atmospheric turbulence and 

how this may be minimised. An example of a working prototype adaptive 

optics system {The MARTINI System) is described, and how small-angled 

liquid crystal prisms may be used to replace the piezo-driven mirrors. The 

relevance of liquid crystals to other astronomical applications, is considered. 

• Chapter Four explains the design aspects of a liquid crystal prism, in particular 

what are the required stroke and response times. The construction of the 

prisms in a micro-electronics clean room by the author is described. 

• Chapter Five describes the testing of the fundamental physical properties of 

a liquid crystal cell. These are cell thickness, wavelength dispersion, and vari­

ation of birefringence with applied voltage. These were measured by a new 

technique utilising Edser-Butler fringes. The optical quality of a liquid crystal 

cell is then discussed, measurements of transmission and modulation transfer 

function were made. 

• Chapter Six describes how a liquid crystal cell may be controlled to produce 

a prism. Methods used to measure a small prism angle are explained, and the 

results of a prism whose angle may be slowly varied are given. 

• Chapter Seven discusses the factors influencing the response time of a liquid 

crystal cell. Methods of improving this in order to produce a prism with 

switching times suitable for adaptive optics are considered, using the transient 

nematic effect and the bias effect. 
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• Chapter Eight summarises and concludes the work, and in the light of the 

results, it discusses the future possibilities of adaptive optics in astronomy. 

This thesis is, in effect, a design study for the possible use of liquid crystals in 

astronomy. This work addresses and answers some basic questions and points the 

way forward to the eventual use of a potentially new application of liquid crystal 

technology. 



Chapter 2 

Liquid Crystal Theory 

2.1 Introduction 

The three common states or phases of matter arise from the different degrees of order 

in each state. The phase transitions of water as it is heated from a solid, below 0°C, 

to a liquid, and then to a gas above 100°C, are a familiar sequence. In the solid state 

the molecules are constrained in a fixed position, and in the case of a crystalline solid, 

in a fixed pattern or orientation too. In the liquid state there is neither positional 

nor orientational order, however there remain inter-molecular forces which hold the 

substance in a dense state. Correspondingly, in the gaseous state the molecules 

are free to move around and spread evenly throughout its container, as the kinetic 

energy of the molecules is very large compared to the effect of the force potential 

between the molecules. 

Liquid Crystals (sometimes known as mesogens) are chemical compounds which 

exhibit some of the properties of both the liquid phase and the solid crystalline 

phase. When a frozen liquid crystalline material is heated to the liquid crystal 

phase, the molecules lose their positional order; however they retain some degree 

of orientational order. This is reflected in the fact that a mesogen will flow and 

take the shape of its container, yet it is milky in appearance indicating that the 

substance differs in some way from a normal liquid. When the material is heated 

even further it undergoes a transition to the isotropic liquid phase, and becomes 

clear. This series of phase transitions is shown in figure 2.1 

6 



CHAPTER 2. LIQUID CRYSTAL THEORY 7 

(a) Normal Phase Diagram 

SOUD LIQUID 
1 

GAS 
--------~------------------------~-------->~~ 

(b) Liquid Crystal Phase Diagram 

SOUD 
1 

UQUID CRYSTAL 
1 

ISOTROPIC 
1 

GAS 
--------~---------------~-----------~-------->~~WN 

Figure 2.1: Series of phase transitions. (a) undergone by a normal material (b) 
undergone by a liquid crystal material upon heating 

A pre-requisite for mesomorphic behaviour is that the molecules must be highly 

geometrically anisotropic, usually long in relation to their width (see section 2.3.1). 

In order to describe the behaviour of liquid crystalline phases it is useful to define a 

unit vector, co-linear with the long molecular axis, known as the director, n. Thus 

in a liquid crystal, there is orientational order so the directors arrange themselves in 

some ordered fashion. Of the liquid crystals produced by elongated molecules there 

are three types, nematic, cholesteric, and smectic, each of which is described below 

and shown in figure 2.2 

------ 11111111111111 IIIII II --- -- -

r 
-- ... --- ------ 11111111111111111111111 -- --- -------- 111111111111111111 1111 -- --- --

p ... .. ... - - -- - - --- 11111111111111111111 1111 - --- -- --
1 ------ II 1111111111111111111 --------- - - - ------ 11111111111111111 IIIII II 

(.) (II) (o) 

Figure 2.2: Molecular order in thermotropic liquid crystals. (a) Nematic phase. (b) 
Cholesteric phase. (c) Smectic A phase. 

In a nematic type (nematic is derived from the Greek word for thread) the 

molecules have random positions but the directors are aligned. In practice, thermal 
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motions of individual molecules cause deviations from the ideal case of parallel 

alignment, but the average bulk director remains constant. 

The cholesteric phase (sometimes known as the chiral nematic phase) is again 

characterised by random molecular positions, and parallel director alignment within 

layers, however the director rotates from layer to layer, giving a spiral structure. 

The pitch (P) of a cholesteric liquid crystal is defined as the distance over which the 

director rotates through 360°. Thus the plane of polarisation of light is rotated as 

the light is transmitted through the chiral structure. 

There are various subsets of the smectic phase (from the Greek for soap), however 

they are all characterised by molecular positional order as well as director order. For 

example, smectic A mesophases have molecules formed in layers with the director 

parallel to the layer normal; in the smectic C phase the molecular directors are tilted 

at a constant angle to the layer normal. 

It should be noted that a liquid crystal can either be nematic or cholesteric, 

but not both. However smectic mesophases can occur with either the nematic or 

cholesteric phases. For example when such a substance is heated it goes from solid, 

to smectic, then to nematic, and then to the isotropic phase. 

The most common and well-known mesogens are formed by rod-like molecules, 

however in 1977 it was discovered that disk-like molecules can also form a liquid 

crystal phase in which the director is the vector perpendicular to the plane of the 

molecule. They are known as discotic liquid crystals. 

So far the discussion has been purely about thermotropic liquid crystals, that is, 

liquid crystals where transitions to and from the mesophase occur only by tempera­

ture changes. This thesis is concerned with the electro-optical uses of liquid crystals 

where thermotropic mesogens are of importance and so concentrates on this class of 

material. 

Another type of liquid crystal where transitions occur by the addition of suitable 

solvents, are called lyotropic liquid crystals. One of the most common of these is soap 

in water whereby the soap molecules order themselves so that the hydroscopic ends 

of the molecules attach themselves to the water molecules and the hydrophobic 

ends to each other. A further example, of great biological importance, are the 



CHAPTER 2. LIQUID CRYSTAL THEORY 9 

phospholipids. They enable cell structures to retain a degree of rigidity despite the 

fact that biological organisms are about 90% water. 

This thesis concentrates on the use of nematic liquid crystals. 

2.2 A Brief History of Liquid Crystals 

Although observations of the liquid crystal phase had been unwittingly made earlier, 

the discovery of the mesophase is generally attributed to an Austrian botanist, 

Friedrich Reinitzer (REINITZER [49]). He observed the unusual phase transitions 

of an organic cholesterol in 1888. Work on liquid crystals progressed slowly, and 

indeed in the 1940's they were thought of as little more than a curiosity. Interest 

was regenerated in the 1960s and a theory describing LC behaviour was formulated. 

Interest rapidly grew when it was realised that liquid crystals had the potential to 

respond to very small changes in temperature, mechanical stress, electromagnetic 

effects and chemical environment. The breakthrough in making liquid crystals that 

are stable and have phase transitions at suitable temperatures was made by a team 

of chemists at Hull (NASH et al. [45]). The chemicals they made which are now most 

widely used in the display industry are characterised by a cyanobiphenyl structure. 

By the late 1970s the first liquid crystal displays (LCDs) had been made and the 

1980s saw liquid crystals revolutionise any product that had some kind of display. 

It is interesting to note from the history of liquid crystals that the field has been 

multidisciplinary, bringing together chemists, physicists, life scientists, and engineers 

(and now astronomers). 

2.3 Operation of Liquid Crystals 

This section deals with the structure of liquid crystals, how this is affected by the 

application of an electric field and what is the result on light incident on the liquid 

crystal. 



CHAPTER 2. LIQUID CRYSTAL THEORY 10 

2.3.1 Molecular Structure 

After much experience of synthesising LC molecules, organic chemists have been 

able to characterise the type of molecule that will exhibit the liquid crystal phase. 

Firstly, as mentioned in section 2.1, the molecules must be elongated, secondly the 

centre of the molecule must have some rigidity, otherwise alignment cannot occur. 

The third requirement is that the ends of the molecules must be flexible allowing the 

molecules to position themselves more easily as they move due to thermal motions. 

R CN 

Figure 2.3: Molecular Structure of a Cyanobiphenyl Liquid Crystal Molecule. The 
'R' indicates an alkyl group. 

Figure 2.3 shows the generic molecular structure of the cyanobiphenyl molecules 

as developed by Nash and his colleagues. It can be seen that the molecule is elon­

gated in shape. The benzene rings provide rigidity in the central regions, and the 

single bonds to the cyanide and alkyl groups provide flexible ends. In addition, in 

this case, the cyano group acts as an electron acceptor and so gives the molecule a 

permanent electric dipole moment. 

As explained in section 2.1 liquid crystals possess molecular order, yet if one 

considers a small bottle containing a liquid crystal it is obviously unreasonable to 

expect the director of the molecules at the bottom of the bottle to be pointing in 

the same direction as the molecules at the top, when they are millions of molecules 

distant. What is true is that there are areas of alignment over a smaller scale. If a 

sample of nematic liquid crystal material is viewed under a microscope and between 

crossed polarisers a series of dark and light areas are seen. The dark areas are where 

the director is aligned along one of the polaroid axes, and the light areas are where 

the director is at an intermediate value and so elliptically polarised light is produced. 

The lines where the director changes abruptly are called disclinations. These lead 

to the scattering of light and give bulk liquid crystal materials a milky appearance. 
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2.3.2 The Effect of an Electric Field on Molecular Order 

For liquid crystals to be of electro-optical use the material is sandwiched between 

glass to form a thin layer, typically 1pm to 30pm thick. In order to facilitate the 

application of a voltage across the liquid crystal the glass is coated in a thin layer 

of conducting, transparent material which is usually a mixture of indium oxide and 

tin oxide known as ITO. 

The effect of an electromagnetic field on a liquid crystal is discussed at length 

in BLINOV (7) or CHANDRASEKHAR (11) but the treatment is somewhat lengthy 

and unnecessarily detailed for the present purpose. The following is a simplified 

description of the basic action of a nematic liquid crystal when subjected to an 

electric field. As described in the section 2.3.1 molecular order is only uniform over 

small scales ("" lOpm) so some way of aligning the molecules over the very large 

("" lcm) cell area must be made. This is achieved simply by rubbing either the 

glass or a coating on the glass with a cloth or tissue in one direction. The exact 

mechanism is not well understood (e.g. CHEN at al. [12]) but it is thought that 

the rubbing somehow produces micro-grooves which force the molecules in contact 

with the grooves to all align in the same direction along the rubbing direction and 

suppresses the formation of disclinations. The molecules actually align so that there 

is a small angle between the molecules and the glass, known as the pretilt angle. 

Inter-molecular forces promote this alignment and it is then energetically favourable 

for all the molecules in the layer to be similarly aligned. This type of alignment 

is called homogenous alignment. This is a simplification since alignment can also 

be induced whereby the molecule directors are ordered perpendicular to the glass 

(called homeotropic alignment) or alignment can be made to occur perpendicular to 

the rubbing direction. The construction of liquid crystal cells is discussed in greater 

detail in section 4.4. 

The effect of an electric field on a liquid crystal is essentially that of a dipole 

in an electric field. Consider figure 2.4 which shows the forces on a molecule which 

has a dipole either along the director (the long axis) or perpendicular to it (i.e. 

whether the molecule has positive or negative dielectric anisotropy). Even though 

there is no net force on the molecule there is a resultant couple and the molecules 

rotate. The couple is obviously much greater when the dipole is along the molecule, 
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as in diagram (a), and it is this case that is relevant to cyanobiphenyls. Thus when 

an electric field is applied the molecules are forced to rotate a.nd align with the 

field. There is another couple on the molecules due to the alignment layer which 

causes the molecule to be aligned in the orthogonal direction. This can be thought 

of as a simple elastic force whereby the couple on the molecule is proportional to 

the amount of twist1 • The molecule therefore reorientates itself so that the couple 

due to the applied voltage balances that of the inter-molecular forces and alignment 

layer. The greater the applied voltage, the greater the rotation of the molecule up 

to a saturation point when the molecule has rotated through 90°. 

(a) (b) 

E 

Figure 2.4: Forces on a. Molecular Dipole in an Electric Field. (a.) Dipole parallel to 
director. (b) Dipole perpendicular to director. 

When a D.C. electric field is applied the liquid crystal material will degrade 

electro-chemically. To avoid this an AC field must be used to drive the LC cell. 

At first sight it would appear that the direction of the couple on the molecule due 

an AC voltage would keep reversing, having a time averaged value of zero. This 

apparent contradiction is explained when one considers that the primary interaction 

of the electric field is with the induced dipole moment. The torque, T, on a dipole 

in an electric field,E, is given by (e.g. GRANT AND PHILIPS (29]) 

(2.1) 

where£ is the dipole moment. The molecular dipole moment is given by the sum 

1 In Blinov [7) twilt refers to a specific form of molecular deformation (the others being aplay 
and bend), but here it is used to refer to any kind of deformation away from that preferred by the 
inter-molecular forces. 
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of the permanent and induced dipole moments and although the permanent dipole 

moment is fixed, the induced dipole moment can flip at the same frequency as the 

applied AC voltage (....., 1KHz), because of electron mobility within the molecule. 

Conversely, due to viscosity, the whole molecule cannot rotate at a frequency of 

1KHz, so the torque due to the permanent dipole is averaged to zero. The resultant 

dipole moment will be given by Pp ±~where Pp is the permanent dipole moment 

and £i is the induced dipole moment and the± is governed by the direction of the 

applied AC field. Assuming then, that the time for molecular rotation is large, and 

that the time for electron mobility within the molecules is small compared to the 

frequency of the applied field then the time-averaged torque on the molecule is then 

given by 

(2.2) 

or 

cr) =£i X E. (2.3) 

which is non-zero. Therefore an AC field can have a net non-zero rotational effect 

on molecules. This breaks down if the frequency of the field is too great (....., lMHz). 

The induced dipole moment cannot switch fast enough and the LC fails to respond. 

At the other end of the frequency spectrum, if a very low frequency ("' few Hz) is 

applied then the molecules have time to rotate and the cell is seen to partly switch 

on and off at the same frequency as the applied voltage. 

It is interesting to note that these effects can also potentially occur in both liq­

uids and solids, however in liquids with long polar molecules the random, disordered, 

thermal motion dominates and no bulk effect is seen. In solids the inter-molecular 

forces dominate and prevent any external field effects. Thus there is nothing intrin­

sically special in the way liquid crystals react to electric fields, it is just that the 

material is in a mesophase that allows these effects to manifest themselves. 

2.3.3 The Effect of Molecular Order on Light 

Ordered elongated molecules, in bulk, have a different dielectric constant for each 

axis, and correspondingly a different refractive index. If these molecules are un­

ordered then the material will appear optically isotropic, however in the liquid crys­

tal phase the refractive index will depend on whether the polarisation of the light 
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is parallel to the average director. This manifests itself as birefringence whereby 

incident unpolarised light is split into two orthogonal polarisations travelling at dif­

ferent velocities. The wave which is governed by the 'long' molecular axis (refractive 

index, Jle) is known as the extraordinary ray, and the other (refractive index, Jlo) is 

called the ordinary ray. However, as explained in the previous section, the molecules 

can be rotated by the application of an electric field so that the refractive index that 

a polarised light wave experiences, depends on the angle made with the director. As 

an example consider the operation of a twisted nematic cell, which is the type of 

device used for most simple display purposes. 

(a) (b) 

1 Polarisers 

Electrodes 

I I I 

I 1 I I 

Electrodes 
I I 1

1
1 

2 Polarisers 

Bright Dark 

Figure 2.5: Operation of a Twisted Nematic Cell. (a) Voltage Off. (b) Voltage On 

A twisted nematic cell is made by sandwiching liquid crystal between two ho­

mogenously aligned glasses placed together so that the two rubbing directions are 

mutually perpendicular. This means that the directors align parallel to each glass, 

with a gradual rotation of goo between them as shown in figure 2.5(a). The first 

polariser is orientated so that its axis is parallel to the extraordinary axis of the 

liquid crystal at that interface. As the light propagates the twisted structure rotates 

the plane of polarisation of light so that it emerges in the orthogonal polarisation 

state and is transmitted by a polariser placed at goo to the first. It is of interest 

to briefly compare this effect with that of optical activity. A material which dis-



CHAPTER 2. LIQUID CRYSTAL THEORY 15 

plays optical activity, e.g. quartz, is composed of helical molecules which interact 

with the incident light in such a way as to propagate light with the polarisation 

state rotated. As explained in section 2.1 the cholesteric liquid crystal phase is also 

characterised by a twisted structure whose pitch is of the order of the wavelength of 

light. This explains the very large optical activity displayed by these crystals. A full 

explanation involves the quantum mechanical nature of light and the molecules, but 

the important difference between the twisted nematic effect and optical activity is 

that optical activity is strongly wavelength dependent, and the effect occurs what­

ever the direction of the incident polarisation. A twisted nematic cell only rotates 

the light in a simple fashion if the light is polarised along either of the crystal axes 

of the surface layer of molecules and this rotation is wavelength independent (see 

e.g. HARTSHORNE AND STUART (31]). When an AC voltage is applied to the cell, 

as in figure 2.5(b), the molecules rotate as described in section 2.3.2 so that the 

cell no longer appears to be optically active, and the light is blocked by the second 

polariser. The diagram is simplified, it is only the molecules in the center of the 

cell that are free to rotate but the effect is the same. The twisted nematic cell is 

generally used as a binary device, either to produce a light or dark state. In this 

thesis it is modulation of refractive index that is regarded as important so that a 

slightly different type of cell is used, although the basic principle is the same as the 

twisted nematic cell. 

There are two other configurations for making a nematic cell; the anti-parallel 

cell and the parallel or pi-cell (see Bos et al. [9]) They are both made in the same 

way as the twisted nematic cell except for the rubbing directions. In the anti­

parallel cell the glasses are rubbed so that the rubbing directions on each glass are 

in opposite directions, and accordingly in the same direction for the pi-cell. As 

mentioned earlier, there is a small angle between the director and glass and it is 

this that causes the difference between the way the molecules align themselves. The 

differences are shown in figure 2.6. 

The application of an A C voltage across the cell rotates the molecules in both 

types of cell in the same way as the twisted nematic cell so that the extraordinary 

ray experiences a refractive index varying from P.e when no voltage is applied, down 

to P.o when the saturation voltage has been applied and the molecules ha.ve rotated 

througli. 90° and are perpendicular to the cell. The birefringence can therefore 
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(a) ~ (b) ---7 
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Figure 2.6: Two Homogenous Alignment Configurations. (a) The anti-parallel 
aligned cell. {b) the Pi-cell or parallel aligned cell. The arrows show the rub­
bing directions and the pretilt angles are exaggerated. Both cells are shown in the 
'Off-State', i.e. no applied field. 

be controlled, or if polarised light is used, the refractive index can be electrically 

'tuned' between two values. Normally incident unpolarised light passing through the 

birefringent cell emerges with a phase difference, 6, between the two orthogonally 

polarised beams, with one plane of polarisation along the director, given by 

£ 21rd6.p. . 2 Ll 
v = s1n u 

,\ 
{2.4) 

where ,\ is the wavelength, d is the LC thickness, D.p. is the birefringence, and 8 is the 

angle between the pretilt direction of the molecules and the propagation direction. 

The pretilt direction is usually small so equation 2.4 reduces to 

6 = 21rdD.p.. 
,\ 

(2.5) 

For example, with typical parameters of d = lOp.m, D.p. = 0.25 and ,\ = 0.5p.m, then 

6 = 101r. 

Both cell configurations modulate phase in the same way. The pi-cell can operate 

slightly faster but it is prone to areas of misalignment when the directors relax to 

their off-position. This causes a patchy appearance when viewed between crossed 

polaroids. In view of this the cells used in this thesis were all anti-parallel aligned. 

When an anti-parallel rubbed cell is placed between crossed polarisers with the 

cell extraordinary axis parallel to the first polariser then no light is transmitted by 
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the analyser (second polariser) since the LC cell simply phase retards the light, but 

does not rotate the plane of polarisation. H the cell is placed at an arbitrary angle 

between the crossed polarisers, then it acts as a phase plate, and in general, converts 

plane polarised light to elliptically polarised light. This effect is explained in greater 

detail in chapter 6. 

2.4 Applications of Liquid Crystals 

2.4.1 Liquid Crystal Displays 

The development of the twisted nematic cell in the late 1970s provided the ideal 

cheap and low power device for the display industry; which has therefore been 

the main driving force behind research into LC materials. This section gives the 

background to liquid crystals by describing some of these devices. For example 

watches, calculators, telephones, and cameras incorporate LCDs in, what is now, a 

familiar way. Even the display timetables at some of the London railway stations 

are huge liquid crystal arrays. 

There are other display applications that are not as widely available yet. For 

example, a variation on the twisted nematic is called a super twisted nematic. The 

principle of operation is similar to the twisted nematic except that a rotation of 270° 

is induced in the molecules instead of 90°. Its advantages are that it can be viewed 

from greater angles and it lends itself to a multiplexed device more easily, since it 

is more responsive to a small change in voltage. 

Further twisted nematics can be coloured by the use of coloured polarisers. A 

coloured polaroid only polarises light of a particular colour, the other wavelengths are 

left unpolarised, so by using two differently coloured polarisers a two colour display 

maybe made. An alternative method of making a coloured display is to dissolve 

a dichroic dye in the LC. The dye preferentially absorbs light that is polarised in 

a particular direction and so by using the ability of a liquid crystal to change the 

polarisation a coloured display may be used. They have the advantage that only 

one polariser needs to be used. A variation using chiral nematics means that no 

polarisers need to be used meaning a very wide viewing angle and a very bright 
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display. 

Another use of chiral nematic liquid crystals is to make a display that has a 

'memory', thus the display will remain switched on even after the voltage has been 

removed. A higher reversed voltage can be used to switch the cell off. 

Smectic liquid crystals do not respond to voltages as easily as nematics. However 

the alignment strongly depends on whether it cooled to form the smectic phase in 

the presence of an electric field. This is therefore another way of producing a display 

with a memory. The display may be activated by either using a voltage that causes 

local heating or by heating with a scanning laser beam. These displays obviously 

consume considerably more power and are not cheap. However they can have a very 

large data content and are therefore suitable for large information displays. 

One of the important parameters in all LC cells is the cell thickness and very 

large cells become difficult to make with a constant thickness. A solution to this is to 

use a Polymer Dispersed Liquid Crystal Display (PDLC) whereby the liquid crystal 

is held as droplets embedded in a solid polymer. The refractive index of either of 

the LC indices is made to be the same as the polymer, thus in this case the cell is 

transparent. When the refractive index is switched to the other value the sudden 

change in index scatters the light and so the display becomes opaque. This is another 

display that requires no polarisers. Large-scale displays can be fabricated that may 

be used as switchable windows in buildings and cars, or switchable partitions etc. 

One of the most recent developments in display technology is the active matrix 

display where semiconductor devices are incorporated into a display in order to 

optimise the display characteristics. For example a matrix element in a display may 

be combined with a miniature thin film transistor. The transistor acts like a switch, 

the application of a small voltage allows a larger voltage to be controlled and hence 

operate the liquid crystal. Using this technique the brightness of every element in a 

very large array may be controlled in an independent way. 

By combining some of the advances mentioned the liquid crystal is becoming 

a serious competitor for the cathode ray tube (CRT). By combining coloured dyes 

with a very large number of pixels in an active matrix display, colour television 

displays can be made. At the present only small screens(- few inches) can be made 
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but by the turn of the century the familiar CRT television should be replaced by a 

flat LC screen. 

2.4.2 LC Optical Control Elements 

Liquid crystals provide a very attractive way of controlling light both in amplitude 

and in phase. One of the simplest devices is an fast liquid crystal shutter, based on 

a ferroelectric LC. The film behaves as a half wave plate between crossed polaroids 

to act as a voltage switchable shutter 2 which can have switching speeds as fast as 

lOps. 

The ability to control phase means liquid crystals make an obvious choice for 

a tunable retardation plate. The cell can be tuned to any retardation (typically 

between 0 and 10 visible wavelengths for a lOpm thick cell), or alternatively the cell 

can be used to give a fixed retardation (e.g. j to convert plane polarised light to 

circularly polarised light) to light of different wavelengths (e.g. Wu [64]). 

A novel use of liquid crystals has been to construct a circular liquid crystal 

switchable structure in such a way as to make a Fresnel zone plate (WILLIAMS et 

al. [63]). This is a series of transparent and opaque annuli which has the effect of 

focussing light, the device then operates as a lens which may be switched on or off. 

Many optical control devices are based upon a Liquid Crystal Light Valve (LCLV) 

which is shown schematically in figure 2. 7. The liquid crystal layer is placed in 

series with a photoconductive layer whose resistance varies with the amount of light 

falling on it. H a constant voltage is then applied across the electrodes, the voltage 

across any particular area of the LC is dependent upon the light incident on the 

photoconductor. An incident image is then transferred to the output light beam 

in real time and without any scanning. The light valve is one of various devices 

known as Spatial Light Modulators (SLMs), i.e. any device that has the capability 

of changing the light beam from place to place. A LCLV can be used, for example, to 

convert an infrared image to a visible image (Wu et al. [67]) if the photoconductor 

is made sensitive to infra-red. 

LCLVs are of increasing importance in the rapidly expanding field of optical 

2Ealing Electro-Optics PLC, Greycaine Road, Watford, WD2 4PW. U.K. 
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Figure 2.7: Liquid Crystal Light Valve: Image Transfer Device 

computing. Although advances in digital computing continue, there are inherent 

limitations on the speed of an electronic computer. H light is used instead, then not 

only does the speed increase, but also the ease of creating parallel optical channels. 

In such technology the SLM performs the same function as the electronic switch in 

a traditional computer (e.g. COLLINGS et al. [14]). 

An example of a different kind of SLM is explained in VASIL'EV et al. [61). Here 

light in a Twyman-Green Interferometer is distorted by a small deformable mirror, 

and the light is corrected by a SLM in the form of an array of variable retardation 

plates. 

2.4.3 Other Uses 

Chiral nematic liquid crystals reflect light with a wavelength equal to its pitch, 

which is in turn sensitive to temperature. Such liquid crystal thermometers have 

been available for several years now, however their great advantage over traditional 

measurement devices is that the exact operation temperatures may be finely tuned 

so that the colour changes occur over a very small temperature range. This can be 

used, for example, in medicine to show minute differences in skin temperature which 

can indicate the presence of a tumour. 

Development is in progress to utilise the ability of a chiral nematic to respond to 
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pressure changes to act as a pressure indicator. The mechanical properties of liquid 

crystals are also being explored, for example the viscosity of certain LC phases is 

much greater than that of the isotropic phase. In the future clutches or brakes could 

be made whose hydraulic elements could change their response depending on the 

pressure or temperature. 

In all these examples of the many uses of liquid crystals it is really the same 

fundamental property that is being exploited, that is, the liquid crystal phase is a 

very delicate phase and so large changes in its characteristics can be made by small 

changes to its physical and chemical environment. 



Chapter 3 

Atmospheric Seeing and Adaptive 
Optics 

3.1 Atmospheric Seeing 

The distortion introduced into a stellar image by the atmosphere is caused by very 

small spatial and temporal differences in the atmospheric refractive index. These 

are due to small temperature fluctuations in a wind induced turbulent flow. Local 

temperature variations vary from a few hundredths of a degree in the upper atmo­

sphere, to a few tenths of a degree near to the uneven ground level temperature. 

The effect of these temperature variations is to set up eddies of size L0 (where L0 

is the outer scale of turbulence, "' few metres), which in turn produce eddies of 

smaller and smaller scale untill0 (the inner scale of turbulence,"' few millimetres). 

Consequently the temperature varies on scales ranging between L0 and 10 • Simi­

larly the refractive index varies on these scales. So when a wavefront of light is 

propagated through the turbulent atmosphere then variations in phase across the 

wavefront occur on the same scales. 

Similarly KOLMOGOROV [38) has shown that the refractive index structure func­

tion, DN(P), which is the mean square difference of refractive index between points 

separated by a distance, p, is given by 

(3.1) 

where p.1 and p.2 are the refractive indices and C'Jv is termed the refractive index 

structure constant. C'Jv is a measure of the strength of the refractive index variations 

22 
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and hence the turbulence. It can be seen that the change in refractive index between 

two points increases as the separation, p, increases. The atmosphere can be thought 

of as a complex interaction of many turbulent 'eddies', the strength of which is 

proportional to the size. C'k varies with height in a non-uniform way; the turbulence 

occurs in many layers of a few metres depth. The effect of the whole atmosphere is 

a summation of these layers. A term that is often used to characterise the seeing 

conditions is the coherence (or seeing parameter), r0 • This is directly related to the 

sum of the structure constant throughout the atmosphere and is given by 

[ ( ..\ )2 H ]I 
r0 = 0.423 

2
11" sec 6 fo C1( h )dh (3.2) 

where 6 is the zenith angle and H is the thickness of the atmosphere that contributes 

to seeing ( -20km). Typically at a site of good astronomical seeing the value of r0 is 

between 10 and 20cm.. A convenient way of visualising the meaning of r0 is that it 

is the size of a telescope aperture that would give the same sized diffraction limited 

image in the absence of any turbulence as that produced by the seeing limited image 

in a larger aperture telescope. 

The effect of the refractive index variations on the image formed depends on the 

size of the index variations and the size of the aperture used to form the image. With 

a small telescope, only the small scale eddies are seen, therefore the refractive index 

variations in total path length are small compared to the wavelength of light and thus 

the wavefront distortion is small. However the wavefront across the whole telescope 

will also be part of a larger scale fluctuation, and hence the whole wavefront may 

be tilted. A large telescope aperture will have greater wavefront distortion because 

it can sample larger eddies. These larger refractive index variations cause the image 

to break up into smaller sub-images known as speckles. However the wavefront tilt 

across the whole aperture will be less because some of the fluctuations that added 

to tilt in the small aperture, now just add to distortion. These effects can be seen 

in figure 3.1. The other effect on image quality is diffraction, which is inversely 

proportional to aperture size. Taking diffraction and seeing together, there is then 

an optimum aperture size. Below this the image quality is dominated by diffraction, 

and above this size the seeing distortion increases. This of course assumes that 

the seeing remains stationary. This is the Taylor Hypothesis which assumes that 

refractive index variations can be regarded as 'frozen' into the atmosphere relative 

to the timescales of seeing. Winds in the atmosphere blow these index variations 
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Figure 3.1: Seeing Effects on Different Sized Apertures. 

across the telescope aperture and it is the effects of these which give rise to the seeing 

variations causing the wavefront shape to vary. In the case of a small aperture the 

distortions remain relatively small, but the tilt in the wavefront varies causes the 

image to move about in the focal plane. These variations are of the order of the 

time it takes for wind to move air across the telescope aperture, i.e. fractions of a 

second, so in a long exposure a blurred image is built up by the ( near ) superposition 

of many sharp short exposure images. The large aperture suffers less from image 

motion, but the wavefront is more corrugated and the image breaks up into speckle. 

In order to take advantage of the optimum aperture, then short exposures ("' 10ms) 

must be taken. This is of course impractical in conventional astronomy, but it is the 

idea upon which the theory of image sharpening is based. H the movement of the 

image from an optimum aperture can be corrected for, the resulting image should 

be 2 to 3 times smaller than the equivalent long exposure image (FRIED [27)). An 

example of image motion from an optimum aperture is shown in chapter 4, figure 4.1. 
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3.2 Methods of Reducing Seeing Effects 

As previously mentioned, much of the seeing arises from temperature fluctuations 

near the ground and dome seeing. This is minimized by ensuring the telescope 

dome is as free as possible from heat sources such as electrical equipment, or peo­

ple. Similarly the dome should be opened for an hour or so prior to observing so 

that the temperatures can equalise. The landscape around the telescope should be 

smooth and uniform to avoid turbulence. For example the WHT (William Herschel 

Telescope) is on top of a volcanic island, some 2400m above the relatively fiat sea. 

Even after careful selection of conditions and geographical location the image 

quality is far from optimum so some kind of image correction is necessary of which 

there are two basic techniques. The first is post exposure sharpening whereby all the 

data is collected without any processing and then processed afterwards to enhance 

detail. The second is real time sharpening whereby an adaptive optics system is 

employed to enhance the image quality. There are a number of advantages to real 

time sharpening. Firstly the improvement in signal-to-noise1 , therefore fainter (and 

more distant) objects may be observed. Secondly the light may be then directed to 

a second instrument, for example a spectrograph. The third point is that a CCD 

is much more efficient than time-resolvable instruments needed for post-exposure 

sharpening. 

3.2.1 MARTINI: An Example of an Adaptive Optics Sys­
tem 

The MARTINI (Multiple Aperture Real Time Image Normalisation Instrument) 

device, being developed at Durham, is a prototype adaptive optics system designed 

to operate on the GHRIL (Ground-based High Resolution Imaging Laboratory) 

platform at the Nasmyth focus of the WHT (see DOEL et al. [16, 17, 18, 19] or 

BROWN et al. [10]). The system uses piezo-electrically driven mirrors to remove the 

atmospherically induced tilt of a wavefront across a telescope aperture (effectively 

removing the seeing motion of the image). As explained in the previous section, 

there is an optimum aperture size for tilt correction, this being between 40 and 

1The improvement in the S/N ratio assumes full aperture coverage. The MARTINI device does 
not actually improve the S/N because much of the collected light is wasted. 
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80cm. Therefore the full 4.2m WHT aperture must be split up into a number of 

sub-apertures. In MARTINI there are six such apertures, the size of which can be 

varied to match the seeing conditions prevalent at the time of observing. 

Figure 3.2 shows the optical layout of MARTINI. Light from the WHT enters 

the system through an aperture in the centre of the toroidal mirror placed at the 

Nasmyth focal plane. The divergent beam of light from the focus is then incident 

on an aperture mask positioned 60cm downstream from the focal plane (conjugate 

to a height of 3.6km in the atmosphere). This aperture mask consists of a set of six 

identical circular sub-apertures. Immediately behind each sub-aperture is a piezo­

electrically driven plane mirror which reflects the light back onto the toroidal mirror. 

This mirror is aspherical in shape in order to compensate for astigmatism caused 

by oif-axis imaging. The light is then refocused to a secondary focus where a beam 

splitter divides it into two. One beam is arranged so that the reference star (a star 

in the field of view bright enough to produce enough signal for the instrument to 

work) is imaged onto the photocathode of an Imaging Photon Detector (IPD) via 

a split-lens system. This split lens consists of an achromatic doublet that has been 

cut into six pie-shaped segments. The width of the cuts have been chosen such 

that when the segments were re-assembled they no longer have a common optical 

axis and thus the focal points of the segments are separated. The cone of light 

from each sub-aperture is focused by a different segment of the lens onto the IPD, 

and so six images of the reference star are formed corresponding to the 6 mirrors 

and the positions of these images are then used in a servo-loop to control the tilt 

compensating mirrors in such a way as to remove the images' seeing motions. 

The other beam of light from the beam splitter is focused onto the CCD via the 

atmospheric dispersion corrector. This is the 'sharpened output' of the system. The 

total magnification of the system is designed to be of the order of one, so that the 

image scale on the CCD (not on the IPD where it has to be quite large in order 

to avoid saturation of the IPD) is approximately the same as at the true Nasmyth 

focus ( 4.46 arcsecs mm-1 ). An example of some results obtained with MARTINI are 

shown in figure 3.3 (some results have been published in TANVIR et al. (55] [53](56]). 

Notice that not only is the resolution improved, but also the peak intensity. 



"%
j .... ()

q
 ~ "" t.,., ~
 

~
 s= >
 ~ 1-4 z 1

-4
 

0 "t:
: .....

 [ t"
'l i >
 

t
j 0 I >
 

.....
 g en

 
"t:

: ~
 

::t
 

("
) t
j .... en
 

"t:
: ~ .... 0 I:S
 0 0 1'1
 ~ .....
 

~ 

G
H

R
IL

 T
a

b
le

 

M
X.

TV
 

B
S 

-
B

ea
m

 S
p

li
tt

er
 

··
··

· 
L

en
s 

S
u

b
-A

p
er

tu
re

 M
as

ks
 

{2
7c

m
 -

l1
0

cm
) 

\A
da

pti
ve

 IIU
Ton

 

W
ob

bl
er

 M
ir

ro
r 

fo
r 

A
rt

if
ic

ia
l 

S
ee

in
g

 

N
as

m
yt

h 
F

oc
us

 

EE
V

,T
V

 

N
D

 F
il

te
r 

A
ss

em
b

ly
 

I 
I 

I 
I 

0 
3

0
0

n
u

n
 

@
 

~ ~ ~ ~ >
 ~ 0 ~
 ;; ~ ~ ~ ~ >
 ~ >
 ~ ., ~ 0 ., ~
 ~ ~
 

-.
J 



CHAPTER 3. ATMOSPHERIC SEEING AND ADAPTIVE OPTICS 28 

0 
Q) 

~ 0 
t... 
<( 

0 
Q) 

~ 0 
t... 

<( 

(a-i) 

_, 
0 

Arc sec 

(b-i) 

-1 0 

Arc sec 

, 

, 

(0 

0 

~ 

0 

N 
0 

_, 

-1 

0 , 
Arc sec 

0 

Arc sec 

Figure 3.3: Some results from MARTINI. Star Zeta Boo. (a) without MARTINI 
(b )with MARTINI (i) contour plan (ii) cross section. 
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3.2.2 Other Image Sharpening Devices 

Other astronomical adaptive optics devices have been designed and tested. They 

all utilise piezo-driven mirrors. For example ISIS (THOMPSON AND RYERSON [58]) 

(Image Stabilisation Instrument System) has been in operation at the 2.24m Uni­

versity of Hawaii telescope since 1984. It uses only one mirror to track the image 

motion over the whole aperture. The COME-ON project (MERKLE et al. [36]) is 

part of ESO's developments for the 3.6m telescope at La Silla in Chile. It utilises 

a two-stage process whereby the overall wavefront tilt is removed by a single active 

plane mirror. The smaller-scale corrugations are removed by a thin flexible mirror. 

The device is particularly interesting because the wavefront distortion is sensed at 

optical wavelengths whilst the final corrected image is recorded in the near infra-red. 

There is the possibility of using liquid crystals at these infra-red wavelengths as well 

as in the optical (e.g. Wu AND Cox [65]). 

3.2.3 Adaptive Mirror Technology 

The present time is rather an unusual one in the development of astronomical adap­

tive optics. Up to now research has taken place within university environments, 

however parallel research has also occurred, primarily in the United States, into the 

military applications of adaptive optics. Their interest lies in two areas. Firstly 

surveillance, which is essentially the same problem of observing through the at­

mosphere, and secondly laser beam transmission for communication and directed 

energy weapons systems. Their requirements are not exactly the same as those in 

astronomy, however the funding has been orders of magnitude greater than that in 

astronomy and so the devices are much more advanced. Recently this technology 

has been declassified and so the astronomical a.da.ptive optics community is in the 

position of having a large field of advanced potential technology at its disposal. The 

following is a brief survey of devices. 

The technologies can be divided two categories. Firstly there is conventional 

mi1TOr technology. These can be sub-divided into segmented mirrors and continuous 

phase sheets, or deformable mirrors. As their name suggests, segmented mirrors 

consist of discrete mirror elements used to correct different parts of the wavefront. 
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The mirrors used in MARTINI are an obvious example. The group is considering 

replacing these six mirrors with a. segmented mirror ma.de by THERMO-ELECTRON 

TECHNOLOGIES CORPORATION[51][34). This consists of an a.rra.y of 68 mirrors, 

ea.ch of which ha.s 3 degrees of freedom (tip, tilt and piston). There is a. trade-off 

between dynamic range and response times, but typical figures are 2Jlm a.t 10KHz 

or 8Jlm a.t 2.5KHz. Two examples of continuous phase sheets are LITON-ITEK 

and UNITED TECHNOLOGIES OPTICAL SYSTEMS[22][30). These devices consist of 

one large, but flexible mirror, which is deformed by a.ctua.tor elements behind the 

mirror. They ha.ve the advantage of providing continuity of correction, however 

there is more potential for cross-talk between a.ctua.tors. The Liton-ltek device ha.s 

241 PMN (Lea.d Magnesium Niobate) electrostrictive actuators, which have a 6Jlm 

stroke at 1KHz. 

The second category is ezotic technologies. These are devices employing new 

techniques that provide future potential but are not yet ready for astronomical 

use. For example TEXAS INSTRUMENT'S DMD[25) (Deformable Mirror Device). 

This is a chip mounted device, constructed by depositing a mirrored layer onto an 

electrostatically operated layer. This layer is etched so a.s to leave control points 

which control the mirror. The stroke is however small, < 1Jlm. Another kind of 

device designed by OPTRON SYSTEMS INc.[52] uses an electron-beam to address an 

anode grid and a thin layer of LiNb03 electro-optic crystal, coated with a dielectric 

mirror. The electron-beam gun scans the device, like a CRT, to change the reflective 

properties of the mirror. However, the response time is slow, "' 2Hz. 

3.3 Liquid Crystals as Adaptive Optics Devices 

Figure 3.4 shows the array of six adaptive mirrors, each controlled by three piezo­

electric actuators. The construction is a.s compact a.s possible, reducing the possi­

bility of adding more sub-apertures (or mirrors) to increase the aperture coverage. 

In addition the six amplifiers that control each mirror are large and generate con­

siderable heat in the GHRIL room. These factors, along with cost, are the main 

reasons for investigating the replacement of these mirrors with liquid crystal prisms 

to deflect the seeing-distorted light beams. 
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Figure 3.4: The MARTINI Adaptive Mirror Array, also showing the piezo-electric 
actuators 

The concept behind a LC prism was described in chapter 1 but it is described 

in greater detail here. The extraordinary refractive index of a liquid crystal cell is 

electrically controllable2 By applying a voltage ramp along the length of a liquid 

crystal cell and keeping the other plate at ground, the voltage across the cell will 

vary from a maximum at one end down to zero at the other. Hence the optical 

thickness of a parallel sided liquid crystal prism, of thickness t, will vary from one 

end to the other. The maximum optical thickness is given by J.'et and this occurs at 

the end of the cell with no voltage across the LC. The minimum optical thickness 

is given by J.'0 t , where J.'o is the ordinary index. This occurs at the end of the cell 

2The actual graph of l'e versus voltage is not linear, as described in chapter 5. 
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where the voltage is at a maximum. The effect of this variation in optical thickness 

along the cell is to produce a phase wedge, which can deflect light through small 

angles in a way that is electrically controllable by the applied voltages. 

A typical liquid crystal material, with l'e = 1.8, l'o = 1.5, in a cell of thickness 

lOpm, and length lcm, would give a variation in optical thickness of 18pm to 15pm. 

Hence the light should be deviated at an angle given by the variation in optical 

thickness divided by the length of the cell, in this case about 1 arcminute. The exact 

formula for the deviation of light by a LC prism is derived in the next chapter. It 

is important to clarify the terminology here. In this thesis, the angle of a LC 

prism is defined as above, that is, it is the angle through which light is deviated 

after transmission through such a cell. However, when considering a real prism, the 

prism angle is usually defined to be the physical angle of the prism, which is not the 

angle through which light is deviated. It is the former definition that is of relevance 

here. 

3.3.1 Very Long Base Line Interferometry 

This is a technique where there is a possibility of using liquid crystal adaptive op­

tics in a relatively simple fashion to combat the effects of seeing. The method is 

based upon Michelson's Stellar Interferometer (MICHELSON [44]), which is described 

briefly below. A modem device based on the same physical principle is being con­

structed and tested at Cambridge called COAST (Cambridge Optical Aperture 

Synthesis Telescope. [4]). 

Figure 3.5 shows the basic apparatus. The outer pair of mirrors, M 1 and M4 

act as 'receivers' and are in general many metres apart. This separation, D, is 

the baseline and is variable. Light is channeled to the fixed secondary mirrors, 

M2 and M3 which direct the light through two slits into a focussing system to 

bring the light beams to interfere at a common focus. The spacing of the fringes 

is determined by the {fixed) spacing of the slits, however the fringe visibility is 

determined by the brightness distribution of the source. In order to extract this 

brightness distribution, methods of fourier optics are used in a way that is exactly the 

reverse procedure to that described in section 5.3.2. In this way sub-milliarcsecond 

measurements may be made. Once again, though, the results are plagued by the 
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Figure 3.5: Schematic of Michelson's Stellar Interferometer 

effects of atmospheric turbulence. The individual apertures used are small enough so 

that the distortion is small and also that speckle does not occur. There is, however, 

a phase difference between the two apertures which causes the fringes to oscillate 

and makes measurements difficult. A simple liquid crystal phase retarder could be 

placed in one of the light beam paths to correct for the seeing. An adaptive feedback 

circuit would be needed whereby the position of a fringe is detected on an IPD (or 

similar device) and any movement is fed back to the liquid crystal. The amount 

of correction needed is the total phase difference modulo 211", and is therefore very 

small, hence only very thin cells are needed. This type of adaptive optics would be 

simpler than that described in the MARTINI, or similar, system and could therefore 

be perhaps used as a test ground for liquid crystals in adaptive astronomical optics. 

There is a potential use for liquid crystals where ever the need to control phases 

over a few visible wavelengths is desired. 



Chapter 4 

Basic Design and Construction of 
LC Prisms 

4.1 Introduction 

This chapter deals with the factors that influence the design and construction of 

a LC prism, in particular the size and speed of prism required. Then the type of 

electrode structure in order to apply the voltages are considered. These are then 

followed by details of the construction of the prism. 

4.2 Required Prism Parameters 

4.2.1 The Angular Size of Prism 

FRIED (26) has shown that the mean square wavefront phase error, (I~<PI2), for an 

atmospherically distorted wavefront across a circular aperture of diameter D is1 

(4.1) 

From equation 3.2 it can be seen that 

(4.2) 

1This equation gives another physical interpretation to ro. It is the size of an aperture where 
the r.m.s wavefront error is~ !radian. 

34 
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ro D t:u 8 

15cm 4.2m (full ap.) 1.29pm 4.9" 
60cm (4ro) 0.25pm 6.7" 
15cm (ro) 0.08pm 8.4" 

10cm 4.2m (full ap.) 1.81pm 6.8" 
40cm (4ro) 0.25pm 10.1" 
10cm (ro) 0.08pm 12. 7" 

Table 4.1: R.M.S. Correction Parameters(..\= 500nm). 

where CN is a constant(~ 5.5 x 106 for r0 = 15cm). H the amount that a wavefront 

corrector needs to move by is 8z, to correct a phase error of 6.1/J, then 

(4.3) 

Combining equations 4.1, 4.2, and 4.3 gives the r.m.s correction as 

(4.4) 

6 

where K = Jl.013/(27rC~ ). This is an important result because it shows that 

the amount of correction needed is wavelength independent. The required r.m.s. 

correction angle is then 

(4.5) 

However any correction device must be placed at conjugate plane to the average 

height of seeing so the demagnification of the telescope must be accounted for. The 

magnification of the WHT for an image at the conjugate focus is x 77, but is different 

for different telescopes. See appendix A for greater discussion. Therefore 

- 77K 
(J = -l­

da 
(4.6) 

where dis the physical size of the correction element (d = D/77). The correction 

angle is then very weakly dependent on the diameter, although the 'throw', !l.z <X 

Dl. Using equations 4.4 and 4.6 some typical figures for the required correction are 

shown in table 4.1. 
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Real data collected2 at the WHT by MARTINI was analysed and compared with 

the theoretical results. The raw data consisted of xyt positions (i.e. coordinates 

and time) of individual photons from a 'seeing' affected image collected on the 

IPD without the MARTINI adaptive optics activated, that is with no sharpening. 

The positions were grouped into time intervals of 1.5ms in which about 20 photons 

were collected and the mean position of the photons was calculated to provide a 

data stream of centroids of image motion. The motion of an image is shown over 6 

seconds of time in figure 4.1. (N .B. the IPDs X and Y axes do not correspond to any 

particular telescope axes.) The image scale ( calculated by measuring the spacing of 

a known binary star) was 0.003 arcsecs/pixel. The deflections by a LC prism needed 

to correct the centroid motion can be calculated3 • These are shown in table 4.2. A 

Star Mean Mean Mean Total Max Max Max Total 
X Dev'n Y Dev'n Dev'n X Dev'n Y Dev'n Dev'n 

a-Aries 11.1" 10.9" 15.6" 49.3" 55.7" 74.4" 
Rigel 10.5" 10.7" 15.0" 38.0" 47.6" 60.9" 
Polaris 9.9" 11. 7" 15.3" 43.3" 42.5" 60. 7" 

40cm Aperture 
1.5ms Centroid Time 

Table 4.2: Angular Deviations by a LC prism needed to correct image motion cal­
culated from experimental data. 

histogram of the required correction is shown in figure 4.2. It can be seen that the 

theoretical r.m.s values are comparable4 to the actual data. Therefore the average 

correction angle is "' 15 arcseconds. Assuming the fluctuations are gaussian then 

the 3u (corresponding to 99.7% of cases) deviation corresponds to"' 45 arcseconds. 

(In the case of the example shown in figure 4.2 then 98.4% of cases fall within the 

3u level of variation. Thus the largest prism angles required to cover most eventual 

2By the MARTINI Group, but analysed by the author. 
3If the x-deviation is '~ and the y-deviation is 9, then the total deviation, 9~, is given by 

cos 9~, = cos 9~ cos 9,. For small angles this can be approximated by 8!, = 9! +9:. See appendix E 
for the full calculation. 

4It is difficult to make exact comparisons because the value of ro is uncertain for the experimental 
data. 
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Figure 4.1: Motion of Stellar Image (a-Aries) on the IPD caused by Atmospheric 
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Figure 4.2: Required prism angles to correct for image motions. a-Aries, 40cm 
aperture, 1.5ms centroid time. 

cases, including poorer seeing, is ,.... larcminute, although the vast majority of seeing 

effects can be corrected by prism angles half that size. 

4.2.2 Higher Orders of Correction 

In the previous sub-section the removal of wavefront tilt was considered. However 

there exists a spectrum of errors, which are given by the traditional Seida.l aberra­

tions. In the context of atmospheric turbulence they are more conveniently repre­

sented by Zernike Polynomials (see NOLL [46]). The wavefront residual errors after 

each term (and the previous terms) have been corrected for is shown in table 4.3. It 

can be seen that most of the wavefront degradation is contained in image tilt. The 

removal of wavefront tilt is the very important first step in image sharpening. 
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Zernike Term Residual Wavefront Error Description 

5 

1 1.013 (D) i No correction · ro 
5 

2 0.134 (~) i Tilt Removed ( 2-d) 
5 

3 0.111 (~) i Focus 
6 

4 0.088 (~) 1 Coma 
5 

5 0.065 (~) 1 Astigmatism 

Table 4.3: Residual wavefront error after the first few zernike terms have been 
corrected for. 

4o2o3 Response Time Needed in an Adaptive Prism 

For turbulence compensation, the correction must be at least as fast as atmospheric 

changes. To calculate this the Taylor Hypothesis is adopted, as described in sec­

tion 3.1. H the mean wind velocity across the telescope aperture is Vcw then the 

atmosphere remains static for timescales, T give by (MARTIN[42]) 

D 
T
-­- Vcw • {4.7) 

Using typical parameters for a 60cm sub-aperture gives T ""40ms. This figure is an 

approximation and is obviously (via r0 ) wavelength dependent. For example in the 

infrared the atmosphere remains static over time periods of tenths of seconds. 

4.3 Type of Prism 

Two alternative approaches to constructing a LC prism were considered. The first 

is to construct a device with a number of electrode strips. These would be addressed 

with an increasing series of voltages so as to modulate the refractive index in such 

a fashion as to form a phase wedge. The second approach is to use a monolithic 

electrode with a voltage ramp applied along the electrode to modulate the index. 

Each of these has advantages and disadvantages. 
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4.3.1 A multi-electrode prism 

The primary question is how many electrodes must a prism have in order to simulate 

a continuous phase wedge? The properties of such a prism were simulated by assum­

ing a simple model for the phase distribution along the cell, and then applying the 

Huygens-Fresnel principle to investigate the transmitted light intensity distribution. 

The refractive index was assumed to vary in a step-like fashion as shown in Fig. 4.3. 

The lowest index is defined to be p.1 and this is incremented in equal steps up to the 

X 

I 
Ill I Ill 
Q) I r:l 
~ I () 

i9 T I 
'il I 
() - #'tl p..,.l JAs,t .. 
Q, 
0 

I 

x, X.. X.. 

Distance Along Cell 

Figure 4.3: Optical thickness of a simulated prism with a multi-electrode structure 

maximum index of Jl.L, there being L steps in total, each of width d. This assumes 

that there are no edge effects between step boundaries. The distance along the cell 

is given by the coordinate x, and the values of the step boundaries are given by Xm 

where 1 ~ m < L. Since the index varies from p.1 to I'm the cell will behave as a 

prism. Consider a wave incident normally on the cell, and transmitted at an angle5 

5The plane wave, at an angle 8, shown in the diagram is an arbitrary wave. No assumptions are 
made about the emergent angle, nor about the wave being corrugated. The actual wave transmitted 
by such a stepped structure would be tilted in the other direction, and also stepped in a similar 
fashion to the cell optical thickness. 
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fJ. There will be a phase factor due to the wave being tilted given by (see Fig. 4.3) 

(4.8) 

There will be another phase factor due to the index variations along the cell given 

by 
27r 

<f>m = T (J.Lm - Ill )t, (4.9) 

where t is the cell thickness. Note that <Pm is normalised to be zero for m=l. 

Combining both the phase factors and summing over the length of the cell gives 

an expression for the resultant amplitude distribution. However the index is not a 

continuous function of x therefore the integral must be split into an integral and a 

summation. Hence the amplitude, A, is 

A= Ao E 1:m+d exp [2~i xsinfJ] exp [2~i (J.Lm- J.L1 )t] dx (4.10) 

where Ao is the incident amplitude. Simplifying gives 

L 1~m+d [27ri ] 
A= Ao J; ~m exp T (x sinfJ + (J.Lm- J.Lt)t) dx. (4.11) 

The intensity distribution, assuming equal step widths and equal step increments is 

given by AA • as 

• 2 _a. 2 (1rdsinfJ) sin
2

[¥-(¥+dsin9)] 
AA = ~a-smc [ ( )] , 

..\ sin2 f Af' + d sin fJ 
(4.12) 

where AJ.L = J.LL - Ill· This is a product of the diffraction pattern of a single slit 

modulated by a pattern due to their spacing. The latter is at a maximum when 

AJ.Lt d • fJ 0 T+sm=. 

H the total cell width is W, then W = Ld and 

sin fJ = - AJ.Lt 
w 

(4.13) 

(4.14) 

AJ.L is the birefringence. The minus sign indicates that the light is emitted to the 

opposite side of the normal than shown in Fig. 4.3 (i.e. the -9 direction). This 

is to be expected considering that the light from a real prism is emitted towards 

the thicker end of the wedge. Ignoring the minus sign and using the small angled 

approximation the light is then deviated by an angle given by 

fJ = AJ.Lt. 
w (4.15) 
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Some results of this are shown in Fig. 4.4. The x-axis shows the angle IJ plotted 

as a function of the deviation away from the theoretical angle of transmission given 

by equation 4.11. They-axes show the normalised intensity. The dashed line shows 

the diffraction pattern from a rectangular aperture the size of a single electrode 

width, given by the sine function, with its maximum in the forward direction given 

by 

_ (sin (~))
2 

I- Io ( trd~m') ' (4.16) 

where I is the intensity. The solid line shows the intensity distribution of the stepped 

prism given by the square of equation 4.11. The result is analogous with that of 

Fraunhofer diffraction from a series of L slits (see e.g. Hecht and Zajac (32]). There 

is an 'interference term' arising from the interference between the individual steps 

(however the central maximum is shifted from zero), which is then modulated by 

an envelope caused by the diffraction pattern from the single step. The total width 

of the cell is kept fixed, so as the number of electrodes, L, increases, the electrode 

width, d, decreases and the electrode spacing also decreases. This broadens both 

the sine function and the spacing between interference maxima. As can be seen 

from fig. 4.4, when there are very few electrodes the sine function envelope is very 

narrow and the light will not be significantly deviated. As the number of electrodes 

is increased then the envelope broadens allowing light to propagate at the desired 

angle. It can be seen that greater than about 30 electrodes are needed in order that 

the intensity distribution is similar to that of a continuous phase wedge. 

The disadvantages of using a multi-electrode structure is that an electrical con­

nection is needed for each electrode. In any astronomical adaptive optics device 

using many prisms of this sort, then the addressing of each electrode would become 

very complex. Another problem is that the device can deflect light in one direction 

only. Another prism with an orthogonal electrode structure would be needed to 

provide two dimensional deflections. The electrode structure itself will also have a 

diffraction pattern, so this will also have an effect, albeit small, on the transmitted 

light. The advantage of a multi-electrode prism is that the precise voltage to apply 

to each electrode can be calculated by an on-line computer in order to utilise the 

full birefringence of the liquid crystal. When a monolithic electrode is used only the 

quasi-lin~ar part of the birefringence versus voltage graph may be utilised in order 

to make a linear phase wedge. 
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Figure 4.4: Simulated intensity distribution from a prism with a multi-electrode 
structure with L electrodes. Dashed line- envelope from diffraction pattern from 
a single electrode. Solid line- Simulated intensity distribution 
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4.3.2 A monolithic electrode prism 

In order to calculate the intensity distribution from a prism with a single continuous 

electrode a similar calculation to the last section is made. As before consider a wave 

propagating at an arbitrary angle 8. The phase factor due to the wave being tilted 

(equation 4.8) remains the same, however the phase factor due to index variations 

along the cell is now a continuous function of z given by 

(4.17) 

Summing over the whole length of the cell gives 

{W [21riz ( . 6.pt)] A= Ao Jo exp -~- sm8 + W dz. (4.18) 

This expression can be easily integrated and squared to give the intensity-

[= J0sinc2 [7r7 ( ~t + sin8)]. (4.19) 

The result is the usual sine function describing the intensity distribution from a 

rectangular aperture that has been shifted through the the required angle. The 

maximum propagation angle is given, as before, by equation 4.14. 

The disadvantage of using a monolithic-electrode prism, as mentioned before, is 

that in order to form a linear phase wedge the full birefringence available cannot be 

used since LC birefringence is not linear with voltage. The advantages are its sim­

plicity, both of construction and of electrical control, and the possibility of deflecting 

light in 2 directions. 

It was decided that due to their simplicity that prisms with a single electrode 

structure should be investigated 

4.3.3 Choice of Liquid Crystal Material 

The small angle approximation of the deviation obtained by a LC prism is given by 

equation 4.15; 
8 = 6.pt. 

w 
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It can be seen that the angle of deviation is proportional to the birefringence so 

the liquid crystal chosen was BDH-E44 (Merck Chemicals6) on merit of its high 

birefringence of 0.26. 

From the above it can be seen that the cell dimensions also affect the prismatic 

angle. For example a 10pm thick cell, 1cm in length gives a prism angle of 53" when 

a birefringence of 0.26 is used. For maximum angle of deviation the prisms need 

to be as thick as possible and as short, in length, as possible. However, at first, 

prisms were made of a convenient size, governed by the physical properties of the 

available material. The cell length is discussed in more detail in chapter 6 and the 

cell thickness is discussed in chapter 7. 

4.4 Liquid Crystal Cell Construction 

The LC cells used to make the phase wedges were built by the author in the mi­

croelectronics clean room in the School of Engineering and Applied Science. The 

broad techniques of industrial cell construction were used along with fine details de­

veloped by the author. A clean room, as its name suggests, is a controlled working 

environment relatively free of air-hom dust particles. The microelectronics clean 

room is a class 10000 clean room with a class 1000 inner room. The 'class' of a 

clean room refers to the number of air-home particles in it. Thus a room of class 

1000 has < 1000 particles £t-3 of size ~ 0.5pm. The clean room is entered via a 

lobby in which the user changes into protective clothing to try and minimize dust 

entering the room. The use of this clean room facilitated the use of suitable equip­

ment and meant that optically flat cells could be made with minimal contamination. 

Table 4.4 shows the materials used in the construction of LC cells. The glasses used 

( purchased already coated in ITO ) to make the cell need to be clean in order that 

the PVA layer will bond sufficiently. The glasses are first wiped to remove any large 

dust particles before they are brought into the clean room. They are then placed 

in a jig in the selectpure cleaner for 30 minutes in an ultrasonic bath. From this 

stage on the glasses are held with tweezers to prevent a coating layer of grease from 

the hands (even though gloves are wom). The glasses are rinsed in deionized water 

before a final bath in propan-2-ol. After being dried by a hot air blower, they are 

6Merck Chemicals (formally BDH), Broom Road, Poole, Dorset, U.K. 
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Components 

Indium-tin-oxide (ITO) coated glass1 

Polyvinyl alcohol (PVA)2 

Liquid Crystal2 BDH-E44 +1% C15 
Powdered spacers4 

Epoxy resin 

Auxiliary Materials 

Disposable syringes 
MOS selectpure3 

Paper tissues 
Capillary tubes 
Propan-2-ol 
De-ionized water 
Conductive paint5 

1. EEV, Waterhouse Lane, Chelmsford, Essex CMI 2QU 
2. Merck (formally BDH) Chemicals, Poole, Dorset BH12 4NN 
3. Merck Chemicals, Darmstadt, Germany 
4. Nippon Electric Glass, Osaka, Japan 
5. RS Components Ltd, Corby, NN17 9RS 

Table 4.4: Materials used in cell construction 

ready for use. 

The glasses are first coated with PVA to provide the surface to which the 

molecules will bond. A solution is made by dissolving the PVA crystals (5g in 

800mls deionized water) over a hot plate. This takes several hours so the water 

level needs to be checked to avoid loss by evaporation. The PVA is applied by a 

spin coater, a device which rapidly spins a sample with a liquid to be coated so 

that a very thin surface layer is formed by centrifugal force. The glasses are held 

onto the spin coater by vacuum pressure so they are given a final check for any dust 

that could break the seal and then placed onto the coater with the ITO side facing 

up. It is very important to place the glasses centrally otherwise they spin oif and 

smash. A few drops of the PVA solution are placed onto the glasses (any excess is 

simply spun oif) and the device is run for 30s at 4000rpm. They can then be dried, 

again with the hot air blower. If optical quality glass is being used, in which case 

it is too heavy to be held by the spin coater, then they must be treated by simply 

dipping the glass in a solution of PV A and allowing to drain before drying. A lesser 

concentration of PVA solution (2g in 800mls water) is used since a thicker layer is 
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produced when the solution is allowed to drain instead of being spun. 

H the glasses have been successfully coated they appear to be slightly coloured 

due to thin film interference. The micro-grooves in the cell can then be formed by 

rubbing the cell with a paper tissue in one direction with what is best described as 

'firm pressure'. The direction of rubbing is noted for future reference. The glasses 

can then be assembled. 

Assembly of the 2 glasses is carried out in a laminar flow cabinet. This is a 

workbench with clean air being blown across it which converts the cabinet into a 

class 100 working area. The glasses need to be separated by"""' lOpm. For this a 

suspension of powder spacers is made by mixing """' 250mg in """' 5mls of propanol. 

The spacers are short lengths (- O.lmm) of cylindrical fibres with a cross section of 

lOpm. The spacers settle out very quickly so the suspension must always be shaken 

before use. Strips of this are painted onto one of the glasses along two of the edges 

with a fine brush. The propanol is left to evaporate leaving the spacers lying on the 

glasses. 

The second glass can then be placed on the first and held do\vn with a small 

brass weight. Careful note of the orientation of the rubbing direction must be made. 

For example, if a twisted nematic cell is being built the second glass is placed so that 

its rubbing direction is 90° to the first, or for an anti-parallel cell the glass is placed 

such that the rubbing directions are anti-parallel. The glasses must also be placed so 

as to leave areas of ITO free in order to make electrical contacts. Figure 4.5 and 

figure 4.6 show the cell construction where the rubbing directions shown indicate an 

anti-parallel rubbed cell. 

Two opposite sides are glued with a thin strip of epoxy resin applied with a 

syringe. If an optically flat cell was being made then ITO coated optical grade glass 

was used so that the inner surfaces of the cell were flat. However when assembling 

it is necessary to ensure each glass is parallel to the other to avoid making a wedge 

shaped LC layer. It is possible to see thin film interference fringes caused by the 

air gap with the cell viewed with just the clean rooms fluorescent strip lighting. 

Before the bonding glue dries the glasses are carefully manipulated, by hand, so as 

to extinguish these fringes, indicating a flat film. When the glue has dried the cell 

can be filled with liquid crystal. 
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Figure 4.5: Construction of an anti-parallel nematic liquid crystal cell 

Figure 4.6: LC Cell Cross Section (not to scale) 
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The E44 is introduced via a capillary tube so that capillary action ensures that 

all the cell is filled. The rest of the gap can then be sealed in the same way as before 

with epoxy resin. Electrical contacts to the ITO are made by applying conductive 

paint to the free areas of glass and then soldering wires onto this paint. Some sources 

recommend that the cell should be heated to above the isotropic point {100°C) in 

order to promote correct molecular alignment, but it was found that this was not 

necessary. Indeed heating sometimes distorted the flatness of the cell. 

Once the cells were finished, the first test was to check for correct molecular 

alignment. Simple eye inspection of the cell shows whether the LC layer appears 

milky (due to disclinations, see chapter 2) or if it is clear (good alignment). This 

test can be made more rigorous by placing the cell between crossed polaroids in laser 

light and rotating the cell. H the cell is well aligned then the light is extinguished 

completely when one of the crystal axes is parallel to one of the polaroid axes. Areas 

of disorder show up by patches of light transmitted by the second polaroid. 

H the alignment is good and the connections have been made properly the cell is 

now ready for use. The next chapter describes how the cells were tested in greater 

detail. 



Chapter 5 

Preliminary Testing of Liquid 
Crystals 

5.1 Introduction 

Before the prismatic properties of a liquid crystal cell could be investigated, the 

fundamental parameters of the cells needed to be assessed. These are cell thickness 

and homogeneity, wavelength dispersion, voltage characteristics and optical quality. 

5.2 Determination of Cell Thickness, Homogene­
ity,Dispersion and Voltage Characteristics from 
Edser-Butler fringes 

The measurement of thickness, optical flatness, and refractive indices is well doc­

umented in the literature. Thin film thicknesses can be measured using a variety 

of interferometric techniques, for example Pohl interferometry (KINZER [37]). Re­

fractive indices are measured by the the manufacturers (Merck Chemicals) using 

Abbe refractometry and optical flatness can be assessed very easily by observing the 

straightness of wedge fringes obtained by viewing the cell in laser light. However for 

this particular purpose each alternative method has some disadvantage, so a new 

technique was developed using Edser-Butler fringes which allows 3 measurements 

to be made. These are fringes of equal chromatic order, first used to calibrate spec­

trometers (EDSER AND BUTLER [23]). They provide a convenient way of measuring 

50 



CHAPTER 5. PRELIMINARY TESTING OF LIQUID CRYSTALS 51 

LC cell thickness and wavelength dispersion, and give an extremely accurate result 

for the cell homogeneity. The fringes can also be used to determine the voltage 

characteristics of a LC cell across the visible spectrum. The following sub-sections 

give an account of how the fringes are formed, and how results are obtained. 

5.2.1 Experimental 

Fig. 5.1 shows the experimental apparatus. A pinhole is illuminated by a white 

Test Cell 

Lens 2 

l.eDs 1 

PiDhole 

® White Light Source 

FIG 1. Experimental .Apparatus 

Polariser 
(Optional) 

Spectrometer 

Figure 5.1: Experimental Apparatus for observing Edser-Butler fringes 

light source and the light from this pinhole is then collimated by lens 1 in order to 

illuminate the test cell with a parallel beam. Lens 2 is arranged so that there is unit 

magnification between the test cell and the spectrometer slit, hence an area on the 

test cell the size of the slit is being imaged on the spectrometer. This means that 

the detailed structure of a test cell may be investigated, by traversing the cell across 

the imaged slit. 

Reflection of white light occurs from the inner front and back surfaces of the 
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liquid crystal giving two, and more, interfering beams governed by the interference 

equation 2p.t cos 8 = n.A (for a refractive index p., thickness t, wavelength .A, and an­

gle of incidence 8). In the case of fig. 5.1, 8 (= 0) and tare constant. Consequently 

whenever a wavelength in the white light spectrum satisfies the equation then ex­

tinction by destructive interference occurs. The observed effect in the spectroscope 

is a familiar white light spectrum crossed by a series of dark vertical bands, the 

spacing of which is inversely proportional to the cell thickness. It can be shown that 

the intensity of these fringes is given by : 

I . 2(~) -sm .A (5.1) 

Fig. 5.2 shows an example using a grating spectrometer where the refractive medium 

is the ordinary index of mica. Since the fringes are equally spaced in terms of 

wavenumber, 1/ .A, then in a grating spectrometer, they are more widely spaced 

towards the red end of the spectrum. There will also exist fringe patterns corre­

sponding to the reflection from the outer surfaces of the test cell, however these 

pattems are too closely spaced to be seen. 

5.2.2 A Birefringent Cell 

H the cell is constructed with a birefringent filling, e.g. liquid crystal, then two 

fringe pattems are formed corresponding to each optical thickness, p.0 t and P.et. 

When polarised light is used, such that its direction is parallel to either the ordinary 

or the extraordinary axis then one set of fringes is observed. If the polariser is 

rotated through goo then the orthogonal fringe pattem can be seen with a different 

spacing. 

An interesting effect is observed when the polaroid axis is not parallel to either 

crystal axis (or if the polariser is removed). Both fringe patterns occur simultane­

ously and 'beats' are seen, that is a modulation of the fringes having a relatively 

long periodicity. Fig. 5.3 shows an example of fringes produced by liquid crystal E44 

taken with a prism spectrograph. In fig. 5.3a. the polaroid axis is parallel to the 

extraordinary axis. In fig. 5.3b. the polariser has been rotated through goo hence 

fringes produced by the ordinary crystal axis are being observed. The fringe spacing 

is now broader since P.o < P.e which corresponds to a lesser optical thickness. In 

fig. 5.3c. the polaroid axis is at 45° to both crystal axes. This is phenomenolog-
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Figure 5.2: Edser-Butler fringes observed using a mica film 
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ically the same as removing the polariser and hence both sets of fringes are seen 

but in modulation. The fringes are curved because the liquid crystal film thick­

ness is not constant. (See section 5.2.3. for more details). It should be noted that 

the photograph was taken with a UV spectrograph so the spectra extend into the 

ultra-violet. 

It can be shown that the intensity of the modulated fringes is given by: 

I 1 _ [ 47rt ( l'e + l'o ) ] [ 47rt ( l'e - Jlo ) ] ex cos~· 2 cos~· 2 
(5.2) 

The first cosine term,determined by the average of the refractive indices, describes 

the general structure of the fringes; the second term, determined by the birefrin­

gence, l'e - p.0 , describes the modulation of the fringes. In an isotropic sample 

where P.e and l'o are identical, the second factor reduces to unity and no modula­

tion is seen. When an A.C. voltage is applied across the liquid crystal cell so that 

the birefringence decreases, then the periodic length of the modulation is seen to 

mcrease. 

5.2.3 Examination of Optical Flatness 

As described in section 5.2.1, the test cell is imaged onto the spectrometer slit so 

that the magnification is unity ( by arranging both the object and image distances 

to be twice the focal length, f). The variations in the observed fringes, along their 

individual lengths, then represent changes in optical thickness along the area of the 

cell being imaged. For example, in fig. 5.3c. the ends of the fringes are curved in 

the direction of the red end of the spectrum. This implies that the cell was also 

bowed in a similar, but not so exaggerated, way as the fringes. The total variation 

in the fringe positions is about 3 fringe widths (where the fringe spacing is about 

10nm), therefore the change in optical thickness due to the bowing is about 30nm. 

By turning the test cell through 90°, or by traversing the cell across the imaged slit, 

the optical flatness in the other direction can be investigated. 

The fine detail of the fringes yields information about the small scale structure 

of the cell. Again referring to fig. 5.3c., one can see variations in the fringes of the 

order of a tenth of a fringe width. This implies changes in optical thickness of 1nm. 

When the cell glasses are coated to a high reflectance (as in the next section) to 
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Figure 5.3: Edser-Butler fringes observed using a birefringent film 
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make the fringes sharper, then changes in fringe positions as small as 0.1nm can be 

detected. The technique is therefore very sensitive to variations of optical thickness. 

5.2.4 Determination of the Optical Thickness of a Non­
Dispersive Film 

The determination of the average optical thickness of a non-dispersive thin film only 

requires counting the number of fringes, m, within an angular spread. It can readily 

be shown that the optical thickness of the cell is given by: 

t mAtA2 
/J = ~---=-~ 

2(At - A2) 
(5.3) 

where, At and A2 specify the wavelength range (determined by the spectrometer) 

corresponding to the angular spread. For a typical cell thickness of 10 !Jm, the fringes 

are about 10nm apart and m is"' 20 across the visible spectrum. For example, the 

thickness of an air filled cell of 15 !Jm nominal thickness was measured, where 23 

fringes could be seen over an wavelength range of 447.8nm to 663.0nm. Using 

equation 5.3, the optical thickness was determined to be {15.87 ± 0.01) !Jm. 

5.2.5 Experimental Determination of the Dispersion and 
Liquid Crystal Thickness of a film such as BDH-E44 

When the cell is filled with a dispersive medium, the method above has to be modi­

fied to take dispersion into account. Consider two fringes which are m fringes apart. 

Then 

(5.4) 

and 

(5.5) 

where n is the fringe order and /Jt and JJ2 are the refractive indices at wavelengths 

At and A2 respectively. Combining these equations to eliminate n gives 

(5.6) 

Now the spacing of adjacent fringes (m=1) is determined by the dispersion; 

from precise measurements of these spacings, the dispersion in approximately 10 nm 
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intervals should be available. However the accuracy is limited since the fringes are 

broad and close together. A large improvement can be made by coating the glasses 

from which the test cell is constructed in aluminium to a reflection coefficient of 

"' 90% to produce a multi-reflection device similar to a Fabry-Perot etalon. The 

fringes become much sharper and correspondingly easier to locate. In this case the 

contrast of the fringes is much greater if the apparatus is set up in transmission 

mode, where the test cell is placed between lens 1 and lens 2. Measurements are 

also made easier by using a fine grating {2400 lines mm-1). 

Interferometric techniques always display optical thickness, therefore to separate 

the thickness from the refractive index the results need to be 'normalised' to a 

known value of refractive index at a standard wavelength. Even then, because of 

the complexity of equation 5.6, the separation of index and thickness has to be made 

in a model dependent way, as described in the next section. 

A test cell with aluminium coated surfaces was filled with liquid crystal BDH­

E44; the molecules were aligned with a layer of rubbed PVA. When viewed in the 

spectrometer, Edser-Butler fringes corresponding to both polarisations were seen 

and each set was selected independently using the polariser. Careful measurements 

of the fringe positions were made, from which the fringe wavelengths were deter­

mined. 

As described in section 5.2.3, the fringe positions are very sensitive to changes in 

optical thickness; atmospheric pressure and temperature variations alter the physical 

thickness of the cell, by the order of a few nanometres. These very small thickness 

changes do not appreciably affect the fringe spacing, from which the results are 

obtained; however they do affect the absolute fringe positions. Measurements be­

tween adjacent fringes were therefore made using an eyepiece micrometer so that 

the fringe spacings were obtained simultaneously, before any movements could affect 

the results. 

For both the extraordinary and ordinary fringes, the pair of fringes straddling 

the position of the sodium D lines were identified. At the D line (589.6nm) the 

manufacturer's values of 1-'e and 1-'o are known precisely (~-te=l. 7904 and p0 =1.5277). 

These indices are used to normalise the data. 
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Knowing these wavelengths and the corresponding indices it is possible to find 

both the dispersion and the thickness of the E44 cell as described in the next sections. 

Initial Approximate Method of Data Reduction 

The assumption is made that IJt and JJ2 can be replaced by an average p. over the 

m fringes in the interval.6A. Hence equation (5.6} reduces to 

(5.7) 

where .6A = At - A2. At a standard wavelength, A8 , where the index, JJ., is known 

precisely from manufacturer's measurements, the fringes on either side of A. will 

give (m=1) 

(5.8) 

Here the assumption AtA2 = A2 (where A = ~(At+ A2}) has been made. This is 

acceptable for adjacent fringes "' 10 nm apart. Combining the two equations to 

eliminate t gives 
.6A. mAtA2 

IJ = IJ• .6A A2 . (5.9) 
• 

This value is defined as the apparent index, P.app· This is the quantity initially 

calculated from the data. However the approximation that JJ is constant over a 10 nm 

interval, whilst seemingly valid, can affect the values of p. and t. Consequently these 

values of thickness and refractive index need to be corrected using a more precise 

procedure as explained in the next section. 

Model Dependent Corrections to the Approximate Method 

In equation (5.6) above, #Jt and JJ2 are replaced by IJt = p.- 6 and JJ2 = JJ + 6 where 

1J = ~(JJt + IJ2) is the index at a wavelength, A, between A1 and A2 and 26 = p.2 -JJ1 

To find A assume 1J is given by a simple Cauchy formula 

{5.10} 

therefore 

~(A+ B/A~ +A+ B/A~) =A+ BjA2
• {5.11) 
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Then 

A= 

is the wavelength corresponding to the refractive index, p. 

When Jl.I and p2 are replaced in equation (5.6) 

or 

and similarly, at the normalisation wavelength 

Eliminating t between equation (5.14) and (5.15) gives 

(p8A + 2c5A)A! = (p.~A. + 2o.A.)mAtA2 

from which 

where 

26 (8p) 
8A =- 8A r 

(5.12) 

(5.13) 

(5.14) 

(5.15) 

(5.16) 

(5.17) 

(5.18) 

(5.19) 

at some wavelength, r, in between A1 and A2 • From the simple Cauchy expression 

above 

(5.20) 

and 

(5.21) 

hence 

(5.22) 

It is not possible to obtain a suitable analytic expression for ~1· However the 

numerical value of this quantity, e, is known directly from the measurements of the 

fringe spacing at A and A.. Therefore 

I'= !low+ A(:~).-~(:~)., m~:A•. (5.23) 
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Defining h>. = P.app- p.. and using the Cauchy expression in equation (5.23) 

B B 2).B (-2B) m).t).2 
h>. =A+ A2 -A- ).2 + """'f3 + e -:ra- ). 

• • • 
(5.24) 

and hence 

(5.25) 

where all the quantities in (5.25) are measured directly or easily calculated from the 

measurements. Then with 

B B 
p. = A+ A2 and p.. = A+ ).2 

• 
(5.26) 

the corrected value of the measured index is 

P. = P.• + B ( ~ 2 - ;~) • (5.27) 

Data Reduction Method for Adjacent Fringes 

When adjacent fringes are measured, (m=l), then ).,A, and r can be replaced by ..X 

and and ).1).2 by ..X2 (where).= l().1 + ..X2)). Then equation (5.25) reduces to 

B = h>. (~ - _!_ - 2e).2) -l (5.28) 
,X2 ,X2 ,X4 • • 

and equation ( 5.27) becomes 

(5.29) 

Determination of thickness 

Once the dispersion curve is known for a material then the thickness of other cells 

may easily be measured. As in section 5.2.4, the angular spread of a number of 

fringes is measured. The indices, p.1 and p.2 are determined from the dispersion 

curve at wavelengths ).1 and ).2, respectively. Using equation 5.6 gives 

t = m).1..X2 
2{p.2..Xt - P.tA2) 

(5.30) 

For example, the extraordinary fringes of a 10 p.m nominal thickness liquid crystal 

cell were measured. 22 fringes could be seen over a wavelength range of 643.5nm to 
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4 78.1nm. Using the results from the previous section, these wavelengths correspond 

to indices of 1.771 and 1.861 respectively. Using equation (5.30) gives t = (9.65 ± 
0.02) p.m. 

5.2.6 Results for BDH-E44 

The wavelengths of the Edser-Butler fringes for a liquid crystal filled with BDH­

E44 were measured for both extraordinary and ordinary indices. The two Edser­

Butler fringes straddling the sodium D lines were identified and their wavelengths 

measured. From the manufacturer's value of either P.e or P.o at this wavelength,the 

apparent indices between other adjacent fringes were found from equation (5.9). 

These apparent indices were then corrected in the model dependent way described 

above; calculating ..\, r, A, B and h). en route and 

P. = ILs + B (~2 - ;~) (5.31) 

was found for each fringe pair. 

Fig. 5.4 shows three dispersion curves of liquid crystal BDH-E44 after the data 

has been corrected as described above These corrections are small, the maximum 

being 7%. Curve (a) shows the extraordinary index, curve (b) shows the ordinary 

index, and curve (c) represents the extraordinary index when a voltage of 1.5 V is 

applied across the cell. It is important to note here that this voltage is a square wave. 

The liquid crystal responds slightly more to a similar RMS sine wave. This voltage 

partially rotates the molecules of the liquid crystal and reduces the extraordinary 

index. The solid lines represent the fit of the points to a Cauchy curve and the error 

bars show one standard deviation. The crosses show the points where the data were 

normalised. 

Although the values of index are shown plotted at discrete wavelengths, they 

are actually an average index of the wavelength range in between the points. This 

means that there are no hidden anomalies, such as a very sharp resonance peak due 

to molecular absorption. 

The curve for P.e (V =1.5V) required an index for normalisation; this was mea­

sured for sodium light by placing the cell in one arm of a Jamin interferometer as 

described in section. 6.2.1. 
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Figure 5.4: Indices of LC E44 as determined from the Edser-Butler technique 
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For a particular sample, once it has been demonstrated that a simple Cauchy 

curve is sufficient to characterise the dispersion, then other curves may be obtained 

in a simple fashion. Figure 5.4 shows three dispersion curves for the liquid crystal. 

The intermediate curves for P.e for other applied voltages may be found by using an 

aluminium coated cell and by measuring only the fringe positions at each end of the 

spectrum and the two normalisation fringes, and by knowing a normalisation index. 

Using the data reduction method described in section 5.2.5 gives a value for B using 

equation (5.25) which is all that is needed to determine the whole dispersion curve. 

For example 24 ordinary index fringes were measured over a range of 477.4nm to 

637.8nm. The fringes straddling the sodium D line were also measured, and together 

these gave P.t~pp = 1.549. This gave a value for B of 1.5 x 103nm2 , which is also the 

result obtained by averaging the individual values of B used in the data reduction 

to obtain each individual point as explained in section 5.2.5. 

A birefringence dispersion curve may be plotted by subtracting the P.e (V =0) 

and P.o curves. This is shown in Fig 5.5 The cross shows the normalisation value 

and the vertical line shows a typical error bar. This curve is in good agreement with 

results taken by alternative methods (WILLIAMS et al. [63]). 

Critique 

The main analysis above is model dependent and based on the assumption that the 

dispersion of index is given by a simple Cauchy curve. Simulations have been carried 

out which justify this approach. Obviously if the dispersion curve were of a more 

complicated shape then higher power terms would be needed. As a final check on 

the validity of the method, some simulated values of P.t~pp were obtained from the 

final dispersion curve. These values compared well with the measured data for P.t~pp· 

5.2. 7 Determination of Voltage Characteristics. 

When an electric field is applied across a LC cell the Edser-Butler fringes formed 

from the extraordinary thickness move towards the blue end of the spectrum as 

the refractive index decreases. By measuring the fringe shift then the change in 
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Figure 5.5: Birefringence of LC E44 as determined from the Edser-Butler technique 



CHAPTER 5. PRELIMINARY TESTING OF LIQUID CRYSTALS 65 

refractive index may be calculated from the equation 

{5.32) 

where m is the fringe shift and tl.p.e is the change in refractive index1
• The spectrom­

eter's telescope crosswire is positioned on a fringe (from which the wavelength can 

be determined) and then the voltage across the cell is increased until the adjacent 

fringe moves to the same position. The voltage is recorded and then increased again 

to position a third fringe on the crosswire. For a nominal LC thickness of lOp.m, 

then about ten fringe shifts occur. The whole procedure can then be repeated for 

another fringe, and hence another wavelength. The method is extremely quick, since 

the actual fringe positions are not required for the results. The results are shown 

in figure 5.6. The field used was an AC sine wave. The points are joined by a 

quadratic least squares fit formula. Figure 5. 7 shows the same results plotted on a 

single graph. It can be seen that the curves are nearly identical for low voltages, and 

that wavelength dispersion is very small below about 2V. The errors on the curves 

are very good for low voltages, but the errors increase rapidly above about 3V due 

to the birefringence becoming less sensitive to the applied field. Hence individual 

results are only really useful below 3V although the general trend of dispersion in­

creasing at higher voltages can be seen. The accuracy of the points corresponding 

to higher voltages could be increased by using a cell made with silvered glasses, as 

in section 5.2.5, to sharpen the fringes. 

By taking the results from each individual curve, then a fit may be made of tl.p. 

versus ..\ for various values of voltage. The results are shown in figure 5.8. Each 

curve shows the wavelength dispersion for equally spaced values ("' 0.05V) of the 

applied voltage. By combining the results of tl.p. versus both V and ..\ a tl.p.{V, ..\) 

plane may be drawn, as shown in figure 5.9. 

The physical principle used behind the results in this section, i.e. that of counting 

interference fringe shifts, is very common. It is effectively the same technique de­

scribed in section 6.2.1 using the Jamin interferometer. However using Edser-Butler 

fringes has two advantages over other techniques. Firstly the fringes are produced 

1It is important here to distinguish between 'birefringence' and 'tl.pe'· Birefringence is at a 
maximum when no there is no applied field and it decreases until the cell becomes isotropic: at 
saturation voltage. tl.pe is zero at zero applied field and increases as the voltage is increased up to 
a maximum. The two quantities are therefore just difl'erent ways of describing the same physic:al 
property 
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Figure 5.6: Voltage {AC sine wave) characteristics of E44 for different wavelengths 
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Figure 5.7: Voltage characteristics of E44 for different wavelengths 
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Figure 5.9: Birefringence as a function of both wavelength and voltage for E44. 
X-axis shows wavelength andY-axis shows voltage 
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by a double passage of the light through the cell meaning that twice as many fringe 

shifts are observed for a given phase shift, and more importantly, there is a fringe 

for many different wavelengths throughout the spectrum (at approximately lOnm 

intervals) so a whole series of results can be taken by using a simple white light 

source and normal laboratory equipment. Over a period of time the fringe positions 

shift due to very small thickness changes in the cell so if the results are repeated a 

virtually continuous series of results can be built up. 

The previous sections have described how Edser-Butler fringes can be used to 

measure cell thickness, flatness, and dispersion of both index and electric field re­

sponse. The next chapter describes how the sensitivity of the technique may be fully 

exploited in measuring the prismatic properties of LC cells. 

5.2.8 The Effect of Dispersion on Image Quality 

How does the dispersion introduced by the liquid crystal affect the quality of a 

telescope image? There are two dispersion effects to consider. The first is the 

dispersion of refractive index and the second is the dispersion of change of refractive 

index (or birefringence). Figure 5.4 shows the dispersion of refractive index. It can 

be seen that the Jle curve has a stronger wavelength dependence than the J.£0 curve. 

However in this application, where a very thin film is being used, this variation in 

refraction will have a negligible effect on the light and it is the dispersion of the 

change of refractive index that is of importance. The angle of deflection of a LC 

prism is given by equation 4.15 as 

where W is the cell length. Any variation in birefringence over the spectrum is the 

directly related to the angle of deflection. It can be seen that the full birefringence 

varies from 0.34 at 450nm to 0.25 at 650nm2• Therefore, a lOJ.Lm by lcm cell designed 

to deviate light by 58 arcseconds (i.e. the maximum possible) at 550nm, will deflect 

it through 70 arcseconds at 450nm and 52 arcseconds at 650nm. After taking into 

account the magnification of the telescope this would give a blurring in the image of 

2These figures are taken from figure 5.8 because this shows the uaa61e index variation. From 
figure 5.5 both the birefringence and the dispersion appears to be greater. This is because figure 5.5 
is a direct measure of J.&e- J.&o whereas figure 5.8 is a measure of J.&e(V = 0)- J.&e(V- 5) so the 
liquid crystal was not full saturated. 
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about 0.23 arcseconds, which is a considerable fraction of the uncorrected image size 

(""' 1 arcsecond). However this value is very much an upper-bound on the amount 

of dispersion and in practice will be much less for a number of reasons. Consider 

figure 5. 7. H the applied voltage is below 2V (see section 6) then the dispersion over 

the spectrum ( 483-654nm) is about 0.02 which corresponds to a blurring of only 0.06 

arcseconds in the final image. From section 4.2.1 it can be seen that the average 

angle of required deviation is around 10 arcseconds which requires a birefringence 

of 0.05 where the dispersion is very small. Secondly the vast majority of astronomy 

involves the use of filters ( e.g. UBV etc. ) which limits the wavelength range and 

therefore reduces the dispersion (or cuts it out totally in the case of, for example, 

an 0111 filter). So, although dispersion is a potential problem that cannot be totally 

ignored, its effect will be small. The third reason is that the sharpened results from 

a device a recorded on a CCD (see chapter 3) which is red sensitive, i.e. the part of 

the spectrum where the LC dispersion curve is flatter (figure 5.8). 

5.3 Optical Quality 

Light intensity is of paramount importance when observing faint stellar objects 

so if liquid crystals are to be used in astronomical devices then the amount of 

light absorbed and scattered in a LC cell must not be too high. This is especially 

important considering that any actual device would probably be made with two 

liquid crystal layers in order to correct for each polarisation state. There are two 

parameters to be measured; what fraction of incident light on a cell is transmitted 

and what fraction of that transmitted light is scattered? Another way of asking this 

second question is how much information in an object is transmitted to the image? 

A useful way of quantifying this is to measure the modulation transfer function 

(MTF). 

In order to measure both the transmission and the MTF a C~D (charge coupled 

device) was used. 
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Index Transmission 

Jl.e (V =0) 71.0 ± 0.8% 
P.e (V=6) 72.3 ± 0.8% 
P.o 72.4 ± 0.8% 

Table 5.1: Transmission of LC-E44 cell at 550nm (FWHM 14nm) 

5.3.1 Transmission 

72 

In order to measure the total amount of light transmitted through a liquid crystal 

then a number of CCD frames were taken, with and without a liquid crystal cell in 

place, and the two light intensities were then divided to determine the transmission. 

The CCD was cooled (by liquid nitrogen) in order that the signal was not noise 

dominated. The exposure times and shutter mechanism are controlled by a PC 

onto which each frame is displayed. The result is a 2 dimensional array of numbers 

corresponding to each pixel element intensity. A white light source was used with 

a broadband monochromator and a diffuser to give a uniform light distribution. 

Light was allowed to fall, unfocussed, onto the aperture of the CCD. The total light 

intensity was found by integrating all the individual pixel values. The CCD has a 

dark current (noise) and there is a very low level of spurious light in the laboratory 

which was accounted for by taking a bias frame and subtracting it from the signal 

before integration. 

The transmission was measured for the extraordinary index with no applied 

voltage (P.e (V=O)), the extraordinary index with 6.0V applied (l'e (V=6)), and for 

the ordinary index (1'0 ). Each index was selected with the polariser. The results are 

shown in table. 5.1. As can be seen, the transmission is about 70%. A LC cell is a 

multi-layer device so the majority of the loss in transmitted light will occur because 

of reflections between layers of different refractive index. There appears to be a 

small difference in the transmission between the extraordinary axis with no applied 

voltage and the other two measurements, and whilst it is difficult to be conclusive 

because of the large errors compared to the small effect, this could be because of 

changes in reflective coefficients. 
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Any LC device built for an actual instrument would be commercially made, and 

therefore of higher quality than laboratory made cells. The device could also be 

improved by applying anti-reflection coatings to the glasses, which is indeed already 

implemented in commercial devices. For example A.G. Electro-Optics3 produce 

a 'Liquid Crystal Variable Retarder' (a simple liquid crystal cell) which is anti­

reftection coated and has a transmission of > 92% ( 400nm to 700nm). 

To conclude, a well constructed device will have a good transmission properties, 

however they are not as perfect as a mirror based device with near 100% reftection. 

This is discussed in greater detail in chapter 8. 

5.3.2 Modulation Transfer Function 

The spatial amplitude distribution of an image is known as the point spread function 

(PSF). The fourier transform of the PSF for on-axis imaging systems is the mod­

ulation transfer function. It is a measure of the modulation or contrast of features 

which exist in the image at various spatial frequencies. The MTF has become a 

widely used method of specifying the optical performance of a variety of systems, 

for example telescopes, the atmosphere, the eye, photographic film, and CCDs. 

To illustrate the physical meaning of MTF consider that the input to an imaging 

system has a sinusoidal intensity distribution in the object plane with a spatial 

frequency of w cycles/mm. Then the object modulation is defined as (see fig. 5.10) 

la-1, 
Mo(w) = l I!. 

Q + , 
After passing through the imaging system, the image modulation becomes 

(5.33) 

(5.34) 

The ratio between the image modulation and object modulation is then the MTF 

at spatial frequency w, 

MTF(w) = ~:~:~- (5.35) 

The structure of a general object is expressed as a spectrum of spatial frequencies 

for each of which an MTF(w) exists. These comprise the complete MTF for the 

3 Meadowlark Optics, c/o A.G. Electro-Optics, Tarporley, Cheshire, CW6 OHX 
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system. There is a maximum spatial frequency, we, that can be transmitted by any 

optical element, often referred to as the diffraction limit. In an unabberated system 

this is related to the aperture of the system. It is given by 

D 
We= 2.063 x 105~ cycles/arcsec (5.36) 

where D is the diameter of the aperture and 2.063 x 105 is the conversion factor 

between radians and arcseconds. In terms of linear spatial frequencies, T, it is given 

by 
D 

Te = ~~ cycles/mm. (5.37) 

where f is the focal length of the system in mms. These equations can be obtained 

directly from Abbe theory (see e.g. STEWARD (54)). 

Ia 

l'a 

Imaging 

~ 
System 

!'b 

lb 
Object Image 

Figure 5.10: Harmonic object and resulting image 

The MTF is therefore a useful method of quantifying the image quality, or how 

much information in the object is transmitted to the image. Each element in an 

optical system will have an individual MTF, the MTF of the whole system is product 

of the individual MTF's. Thus, in a telescope system, the MTF is given by the 

product of the MTF's of the atmosphere, the telescope optics, the liquid crystal, 

and the recording device (CCD or photographic plate). Here it is the MTF of the 

liquid crystal that is being measured, so first the MTF of the optical system used 
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to make tha.t measurement is tested, and then the sa.me system with liquid crystal. 

The liquid crystal MTF is then given by the quotient of the two. 

MTF of the Telescope System 

The question arises as to wha.t is the maximum spatial frequency tha.t the liquid 

crystal must be a.ble to transmit. The MTF was measured up to the maximum spa­

tial frequency tha.t can be transmitted by a. typical sub-aperture in the MARTINI 

device since all higher spa.tia.l frequencies will be lost. A typical sub-aperture size is 

60cm. This value indicates the equivalent aperture size at the layer of atmospheric 

turbulence ("' 3.6km above ground). The actual aperture is a.t the conjugate fo­

cus and is therefore demagnified by the WHT optics ( dema.gnifica.tion factor 77) 

to 7.8mm as shown in figure 5.11. The angular cut-off spatial frequency, given by 

equation 5.36 will be different depending on whether one considers the real aper­

ture at the conjugate focus, or the equivalent aperture size at the turbulent layer. 

This apparent problem is solved by considering the Abbe theory of image formation 

whereby the image is ma.de up of a series of fourier frequencies, the smallest peri­

odicity of which is the linear cut-off spatial frequency. The focal distance of ea.ch 

aperture from the focal point also scales in the sa.me way as the aperture diame­

ters, therefore, although the larger aperture has a greater resolving power than the 

smaller aperture, it is further from the focal point and so needs to resolve smaller 

angles. Thus it is the linear spatial frequency tha.t is of interest here. Using equa­

tion 5.37 the maximum spatial frequency transmitted by a. 60cm WHT aperture a.t 

550nm (effective focal length is 46.2m) is 24 cycles/mm. Any detail in an object of 

higher spa.tia.l frequency will not be transmitted by the telescope, therefore a. liquid 

crystal device must be capable of good transmission of spatial frequencies up to this 

limit. 

Experimental Determination of MTF 

There are two main methods to experimentally determine the MTF. The first is by 

interferometric techniques, generally by using a shear interferometer whereby the 

light passing through an imaging system is amplitude-split and then recombined 

with a shift between the two beams. The MTF can be calculated by analysing 
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Figure 5.11: Telescope Effective Optics. The telescope is shown as a single fo­
cussing element. The ray paths show how two incident plane waves, one at normal 
incidence and the other tilted (greatly exaggerated), are focussed pass through the 
LC correcting element (no correction shown in this case). 
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the phase differences between the two beams, shown up in the quality of interfer­

ence fringes obtained (e.g. DUNLOP (20]). The second technique is to measure the 

modulation in the image obtained from a grating-like test target having decreasing 

line separations (increasing spatial frequencies). The latter was chosen because of 

its ease and because it provides a clear physical demonstration of the modulation 

transfer function. Figure 5.12 shows the experimental apparatus used. 

A diffuse quasi-monochromatic light source is incident onto the test card. This is 

focussed onto the CCD via a collimator of two lenses, then the addition or removal 

of the LC cell does not change the focussing of the test card on the CCD. 

Polariser 

Test Card Lens 

White Light Source 
with Monochromator and Diffuser 

LC Lens 
Cell 

CCD 
To Computer 

Figure 5.12: Experimental apparatus used to determine the LC MTF 

CCD frames were taken both with and without the LC cell in place using light of 

wavelength 550nm. The polariser selected different polarisation states so that any 

differences between light polarised along the two crystal axes could be studied. 

The CCD frames were manipulated on the Durham Node of the Starlink Vax 

Computer using Figaro software. First of all the bias frame was subtracted from 

all the images. Then they were flat-fielded by dividing the subsequent frames by 

an image taken without the test card in place. This corrects the intensity data 

for the inhomogeneities in the light distribution from the lamp and also from any 

variation in sensitivity across the CCD chip. The images could then be transferred 

to a simple 2-dimensional matrix of intensities that could then be analysed by a 

fortran programme. 

Figwe 5.13 shows a contour plot of the test card pattern taken with the LC 

cell in place. Notice how the large resolution elements are distinct, whereas the 
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Figure 5.13: Contour Plot of Test Card Pattern. The numbers on the axes corre­
spond to pixels 
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finer elements become less distinct until eventually the smallest are unresolvable. 

By looking at the numbers each element can be identified and the spatial frequency 

(lines per mm) determined. 

Figure 5.14 shows an intensity cross section through the frame showing how the 

modulation of the approximately sinusoidal intensity distribution starts to decrease 

as the spatial frequency increases. The modulation can be calculated using equa­

tion 5.34 for each spatial frequency. The maximum and minimum intensities are 

found by scanning through the data. Occasionally spurious points are included but 

each frame contains a large amount of data so these are averaged out. 

Figure 5.15 shows two diagrams of the modulation obtained in this way, with 

and without the LC cell in place. The general trend can be seen that as the spatial 

frequency is increased the modulation decreases. However there are some anoma­

lies whereby the modulation sometimes increases. Consider figure (b) whereby the 

modulation increases for the first few points, and there seems to be a discontinuity 

at around 9 lines/mm. However here it is the modulation of the lenses and CCD 

that is being tested. The test card has a size comparable to the lens so that the full 



CHAPTER 5. PRELIMINARY TESTING OF LIQUID CRYSTALS 80 

I 

CIC 
ci 

10 ~~~~ ci 

"'' lilllj I I I 'It' 
ci 

I I I I 
N (a) ~~. ci 

c 
0 

:.;:; 
c 

I 

:::J 
0 

"'C 
0 
~ 

CIC 
ci 

~ 'u 
10 \'lil!ilj ci 

I I 'It' 

I ci 

I I 
N (b) No LC 
ci 

Spatial Frequency (lines/mm) 

Figure 5.15: Modulation (a) with the LC cell in place (J.'e axis) and (b) without the 
LC cell. 
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aperture of the lens is being used, and different resolution elements will image in 

different ways through the lens giving a difference in modulation. The spatial fre­

quencies where a sudden jump occurs correspond to a large shift in where adjacent 

resolution elements are situated on the test card. As can be seen in figure (a) the 

shape remains the same when the LC cell is inserted into the apparatus indicating 

the anomalies are not an artifact of the LC cell. 

In order to calculate the modulation transfer function of the LC cell the modu­

lation calculated with the cell in place is divided by that calculated with only the 

lenses, i.e diagram {a)+ diagram (b). The MTF should be normalised to the value 

at zero spatial frequency, but since this was not available the MTF at the lowest 

spatial frequency was used. The highest spatial frequency that this experiment can 

test for is not governed by the LC cell, or the lenses, but by the size of the CCD 

pixels. These are 17 pm in size so obviously any detail smaller than this cannot be 

resolved. This can be improved by changing the two lenses so that the image of 

the test card pattern on the CCD is magnified. Thus the final data is presented 

from two sets of results, one measuring the lower spatial frequencies, and the second 

measuring the higher spatial frequencies. The spatial frequencies also need to be 

re-scaled because the first lens in figure 5.12 has a different f /number4 to the WHT. 

Figure 5.16 shows the results for four different cell configurations obtained by 

rotating the polaroid and by applying different voltages. Figures 5.16a and 5.16b 

show the MTF calculated with the light polarised parallel to the Jle axis and Po axis 

respectively. Figures 5.16c and 5.16d again show the MTF calculated with the light 

polarised along the Jle axis, but with an applied voltage of 6V and a applied voltage 

ramp {prism switched on) respectively. The vertical dotted line shows the cut-off 

frequency of the WHT with a 60cm sub-aperture. It can be seen that all four graphs 

are consistent with an MTF of unity up to the cut-off frequency. This indicates that 

the cell is of good optical quality and light is not been distorted or scattered. The 

MTF measured in this way is made up of two components, firstly the MTF of the 

glass used to make the cell, and secondly the sandwiched material, i.e. the PVA, 

the ITO, and the actual liquid crystal. It is to be expected that the glass exhibits 

good characteristics because it is optical quality grade, but this experiment shows 

that the other cell components do not degrade the light quality. 

4 I /6.5 as compared with I /11 
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Figure 5.16: Modulation Transfer Functions for different configurations of the LC 
cell. (a) JJe axis (no applied field). (b) JJo axis. (c) JJe axis (6V applied) and (d) JJe 
axis with voltage ramp applied so cell acts as a prism. The vertical dotted line shows 
the WHT cut-off frequency for a 60cm sub-aperture. 
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There are a number of other remarks to be made, firstly the points are somewhat 

unevenly spaced, with the first point not being at zero spatial frequency. The 

resolution elements are governed by the test card and cannot be therefore changed, 

and there is an assumption that if the MTF is constant for spatial frequencies 

above 1.18 lines/mm, it will also be so for lower frequencies. Secondly the errors 

increase with increasing spatial frequency; this is because of two reasons. Consider 

figure 5.15, it can be seen that the MTF for high spatial frequencies are obtained 

by dividing two small numbers, therefore the relative error increases. Secondly the 

errors for the modulation calculated for the higher spatial frequencies are higher 

because there are less data points; it can be seen from figure 5.13 that the resolution 

elements get smaller with increasing spatial frequency. 

To summarise this section. The liquid crystal cell has a transmission of around 

70% and good optical quality up to spatial frequencies necessary for astronomy. 

These results are really a 'lower bound' on quality, as any device actually used would 

be commercially made and therefore have higher quality than laboratory made cells. 

In this chapter the fundamental parameters of a liquid crystal cell have been 

measured. The next chapter goes on to discuss how liquid crystals may be used in 

a prismatic way. 



Chapter 6 

An Active Prism 

6.1 Introduction 

This chapter considers the design, operation, and testing of an active liquid crystal 

prism. Four different experimental techniques were used to measure LC prism angles. 

These experiments are described first, and then the results from the experiments are 

presented in section 6.3. 

As explained in Chapter 1 a liquid crystal cell operates as a phase wedge by the 

application of a ramped voltage along one of the sides of the cell. This modulates 

the refractive index from a maximum value at one end of the wedge to a minimum 

at the other in order to simulate a phase wedge. 

6.2 Testing of a Static Prism 

Four different ways of observing the prismatic properties of a LC cell were used. Each 

has its advantages, and combined together they provide a comprehensive description 

of the LC cell. 

84 
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6.2.1 Measurement of Phase Changes using a Jamin In­
terferometer 

The Jamin interferometer (see e.g DUNLOP AND MAJOR [21]) is a variation on the 

basic two-beam interferometer, of which one of the most common examples is the 

Michelson interferometer. Figure 6.1 shows the experimental apparatus used. Light 

from an expanded, collimated laser is focussed to give a converging beam. The 

light is amplitude split by the first glass block. The reflected beam is directed to 

the second block, whilst the transmitted beam is reflected from the silvered back 

surface of the block to be then transmitted again towards the second block. The 

Collbnated Laser BDn 

Lens 
Second Jamin Block Compensator Block 

LC Cell 
First Jamin Block 

Microscope with Vernier Eyepiece 

Figure 6.1: Experimental Apparatus to measure a/Jet with a Jamin Interferometer. 

reverse procedure occurs to recombine the beams at the second glass block. H 

nothing is inserted between the jamin blocks (i.e. the glass blocks) and they are 

exactly parallel, then the optical path length is identical for both paths traversed 

and no fringes are produced. The blocks are mounted in an adjustable frame and by 

slightly tilting one of them straight wedge fringes appear. Alternatively, by inserting 

a parallel sided glass into one of the beams circular fringes are seen. 
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In the configuration shown, the compensator block is not imperative since fringes 

are very easy to form with the high coherence of laser light, however it reduces the 

large curvature of the fringes caused by the thick walls of the LC cell, and makes the 

fringe positions slightly easier to measure. The blocks are tilted until a convenient 

number (""" 10) of wedge fringes can be seen in the field of view. When an electric 

field is applied across the LC cell, the refractive index changes and the corresponding 

change in optical path length cause the fringes to move. The basic fringe movement 

is governed by the interference equation, 

(6.1) 

where Ap.et is the change in extraordinary optical thickness (in this case produced 

by a change in refractive index), .A is the wavelength, and m is the fringe shift. Thus 

by making an accurate measurement of how much the fringes move by using the 

travelling eyepiece microscope, the change in optical thickness may be determined. H 

the thickness of the LC cell is known (see section 5.2.5) then the change in refractive 

index may be calculated. The absolute refractive index is known at zero applied field, 

and therefore the index at any applied field can be measured. The lens is arranged 

so that the light is brought to focus in the plane of the liquid crystal so that then 

only a very small area on the liquid crystal is being examined. By recording the 

change in optical thickness at various places along the cell as the voltage ramp is 

applied then the refractive index variation along the cell may be calculated. The 

method is accurate; however it is quite lengthy and is insensitive to very small phase 

variations. This technique was also used to determine the normalisation index as 

used in section 5.2.6. 

6.2.2 Measurement using Rotary Power 

A LC cell is placed between crossed polaroids such that the LC axis is 45° to the 

polaroid axes as shown in figure 6.2. Light is transmitted through the crossed sec­

ond polariser due to the LC acting as a wave plate (as mentioned in chapter 2). 

Equation 2.5 gives the phase difference between the emergent ordinary and extraor­

dinary rays. For maximum transmission of light through the crossed polaroids the 

LC must act as a half-wave· plate therefore this phase difference must be equal to 
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an odd integral multiple of 11'. For extinction of light then 

21rAp.t 
..\ = neven 11'' 

where n is an integer, or 

l!lp.t = n..\. 
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(6.2) 

(6.3) 

Therefore when an increasing voltage is applied to a cell the transmission varies 

between a number of minima and maxima.. Whenever light is extinguished then 

the LC cell is said to be in a 11'-state. The number of 11'-states as the electric field 

is increased is then a measure of the birefringence of the cell. The technique is a 

I First Polaroid 
Divergtng Laser Bbazo 

LC Cell 

Figure 6.2: Apparatus to observe 11'-States. 

I 
I 

SCREEN 

Second Polaroid 

common way of examining liquid crystals (e.g. Wu et al. [66]). A slight variation 

can be used to measure the phase variations along a cell. The apparatus is set up in 

the same way as before and a voltage ramp is applied to the cell. A number of dark 

lines appea.r across the image on the screen whenever the optical thickness satisfies 

equation 6.3. The number 11'-states seen is then a measure of the change in optical 

thickness across the cell, and using equation 4.15 the effective prism angle can be 

calculated. The spacing of the fringes across the cell is a measure of how linea.r the 

phase wedge is. 
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This technique is the easiest method by which to observe the prismatic properties 

of the whole of the cell. The equipment is very simple to set up and the results can 

be seen virtually instantaneously. However it is not particularly accurate since only 

a few 1r-states can be seen across the cell. 

6.2.3 Direct Observation of Deflection 

The angles of deflection obtained by a large cell are very small ( < 30arcsecs) however 

these small deflections may be observed by combining a lens of long focal length with 

a microscope. The experimental apparatus is shown in figure 6.3. A collimated white 
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Microscope Objective 

White Light Source LC Prism 

Figure 6.3: Apparatus to observe deflection of light by a LC prism. 

light beam is produced by a 5pm pin hole and the first lens. The light polarised 

along the J&e axis of the polaroid is deflected by the prism through a very small 

angle. This light is focussed by a lm focal length lens onto a microscope graticule. 

The result is observed by a horizontally arranged microscope. 

This is an attractive experiment because the operation of the prism can be seen 

directly. It also is a way of observing any abberations caused by the LC cell by 

looking at the quality of the light spot formed. The experiment is however difficult 

to set up and the results are not so precise because the movements are quite small 

in comparison to the spot size. 
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6.2.4 Measurement using Edser-Butler Fringes 

As described 1 in chapter 5 Edser-Butler fringes provide a very sensitive method of 

examining the LC Cells. When Edser-Butler fringes are formed by a good quality 

cell they are straight and vertical. As a voltage ramp is applied to the cell to create 

a phase wedge the fringes tilt over towards the blue end of the spectrum (optical 

thickness decreasing). The amount of tilt is a measure of the prism angle. The 

straightness of the fringes indicates how linear the phase wedge is. Any change in 

phase across the whole of the cell is shown up by the whole fringe pattern moving. 

The position (in wavelength) of a fringe is given by 

(6.4) 

Consider one fringe that is tilted due to a change in refractive index along the length 

of the cell. The thickness is constant therefore 

P.t A1 
P.2 = A2. 

(6.5) 

Thus if the refractive index is known for the wavelength of the end of the fringe that 

remains fixed, the refractive index at the other can be calculated. The thickness is 

known so therefore the prism angle may be calculated. The Edser-Butler technique 

is extremely sensitive and very small prism angles can be detected that the other 

techniques cannot. 

6.3 Operation and Results of a Static LC Prism 

6.3.1 Controlling the Prism 

Figure 6.4 shows how the electric field is applied to a cell. By comparing with 

figures 4.5 and 4.6 it can be seen that one of the plates is kept at earth and a 

voltage ramp, varying from Vmax at one end to Vmin at the other, is applied to the 

second plate. Vmin is generally close to earth. The voltages are AC (sine) wave in 

order to stop the LC from degrading. 

1It is sometimes necessary to alter the focussing between the cell under test and the spectrometer 
in order_ to examine the whole of the cell, if it is longer than the height of the spectrometer slit. 
However this does not affect the method of data reduction 
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Figure 6.4: Electrical Connections to a Liquid Crystal Prism 

One of the primary considerations is how does the voltage vary along the length of 

the cell? This cannot be easily determined in a completed cell so measurements were 

made by applying a voltage ramp along a piece of ITO coated glass and measuring 

the voltage at various places along the glass with a digital AVO meter. Figure 6.5 

shows the results for two different sizes of glass. It can be seen that the results are 

linear for most of the length of the glass with some edge effects ( the line is drawn 

as a guide to the eye ). The longer glass showed much greater edge effects. This 

can be attributed to the fact that the connections were much better for the shorter 

glass. The longer glass was connected to the supply via bulldog clips whereas the 

connections to the shorter glass were made with conductive paint as described in 

chapter 4. 

The results shown are for an ITO resistance ,..., 200{1. If low resistance (,..., 200) 

ITO is used then firstly, the edge effects increase, and secondly the current flow 

through the ITO increases and it therefore tends to heat up changing the optical 

properties of the cell. These two undesirable effects mean that higher resistance ITO 

must be used. ITO is actually a mixture of indium oxide and tin oxide. By con­

trolling the relative concentrations of the oxides the transparency and the resistance 
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Figure 6.5: Variation of Voltage along a.n ITO Coated piece of Glass. Length (a) 
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may be controlled. 

The voltage variation across a cell is therefore linear. There are some edge effects 

but these can be minimized by ensuring good electrical connections. The edge effects 

also only effect the parts of the cell away from the active liquid crystal area. The 

results only show the one-dimensional voltage distribution, however the electric field 

did not vary appreciably along the other glass axes as is desired. These results were 

taken using a DC field. The assumption has been made that the use of an A C field 

in a LC cell (a capacitor) does not effect the voltage distribution along the cell. As 

can be seen from the following results this seems to be valid. 

For the phase to vary in the same manner as the voltage requires that the re­

fractive index be linear with voltage. However, as shown in figure 5.6, t:J.p.e varies 

according to a quadratic function, and accordingly, also the phase. Figure 6.6 shows 

an example of this. The results were taken using the Jamin interferometer. The 

thickness was previously determined by the Edser-Butler method. The curve shows 

the refractive index gradient that is expected from the results of section 5.2. 7. The 

maximum voltage in the voltage ramp is unknown so the comparison has to be made 

by fitting the end point. The points and the curve are in good agreement therefore 

the phase wedge is acting in the expected manner. 

In order for the phase wedge to be approximately linear then the usable bire­

fringence is restricted to,..., 0.15. Therefore more measurements of change in optical 

thickness were taken with the jamin interferometer using lower voltages. Figure 6. 7 

shows the results for 5 values of applied voltage. It can be seen that the points lie 

in an approximate straight line {shown by the linear least squares fit). The graph 

for 2.99V is beginning to curve slightly so voltages much above this cannot be used. 

The graphs show another problem that occurs when lower voltages are used. At the 

minimum end of the voltage ramp the electric field across the LC layer is less than 

the threshold voltage required to produce a change in birefringence. 

There are therefore three considerations when applying voltages to a prism. 

Firstly, for linear variation of index, the maximum voltage must be kept below 

,..., 3V. Secondly, if a small voltage ramp is applied then a positive2 bias voltage 

2Bere the word positive is used to mean positive compared to V m&Jt• however it is still an AC 
voltage. 
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must be added to V min so that the voltage at the lesser end of the wedge is the 

threshold voltage. Conversely when the voltage is high the voltage at the lesser end 

of the wedge is greater than the threshold voltage so that a negative bias voltage 

must be applied. The details of the circuit used to provide these voltages is shown 

in Appendix B. 

6.3.2 Results 

The easiest and most accurate way to determine the necessary voltages to apply to 

produce a given linear phase wedge is by using Edser-Butler fringes. The voltages 

are varied so that the fringes are tilted, yet they remain straight. The bias voltage is 

adjusted so that the end of the fringes corresponding to the 'thick' end3 of the wedge 

remains fixed. Measurement of the shift of the other end of the fringes gives the 

change in refractive index. Figure 6.8 is a photograph showing Edser-Butler fringes 

produced with and without the applied voltage ramp. Once the necessary voltages 

were determined, then the measurements could be made using the observations 

of direct deflection of a light beam. Figure 6.9 shows photographs of the direct 

deflection of light. They are double exposures showing the prism switched on and 

off. The graticule can be seen from which the angle of deflection can be calculated. 

Notice the first diffraction maxima can be seen. The light spots remain circular 

with the prism switched on, and there is no evidence of elongation due to dispersion 

effects. The results from both methods are shown in table 6.1. The results show 

good agreement, within the experimental accuracy, between the two methods. They 

also show that the dispersion is small over the wavelength range 524-650nm. The 

dispersion effect is only beginning to manifest itself in the largest deflection. The 

results show one limitation of using the Edser-Butler technique for measuring prism 

angles across the spectrum, that is that 'blue' corresponds to only 524nm (a green­

blue colour). H a fringe further into the truly blue end of the spectrum is used, then 

as the voltage ramp is switched on the fringe moves towards the ultra-violet and 

cannot be seen. The voltages shown are somewhat irrelevant because they show only 

the actual voltages applied to the cell and not the voltages over the actual active 

area of liquid crystal. The same prism was tested using the optical rotation method 

by observing the 1r-states across the prism. An example is shown in figure 6.10. 

3 i.e. the end of the fringe where the l'e is at its maximum value (V=threshold voltage) 
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Figure 6.8: Edser-Butler fringes produced by a lOJLm cell. Voltage ramp switched 
(a) off. (b) On, corresponding to"' 10" prism angle. 
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Figure 6.9: Direct observation of white 
light deflection by {a) an 8" prism. (Vmax = 1.70V, Vmin = + 0.43V) and (b) an 
18" prism {Vmax = 3.05V, Vmin = - 0.24V) 



CHAPTER 6. AN ACTNE PRJSM 98 

Applied Voltage Wavelength t::..p. (} (}direct 

(V max, V min) (white light) 

1.15, +0.80V Red ("' 650nm) 0.025 ± 0.005 2.8 ± 0.5" 
II Green ("' 550nm) 0.026 ± 0.005 2.9 ± 0.5" 2 ± 2" 
II Blue ("' 524nm) 0.025 ± 0.005 2.8 ± 0.5" 

1.52, +0.55V Red 0.049 ± 0.005 5.5 ± 0.5" 
II Green 0.054 ± 0.005 6.0 ± 0.5" 6 ± 2" 
II Blue 0.051 ± 0.005 5.7 ± 0.5" 

1.70, +0.43V Red 0.059 ± 0.005 6.6 ± 0.5" 
II Green 0.069 ± 0.005 6.0 ± 0.5" 8 ± 2" 
II Blue 0.064 ± 0.005 7.1 ± 0.511 

2.19, +0.15V Red 0.093 ± 0.005 10.4 ± 0.5" 
II Green 0.097 ± 0.005 10.8 ± 0.5" 10 ± 2" 
II Blue 0.099 ± 0.005 11.0 ± 0.5" 

2.60 ,o.oov Red 0.116 ± 0.005 12.9 ± 0.5" 
II Green 0.120 ± 0.005 13.4 ± 0.5" 12 ± 2" 
II Blue 0.121 ± 0.005 13.5 ± 0.5" 

3.05, -0.24V Red 0.132 ± 0.005 14.7 ± 0.511 

II Green 0.137 ± 0.005 15.2 ± 0.5" 18 ± 2" 
II Blue 0.137 ± 0.005 15.2 ± 0.511 

3. 78, -0.55V Red 0.158 ± 0.005 17.6 ± 0.5" 
II Green 0.168 ± 0.005 18.7 ± 0.5" 21 ± 2" 
II Blue 0.170 ± 0.005 18.9 ± 0.5" 

Table 6.1: Angles of deviation produced by a 9.98p.m by 18.5mm cell for different 
wavelengths. (} indicates the results obtained from Edser-Butler fringes and (}direct 

indicates the results from the direct observations of deflections. 
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Figure 6.10: 1r-states observed in a liquid crystal prism. V max = 2.60V V min = O.OV. 

The technique is not an accurate method of determining the prism angles but the 

results agree qualitatively with the above results. However they conveniently show 

the good optical quality over the whole of t e , by the straightn of the fringes . 

The prism angles produce for a given change in index along the cell will be 

different for cells of differing size. These results are for a relatively large prism 

(18.5mm) and so the prism angles produced are not as large as that required in 

astronomy ( see section 4.2.1 ). Measurements were made with a smaller prism 

which gave larger deflection angles. A 7mm prism was tested ( which corresponds 

to a. 54cm aperture on the telescope). The results are as follows. 
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Cell Length 7mm 
Cell Thickness 10.7 p.m 

Vmax, Vmin 4.26, -1.98V 
Prism angle from Edser-Butler 

fringes @ 54 7nm, l:ip. = 0.13 41.0 ± 0.5" 
Prism angle from direct observation 

of deflection @ 543nm 45 ± 5" 

Note on the Prism Size 

100 

This section has referred to prisms of different sizes giving different angles of de­

flection. It should be noted that the quantities 'size' and 'length' (W) refer to the 

active size of the liquid crystal area and not to the overall size. For example this 

section has referred to an 18.5mm prism and a 7mm prism. These were the same 

cell, with differing amounts of the cell being used. Therefore, in an actual device, the 

size of the liquid crystal cells being used does not have to be changed with different 

aperture sizes, only the voltage parameters. 

6.4 Summary 

In this chapter the use of liquid crystals as prismatic devices has been demonstrated. 

Prism angles of up to 45" have been experimentally measured. The important 

conclusion is that the liquid crystals are acting according to theory and that there 

appear to be no hidden problems in applying ramp voltages across a cell. 

This chapter has just dealt with slowly varying the optical properties of a cell. 

The next chapter deals with the dynamics of liquid crystals so that they may be 

utilised in an adaptive way. 



Chapter 7 

An Adaptive Prism 

7.1 Liquid Crystal Response Times 

Chapter 2 described how the refractive index of a liquid crystal material depends 

on the orientation of long rod-like molecules that can be rotated by the application 

of an electric field. The molecules that are adjacent to the alignment layer of PVA 

(surface molecules) are anchored firmly and cannot be rotated. The molecules in 

the middle of the LC layer are free to move and can rotate in order to align with the 

electric field. When the electric field is removed the surface molecules cause bulk 

realignment of the molecules throughout the whole layer. 

There are therefore three basic factors that govern the speed of molecular rota­

tion. Firstly consider the electric field strength; the stronger the field the greater 

the torque on the molecules. The electric field is dependent on both the voltage 

applied and the thickness of the LC layer. The ability to rotate quickly is opposed 

by the viscosity of the material and the elastic constants governing the deformation 

of the structure. 

When describing the elastic and viscous properties, the liquid crystal can be 

regarded as a bulk continuum without reference to the molecular structure (BLINOV 

[7]). Thus classical mechanics based upon Hooke's law can be used to derive formulae 

for response times. These are well documented (eg. JAKEMAN AND RAYNES (35] 

or LABRUNIE AND ROBERT (39]) and are given by, 

41r"Y tP 
Tr = fl.p V2 - Yet (7.1) 

101 
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and 
-ytP 

Td =- (7.2) 
7r2K 

where Tr ( rise time ) and Td ( decay time ) are the switch on and switch off times 

(from and to zero field) respectively. d is the LC thickness, 'Y is the rotational 

viscosity, and K is the elastic constant1• V is the applied voltage and 'Vch is the 

threshold voltage (below which no molecular rotation occurs). 

Td is known as the free relaxation time and is independent of the applied field. 

When the field is removed the restoring torque is greater if the molecules have been 

rotated further from their equilibrium position, which leads to the relaxation time 

being independent of the initial electric field. Because it is the surface layer of 

molecules that provide the restoring forces, Td also has a strong dependance on LC 

thickness. Tr is also dependent on the physical constants of the LC, but also on the 

strength of the applied field. 

Thus, for a given LC cell, the dynamic range (i.e. available phase retardation) 

and the speed are conflicting parameters by their mutual dependence on LC thick­

ness. The switch-on time can be improved by using a large voltage to give a large 

torque on the molecules. Switch-on times of the order of milliseconds can obtained 

by using ""' 20V pk-pk. However the switch-off time is an intrinsic property of the 

liquid crystal cell, controlled by the aligning force of the surface molecules. Usually 

high birefringence is accompanied by high viscosity (see Wu at al. (68]), again mak­

ing response times and dynamic range complementary attributes. Free relaxation 

times, for a lOJ£m cell, are of the order of hundreds of milliseconds, obviously too 

slow for adaptive optics. 

7.2 Experimental Measurements of Response Times 

7.2.1 Experimental Technique 

The ability of a liquid crystal cell to modulate the intensity of light propagating 

between crossed polaroids, as explained in section 6.2.2, is a convenient way to 

measure the dynamic behaviour of a cell. The rate of change of intensity of light 

1There are three elastic constants depending on the type of molecular distortion. For a ho­
mogenous aligned cell it is Ku, the splay elastic constant (see BLINOV [7]) which is of relevance. 
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using alight detector which may be interfaced to a.n oscilloscope is a. direct indication 

of the rate of change of liquid crystal refractive index. The apparatus used is shown 

in figure 7.1. A silicon photodetector was connected to one channel of a. dual-beam 

storage oscilloscope to measure the light from the optical apparatus. Monochromatic 

red laser light was used (632.8nm). However the response time should be wavelength 

independent because it is a. function of molecular rotation, not on a.ny interaction 

with the light. 

u: Coli ..........td' 
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Figure 7.1: Experimental apparatus to measure liquid crystal response times. 

There are two liquid crystal cells. One is the cell under test, and the second is to 

provide a. tunable retarder, so that the light intensity falling on the photodetector 

may be tuned to be a. minimum or a. ma.ximum when no voltage is applied to the test 

cell (i.e. in a. pi or half pi-state). This enables the index change of the test cell to be 

calculated more easily by providing a. suitable fiducial mark. The tunable retarder 

has its own power supply, separate from the other electrical equipment. This is an 

illustration of the ease by which liquid crystals may be used to control phase. H a. 

piezo driven mirror had been used to produce a similar effect (as is used in some 

interferometers) then the apparatus would become much more cumbersome, and it 
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would be prone to vibrations. 

The remainder of the electrical apparatus provides the ability to supply a variety 

of voltage forms to the liquid crystal cell. The pulse generator and signal generators 

(SGs) are conventional laboratory equipment. The triggerable attenuator is a device 

which is made inactive for a controllable time period ("" 5 to 50ms) when triggered 

by the pulse generator. It then switches on and attenuates the signal from SG2 by 

a controllable amount. The solid state switch is a device that switches its output 

to the liquid crystal from SG1 to SG2. The switching rate is controlled by the 

pulse generator. Because it is a solid state device it provides very fast bounce­

free switching. The configuration of the equipment to give the required voltages is 

described below. 

7 .2.2 Preliminary Measurements 

The switching times of a 10pm cell were measured as a function of voltage. Only 

one of the signal generators was needed. The pulse generator was adjusted so that 

the output to the liquid crystal consisted of a simple burst of a square wave voltage. 

In this thesis switching times are measured as the full switching time. This in­

troduces a certain level of subjectivity into the results, but this is small and in this 

context, as opposed to display devices, it is more important for the full switching 

time to be known. In the literature, response times are measured by different crite­

rion. Sometimes the time to switch from 10% to 90% is quoted. When measuring 

the switch between light and dark states it is often the time for the intensity to fall 

by 1/e. These different criterion tend to yield slightly shorter response times. 

Two example oscillograms are shown in figures 7.2 and 7.3 Consider figure 7.2. 

The upper trace shows the output from the photodetector and the lower trace shows 

the voltage applied across the cell. It can be seen that as the voltage burst starts, 

the liquid crystal extraordinary index decreases as the cell switches on ( after a short 

dead time ), and therefore the cell goes through a number of pi-states. The reverse 

happens when the voltage burst stops, however the cell relaxes much more slowly. 

It can be seen that the phase change is approximately 41r', or 2.5pm. The cell is 

lOpm in thickness, and so this phase change corresponds to an index change of 0.25, 
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~ Figure 7.2: An example oscillogram. lOpm cell. 18V (pk-pk) 1KHz square wave 
burst for 0.1 seconds ( time scale O.lsec/div). 

Figure 7.3: An example oscillogram. lOJ,tm cell. 4V (pk-pk) 1KHz square wave 
burst for 2.5 seconds ( time scale 0.5sec/div) . 
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as expected. Notice how the photodetector output is initially at a minimum before 

there was a voltage across the cell. This is arranged to be so by adjusting the phase 

delay of the second liquid crystal cell. 

Note how the switch on time is very short compared to the switch off time when 

the higher voltage is applied, whereas when only 4V is applied the switch on time 

is much longer and the switch off time remains similar to that for the lower voltage. 

The fulJ results are shown in figure 7.4 for a lOpm cell. According to equation 7.1 

a graph of 1/ Trise against V2 should be linear as shown. The least squares fit shown is 

calculated using only the points relevant to each diagram, so the two fits are slightly 

different because the theory that is behind equation 7.4 is an approximation. 

The switch-off times should be field independent. Again the theory is not perfect 

so there was some variation, but the significant point is that they were all- 400ms, 

i.e. too long for adaptive work. 

7.3 Improving LC Response Times 

There are various techniques for increasing the speed of liquid crystals. The surface 

or bias effect (FERGASON [24]) and the transient nematic effect (Wu AND Wu 

[69]) both utilise the fast decay time due to the small angled relaxation from highly 

deformed LC directors. The cell is placed between crossed pola.roids, as explained 

in section 6.2.2, and modulated between the light and dark 11'-states nearest to the 

LC saturation voltage. The technique is primarily useful for LC displays, but it may 

also be applicable to phase control technology, as discussed in the next section. The 

dual-frequency effect and ferroelectric liquid crystals also may provide possibilities. 

They are discussed in section 7 .4. The following section presents some experimental 

results of liquid crystal response times. 

7.3.1 Improving the switch-on time 

From figure 7.4 it can be seen that the LC rise time has a value of 15ms when 

a voltage of 9.1V (pk-pk) is applied across the cell. This corresponds to a phase 
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Figure 7.4: Switch-on times for a lOpm cell. The inset shows an expanded scale of 
the same graph. The straight line is a least squares fit to the points shown in each 
graph. 
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retardation of 4>. . On average the required phase retardation is much smaller, so 

a lower voltage is required which means a much longer rise time. For example 

a phase retardation of >./2 {1.23V) corresponds to a rise time of 2.5 seconds. A 

possible solution to this problem is to apply a large voltage across the cell to rotate 

the molecules quickly, until the required phase retardation is reached, and then to 

apply the appropriate holding voltage. Measurements were made using SG2 and 

the triggerable attenuator, with the solid state switch being permanently switched 

to SG2. Figure 7.5 shows an example and the full results are shown in figure 7 .6. 

Figure 7.5: Improving the switch on time by applying a short high voltage burst. 
lOJlm cell. 17V (pk-pk) for 14ms followed by a holding voltage of 2.6V (1KHz square 
wave) Timescale=5ms/div. 

It can be seen that the switch-on times can be vastly improved for small values 

of phase retardation. 

From the point of view of a LC prism it would be impossible to apply dift'erent 

pulse lengths to dift'erent parts of the cell so that each part of the cell switches on to 

the appropriate phase, however it would be possible to apply ·a voltage ramp across 

the cell for a fixed time interval, and then to switch to the holding ramp voltage. 
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Figure 7.6: Length of voltage burst (19V pk-pk square wave, 1KHz) required to 
switch liquid crystal on. The solid line is a least squares fit. Cell thickness, lOJ£m. 
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~igure 7.8: 5.6J.tm cell. 20V {pk-pk) 1KHz square wave burst for 50ms ( time scale 
,50ros/div) . 

so:rne results are shown in figure 7. 7. It can be seen that the voltage required is 

~asi-linear with phase retardation, as would be required. q 

These switch-on times {"' 18ms) are still not ideal. Measurements were made 

tlsing larger voltages by amplifying the output of the signal gener tor w· h an audio 

po~er amplifier. The switc on time continued to decrease with -increasing voltage, 

.aJld a full switch on time of 0.2ms was achieved with a voltage of 120V (240V pk-pk) . 

7 . 3.2 Decay Time as a Function of Cell Thickness 

A.s was mentioned at the beginning of this chapter, the cell thickness is an important 

a,ra.Jlleter governing the response times. Cells were made of varying thickness by 

p . g different spacers2 and their switch off times measured. Figure 7.8 shows an ustfl 

·Uogram taken with a 5.6J.tm cell. Notice that the switching times are faster hut 
~a ' 

t the dynamic range is less {shown by fewer pi-states). The full results are shown 
~a. ~ 

~ cells are hard to make reliably because of the increased effect of contamination. 
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in figure 7.9. It can be seen that the switch off time for a 3pm cell is only 20ms, a 

huge improvement on the lOpm cell. However the dynamic range is much smaller 

being only about half a wavelength. Initially it would seem that a possible solution to 

improving the response times would be to use several thin cells sandwiched together 

so that the decay time was fast, and yet that the dynamic range is large enough. 

This is so; however simply plotting switch off times against thickness ignores much 

of the available information, as can be seen in the following sub-section. 

7.3.3 The Transient Nematic and Bias Effects 

Figure 7.10 shows change in optical thickness as a cell decays. Graphs (a) to (d) 

show the rates for differing cell thickness. The number of data points increases with 

cell thickness because more pi-states occur at which measurements can be made. 

Hall the graphs are plotted on the same axes, as shown in 7.10(e), then it can be 

seen that the rate of change of optical thickness is approximately independent of 

cell thickness for small angled relaxation3 • This fact is what is utilised in both the 

transient nematic effect and the bias (or surface) effect. 

The transient nematic effect involves removing the field across a fully switched on 

cell so the molecules rotate quickly and then applying a field to hold the cell in the 

required state once the LC has relaxed by the required amount. In display devices, 

modulation times of a few milliseconds may be achieved. From figure 7.10(e) it can 

be seen that a switch off time, through 211" states (i.e. 1.27~tm), of around lOOms 

can be achieved using the transient nematic effect. Figures 7.11 and 7.12 show 

two examples of cell modulation using the transient nematic effect. The voltages 

required were obtained by switching between the two signal generators, however the 

triggerable attenuator was adjusted so that after the time required for the 'high 

voltage' burst, SG2 was attenuated to a negligible level. In figure 7.11 the dynamic 

range is small and therefore the times are correspondingly short. The times shown 

correspond to a rate of about 40Hz (with a maximum possibility of about 60Hz). In 

figure 7.12 the dynamic range is larger and therefore the times are correspondingly 

slower. The times shown correspond to a rate of about 7Hz (with a maximum 

possibility of about 11Hz). 

3 Measurements of the decay rates of thick cells (30pm and 50pm) were made and the initial 
decay through 211' states was still- lOOms. 
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Figure 7.9: Effect of liquid crystal thickness on switch off time. 
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Figure 7.11: The transient nematic effect. lOpm cell. 20V for 4ms, OV for 11.5ms, 
5V for lOms.Time scale lOms/div. Dynamic range 0.32pm ()./2}. 

Figure 7.12: The transient nematic effect. lOpm cell. 20V for 17ms, OV for 70ms, 
4V for 50ms. Time scale 50ms/div. Dynamic range 0.95pm (3)./2} . 
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The bias or surface effect is very similar except that the holding voltage is applied 

immediately. This requires less driving electronics, however the decay is not as quick 

since some of the restoring force provided by the surface molecules is opposed by 

the holding field. Some results of LC decay times using the bias effect are shown in 

figures 7.13 and 7.14. The voltages were obtained by simply switching between the 

two signal generators without utilising the trigger able attenuator. 

When only small relaxations occur then the bias effect gives similar decay times 

to the transient effect, however the decay time for a 21r relaxation is around 300ms, 

much longer than the transient nematic effect. However combining the transient 

nematic effect and the bias effect provides a possibility of switching a LC prism. 

7 .3.4 Controlling a LC Prism 

A possible prism configuration for improved response times is to operate the cell so 

that the zero prism angle occurs when the cell is fully switched on across its whole 

length ( i.e. the isotropic state) and then let the cell relax by varying amounts 

across the cell to produce a phase wedge. Consider the case where a phase ramp of 

height 21r is required. At one end of the cell the voltage is removed (for"" lOOms)so 

that the liquid crystal relaxes through 21r, and then the holding voltage is applied 

(transient nematic). At intermediate distances along the cell the voltage is reduced 

for the same time period, but the bias effect means that the cell will not relax so 

much. Figure 7.15 shows the voltage required to slow the relaxation to the required 

amount in lOOms. It is approximately linear which means that a voltage ramp may 

be used. At the other end no relaxation is required so that the full saturation voltage 

is maintained. Therefore in order to produce a phase wedge two voltage ramps are 

required. One to form the wedge, and the other to hold it. These are summarised 

for this particular example of a 21r phase wedge in table 7.1. 

In this way a prism could be operated at a rate of"" 10Hz. 

There are two apparent problems with this technique, namely phase wedge lin­

earity and dispersion. In section 6.3.1 the linearity of the phase wedge was ensured 

by limiting the usable birefringence to a quasi-linear section, ll.p.e < 0.13, and this 

also meant that the dispersion was low. Figure 7.16 shows figure 5.8 plotted so that 
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"f"it;ure 7.13: The bias effect. lOJ.Lm cell. 20V for 6ms, OV for 4ms.Time scale 
j_O~/div. Dynamic range 0.32J.Lm (A./2). 
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Ramp Voltage Duration Prismatic State 

LC Saturation Voltage Required off-time Prism off. 
8.8V,O.OV lOOms Prism switching on. 
8.8V,1.5V Required on-time Prism on 
"' lOOV pulse "'lms Prism switching off 

Table 7.1: Ramp voltages required to switch on a 21r phase wedge. 
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the zero line for AP.e is when the liquid crystal is fully saturated. It can be seen 

that the dispersion is 're-normalised' so that as long as only part of the birefringence 

is used then the the dispersion will be the same as that discussed in section 5.2.8. 

However there is still the linearity problem of Ape against V. Figure 5.2.8 does 

exaggerate the problem because the lower (more negative Ap.e) parts of the graph 

would not be used, but it is nevertheless an effect. 

7 .3.5 Pi-Cells 

In chapter 2 the pi-cell was mentioned along with the fact that the response time 

was faster than the anti-parallel rubbed cell. The reason for the improved relaxation 

times is the lack of backflow effects. In an anti-parallel aligned cell the molecular fiow 

that occurs on relaxation is different on different sides of the cell and so re-alignment 

is mutually opposing. In a pi-cell the direction of fiow when the cell is relaxing is 

the same for all parts of the cell, and therefore the relaxation is unimpeded. A 

lOp.m pi-cell was made by rubbing the two glasses in the same direction. The free 

relaxation through 211' states was measured to be 17ms as shownin figure 7.17. This 

was however not perfectly repeatable. The pi-cell configuration is only quasi-stable 

and therefore the cell can revert to acting like an anti-parallel rubbed cell Recent 

results4 indicate that problems of instabilities in pi cells have been solved so this 

would seem to be an attractive way forward. 

7.4 Other Techniques for Improved Response Times 

7.4.1 Dual Frequency Effect 

This effect utilises the fact that in certain types of liquid crystal material, the sign of 

the dielectric constant (and hence the birefringence) is frequency dependent. Hence 

at one frequency of applied field, P.e > P.o and at another frequency, Pe < p.0 • This 

effect occurs because the liquid crystal molecules prefer to align with the director 

parallel to the electric field if the frequency is low, but prefer to align with the 

director perpendicular if the frequency is high(6). The advantage of this is that 

4Private discussions with RSRE Liquid Crystals Group(15]. 



CHAPTER~ ANADAPTroEPIDSM 

0 

N 

0 
I 

U1 
N 
0 
I 

500 550 600 

Wavelength (nm) 

650 

Figure 7.16: Birefringence dispersion of E44 for different voltages 

119 



CHAPTER 7. AN ADAPTIVE PRISM 120 

Figure 7.17: A 20ms 20V(pk-pk) 1KHz burst applied to a pi-cell. Time scale 
lOms/div 
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the change of frequency of the applied field drives the molecular orientation in both 

directions. Hence the relatively weak alignment forces provided by the rubbing layer 

are not required. The effect is only manifest in certain liquid crystal materials (not 

BDH-E44). For example BONACCINI et al.[8] have demonstrated an (undefined) 

liquid crystal with a response time of 19.5#-£s-1 (this corresponds to a 211' phase shift 

in 65ms). 

7 .4.2 Ferroelectric Liquid Crystals 

A different approach to improving response times involves the use of a different 

type of liquid crystal to a nematic. In 1974 MEYER et al.[43] realised that the 

smectic C liquid crystal phase ought to be ferroelectric, and in 1980 CLARK AND 

LAGERWALL(l3] developed the Surface Stabilised Ferroelectric Liquid Crystal (SS­

FLC) which allows the smectic C liquid crystal to be utilised in a device. The 

( chiral) smectic C LC possesses a director which rotates in a cone in going from one 

smectic layer to the next. By using a thin cell (SSFLC) it is possible to produce 

a device with no rotation. The molecules have a net permanent dipole moment 

( ferroelectricity) and so by reversing the direction of the applied field the the LC 

can be made to switch between two states in less than a microsecond. However 

the device is binary and therefore only applicable to display technology and not the 

modulation of refractive index. 

An effect which has potential for phase modulation is the Electroclinic Effect 

first reported by GAROFF AND MEYER(28]. Although not strictly a ferroelectric, 

the topic is generally discussed in the context of ferroelectricity because the Smectic 

A phase is formed in some chemicals by heating the smectic C phase, It utilises the 

smectic A phase to produce a cell where there is a direct coupling of the molecular 

tilt to the electric field. When an electric field is applied to a cell then the optical 

axis of the cell rotates[!], and therefore the refractive index that governs a particular 

polarisation state will also vary. There are however some problems. The chemicals 

used are in the smectic A phase at high temperature (- 75° (3]), so the necessity of 

heating apparatus in the telescope dome is not an attractive one. The cells must be 

thin and the controllable birefringence is small so that the dynamic range is small. 

The transmission of the cells is also poor(15]. Therefore the problems appear to 
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currently outweigh the speed advantages of the electroclinic effect. However it is a 

relatively new phenomena so the future potential is unknown. 



Chapter 8 

Summary, Conclusions and 
Further Work 

This thesis has aimed to answer some of the primary questions applicable to the 

use of liquid crystals for astronomy instrumentation. This chapter shall begin by 

summarising the results of each chapter separately, and then it continues by dis­

cussing the inter-dependance of the different liquid crystal parameters with respect 

to astronomical image sharpening. Finally some suggestions for further research are 

made. 

8.1 Summary of Results. 

The chapters 2 and 3 gave introductions to both liquid crystals and astronomical 

image sharpening. In chapter 4 it was shown that in order to correct a tilted 

wavefront, a realistic maximum prism angle of around 45 arcseconds is required 

that must have a cycle time of tens of milliseconds .. 

The Monolithic Prism 

The basic design for a liquid crystal prism has been to use a single electrode structure 

along which a ramped voltage is applied. This is because it is a novel approach 

to addressing liquid crystals which has the main advantage of simplicity. Only 

3 electrical contacts are required per prism. Section 4.3 showed, by means of a 

123 
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calculation using the Huygens-Fresnel principle, that if a prism were to be made 

out of a number of segmented sections, then this would require at least 30 segments 

(and a similar number of electrical connections). 

Monolithic electrode prisms were constructed to a very high degree of optical 

flatness, by using a mixture of industrial procedures and techniques pedected by 

the author. 

Testing the Cell Homogeneity, Dispersion, Thickness and Voltage Char­

acteristics. 

These parameters are all ones for which measurement techniques are commonly 

available. However, each method has advantages and drawbacks. The common 

technique of measuring cell thickness requires the cell to be empty, and then to 

assume the cell's physical properties remain constant. In the author's experience 

this was not found to be so. From the point of view of image sharpening the exact 

cell thickness (and therefore the amount of correction provided} is not highly critical 

because of the very nature of the homeostasis principle behind adaptive optics, 

however from the point of view of making accurate measurements of, for example, 

the voltage characteristics the thickness is very important. The technique developed 

using Edser-Butler fringes provides a way of measuring cell thickness, homogeneity, 

dispersion, and the voltage characteristics in a way that gives applicable results. 

The refractive index over the whole spectrum can be measured without the use of 

many different spectral sources. Probably the most powedul attribute of Edser­

Butler fringes is their sensitivity to changes in optical thickness. This allows an 

instant observational test of cell flatness (which is many times more accurate than 

the traditional method of observing wedge fringes) once a cell has been made, and 

allows very quick measurements of the voltage characteristics to be made. The 

technique is a quasi-imaging technique therefore the changes in optical thickness 

along different parts of the cell due to a ramped voltage can be seen. This thesis 

only contains actual results using Edser-Butler fringes, but their full usefulness can 

be seen in the laboratory where one is making qualitative judgements for most of 

the time. 

The dispersion results indicate that the controllable refractive index variation 
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is quite wavelength dependent if the full dynamic range is utilised, however if the 

dynamic range is reduced then the dispersion is reduced. 

Optical Quality 

In section 5.3 measurements of the cell transmission and modulation transfer func­

tion were made. The cell transmission was found to be of the order of 70%. However 

most of this figure arises because a cell is a sandwich of different optical materials 

rather than because of any absorption within the liquid crystal. So this result is 

somewhat pessimistic and can be improved by anti-reftection coatings. The modu­

lation transfer function was also measured, and within the bounds of experimental 

error there was no loss of image quality for spatial frequencies below that of the 

telescope diffraction limit. However even though the results indicate no apparent 

image degradation it would seem unlikely that the image quality after transmission 

by a liquid crystal cell would be as good as that of a highly polished mirror. 

Dynamic Range of a Prism. 

The controllable refractive index variation of BDH-E44 is about 0.26. Thus the 

dynamic range of a lOpm cell is 2.6pm. Equation 4.15 gives the angle of deflection, 

8, of a LC prism as 
8 = tl.pt' 

w 
where t is the thickness and W is the length. Thus for a lOpm cell whose length is 

1cm the prism angle would be 54". However change in refractive index is not linear 

with voltage so in order to approximate to a linear phase wedge the usable refractive 

index variation is kept below 0.13. This gives a prism angle of 26". In chapter 6liquid 

crystal prism angles were measured using four different, complementary techniques. 

The measured prism angles were consistent with each other and with equation 4.15. 

The largest prism angle measured was- 40" for a lOpm x 7mm cell. A 7mm cell 

corresponds to an aperture of 54cm, which is a typical MARTINI sub-aperture size. 

H much smaller prisms were to be made in order to correct wavefronts of the size 

r0 or less, then the amount of index variation necessary becomes much smaller for 

a given -pii.sm angle. This reduces dispersion and linearity problems. 
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Liquid Crystal Response Times. 

Liquid crystal rise times are field dependent and can be made- lms by applying 

suitably high voltages. However relaxation times are an inherent property of a liquid 

crystal cell and are slow (hundreds of milliseconds). This thesis has concentrated 

on two similar effects, the transient nematic effect and the bias effect, to improve 

switching times. Both utilise the fact that the liquid crystal molecules relax very 

quickly, at first, from a fully deformed state. Decay times of 11.5ms were measured 

for a 0.3J£m stroke and 70ms for a 0.9J£m stroke. Using a pi-cell configuration a 

decay time of 17ms was measured for a 0.9Jlm stroke. 

8.2 Conclusions 

All the results summarised in the last section indicate that any mode of liquid crystal 

operation should only utilise part of the controllable refractive index. 

The dispersion effect is quite a small problem because in astronomy one is almost 

always concerned with using filters. Also there has been much discussion about 

the linearity of the wedges, this too is not such a critical parameter. It must be 

remembered that by correcting for wavefront tilt one is only approximating the 

wavefront over the particular diameter to a plane wave with some overall tilt. The 

actual wavefront is not a linear tilted wave. However, the problem of response 

times is still important and there is a definite trade-of£ between response times and 

dynamic range. 

The first question to consider is what size of correction elements to use. One 

point to bear in mind is that some kind of wavefront sensor must be available 

to test the wavefront tilt over the appropriate area. In the MARTINI apparatus 

this is achieved with the split lens, but in the future a Hartmann-Sh.ack (see e.g. 

TYSON[59)) array of microlenses will be used. These lenses can be made to be very 

small (-lOO's microns) but obviously they need to focus onto some kind of real­

time imaging device (in MARTINI, the IPD). There must be enough room on the 

device to form the separate images, and very importantly there must be enough 

photons in each image in order to determine the centroid accurately. This limits the 
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brightness of the guide star used to test for the image motion and in turn limits the 

amount of sky-coverage1 So it would seem reasonable that 4r0 correction will remain 

a suitable size in the visible spectrum. For a typical seeing parameter of 15cm, the 

4r0 aperture size at the WHT conjugate focus is 7.8mm in size. A lOpm x 7.8mm 

cell using the transient nematic and bias effects would have a maximum prism angle 

of 26 arcseconds and a cycle rate of "" lOH z. By using a pi cell this rate could 

be improved to "' SOH z. By using a mirror backed cell to give a double passage 

through the cell then this would double the dynamic range to 52 arcseconds. These 

parameters are comparable with the necessary astronomical requirements. 

A technique in image sharpening that has not yet been considered is called co­

phasing. H simply the tilt across each sub-aperture is removed then the light from 

each is added incoherently to produce the final image. The size of the best image is 

limited by the size of the sub-apertures. H however each sub-aperture is co-phased so 

that the phase difference between each sub-aperture is corrected for then the light 

adds together coherently. The best possible image is then limited by the largest 

possible aperture spacing (i.e. approximately the full4.2m aperture). In this case 

it is just piston that needs to be removed between apertures, however the amount 

is quite large. From equation 4.4 then the r.m.s wavefront error over the the full 

aperture will be 1.3~tm for r0 = 15cm. When the tilt over the sub-apertures has 

been corrected for then the amount of r.m.s piston required is- lpm. So in order to 

contain a 3u variation in both directions a piston range "' 6pm is required. This is 

a very large figure and although liquid crystals should be capable of this by making 

thick cells, the response times would become very long. This is a problem that even 

mirror technology encounters. A solution to this (as mentioned in section 3.2.2 with 

respect to the ESO COME-ON project) is to use a two-stage correction process 

whereby the tilt is removed across the whole aperture using a single tip-tilt mirror 

and then smaller scale corrections are subsequently made. H the tilt across the whole 

aperture is removed then the residual mean square wavefront error is given by (see 

section 4.2.2) 

{8.1} 

The r .m.s required correction for this is now only 0.5~tm. However some of this will 

be corrected for by the 4r0 tilt removal so that the residual will be"' 0.3pm. Again 

1The amount of sky near enough to a bright enough star. In MARTINI the magnitude limit is 
..., 13mv which gives a sky coverage of ..., 3%. 
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taking the 3u variation in both direction requires a piston movement of 1.2pm, or if 

the device is mirror backed, then 0.6pm. It would seem logical to combine the overall 

tip-tilt mirror with the mirror that gives a double-pass through the liquid crystal. 

The timescales required for co-phasing are also longer than that for sub-aperture 

correction because variations over the whole aperture occur at a slower rate (see 

section 4.2.3). 

It may become desirable to correct the wavefront on a scale of r 0 • In this case 

prisms of size 1 or 2mm are required 2 • A 1mm prism requires a stroke of only 0.15pm 

to give a prism angle of 30 arcseconds, and so for a lOpm cell this means there would 

be no dispersion or linearity problems. By utilising the transient nematic effect and 

the bias effect then such a cell should be operable at 40Hz and a pi-cell at much higher 

rates. The full 4.2m WHT aperture would require about 3000 correcting elements 

for complete coverage, however this number is very small in terms of current liquid 

crystal technology-1 

The following list indicates some pertinent points not yet discussed. 

• At the present time adaptive mirror technology is much further advanced than 

the relevant liquid crystal technology, especially with the recent declassification 

of the US military research. However adaptive mirror technology is very much 

state-of-the-art and with the present cuts in military research it seems unlikely 

to develop with so much ferocity as in the past. In comparison the use of liquid 

crystals as optical control elements is a new field, especially with respect to 

astronomy. It would seem that a revolution in display technologies is taking 

place and this highly commercial field is driving research at a rapid rate. Thus 

although there are still problems at the moment no one can say what advances 

2The smallest prism demonstrated in this thesis was 7mm in length, so by discussing 1mm 
prisms assumptions are being made. However it would seem likely that a 1mm prism should pose 
no extra problems. Results made by the author of liquid crystal fringing fields (i.e. the liquid 
crystal being affected by neighbouring electrode areas) for liquid crystal diffraction gratings using 
a variation of the Jamin interferometer (section 6.2.1) for PoWELL et a1.(48), indicate that fringing 
fields have an effect only over distances - 10pm. One potential problem when using very small 
prisms is the resistance of the ITO. High resistance ITO must be used otherwise joule beating will 
occur. 

3For example Canon Inc. have made a liquid crystal television with 1280 x 1120 elements 
(LAGERWALL et al. [40]) in a 14incb diagonal format. Scaling this down to the size required for 
adaptive optics yields 80,000 elements. This technology is obviously different from that required 
for astronomy, but it serves to make a comparison and shows that microfabrication techniques are 
already far in advance of what would be needed for astronomical devices. 
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Advantages Disadvantages 

Low cost Not perfect Optical Quality 
Low power consumption Transmission poorer than mirror 

Large number of correcting elements Dispersion poorer than mirror 
Reliable Relatively slow 

No hysteresis 
A rapidly expanding technology 

Table 8.1: A summary of liquid crystal attributes. 

will be made within the next decade. 

• A problem with mirror technology is that the piezo-electric actuators suffer 

from hysteresis. This needs to be accounted for in the software controlling the 

supply voltages. Liquid crystals do not suffer from any noticeable hysteresis. 

• Reliability. In an array of piezo-actuators it is likely that one of them will 

malfunction from time to time. It becomes difficult and expensive to replace 

one element in a highly compacted array. Liquid crystals appear to be very 

reliable solid state devices. 

To conclude: liquid crystals provide potential for wavefront correcting elements. 

They provide phase controllability of the size required in astronomy, however there 

are some problems, particularly with the speed of operation. These capabilities and 

limitations are summarised in table 8.1. This thesis has suggested some solutions 

using existing technology, but much work needs to carried out before liquid crystals 

could be incorporated into an actual adaptive optics system. By this time it would 

seem likely that the specification of devices will have progressed. So, liquid crystals 

provide an attractive avenue of research for adaptive optics elements for the next 

generation of very large telescopes. 
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8.3 Further Work 

The first step is to actually demonstrate that prisms are capable of operating at 

the speeds that have been discussed in the previous section. This will require the 

construction of a complex power supply to provide the appropriate voltages. 

8.3.1 A Tip-Tilt Liquid Crystal Prism 

All the results in this thesis have been for prisms that only deflect light in one 

dimension. To remove wavefront tip and tilt then a two dimensional prism arrange­

ment is required. With the monolithic electrode structure this should be achieved 

in a reasonably straight forward fashion by applying a voltage ramp along each cell 

direction so that the resultant optical thickness distribution can be varied in two 

dimensions. The mathematics of the resultant of both tip and tilt is discussed in 

appendix E. 

The voltages required at each contact then become much mo~~ complicated so it 

would seem reasonable to interface the power supply unit to a computer to calculate 

the precise voltages needed. This in turn will need more complete results of the bias 

voltages required so that the voltages across the active area of the cell are correct. 

8.3.2 Phase Modulating Un-Polarised Light with Liquid 
Crystals 

The nature of LC birefringence means that any electrical control of the liquid crystals 

extraordinary index will only affect one polarisation state of light. The obvious 

solution to this is to use two devices with orthogonal rubbing directions so that each 

will modulate different polarisation states. 

The following design is for a liquid crystal modulator that would function with 

unpolarised light, shown in figure 8.1 The principle is to fabricate a cell with different 

areas having orthogonal rubbing directions, and hence orthogonal crystal axes. The 

device would be set up such that light is incident at an angle. The light would be 

transmitted through the cell with the relevant polarisation state being modulated by 
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the extraordinary index. The light then is transmitted through an isotropic substrate 

before being reflected by a mirror and back through the device. By carefully choosing 

the dimensions it can be arranged that the light passes through areas of the cell 

with orthogonal crystal axes on each pass through the liquid crystal. Therefore 

light polarised so that it is governed by the extraordinary index on its first pass is 

governed by the ordinary index on its second, and vice versa. For example a 10J£m 

layer of liquid crystal, backed by a 501£m layer of isotropic substrate, and an angle 

of incidence of 45° would require a spacing of areas of orthogonal rubbing directions 

of 1001£m. This can be achieved4 by first rubbing the whole cell in one direction. 

A protective layer is then applied to the PVA and then etched away to produce 

the required pattern. The cell is then rubbed in the other direction. The areas of 

un-protected PVA are re-directed. Finally the rest of the protective layer is etched 

off. There are however a few disadvantages of this proposed technique. Firstly, even 

LC Layer 

Areas of Orthogonal 
Rubbing Directions 

Figure 8.1: Principle of Operation of a LC Cell with unpolarised light. For clarity, 
the PVA and ITO layers have been omitted 

though it is a double-pass device, the light is only modulated as if it had passed 

a single time through the cell. This is partially compensated for by the fact that 

the light is incident obliquely and so the path length through the liquid crystal is 

increased. Secondly there are some errors at the rubbing boundaries. For example 

in the diagram ray 3 passes through a boundary and so the two polarisation states 

will exp~ence differing amounts of modulation. For the parameters above, 20% of 

4 Patented by AT&T Bell Laboratories, Holmdel, New Jersey, USA 
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the light would experience an average error of 50% in modulation. This value can 

be reduced by increasing the isotropic substrate thickness, and hence the spacing of 

the areas of differing rubbing direction. Another problem of the technique is that 

different polarisation states are phase retarded by different parts of the cell, so the 

technique is not so suitable for prisms devices where the refractive index is ramped, 

however this is no problem where simple piston control is required, for example in 

section 3.3.1. The design provides an interesting potential solution to an inherent 

problem of liquid crystals. 



Appendix A 

Optical Positioning of an 
Adaptive Optics Systelll. 

All the calculations in this thesis have assumed that the liquid crystal prisms are 

placed at the conjugate focus to the seeing. This is to optimise the area of the 

isoplanatic patch. The position of the conjugate focus determines the magnification 

of the telescope and hence the required correction angles. 

H the image from a star is corrected, then the area around that star that is also 

corrected is termed the isoplanatic patch. It is a measure of the similarity between 

the seeing induced distortions of wavefronts coming from different sky directions. 

By assuming a simple seeing model, whereby all the turbulence contributing to the 

wavefront distortion occurs at a height h above the telescope, it can be seen from 

simple ray tracing ( see figure 5.11 ) that light coming from differing angles that 

passes through the same part of the turbulent layer recombines as it passes through 

the conjugate focus. As the adaptive optics are moved away from this point then 

the isoplanisity decreases. Of course the atmospheric turbulence does not occur 

at a single height, but is an summed effect of the whole through the whole of the 

atmosphere, however an average height 1i of seeing may be defined (see RODDIER 

(50]) as 
1 

1i = [ro htcJ,(h)dh]. 
fo00 CJ,(h)dh 

{A.l) 

Calculation of h then requires the vertical distribution of CJ,. Models and mea­

surements have been made (BARLETTI et al. (5) and HUFNAGEL (33]}, however any 

results for 1i calculated therefrom are subjective and very dependant on the partie-

133 
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Telescope focus f/ratio Aperture Magnification Average Correction 
Angle for 4r0 = 15cm 

WHT Cassegrain f/11 4.2m 77 6.7" 
II Nasmyth f/11 " 77 6.7" 

INT Cassegrain f/15 2.5m 95 8.3" 
JKT Cassegrain f/15 l.Om 239 20.9" 

CFHT Coude f/20 3.6m 49 4.3" 

" Cassegrain f/8 " 124 10.8" 
ESO-VLT Nasmyth f/15 8.0m 29 2.4" 

" Coude f/74 II 5 0.4" 
II Cassegrain f/13.3 II 33 2.9'' 

UKLT Cassegrain f/7 8.0m 63 5.5" 
II " f/15 II 29 2.5" 
II " f/35 " 12 1.0" 

WHT- William Herschel Telescope (60] 
INT- Isaac Newton Telescope (60] 
JKT- Jacobus Kapteyn Telescope [60] 
CFHT- Canada-France-Hawaii Telescope [57] 
ESO-VLT- ESO Very Large Telescope (47] (in design) 
UKLT- UK Large Telescope (2] (in design) 

Table A.1: Magnifications of various telescopes assuming an average height of seeing 
of 3.6km 

ular seeing conditions. A reasonable figure for 1i seems to be several kilometres. 

The second factor that determines the telescopes magnification is its focal length. 

The magnification factors of some of the important telescopes are given in table A.1 

along with the average correction angle required to correct the tilt over a 4r0 ( 60cm 

)aperture ( from equation 4.1). The magnifications are calculated from the effec­

tive focal length, the simple mirror equation, and by assuming an average height of 

seeing of 3.6km. It can be seen that there is quite a wide range of magnifications1, 

for example the Coude visible focus of the ESO-VLT would require very small an­

gular corrections, whereas the JKT would require maximum deflections of over an 

1Tbis table is shown for comparisons only. The different foci and telescopes shown are not 
necessarily suited to the accommodation of an adaptive optics system 
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arcminute. Notice that the WHT magnification is approximately an 'average' value. 

It should be noted that the above argument is only relevant to angular corrections. 

Any 'piston' error is not altered by the telescope optics. 



Appendix B 

Prism Driver Circuit 

Circuit diagram of the device used to provide the correct voltages to the static prism 

as described in chapter 6 

.A.C. Power Supply (D-lOV) 
~ ( 

r- --------- ------------
I ~ VRs - -A,/' A./\, ~A../" A./\, - . 

*' I 

s. I - I 
~ I 

1""""1. 4 I 

s;- - - - - - ~-s,- - - - - - - -4 

---- ---------

VR1 son 1 W wirewound 
VR2 son 1 W wirewound 
S1 triple pole double throw switch 
S2 single pole double throw switch 
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LC Cell 

- _ _.... 
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In adition to the circuit shown, there are also connections to supply a multimeter 

with the voltages applied to the LC cell. 

51 switches between Prismatic Mode and Normal Mode. In Prismatic Mode the 

volages are applied such that the LC cell behaves as a phase wedge and in Normal 

Mode no voltage ramp is applied, there is just a uniform voltage applied ·across the 

cell. In the configuration shown in the diagram the circuit is set to Prismatic Mode. 

52 switches between negative and positive bias at the lower end of the voltage 

ramp. In the configuration shown a negative bias voltage is applied. H no bias is 

required then the wiper of the potentiometer, VR1 , is set to the far right. 

The circuit is contained in a. case as shown by the dash-dotted line. Connection 

to the LC cell is made via a. 3-pin DIN socket. 



Appendix C 

Solid State Switching Circuit 

Circuit diagram of the device used to switch between signal generators as described 

in chapter 7 . 
....-----, 

0/P 1/P 1/P Tr1gger 

--=-

~ ~ ~ 
-

.....-
t_ 

l_j 
-==- t_ ,-r- r- f-.... _._ - .... 

l_j i- -

t_ 
- .....-

IC1 IC2 

-'--15V 
-==-

:=-..,.._.......---=-.....,._,=-----_._-+15V 
ICl Hl-200-5 CMOS Dual SPST Analogue Switch 
IC2 4069 Hex-invertor 
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Appendix D 

Triggerable Attenuator Circuit 

Schematic diagram of the device used to attenuate the signal from the signal gener­

ator as described in chapter 7. 

m. IDput 

_j_ 1 ll 
Triger 

.ADU-BoUDce lloaostable 

C1rault ... Timer 

INPUT 

1'1'111er Output. 
ATTENUATOR 

' OUTPUT 
_/, _ 
_/, _ 
_/,_ 

SWitch Array 

The circuit is based upon an AD7110 audio attenuator chip. The amount of 
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APPENDIX D. TRIGGERABLE ATTENUATOR CIRCUIT 140 

attenuation can he varied from 0 to 88 dB in discrete amounts controlled by the array 

of switches. The circuit is triggered from the pulse generator. After a controllable 

time (5 to 50ms) the timer switches the attenuator on. The circuit can he triggered 

manually by a push switch and an anti-bounce circuit. 



Appendix E 

The Resultant of Both Tip and 
Tilt. 

The following calculation shows the resultant angle of a plane that is at arbitrary 

angles to both primary axes. 

z 

y 

Figure E.1: A plane, P, defined by the triangle AOB, at an angle 8 to the X-axis 
and <P to the Y -axis. 

Consider a plane, P, that is tilted at a principle angle, .,P, to the Z=O plane. 

Let the angles of tilt with the Z=O plane in the X and Y directions be 8 and <P, 

respectively. Let these angles define two unit vectors, r..s and 4 in the Y =0 and 

X=O planes respectively. These are shown in the above figure. Thus P is defined 
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APPENDIX E. THE RESULTANT OF BOTH TIP AND TILT. 142 

by the triangle AOB. H the three primary unit vectors are i, j, and k, then 

rs =cos 9i +sin 9k_, (E.l) 

and 

14 = cos 4>}. + sin t/Jk. (E.2) 

Since both these vectors are contained within P then the vector product of these, .n 
must, by definition, be a unit vector normal to P. 

n = rs x 14 = -sin 9 cos t/Ji +cos 9 sin t/Ji +cos 9 cos t/Jk. (E.3) 

This vector will be at an angle, n.p to the Z=O plane where 

n.p = arcsin(.r.,.k.). 

However ..p = 90° - n.p therefore 

or 

cos "' = cos 9 cos t/J. 

The azimuthal angle, 6, of n (and hence P) is given by 

6 = n.i 
n.J. 

6 = sin 9 cos 4>. 
cos 9 sin 4> 

Small-angled approximation. 

(E.4) 

(E.5) 

(E.6) 

(E.7) 

By taking the small angled approximation, cos 8 = 1 - ~ and ignoring terms greater 

than second order then it can be shown that equation E.5 reduces to the following. 

(E.B) 
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