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ABSTRACT

Low Modal Volume Single Crystal Sapphire Opti€dder

William C. Hill

This research provides the first known procedure for cleanly and consistently reducing the
diameter of singlerystal sapphire optical fib g SCSF)below the limits of standard production
methods, including the first production of subwavelerdjtimeter optical fiber (SDF) composed
of singlecrystal sapphireThe first knowndemonstratiorf an airclad single crystal sapphire
optical fiber demonstratg singlemode behavior is also presented, and the simglde cutoff
wavelengthand diameter are determined

Theoretical models describing and predicting the optical behavior of low modal volume sapphire
optical fibers are also presentdthese modelsra built upon standard weakbuiding optical

fiber theory, which is found to be accurate once experimerdaligrmined properties of the

SCSF are substituted for theoretical values.

Reduced modal dispersion is also observed in the form of decreasqullasdsroadening in
reduceddiameter SCSF. The improvements in spatial resolution for distributed sensing systems
such as Raman distributed temperature sensing are also predicted based on the measured

decrease in pulse duration.

This research also provislan enhanced uedstanding othe etching behavior of sulfuric and
phosphoric acids on sapphire surfaces, including the first reporting of etching rates and activation
energies for glane sapphirsurfacesMorphologicalchanges of sulfuric and phosphoric acids

at and beyond the temperature ranges used in etching were also tested and discussed in detail

especially regardintheir practical impact on observed etching behavior

The demonstration of LMV singlerystal sappire optical fibers enableébe adaptation of
numerous sensing schenreguiing low modal volume or singlenode behavioto be utilized

in extreme environments
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1 INTRCDUCTION AND MOTIVADN
Aluminum oxide finds use ina wide range of applicationgdue toits many unique and useful
properties. The most stable and commonlprocured form of aluminum oxide is theU-
alumina crystalline phaseencounterednaturally as themineral corundum, exhibiting
trigonal symmetry of the class § - '3 . Other metastable polymorphs of aluminum oxide
exist with different crystallographic structures. Facecentered cubic (fcc) packing
structures of AbQOs are found inmetastableo, gb{c), 6 (monoclinic), a
or orthorhombic) phases, while hexagonaklose-packed (hcp) structures are represented
by the thermodynamically-stable Uphasetrigonal) and metastable v (hexagonal) phasé.
These metastable polymorphs can be used in powder form as catalysts or in coatings, but
are not used in bulk applications since temperatures required for sintering result in

conversion to thethermodynamically stable U-phase.

Single-crystal U-Al20z is known by many names depending on its use and physical
appearance. The base mineral corundum can be vibrantly colored by even trace amounts of
other elements; ruby is formed by insertion of chromium into the lattice resulting in red

hues, and trace®of other elements such as iron or titanium yield a variety of colors that

historically fall under the sapphire nomenclature.

Synthetic ultra-pure monolithic single crystalU-alumina is alsogiven thesapphire label
Without trace elements added, single cigtal sapphire is a transparent material that
displays slight birefringence in directions other than its eaxis because ofts trigonal crystal

symmetry.



Initial uses of polycrystalline U-aluminum oxide took advantage of ithysical properties
such as itsextreme hardness(9 out of 10 on the Mohs scalejn the machining of steel$ and
other related uses As technology advanced, developments in manufacturing and energy
generation processes required transparent materials able to withstand higher
temperatures and pressures than conventional silicdbased glasses, leading tdevelopment

and useof single-crystal sapphire3 windows.

More recently, sapphirehas been deemed valuabla the field of optical sensingdue to its
high melting point and corrosion resistance compared with traditional silicabased optical
fibers. As methods forthe production of high-purity single-crystal sapphire optical fibers
(SCSF)Wwere improved4, innovators began applying traditional sensing techniques to
sapphire components, resultingn temperature>7 and gas sensorswith high levels of
accuracy in extremely hot and corrosive environments. The advent of such resilient optical
sensing devices enaled monitoring and control of high temperature processes, allowing
continuous operation for longer periods of time thancan be provided by glass and

platinum-based sensors.

However, sapphire is far from ideal for use in optical sensors and data transmitters. Its
large refractive index relative to surrounding air and large core size results in an extremely
high modal volume, which contributes to high loss, modalispersion, and decreased
detection sensitivity10.11, These shortcomings reduce the contrast and resolution of
established sensing techniques, prevent effective distributed sensing, and can even

preclude the use of certain sensig methods altogethe#2.13,



The extreme environments in whichsapphire optics are applied prohibit the application of
traditional cladding techniquesto reduce the refractiveindex disparity, and current
sapphire fiber fabrication methods are limited to production of relatively large fiber
diameters (sapphire fibersmeasuringno less than 50um in diameter areurrently
available commercially). As a result, sapphirébased optical devices are often inferior to
silica counterparts in all regards excluding survivability. As sapphire remains the most
promising material for extreme environment optics, reducing the modal volume of
sapphire optical fibers below that of current commercially available items would enable

tremendous advancements for sensing in high temperature and highly corrosive locations.

Tapered sapphire optcal fibers have not yet been demonstrated in the literature, though
the effects of tapering on an optical fibers pr operti es have b.een
Tapers can be used to increase the sensitivity of sensing schemes or produce spectral

broadening!415, as well as reduce 103618 or even alter the mode field profiel2.

Other sensing methods are enabled en one or more dimersions of a waveguide are less
than that of the light it is guiding. \éry interesting and useful propertiesmay be exploited;
increased power in the evanescent field (the field of light guided outside the core of the
optical fiber) 1819 enables higter-sensitivity gas detectior?9-23 and refractive index
sensing42 than standard-diameter fibers, while a tapering effect can add increased
sensing capabilitie$8.27, reduce l0s$6.17, and even introduce spectral broadening or
supercontinuum generation (where the wavelength of light exiting the fiber shifts

substantially from that which entered the fiber)2s.
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Silicabasedsubwavelength-diameter fibers (S D F tas be producedby modifying the
standard manufacturing methodand continuing the draw of the fiber until its diameter is
sufficiently small29:30. However, as the verproperties that make sapphireideal for high-
temperature sensing prevent this type of manufacture, no successfuttampts have
previously been reportedto produce a sapphire optical fiber with subwavelength diameter,

or to describe its anticipated or observed properties

The development of a procedure to predictably reduce the diameter of single crystal
sapphire optical fiberfrom its commercially-obtainable size to diameters that support
much lower modal volumerepresents an enormous step in the development of high
temperature and exteme environment sensors. With modal dispersion reduced, the
resolution in distributed sensing systems that has been demonstrated in silica optical fiber
systems could be applied to their higtemperature sapphire counterparts, and production
of single-mode sapphire fiberwould enableutilization of features such asntrinsic Bragg
gratings (sapphire FBG )dor enhanced reflectancebased strain and temperature sensing
systems.The capability to further reduce sapphire optical fiber to subwavelength
diameters also enablesin entire class of evanescent field sensing; in addition to Hgr
temperature survivability, sapphire SDF'sdo not suffer from attack by water vapor that is
devast at i ng Ztmeaniag alsapghie SBPgerstAs inherent value at normal

operating temperatures in addition to extreme environments.

The remainder of this document describeshe theoretical design considerationgor LMV
sapphire optical fiber, the experimental procedures used to produce tise fibers, and the

observed behavior of LMV sapphire devices; the correlatioof observed data with



theoretical predictions is discussed as well as the practical implications afl findings on

related sensor design.



2 THEORETICAL BACKGRAND
There are a plethora of important and interesting properties to consider when attempting
to predict and model the useful qualities of aeduced-mode sapphire deviceTwo pertinent
aspects toconsider that encompass the majority of properties relevant tdow-modal
volume fiber are the calculation of supportedmodal volume andfraction of core

confinementin a reduceddiameter device

2.1Modal Volume Reduction

A foundational principle in the field of fiber opticsregards the fact thatlight can beguided
by a transparent material if the refractive index of thecore(the central portion in which
light is transmitted) is greater than that of the cladding(the medium surrounding the

core), forming a waveguide Light is considered to be guided if the majority of its power is
contained by the waveguide as it transmits from one position in the waveguide to another.
The difference between the refractive indice®f the mre and claddinghave a great effect

on the angle at which light ignternally reflected.

The corecladding refractive index disparity is expressed as the sine of the maximum angle
of acceptance for light entering the fiber, or the anglat which light may enter the fiber and
be totally reflected internally rather than refracted through the claddingor reflected off the
endface This is known as thewmerical apertureand is estimated mathematically in Eq.
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Where j is the refractive index of the surrounding medium (typically air).

The principle of total internal reflection is most simply represented in rayoptics form by
diagrams suchasFigure 1. In this illustration, one can easily mvision an optical fiber

guiding rays of light througha series ofrepeated total internal reflections.

n,.=1.00

n,= 1.480

n,= 1.44

Figure 1: Simplistic ray approachillustrating total internal reflection32,
However, the transmittance of light through a waveguide is not nearly so simple. As light
travels down the optical axis of avaveguide, it propagates in the form of distinct radial
power distributions known as modes two examples are illustrated inFigure 2. If an optical
fiber supports the continued propagation of more than one mode, it is considerad bea

multimode fiber.

LPo,1 LP 10,6

Figure 2: At left, a simple mode with high core confinement is representeg@ivhere regions of highest intensity
are red and lowest are blue) At right, a more complex, higheorder mode is illustrated. Mode illustrations
provided by RP Fiber Calculator software,



High modal volume can present issues imany applications; higher-order modescontain
more complex radial intensity distributions andare oftenmore“ | o shanyliow-order
modes meaning they allow ahigher percentage of light to propagate beyond the core
region and into the cladding, where itypically cannot continue to propagate and

eventually escapes

As a result of the difference in corecladding power distribution among modesgach mode

is defined by its own effective refractive indexwhich varies slightly from the refractive

index of thebaselinewaveguide material, causingdifferent modesto travel at slightly

different velocities. This modal dispersioncauses light to spread along its pathsait
traverses the waveguide, which can adversely
and sensing properties. Modal dispersiofimits the rate of data transfer (the slowest

modes of one packet of information must reach the sensor before the fastesbdes of the

next packet of information) and causes individual laser pulses to broaden idistributed

sensing applications, reducing resolution

2.1.1 Modal Volume: Exact Calculations
Modal volume can be predicted with high degrees of accuracy usingmplex detivations
that encompass the entirety of relevant optical theory. While these equations are unwieldy,
a few dozen lines of code in a program such ddathematicé#’ allows a computer to take
out the complexity (provided enough memory andime for calculation). This section
describes the derivation and use ofprecise modal volume calculations deeper discussion
of these derivations may be found in fundamental phonic and waveguide theory

textbooks.31.38



We will start with the Helmholtz equation as it is modified fora cylindrical coordinate
system(Eq.2). It will be helpful in envisioning the utility of these equations to keep the

cylindrical coordinate system in mind as it relates to amptical fiber (Figure 3).

§2U 18U 18U &*U
— +-—+—-—+—+n?kiU =0 Fq.2

&re r or ré dp 2 Gz?

Where Urepresents thefield distribution ( = (, , )), nis the refractive index (of

core/cladding, to be distinguished later) and  is the vacuum wavenumber ( = 2—).

Guided modes travel along the-axis with unique propagation constantdabeled £, which

may be numerically determined after constraints areset to reduce unknown variables The

z-direction dependence ofUis representedby . Since the angle is periodic, U ( gdn

take the harmonic form , Where is an integer representing the periodicity of the

function.

By substitution of the U(z) and U ( gelations, Eq.2 becomes



d?u  1du 2 2 2 Iz) . Eq.3
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A mode is bound if the value of its propagation consté is between that of the
wavenumber in the core and cladding ( o< < 0)- We can use this relation to

define two parameters to simplify future steps.
k3 = nZ ki — B> Eq.4

2 _ p2 2 1.2
Y° = B° —ngk;j Eq.5

These relations can be used to distinguish the rate of changefigld distribution in the core
(using )fromt hat i n the cl| addiBg@requysindistiScut bst i t uti on

differential equations describing thefield distri bution of the core and claddingseparately.

du  1ldu 2 ;'-’-)

a2y adr = Eq.6

dr2 | rdr + (kT 2)u 0 forr < a(core) q
dz_u"'l_ (},2 +£)’H= 0 for r > a (cladding) Eq.7
dr? = r 72 _

Eq.6 and Eq.7 are standard differential equations whose solutions are two varieties of
standard Bessel functions. Therefore, the solutions of these equations can be described by

Eq.8.

Ji(kyr), ¥ < a(core) Eq.8

u(r) o [
K (yr), r > a (cladding)
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Where () is the Bessel function of the first kind and ordevand ( ) is the modified
Bessel function of the second kind and ordet Mathematically, there are multiple solutions

possible but only the real solution is relevanto these derivations

The separation ofu(r) into distinct functions representing the core and cldding field
distributions allows us to set an important boundary conditiorthat will help reduce the
number of unknown variables to a solvable quantity. We know that thield distribution
must be continuous at the corecladding interface, so we can begito work toward an

equation that takes advantage of this assumption.

First, we will normalize the parameters and yto the core radius and redefine them for

convenience:

X= krﬂ Eq.9
Y = ya Eq.10

If we reason fromEq.4 and Eq.5 that the following statement is true:

ki +y* = (n] —nd)ki = (NA? « k§ Eq.11

Then we can arrive attq.12 through substitution and simplification.

X?+Y?=V? Eq.12

Now, with these substitutions and simplificatons in place, we can enforce our boundary
condition, asserting thatu(r) is continuous and has a continuous derivative at the core

cladding interface (where = ). This results inEq.13.
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krafj(kra) _ yaKj(ya) Eq.13
Jitkra) — Ki(ya)

Changing the derivatives of the Bessel functions to their mathematical identitie& (.14

and Eq.15) will simplify the final equation.

JE(I) = if{il(x) + I% Eq.14

.r Kjix
Kj(x) = K14 (x) £ U Eq.15

x
Substituting these identities intoEq.13 along with the previously-established normalized

parameters Xand YYyields the characteristic equatiorifor a step-index optical fiber:

Xh_,_l{.‘k'] _ YKHlI:F], Y = m Eq.16

Ji(X) Ki(¥)

Sincewe know V(dependentsolelyon t he fi ber’s radius and refr
core/cladding), we only have oneunknown variable, X for a given azimuthal index/. The
mode indices/mand /describe the radial intensity pattern of a given mode in the manner

illustrated in Figure 4 for severallower-order modes.
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Figure 4: Radial intensity profiles d individual modes asdescribed by the indicesmand /39.
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This equation will allow us to solve for the modal volume of our system by simply plotting

the left-hand side (LHS) and righthand side (RHS)f Eq.16 together vs.Xas - and
counting the number of intersections of LHS and RHS (i.e. where LHS=RHS at a given value
of XJ. Each intersection contains a value for the propagation constang of a mode; sinces

is unique for each mode, the number of distinct propagation constants discoverésd

directly related to the total modal volume.A plot is made for each azimuthal indexand the
number of modes represented by radial indicegn are recorded,beginning with = 0 and
increasing by integersuntil no solutions are found, then summing the total number of

intersections to determine the total number of modes

As an example, the process is illustrated iRigure 5 for a sapphire fiber in air with a radius
of 2um using a transmission wavelength of 1450nm. The maximum number of
intersections is found when = 0 and intersections continue to decreaseintil no solutions

are foundwhen =10

[=0 =1 ‘ =2 =3 l=4
a=2um 7 .
A=1as0mm - g =6 =7 =8 =9
Figure5: 23 intersections are counted over all azimuthal

A total of 23 intersections can be counted for all azimuthal indices. Two modal
polarizations are represented byevery counted intersection, as well as another two helical
polarities for every intersection except forthose at = 0. Therefore, for the 23

14



intersections counted above, #otal of 84 modesare determined to be supported by this
fiber system.

2.1.2 Modal Volume Estimates

Modal volume (the number of “bound” modes sup
numerically using a parameter referred to as the/-number, quantified inEq.17 (as

derived from Eq. 12 and related mathematical substitutions)The following Eqg.17 through

Eq. 19may be found in most fundamental waveguide texts and are here displayed in the

format presented by Saleh and Teich.
vV ="aNA Eq.17

Where is the wavelength of transmitted light, is the radius of the core, and is the

numerical aperture,defined previously in Eq.1.

Essentially, a larger Yhumber indicates a larger number of supported modes. While the-V
number itself is an exact, quantifiable parametewnsing its value alone to predicthe
number of modessupported by a waveguidecan only result in an estimate, as the
propagation of modes is too complex to be modeled using such simple equatioi$e
accepted estimation equations are therefore unable to accurately quantify very low modal
volume (error is in the range of 56200% depending on the estimatiorusedwhen
predicting the support of just a few modes) but quickly becomaccurateto within 8-10%

as 145, and the amount of errar becomes diminishingly small asl/continues to increase

There are several equations that may be used to estimate the number of modegpported

by a waveguideusing only the \\number. Each is suited for different geometries or

15



cladding types, such as a rectangular waveguide vs. circular fiber, or stiyglex cladding vs.
graded index. For tle purposes of modelingair-clad sapphire fibersthe relation suited for a
step-index fiber is best where it is assumed that there is only one distinct value for the

refractive index of the core or cladding

&
|

M~ —V? Eq.18

Eq.18 is especially accurate at very high values df(where Vis well into the double digits,
meaning the radius is very large, the wavelength is very small, and/or the refractive index
difference between core and cladding is high An alternative estimate is also accurate for

step-index fibers, and tends to be more so at lower values ¢f(Eq.19).

vz Eq.19
2

¥
M =

It may be helpful at this point to give some practical numerical reference points for the

equations and parameters just described. Because of the very large refractive index

Il

difference between sapphire and & ( = 1.7 aepending on wavelengthand
1. The refractive index of silicaiss 1.4 5 1.5 Hor reference34), the calculated value forl/
based upon the theoretical NAs very large for uncladsapphire fiber, causingan extremely
high number of modes to besupported. Figure 6 provides a graphical representation of the
modal volume estimate forair-clad sapphirevs. wavelength usingeq.19 and the
theoretical numerical aperture based solely on refractive index of sapphire and aifhese
numbers are calculated assuming a core diameter of 50um, which is the smallest

commercially available sapphire fiberdiameter ever available at this timé>.36,
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Number of Modes in Air (50um diameter core)
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Figure 6: Eq.19 estimates an extremely high number of modes supported by sapphire in air
The estimation indicates that the number omodes supported by an uncladbOum diameter
sapphire optical fiber in airacross its standard transmittable spectrum ranges from
~820,000 modesat =2 00 to~625modesat =5 5 0 0; even at longwavelengths,

many lossy higherorder modes will besupported.

It is also useful to calculate the maximungore radius that will only support one
propagation mode (i.e. the largest singlenode sapphire fiber one can producewithout
cladding). While the number of modes using the ¥umber can only be estimated, the
single-mode limit as it relates to fiber diameter can be calculated extg. Using precise
relations derived in Section2.1.1, the singlemode limit occursat = . . The
maximum sapphire fiber raduswhere = 2.4 0 Based on theoretical NA/s. transmission

wavelength is plotted graphically inFigure 7.
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Figure 7: Maximumtheoretical sapphire fiber radius for singlemode operation in air(i.e. the radius at which
V=2.405 using the theoretical NA for airclad sapphire)The change in sl ope near
related to the measured change in refractive inex of eplane sapphire (Appendix0)
Using this relation, it is determined that thetheoretical maximum sapphire fiber diameter
for single-mode operation in air is aminiscule 94nmat =2 0 0 and 3.4um at =

5500.

2.1.3 Modal Volume Calculation Comparison
The exact number of modesupported by a waveguidecan be calculated using the process
outlined in Section2.1.1 However, as this method requires quite a bit of time and effort to
complete (even withcomputer assstance), it is often more convenient to use one of the

approximations previously described(Eqg.18 and Eq.19).

Fortunately, these approximations areeasonablyaccurate, even at the relatively low V
number calculated for the system demonstrated ifrigure 5. The exact number of modes
calculated for this system (air-clad sapphire withradius =2 p anwavel eagth

1 4 5 0) was found to be 84; the approximation oEq.19 estimates a reasonable 79

18
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supported modes, and tle amount of relative error for this approximation will only

decrease as - o,

iz 2) is also found to be accurateFigure 8 plots the \-number

TheEg.18 estimate ( =

vs. calculated number of modes, where the exact modal volume is represented by the stair

step function andEq.18 is represented by the orangeurve.

10

0 | | ! | |
10 20 30 40 50
Number of Modes

Figure 8: Comparison of Vhumber vs. number of modes for the precision calculation and thestimate reveals
reasonable agreement.

2.1.4 Methods for Reducing Modal VVolume
Since modal volume is a direct function o¥/in theseestimations, lowering the V-number
becomes the engineering focus/hen the production of LMV fibers is desiredIt will be

convenient to recallEq.17 at this point (with NA substituted for its equivalent terms).

' 2 Eq.20
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Survey ofEq.20 reveals three possible methods for reducing the value df. Onemay be to
increase the value of the transmitted wavel en
it is not a practical soution since specific wavelengths are@ised for designed purposes (for
example,low core material absorption wavelengths for lowloss transmission or

wavelengthsat which detectable gasses absorb strongly in sensing applications).

This leaves two viable metlds for reducing modal volume if one would seek to retain
freedom to tune the wavelength of transmitted light. One must either reduce the disparity
between the refractive index of the core andladding or reduce the radius of the fiber core
To somedegree, designed optical fibers take both factors into account, though one

parameter is typically given more attention depending on its end use.

Refractive Index Tuning: Claddings

Reducing the refractive idex difference between core and cladding is theethod most
commonly attributed to modal volume reduction. There are three primary methods
typically employed to tune the refradive index of the cladding solat it is only slightly less

than that of the core.

The simplest method is to cladhe fiber corewith a material that has a slightly lower
refractive index. In silicabased fibers, this ismost commonlyachieved by cladding the ore
with another glass containingspecific additivesor similarly doping the core tofinely tailor
the refractive index. Theresult is a step-indexfiber, so-called because there is a distingt

constantdifference between and that is consistentat any pointwith in the

core or cladding. This model also applies to unclad fibers such as the sapphineair model

20



that is most relevant to this research, where the sapphire fiber makes up the core arfet

surrounding air becomes thecladding as far as optical properties are concerned

A second method involves cladding the core with a material that varies in composition
radially from the core-cladding interface to the claddingair interface using a very specific
doping profile. The result is agraded-indexfiber, where the refractive index difference may

be very small nearthe core-cladding interface but then increase continuously outward.

One specific advantage of this type of cladding (in addition to modal volume reduction) is
the ability to standardize the travel velocity of all supprted modes. Since higheorder
modes tend to travel more slowly than the fundamental modes analso propagate with
more of thelir power near or into the cladding, a gradientindex profile can help reduce the
difference in travel velocity and therefore incease the possible data transfer rate by

reducing the time elapse between modal fronts of the same information pul4&l,

A third method involves the introduction of an arrangement of tubes or powdearound the
core of the fiber.The arrangement is then heated and/or drawn, resulting in a distribution
of holes or pores that can be ordered or random depending on the design of the preform.
As long as thecreated holes or pores are within certain parametersaneffective air-average
indexis experienced by the transmitted light (i.e. the refractive index is somewhere in
between that of the core material and air, reducing the overall refractive index of this
region). While the function and utility of this methodis much more complex than this
simplistic explanation affords*2.43, the basic concept of seaalled holey optical fibers can be

understood in this manner.
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Modal volume canalso be altered through introduction of precisely uniform array s of
lengthwise holes forming a photonic crystal fiber (PCP¥-49. As the mechnism for modal
manipulation in a PCF relies on an optical bandgap created by the periodic structure rather
than altering the refractive indices of core and claddingthis variety of optical waveguide

remains outside the scope of the previously described adal volume estimation methods.

Sapphire CladdingDifficulties

Cladding technology has been perfected for lostemperature optical fibers composed
primarily of either polymers or silica and therefore is the preferred method for modal
reduction and other sud tailoring of favorable properties. However high temperatures
and harsh environmentsprevent seamless implementation othesetried -and-true cladding

methodologiesin application to sapphire opticalfiber.

First of all, a suitable claddingnust stand upto demandsof use inhigh temperature and
corrosive environments. The cladding itself must maintain its integrity at very high
temperatures (sapphire optical fibers are usable up to ~2000°C depending on the sensing
schem¢€50.51) and must also have a coefficient of thermal expansion that similar to that of
sapphire to prevent delamination or othe discontinuities. The cladding mustbe
invulnerable or resistant to chemical attack in highly corrosive environments to qualify for

use inmany applications of interest.

Secondly, the claddingnust not diffuse at thesehigh service temperatures Some effective
traditional claddings utilize a speally-tailored dopant profile to achieve their fine
refractive index matching which could change in a matter of hours in service, throwing off
sensingcalibrations and increasing the refractive index disparity thatvas so carefully
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designed If a cladding is formedrom a single composition that happens to have a suitable
refractive index (rather than using the core material as a base and adding dopantsadjust
properties), it must also resist diffusion into the core, which could similarly disrupt

properties and increase scattering.

Holey fibers are difficult to fabricate using sapphire, as its physical properties are such that
many methods for producing pores in a silica fiber do not directly translate (similar to the
difficulties in SDF fabrication described previously). To date, successful production of a
random hole sapphire fiber has not been reported, thougtordered-hole arrangements and
sapphire RCF’ s h adensonshrageebt3. Smilar concepts could be applied to designed
fiber geometries using masking and selective et¢hg as an extension of the experimental

work described later in this document

Fiber Radius Reduction

The remaining method forreducing modal volume is to reduce the radius of the fiber core.
This has beenachievedin silica-based fibersthrough adjustment of the standard
manufacturing parameters (specifically heat profile/temperature and draw rate)to reduce
fiber radius. Through additional modification, silica fibers have been produced even down

to subwavelengthdiameters!8.22,23,28,30,54

Being crystalline rather than amorphous, apphire does not soften likeglass under heat
and therefore cannot be drawn into fiber in this manner. Sapphireptical fibers must be
grown from a seed crystal using equipment that requires high amounts of precision in its
heating profile, material feed rate, and stage movement; ragttions in these parameters
haveresulted in a practical minimumsapphire fiber diameter of 50um or s@°:36, The most
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common method for producing saphire optical fiber is calledlaser-heated pedestal

growth (LHPG) and is the method used by the manufacturer of SESised in this research

2.1.5 Methods for Measuring Modal Volume

The total modal volume supported by a multimode fiber can be accurately estimated using
the previously-described predictive equations and models, but it is difficult to verify
experimentally. Fibers supporting only one or few modes can be analyzed usingaamge of
methods with high levels of accuracy. As modal volume increases, however, the complexity

of modal analysis methods and potential sourcesf error also rises.

Below, Table 1 provides a summary of nine published methods thatan provide

information pertaining to the modal volume supported by an optical fiber as well as
specific advantages and disadvantages of each technique, including the relevance of each
method to the measurement of modal volume reduction as a function of deasing

sapphire fiber diameter.
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Table 1: Review of modal analysis methods applicable to optical fiber experimentation

Test method

Description, Purpose, Advantages

Limitations, Disadvantages, Relevance

References

Spatially and
Spedrally Resolved
Imaging (&
imaging)

-Uses a singlemode fiber probe as a scanning
spatial filter, which traverses the tip of the
fiber in testing to gather local intensity
information based on coordinates

-Is interferometrically based; spatial and
spectral data are collected and the optical
spectrum is analyzed (Fourier transform) to
distinguish relative power of individual
higher-order modes propagating at the region
of interest

-Highly sensitive (can discern even weak
higher-order modes)

-Can distingush between surface scattering
and scattering occurring along the length of
the fiber

-Limited to large-mode-area fibers
(mode area >100un®, or even
>1000um2) with low modal volume.
Sapphire fiber samples demonstrating
low modal volume (LMV) have a
maximum mode area of 1535um? at
the tested wavelengths (assuming
maximum core/fiber radius of ~3um)

-Information is gathered point-by-
point using a SMF probe; LMV
sapphire samples in question are
smaller than typical SMF core (>8um
diameter)

-Requires the tipof the fiber to remain
stable and secure during analysis since
data is highly dependent on location
reduced-diameter sapphire fiber is too
small to remain perfectly rigid, and
attachment to a platform could alter
the guiding properties

55
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Wavelength-swept
modified & imaging

-Uses fundamental concepts of23maging
(data analysis) but sweeps wavelength and
images/discerns/transforms the entirety of
the observed output rather than physically
moving a SMF probe to gain isolated local
information

-With known fiber length, wavelength, and
group velocity of expected modes, the phase
shifts between modes can be calculated,
allowing for precise knowledge of
interference locations (x,y) as well as
individual mode power fraction

-Not limited to large-mode-area fibers, since
the entirety of the near-field pattern is
magnified and analyzed rather than requiring
a smaller probe to gain local information

- Much faster than Simaging since
wavelength is swept rather than physical
movement of a probe

-Requires magnified nea#field images
(not far-field)

-Expected modes must be known
(values for group velocities for
accurate deconvolution)

-Requires a wavelengthsweeping
source and corresponding camera or
photodetector sensitive to those
wavelengths

-Still requires securing the fibe tip for
accurate comparison of neaifield
projections

56

Near-field/Far -field
algorithm

-Uses observed neafield and far-field images
to experimentally determine modeprofiles
after deconvolution using an algorithm

-Requires use of a very complicated
algorithm that is highly sensitive to
non-symmetrical irregularities

47
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-Merely requires nearfield and far-field
images to acquire mode information

-Designed for wuse wit
core radii (in the range of a few microns)

-Ideally uses a wide range of
wavelengths (such as a swept source)
to increase accuracy

Transverse/Wavele
ngth swept S

-Essentially a combination of the standard S
imaging and wavelengthswept & imaging

-Has all of the limitations described
above for S imaging and wavelength

57

imaging techniques outlined above swept S imaging as well as their
combined complexities
Phase Mask -A binary phase mask is inserted between the -Not designed for characterization, but| 5859
Selective Mode laser source and fiber to be tested, enabling | rather for practical application of
Excitation excitation of specific modes, if they are selective mode excitation

supported

-Additional refinements, such as wavelength
scanning, provide enhanced mode stability
information

-Results in very clear mode intensity profile
images

-Requires omplex equipment to
execute, and either amplitude
information is discarded in the far
field projection or even more
equipment and in situ adjustments are
required

-Conditions would need to be changed
individually to excite modes oneby-
one
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Spatial Light
Modulated Selective
Mode Excitaton

-Uses dynamic holographic generation to
control input intensity and phase distribution
to selectively excite desired modes

-Allows for excitation and characterization of
specific modes

-Alterations can be made to the system (i.e. td
change the desirednode to be characterized)
without mechanical realignment

- Requires very complicated setup

-Mode excitation and analysis must be
conducted oneby-one, although this
could theoretically be done using
software if a LCD mask is used

44

Launch Condition
Verification

-Near-field and far-field patterns are
observed, then input conditions were varied
(launch angle and position)

-Bends and twists are introduced into the
fiber and projections are again observed

-If any of the above do not change the
observed neafrfield and far-field patterns,
single-mode guidance is strongly supported

-Only supports observed occurrence of
very low-order modes; cannot directly
guantify modal volume

45,46,60,61
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Cladding modes
stripped launch
condition
verification

-Similar experimentation conducted as with
the previous “launch
except indexmatching fluid is used to strip
cladding modes

-Near/far -field is observed to see whether it
appears to be similar to known fundamental
mode profile

-This method is irrelevant to current
sapphire samples since the cladding is
the surrounding air

46,60

Spatial interference

-Light from the test fiber is collimated with
that from a known SMF,; if a stable
interference pattern is observed, singlemode
behavior is likely

-Qualitatively supports observed single
mode behavior; does not quantify
modal volume of an LMV fiber

60,61

29




To reduce the modal volume of akclad sapphire fiber such that only relatively few modes
are presentin the visible-near IR wavelength rame, the fiber musttheoretically be a few
microns in diameter or less. To date, no true quantitative method for analyzing the modal
volume of a highly multimodal fiber has yet been developed. Several methods exist that can
provide more detailed modal information than nearfield and far-field analyses alone?®:56,

and some can even help quantify modal volume dinly a few modes aresupported>8.59,

These methods often require complicated setup and rely on humajuidanceto determine

the parameters used in analysis and artherefore prone to error. It would be ideal to find a
test method that allows for discernment of all excited modes to yield more accurate modal

analysis.

& imaging®® offers an innovative potential solution since it has the ability to discern
individual modes of relatively high order from the overwhelming signal of lowerorder
modes (as well as interference and superpositionsf all modes). However, thgproposed
method would not be pssible for smaltdiameter sapphire fiber samples, as its method of
using a SMF fiber probe to scan the test fiber tip and gain local information limits its
application to fibers with a much larger mode area (as well as fiber diameter itself). This

method is not applicable to modalanalysisof LMV airclad sapphire fibers

The wavelengthswept modified & imaging methocP® is a viable testing option for LMV
sapphire fiber samples. This method observes changes in nef@ld patterns as a function
of wavelength (which is swept at fine intervals the authorswho originally proposed this

method captured an image every 0.01m), eliminating the need for a spatiallyscanning
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SMF probe, which in turn lifts thelimitation of usesolelyin large modeareafibers. Near

field images are magnified and captured in their entirety and changes in spatial intensity
are discerned as part bthe data processing, which igssentially identicalto the Fourier
transform method used in the standard Simaging process. The authors tested a PCF with a
mode field diameter (2.8um) that is comparable to that of LMV sapphire fibggroduced in

the research presented later in this document

Logistically, one concern with using this method for reducediiameter sapphire fiber
analysis is securing the sapphire fiber tip without causing distortion of the data; aiclad
LMV sapphire fiber is so small (only dew microns or less in diameter) that itcan be
deflected bysmall disturbances in the air around it; the tested fiber would need to be
secured near its tip to ensure the mode fields can be aligned for analysis. However, as the
fiber is unclad and furthemore is of reduced diameter with more power theoretically
transmittable in the evanescent fieldany method used to secure the fiber near its tip

would likely cause changes in the observed output.

Additionally, obtaining near-field projections instead of &r-field could be difficult since the
mode-field properties of small LMV sapphire fibersyield an estimated Rayleigh length (the
transition point between near-field and far-field projections) in the tens to hundreds of
microns, so the magnifying objective lens would need to be placed within this distance to
the tip of the fiber. There are ale equipment limitations, as the only wavelengtksweeping
source available in the laboratory at the time of this research is in the 1520670nm range
but there is not a corresponding CCD camera or beam profiler at that range. If these

difficulties could be overcome, this method may provide useful information, though the
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literature proposing the technique does not fully explain the scope, limitations, or depth of
this method, so it may be that it is not sufficiently precise to enable accurate modal volume

anaysis.

The nearfield/far field algorithm method 47 is theoretically sufficient for testing of small
sapphire fibers assuming neaifield measurements can be accurately obtained, but it is
very complicated and requires additional equipment (wavelengthswept source and
corresponding beam profiler, just to name a few) to increase accuracy. Additionally, it is
very sensitive to any irregularities; the author mentions that stepindex fibers would
require uniformity of refractive index in the core to 1 part in 1. While the sapphire LMV
production process described later in this document has demonstrated surprising
cleanliness and repeatability, it may not be within the extraordinary tolerances needed for

accurate measurement using this method.

The various selective mode excitation methods (most prominent beingpatial light-
modulated selective mode excitatioP® and phase mask selective excitatidd) have the
potential to allow for individual counting of modes as long as the specific mode field
patterns present are known. Sectior2.1.2contains a method for @lculating the mode
indices of all supported modes, so the mode field patterns can in fact be anticipated and
used for these methods. However, these selective mode excitation methods still require
modes to be analyzed ondvy-one, which is not practical ifany more than a few dozen
modes are supported. Additionally, detector sensitivity becomes an issue, as many higher
order modes may be supported and present in the intensity profile but have intensities that

are too low to be reliably discerned, therefore ausing potential inaccuracies in
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experimental measurements of modal volume. These methods also seem to assume stable
mode propagation along the entire length of the fiber once a mode is selectively excited (i.e.
light does not leak from the masknduced maode to excite other modes during its
propagation), but evidence from experiments described in Sectiof.3.4suggest this may

not be a vdid assumption at all fiber lengths.

The analysis methods described above appear to be designed either fordapth
exploratory analysis of individual mode profiles or for alteration of transmission behavior
for operational use (i.e. to excite certain modes to reduce modal dispersiam have
properties favorable to the application at hand),and arenot particularly intended to

discern the number of modes supported by an optical fiber.

The most practical methods for measurement of modal volume are qualitative in nature,
though verification through application of several of these methods can provide strong

support for observed modal behavior.

Direct observance of the faifield (or near-field) patterns46.60 provide relevant information
regarding the actual intensity profile of light at given inputwaveguide, and environmental
conditions. Greater depth of information can be extracted from these profiles using
equipment such as a camera beam profiler, as vatis properties of the beam can be
calculated in addition to accurately capturing the intensity profile itself. Therefore,
methods based on the analysis of fdield projections may provide the most practical
information for analysis of LMV sapphire fibesince the limitations of these methods are
well-known and the obtained data is reliable. A method for analyzing the decreasing modal
volume of sapphire optical fiber as a function of diameter that is consistent when modal
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volume is high as well as low hasden designed over the course of this research and is

described in detail in Sectior3.2.1

2.2Numerical Aperture Measurement

The numerical aperture is & important factor in the theoretical predictions of modal
volume presented in Section®.1.1and 2.1.2 The theoretically-calculated numerical
aperture does not always agree with the measuredffectivenumerical aperture, however.
The true refractive index of a material is represented by a réand imaginary part

guantifying the phase velocitynnand extinction coefficient®¢2 (Eq.21).

f=n+ix Eq.21

While the theoretical calculations for NA of weaklyguiding waveguides (i.e. those with a
very small difference in refractive index between core and cladding) are typically accurate,
meaningless values are produced in systems with large index disparity such as aiclad
sapphire. Specifically, an NA of ~1.4 is predicted for atlad sapphire over the visible
wavelength range, but NA values greater than 1 are impossible; numerical aperture
represents the sine of the maximum vergereangle of accepted light in a waveguide, and

the inverse sine of values greater than 1 are mathematically undefined.

As the theoretical equation used to calculate NEEQ.1) does not account for attenuation
and other factorsand therefore produces predictons that are meaninglessor air-clad
sapphire, measurement of NA for LMV sapphire samples is vitédr accurate prediction of
optical properties. Theoretical/effective NA disparities are especially common for LMV

fibers with a small (>10um) core diameter as well as fibers with a norcircular cross
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section (such as the roundeehexagonal cross section displayed by sapphire optical

fiber) 116364

The numerical apertureis defined as the sine of the maximum angle of acceptance for an
optical waveguide, or, alternativelythe sine ofhalf the maximum angleof divergence of
beam exiting a waveguide that has been overfilled.e. all modes have been excited through
injection of light via a beam with larger spot size from a medium of higher NA than the

waveguide under testing®).

There are several methods and standards regarding thmeasurementof numerical

aperture, all with the basicobjective of identifying this angle of vergenceSome methods
calculate NA by injecting light into the tested wagguide at a range of angles and measuring
the transmission intensity exiting the fiber,which will decrease as the injection angle is
increased compared with the intensity observed at a direct injection angle of GAnce the
transmission intensity drops toa certain value which can vary by standardout is usually

set at around halfthat of the 0° launch anglethe NA may be determined based on the angle
of injection at that cutoff intensity11. Other methods follow a similar technique, but vary the
NA of the input medium instead of the injection angké. However, thesemethods assume

all transmission reductions are purely the result of input NA wherother absorption or
surface scattering affects may bsignificant and also injectionangle dependent
Differencesin fiber length canalso affect measured transmission intensitieswhich cannot

easily be standardized across samplessing these techniques

Other methods involveoverfilling the waveguide with injected light and then measuring
the divergence angle of the exiting keam. Ths is done by either scanning gingle-point
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photodetector linearly or rotationally across/around the endface of the tested waveguide

and compiling the resultingx- or y-direction intensity profile to extrapolate a beam width¢

or by directly measuring the beam width using &£CD beam profiler asome distanceD:

from the waveguide’s endf ace atadotherdigtameb.i ng t h
The known differenceDi-D2 and corresponding difference in measured beam widthat each
distanceresults in a measured angle of divergence from which the effective NA may be

calculatec?’; this method is most accurate for measurement of singimmode waveguides

demonstrating a Gaussian intensity profileBoth methods define the beam widtltutoff at

somelower intensity relative to the intensity observed at the center of the beam, such as a

5% ( 4 dndensity value. The lastmethod is illustrated in Figure 9.

Figure 9: Numerical aperture of an overfilled waveguide can be determined through measurement of output
beam widths Wi and Wz at distances RandD;, yi el ding a vergence angl «

Both types oftechniques are acceptd for NA measurement, but due téhe non-circular
cross-section and small core size of LMV sapphire fibers, the latteariety was deemed

most accurate for this research.
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2.3Core Confinement

In the field of fiber optic communications,strong confinement of power to the core of the
optical fiber is preferred to greatly reduce the amount of loss experienced over large
distances. In sensing schemes, howevétrcan be advantageous to increase the interaction
between transmitted light and the surounding medium over short distancego increase

detection sensitivity.

When the diameter of @ uncladfiber core isnear orless than the wavelength of the light it
is transmitting, a substantial amount of guided power will exist outside of the fibeitself,
allowing some guided lightto interact with its surroundings. This evanescent fielabccurs
outside of the core of the optical fiber, and is soalled because light typically cannot
propagate sustainably and therefore diminishes along the length tiie fiber. An
evanescent field exists beyond the core of mosptical fibers, but the power within it
relative to that which is in the core isusually miniscule. With proper construction (such as
through the intr oduction of poresin the cladding?*3, creating irregular doss-sectional
geometries’8, or reducing the diameter as ira SDF3), a large amount of relative power is
transmittable outside the core and is guided; this property can be used to create highly

sensitive detectors for gas/chemials, temperature, refractive index, and other applications

8,14,15,17,20,2225,68-70

A sapphire SDF wouldhave increased sensitivity for eanescent fieldbased sensing than
other designs (such as the BBhaped fibe8.71) because the fieldexists outside of the fiber
core with radial symmetry. Furthermore, a tapered profile will have increased sensing

capabilitiesif it is properly designedi4.15,

37



It is therefore helpful to determine the amount of power that is confined to the core of the
fiber (and inversely, the amount of power in the evanescent field). This can be den
through a series of dervations resulting in the energyflux density-indicating Poynting
vectors (more thoroughly described byTong, et at8). The Poynting vectors can then be
used to calculate the relative power propagating inside and outside the core, resulting

the fraction of core confinemen$4.

2.3.1 Poynting Vector Derivation
We can get a headtart on the derivation of the Poynting vector equatias by branching off
from the work already completed in Sectior?.1.10f this text, as we will need to calculate
the aforementioned propagation constanigfor the fundamental mode ¢he only mode
supported by a sapphire SD}. We recall that the number of modes was calculated
previously by solving for the intersections of the LHS and RHS of the characteristic

equation as plotted vsXas - (EqQ.16).

For each solution (i.e. intersection) of the characteristic equation, there is a unique value

with respect to X This solution essentially/sthe propagation constant, and therefore can

be extracted by continuing our prevous calculations. Foe x amp |l e, |l et’ s consi d
characteristic equation solution for the fundamental mode (= 0) for air-clad sapphire

with aradius = 2 0 0 and transmission wavelength = 1 5 0 0, as plotted inFigure

10.
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Figure 10: Characteristic equation solution for the fundamental mode for = and = .Axes
are unitless.

The valuefor the unitless Xat the intersection of LHS and RHS is determined to be 1.134 in
this case. We caback-calculate the value for , and subsequentlys, usingEq. 22which is

essentially Eq.4 solved for S.

p= (k-2 o2

This results in aunitless S-value of 0.004625 in context of our example for the fundamental
mode of propagation; since theSDF only supports one mode, this is the only propagation

constant we will be required to calculate to discern core confinement fraction.

Next, we derive the Poynting vectorsEq.23 through Eq.28 are listed here as reported by
Tong, et at4. The eigenvalue equation for the fundamental mode as derived from the

Helmholtz equation will be
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5 , > , and V is as previouslyescribed inEq.20.

The Poynting vectors are divided into separate equations for core and cladding and
describe the magnitude and flux of power in a given direction. These are defined below in
Eq.24 and Eq.25, where  is defines thevector within the core (0 < < )and

2

describes thevector in the cladding ( < < ).
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2.3.2 Core Confinement Calculations
With the Poynting vectors ; and , defined, we can find the fractional power, , within
the core by integrating the Poynting vectors across their respective ranges oWith respect

to rand ¢, and calculating the ratio between power within the core and total power
transmitted .
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| s.d4

e | s.dd+ |5 ,d4 Eq.27

Where = 2 . . =

This ratio can then be used to determine the fraction of power confined to the core.
Conveniently, this ratio can be plotted vs. core radius for a specified transmission

wavelength; examplesfor =52 0 and =1 5 0 0in air-clad sapphireare below in

Figure 11.
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Figure 11: Fraction of power confined to core vs. core radius for = (leffyand = (right) .

The effect of fiberradius on core confinement fraction is easily seen fa given wavelength
using these calculationsintuitively, longer wavelengths propagate with more power
outside the coreof a subwavelength fiber compared with shorter wavelengthsfor aSCSF
in air wit h a radius of Z0nm, nearly all of the power ispredicted to beconfined to the core
at =5 2 0 ,whereas neartotal confinement of the fundamental mode does not
theoretically occur until the sapphire fiber radius reaches nearly 800nm if the operating
wavelength is increased to = 1 5 0 0. Calculation of the expected core confinement
allows one to engineer the power of evanescent field sensors by creating a fiber with a

specific crosssectional diameter.
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2.4Wet-Acid Etching Chemistry
The only known method for reliably and consistently reducing the diameter of a single
crystal sapphire optical fiber below the 5070um limit of bulk fabrication techniques is
wet-acid etching using amixture of sulfuric and phosphoric acids at elevated
temperature’2.

2.4.1 Historical Overview: Wet Etching of Sapphire Components
Mixtures of sulfuric and phosphoric acids have been used in the surface preparation of
various ceramics for decade®-79. The most common eneuse of acidetched sapphire
historically has been as a substrate for film growth for semiconductors and metals in the
development of microelectronics. In these cases;ptane sapphire substrates (i.e. the 0001
crystallographic axis is perpendicular to length and width of the substrate) are preferred
since the sapphire eplane best accommodates the crystal structure of the films being
grown75>79, Wet-acid etching is used to ideally create an atomically smooth surface after

mechanical polishing.

While numerous studies have been conducted to better understand the chemistry and
effects of the acidetch process on glane (0001) sapphire, some disparities in published
findings exist (contradictory findings are acknowledged by recent author®.7677 versus
foundational researchr>78 without much explanation as to the cause of the disparities), and
there seems to be no discussion of the etch rate of the 20 (a-plane) orientation, which is
the plane perpendicular to the optic axis in a standard-plane sapphire optical fiber and
therefore the surface that is etched to reducés diameter. The distinction between the

orientation of interest for traditional sapphire wafers and sapphire optical fibers, the latter
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being of interest in this work, is more clearly illustrated byFigure 12.

C Axis )
1 C plane
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Figure 12: Relevant crystallographic orientations of sapphire. Yellow arrows indicate direction of etching for
surface preparation of traditional sapphire wafers; green arrows represent direction of etching for
reducing the diameter of a sapphire optical fiber inltis research. Adapted front0.

As sapphire is not an isotropic material, onenay expect the weltstudied etch rate of

s a p p h iprare’'todiffer from the etch rate of the gplane to some degree. Since the
reduction of SCSHKliameter through wet-acid etching depends exclusively on the etching
behavior of the aplane orientation, this research benefits greatly from conclusive
experimentation determining the chemical effects and behaviors of sulfuric and phosphoric

acid mixtur e s-plamecrientatpmpp hi re’ s a
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The basic etching reactions for the phosphoric acid portionHq. 28 and Eq. 29) and sulfuric

acid portion (Eq.30and Eq. 31) have been documented &§:81-83;

Al:03 + 6Hs5P04 — 2AI(H:2P0O4)s + 3H:20 Eq.28
Al(H2P04)s + Al:0s — 3AIPO: + 3H20 Eq.20
Al*3 +nS042 — Al2(S04)y 320 Eq.30

2A173 + 3504 % + xH:0- Alz(504)5-xH20 Eq.31

At the temperatures at which etching occurs (>300°C), however, both sulfuric and
phosphoric acidsexhibit chemical changes. First, as reported by Dwikusurf@ both acids

will dehydrate at temperatures greater than215°C to become diacids.

2HsP0Oy — H4P207 + H:20 Eq.32

2H2504— H2S5:07 + H20 Eq.33

This transformation may have a significant effect on the etching rate, as acidity is also
increased (i. e. ,1=1.0 vs. pK2=2.1 for phosphoric acid; the change is less drastic for

sulfuric acid).

Further dehydration of pyrophosphoric acid (the diacid form) can result in the formation

of a few different varieties of polyphosphoric or metaphosphoric acid, the basic form being:

HO(PO2:0H):H Eq.34

Where xis the number of phosphoric units in the molecule.

Continued dehydration will finally yield anhydrous phosphorus pentoxidewith the
transformation direct from the diacid occurring a$:
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H+P2:07 - P:0s5 + 2H:20 Eq.35

The presence of sulfuric acid has been proposed to inhibit transformation of diphosphoric
acid to polyphosphoric acid>. However, this behavior has not yet been conclusively
proven.

2.4.2 Etch Deposits
While using the 3:1 acid mixture to prepard®?VD substrates, many researchershave noted
the propensity of insoluble etch productsto form and re-deposit on thesapphire
surfaces182.85 These etch deposits are insoluble in the etching solution and therefore halt
etching progress, forming an intermittent mask that degrades the optical quality of the
sapphire fiber. If the deposits are allowed to remain adhered to the fiber they will cause
surface scattering of any propagating light. If they are removed either mechanically or
chemically the fiber surface itself will be rendered uneven due to the maskingfett of the
depositsasetching continues after deposition, causing similar scattering issues he
propensity of this issueprevented useof this wet-acid etching method in many optical
applications until it was remediedthroughout the experimental development described in

Section3.1.2

Initial trials in this work alsonoted aluminum sulfate deposits on the sapphire fiber surface
as shown inFigure 13. Monoclinic in crystal structure,theseinsoluble aluminum sulfate
depositsform distinctive rectangular crystals that inhibit and eventually halt etchingat the
locations to which they are adheredEnergy dispersive xray spectroscopy (EDS) was
conductedduring scanning electron microscopy (SEM) of a sapphire fiber with these

deposits present, visible inFigure 14. The exclusive presence of the constituents of
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aluminum sulfate (aluminum, oxygen, and sulfur) combined with the clear rectangular
monoclinic crystal morphology strongly support the conclusion that these deposits are

indeed aluminum sulfate.

Figure 13: Insoluble etch productsformed on the surface of a sapphé fiber in the location of the airacid
interface.
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Figure 14: EnergyDispersive Xray Spectroscopy (EDS) confirms the exclusive presence of a.) aluminum, b.)
oxygen, and c.) sulfur in the crystallinaleposits formed during etching. Composite image layered upon SEM
image in d.).
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3 EXPERIMENTAL PROCERES
A reliable, tailorable, and scalable production method has been developedtimately
culminating in the first reported sapphire SDF2. The following pages contain a full
description of the procedural developmentfor sapphire fiber diameter reduction and
subsequent analysesThe refinements ard improvements made throughout testing were
instrumental in successful fabrication of testable devices, and-depth analysis of the etch

process chemistry lends greater understanding to the etching process itself.

3.1Sapphire (tical Fiber Etching Procedure

3.1.1 Etch Equipment Evolution
Feasibility studies werecarried out by simply heating the etch solution in a covered glass
beaker on commerciallyprocured hotplates. However, these commercial hotplates showed
great variability in temperature control and surfacetemperature as well as the inability to
reach the desired temperatures for efficient etching. Additionally, several ceramic hotplate
surfaces crackedafter incidental exposure tosmall acid drips it would have been
unsustainable to continue to replace thee expensive items. Finally, with a unidirectional
heat profile requiring a flat surface (such as a beaker bottom), the scope of the work was

limited and datawas inconsistent.

In response to these issues, custom heating equipmewss produced. In additionto
providing increased vesatility, temperature control, and durability, the cost of producing

dozens of these custom hotplatew/as less than the cost of one single commercial hotplate.

Easily-machinable refractory brick formedthe base; resistive heatingvire was woven

throughout as needed for each specific application, and small amounts of ceramic gaand
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alumina fiber insulation were used to secure the fiber and ensure even heat distribution. A
Variac variable voltage transformemwas connected to theesistive heating wire to allow
precise temperature control (as monitored by a standard glasshielded type-K

thermocouple immersed in the solution).

Several different types of custom hotplatewvere created. First, a hotplate supporting

standard in-beakerexperiments was made, as detailed in the following images.

Figure 15: Refractory brick is hollowed out to supportabeaker.
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Figure 16: Resistive heating wire is wound througtthe bottom plate.

Figure 17: The heating plateis inserted with wire coiling to exit.
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Figure 18: Completed setup as it boils water imninitial test.

These hotplateswould heat quickly, consistently, and efficiently. Manjynitial experiments
were carried out using about 60mL of the 3:1 acid solution in a 100mL beaker; usiogly

17 volts, the solution was fully heated to boiling (>340°C) in less than 30 minutes.

Other custom systens were alsocreatedfor a variety of purposes InFigure 19, a Ushaped
tube formed the primary containment vessefor the purpose of allowing reattime fiber
monitoring during etching, as the fiber could be fed through the tube and connected on
either side. InFigure 20, awider hotplate base was created to accommodate a &r vessel

such as a relatively highcapacity Erlenmeyer flask.
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Figure 20: Larger hotplate-style equipment accommodates large Erlenmeyer flask

Additional systems were created throughout the duration of the research using similar

components and techniquestailored to the desired processing outcome
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3.1.2 Method for Producing Low-Modal Volume Sapphire Optical Fiber

Custom etching equipment was built to accommodate the analytical needgproduced
LMV sapphire optical fiber. Som@otential sources for difficulty were anticipated and

designed accordingly while othersinitiated adaptation asissues were identified.

The most efficient manner of measuring modal volumes a function of diameter was
determined to be to attach the sapphire fiber to an optical connector before etching
allowing analysis to occur betweeretching sessionsas fiber diameter was reduced
However, this required protection of the connector, which wa most practically acheved

by ensuring the connector wa out and away from the etching solution.

This sdup also most closely replicatedhe practical deployment of a reduced mode
sapphire optical fiberin its intended high-temperature and corrosive environments; in
practice, the reduced mode sapphire fiber would need to extend beyond the extreme
environment so that it could be connected to silica fiber or directly to signal production and
interpretation equipment. Therefore, analyzing the modal volume of a sapphire fiber that
was connectal at its original diameter and wa etched further along is length

demonstrated a reasonableend-use application design.

Since the inclusion of a connector requires thelfer to exit the etching solution, shielding
along the fiber in the region of the airacid interface was also necessary to prevent
adhesion of signairobbing deposits during etching Figure 21), the effect of which

becomes very obvious during testing (Figure 22).
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Figure 21: Prolific deposits adheral to the sapphire fiber at theair-acid interface (right) but were ahsent at
segments fully immersed in the etching solution (left)
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Figure 22: Irremovable depositsaccumulating at the airacid interface during etching cause severe surface
scattering during testing using a 532nm green laser

Ultimately, the best shielding material was deemed to be borosilicate glass, as it has a much
slower etch rate in the 3:1 HSQ:H3sPQ solution than sapphire and its coefficient of
thermal expansion is closer to that of sapphire than fused silica (which does not etch at all

in this solution). Initial work with fused silica induced catastrophic failure at the sapphire
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silica interface due to CTE mismatch experienced at elevated etching temperatures, with

fracture typically occurring around a measured solution temperature of 300°C.

The CTE of fused silic& is on the order of 5x107/°C, while that of sapphireéd” is 7-8x10-4/°C
depending on the crystallographic orientation (as reported around the etching
temperature of ~340°C). The borosilicate glass used in this shielding has a manufacturer
reportedss CTE of 3.25x16/°C, which is an order of magnitude closer to sapphire than
fused silica; this has proven to be sufficient to reduce the occurrence of Girtsmatch-

induced failure at the temperatures experienced during etching

Borosilicate tubes with an inner diameter of 150um and outer diameter ddmm were
obtained from Vitrocom. Sapphire fibers with a nominal diameter of 125um were obtained
from Micromaterials and were inserted into the borosilicate tubes by hantb the desired
length. It was quickly determined that the difference in sapphire diameter versus
borosilicate tube ID, which only measures 25um, was sufficient for etch solution to wick
into the tube to etch the sapphire fiber and leave signabbbing deposis (Figure 23), so

the tubes then needed to be collapsed onto the sapphire fiber to form a seal and prevent

this occurrence.
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Deposits Left by
Capillary Action

Figure 23: Etch deposits wicled into the borosilicate shielding tube and contaminatd the fiber if it was not
sealed properly.

A hydrogen-oxygen torch was used to gently heat and collapse the borosilicate tube around
the sapphire fiber while rotating on a glass lathe and with the interior under vacuum
pressure (Figure 24). As the borosilicate glass can form a cladding sbrts that could
potentially skew modal analysis results and any issues regarding CTE mismatch also
needed to be minimized, only the few millimeters of length required to seal and protect the
fiber was collapsed, leaving the remaindethat extendedup to the connector open.
Hydrofluoric acid was then usedo remove the shielding tube kelow the seal toexposethe
10cm length of sapphire fiber to be etched, with approximately 15cm of fiber enclosed in

the protective borosilicate glass tube and attached to a40um ID FC/PC optical fiber

connector.
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Figure 24: A hydrogenoxygen prch on a rotating glass lathe wa used to gently collapse the borosilicate tube
around sapphire optical fiber to form a protective seal

Once the fiber wa protected with its glass capillary tube a 140um ID FC/PC connectoas
permanently attached to one end using epoxy. Connectors with a ferrule diameter of
140um were selected over the 127um connectors typically used for 125um diameter fiber
due to the slght but prolific diameter inconsistencies discovered in the commercially
obtained sapphire fiber with nominal diameter of 125um; frequently, 127um connectors
simply would not fit over the 125um sapphire fiker. Since the fibemwas easily centered in
the ferrule (a natural effect of the serendipitous matching of the borosilicate tube OD and
connector coupler ID), using a conneor with a 140um ID ferrule did not cause any
discernible issues. After insertion, tle connector wa polished to a final diamond gritof
0.1um, rendering any polishing scratches optically transparent at the tested wavelengths

(Figure 25).
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Figure 25: The 125um sapphire fber was easily centered within a 140um ID ferrule and then polished to a final
lapping film grit of 0.1um. The twetone appearance of the image is an artifact of the CRT monitor.

In order to protect the reduced-diameter sapphire fiber device from accidental breakage
during etching, testing, and handling, a separate roundetiangular -cross-sectioned
borosilicate glass tule was used to enclose the device from the base of the connector to
near the tip of the etched region, allowing the tip to protrude slightly off the end of the
tube. The region of the protective tube covering the sapphire fiber region to be etched was
removed on one face using a diamond tile saw to allow free access of etching solution to the
fiber as well as enable diameter measurements after etching sessions using optical
microscopy. The roughly triangular shape of the protective tube prevented the assembl
from rolling around during transport or testing, while the design of the cutout allowed
access to the fiber for etching and measurement while still supporting the increasingly
flexible fiber. This protective tube is visible inFigure 26 without the sapphire fiber device
yet inserted. A shortopeningwas also made near the top of the protector to allow
evaporating gas to escape and prevent capillary wickingf the acid solution fromreaching

base of the connectoduring etching.
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Figure 26: External tube protects the sapphire fiber device from accidental breakage while allowing access to
the etching fiber region

The borosilicate-shielded, FC/PEconnected sapphire fiber was then inserted into the
external protective tube, where it remained for the duraion of etching and testing Figure

27).

Fiber Tip

Borosilicate Shielding
Tube

Figure 27: Shielded, protected sapphire fiber during testing after etching
3.1.3 Etching Equipment for Production of LMV Sapphire Fiber

Next, equipment was constructedo contain and heat the etching solution and reduce th
diameter of the LMV sapphire deviceFrom the inside out, the components were

constructed as follows:
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1. Primary containment vessel
A fused quartz tube with inner diameter of 1.25 inches formad the primary containment
vessel. The tube was supplied by Quartz Scientific; the end was collapsed usiinydrogen-

oxygen torch and glass latheKRigure 28).

Figure 28: A fused quatz tube with one end collapsed forms the primary containment vessel

2. Heating coils

To add thermal mass and increase stability of the heated solution (and corresponding etch
rate along the length of the sapphire fiber), porous aluminosilicate rings were faicated,
pictured in Figure 29. Holes were drilled longitudinally in the wall of these rings and
resistance heating wire (80% nickel, 20% chromium, 20 gauge) was wound through these
holes in the manner illustrated byFigure 30. Securing the resistive heating wire
longitudinally rather than winding wire around the outside of the rings in a spiral pattern

was found to increase the heating consistency from the top to the bottom of the heating
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vessel; otherwise, it would be possible for the etching solution to be slightly hotter nethe
top of the vessel, causing the fiber to etch more quickly at its base rather than its tip. This
would result in the fiber detaching from its shielding region before etching to a diameter

sufficient for testing was complete.

Figure 29: Porous aluminosilicate rings aded thermal mass surrounding the quartz tube

61



Figure 30: Graphical illustration of the winding of the resistive heating wire (represented in gray) through
porous aluminosilicate rings.

3. Insulation

Alumina fiber insulation was then used to enclose the heating rings to preserve generated
heat and protect items in contact with the exterior of the system. This was also used to
provide increased thermal mass and add mechanicatability to the system as it was fitted
inside its enclosure.

4. Enclosure

A section of polycrystalline alumina furnace
finally enclose the etching apparatus. This tube, along with the alumina insulation,
provided stability to the interior and allowedthe system to be more easily handled and

secured. The completed apparatus is pictured iRigure 31.
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Figure 31: Completal etching apparatusused in production of LMV sapphire samples.

5. Voltagetransformer

A Variac votage transformer (20A, 120V input, 8130V output) was used to reguhte the
voltage and correspondingheat generated by the resistance heating wire. Alligator clgp
attached to wires and a plug wee clamped onto the two protruding resistance heathg wire
ends; as little as 15V wa needed to generate and maintain enough heat to bring the etching
solution to the boiling point at 343°C.

6. Temperature monitor
As the 3:1 HSQ:H3POs solution only etches sapphire fiber at a rate ofa few microns per
hour, many hours were required to reduce the diameter to those at which sigficant modal
volume reduction could be observed. While the etch temperatte was limited (and

regulated) by the boiling point of the sulfuric acid component, and therefore a consistent
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temperature of 343°C could be anticipated, it wahelpful to be able to monitor and record

the temperature experienced by the etching device throughout the process.

A K-type thermocouple probe was shielded by a closeeénd fused quartz tube; the fiber
device (sud as that pictured previously inFigure 27) was then secured to this tube using
Teflon tape, with the fiber tip in close proximity to the thermocouple tip within its glas
shielding. The thermocouple wa then connected to a Digisense datalogging thermometer
(Davis Instruments), whichwas capable of recording a maximum of 18,000 data points
from up to 4 different thermocouples simultaneously. In these experiments, a sampling
interval of one measurementper 15 seconds was selected, and the temperature history
was recorded throughout every etching session to ensure consistency and identify any
temperature-related issues. An example heating profile for a typical etching session is

pictured below in Figure 32.
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Figure 32: Heating profile of a 18hour etching session as monitored and recorded by the datalogging
thermometer.

After insertion of the device and addition of the 3:1 etching solution, the open end of the

guartz tube forming the containment vesselwaswapped with 1.5” wide Te
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form a near seal around the protruding connector end of the device. A small vent hole was
included to prevent pressure buildup and allow for evaporation of water during heating
while also forming a condensation surfac¢o retain as much of the evaporating sulfuric
acid as possible to extendhe maximumduration of etching sessions.

3.1.4 Sample Mounting and Reparation
One easily overlooked aspect of thimitial etching experimentation that wasthe subject of
significant early refinement pertains to the manner n which samples wee secured within
the etching solution.In early etching studies amples were simply placed in the bottom of a
borosilicate glass beaker, filled with the 3:1 etching solution, then remw@d once etching
was completed and the solution was cooled. However, this led to several problems, chief
(beyond the propensity to literally lose the miniscule fiber) being the issue of deposit
formation on the fiber surface that would halt etching or hidehe sample and prevent it

from being recovered for analysis.

It was discovered early in the experimentation that deposits of a different naturigom the
aluminum sulfate deposits discussed in Sectiora4.2were forming around the sapphire
fibers (Figure 33) which would halt etching just as effectively as the aluminum sulfate
variety. Fortunately, these deposits could typically be removed with light mechanical
pressure (such as rolling the foer between the fingers), but could not be removeeéasily by
chemical methods; the issue needed to be addressed to prevent problems with the

processing of smaller fibers or those with more delicate geometries.
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Figure 33: Etchdeposits completely covering a sapphire fiber after 6 hours at 310°C

To determine the source of these deposits, energlispersive Xray spectroscopywas
invoked. EDSfound high levels of silicon, oxygen, and phosphorous in a sample of the
deposits (spectra visible in Figure 34). Aluminum and sulfur were present, but in relatively
small amounts, indicating that the deposits were not primarily aluminum sulfate (as was
already surmised by the lack of distinctive crysdlline structure characteristic of aluminum

sulfate).

66



cps/eV
- O-KA Al-Bi-R-K& KA

3 4 5 6 7 8 9 10
keV

Figure 34: EDS obeakerdeposits indicates high silicon, phosphorus, and oxygen content

These results were curious at first; silica is known to be resistant to etching in the 3:1
solution, as was backed up by experimentation, where a pure fused silica fiber was placed
in the same etch solution as a sapphire fiber (both 200um in diameter indlly) for 7 hours

at 340°C. Upon removal, the diameter of the silica fiber was unchanged, while the sapphire

fiber diameter was reducedas anticipatedby nearly 30um(Figure 35).

Figure 35: Silica fiber (right) does not etch after 7 hours at 340°C; sapphire etches as expected (left)
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While fused silica demonstrated measured resilience to the etching solah, it seemedthe
borosilicate glass used in standard labatory beakers were not so invulnerableFused
silica vesselgeplacedstandard lab-grade borosilicatebeakersfor the remainder of the
experimentation and deposit formation of this type vanishedmmediately; apparently
while fused silica is in fact unetchable using the 3:1 solution, the additives in borosilicate
glass allowed significant etching to occur. Switching to pure fused silica quickly remedied

the problem.

To reduce the likelihood of losng a sample as well as to keep the sample off the bottom of
the beaker (where etch deposits wee likely to settle), fibers were mounted to glass
substrates using PTFE (Teflon) tape. While the stated maximum service temperature of
polytetrafluoroethylene is only 260°C, itwas found to perform remarkablywell in the etch
solution at temperatures beyond 340°Qit would finally begin to break downapproaching
400°C in phosphoric acid) Fiber samplesvere typically mounted to fusedsilica rods or
tubes using PTIE tape tosecure the fiberso that it wasfully immersed in the etching
solution. This also alloved for the creation of custom mounting geometries to suit various
needs (such as selectively etching areas of a fibeBxamples ofearly mounting devicesare

pictured in Figure 36.
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Figure 36: Teflon was used to securely mount fiber samples fdnitial etching studies. Fiber locations are
circled.

3.20ptical Analysis Methods
3.2.1 Far-Field Projection Modal Volume Measurement Method

Far-field projections represent the radial intensity distribution of light travelling through

an optical fiber. Without any added system modifications, these intensity profiles are
composed of the combied interactions, interferences, and superpositions of all supported
modes that have been excited by the light source (the specific modes that have been excited
among all that are theoretically supported by the fiber are affected by input conditions

such aswavelength and insertion angle}’. Farfield patterns can be observed by simply
placing an object such as a piece of paper some distance away from the fiber tip for visual
observation but are moreconveniently captured and analyzed using a CCD camera

designed for this purpose.

Not all of the supported modes will be excited by a single wavelength source, and therefore

corresponding far-field patterns cannot provide the entirety of the modal informaion
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relevant to the fiber. Nevertheless, observance of the fdield profile does represent
accurate information about the manner in which light is propagating at those specific
conditions (i.e. wavelength, inection angle, and the physical state of thelder such as

bends, claddings, or surface deposits). The characteristics of the individual modes present
in a far-field projection cannot be deconvoluted in a single measurement, but that single
measurement captures an accurate representation of the ovetahdial intensity pattern
present within the fiber in the current conditions, which is of great practical relevance and

importance.

One method of qualitatively observing modal volume reduction as a function of decreasing
diameter within a sapphire opticalfiber was developedduring this researchusing only a
CCD camera beam profiler, an objective lens, and lasers of three different wavelengtha-
field intensity patterns were observed for the three laser wavelengths and changes in the
properties of the far-field intensity patterns were observed and comparedo provide

gualitative modal volume reduction information.

The far-field projections of highly multimodal fibers represent the interference and
superposition of many modes, resulting in a radial intesity pattern with a speckled
appearance; this speckle pattern is the projected radial intensity pattern @l propagating

modes atthe given input and fiber conditions.

Qualitatively, the overall concentration of intensity peaks (specklesyvas proposed to
decrease with decreasing fiber diameter while the relative size of individual intensity peaks
increased. This is attributable to decreasing modal volume; the occurrence of these
intermittent intensity peaks in a multimode fiber is attributable to the congructive and
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destructive interference of modes of the same phase. As modal volume decreases, there are
therefore fewer modes present to interfere with one another and cause the speckle

patterns visible in far-field projections. Eventually, modal volume cold be reduced to a

point that such interferences and superpositions would cease and learder modes with

recognizable patterns would become apparent.

Far-field intensity patterns were measured using a Thorlabs BZ06VIS CCD camera beam
profiler and BEAM 60 software atS5mW laser wavelengths of 532nm, 783nm, and 983nm
which were focused into the sapphire fiber connector end using the objective lens in direct
free-space couplingThe objective lens had a listed NA of 0.66he effective numerical
aperture of 300pm-diameter sapphire fiber has been measured to be ~0.35 at a
wavelength of 2.94unm!, while the manufacturer of the 125umdiameter sapphire fibers
used in this testingclaims an approximate effective NA of ~0.45 at a wavelength of
633nm©®4; both measurements indicate the effective NA of sapphire at the input diameter of
125um is well below that of the objective lens providing the injected light. Since the
focusedlaser spot size (~500um diameter) was greater than the 125umdiameter sapphire
core at theinjection endfaceand the NA of sapphire wa lower than the NA of the objective
lens, the moa condition of the fiber wasconsidered to beoverfilled, meaning all supported
modeswould be excited by the input condition$5. In this manner, the observed fafield
projections accurately represened the radial intensity profile provided by all modes
supported by a particular fiber diameter and input wavelength; this setup is pictured in

Figure 37 during testing of a sample.
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Figure 37: Shielded, connected sapphire optical fiber during testing using a 532nm laser.

The tip of the etched region of the fiber wa polished using a finaliamond lapping film of
100nm grit after each etching session; this step proved to be a delicate endeavor. While
sapphire microfibers are surprisingly resilient to bending, they are rather incapable of
holding much weight in tensian. As a result, the newlypolished tip of a miniscule sapphire
fiber would often be removed along with the phenyl salicylate wax used to secure it during
polishing if not executed carefully. Allowing the sapphire microfiber to protrude slightly
from the wax rather than being fully embedded seemed to help resolve this issue. A
stereoscope was employed to observe polishindg-{gure 38) to ensure only the fiber tip was
polished and also to prevent the fiber from bending too much during polishing, which

would yield a pattern-distorting beveled endface.
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Figure 38: A stereoscope mounted to observe polishing of femicron-diameter sapphire fiber proved
necessary to ensure proper polishing occurred without breaking the miniscule fiber

Polishing after etchingwas necessary because the-plane of the sapphire fiber etches more
quickly than the cplane in the 3:1 HSQO:HsPOs solution, causing faceting to occur on the

endface of the fiber Figure 39).
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Figure 39. Preferentialetching of the rplane (left) causes faceting on the fiber endfadgight) , which must be
polished to prevent distortion of far-field patterns.

While useful sensing schemes could possibly be designed around the angled tip caused by
this faceting, in modalanalysis it only causes light to scatter rather than form discernible

far-field patterns for modal volume interpretation, as demonstrated byFigure 40.

Figure 40: Farfield pattern of a 6.5umdiameter sapphire fiber before polishing (left) and after polishing
(right) using a 532nm laser.

3.2.2 Numerical Aperture Measirement

The method used to evaluate LMV sapphire fibers in thismk was designed in accordance

with that used to evaluate many commercial optical fiber®, whichtook advantage ofthe
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equipment and softwarealready used in the modal analysiprocedure described in Section
3.2.1 Thetheory behind this method was previously described in Sectio2.2; a description

of the execution of thismethod is provided below.

Fiber samples to be testedvere overfilled in direct free-space coupling using the same
general setuppictured above inFigure 37. The CCD beam profiler was mounted onto a
dual-axis micrometer stage withadjustable linear increments of 0.01lmmThe 2D farfield
projection emanating from thetip of the tested fiber was measurednd the beam width
was calculated using Thorlabs Beam 6.0 softwar@he eam width was determined usinga
40 cutoff intensity, 1. e.5%whatefrthe hhighbsemesseredm
intensity ; for a Gausian beam profile, the highest intensity is encountered in the center of
the beam The beam profiler was then moved exactly 1mn(error less than 1%) away from
the tip of the fiber and the beam width was once again measuretine angle of vergence
was thencalculated by the software, the sine of which becomes the measured effective
numerical aperture. Five measurements were made for each sample to provide statistical
relevance.

3.2.3 Modal Dispersionand Laser Pulse Broadening Measurement
It was previously mentioned that modal dispersion has a direct impact on theesolution of
distributed sensing techniques (SectiorD). This iscaused bythe varied radial intensity
profile s of different modes; higherorder modes tend to propagate with a higher
percentage of lightnear the corecladding boundarywhich results in a lower group velocity
than modes that have more power concentrated ithe core. As a result, a single laser pulse
that excites multiple modes will begin to spread along the length of its propagation path as

the slower higher-order modes lag behind the faster lowetorder modes.This pulse
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broadeningreduces the number of data points that can be discerned along the length of a

distributed fiber optic sensor, resulting in the aforementioned decrease in resolution.

Laser pulse broadening (and corresponding modal dispersionyjas measured by injecting
532nm laser light into a 1m length othe testedfiber and measuring the duration ofthe
output laser pulseusing aThorlabs SV2FC highspeed photodetector connected to an
Agilent Infinilium DS0O90254A Oscilloscopelhe measuredvoltage output versus pulse
duration after traversing a 1 meter length éfiber produced an approximately Gaussian
peak whose fullwidth half-max (FWHM) could be calculated to yield a pulse duration for
comparison against other fibers measuring 1m in lengthzrom this data the reductia in
laser pulse broadening of a LMV sapphire fiber versus a commercial sapphire fiber can be
calculateddirectly, and the corresponding impact on resolution of a distributed sensing

system canalsobe determined.

The internally-triggered nominal pulse duration of the laser used in these studies was
700ps. Therefore, the FWHM of the original laser pulse was subtracted from the measured
FWHM of the measured fiber output pulses so that dispersion differences could be
accurately ascertaired. To ensurestatistical relevance 64 pulses were measured and
averaged for each data set, and 7 data sets were collected and averaged for each tested
fiber. From this data,the difference between measured pulse durations was catalogued and

impacts on sensing resolutbn were determined in relative terms.

Raman distributed temperature sensing is one such technique whose resolution increases
with decreasng modal dispersion.The effect of modal dispersion reduction on Raman
distributed sensing resolution is defined ly Eq.36 (adapted froms38):
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Eq.36

Where A4 [is the spatial resolution,cis the speed of light in a vacuumtis the laser pulse
duration, nis the refractive index of the coreL is the fiber length, andNAis numerical

aperture.

The increase in spaal resolution for a Raman distributed temperature sensing system can
therefore be directly calculated from the measured pulsduration difference between
sapphire optical fiber of standard diameter and that of a LMV sapphire fv through use of
the variable ¢in the first term. Measured differences in the effective numerical aperture of
SCSF of various diameters can also be used to predict improvements to spatial resolution

through the second term s dependence on NA.
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4 RBESULTS AND DISCUSSION
4.1 Etch ReactionChemistry
The etching of sapphire and other ceramics using sulfuric and phosphoric acids and their
mixtures has been reported in some detail previously, the state of which was detailed
Section2.4. As experimentation in this research progressed, however, satisfactory answers
to some observed phenorana could not be explained by the published body of knowledge.
As a result, deeper analysisias conducted orthe behavior of sulfuric and phosphoric acids
at elevated temperatures and their interactions withsapphire surfaces.

4.1.1 Chemical Analysis of Etching Solution
The temperatures at which sulfuric and phosphoric acids dehydrate to their diacid forms
(or further dehydrat e in the case of phosphoric acid to phosphorus pentoxide) habeen
approximately determined the literature. Published works referenced in Sectio2.4 have
not included data supporting the stated transformation temperature or referenced other
sources, so it was helpful to more conclusively analyze the 98% sulfuric acid and 85%

phosphoric adgd (remainder water) used in these etching reactions.

Since these transformations involve and require the loss of water molecules each step
thermogravimetric analysis (TGA) was deemed useful in determining the onset
temperatures of diacid and polymerzation conversions. Dual Scanning Calorimetry (DSC)
would also provide useful information, especially in determining the occurrence of
condensation polymerization of phosphoric acid, but only specialized DSC instruments are
capable of processing caustic &ts without fear of damage to sensitive internal parts, to

which access was not possible at the time this work was conducted.
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The chemical changes expected to occur as a function of dehydration can be predicted to
lend clarity to TGA results In analysis @ the 98% sulfuric acid, a 2% water weight loss
would be anticipated initially, followed by dehydration into its diacid form at some
discernible temperature. Sulfuric acid boils at 337°C (sea level), and there are fwsther

anticipated transformations before its boiling point.

The transformation from 2H2SQ - H2S0Or (+H 20) involves a change in molecular weight
from 196.17 g/mol to 178.16 g/mol, for a total difference of 18.01 g/mol or 9.2%.
Therefore, after an initial 2% water weight loss, an additional 9.2% weight loss is
anticipated as temperature increases to indicate diag conversion. Beyond this conversion,

the sulfuric acid will begin to vaporizeappreciably below its listed boiling point.

As-received phosphoric acid contains ~15% water as a stability and viscosity modifier.
Thus, a 15% weight decrease is expected irally before further water weight is lost in its
conversion to diacid form. The transformation from2HsPQ: — H4P2O7 (+H 20) causes
molecular weight to change from 195.99 g/mol to 177.98 g/mol, for a difference of 18.01
g/mol or 9.2%, similar to the diacidconversion of sulfuric acid (since both are simply
losing a water molecule). The continued dehydration through various polyphosphoric acid
forms to phosphorus pentoxide(H4P207 — P20Os + 2H20) results in a final unit molecular
weight of 141.94 g/mol, or atotal weight loss of about 27.6% through its final conversion
(after the initial 15% water weight loss). Any further weight loss would be induced by

sublimation of the remaining phosphorus pentoxide.

TGA results are included below for aseceived 98% sulfuic acid (Figure 41) and 85%
phosphoric acid (Figure 42). One drop of acid was placed on a platinum pan for analysis,
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and samples were heated at a rate of 20°C/min, which is moderately faster than the heating

rate used in etch processing reactions this work (which typically ramped at an average

rate of ~3-5°C/min).
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Figure 41: TGA of 98% sulfuric acid up to 300°Ceft axis and the green line represent the total % weight
change with temperature, and the right axis andlbe line represent the derivative of the % weight change
per °C. Points of discussion are labeled, with temperature/weight% above and slope below.

The theoretically calculated transition points for sulfuric acid seem to occur as anticipated.
At the heatingrate of 20°C/min the initial 2% added water is relinquished near 180°C,
when a clear change in slope heralds the initiation of diacid formation. Once diacid
transformation is complete after a predicted total weight loss of 11.2% (2% for added
water loss pus 9.2% for diacid conversion) there is a drastic change in weight loss rate
caused by evaporation of the sulfuric acidulfuric acid begins to evaporateappreciably
before its boiling point of 337°C; once the diacid transformation is complete and all vier

is lost, there is nothing left to inhibit rapid evaporation.
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Figure 42: TGA of 85% phosphoric acid up to 700°C. Left axis and the green line represent the total % weight
change with temperature, and the right axis and blukine represent the derivative of the % weight change
per °C. Points of discussion are labeled.

The TGA of phosphoric acid supports the hypothesized transformations, though the
transition points are not very distinguishedsincediphosphoric acid (the diacid
morphology) forms an equilibrium solution of phosphoric acid, diphosphoric acid, and
polyphosphoric acid when molter$?, and there are multiplevarieties of polyphosphoric
acid that may be formed°. Additionally, the heating rate of 20°C/min may be too rapid to
accuraely isolate thetransition temperatures of phosphoric acid and at these

temperatures the compounds present are expected to display some amount of volatility

Regardless, a significant peak in the rate of weight loss curve (blugignals the anticipated
15% water weight loss. An additional, smaller peak is noticeable around 220°C (more
easily discernible with the yaxis rescaled inFigure 43) revealing the further dehydration
of the phosphoric acid to its diacid form. Dehydration continues until diacid fonation

should be complete as an additional 9.2% weight is lost, and then dehydration continues at
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a smooth rate; the lack of a distinct change in dehydration rate is likely attributable to the

aforementioned complexity of the composition (regarding varios amounts and varieties of

diphosphoric and polyphosphoric acid). Phosphoric acid has a relatively low vapor

pressure even at elevated temperatures (less than 5mmHg at 18G2;, so little of the

observed weight loss is likely attributable to vaporization in this temperature range.

Eventually, however, it becomes clear that all water has been removed from the chemical

structure, leaving onlyanhydrous phosphorus pentoxide at the remaining weight of 57.4%,

as predicted. Since phosphorus pentoxide normally sublimates at 36(&nd there is no

longer any water supporting the presence of more stable structures, the remainder rapidly

sublimates.
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Figure 43: Rescaled TGA of 85% phosphoric acid up to 700°C revethis temperature ofdiacid formation ata

heating rate of 20°C/min.

The predicted transformations (supported by TGA measurements) add complexity to

etching experiments using phosphoric acid alone. While sulfuric acid rather simply

dehydrates to diacid form and therrapidly evaporates, phosphoric acid trasitions to
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diacid form as well as numerous potential varieties of polyphosphotiand metaphosphoric
acids (likely simultaneously in some sort of equilibriun®0) before ultimately forming

anhydrous phosphorus pentoxide once fully dehydrated.

As the formation of sulfuric acid’s diacid fo
etching sapphire, there is only one etch rate and corresponding activation energy that may

be measured: that of the disulfuric acid. Etch rates and activation eneeg calculated for

phosphoric acid, however, represent the cumulative effects of a variety of different

chemical structures which vary not specificallywith temperature or time but rather due to

state of dehydration and equilibrium with other stablemorphologies. Therefore,

parameters such as heating rate, dwell temperature, and total dwell time could cause

significant variation in measured etching rates at a nominal etching temperature (since

they in turn can cause significant variation in the compositioniaratio of the

di/poly/metaphosphoric acid, which each have their own distinct etching rate and

activation energy).

To prove this point, two etching sessions were carried out using fresh asceived 85%
phosphoric acid at a nominal temperature of 320°C. lone experiment the sapphire fiber to

be etched and measured was inserted into the solution as soon as it reached 320°C (as was
typically done in all reported etching experiments); in the other experiment, the solution

was allowed to remain at 320°C for Hiours before insertion of the sapphire fiber sample.

The first solution, which was a clear liquid of fairly low viscosity, induced significant

etching of the sapphire fiber. The second solution, whidbecamea clear liquid of much

higher viscosity, inducedfar less etching during the same -Bour period (Figure 44).

83



Immediate immersion of sapphire fiber in phosphoric acid once the desired temperature of
320°C was reached resulted in-Bum diameter reduction after 3 hours of exposure while
allowing the solution to remain at 320°C fol5 hours before sample immersion resulted in

only 1-1.5um of diameter reduction over the same etching duration.

The most logical explanation for this behavior is that the temperature of 320°C is sufficient
to cause diacid formation and further dehydration into various polyphosphoric acids (as is
also supported by TGA measurements reported above), but the evacuatiohwater from

the lidded beaker to allow conversion of diphosphoric acid to polyphosphoric acigquires
several hours to complete. Therefore, a larger ratio of the more etective diphosphoric
acid is present in the solution that has a shorter heating &iory than the solution that has
allowed further dehydration into a greater ratio of polyphosphoric acids, which would be
less active (or not at all active) in etching of sapphire since more of its active sites are tied

up in the polymer chain.

(1) Lengt A

50um

Figure 44: The etching rate of sapphire fiber by phosphoric acid at 320°C is much greater if the phosphoric acid
solution is fresh (left) compared with phosphoric acid that has been heated for severaburs (right).
Differences in coloration are due to use of polarizing filter during optical microscopy of the birefringent
sapphire fiber to help discern fiber edges
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Furthermore, heating phosphoric acid to temperatures of 37895°C was observed to be
sufficient to produce significant formation of phosphorous pentoxideover time, resulting in

a slurry-like mixture of polyphosphoric acid and phosphorous pentoxideigure 45).

Figure 45; Heating of phosphoric aitl to temperatures above 3$0°Cfor extended periods of timeinitiates
dehydration of polyphosphoric acid to phosphorus pentoxide

The white powder isolaed from these reactions was extremely hygroscopic, which is
characteristic of phosphorous pentoxide. To further verify that BOs was indeed forming
(rather than a reaction product of phaphoric acid and the silica beakesuch as that

reported in Section3.1.1), EDS was conducted on a sample of tpewder.
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Figure 46: EDSsupports the assumption that thecomposition ofthe white powder formed after extended

heating of phosphoric acid is indeed phosphorous pentoxide

EDS did not detect any elements other than oxygen and phosphorus; therefore, the white

powders formed during heating of phosphoric acid are noproducts of any reaction with

the beaker. Furthermore, the detectd ratios of phosphorus and oxygempproximately line

up with the anticipated weight and atomic ratios of POs (28 at% of phosphorus to72 at%

oxygen is anticipated and 20 at% B 80 at% O is measured)Additional compounds
present with higher oxygen ratios (nost likely H2P20r) could be responsiblefor the

increased oxygen ratio in the EDS measurements.

Theintricate transitions of phosphoric acid addcomplexity to the analysis of etching rates

for phosphoric acid, as will be discussed in detail in the following section.
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4.1.2 Initial Measured Etch Rateof Sapphire Optical Fiber

The caxis sapphire optical fiber used in all experimentation, whose &axis is etched for
diameter reduction, will etch appreciablyin pure sulfuric aad at temperatures exceeding
300°C, but at a lower rate than that observed usg the 3:1 mixture of HSQ:H3PQ..
Phosphoric acidenables more rapid etching than sulfuric acid in the 30@340°C range, but
mixing the two at a 3:1 molar ratio of HSQ:HsPQyields etch rates that are greater still
Etch rates for each solution across enge of temperatures are reported in greater detail in
Section4.1.3 initial measurements that guided early experimental work aredisplayedin
Figure 47. The etch rate (as measured by optil fiber diameter reduction) using sulfuric
acid, phosphoric acid, or the 3:1 mixture was measured where the temperature in each was
maintained at320+/ -2°C. The etch rate for the 3:1 mixture was observed to be greater
than 10x as fast as sulfuric acid ahe and significantly greater than phosphoric acid at this

temperature.

Etch Rate of Sapphire Fiber at 320

N w B a1 »

Fiber Diameter Etch Rate (um/hr)
=

m—

Sulfuric Acid Phosphoric Acid 3:1 Sulfuric:Phosphoric Acid

o

Figure 47: Sapphire optical fiber diameter etch ratés much faster for 3:1 HSQ:HsPQ: than sulfuric acid or
phosphoric acid aloneat 320°C
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Optical microscopy was used to analyze fiber surfaces and measure diameter before and
after etching using an Olympus BX51 microscope with StreamMotion software. Multiple

measurements were taken across the length of an etched fiber to ensure consistencyd an
multiple fibers were etchedin separate experiments undethe same conditions to increase

the statistical reliability of the data and reduce error.

Initial experiments concluded that etching would not occur in any appreciable manner
using the 3:1 BSQ:H3POy mixture below temperatures of 280-300°C. InFigure 48, for
example, a&200um-diameter sapphirefiber that was submersed in the 3:1 etch solution at
270°C for 5.5 hours showed no change in diameter. Therefore, extensive study was
conducted on theetch rates of sapphire optical fibers over the temperature range of 360
340°C at which point the sulfuric acid boils, placing an upper limit on etch temperature
The etching rates of sapphire fiber at temperatures of 306340°C was measured at 10°C
intervals using sapphire fiber with an initial diameter of 200um. After etching, diameter
measurements were taken at & locations along the fiber, and experiments were repeated
at least three times at each temperature to increase statistical relevance and caltel a

standard deviation for the measured etch rates reported ifrigure 49.
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Figure 48: 200pm diametersapphire fiber remained unchanged after 5.5 hours exposure to etch solution at
270°C
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Figure 49: The dch rate of sapphire optical fiber in3:1 molar H2SQ:HsPQirincreases as temperature increases
As canbe anticipated, etch rate increases as etch temperature increases to the boiling point
of the sulfuric acid component with a maximumdiameter reduction rate of around 5.7

pm/hr possible at the maximumetching temperature of ~343°C.
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In Figure 50, the diameter of a sapphire optical fiber withan initial diameter of 50um was
reduced to submicron diameter over the course of three etching sessions, each at 343°C.
The diameter of the fiber was measurethetween etching sessiongnd the diameter

reduction rate was found to be linear.
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Figure 50: Diameter ofa sapphire fiber is reduced linearly during etching Error bars are present but not visible
in the chart, as measured variation along this single sample was very small

4.1.3 Etching Rates
The etching rates ofulfuric acid, phosphoric acidand their 3:1 mixture upon c-plane
sapphire surfaces have been determined and reported by Dwikusama ef%nd are copied
below in Table 2. A recent study on etching of patterned sapphire substrates using sulfuric
and phosphoric acid also notegtching ratesextrapolated from etching depth and widti?3,
but the crystallographic orientation of the tested sapphire wafers is never identified. The
authors also suggest that additioal geometrical considerations (the Si@masks deposited

by the authors leave exposed, etchable sapphire regions measuring only a few microns
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across and were irregular in shape) prevent this data from relating directly toates of

etching bulk sapphire

Table 2; Etching ratesof relevant acids of eplane sapphire reported by Dwikusam& at 320°C

Solution Composition Etch Rate (um/hr)
98% HSQ ~3.0
85% HsPOy 0.1
3:1 HbSQ:H3PO (by volume) ~1.5

The authors concluded that phosphoric acid would begin etching at lower temperatures
and that sulfuric acid would begin contributing at higher temperatures and to a greater
extent due to its higher acidity, explaining the higher observed etch rate ofptane sapphire
using sulfuric acid over phosphoric acid Figure 51). The 3:1 mixture reasonably records

anintermediate etch rate.
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Figure 51: Published etch rates of lane sapphire as a function of reciprocal temperaturé. Reprinted with
permission from the Electrochemical Society.
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However, similar experiments carried out in the etching of gplane surfaces of sapphire
optical fibers demonstrate different behavior. Specifically, in addition to golane sapphire
generally etching more rapidly than eplane sapphire, the etch rate of-plane sapphre at
temperatures of 300-320°C was reported® to be most rapid using sulfuric acid. Phosphoric
acid recorded a minisale etch rate, and the 3:1 E5Q:H3PO; solution produced an
intermediate etch rate of eplane sapphire but very different behavior was initially

observed in etching of aplane sapphire optical fiber surfaces.

The etching rates of glane sapphire have bee experimentally determined for the first
time in the current work using sulfuric and phosphoric acids as well as a 3:1 molar ratio of
the two. Most samples were immersedéh each etching solutionfor 3 hours with the
exception of those exposed to sulfuriacid at 330°C and 337°C, as the proximity to its
boiling point induced rapid fuming and required exposure to be reduced to 1 hour to

prevent complete evaporation.

The results of these measurements are seen ligure 52. Of the evaluated etchants ufuric
acid inducedthe lowest etch rate on aplane sapphire when used alone, contrasting the
reported etch rates of eplane sapphire by sulfuric and phosphori@cids. Interestingly, the
3:1 H:SQ:H3PO (molar) mixture actually induced a greater etch rate than either

phosphoric acid or sulfuric acid alone.
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Figure 52: Themeasuredetchrates of aplane sapphire variedaccording to etcham composition.

The boiling point of sulfuric acid limits its maximum etching temperature to 337°C at
atmospheric pressure. The mixture of sulfuric and phosphoric acid displays slight
azeotropic behavior, pushing the boiling point of the sulfuric acid compwent (and
therefore the maximum etching temperature of the solution at standard pressure) to

approximately 343°C

Phosphoric acid will not boil in this temperature range but can further dehydrag as
temperatures exceed 343°C to form di/poly/metaphosphoric acid and then phosphorous
pentoxide (as just described inSection4.1.1). As the temperature limit ofetching via
phosphoric acid alone is significantly higher than that imposed by the 337°C boiling point
of sulfuric acid, etching rates of the glane sapphire can be increased significantly at
elevated temperdure, with rates of more than 11um/hour obsered using phosphoric acid
at 395°C compared to the maximum attainable rate of 2.85um/hour using the 3:1

H2SQ:HsPOQy mixture at its boiling point. Etch rates may reactwell beyond 20um/hour if
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phosphoric acid is heated above 405°C, as the entirety of a sajetfiber with a starting

radius of 62.5um was etched away in 3 hours in one experiment.

However, while the etch rate increasesising phosphoric acid at elevated temperature, the
propensity of surface defects such as pitting also seem to increase, sucltheg seen in
Figure 53. The reason for this is not clear; it has been suggestédhat the cause forsuch
pitting is that phosphoric acid preferentially attacks crystallographic defect sites.
Regardless of the mechanism causing pitting using pure phosphoric acid, fibers without
discernible defect in surface quality are produced through etching with the 3:1 mixture of

sulfuric and phosphoric acids at temperatures around 340°C~{gure 54).

Figure 53: Significant occurrence of pitting ad other surface defects wer@bserved when using pure
phosphoric acid as an etchant of-plane sapphire at elevated temperatures (temperature during etching of
pictured sapphire fiberwas 365°C)
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Figure 54: No discernible surface defects are observable when a 3:1 ratio of sulfuric and phosphoric acids are
used to etch sapphire fiber at around 340°C

4.1.4 Differences in eplane and aplane Etching Behavior

The complex composition present through the dehydration of phosphoric acid at etching
temperatures initially leaves some interesting questions whose answers may help explain
the observed etching behavior. First, the etch rate ofplane sapphire by phosphaic acid

itself follows a strong linear fit at measured temperatures ranging from 300°@50°C.

However, very large deviation from the linear fitoccurred during etching at temperatures
of 375°C, 385°C, and 395°G-{gure 55). As with previous etch rate measurements,
experiments were repeated at leat three times at each temperature and diameter
measurements were taken at & points along each etched fiber to produce the measured

rates and standard deviation.
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Figure 55: Etch rate of aplane sapphire by phosphoric acid verssitemperature follows the expected linear fit
through 350°C. Measured etch rates at 375°C, 385°C, and 395°C strongly deviate from linear behavior

Not only doetch rate data at higher temperatures deviate from the linadit of the lower
temperatures, but the high-temperature data itself seems to follow an exponential rather
than linear curve fit. Thee are multiple potential causes of this behavior, but one likely
explanationliesin the complex compositional ratio of the di/poly/metaphosphoric acid
with phosphorus pentoxide, whichwas visibly forming at these temperatures to give the

mixture an opaque white slurry appearance (originally pictured inFigure 45).

The etch rateof sapphire by pure anhydrous phosphorus pentoxide (#s) was not
determined in this study. However, phosphorus pentoxié is known to be a highly caustic

substance and itwas certainly present in greater ratios at increasing temperatures and
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correlating dehydration states. Itmay be reasonedhat the observed nonlinear fit of the
etch rate data at these high temperaturewas attributable to the increasing ratio of
phosphorus pentoxide compared to di/poly/metaphosphoric acid and that perhaps #0s

etches aplane sapphire at a greater rate than diphosphoric acid.

Secondly, that the 3:1 HSQO:HsPO: mixture should exhibit a significantly greater etch rate
than either of its constituents alone was initially unexpected, especially since published
data regarding theetch rates of eplane sapphiredemonstrated an intermediate etching
rate for the mixture. The answer may again lie in the compositional complexity of the

dehydrating phosphoric acid.

One published sourcé speculated that differences in the visual gpearance and viscosity
of the 3:1 BSO:HsPOr mixture versus pure PO after heating to the same temperature
could be caused by sulfuric acid interfering
continued dehydration to polyphosphoric acid, though the mechasm by which this occurs
was not discussed. If true, this may also explain the enhanced etch rate gflane sapphire
by the 3:1 mixture over pure sulfuric or phosphoric acids. Itvas previously notedthat
lengthy heating of phosphoric acid at 320°C beforetching drastically reduced its etch rate,
presumably due to greater dehydration over time to form a higher ratio of
poly/metaphosphoric acid, which is not expected to be as active in attacking the sapphire
surface as its more acidic diacid form. The presce of sulfuric acid may molecularly
interfere with the polymerization of diphosphoric acid or simply contribute more water to

the system (as it is also dehydrating to diacid form), lengthening the amount of time where
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greater ratios of diphosphoric acidare present versus polyphosphoric acid and therefore

increasing the total etch rate over pure phosphoric acid at the same temperature and time.

This behavior would not have been noticeable in previoushpublished etching studies on €
plane sapphire since apphire of this crystallographic orientation demonstrated a

miniscule rate of etching by pure phosphoric acid compared with that of sulfuric acid.
Therefore, any additional contribution made by an increased presence of diphosphoric acid

during etching would not have nearly the effect on-plane surfaces as glane surfaces.

Finally, the overall etch rates of gplane sapphire using phosphoric acid and the 3:1 mixture
determined in this work are significantly greater than those reported for eplane sapphire

using two of the three etchants. Linear etch rates ofplane sapphire using the 3:1 mixture

doubled to more than 2um/hour compared with its eplane counterpart at the same
temperature (~1um/ hr). P hptasesdpphireiwas neeasuretio s et c h

be a whole order of magnitude greater than that of-plane (1.17um/hr versus ~0.1um/hr).

Theremaybeae xpl anati on f or t hi splaselosestationastheon. Sapp
most atomically dense of all sapphire orientations and is formed of inter@nging GAI-Al-

O-AI-O layers that present no crystallographic weaknesses (such as strained or stretched

atomic bond lengths). Its perpendicular planes, however, contain interchanging-O-Al-O-
Al-O-O—0O-Al-O-Al-O layers, and the bonds between the extend€d—Olayers are

weakened at this strained bond length’. This weakness may explain the fasterplane etch

rates; during acidic attack on sapphire the Hions are reported to attack the oxygen in

bridging moieties’s. | n s a-plgnd axygen’is always bound between aluminum

atoms (Al-O-Al), so it would follow logic that a greater opportunity for H attack could exist
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where the strained O—O bonds are exposed. If phosphoric acid does indeed target
crystallographic defect sites as reporte® at a much greater rate than sulfuric acid, this
would explain why the aplane etches more quickly than the -plane using phosphoric acid

and mixtures containing phosphoric acid.

Regardless, the primary cause of differences betweenrpane and eplane etching behavior
using sulfuric and phosphoric acid solutions seems to be primarily attributed to their
reaction with phosphoric acid. This behavior has been explained in this research through
the observance of greater etch rates of-plane sapphire using phosphoric acid tan cplane
sapphire, the deconvolution of the varied morphologies present in phosphoric acid at
etching temperatures over time, and the inherent crystallographic differences inglane
and aplane sapphire that would make gplane orientations especially vinerable to attack

by phosphoric acid as noted by other sourcég9s,

4.1.5 Etched Fiber Diameter Consistency and Surface Cleanliness

In Table3 a sampling of achieved fiber diameters are presented to demonstrate the control
and cleanliness of the process. No etching deposits have been observed on reduced
diameter fiber samples since the implementation of borosilicate shielding at the a#cid

interface.
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Table3: Etching of sapphire fiber to a desired diameter can be conducted cleanly and predictably using the
developed etchingequipment. As the 1.7um fiber was imaged at maximum magnification (1000x), the
imageat the bottom of the table is digitally enlarged for greater visibility.

Fiber Image

Measured
Diameter

107pum

88um

(1) Length 88.35 pm

60um
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11pm

7um ’ S
(1) Length 1.68 um

While fiber surfaces remain clean and diameter reduction was consistent across
experiments, a slight amount of taperind Figure 56) occurs from base to tip using the
apparatus in which LMV fibers were creategan etch rate differential of aboti0.2um/hr
was consistently observedThis is likely attributed to the slightly higher temperature of the
etch solution at the bottom of the vessel where resiance heating coils are most dense,
inducing a ~1-2°C measured difference from top to bottom of the solution over a span of

~20cm.
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Figure 56: One sapphire fiber sample whose mode characteristics were measured tapered fromum at its
base (left) to 6.5um at its polished tip (right) over the course of its 10cm length. The two images are of
different magnifications.

The process also demonstrateéxcellentrepeatability across etching sessions. Three
sapphire fibers with an nitial diameter of 125um and length of 1m were etched using the
same equipmentand conditionsin separate experiments. Fresh 3:1 $Q:Hs:PQ solution
was used in each experiment, aheach session laste@4 hours. The diameter of each
etched fiber was thenmeasured at both ends (located at the top and bottom of the etching

vessel) and is reported inTable 4 below.

Table4: Three I meter length sgphire fibers etched separately under the same conditions and duration
measured very similar in final diameter from one end to the other.

Sample Top Diameter (um) Bottom Diameter (um)
A 82.0 73.1
B 80.9 73.4
C 79.6 74.4
Average 80.8 73.6
StandardDeviation 1.2 0.7

Therecorded heating profile was consistent across each experiment, as might be
anticipated based on the close similarities in final diameter. The temperature of each

etching solution is plotted below inFigure 57.
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Figure 57: The heating profile was consistent between processing of three separaterieter long sapphire
fibers.

4.2 Reduced Diameter Singl€rystal Sapphire OpticaFibers
4.2.1 SubmicronDiameter Sapphire Fiber

The wet-acid etching method characterized in Sectiod.1 produced thefirst known
submicron diameter sapphire fiber,which had afinal minimum diameter of just under
800nm. Scanning electron microscopy (SEM) was used to view the fiber with its sriest

point visible in Figure 58.
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Figure 58: A50um diameter sapphire fiberwas etched to a final minimum diameter of less than 800nm
The total length of this first submicron diameter sapphire fiber was around 400um

4.2.2 Tapered Sapphire Optical Fiber
Taperedsapphire opticalfibers were alsoproduced by introducing a temperature gradient
across its length In this manner, a 50pum diameter sapphire fiber was etched at a
continuously variable rate from bottom to top, resulting in a fiber that is 25um indiameter

in its top-most exposed area and less thanODnm at the tip over a total length of 1.1cm.

Tapering is controlled by inducing a temperature gradient between the top and bottom of
the etching vessel in which the sapphire fiber is vertically orientedA gradient of around
10°C was measured in the creation of the tapered fiber pictured irigure 60 and Figure 61,
measured by staggering two thermocouples in the same glass shielding tube immersed in

the etching vessel (measured output ifFigure 59).
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Figure 59: A temperature gradient of aound 10°C is induced in the formation of tapered sapphire fibers. T1,
red, represents the data recorded by the thermocouple tip located closer to the bottom of the vessel, while
T2, green, was located a few centimeters higher.

The base of the taper is vible in Figure 60, while the tip of the fiber is seen irFigure 61,

measured to be around7Onm in diameter.
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Figure 60: The topmost exposed areaf 50um sapphire fiber wasreduced to 25pmthrough etching.

Figure 61: The ip of atapered sapphire fiber measured around&0Onm in diameter.
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The surface of theefiberswere found to be remarkably smooth and free of deposits or
defects, which is vital to proper function as sensor only incidental dust is visible on any
part of the fiber surfaces. The onlynon-incidental depositsobserved in one samplavere
globulesoccuring 5-8 times along the length of the fiber, with three concentrated near the

tip of the fiber (Figure 62).

Figure 62: The only deposit or defect visible along the entire length @f submicron-diameter fiber were small
globulesconcentrated near the fiber tip.
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EDS was conducted on the globules to determine their compositio@neglobule in
guestion is shown inFigure 63, measuring a few microns aoss; the resulting EDS

mapping is seen inFigure 64 and Figure 65.

Figure 63: SEM microgrgh of globule analyzed using EDS

The only elements detectable in the globule itself were sulfur, phosphorus, and oxygen
(aluminum and fluorine were also checked as likely culprits either from the fiber or Teflon)
according to the EDS maps iRigure 64 and the spectrum inFigure 66. It can therefore be
readily concluded that the globules are simply tiny droplets of the 3:1 #¥$Q:HsPO; etch
solution that survived the rather mild water rinse and areclinging tightly to the fiber under

the high vacuum of the SEM chamber.
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Figure 64: EDS analysis revealed globule tmontain a.) oxygen, d.) phosphorous, and e.) sulfur. Other
components of potential depositsuch as b.) aluminum and c.) fluorine were not detected in the globule.

109



Figure 65: Overlayof EDS analysisighlights the presence of sulfur, phosphorous, and oxygen in tigdobule
adhered to the sapphire fiber
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Figure 66: EDS spectrum reveals the only elements present in appreciable quantities are oxygen, fluorine,
aluminum, phosphorous, and sulfur. Peaks around 0.3keV, 2.1keV, and 2.8keV are signatures from
incidental carbon and the conductivegold/palladium coating.
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In Figure 67 a sapphire nanofiber with a tip tapering to a measured diameter of less than
5nm was captured using SEM. The sample was coated with platingpalladium to reduce
charging and increase the apparent smoothness of the coating surface over that oidgo
palladium coating (which as used in the sample pictured previously iRigure 61). As the
termination of the fiber tip is not precisely visible, it is possible that the fiber tip continues
to taper but has become electron transparent (it is suspended cantilever with no

background contribution).

Figure 67. A sapphire nanofiber tapers down to a measured diameter of less than 5nm at its tip

The resiliency of sapphire micre and nancfibers is remarkable. The fibers are extremely
flexible and able to withstand external manpulation without need for excess cautionas
demonstrated byFigure 68, where a sapphire microfiberexhibits a bend radius of less than
10um. A bend of this magnitude would likely cause optical aberrations, but it is useful to

note the mechanical resiliency of the fiber for practical purposes, espially in comparison
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with silica nanofibers of similar diameter which degrade very quickly simplythrough

interaction with moisture in the air23.

Figure 68. A sapphire microfiber demonstrated abend radius of less than 10pm
4.3LMV Sapphire FiberAnalysis
4.3.1 Numerical Aperture of LMV Sapphire Optical Fiber

The effective numerical aperture of the LMV sapphire optical fiber was measured using the
method described in Sectior8.2.2 The effective NA was determined to be significantly
different from the theoretical NA calculated using the refractive indices of cer cladding,

and surrounding environment (as could be anticipated since the theoretical NA calculated
from refractive indices alone results in a value greater than 1)'he numerical aperture was

measured using a wavelength of 983nm in overfilled conditions.
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Table5: The measured effective numerical apertures faair-clad sapphire fiber differs greatly fromthe
theoretically-calculated numerical apertureof ~1.4.

Analyzed Fiber| Average Average Average Average St. Dev.
Beam Width | Beam Width | Vergence Effective NA
atDi=Omm | at D2=1mm Angle

(um) (um)
SMF28e 3108.61 3335.25 6.49° 0.113 0.029
6.5um 4513.64 4697.16 5.26° 0.090 0.008
diameter
sapphire

The effective refractive index of known SM28e was first measured to ensurexccuracy of

the method; the method used in this testing was very similar to that used to provide the

effective NA on the SMf28e technical datasheét’. Corning reports ameasured effective

NA of 0.14 for its SMR28e fiber, while the measurements obtained hereendered an

averageNA of just over 0.11. The error may be attributable to the difference in wavelength

used between measurements; Coawaveleggth®f measur em
1313nm, where SMF28e is decidedly singlemode, whereashe 983nm wavelength used in

this testing is below the designed singkenode cutoff of the SMR28e fiber. As a result, the

observed farfield pattern was not perfectly round (the LP11 mode was visible)and

Gaussian in its distribution as it would be at higher wavelengthsvhich likely introduced

error.

The 6.25umdiameter sapphire fiber demonstrated a morecircular far-field projection and
Gaussian intensity distribution, so its effeaze NA measuremenbf 0.09may be deemed

accurae.
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Regardless, the measuredffective NA of the airclad 6.5umdiameter sapphire fiber is
drastically less than the value predicted using the theoretical calculations, ~1.4. This
observancehasan enormouseffect on the predicted optical properties of the aiclad

6.5um sapphire optical fiber.

4.3.2 Reduced Laser Pulse Broadening and Modal Dispersion

Reduced laser pulse broadenings a result of reduced modal volume and corresponding
modal dispersion was demonstated for asapphire fiber whose diameter was reduced from
an initial diameter of 125um to an average diameter of ~45unwith atotal length of 1

meter (one end measured a little under 50um, while the other measured a little over
40um). The correspondingimprovement of Raman distributed temperature sensing
resolution was also calculated from these measurements, all conducted according to the

procedure outlined in Section3.2.3

The output laser pulse duration of a commerciallyobtained 1m-long, 125um-diameter
sapphire optical fiber andits reduced-mode 1m-long 45um-diameter counterpart can be
determined from Figure 69. The data was normalized to neutralize minor differences in
maximum photodetector response across samples so that the peaks could be compared
more easily. The measured pulses were also aligmesuch that their maxima were located at

t=0s, also for the purpose of more clearly representing the comparison of pulse duration.
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Figure 69: The pulse duration ofthe reduced-diameter sapphire fiber (~50um diameter at one end am ~40um
at the other) was determined to be less than that of a standard 125um sapphire fiber.

The full-width at half-maximum of the Gaussian pulsewere measured to yield the
duration of eachpulse at half its maximum response; the FWHM of the initial laser pulse
was subtracted before comparison to eliminate bias from the initial pulse duration. A
decrease in pulse duration/modal dispersion 0fL3.4% was observedin the laser pulse
propagating through the reduced-diameter sapphire fiber versus the standard 125um
sapphire fiber. Measurements reported inFigure 69 represent the average of 7 data sets
collected for each fiber, where each set was itself the average of 64 pulses; the standard
deviation of FWHM measurements among data sets was found to be no greater than 2.5

picoseconds(0.5%) for any of the measured fibers.
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This pulse durationdecrease directlycorresponds to an improvement in Raman
distributed temperature sensing resolution. An increase irspatial resolution of 13.4% is
calculated based on the pulse duration measurementsafsapphire fiber with a diameter of
40-50pum is used in lieu of astandard 125um sapphire fiber as determined through the
first term of Eq. 38, below. The second term is nullified in these calculations, as this term
merely predicts the broadening of the pulse due to the difference in effective NA, which is
already accounted for by obtaining actual pulse broadening measurements and inserting

them in 7 of the first term.

Eq.37

Limitations in equipment capabilities prevented measurement of pulse broadening of SCSF
samples that had been reduced to a diameter of 6.5um. However, the effect on spatial
resolution may be calculated using Eq. 38 and the effective numerical aperture vatu

measured and reported inTable 5.

In these calculationsfin the first term is the FWHM of the original laser pulse, and the
second term estimates the increase ipulse duration. Using the manufacturesprovided
effective NA of 0.45 for a SCSF with diameter of 125um and the measured effective NA of
0.09 for the etched 6.5umdiameter SCSF, spatial resolution is predicted to decrease from
7cm to 0.5cm for a SCSF measug 1 meter in length, representing an improvement of

93%.
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4.3.3 LMV Sapphire Optical Fiber Measurements

Subsequent to the production of LMV sapphire fiber according to the procedure outlined in
Section3.1.2, modal volume measurements were taken in the manner described in Section

3.2.1

Low-order LPo1 and LP11 modes in an airclad singlecrystal sapphire optical fiber at typical
operation wavelengthswere observed for the first time without any type of modal
manipulation (such as phase masking or selective mode excitation, which artificially isolate
preferred modes for propagation while other modes are still supported by the fibé&p.59).

The observed modal projections were verified using several input sources and injection

angles and wee deemed to be stable.

A range of data collected from sapphire fiber samples etched to decreasing diaerstis

presented inTable 6. As hypothesizd, the farfield projections changel in a predictable

manner as diameter decreased; the density of
decreaseal with decreasing diameter while the individual peaks broaderd corresponding

to decreased modal volume andnerefore decreased modal interference. The concentric

ripple pattern visible in projections from smaller fiber diameters is caused by the

interference of scattered light off the front and back surfaces of the glass detector cover, a

phenomenon also observd by other researchers.
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Table6: Farfield patterns demonstrated reduced modal interference as fiber diametewas decreased,
ultimately resulting in the appearance of Li2 and LR:1 modes The area circled in red in one of the images
is incident light from elsewhere in the room during testing.

Far-field Intensity Projections and Estimated Modal Volume
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15°
injection
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Only scattered light
observed

At the lowestfiber diameter analyzed (6.5um), a loworder LP11 mode is visible at a
wavelength of 532nm, and the fundamentalPo1 mode is observed at wavelengths of
783nm and 983nm, representing the first known observance of the fundamental mode in a

far-field projection from an air-clad sapphire optical fiber.

The injection angle of the laser light was altered by 15° (setup pictucein Figure 70, datain
bottom row of Table 6) to confirm the stability of the observed LB:1 and LP.1 modes. Low
order modes would not be much affected by such a changecause otheir inherently high
core confinement, but the intensity patterns would be significantly affected if the observed
far-field projections were attributable to other sources, such as a coincidental

superposition of other higher order modes (which propagatea higher percentage of power
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near the cladding and would not be excited by angled input conditions). However, the far
field projections displayed nearidentical behavior, confirming the observance of a low

order LP11 mode at a wavelength of 532nm and thauhdamental LPo1 mode at 783nm.

Fiber

Connectol

Figure 70: The conclusion that LB: and LP.1 modes were observed was supported by altering the injection
angle of the laser light and observing the fafield patterns. The etched sapphire fiber wittits tip diameter
of 6.5um is circled, though of course it is too small to be visible in the image. The polished tip of the fiber is
inserted into a foil aperture in front of the beam profiler detector.

Injection conditions into the sapphire optical fiberwith a tip diameter of 6.5um were
further altered to verify the stability of the low-order modes that were observed using
direct free-space coupling of the laser. The same 6.5pdiameter sapphire fiber yielding
the Table 6 results was butt-coupled to other FC/PGconnected multimode (50/125um
step index) and singlemode (SMF28e) fibers, which were then freespace coupled to the

laser source.

The results are visible inTable 7. The mode profile remainedargely unchanged regardess

of input condition, with the same LB1and LP.1 modes appearing. The relatively low light
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intensity inherent to small-core SMF results in a lower overall intensity in all patterns and

prevents imaging of a clear pattern of any type at 983nm.

Table 7: Farfield patterns of the sapphire optical fibewith etched diameter of 6.5um wee largely similar
regardless of whether light wa input using direct freespace coupling or buttcoupledwith SMF28e or
50/125 step-index MMF patchcables.

Wavelength Input: irect Input: SMF Input: MMF
532nm
783nm
983nm Intensity too low to
' S distinguish from
scattered light

All tested input conditions yield similar results; the LB1 and LP.1 modes appear in the far
field projections of the 6.5umdiameter sapphire optical fiber at the tested wavelengths
regardless of all tested input conditions.

4.3.4 Mode Propagation Stability
It is also of value to determine thegeneralstability of propagating modeswith regard to
fiber length, as it could be anticipated that some length is required to reach equilibrium
once the light has propagated beyond the input methodr{ this case the 125um-diameter

glassshielded region of sapphire fiber).
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To help eliminate additional factors contributing to variation in the determination of the
effect of fiber length on farfield projection stability, commercially-available single mode
(SMF28e) and multimode (50/125um step-index MMF) fibers were used in this analysis
rather than any custombuilt sapphire samples. SMF or MMF fibers of 1m, 0.5m. 0.25m, and
8cm were tested with the same lasers utilized in previous testing. Light was transmitted to
these samples using either direct freespace coupling or buttcoupling of a @tch cable of

the opposite variety. The length of the MMF patch cable was 2.5m, while the length of the
SMF patch cable was 1m, and laser light was injected into these patch cables using direct

free-space coupling when it was supplying light to the otheriltber during testing.

The farfield projections emanating from varying lengths of SMR28e at three different
wavelengths and two injection methods is shown ifTable 8 below. Note that higherorder
LPs1 and LP.1 modes ae supported at wavelengths of 532nm and 783nm by this nominally

simplde” fiber because it is designed to supp

(listed as >1313nmé&7) than those used in this experiment.

Table 8: Farfield patterns captured from different lengths of SMF28 were largely consistent for a given test
wavelength regardless of fiber length or input condition. Inérference (likely from unstripped cladding
modes) was apparent at short lengths.

Test Input A=532nm A=783nm A=983nm
Fiber Condition

_ 4 o -
SMF28e Direct ‘g
L ‘

1 meter Fen

- -1000
-1000 -500 (] 500 1000
| S 1 L
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0.08m

MMF

Regardless of input condition or fiber lagth, the same loworder modes weae dominant for

a given wavelength, with the LB. mode most prominent at 532nm and Lk and LR

modes visible at 783nm and 983nm, respectivel\5peckled interference patterns wee

visible once the SMF length reaches 8cm (and also at 0.25m to the discerning eye), though
the same mode patterns are apparent; this is likely due to interference from ungtped

cladding modes.

A duplicate experiment was carried out using 50/125um stepndex MMF, with input

conditions varying between direct freespace coupling and SMF inputT{able 9).

Table9: Farfield patterns were also consistent for various lengths d§0/125 step index MMF for a given test
wavelength. The input method did significantly affect the observed fdield projections for MMF, unlike
tested SMF or sapphire samples.

Test Input A=532nm A=783nm A=983nm
Fiber | Condition

Direct
50/125
Step
index
MMF
1 meter
SMF




50/125 Direct
Step
index
MMF

0.5

meter
SMF

Direct
50/125
Step
index
MMF

0.25
meter SMF

50/125 Direct
Step
index
MMF

0.08m
SMF

The length ofthe MMF hal little effect on the observed farfield profile, as was seen in

testing of the SMF. The SMF input did not directly excite the higher order modes supported
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by the MMF, so LR, LP1, and LR intensity profiles remain dominant with some light
leaking into other modes over the length of the MMF fiber to produce a background
interference pattern. A fultlength 2.5m MMF patch cable was also tested to determine
whether this trend would continue (Table 10), and it appears that power coupled into
higher-order modes does begin to increase with length as expected, but the threshold for

obvious changes in power occur well beyond the previousitested 1m length of MMF.

Table 10: Lower-order modes from a SNFinput into 2.5m length of MMF wee still apparent, but higherorder
modes appeaedto be increasing in intensity
Im SMFto25mMMRA =53 2| ImSMFto25mMMR =7 8 3| 1m SMFto 2.5m MMR =9 8 3

Interestingly, while use of SMF to provide input light into MMF results in significant
observable power coupled into loworder modes at MMF lengths beyond 1 meter, this does
not appear to be the case for sapphire fiber. A 125patiameter sapphire fiber sampe such
as that tested previously inTable 6 was analyzed using the same variations on input
conditions, but the only discernible effect on faffield projections was relative intensity
(Table11), largely due to the differences in core size; theore diameter of the SMF is 8.2um
and that of the MMF is 50umthe beam spot size of the direct fregspace coupling method is

around 500um,far larger than the 125um sapphire core.
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Table11: The nput condition affectedintensity of far-field projections of 125um-diameter sapphire fiber at a
wavelength of 532nmbut did not drastically affect the modal interference pattern.

Direct input to 125um SMF inputto 125um MMFinput to 125um
diameter sapphire fiber, diameter sapphire fiber, diameter sapphire fiber,
A=532nm A=532nm )\:52nm

-2000
-2000

~ l}ﬂ -3000 -2000 -1000 ] 1000 2000 3000 4000
:I_BODGUOO -2000 -1000 0 1000 2000 3000 4000 72000

4.3.5 Discussion of Observed Results in Comparisamith Theoretical Models

While a quantifiable modal volume analysis method would be ideal, the demonstrated
gualitative comparative far-field analysis mehod does yield repeatable results that
accurately represent the true beam profile present in an optical fibein typical conditions.
In the case of the 6.5urdiameter sapphire fiber, loworder LPo1 and LP.1 modes are
observed in the tested wavelength rangef 532-983nm (the fundamental made appears at

wavelengths of783nm and above).

Mathematical modal volume predictions presented in Sectio.1.2estimated the support
of 460-1600 modes at this airclad sapphire diameter of 6.5um (corresponding to
minimum and maximum wavelengths of 532nm and 983nm) using the theoretically
calculated numerical aperture for airclad sapphire which is dependent solely on the
refractive indices of sapphire and air. It is therefore reasonable to question why the P
and LP.1 modes were observed in faifield patterns when hundreds of other modes should
still have been supportedaccording to the models in Sectio.1 using the theoretical NA

(and therefore producing the familiar interference patterns seen at larger diameters).
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It is well documented'! that the measured effective numerical aperture of an optical fiber
(especially sapphires4) can differ greatly from the theoretically-calculated NAFactors
beyond refractive index can affect the effective NA, such as cressctional fiber geometry
(sapphire fibers are not circular due to their hexagonal crystal structure)as well as the
fact that the complex refractive index is not determined in these calculations, which would
account for effects such as attenuation (Sectiah2). Therefore, this apparer deviation

from theoretically anticipated results may be remedied throughapplication of the
measured effective NAor the reduced-diameter sapphire fiber providing the LR1 and LP1

mode projections seen inTable 6.

If the measured effective NA of the 6.5urdiameter air-clad sapphre fiber (0.09, Table5) is
substituted for the theoretical NA calculated using the refractive indices of sapphire and
air, perfect harmony between the theoretical modls and observed modal behavior is
observed Modal volume estimations using the aiclad sapphire theoretical NA of ~1.4
predict the support of 1614, 736, and 461 modes at the respective tested wavelengths of
532nm, 783nm, and 983nmUse of the measurecffective NAof 0.09for the 6.5um
sapphire fiber insteadanticipates support of only the fundamental L1 mode at
wavelengths greater tharn~760nm. The greater predictive power of using a measured
effective NA rather than the inaccurate theoretical NA isighlighted in Figure 71. Inserting
the correct NA into the modal volumesstimation procedure described in Sectior2.1.2

produces results that support the observed faffield patterns.

128



Maximum Air-Clad Sapphire Radius for Single Mode Operation
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Figure 71: Use of the measured effective NA produces predictions that are perfectly in line with observed
single-mode cubff diameter and wavelength, contrasting predictions using the theoretical NA.

Furthermore, use of the precise modal volume calculations derived in Secti@nl.lalso
predicts the support of only a single mode at wavelengths of 783nm and 983nm if the
measured effective NA of the aiclad 6.5umdiameter sapphire fiber (0.09) is substituted

for the theoretical NA (~1.4). The solution of the modalvolume-indicating characteristic

equation for this device at FKgue83nm and A=983

— LHS
RHS

— LHS
RHS

Solution of LHS/RHS

Solution of LHS/RHS

X—=V X—=V

Figure 72: Use of precise modal volume calculation methods also indicates a single mode is supported for an
airclad65ymdi amet er sapphire fiber with an eff eight)i ve NA
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This is an extremely valuable discoveryhat is of imperative immediate importance inhigh-
temperature sensing applications; asapphire fiber measuring several microns in diameter
is much more easily handled, protected, and deployed than submicrahameter fibers that
were originally predicted to be necessary for single mode behavior using the much larger
theoretical numerical aperture.Furthermore, the predictive power of the models described
at length in Section2 are greatly bolstered by the obsering the effect of utilization of the
effective versus theoretical NA values; this point is magnified the comparisondisplayed
in Figure 71. It may now be stated with confidence that the first singlenode air-clad
sapphire optical fiber has been demonstrated aiameters that are still useful for carrying
of large amourts of optical power and inscription of features such as intrinsic Bragg
gratings, not to mentionmuch greater practicalresiliency than submicron-diameter

sapphire fibers.

Additionally, it was demonstrated that these loworder mode profiles were stable wih a
reduced-diameter sapphire fiberlength of only 10cmand in a wide range of injection
conditions, proving thatsensing schemes requiring the reduced modal dispersion and
consistent radial intensities provided by singlemode sapphire optical fibers are ow

within reach.
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5 CONCLUSIONS
In this research, the only known method forreliably and consistently reducing the
diameter of single-crystal sapphire belowthe 50um limit of commercialfabrication
techniques wasthoroughly explored, developed and demonstrated. The practical nuances
of procuring optical-quality sapphire fibers for enhanced extremesnvironment sensors
and data transmitters were discussed, and walepth analysis of theetching behavior of
sulfuric and phosphoric acid and their 31 mixture with a-plane sapphire was presented for
the first time. Further experimentation with the etching solutions revealed surprising and
complex compositional characteristics in the phosphoric acithroughout the etching
process, and theknowledge gained from these experiments was used to discern the cause

behind differences in etching rates of @lane and eplane sapphire surfaces.

Sapphire fiber with a diameter less than the wavelength ofisible light was produced for
the first time. Amethod for tapering the fiber to induce additional optical advantages was

also developed and demonstrated.

Testing of the effective numerical apertureof LMV sapphire optical fiber revealed a large
disparity between the effective NA and theoreticallycalaulated NA. Use of the effective NA
rather than the inaccurate theoretical NA was deemed to have a great effect on predicted
optical properties of LMV sapphire fiber devices; use of the effective NA pnedictive modal
volume estimates demonstrated perfecagreementwith observed results, contrasting the

predictions made using the theoreticallycalculated NA for LMV sapphire optical fiber.
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The decreased laser pulse duration corresponding to decreased modal dispersion in a
reduced-diameter sapphire fiber wasalso determined, providing a direct increase in the

sensing resolution of Raman distributed temperature sensing methods.

A singlemode air-clad singlecrystal sapphire optical fiber was demonstrated for the first
time. The singlemode cutoff wavelength and diameter for the akclad sapphire system was
also determined, provding crucial information for future design of extreme environment
sensors relying on reducednodal volume. Variations of input conditions and other
potential factors were thoroughly explored to demonstrate the stability of theobserved

far-field projections.

Theoretical models to be used in the design of LMV sapphire fiber devices were also
developed, specifically to more accurately predict modal volume and core confinement.
These theoretical design tools, combined with the developed capability to prode

sapphire optical fibers of any desired diameter, provide the foundation for a new class of
extreme environment sensor materials based on the LMV sapphire platform. Observance of
low-order LPo1 and LP.1 modes inmicron-diameter sapphire fiber indicates sensing

schemes requiring low modal volume can now be used in sapphire with stronger signal

than could be transmitted through subwavelengthdiameter cores

The new contributions to the body ofliterature in this field of sapphire fiber optics are

summarizedas follows:

1 The only known procedure for reducing the diameter of singlecrystal sapphire

optical fiber below that of standard fabrication limits (<50um)
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o Optimization of the parameters associated with this wefacid etching
procedure to predictably produceLMV sapphire fibers withoptic-quality
surfaces

o Demonstration of heating profiles thatproduce tapered sapphire optical
fibers

1 Presentation of the first air-clad single mode sapphire optical fiber

o Single mode behavior demonstrated at wavelengths of 7881 and 983nm,
and low-order LP11 mode observed at a wavelength of 532nm

o Determination of the singlemode cutoff for air-clad sapphire with respect to
diameter andwavelength

1 Demonstration that established optical fiber equations regarding modal volura
prediction that are based on weaklyguiding assumptions are accurate for the Igih-
A elad sapphire system ithe effective NA is measured and utilizethstead of
theoretical NA

o The first measurement of effective numerical aperture for a singlenode
sapphire optical fiber

1 Measurement of reduced laser pulse broadening corresponding to reduced modal
dispersion in a reducedmode sapphire optical fiber

o Extrapolation of increased resolution in a Raman distbuted sensing system
as a result of decreased modalispersion

1 Enhanced understading of the chemistry involved in the etching of sapphire using
sulfuric and phosphoric acids and their 3:1 mixture

o0 The first reporting of etch rates and activation energies of-alane sapphire
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o Discussion and experimentakupport for factors contributing to differences
in etch rates of aplane and eplane sapphire surfaces

o Enhanced understanding of mrphological transformations in sulfuric and
phosphoric acids at elevated temperatures, including their interactions with

one another
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6 FUTURE WORK

This research has proved to be foundational in naturenabling thefirst production of a

whole new class of sensor materialsl(MV and SDF sapphire devicesjhere isenormous

opportunity to capitalize on the knowledge gained throughout this study and continue to

develop exciting new technologies. Here are but a few of the research opportunities

immediately enabled by the foundation laid in this document:

l

Increased resolution of hightemperature distributed sensing techniques using-MV

sapphire fiber

Sensing techniques usingtrinsic (or extrinsic) f i ber Br agg gratings
sapphire fiber

Evanescent fieldbased sensingus ng sapphire SDF’ s

Selective masking and etching studies to produce unique cressctional geometries

in sapphire optical fiber

Exploration of exotic applications of SDF and neaBDF sapphire fiber, such as
supercontinuum generation and microring resonators

Biomedical applications such as microstrain sensors and neinvasive soft tissue

probes
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APPENDDA: REFRACTIVE INDEX GH#APPHIRE VS. WAVELENH

-
Meller Optics, Inc.
Optics and Electro-Optics for
Lasers, Industry, and Defense
Sapphire Index of Refraction Table 0311002
"alues at 20 ° C.
Crdinary ray along C axis, extracrdinary ray normal to C axis.

A Ordinary  Extraordinary Difference % Change
Jm Ray Ray (Or - Ex)  (Diff / Ord}
0.200 1.01271 1.90163 D.01108 0.58%
0.240 1.55445 1.54453 D.009493 0.54%
0280 1.52437 1.81509 D.00925 0.51%
0.320 1.50604 1.79752 D.00852 0.47%
0360 1.79487 1.78604 D.00863 0.45%
0.400 1.73652 1.77807 D.00845 0.47%
0.440 1.73050 1.77226 D.00833 0.47%
0430 1.77610 1.76765 D.00842 0.47%
0520 1.77260 1.76444 000816 0.45%
0560 1.76020 1.76169 D.00811 0.45%%
0600 1.76750 1.75944 D.00806 0.45%
0640 1.76553 1.75755 D.00803 0.45%
0.EED 1.76304 1.75504 D.00800 0.45%
0720 1.76252 1.75454 D.00T95 0.45%
0760 1.76126 1.75331 D.00795 0.45%
0,500 1.76013 1.75220 D.00793 0.45%
0540 1.75811 1.75119 D.00792 0.45%
0580 1.75817 1.75026 D.007H 0.45%
0.920 1.75720 1.74940 D.00T89 0.45%
0960 1.75645 1.745855 D.00T85 0.45%
1.000 1.75563 1.74781 D.00787 0.45%
1.300 1.75043 1.74260 D.00783 0.45%
1.500 1.74705 1.73924 000781 0.45%
1.700 1.74351 1.73572 D.007 79 0.45%
1.900 1.7387 1.73194 D.00777 0.45%
2100 1.72558 1.72754 0.00774 0.45%
2300 1.73110 1.72330 D.00771 0.45%
2500 1.72623 1.71855 D.00TES 0.44%
2.700 1.72085 1.71331 000754 0.44%
2900 1.71523 1.70785 D.00758 D.443%
3100 1.70007 1.70155 D.00752 D.44%
3.300 1.70243 1.593500 000743 0.44%
3.500 1.659531 1.68793 D.00733 0.43%
3700 1.63763 1.63047 D.00721 0.43%
3.000 1.67951 167245 D.00706 0.42%
4100 1.67020 1.66391 D.00689 0.41%
4300 1.66151 1.654582 D.00669 0.40%
4500 1.65161 1.64517 D.00644 0.35%
4700 1.64102 1.63492 D.00&816 0.38%
4900 1.620985 1.52406 D.00583 0.36%
5100 1.61790 1.61255 D.00544 0.34%
5300 1.60538 1.80036 D.00500 0.31%
5500 1.59185 1.58746 0.00449 0.28%
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APPENDIX BMATHEMATICA CODE

The following code was input &olfram Mathematicato calculatevarious plots and models
generated in the theoretical segments of this work.

Appendix B.1:Modal Volume Measurement

Mode Counting

a=;
nl=;
n2 =;
\ [Lambda] =;
Where
a = fiber radius in nanometers
nl = core refractive index
n2 = cladding refractive index
\ [Lambda] = wavelength in nanometers
NA = (n172 - n2"2)"(1/2);
V = 2*Pi*a/\ [Lambda]*NA
modeestimatelargeV = 4/Pi"2*V"2
modeestimateV = V"2/2
kO = (2*Pi)/ \ [Lambdal];
KT = (n172*k0"2 -\ [CapitalBeta]*2)"(1/2);
\ [Gamma] = (\ [CapitalBeta]"2 - n2"2*k0"2)"(1/2);
Y = (VA2 - X"2)N1/2);
| =1;
LHS = X*(BesselJ[l + 1, X]/BesselJ[l, X]);
RHS = Y*(BesselK[l + 1, Y]/BesselK]l, Y]);
Plot[{LHS, RHS}, {X, 0, V}]
intersections = {X, LHS} /.NSolve[{LHS == RHS, 0 <= X <=V}, X]
modenum = Length[intersections]
Plot[{LHS, RHS}, {X, 0, V}, PlotLegends"Expressions",
Exclusions-> {Denominator[LHS] == 0},
Epilog -> {Red, AbsolutePointSize[6],
Tooltip[Point[#], #] & /@ intersections}]
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Appendix B.2: Core Confinement

Independent Variables
nl=;
n2=;
a=;
d=;
o=
k=;
70=8.85418782*10>
e0=1.256663706*10
Where
nl= refractive index of core
n2= refractive index of cladding (air)
a= fiber radius in nanometers

= wavelength in nanometers (3500nm absoc

f0= electric constant; permittivity of free spgoe3 kg1 s* A?)

e0= magnetic constant(mkg/estAeabil ity of

Update value for Usc from table if @&,
Equations

V=k*a* (n?- n2?) %
p= n2n1d/2;
. (1_ 4*A)—§
bsc=\2xa)2)* v
NA=(n1/2-n2/2)"2

1
kT:(n12*|<02 - Bz) 2.

NI

95 (BZ— n22*k02)

Y:(V2 _ X2) %
[=0;
LHS=X*(BesselJ[lI+1,X]/BesselJ[l,X]);
RHS=Y*(BesselK[l+1,Y]/BesselK]l,Y]);
Plot[{LHS,RHS},{X,0,V}]
intersections={X,LHS}/.NSolve[{LHS==RHS,0<=X<=V},X]
Xn=Part[intersections,1,1];
kTn=Xn/a;

b (n?#K? - anz)%.
R=r/a;
1
U=(d* (k**n1*-8%) 2o,

1
\N:(d-k(ﬁ2 - k%% n22) 2 )2;
Jv=BesselJ[1,U];



Kv=BesselK[1,W];
HEeq=(Iv/(U*Jv)+KVv/(W*KV))*(Iv/(U*Iv)+(nZ*KV)/(n1%* W* Kv ) ) == AUV n 1) )
4.

al=(F21)/2,
a3=(F11)/2;
ab=(FX1 + 2 * ) / 2;
a2=(F2+1)/2;
ad4=(F1+1)/2;
a6=(F1+12 * mp) / 2 ;
F1=((U*W)/V)*(b1+(1-2 * ) * b 2) ;
F2=(V/(U*W))?>*1/(b1+b2);
b1=1/(2*U)*(J0/J1J2/J1);
b2=1/(2*W)*(KO/K1+K2/K1);
JO=BesselJ[0,U];
J1=BesselJ[1,U];
J2=BesselJ[2,U];
KO0=BesselK[0,W];
K1=BesselK[1,W];
K2=BesselK[2,W];
JOR=BesselJ[0,U*R];
J2R=BesselJ[2,U*R];
KOR=BesselK[0,W*R];
K2R=BesselK[2,W*R];
Z-Components of Poynting Vectors
Inside the Core (0<r<a)
e0

1
2
szl=1/2’(“0) *((k*n1?) / ( P)*(dl1a3*JOR+a2*ad*J2R+(1-
F1*F2)/2*JOR*J2R*Cos[24]);
e0

1
=¥12
szllin:1/2’(“0] *((k*n1?) / ( P)*(@11a3*J0R+a2*ad*J2R+(1-F1*F2)/2*JOR*J2R);
Outside the Core (a=<r<inf)
€0

1

eV 2

522:1/2:(u0) *((kn1?) | ( B)F*@AW?)*(@l*a5*KORXa2*a6*K2R-(1-2 * -gp
F1*F2)/2*KOR*K2R*Cos[2*1]);

€0

1
2
szZIinzl/Z*(“O) *((k*n1?) / ( B)y}*®3AW?*(al*a5*K0*+a2*a6*K2-(1-2 * -
F1*F2)/2*K0*K?2);
core=Plot[sz1lin {r,0,a}]
clad=Plot[sz2lin,{r,a,5000}]
Show]core,clad,PlotRangg{0,1000},{0,0.01}}]
Clear[a];
intsz1l=Integrate[sz1,{r,0,a}£{,0,2*Pi}];
intsz2=Integrate[sz2,{r,a,Infinity},§,0,2*Pi}];
d=intszl/ (intszl+intsz2),
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confine=Pl ot [ d,-$#®,500},{561} 8xXesLdb¢l-of{tFiRaa n g e
Radius(nm)","Confinement Fraction"},GridLinesAutomatic,GridLinesStyle
>Directive[Gray,Dashed]]
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