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(ABSTRACT)

Polarimetry, as applied to chemical analysis, deals with the
determination of the extent and direction that an optically
active chemical species will rotate incident linearly
polarized light. Although well developed for physical
sensing, the technique of fiber optic polarimetry for
chemical sensing remains in its infancy. This thesis is
concerned with the design and development of an optical fiber
polarimeter which measures the optical rotation of linearly
polarized light that occurs in a sensing region between two
multi-mode optical fibers. Over short distances, the
polarization preserving capabilities of large-core multi-mode
optical fibers were investigated. Polarimetric analyses were
performed using sucrose and quinine hydrochloride. The
instrument has a resolution of 0.08°, and is an excellent
platform for an LC or FIA detector. Its more intriguing
future lies in evanescent field sensor applications and

studies of chiroptical surface interactions.
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1.0 Introduction

The use of optical waveguides for the design of chemical
and physical sensors has expanded rapidly within the past ten
vyears. The application of fiber optics within the
telecommunications industry has been largely responsible for
providing the technology and materials necessary for the
widespread use of optical fibers as sensors. Since their
infancy in the early 1970’'s, fiber optic sensors have
exhibited their potential for use in many areas, including
those of medicine, chemistry, biochemistry, aerospace
engineering, environmental monitoring, process control, and
manufacturing. The advantages of fiber optic sensors include
high sensitivity, immunity to electromagnetic interference,
geometrical versatility, and intrinsic safety. Due to the
numerous configurations of these sensors, it has become
necessary to provide distinct classifications for the various
types.

An optical fiber sensor may be classified as either
intrinsic or extrinsic. Intrinsic sensors are indicative of
configurations in which the fiber itself is the sensing
element. The entire length of the fiber or perhaps even a
small region may be responsible for its sensing ability.
Current applications are found in distributed temperature
monitoring, chemical sensing, gyroscopes, and intrusion

detection.



For an extrinsic optical fiber sensor, there exists an
external sensing element or region which provides for an
interaction with the light traveling through the fiber. The
sensing region is in most cases found at the distal end of
the fiber and the length of the optical fiber serves as
"plumbing" in order to deliver and retrieve light from this
region. Another example of an extrinsic fiber optic sensor
takes advantage of an external coating upon its sensing
region in order to provide for a mechanism of
transduction.

Fiber Optic polarimeters have in the past been applied
primarily as intrinsic physical sensors for measuring strain
due to pressure, temperature, and magnetic and electric field
strength. Although generally simpler than the more familiar
fiber optic interferometers (Mach-Zehnder, Michelson, Fabrey-
Perot and Sagnac, for example) these sensors fall within this
classification due to their physical and operational
features. Signal detection for these polarimeters is based
upon optical delay of the orthogonally polarized modes of
light within a birefringent fiber.

Polarimetry is a widely used method of chemical analysis
which may be found in academic, industrial, and clinical
laboratory settings. This technique deals with the
determination of the extent and direction that an optically
active chemical species will rotate incident linearly

polarized light. Nicotine, sucrose, and the amino acids are



only a few of the many substances which exhibit this optical
rotary power.

This thesis is concerned with the research and
development of an extrinisic fiber optic polarimeter. This
instrument‘is unique as a result of its design for use in
chemical analysis rather than for sensing physical
phenomenon.

In order to provide a coherent and complete body of
information, four major areas will be detailed within the
thesis. The principles section will discuss polarized light,
polarimetry, and fiber optics. The instrument design section
will detail the individual components which comprise the
instrument. The third section is concerned with the
evaluation of the instrument. The final section will provide
a discussion of possible instrument improvements and future

work.



2.0 Principles

This work will first attempt to provide a reader-
friendly description and representation of polarized light.
The optics commonly associated with the production and
manipulation of polarized light will then be discussed.
Additionally, the chemical analysis technique of polarimetry
will be reviewed. Topics will include the history of the
technique, a description of optical activity, a discussion of
conventional polarimetric hardware and instrumentation, and a
brief review of associated chiroptical techniques. Finally,
background information concerning fiber optics will be
provided. The history of optical fibers will be touched upon
briefly, as well as the ﬁechanism by which they guide light
and their physical representations. Of course, this portion
of the manuscript would be most incomplete without an
examination of the types and attributes of optical fiber
sensors.

2.1 Polarized Light

In order to begin a tutorial concerning light, it is
first necessary for one to recall and consider the
electromagnetic spectrum. Figure 1 shows a diagram of the
electromagnetic spectrum. The many classifications of
electromagnetic radiation will exhibit similar basic

characteristics; however, the following discussion will be
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(from Telefunken Electronic, Infrared Detectors and
Emitters, Laser devices: Data Book 1986. p.A25)



concerned with only a small portion of the spectrum, the
region of visible light.

Light may be treated as a transverse electromagnetic
wave (Figure 2). 1In order to fully describe such a light
wave, one must know its intensity, frequency, direction of
propagation, orientation of vibrations (relative to some
known axis) and the variation of these parameters with time
[1]. In order to specify the orientation of the vibrations,
either the electric or magnetic vector must be chosen.

2.1.1 Definition

Shurcliff and Ballard describe polarized light as a
light whose transverse vibration has a simple pattern [2].
They consider polarized light to be not really polar, but
merely simple. It is difficult to define unpolarized light
and impossible to depict it in a figure; however, they define
unpolarized light as light that exhibits no long term
preference as to vibration pattern [2]. Hecht and Zajac
consider the term unpolarized light to be a misnomer, since
the light is actually composed of a rapidly varying
succession of different polarization states [1]. They prefer
to refer to such a wave as natural light.

2.1.2 Description and Representation

Linear polarized light has a constant orientation of the
electric field, although its magnitude and sign vary with
time. Linearly polarized light is best described by use of a

series of illustrations. Figure 3 provides an illustration



Figure 2. Light, illustrated as a transverse electromagnetic
wave. (from Hecht & Zajac, Optics. p.37 [1])
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of two linearly polarized light waves that are said to be in
phase. Notice that the two orthogonal electric fields, or
optical disturbances, E; and Ey provide the resultant optical
disturbance, E (Figure 4). It is the relative phase
difference between the waves that determines whether or not
the waves are in phase or out of phase (Figure 5). If the
relative phase difference is zero or an integral multiple of
+ 2n then the waves are in phase. If the relative phase
difference is an odd integer multiple of * w then the waves
are said to be 180° out of phase [1]. The majority of
available optics texts (for example, Optics, by Hecht and
Zajac) provide the corresponding equations that help to
describe these principles mathematically.

Circularly polarized light is depicted in figure 6.
Notice that the amplitude of E is constant; however, it is
not restricted to a single plane as for linearly polarized
light. For an observer looking directly along the Z axis at
the oncoming wave, it would appear as if the electric field
vector, E, is rotating clockwise. This wave is said to be
right-circularly polarized. As the wave advances through one
wavelength, the E-vector makes one complete rotation. The
felative phase difference for right-circularly polarized
light is -n/2 + 2mn, where m = 0, *1, *#2,... . 1In
comparison, if the relative phase difference is n/2 + 2mm,
where m = 0, %1, *2, %23..., then the E-vector will rotate

counterclockwise and the wave is said to be left-circularly
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Figure 4. The linearly polarized wave, E, shown as a result
of the two orthogonal components, E, and Ey.
(from Hecht & Zajac, Optics. p.220 [1])
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polarized. It is possible to achieve linearly polarized
light by the addition of right-circularly and left-circularly
polarized waves having equal amplitudes [1].

Linear and circularly polarized light may be considered
to be special cases of elliptically polarized light as far as
the mathematical description is concerned. The resultant
electric field vector E will typically have both a magnitude
change and rotation. For such an occurrence, the endpoint of
E traces out an ellipse (figure 7). Figure 8 shows various
polarization configurations that correspond to specific
relative phase differences. For the light to be circularly
polarized (relative phase difference of un/2 or 3n/2) the
magnitudes of the E, and Ey vectors must be equal [1].

2.1.3 Optics for Polarization Maintenance and Control

Many commercially available optical components allow for
the generation and manipulation of polarized light. A device
that allows for the conversion of natural light to polarized
light is simply referred to as a polarizer. Polarizers are
all based on one of four basic physical mechanisms:
dichroism (or selective absorption), reflection, scattering,
and birefringence (or double refraction). The one principle
common to all of these processes is that there must be some
form of asymmetry associated with each. It is possible that
the asymmetry is related only to the incident or viewing
angle. However, there is usually an obvious anisotropy in

the composition of the polarizer's material. An anisotropic
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Figure 8. Polarization configurations corresponding to a few
values of the relative phase difference, €.
(from Hecht & Zajac, Optics. p.223 [1])
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material is one which exhibits different optical properties
when tested along its axes in different directions.

The selective absorption of one of the two orthogonal
linearly polarized components of an incident beam is termed
dichroism. A dichroic polarizer is physically anisotropic.
This results in a strong asymmetric or preferential
absorption of one field component while being transparent to
the other [1]. Examples of dichroic polarizers include
dichroic crystals and Polaroid film. Dichroic crystals are
materials that serve as polarizers due to an anisotropy in
their crystalline structure. The electric-field component of
an incident light wave which is perpendicular to the
principal axis of the crystal is strongly absorbed.
Additionally, the other component of the transmitted light is
also absorbed to a certain extent. Both absorptions are
wavelength dependent and the crystal will appear colored.
When viewing such a crystal normal to the principle axis, its
color will be different than if it were viewed along that
axis. From this comes the term dichroic, meaning two-colors
[11].

A 19-year-old undergraduate at Harvard College, Edwin H.
Land, invented the first dichroic sheet polarizer. 1In 1928,
he ground a synthetic dichroic material called quinine
sulfate periodide into millions of submicroscopic needle
shaped crystals. Magnetic or electric fields were then used

for the parallel alignment of the crystals. The resulting
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polarizer (commercially known as Polaroid J-sheet) was
basically a large, flat dichroic crystal. The resulting
dichroic sheet was somewhat hazy due to a scattering of the
light by the individual submicroscopic crystals. Later, in
1938, Edwin Land invented another polarizer that did not
contain dichroic crystals. A sheet of clear polyvinyl
alcohol was heated and stretched in a given direction. This
resulted in an alignment of its long hydrocarbon molecules.
The sheet was then dipped into a solution rich in iodine; the
iodine thus being adsorbed by the polymeric chains and
effectively forming its own chain. The conduction electrons
associated with the iodine could then move along the chains
as if they were thin wires. The parallel component of E in
an incident wave drives the electrons, does work on them, and
is strongly absorbed. Thus, the transmission axis of the
polarizer will be perpendicular to the direction in which the
film is stretched [1].

A birefringent crystal is a material that displays two
different indices of refraction. An example of such a
crystal is calcite, or calcium carbonate. The major
principal refractive index of calcite is 1.658 and its minor
principal refractive index is 1.486. The difference in these
indices of refraction is a measure of the birefringence of
such a material. For calcite, the difference is -0.0172 and
so it is referred to as negative uniaxial. The uniaxial term

describes it as having a single optical axis. A detailed
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discussion on the nature of calcite and the mechanism by
which it polarizes light is found in Optics, by Hecht and
Zajac. Examples of other uniaxial birefringent crystals are
quartz, sodium nitrate, ice, and rutile.

An important set of conventions have been adopted as a
result of the study of calcite. If an incident beam of
natural light strikes a principal section of a calcite rhomb,
the beam will be split into two orthogonal linearly polarized
beams. One of these beams is referred to as the ordinary or
o-ray, and the other as the extraordinary or e-ray. This
terminology was suggested by Bartholinus in 1669, He found
that when covering a black dot on a piece of paper with a
calcite rhomb that an image of two dots resulted. When
rotating the crystal, one of the dots remained motionless,
while the other rotated about it in a circle, following the
motion of the crystal [1].

A birefringent polarizer was introduced in 1828 by
William Nicol. The Nicol prism, as it is called, has since
been superseded by other more effective polarizers such as
the Glan-Foucault, Glan-Thompson, and Wollaston prisms [1].

Informative descriptions of polarization by scattering
and by reflection may be found in many optics texts (for
example, Optics, by Hecht and Zajac). These methods will not
be discussed at this time, as they are not directly related

to this research work.
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A military engineer and captain in the army of Napolean,
Etienne Malus, was responsible for publishing an important
work in 1809 dealing with linear polarization. The resulting
law that resulted from this work, known as Malus's Cosine-
Squared Law for an Ideal Polarizer (Equation 1), is an aid in
the determination of whether or not a particular device is a
linear polarizer.

I(6) = I(0)pax-cos?(8O) (1)
Considering figure 9, I(6) is the irradiance reaching the
detector and I(0) is the maximum irradiance occurring when
the angle, 6, between the transmission axes of the analyzer
and polarizer is zero. When the polarizer is at 90° with
respect to the analyzer, the irradiance reaching the detector

will be equal to zero ( I(90°)

0 ). This is because the
electric field that has passed through the polarizer is
perpendicular to the transmission axis of the analyzer
(crossed polarizers). The field is parallel to the
analyzer’s extinction axis and thus has no component along
the transmission axis [1].

A class of optical devices that allow one to convert a
given state of polarization into another is known as a
retarder. Basically, retarders cause one of the two
orthogonal components of linearly polarized light to lag in
phase behind the other by a certain amount. After passing
through the retarder, the relative phase difference for the

two components is different than it was initially. Examples
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RTD A/D 1000 Extender Board and associated

Photograph 7.
circuitry.
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Photograph 8. Partially completed fiber optic sensor head.
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Photograph 9. The author (right) discusses an automation
problem with research group colleague,
C.W. Yip (left).
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