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Abstract
The lack of adequate polarization beam smoothing is a major obstacle for the future of
direct-drive inertial confinement fusion. The birefringent wedges currently in use on the
OMEGA laser system at University of Rochester’s Laboratory for Laser Energetics
(LLE) provide incomplete beam smoothing and are not scalable to the aperture necessary
for use at the National Ignition Facility (NIF).
This work explores how long-pitch cholesteric liquid crystals (CLC’s) can be used to
create UV-distributed polarization rotators (DPR’s). To date, LC optical devices have
been used only for polarization control in the 1054-nm portion of high-peak-power laser
systems. Materials and device configurations that can withstand intense UV-laserirradiation are investigated through the fabrication of devices using low-molar-mass,
commercially-available LC materials. Near-UV-transparent, nematic LC’s lightly doped
with a chiral compound are found to exhibit optical rotatory powers in excess of 30 °/μm
at 355 nm. We address concerns regarding the use of these optics under partial vacuum
through the synthesis of new LC materials to advance the embodiment of a UV-DPR as a
solid-LC film on a single substrate. To facilitate the design of such an optic, a Mueller
matrix model is generated, which fully describes the polarization effect of a long-pitch
CLC device and is shown to be in excellent agreement with experimental data. The
ability to generate virtually any polarization distribution makes a LC-based UV-DPR a
uniquely attractive option for polarization beam smoothing.
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Chapter 1. Introduction and Thesis Objectives
1.1 Liquid crystal optics for high-peak-power laser systems
Liquid crystals (LC’s) are materials that exhibit a fluid mesophase possessing
orientational molecular ordering; this ordering is responsible for their crystal-like optical
properties. Owing to their high optical anisotropy and ease of processing, LC’s have
found a number of applications ranging from information display technologies to
polarization optics for high-peak-power laser systems.1 LC optical devices have been
used for polarization control at 1054 nm in the 60-beam, 40-TW OMEGA laser at the
Laboratory for Laser Energetics (LLE) for over 30 years.2 OMEGA uses 365 LC wave
plates and circular polarizers, with diameters up to 200 mm. These LC optics possess
high optical quality, low loss, and high contrast and exhibit high laser-damage thresholds
(up to 18 J/cm2 for a 1-ns pulse at 1054 nm). 1
LC waveplates were introduced on OMEGA as a cost-effective, scalable alternative to
conventional crystal optics. LC’s allow for the fabrication of large, zero-order wave
plates; alternatives such as CdS and tellurium are typically only available in small
apertures 1. Both LC half-wave and quarter-wave plates are employed in the 1054-nm
(1ω) optical amplification portion of the laser system. These devices are comprised of
two glass substrates with buffed nylon 6-6 alignment layers and a thin (6.5 or 13 μm)
nematic LC layer having homogeneous alignment. Half-wave plates are used in
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conjunction with polarizing beamsplitters for energy balance between OMEGA
beamlines. The half-wave plates rotate the polarization of a beam with respect to a beam
splitter, thereby varying the intensities of transmitted and reflected light. Quarter-wave
plates are used to convert linearly polarized beams to circular polarization prior to rod
amplification, to prevent losses due to residual stress birefringence in the laser glass and
for improved beam uniformity. These optical elements have stringent uniformity
requirements (within ~5% of the desired retardance value with no more than 1.5 seconds
of wedge). They must also be able to withstand incident laser fluences of 5 J/cm 2 for a 1ns pulse.
LC circular polarizers/isolators are used in the amplification chain of the 60-beam
OMEGA laser system. These devices are comprised of two glass substrates bearing nonbuffed nylon 6-6 layers assembled with an 18-μm cell gap and filled with a cholesteric
liquid crystal (CLC) in the planar, or Grandjean, texture. LC circular polarizers take
advantage of a unique optical phenomenon in CLC’s known as the selective reflection
effect (described in Section 1.3.2). At a certain wavelength, CLC’s selectively reflect one
handedness of circular polarization, while transmitting the other handedness unperturbed.
By virtue of this property, CLC based circular polarizers can be used both to clean up
circular polarization and prevent potentially-damaging back-reflected energy from
propagating back down the laser beam lines. To perform both of these functions, CLC
circular polarizers must have high contrast (≥ 200:1) and, like the LC waveplates, must
withstand fluences up to 5 J/cm2 at 1054 nm for a 1-ns pulse.
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Since the OMEGA upgrade in 1995, LC optics have boasted a very low replacement
rate.2 Some reasons for replacement include laser damage of glass substrates, failure of
the epoxy seal, which is present on every LC device, and laser damage of the LC layer.
More commonly, LC devices are removed from the system for drifting out of
specification or worsening performance .2 The exceptional, long-term performance of LC
optics on OMEGA can be used to highlight some key requirements for employing LC
optics on high-peak-power laser systems. LC laser optics must have high-quality,
uniform alignment and low loss (reflection, absorption, and scatter), be stable in the laser
system environment (pressure, temperature, and humidity) and under high-energy
irradiation, and possess a high laser induced damage threshold (LIDT), both from the
perspectives of intrinsic material properties and extrinsic contaminant considerations (see
Appendix I). With these criteria in mind, and noting that all of the existing LC optics on
OMEGA are used at 1ω, one could envision two potential areas for the expansion and
improvement of LC optics in high-peak-power laser systems: the development of LC
laser optics for the near-UV, particularly 351 nm (3ω), and the transition from lowmolecular-weight LC fluids to solid-state LC films with enhanced environmental
stability, such as polymer or glassy LC’s, that can be used either as a free-standing film
or on a supporting substrate.
1.2

Glassy liquid crystals

Solid-state LC laser optics were previously pursued, citing the undesirable use of thick
glass substrates and epoxy seals to avoid substrate bowing and transmitted wave-front
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distortion in traditional LC devices. 3 A commercially available nematic polymer LC with
a polysiloxane backbone was evaluated for the fabrication of a LC wave plate for
OMEGA. Cell uniformity was not achieved and was reported to be made worse by device
handling, due to the low glass transition temperature (Tg) of the polymer. LIDT’s of only
1.0±0.1 J/cm2 at 1054 nm for a 1 ns pulse were reported for a 16-μm-thick film.
Processing polymer LC’s into large, uniform optics is challenging due to their high melt
viscosity.
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Glassy liquid crystals (GLC’s) are low-molar-mass, vitrifiable materials that

kinetically trap liquid crystalline order in a solid state. These materials are easier to
process and offer superior chemical purity as compared to their polymer counterparts.
Tsuji et al. coined the term “glassy liquid crystal” in 1971, following the observation of a
glass transition in the calorimetry of cholesteryl hydrogen phthalate.
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This and other

early GLC’s6-7, as well as laterally and terminally branched8 and twin-molecule-type9-10
GLC’s, are generally not morphologically stable. The indicator of morphological
instability in GLC’s is the presence of a crystallization exotherm in the reheating curve of
a differential scanning calorimetry (DSC) measurement, as shown in Figure 1.1. 11
Some GLC’s, such as carbosilane dendrimers, may not exhibit this type of morphological
instability, but possess low Tg’s, around or below room temperature, making them poor
candidates for device applications.12-14 Other molecular classes of GLC’s include
mesogen-functionalized cyclosiloxanes15-16, cyclic mesogenic oligomers17, GLC’s formed
through intermolecular H-bonding18-20, and core-pendant structures.11, 21-23 Core-pendant
GLC’s are comprised of mesogenic and chiral pendants bonded to a volume excluding
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core by flexible linkages. High Tg and clearing point, Tiso, together give rise to good
morphological stability, which makes core-pendant GLC’s an attractive choice for optics
and photonics applications.

Figure 1.1 The differential scanning calorimetry reheating curve for a traditional LC material (a)
has peaks for the phase transition from a crystalline state to a liquid crystalline state, T m, and from
an LC state to an isotropic state Tiso. For a GLC (b and c), a glass transition is observed. When
this glassy state is unstable (b), crystallization and melting peaks, Tcryst and Tm, are also present.24

1.3

Optical properties of cholesteric liquid crystals

1.3.1 Cholesteric structure
The cholesteric, or chiral nematic, phase is made up of mesogenic molecules positioned
randomly in space with the director, the preferred direction for the long axis of the LC
molecules, processing about the z-axis as a function of distance, as shown in Figure 1.2.
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Figure 1.2 The director of the LC, indicated with a red arrow, rotates about the z-axis as a
function of distance, making a 180° rotation over a distance of one-half the pitch length.
The director, n, orientation is given by
nx  cos  q z 
ny  sin  q z  ,

(1.1)

nz  0

where 𝑞 = 2𝜋/𝑃 and 𝑃 is the pitch of the CLC, the distance over which the director
rotates by 2π. Since the (n) and (-n) states are indistinguishable, the structure is periodic
in z with period 𝑑 = 𝑃/2.
We are particularly interested in the optical properties CLC’s in the planar, or Grandjean,
texture (shown in Figure 1.3).

Figure 1.3 Some common textures for CLC’s include a) planar or Grandjean, b) fingerprint, c)
focal conic, and d) homeotropic textures.
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For this texture the linear refractive indices ne, the extraordinary index, and no, the
ordinary index, of the corresponding nematic phase precess about the z-axis, resulting in
a circular birefringence

Δncirc  nR  nL ,

(1.2)

where 𝑛𝑅 is the right-hand circular index and 𝑛𝐿 is the left-hand circular index. The
average refractive index of the planar cholesteric texture is given by

n

ne2  no2
.
2

(1.3)

The helical supramolecular structure of CLC’s gives rise to unique optical phenomena
such as selective reflection and large optical rotatory power. Both phenomena can be
derived and understood through the solution to Maxwell’s equations for light propagation
in a chiral anisotropic medium, but first we give a conceptual description of each.
1.3.2 Selective reflection
Selective reflection is a Bragg phenomenon that occurs in CLC’s aligned in the planar
texture. First observed by Reinitzer in 188825, selective reflection is the most commonly
exploited property of CLC’s; it has been used for device applications such as notch
filters1, 26, reflective displays27, and circular polarizers as used in OMEGA.1 When light
of a wavelength equal to the pitch is normally incident on a CLC, one handedness of
circularly polarized light is totally reflected, without a reversal of handedness, and the
orthogonal circular polarization, having the opposite helical sense of the cholesteric, is
transmitted unperturbed. This phenomenon is illustrated in Figure 1.4.
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Figure 1.4 Linearly polarized light incident on a CLC in the planar texture is split into two
circularly polarized components of equal intensity. The circular polarization with the opposite
helical sense of the cholesteric structure propagates through unperturbed, while the other
polarization is completely reflected. An unpolarized or linearly polarized transmission spectrum
of such a sample shows a dip in transmission to 50%, centered around 𝜆0 , the selective reflection
peak wavelength.

Starting with Bragg’s Law

2d sin  mn ,

(1.4)

𝜆

where 𝜆𝑛 = 𝑛̅ is the wavelength of light in the medium, we simplify for normal
incidence, and, because higher order reflections are forbidden at normal incidence, set
𝑚 = 1. We arrive at an equation for the selective reflection peak wavelength

0  2nd  nP .

(1.5)

This is an important, characteristic wavelength in CLC’s, which we will often normalize
to.
1.3.3 Optical rotation
Optical rotation, which results from a difference in phase velocities of left- and righthanded circularly polarized waves, is observed in all chiral materials. The chiral supermolecular ordering of CLC’s gives rise to optical rotation, which is orders of magnitude
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greater than that of single chiral molecules (e.g., a solution of sucrose) or crystal rotators
like quartz 28. Optical rotation in CLC’s is a long-known and well-reported phenomenon,
first observed by Lehmann in 1900.29 Following Lehmann’s work, in 1911, Mauguin30
reported extraordinarily high optical rotation in mechanically twisted nematics; his
observations of the optical behavior of long-pitch twisted nematics still stand. In 1951,
de Vries31 published his analytic solution to Maxwell’s equations for propagation of light
through a helical stack of linear retarders. Although many others32-37 have made notable
contributions to the understanding of optical rotation in CLC’s, de Vries’ seminal work
established a simple formula for optical rotatory power (plotted in Figure 1.5 and given in
Equation 1.6), which holds roughly for light at normal incidence outside the selective
reflection band:


L



45Δn2P
,
 2 1   2 

(1.6)

where 𝜙⁄𝐿 is the optical rotatory power in degrees per micron, L is the fluid layer
thickness, n is the linear birefringence, and  is the normalized wavelength 𝜆′ = 𝜆⁄𝜆0 .
From the optical rotatory dispersion curve, it can be seen that there are two regions with
high optical rotatory power: in the immediate vicinity of the selective reflection peak
(𝑃 ≅ 𝜆) and when the normalized wavelength is small (𝑃 ≫ 𝜆).
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Figure 1.5 De Vries’ equation for optical rotatory power plotted against normalized wavelength

shows high optical rotation near the selective reflection peak (normalized wavelength = 1.0) and
far below it. For normalized wavelength > 1 a sign change is observed due to the phase velocity
of the diffracting eigenwave becoming faster than the non-diffracting eigenwave.

Recall that circular birefringence is the difference in refractive indices (or relative speeds)
for right- and left-handed circular polarizations. As light travels through a material, it
picks up a relative phase

2Δ 

2 Δncirc L

,



(1.7)

where 𝐿 is this thickness of the material. Linear polarization at an angle 𝜃 can be written
as a combination of right- (𝐸𝑅 ) and left-handed (𝐸𝐿 ) circular polarizations
E  ER  ei 2 EL .

(1.8)

Therefore, emergent light is rotated by Δ𝜃 from its original angle. In this view, it is
apparent that optical rotatory dispersion is the manifestation of the dispersion of circular
birefringence.
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When 𝑃 ≅ 𝜆, high optical rotatory power is intuitive: one can easily imagine that light
incident on a helically structured medium with a pitch approximately equal to one
wavelength would see a large circular birefringence. However, this reasoning does not
straightforwardly extend to the region of high optical rotation far from the selective
reflection peak. In fact, it is the optical rotation in the selective regime that is anomalous
(caused by extraordinary phase retardation of one handedness of circular polarization),
while ordinary dispersion is observed outside this region. To develop an intuition for why
optical rotatory power should be so strong for small reduced wavelengths we can employ
the reasoning of Kuhn.38
Kuhn states that optical rotatory power is the result of the coupling between linear
oscillators in a chiral medium. Consider two linear oscillators separated by a distance d in
the z-direction vibrating perpendicular to one another, in the x- and y-directions (Figure
1.6) and having free vibration frequencies ν1 and ν2, respectively. In the absence of
coupling, these oscillators vibrate completely independently, such that oscillator 2 may
be stationary, even though oscillator 1 is vibrating with a large amplitude. In this case, no
optical rotation is observed. If the oscillators are coupled, the force acting on oscillator 1
will depend not only on its own position, but also on the position of oscillator 2: if
oscillator 2 is displaced in the +y-direction, an extra force will be exerted on oscillator 1
in the -x-direction. For ν2 > ν1, a disturbing force of frequency ν2 on oscillator 2 will
result in the simultaneous vibrations of oscillators 1 and 2 in the +x- and +y-directions,
respectively, directly leading to optical rotation.
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Figure 1.6 Coupled oscillators give rise to circular birefringence. Here we show how right- and
left-handed circular polarizations act on orthogonal coupled oscillators separated by a distance
d=λ/4.

To demonstrate this, we can imagine a system where the oscillators are separated by
d=λ/4. If this system is subjected to irradiation by right- and left-handed circularly
polarized light and each beam does positive work on resonator 1, then the right-handed
beam will do positive work on resonator 2, while the left-handed beam does negative
work on resonator 2 (Figure 1.6). This gives circular birefringence.
For a CLC, we take each molecule to be an oscillator with the distance between
oscillators always being nominally the same and the angle between oscillators being a
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function of pitch. At a given wavelength, as pitch decreases (increasing reduced
wavelength) the angle between oscillators and subsequently optical rotatory power
decreases, giving the shape of the ordinary dispersion curve.
Although the above discussion gives a simple physical picture of optical rotation in
CLC’s, it fails to capture some of the finer points of this phenomenon. For a complete
understanding of light propagation along the helical axis of a cholesteric, we consider the
mode structure as determined through the solution of Maxwell’s equations. This analysis
is given below.
1.3.4 Solutions to Maxwell’s equations
In this section, we begin the solution to Maxwell’s equations for light propagation along
the helical axis of a CLC. Numerous scientists have published solutions to this and
related problems using various techniques, making various assumptions, and taking
various approximations.31-32, 34, 36-37, 39-50 We walk through one approach to find solutions
to the wave equation and discuss some important features pertaining to selective
reflection and optical rotation. The full problem will be solved for our systems of interest
in Chapter 4.
In the absence of charges or currents, Maxwell’s equations are as follows:

 E 

1 B
c t

(1.9)

 H 

1 D
c t

(1.10)
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div D  0, div B  0 ,

(1.11)

where 𝑬 is the electric field, 𝑯 is the magnetizing field, 𝑩 is magnetic field, 𝑫 is the
displacement field, and 𝑐 is the speed of light. The vector wave equation is derived by
combining these equations and applying the constitutive relations
B  ˆ H , D  ˆE ,

(1.12)

where 𝜇̂ and 𝜀̂ are the magnetic permeability and the dielectric permittivity tensors,
respectively. Assuming the magnetic permeability tensor 𝜇̂ = 1, we get

2 E 

ˆ 2 E
c2 t 2

,

(1.13)

which simplifies to the following for propagation along the helical axis (the z-axis):

2 E ˆ  z  2 E
 2
,
z 2
c t 2

(1.14)

with 𝜀̂(𝑧) given by



ˆ  z   




 
2
0
0

0

  
2
0


0

   
0 
2

 


 cos  2qz  sin  2qz  0 


  sin  2qz  cos  2qz  0  ,

0
0
0 

(1.15)

where 𝜀∥ and 𝜀⊥ are the principal dielectric constants and 𝑞 = 2𝜋/𝑃. (Note: the dielectric
constants are related to the refractive indices by 𝑛𝑒 = √𝜀∥ and 𝑛𝑜 = √𝜀⊥ ). Separation of
variables and a time dependence of 𝑒 −𝑖𝜔𝑡 result in the following system of equations
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d 2E x
 k12E x  k22 cos 2qz  E x  sin2qz  Ey 
2
dz
d 2E y
dz

 k12Ey  k22 sin 2qz  E x  cos  2qz  Ey  ,

2

(1.16)

(1.17)

where
      2      
.
k  
, k2   
2
2
c
c
2

2

2
1

(1.18)

Introducing a change of variables to a circular basis
E  E x  iEy

(1.19)

gives

d 2E 
 k12E  k22e i 2qz E 
dz 2

(1.20)

d 2E 
 k12E  k22e  i 2qz E .
dz 2

(1.21)





Because of the exponential factor, we seek solutions of the form

E  z   ae 

i β q  z

, E  z   be 

i β q  z

,

(1.22)

and arrive at the following system of equations:
a    q   k12   k22b  0


.
2
2
b    q   k1   k22a  0


2

(1.23)
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The condition det=0 gives the dispersion relation for eigenmodes, 𝛽, with respect to
2
frequency, 𝜔, contained in 𝑘1,2

   q 2  k12     q 2  k12   k24  0 .




(1.24)

For a given frequency, 𝑘1 and 𝑘2 are constant, and four solutions are obtained
 2 ,  1  

k

2
1

 q2   4k12q2  k24 .

(1.25)

The 𝛽2 solutions correspond to non-diffracting modes, +𝛽2 traveling in the forward
direction and −𝛽2 in the backward direction. The 𝛽1solutions are modes that undergo
diffraction in a CLC, again, with +𝛽1 propagating in the forward direction and −𝛽1 in the
backward direction. The dispersion of these eigenmodes, shown in Figure 1.7, tells us a
lot about the optical behavior of CLC’s. For example, a “forbidden band” for √(𝜀
𝜆
𝜆0

< √(𝜀

2𝜀1
1 +𝜀2 )

2𝜀2
1 +𝜀2 )

<

gives rise to the selective reflection effect described in Section 1.3.2.

Figure 1.7 There are four eigensolutions for propagation along the helical axis: two forward
propagating (solid) and two backward propagating (dashed). Non-diffracting modes, ±𝛽2 , are
shown in blue; diffracting modes, ±𝛽1, in red.
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To see this more clearly and to extract additional information about the propagating
modes, we plot in Figure 1.8 the forward traveling eigenmodes and their respective
𝑎
polarizations. Each eigenmode of vibration has a corresponding eigenvector,( ), which
𝑏
describes the polarization of a traveling wave whose major axis tracks the rotation of the
LC but whose ellipticity remains constant. This polarization is given by the amplitude
ratio of the left- and right-handed circular components



b
,
a

(1.26)

with 𝜌 = 1 indicating a linear eigenpolarization, and 𝜌 = 0 indicating circular
polarization.

Figure 1.8 The forward propagating eigenmodes (solid) are plotted along with their
polarization states (dotted).
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For very small reduced wavelengths (𝑃 ≫ 𝜆), 𝛽1 and 𝛽2 are two forward-propagating
eigenwaves, each having linear polarization. This agrees with our prior knowledge of
Mauguin’s regime (presented in Section 1.3.3). A linearly polarized beam, incident on a
CLC with pitch much larger than wavelength, propagates as linearly polarized modes and
undergoes optical rotation as the light tracks the twist of the helical structure.
As we move to longer wavelengths (𝑃 > 𝜆), 𝛽1 and 𝛽2 become increasingly elliptical
(nearly circular for much of the spectrum), with one polarization having the same helical
sense as the cholesteric and the other having the opposite sense. It is worth noting that
these eigenmodes are not orthogonal for a given wavelength. Near the selective reflection
peak, 𝛽1 quickly becomes linear again.
When 𝑃 = 𝜆/𝑛̅, 𝛽1 is imaginary, so there is only one forward propagating wave, which
is circularly polarized with the opposite helical sense of the cholesteric, giving rise to the
selective reflection effect. At longer wavelengths, there are two eigenmodes; 𝛽1 starts out
linear before both asymptote to near circular polarization.
1.4

Formal statement of research

1.4.1 Problem
The National Ignition Facility (NIF) in Livermore, CA is currently set up to conduct
indirect-drive inertial confinement fusion (ICF) experiments at 351 nm on its 192-beam,
500-TW laser system. To perform direct drive experiments at the NIF would require
either the implementation of LLE’s polar-direct-drive concept51 or a reconfiguration of
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the laser system to allow for symmetric-direct-drive. In either case, direct-drive ICF
requires high irradiation uniformity at the target52, which can be accomplished with a
combination of beam-smoothing techniques.
For direct-drive experiments on OMEGA, LLE uses distributed phase plates (DPP’s),
smoothing by spectral dispersion (SSD), polarization smoothing with distributed
polarization rotators (DPR’s), and beam overlap to produce highly uniform irradiation
conditions52. The OMEGA laser employs DPP’s to modify the phase front of each laser
beam to provide control over the far-field irradiation envelope. A DPP, however,
inherently produces an irradiance modulation known as laser speckle.53 Although SSD
attempts to smooth speckle on a shorter time scale than the hydrodynamic response of the
target, deleterious nonuniformities may persist. In parallel, DPR’s provide a timeinstantaneous increase in irradiation uniformity by producing two polarized speckle
patterns that add incoherently.54 Figure 1.9 is a schematic showing the basic function of a
DPR: as light passes through the DPR, it is broken down into an array of orthogonal
polarizations of equal energy; the beam then passes through focusing optics before
reaching the target.
Currently, OMEGA uses birefringent, potassium-dihydrogen-phosphate (KDP) wedges
as DPR’s. Unfortunately, using KDP for this application at the NIF would require
assembling an array of smaller pieces of KDP, and masking the boundaries of such an
optic would result in a significant energy loss. Further, the ability to produce more
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complex polarization distributions is desirable and could improve beam smoothing and
performance on OMEGA.

Figure 1.9 A vertically-polarized, phase-converted input beam enters a DPR and is converted into
an array of orthogonal polarizations of equal energy. The beam passes through focusing optics
before reaching the target.

1.4.2 Solution
LC optics have been extensively used for polarization control on the OMEGA laser
system at LLE. The success of these optics suggests that LC optics are a potential
candidate for UV-DPR’s at the NIF. It is proposed that a LC optical element, taking
advantage of the high optical rotatory power of chiral nematic LC’s, be constructed to
suitably alter the polarization across each laser beam to provide adequate beam
smoothing for direct-drive experiments.
A LC-based UV-DPR was first pursued at LLE around 1990.53-55 The most welldocumented design is a wedged wave plate, which was fabricated with a low
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birefringence nematic mixture (BDH 14616/14627) comprised of cyclohexyl-core LC’s
having a 1-on-1 LIDT of 10.5±2.5 J/cm2 at 351 nm for a 0.7-ns pulse.56 This device was
deployed on one OMEGA beamline for testing54, but KDP was ultimately selected when
fitting all the beamlines with DPRs. Other designs including 1-D (stripes) and 2-D
(checkerboard) arrays were explored. The schematic given in Figure 1.10 shows a
checkerboard-type device filled with a CLC. This figure, found in internal
documentation, may be from a 1990 talk given by Gunderman53, but details about this
device, including which LC material(s) were used and the pitch of the CLC, are missing;
in fact, there is no clear record that this device was ever fabricated.

Figure 1.10 A checkerboard-type DPR concept converts a linearly polarized beam to an array of
horizontal and vertical linear polarizations using the optical rotation of CLC’s and a differential
path length created by patterned SiO2.

To enable direct-drive experiments on the NIF and improve irradiation uniformity on
OMEGA, we revisit the concept of a LC UV-DPR. We propose that the high optical
rotatory power of long-pitch chiral nematic LC’s may provide a facile route to any
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number of complex polarization distributions deemed desirable for polarization
smoothing. Further, we suggest that a near-UV transmissive GLC would be an attractive
candidate for the fabrication of such a device, in terms of cost and environmental
stability.
1.4.3 Research objectives/contributions
To this end, the objectives of this thesis are:
1) To demonstrate the use of the high optical rotation of CLC’s far from the selective
reflection peak for device applications. Despite this phenomenon being reported
the literature as early as 1911, we are the first group to take advantage of working
far from the selective reflection peak in fabricating a LC device. In doing so, we
are afforded greater pressure and temperature stability, shorter path lengths, and
lower concentrations of highly absorbing chiral dopants.
2) To design and synthesize GLC materials with high near-UV transmission. NearUV transmissive GLC’s are an attractive candidate for optical devices for laser
systems and space applications. Not only are these materials significantly more
pressure and temperature stable than their fluid counterparts, but the ability to
produce a passive LC optic on a single substrate would nearly cut in half both the
cost and weight of the optic. There is currently a gap in the technology when it
comes to near-UV use, likely due to the difficulty in synthesizing materials that
are both highly transmissive at these wavelengths and morphologically stable.
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3) To experimentally validate or improve theoretical models of optical rotation in
CLC’s. A number of leading scientists have worked on models to describe the
optical behavior of CLC’s, and for the region near the selective reflection peak,
these models have been largely validated or emended. Far from the selective
reflection peak, relatively little work has been done. A survey of literature models
shows a strong divergence in the predicted behavior at very short wavelengths.
Showing whether existing models accurately describe our systems is important
from both fundamental science and application standpoints.
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Chapter 2. Low Molar Mass Liquid Crystal Polarization Rotators for
the Near-UV
2.1

Aims

The unique optical properties of CLC’s have made possible a large number of specialized
optical devices including circular polarizers1, notch filters1, 26, and reflective displays.57
Although selective reflection is their most commonly exploited optical property, CLC’s
also exhibit optical rotatory powers that are orders of magnitude larger than both
solutions of chiral molecules (e.g. concentrated sucrose solution) and crystal rotators (e.g.
z-cut quartz). This large rotatory power has been reported on extensively due to its
intriguing magnitude and dispersion characteristics; however, few device applications
have been suggested.
The large optical rotatory power of CLC’s is an attractive option for the development of a
LC-based DPR for the near-UV. Recall from Chapter 1 that a DPR is an optic for
polarization beam smoothing; it functions by converting a linearly polarized beam into a
spatial distribution of polarizations. DPR’s are a necessary laser beam smoothing
component for direct-drive ICF experiments, such as those performed on the OMEGA
and NIF laser systems.51-53 LC optics are an inexpensive and scalable alternative to
crystal optics; they offer design flexibility and ease of processing. For a DPR this means
that new polarization distributions may be accessible and DPR’s large enough for use at
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the NIF (40 cm x 40 cm) could be fabricated. The very large optical rotatory power
observed far from the selective reflection peak in CLC’s is particularly interesting for
near-UV applications; we expect the use of small chiral dopant concentrations to improve
near-UV transmission and to give an optical effect that is more stable to pressure and
temperature fluctuations.
In this chapter, materials that are suitable for near-UV, high-peak-power laser
applications are identified, and some criteria for material candidacy are suggested.
Through the fabrication of proof-of-concept devices, we show that LC-based UV-DPR’s
based on the extraordinarily high optical rotatory power in long-pitch cholesteric LC’s
are not only feasible but also advantageous. We compare experimental optical rotation
data to the theoretical work of de Vries31 and Belyakov37 and demonstrate sufficient
control over optical properties to facilitate optical design.
2.2

Experimental

2.2.1 Test composition characterization
To exploit optical rotation of CLC’s in the UV for direct-drive experiments, it is
necessary to identify a highly transparent LC system with a high laser-damage threshold
at 351 nm. We measured the UV transmission of chiral dopant CB 15 (Merck) and
nematic LCs ZLI-1646, MLC-6601, and MLC-2037 (all from Merck) using a PerkinElmer Lambda 900 spectrophotometer. Samples were prepared in 100-μm-path-length,
demountable, quartz cuvettes. Nematic LC’s were measured in the isotropic phase using a
Mettler FP82HT hot stage. These and other relevant materials were also laser damage
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tested at 351-nm for a 1-ns pulse by S. Papernov following the protocol outlined in Ref.
56

.

Refractive index and pitch were measured for the LC test composition of ZLI-1646
doped with CB 15. The refractive indices of ZLI-1646 were measured at nine
wavelengths from 450 nm to 643 nm using a Bellingham and Stanley Abbé
Refractometer at 20°C. A LC cell with buffed polyimide alignment layers oriented
antiparallel was assembled with one high-index substrate (SF6 glass) and one low-index
substrate (calcium fluoride), and filled with ZLI-1646. Measurements were made as
described in Ref. 15.
Two methods were used to characterize the variation of pitch with CB 15 concentration.
LC mixtures were prepared by combining components and mixing in the isotropic phase
for 1 h. The selective reflection peak (0) in the visible or near IR was determined from
transmission spectra collected on the Lambda 900 spectrophotometer for planar, 10-

 m-thick LC cells. As noted in Section 1.3.2, 0  nP , where n is the average refractive
index of the nematic LC. For low CB 15 concentrations whose 0 could not be measured
by this technique, the pitch was measured by the Grandjean-Cano wedge method.58
Empty wedged cells with buffed polyimide alignment layers and a wedge angle of 1.11°
were obtained from EHC Co., Ltd. (Tokyo, Japan). These cells were partially filled and
then imaged in transmission using a Leica DMRX compound polarized light microscope
to measure the distance between disclination lines as shown in Figure 2.1. The distance L
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between disclination lines is related to the pitch P by P = 2L tan , where α is the wedge
angle.

Figure 2.1 A Grandjean-Cano wedge cell filled with 1-wt% CB 15 in ZLI-1646 was imaged on
the Leica DMRX compound polarized light microscope between crossed polarizers, and the
distance between disclination lines was measured to determine the pitch of the mixture. In this
figure, the calculated pitch was 13.6 m.59

2.2.2 LC device fabrication
LC device fabrication was performed in Class 100 laminar flow hoods housed within a
Class 10,000 clean room facility. Glass substrates were cleaned via an aqueous cleaning
process during which they were scrubbed with a Buehler MasterPrep polishing
suspension (0.05 μm), rinsed with 18.5-MΩ deionized (DI) water, and placed in a 69°C
ultrasonic bath with Extran detergent for 1 h. After the substrates were removed from the
bath, they were thoroughly rinsed with 18.5-MΩ deionized water, blown dry with N2, and
dried on a hot plate at 130°C for 30 min.
LC DPR’s were initially fabricated without the use of any alignment layers; in some
cases an alignment layer was applied to one or both substrates to promote planar or
homogeneous CLC alignment. Nylon 6-6 was spin deposited from a 0.2 wt.% formic acid
solution. The substrate was conditioned by flooding it with formic acid filtered through a
0.2 μm PTFE filter; the formic acid was allowed to sit on the substrate surface for 30 s
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before being spun off at 1000 rpm for 60 s. The substrate was then flooded with the
nylon-6-6 solution, filtered as described above; the solution was allowed to remain on the
substrate 60 s, before being spun off at 1000 rpm for 120 s. The coating was baked at
115°C for 1.5 h to cure. Nylon 6-6 coatings were either used without buffing for planar
(poly-domain) texture or buffed to achieve homogeneous (mono-domain) alignment.
Buffing was achieved by passing the substrate 6-8 times under the rotating mandrel of an
Optron buffing apparatus fitted with a velvet buffing cloth. The buffed coating was rinsed
with 18.5 MΩ deionized water to remove any debris, blown dry with N2, and dried on a
hot plate for 30 min at 130°C. For devices with homogeneous alignment, only one of the
substrates contained a buffed alignment coating in order to avoid pitch deformation and
Grandjean-Cano disclination lines.
A coumarin based photoalignment layer (shown in Figure 2.2)60 was also used in this
work to generate homogeneous LC alignment. The photosensitivity of this material
requires that all processing be done in clean room areas with special lighting designed to
filter out UV wavelengths. The material was spin deposited from a 0.1 wt.% solution in
chloroform. The spin coater environment was enclosed using an inverted crystallizing
dish with vent holes covered with clean room tape. The tape was punctured with a
syringe needle, to flood the substrate with chloroform, which was subsequently spun off
at 4000 rpm for 60 s, to saturate the environment. The coumarin solution was then
deposited on the substrate and immediately spun off at 4000 rpm for 120 s. In both steps,
0.45μm PTFE syringe filters were used. The coumarin coating was air-dried for 10
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minutes prior to 3.5 minutes irradiation using the photolithographic flood lamp setup
shown in Figure 2.3.

Figure 2.2 A coumarin photoalignment material synthesized by S. Wei having the chemical
structure shown, with a Mw=76,300, a polydispersity Mw/Mn=3.3, and a glass transition Tg=68°C
was used in our experiments.

Figure 2.3 A Newport-Oriel photolithography flood source (1000 W Hg/Xe arc lamp) fitted with
a dichroic mirror (260-320 nm) and a Brewster’s angle pile-of-plates polarizer was used to
irradiate the coumarin photoalignment layers.61

Devices were assembled and filled by one of the three methods shown in Figure 2.4. The
capillary action filling process (Figure 2.4a) was typically used for devices ≤ 50-mmdiameter and for devices requiring cell gap spacers. The sandwich method (Figure 2.4b)
was used only in early experiments with spatially patterned, 100-mm-diameter devices,
and was replaced for the most part by the hybrid method (Figure 2.4c), which reduces air
bubbles caused by the uneven flow of LC around substrate topography.
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Figure 2.4 Three methods have been used to fill LC devices. a) To fill by capillary action the
device is assembled and heated above the clearing point of the LC prior to filling, then LC is
introduced dropwise at the cell gap. b) The sandwich method of device assembly requires both
substrates to be heated above the clearing point of the LC; LC is then pooled in the center of one
substrate, and the second substrate is carefully lowered on top to complete the device. c) In the
hybrid method, both substrates are heated above the clearing point of the LC, LC is pooled at the
edge of one substrate, and the second substrate is floated across the clear aperture on a cushion of
LC material, which follows the motion of the substrate.

2.2.3 Wedged DPR fabrication
Wedged DPR’s, 50 mm to 70 mm in diameter, were made with ZLI-1646 (Merck) doped
with CB 15 (Merck). Wedged cells are useful because LC’s with high optical rotation
will often give over 180° of rotation even in a thin (10- m) layer; in a planar cell only the
net rotation angle, not the total rotation, can be measured. In addition to elucidating the
total rotation, the use of wedge cells made it possible to probe the variation of optical
rotatory power with LC layer thickness.
After substrates were cleaned and (if necessary) coated, an empty wedged cell was
created by placing two Mylar spacers (5- to 150- m) approximately 120° apart on one
substrate and placing a second substrate on top, bringing the substrates in direct contact
where there was no spacer present. The empty cell was heated to 80°C, filled by capillary
action with the LC mixture in its isotropic phase, and cooled at a rate of –10°/h. Once at
room temperature, the cell was gently sheared to achieve planar alignment, and small,
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rectangular pieces of glass, applied to the barrel of the device with Devcon 5 minute
epoxy, were used to hold the device together. The primary challenges in wedged device
fabrication include achieving near-zero cell gap at the thin end of the device and avoiding
pronounced displacement or ejection of Mylar spacers during the shearing process. Best
results were obtained when the spacers were set in generously from the edges of the
device and shearing was performed with repetitive, small movements of the top substrate.
2.2.4 Spatially patterned DPR fabrication
To work with thinner fluid layers and to reduce scatter, bimodal stepped and striped
devices were fabricated. These devices were composed of one flat substrate and a second
substrate having silica features added to create a step or a striped pattern. For stepped
cells, half of a substrate was physically masked and SiO2 was sputter coated onto the
exposed half in a MRC DC magnetron sputter coater. Photolithography was used to
create more-complex patterns, such as stripes. Rohm and Haas Microposit S1818 positive
photoresist was spin deposited at 1000 rpm, exposed to UV light through a ruby tape
mask, and developed. The photoresist-patterned substrates were then sputter coated with
SiO2, and the remaining resist was removed. Photolithography was performed by J.
Barone in the LLE Optical Imaging and Science Laboratory. Sputter coating was
performed by V. Gruschow in LLE’s Optical Manufacturing (OMAN) facility.
Devices were fabricated (either with or without glass fiber spacers) using the capillary
action fill method for 50-mm-diameter devices. For 100-mm-diameter striped devices,
the hybrid method was employed. Processing temperatures were the same as those used
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in Section 2.2.3 for wedged device fabrication. An alignment layer was applied to the flat
substrate prior to device assembly, as desired.
2.2.5 Random continuous DPR fabrication
As a continuation of the bimodal spatial patterns described above, LLE’s Theory Group
came up with two random, continuous polarization distributions (π/2 and 2π) that are
expected to give near ideal beam smoothing (John Marozas, personal communication,
October 2013). To create these polarization patterns, two fused silica substrates were
processed by QED Optics using magnetorheological finishing (MRF) to create a surface
relief, which when filled with a CLC having an optical rotatory power of 30 °/μm would
give the desired polarization effect. The π/2 design is approximately bimodal, with
smooth, random transitions between high and low regions. The 2π design samples all
linear polarizations and has deeper features (which complicate fabrication).
A MRF patterned substrate was used in combination with a flat substrate to make a LC
device. Processing temperatures were the same as described for the wedged devices in
Section 2.2.3. If alignment coatings were used, they were typically applied to the flat
substrate; however, some work was done using photoalignment layers applied to the
MRF substrate to facilitate alignment in deeper features.
2.2.6 DPR characterization
Optical rotation at 355 nm was mapped over the aperture of an LC DPR using a Hinds
Exicor 450XT Mueller Matrix Polarimeter. This instrument measures the full Mueller
matrix of a sample and simultaneously outputs linear retardance and fast axis, linear and
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circular diattenuation, and optical rotation; it is capable of mapping parts up to 400 mm
on a side with a maximum lateral resolution of 0.5 mm. Optical rotation is measured with
a repeatability of ±0.2°. Mapping was carried out by B. (Taylor) Hoffman in LLE’s
Optical Materials Technology Group.
The polarization effect of a LC DPR was analyzed using MATLAB to manipulate the
Mueller matrix obtained for each point on the sample. For a given input polarization,
Mueller calculus was used to calculate the output polarization state. A map of output
polarization ellipses was produced. This analysis was particularly important for samples
that simultaneously exhibit multiple optical effects (e.g. optical rotation and linear
retardance). The code for this analysis can be found in Appendix III.
The polarization effect of a wedged LC DPR was characterized by measuring the farfield irradiance with an approximately 41-mm-diam, 351-nm continuous-wave (CW)
argon ion laser. A focal spot was established using a 200-cm-focal-length lens followed
by a large-aperture magnifying objective. The DPR was then inserted in the near field.
These measurements were conducted by T. Kessler in the Optical Imaging and Science
Laboratory.
For use in high-peak-power laser systems, scatter loss must be minimized (with a target
of < 4% loss) and scatter direction must be well characterized. We used step cells for
scatter measurements to help separate contributions from surface and bulk effects. The
“off-step” region of the device has a LC layer which is thicker than the “on-step” region
by the step height. Scatter amplitude was measured at 351 nm by C. Smith of the Optical
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Manufacturing group (LLE). Both transmission and reflection measurements were made
on- and off-step. Assuming negligible absorption, all loss is due to scatter. The direction
of scatter as described by the bidirectional scatter distribution function (BSDF) was
measured by K. Sharma (Institute of Optics) in collaboration with T. Germer at the
National Institute for Standards and Technology (NIST) facility in Gaithersburg, MD. A
description of this measurement is given in Ref. 62.
2.3

Results

2.3.1 LC materials for a UV DPR
For use in high power laser systems, LC materials must be identified that possess high
transmission in the spectral region of interest with sufficient LIDT such that the optic
survives the conditions of use without carbonization, bubble formation, or other loss of
functionality. From Figures 2.5 and 2.6, we see that CB 15 has a significantly red-shifted
UV-cutoff (λ = 335 nm) as compared to the nematic LC’s tested, with an absorption
coefficient of 0.469±0.002 cm–1 at 351 nm. This relatively high absorption coefficient is
typical of materials with high helical twisting power (HTP); aromatic rings coupled to
rigidly chiral centers enhance the magnitude of HTP but degrade the UV transmission.
Low absorption coefficients are also known to correlate positively with high 3ω LIDT
(Table 2.1). For this reason, high chiral dopant concentrations should be avoided for nearUV applications.
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Figure 2.5 The room-temperature transmission spectrum of chiral dopant CB 15, for a 100-μm
path length, shows a UV-cutoff around 335 nm; however there is significant absorption at 351
nm, making it advantageous to minimize CB 15 concentration. The absorption coefficient at 351
nm is 0.469±0.002 cm–1.59

Figure 2.6 Transmission spectra of three nematic LC’s—ZLI-1646 (purple, dashed), MLC-6601
(green, dotted), and MLC-2037 (red, solid)—measured for a 100-μm path length in the isotropic
phase; all show low-UV cutoffs and high transparency at 351 nm.59
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Table 2.1 Data for three nematic LC’s indicate that high UV (351-nm) LIDT’s are observed in
low-birefringence, highly transmissive materials. Other materials required for device fabrication
possess sufficient laser-damage thresholds for use at 351 nm.

Nematic
(from Merck)

ΔnD
(Merck
data)

Absorption
coefficient
–1

at 351 nm [cm ]
(measurement
temperature)

1-on-1
damage
threshold* at
351 nm

N-on-1 damage
threshold* at
2

351 nm [J/cm ]

2

[J/cm ]

ZLI-1646†

0.0800

0.134±0.002 (T =
90°C)

3.8±0.4

4.1±0.4

MLC-6601‡

0.0763

0.080±0.002 (T =
90°C)

4.2±0.2

4.4±0.9

MLC-2037‡

0.0649

0.037±0.002 (T >
71°C)

7.5±0.6

8.9±0.4

Dabrowski
1550C‡

-

-

10.9±0.2

9.4±0.8

Nylon 6-6
(non-buffed)

_

-

15.4±0.5

Coumarin
photopolymer

-

-

15.7±0.7

*1-ns pulse. See Ref. 56 for a description of the damage testing protocol.
†
ZLI-1646 is mixture of primarily phenylcyclohexanes and bicyclohexanes.
‡
Proprietary composition unknown

Recall from Section 1.3.3 that de Vries’ equation, shown below in Equation 2.1, predicts
two regions of high optical rotatory power in cholesteric LC’s: one near the selective
reflection peak and a second at much shorter wavelengths. Working near the selective
reflection peak would require a large concentration of high HTP chiral dopant to shift the
selective reflection peak down to the UV.
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Alternatively, by working far from the selective reflection peak, in Mauguin’s waveguide
regime58, a highly UV-transparent nematic host can be lightly doped with an appropriate
chiral dopant to give a long-pitch CLC. Nematics with low UV-absorption edges have
molecular structures that are saturated and/or fluorinated. Because the compositions of
many commercial LC mixtures are proprietary, low birefringence (ΔnD ≤ 0.08) is used as
an indicator of a good candidate material.
The nematic host ZLI-1646 doped with CB 15 was used as a proof-of-concept test
composition. Figure 2.7 shows the spectral dispersions for refractive index and
birefringence obtained for ZLI-1646. Extrapolation to 351 nm gives approximate values
for n and n of 1.56 and 0.09, respectively.

Figure 2.7 Dispersion curves for the refractive indices and birefringence of ZLI-1646 were
determined by measuring the indices at nine wavelengths using an Abbé Refractometer at 20
°C.59
.
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Figure 2.8 A log–log plot of pitch versus concentration of CB 15 in ZLI-1646 gives a linear
relationship that is useful for predicting optical rotation of a given composition. The pitch for 1wt% CB 15 in ZLI-1646 was 13.8  m. For 35-wt% CB 15 in ZLI-1646 the pitch was 0.4  m.59

2.3.2 Wedged LC DPR’s
A 150-μm-thick wedged cell was fabricated using uncoated Pyrex glass substrates, 70mm diameter, 13-mm thick, and filled with 20-wt.% CB 15 in ZLI-1646. An image of the
element between crossed polarizers is shown in Figure 2.9(a). An optical rotation map of
the cell [Figure 2.9(b)] shows a rotation of 643° at the spacers, which translates into an
optical rotatory power of 4.3°/μm at 355 nm. This CLC mixture has a pitch of 0.7 μm;
using de Vries’ equation, the predicted optical rotatory power is 2.24°/μm, which is well
below the experimental value. Due to both heating of the highly doped LC fluid by the
probe beam and poor optical quality of the Pyrex glass, it was not possible to evaluate
this device by measuring the far-field irradiance.
For comparison, a 30-μm-thick wedged cell was fabricated with 50-mm-diam, 6-mmthick, nylon 6-6–coated (non-buffed) fused-silica substrates with optical flatness better
than λ/4 at 633 nm and filled with 1-wt% CB 15 in ZLI-1646. An image of the element
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between crossed polarizers is shown in Figure 2.10(a). An optical rotation map of the cell
given in Figure 2.10(b) shows a rotation of 911° (at the spacers).

Figure 2.9 Images of a 150-μm-thick wedge cell filled with 20-wt% CB 15 in ZLI-1646:
(a) viewed between crossed polarizers; (b) the corresponding map of optical rotation at 355 nm
(normalized wavelength = 0.33, per Figure 2) indicates 643° of rotation at the spacers, or
4.3°/μm.59

Figure 2.10 Images of a 30-μm-thick wedge cell filled with 1-wt% CB 15 in ZLI-1646: (a)
viewed between crossed polarizers and (b) the corresponding map of optical rotation at 355 nm
(normalized wavelength = 0.016 per Figure 2) indicates 911° of rotation at the spacers, or
30.4°/μm—7 the optical rotatory power of the 20-wt% CB 15-doped element.59

This measured rotation translates into an optical rotatory power of 30.4°/μm at 355 nm.
For this CLC mixture, which had a pitch of 13.8 μm, de Vries’ equation for optical
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rotatory power predicts a value of 39.9°/μm. Discrepancies between theory and
experiment might be resolved with increased accuracy of refractive index and
birefringence measurements and by improved LC alignment quality. The ability to
achieve such high optical rotatory power with a lightly doped, low-birefringence nematic
is essential for the development of a CLC UV-DPR.
Taking a lineout of the optical rotation data across the 30-μm wedged device ahown in
Figure 2.10(b) and dividing by the thickness of the LC layer at each point reveals a
thickness dependence for optical rotatory power; this dependence is predicted in the work
of Marathay45, Gooch and Tarry 63, and Belyakov37 among others. For thin LC layers and
short wavelengths, relative to the selective reflection peak, Belyakov’s solution leads to
the following expression (though not explicitly) for optical rotatory power:
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where 𝜏 = 4𝜋/𝑃, 𝐾 = 2 𝜋 √𝜀̅/𝜆, and 𝛿 = (𝜀1 − 𝜀2 )/(𝜀1 + 𝜀2 ). This equation is the
result of taking the phase difference of the reported field equation; the simplified
equation given by Belyakov was not a good description of our system. The oscillations
observed in our data appear to be similar, though not identical, in period and magnitude
to those predicted by theory. Several thinner wedged devices (5-10 𝜇𝑚) filled with the
same LC mixture, with either non-buffed or buffed alignment layers, were fabricated to
improve sampling. The data for two devices are plotted along with the model in Figure
2.11. Discrepancies may be due in part to the extrapolation of the values of average
refractive index and birefringence to 355 nm. A more in-depth treatment of the optical
properties of long-pitch CLC’s will be undertaken in Chapter 4.
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Figure 2.11 Optical rotatory power extracted from the rotation map in Figure 2.10(b) (in blue)
exhibits a nonlinearity with LC layer thickness, as predicted by Belyakov (in black). A thinner, 10
μm wedged device with a buffed nylon 6-6 alignment layer (in red) was fabricated for improved
sampling. Discontinuities in this data are due to errors in the decomposition of the Mueller matrix
into fundamental optical properties.

When characterized by far-field irradiance, the 30-μm wedged optic was observed to split
incoming linearly polarized light into two approximately equal focal spots of left- and
right-handed circular polarization. The far-field images of the CW probe beam with and
without the DPR are shown in Figure 2.12. It was determined that the relative intensity of
the spots depended only weakly on the wedge orientation—an advantage of using a
circularly birefringent system rather than a linearly birefringent one. Although the
wedged optical rotator acted as a DPR and served as a good proof-of-concept, the thick
fluid layer in the device resulted in too much scattering for the intended application.

43

Figure 2.12 By inserting a 30-μm wedged DPR into the near field of a 41-mm-diam Ar+ laser
beam (351 nm), the (a) previously established focal spot in the far field was (b) split into two
focal spots with approximately the same intensity and orthogonal (left- and right-handed circular)
polarizations. The relative intensity of the two focal spots was only weakly dependent on the DPR
orientation.59

2.3.3 Stepped and striped LC DPR’s
Thinner, bimodal geometries were explored to reduce optical scatter. A stepped optical
rotator [Figure2.14(a)] was fabricated using 1-wt.% CB 15 in ZLI-1646 contained
between one uncoated, 50-mm-diam fused-silica substrate with a 2-μm-high SiO2 step,
(determined by stylus profilometry, Figure 2.13) and a flat fused-silica substrate coated
with nylon 6-6 (non-buffed). No spacers were used between the substrates. Figure 2.14
(b) shows that the thin LC layer between the SiO2 step and the second substrate exhibited
an optical rotation of 10°, while the thicker LC layer on the other half of the device gave
approximately 90° of rotation. This experiment demonstrated the ability to fabricate LC
devices with step changes in optical rotation. This test system was not intended to address
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other system requirements, such as index matching between the LC and the substrate or
minimization of Fresnel diffraction by smoothing of the sharp edge.

Figure 2.13 A lineout acquired using a Taylor Hobson Form TalySurf PGI stylus profilometer
with a stylus profilometer showed that the SiO2 step was 2 μm high.59

Figure 2.14 Images of a thin, 50-mm-diam LC cell with a 2-μm step change in LC layer thickness
filled with 1-wt% CB 15 in ZLI-1646: (a) viewed between crossed polarizers; (b) the
corresponding map of optical rotation at 355 nm shows that the thinner LC region gave about 10°
of rotation, while the thicker region gave approximately 90° of rotation.59

Experiments were also carried out for a striped LC DPR configuration. Fused silica
substrates (50 mm diam) with 1  n arrays were fabricated using photolithography and
SiO2 deposition, and then characterized using the stylus profilometer. A lineout of the
surface profile of a substrate with four SiO2 stripes is given in Figure 2.15. LC cells were
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fabricated by pairing a striped substrate with a nylon 6-6–coated flat substrate. The filling
process was facilitated by using the patterned substrate as the bottom substrate. A striped
optical rotator was successfully fabricated. The total assembly time was less than one
day.
The results are depicted in Figure 2.16. The thinner LC layers gave 105° of rotation,
compared to 183° of rotation in the thicker LC regions. No spacers were used, and it is
estimated that a fluid layer thickness of 3.5 μm existed between the top of the silica
stripe and the substrate above it. The 78° difference in optical rotation is less than the
desired 90° difference but sufficient to proceed to scale up to 100-mm parts.

Figure 2.15 A lineout measured with a stylus profilometer showed that the SiO2 stripes were 2.3
μm thick.59
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Figure 2.16 Images of a striped DPR with 2.3-μm step changes in thickness: (a) viewed between
crossed polarizers; (b) the optical rotation map indicates that the thinner LC regions gave 105° of
rotation, while the thicker regions resulted in 183° of rotation. Unlike the assembly process for
the device shown in Figure 2.13, this device was assembled without the application of a force
normal to the substrates to remove fluid from above the stripes.59

Scaling up to 100-mm diameter parts introduces new cell fabrication issues: filling by
capillary action is challenging and tends to result in a large air pocket in the center of the
device. Other filling methods, such as the sandwich method, resulted in slightly wedged
devices with a few small bubbles. The hybrid method of filling 100-mm diameter devices
in both the striped geometry and the random continuous geometry discussed below
produced the best results. A polariscopic image and corresponding optical rotation map
of a 100-mm-diameter striped device filled by the hybrid method is given in Figure 2.17.
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Figure 2.17 A 100-mm-diameter striped device fabricated with a buffed nylon 6-6 alignment
layer and filled with 1 wt.% CB 15 in ZLI-1646 gives alternating regions of ~9° and -75° rotation

2.3.4 Random continuous LC DPR’s
Random continuous polarization patterns with smooth transition regions were generated
using substrates finished by QED Optics using MRF. The surface relief of these
substrates is shown in Figure 2.18.

Figure 2.18 Two surface relief patterns (a) π/2 and (b) 2 π designed by LLE’s Theory Group and
fabricated by QED Optics for a random continuous DPR.

Each of these contoured substrates was paired with a flat substrate and filled with 1 wt.%
CB 15 in ZLI-1646 using the hybrid method. Homogeneous alignment layers were used
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at one surface. Photoalignment at the MRF surface assisted in aligning LC’s in the
deepest wells of the pattern. Figure 2.19 shows a π/2 random continuous rotator with a
photoalignment layer on the MRF substrate.

Figure 2.19 Images of a 100-mm diameter LC cell with a π/2 MRF patterned substrate with a
photoalignment layer, filled with 1 wt.% CB 15 in ZLI-1646 (a) viewed between crossed
polarizers and (b) the corresponding optical rotation map at 355 nm.

The 2π random continuous rotator is significantly more difficult to fabricate because of
the depth of the surface features; Figure 2.20 shows the best results obtained to date for
this device. Output polarization maps are given for both random continuous rotators in
Figure 2.21.
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Figure 2.20 Images of a 100-mm diameter LC cell with a 2π MRF patterned substrate and a
buffed nylon 6-6 alignment layer, filled with 1 wt.% CB 15 in ZLI-1646 (a) viewed between
crossed polarizers and (b) the corresponding optical rotation map at 355 nm.

Figure 2.21 Polarization maps for (a) the π/2 device in Figure 2.19 and (b) the 2π device shown in
Figure 2.20. These maps demonstrate the ability to produce random continuous polarization
distributions based on differential thickness of a CLC layer with good fidelity (right handed
polarization in red, left in blue).
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These polarization patterns are not currently accessible via any other technology. Their
potential for producing superior beam smoothing means that LC materials are not only a
good candidate for a UV-DPR— they may be the best candidate.
2.3.5 Alignment conditions for LC DPR’s
One obstacle to implementing a LC DPR on OMEGA or at the NIF is ensuring that high
optical quality can be achieved. Devices fabricated early in this work showed significant
scatter, which was a point of concern. We compared scatter from LC DPR’s made using
different alignment conditions: (a) without alignment layers (bare glass), (b) as-deposited
(non-buffed) nylon 6-6, and (c) buffed nylon 6-6. Photomicrographs of the textures
obtained under each of these conditions are given in Figure 2.22. The magnitude and
direction of scattering was quatified using the method described in Section 2.2.6. The
highest magnitude of scatter was observed in devices made with non-buffed nylon; this
alignment method produces very small LC domains [Figure 2.22(b)]. Although, devices
with no alignment layers have a larger domain size and produce significantly less scatter,
the amount of scattered light is still too large for back-end, high-peak-power laser
applications. In contrast, devices fabricated with buffed nylon 6-6 layers have monodomain alignment and show very little scatter.
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Figure 2.22 LC texture viewed between crossed polarizers for devices filled with 1wt.% CB15 in
ZLI-1646 with the following alignment conditions: (a) bare glass, (b) non-buffed nylon 6-6, (c)
buffed nylon 6-6.

Scatter magnitudes determined from measurements made on these devices are
summarized in Table 2.2. In all cases, the scatter has a large near-specular component, as
illustrated by the BSDF’s in Figure 2.23. This figure also shows the difference between
measurements taken at locations both on and off the silica steps. Off-step measurements
have contributions from an additional LC layer thickness as defined by the step height.
Similar values for the on- and off-step measurements imply that the scatter has a large
surface component; differences in the on- and off-step values indicate the presence of
significant bulk scatter. The near specular nature of the scatter, points to the scattering
feature being large, but there is insufficient information in these measurements to identify
the source of scatter.
Altering the alignment conditions changes not only the magnitude of scatter; all of the
optical properties of the device are impacted. Figure 2.24 compares the optical rotation
and linear retardation of an non-buffed wedged device with a buffed wedge device. While
the non-buffed wedged device is a pure rotator, homogeneous alignment generated by a
buffed alignment layer results in high linear retardation in addition to the optical rotation.
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Because homogeneous alignment is necessary to minimize scatter, obtaining an in-depth
understanding and establishing a complete model for the optical properties of a
homogeneously-aligned, long-pitch CLC is of vital importance. This topic is addressed in
detail in Chapter 4.
Table 2.2 Scatter magnitude characterization suggests a large “surface” component for
polydomain alignment conditions. Monodomain alignment reduced scatter to a tolerable level.

Sample
Bare glass

Off-step
On-step

Non-buffed
nylon 6-6

Off-step

Step height
[μm]

%T

%R

%T+%R

2.11

75.491
83.401

6.395
6.790

81.886
90.191

51.282

5.145

56.427

59.408

5.465

64.873

88.901

7.054

95.955

91.944

7.356

99.300

2.16

On-step
Buffed nylon
6-6

Off-step
On-step

2.12

Figure 2.23 BSDF’s measured in transmission at 351 nm for (a) bare glass, (b) non-buffed nylon
6-6, and (c) buffed nylon 6-6 aligned devices show that scatter from domain boundaries is the
dominating factor for polydomain samples and is particularly pronounced in the non-buffed
sample.62
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Figure 2.24 Optical rotation and linear retardance maps obtained for two 10-μm thick wedged
devicess shows that unidirectional alignment of a long pitch CLC results in high linear
retardation. Despite the more complex optical properties it introduces, homogenous alignment is
necessary to minimize scatter losses.

2.4

Contributions

This work has demonstrated that the high UV optical rotation observed in thin layers of
low-birefringence nematics with low chiral dopant concentration can be exploited for
UV-DPR fabrication. Optical rotatory powers in excess of 30 °/µm at 351 nm have been
reported for such a system. Using three sample geometries, we have demonstrated: (1) an
understanding of optical rotation in chiral nematic LC’s; (2) that this effect can be applied
in practice to the fabrication of a DPR (e.g. the 30 µm wedged DPR); and (3) that
spatially-patterned polarization rotators can be realized through variation of the LC layer
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thickness. Although high optical rotation far from the selective reflection peak has been
in the literature for over 100 years, this is the first time that the phenomenon has been
exploited for device applications.
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Chapter 3. Glassy Liquid Crystals with Improved Near-UV
Transmission
3.1

Aims

Due to their versatility, ease of processing, and relatively low cost, LC’s have found
numerous applications ranging from display technologies to polarization control for highpeak-power laser systems.1,
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In recent years, there has been a growing emphasis on

trapping liquid crystalline order in a solid state through the development of polymer and
glassy LC’s.3,

24, 64-65

A solid LC film offers numerous advantages for passive optical

applications: solid films do not suffer from the same pressure and temperature
instabilities that affect low-molar-mass-LC devices and the ability to produce a device on
a single substrate can effectively cut the cost, weight, and thickness of an optic in half,
making them easier to incorporate in compact, light-weight systems. GLC’s may have
advantages in purity and ease of processing over their polymer counterparts11, and
significant efforts have been focused on improving the morphological stability of such
systems.11, 22-24, 66 In particular, core-pendant structures boast significantly higher clearing
points and glass transition temperatures (Tg’s) as compared to laterally and terminally
branched8, twin molecule9-10, or cyclosiloxane15-16 GLC structures.21
New applications, including beam smoothing for inertial confinement fusion, require
materials with excellent near-UV transmission; however, no GLC’s meeting this stringent
requirement have been reported to date. The UV-absorption edge can be sufficiently
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blue-shifted through increased saturation of the chemical structure, but a higher degree of
saturation is expected to negatively impact both phase behavior (tendency for smectic
phase formation) and stability against crystallization. This work explores the
mesogenicity and vitrifiability of core-pendant structures with increased pendant
saturation as candidate materials for near-UV use.
The aim of the work described in this chapter is to show, through the synthesis of
candidate compounds, that near-UV transmissive GLC’s are achievable by reducing
conjugation in the pendants of core-pendant type GLC’s. In this study, commercially
available building blocks were used to synthesize chiral and achiral compounds
containing pendants with a higher degree of saturation than those reported by Chen et
al.11, 21, 23 The phase behavior of these compounds was determined by polarized optical
microscopy (POM), differential scanning calorimetry (DSC), and variable temperature xray diffraction (VTXRD). The results reported here suggest that, although this approach
can be used in the development of highly near-UV transmissive GLC’s, the formation of
undesirable smectic phases may result as a consequence.
3.2

Experimental

3.2.1 Reagents and materials
All chemicals were used as received from Sigma Aldrich, TCI America, and Synthon
Chemical. Inhibitor-free diethyl ether was used in the work-up of any reactions
containing a base, as the butylated hydroxytoluene (BHT) stabilizer was found to react
with bases to produce a difficult-to-remove impurity with a characteristic pink color.
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BHT can be removed from stabilized ether by percolating the ether through activated
alumina (~80g/700mL).67 All intermediates and final products were purified by flash
chromatography on 200-mesh silica gel using a Teledyne Isco CombiFlash Rf 200
preparative flash chromatography unit.
3.2.2 Materials synthesis
Scheme I. Synthesis of GLC-N1 and GLC-Ch1
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All reactions were conducted under argon in anhydrous solvent, unless otherwise stated.
Monitoring of the extent of reaction was accomplished using thin layer chromatography
(TLC); staining of the developed TLC plates with potassium permanganate was used to
aid in visualization. Structures of intermediates were confirmed by 1H NMR before
proceeding. Synthesis of achiral and chiral core-pendant materials GLC-N1 and GLCCh1, respectively, was carried out according to Scheme I. Experimental procedures are
described below.
4’-Propyl-[1,1’-bi(cyclohexan)]-4-yl 4-hydroybenzoate (Int). To a stirred solution of 4hydroxybenzoic acid (2.5 g, 18.1 mmol) and 4’-propylbi(cyclohexan)-4-ol (3.5 g, 18.1
mmol)

in

anhydrous

tetrahydrofuran

(THF)

at

0°C

was

added

N,N’-

dicyclohexylcarbodiimide (DCC) (4.76 g, 22.65 mmol) and 4-dimethylaminopyridine
(0.22 g, 1.21 mmol) in a single portion. After 5 min, the reaction was allowed to warm to
room temperature and was left to stir overnight. The reaction mixture was filtered to
remove the urea byproduct; the filtrate was rinsed and the reaction mixture was diluted
with about 100 mL of diethyl ether. The solution was washed twice with 100 mL portions
0.5N aqueous HCl and once with 100mL of saturated aqueous NaHCO3, dried over
MgSO4, and concentrated under reduced pressure. The product was purified by flash
chromatography on silica gel by gradient elution using hexanes and ethyl acetate to
obtain 5.27 g Int (85% yield) as a white powder. For compound Int, 1H NMR (200 MHz,
CDCl3) δ: 7.68-8.08 (d, 2H), 6.70-7.00 (d, 2H), 4.98-5.23 (s, 1H), 4.48-4.98 (m, 1H),
1.96-2.38 (m, 2H), 0.60-1.93 (m, 24H).
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4’-Propyl-[1,1’-bi(cyclohexan)]-4-yl 4-(3-hydroxypropoxy)benzoate (N1-OH). A solution
of Int (1 g, 2.9 mmol) in anhydrous dimethylformamide (DMF) was allowed to stir at
room temperature under argon for 20 min. Anhydrous potassium carbonate (0.44 g, 3.2
mmol) was added directly to the stirring solution, and 3-bromo-1-propanol (0.39 mL, 4.3
mmol) in DMF was added to the addition funnel. The reaction mixture was heated to
60°C. After 20 min., the 3-bromo-1-propanol was added slowly along with catalytic
potassium iodide. The reaction was stirred overnight at 60°C, cooled to room
temperature, and poured into a separatory funnel containing 1:1 water: inhibitor-free
diethyl ether. The organic layer was collected, washed sequentially with 100 mL portions
of dilute HCl and water, dried over anhydrous MgSO4, and concentrated under reduced
pressure. The product was purified by flash chromatography on silica gel using
hexanes/ethyl acetate gradient eluention to yield N1-OH, a white solid (1.08 g, 93%
yield). For compound N1-OH, 1H NMR (200 MHz, CDCl3) δ: 7.80-8.02 (d, 2H), 6.656.90 (d, 2H), 4.72-4.95 (m, 1H), 3.90-4.17 (t, 2H), 3.65-3.90 (t, 2H), 0.60-2.20 (m, 29H).
4’-propyl-[1,1’-bi(cyclohexan)]-4-yl (R)-4-(3-hydroxy-2-methylpropoxy)benzoate (Ch1OH). This chiral analog of compound N1-OH was synthesized using the same procedure
described for N1-OH above, except that (R)-(-)-3-bromo-2-methyl-1-propanol (0.33 mL,
3 mmol) was used instead of 3-bromo-1-propanol. The resulting product Ch1-OH was
obtained as a white solid (1.08 g, 90% yield). For compound Ch1-OH, 1H NMR (200
MHz, CDCl3) δ: 7.82-8.14 (d, 2H), 6.74-7.09 (d, 2H), 4.63-5.12 (m, 1H), 3.83-4.17 (d,
2H), 3.61-3.83 (d, 2H), 1.91-2.46 (m, 3H), 0.59-1.91 (m, 28H).
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Tris(3-(4-(((4’-propyl-[1,1’-bi(cyclohexan)]-4-yl)oxy)carbonyl)phenoxy)propyl) benzene1,3,5-tricarboxylate (GLC-N1). A solution of N1-OH (1 g, 2.5 mmol), anhydrous
pyridine (0.17 mL, 2.2 mmol), and catalytic DMAP (~10 mg) in anhydrous chloroform
was allowed to stir under argon at 0 °C for 40 minutes. Trimesoyl trichloride (0.126 mL,
0.7 mmol) in chloroform (5 mL) was added slowly. The reaction was allowed to warm to
room temperature and stirred for at least 48 h. The reaction mixture was diluted with 75
mL chloroform and washed sequentially with 100 mL portions of dilute HCl and water.
The organic layer was dried over anhydrous MgSO4, filtered, and concentrated under
reduced pressure. The product was purified twice by flash chromatography: (1) hexanes
and ethyl acetate gradient elution to remove excess pendant material and residual
pyridine; (2) dichloromethane and ethyl acetate gradient elution to separate mono-, di-,
and tri-substituted species. GLC-N1 was obtained as an analytically-pure fine white
powder in 53% yield (0.5 g). For compound GLC-N1, 1H NMR (200 MHz, CDCl3) δ:
8.82 (s, 3H), 7.82-8.20 (d, 6H), 6.54-7.06 (d, 6H), 4.68-5.01 (m, 3H), 4.35-4.68 (t, 6H),
3.88-4.35 (t, 6H), 2.17-2.47 (m, 6H), 1.92-2.17 (m, 6H), 0.59-1.92 (m, 72H). Anal. Calcd
for C84H114O15: C, 73.98; H, 8.43; N, 0.00. Found: C, 73.85; H, 8.55; N, 0.02.
Tris

((R)-2-methyl-3-(4-(((4’-propyl-[1,1’-bi(cyclohexan)]-4-yl)oxy)carbonyl)phenoxy)

propylbenzene-1,3,5-tricarboxylate (GLC-Ch1).

This

compound

was

synthesized

according to the procedure above for GLC-N1, except that pendant Ch1-OH (1.5 g, 3.6
mmol) was reacted with 0.16 mL (0.9 mmol) of trimesoyl trichloride using 0.29 mL (3.6
mmol) of pyridine. Following the same purification protocol as GLC-N1, GLC-Ch1 was
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obtained as an analytically pure fine white powder in 40% yield (0.51 g). For compound
GLC-Ch1, 1H NMR (200 MHz, CDCl3) δ: 8.82 (s, 3H), 7.87-8.12 (d, 6H), 6.78-7.04 (d,
6H), 4.67-5.02 (m, 3H), 4.27-4.60 (m, 6H), 3.77-4.07(d, 6H), 2.23-2.71 (m, 3H), 1.932.23 (m, 6H), 0.51-1.93 (m, 81H). Anal. Calcd for C87H120O15: C, 73.33; H, 8.60; N, 0.00.
Found: C, 73.23; H, 8.60; N, 0.11.
3.2.3 Characterization techniques
Chemical structures were confirmed by elemental analysis performed by CENTC
Elemental Analysis Facility at the University of Rochester (PerkinElmer Model AD-6
Autobalance, PerkinElmer 2400 Series II Analyzer) and 1H NMR spectroscopy (Varian
Mercury VX-Works 200 MHz FT-NMR spectrometer at LLE).
Thermal transition temperatures were determined by differential scanning calorimetry
(PerkinElmer DSC 8500 equipped with a CLN2 liquid nitrogen subambient cooling
system) with a 20 mL/min continuous N2 purge. Samples (2.5-4 mg) were heated at 30
°C/min to above the isotropic transition temperature prior to data collection.
Thermograms obtained on cooling to -30°C and re-heating were used in conjunction
with hot stage polarized optical microscopy (Leitz Orthoplan equipped with a Mettler
FP82HT hot stage controlled by a Mettler Toledo FP90 Central Processor) for phase
identification. Variable temperature X-Ray diffraction (VTXRD), performed by S.
Zdzieszynski and S. Misture of Alfred University’s X-Ray Characterization Laboratory
(Bruker D8 Advance XRD equipped with Anton Paar HTK 1200N High Temperature
Furnace and Vantec-1 high speed detector and a Bruker D8 Advance XRD equipped with
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a LynxEye XE high speed detector), was used to further elucidate the phase behavior of
GLC-N1. A powder sample was heated on a sapphire disk to 230°C and then cooled at 10 °C/min with XRD measurements taken isothermally at select temperatures. Additional
measurements were taken on reheating the sample at 10 °C/min.
Optical properties were obtained for spin-deposited films and a device filled by capillary
action. Samples were evaluated by UV-vis spectrophotometry (PerkinElmer Lambda
900) and short pulse laser damage testing performed by S. Papernov of LLE’s Laser
Damage Group (1-ns, 351-nm). Preparation of these samples is described below.
3.2.4 Preparation of thin films for optical characterization
Fused silica substrates were scrubbed with Buehler MasterPrep polishing suspension
(0.05 μm), rinsed with DI water, and sonicated for 1 h at 69 °C in a DI water bath with
Extran detergent. After sonication, the substrates were thoroughly rinsed with 18.5-MΩ
DI water, dried in a N2 stream, and baked on a hot plate at 130°C for 30 minutes.
Compounds GLC-N1 and GLC-Ch1 were spin deposited from 1.5 wt.% solutions in
chloroform. The spin coater (Headway Research, Inc. model PWM50) was covered with
an inverted crystallizing dish, and, through a hole in the side of the dish, the substrate was
flooded with chloroform, which was spun off at 4000 rpm for 60 s to saturate the
atmosphere around the spinner chuck with chloroform. The substrate was then flooded
with the coating solution, which was spun off at 4000 rpm for 120 s. The coating was
allowed to air dry for 10 min. The thickness of the film was ascertained by scratching the
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coating with an 18-gauge syringe needle and measuring the depth of the scratch by white
light interferometry (Zygo Nexview 3D Optical Surface Profiler).
3.3

Results

The impact of pendant saturation on the phase behavior, glass formation, and optical
properties of core-pendant type materials was explored through the synthesis of a new
chiral/achiral pair of materials. Candidate structures for synthesis were targeted based on
the commercial availability of starting materials; as a result, the new pendants have a
small non-polar end-group rather than the cyano group present in the original structures
that served as inspiration for these new pendants. 21, 24
Both GLC-N1 and GLC-Ch1 were purified by a two stage chromatography process.
Gradient elution with hexanes and ethyl acetate was used to remove excess reactants, and
a second elution with dichloromethane and ethyl acetate successfully separated mono-,
di-, and tri-substituted species. The result of this process was a single-component material
whose structure was confirmed by H1 NMR and which was found to be analytically pure
by elemental analysis.
As expected, increasing saturation and reducing conjugation in the pendants significantly
shifts the absorption edge of these materials to shorter wavelengths (Figure 3.1). Chapter
2 discussed how low UV-absorption edges correlate with high 3ω LIDT’s, and
preliminary results on the materials presented here continue this trend. High 3ω LIDT’s
of 8.53 ± 0.27 J/cm2 (1-on-1) and 9.13 ±0.27 J/cm2 (N-on-1) for a 90-nm-thick GLC-N1
film and 8.80 ± 0.27 J/cm2 (1-on-1) and 6.59 ± 0.27 J/cm2 (N-on-1) for a 70-nm-thick
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GLC-Ch1 film were obtained for a 1-ns pulse (Table 3.1). These results must be
considered preliminary in nature, because LIDT’s may differ as film thickness increases.
At this time, the material has not been processed into sufficiently thick layers to provide
bulk LIDT data. The large reduction in N-on-1 LIDT compared to the 1-on-1 LIDT for
GLC-Ch1 indicates that the material is being altered by the laser pulse; further
investigation is needed to understand this process.
Table 3.1 Data for two new core-pendant LC’s indicate that high UV (351-nm) LIDT’s are
observed in materials with sufficient saturation of the pendant structure.

Material

Coating thickness
[nm]

1-on-1 damage threshold
at 351 nm [J/cm2], 1-ns

N-on-1 damage threshold
at 351 nm [J/cm2], 1-ns

GLC-N1

90

8.53 ± 0.27

9.13 ± 0.27

GLC-Ch1

70

8.80 ± 0.27

6.59 ± 0.27*

*This was the only test which resulted in ablation of the coating material; all other testing
resulted in exit surface damage.

Figure 3.1 UV-vis transmission spectra for 90-nm-thick GLC-N1 and 70-nm-thick GLC-Ch1
films on fused silica show absorption edges below 300 nm and near perfect transparency at 351
nm for both compounds.
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The DSC thermograms for GLC-N1 shown in Figure 3.2 indicate that the compound
undergoes three first-order, exothermic transitions on cooling. Hot stage POM (Figure
3.3) revealed the following phase transition sequence: (1) isotropic to nematic at 260 °C;
(2) nematic to smectic A at 222 °C; and (3) what appears to be a partial crystallization of
the smectic phase at 80 °C. On heating, the first event is a large exothermic transition at
94 °C, corresponding to a recrystallization that was not observable by POM. DSC results
at different scan rates (10° or 50°/min) indicate a possible kinetic component to this
transition, while all other transitions show strictly thermodynamic behavior. Following
recrystallization, the compound exhibits a highly endothermic transition from crystalline
to smectic A (184 °C) and two smaller endothermic transitions: from smectic A to
nematic (224 °C) and nematic to isotropic (264 °C). POM was performed on polyimide
(Nissan SUNEVER) coated microscope slides due to the propensity for GLC-N1 to adopt
the homeotropic orientation in the nematic phase on bare glass. Even with the polyimidecoated slide, some pretransitional reoreintation was still observed at the smectic to
nematic transition on heating.
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GLC-N1

GLC-Ch1

Figure 3.2 DSC thermograms for GLC-N1 and GLC-Ch1 show cooling curves (blue) and
reheating curves (red) for 30°C/min scans.

Figure 3.3 Polarized optical micrographs of GLC-N1 show (a) polycrystalline texture, (b) smectic
A fan texture, and (c) nematic texture. Micrographs of GLC-Ch1 show (d) an unidentified
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texture at room temperature, (e) an unspecified smectic texture, and (f) plane cholesteric texture
characterized by oily streaks.

VTXRD (Figure 3.4) was used to confirm the phase behavior of GLC-N1. The sample
was heated to 230 °C on a sapphire disk under a nitrogen atmosphere, and a broad
diffraction halo at 2θ = 17°, corresponding to a d spacing of ~5 Å (consistent with the
nematic phase)68, was observed. The sample was not heated further to the isotropic phase,
as the material degrades near its clearing point. The sample was cooled at -10 °C/min and
diffraction patterns were recorded isothermally at 175 °C, 125 °C, 90 °C, 50 °C, and 30
°C. At 175 °C, a pair of sharp peaks appeared at small angles (d spacing of 25.4 Å and
16.9 Å) and the broad halo remains, suggesting that the smectic phase that had been
observed by POM had formed. Interestingly, measurements for all temperatures below
175 °C indicated some crystalline character, in contrast to both DSC and POM, and only
minor changes in the diffraction pattern were observed between 125 °C and 30 °C. This
again indicates some kinetic component in recrystallization. The sample was then reheated at 10 °C/min and diffraction patterns were recorded isothermally at 75 °C, 125 °C,
175 °C, 205 °C, and 230 °C. The diffraction pattern appears unchanged as the sample
temperature rose from 30 °C to 125 °C, passing over the large exothermic transition
observed by DSC. However, a very strong diffraction pattern was recorded at 175 °C,
indicating that the sample had crystallized by that point. The difference in the DSC and
VTXRD data might be explained by a difference in sample geometry, heating schedule,
or by GLC-N1 orienting in such a way that a 1-D XRD does not accurately represent the
full diffraction pattern. Measurements at higher temperatures appeared nematic, with no
small angle peaks to indicate a smectic phase at 205 °C— again, in contrast with DSC
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and POM. Upon cooling directly to 30 °C, the material was found to solidify into an
amorphous state, maintaining the broad diffraction halo. Additional XRD scans
performed at room temperature before and after VTXRD analysis (Figure 3.5) confirm
that the sample can be cooled from 230 °C to 30 °C without crystallization. This finding
is encouraging for the development of a near-UV-transparent GLC; notably, no glass
transition was observed by DSC.

Figure 3.4 VTXRD data showing the phase behavior of GLC-N1 on cooling (blue) from and
reheating (red) to 230°C.
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Figure 3.5 XRD powder diffraction measurements taken at room temperature before and after
VTXRD analysis show that GLC-N1, which was originally crystalline, became amorphous after
heating to 230 °C and cooling back to room temperature.

The phase behavior of GLC-Ch1 was characterized by DSC and POM without the
benefit of VTXRD. There are three exothermic phase transitions on cooling that were
observed by POM (Figure 3.3) that have been identified as: (1) isotropic to cholesteric
(211 °C), (2) cholesteric to an unspecified smectic phase (136 °C), and (3) smectic to
crystalline or partially crystalline (84 °C). Upon heating, a small endothermic transition
at 89 °C signifies the material has re-entered the smectic phase. The compound then
undergoes an exothermic transition (assumed to be recrystallization) immediately before
a large endothermic transition back into the cholesteric phase at 156 °C. This
recrystallization was not observed by POM. Heating the material further gave a
cholesteric to isotropic transition at 205 °C. Again, no glass transition was observed by
DSC, although the material can be cooled without the formation of apparent crystallites.
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Cholesteric selective reflection properties can be observed and are “locked-in” at room
temperature at the edges of the sample, where the material cools most rapidly.
Although a glass transition was not observed for either material by DSC, crystallization
has not been observed in samples prepared for optical characterization. Figure 3.6 shows
a polariscopic image and micrograph of a photoaligned GLC-N1 device that has not
exhibited any observable changes in 2.5 years at the time of this writing. Strong flow
lines in the fill direction have the appearance of a well-aligned smectic phase. This
observation suggests that, under the right conditions, it may be possible to kinetically trap
the LC phase in a solid state. The quick quench of spin coating by rapid solvent loss or
the confined geometry of capillary filling both appear to have potential for this purpose.

Figure 3.6 A photoaligned film of GLC-N1 between 1” borofloat substrates separated by 4-μm
glass fiber spacers viewed between crossed polarizers (a) macroscopically and (b) with a 10x
objective.

Ultimately, it is not surprising that these materials have less-ideal phase behavior than
their saturated counterparts. The relatively weak anisotropy of saturated structures does
little to stabilize the nematic phase. Additionally, the low melt viscosity of the material
allows for quick molecular rearrangements that further inhibit glass formation.
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3.4

Contributions

The mesogenicity of core-pendant type molecules with increased saturation in their
nematogenic pendants was explored as a potential route to near-UV-transparent GLC
materials for use in high-powered laser systems. Two new materials, GLC-N1 and GLCCh1 were found to have excellent optical performance at 351 nm, confirming that
increasing the degree of pendant sufficiently reduces the near-UV absorptivity of
benzene-core materials. Although the tendency to form smectic phases and the lack of a
glass transition observable by thermal analysis pose significant challenges going forward,
initial processing experiments suggest that the goal of a near-UV transparent GLC may
well be within reach.
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Chapter 4. Mueller Matrix Modeling of Long-Pitch Cholesteric Liquid
Crystals
4.1

Aims

The helical super-molecular ordering of CLC’s gives rise to extraordinarily large optical
rotatory powers, which have long been a favorite subject for theorists and
experimentalists alike. Mauguin30 first observed high magnitude rotation in mechanically
twisted nematics in 1911. Since then, significant attention has been focused on the
spectral dispersion of this phenomenon, particularly in the region of anomalous
dispersion near the selective reflection peak.33, 42 In 1951, de Vries31 contributed an oftenreferenced solution to Maxwell’s equations for propagation of light along the helical axis
of a CLC, which correctly approximates the dispersion and magnitude of rotation for
CLC’s over a wide spectral range, as confirmed by Cano.69 Nevertheless, theorists
continued to offer alternate descriptions of the optical properties of CLC’s, either because
they objected to the physical origin underlying deVries’ derivation34-35 or to probe a
specific region35, 42, 70, property37, 63, or method of interest.40-42, 45 One such property is the
variation of optical rotatory power with LC layer thickness.
Unfortunately, models that describe the behavior of optical rotatory power with LC layer
thickness differ from one another and have not been experimentally validated, with the
exception of the spectral dispersion of the transmission of a twisted nematic LC between
crossed polarizers for a given cell thickness. No literature models were identified that
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could provide an accurate description of the data obtained in this work for the optical
rotation of a long-pitch CLC at 355-nm— possibly, because well-aligned, long-pitch
CLC’s are not pure rotators. Even a good model for optical rotation would not fully
describe the polarization behavior of a CLC device. Clearly, a more robust model is
needed in order to exploit the very high optical rotatory power of CLC’s for device
applications.
The aim of this chapter is to develop a Mueller matrix representation of a long-pitch CLC
device and to compare the polarization effect described by this model to existing
literature. In this study, a phenomenological model is proposed in which a CLC device is
built, layer-by-layer, as a discrete stack of elementary Mueller matrices. Particular
attention is paid to the dependence of the Mueller matrix on LC layer thickness.
Agreement was achieved between this new model and recently-available, high-resolution
Mueller matrix data collected for wedged CLC devices. These results suggest that the full
Mueller matrix is an intuitive way to model the complete polarization effect of long-pitch
CLC devices, accounting for the coexistence of linear and circular retardation and any
diattenuation that may be present. A brief overview of the Mueller matrix formalism for
describing polarization optics can be found in Appendix II.
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4.2

Theory

4.2.1 Formulation of the problem
To determine the Mueller matrix for a long-pitch CLC device, we begin with a
monodomain, homogeneously aligned CLC. The director orientation, or preferred
direction for the long axis of the CLC, is described by
nx  cos  2 z / P 
ny  sin  2 z / P  ,

(4.1)

nz  0

where 𝑃 is the pitch of the CLC. The ensuing discussion will assume that there is no tilt
in the CLC structure and that light propagating through the structure does not undergo
significant depolarization. For light outside the selective reflection regime and
propagating along the helical axis of the CLC, first the behavior of the CLC slab is
considered, then interface effects for both the entrance and exit surfaces are added. All
Mueller matrices are normalized to m11.
4.2.2 Transmission through a chiral slab
Consider the helical supramolecular structure of CLC’s to be composed of a large
number, N, of very thin linear retarders, each rotated by a small angle, 𝜑 = 2𝜋/𝑁, from
its predecessor (Figure 4.1).
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Figure 4.1 A CLC can be thought of as a helical stack of very thin linear retarders, each with
retardance δ and rotated φ from its predecessor.

Each layer has a retardance, 𝛿 = 2 𝜋 ∆𝑛 𝑡/𝜆, where 𝑡 = 𝑃/𝑁 is the thickness of a single
layer, and is represented by a Mueller matrix,

Mn  R  n  MRetarder R n  ,

(4.2)

where

MRetarder

1
0

0

0

0
1
0

0
0
cos 

0  sin






cos  
0
0
sin

(4.3)

is the Mueller matrix for a linear retarder with its fast axis oriented horizontally, and 𝑅 is
a pseudo-rotation matrix, which sets the orientation of the nth linear retarder

0
0
1
0 cos2 n sin2 n
R  n   
0  sin2 n cos2 n

0
0
0

0
0 
.
0

1

(4.4)
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The CLC is then described as

MCLC  MN M2M1 .

(4.5)

This Mueller matrix is given for a range of LC layer thicknesses in Figure 4.2, using
sample input parameters. Equation 4.5 is the simplest possible description of a CLC, with
all of the polarization information contained in the lower right 3x3 portion of the matrix.
Even in this simple description, significant linear retardation contributions give rise to a
strong dependence of polarization on LC layer thickness.

If the material also exhibits anisotropic absorbance, we instead write

Mn  R  n  MDiattenuator MRetarder R n  ,

(4.6)

in which the Mueller matrix for a diattenuator with anisotropic absorbance values along
the horizontal and vertical directions, 𝑀𝐷𝑖𝑎𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑜𝑟 , is given by

MDiattenuator

p  r

1 p  r
 
2 0

 0

pr
pr

0
0

0

2 pr

0

0

0 
0 
,
0 

2 pr 

(4.7)

with 𝑟 and 𝑝 being the orthogonal transmittances. Equation 4.6 yields, for example, the
Mueller matrix given in Figure 4.2, with non-zero components in the first row and
column.
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Figure 4.2 The thickness-dependent Mueller matrix of a long-pitch CLC slab with (and without)
bulk diattenuation for Δn=0.091, no=1.515, P=13.8 μm, r=1, and p=0.999 (red dashed) or p=1
(blue solid). Note that the Mueller matrices are scaled to clearly show the functional form of all
elements.

4.2.3 Transmission through an anisotropic interface
A small amount of diattenuation will occur in all CLC devices, even those using a nonabsorbing LC material, due to the anisotropic transmission through the LC-substrate or
LC-alignment film interface. A Mueller matrix can be written for an interface where light
is propagating from one anisotropic medium (𝑚 = 1) into another anisotropic medium
(𝑚 = 2) with the 𝑛𝑒𝑚 index aligned with the x-axis and the 𝑛𝑜𝑚 index aligned with the
y-axis as shown in Figure 4.3
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Figure 4.3 As light propagates in the z-direction from material 1 into material 2 it encounters an
anisotropic interface where the ordinary index of each material is defined as being aligned with
the x-axis, and the extraordinary indices are taken to be aligned with the y-axis. The interface
matrix is then given by Equation 4.8.
The Mueller matrix for such an interface is given by

t 
t
Mint  no ,e 1 , no ,e 2    
0

0

t
t
0

2ne1ne2

2no1no2

0

0
0 
,
0

0 t2 

0
0
t2

(4.8)

where

t 

 ne1  ne2 

2



 no1  no2 

2

4n n n / n n / n
t 2  o1 e 1 o 2 o1 e 2 e 1
 no1  no2  ne1  ne2 
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(4.9)

For propagation from an isotropic material (e.g. a substrate) into an anisotropic material
(e.g. LC), 𝑛𝑜1 = 𝑛𝑒1 = 𝑛𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 . Similarly, for transmission through an anisotropic
material into an isotropic material, 𝑛𝑜2 = 𝑛𝑒2 = 𝑛𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 .
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Using a similar approach of applying bulk and interface transmission matrices, we can
add any other coatings or alignment films (AF) present in the device. A standard buffed
AF may be represented as

MAF  Mint  no ,e AF , no ,e LC  MDiattenuator  AF  MRetarder  AF  Mint  nSubstrate , no,e AF  , (4.10)
where 𝑀𝐷𝑖𝑎𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑜𝑟 (𝐴𝐹) and 𝑀𝑅𝑒𝑡𝑎𝑟𝑑𝑒𝑟 (𝐴𝐹) are the diattenuation and linear retardation
matrices that describe the AF.
4.2.4 Composite Mueller matrix

Figure 4.4 This schematic shows the components of CLC device with a single alignment film, as
described by Equation 4.11.

A schematic of a device with a single alignment layer is shown in Figure 4.4, with the
corresponding Mueller matrix given by Equation 4.11 and shown in Figure 4.5.
MTotal  R n  Mint  no,e LC , nSubstrate  R n  MCLCMAF

(4.11)
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For the sample parameters employed, diattenuation makes only minor contributions to the
overall optical properties, as is evidenced from the magnitude of the relevant matrix
elements.

Figure 4.5 The thickness-dependent Mueller matrix for the device shown in Figure 4.3, where
Δn=0.091, no=1.515, P=13.8 μm, r=1, and p=1, nsubstrate=1.4761, and no,e AF=1.5,1.6.

4.3

Experimental

Wedged cholesteric devices make it possible to probe the variation of optical properties
with LC layer thickness. Fused silica substrates were cleaned via an aqueous cleaning
process comprised of scrubbing with a Buehler MasterPrep polishing suspension (0.05
μm), rinsing, and sonicating in a bath with Extran detergent for 1 h at 69 C. After
removal from the ultrasonic bath, substrates were rinsed thoroughly with 18.5-MΩ DI
water, blown dry with N2, and dried on a hot plate at 130°C for 30 minutes. A nylon 6-6
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AF was spin deposited from a 0.2 wt.% solution in formic acid at 1000 rpm and cured at
115°C for 1.5 h. The AF was buffed using a velvet cloth on an Optron commercial
buffing machine to give homogenous alignment. The use of buffed AF on only one
substrate is an important requirement in the fabrication of CLC devices in order to avoid
pitch deformation. A wedged cell was created by placing two Mylar film spacers
approximately 120° apart on one substrate and placing a second substrate on top, with the
substrates in direct contact where there was no spacer present. The empty cell was heated
above the clearing point (~80 °C) of the LC material (a mixture of ZLI-1646 and CB 15,
both supplied by EM Industries, Inc.) and filled by capillary action. After cooling at a rate
of -10°/h to room temperature, the cell was sheared to achieve planar alignment and
secured on the barrel of the device with Devcon 5-minute Epoxy to hold the two
substrates together.

Figure 4.6 A CLC wedge device varies from some small thickness, x1, to a thickness
approximately specified by a Mylar spacer. Collecting data across the wedge direction gives
access to a continuum of LC fluid layer thicknesses.

A 50-mm-diameter wedged device with 10-μm Mylar spacers, a buffed nylon AF, and
filled with 1-wt% CB 15 in ZLI-1646 was used in the development and testing of this
model. Areal Mueller matrix data collected at 355 nm using a Hinds Exicor 450XT
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Mueller Matrix Polarimeter is shown in Figure 4.6. Using MATLAB, a lineout was taken
along the wedge direction for fitting the model.

Figure 4.7 Areal maps at 355 nm of each Mueller matrix element for a wedged, long-pitch CLC
device show how the Mueller matrix varies with the LC layer thickness. The arrow in element
m11 indicates the direction of increasing thickness.
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4.4

Results

4.4.1 Analytical results
The Mueller matrix given in Equation 4.11 is a model for a long-pitch CLC device
comprised of a helically-structured, stratified, birefringent medium confined between
isotropic substrates with a single alignment film. In general, the matrix is
inhomogeneous, has non-orthogonal eigenstates, and does not possess any apparent
symmetry, except in the case where the thickness, L, is a multiple of P/4. For odd
multiples of P/4,

M2n1 /4

a b c
 
 a  d e 
 .

 b d  f 


 c e f  

(4.12)

For even multiples of P/4,

M2n /4

a
b
 
a

d

 b d 

e f
c

c
e 
.
f



(4.13)

A CLC slab without bulk diattenuation populates only the lower right 3x3 portion of the
Mueller matrix; this 3x3 subset of the matrix is largely unaffected by the presence of
substrates, AF’s, and even small amounts of bulk diattenuation. From Equations 4.3 and
4.4 for the linear retarder and rotation matrices, the expectation is that the lower 3x3
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portion of the composite matrix (in terms of reduced length, L/P) will depend only and
equally on linear birefringence and pitch. This is confirmed through the variation of each
parameter by a given percentage, as shown in Figure 4.7. The Mueller matrix elements
m42-m44 behave predictably, with periodicity and amplitude of m42 decreasing and
amplitude m43-m44 increasing as the pitch or birefringence is increased. All three of these
elements are periodic in L with periodicity 2η, where η is given by
 Δ 
 ,
 2 
2

  q2  

(4.14)

with 𝑞 = 2𝜋/𝑃 giving the rate of rotation of the LC director and Δ𝛽 = 2𝜋Δ𝑛/𝜆 being
the birefringence wave vector. Rows 2 and 3 of the Mueller matrix oscillate less
regularly, and altering the pitch and birefringence can affect the amplitude, periodicity,
and/or functional form of all elements. Small modulations in these parameters can result
in drastically different thickness dependences.

85

Figure 4.8 The thickness-dependent Mueller matrix of a long-pitch CLC slab without bulk
diattenuation for Δn=0.091, no=1.515, and P=13.8 μm is shown in black Decreasing either the
pitch or the birefringence by 25% results in the blue matrix, while increasing either parameter by
25% results in the red matrix.

Incorporating bulk diattenuation results in non-zero elements in the first row and column
of the Mueller matrix, with m41=m14 (Figure 4.8). As diattenuation increases, amplitude
increases for all first row and column elements, with the functional form remaining
constant. Changes in pitch and birefringence have equivalent effects on the diattenuation
elements; larger values are associated with smaller periodicity (again, 2η in L) and
decreased amplitude for all elements except m21 and m31, which have constant
functional form and a slight increase in amplitude with increasing pitch or birefringence.
For these experiments a non-absorbing LC was selected such that bulk diattenuation can
be neglected.
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Figure 4.9 The thickness-dependent Mueller matrix of a long-pitch CLC slab with bulk
diattenuation for Δn=0.091, no=1.515, P=13.8 μm, r=1, and p=0.999 is shown in black.
Decreasing either the pitch or the birefringence by 25% results in the blue matrix, while
increasing either parameter by 25% results in the red matrix.

Diattenuation is always present when substrates are included in the model due to
transmission through an isotropic-anisotropic interface (Figure 4.9). The magnitude of
these contributions is quite small, particularly in the case where the refractive indices of
the anisotropic material are close to that of the isotropic material. For fused silica
substrates, the extraordinary refractive index of the LC will always be higher than the
substrate index. The periodicity of elements m21 and m31 is constant and equal to onehalf of the pitch length. All other diattenuation elements exhibit a common periodicity of
2η in L that decreases with increasing pitch or birefringence. As the pitch is increased,
the amplitudes of m12-m14 and m41 also increase, because the polarization state of the
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light exiting the CLC slab will be, in general, more linear and thus experience a higher
anisotropy at the interface.

Figure 4.10 The thickness-dependent Mueller matrix of a long-pitch CLC slab between fused
silica substrates: Δn=0.091, no=1.515, P=13.8 μm, nsubstrate=1.4761 is shown in black. Decreasing
either the pitch or the birefringence by 25% results in the blue matrix, while increasing either
parameter by 25% results in the red matrix.

An AF is incorporated in the model at the expense of adding many variables: a typical AF
can be described by Equation 4.11, which is dependent on the refractive indices, the
absorption anisotropy, and film thickness. Because AF’s are typically very thin (on the
order of 10 nm) and LC’s exhibit high linear retardation, the retardation of the AF
becomes negligible and its effect is observed primarily in the diattenuation elements of
the Mueller matrix (Figure 4.4). The AF is inserted in the model at the entrance surface,
consistent with the use of the device, resulting in both amplitude modulation of the m 12,
m21, m31, and m41 elements and changes in the functional forms of m21 and m31.
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The relatively small contributions of substrates and alignment films suggest that the
optical properties of a long-pitch CLC device are dominated by the lower, right 3x3
portion of the Mueller matrix. This 3x3 subset of the Mueller matrix is consistent with a
continuous solution derived from Maxwell’s equations for propagation through a CLC
(or TN) slab63, for N>200. An equation for each Mueller matrix element is given in
Appendix V. Because the bottom row of the Mueller matrix defines the ellipticity of the
emergent light, as seen from Equation 4.15,

1
2

 S3 
,
 S0 

  sin1 

(4.15)

where S0 and S3 are output Stokes parameters, for a linearly polarized input a horizontal
or vertical input polarization will give the lowest overall ellipticity as light propagates
through the structure, with ±45° input polarization producing the maximum ellipticity.
This angular dependence (Figure 4.10) can be understood as minimizing or maximizing
the effect of linear retardation. The manner in which input polarization affects the
rotation of the polarization ellipse is given by

1
2

 S2 
,
 S1 

  tan1 

(4.16)

keeping in mind that in a pure rotator 𝜙 is independent of the input polarization angle.
The angular dependence of optical rotation (Figure 4.10) demonstrates the dramatic effect
of linear birefringence in these systems: when linear retardation is minimized, the
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polarization ellipse rotates in one direction, and when linear retardation is maximized, the
polarization rotates in the opposite direction. For the special cases where L=P/4, P/2, it
follows that the Mueller matrix symmetry is due to the cancellation of linear retardation
effects, with the P/2 matrix taking the known form of an isotropic, homogeneous chiral
medium.72

Figure 4.11 Plots of the ellipticity and optical rotation (from the input) for both horizontal (blue)
and +45° (red) input polarizations.

4.4.2 Experimental results and error analysis
The data shown in Figure 4.6 clearly reveals that the lower 3x3 portion of the matrix
contains nearly all of the polarization information. There are two options: (1) fit the full
Mueller matrix, using parameters Δn, no, P, x1, and x2, where x1 and x2 are thickness
parameters that allow for some margin of error in making initial guesses of thickness at
the thin end of the device and at the spacers (Figure 4.6); or (2) fit only the lower 3x3
portion of the matrix using the same parameters, omitting no. Because a non-absorptive
LC was used, bulk diattenuation can be neglected after confirming that it does not
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improve the fit of the model. The buffed nylon AF was also disregarded due to the
number of parameters necessary to describe it theoretically. However, the functional
forms of the diattenuation elements, particularly in the first row, hint at the presence of a
bulk linear diattenuator, and one could consider adding the AF semi-empirically.
The model was fit to the data using the MATLAB function lsqcurvefit with a multi-start,
trust-region reflective algorithm, generously bounded around values selected based on
data presented in Chapter 2. The pitch, as measured using the Grandjean-Cano wedge
method, was approximately 13.8 μm for a mixture of 1 wt.% CB15 in ZLI-1646;
extrapolation from Abbé refractometry data predicted index values of no=1.515 and
ne=1.606 at 355 nm. After 20 starts, multiple “best” solutions were identified; any one of
these solutions was then used as a starting point for a Levenberg-Marquardt (LM) fit, to
arrive at a refined solution. The output of the LM fit was re-entered as a new starting
point until a global minimum was achieved.
Table 4.1 Results from fitting both the full Mueller matrix model and the lower 3x3

portion of the matrix to experimental data show that similar values are obtained for all fit
parameters used in both fits.
RMSE†

Δn
0.114 ±
0.094
0.003
0.109 ±
Lower right 3x3 0.094
0.005
†
Calculated for the full Mueller matrix
Full Mueller
matrix

no
1.4 ± 0.6
-

P [μm]
13.6 ±
0.4
14.2 ±
0.6

x1 [μm]

x2 [μm]

1.0 ± 0.1

0.5 ± 0.3

1.0 ±
0.05

0.9 ± 0.4

Table 4.1 shows the optimized model parameters obtained by fitting (1) the full Mueller
matrix and (2) only the lower right 3x3 portion of the matrix and the root-mean-square
error (RMSE) for both (1) and (2). The results of both fits are shown in Figure 4.11.
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(a)

(b)

Figure 4.12 The results of fitting (a) the full Mueller matrix and (b) the lower 3x3 portion of the
Mueller matrix model (blue) to the experimental data (red).
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Confidence intervals for the fit parameters were obtained from the Jacobian matrix
estimated by a finite differences method. The resulting models are nearly identical in the
lower 3x3 portion of the matrix, where the bulk of polarization information is contained.
For the full Mueller matrix fit, the bivariate distributions shown in Figure 4.12 confirm
that there is no significant correlation between Δn, P, x1, and x2.

Figure 4.13 Bivariate distributions of Δn, P, x1, and x2 show no significant correlation between
these parameters
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4.4.3 Comparison to literature
Because most of the relevant literature looks exclusively at optical rotatory power, LuChipman decomposition73 was employed to break down the Mueller matrix into its
fundamental optical properties for comparison, with the caveat that it is an unnecessary
and possibly detrimental step for predicting the optical properties of a CLC. Isolating
optical rotation from the model Mueller matrix and dividing by the thickness of the LC
layer gives the dependence shown in Figure 4.13(a). Although these results match the
instrumental output of the experiment, their magnitude differs from popular literature
models, which oscillate about the rotation of the director.
(a)

(b)

Figure 4.14 Lu-Chipman decomposition (a) of the model (blue) gives optical rotatory power
consistent with the instrument output (red) but with a larger magnitude than suggested by
literature models (green and pink). Taking the rotation of the long axis of the polarization ellipse
(b) gives good agreement between the data and all models.

If, instead of performing decomposition, we take the optical rotation to be the rotation of
the major axis of the polarization ellipse, as given by Equation 4.16, the optical rotatory
power is determined to be consistent with Gooch’s model63, as shown in Figure 4.13 (b).
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It is generally useful to define the optical rotation in this way, although no combination of
a pure rotator with this magnitude and a linear retarder could give the combination of
rotation and ellipticity reported. Despite the fact that optical rotation is often reported in
isolation, for any homogeneously-aligned, long-pitch CLC, substantial linear retardance
effects are expected. For this reason, reporting both ellipticity and optical rotation is
recommended, and reporting the full Mueller matrix is preferred.

4.5

Contributions

Stratified Mueller matrix models can be used to accurately describe complex, spatially
varying, birefringent media, providing a facile route to theoretical descriptions of any
number of complex polarization systems, including the anisotropic absorbing CLC
described herein. It was demonstrated that for a well-aligned, long-pitch CLC the
stratified model converges to the continuous solution. Here also is reported the first
example of high resolution Mueller matrix data showing the dependence of CLC
polarization properties on LC layer thickness. This data uniquely allows the validation of
the theoretical description of the system, which now can be used to design a surface
profile for a random continuous DPR like those shown in Chapter 2 that would produce
an ideal polarization distribution for beam smoothing applications.
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Chapter 5. Conclusions and Future Work
5.1

Conclusions

The lack of adequate polarization beam smoothing is a major obstacle for the future of
direct-drive ICF, as existing technologies can neither be scaled to NIF-sized beam
apertures nor do they achieve ideal beam smoothing at the target. This thesis explored
how LC optics could fill this gap through the development of a UV-DPR based on the
high optical rotation exhibited by CLC’s. Both materials and device configurations that
can withstand high energy laser irradiation while giving rich polarization distributions
across large apertures are needed. The current state-of-the-art wedged KDP DPR’s on
OMEGA produce incomplete polarization beam smoothing because they vary
polarization in one direction only; they would also fail at larger apertures due to
transverse Raman scattering.
The high optical rotatory power of CLC’s far from the selective reflection peak was
tested through device fabrication and characterization. Long-pitch CLC’s were found to
generate optical rotatory powers exceeding 30°/μm at 355 nm without the use of large
concentrations of highly absorbing chiral dopants, indicating that UV chiroptical rotators
can be used to produce virtually any polarization pattern through the modulation of the
LC layer thickness by only a few microns. In advancing patterned LC rotators as the first
device application for this phenomenon, this work showed that 1) step changes and
continuous variation in optical rotation can be afforded using figured substrates, 2)
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excellent optical quality (< 4% scatter) is attained through the use of a single,
unidirectional alignment layer, and 3) an alignment layer can be applied directly to the
figured substrate in the form of a coumarin photoalignment material, which was found to
have unexpectedly good performance in the near-UV (3ω LIDT of 15.70±0.74 J/cm2 for
a 1-ns pulse). New, high-resolution, Mueller matrix data obtained in the course of this
work offers a better understanding of the optical properties of long-pitch length LC
materials. These results not only support the theoretical work of Belyakov37 to an extent,
but also highlight the important effect of linear retardation in such a device.
The embodiment of a DPR as a solid LC film on a single substrate is attractive not only
for its pressure and temperature stability but also because the elimination of one substrate
would reduce the cost, weight, and thickness of the resulting optic by nearly 50%. The
unavailability of near-UV transparent solid LC materials led to the exploration of the
potential mesogenicity and vitrifiability of highly-saturated, core-pendant type LC’s. Two
new, near-UV transmissive LC materials (a chiral/achiral pair) were synthesized (Figure
5.1).

Figure 5.1 Molecular structures of two new LC materials with unsaturated cores and partially
saturated pendants synthesized in this work.
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These materials were modeled after the core-pendant type GLC’s designed by Chen et
al.21, 23-24 Increasing the saturation of the pendants shifted the UV absorption edges for
GLC-N1 and GLC-Ch1 to below 300 nm, while also achieving high 1-on-1 LIDT’s (8.53
± 0.27 J/cm2 and 8.80 ± 0.27 J/cm2, respectively at 351-nm, 1-ns pulse). Both compounds
exhibit LC phases, but their applications scope may be limited due to the presence of
broad smectic phases. No glass transitions were observed by DSC, although XRD
suggests that, under the right conditions, these materials might form solid LC films.
Nevertheless, these materials can serve as a jumping off point for the continued
development of GLC materials for near-UV use.
Ultimately, the potential for long-pitch CLC’s to give near-ideal polarization beam
smoothing necessitated the development of a more complete optical model. Recognizing
the need to design LC optics deterministically, a new Mueller matrix model was
introduced for CLC’s, with a focus on the dependence of optical properties on sample
thickness. The approach was to build a device layer-by-layer as a stack of fundamental
Mueller matrices. The resulting model was fit to data from a wedged CLC device with
excellent agreement. When this new model is compared to the works of Gooch and
Tarry63 and Belyakov37, optical rotation, taken to be the rotation of the major axis of the
polarization ellipse, agreed perfectly with the work of Gooch and Tarry. Interestingly,
Mueller matrix decomposition results in a different magnitude of optical rotation, as
given by the Hinds Exicor 450XT Mueller Matrix Polarimeter. No matter how accurate,
if optical rotation is considered only in isolation, the full polarization effect will not be
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captured due to the strong contributions of linear retardation in an aligned sample. This
work shows that the use of the full Mueller matrix is essential in developing a more
accurate optical and quantitative design for LC-DPR’s.
5.2

Future work

In total, this thesis explored the use of LC optics for passive polarization control in the
near-UV. Device applications for long-pitch CLC’s were considered, and strides were
made toward developing GLC’s for the near-UV. Although there are many possible
extensions of this work, described below are three of the most obvious, pressing, and
potentially transformative paths forward.
5.2.1 An expanded library of near-UV transparent solid LC materials
There is a demonstrable need for an expanded library of near-UV transparent solid LC
materials. Most applications will require smectic phase suppression and refractive index
tailoring. Materials with a broad range of physical and optical properties could enable the
development of application specific mixtures rather than new material synthesis. Based
on the extensive work in structure-property relationships for low molar mass LC’s, the
following modifications to the pendants of the core-pendant GLC materials should be
considered: 1) fluorination, 2) terminal group substitution, 3) lateral substitution, and 4)
unsaturation rearrangement.
Fluorination is likely the most attractive option for future materials. Fluorinated and
perfluorinated LC’s are commonly used in the display industry for their ability to reduce
both rotational viscosities electro-optic switching times.74-75 As such, many fluorinated
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LC precursors are commercially available. Fluorination is known to impact phase
transition temperatures, morphology, and dielectric and optical anisotropy. Fluorine is a
unique substituent because it is highly electronegative, minimally polarizable, and
sterically small. The strength of the C-F bond also imparts perfluorinated materials with
excellent chemical stability. Lateral substitution with fluorine tends to lower the
birefringence by increasing the ordinary refractive index.76 Thus, fluorination may be
used both for index tailoring (by mixing with non-fluorinated materials) and for smectic
phase suppression (through the weakening of intermolecular attraction). Based on
available data, fluorinated materials (and other low birefringence materials) tend to
perform very well in terms of LIDT.
LC terminal groups are most typically fairly long-chain hydrocarbons or small polar
groups.77 Fluoro-, long n-alkyl-, branched alkyl-, alkoxy-, alkenyl-, chloro-, cyano-, and
other terminal groups could be considered. A good terminal group should stabilize the
desired molecular orientation. Although the effect of these groups depends on the
structure of the mesogenic core and the degree of saturation of the adjacent ring,
homologous series show some trends in the effects of terminal groups. Branched terminal
groups aid in stabilizing tilted smectic phases, while long hydrocarbon tails can lead to
lamellar ordering. Polar groups are known to produce interdigitation and stabilize bilayer
structures. The use of larger halogen end groups can be an effective strategy in elevating
phase transition temperatures. It would be interesting to directly compare the structureproperty effects of exchanging the current propyl terminal group in the GLC’s reported
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here with a longer alkyl tail or a polar (e.g. cyano) group. Increasing the polarity of end
groups tends to result in higher dielectric anisotropy; whether this will impact LIDT’s
negatively would need to be explored.
Lateral substitution is a highly effective tool for smectic phase suppression. Lateral
substituents (most commonly fluorine) upset the linearity of the mesogenic core and
disrupt molecular interactions and packing. In general, only small groups are useful for
lateral substitution, as they only depress the nematic phase transitions slightly, whereas
larger groups can completely destroy mesogenic behavior. The effect of a particular
lateral substituent is believed to be correlated with its van der Waals volume, where a
larger van der Waals volume results in a lower nematic to isotropic transition
temperature.78 Again, fluorine is a logical and convenient first choice.
Finally, the increased saturation of the pendant compared to the work of Chen et. al11, 21-23
improves near-UV transmission at the expense of desirable phase behavior. This work
shows that a structure with one unsaturated ring in the pendant has sufficient transmission
for use at 351 nm; however, only one location for the unsaturated ring was tested. One
possible alternative is to saturate the phenyl ring currently in the pendant structure and
replace the bicyclohexane group in the pendants with a phenylcyclohexane, thereby
making the ends of the pendants more rigid.
Any of the above-mentioned structural changes to the pendant of core-pendant materials
could be used to make new materials with a range of dielectric and optical anisotropies
and different phase behaviors. Although mixtures of such compounds might be sufficient
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to meet the requirements of a number of applications, there is also the potential to expand
the library of solid, near-UV transparent LC’s by the developing new classes of
polymeric LC materials that are amenable to low-temperature processing and alignment.
Existing concerns over purity and processing germane to polymeric materials might be
worth addressing if desirable phase behavior and optical properties are accessible.
5.2.2 Defect-free processing of solid LC materials
The processing of solid LC’s into defect-free films of relevant thicknesses over large
apertures is essential to the development of a UV-DPR and opens up a number of
applications that are currently limited by the availability of large aperture polarization
optics. Although preliminary, small-aperture experiments could be carried out using spin
coating, this technique is not practical for very large aperture optics.
Achieving large-area, defect-free films, requires some form of a molecular alignment
layer. Fortunately, the experience and expertise developed for LCD manufacturing can be
put to practice here. Sheet-fed offset printing is commonly used for the application of
polyimide alignment layers to very large glass substrates.79 Because polyimide does not
perform well in the UV, techniques would need to be extended to the application of
alignment materials proven more suitable for high-peak-power applications. One such
alignment material, nylon 6-6 (polyamide), is challenging to apply because it is soluble in
only two, highly hazardous solvents (formic acid and m-cresol). A more attractive option
might be photoalignment layers such as the coumarin material used in this work. These
coatings could be applied in a similar manner with some tailoring of the solvent system.
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Thickness control and uniformity of the GLC layer is paramount to optical performance.
Large-area commercial microelectronics processing methods stand the best chance as a
basis for producing GLC coatings that can meet stringent standards required for optical
applications, such as: < 3% variation in thickness across the substrate, low surface
roughness, and no defects (such as pinholes). For optical applications of GLC’s, film
thicknesses should be variable from several microns to tens of microns.
Meniscus coating can be used to produce films of these thicknesses over large areas with
very good uniformity.80 A coating solution is circulated over an applicator above which
the substrate, held by a vacuum chuck, is translated. The thickness of the coating is
controlled by the concentration of the coating solution (~20 wt.%), its kinematic
viscosity, and the speed at which the substrate passes over the applicator (0-48”/min, for
the coater described in Ref.

80

). Slower translation speeds generally provide better

thickness uniformity. Unlike spin coating, a meniscus-coated film is very wet after
application, still having roughly the concentration of the coating solution, and highly
uniform drying is essential to the final film quality.
Slot die coating can achieve similar high coating uniformity.81 In this coating technique, a
controlled amount of coating fluid is dispensed as the die is translated across the substrate
to give the desired coating thickness. Both organic and inorganic coatings can be applied
precisely to either rigid or flexible substrates over a broad range of coating thicknesses,
with very efficient materials usage. Because this method is scalable from small to large
apertures, the process can be developed on a laboratory scale with small substrates and
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minimal amounts of coating solution. Coating uniformity is typically better than ±3%
across a substrate. Slot die coaters also tend to have a smaller physical footprint than
meniscus coaters.
Alternatively, solid LC films could be created through vacuum-filling or filling by
capillary action between two substrates, with or without releasing one of the substrates.
For some applications, having two substrates confining the LC film would be acceptable
(or even desirable) due to the relative ease of application of anti-reflective coatings to the
optical substrates. If releasing a substrate is desirable, soluble release layers would be
preferable to mechanical release layers, for both surface finish and film stress. Watersoluble release layers, such as PVA and sucrose, would be a good starting point.
Regardless of how the LC film is created, it will be necessary to anneal the film to obtain
good LC alignment. The annealing schedule is another area that will need to be addressed
in future research.
5.2.3 A more robust Mueller matrix model
Very good agreement between the data for long-pitch CLC’s and the Mueller matrix
model has been shown. However, several physical and optical properties were neglected
that could make the model even more broadly useful if they could be included
The first and most obvious modification would be to include multiple, coherent
reflections. Although this addition would do little to improve the model for long-pitch
CLC’s, it is essential for describing selective reflection. Such reflections are accounted
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for by incorporating both a transmission and reflection Mueller matrix for each layer of
the model.82
Scatter and depolarization were also neglected. The Hinds 450XT Mueller Matrix
Polarimeter normalizes to the m11 element such that the data does not contain
depolarization information. However, since high optical quality is a key requirement for
the envisioned application, it is feasible to predict the polarization properties of our
optical designs accurately without considering scatter. Obtaining the most physically
complete picture of the system would require inclusion of scattering matrices83, which
may have the added benefit of being able to better describe unaligned samples.84
Other simple modifications to the model might include the ability to take into account the
effects of pitch deformations, tilted anchoring conditions, and off-normal propagation.
Pitch gradients are easily incorporated by modifying the function that describes the angle
of each layer as a function of distance: other pitch deformations, tilt, and off-normal
propagation are accounted for through the addition of a polar angle variable.
An example of where such a robust model for CLC materials might be useful is in
understanding the root cause for the observed long-term drift of the selective reflection
peak out of specification to either shorter or longer wavelengths in certain OMEGA LC
circular polarizers. One proposed mechanism for this shift is a barometric pressure
fluctuation2, but another equally plausible explanation might be based on time-dependent
changes in anchoring conditions. Having a model to examine the shift in selective
reflection based on both tilt and pitch deformation could help probe both possibilities.
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Modeling the variation in output for a given input polarization under different pitch
deformations and anchoring conditions could supply a signature to look for
experimentally.
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Appendix I. A note on laser induced damage threshold
Laser induced damage threshold (LIDT) is the criteria by which it is determined whether
an optic is likely to survive intense laser irradiation without defect or loss of function.
LIDT is a common specification for optics to be used in high power laser systems and is
typically measured under conditions relevant to the intended use of the optic. LIDT data
are reported for a specific wavelength and pulse length. The LIDT data reported in this
thesis are the result of small (0.5 mm) spot testing at 3ω for a 1-ns pulse. Two types of
testing were conducted:
1-on-1
The sample is irradiated with a low energy laser pulse. If the sample is observed to be
unaltered, then it is translated and irradiated with a higher energy pulse (~15% increase
per shot) in a new location. The process of gradually increasing fluence, with one shot
per location on the sample, is continued until damage is detected by the observation of
new scattering sites by dark-field microscopy. The 1-on-1 LIDT is the fluence of the final
pulse.
N-on-1
The sample is irradiated with a low energy laser pulse. If the sample is observed to be
unaltered, then the sample is irradiated in the same spot with a higher energy pulse. This
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process is repeated, gradually increasing fluence (by approximately 10-15%) with each
shot, until damage is observed. The N-on-1 LIDT is the fluence of the final pulse.
LIDT testing at LLE is currently performed on a system similar to that described in Ref.
55

, with some modifications to the laser source and the incorporation of an electronic

detection system. Damage sites of ~3 μm and larger are detected in situ.
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Appendix II.

A note on Mueller calculus

Several matrix formalisms have been established to facilitate the representation of light
propagation through polarization optics.85-88 Mueller calculus is used extensively in this
work. Here we give a brief description of this formalism and its notation, for the
unfamiliar reader.
Mueller matrices are 4x4 matrices that manipulate polarized light represented by a Stokes
vector. Mueller calculus has the advantage of being able to describe partially polarized
and unpolarized light, however, these calculations are based on intensities and do not
retain the phase information necessary to represent some coherent phenomena, such as
diffraction and interference.
Stokes vectors describe the polarization state of light using four Stokes parameters, given
in two common notations below:

H V
 S0   I  

 S  Q  

H V
1




 .
S


 S2  U   45   45 
    

R L
 S3  V  


(II.1)

H is the intensity of light polarized in the horizontal direction, V in the vertical direction,
and (+45) and (-45) along the 45° and -45° directions. R and L are the intensities of rightand left-handed circularly polarized light, respectively.
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Mueller matrices represent optical elements and act on an incident Stokes vector in the
following manner to give a resultant Stokes vector (transmitted, reflected, or scattered)

Sout  MNMN 1 .M2M1 Sin ,

(II.2)

where 𝑆𝑜𝑢𝑡 is the output Stokes vector, 𝑆𝑖𝑛 is the input Stokes vector, and 𝑀1 through 𝑀𝑁
are the Mueller matrices for the first through Nth optical elements. When an optical
element is rotated about the propagation direction by an angle 𝜃, the resultant Mueller
matrix is given by
M    R   MR   
0
1
0 cos2

0 sin2

0
0

0
 sin2
cos2
0

0   m11
0   m21
0   m31

1  m41

m12
m22
m32

m13
m23
m33

m42

m43

m14  1
0


m24  0 cos2
m34  0  sin2

m44  0
0

0
sin2
cos2
0

0
0  . (II.3)
0

1

Using a combination of rotation matrices and the matrices given in Table II.1 for some
common polarization optics, it is possible to represent completely the polarization effects
of an optical system or a complex optic, such as a CLC device. Mueller matrices are
useful in that they contain all of the polarization information needed to completely
characterize an optical element, but it is worth noting that principal optical properties
such as diattenuation, retardance, and optical rotation are not straightforward to extract.
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Table II.1 Common Mueller matrices for optical elements oriented at 0° with respect to the
horizontal axis

Isotropic absorber
with absorbance 𝑎
Ideal linear polarizer

Linear diattenuator
with transmittances 𝑝, 𝑟

Circular diattenuator
with transmittances 𝑝, 𝑟

Linear retarder
with retardance 𝛿
Circular retarder
with retardance 𝛿

𝑎 0 0 0
0 𝑎 0 0
[
]
0 0 𝑎 0
0 0 0 𝑎
1 1 0 0
1 1 1 0 0
[
]
2 0 0 0 0
0 0 0 0
𝑝+𝑟 𝑝−𝑟
0
0
𝑝
−
𝑟
𝑝
+
𝑟
0
0
1
0
2√𝑝𝑟
0
2 0
0
0
2√𝑝𝑟]
[ 0
𝑝+𝑟
0
0
𝑝−𝑟
2√𝑝𝑟
0
0
1 0
2 0
0
2√𝑝𝑟
0
[𝑝 − 𝑟
0
0
𝑝 + 𝑟]
1 0
0
0
0 1
0
0
[
]
0 0 cos 𝛿 sin 𝛿
0 0 −sin 𝛿 cos 𝛿
1
0
0
0
0 cos 𝛿
sin 𝛿 0
[
]
0 − sin 𝛿 cos 𝛿 0
0
0
0
1
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Appendix III.

MATLAB (R2013b) code for polarization analysis

Uses Excel file of data from Hinds Exicor 450XT Mueller Matrix Polarimeter
function muellerelements2(alpha)
%Written by D. Saulnier
% Input is angle of linear polarization in degrees from the horizontal
% Calculates output Stokes vectors for a set of Mueller matrices and
plots the
% reduced Stokes parameters as color maps.
% Calculates the average Stokes parameters.
% Produces a plot of polarization ellipses for each data point or a
subset
% of data points.
Sin=[1;cosd(2*alpha);sind(2*alpha);0];
% Loads data from excel files through user prompts in command window
sample=xlsread(input('File Name for sample?\n','s'),input('Sheet
Name?\n','s'));
% Inputs subsample size
dN = input('Subsample size?\n');
% Collects x, y, and mueller matrix elements into separate column
vectors
xx=sample(:,1); yy=sample(:,2);
m11=sample(:,3); m12=sample(:,4); m13=sample(:,5); m14=sample(:,6);
m21=sample(:,7); m22=sample(:,8); m23=sample(:,9); m24=sample(:,10);
m31=sample(:,11); m32=sample(:,12); m33=sample(:,13); m34=sample(:,14);
m41=sample(:,15); m42=sample(:,16); m43=sample(:,17); m44=sample(:,18);
% Calculates resolution of data
A=unique(xx);
res=abs(A(2)-A(1));
% Preallocates memory for variablesj
ll=length(xx);
MM{ll,1}=[];
Sout{ll,1}=[];S1=zeros(ll,1);S2=zeros(ll,1);S3=zeros(ll,1);
I=zeros(ll,1);Q=zeros(ll,1);U=zeros(ll,1);V=zeros(ll,1);
SfinalH{ll,1}=[];SfinalV{ll,1}=[];SH0=zeros(ll,1);SV0=zeros(ll,1);
%
%
%
%

Formulates Mueller matrices from the elements of the column vectors
and stores them in a cell.
Multiplies Mueller matrices by input Stokes vector to get output
polarization

for i=1:ll
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MM{i,1}=[m11(i) m12(i) m13(i) m14(i);
m21(i) m22(i) m23(i) m24(i);
m31(i) m32(i) m33(i) m34(i);
m41(i) m42(i) m43(i) m44(i)];
Sout{i,1}=MM{i,1}*Sin;
I(i,1)=Sout{i,1}(1);
Q(i,1)=Sout{i,1}(2);
U(i,1)=Sout{i,1}(3);
V(i,1)=Sout{i,1}(4);
S1(i,1)=Q(i,1)/I(i,1);
S2(i,1)=U(i,1)/I(i,1);
S3(i,1)=V(i,1)/I(i,1);
end
% Plots the normalized Stokes vectors using plotdata function
figure(1)
plotdata(xx,yy,S1,res);
title('S1/S0')
figure(2)
plotdata(xx,yy,S2,res);
title('S2/S0')
figure(3)
plotdata(xx,yy,S3,res);
title('S3/S0')
% Filters light through a polarizer (linear)
HP=0.5.*[1 1 0 0;1 1 0 0;0 0 0 0;0 0 0 0];
VP=0.5.*[1 -1 0 0;-1 1 0 0;0 0 0 0;0 0 0 0];
for i=1:ll
SfinalH{i,1}=HP*Sout{i,1};
SfinalV{i,1}=VP*Sout{i,1};
SH0(i,1)=SfinalH{i,1}(1);
SV0(i,1)=SfinalV{i,1}(1);
end
% Plots HP intensity and VP intensity
figure(4)
plotdata(xx,yy,SH0,res);
title('Horizontal')
caxis([0 1]);
figure(5)
plotdata(xx,yy,SV0,res);
title('Vertical')
caxis([0 1]);
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% Gives the average value of S1, S2, S3
ss1=nanmean(S1)
ss2=nanmean(S2)
ss3=nanmean(S3)
% Plots the polarization ellipses using D. Saulnier's drawellipse
function
figure (6)
drawellipse(xx,yy,I,Q,U,V,res,dN)
end

function plotdata(xx,yy,data,res)
% Plotting function that uses the function "matrix" written by B.
Taylor
% and modified by D. Saulnier. Uses standard color axis from -1 to 1
Xmin=min(xx);Xmax=max(xx);
Ymin=min(yy);Ymax=max(yy);
imagesc(Xmin:Xmax,Ymin:Ymax,matrix(xx,yy,data,res));
axis image
colorbar;
caxis([-1 1]);
set(gca,'YDir','normal')
end

function drawellipse(xx,yy,I,Q,U,V,res,dN)
%Written by D. Saulnier
% Plots polarization ellipses based on stokes vector and x y coords
% Red is right handed, blue is left
% Clears figure
clf('reset')
%
x
y
I
Q
U
V

Makes data rectangular using B. Taylor's function "matrix"
= matrix (xx,yy,xx,res);
= matrix (xx,yy,yy,res);
= matrix (xx,yy,I,res);
= matrix (xx,yy,Q,res);
= matrix (xx,yy,U,res);
= matrix (xx,yy,V,res);

%Averages data within subsample size
x= msmooth(x,dN);
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y=
I=
Q=
U=
V=

msmooth(y,dN);
msmooth(I,dN);
msmooth(Q,dN);
msmooth(U,dN);
msmooth(V,dN);

% Defines ellipse parameters
L=sqrt(Q.^2+U.^2);
ip=sqrt(L.^2+V.^2);
aa=sqrt(0.5.*(ip+abs(L)));
bb=sqrt(0.5.*(ip-abs(L)));
theta=0.5.*atan2(U,Q);
hh=sign(V);
omega=linspace(0,2*pi,100);
% Precalculates sines and cosines for use in parametric equations
somega=sin(omega);
comega=cos(omega);
% Sets the size of ellipses
ss = 0.40*dN*(max(xx(2,1)-xx(1,1),xx(2,1)-xx(1,1)));

% Plots ellipses from parametric equations
for i=1:length(x)
p(1,:)=ss*aa(i).*comega.*cos(theta(i))ss*bb(i).*somega.*sin(theta(i))+x(i);
p(2,:)=ss*aa(i).*comega.*sin(theta(i))+ss*bb(i).*somega.*cos(theta(i))+
y(i);
if hh(i)>0
C(i)='r';
else
C(i)='b';
end
hold on
plot(p(1,:),p(2,:),C(i))
end
axis image
end
function avg=msmooth(M,dN)
%Averages values within each square of size dN, and forms column vector
%of these values. Should only be applied to data already processed
%using function "matrix"
g=floor(size(M,2)/dN);
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h=floor(size(M,1)/dN);
msmooth=NaN(h,g);
for i=1:g;
for j=1:h;
a=(dN*j)-(dN-1);
b=j*dN;
d=(dN*i)-(dN-1);
e=i*dN;
A = M(a:b,d:e);
msmooth(j,i)=mean(mean(A));
end
end
msmooth=reshape(msmooth,[g*h,1]);
avg=msmooth;
end
function matrx = matrix(xx,yy,data,res)
%Written by B. (Taylor) Hoffman
% Makes data rectangular for subsampling
a = min(xx);
c = min(yy);
% Defines max and mins for x and y-ranges
% Modified by D. Saulnier
y = (1/res)*(yy - c)+1;
x = (1/res)*(xx - a)+1;
b = max(x);
d = max(y);
% Modified by D. Saulnier
matrix = NaN(d,b);
for ii = 1:length(xx)
m = x(ii);
n = y(ii);
matrix(n,m) = data(ii);
end
matrx=matrix;
end
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Appendix IV.

Supplemental data for Chapter 3

Figure IV.1 1H NMR spectrum for Int
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Figure IV.2 1H NMR spectrum for N1-OH

129

Figure IV.3 1H NMR spectrum for Ch1-OH
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Figure IV.4 1H NMR spectrum for GLC-N1
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Figure IV.5 1H NMR spectrum for GLC-Ch1
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Appendix V.

Mueller matrix equations for CLC slab

The Mueller matrix for a CLC slab contains all the polarization information in the lower
right 3x3 portion of the matrix. Compact expressions for each of those elements are given
below.
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where
1

 2  Δ 2  2
  q  
 

 2  


(V.10)

𝑞 is the rate of rotation of the LC director
q  2 / P

(V.11)

Δ  2 Δn / 

(V.12)

and ∆𝛽 is the birefringence wave vector

