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 ABSTRACT 

A single crystal sapphire optical fiber has been developed with an optical cladding that is used to 

reduce the number of modes that propagate in the fiber.  This fiber is the first single crystal 

sapphire photonic crystal fiber ever produced. Fabrication of the optical cladding reduces the 

number of modes in the fiber by lowering the effective refractive index around the core, which 

limits the amount of loss.  Different fiber designs were analyzed using Comsol Multiphysics to 

find the modal volumes of each.  The MIT Photonic Bands modeling program was used to see if 

the first photonic band gap fiber could be achieved theoretically.  The fibers were qualified using 

far field pattern and photodetector measurements as  well as gas sensing experiments.  The fibers 

were then exposed to a harsh environment of 1000 °C with a coating of alumina to test the 

resistance to scattering of the fiber.  The fibers were also examined using materials 

characterization equipment to see how the harsh environments impacted the optical and 

mechanical stability of the bundled fiber. 
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1. Introduction 

Optical fibers find wide use in communications and sensing systems.  They can be produced 

from many different materials such as glass, plastic, and single crystals in a large variety of 

configurations and dimensions.  Long distance communication fibers are composed of a solid 

glass core surrounded by a solid glass cladding of lower refractive index, which serves to confine 

light to the central core, thereby minimizing the transmission loss.  Single crystal sapphire fibers 

are highly multimode due to their large refractive index difference between the core (n1= 1.744 at 

1.693 µm) and air (n2 = 1.0).  The single crystal sapphire bundled fiber works by changing the 

effective index of the cladding region (replacing the n 2=1.0 with an average of 1.744 and 1.0 due 

to the six rods of single crystal sapphire).  These “non” photonic band gap photonic crystal fibers 

(PCF) can still strongly confine light by lowering the average effective index of the cladding 

region. There have been many useful fibers that have come from these types of fibers but all of 

them are based on silica.  Single mode guidance for a single crystal sapphire fiber is desired to 

reduce attenuation, increase bandwidth, and reduce the losses caused by modal dispersion.   

 

There is currently much interest in single crystal sapphire optical fibers due mainly to their 

ability to survive high temperatures and harsh chemical environments.  Single crystal sapphire 

can transmit light over a wide wavelength range but does have a relatively high transmission loss 

compared to that of standard telecommunications optical fibers composed of silica.  One use for 

single crystal sapphire fibers is in highly corrosive, toxic environments at high temperatures and 

pressures.  Fiber optics, in general, are immune to electromagnetic interference and radiation 

making them ideal for sensing pressure and temperature in these environments.  
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Presently, most sensor-based fibers are made from silica glass due to its low transmission loss, 

0.16 dB/km at 1.55 µm, high availability, and comparatively low cost
1
.  The silica fibers are 

usually coated with polymers such as acrylate and polyimide, but coatings can be made of metals 

and carbon as well.  This coating serves to protect the fiber from the outside environment, as 

oftentimes moisture will penetrate tiny cracks on the silica surface causing the cracks to 

propagate under stress, eventually weakening the fiber
2
.  Coatings also serve to inhibit water 

diffusion into the fiber. 

 

Single crystal sapphire (α-Al2O3) grown along the C-axis has a melting temperature
3
 of 2053 °C, 

which is much higher than that of a comparable fused silica fiber that has a maximum usage 

temperature near 700 °C.  At 1025 °C, fused silica reaches its strain point and creep is induced 

by the strain at high temperatures
4
.  When the temperature is raised above 1000 °C, dopants in 

the silica begin to migrate from the core leaving the fiber unfit for sensing
5
.  Single crystal 

sapphire’s high melting temperature, chemical inertness, resistance to corrosion, high sensitivity, 

large bandwidth, and immunity to electromagnetic interference and radiation make it a reliable 

choice for harsh environment sensing.  

 

Single crystal sapphire fibers are a new technology and are being heavily researched due to their 

high potential in sensing applications.  In order for these fibers to become useful they must be 

able to have long lengths, low loss, and the ability to be clad.  Cladding helps to protect the fiber 

while limiting attenuation and confining the optical signal to the core.  A reduction in the number 

of modes due to this cladding will lessen the loss of the fiber, which is why a single mode 

sapphire fiber is desired.  For single mode operation to occur in a single crystal sapphire fiber in 
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air, the fiber diameter would need to be in the range of 0.1 to 1 m
6
 for the transparency 

window7 (0.19 – 5.2 m) of sapphire.  This is given by Equation 1 for single mode operation 

that states6
 

 d = *(2.405)/*ns (1) 

 

where d is the diameter of the sapphire rod,  is the wavelength, and      √
  

 

  
 
.  The refractive 

index of sapphire core is nf with the refractive index of the air cladding being nc at their 

corresponding wavelength.  When the single crystal sapphire fiber is clad, the delta Δ, which is 

the difference in refractive index between the core and cladding layers, decreases and the 

diameter of the sapphire core can be a larger value.  Fabrication of a successful single crystal 

sapphire fiber with a cladding layer will enable the continued development of lower loss high 

temperature sensors by reducing surface contamination, less loss over long distances, easier 

creation of fiber interferometers, and stronger core confinement due to a reduction of 

propagating modes. This in turn will improve the efficiency of optical processing and will 

eventually allow for single mode operation. 

 

The development of cladding for single crystal sapphire fibers will allow for better pressure and 

temperature sensing in very corrosive environments that glass-based fibers would typically not 

be able to survive.  Currently, the use of single crystal sapphire fibers in high temperature 

applications is limited to a bare fiber surrounded by the environment that it will be sensing.  If 

this environment is air, a large refractive index difference is created between the sapphire  core 

and the air cladding causing the fiber to be highly multimode.  A core that has no cladding is also 

more susceptible to surface contaminants as well as not having the physical support that a 
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cladding provides. The fabrication of single crystal sapphire fibers with cladding has remained 

unproven so far.  Through the incorporation of an all-single crystal sapphire cladding, the 

effective index difference between the core and cladding layer is reduced, minimizing surface 

contaminants on the core, and providing greater physical support.  The question to be answered 

remains what is the optimal fiber design to allow for a reduction of modes while giving the 

ability to have a sapphire optical fiber with a cladding layer that can protect the core from 

various contaminants.  We will be able to test this question through the use of optical modeling 

and optical characterization.  Both will allow us to prove the reduction of modes while the 

optical characterization will allow us to examine the optimized transmission and gas sensing 

abilities of the bundled single crystal sapphire fiber. 

 

This research covers the background, fiber modeling, experimental procedure, and the results 

and discussion. The background covers the main subjects essential to understanding the research.  

The fiber modeling section allows for optical modeling data to be designed and optimized before 

fabrication to determine the best path forward.  The experimental procedure section focuses on 

the setup for the testing of the different fiber structures. The results and discussion section will 

examine the data to prove the usefulness of these fiber designs and open the door for further 

applications based on the results. 

 

2. Background 

2.1  Single Crystal Sapphire 

Single crystal sapphire is a material that has a continuous crystal lattice with no grain boundaries 

present.  Single crystal materials have high strength and no porosity compared to their 
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polycrystalline counterpart.  Single crystal sapphire, which is comprised of α-Al2O3, has a 

refractive index of 1.744 at 1.693 µm.  It is a uniaxial crystal, which is a member of the trigonal 

system
7
 and belongs to the space group R-3c.  It has a broad transmission window

8
 from 0.19 µm 

to 5.2 µm making it very useful for high power applications.  Single crystal sapphire is more 

brittle than fused silica due to a much larger Young’s modulus value (400 GPa vs. 73 GPa for 

that of fused silica)
7
.  Single crystal sapphire fibers for this work were grown with the C-axis of 

the crystal extending along the optical axis of the fiber (along the length of the fiber).  Since 

single crystal sapphire has a hexagonal crystal structure, the two axes perpendicular to the C-axis 

are equivalent and are referred to as the A-axes.  Sapphire has more optical loss than fused silica, 

is more expensive, and is more difficult to fabricate.  The main reason sapphire is being 

considered for this study is its resistance to corrosion in harsh, high-temperature environments.  

Sapphire, like silica, also has the capability to transmit light radiation at infrared (IR) 

wavelengths.  It comes in both single crystal and polycrystalline form. The transmission 

spectrum measured in Nubling’s work
9
 (with the discrete squares giving the measured 

transmission for bulk sapphire
10

) can be seen in Figure 2.1 below. Sapphire has a loss minimum 

of 0.13 dB/m at 2.94 µm, but is transparent over the 0.24 – 4.0 µm spectrum9
 
with a respective 

refractive index operation range from 1.785 – 1.674 and a birefringence of -0.008.   
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Figure 2.1 Theoretical vs. measured attenuation in bulk sapphire from reference [9] with 
permission 
 

Multi-phonon absorption in the sapphire crystal occurs when two or more phonons interact 

producing dipole moments that the incident irradiation can couple.  The maximum coup ling 

occurs when the vibrational mode of the molecular dipole is equal to the frequency in the far IR 

spectrum.  This Brillouin scattering is caused when phonons are scattered by a vibration in the 

crystal lattice.  The Urbach edge causes an increase of the absorption coefficient as the frequency 

approaches the band gap energy7 of sapphire (9.9 eV).   Rayleigh scattering is also predicted to 

exist due to inhomogeneities in the crystal, which are small compared to the wavelength of light. 

 

Currently, most single crystal sapphire fibers are created by two different growth methods.  The 

first is the laser heated pedestal growth method (LHPG) which has been studied extensively by 

researchers at many universities
11-16

.11, 12,13,14,15, 16The other method of single crystal sapphire growth is the 

edge-defined film fed growth method
17

 (EFG), which is used by Saphikon, Inc.  Growth methods 

are important to examine because defects in the fabrication process translate into optical 

scattering and loss.  It is also important to note that the complicated growth processes are the 

main limiting factor, second to cost of the material that limits their production.  This is due to the 
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fact that only relatively short lengths of single crystal sapphire can be produced.  The EFG 

method has losses that average near 1.5 to 2.0 dB/m but multiple fibers can be grown at the same 

time
18-20

.18, 19, 20 Both methods currently do not permit sapphire to be grown with a cladding.  In 

addition, neither permits the fiber to be single mode operation at this time. 

 

The LHPG process is a higher-cost and better optical quality process that begins with growth 

from a molten tip of source crystal.  A CO2 laser is focused onto an Al2O3 source rod seed 

crystal.  The shape of the fiber is determined by the surface tension of the molten zone as seen in 

the diagram
21

 in Figure 2.2 below. 

 

Figure 2.2 Laser-heated pedestal growth method (LHPG) schematic used from reference [22] 

with permission 
 

Small adjustments in the source rod feed rate and the rate at which the seed crystal moves away 

from the source rod determine the diameter of the resultant fiber.  This diameter is approximately 

one third the dimension of the source rod
22

. The dimensions of the source rod determine the 

maximum length of fiber that can be obtained.  The purity of the source rod also directly 

determines the purity of the resultant fiber.  The LHPG process is enclosed in an atmosphere 
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controlled environment to reduce the air currents or other perturbations caused by fluctuations in 

the CO2 laser, a change in source feed rate, or exposure to OH
-
 or other gaseous species that 

could induce loss
22

. 

 

The EFG process, which was invented by Saint-Gobain Saphikon, allows for multiple fibers to 

be grown at the same time.  This process uses a molybdenum crucible full of molten sapphire.  

The molten source material moves into the die tip, which forms a meniscus that is drawn into a 

fiber.  This process does induce some molybdenum contaminants into the resultant sapphire fiber 

(on the order of 5 ppm
22

).  As in the LHPG process, the EFG process is carried out in an 

enclosed environment to reduce air currents and other defects.  This process can be expanded to 

produce multiple fibers at the same time by adding multiple capillary tubes into the molybdenum 

die. The resultant fiber diameter will directly correspond to the outer diameter of the die tip.  The 

typical length of a bare single crystal sapphire fiber available for purchase is 2 meters in length
21

. 

A schematic of the EFG process diagram
22

 can be seen in Figure 2.3 below. 
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Figure 2.3 Edge-defined film fed growth method (EFG) schematic used from reference [22] with 

permission 
 

Both the LHPG and EFG methods have a post-annealing step to aid in the reduction of defects.  

This post-anneal temperature9 is generally 1000 °C in an enclosed oxygen or air environment.  

Loss transmission spectra
22

 of both the LHPG vs. EFG methods can be found in Figure 2.4 

below. 

 

Figure 2.4 Loss transmission of EFG vs. LHPG growth methods for single crystal sapphire used 

from reference [22] with permission 
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The EFG process, which was once thought to be inferior to the LHPG process, has recently been 

approaching LHPG in terms of fiber quality
23

.   Scattering and absorption are the main causes of 

extrinsic loss in sapphire fibers.  The scattering is mainly due to inhomogeneities, surface 

defects, and voids, while the absorption is due to color centers and impurities in the source 

material and other gaseous species present in the fabrication process
22

.  OH
-
 hole center 

impurities are prevalent from 0.41 – 3.0 µm, with the O
2-

 ion trapping a hole pair near an Al
3+

 

vacancy.  Annealing the fiber after fabrication can decrease the resultant absorption.  

Dislocations in sapphire fibers, in general, do occur, but in far less amounts compared to bulk 

sapphire due to their small fiber diameter. Twinning and other dislocation effects are also vastly 

reduced in sapphire fibers due to the small fiber diameters. 

 

It is difficult to clad a single crystal sapphire fiber using the current fabrication methods (EFG 

and LHPG) due to convective currents in the molten area, which alter the structure of the source 

rod
24

.  Cladding a single crystal optical fiber serves three main purposes.  The first is to decrease 

the effective refractive index difference between the core and cladding layer; the second to 

reduce the amount of contaminants on the surface of the core, and the third is to increase the 

mechanical stability of the core.  This will reduce scattering caused by the scattered mode 

coupling into other modes that are propagating in the fiber.  Surface contaminants will also 

attenuate the intensity of the optical signal.  When a contaminant has a refractive index higher 

than that of the sapphire core, scattering losses will occur due to a slower travel speed.  If the 

contaminant has a refractive index lower than that of sapphire, a faster travel speed will occur 

causing any interacting modes to propagate faster than that of the modes in the core
25

. In both 
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refractive index cases, if a solid contaminant is present, and its diameter is larger than that of the 

transmitted wavelength, scattering losses will occur. 

 

In order for a single crystal sapphire fiber to approach single mode guidance, a cladding material 

will need to have a refractive index less than that of the sapphire core.  Many materials have 

been examined for a post fabrication cladding through a variety of deposition techniques.  The 

main problem is finding a cladding material that is transparent, has a lower refractive index than 

sapphire, has no detrimental phase changes, has a similar coefficient of thermal expansion, can 

temperature cycle adequately at high temperatures, all while forming a layer that does not stress 

the sapphire core.  Deposition techniques include both direct and ion exchange techniques.  

Direct deposition techniques, which are the most researched, include chemical solution 

deposition, metal organic chemical vapor deposition, and physical vapor deposition
22

.  Current 

materials that are being examined by researchers
26

 include SiOxNy , MgxSiOy , TixSiyO, 

polycrystalline alumina, silicon carbide, zirconia, and niobium with the x and y values having the 

ability to be changed to alter the refractive index of the coating.  The main problem with all of 

these coatings is the stability at high temperatures as most react or strain the sapphire surface 

well before sapphire’s melting temperature is reached
22

.   

 

Full utilization of these devices has not been realized in large part owing to the lack of 

appropriate high temperature claddings on sapphire optical fibers.  The lack of cladding on the 

single crystal sapphire fibers results in higher environmental vulnerability of the single crystal 

sapphire fibers due to fluctuations in the optical signal as a result of materials adsorbed onto the 

fiber surface or reactions at the sapphire surface; higher modal volume resulting in higher phase 
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difference between low and high order modes; and increased sensitivity to the effects of fiber 

bending due to the loss of the higher order modes.   

 

The effect of the incorporation of “holes” or tubes into the cladding region to lower the effective 

index of that region is well documented in the literature for silica fibers. This gives rise to an 

index difference between the core and the cladding region due to the lowering of the effective 

refractive index by the holes. Dr. Tanya Monro’s research
27

 used a computer simulation to 

demonstrate that the ordered arrangements of the holes were not necessary to get many of the 

properties of the PCF fibers. In fact a “random” arrangement of holes was shown by computer 

simulation to yield fibers with similar properties to the PCF’s.  It is clear that the incorporation of 

holes in the cladding region whether in an ordered pattern or a random pattern lowers the average 

effective index of the fiber and therefore provides an optical cladding to the fibers. 

 

The air holes incorporated into the sapphire fiber lower the average effective index of the 

cladding region in a similar manner to that observed in holey silica fibers
27

.  The term photonic 

crystal fiber is used to denote the ordered arrangement of holes in the fiber similar to that used in 

the literature.   

 

2.2  Photonic Crystal Fibers          

Photonic crystal fibers fall into two main categories: those that use index guiding via total 

internal reflection and those that guide light via a photonic band gap
28

.  Index guiding usually 

consists of a solid core surrounded by a material with a refractive index less than that of the core. 

If the size and spacing of the “holes” in the fiber are contro lled properly, a photonic band gap 
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fiber can be produced.  If the size and/or spacing of the holes do not permit a photonic band gap 

to exist, the fiber can still guide light by lowering of the average effective index in the cladding 

region. The photonic band gap phenomenon will be discussed in greater detail in the next 

section.   

 

Photonic crystal fibers (PCF), which belong to the class known as “microstructured optical 

fibers” (MOF) or “holey fibers,” were first reported in the 1990’s
29-31

29, 30, 31and have been the subject 

of intensive research ever since. Most PCF’s consist of a pure silica core surrounded by ordered 

longitudinal air holes in the cladding region. Many PCF structures have been proposed (mainly 

differing in the size, spacing, and number of air holes present in the cladding region), including 

hollow core PCFs.  Photonic crystal fibers have ordered holes in which the holes occur in a 

regular or periodic pattern (giving rise to the term “crystal”), which extends along the length of  

the fiber.  This stems from the fact that the fibers are drawn from preforms, which contain tubes 

that run the entire length of the preform.  Recently, a new type of holey fiber, called the random 

hole optical fiber (RHOF), has been developed
32

.  In this type of fiber, thousands of longitudinal 

holes, which surround the solid central optical core, are random in size, spatial location, and 

extent along the optical axis
33

.  Both the ordered hole and random hole fibers have some 

interesting properties for sensing applications
34-38

3435363738as well as for potential fiber to the home 

applications
39

.   

 

Photonic crystal fibers or “ordered hole” fibers have generated a significant amount of interest 

due to the unique properties exhibited by these fibers including an extremely small core  size, 

single mode guidance over a very large wavelength range, and guidance through a hollow core
32-
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35
.32, 33, 34,35 Many useful fibers and devices have been developed based upon these “ordered hole” PCF’s.  

However, these are all based on silica fibers, which limit the maximum use temperature due to 

fiber crystallization, fiber reactions with the environment, or glass creep under stress.  Photonic 

crystal fibers also have the capability to be endlessly single mode.  This is due to the fact that the 

effective index contrast between the core and cladding decreases at smaller wavelengths
40

. 

 

2.3  Photonic Band Gap Fibers  

As previously stated, if a periodic lattice that has the correct size and spacing of the holes is 

formed then a photonic band gap similar to the electrical band gap found in a s emiconductor can 

be produced.  This photonic band gap operates on the principle that the periodic arrangement of a 

material with a given refractive index difference between that of the background material will 

not allow electromagnetic waves of a certain range of wavelengths to be transmitted.  Two types 

of photonic band gap fibers are currently known.  They include the hollow core photonic band 

gap fiber as well as the solid core photonic band gap fiber.  The solid core photonic band gap 

fiber will be discussed in greater detail in a later section.  In the hollow core case, if one of the 

holes in the lattice is removed, this will confine a range of wavelengths from operating anywhere 

besides in this “defect”
30

. A photonic band gap will not, however, occur if the size and/or 

spacing of the holes are not in correct relation to the wavelength range of the injected light.  In a 

one-dimensional photonic band gap, which is the simplest case, ordered structures with two 

different dielectric constants are periodically arranged.  The incoming light reflects and refracts 

off the interfaces of the two materials, which overlap the beams of incoming light.  Th is cancels 

out the incoming beams according to the lights wavelength and direction
30

.  When a wavelength 

is inside the band gap, the wave partially reflects off each layer of the periodic structure.  The 
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reflected waves reinforce one another since they are in-phase, which causes them to combine 

with the incident wave producing a standing wave, which cannot propagate through the 

material
40

.  When a wavelength is outside the band gap, the reflected waves cancel each other 

due to a phase mismatch
40

.  This slightly attenuates the light but still allows the light to be 

propagated through the material.   

 

The main factors that affect the properties of photonic band gaps are dielectric contrast , the 

arrangement of the periodic elements, and the size and spacing of the periodic elements.  In a 2D 

periodic structure it is possible to prevent light from propagating in any d irection within the 

plane.  A 2D periodic structure has both Transverse Electric (TE) and Transverse Magnetic (TM) 

modes of propagation.  In a TE mode, the electric field is perpendicular to the direction of 

propagation whereas in a TM mode, the magnetic field is perpendicular to the direction of 

propagation.  It is also possible that a 2D periodic structure will have a photonic band gap for 

one polarization but not for the other.  In general, a large energy distribution contrast will give 

rise to a large band gap.  A 2D photonic band plot for a fiber is very complex and is generally 

solved using a computer program.  Photonic band gap fibers are attract ive because they minimize 

loss and undesired nonlinearities because they have the ability to guide in air.    

 

2.4  Modal Propagation 

Intrinsic, extrinsic, and defect absorption are the three main mechanisms that cause absorption of 

the transmitted signal in fiber optics
41

.   Intrinsic absorption is defined as the inherent material 

absorption for that given material and is caused by the absorption bands in the UV region and the 

atomic vibration bands in the near-IR.  Intrinsic absorption in the UV region can occur when a 
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photon interacting with an electron in the valence band gets excited and is promoted to a higher 

energy level.  The absorption in the near-IR stems from the vibrational frequency of the chemical 

bonds between the atoms in the material.  This interaction also exists with the electromagnetic 

field of the optical signal and gives rise to a transfer of energy from the electromagnetic field to 

the chemical bond creating absorption.  Extrinsic absorption is a result of impurity atoms in the 

fiber that are often transition metal ions interacting with OH
-
 ions.  Many starting materials in the 

glass making processes have trace amounts of these transition metals in the range of less than 10 

parts per billion.  Defects in the glass composition also cause absorption.  These include, but are 

not limited, to high-density clusters of atom groups, missing molecules, and oxygen defects.  

Defect absorption is generally small in relation to extrinsic and intrinsic effects. 

 

The main cause of scattering loss in single crystal sapphire fibers is variations in diameter of the 

fiber9.  Heating power fluctuations or the source rod feed rate can cause the diameter variations 

during the production stage.  Small variations in core diameter allow power to couple into higher 

order modes giving rise to scattering losses
42

. 

 

2.5  Random Hole Optical Fibers 

Random hole optical fibers (RHOF) are a new type of fiber structure in contrast to the ordered 

holes present in the microstructure optical fiber (MOF) or the photonic crystal fiber (which is a 

subset of the MOFs).  The name originates from the fact that the “holes” in the fiber are 

randomly located in the spatial domain, and can be controlled to sizes in the micron to nanometer 

size range by controlling the conditions of fabrication.  The RHOFs use thousands of air holes to 

confine the light to the core of the fiber through an average index guiding mechanism.  One of 
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the important aspects of the air holes is the fact that they can allow access to the interior of the 

fiber while still maintaining the modal properties of the fiber
37

. This can be very important in 

sensing applications.  In addition, since the structures can be produced in pure silica (no dopants 

required), the high temperature capabilities are improved relative to conventional doped fibers.  

Current telecommunication fibers incorporate dopants into the silica glass structure to change the 

refractive index of the silica.  These doped regions are not robust in high temperature 

applications because their dopants can diffuse from the core to the cladding layers or vice versa, 

which leads to changes in their modal properties.   

 

The continual work on the characterization and fabrication of ordered hole fibers can be seen 

throughout the literature
27-31

2728293031beginning with the work of Knight, Birks, Russell and Atkin.  

Ordered hole fibers are oriented in a preform which is comprised of an array of stacked 

longitudinal tubes.  These longitudinal tubes are then carefully drawn to produce an ordered 

arrangement of holes in the finished fiber.   

 

In contrast to the ordered hole fibers, the random hole fibers are created by producing holes in-

situ during the fiber drawing stage.  This produces a vast number of “holes”, which can be 

controlled to have diameters that range from a few nanometers to the micron size range, by 

controlling the conditions of the fiber drawing process and the preform characteristics. Like the 

ordered hole fibers, RHOFs are composed of longitudinal holes, which run parallel to the fiber 

axis.  The large difference between the refractive index of air and silica glass along with the 

numerous possibilities regarding the arrangement of these air holes may allow RHOFs to be used 

in a wide range of applications. 
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2.6  Solid Core Photonic Band Gap Fibers 

Solid core photonic band gap fibers (SC-PBG) differ from hollow core photonic band gap fibers 

as they are composed of a solid, homogeneous core and surrounded by a periodic lattice of 

higher refractive index inclus ions.  These higher index layers can be concentric in composition, 

producing a 1D solid core photonic band gap fiber, also called a Bragg fiber
43

.  Light is guided in 

a solid core photonic band gap fiber by a photonic band-gap effect produced in the cladding 

where the average cladding index is higher than that of the core’s index.  Total internal reflec tion 

using Snell’s law would argue that light would be guided in the higher index regions.  Solid core 

photonic band gap fibers operate under the same theory as hollow core photonic band gap fibers 

where having the correct size and spacing between high index inclusions would give a full 2D 

band-gap effect
45

.  The optical properties of SC-PBG fibers depend heavily on the diameter d of 

the higher refractive index doped rods (generally doped with Ge), the ratio of d/, and the 

wavelength of excitation
45

.  The pitch, , is the distance between the centers of the high-index 

inclusions.  In the solid core case, the defect in the periodic array is the absence of one or 

multiple high index inclusions.   

 

Solid core photonic band gap fibers are of interest because unlike hollow-core photonic band gap 

fibers, they are easier to fabricate and splice due to their “hole-free” nature, and can be doped as 

in step index optical fibers .  Solid core photonic band gap fibers also have the added advantage 

of being free of surface modes, which are causes of loss in many hollow core photonic band gap 

fiber designs
44

.  They are being investigated for use in the telecommunications industry because 

of their dispersive and spectral properties around the 1550 nm wavelength
45

.  In solid core 
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photonic band gap fibers, confinement losses exist due to the fact that there are only a finite 

amount of high index inclusions in the cladding.   

 

2.7  Fiber Optic Modeling 

The fiber optic modeling in this work consists of using Comsol Multiphysics and MIT photonic 

Bands (MPB).  Comsol Multiphysics is more useful for analyzing losses and examining different 

modes present in a fiber while MPB is focused on understanding the band gaps that occur in 

different material structures.  The objective of the modeling work is to examine how a fiber 

design will perform without having to build the fiber.  

 

Finite element analysis (FEA) can be a very useful tool for fiber optic design.  Comsol 

Multiphysics uses high-order vectorial elements composed of both an automatic and iterative 

grid refinement calculator.  This allows for optimum error estimation during the solving process.  

The models in this thesis require complex meshing to render the smaller materials domains with 

high accuracy.  Comsol Multiphysics requires the user to first select the geometry and axes of the 

fiber in question.  During this step, the size and shape of the core and cladding layers are chosen.  

Next, the material properties of the fiber are chosen.  The main variables include the refractive 

index (both real and the imaginary part), electric conductivity, relative permittivity, and relative 

permeability values for the core and cladding. The electromagnetic waves heading is chosen for 

this RF mode and the modal analysis then presumes the wave propagates in the z-direction.  This 

allows the user to select the perpendicular hybrid mode wave using transversal fields, which will 

give the modal solutions.  The electric field of this wave is given
46

 in Equation 2: 
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 E(x,y,z,t) = E(x,y) exp [j(ωt −βz)] (2) 

 

with ω being the angular frequency, t is time, and β being the propagation constant.  The 

boundary condition on the outside of the cladding layer is set to n × E = 0.  Now using the 

Helmholtz equation, an eigenvalue equation in terms of the electric field can be written  as 

Equation 3: 

 

  × (n
-2
×E) − k 0

2
E = 0. (3) 

 

Equation 3 is solved for the effective refractive index value neff = β/k 0, which gives the 

eigenvalue, with k 0 being the wavenumber.  At this point, it is important to setup a perfectly 

matched layer (PML).  The PML layer absorbs all outgoing waves (typically leaky eigenmodes), 

which radiate toward the outer cladding layer.  The PML is reflectionless for any frequency, thus 

absorbing all outgoing radiation
47

.  Maxwell’s equation for a vector wave with an anisotropic 

PML is defined as: 

 

   ([S]
-1
   E) – k 0

2
n

2
[S]E = 0    (4) 

 

where S is the Poynting vector, E is the electric field, k0 is the propagation constant, and n is the 

refractive index of the medium that contains the PML. The electromagnetic wave heading is 

chosen for this RF mode and the modal analysis then presumes the wave will propagate in the z-

direction. This allows the user to select the perpendicular hybrid mode wave using transversal 
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fields, which will give the modal solutions. This equation is obtained from the uniformity of the 

electric field, which gives us:  

 

 E (x, y, z) = e(x, y)exp(-z)   (5) 

 

with γ being the propagation constant.  A perfect electrical conductor (PEC) is the boundary 

condition that is generally set for the region inside the PML when solving for most fibers.  

Unlike field continuity conditions, a PEC cannot sustain internal fields
47

 and thus  ̂×E = 0, 

where  ̂ is the unit vector normal to the interface between two mediums and E is the electric 

field intensity in volts/meter.  All regions inside of the PEC are set to a continuity boundary 

condition which describes the source free interface between two mediums
47

 given by Equation 6: 

 

   ̂×       ) = 0 (6) 

 

where    and    are the electric field intensities at both mediums. 

 

Confinement loss, Lc, is a commonly used metric for measuring how an optically modeled fiber 

will perform under optimal operating conditions.  It is directly related to the imaginary portion of 

the propagation constant
48

, , through the equation: 

 

 Lc = 8.686*  (7) 
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where  is the attenuation constant.  This equation gives the loss
49

 in units of dB/m.  The 

propagation constant is defined as: 

 

  =  + j   (8) 

 

where  is the phase constant.  Another important metric that Comsol Multiphysics can calculate 

for a given mode is the power flow time average, Po iav, which is equivalent to:  

 

 Poiav = ½*Re(E×H
*
)i (9) 

 

which gives the zi component in the direction of propagation (into the fiber).  This shows that at 

any point in an electromagnetic field, the vector in Equation 9 can be interpreted in terms of 

power flow for a specific direction. 

 

Before these equations are computed, the mesh of the fiber’s geometry must be set up.  Here a 

precise mesh using quadrilateral or triangular grid is necessary due to the complicated fiber 

designs to obtain optimal accuracy.  The accuracy of the output data is  directly correlated to how 

precise the mesh is for each fiber structure. The mesh is limited by the memory of the computer 

as the degrees of freedom increase with a decrease in mesh size.  After the mesh is chosen, the 

modal analysis of the fiber begins.  The user specifies the desired number of modes to search for 

and which effective index to look around after specifying the free space wavelength (which is the 

wavelength at which the modes propagating in the fiber are being tested).   
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These types of RF modal propagation problems are generally solved with a direct linear system 

solver (UMFPACK) so that Maxwell’s equations in the FEM discretization can be computed 

without error.  Comsol Multiphysics also features the Multifrontal Massively Parallel sparse 

direct Solver (MUMPS) solver, which allows for parallel computing on a quad core computer to 

decrease computation time.  Comsol assumes the 2-D slice of the fiber design to continue along 

the z-direction.  In real fibers there will be perturbations in the fiber structure along the z-

direction which explains why the optical losses seen in Comsol Multiphysics modeling are 

always less than that of an actual fiber. 

 

2.8  MIT Photonic Bands  

The MIT Photonic Bands program
40

 (MPB) allows users to compute the eigenstates and 

eigenvalues of Maxwell’s equations for plane waves in the frequency domain.  This solver 

examines the frequencies of both a periodic or non-periodic system using Equation 10:  

 

  (10) 

 

where uk(r) is the Bloch envelope of the magnetic field, k is the Bloch wave vector, ε is the 

dielectric constant of the material, c is the speed of light, r is the cartesian position vector, Θ is 

the differential Hermitian operator that depends on k (where Θ=(ik+∇)×1 ε(r)(ik+∇)), and ω is 

the angular frequency.  The solution to Equation 10 above as a function of k gives the resultant 

band structure of the fiber design being analyzed.  A Bloch envelope is composed of 
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wavefunctions of particles that are in a periodic potential.  The Magnetic field is defined as 

Equation 11: 

 

 Hk = e
ik 



r 
uk(r), (11) 

 

with uk(r) fulfilling the transversality constraint given by Equation 12. 

 

 (ik +) uk = 0 (12) 

 

When the Bloch envelope is periodic, only a finite unit cell of the structure must be solved.  The 

band structure of the fiber under consideration is given by solving the above equation as a 

function of k.   This eigenequation is then discretized with N degrees of freedom (dof) using 

plane wave expansion.  This gives a finite generalized eigenproblem in the form Ax = ω
2
Bx 

where x is the eigenvector and A and B are N × N Hermitian matrices, with B being positive 

definite preserved by the Galerkin discretization
40

.  MPB then uses iterative methods to solve the 

above equations.  Iterative methods are defined by computing a small number of the eigenvalu es 

and eigenvectors by guessing a value for x and then using an iterative approach to improve the 

initial guess.  This enables MPB to quickly converge on a solution for a true eigenvector.  When 

the fiber under study is not periodic, MBP uses supercell approximations.  Supercell 

approximations consist of a periodic boundary condition with a large cell around the localized 

mode so the boundaries become irrelevant to the problem.   
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Fibers are modeled as a 2D structure, being periodic in the x and y planes, and homogeneous in 

the z plane.  A 2D fiber classifies the two types of electromagnetic waves, which propagate in 

the z-direction along the fiber as transverse electric (TE) and transverse magnetic (TM). 

Transverse electric modes will have their electric field vector in the x and y plane and their 

magnetic field vector perpendicular to the z plane whereas transverse magnetic modes will have 

their electric field vector perpendicular to the z plane and their magnetic field vector in the x and 

y plane.  The two polarizations of light enable reflections in any direction in the xy plane.  The 

main structure of interest in this thesis is  known as the hexagonal geometry.  A hexagonal lattice, 

as seen in Figure 2.5 has a periodicity a, with a1 = a2.  The lattice parameter a is also known as 

the pitch or periodicity, sometimes denoted by . 

 

Figure 2.5 Hexagonal crystal lattice structure 

 

The reciprocal space for the irreducible Brillouin zone is a more common way of analyzing 

photonic band gaps because all other points in the reciprocal space can be obtained from the Γ, 

M, and K points through rotational symmetry as seen in Figure 2.6.  The outlined Brillouin zone 

for the hexagonal structure has a unit lattice equivalent to b1 = b2 =  
   

  √ 
. 
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Figure 2.6 Reciprocal lattice for the hexagonal crystal lattice with the Brillouin zone shown by 
the M, K, and Γ points 
 

MIT Photonic Bands software is based off Maxwell’s equations, which are scale invariant.  This 

allows the user to scale to a highlighted frequency range by multiplying lattice constant a by x, 

which in turn divides the frequency by x.  In order to convert the frequency eigenvalues given by 

the software which are in units of c/a, (with c being the speed of light, and a being the spacing 

in-between rods or air holes) we find the wavelength corresponds to a divided by the frequency 

eigenvalue. By definition, frequency f = c/λ and because every parameter in the software is 

normalized to the auxiliary lattice parameter (a), we multiply and divide by a on the right hand 

side of the Equation 13: 

 

     
 

 
       (

 

 
)  (

 

 
) (13) 

 

The units on the right hand side show that the term a/λ is a unit-less term and hence the 

representation of frequency is in multiples of a/λ.  The band midgap point (fm), which is the 

center frequency of the middle of a band gap on the frequency scale, is then equated to the term 

a/λ through the Equation 14. 
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 fm = a/λ (14) 

 

Lambda, λ (the wavelength of operation) is then set as L1 with which the auxiliary lattice 

parameter (a) can be obtained.  This is shown through Equation 15: 

 

 a = fm * L1 (15) 

 

and now using this parameter, we can find out the actual physical parameters (for example when 

r/a= 0.5 => r = 0.5* fm * L1).  

 

2.9  White light interferometry 

Interferometry is defined when two or more waves of the same frequency combine and the phase 

between these two waves is changed, the intensity of the resultant wave will oscillate
50

.  When 

the two waves have interfered from two partially reflective surfaces placed close together, as 

seen in Figure 2.7 below
51

 that beam A2 will travel a longer distance than beam A1.   
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Figure 2.7 Fabry-Perot interferometer setup used from reference [51]
 
illustrated under “Fair Use” 

copyright guidelines 
 

As shown in Figure 2.7 above, there are two reflective surfaces separated by a cavity of length L, 

with a refractive index of n.  The input light will generate two reflections, one from each surface  

with amplitudes A1 and A2, which interfere to produce the total reflected light intensity.  The 

phase of the light in a free-space virtual material is determined by the optical path difference 

(OPD), which is defined as: 

 

 OPD = 2*n*L (16) 

 

with a corresponding time delay,    of: 

 

     
       

 
 

   

 
 (17) 

 

with c being the speed of light and n being the materials index of refraction.  By dividing OPD 

by an integer of wavelength iterations, a wavelength that interferes with the interferometer can 

be realized.  Partial cycles will create a phase mismatch that will cause destructive interference.  

When one cycle is scaled by 2π, the constructive interference will be zero and the destructive 
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interference will be π.  The power of the optical beam however is at a maximum during 

constructive interference and at a minimum during destructive interference.  This oscillatory 

cosine behavior is shown as the electric field amplitude A2 oscillates versus A1 in Equation 18 

below: 

 

               –            (
      

  
    ) (18) 

 

where I is the light intensity as a function of wavelength, and    is the phase value.  When there 

is a change in temperature or pressure, the cavity length will change, thus modifying I(λ).  An 

optimal cavity length can be determined through various types of demodulation, but this is an 

entirely different subject that is well covered in Zhu
51

 et al.  The “fringes” are defined as the 

oscillations in the intensity as a result of the interference.  From this, we can find the visibility, 

which is the ratio of the amplitude of these oscillations to the sum of the powers of the individual 

waves
52

. Like other more conventional interferometers, white light interferometry is immune to 

like source power drift.  It also has a high resolution, large dynamic range, and a variety of 

potential applications
53-56

.
53,54,55,56 

 

2.10  Gas Sensing 

Gaseous emission monitoring has become more prevalent in recent years due to the rise of many 

industrial processes.  The need for monitoring gases like CO, CO2, hydrocarbons, NH3, and NOx 

makes the case for a fast, stable, highly sensitive, and high temperature sensor.  Extensive 

research has been performed to develop sapphire fiber-based sensors.  Various sensors including 

intrinsic and extrinsic interferometers, polarimetric devices, and birefringence-balanced lead-
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insensitive sensors have been demonstrated for measurement of various physical parameters at 

high temperatures. 

 

An evanescent wave
57

  has an intensity that exponentially decays with distance from the core 

towards the cladding and has a characteristic penetration depth of 50-100 nm.  This evanescent 

wave occurs from the reflection with the cladding layer of the fiber which is due to the input 

light having an angle greater than that of the critical angle.  This happens because the electric and 

magnetic fields cannot be discontinuous at a boundary.  The critical angle is defined as Equation 

19: 

 

 Θc = arcsin (n2/n1) (19) 

 

where n1 is the core refractive index and n2 is the cladding refractive index with n2 < n1.  The 

propagation of light in two differing materials behaves according to Snell’s law, which is stated 

in Equation 20: 

 

 n1 sin θ1 = n2 sin θ2 (20) 

 

where θ1 is the angle from the normal plane of incidence  and θ2 is the angle from the refracted 

wave. The evanescent wave is only produced when the crystal has a higher refractive index than 

that surrounding the fiber.  Evanescent fields are created when light is reflected at a boundary 

under total internal reflection. The higher the mode that is traveling  in the fiber, the more the 
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evanescent wave travels into the cladding region.  The light in the cladding region can then 

interact with the gaseous environment when the cladding layer is porous or completely removed. 

When a light ray, incident on a dielectric boundary at an angle θ, experiences total internal 

reflection, an evanescent field is produced. The chemical absorption can be described using the 

complex refractive index for these types of fibers.  In this case, the electric field, E of the 

electromagnetic wave traveling through the chemical species is described using the equation: 

 

 E=E0*exp[j(ωt-αl)] (21) 

 

where l (cm) is the length of the region containing the chemical species being sensed, ω is the 

angular frequency, t is time, and α being the propagation constant given by the equation: 

 

 Β=k0*n=2π*(nr - jkx)/ λ (22) 

 

where k0 is the wavenumber, nr is the real part of the refractive index, and kx being the imaginary 

part of the refractive index.  The exponential decay of this evanescent field is given by the 

equation: 

 

         ( 
 

  

) (23) 

 

with the penetration depth dp being: 

 

     
 

        (  
  (      )

 
      )

 (24) 
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where E0 is the field amplitude at the dielectric boundary.  Thus, the attenuation of the guided 

light is dependent on the how much power is carried out by the mode outside the core region.  

The chemical concentration C, (a fraction of percentage) also controls the output intensity I, by 

the equation: 

  

                      (25) 

 

where I0 equals the intensity of the incident radiation, r is the relative sensitivity of the 

attenuation coefficient, and σm is the molar absorption coefficient in units of at
-1

cm
-1

. 

Absorption strength is related to the chemical concentration C, through the Beer-Lambert law, 

which is defined by the equation: 

 

                  (26) 

 

with α0 being the absorption coefficient of the gas. 

 

Gas sensing is dependent on mode distribution so a multimode fiber is disadvantaged because of 

launching conditions and external effects. The presence of a gas during a sweep of wavelength 

ranges will appear to be lossy at specific characteristic wavelengths based on the gaseous species 

that is present. Multiple gases could technically be detected using the same fiber over a given 

wavelength range.  Other common evanescent gas sensing fibers include the D-shaped fiber, 

which allows the core continuous contact with the gas present along the length of the entire fiber. 
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Hollow core waveguides are another type of gas sensor that offer significant advantages over 

traditional evanescent field gas sensing.  The light guiding mechanism in the hollow wave guide 

is a function of how strong the reflections from the incident light are on the interface of the 

surface of the waveguide.  The higher the reflection at this interface, the higher the transmission 

of incident light.  Hollow core waveguides can have a higher sensitivity due to the majority of 

the incident light propagating in the area filled with the gas that is being sensed.  This allows the 

incident light to directly interact with the gas molecules.  Other advantages of this type of gas 

sensing include a short response time and long-term stabilization.   

 

3. Fiber Modeling 

3.1  Random Hole Optical Fiber  

3.1.1  Experimental  

Accurate numerical modeling is essential for optimal fiber design.  Comsol Multiphysics uses 

high-order vectorial elements along with an automatic and iterative grid refinement calculator for 

optimum error estimation.  This process is a necessity when accurate silica-air interfaces need to 

be sampled during the meshing stage.  The silica-air interface puts a large burden on the 

computer’s memory because of fast far-field variations and the fact that the electric field’s 

normal component will become discontinuous.   

 

Random hole optical fibers (RHOF) are very difficult to replicate in FEM software due to the 

various diameters and shapes of the air holes.  In order to get an accurate structure when 
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modeling using a FEM solver, Matlab must be used.  Matlab has the capability of importing an 

SEM micrograph and then converting it to grayscale.  After import and conversion, Matlab can 

recognize the difference in pixels of the imported image.  It is then a matter of exporting the file 

from Matlab into Comsol Multiphysics and changing the scale to match the original SEM data.  

 

Figure 3.1 shown below is an SEM cross-section of the RHOF that has been created using the 

experimental fabrication process as described from Pickrell
33

 et al. The fiber has a 108.5 m 

outer diameter with an inner diameter at 64.6 m.  The core region is approximately 20.3 m in 

diameter; the imported SEM image consists of thousands of air holes ranging in size from less 

than 100 nm to above 1 m.  The air holes non-uniform shape will also alter the birefringence.  

All models were examined at the free space wavelength 0 =1550 nm. 

 

 

Figure 3.1 SEM cross section of Random Hole Optical Fiber 
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3.1.2  Fem Analysis 

Once the SEM image in Figure 3.1 has been successfully imported into Comsol Multiphysics, 

the next step is to mesh the structure.  The precision of the data directly relates to how refined the 

mesh can be.  The only limitation of the mesh is the memory of the computer that will be solving 

the boundary equations.  Figure 3.2 below, shows a mesh consisting of 288892 elements run on a 

4 Gb Macintosh.   

 

Figure 3.2 Mesh consisting of 288892 elements of the imported SEM shown in Figure 3.1 with 

the x and y axes in (m) 

  

The outer diameter of the fiber is set as a cylindrical perfectly matched layer (PML), which 

utilizes a reflectionless outer layer as described in Section 2.7 Fiber Optic Modeling. No modes 

were expected in this region, and therefore, the outer layer has been omitted.  This saved 

valuable memory space during the meshing and solving stages.  As shown in Figure 3.1, the 

actual outer boundary of the fiber is composed of a silica layer which is fused to the random air 

holes.   
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When the mesh is complete, the boundary conditions must be met.  Continuity was set inside the 

cylindrical PML while a perfect electrical conductor was set to the outer edge.  The air holes 

were then set to n=1.00 and the silica glass was set to n=1.45.   Comsol is then solved using a 

direct linear equation solver (UMFPACK) near the effective mode index of the silica glass 

(1.449).  Figure 3.3 shows the resultant fundamental hybrid mode for the given SEM micrograph 

in Figure 3.1.  This is as expected for the power flow to be concentrated directly in the center of 

the core. The power flow time average z-component is at a maximum (in red) at 1.074x10
17

 

W/m
2 
and at a minimum (in blue) at 3.92x10

-5
 W/m

2.  
 

 

Figure 3.3 Transversal profile of the time-averaged power flow (W/m
2
) in the z-direction with 

the x and y axes in (m) 

 

 

Figure 3.4, which is shown below, is a magnified picture of Figure 3.3; in order to make the 

electric field (green cones) more visible.  The electric field in Figure 3.5, also shown below, 
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gives the relative height (3D) of the power flow time average z-component.  This relative height 

is proportional the optical intensity |E|
2
.   

 

Figure 3.4 Fundamental mode of the fiber (magnified view) with the x and y axes in (m) 

 

 

Figure 3.5 Power flow (W/m
2
) 3D view with the x and y axes in (m) 

 
 

Figure 3.6, as shown below, gives the various LP11 modes that also propagate in this multimode 

fiber. 
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Figure 3.6 LP11 modes of the fiber near n=1.4495 (magnified view) clockwise from top left y-

polarized even =A0J1(ur) cosay , x-polarized  even =A0J1(ur) cosax , x-polarized  odd 

=A0J1(ur) sinaz , y-polarized  odd =A0J1(ur) sinay with the x and y axes in (m) 

 
 

In summary, this section examined a modeling study of a RHOF using the Comsol Multiphysics 

modeling program. The importation process of an SEM cross-section simplifies the modeling 

process and provides a great degree of accuracy in the image translation using Comsol 

Multiphysics with Matlab. This process allows the user to easily modify the current air hole 

arrangement in order to further analyze any changes that can or will be made in the future. 

Much work has been done in the area of RHOF’s, but this is the first time that a RHOF has been 

modeled in a FEM environment. Finite element modeling allows for the examination of how the 

porous refractive index of the cladding region is effecting the modal propagation of light through 
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the fiber. Importation of a specific 2D cross section from an image into Matlab and then into 

Comsol allows for the most accurate representation of the actual fiber structure compared to 

building a representation of the structure. 

 

3.2  Solid Core Photonic Band-Gap Fibers  

3.2.1  Experimental 

Accurate numerical modeling is essential for optimal fiber design.  Comsol Multiphysics uses 

high-order vectorial elements along with an automatic and iterative grid refinement calculator for 

optimum error estimation.  This process is a necessity when accurate small interfaces need to be 

sampled during the meshing stage.  The nature of the small material interface puts a large burden 

on the computer’s memory because of fast far-field variations and the fact that the electric field’s 

normal component will become discontinuous.  This experiment uses a direct linear system 

solver (UMFPACK) for its modal analysis
58

. 

 

The initial model of the SC-PBG fiber used in this work was replicated from a previously 

published paper
59

 to validate the working model. The fiber has seven rings of Ge doped silica 

rods with a refractive index of 1.48.  The doping process assumes a parabolic refractive index 

range of 3.0E-2 from the center of the Ge doped rod to the outer edge of the rod.  This fiber 

maintains a d/ ratio equal to 0.683 with an outer PML diameter of 1.368E-4 m and an inner 

diameter at 1.216E-4 m.  This gives a diameter d of 300 m and pitch  of 15.2 m.  The core 

region is approximately 20 m in diameter.  All models were examined at the free space 

wavelength 0 = 1550 nm.  When no defects are present in this fiber, Comsol Multiphysics gives 
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a confinement loss Lc = 0.006968 dB/km.  The loss with no defects can be seen over a wide 

range of free space wavelengths as seen in Figure 3.7 below. 

 

 

Figure 3.7 2D band structure of the Solid Core Photonic Band Gap Fiber 
 

The objective of this section was to see how the confinement loss of solid core photonic band 

gap fiber is affected when a defect is present. The results should follow the anti-resonant 

reflecting optical waveguide (ARROW) model
60

, which states that the closer a defect is to the 

core region, the greater the confinement loss will be.  An air hole defect was thus added and its 

diameter and position was changed in order to observe how this would affect the confinement 

loss of the fundamental mode (LP01).  The air hole defect starts with a radius of 0.2595 m and 

increases by 0.2595 m each time, until it reaches a final value of 2.076 m.  The x positioning 

stays constant at 0 while the y positioning changes starting from (0,0) and increasing by 1.86 m 

until the y position reaches a value of 18.6 m.  An example of this can be seen below in Figure 

3.8.  
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Figure 3.8 A 2D model of an air hole defect (as seen in red) with the x and y axes in (m).  The 
defect’s diameter and y position was modified to examine its effect on confinement loss.  The 

numbered circles are the high index Ge-doped rods. 
 

3.2.2  Fem Analysis 

Again, the precision of the data directly relates to how refined the mesh can be.  The only 

limitation of the mesh is the memory of the computer that will be solving the boundary 

equations.  Figure 3.9 below shows a mesh consisting of 288892 elements run on a 4Gb 

Macintosh.   
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Figure 3.9 2D Comsol model of the meshing accuracy of the Solid Core Photonic Band Gap 
Fiber with the x and y axes in (m).  The rainbow colored y-axis (at right) demonstrates the accuracy of the 

mesh. 

 

The outer diameter of the fiber is set as a cylindrical perfectly matched layer (PML), which 

utilizes a reflectionless outer layer.  This is used in our research in order to absorb all outgoing 

waves
47 

as discussed in Section 2.7 Fiber Optic Modeling.  

 

When the mesh is complete, the boundary conditions must be met.  Continuity was set inside the 

cylindrical PML while a perfect electrical conductor was set to the outer edge.  The Ge doped 

silica rods were then set to n=1.48 with a parabolic refractive index range of 3.0E-2 and the silica 

glass was set to n=1.45.   Comsol is then solved using a direct linear equation solver 

(UMFPACK) near the effective mode index of the silica glass.  Figure 3.10, shown below, is the 

resultant fundamental hybrid mode for the SC-PBG with no defect.  This is as expected for the 

power flow to be concentrated directly in the center of the core.  
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Figure 3.10 Transversal profile of the time-averaged power flow (W/m
2
) for the LP01 mode in the 

z direction with the x and y axes in (m)  

 

As stated in the Experimental Section 3.2.1 above, an air hole defect was added and its diameter 

and position were changed in order to observe how this would affect the confinement loss of the 

fundamental mode (LP01).  The results for these changes can be viewed below in Figure 3.11 and 

3.12.  Figure 3.11 shows the confinement loss versus the radius of the air hole defect with the 

numbers in the legend indicating the distance from the core in (m).  Figure 3.12 shows the 

confinement loss versus distance from the core in the y-axis with the numbers in the legend 

indicating the radius of the air hole defect.  These results are for the fundamental mode (LP01) 

with a free space wavelength of 1.55 m. 
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Figure 3.11 Confinement loss (dB/km) vs. radius of air hole defect (m) 
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Figure 3.12 Confinement loss (dB/km) vs. distance from core (y-axis) (m) 

 

In summary, this section examines the addition of an air hole defect in a solid core photonic 

band-gap fiber (SC-PBG) using the Comsol Multiphysics modeling program. The characteristics 

of the defect were modified in terms of spatial location in relation to the core and the size of the 

defect.  The resulting changes in optical characteristics of the fiber due to this defect were 

determined. This process allowed for easy modification of the current defect’s position and or 

radius in order to further analyze what affect this will have on the confinement loss.  The results 

follow the ARROW model and show that the closer a defect is to the core region, the higher the 

confinement loss will be due to surface modes present at the defect. The results also show that 

the confinement loss is directly related to the size of the air hole defect. 
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This work is important for other applications besides Ge doped silica rods. This work can help to 

describe high index rods in a background matrix of a lower refractive index, which is the case for 

a 7-rod bundled single crystal sapphire fiber. SC-PBG fibers ability to be easily spliced and 

handled could make for a more desirable fiber for high temperature sensing if materials with 

similar coefficients of thermal expansion to that of sapphire could be realized.  This work also 

shows how to examine the photonic band gap structure for a range of frequencies for a given 

fiber structure using Comsol Multiphysics. The results of this study were compared to actual 

band gap plots of a similar structure and were in good agreement. 

 

3.3  Sapphire Photonic Crystal Fibers 

3.3.1  Experimental 

The fibers in this section are based off both a single crystal sapphire rod and a single crystal 

sapphire rod surrounded by a ring of 6 single crystal sapphire rods.  The bundling process
68

, 

which is described later in Sections 4.1 and 4.2, enables the outer cladding rods to form a 

symmetric ring around the central fiber as seen in the schematic of the fiber placement shown in 

Figure 3.13.   
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Figure 3.13 Schematic of fiber used in FEM modeling 
 

In Figure 3.13 above, let R1 be the radius of the sapphire cylinders shown above which equals 35 

μm and R2 be the radius of the hole, which would fit between the cylinders and just touch each 

cylinder.  The radius ratio of R2 / R1 is 0.155 by simple geometrical considerations
61

.  The upper 

bound of the hole size in between the sapphire cylinders is then equal to 5.4 μm. 

 

The objective of the work in this section is to model the propagation characteristics of a single 

rod of single crystal sapphire as well as the 7-rod single crystal sapphire fiber structure.  This 

would permit the resulting changes in optical characteristics of each fiber to be determined.  This 

process would then allow for easy modification of the current size and positioning of the fiber 

rods in order to further analyze what effect this will have on the confinement loss.  

 

3.3.2  Fem Analysis 

Numerical modeling is a key component while creating an optimal fiber design.  The high 

contrast between the 6-ring structure and the smaller air-hole sections places a large burden on 

the computer’s memory because of fast far-field variations.  Add to this the fact that the electric 
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field’s normal component will become discontinuous and the equations become quite complex.  

A linear solver is typically used to compute the Maxwell’s equations involved in the FEM 

discretization.  To compensate for this, Comsol Multiphysics uses a direct linear system solver 

(UMFPACK) for its modal analysis.   

 

Materials selection is the first main topic in sapphire photonic crystal modeling.  We start with 

two separate fibers as described previously, which are scaled to the dimensions being 

demonstrated experimentally, as seen in a later section (Section 4.2).  The single crystal sapphire 

rods in these models have a diameter of 70 μm.  The refractive index of the air region is set to n 

= 1.0 and the sapphire region (α-Al2O3) is set to n = 1.74618.  The air (blue) and sapphire (grey) 

regions can be seen in Figure 3.14. All models are solved for a free space wavelength of 1.55 

μm. 

 

 

Figure 3.14 The air (blue) region is set to n = 1.0 and sapphire (grey) (α-Al2O3) is set to n = 

1.74618 
 

The outer diameter of the fiber (the outer ring in Figure 3.14) is set as a perfectly matched layer 

(PML).  The outer diameter for the PML layer is set to 140 μm with an inner PML diameter of 

130 μm.  No modes are expected in this outer air layer as described in the Fiber Modeling 

Section 2.7.  Confinement loss, Lc, is a commonly used metric for measuring how an optically 
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modeled fiber will perform under optimal operating conditions and was discussed in the Section 

2.7 Fiber Optic Modeling. 

 

The next step in the modeling process is the refinement of a mesh.  Figure 3.15 below shows a 

mesh consisting of 24692 elements in the single rod case and 9508 elements for the 7-rod case.  

Both were computed on a 12Gb Macintosh I7 running Comsol 4.0a with a solution time of 875 

seconds.   

 

 

 

Figure 3.15 2-D Comsol mesh in both the single rod (left) and the 7-rod case (right) with the x 

and y axes in (m) 

 

The boundary conditions for each fiber must now be setup.  A perfect electrical conductor setting 

was used for the outer edge, while continuity was set inside the cylindrical PML. Comsol is then 

solved using a direct linear equation solver (UMFPACK) near the effective mode index of the 

single crystal sapphire (1.74618 at 1.55 μm).  Figure 3.16 below is the resultant fundamental 

hybrid mode for the single rod (left) and the 7-rod case (right).  This is as expected for the optical 

power to be concentrated directly in the center of the core of both the single rod and the central 
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rod of the 7-rod bundled fiber.  The single rod case has an effective mode index of 1.746109 with 

a corresponding confinement loss Lc= 2.0166e-8 dB/km.  The 7-rod case also has an effective 

mode index of 1.746109 with a larger corresponding confinement loss Lc= 1.3933e-6 dB/km. 

 

  

Figure 3.16 2-D Comsol mesh in both the single rod (left) and the 6-ring case (right) with the x 
and y axes in (m) 

  

Figure 3.17 shows the higher order modes for the single rod case at a free space wavelength of 

1.55 μm.   They consist (starting clockwise from top-left) of the LP11 mode with an effective 

mode index of 1.745999 and a corresponding confinement loss Lc= 3.9775e-8 dB/km, LP21 mode 

with an effective mode index of 1.745855 and a corresponding confinement loss Lc= 2.3718e-9 

dB/km, LP02 mode with an effective mode index of 1.745804 and a corresponding confinement 

loss Lc= 2.7683e-9 dB/km, and the LP31 mode with an effective mode index of 1.745678 and a 

corresponding confinement loss Lc= 1.1347e-8 dB/km. 
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Figure 3.17 Higher order modes for the single rod case: (starting clockwise from top-left) LP11, 
LP21, LP02, and LP31 with the x and y axes in (m) 

 

Figure 3.18 shows the higher order modes for the 6-ring case at a free space wavelength of 1.55 

μm.   They consist (starting clockwise from top-left) of the LP11 mode with an effective mode 

index of 1.746001 and a corresponding confinement loss Lc= 2.3942e-6 dB/km, LP21 mode with 

an effective mode index of 1.745858 and a corresponding confinement loss Lc= 8.2314e-6 

dB/km, LP02 mode with an effective mode index of 1.745807 and a corresponding confinement 

loss Lc= 9.1295e-6 dB/km, and the LP31 mode with an effective mode index of 1.745686 and a 

corresponding confinement loss Lc= 6.7056e-6 dB/km. 
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Figure 3.18 Higher order modes for the 6-ring case: (starting clockwise from top-left) LP11, LP21, 
LP02, and LP31 with the x and y axes in (m) 

 

In summary, the single rod sapphire fiber, as well as the 7-rod bundled sapphire fiber was 

modeled to see if resulting changes in optical characteristics of each fiber could be determined. 

Although photonic crystal structures have previously been reported in silica-based fibers, this 

work represents the first time that a single crystal sapphire photonic crystal fiber has been 

proposed and analyzed using finite element analysis.  In general, the modeled bundled fiber has 

higher confinement loss than the single rod case for the fundamental modes as well as the higher 

order modes examined. This loss is determined in the central core region only and the figures 

show what seems to be a coupling to the outer rods for many of the lower order modes. The 

results also show that the confinement loss is directly related to which mode is propagating 
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through the fiber as lower order modes generally have a higher confinement loss (less lossy) than 

higher order modes. 

 

This section is important because the models help to validate the modal coupling from the central 

core to the outer cladding rods. The theory behind this coupling is that the higher order modes 

will propagate into the cladding region with part of this cladding region being the outer ring of 

single crystal sapphire fibers. In the single rod of sapphire, these higher order modes would 

generally be scattered or lost, but in the 7-rod bundled fiber, these modes have the ability to be 

recaptured, leading to less loss and a greater intensity of the transmitted signal. 

 

3.4 7-Rod Bundled Silica Fiber 

3.4.1  Experimental 

There is a need to create a cladding that will allow silica to be used for sensing at higher 

temperatures.  The fiber cladding must be stable at high temperatures, have a refractive index 

less than the core region, remain chemically inert, and should have a similar coefficient of 

thermal expansion to that of the silica core. A unique solution has been developed for single 

crystal sapphire fibers
62-64

626364by bundling sapphire fibers around a sapphire fiber core, essentially 

serving as an external fiber cladding. This design, which can be similarly used in a silica 

structure, has the same material for both the cladding and core.  This meets the cladding material 

requirements stated previously, while still having the capability to function as a pressure, 

temperature, or gas sensor.  
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Single rods of silica fiber are cheap, easy to manufacture, and can operate
65

 to 1000 °C when 

undoped
66

.  Compared to a bare silica fiber, the lack of cladding on a single rod of silica would 

result in higher environmental vulnerability due to fluctuations in the optical signal as a result of 

materials adsorbed or reactions at the fiber surface.  This also creates a higher modal volume 

from the lack of a cladding layer resulting in higher phase difference between low and high order 

modes.  The new bundled fiber designs can then be carried over to higher temperature fibers like 

those made of single crystal sapphire, which are a better choice than silica for harsh, high 

temperature environment sensing, as in the coal gasification industry. 

 

In this work, an all silica bundled fiber has been developed and analyzed using Comsol 

Multiphysics 4.2a finite element analysis program.  The radial spacing between the outer ring of 

cladding versus the solid silica core will allow us to understand how to optimize this type of 

bundled fiber structure.  This will determine how precise the fiber bundling process needs to be 

to effectively reduce the number of modes that the fiber con tains.   

 

The modeling of the modes that are predicted to exist in the silica fiber bundles in relation to the 

spacing between them has been completed with COMSOL Multiphysics 4.2a modeling software.  

Silica fibers, with an outer diameter of 70 µm, were first modeled with the 6 outer rods touching 

the silica core in a pattern that consisted of a central fiber surrounded by six outer fibers, forming 

a symmetric ring around the central fiber.  A single rod case was also modeled to show the 

reduction in modes from the 7-rod bundled case versus the single rod of silica case.  The material 

properties of the bundled fiber and the single rod of silica are chosen to match those of the fiber 

materials being tested. The main variables include the refractive index (both real and the 
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imaginary part), electrical conductivity, relative permittivity, and relative permeability values for 

the core and cladding rods.  Figure 3.19 shows a schematic of the fiber arrangement, the radial 

movement of the outer rods, and the respective refractive indices used in this model for both 

fibers. The air (blue) region is set to n = 1.0 and s ilica (grey) is set to n = 1.45. The outer rods 

were then moved radially outward away from the core rod in 2.5 µm increments in order to 

analyze how the spacing between the cladding rods and the central core rod effects the modal 

confinement of the core rod.   

 

Figure 3.19 A 7-rod bundle of silica in air showing the fiber arrangement and the radial 

movement of the outer rods in 2.5 µm increments away from the central core rod 
 

The different fiber arrangements were discretized with a minimum average mesh element quality 

of 0.937 for each model. Each model was analyzed at the standard telecommunications free 

space wavelength of 1.55 m.  Each model was also carried out at standard temperature and 

pressure.  A perfectly matched layer (PML) was set to 280 μm with an inner PML diameter of 

260 μm on all models.   
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Comsol Multiphysics then uses a direct linear system solver (UMFPACK) with the option for 

using multiple core computing to complete its modal analysis by solving near the effective mode 

index of silica (1.45 at a free space wavelength of 1.55 μm).  The number of modes that 

propagate in the core region of the single rod and all of the spacing’s of the bundled fibers must 

then be calculated
67

. Both the single rod of silica and all of the bundled fibers with various 

spacing will be highly multimode due to the large dielectric contrast between the silica core and 

the air cladding. The power flow time average in the z-direction, which is based on the Poynting 

vector, is calculated for the central core rod in all of the modeled scenarios. The calculated 

number of modes is determined by both the power flow time average in the z-direction and the 

propagation constant. This process removes the leaky modes from the results giving a more 

accurate representation of the actual number that will propagate in each fiber design. 

 

3.4.2  Fem Analysis 

Comsol Multiphysics 4.2a has been used to examine confinement loss vs. number of modes for 

both the single rod of silica and the bundled case where all of the outer silica rods are touching 

the central core rod as seen in Figure 3.20. The single rod case shows upwards of 2488 modes 

whereas the 7-rod bundled silica structure has approximately 1664 modes. This is a modal 

reduction percent difference of 39.69% from the 7-rod case to the single rod case. 
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Figure 3.20 Single rod of silica (a) versus a 7-rod bundled silica fiber (b) showing the differences 

in confinement loss versus mode number 
 

Thick bands of relatively high loss can be seen in both graphs in Figure 3.20 but are more 

distinct in the single rod case. The 7-rod bundled case shows almost no bands of relatively high 

loss for the lower order modes (up to about the 1150
th
 mode), which is most likely due to higher 

order modes being re-coupled into the outer ring of rods instead of being lost . It is important to 

note that the loss in the 7-rod bundle is on average much less than the single rod case for the 

lower order modes. 

 

This work agrees with previous modeling work completed
64

 using an all sapphire 7-rod bundle 

compared to a single rod of single crystal sapphire with the same rod diameters. The outer ring of 

the 7-rod bundle was then moved radially outward from the core rod in 2.5 µm increments.  This 

data was also completed using the same geometry as in Figure 3.19 with a free space wavelength 

of 1550 nm. 

 

Figure 3.21 shows a large drop in the number of modes within the first 5 µm due to the outer 

rods either touching or being very close to the central core rod.  The graph then drops off near 

2350 modes as it slowly approaches the number of modes found in the single rod fiber.  The core 
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only fiber represents the infinite distance case where a 7-rod bundle would have its outer ring of 

silica fibers so far away from the central core rod that the ring would have no effect on the modal 

reduction.  This data confirms that the closer the outer ring of rods is to the central core rod, the 

more modal reduction will take place.  This is due to the average index lowering of the cladding 

rods combined with the air region. 

 

 

Figure 3.21 7-rod bundled silica fiber radial spacing versus the number of modes at that spacing 
 

In summary, Comsol Multiphysics 4.2a was used to examine both a single rod of silica with a 

core diameter of 70 μm and also a 7-rod silica fiber with diameters of 70 μm, all made of bare 

silica fiber. The 7-rod case shows a modal reduction percent difference of 39.69% from the 

single rod of silica fiber with an air cladding when all of the surrounding rods of silica are 

touching the core rod. 
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3.5 Mode Reduction in Bundled Sapphire Photonic Crystal Fibers  

3.5.1  Experimental 

The fiber designs examined in this section have an outer ring of single crystal sapphire rods 

which surround the central core rod and produce voids periodically around the central core.  This 

lowers the effective refractive index of the air-sapphire region surrounding the core rod.  This 

allows for a modal reduction while still maintaining the material advantages of using single 

crystal sapphire as a cladding layer as previously described.  The first photonic crystal fiber 

made of single crystal sapphire fiber was published previously by Pfeiffenberger
68

 et al. and 

incorporated this same hexagonal shape in a 15 cm long bundled fiber.  Initial work has been 

accomplished with the FEA models to examine the modal structure of these types of fibers in 

greater detail
69

. 

 

The fibers examined in this study fall into the photonic crystal fiber category.  These fibers all 

operate via total internal reflection (TIR).  In these fibers, light is more strongly confined to the 

core due to a large refractive index difference of single crystal sapphire, 1.74618 vs. 1.0 for air at 

a free-space wavelength of 1.55 μm.  The other branch of photonic crystal fibers operate via a 

photonic band gap which was described in great detail in Section 2.3 Photonic Band Gap Fibers.  

 

The fibers in this section are examined to show how the rod diameter of a hexagonal ring of 

single crystal sapphire affects the modal volume of the fiber.  In this study, two different fibers 

are compared versus a single rod case with no cladding.  The number of modes that propagate in 

an optical fiber is directly affected by the size of the core.  The core sizes in these cases are 50 
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μm and 70 μm in diameter, respectively.  The number of modes propagating in a step index 

multimode fiber, Nm, can be approximated by Equation 27: 

 

          (
      

 
)
 
 (27) 

 

where D = diameter of the core, λ = wavelength of propagation, and NA is the numerical 

aperture, which is the light gathering ability of the fiber.  The equation for numerical aperture 

can be approximated by Equation 28: 

 

      √  
    

  (28) 

 

with nf = the refractive index of the core and nc = the refractive index of the cladding.  In the 

single rod case, nf = 1.74618 (single crystal sapphire) while nc = 1.0 (air).  In both bundled fibers, 

nc = an average somewhere between 1.0 and 1.74618, lowering the effective refractive index of 

this material.  Comsol Multiphysics estimates the effective refractive index of this air-sapphire 

region surrounding the core in both fibers to be approximately 1.7147.  Plugging this value into 

Equation 28 for nc with nf = 1.74618 we obtain an NA = 0.330.  When this value is substituted in 

Equation 27 above, we obtain Equation 29: 

 

          (
           

      
)
 
 (29) 
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when D = 70 µm, Nm = 1096.05 and when D =50 µm, Nm = 559.209.  The real question that this 

modeling work aims at understanding is how the average effective index really is affected by the 

reduction in fiber diameter for a bundled fiber from 70 µm to 50 µm at a wavelength of 1.55 µm. 

 

This section examines two single crystal sapphire photonic crystal fibers through the use of a 

Finite Element Modeling (FEM) program called Comsol Multiphysics 4.2.  FEM is useful for 

fiber optics research because it can accurately predict the modal structure of an optical fiber 

without fabrication. The objective of this section was to model the propagation characteristics of 

both a bundled fiber with 70 µm diameter rods and a bundled fiber with 50 µm diameter rods at 

1.55 µm with the rods all being composed of single crystal sapphire. This process allows us to 

examine the benefits of a smaller core size for this bundled structure.  

 

3.5.2  Fem Analysis 

The fibers in this section are composed of a single crystal sapphire rod surrounded by a ring of 6 

other single crystal sapphire rods, all of which are either 70 µm (left) or 50 µm (right) in 

diameter as seen in Figure 3.22 below.  The air regions, as seen in blue in Figure 3.22, have a 

refractive index of n=1.0 while the gray region has a refractive index of n=1.74618.  The process 

for creating this type of fiber experimentally has  been outlined in previous papers
68,69

.  
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Figure 3.22 Schematic of fibers used in FEM.  At left, the bundle composed of 7 (70 µm) rods of 

single crystal sapphire (in gray) surrounded by air (blue region). At right, the bundle composed 
of seven (50 µm) rods of single crystal sapphire (in gray) surrounded by air (blue region) 
 

The sapphire rods in this study were examined along the C-axis of the crystal extending along 

the length of the fiber (z-direction). The hexagonal crystal structure of single crystal sapphire has 

two axes perpendicular to the c-axis, referred to as the A-axes.  

 

The first step in the modeling process is the materials selection.  As described above in Figure 

3.22, two fibers, a bundled fiber with 70 µm diameter rods and a bundled fiber with 50 µm 

diameter rods are to be examined.  The dimensions of the rods and the material properties are 

then adjusted so that the rods of single crystal sapphire (α-Al2O3 in gray) have a refractive index 

of n = 1.74618 and are surrounded by air (blue region), where n=1.0. All models in this section 

are solved for using a free space wavelength of 1.55 μm, as this is a standard telecommunications 

wavelength. The outer region of the fibers in Figure 3.22 is set as a perfectly matched layer 

(PML).  The outer diameter for the PML layer is set to 280 μm with an inner PML diameter of 
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260 μm.  Confinement loss, Lc, is a commonly used term for measuring loss under optimal 

operating conditions in FEM modeling and was discussed in Section 2.7 Fiber Optic Modeling.   

 

Another important metric that Comsol Multiphysics can calculate for a given mode is the power 

flow time average, Poiav, as discussed in Section 2.7 Fiber Optic Modeling.  The boundary 

conditions governing each fiber rod in the bundle is then determined.  A perfect electrical 

conductor (PEC) setting was selected for the inner ring surrounding the fiber bundle as is 

common in the FEA of optical fibers .  The regions inside of the PEC where set to a continuity 

boundary condition.  As discussed previously, a cylindrical PML was set for the region 

surrounding the PEC.  

 

The next step in the Comsol Multiphysics modeling process is the mesh refinement.  Both 

models in this section require a complex mesh to render the large air-sapphire regions with high 

accuracy.  Figure 3.23 below shows a mesh consisting of 64240 elements for the bundled fiber 

with 70 µm diameter rods and 88864 elements for the bundled fiber with 50 µm diameter rods.   
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Figure 3.23 2D Comsol meshes of both the bundled fiber with 70 µm diameter rods (left) and the 
bundled fiber with 50 µm diameter rods (right) with the x and y axes in (m) 

 

RF modal propagation problems are generally solved with a linear solver so that Maxwell’s 

equations in the FEM discretization can be computed without error.  These equations are solved 

using a direct linear equation solver (UMFPACK) in combination with the MUMPS solver, 

which allows for the use of multiple cores, near the effective mode index of the single crystal 

sapphire (1.74602 at 1.55 μm).  The models for this paper were computed on a 12Gb Macintosh 

I7 running Comsol 4.2 with a solution time near 7200 seconds for 500 modes. 

 

Figure 3.24 below is the resultant fundamental hybrid mode for the bundled fiber with 70 µm 

diameter rods solved at a free space wavelength of 1.55 μm with 416663 degrees of freedom.   

Figure 3.25 below is the resultant fundamental hybrid mode for the bundled fiber with 50 µm 

diameter rods solved at a free space wavelength of 1.55 μm with 622176 degrees of freedom.  In 

both Figures 3.24 and 3.25, the red arrows show the electric field polarization.  The polarizations 

of these modes are 90° from each other for a given LP mode.  The optical power is expected to 
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be concentrated directly in the center of the core of the central rod in both fibers due to the 

coupling from the outer ring of rods in both cases.  The 70 µm diameter rods case has an 

effective mode index of 1.74602 with a corresponding confinement loss Lc= 2.0166e-8 dB/km.  

The 50 µm diameter rods case has an effective mode index of 1.74602 with a smaller 

corresponding confinement loss Lc= 1.92e-9 dB/km. 

 

 

 

Figure 3.24 Fundamental LP01 modes for the bundled fiber with 70 µm diameter rods showing 

both electric field polarizations with red arrows with the x and y axes in (m) 
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Figure 3.25 Fundamental LP01 modes for the bundled fiber with 50 µm diameter rods showing 

both electric field polarizations with red arrows with the x and y axes in (m) 

 

Comsol Multiphysics also allows us to calculate the number of modes that will propagate in both 

fibers.  By solving for all of the eigenmodes at a free space wavelength of 1.55 µm we find that 

the bundled fiber with 70 µm diameter rods holds approximately 38000 modes with 5429 of 

these modes being confined to the central 70 µm diameter core rod.  The bundled fiber with 50 

µm diameter rods holds approximately 22058 modes with 2844 of these modes being confined to 

the central 50 µm diameter core rod.  This gives a modal reduction that is on the scale of that 

mentioned in Equation 29.  Figure 3.26 shows the effective refractive index vs. confinement loss 

for the bundled fiber with 70 µm diameter rods.   Figure 3.27 shows the mode number vs. 

confinement loss (right) for the bundled fiber with 70 µm diameter rods. 
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Figure 3.26 Effective refractive index vs. confinement loss (dB/km) for the bundled fiber with 70 

µm diameter rods 
 

 

Figure 3.27 Mode number vs. confinement loss (dB/km) for the bundled fiber with 70 µm 

diameter rods 
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Figure 3.28 shows the effective refractive index vs. confinement loss for the bundled fiber with 

50 µm diameter rods.   Figure 3.29 shows the mode number vs. confinement loss (right) for the 

bundled fiber with 50 µm diameter rods.  The data shows that the confinement loss for the 

bundled fiber with 50 µm diameter rods is much less than that of the bundled fiber with 70 µm 

diameter rods.  This is mainly due to the smaller core size, which gives a reduction of modes in 

the 50 µm diameter rod case. 

 

Figure 3.28 Effective refractive index vs. confinement loss (dB/km) for the bundled fiber with 50 
µm diameter rods 
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Figure 3.29 Mode number vs. confinement loss (dB/km) for the bundled fiber with 50 µm 
diameter rods 
 

In summary, two sapphire photonic crystal fiber bundles have been presented and modeled using 

a multi-physics FEM program. Other single crystal sapphire fiber bundles with this type of 

structure have been previously
69

 modeled, but this is the first attempt at optimization by reducing 

the diameter of the core and surrounding fibers. In this study we find that the bundled fiber with 

70 μm diameter rods holds approximately 38000 modes with 5429 of these modes being 

confined to the central 70 μm diameter core rod. The bundled fiber with 50 μm diameter rods 

holds approximately 22058 modes with 2844 of these modes being confined to the central 50 μm 

diameter core rod. The mode counting data shows that the confinement loss for the bundled fiber 

with 50 μm diameter rods is much less than that of the bundled fiber with 70 μm diameter rods. 

This is mainly due to the smaller core size, which is a large contributor to the reduction of 

modes. 
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3.6 6-Rod Bundled Sapphire Photonic Crystal Fiber 

3.6.1  Experimental 

This section presents the results of the finite element modeling o f a unique 6-rod bundled 

sapphire photonic crystal fiber. The structure is composed of five rods of single crystal sapphire 

fiber 70 μm in diameter symmetrically arranged around a solid single crystal sapphire core 

region, which is 50 μm in diameter. The modeling work focuses on the optimization and modal 

analysis of this photonic crystal fiber using Comsol Multiphysics 4.2a. The object ive of this 

modeling work is to examine how a fiber design will perform optically without having to build 

the fiber.  In sensor design and realization, reduction of the modal volume of the fiber can offer 

significant advantages, and as such, this research work is focused on computational 

determination of the structures, which may minimize the number of modes of the sapphire 

photonic crystal fiber. The fiber design being analyzed in this paper may be especially important 

for sensors operating in harsh high temperature environments. 

 

Modeling different bundled sapphire fiber designs that can readily be fabricated allows for the 

continuous improvement in modal reduction.  Different cladding designs can enable a reduction 

in the effective refractive index difference, which can reduce the number of modes that will 

propagate in the fiber. This also may allow the fibers to eventually approach single mode 

guidance.  
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3.6.2  Fem Analysis 

Comsol Multiphysics 4.2a requires the user to first select the geometry and axes of the fiber in 

question. During this step, the size and shape of the core and cladding layers are chosen. In this 

model, the properties of the fiber are as follows: the central core rod is set to a diameter of 50 μm 

with 5 rods surrounding the central rod with diameters of 70 μm each. An image of this fiber can 

be seen at the left in Figure 3.30. A 50 μm diameter single crystal sapphire fiber with an air 

cladding has also been modeled as seen at the right in Figure 3.30. 

 

 

 

Figure 3.30 Geometry of 6-rod bundled single crystal sapphire fiber (left) and a single rod of 

single crystal sapphire in air (right) with respective refractive indices. The air (blue) region is set 
to n = 1.0 and sapphire (grey) (α-Al2O3) is set to n = 1.74618 in both models 

 

Next, the material properties of the fiber are chosen. The main variables include the refractive 

index (both real and the imaginary part), electric conductivity, relative permittivity, and relative 

permeability values for the core and cladding. Figure 3.30 also shows the respective refractive 

indices used in this model for both fibers. The air (blue) region is set to n = 1.0 and sapphire 

(grey) (α-Al2O3) is set to n = 1.74618. The boundary conditions for each fiber must then be 
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established. A perfect electrical conductor setting was used for the outer edge, while a continuity 

boundary condition was set inside the cylindrical perfectly matched layer (PML). The outer 

diameter of both fibers in Figure 3.30 was set as a perfectly matched layer (PML). The outer 

diameter for the PML layer was set to 280 μm with an inner PML diameter of 260 μm for both 

fibers.  

 

The mesh of the fiber’s geometry must be designed. Here a precise mesh using a triangular grid 

is necessary due to the complicated fiber designs to obtain optimal accuracy. A mesh was 

developed for the 6-rod case with 38704 elements with an average element quality of 0.9559 as 

seen at left in Figure 3.31. The mesh for the single rod case had 24812 elements with an average 

element quality of 0.9775 as seen at right in Figure 3.31. The difference in mesh quality and 

number of elements stems from Comsol’s difficulty to render the multiple fiber rods that are 

close to touching for the 6-rod case.  
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Figure 3.31 2-D mesh structure for the 6-rod bundled single crystal sapphire fiber with 38704 
elements and an average element quality of 0.9559 (left) and for the single rod case with 24812 

elements and an average element quality of 0.9775 (right) with the x and y axes in (m) 

 

After the mesh is chosen, the modal analysis of the fiber begins. The user specifies the desired 

number of modes to search for and which effective index to look around after specifying the free 

space wavelength (which is the wavelength at which the modes propagating in the fiber are being 

tested). These models are solved using a direct linear system solver (UMFPACK) by solving 

near the effective mode index of the single crystal sapphire (1.74618 at a free space wavelength 

of 1.55 μm). The 6-rod case solves for 338941 degrees of freedom while the single rod case 

solves for 174317 degrees of freedom. In both cases, this is done through a number of iterations 

until a solution converges that meets a defined error limit. 

 

After the solution is computed for a discrete number of modes, the models undergo post 

processing. Figure 3.32 below is the resultant fundamental hybrid mode for the 6-rod single 

crystal sapphire fiber showing both polarizations  of the electric field. Figure 3.33 below is the 
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resultant fundamental hybrid mode for the single rod case of single crystal sapphire fiber 

showing both polarizations of the electric field. It is  expected for the optical power to be 

concentrated directly in the center of the core of both the single rod case and central rod of the 6-

rod fiber. The fibers in Figures 3.32 and 3.33 are highly multimode due to the large refractive 

index contrast between the core and cladding layers. The 6-rod case has an effective mode index 

of 1.74602 for both polarizations with corresponding confinement losses of Lc= 6.97051e-9 

dB/km and Lc= 1.1817e-8 dB/km respectively. The single rod case has an effective mode index 

for both polarizations of its fundamental mode at 1.74602 with corresponding confinement losses 

Lc= 2.8976e-8 dB/km and Lc= 2.4770e-8 dB/km respectively. 

 

 

Figure 3.32 Linearly polarized LP01–like modes for the 6-rod bundled single crystal sapphire 

fiber. The red arrow represents the electric field polarization for the fundamental mode (left and 
right) with the x and y axes in (m) 
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Figure 3.33 Linearly polarized LP01–like modes for the single rod bundled single crystal sapphire 
fiber. The red arrow represents the electric field polarization for the fundamental mode (left and 

right) with the x and y axes in (m) 

 

The number of modes that propagate in the core region of both fibers is then calculated
70

. This 

process consists of searching for the number of modes between the refractive indices of the core 

and cladding materials. Both of the fibers being analyzed are highly multimode thus a large 

number of modes need to be calculated. The power flow time average in the z-direction, which is 

based on the Poynting vector, is calculated for the core in both fibers. This metric removes 

surface or leaky modes from the results and give a more accurate representation of the actual 

number of modes that will propagate in each fiber. The calculated number of modes is 

determined by both the power flow time average in the z-direction and the propagation constant.  

 

Comsol Multiphysics 4.2a has been used to examine confinement loss vs. effective refractive 

index for both the single rod and 6-rod single crystal sapphire cases. Using this data also allows 
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for the measurement of how many modes will propagate in each of these fibers. As seen in the 

Figure 3.34 below, the single rod case shows upwards of 4208 modes whereas the 6-rod bundle 

of single crystal sapphire has approximately 3496 modes. This is a modal reduction percent 

difference of 18.48%  

 

The effective refractive index is plotted versus confinement loss in Figures 3.34 and 3.35 below, 

which demonstrates the predicted lossy regions with the effective refractive index value at which 

the mode was recorded. Thick bands of relatively high loss can be seen in both Figures 3.34 and 

3.35 but are more distinct in the single rod case. The 6-rod bundled case shows thinner bands of 

relatively high loss, which is most likely due to the higher order modes being coupled into the 

outer ring of rods. It is important to note that the loss in the 6-rod bundle is on average less than 

the single rod case over the entire effective refractive index range. The lowest order modes have 

the lowest confinement loss in both fibers. This is especially prevalent in the 6-rod case.  As the 

higher order modes approach a lower effective refractive index value, the modes tend to 

propagate in more than one rod in the 6-rod structure. This in turn, increases confinement loss. 

When compared to similar structures that have been modeled for harsh, high temperature 

environments, we see that other fiber designs
70 

offer superior modal reductions in single crystal 

sapphire.   
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Figure 3.34 Confinement loss vs. effective refractive index (left) and mode number (right) for 
single crystal sapphire fiber consisting of 1 rod 
 

  

Figure 3.35 Confinement loss vs. effective refractive index (left) and mode number (right) for the 
6-rod bundle of single crystal sapphire 
 

In summary, Comsol Multiphysics 4.2a was used to examine both a single rod of single crystal 

sapphire with a core diameter of 50 μm and also a 6-rod structure consisting of 5 rods, with 

diameters of 70 μm, surrounding a central rod with a diameter of 50 μm all made of single 

crystal sapphire fiber. This work enables alternate fiber designs to be tested without having to 

fabricate the fibers, saving time and money. Fiber designs such as this will continue to be 

examined due to a large need for temperature and pressure fiber optic sensors that can operate in 
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harsh high temperature environments. The 6-rod case shows a modal reduction percent 

difference of 18.48% from the single rod of single crystal sapphire fiber. In addition to the 

advantages mentioned above for providing a cladding to the sapphire fiber, a reduction in the 

number of modes in these fibers increases the ease of fabrication of single crystal sapphire 

optical interferometers. 

 

3.7 Photonic Band Gap Modeling 

3.7.1  Experimental 

The MIT Photonic Bands program (MPB) allows users to compute the eigenstates and 

eigenvalues of Maxwell’s equations for plane waves in the frequency domain.  The goal with this 

program is to successfully predict the feasibility of creating a photonic band gap with a 7-rod 

single crystal sapphire fiber bundle in air.  If this is not possible, new designs will be analyzed to 

determine where a photonic band gap would exist if the structure can be fabricated. 

 

The MBP program begins with setting the number of bands for each k point.  For the models in 

this section, the number of bands is chosen to be 8, which is a common number of eigenstates for 

a hexagonal lattice structure. Next, the k points, often called Bloch wavevectors, at which the 

bands will be solved are set as the corners of the irreducible Brillouin zone (known as Γ, M, and 

K as seen in Figure 2.6).  The basis size is chosen in order to maintain a hexagonal structure.  

This gives a basis of (2/√ , 0.5), (2/√ , -0.5) with the z direction being zero due to this being 

modeled as a 2D structure.  Next the k points are linearly interpolated and the lattice directions 

are chosen.  The geometry, grid size, and spacing of the rods in the fiber are then selected as 

functions of a.  This is because Maxwell’s equations are scale invariant, where a is the spacing 
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between rods or air holes, also called the lattice parameter or pitch.  The radius of the rods or air 

holes, r, is scaled with a so that the correct 7-rod structure as we see in Figure 3.22 (left) can be 

obtained.  For the case of a 7-rod structure with all of the rods touching in a hexagonal shape, r = 

0.35 with a = 1 giving an equivalent structure to a fiber having a hexagonal arrangement with all 

rods touching with each rod being 70 µm in diameter.  The resolution is set to 32, which results 

in a 32 x 32 computational grid for all of the structures analyzed in this section in order to obtain 

reasonable accuracy.  The kz out of plane propagation has not been considered in this case due to 

its complexity and limited usage in PBGF modeling.  MPB uses a dielectric constant for the 

materials in the model and thus the dielectric constant for air εair = 1.0 and the dielectric constant 

for single crystal sapphire parallel to the C-axis taken from Kyocera
71

  is εsapphire = 11.5  Linux 

MPB code for this fiber structure can be seen in Appendix A.  The image of the resultant fiber 

structure can be seen in Figure 3.36 below.  

 

 

Figure 3.36 Output image from MPB code for the 7-rod structure of single crystal sapphire rods 
(black region) in a background matrix of air (white region) with r/a =0.5 

 

3.7.2  Modeling Results 

The TE and TM polarized modes can now be solved to output the band structure for the given 

fiber geometry.  Figure 3.37 below shows the resultant TE modes while Figure 3.38 shows the 

TM polarized modes for the given structure in Figure 3.36 above.   
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Figure 3.37 TE band gap plot of the frequency (in units of ωa/2πc) versus the Brillouin zone 
edge points (M, K, and Γ) for the 7-rod structure of single crystal sapphire as seen in Figure 3.36 

above 
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Figure 3.38 TM band gap plot of the frequency (in units of ωa/2πc) versus the Brillouin zone 
edge points (M, K, and Γ) for the 7-rod structure of single crystal sapphire as seen in Figure 3.36 

above 
 

As noted in Section 2.8 MIT Photonic Bands, the edges of the Brillouin zone are denoted by the 

points by the M, K, and Γ points.  From here we see that no band gap exists in either the TE or 

TM mode polarizations.  This is due to the very small air fill fraction that is created when the 

sapphire rods are all touching in a hexagonal arrangement.  This is typical for a rod type structure 

with a high dielectric contrast in a hexagonal arrangement
40

.   

 

Analysis of similar structures with a slightly different dielectric contrast (11.0) as in the MIT 

MPB tutorial
72

 show that for a hexagonal array of high-index dielectric rods, a photonic band gap 

is present between the first (dielectric) band and the second (air) band for the TM modes.  This is 

not the case for the TE modes for the same frequency as the TM gap.  This results from the 
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lowest TM mode being localized in the high dielectric regions while most of the electromagnetic 

power of the air band is found in the lower dielectric regions of the air voids. This in turn 

increases the air fill fraction of the structure. 

 

Now that the 7-rod bundled fiber made of all single crystal sapphire has been modeled, it is 

important to find what fiber designs will enable a partial or even a full TE and TM band gap.  In 

order to do this, two distinct fiber designs were analyzed.  The first was similar to our previous 

design of a 7-rod structure of sapphire rods in air, only with the radius and the spacing in 

between the rods changing in order to find a band gap.  The second case consists of air holes in a 

background dielectric matrix of single crystal sapphire. This lattice of a high dielectric material 

is designed so that an almost isolated yet also connected s tructure consisting of triangular high ε-

spots will be connected by narrow veins.  A photonic band gap fiber using polycrystalline 

alumina as a background material with air holes in a hexagonal lattice orientation has already 

been demonstrated
40

 so this design using single crystal sapphire should also produce a full band 

gap due to the similarity of dielectric constant between that of single crystal sapphire and 

polycrystalline alumina. 

 

The first case examined has a 7-rod structure of sapphire rods in air, with the rod size changing 

from r = 0.1 with a respective basis size of a = 0.2 to a rod size of r = 10 with a respective basis 

size of a = 20.  Maintaining the ratio r/a = 0.5 allows the various rod sizes when all of the 7 rods 

are touching one another to be visible.  The ratio r/a is often called the air fill fraction when one 

of the dielectric constants is defined as air. Scaling of the rod size for five of the ratios analyzed 

can be seen in Figure 3.39 below.  As in previous models, the dielectric constant for air is set to 
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εair = 1.0 and the dielectric constant for single crystal sapphire parallel to the C-axis is εsapphire = 

11.5.  

 

Figure 3.39 Images of five of the varied rod sizes analyzed with r/a = 0.5 
 

Changing the rod radius and the lattice parameter with r/a = 0.5, we see that no band gaps exist 

for both TE and TM polarizations.  This is mainly due to the large amount of sapphire and the 

minimal amount of air in this  structure.   

 

The next case examined has a 7-rod structure of sapphire rods in air, with the rod size kept 

constant at r = 0.35 while modifying the basis size from a = 0.1 to a = 10.  By holding the rod 

size constant at r = 0.35, the ratio r/a scales the spacing between the rods.  Scaling the rod 

spacing for five of the examined ratios can be seen in Figure 3.40 below.  As in previous models, 

the dielectric constant for air is set to εair = 1.0 and the dielectric constant for single crystal 

sapphire parallel to the C-axis is εsapphire = 11.5.  

 

Figure 3.40 Images of five of the varied rod spacing’s with r = 0.35 
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Changing the rod spacing we see that as the r/a ratio decreases, more TM band gaps are present.  

This directly correlates in a greater air fill fraction, which enables the large dielectric contrast 

between sapphire and air to produce a photonic band gap in one polarization.  In this structure we 

see that the TM bands dominate in bands 1-2, 3-4, and 6-7, while small TE bands can be found 

from band 1-2 and band 4-5.  This structure contains no full band gap.  Table in Appendix B 

shows the rod size and spacing studied and whether a TE or TM band gap is present. The TE 

band data over the entire data range can be seen in Figure 3.41 and the TM is shown in Figure 

3.42 respectively.  Midgap frequency is defined as the average of the minimum and maximum 

frequency present where a band gap occurs.  The bandgap percentage is defined as the change in 

frequency (maximum frequency at a band gap edge minus minimum frequency at a band gap 

edge) divided by the average of the minimum and maximum frequency present where a band gap 

occurs multiplied by 100.  Both the bandgap percentage and the midgap frequency are unit-less 

due to Maxwell’s equations being scale invariant. 
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Figure 3.41 TE band profile for a structure with various rod spacing’s while r is kept constant at 
r = 0.35 
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Figure 3.42 TM band profile for a structure with various rod spacing’s while r is kept constant at 
r = 0.35 

 

The next case examined consists of a 7-rod structure of sapphire rods in air, with the basis size a 

kept constant at a = 1.00 while modifying the rod radius from r = 0.1 to r = 0.5.  By holding the 

basis size constant at a = 1.00, the ratio r/a scales the rod radius for a given spacing.  Scaling the 

rod radius for five of the analyzed ratios can be seen in Figure 3.43 below.  As in previous 

models, the dielectric constant for air is set to εair = 1.0 and the dielectric constant for single 

crystal sapphire parallel to the C-axis is εsapphire = 11.5.  

 

Figure 3.43 Images of five of the varied rod radius’s with a = 1.00 
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Changing the rod spacing we see that as the r/a ratio decreases, more TM band gaps are present.  

This directly correlates in a greater air fill fraction, which enables the large dielectric contrast 

between sapphire and air to produce a photonic band gap in one polarization.  In this structure we 

see that the TM bands dominate in bands 1-2, 3-4, and 6-7, while small TE bands can be found 

from band 1-2 and band 4-5.  This structure also contains no full band gap.  Table in Appendix B 

shows the rod size and spacing studied and whether a TE or TM band gap is present. The TE 

band data over the entire data range can be seen in Figure 3.44 and the TM is shown in Figure 

3.45 respectively. 

 

Figure 3.44 TE band profile for a structure with various rod radius’s while a is kept constant at a 
= 1.00 
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Figure 3.45 TM band profile for a structure with various rod radius’s while a is kept constant at a 

= 1.00 
 

The next case examined has a hexagonal structure of air holes surrounded in a background 

sapphire matrix.  In this case the hole size changes from r = 0.1 with a respective basis size of a 

= 0.2 to a hole size of r = 10 with a respective basis size of a = 20.  Maintaining the ratio r/a = 

0.5 allows us to see various hole sizes when all of the 7 holes are touching one another.  Scaling 

the hole size for the first five ratios can be seen in Figure below 3.46.  As in previous models, the 

dielectric constant for air is set to εair = 1.0 and the dielectric constant for single crystal sapphire 

parallel to the C-axis is εsapphire = 11.5.  

 

Figure 3.46 Images of five of the varied hole sizes with an r/a = 0.5 
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Changing the hole radius, we see that with a structure where all of the rods are touching (r/a = 

0.5) we find that both TE and TM band gaps exist as well as a full band gap.  This is mainly due 

to the high air fill fraction of the structure, which enables the large dielectric contrast between 

sapphire and air to produce a photonic band gap.  Table in Appendix B shows the rod size and 

spacing studied and whether a TE or TM band gap is present. The TE band data over the entire 

data range can be seen in Figure 3.47 and the TM is shown in Figure 3.48 respectively. 

 

 

Figure 3.47 TE band profile for a structure with various hole sizes while maintaining the r/a = 
0.5 ratio 
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Figure 3.48 TM band profile for a structure with various hole sizes while maintaining the r/a = 
0.5 ratio 

 

The table for the full band gap can also be seen in Appendix B.  A graph of the full band gap can 

be seen in Figure 3.49. This data shows the maximum full bandgap resides between the TE-1 and 

TE-2 bands at r = 0.3 and a = 0.6 with a bandgap percentage of 5.97% as seen in Figure 3.50.  In 

order to convert the midgap frequency along the y-axis into a distinct wavelength one needs to 

simply multiply by a wavelength value which will determine the value of the lattice parameter a.  

The value of r can then be determined by the r/a ratio. An example of this would be in Figure 

3.49 where the midgap frequency is equal to 2.7.  If one wanted a to correspond to λ = 1.55 µm, 

one would use a lattice parameter a = 2.7*1.55 µm = 4.185 µm.  Thus in the maximum bandgap 

case where r = 0.3 and a = 0.6, the radius then scales to r = 2.0925 µm. 
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Figure 3.49 TE and TM full bandgap profile for a structure with various hole sizes while 
maintaining the r/a = 0.5 ratio 

 

 

 Figure 3.50 TE and TM full bandgap profile for a structure with r = 0.3 and a = 0.6 
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The next case examined has a hexagonal structure of air holes surrounded in a background 

sapphire matrix.  In the case the radius of the holes was kept constant with r = 0.35 while the 

basis size was modified from a = 0.1 to a = 10.  By holding the hole size constant at r = 0.35, the 

ratio r/a scales the spacing between the holes.  Scaling the hole spacing for the first five ratios 

can be seen in Figure 3.51 below.  As in previous models, the dielectric constant for air is set to 

εair = 1.0 and the dielectric constant for single crystal sapphire parallel to the C-axis is εsapphire = 

11.5.  

 

Figure 3.51 Images of five of the varied hole spacing’s with r = 0.35 
 

Changing the rod spacing we see that as the r/a ratio decreases more TM band gaps disappear.  

This directly correlates in a greater air fill fraction, which enables the large dielectric contrast 

between sapphire and air to produce a photonic band gap in one polarization.  This test shows a 

much larger TE gap in band 1-2, with a smaller gap in band 7-8.  The TM gaps are present, but 

are much smaller than the TE polarization and occur mainly between bands 2-3, 5-6, and 7-8.  

Table in Appendix B shows the rod size and spacing studied and whether a TE or TM band gap 

is present. The TE band data over the entire data range can be seen in Figure 3.52 and the TM is 

shown in Figure 3.53 respectively. 
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Figure 3.52 TE band profile for a structure with various rod spacing’s while r is kept constant at 

r = 0.35 
 

 

Figure 3.53 TM band profile for a structure with various rod spacing’s while r is kept constant at 
r = 0.35 
 

The table for the full band gap can also be seen in Appendix B.  A graph of the full band gap can 

be seen in Figure 3.54. This data shows the maximum full bandgap resides between the TM-2 
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and TM-3 bands at r = 0.35 and a = 0.74 with a bandgap percentage of 15.551% as seen in 

Figure 3.55. 

 

Figure 3.54 TE and TM full bandgap profile for a structure with various rod spacing’s while r is 

kept constant at r = 0.35 
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Figure 3.55 TE and TM full bandgap profile for a structure with r = 0.35 and a = 0.74 
 

 

The final case examined has a hexagonal structure of air holes surrounded in a background 

sapphire matrix with the basis size a kept constant at a = 1.00 while modifying the hole radius 

from r = 0.1 to r = 0.5.  By holding the basis size constant at a = 1.00, the ratio r/a scales the 

hole radius for a given spacing.  Scaling the hole radius for five of the analyzed ratios can be 

seen in Figure 3.56.  As in previous models, the dielectric constant for air is set to εair = 1.0 and 

the dielectric constant for single crystal sapphire parallel to the C-axis is εsapphire = 11.5.  

 

 

Figure 3.56 Images of five of the varied hole radius’s from to r = 0.1 to 0.5 with a = 1.0 
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Changing the hole radius we see that as in the last two tests the TE polarization dominates.  A 

large TE polarization gap can be seen between bands 1-2 with a smaller gap between bands 7-8.  

The TM polarization has the majority of its gaps opening up in the r/a >0.4 region with gaps 

seen between bands 2-3, 5-6, 6-7, and 7-8.  Table in Appendix B shows the rod size and spacing 

studied and whether a TE or TM band gap is present. The TE band data over the entire data 

range can be seen in Figure 3.57 and the TM is shown in Figure 3.58 respectively. 

 

 

Figure 3.57 TE band profile for a structure with various hole radius while a is kept constant at a 
= 1.0 
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Figure 3.58 TM band profile for a structure with various hole radius while a is kept constant at a 
= 1.0 
 

The table for the full band gap can also be seen in Appendix B.  A graph of the full band gap can 

be seen in Figure 3.59.  This data shows the maximum full bandgap resides between the TE-2 

and TM-2 bands at r = 0.49 and a = 1.00 with a bandgap percentage of 17.5% as seen in Figure 

3.60.  This is the maximum bandgap structure possible for air holes in a background matrix of 

single crystal sapphire.  
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Figure 3.59 TE and TM full bandgap profile for a structure with various hole radius while a is 
kept constant at a = 1.0 
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Figure 3.60 TE and TM full bandgap profile for a structure with at r = 0.49 and a = 1.00 

 

A photonic band gap structure of air holes in a background matrix of silica was also analyzed for 

comparison purposes.  This shows how the frequency range of a photonic band gap of air holes 

in silica is shifted compared to that of air holes in single crystal sapphire.  A TE band plot can be 

seen for a structure consisting of a triangular lattice of air holes with radius r = 3.9 and with a = 

8.66 with r/a = 0.45 which is the maximum gap for silica as seen by West et al.
73

 in Figure 3.61.  

This plot also shows the hole radius structure in the bottom right hand corner.  This structure 

shows the band gap midgap frequency of 0.05764 (ωa/2πc, which is equivalent to a/λ) which is 

almost a factor or 10 different than that of the sapphire air holes case which has a maximum 

midgap frequency of 0.52 (ωa/2πc).  As an example, if the lattice parameter a=1.0 µm, the 

wavelength of bandgap operation would correspond to approximately 17 µm for the silica case 

and 1.923 µm for the single crystal sapphire case. 



100 
 

 

 

Figure 3.61 TE bandgap profile for a silica air hole structure with at r = 3.9 and a = 8.66 

 

In summary, the work in this section proves that a complete band gap is possible for certain air 

hole designs with a background matrix of sapphire.  The future work associated with this section 

is to begin attempting a structure that could potentially guide both TE and  TM polarized light for 

a wide range of wavelengths.  The bandgap range allows for larger, easier to fabricate fiber 

designs which are able to operate near common telecommunication frequencies.  These fibers 

could potentially be fabricated using smaller scale sapphire tubes if this technology becomes 

readily available but much work needs to be completed before a useful fiber could be realized. 
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4. Experimental Procedures 

4.1  7-Rod Silica Bundled Fiber 

4.1.1  Fabrication 

Silica fibers, with an outer diameter of approximately 70 µm, were cleaved into 7 pieces and 

polished with diamond grit paper starting with a 15 µm grit and finishing with a 0.5 µm grit.  

Each unclad fiber of silica was approximately 50 cm in length.  The fibers were cleaned using 

distilled water and acetone, to remove any residual contaminants from the fibers.  One of the 

seven cleaved fibers was fusion spliced to a 62.5 µm multimode graded-index silica fiber, which 

served as the lead in fiber.  The lead in fiber was then fusion spliced to a 100 µm core, 140 µm 

cladding multimode silica fiber which connected to a miniature spectrometer (OceanOptics, Inc., 

USB2000). A diagram of this setup can be seen in Figure 4.1 below.  

 

Figure 4.1 White light interferometric setup for both the single rod of silica and the bundled 
silica fiber 

 

A C-plane (0001) sapphire wafer 59 µm thick and 1 mm x 1 mm in size was then glued onto a 

polished borosilicate tube.  The tube was then secured to an optical goniometer attached to a 3D 



102 
 

stage so that precise angles could be adjusted for the incoming fiber. Light from an 850 nm LED 

was then launched into the 62.5 µm multimode graded-index silica fiber, which propagated 

through the bare silica fiber to the sapphire wafer through a 3 dB coupler. A schematic of this 

process can be seen in Figure 4.1.  The bare silica fiber was then aligned and brought towards the 

sapphire wafer until it was within a few microns from touching the wafer.   

 

Fringe visibility is defined
74

 as Equation 30 which states: 

  

                    
(     –     )

             
 (30) 

 

where Imax and Imin are the respective maximum and minimum intensities as seen in Figure 4.2. 

 

 

Figure 4.2 Sensor spectrum used to calculate the fringe visibility used from reference [74] with 
permission 
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Figure 4.2 also shows the φ0, which is defined as the additional phase component.  The total 

phase shift of the sinusoidal spectrum, Φ, as a result of a temperature or pressure change is 

defined
74

 by Equation 31: 

 

           0 (31) 
 

where k  is the wavenumber and OPD is the optical path length difference.  After multiple angular 

adjustments, the fringe visibility of the single bare rod of silica was optimized and the results 

were calculated using Equation 30 with Matlab.  This process was repeated 5 times for 

repeatability with each run time averaging over 10 minutes.  The optical loss of the bare fiber 

was then tested using a ThorLabs PDA 36A Si switchable gain photodetector set to a gain of 60 

dB.   

 

The same single bare rod of silica was then surrounded by the 6 rods of bare silica fiber and 

bundled together using platinum wire. This ensured that the fusion -spliced rod carrying the 

signal from the white light LED did not change over the course of the experiment.  

 

4.1.2  White Light Interferometry 

The setup shown in Figure 4.1 was repeated for the 7-rod bundled fiber for the white light 

interferometry testing.  The 7-rod bundled fiber was then aligned and brought towards the 

sapphire wafer until they were almost touching.  Again, multiple angular adjustments were made 

until the fringe visibility of the 7-rod bundled fiber was generated using Equation 30.  This 

process was repeated 5 times for repeatability with each run time averaging over 10 minutes.  
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The fringe visibility data for both the single rod and the 7-rod bundled fiber was then post-

processed in Matlab.   

 

4.1.3  Photodetector Measurements 

The single rod and 7-rod bundled fiber with the same central core rod as in the single rod case 

were then tested for optical loss  using a ThorLabs PDA 36A Si switchable gain photodetector set 

to a gain of 60 dB.  The bundled fiber was then removed from the lead-in 62.5 µm multimode 

graded-index silica fiber and cleaved so that the power from the 850 nm LED could be measured 

through the fusion spliced 100 µm core 140 µm cladding multimode silica fiber fusion spliced to 

a 62.5 µm multimode graded-index silica fiber.  The power data from the photodetector was post 

processed using Matlab so that the runs for the single rod of silica fiber, the 7-rod bundled fiber, 

and the power from the LED to the 100 µm core, 140 µm cladding multimode silica fiber fusion 

spliced to a 62.5 µm multimode graded-index silica fiber could be combined into one graph to 

show the change in optical output.  

 

4.2   7-Rod Sapphire Photonic Crystal Fiber  

4.2.1  Fabrication  

Fabrication of the first sapphire photonic crystal fiber began with individual s ingle crystal 

sapphire fibers with an outer diameter of approximately 70 µm. These fibers were cleaved into 

seven pieces approximately 15 cm each.  The fibers were cleaned in a series of steps which 

included rinsing in alcohol, distilled water, acetone, and diluted phosphoric acid.  The fibers 

were assembled in a pattern that consisted of a central fiber surrounded by six outer fibers, 



105 
 

forming a symmetric ring around the central fiber.  A schematic of the fiber placement is shown 

in Figure 3.13 in Section 3.3 Sapphire Photonic Crystal Fibers.   

 

The fibers were held in place by using platinum wire.  The platinum wire was wound around the 

fibers in a manner to preserve the ordered arrangement of the fibers and was wound around the 

fiber in several locations across the entire length of the fibers.  An example of the resultant 

bundled structure can be seen in Figure 4.3 below. 

 

 

Figure 4.3 Image of the platinum wire holding the fiber in the correct arrangement 
  

After the process was completed, the fibers were cleaned again using the same cleaning sequence 

previously outlined.  The fiber bundle was then placed on a porous high purity alumina plate 

(Micromass, from Porvair Advanced Materials) and then inserted into a Deltech furnace.  The 

fibers were heated at 1600 °C for 12 hours to remove any residual stresses from the bundling 

procedure.  The fibers were then removed from the furnace and allowed to cool to room 

temperature.  Polishing of the fibers was performed with diamond polishing paper of various 
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grits.  In order to accomplish this, the fibers were mounted in a polishing fixture and bonded to it 

with a thermoplastic adhesive.  The adhesive was later removed using acetone. 

 

One of the key steps in the design of longer lengths of the 7-rod single crystal sapphire fiber 

bundle is the fabrication of the fiber bundle itself. The sapphire rods in this section were made by 

Micromaterials Inc. and grown with the C-axis of the crystal extending along the length of the 

fiber.  Fabrication of the first 50 cm long and 1 meter long sapphire photonic crystal fibers began 

with individual single crystal sapphire fibers with an outer diameter of approximately 70 µm. As 

in the 15 cm long structure, the longer length fibers were cleaned in a series of steps which 

included rinsing in alcohol, distilled water, acetone, and diluted phosphoric acid.  The fibers 

were assembled in a pattern that consisted of a central fiber surrounded by 6 outer fibers, 

forming a symmetric ring around the central fiber.  A schematic of the fiber design and 

placement can again be seen in Figure 3.13 in Section 3.3 Sapphire Photonic Crystal Fibers.   

 

The fiber bundle consists of seven fibers arranged in a hexagonal shape with one of the fibers 

directly in the center of the bundle.  This creates a cladding that will maintain all of the chemical 

and physical property characteristics that an individual sapphire fiber would with the added 

benefit of core protection.  The orientation of the fibers in a hexagonal shape was accomplished 

by threading the seven single crystal sapphire rods inside a fiber funnel with a correct inner 

diameter.  The single crystal sapphire fibers have an outer diameter (OD) of 70 μm so the desired 

inner diameter of the silica funnel to produce the correct hexagonal arrangement would be three 

fiber OD’s across.  This was accomplished by polishing the tapered end of a silica funnel until an 

uncoated individual silica test fiber with an OD of 210 μm could barely fit through.   
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Each sapphire fiber was then added to the funnel with the correct inner diameter (ID) so that the 

only shape it could make was the hexagonal shape with one fiber directly in the center as seen in 

Section 3.5.2, Figure 3.22 (left).  Next the fibers were adjusted so that they were all the same 

length at the end face.  Then a knot was carefully tied using platinum wire to secure the fiber 

bundle just outside of the glass funnel to keep the bundle in the correct hexagonal arrangement  

across the entire length of the entire fiber bundle.  A mechanical tweezer arm was used to aid in 

the fiber tying process.  This bundling process can be seen in Figure 4.4 below. 

 

 

Figure 4.4 Bundling process using the greater than 210 µm ID fiber funnel at the tapered end to 

form the correct hexagonal structure 
 

The fiber bundle was then pulled approximately 0.5 inches through the funnel and the process 

was repeated until the entire 50 cm or 1 m of fibers were in the correct arrangement.   Great care 

had to be taken in this step as sapphire is very brittle. The bend radius to produce fracture is 

larger for sapphire than in silica so the fiber bundle was kept as straight as possible to avoid 

inducing any unwanted stress. After bundling, the fibers were cleaned in a series of steps which 

included rinsing in alcohol, distilled water, and acetone to remove any contaminants from the 

bundling process.   
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Various optical characterization techniques benefit from being fusion spliced to lead in or lead 

out fibers in order to minimize the reflections off of unwanted material interfaces.  As seen in 

Section 2.9, white light interferometry is optimized when a lead-in fiber is fusion spliced rather 

than butt-coupled to the sensing fiber.  A butt-coupled fiber would add a DC component to the 

background of the fringe visibility signal which would make the data post-processing more 

difficult.  In order to fabricate a bundled fiber that is fusion spliced to a lead in fiber, a cautious 

fabrication approach had to be developed.  A 50 cm long, 70 μm diameter single crystal sapphire 

fiber was first fusion spliced to a 100 μm core, 140 μm cladding graded index multimode silica 

fiber.  This fiber was then placed next to six 45 cm long 70 μm diameter single crystal sapphire 

fibers and adjusted so that they were all the same length at the sapphire end face.  The 50 cm 

long 70 μm diameter single crystal sapphire fiber that was fusion spliced to the 100 μm core/ 140 

μm cladding graded index multimode silica fiber was then adjusted so that when all 7 sapphire 

rods were pushed through the silica fiber funnel, the fusion spliced fiber would be in the central 

core location.  This was checked by aligning the silica end of the 100 μm core/ 140 μm cladding 

graded index multimode silica fiber to a 632.8 nm HeNe laser using a 3D stage as seen in Figure 

4.5 below.    
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Figure 4.5 HeNe laser connection to determine if the fusion-spliced rod of sapphire is in the 

central core position of the fiber bundle 
 

An adjustable microscope was then placed at the fiber funnel end of the sapphire fibers while the 

632.8 nm HeNe laser was turned on.  This confirmed that the fusion-spliced rod was in the 

correct central core location when illuminated.  As in the previous fiber tying stages, a knot was 

carefully tied using platinum wire to secure the fiber bundle just outside of the glass funnel to 

keep the bundle in the correct hexagonal arrangement along the entire length of the entire fiber 

bundle.  The fiber bundle was then pulled approximately 0.5 inches through the funnel and the 

process was repeated until the entire 50 cm length was tied in the correct hexagonal orientation. 

 

Single crystal sapphire is a very hard material with a Knoop hardness of 2100 and a 9 on the 

Mohs scale.  It is very difficult to polish due to its high mechanical strength.  The easiest way to 

polish single crystal sapphire is through a variety of diamond lapping films starting with coarse 

grit and working towards fine grit.  In all of the above fiber bundle lengths, the fiber bundle must 

be housed inside an array of protective silica tubes to give stability to the fiber bundle.  The array 
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is held together by heating phenyl salicylate wax until it is liquid and then coating the inside of 

each array tube until the wax solidifies . When the wax solidifies, the fiber bundle will be fixed 

into place.  It is also important to note that the bundle end face must remain as close to 

perpendicular as possible to get the best results during polishing.  This is possible by using a 

level that is can accurately measure the angle of the fiber polisher.  The silica tube array is then 

mounted in a metal v-shaped groove and is adhered into place using Crystal Bond.  Once 

hardened, the Crystal Bond maintains the integrity of the entire bundle and the array of tubes.  

This ensures that the bundles’ end face will remain perpendicular to the diamond lapping film. 

 

The rotating plate of the fiber polisher first gets a few drops of water and then the 30 μm grit 

diamond film is placed on top. Decreasing the polishing grits from 30 μm grit to 9 μm to 3 μm 

and then finishing with 0.5 μm grit is the standard procedure to achieve the optimal fiber polish.  

The fiber bundle is cleaned with methyl alcohol to remove any polishing debris and then checked 

on an optical microscope before progressing to the next finer grit size to check the bundle’s 

progress.  The larger grit sizes generally require more time for optimal polishing compared to the 

fine diamond grit papers.   

 

4.2.2  Characterization  

As shown in the schematic of the fiber placement (Figure 3.13 in Section 3.3 Sapphire Photonic 

Crystal Fibers), the radius ratio of R2 / R1 would be 0.155.  If the radius of the sapphire cylinders 

were 35 μm, then the radius of the holes would be approximately 5.4 μm.  This again would be 

the upper bound on the hole size as sintering of the sapphire cylinders will tend to decrease the 
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size of the hole.  End face images taken in reflected and transmitted white light were then 

preformed using an optical microscope. 

 

4.2.3  Numerical Aperture 

Numerical aperture (NA) is defined as the light gathering ability of an optical fiber. The equation 

for numerical aperture has been defined by Equation 28 in Section 3.5.1, but is also equivalent 

to:  

 NA = n*sin(θ) (32) 
 

Where n is the refractive index of the medium, and θ is the half angle of the maximum entrance 

or exit angle of the fiber.  Equation 32 is only true if the numerical aperture (NA) is less than or 

equal to one.   A NA greater than one means that rays incident on the end face of a fiber from all 

directions will be guided independent of the launch angle.  In a real sapphire fiber, which is 

highly multimode, a more accurate numerical aperture equation is given as the effective 

numerical aperture NAeff.  This is because bulk defects and defects that are adsorbed onto the 

fiber surface scatter the input signal into larger angle, highly lossy modes
75

.  NAeff is commonly 

defined
76

 by:  

 

                  (33) 

where   

     
       

 
 (34) 
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with    being the angle at which the angular intensity drops to 5% of the maximum reading at 

the zero degree angle.  

 

Finding the effective numerical aperture (NAeff) for the 1 m long single crystal rod of sapphire 

(70 µm diameter) and for the 1 m long 7-rod bundled fiber (with each rod being 70 µm diameter) 

was completed using a visible spectrum adjustable gain photodetector with up to 70 dB of 

adjustable gain (Thorlabs PDA36A) with a 5mW input HeNe laser which emits at 632.8 nm.  

The laser was focused into a 10x objective lens and into a 635 nm SMA fiber collimator with a 

NA = 0.25 and a focal length f = 35.41, which focused the input light through a 105/125 µm 

core/clad step index MMF.  This fiber was aligned and butt coupled to the sapphire bundle using 

a fiber holder.  The photodetector’s acceptance angle was adjusted by rotating the platform 

around a fixed point (a screw that was 2.5 inches away) changing the resulting input angles.   

 

4.2.4  Far Field Patterns 

The goal of far field measurements is to show the reduction in the modal volume between a 7-

rod bundle of single crystal sapphire versus a single rod of single crystal sapphire fiber both 1 m 

in length.  The far field radiation pattern shows the distribution of irradiance as a function of 

angle with the z-axis of the optical fiber at a certain distance from the fiber end face.  Images of 

the far-field pattern setup can be seen in Figure 4.6 below. 
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Figure 4.6 Far field imaging setup for all fibers tested  

 
 

A single 70 μm diameter rod of single crystal sapphire was tested using a 5mW HeNe laser at 

632.8 nm.  A 20x microscope objective coupled the laser light into a Corning Infinicor 600 

graded index multimode fiber with dimensions 50 μm core/125 μm cladding, which was then 

aligned and butt-coupled to the input sapphire fibers. The far field image speckle pattern could 

then be seen at a distance of 6 inches from the end of the fibers being studied.  The far field 

pattern has an underfilled launch condition due to the 50 μm diameter core being smaller than 

that of the 70 μm diameter core of the fiber in this study.  This concentrates the optical power in 

the center of the fiber and excites the lower-order modes more strongly.  The 70 μm diameter 

fiber is highly multimode due to its refractive index difference between its core and cladding.   

 

To calculate the number of modes that will propagate in both the 7-rod bundle of single crystal 

sapphire and the single rod case we again use Equation 28.  As in Section 3.5.1, Comsol 

estimates the effective refractive index of this air-sapphire region surrounding the core for the 7-

rod bundle to be nc bundle ≈ 1.7147.  The refractive index for the cladding in the single rod case nc 

single  equal to 1.0.  The core refractive index in both cases has nf  = 1.74618.  After solving 

Equation 28 for both the 7-rod bundled fiber and the single rod case, we find the 7-rod bundled 
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fiber has a NA = 0.330 with the single rod case having a NA = 1.4315.  We then use the NA 

values to find the respective number of modes for each fiber by using Equation 27 at a 

wavelength of 632.8 nm.  For the 7-rod bundled case    is given by Equation 35 with the core 

diameter D = 70   . 

 

          (
           

        
)
 
 (35) 

 

Equation 35 gives us    = 6575.98 for the 7-rod bundled case.  For the single rod case    is 

given by Equation 36 with the core diameter D = 70   . 

 

          (
            

        
)
 
 (36) 

 

Equation 36 gives us    = 123742.0 for the single rod case.  Equations 35 and 36 show a 

percent decrease in the number of modes for the 7-rod bundle of approximately 95%.  This large 

percent reduction stems from the fact that the NA value for the single rod case is > 1.0, which 

limits the accuracy of this result.  

 

4.2.5  Gas sensing 

Gas sensing experiments using the 7-rod sapphire bundle have been examined and tested in 

various lengths.  It was discovered that this fiber was a poor evanescent wave gas sensor when 

the input light was injected into the fiber rods.  This is due to the strong modal confinement of 

higher order modes to the core region due to the high dielectric contrast between the single 
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crystal sapphire fiber and the air surrounding it.  In order to remedy this, it was proposed to guide 

light in the air regions in-between the fiber rods in order to have as much interaction time with 

the gaseous environment as possible.  This functions similarly to the hollow core waveguide gas 

sensors discussed in Section 2.10 Gas Sensing.  This process was simplified to better understand 

how the propagation within one of these air holes is contained by making a 1.5 inch long 3-rod 

single crystal sapphire bundle.  An image of this polished 3-rod single crystal sapphire fiber 

which has spread out slightly due to the phenyl salicate wax can be seen in Figure 4.7.   

 

 

Figure 4.7 3-rod polished single crystal sapphire fiber 
 

The CTS, as previously described in the preliminary work section, has the capability to trace the 

peaks of the reflection spectrum.  Gas sensing as it relates to this experiment uses the component 

test system’s (CTS) (Micron Optics, Inc., Si-720) wavelength sweeping laser was used as the 

source.  This gives a narrow-bandwidth emission from 1520 – 1570 nm that covers the 

absorption spectra of acetylene at a scanning frequency of 5 Hz.   As described in Background 

Section 2.10 Gas Sensing, the incident light that is transmitted in the air hole region of the fiber 
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bundle will pick up the absorption spectrum of acetylene due to its direct interaction with the gas 

molecules. 

 

The optical signals are injected from the CTS into a lead in Corning SMF-28 fiber pigtail that 

has been cleaved.  This fiber was aligned and butt coupled to the 1.5 inch long 3-rod sapphire 

bundle with each rod having a diameter of 70 µm and both ends polished to a 0.1 µm grit.  The 

lead out fiber consisted of a step index 105/125 µm multimode fiber pigtail connected to a 

Thorlabs InGaAs photodetector (FGA04).  An image of the fiber setup and alignment using the 

3D stages can be seen in Figure 4.8.   

 

 

Figure 4.8 Fiber alignment using 3D stages  
 

The photodetector was reverse biased using an Oriel gain amplifier model 70710 set to a gain of 

10
7
 V/A with a minimum time constant setting. The amplifier was connected to a Lecroy 

oscilloscope that is triggered to match the CTS emission so that the intensity can be measured as 
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a function of wavelength.  This enables the determination of absorption peaks in the wavelength 

range that acetylene emits.  Acetylene gas is then blown over the 3-rod bundled single crystal 

sapphire fiber.  An overview of the setup can be seen in Figure 4.9 below.   

 

 

Figure 4.9 Gas sensing setup 
 

Next a 7-rod single crystal sapphire photonic crystal fiber 1.5 inches in length was fabricated for 

acetylene gas sensing at room temperature. An image of this polished 7-rod single crystal 

sapphire photonic crystal fiber is seen in Figure 4.10.   
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Figure 4.10 7-rod polished single crystal sapphire photonic crystal fiber 
 

Gas sensing using the 7-rod bundled single crystal sapphire fiber also uses the component test 

system’s (CTS) (Micron Optics, Inc., Si-720) wavelength sweeping laser as the source.  Again, 

the optical signals are injected from the CTS into a lead in Corning SMF-28 fiber pigtail that has 

been cleaved.  This fiber was aligned and butt coupled to the 1.5 inch long 7-rod sapphire bundle 

with each rod having a diameter of 70 µm and both ends polished to a 0.1 µm grit.  The lead out 

fiber consisted of a step index 105/125 µm multimode fiber pigtail connected to a Thorlabs 

InGaAs photodetector (FGA04).  The photodetector was also biased using an Oriel gain 

amplifier model 70710 set to a gain of 10
7
 V/A with a minimum time constant setting. The 

amplifier was connected to a Lecroy oscilloscope that is triggered to match the CTS emission so 

that the intensity can be measured as a function of wavelength.  Acetylene gas is then blown over 

the 7-rod bundled single crystal sapphire fiber in a similar fashion as in the 3-rod bundle 

experiment.  
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4.2.6  SLED White Light Interferometry 

Single crystal sapphire fibers, with a diameter of 70 µm, were separated into 7 pieces and 

polished with diamond grit paper starting with a 15 µm grit and finishing with a 0.5 µm grit.  Six 

of the sapphire rods were approximately 45 cm in length while one of the sapphire fibers was 

kept at 50 cm in length.  The fibers were cleaned using distilled water and acetone, to remove 

any residual contaminants from the fibers.  The 50 cm long fiber was fusion spliced to a 100/140 

µm core/clad graded index silica fiber, which served as the lead in fiber.  The fusion splicing 

process consists of arcing multiple times between a bare 70 µm rod aligned directly next to the 

100/140 µm core/clad graded index silica fiber.  After a few arcs, the graded index fiber’s 100 

µm core heats up enough to have the 70 µm single crystal sapphire fiber push into it upwards of 

5-10 µm.  The 100 µm graded index silica fiber then collapses onto the 70 µm sapphire fiber 

after more arcing is performed.  This guarantees that all of the injected light into the 100/140 µm 

graded index silica fiber will be transferred to the 70 µm sapphire fiber, instead of traveling in 

free space due to the size mismatch between the 70 µm sapphire fiber and  the 100/140 µm 

core/clad graded index silica fiber.  

 

The lead in fiber was connected to a miniature spectrometer (OceanOptics, Inc., USB2000). A 

diagram of this setup can be seen in Figure 4.11 below.  
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Figure 4.11 White light interferometric setup for both the single rod of single crystal sapphire 
and the 7-rod bundled single crystal sapphire fiber 

 

A C-plane sapphire wafer 59 µm thick and 1 mm x 1 mm in size was then glued onto a polished 

borosilicate tube.  The tube was then secured to an optical goniometer attached to a 3D stage so 

that precise angles could be adjusted for the incoming fiber. Light from an 850 nm LED was then 

launched into the 100/140 µm multimode graded-index silica fiber, which then propagated 

through the bare sapphire fiber, 50 cm in length, to the sapphire wafer through a 3 dB coupler. A 

schematic of this process can be seen in Figure 4.11.  The bare sapphire fiber was then aligned 

and brought towards the sapphire wafer until it was within a few microns from touching the 

wafer.  After multiple angular adjustments, the fringe visibility of the single crystal sapphire bare 

rod was generated using Equation 30 with Matlab.  This process was repeated 5 times for 

repeatability with each run time averaging over 10 minutes.  The bare fiber was then tested for 

optical intensity using a ThorLabs PDA 36A Si switchable gain photodetector set to a gain of 60 

dB.   
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The single rod of sapphire was then surrounded by the 6 rods of bare single crystal sapphire and 

bundled together using platinum wire. This ensured that the fusion-spliced rod carrying the 

signal from the white light LED did not change over the course of the experiment. A reflected 

light optical micrograph of the polished 7-rod sapphire bundled fiber can be seen in Figure 4.12.   

 

 

Figure 4.12 7-rod bundled sapphire fiber end face micrograph. 

 

The setup shown in Figure 4.11 was repeated for the 7-rod bundled fiber for the white light 

interferometry testing.  The 7-rod bundled fiber was then aligned and brought towards the 

sapphire wafer until they were almost touching.  Again, multiple angular adjustments were made 

until the fringe visibility of the 7-rod bundled fiber was generated.  This process was repeated 5 

times for repeatability with each run time averaging over 10 minutes.  The fringe visibility data 

for both the single rod and the 7-rod bundled fiber was then post-processed in Matlab.   

 

4.2.7  Photodetector Measurements 

The 7-rod bundled fiber was then tested for optical loss using a ThorLabs PDA 36A Si 

switchable gain photodetector set to a gain of 50 dB due to the increased intensity of the fiber 

bundle. A diagram of this measurement setup can be seen in Figure 4.13 below. 
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Figure 4.13 Photodetector setup for both the single rod of single crystal sapphire and the 7-rod 
bundled single crystal sapphire fiber 

 

This data was converted to the 60 dB gain setting using Equation 37: 

 

 Output [V/W] = transimpedance gain [V/A] x R(λ) [A/W] (37) 

 

where R (850 nm) is the spectral responsitivity that equals 0.55 A/W as seen in the PDA36A’s 

photodetector specification sheet
77

.  The transimpedance gain at 50 dB and 60 dB equals 4.75 x 

10
5
 V/A and 1.5 x 10

6
 V/A respectively.  The bundled fiber was then removed from the lead-in 

100/140 µm multimode graded-index silica fiber and polished so that the power from the 850 nm 

LED could be measured.  The power data from the photodetector was post processed using 

Matlab so that the runs for the single rod of sapphire fiber, the 7-rod bundled sapphire fiber, a 

dark measurement, and the power from the LED to the 100 µm core 140 µm cladding multimode 

silica fiber could be combined into one graph to show the change in optical output.   
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4.2.8  Exposure to Harsh Environments  

Both the single rod of single crystal sapphire fiber and the 7-rod bundle were exposed to 

contaminants and put in a furnace to mimic a real world corrosive environment.  Alumina 

particles cause losses in the fiber due to surface scattering.  This scattering loss is  expected to be 

more prevalent in the single rod of single crystal sapphire than in the 7-rod bundled fiber due to 

the protection of the central rod by the outer ring of rods from the contaminants.   

 

Single crystal sapphire fibers, with a diameter of 70 µm, were separated into 7 pieces and 

polished with diamond grit paper starting with 15 µm grit and finishing with a 0.5 µm grit.  Six 

of the sapphire rods were approximately 45 cm in length while one of the sapphire fibers was 

kept at 50 cm in length.  A bare fiber, 50 cm in length with a 70 μm diameter served as the single 

rod in this case. The fibers were cleaned using distilled water and acetone, to remove any 

residual contaminants from the fibers.  The 50 cm long fibers was fusion spliced to a 100/140 

µm core/clad graded index multimode graded-index silica fiber, which served as the lead in fiber 

in both cases.  The measured splice loss for each fusion splice was approximately 3 dB for each 

fiber as measured by a Si photodetector.  Each fiber was housed in a stainless steel tube cut in 

half along its length.  The lead in fiber was connected to a miniature spectrometer (OceanOptics, 

Inc., USB2000), which has a central wavelength at 850 nm.  The resultant optical intensity was 

determined using a ThorLabs PDA 36A Si switchable gain photodetector connected to an 

oscilloscope.  Both fibers were optically aligned to provide a maximum photodetector voltage 

using 3D optical stages.  
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Both of the fibers were first tested using the setup described above to obtain baseline data.  Ten 

measurements were taken with each recorded data set being the 1000 run time average for 

repeatable results.  Dark measurements and the intensity emitted from the miniature spectrometer 

were also recorded in the same fashion.   

 

Alumina particles (80/200 mesh) were sieved to produce particle sizes in the 74-125 μm range. 

Two grams of alumina particles with diameters ranging from 74-125 μm were sprinkled onto 

each fiber inside of their respective stainless steel tubes.  Great care was taken to not allow the 

alumina particles to contaminate the end face of both fibers.  This was done so that the optical 

intensity changes would be based on the surface scattering along the length of the fibers and not 

as a result of the end face quality.  An image of the contaminated single rod of single crystal 

sapphire housed inside a stainless steel tube is seen in Figure 4.14. 

 

 

Figure 4.14 Alumina particle contamination of the single crystal sapphire rod housed inside half 
of a stainless steel tube 

 

Both fibers were analyzed after the particle contamination using the ThorLabs PDA 36A Si 

switchable gain photodetector without altering their original optical alignment from the baseline 
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measurements.   The fibers, still housed in their stainless steel tubes, were then placed in a 

furnace.  The horizontal tube furnace temperature was ramped from 27 °C to 1000 °C at a ramp 

rate of 3.25 °C/min and held at temperature for 1 hour before ramping down to 27 °C at a rate of 

1.94 °C/min.  A thermocouple was used to check the temperature after the furnace reached 1000 

°C. An image of the heat treatment furnace with the respective fibers can be seen in Figure 4.15.  

The heat treatment is meant to mimic a similar high temperature environment that would be seen 

in a coal gasifier.  

 

 

Figure 4.15 Single crystal sapphire rod and the 7-rod bundled single crystal sapphire fiber in 
their respective stainless steel tube housing in a horizontal tube furnace 

 

Scanning electron microscopy (SEM) was used to examine the fibers after heat treatment with 

the alumina contaminant particles.  The fibers were cleaved and placed onto a stub holder using 

double-sided adhesive copper tape.  The fibers were then sputtered with 10 nm of gold using a 

sputter coater.  An accelerating voltage of 10 kV was used so the surface of the sapphire fiber 

could be imaged. 
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5. Results and Discussion 

5.1  7-Rod Silica Bundled Fiber 

5.1.1  Fabrication 

A single bare rod of silica was fabricated and tested and then surrounded by the 6 rods of bare 

silica fiber and bundled together using platinum wire. This ensured that the fusion -spliced rod 

carrying the signal from the white light LED would not change over the course of the 

experiment.  A reflected light optical micrograph of the polished bare silica bundled fiber can be 

seen in Figure 5.1.  Small spots of phenyl salicylate wax are visible on the edges of the fibers, 

which were later removed using acetone.  As can be seen in Figure 5.1, the spacing between the 

central rod and the surrounding rods is larger than the orientation as seen in the FEA structure in 

Figure 3.19 due to the fact that a platinum tie could not be placed close enough to the end face of 

the fiber to maintain the bundle spacing as well as not using a consistent fiber diameter for each 

of the rods.  This limits the effective refractive index reduction due to the inability for the rod to 

be consistently in contact with the outer ring on silica fibers.  

 

 

Figure 5.1 7-rod bundled silica fiber end face micrograph 
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5.1.2  White Light Interferometry 

Figure 5.2 shows both data sets with the single rod of silica fiber having an integration time of 43 

ms and the 7-rod bundled fiber having an integration time of 15 ms (for viewing purposes).  The 

integration time for the 7-rod bundle of silica is scaled so that it also has the integration time to 

that of the single rod bundle (at 15 ms) so that the fringe visibility can be calculated using 

Equation 30. Table 5.1 shows the standard deviation between the both the single rod and the 7-

rod bundled fiber.   

 

Figure 5.2 White light interferometric response from the single rod of silica fiber and the 7-rod 
bundled silica fiber 
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Table 5.1 Fringe visibility difference with the corresponding standard deviation between the both 
the single rod of silica and the 7-rod bundled silica fiber 

 

 

Fringe 

Visibility 
(a.u.) 

Standard 

Deviation 
(µW) 

Single Silica 
Fiber 

25.2% 0.0044 

7-rod Bundle 
Silica Fiber 

26.4% 0.0076 

 

The fringe visibility results in Figures 5.2 and Table 5.1 show almost no increase in the fringe 

visibility between the two fibers; meaning that there is not a significant reduction of modes.  This 

is assumed to be due to the inability to maintain the 7-rod structure throughout the length of the 

z-direction.  This agrees with the modeling results in Figure 3.21, which state that if the outer 

ring of rods is more than 5 µm from the core rod then there will not be a significant reduction in 

the number of modes.  What is interesting about this fiber is the approximately 3x increase in 

intensity between the both the single rod and the 7-rod bundled fiber.  The bundling apparently 

acts to reflect the higher order modes back into the core rod, which would be lost in the single 

rod case, thus reducing loss. 

 

5.1.3  Photodetector Measurements 

The data from Figure 5.3 shows the 1000 run time averaged photodetector data for the single 

silica rod, the 7-rod bundled silica fiber, and the LED input all subtracted from the dark 

measurement.  The standard deviation for the single silica rod was 0.0013876, the 7-rod bundled 

silica fiber was 0.0024129, and the LED input was 0.0051735.   
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Figure 5.3 1000 run time averaged photodetector data for the single silica rod, the 7-rod bundled 
silica fiber, and the LED input 

 

The data shows greater than a 5x increase in intensity for the 7-rod bundled fiber versus the 

single rod fiber, confirming the prior result shown in the fringe visibility tests.  This result is 

expected to be much greater than the fringe visibility due to the fact the photodetector detects the 

transmitted signal, whereas the fringe visibility shows the reflection spectrum of the signal, 

leading to higher loss. 

 

Both fibers were then analyzed using a white light interferometry setup as well as a Si 

photodetector.  The results showed that with the current bundling technique, there was a minimal 

reduction in modes for the 7-rod bundled fiber versus the single rod case but approximately a 3-

5x increase in intensity for the 7-rod bundled fiber versus the single rod fiber.  This decrease in 

loss correlates well with the FEA modeling results  as shown in Figure 3.20.   
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5.2   7-Rod Sapphire photonic crystal fiber  

5.2.1  Fabrication  

Figure 5.4 shows the resultant 7-rod sapphire fiber in the final stages of polishing.  The wax and 

Crystal Bond is fully removed by a series of cleaning steps involving alcohol, distilled water, and 

acetone to remove any contaminants from the polishing process.  This fiber design is the basis 

for all of the optical characterization in this section. 

 

 

 
 

Figure 5.4 Optical micrograph of a single crystal sapphire bundle during a final polishing stage 
 

5.2.2  Characterization  

The polished end-face of one of the fibers produced is shown in Figure 5.5.  The micrograph was 

taken in reflected light to highlight the structural aspects of the fiber.   
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Figure 5.5 Optical micrograph of fiber end-face (reflected light image) with the diameter of the 
sapphire elements shown as 70 µm 

 

The fibers were grown with the C-axis of the crystal extending along the optical axis of the fiber 

(along the length of the fiber).  The cross-section of the fiber shown is taken perpendicular to the 

C-axis of each of the fibers.  Figure 5.6 shows an optical micrograph of the fiber taken in 

transmitted light under white light illumination from the transmission side of the fiber.  

 

 

Figure 5.6 Optical micrograph of the photonic crystal sapphire fiber with the diameter of the 

sapphire elements shown as 70 µm (transmission mode image) 
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As can be seen in this photo, a significant amount of the light is propagating in the central “core” 

fiber, which would be consistent with confinement in the core due to the lowering of the average 

effective refractive index by the holes in the PCF structure.  This has been discussed extensively 

in the literature for silica based PCF’s, but we believe this is the first time that this has been 

demonstrated in a sapphire PCF structure as shown in Pfeiffenberger et al.
68

 

 

The bright region in the center of the micrograph is coincident with the central sapphire rod.  

Very faint light spots can be seen surrounding the central fiber.  These correspond to the center 

positions of the sapphire rods surrounding the central “core” sapphire rod.  The micrograph 

shown was taken after the sapphire PCF was heated to successively higher temperature up to 

1600 °C, demonstrating the extremely high temperature capability of these fibers.  Single crystal 

sapphire in general is known to have excellent high temperature performance and excellent 

corrosion resistance, both of which were expected to be inherited by the sapphire PCF’s.  

 

5.2.3  Numerical Aperture 

Multiple dark measurements were first calculated to determine the testing offset, which was 

determined to be from -0.167 V for the single rod case and -0.168 V for the 7-rod bundled fiber.  

Results were recorded for the single rod of sapphire and the 7-rod bundled sapphire fiber with a 

distance of 2.5 inches from the fiber end face to the photodetector at a zero degree angle with the 

respective dark offset taken into account.  The photodetector was then adjusted at specific angles 

with the pivot point directly underneath the fiber end face so that the output angle could be 

changed for various photodetector locations.  The angle was first adjusted in the positive 

direction until the 5% optical intensity (   ) measurement was recorded and then measurements 
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were taken in the negative direction.  As in Equation 34, the negative and positive 5% optical 

intensity angle readings were averaged and the sine of this angle (as in Equation 31) allowed for 

the computation of NAeff.   As seen in Appendix C, the bundled fiber had an average effective 

NAeff = 0.3222 while the single rod had an average effective NA eff = 0.3436 over 3 runs each. 

Appendix C shows the tables for the detailed numerical aperture calculation for the single 

sapphire fiber and 7 -rod bundle respectively. 

 

Figure 5.7 shows the fiber collimator coupling light from the 632 HeNe laser through a 105/125 

µm core/clad step index MMF which is aligned and butt coupled to the sapphire bundle using a 

fiber holder. Figure 5.8 shows the setup for the single rod of sapphire fiber.  This fiber had 

significantly less voltage output collected by the photodetector, which aligns with other results 

about the increased intensity for the 7-rod bundled fiber as seen in later sections.  

 

 

 

Figure 5.7 Fiber collimator coupling light from the 5 mW 632.8 nm HeNe laser through a 105 

µm core step index MMF 
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Figure 5.8 Setup for the PDA36A photodetector for the single rod of sapphire 
 

Numerical aperture experiments have been completed using both a single 70 μm diameter rod of 

single crystal sapphire fiber and a 7-rod bundle (with each rod in the bundle being 70 μm in 

diameter) of single crystal sapphire. The 7-rod bundled fiber had an average effective NA of 

0.3222 while the single rod had an average effective NA of 0.3436. Three runs for each fiber 

demonstrated the repeatability of the data for each fiber. This decrease in effective numerical 

aperture equates to a 12.068% decrease in the number of modes for the 7-rod bundled fiber case. 

The effective numerical aperture tests also show the increased intensity between the 7-rod 

bundled fiber versus the single rod of single crystal sapphire fiber, which shows an intensity 

increase is approximately 3x.   
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5.2.4  Far Field Patterns 

At 632.8nm the far-field pattern for a SMF-28 and single sapphire rod has been examined as 

seen in Figures 5.9 and 5.10 respectively for comparison purposes.  The 7-rod bundle of single 

crystal sapphire should have fewer modes than the single rod of single crystal sapphire due to the 

cladding layers average effective refractive index being slightly less than the refractive index of 

the core rod.  Under the same setup conditions, the far field pattern in Figure 5.11 shows the 7-

rod bundle of single crystal sapphire’s intensity.  The intensity is especially prevalent in the 

center of the image as compared to that of the single rod of sapphire in Figure 5.10. 

 

 

Figure 5.9 Far-field pattern for a meter length Corning SMF28 fiber  
 

 

Figure 5.10 Far-field pattern for a single meter length rod of single crystal sapphire  
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Figure 5.11 Far-field pattern for the 7-rod single crystal sapphire bundled fiber one meter in 

length  
 

The far field patterns for both a single rod of single crystal sapphire and a 7-rod bundle of single 

crystal sapphire have been demonstrated. Both the single rod of single crystal sapphire and the 7-

rod bundle of single crystal sapphire were tested under the same conditions so the results could 

be directly compared.  

 

The far field pattern of the 7-rod bundle in Figure 5.11 has what appears to be a greater intensity 

as shown by the bright yellow spot in the center of the pattern as compared to the single rod case 

seen in Figure 5.10.  This is determined to be a result of the fact that the outer rods of the 7-rod 

bundle are more able to couple the higher order modes, which would otherwise be lost as in a 

bare single rod. This enables a lower loss fiber that can maintain a higher intensity throughout 

the length of a fiber.  

 

5.2.5  Gas sensing 

The 3-rod sapphire fiber bundle’s response spectrum with the acetylene gas turned on and off 

from the photodetector was post processed using Matlab and can be viewed in Figure 5.12.  Each 

data point is the average of 150 spectrums collected. 
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Figure 5.12 Response spectra for the baseline signal and the 3-rod single crystal sapphire fiber 

 
 

The acetylene peaks are visible from the data point range of 1.5 to the 4.5 region but can be more 

visibly seen when compared to a reference cell. The x-axis in all of the Matlab figures in this 

section corresponds to the sweep of the CTS.  To the left of 1570 nm is what is known as the 

dead zone, where the CTS is calculating the data for each sweep.  The wavelengths 1570 nm to 

1520 nm (left to right) corresponds to the sweep up of the CTS.  To the right of the 1520 nm 

point, the spectrum is the mirror image of the wavelength range from 1570 nm to 1520 nm and 

represents the sweep back to the CTS.  The dead zone then begins again to the right of 1570 nm 

(at right). 
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The 3-rod bundled fiber was tested against the same setup with the bundled fiber removed 

leaving the absorption peaks to propagate in free space between the lead-in and lead-out fibers 

with a separation distance of 1.5 inches.  The response spectra for the free space baseline signal 

and the signal with the acetylene on can be seen in Figure 5.13 below.  

 

 

Figure 5.13 Response spectra for the free space baseline signal with the acetylene turned on 

 

Figure 5.13 clearly shows the acetylene gas peaks for the free space reference cell.  This shows 

the signal intensity is stronger for the reference cell than in the 3-rod bundle.  This is thought to 

be due to the fact that the 3-rod bundle cannot maintain a perfect hole structure that the input 

light is guided into, giving rise to coupling and absorption loss as well at scattering losses.  The 
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normalized difference between the 3-rod bundle and the reference cell in free space has been 

plotted in Figure 5.14.  The normalized division between the 3-rod bundle and the reference cell 

in free space has been plotted in Figure 5.15.  

 

 

Figure 5.14 Normalized difference between the free space reference cell and the 3-rod bundle of 
single crystal sapphire fiber with the acetylene turned on 
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Figure 5.15 Normalized division between the free space reference cell and the 3-rod bundle of 

single crystal sapphire fiber with the acetylene turned on 
 
 

Figure 5.14 and 5.15 clearly show that the absorption peaks from the acetylene gas in the 

reference cell directly line up to the 3-rod bundle case.  These figures confirm the detection of 

acetylene at room temperature using a 3-rod bundle of single crystal sapphire.  

 

The 1.5 inch long 7-rod sapphire fiber bundle’s response spectrum with the acetylene gas turned 

on and off was post processed using Matlab and can be viewed in Figure 5.16.  Each data point is 

the average of 150 spectrums collected. 
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Figure 5.16 Response spectra for the baseline signal and the 7-rod single crystal sapphire fiber 
 

 
The acetylene peaks are visible from the data point range of 1.5 to the 4.5 region but can be more 

visibly seen when compared to the same reference cell seen in Figure 5.13.  

 

As in the 3-rod bundle case, the 7-rod bundle of single crystal sapphire cannot maintain a perfect 

hole structure that the input light is guided into, effectively scattering some of the signal.  The 7-

rod bundled fiber is much more difficult to align compared to that of the 3-rod bundle.  This is 

due to the fact that the air holes on the lead-in side of the fiber do not always correlate to the 

same position on the lead-out side of the fiber due to imperfections in the bundling technique.  
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The normalized difference between the 7-rod bundle and the reference cell in free space has been 

plotted in Figure 5.17.  The normalized division between the 7-rod bundle and the reference cell 

in free space has been plotted in Figure 5.18.  

 

 

Figure 5.17 Normalized difference between the free space reference cell and the 7-rod bundle of 

single crystal sapphire fiber with the acetylene turned on 
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Figure 5.18 Normalized division between the free space reference cell and the 7-rod bundle of 
single crystal sapphire fiber with the acetylene turned on 
 

This is the first time that a gas sensor has been fabricated using 7-rod single crystal sapphire 

photonic crystal fiber as well as in the 3-rod bundle structure.  Much work still needs to be done 

on the fabrication and optimization for this fibers light-guiding ability in the air region between 

the fiber rods.  A potential way to increase the transmission strength of this gas sensor would be 

to fuse the bundled sapphire rods together.  This would minimize the amount of scattering due to 

imperfections in the bundling process.  This would also allow for longer lengths of fibers to be 

used as a gas sensor which would help to increase the absorption peak signal strength due to a 

longer interaction time.  Future applications of this fiber consist of higher temperature gas 

sensing with other gases that are present in a coal gasification system including CO, CO2, and 

CH4. 
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5.2.6  SLED White Light Interferometry 

Figure 5.19 shows both data sets fit to one another with both the single rod of sapphire fiber and 

the 7-rod bundled fiber having an integration time of 80 ms. Table 5.2 shows the standard 

deviation between the both the single rod and the 7-rod bundled fiber. 

 

Figure 5.19 White light interferometric response from the single rod of sapphire fiber and the 7-
rod bundled sapphire fiber 
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Table 5.2 Fringe visibility difference with the corresponding standard deviation between the both 
the single rod of sapphire and the 7-rod bundled sapphire fiber 

 

 

Fringe 
Visibility 

(a.u.) 

Standard 
Deviation 

(µW) 

Single 
Sapphire 

Fiber 
2.11% 0.0027 

7-rod 
Bundle 

Sapphire 
Fiber 

2.38% 0.0098 

 

The fringe visibility results in Figure 5.19 and Table 5.2 show that the alignment has not been 

optimized.  The alignment is especially difficult in the 7-rod bundle where slight differences in 

the end face angle can have a major effect on the fringe visibility.  Another challenge that must 

be overcome is the inability to perfectly maintain the 7-rod hexagonal structure throughout the 

length of the z-direction during the bundle fabrication.  As in the previous experiment using a 

bare silica rod and a 7-rod silica bundle, there is approximately a 1.4x increase in intensity 

between the both the single rod and the 7-rod bundled fiber.   

 

5.2.7  Photodetector Measurements 

The data from Figure 5.20 shows the 1000 run time averaged photodetector data for the single 

crystal sapphire rod, the 7-rod bundled single crystal sapphire fiber, and the LED input all 

subtracted from the dark measurement.  The standard deviation for the single crystal sapphire rod 

was 0.0026738, the 7-rod bundled single crystal sapphire fiber was 0.0098173, and the LED 

input was 0.0127617.  The data shows approximately a 1.6x increase in intensity for the 7-rod 
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bundled fiber versus the single rod fiber, which agrees well with the prior results using a bare 

silica rod and a 7-rod silica bundled fiber.  

 

Figure 5.20 1000 run time averaged photodetector data for the single crystal sapphire rod, the 7-
rod bundled single crystal sapphire fiber, the dark measurement, and the LED input 

 

This result is expected to be greater than the fringe visibility due to the fact the photodetector 

detects the transmitted signal, whereas the fringe visibility shows the reflection spectrum of the 

signal, leading to higher loss.  The difference between the sapphire data and the silica data shows 

that the strong confinement of modes to the core plays a key role in the sapphire bundle.  In a 

silica bundle, higher order modes more easily escape from the core but are coupled into the outer 

rods limiting loss.  In a sapphire bundle, the confinement of modes to the core rod due to the 

large refractive index difference between sapphire and air is much more prevalent.  The higher 

order modes that escape the core are coupled into the outer sapphire fibers, but due to the high 

core confinement, not as many modes will propagate into the ring of cladding as compared with 

the silica bundle as seen in Section 5.1.3. 
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Fringe visibility and photodetector measurements were used to examine both a single rod of 

sapphire with a core diameter of 70 μm and also a 7-rod sapphire fiber with diameters of 70 μm, 

all made of single crystal sapphire fiber. Both fibers were then analyzed using a white light 

interferometry setup as well as a Si photodetector. The results showed that with the current 

bundling technique, there was a minimal reduction in modes for the 7-rod bundled fiber versus 

the single rod case but approximately a 1.4 -1.6x increase in intensity for the 7-rod bundled fiber 

versus the single rod fiber. This result directly relates to the silica FEA modeling results as well 

as the fringe visibility and photodetector results by showing an increase in intensity for the 

bundled fibers without a significant reduction in modes as compared to the single rod cases.  The 

silica and sapphire fibers can be directly compared to each other because the same central rod is 

used in both cases: the central rod that made up the single rod cases was the rod that was bundled 

around, creating the 7-rod bundle.   

 

5.2.8  Exposure to Harsh Environments  

The baseline data for the single rod, the 7-rod bundle and the input LED can be seen in Figure 

5.21. 
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Figure 5.21 Baseline results of the 1000 run time averaged photodetector data for the single 

crystal sapphire rod, the 7-rod bundled single crystal sapphire fiber, the dark measurement, and 
the LED input 
 

 
Photodetector measurements were taken after the heat treatment.  Table 5.3 below shows the 

1000 run time averaged photodetector data for the single crystal sapphire rod and the 7-rod 

bundled single crystal sapphire fiber before and after their heat treatment with the alumina 

contaminant. 

 

Table 5.3 1000 run time averaged photodetector data and standard deviation for the single crystal 
sapphire rod and the 7-rod bundled single crystal sapphire fiber after contamination with 2 grams 

of alumina particles, before and after heat treatment at 1000 °C. 
 

 

Before Contamination After Contamination After 1000 °C 

 

Avg. Intensity  
(µW)  

Std. 
Deviation 

Avg. Intensity  
(µW)  

Std. 
Deviation 

Avg. Intensity  
(µW)  

Std. 
Deviation 

Single Rod 6.782405626 0.000494908 5.43122266 0.003382562 5.929886736 0.002432046 

7-Rod 

Bundle 11.07258354 0.019173502 10.79825571 0.023128144 10.90677377 0.004295811 
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The single rod case shows a before contamination to after contamination percent reduction of 

24.8%, a before contamination to after 1000 °C percent reduction of 14.3%, and an after 

contamination to after 1000 °C percent increase of 8.4%.  The 7-rod bundle shows a before 

contamination to after contamination percent reduction of 2.5%, a before contamination to after 

1000 °C percent reduction of 1.5%, and an after contamination to after 1000 °C percent increase 

of 1.0%.   

 

The 7-rod bundled fiber was able to better protect the core from these contaminants and allow 

the core to maintain a contaminant free interface.  Contaminants on the outside of the core act as 

scattering sites due to their particle size being larger than the wavelength of light being 

transmitted which is why the data shows a reduction in the optical signal for the 7-rod bundled 

fiber after contamination.  It is important to note that the bundled fibers intensity after 

contamination is still greater than that of the single rods intensity before contamination.  This 

result aligns well with the loss reduction seen in other experiments in this thesis.  This intuitively 

makes sense due to the fact that the majority of the signal is carried in the central rod of the 

bundle.  In the 7-rod bundled fiber, the modes that travel into the outer ring of rods will still have 

scattering due to the contaminants which is why the small decrease in signal intensity can be 

seen. 

 

Any alumina particles that were present during the heat treatment and photodetector runs did not 

survive the gold sputtering as can be seen in Figures 5.22 and 5.23.  The splotches seen on the 
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fiber are assumed to be some of the smaller size alumina particles that made it through the 

sieving process.  The heat treatment with the alumina particle contaminant was only held at 1000 

°C for 1 hour, which is not long enough for the larger particles to sinter onto the surface of the 

structure.   

 

 

Figure 5.22 SEM micrograph of the side of the 7-rod bundled single crystal sapphire fiber after 

heat treatment with 2 grams of alumina particle contaminant 
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Figure 5.23 SEM micrograph of the side of the 7-rod bundled single crystal sapphire fiber at a Pt 
tie after heat treatment with 2 grams of alumina particle contaminant 

 

This experiment helps to show the real world benefits that this fiber offers to shield against 

scattering defects due to the majority of the signal residing in the central rod of the bundle.  This 

helps to limit contamination to the surface of the core rod, allowing for a transmitted signal with 

greater intensity and less loss.  

 

6. Conclusions 

Fabrication of the first photonic crystal sapphire fiber has been accomplished and modeled using 

Comsol Multiphysics and MIT Photonic Bands software.  Although the fiber design that is 

mainly considered in this study (the 7-rod structure consisting of 70 μm diameter single crystal 

sapphire rods arranged in a hexagonal structure) does not contain either a TE or TM polarized 

band gap, the fiber still produces useful properties.  These include lower loss compared to that of 



152 
 

a bare single rod of single crystal sapphire, protection from materials adsorbing onto the central 

core rod during contamination, potential use as a temperature sensor, and as a gas sensor.   

 

The Comsol Multiphysics modeling work laid the foundation for understanding how these 

bundled fibers propagate light.  Much work has gone into the modeling of this fiber to determine 

the optimum structure that can still be readily fabricated using current commercially available 

fibers.  As for the photonic bandgap modeling, it has been shown that if a sapphire fiber structure 

with the correct dimensions and spacing’s can be fabricated, then a photonic bandgap fiber made 

of single crystal sapphire in air is feasible.  This work is very important to the eventual photonic 

band gap fabrication as it examines the optimal size and spacing’s required to fine tune a 

bandgap in a wide range of frequencies.   

 

The optical characterization of the 7-rod bundled fiber demonstrates its wide range of end uses.  

The effective numerical aperture tests also show the increased intensity between the 7-rod 

bundled fiber versus the single rod of single crystal sapphire fiber, which shows an intensity 

increase is approximately 3x.  This also aligns with the fringe visibility and photodetector data 

taken from the 50 cm long 7-rod bundled fiber and single rod of sapphire which also show an 

approximately 1.5x increase in intensity. The white light interferometry demonstrates how this 

fiber could be used as a harsh environment high temperature sensor operating by reflection 

interferometry.  The gas sensing experiments performed show the feasibility for this type of 

bundled sapphire fiber for its use in a gas sensing.  Although this fiber has only demonstrated gas 

sensing at room temperature, its ability to sense gas should not be limited by higher 

temperatures.     
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7. Unique Accomplishments 

Many unique contributions to literature have come from the work on random hole optical fiber 

modeling, solid core photonic band gap fiber modeling, silica bundled fiber modeling and 

fabrication, and single crystal sapphire photonic crystal fiber modeling and fabrication.   These 

contributions include: 

 The first to use FEA modeling for a random hole optical fiber 

 The first to use FEA modeling for a solid core photonic band gap fiber 

 Modeling of the first 7-rod bundled silica fiber 

 Modeling of the first sapphire photonic crystal fiber structure 

 Fabrication of the first sapphire photonic crystal fiber structure 

 Fabrication of the first 7-rod bundled silica fiber 

 Design optimization of sapphire photonic crystal fiber structures 

 Design optimization of the first sapphire photonic band gap fiber 

 The first to use a single crystal sapphire photonic crystal fiber as a gas sensor 

 

8. Future Work 

Using single crystal sapphire for high temperature gas sensing is a new technology and much 

work still needs to be done.  Directly relating to this thesis, a better way to maintain a consistent 

hexagonal structure along the length of the bundles will aid in the reduction of modes.  As seen 

in the previous section dealing with spacing the silica rods from the core, it is essential for the 

outer ring of rods to be in direct contact with the central core rod for the highest reduction in the 
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number of modes.  From a fabrication standpoint, the ability to produce a fiber diameter less than 

50 μm would significantly reduce the number of modes due to the core size’s direct relationship 

with the number of modes it can carry.  The only problem with smaller core rods would be a 

greater difficulty to fusion spice the fiber to a lead in or lead out fiber. 

 

In terms of sapphire fiber modeling, much work could be done around finding what distance 

from the core rod the outer ring of fibers (in a 7-rod bundle) needs to be within for a significant 

reduction of modes.  In terms of finding a photonic band gap in sapphire, the ability to be able to 

purchase fibers and tubes of single crystal sapphire with much smaller core diameters and wall 

thicknesses respectively, will allow for possible photonic band gaps in the telecommunications 

and IR wavelength ranges.  The idea of stacking tubes of single crystal sapphire to create the first 

photonic bandgap fiber, similar to the structures described in Section 3.7 MIT Photonic Bands 

Modeling, could be a possibility if the tube sizes available for purchase can be scaled to have 

much smaller sizes with a very thin wall thickness.  Depending on the scale size of these tubes, 

band gaps could open up different frequency ranges and create very useful high temperature gas 

sensors if these designs could be successfully fabricated.    
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Appendix A. MPB Code for 7-rod structure with each rod being 35 μm radius, with all 

rods touching one another 

(set! num-bands 8) ; 
 

(set! geometry-lattice (make lattice (size 1 1 no-size) 
    (basis1 (/ (sqrt 3) 2) 0.5) 
                         (basis2 (/ (sqrt 3) 2) -0.5) 

    (basis-size .7 .7 .7)))  
 

(define-param kz 0) ; use non-zero kz to consider vertical propagation 
 
(set! k-points (list (vector3 0 0 kz)          ; Gamma 

                     (vector3 0 0.5 kz)        ; M 
                     (vector3 (/ -3) (/ 3) kz) ; K 
                     (vector3 0 0 kz)))        ; Gamma 

 
(set! k-points (interpolate 4 k-points)) 

 
(set! default-material (make dielectric (epsilon 1))) ; the dielectric constant of the 
background is air 

 
(set! geometry (list (make cylinder 
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                       (center 0 0 0) (radius .35) (height infinity) 
                       (material (make dielectric (epsilon 11.5)))))) 

 
;(define-param eps_background 2)  
 

 
 

(set! resolution 32) 
 
;(run-tm (output-at-kpoint (vector3 (/ -3) (/ 3) 0) 

;                          fix-efield-phase output-efield-z)) 
(run-tm) 
(run-te) 

 
 

Appendix B. Band Table for Differing Rod/Hole Radius and Spacing 

Rods Case: 
r =0.35 and a varies 0.1 to 10 

TE entire data range 
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TM entire data range 
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a=1 and r varies 0.1 to 0.5 
TE entire data range 

 
 

TM entire data range 
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Holes Case: 

r and a varies with r/a =0.5 
TE entire data range 
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TM entire data range 

 

 

r =0.35 and a varies 0.1 to 10 

TE entire data range 
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TM entire data range 
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a=1 and r varies 0.1 to 0.5 

TE entire data range 
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TM entire data range 
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Full band gap case (air holes) 
r and a varies with r/a =0.5 

TE entire data range 
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TM entire data range 

 

Full Bandgap data 
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r =0.35 and a varies 0.1 to 10 
TE entire data range 
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TM entire data range 

 

Full Bandgap data 
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a=1 and r varies 0.1 to 0.5 

TE entire data range 

 
 

TM entire data range 
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Full Bandgap data 

 
 
 

Appendix C. Numerical Aperture Table 

Excel data for single rod of single crystal sapphire, 70 µm in diameter, 1 m in length. 

   

Single Rod 

sapphire 1m 

long 70um 

diameter     

   

-0.167 in dark   

   

Single Rod Run 

1  

Single Rod Run 

2  Single Rod Run 3 

x y Angle (°) (V) (V) (V) 

-1.375 2.75 -26.5651 -0.167 -0.167 -0.166 

-1.25 2.75 -24.444 -0.167 -0.144 -0.152 
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-1.125 2.75 -22.249 -0.163 -0.151 -0.143 

-1 2.75 -19.9831 -0.149 -0.134 -0.13 

-0.875 2.75 -17.6501 -0.126 -0.098 -0.113 

-0.75 2.75 -15.2551 -0.101 -0.1 -0.102 

-0.625 2.75 -12.8043 -0.076 -0.074 -0.99 

-0.5 2.75 -10.3048 -0.033 0.004 -0.03 

-0.375 2.75 -7.76517 0.031 0.124 0.086 

-0.25 2.75 -5.19443 0.105 0.2 0.065 

-0.125 2.75 -2.60256 0.2 0.39 0.27 

0 2.75 0 0.37 0.49 0.409 

0.125 2.75 2.602562 0.26 0.328 0.19 

0.25 2.75 5.194429 0.13 0.135 0.172 

0.375 2.75 7.765166 0.022 0.03 0.03 

0.5 2.75 10.30485 -0.045 -0.03 -0.037 

0.625 2.75 12.80427 -0.109 -0.067 -0.083 

0.75 2.75 15.25512 -0.117 -0.084 -0.11 

0.875 2.75 17.65012 -0.13 -0.104 -0.12 

1 2.75 19.98311 -0.136 -0.129 -0.131 

1.125 2.75 22.24902 -0.143 -0.16 -0.155 

1.25 2.75 24.44395 -0.156 -0.156 -0.16 

1.375 2.75 26.56505 -0.167 -0.166 -0.167 

  

5% -0.14015 -0.13415 -0.1382 

  

NA value 0.345395552 0.344992215 0.340456204 

  

NA avg 0.343614657 

    

 

Excel data for 7-rod bundled single crystal sapphire fiber, 70 µm in diameter, 1 m in length. 

 

   

Bundled 7-Rod 

sapphire 1m long 

70um diameter     

   

-0.168 in dark   

   

7-Rod Bundle Run 1  

7-Rod Bundle Run 

2  

7-Rod Bundle Run 

3 

x y Angle (°) (V) (V) (V) 

-1.375 2.75 -26.5651 -0.168 -0.168 -0.168 

-1.25 2.75 -24.444 -0.158 -0.157 -0.152 

-1.125 2.75 -22.249 -0.135 -0.137 -0.134 

-1 2.75 -19.9831 -0.081 -0.079 -0.077 

-0.875 2.75 -17.6501 -0.059 -0.061 -0.061 

-0.75 2.75 -15.2551 -0.016 -0.0216 -0.031 
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-0.625 2.75 -12.8043 0.0011 0.0138 0.0143 

-0.5 2.75 -10.3048 0.0186 0.0213 0.0214 

-0.375 2.75 -7.76517 0.334 0.344 0.345 

-0.25 2.75 -5.19443 0.528 0.538 0.545 

-0.125 2.75 -2.60256 1.108 1.143 1.144 

0 2.75 0 1.762 1.794 1.812 

0.125 2.75 2.602562 0.968 1.092 1.234 

0.25 2.75 5.194429 0.512 0.652 0.674 

0.375 2.75 7.765166 0.332 0.341 0.348 

0.5 2.75 10.30485 0.0181 0.0199 0.0218 

0.625 2.75 12.80427 0.001 0.0138 0.0146 

0.75 2.75 15.25512 -0.017 -0.0236 -0.034 

0.875 2.75 17.65012 -0.064 -0.062 -0.06 

1 2.75 19.98311 -0.08 -0.079 -0.08 

1.125 2.75 22.24902 -0.133 -0.134 -0.133 

1.25 2.75 24.44395 -0.156 -0.155 -0.151 

1.375 2.75 26.56505 -0.167 -0.167 -0.168 

  

5% -0.0715 -0.0699 -0.069 

  

NA value 0.323251826 0.321752876 0.321576485 

  

NA avg 0.322193729 

   
 


