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the preform, a cladding glass tube will be used with it to make the ultimate SSF (shown

in Figure 2.7).

Figure 2.7 Cross section of SSF with a three-scale hexaflake unit

2.1.5 Possible structures with multi fractal pattern(s) and functional unit(s)

The structure of an SSF core is not limited to single pattern fractal layout or with glass
tubes of single sizes. Multiple fractal patterns can be used to develop a hybrid structure in
the core. Figure 2.8 shows an example of SSF with a hybrid structure. The hybrid

structure consists of both hexaflake units and Cantor Dust units.
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Figure 2.8 A possible hybrid structure consists of Cantor Dust units and Hexaflake units

In addition, similar to PCF [2], there could be SSF with functional hollow or solid unit(s).
The functional unit(s) can be one or more at any scale in the self similar structure. The
position(s) of the functional unit(s) can be arranged randomly or purposefully. Figure
2.9(a) 1s an example SSF with a hollow unit at the center. It can be viewed as the hollow-
core SSF (HC-SSF). On the other hand, Figure 2.9(b) shows an example SSF with
multiple hollow units at a lower scale. If the hollow unit(s) is/are replaced by solid unit(s)
as demonstrated in Figure 2.9(c) and Figure 2.9(d), a self similar structure with functional

solid unit(s) can be developed.
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Figure 2.9 Self similar structures with possible functional unit(s)

2.2 Theoretical Classification of SSF

Cantor Dust set and Hexaflake set are only two examples demonstrating the formation of
the core structure inside an SSF. For all other SSF, the structure of the core is generated
in the same manner by iterating the same structure to a desired scale. Since Cantor Dust
set and Hexaflake set are both fractal, it is reasonable to propose that the geometrical

structures of SSF can be viewed as fractal in theory.
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2.2.1 Whatis fractal?
In fractal geometry, a fractal object often has the following characteristics':
“When we refer to a set F as a fractal, therefore, we will typically have the following in
mind.

1. F has a fine structure, i.e. detail on arbitrarily small scales.

2. Fis too irregular to be described in traditional geometrical language, both locally

and globally.
3. Often F has some form of self-similarity, perhaps approximate or statistical.
4. Usually, the 'fractal dimension' of F (defined in some ways) is greater than its
topological dimension.

5. In most cases of interest F is defined in a very simple way, perhaps recursively.”
As demonstrated in Cantor Dust set and Hexaflake set, the two structures are built with
base units such as squares or hexagons. As the iteration repeated, base units can become
very small. Although the base units can be described in traditional Euclidean geometric
language, the resulted iterated structures are so fine that they cannot be described using
the same language. However, the formation of a fractal object is very simple in a
recursive way. The ultimate structures are obtained by repeating the very original
structure from the beginning scale, which can be viewed as self-similar. The self-
similarity is an important property that makes fractal object different from others in
geometry. Other than that, the fractal dimension’ is also evaluated along with the self-

similarity feature to determine if an object is fractal.

! Fractal definitions are in [3].

? Fractal dimension is used to describe the dimension of a fractal object in fractal geometry. Unlike the traditional
Euclidean dimension which is only the integer, it could be a fraction or constant. Fractal dimension is determined based
on the relation between units in the two scales next to each other. Hence, the fractal dimension cannot be used to
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2.2.2 SSF - An optical fiber with true fractal structure?

To determine if SSF is fractal, the two properties, self-similarity and fractal dimension,
have to be examined. These two properties can be looked at together with the ways that a
fractal structure is created.

In the world of fractals, there are five ways that fractal objects they are formed, resulting
in five types of fractals: escape-time fractals, iterated functions systems (IFS), random
fractals, strange attractors, and L-systems’ [4]. The fabrication process of SSF follows the
rules for generating iterated function systems (IFS) among the five varieties. In other
words, the core structure of an SSF is a representation of IFS. Since the geometrical
structure of an IFS at different scales is similar, SSF with IFS structure meets the
requirement of self-similarity for fractals.

As for the other property for determining fractal, the fractal dimension for SSFs can be
calculated once the structure pattern is determined. For example, SSF with Cantor Dust
set core structure has the fractal dimension as 1 (see Figure 2.10). And SSF with
Hexaflake set core structure has the fractal dimension being 1.7712 (see Figure 2.11).
The dimension of neither of these two sets can be described using traditional topologic
dimension. Especially, given that the dimension of Hexaflake set structure is a fraction,
describing it using topological dimension is impossible. Therefore it can be claimed that

SSFs with Cantor Dust set structure and Hexaflake set structure are fractal.

describe the dimension of the first scale unit of fractal objects. The fractal dimension of a fractal object can be
calculated from the equation - log m / log r, where m is the repeated number of the previous unit, and r is the scaled
ratio. The fractal dimension calculated from this equation is also referred to as the similarity dimension of a fractal set
[3].

3 Time-escape fractals are defined by a formula or recurrence relation at each point of a space. lterated functions
systems have a fixed geometric replacement rule to build the system with the same unit structure. Random fractals are
generated by stochastic rather than deterministic process. Strange attractors are generated by iteration of a map or the
solution of a system of initial-value differential equations that exhibit chaos. And L-systems are generated by string
rewriting and are designed to model the branching patterns of plants.
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For other SSF, the core structure is always generated in the way that IFS is developed.
Hence, theoretically, their fractal dimension should meet the requirement for fractal
objects. Although this has not been proved through mathematical verification, before any

exception is found, it is very reasonable to view SSF as fractal.
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Figure 2.10 Fractal dimension of Cantor Dust set structures with 2 to 100 scales
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Figure 2.11 Fractal dimension of Hexaflake set structures with 2 to 100 scales
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It needs to be noted that, there have been two very related research studies on fractal fiber
products [5][6][7]. But they either did not fabricated optical fibers, or only made optical
fibers with a simple fractal structure that contained a limited number of tunnels in the
core. For example, Lee M. Cook is the first person that made a fractal faceplate using
optical fibers [5]. This research aimed at creating engineered fractal objects with optical
fibers as the materials. It is fractal related. But the resulted product is not a fractal optical
fiber. On the other hand, S.T. Huntington et. al. made a kind of fractal-base optical fiber
successfully [6][7]. They used an adjusted "stack and draw" method to fabricate fractal-

based optical fiber. The resulted structure of their products was very simple.
2.3 The possible properties of SSF and its applications

2.3.1 Determinants of the overall optical performance of SSF

In appearance, the hollow self similar structure looks similar to the hollow structure in
another type of optical fiber — the photonic crystal optical fiber (PCF). The hollow
structures in both types of optical fibers share a basic light guiding property’. However,
the self similar structure in SSF is fractal, but not periodic as that in PCF’ [8]. Such a
fundamental difference is that optical fibers with self similar structures have two structure
properties: self similarity and symmetry. These two determine the possible optical

performance of SSF.

2.3.1.1 Self Similarity of a fractal pattern
Research studies have found that fractal optical products, such as fractal optical plate, not

only has the self similarity in structures, but also has the self similarity in optical

4 The light properties of SSF will be presented in Chapter 4.
5 See section 2.2 in Chapter 2.
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performance [8][9][10][11]. These studies indicated that the optical properties of a higher
scale iterate those of a lower scale next to it, and the overall optical properties of the
fractal optical product are all-inclusive with optical properties from all scales. Although
these research studies were based on one dimension fractal structure, it is reasonable to
hypothesize that SSF has the self similarity in overall optical performance because of self
similarity in structure.

Based on our understanding, the self similarity in optical performance of SSF means that
its overall optical performance is due to a collection of the guided modes® of the
structures at all scales. For example, the overall optical performance of an SSF with a 10-
scale hexaflake unit is due to the collection of the guided modes for units from the first to
the tenth scales. With this in mind, the difference in the number of scales of different SSF
determines their differences in the overall optical performance. In addition, the guided
modes of an SSF with fewer scales are reflected in those of an SSF with more scales. For
example, when an SSF with a 5-scale hexaflake unit is compared with one that has a 10-
scale hexaflake unit, their overall optical performances will be different. But the guided

modes of a 5-scale SSF can be found in those of a 10-scale SSF.

2.3.1.2 Symmetry of a fractal pattern

When different self similar structures are used in SSF, the overall optical performances
will differ. We used the point symmetry group [12] to determine the differences between
fractal patterns. For example, a Cantor Dust set structure (Figure 2.3) and a hexaflake set
structure with the same number of scales (Figure 2.6) have two different structure

symmetries. In Figure 2.6(c), we assume a three-scale hexaflake unit consisting of

% The guided modes are TE, TM and hybrid modes from the transverse modes for electromagnetic waves.
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identical glass tubes, and all lower scale units in it are aligned in the same orientation.
The symmetry of such a three-scale hexaflake unit approximates that of a hexagon shape.
According to group theory [12], the symmetry of a hexagon is a Cg, point symmetry
group. Hence, an ideal three-scale hexaflake unit (shown in Figure 2.6(c)) can be
considered as a Cg, point symmetry group. Following the same logic, a same scale Cantor
Dust unit (shown in Figure 2.3(c)) can be viewed as a C4y point symmetry group. The
different structure symmetries can make a difference in overall optical performances such
as the guided modes in the corresponding SSFs.

For the two determinants explained above, the self similarity can be expressed using self
similar group, which is a matrix for the self similarity from a fractal pattern’s recursive
function. The symmetry of a fractal pattern is expressed using point symmetry group.
Hence, the overall optical performance of an SSF can be viewed as the product group
from its self similar group and point symmetry group. The irreducible representations of
the product group are the guided modes. The reason the irreducible representation
corresponds to the guided modes is that the elements of the product group commute with
Maxwell equations.

Although additional research is needed to build the theoretical ground for SSF and verify
the arguments made above, one thing about SSF is true — its fabrication is not difficult’
regardless of various design factors such as single or multi geometrical patterns, scale of
self similar structure, units alignment, and scale ratio. These variations in SSF would

extensively increase the possible areas where it can be applied.

7 Chapter 3 will demonstrate how the fabrication is done.
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2.3.2 Possible properties of SSF and its applications
There are four possible optical and physical properties® that we expect SSF to have:

e Light guiding at specific wavelength

e Enabling light to interact with gas or liquid

e Capillary action

e nonlinear optical effect from nano thin film semiconductor or metal coating
The first property comes from the self similar structure. The second and third properties
are in common with those of PCF, as they both have hollow structures. The last one could
be generated from nano thin film semiconductor or metal coated inside the optical fiber.
These properties have great potential use in many areas, including telecommunications,
UV and infrared carriers, sensors, medical applications, chemistry analysis, fiber lasers,
etc. Details about the properties and corresponding applications of SSF are provided

below.

2.3.2.1 Light guiding at specific wavelength

Different from traditional optical fiber, the light guiding property of SSF comes from self
similar structure instead of the refractive index difference between glass materials’. As
mentioned earlier, the overall optical performance of an SSF is due to a collection of
guided modes from all scales. Since the self similar structure units at different scales have
different sizes, different wavelengths of light can be expected to be delivered in an SSF

parallel. In application, it means that the information that can be carried by SSF would be

¥ Several properties have not been verified yet, but are viewed as possible.
? Theoretical explanation for this property is not fully developed. However, tests on fabricated samples have revealed
that SSFs do guide light with certain wavelength.
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higher information carrier ability than current optical fibers. It can be deployed in
telecommunications which always needs large bandwidth capacity.

Another advantage that SSF may have is that the self similar structure allows light in a
wider range of wavelengths to get through than traditional optical fiber, including UV
and infrared light. Several researches indicated that hollow-core PCF (HC-PCF) can work
well in the UV and infrared light [13][14] [15][16]. Such light was found delivered
through the hollow core structure. It is reasonable to consider that SSF with a center
hollow unit (hollow-core SSF) in Figure 2.12 or any other appropriate fractal patterns can
guide UV or infrared light. Such an advantage, if verified, would help overcome the limit

that traditional optical fiber has in UV and infrared applications.

Cladding

Functional unit

Core

Figure 2.12 Hollow-Core SSF (HC-SSF)

For photolithography in VLSI manufacturing, SSF can be used to guide UV light and
work in an area as small as the cross section of a human hair or micro dimensions. In

medical areas, SSF can be deployed in treatment devices, making it possible to guide UV
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light into the human body to destroy cancer cells or bad DNA with minimum physical
damage. In a similar manner, HC-SSF can also be used as an infrared light carrier for

alternative medical operations and imaging.

2.3.2.2 Enabling light to interact with gas or liquid

The hollow structure in SSF can be filled with gas or liquid, so that light is possible to
interact with the gas or high refractive index liquid to generate certain optical effects.
Similar optical effects have been found in PCF [2][17][18][19], which also has hollow
structure to be filled with gas or liquid. These effects can be used in fiber based lasers,
biosensors, and many other applications that are still being developed. Although this

property has not been verified in SSF, SSF does appear to be promising in this aspect.

2.3.2.3 Capillary action

With self similar fabrication method, it will be possible to fabricate SSF that contains
over a thousand small hollow structures in the core. Such structures could have capillary
action. By controlling the hollow tunnel size, SSF can be used to capture certain liquids,
or small elements such as cells or molecules. It hence can be applied in the areas of

chemical, medical, or biological analysis.

2.3.2.4 Coated with nano thin semiconductor or metal film

With current coating techniques in optical fiber fabrication [20][21], it is possible to coat
the self similar units with nano thin films in an SSF to achieve special optical properties.
It has been found that a regular optical fiber with about 15~20nm Cadmium Phosphide
(Cd;P,) film can amplify light in a range of wavelength [22][23]. Also, a 5~10nm gold

alloy film inside a regular optical fiber was observed having optical responses with DNA
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liquids [24]. When these semiconductor or metal thin films are coated around self similar
units'® or individual glass tubes in an SSF, the obtained SSF would have multiple layers
of dielectric material. It is expected that SSF coated with Cd;P, can be used as optical
amplifiers or in fiber laser stimulations. SSF coated with gold alloy thin films would have

the potential use in biosensors.

10 The self similar units can be at selective scale(s) or all scales.
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Chapter 3 Fabrication of SSF

Although the discussed advantages of SSF are appealing, they can only be obtained after
SSF is fabricated. This chapter will explain the fabricating technique for SSF, including

the process that was taken, challenges encountered, and solutions.

3.1 Overview of fabricating SSF

In this research, Hexaflake set is chosen as the base unit structure in constructing the SSF.
It approximates an ideal circle in shape, and is symmetric in geometrical arrangement.
Compared to the other patterns such as Cantor Dust set, Hexaflake set would have less
deformation when glass tubes are pulled to be rescaled, hence making the fabrication
easier. For the purpose of testing the fabrication technique of SSF, Hexaflake set thus
turns out to be the best choice for the base unit structure.

The SSF to be fabricated is iterated to the third scale. This is the highest scale that can be
reached given the equipment capability in the laboratory. As described in Chapter 2 (see
Figure 2.7), an SSF with three scales hexaflake iteration in the core would have 49 one-
scale hexaflake units, 7 two-scale hexaflake units, and 1 three-scale hexaflake unit.

The development of an SSF involves three steps as shown in Figure 3.1: selecting glass

materials, making core with hexaflake units, and fabricating SSF using the core.
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Step 2
Making hexaflake units

One-scale hexaflake

units
Step 1 . * . Step 3
Choosing glass material Two-scale hexaflake Fabricating SSF
units

v

Three-scale hexaflake
unit

Figure 3.1 Developing processes of SSF with a three-scale hexaflake unit

3.1.1 Step 1: Selecting glass material

For test sample preform fabrication of SSF in a laboratory environment, the glass
materials should be easy to acquire; have various tube sizes to meet the need of fitting
tubes to make the fractal patterns; and have the softening temperature range from 800 to
900 Celsius. Corning Pyrex (Corning 7740) meets these requirements well. Therefore, it
is selected for the test in the fabricating process in our laboratory.

As shown in Table 3.1, three sizes of Corning 7740 glass tubes were used in the test
sample fabrication. GT1 and GT2 were used for making the hexaflake units in the
preform of the SSF core, with GT1 tubes bundled in a GT2 tube. GT3 is the cladding
layer of an SSF. Dimension errors were observed in the glass materials to be used.
However, these errors can be neglected because they will become minor as the tubes are

rescaled.
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Glass tube Inside Diameter (ID) | Outside Diameter (OD)
Type (unit: mm) (unit: mm)
GT1 0.5 1
GT2 6 8
GT3 1.5 6.5

Table 3.1 Specifications of glass tubes

3.1.2 Step2: Making core with the hexaflake units

The SSF core making starts with the one-scale hexaflake unit, including seven base tubes
(GT1) bundled in a case tube (GT2)(shown in Figure 2.1(c)). This one-scale unit is pulled
to about Imm diameter, so that seven of these rescaled one-scale units can be packed into
a GT2 to make the two-scale hexaflake unit. These two-scale units then can be rescaled
and packed again into a GT2 to make a three-scale hexaflake unit. And this process can
be repeated until a hexaflake unit with desired scales is obtained to be used as the core. In

our test fabrication, we only want the hexaflake units to be made with three scales. Figure

3.1 briefly describes our fabrication process.

3.1.3 Step 3: Fabricating SSF

Once a core with hexaflake units with the desired scale is obtained, it can be rescaled as

desired, and put into a cladding glass tube to be pulled into an optical fiber. GT3 is used

as the cladding outer shell in this test.

3.2 The fabrication system

Given the complexity of the layered structure and the strict requirement on the rescale
ratio, an optical fiber fabrication system that can evenly heat the glass materials with
good control is essential for success. Such a system should consist of two main sub-

systems: pulling temperature control sub-system that softens the glass materials and a

26




fiber dimension pulling ratio control sub-system that determines the dimension of the
pulled preform or optical fibers.

There had been an existing pulling furnace in the laboratory. It however could not
provide good control over temperature and pulling ratio. There were three main
drawbacks that prevented it from fitting the need of fabricating SSF. First, it used
traditional heat conduction method to heat the glass tubes. Such heating method could
cause non-uniform distribution of the heat in the glass tube layers. Second, the
temperature control had to be done manually, which had delay in response to the
temperature change. And third, the scale ratio circuit can only provide a fixed pulling
ratio. It did not meet the need of changing ratio in making the fractal structure core and
the ultimate SSF.

To resolve these problems, a new optical fiber fabrication system was developed on the
basis of the existing pulling furnace. Development of the new system will be introduced

against the drawbacks in the existing one.

3.2.1 New optical fiber fabrication system — uniform heat distribution

Like most optical fiber fabrication systems, the existing pulling furnace in our laboratory
uses heat conduction method to soften glass material. A characteristic of this heating
method is that the heat takes time to be transferred from an object’s surface to the inside,
hence making the subject unevenly heated. If temperature is measured in different depth
of the heated subject, it will be highest at the surface, decreasing all the way down to the
center.

The same heating phenomenon was also observed when some optical fibers were

fabricated in our laboratory before. It can lower the quality of preforms, which are pulled
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into optical fiber later. Each preform has a cladding layer and a core that needs to be
bound. The temperature difference prevented the core and cladding layers from being
bound well, hence the obtained preform would have a considerable amount of air gaps.
Even if a well bound preform was made, success in optical fiber making is not guaranteed.
Sometimes the surface of the preform was heated to a temperature that it made soft
enough to be pull. But, the center of the preform did not receive sufficient heat to become
soft. There were other times that the center area of the preform was soft enough, while

the surface had become too soft, leading the preform to easily break during fabrication.
For a standard optical fiber, the core is solid. Since heat will be conducted faster in a

solid piece than a hollow object, the outside/center temperature difference is not very
different and therefore less problematic in a regular optical fiber preform during
fabrication. It is usually less than 10 ~ 15 Celsius degrees, which is not a serious problem.
However, SSF has fractal iterations in the core, all consisting of hollow glass tubes,
making the heat conduction less efficient. Depending on the fractal structure in the core,
the temperature difference between the surface and center of an SSF preform could be as
high as 50 ~ 100 Celsius degrees. Figure 3.2 shows the ideal and actual temperature
distribution in preforms of a regular optical fiber vs. an SSF with a hexaflake core. The
dotted lines are the ideal temperature distribution, which is the same at different depth
from the surface. The solid curves are the actual temperature distribution for both types

of optical fibers. The span of the temperature difference from preform surface to the

center is much larger in SSF (Figure 3.2(b)) than in regular optical fiber (Figure 3.2(a)).
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