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ABSTRACT

Silica-based optical fibers have been applied to numerous fields. The interactions between
acoustic phonons and the optical wave are involved in several of these applications. A significant
stimulated scattering mechanism observed is stimulated Brillouin scattering (SBS), resulting in
strong backward scattering typically within the optical fiber core. SBS has become one of the
significant factors limiting the power transmitted in an optical fiber. Through investigating
acoustic properties with temperature and strain effects, novel fibers can be developed by
decreasing SBS of high power laser systems for optical remote sensing, or by increasing
sensitivity to temperature or strain for distributed fiber-optic sensing systems.

This thesis presents measurements and modeling of the P,Os doping effect on the acoustic
damping and temperature sensitivity coefficients of silica fibers. The Brillouin gain spectrum of
a highly P,Os-doped fiber is measured at different temperatures. Its thermo-acoustic coefficients
(TAC) and thermo-optic coefficients (TOC) are determined. In addition, its acoustic velocity is
found to be much less dependent on temperature. We present similar analysis for the P,0s
doping effect on the strain sensitivity coefficients of silica fibers. The strain-optic coefficient
(SOC) and the strain-acoustic coefficient (SAC) of bulk P,Os are determined by investigating the
Brillouin gain spectrum of a heavily P,Os-doped fiber and a pure silica fiber at different strains.
The Pockels coefficients pi; and pi, for bulk P,Os are also estimated via Brillouin gain
measurements.

The experimental data and analysis results are extremely useful for designing optical and

acoustic profiles of optical fibers for any applications where Brillouin scattering occurs.
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CHAPTER 1

INTRODUCTION

It is well known that silica-based optical fibers have been used for numerous applications.
Several of these applications include interactions between acoustic phonons and the optical
wave. An important stimulated scattering process that has been observed is stimulated Brillouin
scattering (SBS), which leads to a highly-reflective distributed Bragg grating resulting from a
propagating pressure wave, typically within the optical fiber core. More specifically, the light
scattering occurs when the intensity of the light field affects the propagating medium where SBS
effect is caused by the spatial and spectral overlap between the optical waves and the acoustic
modes in the fiber waveguide. SBS effect has become one of the major limiting factors [1] on the
amount of the power transmitted in an optical fiber due to increasing power required in the
optical fiber core and relatively long interaction lengths for systems using narrow linewidth such
as narrow linewidth fiber lasers used in optical remote sensing.

Recently innovative optical fibers with customized acoustic profiles have been designed
specifically for some applications where Brillouin scattering may be encountered. The
applications may require either its suppression or its utilization. SBS is useful in some cases. For
example, distributed sensing uses either stimulated Brillouin scattering or spontaneous Brillouin
scattering (SpBS) with Brillouin frequency shift (BFS) as a function of temperature [2,3,4]. In
contrast, it is detrimental in some cases, such as in high power and narrow linewidth fiber lasers
with a low SBS threshold [5,6]. Thus, many solutions are proposed including broadening the
effective laser linewidth, designing optical fiber with an acoustic guiding layers [7], reducing
effective fiber length by varying core size [8], dopant concentrations [9], temperature [10], or
stress and strains [11], using large mode area fiber [12,13], designing dual cladding fiber [6] ,
etc.

Since SBS is strongly related to the acoustic properties, the acoustic profiles of the optical
fiber can be manipulated for some SBS applications. In order to completely understand their



relationships, it is necessary to further study the acoustic properties of the optical fiber using
Brillouin scattering method to precisely describe their connections and predict their behaviors
under the different conditions.

For comprehending the relationship of the acoustic properties between dopants, a ternary-
system fiber such as B,Os-doped germanosilicate fiber was investigated. Interestingly, an
existing model was used to adequately explain viscosity effect on the anomalous Brillouin
spectral widths observed in the experiments [14].

In order to realize how the anti-waveguide influences acoustic properties, a pure silica fiber
with a pure silica core and F-doped cladding was studied. Since the acoustic velocity in the core
is greater than that in the cladding, the fiber is acoustically antiguiding. It is found that the
acoustic damping coefficient increases with increasing mode number and decreasing core
diameter as well [15]. The waveguide loss also plays an important role on the acoustic
attenuation affecting the observed spectral width.

Due to more common fibers as references in experiments, binary-system fibers such as
Ge,03-doped fibers are investigated. These optical fibers with different dopant concentrations
and compositional profiles present different acoustic properties providing valuable temperature-
dependent acoustic coefficients [16]. The coefficients can be used to design specialty fibers for
desirable applications in temperature.

In addition, since the P,Os-doped fiber has not been studied yet in the literature, this thesis
will completely study the thermo- and strain-acoustic properties of a P,Os-doped optical fiber
through a series of experiments and analyses and determine the unknown thermo- and strain-
acoustic coefficients. These acoustic coefficients will be utilized to design fibers for the sensing
applications in temperature and strain.

Investigating the different doped silica fiber is a pathway to build the foundation of the
generalized model. The generalized model will include the relation of optical and acoustic
parameters vs. temperature or strain. It provides fiber designers with a predictable direction to
manipulate the compositional profile and further create the desirable properties for any
applications in temperature and strain. In addition, novel optical fibers with tailored acoustic
profiles can also be designed specifically for applications associated with Brillouin scattering
suppression. Therefore, it is essential and obligatory to understand these different fibers for

developing a potential generalized model in the future.



1.1 Motivation of Thermo-Acoustic Experiments

Necessary in the process of designing an acoustic profile is the knowledge of how potential
dopants influence the relevant thermo-acoustic parameters in a host material, such as silica.
Much less has been done to characterize Brillouin spectral width related to attenuation
coefficient and how the thermo-acoustic coefficient (TAC) and thermo-optic coefficient (TOC)
are influenced by these dopants [17], while publications can be found to show how some
common dopants influence the acoustic velocity in SiO, [18]. This data is particularly
significant, for example, when the large acoustic damping coefficients associated with some
dopants can be used as a degree-of-freedom in the design of a specialty fiber. Moreover, clearly
understanding the TACs and TOCs of the various dopants can lead to the development of novel
optical fibers for distributed temperature sensor applications.

An analysis was done with the measurement of the Brillouin gain spectrum (BGS) of a
heavily GeO,-doped optical fiber [19]. From the measured BGS, and a fit to a simple materials
model for GeO,-doped fibers, it was able to extract an acoustic attenuation coefficient for bulk
GeO; [20]. This value was modified due to a more accurate compositional profile [21]. This
acoustic attenuation value increases with acoustic-frequency-squared for GeO,-doped fibers [22].
In addition to other basic material parameters for the bulk material, this data point can then be
used to calculate and design sets of relevant acoustic profiles for arbitrary compositional profiles,
and can be extended to include systems of multiple dopants.

A similar analysis of a P,Os-doped optical fiber is presented in this thesis. It is found that, for
the purposes of modeling P,Os-doped fibers, including P,Os-doped inner cladding layers, bulk
phosphorus oxide has an acoustic attenuation coefficient (o) similar to, but larger than, that of
bulk GeO,. Both of these values are larger than that of silica [21]. Meanwhile, the spectral width
of the Lo; acoustic mode of a P,Os-doped optical fiber is also found to decrease with temperature
increase at a rate similar to that of GeO,-doped optical fiber.

In addition, the experimental results indicate that, for the Lo; acoustic mode, the Stokes shift
increases with temperature increase. Using similar measurements on each of the four observed

acoustic modes located in the core, it is found that the TAC of the bulk acoustic velocity of P,0s
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is less than that of silica. In order to obtain this coefficient from the P,Os and SiO, co-doped
oxide glass, a pure SiO,-core (Sumitomo Z Fiber) is measured to obtain the temperature-
dependence of the pure silica component. The SiO,-P,0Os system is modeled in an additive way
to determine the P,Os value. The TAC value for silica is in good agreement with previous results
on the bulk material [23,24], providing a large degree of confidence in the P,Os value.

These temperature-dependent coefficients are very useful for designing specialty fibers of
sensor applications in temperature. For instance, utilizing the determined temperature-dependent
coefficients, a composition is found whose Stokes shift dependence on temperature is minimized
[25]. This design reveals that this fiber is only sensitive to a specific physical measureable

quantity (e.g. strain) for a specific sensing application (e.g. transport monitoring).

1.2 Motivation of Strain-Acoustic Experiments

From the measured BGS of a P,Os-doped optical fiber and a fit to a simple materials model for
P,Os-doped fibers [20], we can extract an acoustic velocity, acoustic attenuation, and thermo-
acoustic coefficient for bulk P,Os. These values for the bulk material can be used to calculate
and design sets of relevant acoustic profiles for arbitrary compositional profiles for distributed
temperature sensing applications.

Similarly, there are many examples using Brillouin frequency shift as a function of strain for
the distributed pressure sensing uses [26]. Therefore, a similar analysis is presented for the
tensile strain effect on a P,Os-doped optical fiber to derive a strain-optic coefficient (SOC) and
strain-acoustic coefficient (SAC) for bulk P,Os and pure silica. These values are particularly
important because, when associated with dopants and concentrations, they can be used as a
degree-of-freedom in the design for a strain-sensitive fiber. Furthermore, comprehending these
coefficients of the various dopants can lead to the development of novel optical fibers for
distributed strain sensor applications.

The SOC values of bulk SiO, and silica fiber have been reported in [27]. However, an
extensive search finds that the SOC of bulk P,Os (calculated from the Pockels coefficients,

p1iand pip, and the Poisson ratio, o, via pi2—o-(p11+pP12)) IS not reported in the literature even



though the strain effect on acoustic frequency and spectral widths has been studied for bulk
materials and silica fibers [28,29,30].

Like the previous work for TAC, we need this SOC of bulk P,Os to determine its SAC. In
order to obtain the SAC from P,0sand SiO; co-doped oxide glass, a pure SiO,-core (Sumitomo
Z Fiber) and a P,Os-doped silica fiber were first tested to obtain the strain-dependency of the
SiO; and P,0Os. Therefore, the SOC of P,0s-doped silica fiber and pure silica fiber (Z Fiber) are
measured utilizing the strain-dependent free spectral range (FSR) of a fiber ring laser [31,32].
The SOC value for pure silica fiber is in good agreement with previous measurements on the
optical fiber [27], providing a large degree of confidence for our formalism in the P,Os value.
The SiO,-P,05 system is modeled using an additive model [20] to fit the SOC values of P,Os-
doped silica fiber, and thus it is able to extract the SOC of bulk P,Os. This SOC of P,Os-doped
silica fiber is slightly lower than the pure silica value, but both are much higher than the SOC of
bulk P,Os. In addition, through Brillouin gain measurements one can obtain the measured
Pockels coefficient (p12) of P,Os-doped fiber and estimate thus the measured Pockels coefficients
for bulk P,Os. This p12 could further help extract p;; from the SOC of bulk P,Os using a well-
known Poisson ratio of bulk P,Os [33] in an additive way with considerable error. However, this
thesis is the first attempt to determine these values for bulk P,Os and of P,Os-doped fiber.

Experimental results on the Stokes frequency shift with strain changes for P,Os-doped silica
fiber and SMF-28 indicate that, for the Lg; acoustic mode, the Stokes shift increases
approximately linearly with elongation. While the rate of standard GeO,-doped SMF-28 fiber is
higher, both of these values are less than that of pure silica fiber (Z Fiber). The rate is found to be
much less dependent on strain in P,Os than in SMF-28 and in pure silica fiber as well. Utilizing
these SOC coefficients and measurements of the BGS at various strains on each of the four
observed acoustic modes located in the core, in the same additive way the modeled and unique
slopes of the Stokes-shift-versus-strain curves fit the measured values of the four observed
acoustic modes. By the relation of acoustic velocity versus strain, one can determine the SAC of
bulk P,0s, which is found to be much lower than that of bulk SiO..

The SOC and SAC coefficients will help to design novel optical fibers for distributed strain
sensor applications. For instance, utilizing the determined coefficients, a composition is found

and its Stokes shift dependence on strain is suppressed. This composition provides the specialty



fiber with high sensitivity to a specific physical measureable quantity for a specific sensing

application.

1.3 Thesis Outline

This thesis mainly focuses on the acoustic properties of the P,Os-doped optical fiber. Chapter 1
addresses the background of SBS and the motivations of thermo-acoustic properties and strain-
acoustic properties which are driven by any kind of the sensing applications. Chapter 2
introduces SBS theory and how SBS is related to the acoustic properties of optical fibers as well
as how material characteristics of the dopant and geometric properties of the waveguide affect
the acoustic properties of optical fibers. In addition, temperature and pressure effect are
presented via the thermo- and strain-acoustic coefficients of optical fibers. Finally, an additive
model introduced here has been widely applied for optical index, acoustic velocity, mole density,
and photoelastic coefficient in the analyses of composite optical fibers. Chapter 3 will present the
temperature effect on the P,Os-doped optical fiber from experimental setups and fiber sample
information, as well as measurements and analyses of Brillouin gain spectra at room and other
temperatures. Additionally, the acoustic attenuation, thermo-optic and thermo-acoustic
coefficients are studied and determined. Chapter 4 will exhibit the strain effect on the P,Os-
doped optical fiber through experimental setups, as well as measurements and analyses of
Brillouin gain spectrum at room and other temperatures. Specifically, the strain-optic and strain-
acoustic coefficients never reported before are completely studied and obtained. Chapter 5 will
summarize the research achievements and elucidate the future research directions for study of the
acoustic properties for optical fiber.



CHAPTER 2

THEORY AND MODEL

2.1 Brillouin Scattering

Many applications of silica-based optical fibers are related to interactions between phonons and
photons. A key stimulated scattering is stimulated Brillouin scattering. Thermal noise phonons in
the medium give rise to random acoustic pressure waves within the fiber core. The light wave
interacts with acoustic waves to enhance a highly-reflective distributed Bragg grating via
electrostriction effect, and it manifests a propagating acoustic wave in the medium. The light
scattering occurs and increases in intensity when the light field interacts with the acoustic
pressure wave via a specific Bragg condition [34]. SBS can be observed when the light scattering
intensity is higher than a threshold value. Figure 2.1 illustrates Brillouin scattering mechanisms
including incident light, scattering light, and acoustic wave. This image is taken from [35].

Index Grating

Incident Light
wp | ke
Acoustic Wave

Scattered Light -
o -9 Qa, Qa

s | Ks
Figure 2.1: Brillouin scattering in an optical fiber results from Bragg scattering of an induced
acoustic wave.

Both the energy and momentum must be conserved during Brillouin scattering. The

frequencies and wave vectors of three waves are related by Qx=wp—ws and q, =ke —ks. 2a and
q,are Stokes frequency shift (acoustic frequency, vs) and wave vector of acoustic phonons. wp
and k. are the pump frequency and wave vector of the seed laser. ws and ks are Stokes

frequency and wave vector of scattered light. They satisfy the dispersion relation, ga=2kpsin(6/2),
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assuming ke=ks. @ is the angle between the incident and the scattered light. The maximum
Brillouin scattering is backward scattering (#=180°) and there is no forward scattering (6=0°) in
optical fibers which guide backward and forward scattering, so Qa=QaVa=2Vakp and vg=
Qpl2r=2n,Vallo=Valia. Va is the acoustic velocity, n, is the refractive index of the scattering
media, 4, is the wavelength of the incident light in air, and /4 is the acoustic wavelength. The
acoustic wave associated with vg causes a periodic modulation of the refractive index scattering

with the pump wave matching the Bragg condition, 1a=4,/2n,.

|e— Q) —|e— Q) —]|

—>»| \-— S0 > \— So
J\t—&"

ws=w _QA (0)] 5—60+QA

Figure 2.2: Spectrum of Stokes (ws) and anti-Stokes (w 's) Brillouin scattering and Rayleigh
scattering (w).

Figure 2.2 shows a Brilluoun gain spectrum. This image is taken from [34]. The scattered
light down-shifts by ©Qa to ws as Stokes scattering due to the Doppler shift associated with a
grating moving at Va. In contrast, the scattered light up-shifts by ©Qa to @’s as anti-Stokes
scattering due to the Doppler shift associated with a grating moving at —Va. Additionally, the

BGS has the Lorentzian spectral profile given by

(Avg, /2)

(V_VB,m)2 +(Avg,, 12)* " 1)

Z gB (VB,m)

if there are m acoustic modes. The spectral profile with Brillouin spectral width (FWHM) Avg
(=0wl2r) is caused by the acoustic wave decay as exp(—t/zp) Where 7, is lifetime of the acoustic
wave or phonon. Avg relates to 7, by Avg =1/(zty). gs(ve) is the Brillouin gain coefficient (BGC)
given by

9s(vg)=2-m-n'-pilc-A2-pV, -Avy (2.2)



where p;2 is the photoelastic coefficient, p is the mass density, and c is the light speed. I'y, is the
square of the normalized scattering integral between the optical and acoustic fields for acoustic
mode m. Due to the viscosity of the materials, the acoustic wave function propagating in the z
direction includes the material damping coefficient (o) term as exp(—anz) in addition to the
wave vector term, exp(-igaz). The amplitude of the acoustic wave decays to exp(—1) by a
traveling distance 1/om. The decay time of the acoustic wave is the traveling distance divided by
acoustic velocity and represents the lifetime z, of this acoustic wave (1/am/Va=t,). Therefore,
given Avg=1/(zr,) mentioned earlier, Avg=amVa/z. In addition, when waveguide 0SS puq is
comparable to oy, for acoustic antiguide fibers, we should consider not only am but also y.g effect
on Avg because the amplitude of acoustic wave also decays with exp(—ywgz) and thus ywg
decreases the acoustic-optic interaction time. That is, the BGS is a convolution of two Lorentzian
functions related to each of am and y.g. Both are exponential losses, so oy can be lumped with
ywg- Therefore, the Brillouin spectral width is related to acoustic velocity (Va), material damping
coefficient (am), and waveguide 10ss (ywg) by Ave = Va(om+ywg)/ 7.

New optical fibers with tailored acoustic profiles have been studied for some applications
where Brillouin scattering may occur. The applications may require either its suppression or its
utilization. For utilization cases, temperature sensing uses Brillouin frequency shift as a function
of temperature [3,4] and strain sensing uses BFS as a function of strain due to high sensitivity to
the tensile strain [36].

For suppression cases, such as high power and narrow linewidth fiber lasers [5,6], in the
fiber waveguide the optical waves and the acoustic modes overlap in the space and spectrum to
cause SBS. The SBS has become one of the major limiting factors on the power transmitted in an
optical fiber due to increasing power demand in the optical fiber core and relatively long
interaction lengths required for optical remote sensing systems operating at narrow linewidth.

The SBS threshold power Py, given by Piyn=21Ae#/[Ler 98(vemax) I'm] [1,37] can be introduced
to find the possible solutions. Ae=27(]o|E(r)Prdr)/*o|E(r)|*rdr, where E(r) is the electric field
of the optical mode. Les =[1-exp(-aoL)]/ao Where Leg=1/0o if aglL>>1, Le=L if aolL<<1, a, is the
optical fiber loss, and L is the fiber length. To suppress the SBS we can manipulate the effective
area Aef, the effective length Leg, the Brillouin gain coefficient gg(vs, max), and the overlap

integral I'y, to increase the SBS threshold power and thus suppress SBS.



Therefore, many solutions including broadening the effective laser linewidth are proposed to
decrease gg scaled by Avg/(Avg+Av.) when the laser linewidth (Av,) is greater than the Brillouin
line width (Avg) [38], designing the optical fiber with an acoustic guiding layer to reduce the
overlap integral [7], reducing the effective fiber length by varying core sizes [8], dopant
concentrations [9], temperatures [10], or stresses and strains [11], using the large mode area fiber
[12,13], or designing the dual cladding fiber [6], etc.

Since SBS is strongly related to the acoustic properties, the acoustic profiles of the optical
fiber can be manipulated for some SBS applications. In order to completely comprehend the
relationships between dopants and the acoustic profiles, it is necessary to further study the
acoustic properties, vg, Va, Avg, anm, etc., in the optical fibers comprising different dopants using
the Brillouin scattering method. Furthermore, understanding these different fibers is important
because it can develop a generalized model to precisely describe how dopants affect these
properties and predict their behaviors under the different conditions. Therefore, a ternary-system
fiber, Boron doped germanosilicate fiber, was studied owing to its complexity of the multiple
dopants [14]. An antiguding fiber, pure silica fiber, was investigated to realize how the anti-
waveguide influences acoustic properties [15]. We have also investigated binary-system fibers
because GeO,-doped silica fibers are more common [16].

In this thesis, the thermo- and strain-optic coefficients of P,Os-doped silica fiber will be
discussed. Since this fiber has not been studied yet in the literature, it is useful to investigate the
acoustic properties of P,Os-doped silica fiber.

2.2 Waveguide and Dopant Effects

It is well known that optical fibers act as acoustic waveguides. Optical and acoustic waveguide
and dopant effects on the fiber are not mutually exclusive; thus, the waveguide and dopant need
to be considered simultaneously. The waveguide theory and dopant model relate the optical fiber
to acoustic waveguide effects [39].

The waveguiding properties are largely set by the dopants in the system. Optical fibers can

be acoustic waveguides or antiguides. Their acoustic profiles, like the optical index profiles, can
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be graded or step-like. Acoustic cores can have profiles that consist of multiple layers or are
multiply-cladded, much like optical waveguides.

Similarly to an optical fiber, the properties of an acoustic waveguide can be calculated from
an eigenvalue problem utilizing the various boundary conditions of the system. Thus, if an
acoustic profile is known, its acoustic waveguiding properties can be predicted. On the contrary,
if a known acoustic property is desired, one can work through the theory to determine an
acoustic profile to achieve the desired result.

All of the acoustic modes contribute to an overall Brillouin gain profile, so all significant
acoustic modes of a tailored structure should be analyzed. Along these lines, we can tailor an
acoustic profile to manipulate acoustic modes and preserve optical modes, and thus influence the
Brillouin gain profile.

In order to assist in realizing the acoustic properties of the optical fiber, the Brillouin gain
spectrum is investigated. The BGS includes two important parameters in addition to the
Lorentzian function. One is the BGC, gg(vm), inversely proportional to a material damping
coefficient (am) and a waveguide loss coefficient (ywg) Where (am+ywg) is proportional to the
Brillouin spectral width (Avg). Therefore, the BGC decreases with increasing y.g due to the two
being inversely dependent. For an acoustic waveguiding fiber, y,q can be neglected since it is
usually much smaller than an,. In contrast, the acoustic antiguide nature of the fiber, g, should
be considered since it can be comparable to an. The other key parameter is the volume scattering
integral, which is the overlap integral of the acoustic mode with the optical mode. It affects the
BGS via a I'y which is the square of the normalized scattering integral and is unique for each
acoustic mode m.

Different dopants with different optical and acoustic properties can be used to change the
acoustic profile and thus manipulate the overlap integral value. Through the SBS threshold Py,
equation described previously, we can estimate the SBS effect and then tailor the acoustic
properties, i.e. an acoustic index profile (AIP) of an optical fiber, to maximize or minimize
gs(vm) and I', Of certain strength for a specific system or application.

Clearly imperative in the process of designing an acoustic profile is the knowledge of how
potential dopants influence the relevant acoustic parameters in a host material, such as silica
(Si0). Many publications can be found. They show that how some common dopants influence

the acoustic velocity [18], optical index [40], and acoustic index [7].
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Table 2.1: Dopant’s effects on the optical refractive index, acoustic velocity, and acoustic
refractive index.

GeO, P,0s TiO, B,0; F, Al,O3 Y503 Yb,0, Er,O3
Optical index No T 1 T ! ! T 1 7 1
Acoustic velocity Va 1 ! l ! ! 1 1 ! l
Acoustic index Na 1 1 T T T ! 1 7 1

Table 2.1 shows the effect of some common dopants and their effect on the optical and
acoustic indexes. The upward pointing arrow means that the parameter value of the dopant is
higher than that of pure silica and the downward pointing arrow means that the parameter value
of the dopant is lower than that of pure silica. In order to draw the analogy with optical fields, an
effective acoustic refractive index has to be introduced. Obviously, this implies that an increased
acoustic index value represents a decreased acoustic velocity. Thus, to achieve an acoustic
guiding layer, dopants such as GeO,, P,Os, B,O3, or F, are used in the acoustic layer (such as the

core). In contrast, Al,O3 is used to be an acoustic anti-guiding layer.

Optical

Acoustic

(a) (b) (©

Figure 2.3: Al,O3 and GeO, dopants can reduce the overlap between optical refractive index and
acoustic refractive index.

Figure 2.3 shows how Al,O; and GeO, co-dopants can be used to reduce the overlap
between optical mode and acoustic mode. This image is taken from [13]. In Figure 2.3(a) the
inner core is doped with more Al,O3; while the outer core is doped with more GeO,, so the
optical mode resides in the whole core, but the acoustic mode is only confined in the outer core.
Thus, the overlap integral is reduced. In Figure 2.3(b) the inner core is doped with GeO, while
the outer core is doped with Al,Os, although Al,O3; and GeO, co-dopants co-exist. The optical

mode resides in the whole core, but the acoustic mode is only confined in inner core. As a result,
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the overlap integral is reduced significantly. In Fig 2.3(c) we can choose Al,O3 in the core to
increase the optical index but decrease the acoustic index. Likewise, we can choose F; in the
cladding to decrease the optical index but increase the acoustic index. Both choices cause the
acoustic mode to be antiguided in the core, so the interaction between the optical mode and the
acoustic mode is reduced.

In addition, other dopants, Yb,O3 and Er,03, behave like GeO, [41] and Y,03 behaves like
Al,O3 [42]. However, the relative concentrations of these dopants must be carefully chosen to
achieve the desired acoustic and optical index profile. Although the effect of several dopants on
the acoustic velocities was reported [18], the exact change in these values as a function of doping
concentration is a sensitive function of the exact fiber manufacturing process. Therefore,
experimental characterization is necessary for each manufacturing procedure of the fiber.

However, much less work has been done to characterize how the dynamic viscosity,
affecting the Brillouin spectral width, is influenced by these dopants [17]. This data is
particularly important when the large acoustic damping coefficients associated with some
dopants can be used as a degree-of-freedom in the design of a specialty fiber.

Therefore, this thesis will characterize the acoustic damping coefficients of P,Os-doped
silica fiber via measurable acoustic quantities. Meanwhile, we study the thermo- and strain-optic
coefficients of P,Os-doped silica fiber since this fiber has not been studied yet in the literature.
The temperature and strain effects will be discussed in section 2.3. Additionally, a simple model
has been developed to predict these various properties including the refractive index, acoustic
velocity, molar mass, mass density, and material damping coefficient, and to calculate the BGC
[43]. Interestingly, it can provide generally accurate prediction of the BGC of GeO,-doped silica
fibers. This model will be introduced in section 2.4 and applied to the analysis of the thesis.

2.3 Temperature and Strain Effects

In addition to these parameters, mentioned in section 2.1 and 2.2, mainly related to the dopant
concentration profile, it is worth considering the temperature and strain as variables of the
acoustic parameters. The temperature and strain effect on the acoustic properties of optical fibers

can be engineered for the design of a specialty fiber in specific applications. Therefore, in order
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to comprehend their relationships, through experiments and simulations, a pure silica fiber [15],
GeO,-doped silica fibers [16], and B,O3z-doped silica fibers were investigated [14]. This thesis
will focus on the thermo-acoustic and strain-acoustic properties of a P,Os-doped silica fiber.

The temperature-dependent acoustic frequency and spectral width are measured to link some
of the acoustic parameters (acoustic velocity, acoustic attenuation, acoustic or optical index, etc.)
to temperature. Gaining these temperature-dependent parameters is extremely useful to design a
temperature sensor or a distributed temperature sensing system.

It is well known that vg=2n,Va/i, Where vg is the acoustic frequency (Stokes frequency
shift), Va is the acoustic velocity, n, is the refractive index of the scattering media, 4, is the
wavelength of the incident light in air. Assuming that i, is independent of temperature, the

temperature dependence of acoustic frequency, taking the derivative with respect to T, is given
by [2]

dve(M) _ 2 dn,(T) dV, (M)
o —/I[VA(T) LD e } (2.3)

Here, dn,/dT is defined as thermo-optic coefficient (TOC=dn,/dT ) and dV,/dT is
defined as thermo-acoustic coefficient (TAC=dV,/dT ). Therefore, assuming that the acoustic

frequency is a linear function of temperature, the acoustic frequency can be written as

Va(T) = v (T,)+ o0 (2.4

where v, (T,) is the acoustic frequency at temperature T, and T, is a reference temperature such
as room temperature, and dv, /dT is the temperature dependence of acoustic frequency.

The temperature-dependent Stokes frequency shift as a measurable quantity can be utilized
to detect the temperature variation. In addition, since both terms will influence the Stokes
frequency shift changing with temperature, TOC and TAC will be a degree of freedom to
manipulate the characteristics of dv,/dT and thus design a specialty fiber for specific

applications. Furthermore, Equation (2.4) shows that a large or small dv;/dT value means some

dopant in the silica fiber makes the optical fiber highly sensitive or insensitive to temperature

variation. Meanwhile, concentration of the dopant will positively or negatively influence the
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thermal sensitivity of the silica fiber. Therefore, dv,/dT is a function of dopants and their

concentrations. The composite relations could provide more degrees of freedom to customize a
desirable fiber. Thus, it is necessary to investigate their complex connections.

In addition to simply using Brillouin frequency shift to sense the temperature variation [2,3],
the other way is using two acoustic modes, core mode and cladding mode [4], which differently
respond to temperature change due to the different dopants or different dopant concentrations.
Meanwhile, it is measureable that the beat frequency in the order of radio frequency (RF) varies
adequately with temperature. Through tailoring the acoustic and optical interactions, gain
equalization can be achieved as well. Thus, one can utilize the different responses (beat
frequency) to temperature to design a temperature sensor or a distributed temperature sensing
system. Alternatively, the differential RF power measurements of the beat signal such as a two-
or three-frequency approach may be appropriate to monitor temperatures [44]. Extending the
similar concept, one can utilize multiple acoustic modes in multiple layers or multiple Stokes
frequencies in the fiber which differently shift with temperature variation [39]. Due to multiple
acoustic modes to sense the temperature variation simultaneously, the approach could increase
the accuracy of measurements and decrease the uncertainty of temperature variation or add a new
dimension to multiple-channel systems.

In Equation (2.3) the temperature dependence of acoustic frequency is related to TOC and
TAC. By tailoring the acoustic profile, TOC and TAC can be manipulated to change the
temperature sensitivity of the acoustic frequency. One can harness the concentration variation of
dopants and waveguide (core and cladding layers) design of optical fiber to gain the desirable
acoustic profile. Therefore, it is important to determine the TOC and TAC of a bulk dopant for
design of an appropriate acoustic profile in an additive way with other dopants. In Chapter 3,
TOC of bulk P,Os will be introduced and thus TAC can be determined via TOC. The TAC
provides an important degree of freedom to design the compositional profile of optical fiber with
a high sensitivity to temperature for temperature sensing applications.

Similarly, the strain effect on optical silica fiber as strain sensors is widely applied to
monitor the transport systems and constructions such as rails, bridges, tunnels, and buildings
[26,39]. Mainly utilizing strain to shift the acoustic frequency away from its strain-free
frequency, one can monitor the strained event and locate the strained position to maintain the

transport systems.
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The strain dependence of acoustic frequency is written as [26]

Vo (£) = v (e = 0)+ 228

‘& (2.5)

where v, (¢)is the acoustic frequency under strain ¢, v; (e =0) is the acoustic frequency with free
strain ¢ (=0), dv,(&)/de is the strain sensitivity of acoustic frequency, and ¢ is the strain.

Assuming that /1, is independent of temperature, after 1,vs/2=n,Va takes the derivative with

respect to strain ¢, the strain sensitivity of acoustic frequency is given by

A, dvg (&) _ dn, () dV, ()
> T de _VA(g)—d Jrno(f?)—d‘9 : (2.6)

Here, dn,/de is defined as strain-optic coefficient (SOC=dn,(¢)/d¢) and dV,(g)/d¢ is
defined as strain-acoustic coefficient (SAC=dV,(¢)/de ). Both SOC and SAC govern the

characteristics of the strain-dependent acoustic frequency. They give more degrees of freedom to

design an adequate dv,(¢g)/dein desirable applications. Moreover, Equation (2.5) indicated that
a large or small dv,(g)/de value means some dopant in the silica fiber makes the optical fiber

highly sensitive or insensitive to strain variation. Meanwhile, concentration of the dopant will

positively or negatively influence the strain sensitivity of the silica fiber. Therefore, dv,(¢)/de

is a function of dopants and their concentrations. The composite relations could provide more
degrees of freedom to tailor a desirable fiber for specific applications. Thus, it is useful to
investigate their complex connections.

In Equation (2.6) the stain dependence of acoustic frequency is simply related to SOC and
SAC. Through tailoring the acoustic profile, SOC and SAC can be manipulated to change the
strain sensitivity of acoustic frequency. One can use concentration variation of dopants and
waveguide (core and cladding layers) design of optical fiber to obtain the desirable acoustic
profile. Therefore, it is important to determine the SOC and SAC of a bulk dopant for design of
an appropriate acoustic profile in an additive way with other dopants.

In addition, SOC is determined by Pockels coefficients and Poisson ratio [45] and for optical
fiber [46] is defined by

16



d%—?%ﬂé[(mﬁ P) 0~ Py, @7
which is calculated from the Pockels coefficients, pi; and pi2, the Poisson ratio, o, and the zero-
strain refractive index, no. It is noted that in Chapter 4 SOC only represents pi2 — (P11 + P12) o
for convenience to determine the Pockels coefficients. Additionally, the other Pockels
coefficients pas = (P11 — p12)/2 [47].

After obtaining the Pockels coefficients of dopant, the SOC can be determined and it easily
estimates the SOC of the doped silica fiber in an additive way. However, despite an extensive
literature search, a reported SOC of bulk P,Os could not be found while SiO,, B,O3, and GeO,
are reported in the literature. A determination of SOC and an estimation of p;; and pi2 will be
discussed in Chapter 4. It has to be pointed out that the significant digits of Pockels coefficients

and Poisson ratio could influence dn,(¢)/deand dominate dv,(g)/de via the multiplication of

acoustic velocity Va(e) since this acoustic velocity is typically more than a few thousands of m/s.
Therefore, the uncertainty should be considered in estimates of the Pockels coefficients and
Poisson ratio. On the other hand, the significant digits of the refractive index are also important

because dV,(¢)/de has a large value.

In Chapter 4, the SOC of bulk P,Os will be introduced and determined through
measurements and simulation of P,Os-doped silica fiber and pure silica fiber. Given the SOC of
bulk P,Os, the SAC can be determined. The SOC and SAC provide important degrees of
freedom to design the compositional profile of an optical fiber with a high sensitivity to strain for

strain sensing applications.

2.4 Additive Model

In the thesis a simplified additive model [48] is widely employed for analysis of the doping
effect on the acoustic properties of pure silica glass and is applied to the data in order to
extrapolate the experimental results to higher dopants concentrations [20]. In particular, the law

of mixtures works very well on optical fibers of multiple manufacturers and fabrication
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processes. It could result from similar fictive temperatures of rapid glass quenching in the fiber
draw process [43].

In the design of these specialty fibers, it is extremely important to know the additive effect
on the acoustic velocity (Va), mass density (), acoustic moduli (M"), damping coefficient (),
Brillouin spectral width (Avg), Brillouin gain coefficient (gg), refractive index (n,), and
photoelastic constant (Pockels coefficient, pi,).

In a well-mixed P,Os-doped silica fiber, it is assumed that a fraction value (m) of the total
volume is pure P,Os, as shown in Figure 2.4. Since two bulk materials are assumed in this

system, the (1-m) section accounts for pure silica.

P.Os SiO,

Figure 2.4: A simplified model for a P,Os-doped silica fiber. A fraction value (m) of the total
volume is pure P,Os. A fraction value (1-m) of the total volume is pure silica.

In terms of the physical properties and [P,0s] (mol%), the m can be determined as

m = (M; / Mg) ps[P,05/100]
Pp +[P205/100]((M P / Ms)ps _pp)

where m is a volume fraction in a well-mixed glass, [P,Os/100] is the mole fraction of

(2.8)

phosphorous, psand p, are the molar masses for silica (s) and phosphorus (p), and Ms and M, are
the molar masses for silica (s) and phosphorus (p).

In order to formulate a model we start with longitudinal modulus (M"). For this binary
system it is assumed that the longitudinal modulus for the mixed glass varies with molar content

and is given by

MY =M} +(1-[P,0,/100])(M: —M}) (2.9)
where M" is the longitudinal modulus. M and M} are the longitudinal moduli of silica (s) and

phosphorus (p), respectively.

For this glass, using Figure 2.4 and m, the average density is determined by
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p =mpy +(1-m)ps (2.10)
where p (kg/m) is the mass density, and ps and p, are the molar masses for silica (s) and

phosphorus (p), respectively.

Through Equation (2.8), Equation (2.9), and V, = w/M “/p [43], or a determination of a total

time-of-flight through the whole segmented fiber in Figure 2.4 [20], the acoustic velocity is

found from the following equation:

V, =1/[m/V, +(1-m)/ V] (2.11)
where Va (m/s) is the acoustic velocity. Vs and V,, are the longitudinal velocity of silica (s) and
phosphorus (p), respectively.
Before determining the spectral width as a function of [P,Os], one can begin with the
determination of an average acoustic damping coefficient in the fiber as a function of acoustic
frequency. The average damping coefficient is obtained by summing the attenuation in each

segment in Figure 2.4.

a(ve)=Wg I Veue ) [mozP (ve)+@A-m)ag (vg )] (2.12)
where o (m™) is the acoustic attenuation coefficient, and as and ap are the acoustic damping

coefficient of silica (s) and phosphorus (p), respectively. In addition, the scaling term (vg /vgye)

accounts for the frequency-squared dependence of the intrinsic linewidth [22], which is
proportional to the damping coefficient as seen in Equation (2.12). It is noted that the acoustic
frequency is expected to be uniform in a uniform fiber. For a fit to experimental data, a reference
value must be selected such that the coefficients o, and as are all the values at a fixed acoustic
frequency. In this case the measured acoustic frequency of the Lo; mode in SMF-28 at 1534 nm
is chosen arbitrarily as a reference. Therefore, the coefficients o, and a5 are all the values at the
acoustic frequency 11.008 GHz at 1534 nm.

It is well known that the damping coefficient is related to the Brillouin spectral bandwidth as

Avg=aValm. By Equation (2.11) and Equation (2.12), Avg is related to m, Vs, Vy, as, ap, andv;.

The relation is re-written as
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(e vee) [m o (Vg )+ (A-m)ag (v )]
e = 7/, +(1-m)/Ve] '

(2.13)

After gaining Avg from Equation (2.13), the Brillouin gain coefficient (gg) is determined
from the well-known Equation (2.2). It has to be pointed out that gs does not consider the
overlap integral (I'n in Eq. (2.1)) between the acoustic and optical waves, so gg is only for the
materials without the waveguide effect. In addition, the modeling of the modal spectral width
will be discussed in Chapter 3.

In Equation (2.2), following the same additive method, the refractive index can be obtained

using

n,=m-n, +(@-m)-ng (2.14)

where n, is the refractive index, and ns and n, are the refractive index of silica (s) and phosphorus
(p), respectively. However, for the optical fiber case, the refractive index should be treated as a
modal index considering the waveguide effect. The procedure of obtaining a modal index is first
making a six-layer step-wise approximation to the P,Os compositional profile. The additive
model is then used to determine the bulk refractive index in each layer using Equation (2.14). A
simplified eignvalue method is used to calculate the acoustic modes of the resulting six-layer
structure. This gives rise to a modal index of P,Os-doped silica fiber. Similarly, one can follow
the same procedure to obtain modal acoustic velocity and thus modal acoustic frequency via
ve=2noVallo.

It is noted that the Brillouin gain coefficient (gg) in Equation (2.2) is independent of the
optical wavelength for the bulk materials although there may be waveguide effects leading to a
wavelength-dependence in an optical fiber. Finally, p;2 is the remaining unknown in Equation
(2.2). The py2 values are very similar for several different oxides, but the photoelastic constant of

mixed glass can be approximated by the following equation:

P =M-Ppp+ (1-m)- Piz s (2.15)
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where py2 is the acoustic velocity, and pi2,s and pip,, are the refractive index of silica (s) and
phosphorus (p), respectively. In Chapter 4 the additive model will help determine pi, of bulk
P,0Os, which cannot be found in the literature.

The additive model assumes that the glass constituents are independent of each other. Thus,
the model can be extended to multiple dopants, for example, three components, GeO,, B,O3, and
SiO; [49]. In Figure 2.4, the multiple oxide co-dopants D glass including SiO, is assumed to be
separated into three distinct segments of a unit volume in this model.

Each segment has a pure oxide dopant associated with uniquely intrinsic physical properties
described above. The volume fraction m of the dopants is defined by the positions of the
interfaces between two segments. More specifically, the volume fractions of components GeOo,
B,03, and SiO, are m;1-0, my-my, 1-my, respectively. The m, and m; can be calculated using the
molar fraction, mass density, and molar mass of a constituent oxide. This has to solve a matrix
representation for the m, and my values. There is an easy way to the express their relation among
[Di], mi, pi, and M; using the following equation, where the mole fraction of dopant D; can be

determined,

(m —-mi,))p,
M.
[Di ] =— ' (2.16)
(m -m))p,
2w

where m; is a volume fraction in a well-mixed glass, [Dj] is the mole fraction of dopant D;, M; are
the molar mass for dopant D;, pjis the molar density for dopant D;, and segment i=1,2, or 3 can
represent GeO,, B,03, or SiO,, respectively.

This equation, in fact, is the same as Equation (2.8), but they use different expressions. After
determining the coefficients (m;) in terms of the dopant compositions, the average acoustic
velocity can be found by Equation (2.11) by adding one more term for the third dopant. The new
equation means that the average velocity is the unit length divided by the total time-of-flight.
Equations (2.9) to (2.15) follow the same method of adding one more term for the third dopant,
except for Equation (2.12), which cannot be simplified in this way and has to consider the
frequency-dependent acoustic attenuation of boric oxide [14].

The additive model can be also extended to N-1 co-dopants silica [39]. The multiple oxide

co-dopants glass is assumed to be separated into N distinct segments of a unit volume in this
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model. The mole fraction of dopant D; can be determined from an equation similar to Equation
(2.16) with more terms to represent other dopants. The other equations use the same approach to
do so.

Additionally, once the temperature and strain effects on optical fibers are considered in the
various physical properties shown in the above equations, they will be explicit functions of the
temperature. Meanwhile, these physical properties can be influenced by any residual or induced
strain in the fiber. Therefore, new variables, temperature and strain, will be introduced to the
equations above [50].

However, the model requires modification in some cases where dopants interact in a non-
additive way. A well-known example is the P,Os-Al,O3 co-doped silica system. Doping P,Os or
Al,O3 alone into silica increases the refractive index and mass density, but adding P,Os and
Al,O3 co-doped fiber decreases the refractive index and mass density [51]. It suggests that one
would treat the AIPO, unit cell as an independent species within the additive model.

There are many examples of using the additive model in this thesis. In Chapter 3, the
additive model is applied to a six-layer approximation to simulate the Brillouin spectral widths to
fit experimental data and thus gain an acoustic attenuation. In order to determine the modal index
of optical fiber and P,0s-doped silica fiber, the additive model is used to determine the refractive
index of each layer in a six-layer approximation and thus obtain modal indices of optical fibers
after solving an eigenvalue problem. Following the same procedure, the modal acoustic velocity
can be calculated. Using the additive model involving temperature, the TACs of pure silica and
bulk P,Os are determined after fitting the experimental data. In Chapter 4, given the SOC of pure
silica and the measured SOC P,0s-doped silica fiber, the SOC of bulk P,Os can be determined
by iterating the SOC values of bulk P,0s until the additive SOC value of P,Os-doped silica fiber
fits the measured SOC value. Following the same procedure as the determination of TACs, the

SACs of pure silica and bulk P,Os are obtained through the additive model.

2.5 Conclusion

The Brillouin scattering introduces the mechanisms of stimulated Brillouin scattering and

spontaneous Brillouin scattering and provides comprehensive explanations to link all the optical
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and acoustic parameters via mathematics and physics. The background knowledge can help us
understand experiments and analysis in the thesis. The dopants and waveguide effect addresses
acoustic properties in view of materials and waveguide. The former is related to pure bulk
materials in an optical fiber and the latter is about compositional profiles of an optical fiber. Also
information is provided about the acoustic and optical properties of several dopants to design
specialty fibers. The formulas for temperature and strain effects are elucidated and summarized
in this chapter. They will help us understand the thermo- and strain-acoustic properties of optical
fibers. They also enables us to design an optical fiber with desirable characteristics using the
thermal and strain acoustic properties for applications. The additive model is extremely
important to analyze the experimental results for the doping effect on the optical and acoustic
properties and to extend the experimental results to higher concentrations for a complete
modeling explanation. The equations of all the important physical quantities associated with the
additive model have been provided and explained.

The theory and model will be used to explain basic mechanisms, measure important

coefficients, and analyze measured data in the thesis.
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CHAPTER 3

THERMO-ACOUSTIC EXPERIMENTS

An analysis was presented that began with the measurement of the Brillouin gain spectrum of a
heavily germanium-doped optical fiber [19]. From the measured BGS, and a fit to a simple
materials model [20] for GeO,-doped fibers, we were able to extract an acoustic attenuation
coefficient of about 1.38 x 10° m™ for bulk GeO, at an acoustic frequency of 11 GHz [20]. This
value was later revised downward to 1.11 x 10° m™ after a more accurate compositional profile
was obtained [21]. This measurement was partly enabled by a large variation in the viscosity
profile due to a central burn-out characteristic of fibers manufactured via the modified chemical
vapor deposition (MCVD) process. This acoustic attenuation value increases with acoustic-
frequency-squared for GeO,-doped fibers [22]. This data point, in addition to other basic bulk
materials parameters, can then be used to calculate and design sets of relevant acoustic profiles
for arbitrary compositional profiles and can be extended to include systems of multiple dopants
as well.

A similar analysis for a P,Os-doped optical fiber will follow; refer to [19] for details such as
the model and experimental setups. The present fiber preform is characterized by a similar
central index dip, and has fairly sizeable doping (~14.3 mol% oxide at the peak). However, in
contrast to the GeO,-doped fiber studied previously, it is shown that the central burn-out
becomes ‘filled-in’ due to phosphorus diffusion during the fiber draw process. Thus, the test
fiber does not contain a significant index dip. It is found that, for the purposes of modeling P,Os-
doped fibers, including P,Os-doped inner cladding layers, bulk phosphorus oxide has an acoustic
attenuation coefficient (ap) of about 1.411 x 10°> m™ at an acoustic frequency of 11 GHz. This
value is larger than that of bulk GeO,. Both of these values are approximately 10 times larger
than of silica [21]. The spectral width of the Lo; acoustic mode is found to decrease at a rate of ~
—77.7 kHz/°C.
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Additionally, the results show, for the Lo; acoustic mode, that the Stokes shift increases at a
rate of ~ +0.74 MHz/°C. Utilizing similar measurements on each of the four observed acoustic
modes located in the core, we find the TAC of the bulk P,Os to be about +0.119 m/sec/°C, less
than that of silica. In order to obtain this coefficient from the P,Os and SiO, co-doped oxide
glass, a pure SiO,-core (Sumitomo Z Fiber) is first tested in order to obtain the temperature-
dependence of the pure silica component. Then, the SiO,-P,0Os5 system is modeled in an additive
way to determine the P,Os TAC. The TAC value for silica, +0.555 m/sec/°C, is in good
agreement with previous measurements on the bulk material [23,24], providing high confidence
in the P,Os TAC value. It will also show that each acoustic mode has a unique temperature-

dependence of the Brillouin frequency shift due to different spatial distributions.

3.1 Experimental Setup

The experimental configuration described in [19,41] was used to acquire the BGS. Since the pure
silica, GeO,-doped fibers, and the P,Os-doped fiber were measured at 1534 nm, the system was
Er-doped fiber amplifier-based at 1534 nm. Figure 3.1 is the block diagram of the Er-based
experimental configuration.

The Er-based experimental configuration is similar to that in [25]. A continuous wave and
external cavity laser diode with less than 100 kHz linewidth works as a 1534nm seed laser. The
output light of the seed laser is isolated and then amplified by the first and second Erbium-doped
fibers amplifier (EDFA#1 and EDFA#2). The amplified seed signal then passes through Port 2 of
an optical circular. The optical circular is produced from SMF-28 fibers and has about 1.5m of
this fiber at each of the three ports. Therefore, in addition to the signal from the 3.5-meter fiber
under test (FUT), the Brillouin frequency shifts from the SMF-28 fibers were also observed. The
amplified seed signal passes into the FUTs with an optical single mode generating the Brillouin

scattered signals which propagate back through port 3 of the circulator and into EDFA#3
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Figure 3.1: Experimental apparatus for temperature measurement of the Brillouin spectrum at
1534nm.

Because of adopting the heterodyne approach, the fundamental local oscillator (LO) signal is
required for mixing. The LO signal comes from of a carefully-controlled angled cleave at the
output end of the FUT. The Fresnel reflection from the end of the FUT provides an adequate LO
signal to achieve low-noise heterodyne detection, but is limited via a cleaving angle so as to not
saturate EDFA#3. The Brillouin back-scattered Stokes signals, reflected backward, and a small
quantity of pump signal are adequately optically pre-amplified by EDFA#3 operating at a small
signal gain before being heterodyned onto a fast PiN detector (New Focus 1534). Finally, an
Agilent PSA series electrical spectrum analyzer (ESA) captures the resulting spectrum the
acoustic modes carried by spontaneous Brillouin scattered signals, and caution was exercised to
ensure that Brillouin gain does not narrow the spectra to obscure the measurement. [52].

In addition, the FUT was placed on a hot plate with a temperature controller or inside a
thermally-controlled chamber and the calibrated thermometer precisely measured the

temperature during measuring the temperature-dependent acoustic parameters of the FUT.
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3.2 P,0s-Doped Optical Fiber

In the experiments the optical fiber used is one with a P,Os-doped silica core fabricated by
drawing the corresponding optical preform. The silica fiber preform was fabricated by the
MCVD process. A combination of a small MCVD substrate tube, some matched cladding layers,
and a large preform core size helped lower the final collapse temperature which maximized the
P,Os content in the silica core to 14.3 mol %. The preform was drawn into a cane to reduce the
core size. The chemical compositional profiles of the cane were measured by the electron probe
microanalysis (EPMA) corresponding to a peak P,Os concentration of roughly 14.3 mol% in the
core [25]. The final preform was then drawn into a fiber.

A significant index dip in the central region of the fiber perform core has a significant
impact on the analysis. Therefore, the relative index profile (RIP) of the final fiber was measured
to determine if this feature was preserved through the draw process. EPMA was not used on the
small fiber due to the limited spatial resolution of the available system (~1 um). The refractive
index profile was measured using two methods: the well-known refracted near field (RNF)
technique and a high-resolution spatially-resolved Fourier transform technique [53], with
measurement wavelengths at 670 nm and 1000 nm, respectively. The results are shown in Figure
3.2.
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Figure 3.2: Refractive index profile of the final P,Os-doped silica fiber measured at 670 nm
(dashed line) and 1000 nm (solid line).

The RIP measurements show that the P,Os dopant experienced significant diffusion during

the fiber drawing stage. While a slight central dip can be seen in the 1000 nm high-resolution
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data, the large burnout observed appears to have been completely filled in. In addition, a slight
decrease in the refractive index difference is observed in going from 670 nm to 1000 nm, which
can be attributed to either chromatic dispersion of the P,Os dopant or a slight variation in the
dopant concentration between the two measurement samples.

The RIP measurements of the fiber obtain the dopant concentration in the core and the
results were found in [54]. Due to the proximity of the wavelength of the York system (632 nm)
to that of the RNF method employed here (670 nm), the RNF data was used to determine the
P,Os concentration in mol%. Therefore, based on the measured RIP, [P,Os] in the center of the
fiber is 12.2 mol%. This finding supports the conclusion that the fiber of the present study does
not possess a central dip since P,Os diffused into this region during the drawing process. Finally,
since our Brillouin scattering measurements are performed at 1534 nm (4,), it is assumed that the
RIP measurement at 1000 nm is a good approximation to the RIP at 1534 nm, and thus from this
data the optical mode can be calculated. Finally, since our Brillouin scattering measurements are
performed at 1534 nm (o), it is assumed that the RIP measurement at 1000 nm is a good

approximation to the RIP at 1534 nm, and thus the optical mode can be calculated from this data.

3.3 Room Temperature Measurements

3.3.1 Brillouin gain spectrum

The measured BGS of the P,Os-doped fiber is shown in Figure 3.3. A total of eleven acoustic
modes were observed. Four peaks (Lo; to Los) can be attributed to modes that reside primarily in
the core of the test fiber. Two modes (Lgs and Lgg) around 11 GHz are from the optical circulator
in the test apparatus including a Corning SMF-28 leader attached to the circulator fiber. The
remaining five peaks (Los to Log) result from acoustic modes residing primarily in the matched-
index deposited inner cladding. A best-fit consisting of a summation of eleven Lorentzian
profiles was performed, with the results of the measured values summarized in Table 3.1.

The measured spectra with two different temperatures also are shown in Figure 3.3 when

only the P,Os-doped fiber was heated from room temperature (21.5 °C) to a higher temperature
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(118.3 °C). Much as is observed with GeO,-doped fibers [28], the spectrum narrows and the
Stokes frequency increases with increasing temperature. The fibers associated with the
measurement apparatus were not heated. Therefore, these peaks are fixed in frequency as
indicated by Figure 3.3 while the test fiber was heated. Additionally, the Lys mode almost merges
into the peak of the test apparatus at 21.5 °C due to the relative strength and position of this peak.
At 118.3 °C the Lo, mode becomes hidden underneath the peaks of the test apparatus due to an
increasing frequency shift with increasing temperature. Even though the peaks of the test
apparatus get smaller, the Lo, mode is essentially invisible under them. This also introduces

increased measurement error for the Lo, mode at elevated temperatures.
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Figure 3.3: Brillouin spectrum of a 3.5 m segment of the P,Os-doped optical fiber at 1534 nm
and at two different temperatures, 21.5°C and 118.3°C. Four acoustic modes primarily located in
the core are observed, while five reside mainly in the inner cladding. The two peaks near 11 GHz
are due to the measurement apparatus.

3.3.2 Acoustic velocity and attenuation coefficient

A fit to the data was performed using a model in much the same way as found in [19]. In this
present case, a six-layer step-wise approximation was made to the RIP of the P,Os-doped fiber.
The first four layers correspond to the core, one to the inner cladding, and one to the outer pure
silica cladding. The velocity of the deposited inner cladding was deduced from the measured
data since it had a fairly complicated profile owing to the deposited MCVD layers and presence
of fluorine. To formulate the fit, the approximate compositional profile (the second column in

Table 3.2) was first determined with the help of the data in Figure 3.2 based on a linear

29



relationship between [P,Os] and An with a maximum difference of about 6% over the range 0 <
[P20s] < 15 mol% between the addition model and its linear fit [25]. Then, invoking the
materials model in [20], here V_ =1/[m/Vp+(1-m)/Vs] and a(ve)=map(ve)+(1-m)as(vs) are used to
calculate the bulk values in each layer, with the acoustic velocity (V, and Vs) and attenuation
coefficients (a, and as) for the bulk materials (P.Os and SiO;) used as fit parameters. More
specifically, these values were iterated until the differences between the measured and calculated
modal frequencies (columns 2 and 3 in Table 3.1, respectively) and spectral widths (columns 4
and 5 in Table 3.1, respectively) were minimized for all modes simultaneously. Given the close
proximity of the modeled and measured modal frequencies, there is more confidence in our

assignment of the acoustic modes.

Table 3.1: Measured parameters for all observed acoustic modes m.

Mode  Measured Modeled  Measured Modeled Relative Designation

m Vm Vm * Av Avn ™ Amplitude
(GH2) (GH2) (MHz) (MHz)

1 10.131 10.116 56.5 56.7 .999 Loz
2 10.330 10.342 49.0 56.7 A17 Lo2
3 10.604 10.620 57.0 57.3 077 Loz
4 10.931 10.929 56.0 55.7 .060 Log
5 10.980 - 30.0 - 202 Los***
6 11.012 - 30.5 - 379 Log***
7 11.086 - 26.5 - .053 Los
8 11.121 - 28.5 - .056 Los
9 11.166 - 40.0 - .044 Lo7
10 11.236 - 24.0 - .017 Los
11 11.305 - 30.5 - .013 Loy

* The modeled values after tweaking Vp fall within 0.16% of the measured values.
** The modeled values after tweaking ap fall within 0.58% of the measured values except for Lo,.
*** Due to the measurement apparatus (circulator).

The results of this fit are shown in Table 3.2 for the bulk materials, as well as the resulting
values for each of the layers. Here, V_ is the longitudinal acoustic velocity, Vs is the shear
acoustic velocity, Avg is the Brillouin spectral width, p is the mass density, and An is the

refractive index difference. Since the fifth layer has a very small amount of fluorine to make this
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layer a matched-index cladding (fluorine reduces the acoustic velocity), the measured acoustic
velocity value is used via the fundamental cladding mode frequency (Lgs) and vy 9s=2Vm Nmodal /40
(Vm 1s modal acoustic velocity of Lgs, Nmodal IS modal index of the optical mode in the P,Os-doped
fiber, and /, is optical wavelength). Additionally, the bulk acoustic velocity has a nonlinear,
monotonically decreasing relationship with increasing P,Os concentration (mol%). For a very
small range of concentrations one can assume that the curve is approximately linear
(—=0.90%/mol%) up to 10mol % [25].

Table 3.2: Approximation (best-fit) to the profile provided in Figure 3.2.

Layer  [P2Os] Vi Vs Avg p An* a

(mol%) (m/s) (m/s) (MHz) (kg/m® (10®)  (um)
(@ Loz Mode)

1 122 5331 3348 57.5 2244 102 115
2 11.0 5380 3381 53.7 2240 9.3 1.70
3 8.3 5501 3458 44.6 2231 7.3 2.20
4 35 5751 3616 27.1 2214 3.2 2.50
G 2.0 5843 3673 21.1 2208 1.9 8.00

6 0 5970 3749 13.0 2200 0 o

SiO, 0 5970 3749  17.0 ***[21] 2200 0 -

P,Os 100 3936 2471 176.8 *** 2390 44 -

* The bulk refractive index of silica is assumed to be 1.443 at 1534 nm.

** Assuming no fluorine. V =5882m/s and Vs=3698m/s, p:2200kg/m3, and An= — 0.0005 used in
the simulation is due to the presence of fluorine.

*** Bulk value at 11GHz.

The modeled Stokes shifts and Brillouin spectral widths are shown in Table 3.1 in order to
compare with the measured data. The largest error in the Brillouin spectral width is for the Lo,
mode. The difference in the Stokes shift for this mode, 12MHz, corresponds to about 6.21 m/s,
which is roughly 1.27% of the difference between the Ly, modal velocity and that of bulk silica.
The uncertainties of the measured Brillouin spectral widths for the Lo, Loz, Loz, and Los modes
are £0.5MHz, +1.0MHz, +1.0MHz, and +3.0MHz, respectively. As described above, because the
Los mode is close to the peaks of the test apparatus, their overlapping nature introduces more
spectral width uncertainty for this mode.

The spectral width of each mode was modeled using the following expression [21]:
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Av, =TAVB (V. F)u(rju”(r)rdr (3.1)

where Avg (vm, I) is the bulk spectral width at the modal frequency vy, at the spatial position r,
and u(r) is the power-normalized acoustic displacement, which is dependent on the acoustic
mode. Equation (3.1) essentially represents an average spectral width, weighted by the power
distribution of the acoustic mode within the dynamic viscosity profile. Details on how the
acoustic mode was calculated, using a simplified eigenvalue problem, are also provided in [19].

The fitted spectral widths provided in Table 3.2 for each layer are listed utilizing the Lo
parameters. In particular, the modal acoustic velocity with the optical modal index to define the
acoustic mode frequency is used in Avi = oV /7 With Vin = vindo/2Nmogar and a oc v, Since these
modal values are different for the higher-order acoustic modes, these spectral widths are also
different for each mode. The Lo, parameters provide a point-of-reference from which the spectral
widths of the other modes can be calculated by invoking the frequency-squared dependence of
the Brillouin spectral width.

Since the Brillouin spectral width of the fiber of this study decreases with increasing
temperature, it has been assumed that the spectral width of P,Os-doped silica fibers obeys the
simple frequency-squared law (Avm o o oc v2p), in contrast to some materials such as B,Os-doped
germanosilicate optical fibers [14]. These effects were taken into consideration for the final fit.
Therefore, in Table 3.2 the best-fit spectral width (177 MHz at 11 GHz) for phosphorus oxide is
the bulk-material value. This corresponds to an acoustic attenuation coefficient of about 1.411x
10° m™ at 11 GHz. This frequency was previously taken as a convenient reference since it is the
Brillouin frequency shift of the Ly; acoustic mode of Corning SMF-28 at 1534 nm.

3.3.3 Spectral width vs. mode number

As with the GeO,-doped fiber of [19], the spectral width decreases with increasing mode
number. In [19], this resulted from the fact that the proportion of acoustic power occupying the
inner dip region of the core increases as the mode number increases. The other fact that the

central dip region in the GeO, fiber contained a lower GeO, concentration with a larger acoustic
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attenuation coefficient than SiO, leads to narrower Brillouin spectra for modes occupying a
greater proportion of that region.

However, in the present case the P,Os concentration proportional to An in Figure 3.2 is
decreasing radially outward in the region between 1 and 3 um. Since the inner-core region has
more P,Os and less SiO, than the outer-core region, and since SiO, has a much lower attenuation
coefficient than P,0s, the spectral widths of the higher-order acoustic modes (HOAMS) are
smaller than that of the fundamental mode. This results from the increasing mode diameter of the
HOAMs with increasing mode number. The fundamental acoustic mode is most tightly confined
to the center of the fiber where the acoustic attenuation is the largest. To illustrate this point,
Figure 3.4 shows a plot of normalized longitudinal acoustic modes Lo; and Lo4 together with the

measured RIP.
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Figure 3.4: Normalized longitudinal acoustic modes Lo; and Los with the measured RIP. The
red-dashed curve is the RIP. The green curve is the spatial distribution of Lo; and the brown
curve is the spatial distribution of Lg4. The spatial distribution of Lo, has a bigger mode diameter
than that of Lo; and occupies more of the outer-core region.
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3.4 Temperature-Dependent Measurements

3.4.1 Acoustic frequency and spectral width vs. temperature

It is important to understand how temperature influences the acoustic properties of the P,Os fiber
at higher temperatures. Figure 3.3 shows the differences in the Brillouin gain spectrum between
21.5°C and 118.3°C for all acoustic modes in the core and cladding of the fiber. Figure 3.5
investigates the spectral widths and frequency shifts of the fundamental mode (Lo;) over the
measured temperature range. In Figure 3.5 the trends are both approximately linear, with the
Stokes shift increasing at a rate of ~ +0.74 MHz/°C and the spectral width decreasing at a rate of
~ —77.7 kHz/°C. Interestingly, in Figure 3.3 the inner cladding has a Stokes shift rate of
~1.22MHz/°C that is larger than that in the core of the fiber. This can mainly be attributed to the
fact that the inner cladding is lightly doped.
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Figure 3.5: The trends are both approximately linear in the available measurement range, with
the Stokes shift increasing at a rate of ~ +0.74 MHz/°C and the spectral width decreasing at a rate
of ~—77.7 kHz/°C for the main mode.

The HOAMs in the core at different temperatures are studied by following the modeling
method of Section 3.3 to investigate the temperature dependency of the Stokes shift of all the
acoustic modes in the core. To first order, it is only considered that the acoustic velocity and
refractive index are temperature-dependent. Other relevant quantities (namely the mass density)

are assumed to be negligibly dependent on the temperature. Referring to Table 3.2, this means
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that the values in columns 3, 4, and 7 vary with the temperature, and this gives rise to a
temperature-dependence of the calculated Stokes shift and modal index through the relation,

3.4.2 Thermo-optic coefficient

Since the P,0s concentration is different for each layer, each layer will have a unique TAC and
TOC. The unique TAC and TOC of bulk P,0Os can be determined through the room temperature
method in section 3.2.2 involving temperature. For bulk materials, once given is its TOC value,
its TAC value can be determined.

The temperature-dependent Sellmeier model [55] provides the refractive index of bulk pure
silica and its refractive index at 21.5 °C is offset to 1.443 in accordance with the Table 3.2
assumption. With the refractive index of bulk P,Os found in Table 3.2 and using the TOC
(—9.22x107°/°C) found in [29,56], one can gain the refractive index of P,Os at different
temperatures and different concentrations for simulating the P,0s-SiO, mixture via the additive
model. In addition, it is assumed that the thermo-optic effect of phosphorus dominates fluorine in
the fifth layer in Table 3.2 at higher temperatures due to the insignificant thermo-optic effect of
fluorine in a silica glass with very low concentration as in the present case [57]. Then, from the

data, one can deduce an analogous TAC for the acoustic velocity.

3.4.3 Thermo-acoustic coefficient

3.4.3.1 TAC of pure silica optical fiber

To model the acoustic velocities, it is first assumed that the bulk acoustic velocity of both P,0s
and SiO; are linearly related to the temperature over a small temperature range. For P,Os one can

write

V7% (T)=C, (T —21.5°C)+3936.00m/s (3.2)

where C, is a constant (units of m/s/°C).
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Additionally, a similar temperature-dependent linear equation of acoustic velocity for SiO,
is extracted from measurements of frequency vs. temperature on a commercial pure silica core
fiber (Sumitomo Z Fiber). Figure 3.6 shows the best linear fit to the measured Brillouin
frequency shift of the Z Fiber as a function of temperature.

Using the calculated temperature-dependent modal index [55] for the Z Fiber, this linear

equation is converted to obtain the temperature-dependent linear equation of acoustic velocity as

V% (T)=0.555(T —21.5°C)+5968.65m/s. (3.3)

It is well known that the fundamental mode of the Z Fiber dominates the Brillouin gain
spectrum, and the acoustic and optical index profiles of the Z Fiber in the core are almost
uniform. Furthermore, the calculations indicate that the fundamental acoustic mode velocity is
very similar to the value of the core material, and thus we assume that its modal acoustic velocity
can represent the acoustic velocity of bulk pure silica (core material) without introducing
significant error. The slope found here, +0.555 m/sec/°C, is in good agreement with previous
measurements on the bulk material over our measured temperature range [23,24], providing a

high degree of confidence in Equation (3.3).
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Figure 3.6: The linear equation for the frequency shift of Z Fiber as a function of fiber
temperature as a best fit to the measured data. This linear equation is used to obtain the
temperature-dependent acoustic velocity of SiO..

We have to indicate that the P,Os-doped fiber and the Z Fiber are produced by different
manufacturers with different conditions. It is therefore not surprising that the room temperature

acoustic velocity of pure bulk silica derived from the Sumitomo fiber (5969 m/s) differs slightly
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from that provided in Table 3.2 (5970 m/s). This may be due to different thermal histories [58] or
draw tensions [59]. For consistency with the present analysis, the interception in Equation (3.3)
of the linear equation of the acoustic velocity is offset to 5970 m/s for the temperature-dependent
acoustic velocity of SiO;.

3.4.3.2 TAC of P,Os-doped optical fiber

To perform a best-fit to measured data is to determine C, in Equation (3.2), each acoustic mode
is calculated using the temperature-dependent six-layer approximation. Table 3.2 shows room
temperature values, with each layer possessing a unique TAC and TOC. C, is iterated until the
error across all acoustic modes is minimized. While C, is the only remaining unknown here,
fitting simultaneously to all four acoustic modes increases the confidence in the determined

value and leads to interesting physical conclusions.
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Figure 3.7: The modeled frequency shift (solid line) and the measured frequency shift (circle)
vs. temperature. All the trends are approximately linear in the available measurement range. The
modeled data of each of the modes are very close to the measured points.

The result of Brillouin frequency vs. temperature is shown in Figure 3.7, where the solid
lines correspond to the modeled data and the circles to the measured data. Figure 3.7 shows that
modes 1, 2, 3, and 4 have maximum errors 0.161%, 0.150%, 0.156%, and 0.078% in the acoustic
frequencies, respectively. The slight error in frequency may be attributable to uncertainty in the
dopant profile.
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Table 3.3: The comparison of measured and modeled linear equations of the temperature-
dependent frequency shift

Mode Measured viy(T) Modeled vin(T) Designation
(GH2) (GH2)

0.7351 x 10° T + 10.115 0.7562 x 10 T + 10.100 Lot
R?=0.9988291 R?=1.0000000

0.7737 x 103 T + 10.312 0.7865 x 10 T + 10.325 Lo2
R?=0.9969427 R?=1.0000000

0.8168 x 10 T + 10.588 0.8240 x 103 T + 10.602 Los
R?=0.9976847 R?=0.9999997

0.9150 x 10 T + 10.913 0.8874 x 102 T + 10.910 Loa

R?=0.9868277

R?=0.9999744

Table 3.3 provides the temperature-dependent linear equations of measured and modeled
frequency shifts for the first four modes. The best-fit value for C, is found to be +0.119
m/sec/°C. Utilizing this value, the measured and modeled slopes of the frequency versus
temperature curves are all within 3.02% of each other, indicating that this is a very good fit to
data.

It is interesting that the slope of the temperature curves is increasing with increasing mode
number. As with the spectral width, since the HOAMSs occupy proportionally more space in the
outer region of the core than the fundamental mode, where there is less P,Os, the slope is
expected to increase with increasing mode number. This is because the acoustic velocity of silica
has a larger dependence on temperature than P,Os, as seen by comparing Equation (3.3) given
that Cs= +0.555 m/sec/°C and Equation (3.2) given that C,= +0.119 m/sec/°C, and because P,Os
has a relatively large negative thermo-optic coefficient (—9.22x10°/°C) while SiO, has a positive
thermo-optic coefficient (1.065x10°/°C at 1534nm) [55].

3.5 Conclusion

Through BGS measurements of a fiber with high P,Os content in the core, an acoustic damping

coefficient for bulk P,Os is provided. It is suitable for modeling purposes. It is found that this
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coefficient is about 1.411x10° m™, which is larger than that of GeO,. The results for the effect of
phosphorus oxide on the longitudinal velocity (~ —0.90%/mol% up to 10mol%) are similar to
those (~ —0.71%/mol% up to 5.5mol%) found in [18]. It has been found that the temperature
coefficients for the Stokes frequency shift and Brillouin spectral width for the Lo; acoustic mode
of the fiber are ~ +0.74 MHz/°C and ~ —77.7 kHz/°C, respectively. The thermo-acoustic
coefficient of bulk P,Os is determined to be about +0.119 m/sec/°C, which is much lower than
that of pure silica (+0.555 m/sec/°C). It has been shown that these bulk coefficients can be used
to predict the temperature-dependent Stokes shift of the higher-order acoustic modes with a high
degree of accuracy. This data is also useful for the design of acoustic profiles of optical fiber for

applications where Brillouin scattering is significant.
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CHAPTER 4

STRAIN-ACOUSTIC EXPERIMENTS

Chapter 3 presented an analysis utilizing a simple materials model [20] fitted to a series of
measurements of the Brillouin gain spectrum of a heavily P,Os-doped fiber. The results provide
the acoustic velocity (Va), acoustic attenuation («), and thermo-acoustic coefficient (C,) of bulk
P,Os. These values can be used to calculate and frame sets of designer acoustic profiles for
specialty fibers with arbitrary compositional profiles, and can be extended to include systems of
multiple dopants for distributed temperature sensing applications.

For completeness, a similar analysis is presented in this chapter for the tensile strain effect
on the same P,0Os-doped optical fiber. Reference [25] provided details such as models, fiber
characteristics, and experimental setups for measurements of the BGS. A strain-optic coefficient
and strain-acoustic coefficient for bulk P,Os derived and presented in this chapter can be utilized
in designing specialty fibers for distributed strain sensing applications.

It is well known that the dependence of the Brillouin frequency (vg) on optical wavelength,
acoustic velocity, and refractive index is given by vg =2Va Nmogal /40, Where V is acoustic velocity
of acoustic mode, Nmegar IS Modal index of the optical mode in the fiber, and A, is optical
wavelength. To first order, we assume that only the acoustic velocity and refractive index are
strain-dependent. The change in the refractive index as a function of induced strain is
proportional to SOC and it is convenient to define SOC=pi,—o-(p11+p12) here [36]. The
coefficient can be calculated from the Pockels coefficients (p1; and pi2), the Poisson ratio (o),
and the zero-strain refractive index (n,).

Despite an extensive literature search, the SOC of bulk P,Os was not reported in the
literature while the SOC values of bulk SiO, were well known. This can be attributed to the
difficulty in working with the bulk material due to its being highly hygroscopic [60]. On the
other hand, the SOC values of bulk SiO, and silica fiber were reported and thus SOC=0.1936 if
p11=0.113, p12=0.252, 6=0.16 [27].
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However, a known SOC of bulk P,0s can determine its SAC, as in the previous work [25].
Therefore, in order to obtain the SAC of bulk P,Os from the P,Os and SiO, co-doped oxide glass,
a pure SiO,-core (Sumitomo Z Fiber) and heavily-P,Os-doped silica fiber were first tested to
obtain the SOC values of the pure silica component (SiO,) and composite silica (P20s-SiO,)
fiber utilizing the strain-dependent free spectral range of a fiber ring laser [31,32] that is
constructed utilizing a segment of this fiber. The SOC values of P,Os-doped silica fiber and pure
silica fiber (Z Fiber) are obtained to be 0.189 and 0.194, respectively. From these values the bulk
P,0O5 SOC can be deduced through an additive model [20]. It is found that the SOC of bulk P,0s
are ~ +0.139 which is lower than the pure silica value. The SOC for a Sumitomo Z Fiber (pure
silica core and F-doped cladding) is in good agreement with previous measurements on the pure
silica fiber [27], providing a large degree of confidence for our formalism in the P,Os SOC value
(= dn/de). Then, measurements of the BGS at various strains enable a determination of the SAC
(= dValde).

In addition, utilizing Brillouin gain measurements of P,Os-doped fiber and the measured
SOC for bulk P,0s, the Pockels coefficients (photoelastic coefficients, p1; and p12) are estimated.
It is suggested that the p;2 values of bulk pure silica and P,Os are approximately equivalent [36].
Although this estimate may have considerable error associated with it, to the best of our
knowledge, this is believed to be the first attempt at elucidating these values for P,Os. The pi2
value could further extract p;; from the SOC of bulk P,Os using a well-known Poisson ratio of
bulk P,Os [33] in an additive way.

Finally, from measurements of the Stokes frequency shift with strain changes, the results
show that, for the Lo; acoustic mode, the Stokes shift increases approximately linearly with
elongation at a rate of ~ +407.26 MHz/1% and +505.93 MHz/1% for P,0Os-doped silica fiber and
SMF-28, respectively. While the rate of standard GeO,-doped SMF-28 fiber is higher, both of
these values are less than that 524.66 MHz/1% of pure silica fiber (Z Fiber). It is found to be
much less dependent on strain in P,Os than in SMF-28 and in pure silica fiber as well.

The SiO,-P,0s5 system is modeled in an additive way to determine the P,Os SAC value.
Utilizing these SOC coefficients of bulk P,Os and pure silica and the measurement data on each
of the four observed acoustic modes located in the core in the same additive way as done
previously [25], the modeled and unique slopes of the Stokes-shift-versus-strain curves for the

four observed acoustic modes each lie within 1.974% of the measured values. Thereby through
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the relation of acoustic velocity versus strain, it is found that the SAC of bulk P,Os, is about
+9854 m/s/e, which is much less than that of bulk SiO,, ~ +29240 m/s/e, found in our

measurements.

4.1 Experimental Setup

4.1.1 Strain-optic coefficient measurement

As previously stated, extensive literature searches were unsuccessful in finding an SOC
appropriate for bulk P,Os. Thus, instead measurements on the P,Os fiber are relied on to
determine this value. Both time-of-flight and Mach-Zehnder configurations were considered, but
both required precision control and measurements that could not be achieved with our
experimental setup. Therefore, utilizing the fiber ring-based strain sensor [31,32] as the
apparatus can measure the SOC of the P,0s-doped fiber. In the experimental configuration, the
test fiber becomes part of the laser cavity, and any strain imparted on this fiber will result in a
change in the cavity free-spectral range. The change in FSR can be connected to the strain-
induced change in fiber length and refractive index, which would determine the relation of strain
vs. refractive index.

The experimental apparatus for strain-optic coefficient measurements is shown in Figure
4.1. A fiber ring laser is constructed from a commercial erbium-doped fiber amplifier (JDSU
MicroAmp) that serves as the gain block, and a tap coupler that serves as the output port and
feedback mechanism. Unidirectional laser operation is ensured by isolators built into the EDFA.
There is no attempt to otherwise stabilize the cavity since the presence of a large number of
cavity modes is a desirable laser attribute to detect the strain-induced change with a higher
accuracy. Incorporating the test fiber into the laser cavity is made by splicing FC/APC-
connectors as pigtails to its ends. The output of the laser is sent directly to a PiN detector (New
Focus 1534) and then the spectrum of the resulting beat signal is measured with an electrical
spectrum analyzer (Agilent 8560). The beat frequencies measured by the ESA represent the

cavity mode spacing (FSR) and its harmonics resulting from the presence of multiple evenly-
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spaced cavity modes. Then, a strain on the P,Os-doped fiber under test results in a change in FSR
that is observed as a frequency shift at the ESA. The SOC can be easily determined from the

change in FSR as a function of strain.

Output PiN

Detector

Test Fiber
Coupler

=

l Tension

Figure 4.1: Experimental apparatus that is used to measure the SOC. The test fiber becomes part
of the ring laser and any strain results in a measurable change in the cavity FSR.

EDFA

4.1.2 Estimate of the Pockels coefficients

Figure 4.2 shows a block diagram of the experimental apparatus used to measure the Brillouin

gain coefficient (gg) utilizing stimulated Brillouin scattering.

Energy Straight
Meter Cleave

Test Fiber

‘[ Circulator
RF Driver

Figure 4.2: Experimental setup used to measure the Brillouin gain coefficient.

It is well known that gg can be used to estimate pi. This will be described later. The
experimental setup starts with a narrow-linewidth external-cavity diode laser (ECDL) (1550 nm)
seed source that is pre-amplified in the first EDFA. The signal passes through a fiber-coupled
acousto-optic modulator (AOM) and is pulse-amplified by the second EDFA. The output of the

second EDFA is then sent into port 1 of a circulator. Then, the signal is launched into the fiber
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under test via port 2. Any scattered light passes back through the circulator and emerges from
port 3, and then into a pulse-energy meter. An adequate pulse length of 347ns is utilized in the
measurements to match the fiber length. It is obvious that pulses shorter than this value result in
a reduced effective SBS interaction length which decreases the Brillouin gain [1]. On the other
hand, pulses much longer than this were found to have a considerably altered shape such that

much of the pulse does not contribute to the SBS process [61].

4.1.3 Strain-acoustic frequency measurements

The experimental configuration in Figure 4.3 used to acquire the BGS is identical to that
described in [36,32], except that the fiber is under tension described later. In short, the BGS is
measured utilizing spontaneous Brillouin scattering with the fiber under test spliced to the output
of the measurement system. In the measurement system, a continuous-wave, narrow-linewidth
(<100kHz) external-cavity laser diode signal is amplified and passes through a circulator to a test
fiber. Then, the back-scattered Stokes signal and a small quantity of pump signal (courtesy of a
carefully-controlled angled cleave at the test fiber output) propagate back through the third port
of the circulator, are optically pre-amplified, and finally heterodyned onto a fast PiN detector and
the resulting spectrum is captured with an electronic spectrum analyzer. Caution was exercised to
ensure that Brillouin gain did not narrow the spectra and obscure the measurements [52].

For the fiber-under test portion, the strain effect on the P,Os fiber is measured and the SMF-
28 fiber is considered as a reference fiber. Prepared were samples including a P,Os fiber, a SMF-
28 fiber, and a pure silica fiber (Z Fiber) with 99.0cm, 82.2cm, and 271.6cm in length,
respectively. The output end of the FUT is secured to a metal plate via an epoxy and the other
end is attached to a linear translation stage with a strain-gauge. These samples are applied by the
different tensions from 120g to 720g, from 500g to 900g, and from 180g to 660g, respectively. A
linear strain is then applied to the whole length of fiber. In the mean time, The BGS is measured
to gain the Stokes frequency shifts up to around 1% elongation (linear and elastic region) at
1534nm. After the length increments under different tensions are gained and elongations (tensile
strain) are calculated and calibrated, one can calculate the linear equation of the tension as a

function of the length increment within elastic range governed by Hooke’s law.
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Figure 4.3: Experimental apparatus for strain measurement of the Brillouin spectrum at 1534nm.

4.2 P,0s5-Doped Optical Fiber

Referring to section 3.2, the optical fiber used in this set of experiments is one with a heavily
P,Os-doped silica core fabricated by the modified chemical vapor deposition process at INO of
Canada. The core glass of the resulting fabricated fiber is in amorphous state, while the additive
model averages any local structure in the P,Os dopant into net values of bulk P,Os. Detailed
information regarding its refractive index and compositional profiles is given in [25]. In short,
based on the measured refractive index profile, the P,Os concentration in the center of the fiber is
approximately 12.2 mol%. This finding supports the conclusion that the fiber of the present study

does not possess an index dip since P,Os diffused into this region during the drawing process.
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4.3 Strain-Optic Coefficient

4.3.1 Free spectral range

The fiber ring-based strain sensor as reported in [31,32] can be used to measure the SOC of the

P,Os-doped fiber. The FSR of a unidirectional traveling-wave ring laser is well known to be

Av :FSR:% (4.1)

where n is the modal refractive index and | is the cavity length. Figure 4.4 shows the free spectral
range and its harmonics due to the presence of multiple even-space cavity modes. It is worth
pointing out that the light wave travels one way as shown in Figure 4.1. Therefore, there is one

time of | in the denominator of Equation (4.1).

=
S~
o

Vm-1 Vm Vm+1 Vm+2

-

Relative Intensity

o

Cavity Mode Frequency v

Figure 4.4: The beat frequencies (Av) measured by the ESA (vesa) represent the cavity mode
spacing (=FSR) and its harmonics resulting from the presence of multiple evenly-spaced cavity
modes.

It is assumed that the refractive index has the linear form n = n,+ &-Q. Similarly, the length
has the form of | = ly+ &'l,. The subscript ‘0’ represents the zero-strain values. Unless otherwise
stated as a percentage (%), throughout this paper the strain ¢ is taken as a fractional elongation.

Since only a small portion of the ring laser experiences strain, in order to explicitly contain
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contributions from both the unstrained and strained fiber components, the FSR can be rewritten

as

C
nl+NL

Here, nl is contributed from the segment of fiber that will be strained, and NL is due to the

FSR =

(4.2)

remainder of the ring cavity. In order to determine how strain influences the FSR, we take the

derivative of this equation to find the relation

dFSR ¢ (nﬂﬂd_n) 43
de (nI+NL)2 de de¢) (43)
Its differential form can be written as
c
AFSR=————_(nAl +I1An), (4.4)
(nI+NL)2( )

and (I — lo)=&"1, is substituted for Al and (n — ny)=¢-Q is substituted for An to gain

AFSR:—m(nIO+IQ)8. (45)

Equation (4.5) indicates the change in cavity FSR (AFSR) from the zero-strain value for an
induced strain & on fiber segment |. The subscript ‘0’ represents the zero-strain value. The beat
frequencies (Avgsp), measured by the ESA in Figure 4.1, correspond to AFSR as the first
harmonic and higher-order harmonics due to the presence of a multiplicity of cavity modes.
Since a larger frequency shift is measured than just one AFSR, a higher-order harmonic is
utilized to improve the resolution of the measurement, thereby greatly reducing the measurement
uncertainty. As matter a fact, the measured frequency becomes a multiple of AFSR and is related

to the harmonic number M in the following way:

AV =MAFSR=-M —% _(nl, +1Q)e. 4.6
ESA (nI+NL)2 ( Q) ( )
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The SOC term Q is the only unknown in Equation (4.6), and its value can be determined
from a set of measurements of AvVsa vs. & Arbitrarily selecting M=86 is presented in the

measurements. The lager M value can provides a higher accuracy to determine a Q value.
4.3.2 Determination of strain-optic coefficient

The Sumitomo Z Fiber (pure silica core) and P,Os-doped fiber were tested for their SOC utilizing
the ring laser apparatus in Figure 4.1. The Z Fiber was tested in order to validate the SOC values
assumed above for pure silica [27], while measurements on the P,Os-doped fiber were used to
determine the SOC of bulk P,Os. Some specifications and measurement results are provided in
Table 4.1. The modal indices were calculated from the refractive index profile using an additive
model and an eigenvalue problem, and the strained fiber length was measured. NL was
determined by measuring the FSR of the unstrained cavity and utilizing Equation (4.2) to solve

for NL by subtracting nl,.

Table 4.1: Selected specifications and measurement results.

Optical fiber No (modal index)* lo (M) NL (m) SOC (Fiber)**
Z Fiber 1.440265 2.515 58.92 0.194
P,0s-doped Fiber 1.445509 2.502 58.65 0.189

* Calculated from refractive index profile

** The maximum error between the theoretical and measured (best-fit) slopes of the AFSR vs. strain
curves for the Z Fiber and P,0s-doped fiber are 0.044% and 0.048%, respectively. The maximum best-fit
error between the theoretical and measured individual data points in the 4FSR vs. strain curves for the Z
Fiber and P,Os-doped fiber are 2.25% and 1.93%, respectively.

Figure 4.5 shows the measured change in FSR (AFSR) as a function of the strain (%) for (a)
the Z Fiber and (b) the P,Os-doped fiber. The 86™ harmonic was utilized for the measurements,
and therefore this value was applied as a divisor to the data in order to determine AFSR via
Equation (4.6). As a representative example, Figure 4.6 shows the actual measured data from the
ESA for each of the Z Fiber data points provided in Figure 4.5(a). It has to be pointed out that the
spectrum combines the beat frequencies measured at different times and they overlap together to

show how FSR changes with strain.
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The dashed line in Figure 4.5 is provided to perform a least-squares fit of Equation (4.6) to
the measured data. In both cases (a) and (b), the R-squared value is greater than 0.999. Since the
only unknown in Equation (4.6) is the SOC through Q, defined in Equation (4.13) [36], where
the refractive index n is taken from Table 4.1, the SOC becomes the only fitting parameter. The
resulting SOCs for the two fibers are provided in Table 4.1. The value (0.194) for the Z Fiber is
very close to the value SOC [=p12—0-(p11+P12)]=0.1936, assumed previously for pure silica with
Pockels coefficients p1;=0.113 and p;,=0.252, Poisson ratio ¢=0.16 [27], and zero-strain

refractive index n,=1.443 [25], providing confidence in our use of that value in the simulations.
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Figure 4.5: Measured (points) change in FSR as a function of strain for (a) the Z Fiber and (b)
the P,Os-doped fiber. The dashed line is the least-squares fit of Equation (4.6) to the data.
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Figure 4.6: Data taken from the ESA for the Z Fiber for the data points shown in Figure 4.5 (a).
The measurements were made on the 86™ harmonic of the FSR (cavity mode) beat signal.

In order to calculate the SOC of bulk P,Os from the fiber data, one has to utilize a step-wise
approximation to the refractive index profile, and the additive model is applied to each layer to
determine the index of the doped material. The approach is identical to that in [25], except that
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the change in bulk refractive index values due to strain of the P,Os and SiO, constituents now
takes the form of Equation (4.6). Thus, the refractive index of each layer can be determined as a
function of strain, and from this the modal index can therefore be calculated as a function of
strain. Since the SOC of pure silica has already been assumed, the SOC of the bulk P,0s
component in the additive model is the only remaining unknown, and is adjusted until the
calculated SOC (modal value) of the P,Os-doped fiber matches that of the measurement in Table
1. The best-fit to the measured data is an SOC of bulk P,0s of +0.139 with —0.019% error [36]
through the additive model [20]. A similar approach will be utilized for the SAC later.

This value is less than that of both glassy GeO, [62] and bulk silica [27], and will be utilized
throughout the remainder of this analysis. The parameters used for the step-wise approximation
can be found in Table 2 in [25]. As a convenience, Table 4.2 provides the refractive index values
utilized in the calculation. The values at 0.80% strain for the six layers are shown in Table 4.2,
compared with the zero-strain case, since this was the largest applied strain during the SOC
measurements on the P,Os-doped fiber. The remaining parameters required for the additive

model calculations are identical to those found in [25].

Table 4.2: Refractive index of the layers of the step-wise approximation to the RIP of the P,0s-

doped fiber.
Layer [P205] A Vs An* V.* Vs* An* p a
(mol%) (¢=0) (£=0) (e=0) (c=0.8%) (c=0.8%) (¢=0.8%) (kg/m’) (um)
(m/s) (m/s) (103 (m/s) (m/s) (10%

1 12.2 5331 3348 10.211 5503 3456 10.3231 2244 115

2 11.0 5380 3381 9.3377 5556 3492 9.4406 2240 1.70

3 8.3 5501 3458 7.2600 5687 3576 7.3401 2231 220

4 3.5 5751 3616 3.2466 5959 3747 3.2824 2214 250

5** 2.0 5843 3673 1.8567 6059 3810 1.8772 2208 8.00

6 0 5970 3749 0 6198 3892 0 2200 00

SiO, 0 5970 3749 1.4430*** 6198 3892 1.4407*** 2200 -
Cladding

P,0s 100 3936 2471 1.4468**** 4013 2520 1.4445**** 2390 -

* These V| and Vs values correspond to SAC=9854m/s/e and the bulk refractive index of silica is assumed to be
1.443 at 1534 nm [25].

** Due to the presence of an F-doped inner cladding, An= — 0.0005 is used in the simulation is due to the presence
of fluorine [25].

*** Absolute bulk index values at different strains

****Absolute modal index values at different strains
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4.3.3 Estimate of the Pockels coefficients

Brillouin gain measurements are performed with narrow-linewidth power transmission testing to
estimate the Pockels Coefficient (photoelastic constant) pi,. The apparatus utilized for this
measurement is provided in Section 4.1.2. The Brillouin gain is calculated using the following

well-known equation [1]

27”‘07 p122
vg)=———T 4.7
9 (V) CAZpV, A vg “.7

where c is speed of light and the other quantities are defined in Table 4.3. gg can be determined
from measuring the back-scattered SBS power as a function of launched power in a test fiber,

which has the form given by

PL
P (2=0)= P! exp(—gs o —aoL] (48

ff

assuming an un-depleted pump [38] and utilizing a fit-to-data. Here, P is an effective Stokes

input power [1], P, is the launched pump power, A is the effective area of the optical mode, a,
is the optical attenuation coefficient (units of m™), and L is the actual fiber length. In addition,
the effective length L is calculated from

Ly = 1 (1-exp(-a,L)). (4.9)

(0]
In Equation (4.7) T describes a normalized overlap integral between the optical and acoustic

waves and is calculated for the fundamental acoustic mode (Lo;) using

1“:U.E*(r)E(r)u(r)rdr]2 (4.10)
where u(r) is the power-normalized acoustic displacement vector and E"(r)E(r) is the normalized

optical power distribution. Due to the normalized quantities, T" takes on values between zero and

one.
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The results of the power transmission measurements for a fiber of length L = 54 m and the

fit to experiential data points is shown in Figure 4.7.
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Figure 4.7: Measured and fitted SBS power vs. input pump power for a 54 m segment of the
P,0s5 fiber.

Some depletion of the Stokes signal is found at the higher powers, and thus the fit is limited
to the lower-power end of the data set. In addition, the power readings contain a significantly
increased instability at higher powers when significant SBS is present, which further justifies
limiting the fit to the lower-power data points.

The mode field diameter (MFD) of the P,Os-doped silica fiber was measured to be 7.6 um at
1550 nm by the transmitted near-field method on an EXFO NR-9200 Optical Fiber Analyzer
[36]. The spatial resolution is 0.2 um and the uncertainty on the MFD is 0.5 um. The effective
area (Aef) is then calculated from this measurement of the MFD. Owing to the low-loss nature of
the fiber, the effective length (Leg) is calculated to be 53.2 m close to the fiber length. Through

Equation (4.8) and given parameters, the effective input Stokes power (PSf ) is calculated to be ~

4.4 nW [1]. The resulting fitted gain (gg) coefficient is consequently found to be ~ 0.5 £0.03 x
10™ m/W. The assumptions made for this calculation are outlined in Table 4.3. Since the
dominant acoustic mode is the fundamental mode (Lo1), values that are characteristic of this
mode are utilized [25]. Finally, Equation (4.7) is utilized to estimate p;, with estimated gg and
other parameters in Table 4.3. Obtained is a value of around 0.255 for pi, for the P,Os-doped
fiber.

Here we describe two more assumptions used for this analysis. First, in order to remove a

broadening uncertainty on the spectral width (69 MHz) of the Lo; acoustic mode due to a length-
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wise fiber with compositional variations, the BGS was measured for a long segment of fiber (54
m), which is longer than that (~3 m) in section 3.1 and the resulting Lo; acoustic mode values
were utilized in the pi, calculation [36]. Second, the overlap integral is determined by first fitting
a series of Lorentzian functions to the spectrum. It is assumed that the total integrated Brillouin
gain is unity [63], and the following expression for I" with a total of N modes is used to fit the
BGS

re NAMAVSl (4.11)
2 A vg”
m=1

where the Agm’s represent the relative amplitudes of mode m.

Table 4.3: Parameters utilized to calculate p12

Parameter Name Symbol Value
Acoustic Velocity Va 5376 m/s
Optical Wavelength Jo 1550 nm
Density* p 2244 kg/m?®
Brillouin Spectral Width** Avg 69 MHz
Overlap Integral** r 0.55
Refractive Index*** No 1.4455
Calculated Photoelastic Constant P12 0.255+0.008

*From the central region of the core. The density of pure silica is 2200 kg/m®.
**These values were re-measured for the longer fiber utilized in these tests.
***Taken as that of the optical mode involved in the SBS interaction (calculated).

Due to the similarity of p;, of silica [27] to that of the P,Os-doped fiber, p1, for silica and
phosphorus pentoxide are approximately equivalent based on the additive model applied to the
P,05-SiO; binary system. Therefore, utilizing a Poisson ratio (¢) of 0.294 [33], p12 of 0.252, and
an SOC of +0.139 for bulk P,Os from Section 4.3.2, a value of 0.132 for p;; is obtained. Here
each value is also associated with an uncertainty [36]. An extensive search on the photoelastic
constants of phosphorus pentoxide, phosphate glasses, and silicophosphate (phosphosilicate)
glasses has been performed. The results have not been able to reliably estimate the Pockels

coefficients for P,Os from the literature in order to compare with our data. Alternatively, two
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pieces of evidence are consistent with our observations and findings. The first, our p;2 - p1; has a
positive value, consistent with the report in [64]. The second, the pi2 - p11 value (0.120) of our
findings is slightly less than these (0.124~0.158) of GeO, [62,65] and (0.134~0.149) of SiO;
[27,65,66]. Therefore, it is suggested that our estimate of py; falls within a reasonable range.

4.4 Strain-Acoustic Properties

4.4.1 Strain-acoustic frequency

In order to study the strain effect on the acoustic properties of the P,Os-doped silica fiber at
different strains, measured was the Stokes shift of the fundamental acoustic modes (Lo;) in the
P,Os-doped fiber, standard GeO,-doped SMF-28 fiber, and Z Fiber, the latter two fibers as
reference fibers. The Brillouin spectra were measured up to around 1% elongation over a linear
and elastic region at 1534nm. The results are shown in Figure 4.8. The fundamental mode
dominates the strain sensitivity and the other higher order modes are less significant effect on the
strain-acoustic properties. Thus, Lo; is adequate to represent the strain sensitivity of these fiber

samples.
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Figure 4.8: Frequency shift (fundamental mode, Lo;) vs. strain for the P,Os-doped fiber (red
dots), a sample of standard GeO,-doped SMF-28 (blue dots), and pure silica fiber (Z Fiber, green
dots). All R-squared values for the fits-to-data (dashed lines) are greater than 0.999. The trends
are both approximately linear in the available strain range with the Stokes shift increasing and
the Stokes frequency shifts are highly sensitive to the tensile strain.
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The experimental results show that these fiber samples are linear and elastic systems under
the tension range, and the acoustic frequency increases with increasing tensile strain.
Additionally, the results imply that the Stokes frequency shift is also a function of the length
increment and highly sensitive to the tensile strain. However, the slopes of these fibers are at
different rates for the various fibers. It is found that the Stokes frequency shift increases at a rate
of ~ +506 MHz/% for SMF-28 fiber (blue dots) and at a rate of ~ +407 MHz/% for the P,0s-
doped fiber (red dots) at 1534nm. The result shows the strong strain-dependencies in SMF-28
fiber is roughly linear. This is consistent with the strongly dependent relationship observed in the
previous report on GeO,-doped fibers [30]. Both of these values are less than that (525 MHz/%)
of pure silica fiber (Z Fiber, green dots). Stokes frequency shift is found to be much less
dependent on strain in P,0s than in SMF-28 as well as in pure silica fiber.

We also point out that the rate-of-change for standard GeO,-doped SMF-28 fiber is much
higher than for P,Os-doped silica fiber. The results indicate that the dopants each significantly,
but differently, influence the strain sensitivity. The data provide a direction for the design of
specialty fibers for strain sensor systems. Interestingly, the pure silica fiber data suggest that
silica may have the largest strain sensitivity of all the common fiber materials. It is worth
investigating other dopants and concentrations to verify this observation. In light of the
feasibility and commercialization for the strain sensors, SMF-28 could be more useful for this
application through monitoring the change of the acoustic frequency with strain variation which
the fiber sensors experience. However, the difference of the slope is probably caused by the
difference in the diameter of the core, density, index of refraction, acoustic velocity and so on.
This will be further investigated by measuring the other fibers like large mode area (LMA) fibers
and different doping fibers.

4.4.2 Strain-acoustic coefficient

In order to extract the strain acoustic coefficient of bulk P,Os, the HOAMS in the core at
different strains are also considered. To the best of our knowledge, there is as yet no attempt to

determine this coefficient in the literature. Following a modeling method similar to that in
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Section 4.3 [25], the strain dependency of the Stokes shift for all the acoustic modes in the core
is investigated.

To first order, it is assumed that only the acoustic velocity (Va) and refractive index (n) are
strain-dependent. These give rise to a strain-dependence of the calculated Stokes shift (vg) and
modal index (Nmogat). Thus, the strain dependence of the Brillouin frequency (vg) on optical

wavelength (4,), acoustic velocity (V,), and refractive index (n) is given by

e 21 Wy dn ) (4.12)
de A de de

0

As a side note, since the P,Os concentration is different for each layer shown in Table 4.2,
the compositional profile is approximated step-wise with six layers. Each layer will have a
unique SOC and SAC. Each of these will contribute to the SOC and SAC of P,0Os-doped silica
fiber, and the various modal (optical and acoustic) quantities are calculated for each strain. Other
relevant quantities are assumed to be negligibly dependent on the strain. Investigating all four
observed acoustic modes simultaneously increases the confidence of the determined value.

Meanwhile, p1;=0.113, p12=0.252, and ¢=0.16 (Poisson ratio) [27] are used for the strain-
dependent refractive index of bulk pure silica, and the refractive index at zero strain and room
temperature is offset to n,=1.443 in accordance with the previous work assumption [25]. The

change in the refractive index as a function of induced strain can be expressed as [67]

Q=" =2 [pa—0(Py + Pu) @13)
which is calculated from the Pockels coefficients p;1 and pi2, the Poisson ratio ¢, and the zero-
strain refractive index n,. Here, the strain-optic coefficient is defined to be SOC= p1o—o-(p11+p12)
[36]. Despite an extensive literature search, we could not find a reported SOC for bulk P,Os.
This can be attributed to the difficulty in working with the bulk material due to its being highly
hygroscopic [60]. On the other hand, the SOC values of bulk SiO, and silica fiber (SOC=0.1936
if p11=0.113, p12,=0.252, 6=0.16) can found in [27].

In section 4.3.2 the SOC of bulk P,Os is determined to be +0.139 and the relative refractive
index of bulk P,0s at zero strain and room temperature is shown in Table 4.2; therefore, one can

gain the refractive index of P,Os at different strain and different concentrations for simulating the
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P,05-SiO, mixture via the additive model. In addition, it is assumed that the strain-optic effect of
phosphorus dominates fluorine in the fifth layer in Table 4.2 at higher strain due to the
insignificant strain-optic effect of fluorine with very low concentration in silica glass as in the
present case, and the fundamental acoustic mode is most tightly confined to the center of the

fiber as in the previous analysis [25].
4.4.2.1 SAC of pure silica optical fiber

After obtaining the stain dependency of the refractive index, according to Figure 4.8 results, it is
reasonable to assume that the bulk acoustic velocity of both P,Os and SiO, are linearly related to
the strain (over the measured range) for modeling the acoustic velocities. For P,Os the strain-

dependent acoustic velocity can be written as

VPO (£) =R, - £ +3936.00m/s (4.14)

where R, is strain-acoustic coefficient (R, = SACp) of bulk P,Os (units of m/s/e) and ¢ is
fractional strain. Note that % as a unit for strain is used in Figure 4.8, but a fractional unit for
strain is used in Equation (4.14) and Equation (4.16).

Similarly, Figure 4.8 shows a linear best-fit to the measured Brillouin frequency shift of the

Z Fiber as a function of strain. The fit-to-data for the pure silica fiber in Figure 4.8 is given by

Vs (£(%)) =524.66 MHz/%- £(%) +11.213GHz (4.15)

where & is percentage strain. One can extract a strain-dependent linear equation of acoustic
velocity for SiO, from measurements of frequency vs. strain on a commercial pure silica core
fiber (Sumitomo Z Fiber). More specifically speaking, utilizing the calculated strain-dependent
modal index for the Z Fiber, this linear equation (Equation (4.15)) can be converted to obtain the

strain-dependent linear equation of acoustic velocity for pure silica as

V2% (¢) =Ry - &+5971.33m/s (4.16)

where Rs is strain-acoustic coefficient (Rs = SACs) of bulk SiO; (units of m/s/€) and ¢ is fractional

strain.
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In the strain measurement, the fundamental mode of the Z Fiber dominates the Brillouin gain
spectrum, and the acoustic and optical index profiles of the Z Fiber in the core are almost
uniform. Furthermore, our calculations indicate that the fundamental acoustic mode velocity is
very similar to the value of the core material in the Z Fiber, and thus we assume that its modal
acoustic velocity can represent the acoustic velocity of bulk pure silica (core material) without
introducing significant error.

Given the SOC for silica [27], from Egns. (4.15) and (4.16) one find that Ry =
+29240m/sec/e, where the maximum best-fit error between the theoretical and the measured
points in the acoustic frequency vs. strain curve of Figure 4.8 is negligible, and thus leading to a
high degree of confidence in Equation (4.16).

However, the P,Os-doped fiber and the Z Fiber are produced by different manufacturers
with different conditions. Therefore, It is not surprising that, at the zero strain and room
temperature, the acoustic velocity of pure bulk silica derived from the Sumitomo fiber (5971
m/s) differs (although only slightly) from that (5970 m/s) provided in [25]. This may be due to
different thermal histories [58] or draw tensions [59]. For consistency with the present analysis,
the interception in Equation (4.16) of the linear equation of the acoustic velocity is offset to 5970
m/s for the strain-dependent acoustic velocity of SiO,. The error about ~ 1.31m/s or 0.002% is

negligible.

4.4.2.2 SAC of P,Os-doped optical fiber

By performing a best-fit to measured data to determine R, in Equation (4.14), each acoustic
mode is calculated using the same strain-dependent six-layer approximation as before with each
layer possessing a unique SAC and SOC. Ry is iterated until the error across all acoustic modes is
minimized. Simultaneously fitting to all four acoustic modes increases the confidence in the
determined value and leads to interesting physical conclusions while R, is the only remaining
unknown here.

The result is shown in Figure 4.9 where the solid lines correspond to the modeled data and
the circles to the measured data of Brillouin frequency vs. strain. Investigating Figure 6, modes
1, 2, 3, and 4 have maximum errors 0.166%, 0.184%, 0.207%, and 0.161% in the acoustic
frequencies, respectively. The slight error in frequency may be attributable to uncertainty in the
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dopant profile. It is worthy to point out that frequency increases with increasing mode number.
The missing data points in the fourth mode results from spectral overlap with the apparatus BGC
obscuring the data. It is noted that the error of mode 4 is smaller than the other three modes
where the two low-strain measured points does not count due to these acoustic frequency peaks

overlapping with the apparatus peaks. This case is the same as the previous work [25].
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Figure 4.9: The modeled frequency shift (solid line) and the measured frequency shift (circle)
vs. strain (¢). All the trends are approximately linear in the available measurement range. The
modeled data of each of the modes are very close to the measured points. The fundamental mode
has the lowest frequency.

Table 4.4: The comparison of measured and modeled linear equations of the strain-dependent
frequency shift

Mode Measured vy, (Strain ¢) Modeled vy, (Strain ¢) Designation
(GHz) (GHz)

1 40.726 - ¢ + 10.128 39.922 - ¢ +10.116 Lo
R?=0.9994602 R?=0.9999985

2 41.630 - ¢ + 10.327 41.379 - ¢ + 10.342 Loo
R?=0.9988521 R?=0.9999989

3 42.702 - ¢ + 10.604 43.076 - ¢ + 10.620 Los
R?=0.9989223 R?=0.9999989

4 43.845 - ¢ + 10.935 44.709 - ¢ + 10.925 Loa

R?=0.9971356

R?=0.9996231
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Additionally, Table 4.4 provides the strain-dependent linear equations of the measured and
modeled frequency shifts for the four acoustic modes in the core. The best-fit value for R, is
obtained to be +9854 m/sec/e. Utilizing this value, the measured and modeled slopes of the
frequency versus strain curves are all within 1.974% of each other, indicating that this is a very
good fit to data with 0.151% intercept-errors at the zero-strain acoustic frequency. Meanwhile,
the chi-square (y°) test for goodness-of-fit also concludes there is extremely little difference
between measured data and modeled data. Assuming that the SAC of pure silica has no
uncertainty, this slope error gives rise to an uncertainty in the SAC of bulk P,Os [36].

As with the temperature-dependent slope [25], there is an interesting observation. The slope
of the strain curves is increasing with increasing mode number. Since the HOAMS occupy
proportionally more space in the outer region of the core than the fundamental mode, where there
is less P,Os, the slope is expected to increase with increasing mode number. This is because the
acoustic velocity of silica has a much larger dependence on strain than P,Os if comparing Rs=
+29240m/sec/e with Ry= +9854m/sec/e, and, although the SAC term dominates Equation (4.12),

P,Os has a relatively small strain-optic coefficient, +0.139 compared to +0.194 of SiO,.

4.5 Conclusion

In Chapter 3, we analyzed the thermal effects on P,Os-doped silica fiber and pure silica fiber,
and we determined their thermo-acoustic coefficients. For completeness in this chapter we
investigate the strain effect on P,Os fiber, standard GeO,-doped SMF-28 fiber, and pure silica (Z
Fiber). Extending the work in [25] an investigation of the strain effect in P,Os-doped fiber is
presented. From the strain coefficient measurements of a fiber with a large P,Os content in the
core, we have provided strain-optic coefficient for bulk P,Os that is suitable for modeling
purposes to determine strain-acoustic coefficient for bulk P,Os. It is found that the strain-optic
coefficient is about +0.139, which is less than that of glassy GeO, [62] and bulk silica [27].

In BGS measurements of P,Os-doped silica fiber, the Pockels coefficients for bulk P,Os are
estimated. Using the measured SOC of bulk P,0s, the reported p;, of bulk SiO, and pure silica

fiber [27], the measured p;, of P,Os-doped silica fiber, and a Poisson ratio of bulk P,Os from the
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literature [33], it is found that p;; and pi2 of bulk P,Os are 0.132 and 0.252, respectively. The
data is helpful to estimate a reasonable SOC value.

In this chapter the strain coefficients for the Stokes frequency shift (fundamental mode, Lo;)
with strain are found. In strain-acoustic frequency measurements, the trends of frequency shift
vs. strain for the P,Os-doped fiber, a sample of standard GeO,-doped SMF-28, and pure silica
fiber (Z Fiber) are approximately linear in the available strain range. The Stokes frequency shifts
are highly sensitive to the tensile strain, but less so in the P,Os-doped fiber. The results show that
the strain dependencies for the Lo; acoustic mode are at rates of ~ +506 MHz/% for SMF-28
fiber, ~ +407 MHz/% for P,Os-doped fiber, and ~ +525 MHz/% for Z Fiber, respectively.
Meanwhile, the P,Os fiber is lower than that of SMF-28 by around 99 MHz/% as well as that of
pure silica fiber by around 118 MHz/% at 1534nm. This result shows that P,Os significantly
influences the strain sensitivity of silica fiber. It could be a degree of freedom to design a
specialty fiber with a minimum sensitivity to strain and an adequate sensitivity to temperature,
for example.

By fitting a simple additive model to the data for the four observed acoustic modes, the
strain-acoustic coefficient of bulk P,Os is determined to be about +9854m/sec/s, which is much
lower than that (+29240m/sec/g) of pure silica. Due to bulk coefficients extracted from the four
observed acoustic modes, these bulk coefficients can be used to predict the strain-dependent
Stokes shift of the higher-order acoustic modes with high accuracy. Meanwhile, this data are
useful to design customized acoustic profiles of optical fiber for desirable applications.
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CHAPTER 5

CONCLUSIONS

5.1 Summary

In Chapter 2, through Brillouin scattering theory, the main formula associated with optical and
acoustic parameters are derived and developed. The relations of these parameters have been
completely explained with simulation using good physical models. They provide large degrees of
freedom to design fibers for different applications to utilize or suppress SBS. In the literature, the
dopants demonstrated different optical and acoustic properties which have been summarized.
The properties of bulk materials provide a reference to design a specialty fiber. However,
waveguide effects could also influence the characteristics of an optical fiber via waveguide loss.
As a matter of fact, it is inevitable to deal with this effect in waveguide design. Complete
equations of thermo- and strain-/optic and acoustic properties reveal the relation among optical,
acoustic, thermal, and strain properties. These equations enable us to investigate these
parameters. There is a complete description for the additive model via a set of equations. This
model can contain two, three, and an extended N-array of dopants in a silica-based system.
Regarding materials, the model is simply applied to bulk dopants to form an optical fiber. But,
the real application to the analysis in this thesis is much more complicated due to the modal
effects on optical fiber. In order to obtain modal values of the optical fiber, the additive model is
an eignvalue problem whose solution provides the modal values. Two special cases [14,51] for
the additive model associated with some modifications are described.

In Chapter 3, in addition to acoustic attenuation at room temperature, the thermal effect on
P,Os-doped silica fiber is studied. Based on the reported TOC of pure silica and bulk P,0s, the
TACs of pure silica and bulk P,Os are determined to be +0.56m/sec/°C and +0.12m/sec/°C. The

acoustic frequency, refractive index, and acoustic frequency are formulated linear equations each
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as a function of temperature. They can be used to design a specialty fiber for temperature sensing
or other measurable physical quantities by minimizing the temperature sensitivity.

A similar analysis of strain effect on a P,Os-doped silica fiber is presented in Chapter 4. Due
to the lack of the SOC of bulk P,0s, this value is obtained to be +0.139 via measurements and
modeling of a pure silica fiber and a P,Os-doped silica fiber. Based on the SOC of pure silica and
bulk P,Os, the SACs of pure silica and bulk P,Os are determined to be +29240m/sec/e and
+9854m/sec/e, respectively. The acoustic frequency, refractive index, and acoustic frequency are
formulated linear equations each as a function of strain. They can be also used to design a
specialty fiber for strain sensing or other measurable physical quantities by minimizing the strain
sensitivity.

The complete study of thermal effect and strain effect on P,Os-doped silica fiber in this
thesis provides designer with useful information about the optical and acoustic profiles of optical

fibers to obtain customized specialty fibers for applications associated with Brillouin scattering.

5.2 Future Work

B,03-doped fiber, pure silica fiber, GeO,-doped fiber, and P,Os-doped fiber have been studied.
While some of the study assumes bulk materials, in reality the present cases are complicated by
the presence of other dopants and waveguide effects (described in Chapter 2), which also
influence the Brillouin spectral width and the other acoustic properties to give rise to
waveguiding and antiguiding characteristics. Therefore, in order to comprehend the fiber
characteristics, it is necessary to further investigate their relations among the relevant optical and
acoustic parameters of the fibers.

In Chapter 2, a simplified additive model (AD model) has been introduced. This model for
any doping silica fiber can be used to calculate acoustic velocity, material damping coefficient,
Brillouin spectral width, and Brillouin gain coefficient and to extrapolate these physical
properties to higher concentrations. These parameters, each as a function of dopant concentration,
can be useful for the design of an acoustic fiber [20,68]. Using the model, an analysis of the

measurement of a Brillouin gain spectrum of a heavily germanium-doped optical fiber was
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presented [19]. In addition, a mixed Sellmeier model for the bulk index of SiO, and GeO; has
been developed and used in the refractive index calculation for any GeO,-doped fiber [69].

However, the temperature-dependent Sellmeier model for bulk index has not been developed
yet due to the lack of temperature-dependent coefficients of GeO, [16], while temperature-
dependent coefficients of SiO, have been reported [55,70]. A goal of future work is to extend
these models to gain temperature-dependent acoustic parameters.

In the future, experimental data and analysis results will enable us to calculate the related
acoustic parameters as functions of temperature and investigate the anharmonic model [23] and
structural relaxation model [71] for temperature-dependent acoustic properties over a wide range
of temperatures to build a temperature-dependent model. Meanwhile, we will extend these
analyses with a generalized model for several mixed materials. The final goal is to build a
completely generalized temperature-dependent model for arbitrary doping fibers. Currently,
these analyses suggest that the temperature-dependent Brillouin spectral width of the multiple-
dopant fiber could be a composite function of that of the single-dopant bulk materials [14,49,72].
Consequently, based on the current and future research, we can build a generalized model
associated with the three dimensions relations — any acoustic property, dopant, and temperature.
This may prove to be useful in the design of optical fibers with tailored Brillouin properties for a
number of different applications. For example, we can design novel low SBS fibers by
decreasing the Brillouin gain coefficient and increasing the threshold power of high power laser
systems for optical remote sensing. Alternatively, we can design specialty fibers with
temperature-free or strain-free sensitivity for fiber-optic communication systems or sensing

systems with special applications.
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