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The periodic helical structure of an aligned polymerized cholesteric liquid crystal (ChLC) film
gives rise to circular Bragg reflection within a narrow wavelength range, such that circularly
polarized light of the same handedness as the helix is reflected, while counter circularly
polarized light is transmitted. The ChLC is also strongly optically active with opposite
rotatory power at either side of the circular Bragg zone. Both the selective reflection
of circularly polarized light within the Bragg zone, as well as the optical activity of the
cholesteric liquid crystal, are imaged with a new conoscopic technique based on a microscope
equipped with the rotating polarizer—circular analyser MetriPol imaging system. The
conoscopic images reveal the off-axis Bragg zone as an annulus at wavelengths below normal
selective reflection. The annulus converges into a disk before disappearing at wavelengths
above the region for normal selective reflection. The technique allows clear identification of
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the Bragg zone and the sign of the optical activity.

1. Introduction

There are various kinds of helically ordered,
unidimensionally periodic materials that give rise to
circular Bragg reflection when the pitch of the helix is
comparable to the wavelength of light [1-3]. One such
periodic chiral structure can be found in chiral nematic
(cholesteric) liquid crystals (ChLCs). For light at
normal incidence, a ChLC is a 1D photonic band
gap [4] material in which circularly polarized light of
the same handedness as the chiral structure cannot
propagate within a narrow reflection band. A cross-
sectional layer of a ChLC has the orientational order of
a nematic LC, but the local director, n, rotates around
a single axis (the helix axis), making a rotation of
360° over the distance called the pitch, P. The periodic
modulation of the dielectric constants gives rise to a
phase grating through the thickness of the layer with a
period equal to half the helical pitch length. It has
previously been shown that Kossel diagrams measured
in reflection make it possible to determine the pitch and
the refractive indices of a chiral liquid crystal [5-7].
Here we image light transmitted through a polymerized
ChLC with a conoscopic rotating polarizer technique
at wavelengths spanning the visible spectrum. The
uniaxially symmetric birefringence signal is separated
from orientational and surface alignment effects and
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the derived information is directly applicable to the
calculation of the pitch and the refractive indices of
the cholesteric sample. Airy spirals [8] clearly present
in the conoscopic images also provide an easy way of
determining the handedness of the optical rotation.

2. Theoretical background

Analytic expressions describe the normal incidence
optical properties of ChLCs [9], this being the only
example of a simple exact solution of Maxwell’s
equations for periodic media [10]. Normally incident
circularly polarized light with the same handedness as
the helix undergoes circular Bragg reflection. The width
of the reflection band is given by

/lmax - )vmin =AnP (1 )

where An is the birefringence of the material and
Jmax=n P and Amin=n, P, where n; and n, are
extraordinary and ordinary refractive indices of the
LCf. At an oblique angle 0 the optical properties
become considerably more complicated, with the
central reflection wavelength moving towards shorter
wavelengths roughly as A=/4qcos 8, where A, is in the
middle of the normal Bragg zone. Various numerical
approaches for determining the propagation of light at

tWe use nj, n; and An when discussing refractive indices
due to the LC molecules and n. and n, when discussing
refractive indices of the assembled helical LC.
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oblique incidence have been developed by several
authors [11-17]. At oblique incidence higher orders of
reflection appear, at frequencies that are multiples of
the Bragg frequency. Higher order reflections show
separate bands reflecting specific or all polarizations.
The first order reflection also develops a region of
total reflection in the middle of the selective reflection
band [18, 19].

In the planar aligned cholesteric structure, the differ-
ence in phase velocities of right circularly polarized
(RCP) and left circularly polarized (LCP) light is very
large in the selective reflection band and the optical
activity arising from the helical arrangement of the
molecules is much bigger than intrinsic optical activity
(the chirality of the individual molecules gives non-
negligible effects only when the pitch is comparable to
the molecular size). The optical rotatory power p, is
given by

=) >

where ny is the refractive index for RCP light and ny,
for LCP light. For wavelengths shorter than the middle
of the Bragg zone, ngr>n; whereas the situation is
reversed on the longer wavelength side. Use of the
rotating polarizer technique, with its ability to illustrate
the handedness of the optical activity [20], emphasizes
this change of sign.

Reflection from a ChLC sample occurs according to
two mechanisms [10], and results in reflected waves,
which can interfere with each other. The first is the
ordinary reflection caused by the jump in the dielectric
constant at the interface between the ChLC sample and
glass or air. The second is the circular Bragg reflection,
due to the presence of the chiral structure in the sample.
The phase of the Bragg reflected component changes by
180° across the Bragg zone implying that the inter-
ference between the Bragg and dielectrically reflected
light waves varies over the Bragg zone. When linearly
polarized light is incident on the ChLC sample the
interference pattern not only changes within the Bragg
zone but also varies strongly as a function of the
orientation of the incident linearly polarized light. The
angle between the director at the surface of the ChLC
and the orientation of the linearly polarized light will be
called o and we will use the term selective reflection
variation (SRV) to describe the variation in light
transmittance with respect to o.

Bragg scattering, or Kossel lines can be seen in
the conoscopic image in a conventional microscope.
Conoscopic images are formed using crossed polarizers
and strongly convergent light through the sample, while
bringing the back-focal plane of the objective to focus
at the eyepiece using a Bertrand lens.

In an LC cell it is important to distinguish between
the intrinsic birefringence of the bulk LC phase and
the effective birefringence of the helical LC assembly.
In a ChLC the molecules are aligned with their long
axes perpendicular to the helical axis of the assembly.
Hence the extraordinary refractive index of the helical
assembly will correspond to the ordinary refractive
index of the bulk phase. The ordinary refractive index
of the helical assembly corresponds to an average of
the two refractive indices of the bulk phase, and in
summary [21]

Ne=nj

=3 (ni+n2)r. 4

It is clear from this approximation that we can expect
to have the opposite sign of birefringence of the helical
assembly relative to that of the bulk phases, as well as a
reduction in the birefringence.

Inside the Bragg zone we will see no macroscopic
linear birefringence, since the LC allows only one
circular polarization through, and hence transmits 50%
of the light intensity independently of the orientation
of the polarization of the incoming light (a). Therefore
the Bragg zone should appear as an area of zero
birefringence (|sind|=0, see later). The presence of
the SRV complicates the above measurement and it
becomes necessary to correct therefore, by making two
measurements, one with the analyser in the light path
and one without. By making this correction (as des-
cribed later and in the appendix), it becomes possible to
image the birefringence signal together with the optical
activity alone.

The birefringence and the optical activity can be
expected to show radial/tangential symmetry in the
conoscopic image, depending only on the radial vector
relative to the helicoidal axis. The SRV, on the other
hand, depends on the angular orientation of the
rubbing direction of the sample and will show no sym-
metric relationship to the helicoidal axis. Measurements
of the combined SRV and birefringence will reflect this
non-rotational symmetry, and the correction can easily
be evaluated by the extent to which it eliminates this
feature.

3. Experimental technique
The rotating polarizer technique (figurel) in its
commercial form (MetriPol [22]) was initially developed
as a tool to image spatial variation of birefringence
within a sample [20, 23]. However, as has already been
illustrated in crystallographic applications, by using the
technique in a conoscopic set-up, further information
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Figurel. Light path of the rotating polarizer. The mono-
chromatic light is modulated by the variation in the
orientation of the polariser P (x); ¢ denotes the
inclination of the slow axis in the sample. The analyser
A, is oriented at 45° to the axes of the quarter-wave plate
A4, to create a circular analyser needed for the biref-
ringence measurements. F and S denote fast and slow
axis respectively.

can be deduced regarding the optical activity and
alignment of the sample [20].

The light intensity in a set-up as described in figure 1
will vary with the polariser orientation («) as a
harmonic function around an average intensity with
an angular offset and an amplitude depending on the
character of the sample and whether or not the analyser
is inserted in the lightpath. The MetriPol software
separates and images the variation in transmission
intensity /, into an average intensity /y/2, amplitude and
an angular offset. Using the normal implementation in
the study of purely birefringent samples, the intensity
varies as follows [23]:

I= %Io[l—i— sin 2(o—¢) sin 0] 4)

where [ is the total light intensity transmitted by the
sample, ¢ is the inclination of the slow axis relative to an
offset and ¢ is the phase difference introduced between
the fast and the slow light wave within the sample for a
given orientation of the incoming light,

5= =m) )

where n; and n, are the effective refractive indices. In a
uniaxial sample one of the indices, r will stay constant;
the other, n.(0), will vary with the angle between the
optical axis and the incoming light vector.

If Iy is independent of ¢, the technique measures the
birefringence within the sample, by assigning the ampli-
tude to |sin d| and the offset to orientation of the slow
axis (p). We are using the simple assumption that the

ChLC assembly is optically equivalent to a two-layer
structure. One layer is reflecting, and responsible for the
SRYV effect; the other layer is uniaxially birefringent. As
discussed previously, the reflection and hence also the
transmission of light will depend on «. Such transmis-
sion behaviour is characteristic for dichroic materials
and the first layer will be treated as such (when looking
at the transmission of light it is unnecessary to
distinguish between absorption and reflection).

The SRV of a sample can be measured by measuring
the intensity variation of the light transmitted by the
sample as a function of «, without having an analyser
in the light path. Using Jones matrices the intensity
variation of the two-layer structure is easily cast as
(see the appendix):

coshe
Ioul = 1i
e

P [14+ cos2(a—gpgry)tanhe]  (6)
where [, is the intensity of the incoming light, and ¢
describes the partial reflection coefficient as a function
of incoming polarization:

Imin = CXP(—S)Imax (7)
Iax 1s the intensity of the most transmitted polarization
oriented at gsrv and I, is the intensity of the least
transmitted polarization perpendicular thereto. This
variation is due partly to the selective reflection from
the liquid crystal and partly to the oblique angle of
incidence that causes the different polarizations
to be transmitted differently by the set-up. As stated
previously, ignoring the SRV effect, the intensity of
the transmitted light inside the Bragg zone should
not depend on «, and thus, referring to equation (4),
|sin 6| =0. Hence, by imaging the birefringence of the
sample the Bragg zone can be seen in transmission
as a zone of |sind|=0. However, while the SRV can
be measured separately, the birefringence can only be
calculated by removing the SRV effect on the measure-
ments with the analyser in the light path as described in
the appendix.

The actual implementation (figure2) of the MetriPol
imaging system used here is on a JenaPol microscope
(Carl Zeiss, Jena) using 10 nm interference filters and a
50x 0.95 numerical aperture (NA) objective. Large NA
optics can cause distortions in the back focal plane of
the objective but it has been shown using even higher
aperture optics (NA up to 1.3) that although present,
and increasing with angle, the distortions can be
ignored [24].

4. Material and sample preparation
The material used is a chiral reactive mesogen (RM),
which consists of a liquid crystalline (mesogenic) core
with reactive acrylate end groups that can be polymerized



17:11 25 January 2011

Downl oaded At:

892 K. Bjorknas et al.

“Camera

Ocular

Bertrand lens

Optional Analyser
A/4-Plate

_Rotating Polariser

Colour Filter

/
N (1B

Figure2. Conoscopic imaging is achieved with a rotating
linear polarizer and a circular analyser. The conoscopic
images are created by inserting a Bertrand lens in the
lightpath.

to form an anisotropic solid with ordering equivalent
to a ChLC. Right-handed cholesteric acrylate mixtures
from Merck Specialty Chemicals Ltd were polymerized
by UV radiation to produce solid films that selectively
reflect a narrow band of RCP light. The RM mixtures
contain a nematic host together with varying amounts
of a chiral dopant to give a particular pitch. Two
different RM mixtures (RMM13, and RMMI11) were
mixed together to give selective reflection over
525-572 nm.

Cells were fabricated using two ITO-coated glass
plates. These were mechanically and chemically cleaned
before coating with polyimide 2555, followed by baking
in an oven and rubbing in one direction with a
conventional rubbing machine. The thickness of the cell
was controlled by 10um spacers and confirmed by
measuring the interference fringes caused by the air
gap. The RM host was melted and the mixture capillary
filled into the cells; it was found to adopt a good planar
texture provided it was heated above the clearing tem-
perature before filling. The RM host was subsequently
polymerized by exposure to a broadband UV lamp
with maximum emission at 365nm and an intensity of
0.6Wcem ™2 for 1 min. The upper glass substrate was
subsequently removed by cleaving, to enable focusing
onto the back focal plane with the high NA lens.

Although the samples were well aligned they were
not monodomain samples, as can be seen in the
orthoscopic image in figure3. The domains were

Figure3. Orthoscopic SRV plot of the sample showing
domains of approximately 1000pm?>.

roughly 1000pm”> and the area imaged was
250 x 175 pm?.

5. Results: conoscopic imaging of Bragg region and
demonstration of the Airy spiral

Since conoscopic images are created by interference
between light rays passing obliquely through a sample
it is important to consider the off-axis optics of
cholesterics. Off-axis at an angle 0 to normal incidence,
the region for selective reflection moves to smaller
wavelengths. This blue shift is demonstrated in figure 4,
which shows the experimental transmission of RCP
light through the right-handed sample with three differ-
ent angles. Light from a xenon light-bulb was circularly
polarized by a linear polarizer and a Fresnel Rhomb,
and was incident onto the sample which could be
rotated. The transmitted light was measured with a
spectrograph coupled to a CCD. Figure4 shows the
normal (0=0°) region for selective reflection at 525—
572nm, and the blueshift of the region for 0=25°, and

90

. =

70

56 i \.[ v —0

o {—¥|

30 4

20

10
0 T T T T
460 490 520 550 580
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Figure4. Off-axis transmission of RCP light at §=0°, 25°
and 40°. The selective reflection band shifts to shorter
wavelengths with increasing 6 (0°: 525-572nm; 25°:
504-554; 40°: 479-528nm).
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0=40°. The transparency of the sample to LCP light
was also confirmed although it is not shown here.

In this work a rotating linear polarizer is used for
the conoscopic imaging so that the o-dependence of
the transmission of linearly polarized light has to be
taken into account. For unpolarized incident light, and
with no analyser, the transmission spectrum of a ChLC
shows the expected flat-topped selective reflection
region. However, when linear polarizers or analysers
are used the situation becomes much more complex,
and the transmission varies strongly within the region
for selective reflection. This SRV effect occurs because
waves reflected from the interface due to the difference
in refractive indices (between the sample and the
surrounding medium) interfere with those waves
experiencing circular Bragg reflection. Figure5 shows
the experimental transmission of linearly polarized
light through the cholesteric sample with either the
film side or the glass side facing the incident light beam.
In figure5(a) the incident light faces the cholesteric
film and is polarized parallel and perpendicular to the
alignment direction of the surface layer, showing clear
interference fringes at either side of the Bragg zone
relation to the a-dependence of the phase differences
between the Bragg and dielectrically reflected waves
[10]. Figure5(b) compares light transmission when
either the cholesteric film or the glass surface is
turned towards the incident light. Since the jump in
the refractive indices at the air/ChLC interface is much
bigger than at the glass/ChLC interface the dielectric
effect is much stronger when the cholesteric film faces
the incident light. The transmission very strongly
depends on the plane polarization orientation with
respect to the director orientation at the surface with a
variation of 40% for the air/ChLC interface and 20%
for the glass/ChLC interface. Figure5(b) also reveals
that there is a 65° difference in the interference pattern
between either side of the sample. In the present

TR

wavelength {nm

wavelength fnm

Figure5. In the Bragg zone the transmission of linearly
polarized light depends on «. (¢) Transmission through
the sample with the air/ChLC interface facing light
polarized parallel (¢=0°) and perpendicular (x=90°) to
alignment direction; (b) comparison of air/ChLC and
glass/ChLC interface transmission at (x=45°) and (o¢=
135°) angles between alignment direction and polarizer.
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Figure 6. (a) Conoscopic SRV image at 530 nm; the strong
signal at the periphery of the image is a consequence of
variation in transmission variation of polarized light seen
in high aperture objectives and the reflection of the
surface of the sample. The colour key for the magnitude
of the SRV effect tanhe, as in equation (6), is given on
the right. (b) SRV magnitude measured without the
circular analyser; the plotted values are taken at the
centre of the conoscopic image corresponding to normal
incidence.

conoscopic experiment the sample was mounted with
the glass side facing the incident light.

When placing the sample in the microscope (figure 2)
and removing the top analyser we image the SRV effect
as a function of 6. Figure6(a) shows the variation
in magnitude of the SRV effect at a wavelength just
below the Bragg zone. Notice how the SRV effect adds
a non-rotationally symmetric element (a spiral) to the
image. The non-rotational symmetry is the result of the
alignment direction of the surface layer of the sample.
The spiral follows the movement when rotating the
sample, showing that this is an effect due to the surface
alignment direction of the sample, rather than an
artifact of the technique.

Figure 6 (b) shows the variation of SRV with wave-
length, and presents an alternative way of imaging
the Bragg zone. By correcting the conoscopic images
measured with the top circular analyser for the SRV
effect, we remove the transmission variations due to the
non-rotationally symmetric selective reflection of the
linearly polarized light and any Fresnel reflection effects
at the surface. The rotationally symmetric Bragg zone
comes into clear view, as is shown in figure7. The
images show both the orientation as well as sind at six
different wavelengths, below (457, 490 and 510 nm), in
(530 and 550nm), and above (589 nm) the region for
normal selective reflection. The SRV correction has
eliminated the presence of the asymmetric spiral in the
birefringence images, which now show the Bragg zone
very clearly. Since conocopic images are created by
oblique light rays, the Bragg zone can be seen at
wavelengths below the region for normal selective
reflection due to the off-axis blue-shift of the zone,
figure 7 (b) 457, 490 and 510 nm. At wavelengths below
normal selective reflection the Bragg zone forms an
annulus with the inner edge corresponding to the
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0 180 0.0 1.0

Figure7. Conoscopic images corrected for the SRV effect at 457, 490, 510, 530, 550 and 589 nm. (@) Orientational images
showing the optical rotation; (b) sin ¢ images giving the birefringence; (c¢) colour keys for ¢ and sind.
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shorter wavelength band edge (1=n, Pcosf) whereas
the outer edge corresponds to the longer wavelength
band edge (A=nex(0)P cos 0, where njerr is the effective
off-axis extraordinary refractive index which varies with
angle). Upon increasing the wavelength the annulus
shrinks and as Ay, (~figure7(b) 530nm) is reached
the annulus collapses into a disk. At Z,.x the disk
disappears altogether.

Outside the Bragg zone (figure 7: 589 nm and central
part of 457, 490 and 510 nm) the cell exhibits an optical
character not unlike that of an ordinary solid state
crystal. Looking down the helicoidal axis the birefrin-
gence is zero in the centre of the conoscopic image,
where light is normal to the surface of the sample, and
increases radially from the centre. The angular offset
varies tangentially according to the optical activity
of the cell, making Airy spirals visible [20] in the ¢
images, Figure 7 (a). The hand of each individual spiral
corresponds to the hand of the optical activity of the
cell. The optical rotation is of opposing directions at
different sides of the Bragg zone with p>0 for A</
and p <0 for 2> 4y, in accordance with the theory for
the right handed sample, equation(2). The opposite
rotation direction of the Airy spiral at either side of the
Bragg zone is clearly seen by comparing figure 7 (a)
457nm and 589 nm.

It is possible to make simulations of the conoscopic
image of the liquid crystal outside the Bragg zone using
the same algorithms as used for a uniaxial crystal.

The region for total reflection, which should be
visible in the middle of the Bragg zone for oblique
incidence (i.e. for A<Amin, 457, 490, and 510nm in
figure 7), cannot be seen because our sample is not
monodomain and also because relatively broadband
(10nm) interference filters are used. The apparent
biaxial split seen in some of the birefringence images in
figure 7 (b) may be the result of accidental shearing of
the sample during the removal of the upper glass cover.
It may also be because of an incomplete correction for
the SRV where the combination of small errors on both
the SRV and the standard birefringence measurement
means that these two do not exactly cancel each other
out. If the sample were truly uniaxial, the birefringence
in the centre would tend towards zero, thus making
even the smallest error dominant.

The conoscopic images can be used to construct a
stability chart as introduced by Oldano et al. [25], from
which the pitch and refractive indices can be deduced.
We introduce the parameter m=sin0, where 0 is the
angle of incidence. The parameter m is measured
directly from the conoscopic images as the radial
distance of the Bragg edge from the centre. Plotting n7>
for the two edges of the Bragg zone as a function of
J? gives linear plots, as can be seen in figure8. The
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Figure8. Location of Bragg zone measured experimentally
from conoscopic images (dots). The measured values are
compared with theory (solid lines) and transmission
measurements (squares). The experimental error is shown
for one measurement.

stability plot allows the measurement of the pitch and
the refractive indices of the sample since
2

m*=n*— l% . (8)
For the inner edge of the annulus this equation is exact
since n=n,, whereas the outer edge is more compli-
cated because the off-axis extraordinary index varies
with angle. The data obtained from the conoscopic
images is plotted in a stability chart together with trans-
mission data (from figure4) and curves calculated from
the dynamic theory by Belyakov and Dmitrienko [17]
in figure 8. The theoretical curves use Merck refractive
index data (n; =1.5, ny=1.64); these indices were
confirmed by fitting of our transmission data by N.
Roberts [26].

The measurement of m has one major source of
error, namely the manual determination of the size of
the Bragg zone at any given wavelength. Repeated
measurements on different data sets gave a random
error of no more than +0.05 for the individual mea-
surement, as is shown in figure8. The accuracy of
numerical aperture of the lens, which is used for the
calculation of m, could result in a systematic error, but
this has, in other studies with the same apparatus,
proven to be negligible [20]. The same study illustrated
the reliability of the conoscopic imaging system.

The calculated and measured Bragg zone edges agree
very well. The quality of data for the inside edge is,
however, poorer than the quality for the outside edge.
The reason for this is clearly visible in figure 7, which
shows that the inside edge is less sharp, and hence less
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easy to define, than the outside edge. The very good
correlation between the outside edge and theory
indicates that modelling based on this information
might be sufficient to determine the pitch and the
refractive indices.

6. Conclusions

The birefringence and optical activity of an aligned
cholesteric sample have been imaged separately at
wavelengths spanning and overlapping the region for
normal selective reflection. The imaging technique uses
a rotating polarizer, and is a quantitative method
enabling the elimination of the dark cross normally
present in conoscopic images. A technique for correct-
ing for the (linear) polarization sensitivity is introduced
and the corrected conoscopic image facilitates the
assessment of the Bragg zone. The first order Bragg
reflection appears as a single annular ring for wave-
lengths below—, as a disk for wavelengths within—,
and disappears for wavelengths above—the region for
normal selective reflection. The handedness of the Airy
spiral at either side of the Bragg zone offers a direct
way of determining the handedness of the ChLC. The
Airy spiral shows that the optical activity is clockwise
(i.e. positive and right-handed) for wavelengths shorter
than the Bragg zone and negative for longer wave-
lengths. The pitch and refractive indices can be deduced
from the edges of the Bragg annulus whereas the sign of
the optical activity is determined from the handedness
of the Airy spiral.

Experiments are planned to investigate higher order
Bragg reflections, the regions for total reflection, and
the apparent biaxial split using the MetriPol technique.

Appendix
The MetriPol data collection
We consider the liquid crystal cell to be composed of
a reflective layer and a birefringent layer in series, with
no symmetry restraint between the two. The light path
for the SRV measurements may then be cast in terms of
Jones’ matrices as:

JoutSRV =R —QJM(SR(pR—
and for the entire light path
Jout= Mcirc-]outSRV (Az)

where Jj, represents the incident polarization, R, is
the orientation matrix for the polarizer at an angle o,
R, and R,sry are the orientation matrices for the
birefringent part (M;) and the SRV part (M,) of the
crystal respectively, and M. the circular analyser.
The resulting intensity is then found by taking the
square of the length of J,y.

’/’SRVMSRWSRV R, Jin (Al )

We write out the matrices for the entire light path
(A2):

J11110
201 1o i

[ cos ¢ +sin ¢ | [exp (i6/2) 0

| —sin g cos ¢ ] l 0 exp (—i5/2)]
[ cos ¢ —sin ¢ || cos pry  +Sin pery

| +sin ¢ cos ¢ ] l—sin Psry  COS Pgry 1
1 0 COS Psry ~ —SIN Pgpy

|0 exp (—¢) | | +sin ggry  COS Pgpy ]

[ cos «  +sin ol [ Ey

_—sinoc cos o (0) (A3)

Inserting ¢=0, in equation (A3) gives us equation (4)
directly; equation(6) can similarly easily be deduced
using the same matrices (with ¢#0), but without the
analyser.

Both equations (4) and (6) can be cast in the form of
using the trigonometric addition formulae:

I=1Iy(ap+aj sin 20+ a; cos 2u) (A4)

where ag, @; and a, can be deduced during data
collection using a Fourier analysis [23].

The recast of equation(4) (a purely birefringent
sample) becomes:

I=—
2

Iy . .
+ Eosm 0 cos 2¢p sin 2o

I
— Eosinésin 2¢ cos 2a (A5)
and the values for the birefringence are easily deduced:
sin?d = (a12 + azz)/aoz, and tan2¢p=—ayla,.
The recast of equation (6) becomes:
_ Ipcoshe

out —
exXpé

Imei—(l))silb tanh ¢ sin 2pgpy sin 2a
I, coshe

expe
and the SRV can easily be derived from the measured
values of ag, a; and a, in a similar way. Notice that the
ap term is necessary for the normalization of @; and a».

tanh & cos 2pggy cos 2o (A6)

The SRV correction.
In the following the optical activity has been ignored,
since its effect appears not to have any influence on the
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SRV correction. We can cast the light variation for
entire light path, equation (A3), in a form similar to
(A4), and get for the terms ay, a; and a,:

1 . .
a =7 I cosh g[1 + (sin 0 sin 2¢ cos 2pgry

(A7)
— sin 0 cos 2¢ sin 2pggry ) tanh ¢
ay/In= (K €OS 2¢gpy + %) sin J sin 2¢
— K sin 2¢ggv sin d cos 2¢
+ %sinh £COS 2pgpy (A8)
ar/Iin= (K COS 2¢gpy — %cosh s) sin 0 cos 2¢
+ K sin 2¢qgy Sin 6 sin 2¢
+ % sinh &sin 2pgpy (A9)

where K =1 (coshe—1)cos2pggy.

The equations (A8) and (A9) provide two equations
with two unknowns, sindcos(2¢) and sindsin(2¢), since
we can measure ¢ and pgry separately. However, since
the measured value for a, has been used for the
normalization of a; and a, to remove [, (the light
intensity /;,, was not kept constant between the different
measurements) while being dependent on the above
unknown quantities, a convergent iterative process is
necessary.
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