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ABSTRACT

Optical nonlinearities limit scaling to higher output powers in modern fiber-based
laser systems. Paramount amongst these parasitic phenomena are stimulated Brillouin
scattering (SBS), stimulated Raman scattering (SRS), and nonlinear refractive index (n2)-
related wave-mixing phenomena (e.g., self-phase modulation, SPM, four-wave mixing,
FWM). In order to mitigate these effects, the fiber community has largely focused on the
development of micro-structured large mode area (LMA) fibers whereby the fiber
geometry is engineered to spread the optical power over a larger effective area. In addition
to increasing the resultant complexity and cost of these fibers, such LMA designs introduce
new parasitic phenomena, such as transverse mode instability (TMI), which presently
serves as the dominant limitation in power-scaling.

This dissertation explores a different approach for mitigating these nonlinearities
in optical fiber lasers; namely attacking the aforementioned effects at their fundamental
origin, i.e., the material through which the light propagates. Indeed, the Brillouin gain
coefficient (BGC), the Raman gain coefficient (RGC), the thermo-optic coefficient (TOC)
and the nonlinear refractive index (n.) are all intrinsic material properties that respectively
drive SBS, SRS, TMI and wave-mixing phenomena. Though less well studied within the
fiber laser community, such a materials approach offers a powerful yet simpler way to

address nonlinearities.
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Chapter I investigates the thermodynamic origins of light scattering and provides
insight into the prime material properties that drive optical nonlinearities. Chapters Il and
I11 offer an overview of how these (and other) properties can be measured and modeled in
multicomponent glass systems, considering both bulk or fiber geometries. In Chapter 1V,
a materials road map for binary and ternary glass material systems is provided to identify
which compositions should be of specific focus for the development of intrinsically low
optical nonlinearity optical fibers. These four Chapters have been adapted from a series of
published journal articles® entitled “A unified materials approach to mitigating optical
nonlinearities in optical fiber” [1]-[4].

In Chapter V, the fabrication of oxyfluoride-core silica-cladding optical fibers
using the molten core method is described and their core glass compositions and structures
investigated. The thermodynamics and kinetics of fluoride-oxide reactions are also studied,
and insights on the dominant mechanisms that drive the fluoride-oxide reactions during
fiber processing are discussed. In Chapter VI, optical properties that drive optical
nonlinearities are studied, and their relationships with glass compositions investigated.
Oxyfluoride fibers exhibiting concomitant reductions of 6-9 dB in BGC, 0.5-1.5 dB in
RGC, and 1.2-3.2 dB in TOC, relative to conventional silica fibers, as well as reduced
linear and nonlinear refractive indices, are reported. Spectroscopic properties of active Yb-
doped fibers are also considered, and suggest enhanced laser performance and higher lasing

efficiencies for these systems compared to conventional silica fibers. Finally, Chapter VI

! This series of journal articles is the fruit of a collaborative effort and has been suitably modified
in this dissertation. Co-authors are greatly acknowledged for their respective contributions.
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portrays the current challenges and the future perspectives of these oxyfluoride-core silica-

cladding glass optical fibers, along with approaches to overcome them.
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CHAPTER I.

THERMODYNAMICS OF OPTICAL SCATTERING

I. A. Introduction

In this Chapter, the material origins from which optical nonlinearities arise are
described and their impact discussed. The origins and limitations associated with Brillouin,
Raman, and (classical) Rayleigh scattering, as well as nz-related phenomena, in optical
fibers have all been well-established for decades [1], [2]. Significant efforts to understand
and minimize their influence were undertaken in the early days of low loss optical fibers
for telecommunications. Of particular note are the contributions of Schroeder [3], [4], Lines
[5]-[7], and Pinnow [8], whose works are synthesized and recast here through the lenses
of current and future needs. By this means, this Chapter provides an understanding of
which fundamental material properties drive optical nonlinearities that currently plague
power scaling in fiber-based laser systems. Additionally, the influence of materials on these

phenomena is discussed.

Irrevocability, key properties that factor into nonlinear effects described herein
need to be tailored in order to mitigate these phenomena. Consequently, Chapters Il and 111
treat the materials modeling and measurement of the optical, acoustic, Brillouin, and
thermo-optic properties of the glass systems and fibers fabricated and discussed, along with

canonical glass systems investigated in Chapter V.



I. B. Thermodynamics of Optical Scattering and Impact on Optical Nonlinearities

Light scattering results from any process that manifests fluctuations in the dielectric
constant. At the most fundamental level, in an otherwise pure material at thermal
equilibrium, dielectric fluctuations are a function of conjugate thermodynamic variables:
pressure / volume and temperature / entropy [4], [5]. In a multicomponent system,
dielectric perturbations also arise from fluctuations in composition (ci) / chemical potential
(wi) of component i. Further, ionic / molecular rotational and vibration momenta and
displacements (Qi) also contribute. Choosing pressure (P), entropy (S), composition (c) and
displacement (Q) as independent variables, as also employed in [4], [5] for consistency,

the collective dielectric perturbation, Aeg, is
de de de de de
fe = (Z)aP +(Z)AS + Xiw (a—ci - a_c]-) Ac; + T (B—Qk) AQe. (1.1)

From a practical perspective, the total power of light scattered, Ps, by such
perturbations in permittivity goes as Ps oc 1o(A€?), where I, is the incident light intensity
and (Ae?) is the ensemble average of the mean square dielectric fluctuation, Ae. Assuming
the statistical independence of each term [4], [9], one then arrives at the following
relationship, which is linearly proportional to the aforementioned total scattered optical

power:

Py o (8¢%) = (22) (@R + (22) (09125 + Zooy (22— 2) (hcyv +

5 (22) (00D, (12)



Here vpsc,o are the correlation volumes for each variable as defined in [5]. The first term,
relating to P, originates Brillouin scattering. The second and third terms, relating to S and
ci originate Rayleigh scattering. The fourth term, relating to Qi, originates Raman

scattering; all in their spontaneous forms.

The previous treatments of these thermodynamic terms [3]-[5], [8] focus on the
origin of the dielectric perturbation (e.g., density and concentration scattering). The section
that follows, though largely didactic, represents a departure from this description by
focusing instead on the nonlinear phenomena arising from the scattering and materials for
their mitigation as these are the more critical considerations when viewed through a modern

lens.

I. B. 1. Brillouin scattering

Spontaneous Brillouin scattering (SpBS) [10] is an inelastic interaction between
acoustic phonons of the material and the optical signal. This interaction, as noted with
respect to Eqgn. 1.2, is manifest as pressure fluctuations which perturb the dielectric
constant. While the change in dielectric constant (or refractive index, n) with pressure is
known in some systems, the influence of density on these properties is more commonly
measured. Accordingly, when temperature is reasonably constant such that (de/dT)p, <

(0€/0P)y, then the thermodynamic Maxwell relations [11] yield

9e\? 9e\?
PSPES o (5) ((AP)?)p = p? (ﬁ)r kTK;. (1.3)



Here p is the density, k is Boltzmann’s constant, T is the absolute temperature, and K is
the adiabatic compressibility defined as —(dV /dP)s/V [12]. As it will turn out, Brillouin
scattering is one of the two contributions (Rayleigh being the other, as to be discussed later)
from density perturbations that lead to dielectric fluctuations. For greater ease in
developing material solutions to these scattering phenomena, it is convenient to recast
de/dp in terms of the photoelastic coefficient, p, as p(de/dp) = n*p [5]. It can be shown
[13] that for a linearly polarized (transverse to the propagation direction) optical fiber mode
interacting with a compressional acoustic wave in an isotropic material, p reduces to p12.
From a materials perspective then, SpBS scales with the refractive index as n®, the pi2
transverse photoelasticity as pi22, and linearly with the adiabatic compressibility, K.
Further, the adiabatic compressibility is, itself, related to the c11 and ca4 elastic stiffness
coefficients as Ks = (c11 — 4¢44/3)™ where c11 = pvi.? and cas = pvr? with vi and vt being
the longitudinal and transverse acoustic velocities, respectively. More specifically,

materially:
SpBS
PPPS « n®p2,Ks.  (1.4)

Interference between the forward-propagating optical signal and back-scattered Brillouin
light can, through electrostriction, create a Bragg-matched grating that, with sufficient
intensity, acts as a highly-efficient reflector to the optical signal. This grating is a traveling
periodic index variation resulting from the density perturbations caused by a traveling
hypersonic acoustic (or pressure) wave. The single-pass gain in such stimulated Brillouin

scattering (SBS), first observed in crystals of quartz and sapphire [14] and then in glass



optical fiber [15], is proportional to the exponential of a gain coefficient, BGC, given by
BGC= 2nn’p2,/ cA%pV,Avg[16]. Here, in addition to the previously defined terms, c is
the speed of light, Va is the acoustic velocity of the material, and As is the Brillouin

linewidth. More completely, the Brillouin gain is proportional to e98FLers/4err where P is
the signal power, Lef is an effective fiber length accounting for attenuation, and A is the
effective area of the optical signal (mode). As such, SBS has been investigated for use in
amplification in communications systems [17]. This dependence clearly shows the
advantages of short Letr and large Aerf values, should system requirements allow them, in

suppressing the effects of SBS.

SBS is well known to limit the intensity of light per unit bandwidth that can be
transmitted through or generated in optical fiber lasers and systems [1], [18]. SBS typically
has the lowest threshold of all the nonlinear optical processes in narrow line-width systems
(Brillouin linewidths typically in the range of 30 to 100 MHz) and is a leading limitation
in the scaling of high energy lasers systems to higher powers. Methods of suppression have
largely focused on enhanced mode size and acoustically engineered fiber designs that

generally require sophisticated core doping profiles or cladding structures [19], [20].

I. B. 2. Material influences on Brillouin scattering

For a given signal wavelength and fiber properties (core size and numerical

aperture, NA), Brillouin scattering is related to the following material properties: refractive



index, photoelasticity, and adiabatic compressibility (hence density and acoustic velocity)
and, in the case of SBS, Brillouin linewidth as well. In order to reduce Brillouin scattering
as a hindrance to continued power handling capability in optical fibers, it stands to reason
that modifications to any of these factors in a manner than lessens the scattering is useful.
That said, some of these materials properties are more sensitive than others to changes in
composition and glass forming ranges must also be considered. For example, alumina
(Al203) is known to reduce p12 and increase density when added to silica (SiO.) in binary
aluminosilicate glasses [21]. However, the glass-forming limit of alumina into silica is only
about 8 mole percent when conventional optical fiber fabrication methods are employed
[22]. Such a balance between how a given material affects each of these parameters will
be discussed in greater detail in Chapter IV. However, it is worth noting that — of the
nonlinear optical phenomena — Brillouin scattering is especially interesting because one of
the factors determining its magnitude, the Pockels p12 coefficient, has the physical potential
to take on a value of zero [21], [23]. In such materials, the presence of an acoustic (pressure)
wave does not give rise to photoelastic change in refractive index, hence perturbation to

the dielectric constant, thereby precluding the interaction from ever happening.

I. B. 3. Raman scattering

Raman scattering is a form of inelastic scattering that originates from an interaction
of the incident light wave with optical phonons (as opposed to acoustic phonons in the case
of Brillouin scattering) [24]. The simplest classical description of Raman scattering

requires that the polarizability be not fixed, but is instead dependent upon the interatomic



spacing of the elements (atoms) comprising a classical harmonic oscillator [25]. As such,
a vibrating molecule for example, whose interatomic spacing is changing in time, will
therefore have a time-varying polarizablity (and therefore time-varying refractive index)
which will modulate the phase of an incoming optical field. This phase modulation gives
rise to the wavelength or frequency shift encountered during the Raman process. As noted
above, the contribution of Raman scattering to the total scattered power described in Eqn.

1.2 goes as

de \?
PR ot (Ae?) = T (5o-) ((BQ)Hvg,. (15)

Estimations of Raman scattering invoke the approximation that a single vibrational mode
dominates, which is usually associated with the stretching mode of the main constituent /
glass former, e.g., the Si — O — Si bond, or the most polarizable bond in the system, and is
modeled as a simple harmonic oscillator [5], [6]. In such approximations, the generalized
coordinate, Qx, is replaced by the average bond length, I, such that (de/3Q;,) — (d¢/al).
Given the interconnected network of typical inorganic glasses, (optical or mechanical)
field-induced changes in bond length yield proportional changes in density such
that de/al o A, where A is the bond compressibility parameter. Further, under the same

estimation as invoked above, the correlation volume, vy, , is given by V;, /N, zg, where V;,

is the molar volume and zy is the number of (equivalent) oscillators per unit cell. Therefore,

materially,

pRaman o 7 A2 (1.6)



For the purposes of this dissertation, the dependence of PR*™a™ on z, is left out of Eqn.
1.6 since, as will be seen in Chapter IV, the molar volume, V,,,, and bond compressibility

parameter, A, are more directly calculable.

Above a threshold intensity, the spontaneous scattering process becomes stimulated
[26]-[30]. Stimulated Raman scattering (SRS) is used for optical amplification in selected
telecommunication systems [31], [32]. However, in wavelength division multiplexed
(WDM) communication systems, SRS also can manifests channel cross-talk and excess
attenuation [33]. Further, in the high power fiber-based laser focus of this work, SRS leads
to wavelength shifts and power instabilities that degrade laser performance. Accordingly,
as with SBS, SRS is considered a deleterious parasitic phenomenon. EXisting approaches
to reduce SRS include spectral filtering fibers and techniques have been utilized to suppress

SRS [34].



I. B. 4. Material influences on Raman scattering

As with all optical nonlinearities, fundamentally originated from the interaction of
the incident light with the material through which it is propagating, a materials approach
to its diminution may also be adopted. Interestingly, though, silica from which
conventional fibers are made already has an intrinsically low Raman gain and typical
waveguide-related additives to SiO. (e.g., GeOy) increase the cross-section for Raman
scattering [35]. Somewhat intuitively, such an intrinsically low Raman gain material can
be achieved when one or more of the following conditions are met: (i) the material is highly
disordered broadening the Raman gain spectrum and thus reducing the peak value, (ii) high
concentrations of materials with low Raman gain coefficients, RGC, are employed, and
(iii) materials are utilized whose components have minimal overlap in their respective
Raman spectra [36]. More quantitatively, Raman scattering (both spontaneous and,
therefore, stimulated forms) is reduced for glasses comprised of compounds possessing

low molar volume and small bond compressibility parameters, A.

Values for A generally range from — 2 < A < + 2, depending on whether the glass
(or crystal) structure is more layered, favoring A < 0, or more fully coordinated, favoring
A > 0 [7]. For purposes of comparison, Ag;o, = Agep, = 0.1 whereas Ayg,5.,, = —1.4
[6]. While a zero-value for A should negate any Raman scattering, to the accuracy of the
estimations, the general incompatibility between materials with positive and negative A

values makes this a less likely prospect. Lastly, for a thoughtful history and seminal



bibliography of the pioneering early work on stimulated Raman scattering, including
aspects of stimulated Brillouin and Rayleigh scattering, the Reader is referred to the 1967

Review by Bloembergen [37].

I. B. 5. (Classical) Rayleigh scattering

Rayleigh scattering is the elastic scattering of light by perturbations in dielectric
constant associated with sub-wavelength fluctuations in density or composition [38]. As
such, and as noted above, the total scattered power associated with (classical) Rayleigh

scattering is described by the AS and Aci terms of Eqgn. 1.2; that is

de de

' 2
PRI o (Ae?) = (%)2 ((AS)*)vs + Xz (a_cl- - a_cj) (Ac)*hve,.  (L7)

Considerations associated with the magnitude of Rayleigh scattering in glass played a
central role in the earliest days of the development of optical fiber for long-haul
communications. It was well-appreciated that the minimum loss of optical fiber was
dependent on Rayleigh scattering and so compositions that reduced its magnitude were an
active topic of study [5], [6], [39]-[42]. However, while multicomponent glasses
possessing intrinsically low Rayleigh scattering (i.e., lower Rayleigh scattering than silica)
have been synthesized and studied [42]-[52], extrinsic impurities ultimately defined
practical attenuation limits of optical fibers. As a result, attention then turned to the
optimization of the chemical vapor deposition processes for fabricating low loss,

essentially intrinsic, silica-based optical fibers.
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That said, in the present context of high power fiber lasers, Rayleigh scattering is
of interest; not, though, from the perspective of reducing the minimum loss but, rather,
reducing backscattering which can lead to noise [53], [54] and seed stimulated processes.
The generalities of these material influences on Rayleigh scattering will now be discussed

with greater detail of specific glass systems to be provided in Chapter IV.

I. B. 6. Density-related Rayleigh scattering

Per Egn. 1.7, the scattering impact of density fluctuations on the dielectric constant
is given by (9e/05)%((AS)?)vs. Assuming small enthalpic (H) changes with such
fluctuations, Lines [5] showed thermodynamically that ((AS)?) = kT/(9*H/05?), =
kT /(9T /aS),. Since the heat capacity per unit volume, cy, is given by T(dS/0T),/V,
then ((AS)?) = kc,vs. Under most practical laser conditions where temperature varies
relatively slowly, then Maxwell’s relations yield (0€/0S)3 =
p?(0e/0p)2TKr|(c, — cr)/vsc2], where Kr is the isothermal compressibility. This
relationship for (de/ E)S)f,, taken with that given above for ((AS)?), together with the fact
that cp/cv = Kt/Ks [25], with Ks being the adiabatic compressibility, one arrives at a
proportionality of scattering to p?(de/dp)2kTKy . Given the density derivatives noted
above as relates to Brillouin scattering, the total power scattered associated with the density

component of Rayleigh scattering goes materially as [5]

leigh
Praneidl o n®p?TyKg(T). (1.8)
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As can be observed by comparison of Eqn. 1.8 with Eqn. 1.4, both Brillouin and density-
related Rayleigh scattering share a common dependence on density; hence Pockels strain-
optic coefficient, p = p12 + (2/3)pas, though in the case of SBS in optical fibers, it is the p12
value that particularly matters. For completeness, it is noted that the photoelastic
coefficients are not only compositionally dependent, but spectrally dependent as well; i.e.,
p = p(A) [55]. Further, in an analogous manner to Brillouin, the density component of
Rayleigh scattering can be negated for a glass with a photoelasticity of zero; i.e., p = 0,

such that p12 = - (2/3)pas or p12 = - (1/2)p1a.
I. B. 7. Concentration-related Rayleigh scattering

Estimations for compositional influences on Rayleigh scattering generally assume
a random mixture of the glass components with each species having the same nearest
neighbors [5], [6]. While this is not true in practice, such as, for example, alkali clustering
about non-bridging oxygen (NBO) ions in alkali silicate glasses [56], [57], the results are
sufficiently accurate for the general purposes here of identifying material systems with
reduced optical loss mechanisms. The optical fibers of interest herein would inevitably
employ a multicomponent glass. The simplest such system obviously is a binary in which

case

pRayleigh o (65)2 k_’r;(a_”);;, (1.9

S,composition % pr N' \oc

where C is the composition, given as the molar ratio of solute (N) to solvent (N”), p is the

chemical potential, and Ts is the fictive temperature [58]. For completeness, Schroeder
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notes that Ts is the temperature where compositional fluctuations of a given wavenumber
are “thermally arrested” which is different from the conventional fictive temperature, T+,

where density fluctuations in the melt are kinetically frozen into the glassy state [3].

Lines independently derived a similar expression for concentration-related
Rayleigh scattering of a binary glass [5]. In that work, the chemical potential was cast in
terms of the free energy of mixing (at constant pressure and temperature) and further
approximations based on the temperature, T, proximite to the spinodal temperature, Ts,

yields

. 2
Rayleigh de c(1-0)r
I')S,composition x (aC)PT (T-Ty) ’ (1-10)

where C is the concentration of one component in the binary glass and (1 — C) is the
concentration of the other component. For completeness, in terms of materials factors
influencing the scattering, Lines’ approach yields a pre-factor given by (M /p), where M

and p are the average molecular weight and density, respectively, of the binary components

[5].

I. B. 8. Stimulated (Classical) Rayleigh scattering

Stimulated Rayleigh scattering is not so frequently observed, nor practically
detrimental, as to be regularly treated in the literature. As noted by Bloembergen, there is
a close physical connection between Stimulated Rayleigh scattering and Stimulated Raman

scattering (SRS) [37]. In the case of SRS, the difference between pump and Stokes
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frequencies is given by the vibrational (or rotational) energies of the molecules excited. In
stimulated Rayleigh scattering, the differences between pump and Stokes frequencies are
very small and are equal to the inverse of the relaxation times. It appears that the first paper
on stimulated Rayleigh scattering dates from 1965 [59] just as high peak power lasers were
sufficiently available to observe such stimulated phenomena of otherwise weak
nonlinearities; not unlike the timing of the first observations of SRS in 1962 [26] and SBS

in 1964 [14].

I. B. 9. Material influences on Rayleigh scattering

From Eqns. 1.8, 1.9, and 1.10, there are several approaches to materially reducing
Rayleigh scattering in optical fibers. The dependence of density-related Rayleigh scattering
on fictive temperature, Tr, affords an opportunity to reduce this effect. Indeed, thermal
processing has been used to this end with important reductions in Rayleigh scattering
observed [51], [60]-[64]. Further, as with Brillouin scattering, the contribution of density
fluctuations to Rayleigh scattering can also be directly attacked through the photoelastic
coefficients. As discussed in Section I. B. 2, the p12 component can be zero in selected
binary and ternary glasses comprised of compounds possessing positive and negative p12
values [21], [23], [65]. It should be noted, though, that while the p12 = 0 compositions have
been considered for SBS mitigation, the realization of their benefit to Rayleigh reduction

has not previously been considered.
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Recently noted [66], though not reduced to practice, is the “chemical potential
engineering,” suggested by Eqn. 1.10. Conceptually, in this case, two glasses of different
composition but equal (or nearly so) chemical potential should have no (or negligible)
thermodynamic driving force to interact and very unusual fiber compositions might be
possible. More generally, reductions to the chemical potential difference should reduce
Rayleigh scattering. Lastly, as noted by Tynes [67], the (de/dC) term should vanish for
glasses where the refractive index and density are largely independent of composition, such
as the sodium borosilicate system [68]. In such systems, both density- and composition-
related scattering can be reduced. Along these lines, Rayleigh scattering contributions have
been attacked synergistically in mixed alkali glasses by tailoring the glass transition and
fictive temperatures (relative to the spinodal temperature) as well as isothermal
compressibility, resulting in a silicate glass whose relative Rayleigh scattering is only 38
% that of pure silica [52]. Specific compositional approaches to reducing Rayleigh

scattering will be discussed in greater detail in Chapter IV.

15



I. B. 10. Stimulated thermal Rayleigh scattering (STRS)

Classical (spontaneous or stimulated) Rayleigh scattering, as just described, is
neither the same as nor a progenitor to (stimulated) thermal Rayleigh scattering (STRS). It
is for this reason that the preceding section qualifies Rayleigh scattering with the word
“classical.” “Rayleigh” in this STRS context is a misnomer. Whereas classical Rayleigh
scattering arises, as noted above, from static perturbations in dielectric constant associated
with local compositional and density fluctuations, stimulated thermal Rayleigh scattering
arises from dynamic spatial heat fluctuations. With respect to STRS, “Rayleigh” refers by
analogy to the pseudo-elastic nature of the scattering. In other words, unlike Brillouin and
Raman scattering where there are clear frequency shifts between the incident (excitation)
light and the scattered light, the frequency shifts in both classical Rayleigh and stimulated

thermal Rayleigh scattering are very small and, essentially, negligible.

Though known and understood for 50 years [69], [70], STRS is presently receiving
considerable attention due to its role manifesting transverse mode instability in high power
rare-earth doped [70] fiber and Raman [71] lasers. Transverse mode instability (TMI) is a
dynamic, thermally driven mode-hopping that arises when a grating is formed that phase-
matches propagating modes of the incident and scattered light in a multimode (large mode
area) optical fiber that is lasing above a given threshold power [72]-[74]. Following the
quasi-closed-form formalism for TMI via STRS by Dong [70], the (nonlinear) coupling

between modes, go1ymn, JO€S as
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Here, v is the nonlinear coupling coefficient where subscripts m and n are the azimuthal
and radial mode numbers, respectively, associated with the linearly polarized (LP) modes
in a cylindrical optical fiber; i.e., LPmn, and goz is the gain of the fundamental (lowest order,
LPo1) mode. The other parameters involved in the first term of Eqn. 1.11 are the thermo-
optic coefficient, dn/dT, density, p, and specific heat, cp. The second term, (/15//1,0 — 1), is
the “quantum defect,” which is proportional to the energetic difference between each pump
and signal quantum and represents the amount of energy that can be converted to heat
through non-radiative processes. Such “quantum defect heating,” is the principal source of
heat generated during the operation of lasers, both solid state [75] and optical fiber [76].
The last term in Eqgn. 1.11 denotes a function of the damping factor, I'mi, which is
proportional to the thermal diffusivity, D, given by D = «x/pcp, where « is the thermal

conductivity.

Another parasitic effect in fiber lasers operating at high powers is photodarkening
(PD) whereby the transmission of the fiber decreases with time. PD is in its own way a
nonlinear effect and unquestionably parasitic in that performance of the fiber (laser)
degrades with time and optical power level. Its brief mention here stems from potential
correlations between photodarkening and the transverse mode instability (TMI) thresholds

[77], [78]. For completeness, though, there is no “photodarkening coefficient” and so it
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cannot be managed in a similar manner to the other parasitic nonlinearities treated in this

dissertation.

At the near infrared wavelengths employed in the fibers considered herein,
multiphoton processes associated with the active rare earth dopant can lead to charge
transfer either to the host, causing color centers, or to existing defects. Accordingly, PD
has been linked to the concentration of rare earth ions (Yb) in their excited state [79],
defects in the silica glass [80], and the charge transfer (CT) absorption bands of the host
[81]. As the present work focuses on material influences on parasitic phenomena in optical
fibers, it is germane to note that the CT band is quite sensitive to the composition of the
host glass [82]. In particular, the CT absorption is shifted to shorter wavelength (higher
energies) in phosphosilicate glasses in comparison to aluminosilicates. This shift originates
from the higher field strength associated with the P>* jon (relative to the AI** ion), which
results in a lower degree of covalency at the Yb-site, and, concomitantly permits low levels

of photodarkening in Yb-doped phosphosilicate fibers excited at 915 nm [83].

Further, dopants into the host glass can also significantly reduce PD tendencies by
serving as either a reducing agent to annihilate hole-related color centers or as a redox
couple for trapping both holes and electrons. Such dopants include hydrogen [84], cerium
[85], and Group Il compounds [86]. For more thorough discussions of photodarkening, the

Reader is referred to [87], [88].
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I. B. 11. Material influences on transverse mode instabilities (TMI)

As noted above, there are a number of possible contributing factors to transverse
mode instability (TMI), which is presently the major hurdle to continued scaling to higher

output powers at high beam quality (M2 < ~ 1.3) in fiber-based high energy lasers.

Thermally induced modulations of the refractive index associated with STRS seem
clearly to be a dominant source of modal instabilities (mode coupling) in ‘effectively single
mode’ fiber lasers. Materially, the thermal nonlinearities associated with the Dong
formalism expect that the TMI threshold is proportional to p-cp/(dn/dT) [70]. Additionally,
the damping factor is proportional to the thermal conductivity and inversely so with heat
capacity and density; though the dependencies of threshold and damping factor on heat
capacity and density are different and so these factors do not cancel out. Of the factors that
influence STRS, the thermo-optic coefficient, dn/dT, seems to be the best to target
materially. As one example, then, a material with dn/dT = 0 would obviate STRS. Noted
briefly here, but discussed in more detail in Chapter IV, combining materials with positive
(SiO2, GeO2, Al,O3) and negative (P20s, B2O3) thermo-optic coefficients can give rise to
a significant reduction in dn/dT, and possibly even yield a value of zero. This is analogous
to the approach for obtaining pi2 = 0 “Zero Brillouin Activity” (ZeBrA) glasses for

mitigating SBS.

Though not related to TMI, per se, the thermo-optic coefficient plays a major role

in another parasitic effect at high optical powers: thermal lensing [89]. As the fiber heats
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up, the thermal gradient across the fiber can create, through the thermo-optic coefficient,
an index gradient that can be competitive with the nominal refractive index profile [90]. At
sufficiently high temperatures where thermal lensing becomes problematic, other
materials-related thermal effects need also to be taken into account including melting and

thermal fracture of the fiber [90][91].

I. B. 12. ny-related effects

For a given composition, temperature, and pressure, the refractive index is also
dependent on the intensity of the light propagating through it. This fundamentally
originates from the nonlinear response of the dielectric polarizability, P, and generally is

given in the form

P = €,(xE+ x@PE2 4+ y®E3 ), (1.12)
where g, is the permittivity of free space (= 8.854 pF/m), x® is the i dielectric
susceptibility, and E is the (applied) electric field. This is fundamentally different from the
previous discussions relating to the thermodynamics of scattering. For the case treated here,

the E represents the electric field of the light. Since the refractive index, n, is proportional

to P/E, the expansion given in Egn. 1.12 is generically recast as
n=n,+nE+n,E?.. (113)

where nq is the nominal (E =0 or, for all practical purposes, low field) refractive index, n:

is the second order nonlinear index (n1 oc ¥® and is most often referred to as d), and n2 is
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the third order nonlinearity (n2 «c x®) and is more commonly described for glasses as the
nonlinear refractive index. The linear dependence of n on E, through d, is called the linear
electro-optic or Pockels effect and is named for Friedrich Pockels (same Pockels whose
elasto-optic coefficients were discussed above with respect to Brillouin scattering), who
first described the effect [92]. The quadratic dependence of n on E, through no, is called
the quadratic electro-optic or Kerr effect and is named for John Kerr [93], [94]. For reasons
of symmetry, the isotropy of glass negates the existence of even-order susceptibilities; e.g.,
v@ = 0 [12], [25], though this condition can be relaxed if the optical fiber is stressed.
Therefore, second-order susceptibility (x?) vanishes for material systems possessing
inversion symmetry, such as in amorphous materials including glasses [25]. Further, terms
larger than x® typically are neglected given their inherently weak magnitudes.
Accordingly, for the purposes here, Eqn. 1.13 reduces to n = no + n2eE?, which, given the
proportionality between E? and for the optical intensity, |, one arrives at n = no + nz,l. For
completeness, the relationship between n, and x® is given as follows, depending upon

whether one is considering electric field strengths (nzg) or intensities (n2,)) [16]:
Electric Field: n, ; = %Re[)((”] (1.14a)

3

4€,cn?

Intensity: n,; = Re[x®],  (1.14b)

where “Re” denotes the real part of the complex susceptibility, . While this paper will
only discuss those nonlinearities most relevant at high optical powers, it is worth noting

that y®-related nonlinear processes typically broaden and modify the optical spectrum, and
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are especially undesirable in high peak power (pulsed) laser systems and high bandwidth

multiplexed communication systems.

In continuous wave (CW) high power fiber lasers, the nonlinear refractive index
manifests several parasitic effects. Four-wave mixing (FWM) is amongst the strongest of
the parametric wave-mixing nonlinearities and involves the creation of two (new) photons
of frequency w1 and w simultaneously from the annihilation of two pump photons of
frequency ms and wa4. The process is elastic and, as such, the phase matching conditions are
met only when o1 + @2 = w3 + was. In the degenerate case where w1 = w2, only one pump
frequency is required. In the non-generate case where w1 # w2, FWM requires another
signal, such as strong amplified spontaneous emission (ASE) or Raman scattering [95].
FWM also is present in telecommunication systems, particularly those employing high
degrees of multiplexing in order to enhance bandwidths [96]. The parametric FWM gain

is proportional to na.

In pulsed fiber laser systems, nonlinear self-focusing (NSF) can be problematic
[97]. In this case, the Kerr effect creates a transverse index gradient that acts as a lens
leading to beam collapse and damage. In addition to NSF, self-phase modulation (SPM)
can lead to both spectral and temporal modifications to laser pulses at high energies;
particularly, then, in mode-locked systems. In SPM, the time-varying intensity profile
associated with the laser pulse creates a time varying phase contribution through the optical

Kerr effect. This induced phase modulation then generates new frequency components to
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the pulse which broadens its spectrum. As the pulses propagate along the fiber undergoing
SPM, the output spectrum is then dependent not only then on the initial input spectrum but
also on the group velocity dispersion (GVD) of the fibers itself. As with FWM, the strength

of the SPM signal is proportional to n,.

Lastly, while stimulated processes typically have a greater parasitic impact, even
light from spontaneous scattering can generate noise and seed other nonlinearities such as
Rayleigh scattering seeding an efficient Raman fiber laser [98], [99]. For a more thorough

yet concise treatment of nonlinear effects in optical fibers, the Reader is referred to [100].

I. B. 13. Material influences on na-related effects

For a given fiber design (e.g., refractive index profile, modal effective area, length),
the suppression of these nonlinearities materially all require a reduction in nz. In practice,
though, the n; value for silica, which is the dominant glass constituent in telecomm and
high power laser fibers, is already relatively very low. Indeed, much of the effort spent on
compositional tailoring of nz has focused on increasing n. values relative to silica; not
decreasing them [101], [102]. That said, fluorine- (i.e., F:SiO- [103]) and phosphate-doping
[104] are known to possess reduced n; values relative to silica. In the former case, the lower
polarizability of fluorine, in comparison to oxygen, is the expected source of reduced n;
values [105]. In the latter, the higher formal charge of the phosphorus, relative to the

silicon, is thought to promote a more covalent bond to the oxygen thus reducing its
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polarizability and yielding n. values that are up to about 30% lower than pure SiOa.

Accordingly, fluorophosphates exhibit amongst the lowest nz values for laser glasses [104].

As discussed briefly above, and will be in more detail in Chapter IV, silicate
compositions modified with alkali- and / or alkali-earth oxides and fluorides will be useful
for reductions to scattering (Brillouin, Raman, and Rayleigh) as well as to the thermo-optic
response. These species, however, tend to promote non-bridging oxygen formation in
silicate glasses, which tend to be more polarizable and increase n, values over those of
more fully networked structures. That said, for a given system, the specific choice of
modifier is important since, for example, Ba?* (from BaO) would possess a weaker bond
than Sr?* (from SrO) owing to its larger ionic size. This is indeed seen in a comparison of
n2 values for otherwise identical laser glasses where SrO is replaced by BaO and the n;
value is found the increase as a result [104]. The replacement of the smaller ions (e.g., Li,
Na, and Mg) by the larger potassium ions was similarly found to increase n, values in
alkali- and alkaline-earth silicate glasses [106]. In these families, however, the specific
alkali- or alkaline earth ion did not make substantive changes to n, values, relative to silica,

as long as it was one of the lighter species.

To be discussed in more detail in the following Chapter, there are a number of
models that have been proposed for the estimation of n,. These often are based either on
semi-classical Lorentz-Lorenz / Clausius—Mossotti oscillator models [104], [107]-[109] or

guantum mechanical models [110], [111]. Given the focus here on identifying material
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trends that lead to reduced optical nonlinearities, the former approach is the more
convenient as linear refractive index values are employed to estimate n,. As a general
guide, n2 increases with increasing linear refractive index, n, and the Abbe number, v [107].
For the purposes here, this suggests that glasses exhibiting lower index and dispersion
values are preferred. Assuming conventional glass composition / property additivity [112],
this generalized trend in n2 with n and v, multicomponent (silicate) glasses with low
electronic polarizability compounds, such as alkali- and alkali-earth fluorides [104], [105]
could balance out components that otherwise raise n. values relative to SiO-, such as La>Os
[113] or GeO2 [103]. With respect to the most common (dielectric) silica fiber
compositions and designs, such as those employed for telecommunication applications, n;
values range from 2.2 x 102 m?/W for conventional single mode fiber (SMF) to about 2.3
— 2.4 x 10 m?/W for dispersion compensating fiber (DCF) to about 2.4 — 2.7 x 10°° m?/W

for dispersion shifted fiber (DSF) [114].

Lastly, it is worth noting that the Raman gain coefficient, RGC, is proportional to

the non-instantaneous (delayed) part of y® as [115]
_ 4TTw, 3)
RGC = === m[x®], (1.15)

where “Im” denotes the imaginary part of the complex susceptibility, . Accordingly,
low n2 materials should not only reduce FWM and SPM, among other nonlinear wave-
mixing phenomena, but they should further aid in SRS mitigation. Conversely, perhaps,

the reduced Raman scattering associated with a more disordered glass, facilitated by rapid
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quenching during the fiber drawing process for example, may also reduce effective n;

values.

Table 1.1 provides a summary of the phenomena that limit the optical power
capacity of optical fibers along with the material properties / coefficients that mediate the
interactions. As observed, some effects share properties and trends and, of those properties,
some are more heavily dependent (e.g., the Brillouin gain coefficient is proportional to n’
versus pi2%); though this is not shown in Table 1.1 More importantly, however, some
properties do not change much with composition and others can take on a value of zero; as
noted. The impact of these trends with specific compositions and compositional families is

discussed in Chapter IV.

As observed in Table 1.1, some effects have material parameters in common. Table
1.2, then, condenses Table 1.1 down to the most fundamental factors. It is quite remarkable,
though perhaps not truly surprising, that all of these parameters are ultimately defined in
terms of only a handful of material coefficients and their derivatives with selected extensive

variables, e.g., pressure and temperature.
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Table 1.1. Material origins of optical nonlinearities and property trends to reduce their
impact.

Nonlinearity and Mediating Material Property | Trend to Reduce Scattering | Condition to Negate
Brillouin scattering

Refractive index, n N
Adiabatic compressibility, Ks J
Density, p J 1o _
; s p12=0
Acoustic wave velocity, v and vt 0
Transverse photoelastic coefficient, p12 small
Brillouin linewidth, Ave T
Raman scattering
Molar volume, Vim (molar mass / density) J
P A=0°
Bond compressibility parameter, A low
(Classical) Rayleigh scattering
Density-related Rayleigh scattering
Refractive index, n J
Photoelastic coefficient, p J -0
Adiabatic compressibility, Ks J p=
Fictive temperature, Tr J
Concentration-related Rayleigh scattering
Spinodal temperature, Ts Ts << Ty
Average molecular weight, M
Density, p J auléc = 0¢
Chemical potential, u (or change with small
composition, ¢; ou/oc)
Transverse Mode Instability
Thermo-optic coefficient, dn/dT small
Density, p 1 B
Heat capacity, cp 0 dn/dT =0
Thermal conductivity, k T
nz-related wave mixing
Refractive index, n \ e
Nonlinear refractive index, nz d n2 =0

& Denotes a parameter specific to the case of stimulated scattering.

b. The adiabatic compressibility is proportional to density which, for reduced spontaneous Brillouin scattering (SpBS),
one wants to lessen. However, for stimulated Brillouin scattering (SBS), the density is inversely proportional to the
Brillouin gain coefficient, BGC, and, accordingly, one desires a higher density.

¢ Though potential to zero this property theoretically exists its practicality is uncertain. For example, the bond
compressibility parameter, A, that relates to Raman scattering can take on either positive or negative values suggesting
the possibility of a composition where A = 0. However, the nature of the bonding necessary for this condition seems

very unlikely to be realized.

27



Table 1.2. Core intrinsic? material parameters influencing optical nonlinearities.

Material Parameter

Definition or

L Core Intrinsic Material Parameters
Determination

Refractive index, n
Nonlinear refractive index,
n2

Thermo-optic coefficient,
dn/dT

Photoelastic coefficient
Bond compressibility
parameter, A

Density, p

Molecular weight, M
Molar volume, V
Acoustic wave velocity, v
and v,

Adiabatic compressibility,
KS

Heat capacity, C,

Thermal conductivity, k

n*=n+nal

dn/dT n* and its pressure gnd temperature derivatives (along
with p for p and A)
p=p-0l0 p (-1/n?)
A—>p-dn/dp=(1-A)p
-onld p

P
M p, M or their quotient
Vm=M/ p

v =(c/ p)t?
p and appropriate elastic stiffnesses, cij
Ks = (C11 — 4C4a/3)?

Cp Cp
K K

2 Fictive temperature, Tr, Spinodal temperature, Ts, Chemical potential, p1 (or change with composition, c; ou/éc) are

left out as not being intrinsic material parameters, per se. The Brillouin linewidth, Avs is left out because it only factors

into stimulated, not spontaneous, Brillouin scattering.
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I. C. Conclusion

Described herein has been a partially didactic review of the thermodynamics of
optical scattering based on perturbations to the dielectric constant associated with localized
fluctuations in pressure, entropy, composition, and displacement. These respectively
manifest spontaneous Brillouin (pressure), Raman (displacement), and Rayleigh (entropy
and composition) scattering. In addition to these better known scattering phenomena, also
considered were the origins of thermally stimulated Rayleigh scattering (STRS), which is
thought to be central to transverse mode instabilities (TMI) in “effectively single mode,”
but intrinsically multimode, large mode area (LMA) optical fibers. Effects arising from the
nonlinear refractive index, nz, also were discussed. Above a threshold optical power, each
begets stimulated processes that are parasitic and collectively constitute practical limits to
the scaling to higher powers / energies in a variety of optical fiber-based

telecommunication and directed energy laser systems.

More importantly, this Chapter identified and discussed the material factors that
drive each phenomena based on the belief that the only true approach to mitigating
nonlinearities in optical fibers is to attack them at their origin; the material through which
the light is propagating and, therefore, with which it is fundamentally interacting.
Consequently, the material properties relating to Brillouin scattering, Raman scattering,

Rayleigh scattering, thermally-stimulated Rayleigh scattering, and ny-related effects were
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identified along with general trends that would lead to their diminution and, in some cases,

potential eradication.

The following Chapters (I1, and 111) treat macro-scale additivity models that have been
developed to compute or predict the material properties and gain coefficients for the
nonlinearities discussed herein. With these models in hand, Chapter IV then uses the
foundations of this Chapter, along with the models from the Chapters 11 and 111, coupled
with existing results from the literature to define a series of practical glass families for use

in high power and high energy fiber optic systems.
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CHAPTER II.
DETERMINATION OF FIRST-ORDER MATERIALS PROPERTY ADDITIVITY IN

MUTICOMPONENT SILICATE GLASSES

1. A. Introduction

Without today’s understanding of atomistic and quantum physics and chemistry
and the benefits of modern high-performance computing, our scientific ancestors
developed continuum models for predicting the behavior of a range of materials. Amongst
the original approaches was that of Adolph Winkelmann, who introduced an additivity
approach for calculating the specific heat of (oxide) glasses of arbitrary composition based
on the physical properties of the individual components [1]. Following this pioneering
work, many glass scientists have participated in the development of additive models to
predict “classical” glass properties (e.g., density, refractive index, coefficient of thermal
expansion). For more insights regarding these contributing works, the book by M. B. Volf,
“Mathematical approach to glass” [2] is recommended, which is dedicated to the various
additive models developed over the past centuries in predicting the aforementioned

properties.

That said, one does today have the benefit of high performance computing and

numerous atomistic and quantum chemical models and codes with which to simulate the

performance of glasses [3]-[5]. As a matter of fact, the simulation of glass properties and
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processing has become so effective, that glasses have been brought to commercial markets
entirely designed and optimized based on modeling [6]. Accordingly, the Readers are then
within their rights to wonder why continuum-level additivity models as described herein
are employed. The simple answer is simplicity... and speed and versatility. In the work
described in Chapter 1V, there are entire binary, ternary, and quaternary glass systems
whose properties need to be estimated in order to predict their physical, acoustic, and
optical behavior as relates to the nonlinearities described in Chapter I. A macro-scale
continuum approach offers a rapid yet sufficiently accurate method for screening large

computational spaces.

More specifically, the materials modeling described herein is not intended to
provide specific insights into glass structure or chemistry. Its principal purposes are to (i)
enable sufficiently accurate extrapolation of data measured on a few fibers to a broader
range of compositions in that glass family, (ii) help quickly identify precursor core phases
that will yield fibers of the desired properties, (iii) provide a simplified tool to present the
enabling materials science to fiber designers (who are, at best, amateur glass scientists),

and (iv) after fiber fabrication, provide guidance for further compositional optimization.
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I1. B. Material property additivity

The additivity models utilized here treat the constituent species comprising the
glass as (a) separable and fully independent of each other and (b) individually well-mixed
with no heterogeneities, such as phase separation or crystallization; see Fig. Il.1 for a
representative schematic. Put another way, the models predict ensemble averages. A case
in point is that of alumina in an aluminosilicate glass where properties as a general function
of alumina content, [Al2O3], are deduced even though the aluminum in Al>O3z is known to
exist in multiple coordination environments [7], [8]. Further, reactive species, such as
Al>03 and P20s, which can form AIPOs, an index-lowering compound relative to SiO- [9],

are treated as the single final reactant.

(1)
Homogenous Binary Glass
ComponentA, n, ComponentB, ng
(2) '
La Le

“Un-mixed” Glass

Figure I11.1. (1) A schematic representation of a homogeneous multicomponent bulk
binary glass. (2) Aggregate glass separated into its two constituents. If the entire
starting length (La + Lg) is a normalized unit length, then each L value represents the

fractional volume of that component.
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As such, and as noted above, this averaging removes direct physical insight into the
glass structure and chemistry, but reflects the power of these additivity models as effective
tools for the straight-forward property deduction over large compositional spaces.
Therefore, they are useful for the rapid identification of compositions and compositional
ranges for designer optical fibers with specific performance attributes, such as the

intrinsically low nonlinearities considered in this dissertation.

Beginning with a simple binary system where m is the fractional volume? of
component A and, therefore, (m — 1) is the fractional volume of component B, one can
compute the time-of-flight for light to propagate through this *un-mixed’ glass segment. If
said piece of glass is defined as being of unit length and its constituents separated into
independent volumes (i.e., lengths in a one-dimensional approximation) that are
proportional to their concentrations, then the time, t, taken for the light to traverse the glass

is

(2.1)

where c is the speed of light in vacuum. Given the unit length of this representative binary
glass, the time given in Egn. 2.1 is equivalent to an inverse velocity of light. As such, the

numerator in Eqn. 2.1 is the linear refractive index of the aggregate glass, Npinary = mna+

2 Fractional volume is employed here since it is the refractive index that is being used as
an example, which is a volumetric material property. Where additivity in mole fraction is
more appropriate, such as in the section on Debye Temperature and Specific Heat, this
will be specified.
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(2-m)ng. As will be discussed further later, to first order, mixed effects such as thermo-
optic, stress-optic, and optical Kerr effect-related nonlinearities can be parametrically

included.

The (dimensionless) fractional volume, m, of component A can be determined from
the known composition along with the mass density, p, and molar mass, M, of the two

components (A and B). For a binary system, this is given as [10]

My
—=[Cal
my et (2.2)

MA Mp ’
ZAlc,] +=B[c
PA[ Al PB[ Bl

where [Ca] is the concentration of the component A (in mole fraction or percent). The ratio
M/p is the molar volume, which can depend on the glass thermal history. While the
refractive index is the logical place to begin when considering optical materials, the
additivity approach may be generalized to other material properties. In its most basic form,

the additivity models follow the governing equation

G = Xi19i%:. (2.3)

Here, x is the additivity parameter of component i (in this case fractional volume), gi is the
physical property of component i, and G is the aggregate property value of the glass.
Provided below are examples for the additivity of the optical, acoustic, and thermal
properties required to model the performance of fibers designed to materially mitigate the

optical nonlinearities described in Chapter I. Additional details can also be found in [11].
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I1. C. Basic material properties

Il. C. 1. Refractive index

The refractive index is the central optical property of a material and enters into
nearly all considerations of its linear and nonlinear performance. As noted in [12], a power
of the additivity model can be seen in its remarkable resemblance to the often-used
Sellmeier model for a mixed system. The Sellmeier model, which can be directly derived
from the physics of the macroscopic refractive index, is given for a unary material by [13],

[14]

(2.4)

Here n is the refractive index at (free space) wavelength A, N is the number of oscillators
used to fit the refractive index data (typically 3 as in [13] or 4 as in [14]; this is often
referred to as the “term” of the Sellmeier fit; i.e., a 3-term Sellmeier), Ai and A, are the
oscillator strength and its resonant wavelength, respectively. The binary form of Eqgn. 2.4

can be found in [13] where additivity in the mole fraction is usually employed.
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Figure 11.2. Comparison of the refractive index for a SiO2 — GeOz2 binary glass
calculated using the conventional Sellmeier model and the additivity model described
herein. Data for the Sellmeier model are taken from [13] whereas data for the

additivity model are noted in the text.

As an illustrative example of the simplicity and power of the additivity model,
consider the comparison provided in Fig. 11.2. Plotted there is the refractive index of the
SiO; — GeO; binary system as calculated using the additivity model and the Sellmeier
model (data taken from [13]). The data used for the additivity model results are the mass

densities (2200 kg/m?® for SiO2 and 3650 kg/m?® for GeO2), molar masses (60.08 g/mole for
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SiO2 and 104.59 g/mole for GeOy), and end-member refractive index values (1.4442 for
SiO2 and 1.5873 for GeO> taken for a wavelength of 1534 nm). The index values between

the two models differ only in the 5 decimal place.

I1. C. 2. Thermo-optic coefficient (TOC, dn/dT)

The refractive index as a function of temperature in a linear regime may be
. dn . N’
expressed simply as n(T) = ny + E(T — Ty) where the subscript ‘0’ refers to some

starting temperature (To) such as room temperature. This expression may be substituted
into Eqgn. 2.1 to arrive at the following simple expression for the additivity of the thermo-

optic coefficient (TOC) in a binary material:

dn _ mdny (1-m) dng
dT ~ ¢ dT ¢ dr’

(2.5)

Generally, for a multicomponent glass, Eqn. 2.5 may be used with g; = dn;/dT.

I1. C. 3. Acoustic velocity

The acoustic velocity can be estimated using a similar time-of-flight consideration
for an acoustic phonon as the refractive index was calculated using a photon. In this case,
both the aggregate acoustic velocity, Va, and the total acoustic attenuation, a, through the
unit fiber can be deduced [10], [15]. The determination of the acoustic attenuation is of

interest to this work since multiplying it by (Va/n) yields the Brillouin spectral width, Ave,
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which will be used later to compute the Brillouin gain coefficient, BGC. For an n-

component glass, these quantities are given by

-1
V= (Zn ) @)

1%

Mg =230 (my —m_) (). (27)

The factor Fi(v) in Eqn. 2.7 typically is given by Fi = (v/vrer)0i, where ai are the
phonon damping coefficient(s) (m™) of the oxide constituent(s), which are proportional to
the square of the acoustic frequency [16]. For completeness, however, it is worth noting
that this relationship generally holds for glasses, such as silica, where the maximum
viscoelastic damping occurs far below the glass transition temperature, T4 [17]. For glasses
such as those doped with B2O3, where the dynamic viscoelastic damping processes peak at
temperatures above Ty, the acoustic attenuation is not proportional to v? [18]. Further, since
there is dispersion in the acoustic attenuation (a=o(v)), oi should be specified at some
reference frequency, vrer. FOr ease, a convenient reference frequency is 11 GHz, which
corresponds to the Brillouin scattering frequency of standard single mode
telecommunications fiber, when measured at a wavelength of 1534 nm [10]. In summary,
since v and therefore a (at a fixed optical wavelength) change with composition, Fi(v) takes

this into consideration by scaling the oj reference values accordingly.
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Il. C. 4. Photoelastic coefficients

As shown and discussed in Chapter I, the Pockels photoelastic coefficient, pi2,
factors into both Brillouin scattering and into the contribution of density fluctuations to
Rayleigh scattering. In order to deduce the pi2 coefficients, consider the axial (z-axis)
elongation of a fiber due to an applied strain, &,. The transverse electric field components
of the propagating (assume Xx-polarized) optical mode will experience a concomitantly

modified refractive index, ny, given by

1
n,(e) = Nox — ;Ezng,x[Pu —v(p11 + p12)], (2.8)

where v is Poisson’s ratio and the subscript ‘0’ corresponds to the nominal (unstrained)
value [19]. This equation is also valid for strain applied in the transverse (y) direction also
perpendicular to the optical polarization. If a transverse strain is applied to the fiber in the

direction of polarization (gx), Eqn. 2.8 becomes [20]

1
ny,(e) = Ngx — Eexng,x [p11 — 2vp12]. (2.9)

With these in hand, and assuming that the photoelastic constants can be parametrically
included into the additivity model through the refractive index, then deduction of the
photoelastic coefficients are simplified using the transverse (i.e., strain transverse to
polarization direction, &) strain-optic coefficient (¢OC), which is defined as €OC = p12 —
v(p11 + p12) and the parallel (i.e., strain parallel to the polarization direction, &x) Stress-optic

coefficient (cOC), which is defined here as cOC = p11 — 2vp12. These definitions are
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selected to disambiguate these values from the usual stress optic coefficient, C, which is

related to pas = (p11 — p12)/2 for an isotropic material, by C = —%p% [21]
44
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Figure 11.3. Comparison of the calculated and measured / deduced Pockels pi2
photoelastic coefficient as a function of non-silica content for selected fibers deduced
using the additivity approach described in the text. Because of the acoustic anti-
guiding nature of the spinel-derived optical fiber, the pi2 photoelasticity for MgO,

taken from [22], was employed in the additivity model.
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Accordingly, then, for a mixed binary glass of Components A and B, the two

effective strain-optic coefficients are

GOCeff =

G0Coss = ni [mn3(a0C,) + (1 — m)nd(60Cy)] (2.11)

where ng is the zero-strain refractive index of the binary glass and, as above, m is the
fractional volume of Component A. Given the transverse and parallel strain-optic

components, the p12 photoelastic constant for the aggregate glass is [20]

_ (EOCeff)+V(O'OCeff)
o a-2v)(1+v) (2.12)

Fig. 11.3 provides the calculated p12 photoelastic coefficient as a function of additive
into silica for a number of crystal-derived all-glass optical fibers [23]-[28], along with
corresponding measured data. For the cases of BaO, Al2Osz, and YAG, the additive model
was fit to fiber-based measurements and values of pi> for the non-silica additive were
subsequently determined. The calculation in Fig. 11.3 provides an extrapolation to points
beyond compositions available for characterization, which should be taken with caution as
any structural changes to the glass outside the available compositional range will cause the
fittings to break down. In the available compositional ranges, and in all cases, the fittings
are found to be very good. For the alkali metal oxides, the model was fit to bulk data found
in [29], which is also reproduced in Fig. 11.3. In the case of spinel-derived fiber, its
acoustically anti-guiding behavior precluded the determination of p12 directly, so the value

for MgO found in [22] (p12 = -0.07) was instead used in the modeling. Finally, in the case
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of SrO, its p12 was deduced from a ternary glass (strontium aluminosilicate) and that value

was utilized in the modeling of the binary system.

Il. C. 5. Coefficient of thermal expansion (CTE)

In general, thermal effects in fiber-based lasers are known to induce a variety of
performance-modifying phenomena [30]. While the coefficient of thermal expansion
(CTE) does not directly influence the optical nonlinearities that are the focus of this
dissertation, it does influence the effective thermo-optic coefficient, as first suggested by
Prod’homme [31], which is believed to induce transverse mode instabilities (TMI).
Additionally, differential thermal expansion between the core and cladding (or cladding
and coating) can lead to polarization effects [32], increased transmission losses [33], and
phase shifts, the latter causing jitter in transmission systems and noise in interferometric
sensors [34]. It is worth noting that, in addition to differential thermal expansion, thermal
stresses also can be generated from differences in core/clad viscosity [35]. Core/clad CTE
mismatches can also lead to some novel and useful phenomena not present in bulk glasses,
such as temperature independent (athermal) and strain independent (atensic) Brillouin

frequency shifts [27], [36], [37].

Many empirical models have been developed regarding the additivity of the

coefficient of thermal expansion in glasses [38]-[42]. Recently, using additivity of density

in glasses governed by Eqn. 2.3, an additive model for CTE in binary silicate glasses was
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developed based on a derivation of the volume expansion in isotropic solids such as glass

[43]. The expression of CTE takes the following form
CTE = ZLCTE% (2.13)

Here, CTE; and pj are the coefficient of thermal expansion and the density for each
individual constituent of the glass, respectively, whereas yi is defined as the volume
fraction per structural unit for each glass compound. The density of the glass p can be
calculated from Eqgn. 2.3. As shown in Fig. 11.4, Eqn. 2.13 fits the data extremely well, not
just when considering the addition of ubiquitous glass formers in silica (Fig. 11.4a), but also
for some other dopants such as the alkaline earth family (Fig 11.4.b) [44]-[49]. For
completeness, it is noted that a proper additivity relationship needs to be rooted in some
physical basis. For example, linear fits to the data in Fig. 11.4 would likely lead to
acceptably good fits over a certain range, but would have no physical meaning. The time-
of-flight approach and volume additivity for the refractive index (Fig. 11.2), and this CTE
additivity (Fig. 11.4) based on the additivity of density both have their origins in the nature

of the systems which they are modeling.
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Figure 11.4. Evolution of the coefficient of thermal expansion (CTE) for some binary
silicate systems using Eqn. 2.13: a) Binary silicate systems with canonical telecom
dopants (i.e., GeO2-SiOz, P20s-SiO2, B203-SiO2), with data taken from [45]-[49]; b)
Binary alkaline earth silicate system (CaO-SiO2, SrO-SiO2, BaO-SiO), data from

[44], [47], [50].
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I1. C. 6. Specific heat and Debye temperature

The specific heat was shown in Chapter | to factor into both stimulated thermal
Rayleigh scattering, which facilitates transverse mode instabilities (TMI), and the density-
related component of (classical) Rayleigh scattering. Accordingly, its estimation through
simple additivity relationships is of practical value. Consequently, it is convenient first to
estimate the Debye temperature, ®p [51], which arises in the consideration of the specific
heats of elastic solids and provides a quantitative estimate demarcating classical (Dulong-
Petit [52]) and quantum regimes. The Debye temperature can also be informative as to the
thermal conductivity of a solid [53], which also factors into TMI through STRS per the

Dong formalism [54]. For a single component, linearly-elastic solid, Op is given by [55]

_ (M. y . [pave
0, _(k) vl (2.14)

where h is Planck’s constant, k is Boltzmann’s constant, q is the number of atoms in the

molecule, p is mass density, N is Avogadro’s number, and M is molecular mass. V is the

average acoustic wave speed given by V = 3/C/p, where C average elastic stiffness. For

glasses comprised of a mixture of components, Egn. 2.14 is modified as follows:

- (1. .3/M
O = (k) 4 am(M) '’ (2.15)

where <g> = 3 fi™.q;, <p> = % fi™D.p;, and <M> = % ™). M, £i™D peing the mole
fraction of the i'" component. It is worth noting that this averaging uses the molar fractions,

fimD whereas the previous additivity modeling generally employed volume fractions. The
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molar specific heat capacity, cv, of the glass at a given temperature then can be determined

from knowledge of the Debye temperature using the well-known relationship:

3 0 X
¢ =~ Nk (L) Pl 2t he (2.16)

0 (eX—1)?

The Debye temperature for silica is about 365 K in the range from 70 K to 370 K [56].
Accordingly, one is neither in the ¢y o (T/@p)* quantum nor C./(3-Na-k) ~ 1 Dulong-Petit

regimes. Tabulated values of the Debye integral are, however, readily available.
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I1. D. Conclusion

Provided herein is a compilation of simple additivity models for the deduction of
the material properties of multicomponent silicate glasses, central to optical nonlinearities,
from the properties of amorphous or crystalline end-member compounds. More
specifically, additivity as relates to the refractive index, density, acoustic velocity,
photoelasticity, stress- and strain-optic coefficients, thermal expansion coefficients, and
thermo-optic coefficients, Debye temperature, and specific heat are discussed and
examples provided. In general, over reasonable glass forming ranges in which the glass is
presumed to remain compositionally uniform, homogeneous, and structurally similar, the
models are found to be sufficiently accurate in order to guide the materials development of
optical fibers that exhibit reduced optical nonlinearities. Use of these material properties to

model the nonlinear coefficients will be provided in the following Chapter.
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CHAPTER II1.
GLASS MATERIAL ADDITIVITY OF NONLINEAR PROPERTIES IN FIBER

GEOMETRY

I11. A. Introduction

Chapter 11 focused on component additivity modeling and the determination of
simple first-order materials properties of multicomponent glass. In some instances, these
properties can be used in tandem to calculate more complicated nonlinear gain coefficients.
For example, the Brillouin gain coefficient is a function of several of the parameters
described in Chapter Il. The purpose of this chapter is to review the state-of-the-art in
modeling of these parameters in the optical fiber configuration (as opposed to bulk glass),
and how these can then be applied to the reduction of several nonlinear gain coefficients
(including the nonlinear refractive index nz). Numerous examples are provided and

methodologies to determine nonlinear optical coefficients are presented.

As in the previous Chapter, the materials modeling described herein is not intended
to provide specific insights into glass structure or chemistry. Further, for several reasons,
the optical fiber geometry itself also must be considered in modeling efforts. Firstly, the
optical mode may overlap with regions of the fiber that possess differing compositions.
Locally, this means that physical properties, such as the acoustic velocity or refractive

index, may be varying across the spatial distribution of the mode. In that sense, the
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measured physical properties from a fiber are those corresponding to the optical mode
rather than to those of a bulk material. Secondly, the cladded fiber geometry can play a
significant role when the fiber system is subject to changes in temperature and a core-
cladding thermal expansion coefficient (CTE) mismatch is present. The requisite
corrections to the bulk glass calculations performed in Chapter Il in the fiber geometry are
therefore illustrated in this work. Additionally, the direct measurements of selected

properties, e.g., fictive temperature, Ty, also are described and exemplified.

I11. B. Property deduction and the optical fiber

[11. B. 1. Fiber design modeling

While the previous chapter focuses specifically on material property additivity
models, such models are guides for the subsequent design and optimization of high
performance optical fibers. The performance of the fiber depends on how the
electromagnetic modes interact with the materials comprising the core and cladding.
Obviously, for a fiber possessing a high numerical aperture, the modes are more tightly
confined to the core and the fiber performance will be predicated more on the properties of
the core glass. Accordingly, this section briefly discusses approaches for estimating the
impact of the optical fiber design on its overall performance when coupled with the

additivity models for material properties.
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Given material transport facilitated by the high temperature processing of both the
preform and the subsequent optical fiber, it is not unusual that the core possesses a graded
composition in the radial direction. In such a case, all parameters deduced through
measurements of the fiber necessarily are those associated with the waveguide modes, and
not exclusively those of the core glass. In the limit of an acoustic or optical wave being
tightly confined to the center of the core, the property values associated with the modes
will approximate those of the core center material composition. However, in the weakly
guiding limit, modeling of the fiber becomes more complicated because the material
parameters vary across the core region, which must be taken into account when solving for

mode values that best match the measured values.

Adding to the complexity, conventional fibers possess fairly small core sizes and,
consequently, the composition is only known at a few locations across the core. In such
cases, the core may be partitioned into sections, corresponding to the available
measurements. Each layer possesses a specific composition and, therefore, properties. A
schematic representation of this is shown in Fig. 111.1 for a 4-layer step-wise approximation
to the refractive index profile of a fictitious fiber core. Beyond the outermost core layer
resides the cladding, which most often is compositionally uniform (e.g., pure silica). In this
particular example, 4 regions are defined and the modes can be calculated by enforcing the
appropriate electromagnetic and acoustic boundary conditions [1-3]. In short, the
boundary conditions are identified at each layer interface and from them a characteristic

matrix for the system is determined. The eigenmodes of this characteristic matrix give the
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propagation constants for the system (acoustic and optical mode phase velocities, with the
effective modal index derived from the latter). As an example, while the various layers
shown in Fig. I11.1 all have unique electromagnetic (EM) velocities, they come together to
give rise to a single, observable EM velocity corresponding to that of the EM fundamental

mode.

Refractive Index Difference

or Concentration

e o e e e e

Radial Direction of
Fiber e

Figure 111.1. If a compositional analysis of the fiber core yields only a few data points
because, for example, the core size is small compared to the spot size for the elemental
analysis (shown representatively as orange), the core may be partitioned into
segments in order to approximate the properties of those layers. A fictitious refractive
index profile is provided to illustrate a 4-layer (dashed black lines) approximation to
the core. Solving for the optical mode then is then a simple boundary condition

problem.
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[11. B. 2. Determination of optical properties (refractive index)

The refractive index of an optical fiber is the most straightforward property to
characterize an optical fiber. Numerous commercial systems exist and this can even be
performed as a service; e.g., [4]. Given a measurement of the composition (such as via
electron probe microanalysis), the refractive index can be plotted as a function of
composition. For a binary silicate system, for example, if refractive index and density
values for SiO> are assumed, then the refractive index and density of the bulk ‘dopant’ (e.g.
BaO) can be used as fit parameters when applying Eqn. 3.3 from Chapter |1 to the data.
Importantly, since each layer of the approximation in Fig. I1l.1 can be compositionally
unique, the refractive index as a function of temperature may also differ for each layer.
However, this enables the calculation of the modal thermo-optic coefficient (TOC), and in
the reverse direction, the determination of the TOC of said dopant(s), again utilizing the

simple additivity model described in Chapter 1.

I11. B. 3. Determination of acoustic properties

As outlined in other publications, the acoustic properties are determined from
measurements of the Brillouin gain spectrum (BGS); e.g., [5]. In short, a heterodyne
process is utilized whereby a pump signal is launched into the fiber and a spontaneously
Brillouin back-scattered signal is mixed with a portion of the pump signal to produce a
Doppler-shifted gain spectrum. Since the acoustic wave involved in the Brillouin scattering
process is Bragg-matched to the optical wave, the peak frequency obeys the relationship

vg = 2n,,V; /A Where nm and V are the optical mode index and acoustic mode velocity
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(P-wave), respectively, and A is the vacuum optical wavelength. Measurement of vg then
allows for the determination of Vm, and in a way similar to that of the refractive index and
TOC, the acoustic velocity and its dependence on temperature (or strain as described next)

for ‘dopants’ where these values are unknown, can be determined.

[11. B. 4. Determination of strain-optic and stress-optic coefficients

The elasto-optic (stress and strain optic) coefficients of bulk glasses can be
measured by applying stress to the glass and measuring changes in the refractive index [6—
8]. When one is utilizing optical fibers, it is convenient to measure the elasto-optic
coefficients on the fiber itself using a fiber ring laser-based strain sensor for the
determination of the strain optic coefficient [9] and / or a twisted-fiber method for

pas [10,11]. Specific details are provided in [12,13] with brief generalities provided below.

With respect to the determination of the strain-optic coefficient, cOC [14], the fiber
is integrated as part of a ring laser cavity which has a free spectral range (FSR) given by
FSR = c/d - n where n is the mode refractive index and d is the cavity length. If axial strain
is applied to the test fiber, both the cavity length and index will change, thus resulting in a
change in the FSR. The elongated length d with the application of strain is easily measured
and measurements of the changes in FSR as a function of strain reveals the dependence of
the modal index on strain, and hence the fiber e<OC [9]. Measurement of the thermo-optic

coefficient of a fiber is achieved using the same approach, however in this case, the free-
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spectral range (AFSR) of a laser cavity is measured by heating (or cooling) the test fiber

under controlled conditions.

With respect to the determination of stress-optic coefficient, ps4, a mechanical twist
is applied to the fiber, which rotates the (linear) polarization state of the light propagating
within. Assuming that no linear birefringence is already present or otherwise induced in
the twisted fiber, the resultant optical activity, a., is given by a = gt, where 7 is the twist

rate (rad/m) and g is [9]

2
g = _%(Pn —P12) = —n2p44. (3.1)

Here, n is the mode index of the fiber at the wavelength being employed. Based on a
measurement of polarization rotation versus the number of twists per meter, ps4 is easily
determined. Knowing €OC and pas then gives a system of two equations and two unknowns
(with the Poisson ratio assumed to follow from simple additivity) whereby p12 as seen by
the mode can be determined. Once again, methodologies for determining the eOC values
of dopants involving the segmented core of Fig. I11.1 may be utilized. Measurements of pas
using twist requires that the fiber be free of birefringence. Should this condition not be
satisfied, an alternative method for the determination of p12 requires a direct measurement
of the Brillouin gain coefficient, which is proportional to p12? (see Chapter 1). Both methods

were utilized to generate the plots provided in Fig. 11.3 of Chapter 1.
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These measurements can be used to deduce pi» values for individual glass
constituents, which in turn can be utilized in glass design efforts. As will be discussed in
greater detail in the following Chapter, the compositions at which p12 = 0 are of particular
interest as such glasses should exhibit no Brillouin scattering and reduced density-related
Rayleigh scattering; the former implying no possibility for parasitic stimulated Brillouin
scattering (SBS). Obviously, however, other practical considerations also exist, such as the
glass-forming capability for these compositions and their refractive indices, which

influence fiber design and fiber laser performance.

I11. B. 5. Thermo-optic coefficient (TOC) additivity in the presence of thermal
expansion mismatch

When the optical fiber is heated, either externally or through the laser action itself,
the core will attempt to expand in accordance with its coefficient of thermal expansion
(CTE). However, if the CTE of the cladding is less than that of the core, the core’s thermal
expansion is restricted and, therefore, the core will experience a compressive force; i.e., a
negative stress. This effective compressive force is exerted on the core in all three
directions. For silica, most commonly employed in optical fibers, a positive strain (fiber
stretch) results in a decrease in the refractive index since the Pockels coefficients are
positive. Hence pressure (compressional force) should act to increase the refractive index
of SiO2. Accordingly, if a glass additive contributes a negative thermo-optic coefficient,
but also results in an increase in CTE, its negative-valued dn/dT contribution can be partly

mitigated.

76



For a mixed oxide glass, the volume additivity of the refractive index, and of the
thermo-optic coefficient, TOC, dn/dT, was described in Egn. 2.5 of Chapter Il. However,
that expression must be modified to include the effect of a CTE mismatch between fiber
core and cladding as well as resultant strains that are introduced. Given that strain occurs
in all three directions (X, y, and z), with two perpendicular (relative to a linear optical
polarization) contributions and one parallel contribution [15], the expression for the

refractive index of the i component is

d Tlgi
ni(T) =Ny, + ﬁi (T - TO) + % (acore - aclad)(T - TO) [2 (P12,i -
V(Pn,i + plZ,i)) + (P11,i - 2ViP12,i)] (3.2)

where « is again the linear coefficient of thermal expansion. The value for the core can be
found utilizing the model present in Chapter Il. It is useful to point out that when a ;.. >
aq1qq the refractive index increases as the temperature is increased from Ty for cases where
the Pockels term is positive (such as it is for silica). This effect of differential CTE on TOC
is shown in Fig. I11.2 for some representative binary silicate systems. In order to convert

from the normal strain relationships, the substitution —&,,, , = (@core — @c1aa) (T — To)

has been made [16]. Again, the strain value is considered a stretch, but, for a o > @c104,

the CTE mismatch results in effective compression, hence the change in sign.
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Figure 111.2. Thermo-optic coefficient (TOC, dn/dT) as a function of non-SiO2 content

for SiO2-cladded optical fibers in the P20s — SiO2, B203 — SiO2, and BaO - SiO2

systems with and without taking into account differential thermal expansion between

core and cladding. The dn/dT = 0 line is provided as a guide and shows those

compositions where stimulated thermal Rayleigh scattering (STRS) should be

negated.

Finally, the refractive index as a function of temperature can be computed (and an

effective dn/dT value determined) over a given range of temperatures. It has clearly been

assumed here there is a linear dependence of the refractive index on temperature over the
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range of temperatures modeled [17]. A fully analogous corrected equation can be

determined for the acoustic velocity [16].

I11. B. 6. Fictive temperature

As noted in Chapter I, the fictive temperature, T, influences the density-related
component of Rayleigh scattering. As such, heat treatments to facilitate relaxation of the
as-formed glass have been used to reduce Tr and Rayleigh scattering losses in optical
fibers [18]. Most simplistically, Tr is the temperature where the structure of an amorphous
material is the same as that of the equilibrium liquid (molten) state. In other words, to first
order, T represents the temperature where the non-equilibrium structure is that of the
equilibrium melt. For completeness, it is worth mentioning that care should be taken in
how broadly one applies the fictive temperature alone as an indicator of Raleigh scattering
and other physical or scattering-related properties. Firstly, Tt is known to influence density
with a monotonic proportionality [20,21], which also therefore influences refractive
index [22]. Secondly, as noted by Mauro, et al. [23], the use of a fictive temperature
representation is rigorously valid only for a glass that experienced an infinitely fast
quenching from the melt such that the structure of the liquid phase was instantaneously
frozen in. Even in the case of the high quench rates (> 2000 K/s) associated with the molten
core method [12], used to make the majority of the fibers treated in this dissertation, it is
very unlikely that this qualifies as “infinitely fast.” Perhaps more importantly is that Mauro
also points out that while the macroscopic view of Tt reasonably estimates state properties

(e.g., enthalpy and molar volume), it does not at all accurately estimate probability
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distributions at lower temperature such as fluctuations in enthalpy and volume (which do
influence Rayleigh scattering) or corresponding changes in heat capacity and thermal
expansion, which could influence TMI. Readers are directed to Refs. [23,24] if interested
in more detailed and thoughtful discussions of the inherent inequalities between glassy and

liquid states.

The fictive temperature can be estimated using methods that probe the glass
structure, such as Raman [25] and infrared (IR) spectroscopies [26]. More specifically,
the micro-Raman approach correlates the fictive temperature to shifts in the Si-O-Si
stretching vibration at wavenumbers of about 440 cm™ whereas the IR approach utilizes
shifts in the Si-O-Si asymmetric stretch at wavenumbers of about 1120 cm™ An example
of this latter approach is provided in Fig. 111.3, which compares the peak position of the Si-
O-Si asymmetric stretch in a conventional telecommunications optical fiber to a molten
core-derived oxyfluoride core fiber [19]. Based on Eqn. 2 from [26], the computed Ts for
the core and clad are between about 1450°C and 1670°C, corresponding to the IR peak
positions of 1121 and 1119.5 cm™, respectively. These values are within the range expected

for silica optical fibers [27].

For completeness, it is noted that the slope of the change in Si-O-Si peak position
with fictive temperature depends on the glass’ dependency of volume with Tt. Indeed, the
peak shift for a soda-lime-silicate (SLS) glass was found to be opposite that for pure

silica [28], which was justified based on the volume of SLS increasing with increasing Tt
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whereas, for pure silica, the opposite trend is known [29]. The fictive temperature profile
shown in Fig. 111.3 is found to be quite uniform across the fiber cross-section. Thus, it
seems reasonable to assume that the fictive temperature of the core material is about the
same as the fictive temperature determined for the fused silica cladding; perhaps this is not
surprising, given that they both experienced the same thermal history on drawing into fiber

and that the core is mainly silica.

1123 T T T T T T T T T T T T T T T
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o
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Figure 111.3. Wavenumber of the peak of the Si-O-Si asymmetric stretching vibration
as a function of position across the optical fiber for a standard single mode
telecommunications fiber (SMF-28™) and a molten-core-derived fiber in the

strontium aluminosilicate oxyfluoride system (SrAlSi-F in [19]).
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I11. C. The nonlinear coefficients

Not all properties of interest in this dissertation are easily modeled using additivity
approaches; these include the fictive temperature described above and the Raman gain
coefficient. This section describes the approach employed to determine selected quantities

directly from measurements on the as-drawn optical fibers.

[11. C. 1. Nonlinear refractive index (nz)

Nonlinear optical effects, such as self-phase modulation (SPM) and four-wave
mixing (FWM), can manifest at high optical powers in a fiber-based system [30]. In SPM,
both spectral and temporal modifications to optical pulses can arise. In FWM, which is
amongst the strongest parametric wave-mixing nonlinearities, new photon frequencies are
created from those of the pump. In both cases, the effect is proportional to the nonlinear
refractive index, n.. The Reader is directed to Chapter | for more detail on these effects,

their physical origin and material influences.

Similarly to the thermo-optic coefficient, to first order, the nonlinear refractive
index can be introduced parametrically into the refractive index additivity model as n = no
+ n2l, where ng is the linear refractive index, n is the nonlinear refractive index and I is the

light intensity. The simplest and widely employed model for estimating nz is the “BGO”

82



model, (so named for the authors: Boling, Glass, and Owyoung; [31]), reproduced here (in

electrostatic units as was standard at the time of its derivation) as

n, (1013 esu) = 391 “‘ds—;” (3.3)
d

While several empirical relations can be found in [31] for the nonlinear refractive
index, the version embodied by Egn. 3.3 (Egn. 39 in [31]) seems to offer the best fit to a
wide set of n, data across compositional ranges, and has gained broad acceptance [32]. An
alternative expression, based on a derivation from physical properties (Egn. 38 in [31])
also is frequently found in the literature [33], but often with modified coefficients to

improve data fitting [34]. This alternative formula is given as [31]

68(ng—1)(n3+2)"

(né+2)(nd+1)
6n4 Vd

n, (10713 esu) = 75 (3.4)

Ud[1.517+

The terms in Eqns. 3.3 and 3.4 are the refractive indices (nr, ng, nc) and Abbé
number, vq = (ng — 1)/(ng — n.), at the historically based wavelengths of the hydrogen
F line (486.13 nm), the helium d line (587.56 nm), and the hydrogen C line (656.27 nm).
According to Ref. [31], Eqn. 3.3 provides a better fit for materials that possess n values
greater than ~2 x 107 esu. It should be pointed out, however, that neither equation provides
any direct dependence of nz (in esu units) on the specific optical wavelength; only on a

measure of visible chromatic dispersion.

In order to estimate n» for an optical fiber, the refractive index profile (RIP) can be

measured at multiple wavelengths. This enables the determination of a set of Sellmeier
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coefficients for the fiber from which nq, nr, and nc can be computed. With Eqn. 3.3 these
values enable the calculation of ny. Furthermore, using the additive model enables the
determination of the Sellmeier coefficients and effective n; of individual glass constituents,

allowing for the calculation of n2 for arbitrary compositions.

— - — Eqn. 38 from Boling, Glass, and Owyoung (BGO)
Eqgn. 39 from BGO
Additivity model using data from Nakajima and Ohashi

8x10™%°

7x107°

6x107%° -

5x107%° -
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Nonlinear Refractive Index, nz(mz/W)

2x107° -4 . . : i . . . , . .
0 20 40 60 80 100
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Figure 111.4. Calculated nonlinear refractive index, nz, for the SiO2 — GeO: binary
system based on the additivity models discussed herein and compared with findings

from [35]. Wavelength is 1550 nm.
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With respect to additivity of the nonlinear refractive index, as noted above, n =
n, + n,l. Accordingly, the refractive index of a binary glass mixture composed of i and j

species is given as
n = m(n; + ngyl) + (1 — m)(nj + nz,jl) =
mn; + (1 —m)n; + (mnz,i +(1- m)nz,j)l. (3.53)

and, converting [esu] to [m?/W]:

m_2 _ 4om n, j(esu) _ ny j(esu)
"2( )— (m—n (A -m) = ) (3.5h)

w Co i

This equation can be rewritten to possess linear and nonlinear components that can
be added separately. Therefore, Eqn. 3.5a suggests simple additive modeling of the
nonlinear refractive index in a similar fashion to the linear refractive index. When the
Sellmeier coefficients of a pure compound are known, it is possible to know the evolution
of the linear refractive index as a function of wavelength, and therefore determine the n
value for each individual compound using Eqns. 3.5a and 3.5b. Thus, in a binary system,
nz for each end compound can be determined, and, using Eqn. 3.5a, the n» aggregate value
of the glass can be computed. Fig. 111.4 shows the calculated values of n; as a function of
GeO; content in a SiO2-GeO> binary glass. These results agree with Nakajima, et al. [35].
Accordingly, hereafter, when n, compound-specific data is not available (which is the case
for most compounds), Eqgn. 39 from BGO (i.e., Eqn. 3.3 above) will be employed using

linear refractive index values. As an example of this, computation of the nonlinear
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refractive index for both crystalline and amorphous SrO is performed in Chapter VI using

“BGO” empirical model.

[11. C. 2. Raman scattering

Although a general description of the material influences on Raman scattering was
provided in Chapter I, and approaches to computing absolute Raman intensities have been
reported in the literature [36,37], the modeling of Raman gain in multicomponent glasses
is beyond the simple additivity models treated here. One important reason for this is that
fibers fabricated using the molten core method have been shown to possess more
disordered structures than conventionally prepared optical fibers [38]. As a result, the glass
structure, and not just the molecular species, plays a considerable role in the resultant
Raman properties. That said, as described in more detail below, the Raman spectra of the
optical fiber core can be directly measured and meaningful trends with processing

conditions and glass constituents can be deduced.

The relative Raman gain (gr) of the fiber core material can be determined from
direct measurement of its spontaneous Raman scattering cross section using micro-Raman
spectroscopy. The procedure to correct the spectrais similar to that in [40], which accounts
for reflection loss, internal solid angle variation, and the Bose-Einstein correction factor.
The corrected spectra are normalized relative to the highest peak intensity of silica
(typically around 440 cm™) since the Raman gain of silica is well known [41,42]. This is

especially convenient since pure silica is the cladding material used for the molten core
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fabricated fibers often invoked in this dissertation. Thus, a comparative Raman analysis of
the intrinsically low nonlinearity core materials can be directly made relative to the
cladding of the same fiber, which experienced the exact same thermal history during

preform heat-up and fiber draw.
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Figure I11.5. The relative Raman gain of selected fiber core materials relative to silica.

200

The aluminosilicate (Al2Os — SiO2 core) and bariosilicate (BaO — SiOz core) fiber core

materials are normalized relative to their respective cladding [39].

As an example, corrected and normalized Raman scattering spectra are shown in
Fig. I11.5 for silica and fibers in the BaO — SiO2 and Al203 — SiO families. The reductions

in the magnitude of RGC relative to pure silica are explained by the high cooling rates
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associated with the fiber drawing process, which enables the formation of a more highly
disordered core glass (as evidenced by the broadened Si — O spectral features) and a
reduced overlap of the individual Raman peaks between the differing constituents [39]. A
more detailed discussion of the most promising material systems for realizing intrinsically

low Raman response is provided in the next Chapter.

[11. C. 3. Brillouin scattering

Brillouin scattering was described in some detail in Chapter I. The Brillouin gain
coefficient, BGC, is given by 2mn’p2,/ cA3pV,Avg. Calculating this value is somewhat
straightforward. In short, the models presented in Chapter | can be used to calculate the
relevant terms and a global BGC can be computed. Measurements of this value can include
deducing the individual terms comprising the BGC equation and substituting into the
equation. Alternatively, BGC can be measured directly. Most typically, this is done by
comparing the strength of the Brillouin back-scattered signal from a fiber to that of a

control fiber of known BGC [43].

I11. D. Some canonical examples

This section provides specific modeling results, overlaid with measured property
values, for selected optical nonlinearities of interest to this work. Chapter 1V will delve

with greater detail into which glass families warrant further attention for optical fibers that
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exhibit simultaneous reductions to all of the parasitic nonlinearities that limit scaling to

higher powers in laser and communication systems [44].

[11. D. 1. Brillouin scattering

As noted in Chapter I, Brillouin scattering is an inelastic interaction between
acoustic phonons of the material and the optical signal. In its spontaneous form, Brillouin
scattering materially depends on the refractive index, transverse (pi2) photoelastic
coefficient, and adiabatic compressibility, which, in turn, are related to density and acoustic
wave velocities. In its stimulated form (SBS), the gain is materially dependent upon the

Brillouin linewidth in addition to the factors noted above.

As discussed in the previous section, each of the material properties relevant to
Brillouin scattering can be calculated utilizing the models discussed in Chapter II. Fig. 111.6
provides a comparison of the Brillouin gain, relative to a conventional
telecommunications-grade optical fiber, as a function of non-silica concentration for a
variety of binary and ternary silicate core glass optical fibers (all employing pure silica

cladding glasses) [5,43,45-48].
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Figure 111.6. Relative Brillouin gain (in decibels, dB) relative to conventional,
telecommunications single mode fiber (SMF-28™) as a function of non-silica
concentration (in mole percent) for a variety of molten-core-derived optical fibers.

The lines are model results based on the additivity approaches described herein.

At first glance, Fig. 111.6 shows that conventional dopants into passive and active
optical fibers, i.e., GeOa, P20s, and B2Og, all lower the BGC relative to SiO». This is due
to their acoustic damping terms, which are much larger than that of silica, since their p12
values are not especially low [12]. At low silica concentrations, these materials also show
an upturn in BGC for the binary systems. This can be attributed to the fact that each of

these network formers has an acoustic velocity that is less than that of silica. As the silica
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content is decreased, the acoustic velocity decreases, resulting in a concomitant decrease
in the Brillouin frequency shift. As discussed in Chapter 11, this causes a decrease in Avg,
mitigating the reduction in gain due to the larger acoustic damping. This is also true of the
alkaline earth silicate systems, but BGC is significantly reduced due to reduction in p12. In
the case of material systems possessing Al.03, MgO, and Li20, they raise the acoustic
velocity when added to silica, increasing the Brillouin frequency. This causes further
broadening to Avg, and thus the BGC graph for these materials appears to drop

monotonically (ignoring the zero-gain-coefficient regions) across the compositional range.

Two additional observations are worthy of note with specific material trends to be
discussed in greater detail in Chapter IV First is the significant reductions in relative
Brillouin gain coefficient at selected compositions. Though the minima as shown in Fig.
I11.6 attain values of greater than - 60 dB (note the log scale), these zero Brillouin activity
(“ZeBrA” [13]) compositions, in theory, should approach - oo (dB). Such points are
associated with compositions where the effective p12 photoelasticity goes to zero, hence,
Brillouin scattering is no longer operative. This is achieved through the additive properties
of glasses comprised of both p12 > 0 (e.g., SiO2) with p12 <0 (e.g., BaO) components. The
exceptions in Fig. 111.6 are the Y203 — Al.O3— SiO; fibers whose core properties add as if
comprised of SiO2 and YAG (Y3Als012), both of which exhibit p12 > 0 (though it is small
for the latter), hence no ZeBrA composition exists. The second point of note is that, for all
practical purposes, relative Brillouin reductions of greater than 3 dB (preferably 5 dB) are

significant to the high power laser community. In this case, even in the Y AG-derived fibers,
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reductions in relative Brillouin gain of about 6 dB, as has been experimentally
validated [45], are useful. The results of Fig.l11.6 show that high silica-content optical
fibers with only one or two additional components can readily exhibit Brillouin reductions
between 5 — 15 dB, all through judicious selection of the enabling materials, rather than
the more complex and costly approach of geometric tailoring (e.g., photonic crystal and /

or microstructured fibers) of the fiber cross section.

I11. D. 2. Transverse mode instability

Transverse mode instability (TMI), also known in the literature as “higher order
mode instability” (HOMI), is presently the dominant limitation in scaling fiber-based lasers
to higher output powers [49,50]. As noted in Chapter I, TMI occurs in large mode area
(LMA) multimode waveguides whereby, above a certain power threshold, the propagating
optical modes become random and dynamic [51,52]. It is generally accepted that TMI
originates from stimulated thermal Rayleigh scattering (STRS), which is materially
dependent on the thermal conductivity, heat capacity, and thermo-optic coefficient (dn/dT)

of the glass comprising the core of the optical fiber [53].
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Figure I11.7. Change in free spectral range of a ring laser as a function of temperature
for a commercially available high power fiber laser compared to that of a fiber whose
core material has been tailored with intrinsically low thermo-optic materials. The
reduced slope of the latter signifies a reduced dn/dT value, which would increase the
threshold for transverse mode instability (TMI) all other fiber design and pump

conditions being equal.
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While these material dependencies are discussed in greater detail in Chapter 1V,
suffice it here to note that dn/dT is the one property of these three material influences that
is most compositionally tailorable within a given glass family. In an analogous fashion to
Brillouin scattering, components exist that possess positive- and negative-valued thermo-
optic coefficients such that their additivity yields the potential for dn/dT = 0 compositions
where STRS would be mitigated. Canonical examples of this are borosilicate and
phosphosilicate binary glasses where both B2Oszand P20s possess dn/dT < 0 values whereas
that for SiO: is positive-valued. Examples of this additivity were already provided in Fig.
I11.2. Fig. 111.7, on the other hand, shows example data obtained from two Yb-doped fibers
using the ring laser measurement apparatus described in Section Ill. B. 4. The negative
slope of the data means that the FSR is decreasing with temperature, implying that the CTE
dominates the thermal dependence. Decreasing dn/dT lessens the slope, while a line with
zero slope implies that the CTE and dn/dT have fully compensated each other.
Interestingly, this suggests a novel way to thermally stabilize single frequency fiber lasers:

by making the intracavity fiber system immune to changes in temperature [54].

Also, in a manner analogous to Brillouin scattering, while zero values exist in the
operative material parameters, actually obtaining those compositions is not usually critical
in practice. Associated trade-offs between given material properties (e.g., dn/dT) and other
material properties and fiber design and performance details are discussed further Chapter

IV. Indeed, as relates to TMI, the threshold power should scale inversely with dn/dT such
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that a 50% reduction in dn/dT should manifest a 3 dB increase in TMI threshold. This

would permit multiple kilowatt output powers from a single fiber.

I11. D. 3. Self-phase modulation (SPM)

Self-phase modulation (SPM) is a nonlinear effect that leads to both spectral and
temporal modifications to laser pulses at high energies, such as in mode-locked ultrafast
laser systems. SPM originates from the optical Kerr effect whereby the refractive index is
a function of intensity through the nonlinear refractive index, n2. The time varying intensity
associated with the pulse shape gives rise to a time-varying refractive index that modulates
the phase of the optical signal. As an illustration, Fig. 111.8 provides the idealized spectrum
of a 100 ns, 1-kW-peak-power Gaussian pulse propagating through a conventional single
mode fiber of different lengths. Here, the nz value for a conventional single mode fiber was
taken to be ~ 2 — 3 x 102° m?/W [55] and the nonlinear phase change, y, was computed
using y = 21, /A, Acfr, Where Ao is the free space wavelength (1 um for the purposes of
Fig. 111.8), and Ae is the effective area of the waveguide mode [56]. Clearly apparent is
the spectral distortion, which translates into a practical threshold value of y < 2z to avoid

spectral broadening.

While SPM can be tailored geometrically, through enlarging A by fabricating a

larger fiber, it can also be tailored materially through n (which does also influence Aef),

nz, and the group velocity dispersion of the fiber (through n). As observed conceptually in
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Fig. 111.8, a reduction in n, to % of its original value yields a spectral broadening due to

SPM that is also reduced by %2 (3 dB), which is quite consequential in practical systems.

1.0_]" | ' il
0.8
0.6 ,
o2l 1|

0.0 +=— T : . . .
-100 -50 0 50

Intensity (a.u.)

104 ) J‘ I‘\
0.8 ‘
0.6—- = |
0.4 = (=
024
0.0 R ——
-100 -50 0 50
Frequency (MHz)

Intensity (a.u.)

Figure 111.8. Modeled effects of self-phase modulation (SPM) on pulse-broadening:
Normalized output frequency spectra of a conceptual 100-ns 1-kW-peak-power
Gaussian pulse through a single mode fiber at a wavelength of 1 um for lengths 0.1,
5, 15, and 25 m given (a) conventional nonlinear refractive index, nz, value for SiO:
and (b) an n2 value reduced by 3 dB (50%) based on the use of an intrinsically low

nonlinearity glass as conceptualized in this work.
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I11. E. Compilation of properties for assorted materials studied to date

Table 111.1 provides a list of properties, either measured directly or deduced using
the models treated above, for a range of materials that have been studied to date. In the case
of the deduced values, data on silica were used as known quantities and the properties of
the additives to silica were employed as fitting parameters, and adjusted until modeling

results matched measured data on actual fibers.

For completeness it is noted that the data obtained for SiO2, GeO,, P.Os, B203, and
Yb,03 were deduced from fibers that were fabricated utilizing conventional methods for
telecommunications grade silica fibers; i.e.,, modified chemical vapor deposition
(MCVD) [9,57,58]. The other fibers were fabricated utilizing the molten core
approach [5,12,13,43,45,46,48]. Care should be given in extrapolating property values
significantly beyond the compositional ranges and fabrication conditions of the fibers /
glasses for which they were deduced since thermal histories, impurities, etc. may influence
the resultant glass. As noted above, the continuum additivity approaches employed here
are intended principally to provide a rapid and simple compositional guide for the

subsequent fabrication of specific optical fiber core properties.
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Table I11.1. comparison of selected physical, optical, and acoustic properties of interest with
respect to optical nonlinearities deduced using the additivity models described herein.

Reader should note that while data found in the references were generally obtained at an

optical wavelength of 1534 nm, the measurement wavelength can vary.

Compound n (kgl/3m3) (I‘?‘I//?S) (I\ﬁI:Bz) p12 p11 v (fglgﬁ) References
SiO2 1.444| 2200 |5970| 17 0.226 0.098 | 0.16 10.4 [13]
GeO2 1.571| 3650 |3510| 124 0.288 0.130 |0.212 194 [58-60]
P20s 1.487| 2390 |3936| 177 0.255 0.132 |0.294 -13.3 [9,61]
B20s 141 | 1820 |3315| 428 0.298 0.25 0.29 -30% f [57,62,63]

Y3AlsO12 |1.868| 3848 |7649| 253 @%gggm @%ggr?in 0.25 9.7°@543nm [45,63,64]
Al203 1.653| 3350 |9790| 274 -0.027 -0.237 | 0.25 10.5f [13]
MgO 1.81 | 3322 |8731 b -0.07¢ -0.31¢ | 0.18°| 13.6°@767.9nm [46,65,66]
SrO 1.81 | 4015 |3785| 187 -0.245 -0.296 |0.231 -12.4f [43]
BaO 1.792| 4688 |3131| 178 -0.33 -0.33 | 0.31 12.7 [5.67]
Yb20s 1.881| 8102 |4110| 1375 -0.123 -0.275 | 0.28 d [68]
La203 1.877| 5676 |3979| 181 -0.027 -0.162 | 0.28 12.7 [48]
Lu203 1.66 | 7928 |3660 | 145 -0.043 d d 5.8¢ [69,70]
Li2O 1.97 | 3150 | 6500 b -0.01 0.085 |0.086 d [71]

3 Ref. [60] gives 30 x 106 KX as dn/dT for B203, which is much higher that what is found in [62].

b: No data.

¢: Data from crystalline phase.

d: Not yet determined.

e At an acoustic frequency of 11 GHz.

f Incladded fiber.
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I11. F. Conclusion

Provided herein is a discussion of the use of simple additivity models for the
deduction of the properties of multicomponent silicate glass fibers (in contrast to bulk
glass), central to optical nonlinearities, from the properties of amorphous or crystalline end-
member compounds. The clad fiber geometry plays an important role since a core-cladding
CTE mismatch can have a significant impact on the observed thermal coefficients.
Furthermore, the mode spatial distribution, relative to the compositional profile, is also
important to consider when modeling the fiber system and methods used to measure the
physical properties of fiber were also outlined. Finally, a brief discussion of the modeling
of selected nonlinear coefficients was provided. In general, over reasonable glass forming
ranges in which the glass is presumed to remain compositionally uniform, homogeneous,
and structurally similar, the models are found to be sufficiently accurate in order to guide

the materials development of optical fibers that exhibit reduced optical nonlinearities.
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CHAPTER IV.

CANONICAL EXAMPLES AND MATERIALS ROAD MAP

IV. A. Introduction

This dissertation focuses on mitigating the optical nonlinearities that arise when
high optical powers are propagated through modern optical fibers. These nonlinearities,
which include stimulated Brillouin scattering (SBS), stimulated Raman scattering (SRS),
transverse mode instability (TMI), and nonlinear refractive index (nz)-mediated wave
mixing phenomena, are parasitic effects in that they limit the achievable output powers
from fiber lasers. The intent of this Chapter is to build from the fundamentals described in
Chapter I and the additive models from Chapters 11 and 111 the properties of specific glass

families as they relate to the aforementioned performance-limiting optical nonlinearities.

Ideally, the compositions discussed herein would be realized using conventional
chemical vapor deposition (CVD) methods [1]. However, given the high processing
temperatures associated with preform consolidation and collapse, which usually exceed
2200 °C (and are often closer to 2400 °C), volatile species such as germania (GeO>), boria
(B203), and fluorine (F) are difficult to maintain in the necessary concentrations required
for marked reduction in parasitic nonlinearities. In this sense, the molten core approach to

fiber fabrication [2], [3], employed to make many of the fibers described in this work, can
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be considered a “low temperature” method since the highest temperature experienced is
approximately the melting point of the core precursor. Chapter V provides complementary
details and insights on the benefit in using the molten core method to fabricate optical fibers

in the context of this work.

In specific regard to the nonlinearities themselves, this work assumes the following
reductions to be both practical and viable. Practical here means that achieving these levels
of reduction would be meaningful from a HEL systems perspective: - 15 dB in Brillouin
gain coefficient (BGC); - 5 dB in Raman scattering; a thermo-optic coefficient (dn/dT) of
—5dB; and an nz value equivalent to that of pure SiO2. While the last goal does not sound
like an improvement, achieving the other reductions will necessitate reasonably high
concentrations of non-SiO2 compounds. Accordingly, this n, goal essentially means that
these non-SiO, dopants would not have any additional contribution to the nonlinear

refractive index beyond that of the SiO, component.

IV. B. Trends with glass components and families

The properties of multicomponent glass optical fibers were studied in detail in the
1970s and 1980s while efforts to optimize optical fibers for long haul communications
were being undertaken with great enthusiasm. In those days, low optical loss was the
principal driver and so compositions that exhibited intrinsically low Rayleigh scattering

garnered the most attention. Seminal material examples of such fibers will now be
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described as a preamble to the discussions that follow.

Amongst the first studies were those conducted on the classic soda-lime-silica
(SLS) system [4]. An analysis similar to that provided in Chapter | was conducted, though
focused primarily on losses associated with Rayleigh scattering. Due to the reduced fictive
temperature, the density-related Rayleigh scattering was predicted to be lower for the SLS
than for fused silica. However, additional scattering due to compositional fluctuations in
the multicomponent SLS glass led to a calculated intrinsic loss that was slightly over 3x
larger than that for silica across the visible and near infrared spectral range (extrinsic

impurities notwithstanding).

The binary potassium silicate system was studied with both Rayleigh and Brillouin
scattering being investigated as a function of K20 concentration [5]. With increasing K20,
both p12 and pss photoelasticity coefficients, shear and longitudinal wave velocities, and
fictive temperature were found to decrease. Conversely, the refractive index and isothermal
compressibility were shown to increase with increasing K>O concentration. These trends
were shown by LaBerge, et al., to yield density fluctuations, <Ap?>, that were nearly 50%
lower than those for SiO- at a concentration of about 20 mole percent KO [6]. However,
Schroeder, et al. [5] found that the immiscibility gap that exists in the K2O — SiO> system,
which extends over the range from nominally 0 — 25 mole % of K>O, led to significant
compositional fluctuation-induced scattering. For K>O concentrations greater than 25 mole

%, the scattering losses were found to be roughly 30 % lower than those for fused silica
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due primarily to the very small compositional fluctuation term associated with Rayleigh
scattering. Taken in total, potassium silicates are intrinsically low Brillouin and Rayleigh
glasses for K>O concentrations in excess of 20 — 25 mole %. Again, it is worth noting that
extrinsic losses associated with impurities likely would make this system impractical from
the perspective of low loss telecommunication fibers. However, given the differing focus
of this dissertation, where ultimate low loss is not as critical, such a simple system with

intrinsically low Brillouin and (classical) Rayleigh scattering could be of interest.

Ternary silicate glasses also received considerable attention, particularly those in
the sodium borosilicate (Na2O — B.O3z — SiO) and sodium aluminosilicate (Na2O — Al20s
— SiOy) systems. As noted by Tynes, et al. [7], a glass system that exhibits both refractive
index and density values that are roughly independent of composition must then exhibit a
0¢/oC value of zero (or nearly so), which implies low Rayleigh scattering. Akin to the
concept employed here of component additivity to achieve multiple property tailoring,
Tynes, et al., further postulated that a ternary borosilicate with low total Rayleigh scattering
could be achieved by mixing a binary borosilicate (B20Oz — SiO2) having reduced oe/0p
with a binary alkali-silicate exhibiting a reduced <Ap?> value (see Chapter | for more detail
on these factors). These conditions occur over a fairly broad compositional range in the
sodium borosilicate system, where, for a molar composition of about 50 SiO2 — 20 B2O3 —
30 Na0O a minimum in Rayleigh scattering occurs due to the aforementioned combined
effects of reduced density fluctuations and reduced change in permittivity (hence refractive

index) with density. A similar approach was followed in the sodium aluminosilicate
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system, where Rayleigh scattering was reduced through reductions in fictive temperature
to minimize density fluctuations coupled with components well-matched in dielectric
properties to minimize compositional fluctuations [8]. A molar composition of 78 SiO2 —

6 Al,03 — 16 Na2O was found to exhibit scattering losses 60 % lower than fused silica.

Quaternary systems also have been studied with the mixed alkali, alkaline earth-
silicate system being especially interesting. Specifically, Tsujikawa and Ohashi evaluated
glasses in the KxO-NaO-MgO-SiO, system [9]. They found a marked reduction in
Rayleigh scattering for a molar composition of 22 K>O — 8 Na.O — 10 MgO - 60 SiO>
where the scattering losses are only about 38% those for fused silica. For this composition,
the combined effects at play are a reduced glass transition temperature (surrogate for fictive
temperature), hence reduced density-related scattering, as well as the reduced
concentration fluctuations postulated to arise from a maximum at this composition in the
difference between the glass transition and spinodal temperatures. This later consideration
being thought to occur based on the mixed alkali effect whereby the mobility of the faster

diffusing alkali species exhibits a minimum at a ratio of K20 / (K20 + Na;O) of about 0.73

9.

A more general and systematic consideration of alkali ion effects in silica-based
optical fiber glasses was made by Lines [10]. Shown there were changes in fictive
temperature, Ty, refractive index, n, photoelastic constant pi12, and difference between glass

transition and spinodal temperatures, (Tq— Ts), with small (< 4 mole percent) alkali addition
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into silica. Of the alkali ions, sodium and potassium silicates were found to have the lowest
overall scattering loss, relative to the other alkali, due primarily to their having the greatest
reduction in T, larger Tg — Ts difference (particularly for KoO — SiO2), and smallest
increase in refractive index. A minimum in scattering was found at a concentration of about
2 mole percent alkali with the sodium and potassium silicates exhibiting a calculated
Rayleigh scattering that was 15 — 20 percent lower than for fused silica. These
dependencies, however, in some part derive from the formation of non-bridging oxygen
(NBO) ions upon alkali addition into silica. Such defects will not be helpful at higher
intensities in active optical fibers because they are believed to facilitate photodarkening.

However, this is set aside for the time being in the present discussion.

For completeness, it is noted that in all of these aforementioned cases, only the
cationic species are changed. The influence of fluorine addition was studied by Lines in
the alkali silicate system [11]. Fluorine is known to reduce the refractive index and, when
added into glass with small alkali concentrations, it was found also to decrease ds/6C. For
fluorine concentrations up to 2 weight percent (N.B., weight percent; not mole percent as
previously employed), the total attenuation of low alkali content (fluoro)silicate was shown
to be reduced by 15 — 20 % relative to fused silica. This is instructive since, below,
examples will be provided on multicomponent oxyfluoride glass that are used to further

tailor Raman scattering and the nonlinear refractive index, na.

The point of this section has not been to provide an exhaustive literature survey of
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multicomponent glasses for low loss optical fibers. Instead it has been to offer a few
examples of how simple, well-known and studied glass systems, offer opportunities for
reducing what are today the performance-limiting parasitic effects in some of the most

advanced optical fiber laser and communication systems.

Table V.1 provides the general trends in selected properties of interest to this work
with addition of said dopants into SiO2. As can be seen, in each case, compounds can be
found that either increase or decrease a given property and so the consideration here is to
identify those compounds that suitably reduce each or, preferably, several nonlinearities,
while forming a homogeneous core glass that meets the aforementioned practicality
conditions; this is no simple task. Where no trend (arrow) is given, the direction of the

change with said compound into silica has not yet been determined.
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Table 1V.1. general property trends on addition of noted compound into silica.?

Compound Physical ° Brillouin® STRS® | Raman®* [ Wave-Mixing®
n p CTE Va [Ave| p1z dn/dT Vm nz
SiO;°© 1.444 12200 | 0.55x10% | 5970 | 17 | 0.226 | 10.4x106 27.31 2.5x10%0
GeO2 0 ) ) \ ) ) ) ) )
F \2 \ ) \ \ \
P20s 0 0 ) \ ) ) \ )
B20s \ \ ) \ ) ) \ )
Al203 0 0 ) 0 ) \ ~ ) )
Yb203 0 0 J J 0
La203 0 0 J J 0
Lu203 0 T N J 0
MgO 0 T 0 0 \’
CaO T T T
Sro T 1 T N 2 \
BaO 0 T 0 2 0 \ 0 0
Li2O 0 T 0 0 \ \’ \’
Na.O T 1 T \
K20 T 1 T \
Y3Als012 0 T T 0 J 0

2 Trend strictly valid over homogeneous glass forming range and for the binary composition with silica. Ternary and n-
ary glasses may show equivalent trends but will depend on the relative concentrations of each component. Additionally,
trends presume that no new phase or structure is formed such as with the mixed alkali effect [12] or in the Al203 — P20s

system where both Al20z and P20s increase the refractive index, for example, when individually added to silica but

decrease it when both Al203 and P20s are added in equal proportions to silica due to the formation of AIPO4 [13].

b: Property abbreviations and units: n is the linear refractive index [dimensionless], p is the density [kg/m], CTE is the
coefficient of thermal expansion [K1], Va is the acoustic velocity [m/s], Avs is the Brillouin linewidth [MHz], p12 is the

transverse photoelastic coefficient [dimensionless], dn/dT is the thermo-optic coefficient [K™Y], Vm is the molar volume

(cm?3/mol), and n2 is the nonlinear refractive index (M?/W).

¢ Values for silica: refractive index, n, measured at a wavelength of 1550 nm. Brillouin linewidth, Ave, measured in

MHz at a Brillouin frequency of 11 GHz.
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IV. C. Compositional effect on individual optical nonlinearities

As noted above, it is infeasible to thoroughly review the impact of each possible
compound on all of the material properties that influence the parasitic nonlinearities
discussed in this dissertation. Accordingly, this section discusses compositional effects of
a few compounds and compound families that have been shown to influence each

nonlinearity in the manner desired.

IV. C. 1. Brillouin scattering

As detailed in Chapter I, spontaneous Brillouin scattering materially depends on
the refractive index, transverse photoelastic coefficient, and adiabatic compressibility. In
its stimulated form (SBS), the Brillouin gain coefficient, BGC, is materially dependent
upon the Brillouin linewidth, Avg, (which is inversely proportional to the phonon lifetime)
in addition to the factors noted above. Accordingly, to determine the magnitude of Brillouin
scattering or, for the more specific purposes of this work, the BGC, one needs either to
directly measure or accurately deduce the following material properties: refractive index,

p12 photoelastic coefficient, density, acoustic wave velocities, and Brillouin spectral width.

Considerable literature exists detailing compositional effects on refractive index

and density. To a lesser extent, photoelasticity and acoustic wave velocities (hence elastic

constants and, therefore, adiabatic compressibility values) are known as are, to an even
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lesser extent, Brillouin spectral widths. Further, care should be taken when citing
photoelastic coefficients from the literature since many conventional methods for their

determination measure magnitude but not sign, the latter being quite critical here.

Fig. IV.1 provides an overlay of the Brillouin gain coefficient, relative to a
conventional telecommunications optical fiber, as a function of non-SiO> content of the
core  glass  composition.  More  specifically, it depicts BCG (dB) =
10L0g;0(BGCyglass material/BGCsmr—28) Where the BGCs in the operand are in units of
m/W. Consequently, where the BGC goes to zero, the graph takes on a singularity that
extends to -co on the vertical scale. This composition is referred to as zero Brillouin activity,
or ZeBrA [14]. Fig. IV.1is equivalent to Fig. I11.6 in Chapter 111, which employs data from
Table 111.1 in Chapter 111, except that experimental values are overlaid here as the open

color-coded circles to show the fit between measurements and modeling.
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Figure IV.1. Relative Brillouin gain coefficient (in decibels, dB) relative to
conventional, telecommunications single mode fiber (SMF-28™) as a function of non-
silica concentration (in mole percent) for a variety of molten core-derived optical
fibers. The lines are model results based on the additivity approaches described in
Chapters Il and 11l and the open circles, color-coded to match the glass systems

associated with the model lines, are experimental results. Data on each fiber and

specific compositions of the ternaries can be found in [14]-[20].
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A second feature is that the (modeled) curve associated with the YAG-derived
yttrium aluminosilicate (Y203 — Al2O3 — SiO) fiber does not show such a BGCjog — -
minima [20] while the (modeled) curve for lanthanum aluminosilicate (SiO2 — Al203 —
La;Os; SAL) does [18]. In the yttrium aluminosilicate fiber, single crystalline YAG
(Y3AlsO12) was employed as the core precursor during the molten core fabrication. In the
lanthanum aluminosilicate fiber, a homogenous LAS glass rod was first made and then
employed as the core phase in a rod-in-tube fiber draw arrangement. In conducting the
modeling, per those methods outlined in Chapter 111, the measured data fit both systems
best when the properties of crystalline YAG were employed in the former case and the
properties of a mixture of La,O3 and Al.O3 were used in the latter. Since homogeneous
crystalline YAG possesses a small but positive p12 value [20], when mixed with the pi2 >
0 SiO2 (p12 = 0.226 at 1550 nm for fused silica), there is no composition where the resultant

“YAG-derived” silicate glass would show a BGC (log scale, dB)— - o feature.

For the SAL fiber, the measured Brillouin gain data fit best when the individual
La>0O3 and Al203 components, along with SiO2, were used. Based on the known properties
of fused silica, along with previously additivity-deduced properties of the Al.O3
component from measurements on aluminosilicate glasses, contributions from the La>Os
components also can be deduced and are shown in Table I11.1 in Chapter Ill. Based on the
p12 < 0 values deduced for Al,O3 and La20O3, the resultant (modeled) curve exhibits the p12
= 0 minima. This clearly is a point for continued study: other than being the source of the

individual components, what other roles might the form (crystal versus glass, homogeneous
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versus heterogeneous powder) of the precursor play in the properties of the final glass
fiber? For completeness, the compositions achieved are not especially near the ZeBrA
compositions for either of these glasses and so perhaps the argument is moot and one
simply cannot extrapolate property trends over the entire range of compositions. Over what
range of compositions then can property values be extrapolated is another question for

continued study.

As a brief aside, it is of direct benefit to amplifier and laser fibers that these
sesquioxides lower the Brillouin gain coefficient when added into silica. Sesquioxide
Al>O3 is added to silica in order to reduce the thermodynamic tendency for rare-earth
dopant clustering. Such clustering diminishes the quantum efficiency of the light emission
[21]-[23]. Accordingly, the typical dopants employed for making active silica-based
optical fibers are intrinsically low Brillouin materials, though, in most applications, their

concentrations are fairly low (~ few weight percent) and so the effect is less obvious.

In conclusion with respect to this section, while the conventional dopants into SiO;
that are employed in communication optical fibers do lower the Brillouin gain coefficient,
markedly lower BGC values are possible when compounds possessing negative p12 values
are incorporated into silica, whose p12 is positive. This “mean value theorem” additivity
yields p12 = 0 compositions that could, if realized in practice, negate Brillouin scattering.
As will be discussed in more detail below, dopants of choice for reduced Brillouin

scattering are the alkaline earth oxides, (AE)O, specifically SrO and BaO. They possess
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the most negative p12 values deduced to date and have miscibility limits in SiO2 of 42 and
40 mole percent, respectively [24], though sub-solidus metastable immiscibility is known
[25]. The inclusion of 5 — 10 mole percent Al.O3 has proven an effective approach to
mitigating phase separation at high (AE)O concentrations should glass formation be
problematic [17]; see the (Classical) Rayleigh Scattering section. However, it is noted that
the linear (and presumably nonlinear) refractive index, density, and coefficient of thermal
expansion all increase with increasing (AE)O concentration [24]. Accordingly, such
dependencies need to be considered with respect to the overall fiber design and property

impact on these parasitic nonlinearities.

IV. C. 2. Raman Scattering

In both its spontaneous and stimulated forms, Raman scattering is reduced for
glasses comprised of compounds possessing low molar volume, Vm, and small bond
compressibility parameters, A; specifically, PR o« 17 - A2 (Chapter I). As two points
of reference: (a) in the well-studied alkali halide system, A decreases with both increasing
cationic (ALi > Ana > Ak > Arp for a given halide) and anion (Ar > Aci > Asr > A for a
given cation) mass [26]-[28] and (b) of greater relevance here, A for SiOz is quite small
(0.1) and tends to increase with increasing modifier content [10], [29]. Given the few
tangible material parameters that directly influence Raman scattering and, for those factors,
the scarcity of available data on their magnitude as a function of composition, Fig. IV.2

provides a meager compilation of results from more common glass systems. The data
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employed in Fig. IV.2 is either directly provided or computed from [27], [30]-[32]° and

the fractional cationic concentrations were calculated per Lines [29].

While the bond compressibility parameter is not as directly measureable as is, for
example, the photoelastic coefficient(s), as noted in Chapter I, A does take on positive and
negative values depending on the molecular structure and polarizability of the compound
at hand. Thus, at least in theory, A = 0 (A = 0) glasses could be possible. However, as with

all nonlinearities, diminution is of greater practical consequence than eradication.

3 Two points of caution for the reader planning to use the data from [30]. First, note the
typographical error in Table 1, where the refractive index value for the 15Al,0; — 33Na;O -
52Si0; glass should be 1.51229. Second, as noted by Lines [29], if the reader is interested in
computing the hydrostatic photoelasticity, p = (1/3)[p11 + 2p12] ® P12 — (2/3)|p4a4l, then
the %(p11-p12) values provided in Table 1 of should be preceded by a negative sign.
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Figure 1V.2. The product VmxA? (molar volume and squared bond compressibility
parameter), which is proportional to the total Raman scattering intensity (Chapter
1), as a function of non-silica cationic fraction for a series of binary and ternary oxide
glasses. Lines connecting data within each glass family are guides-to-the-eye. SiOz2 is

included as a point of reference.

Fig. IV.3 provides a compilation of measured relative peak Raman scattering values
for a variety of fibers studied for their intrinsically low optical nonlinearities. The Raman
scattering data shown in Fig. I1V.3 were obtained as discussed in Chapter Ill using a

normalization procedure similar to that in [33].
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Figure 1V.3. Relative peak Raman gain coefficient, relative to that of pure SiOz,
versus cationic fraction for a series of binary and ternary oxide and oxyfluoride core
optical fibers reported in the [34], [35], and Chapter VI. Dashed lines connecting data
within a specific glass family are guides-to-the-eye. SiO:2 is included as a point of
reference. The core compositions represent those of the initial precursor compounds

used to fabricate the fibers.

Care should be taken in comparing the results of Figs. IV.2 and IV.3. As noted, Fig.

IV.2 is comparing the bond compressibility and molar volume, which are proportional to
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the total Raman scattering intensity. Fig. 1V.3 is comparing the Raman gain coefficient,
which is proportional to the peak Raman intensity suitably normalized. If two molecules
scatter with equivalent (spontaneous) Raman strength, but one molecule has twice the
spectral bandwidth (or twice as many spectral components), then it will exhibit half the

peak Raman gain coefficient.

Additionally, the Raman response is dependent both on the polarizability of the
species, the overlap of each species’ Raman spectral components, and the degree of
disorder in the glass structure. For example, as discussed in [36] relative to yttrium
aluminosilicate glasses, the molten-core derived core possessed broader SiO.-related
Raman spectral features than the pure SiO> cladding, implying a more random molecular
structure. Additionally, there is little overlap between the Raman peaks of the individual
components in these multicomponent glasses. As a result, both the peak SiO scattering
intensity is reduced by virtue of a lower silica content in the resultant glass, and the broader
distribution of Raman spectral features yields a reduced intensity at any given
wavenumber. These “structural” factors are not accounted for in the theories that yielded
Fig. 1V.2 and suggest that the glass structure (and fiber draw processing) may be more

deterministic in measured Raman scattering intensity for a given family of glasses.

Interestingly, A also factors into laser damage thresholds; a separate but still
important factor in the practicality of the high energy laser fibers considered in this

dissertation. More specifically, A, which formally is defined as A = — (da/a)/(0p/p)
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[37], can be evaluated through the relationship: p(dn/dp) = (1 — A)p(dn/dp). As noted
by Waxler, a material with zero p(dn/dp) value (or A = 1) would exhibit no
electrostrictive effects, including laser damage or (electrostrictive) self-focusing [38], [39].
Perhaps the more important here is that, fundamentally, there are only a handful of
materials parameters / coefficients that relate to most (optical) phenomena; e.g., Table 1.2
in Chapter I. It is in this simplicity that the sophistication of a unified approach to reducing

nonlinearities originates.

Lastly, and for completeness, though not shown in Fig. IV.3, conventional
telecommunication dopants, namely GeOz, B20s, and P20s, all possesses larger Raman
scattering cross-sections than SiO2 [40]. More specifically, the relative Raman cross
sections are about 5, 6, and 9 times larger for B2Os, P.Os, and GeO> than for SiO,
respectively [40]. Further, GeO: is well-known to increase the nonlinear refractive index,
nz, of silicate glasses (Chapter Ill, Fig. [111.4). Accordingly, for the purposes of this
dissertation, these dopants will not be considered other than to provide baseline
comparisons for the intrinsically low nonlinearity glasses discussed later against

conventional optical fiber core compositions.

IV. C. 3. (Classical) Rayleigh scattering

As relates to high energy laser fibers, losses are not as critical as in long haul
communication fibers since path lengths are markedly shorter than for telecomm fibers.

For example, an oceanic fiber cable can extend several thousand kilometers whereas an
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amplifier or laser fiber typically is 10 — 20 meters in length. This is not to say that loss is
irrelevant, lower losses are always preferred. However, the attenuation of
telecommunication fibers is specified as being < 0.2 dB/km whereas for laser fibers, the

attenuation is typically < 10 — 20 dB/km.

From Chapter I, it is known that two contributions to Rayleigh scattering exist in optical
fibers; those relating to fluctuations in concentration (composition) and in density.
Materially, the intensity associated with concentration-related scattering is linearly
proportional to the fictive temperature, quadratically proportional to the change in
dielectric constant with composition ((0e/dC)? = dan/0C?), and inversely proportional
to the change in chemical potential with composition. The chemical potential
approximately scales inversely with the difference between the fictive and spinodal
temperatures (Chapter 1). Accordingly, for large (T — Ts), one prefers then a system with

no immiscibility or, for those that do, lower Ts values are better.

From the perspective of specific systems, as noted in Chapter I, a glass system that
possesses both refractive index and density values that are roughly independent of
composition should exhibit intrinsically low Rayleigh scattering. As an example, binary
borosilicates (B203 — SiO2) possess reduced de/op values whereas binary alkali-silicates
exhibit reduced <Ap?> values [7]. Accordingly, the sodium borosilicate system is
particularly interesting because it exhibits reduced Rayleigh scattering due to these

combined effects.
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With respect to increasing (Ts— Ts), one approach would be the addition of alumina,
which is known to aid in glass formation by shifting the upper consulate point to lower
temperatures [22]. In other words, relative to a composition without Al>Oz, an alumina-
containing glass will exhibit phase separation at a larger degree of under-cooling, where
kinetics are slower and such instability is therefore less likely. Accordingly, in a system
containing Al,O3, (Tf— Ts) would be larger, which suggests that Rayleigh scattering should
be reduced; all other properties being equal. Another approach to increasing (Tt — Ts) is to
use an isostructural additive that reduces the upper consulate point relative to that

compound it is replacing [5].

Contributions to Raleigh scattering associated with density fluctuations are
materially dependent on the refractive index, n, the fictive temperature, Ty, the
photoelasticity coefficient, p [p = p12 + (2/3)pa4], and the adiabatic compressibility, Ks,
through the elastic stiffnesses. Of these dependencies, the trend with refractive index is
most pronounced, scaling as n®, followed by that with photoelasticity, scaling as p?, and

then linearly with Trand Ks.

From the perspective of specific glass systems, the same compounds discussed
above with respect to reduced Brillouin scattering are useful here for reducing the p12
contribution to photoelastic influences on Rayleigh scattering. In the limiting case of a p12

= 0 zero Brillouin Activity “ZeBrA” composition, only the p4s contribution would remain
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as a photoelastic contributor for Rayleigh scattering. Taken from the other perspective, pss
= 0 glasses have not only been identified but have been realized [41], [42]. Representative
glasses include those in the SnO — B203, SnO — P20s, SNO — SiO, PbO — B,03, PO —
P20s, and PbO — SiO. families [42], [43]. Unfortunately, these glasses all exhibit high
refractive indices and low melting points making them unlikely candidates for the silica-
clad fibers preferred in this work. That said, they do represent excellent systems through
which to study the underlying correlations between glass chemistry and structure and

optical physics.

Fig. IV.4 provides the photoelastic properties of these glasses, along with those for
silica and selected commercial glasses and crystals [5], [26], [27], [31], [42], [44]-[46]. As
a general trend, the oxide glasses tend to exhibit larger p12 values than do halide crystals.
Further, PbO-based glasses, including the SF6 dense flint glass, possess near-zero pas
values. Of particular interest is YAG, which has both p12 and pas values quite near to the p
= 0 line. Accordingly, YAG-derived yttrium aluminosilicate glasses, might be of interest

for intrinsically low Rayleigh scattering optical fibers.
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Figure 1V.4. Compilation of pi2 and pss photoelastic coefficients for a variety of
glasses, glass families, and crystals (measured at a wavelength of 632 nm). Rayleigh
scattering scales quadratically with the Pockels coefficient, p = p12 + (2/3)pa4. Also
shown are lines representing a zero Pockels coefficient material, where Rayleigh

scattering would be zero. References to data can be found in the text.

As noted in Table 1.1 of Chapter I, the density-related component of Rayleigh

scattering would go to zero for a glass possessing a zero hydrostatic photoelasticity value,

p = 0. This is analogous to the p12 =0 “ZeBrA” condition for Brillouin scattering previously
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mentioned. Accordingly, Fig. 1V.4 also displays the p = p12 + (2/3)pas = 0 line. Assuming
equivalent additivity of p to that of pi> discussed in Chapter I, the following section
discusses potential p = 0 compositions that would negate this contribution to Rayleigh
scattering. As noted in Chapter I, while Rayleigh is not a limitation in high power laser
systems, any scattering may contribute to other stimulated processes or, more generally,

loss. Thus, any diminution in scattering is generally of benefit.

IV. C. 4. Transverse mode instability (TMI)

As noted in Chapter I, transverse mode instability is widely believed to be
associated with stimulated thermal Rayleigh scattering (STRS). From a materials
perspective, TMI-related mode coupling via STRS is proportional the thermo-optic
coefficient (shortened to TOC or dn/dT in the text) and inversely proportional to the

product of density with heat capacity [47].

From this, two important considerations arise as relates to this dissertation. First is
that, over the range of glass compositions from which practical HEL fibers are made,
neither the density nor heat capacity (or thermal conductivity [48]) change very much [49].
The second, and perhaps more important consideration, is that the thermo-optic coefficient
has the potential to take on a value of zero; see, for example, Fig. 1.2 of Chapter I1I. In an
analogous manner to which p12 = 0 negates Brillouin scattering, dn/dT = 0 would negate
STRS, though, again, negating such physical properties are not always needed in practice

as long as sufficient reductions are achieved. Accordingly, for the purposes of this work,
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dopants into silica that yield reductions in the thermo-optic coefficient, such as B>Oz and
P,0Os, (or, at least, do not dramatically raise dn/dT values, such as the alkaline earth oxides)

will be considered further.

Exemplifying this is Fig. V.5, which represents the dependence of TOC/p (heat
capacity not considered since it changes very little with composition) for three canonical
glass families treated in this dissertation. Values deduced using the additivity models
presented in Chapter Il and, in the particular case of the TOC, values do not take into
account thermal expansion mismatches with the cladding. Of note here, as expected based
on the dn/dT = 0 potential in the B,O3z — SiO, and P20s — SiO> systems, such zero STRS

glasses are identified and will be further discussed in the next section.
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Figure 1V.5. Effect of composition on the quotient of thermo-optic coefficient (TOC,
dn/dT) and density, which is proportional to the stimulated thermal Rayleigh
scattering (STRS) coupling coefficient [47]. STRS is widely held to originate

transverse mode instabilities (TMI) in high power fiber lasers.
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IV. D. Property value compositional diagrams

The underlying goals of this dissertation are to explicate the fundamental physical
origins of performance-limiting nonlinear phenomena in optical fibers, determine or
deduce their material dependencies, and identify glass families and compositions that
collectively reduce all of the parasitic effects. In other words, to create a path to the “perfect
fiber;” i.e., an optical fiber that exhibits intrinsically low nonlinearities based on the

materials from which it is made and not through geometric / waveguide microstructuring.

Prior activities investigating the effect of various dopants have largely focused on
binary systems for reasons of simplicity in trying to understand the underlying factors at
play. Examples of how the nonlinearities scale with composition of single additives into
SiO2 can be found in Fig. IV.1 above, for the Brillouin gain coefficient (BGC), and in Fig.
[11.2 in Chapter Ill, for the thermo-optic coefficient that drives TMI. Since no single
additive is likely to reduce all of the parasitic nonlinearities to the levels desired, more

complex multicomponent systems need to be studied and their influences understood.

Accordingly, this section provides ternary property value diagrams of
representative intrinsically low nonlinearity glass systems for continued consideration and
development. Such representations are useful for gauging global trends and property
dependencies within a given compositional family. These examples are chosen principally

because they exhibit the properties that most effectively lead to significant reductions in
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optical nonlinearities, such as pi2 = 0, p = 0, or dn/dT = 0 compositions which would
respectively negate Brillouin scattering, density-dependent Rayleigh scattering, and
stimulated thermal Rayleigh scattering (STRS). They are believed to represent the glasses
having the best potential to achieve the single intrinsically low nonlinearities optical fibers
that are the goal of this dissertation. The algorithms used to generate the ternary diagrams
found below can be found in Appendix IV.1.

In accordance with Table IV.1, the following compounds are, therefore, more

specifically considered:

e SiO2: Glass formation, thermal and mechanical stability, high laser damage
threshold, compatibility with existing fibers and global manufacturing processes.
SiO; also exhibits a very low Raman cross section and nonlinear refractive index.

o Needs Attention: Additives to reduce p12 and dn/dT (see below).

e Al>Os: Facilitates glass formation, hence lowers Ts, which reduces Rayleigh
scattering; as has (slightly) negative pi2 value. Its large longitudinal acoustic
velocity can be used to make a fiber acoustically anti-guiding and decrease the
phonon lifetime (broaden Avg). It is also known to reduce photodarkening, and can
allow greater introduction of active rare earth ions relative to silica.

o Needs Attention: Additive for reduction in dn/dT.
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BaO or SrO: Strongly negative p12 value to reduce Brillouin and density-related
Rayleigh scattering; though likely would contribute to stronger Raman scattering
and wave mixing given the higher molar volume, (likely) bond compressibility, and
polarizability of these heavy metal oxides. However, when added to silica in fairly
low proportion (up to 10-15 mole percent), it reduces the magnitude of the Raman
gain.

Needs Attention: Additive(s) to off-set increased n and n, values as well as dn/dT

of BaO (SrO is found to decrease it relative to silica).

P2Os: Negative dn/dT values, which when incorporated into silica (dn/dT > 0), offer
potential to negate STRS, hence greatly reduce TMI. P,Os facilitates reduced

photodarkening.

B20s: Glasses containing B2Os typically exhibit lower density, linear and nonlinear
refractive indices, negative dn/dT value; and significantly increases Brillouin
linewidth.

Needs Attention: Both B.O3 and P2Os greatly increase Raman gain relative to silica,
but only a small addition may be beneficial such as for alkaline earth oxides.

Further, effect of Bo.O3 on photodarkening has not yet been determined.

Alkali oxides: Lowers T and facilitates glass formation, which reduces Rayleigh

scattering. Unfortunately, beyond those of Li>O [50], insufficient data exist from
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which to deduce all of the properties of interest here so these glasses, including
alkali boro- and aluminosilicates, will not be discussed, but clearly represent areas
for further study. That said, there is considerable reason to further investigate their
role in reducing parasitic optical nonlinearities given their known potential for

reducing Rayleigh scattering at small concentrations [10], [11].

The property value ternary diagrams treated next do not include fluorine or fluorides.
This is because, to date, the exact bonding of the fluorine in the multicomponent silicate
systems investigated has not been determined. Since, therefore, the exact compound
composition cannot be determined, then neither can properties be deduced based on the
additivity procedures of Chapters Il and Ill. That said, the following compounds, and

related oxyfluoride glasses, are worthy of further consideration.

e F: Reduces linear (n) and nonlinear (n2) refractive indices; reduces Raman

scattering and increases tendency for binary systems to phase separate / devitrify

[51].

e Alkaline earth fluorides: Reduces n, nz, dn/dT [52], [53], and, likely, Raman

scattering.

e Rare earth fluorides: Rare earth ions make the glass light emissive while the

fluorine contributes to off-setting the index raising qualities of the rare-earth.
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IV. D. 1.Caveats

The section that follows begins by providing property value representations for
selected ternary and quaternary glass systems based on the compounds noted above.
Specifically, compositional trends in the transverse photoelastic coefficient, pi2, the
hydrostatic photoelastic coefficient, p, and the thermo-optic coefficient (dn/dT, TOC).
These coefficients are chosen because they materially influence Brillouin scattering,
density-related Rayleigh scattering, and stimulated thermal Rayleigh scattering, which
mediates TMI. Further, amongst the material parameters that factor into each parasitic
nonlinearity, these are the ones that change most with composition and, most importantly,

they have the potential to take on values of zero.

Compositional representations for Raman scattering and nonlinear wave-mixing
will not be provided since, at present, there are insufficient data available on the governing
material properties (specifically A and nz) to deduce compositional trends. However, as
shown in Chapter Ill, when those properties are known (e.g., GeO2 [54]), the additivity
approaches seem to offer sufficient accuracy for the purposes of this work in identifying

glass families and compositional ranges for intrinsically low nonlinearity optical fibers.

SiO; is employed as a base constituent in all cases considered in this Section for
reasons of practicality; specifically, that silicate core compositions would be most
compatible with an SiO> cladding that would yield high strength, potentially low loss, and

integration with conventional fibers to which these fibers would be spliced; e.g., pump
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couplers. That said, as long as attenuation levels were suitably low and strength were to be
sufficient, there is no practical reason why a core/clad preform with desired NA and

dimensions could not be fashioned and drawn using these multicomponent glasses directly.

Lastly, the diagrams that follow cover the entire ternary compositional regions and
are not limited to specific glass-forming regions. The reasoning for this is three-fold: (a)
their purpose is to show global compositional trends; (b) the glass-forming “limits” are not
well-known for all of these systems; and (c) glass-forming is kinetically enabled and
dependent on the glass (or fiber) forming method. It is known that, for example, the molten
core approach enables fiber compositions that are not possible using conventional melting
/ casting or optical fiber chemical vapor depositions methods [2], [55]. Hence, future efforts
and approaches may continue to open up the compositional space over which glass optical

fibers can be achieved.

Prior to delving into each nonlinearity individually (and then collectively), Fig.
IV.6 provides a representative example for the Brillouin gain coefficient, BGC in the SrO
— Al2O3 — SiO; system. The associated Al.O3 — SiO2 and SrO — SiO2 BGC binaries are
overlaid to illustrate the complementary nature of this graphical approach. As expected,
whereas Zero Brillouin Activity (ZeBrA) occurs at a single composition in a binary system,
it occurs over a range of compositions in a ternary system. In addition to providing a simple
graphical representation of compositional dependence on the parasitic nonlinearities, this

approach also provides a simple way to visualize wide ranges of compositions that meet
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selected criteria, such as a — 30 dB suppression in Brillouin gain coefficient relative to a
conventional fiber, which is shown as the dashed lines connecting the binaries to the

associated edges of the ternary in Fig. 1V.6.

BGC relative to
SMF-28 (dB)

0.0

Sio,

-80

BGC relative to SMF-28 (dB)

Figure 1V.6. Representative ternary property diagram of Brillouin gain coefficient,
BGC, in units of dB relative to a conventional single mode telecommunications optical
fiber (SMF-28™), as a function of composition in the SrO — Al.Oz - SiO2 system. The
associated binary BGC diagrams for the SrO — SiO2 and Al203 — SiO2 systems also
are shown as a guide-to-the-eye regarding trends in the ternary. Values are deduced

using the approaches described in Chapters Il and 111.
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IV. D. 2. Intrinsically low (classical) Rayleigh scattering glasses

As a brief reminder, Rayleigh scattering arises from fluctuations in both
composition and density. Admittedly, compositional contributions are more difficult to
estimate given unknown additivity / deduction of fictive temperatures and chemical
potential. As such, just the contributions associated with density will be considered in this
Section. That said, while both the refractive index and isothermal compressibility (through
the elastic constants) can be estimated, only the photoelasticity (p) will be discussed as it,
of the material factors influencing Rayleigh scattering, has the most reasonable potential

to take on a value of zero or, at least, be significantly reduced.

Based on deduction of the photoelasticity as described in Chapter Il, Fig. IV.7
provides property value diagrams for hydrostatic photoelasticity coefficient, p = p12 +
(2/3)paa, for selected compositional families for the compounds noted above. In the glass
systems commonly employed in telecommunication fibers (GeO., P2Os, and B2O3), there
are no markedly interesting effects to employ. The inclusion of Al>Os, however, begins to
drive reductions in aggregate p values due to its low photoelasticity. This is further
exemplified with alkaline earth oxide dopants, notably SrO and BaO whereby p = 0
compositions can be identified. At these compositions, density contributions to Rayleigh
scattering should be zero and marked reductions in the overall Rayleigh scattering should
be significant. Again, as noted in Chapter I, while Rayleigh scattering is not, per se, a

parasitic nonlinearity as relates to high energy fiber lasers, it can seed other stimulated
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processes. Further, it contributes to the fiber’s base attenuation. Accordingly, any reduction

of Rayleigh scattering is beneficial.

With respect to conventional telecommunication dopants, P.Os and B2O3 possess negative
dn/dT values whereas GeO, and SiO2 possess positive ones. Accordingly, compositions
exhibiting intrinsically low thermo-optic effects can be realized using conventional fiber
materials and processes, though compatibility with index profiles and modality may be
challenging. Of the additional dopants identified in this dissertation, some alkaline earth
oxides with SrO, again show intriguing opportunities for low and possibly zero dn/dT
values at high SiO. concentrations. For completeness, it is worth noting that one would
normally expect SrO and BaO to behave somewhat similarly. The differences in
compositional thermo-optic trends shown in Fig. IV.8 between the SrO — P,Os — SiO, /
BaO — P.Os — SiO2 and SrO — Al203 — SiO2 / BaO — Al2O3 — SiO; ternaries result from the
difference in sign between TOC(SrO) and TOC(BaO), which are negative and positive,
respectively. If the effect of cladding on TOC shown in Chapter 111 can partly explain this
TOC value difference between both alkaline earth oxide, it is admitted its origin remains
indeterminate. It is worth mentioning that TOC(BaO) was determined in a binary BaO-
SiO> glass system [16]. On the other hand, TOC(SrO) was determined in a ternary SrO-
Al203-SiO; glass system [17]. The role of Al2Oz on the glass structure and polarizability
might play a role on the aggregate TOC value of the fiber, as suggested in sodium

aluminosilicate glasses [56].
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Figure 1V.7. Contribution of density-fluctuations to Rayleigh scattering: ternary
diagrams of hydrostatic photoelasticity coefficient, p = p12 + (2/3)ps4, for selected

compositional families. Values are deduced using the approaches described in

Chapters Il and I11.
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Figure 1V.8. Stimulated thermal Rayleigh scattering (STRS): ternary diagrams of

thermo-optic coefficient, TOC (dn/dT), for selected compositional families. VValues are

deduced using the approaches described in Chapters Il and I11.
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IV. D. 3. Intrinsically low Brillouin scattering glasses

In a similar manner, the deduced transverse p12 photoelasticity values are shown in
Fig. IV.9 for the same glass families. The counter-play between positive and negative p1»
compounds that was discussed in Chapters I, 11, and 111, can most clearly be seen in the
ternaries possessing Al203, SrO, and BaO. As expected, given the weak and only slightly
negative pi2 value for Al.Os, the zero pi2 compositions necessarily occur at Al2Os3
concentrations too high to likely be feasibly made into glass and drawn into fibers.
However, both SrO and BaO possess sufficiently large and negative pi> values that it is
reasonable to expect that bulk glasses could be formed at p12 = 0 ternary compositions

where Brillouin scattering should be negated.

Though mapping out individual material parameters, e.g., p, TOC, and p1, that
most influence a given nonlinearity is useful, it is more impactful to understand, where
able, all of the underlying factors taken together. Such a complete property value ternary
representation is shown in Fig. 1V.10 for the Brillouin gain coefficient, BGC, associated
with the same systems as described above. Each of the factors used to compute the BGC,
as described in Chapter I, were deduced using the approaches described in Chapters Il and
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Figure 1V.9. Brillouin scattering: ternary diagrams of transverse photoelasticity
coefficient, p12, for selected compositional families. Values are deduced using the

approaches described in Chapters Il and I11.
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Figure 1V.10. Stimulated Brillouin scattering (SBS): ternary diagrams of

deduced using the approaches described in Chapters Il and 111.
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Given the dependence of the BGC on multiple properties (n, p12, p, Va, Avg), €ach
one possessing its own compositional trends, the curvature of the contour lines are more
complicated than in the single property ternary diagrams; e.g., Figs. IV.7, IV.8, or IV.9. In
the ternary diagrams, this manifests interesting and occasionally unexpected compositional
trends. The individual BGC binaries that comprise the GeO», P2.Os, BOs-related ternaries
with SiO2 were shown in Fig. 111.6 of Chapter Il and, not surprisingly, those trends are
equally evident in Fig. 1V.10. In short, while some reductions (3 — 8 dB) in BGC result
from doping SiO. with these conventional telecommunication dopants, they do not offer
marked mitigations. Important (> 10 dB) reductions are possible with p1> < 0 dopants, such
as Al>Ogz, SrO, and BaO. As noted with respect to Fig. IV.9, it is the large and negative p12
values of the alkaline earth oxides that lead to significant (> 15 dB) reductions in BGC

even at reasonably high SiO2 concentrations of about 80 mole percent.

The representations of Fig. 1V.10 can be overlaid with similarly important
reductions in other parameters, such as in the TOC that drives transverse mode instability
(TMI). As a case in point, Fig. V.11 provides a comparison of compositions that provide
significant reductions in both SBS (> 15 dB) and TMI (> 5 dB), relative to conventional
single mode fiber, based on the BGC and TOC property value diagrams of Figs. 1V.8 and

IV.10.
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Figure 1V.11. Representative ternary compositional diagrams overlaying both
Brillouin gain coefficient, BGC, and thermo-optic coefficient, TOC, relative to those
for conventional telecommunications single mode fiber, for the reduced magnitudes

for these nonlinearities that are the goal of this work.
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IV. D. 4. Modeling of the high power / energy performance

The power-scaling potential of the intrinsically low nonlinearity fibers fabricated
to-date were modeled using the procedures described in [57]. These results, compared to
values for conventional Yb** doped silica fiber lasers are presented in Fig. IV.12 with the

underlying known and estimated material parameters provided in Table IV.2.

As in [57], the simplest fiber geometry is assumed (no advanced waveguide
schemes) and for the SBS limited case, single frequency amplification is assumed.
Controlled line-broadening is well known to increase the SBS limited output power.
However, when this technique is employed [58], one must understand the acceptable line
broadening allowed by the application as well as the SBS linewidth of the proposed
material. The SBS linewidth is not included in Table IV.2 and is not relevant to Fig. 1V.12

due to the assumption of single frequency amplification for the SBS limited case.

It is important to note that Dawson, et al. [57], pre-dates the discovery of transverse
modal instability, TMI [47], [59]. Given that a simple predictive model for transverse
modal instability is still not fully formed and agreed upon, included here is the better
understood effect of thermal lensing as an (imperfect) proxy for transverse modal
instability. A study of Table V.2 will reveal that a number of important material properties
are not known for the candidate all-glass fibers treated: YAG-derived yttrium

aluminosilicates [20], sapphire-derived aluminosilicates [55], and low silica content
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strontium aluminosilicates [17]. Of these, damage threshold and thermal conductivity are

the greatest sources of uncertainty in the calculation that produced Fig. 1V.12.

The graphs in Fig. V.12 are generated by the methodology of Dawson, et al. [57].
In this methodology, the physical effects that limit the power scaling of a single fiber laser
are expressed as functions of fiber core diameter and fiber length. All parameters except
core diameter and fiber length are either state-of-the-art parameters (such as diode laser
brightness, which is generally improving with time) or physical constants of the material
system, which are varied to greater extent in this dissertation. The main physical effects
that are considered are thermal (melting, rupture, lensing), optical nonlinearities (SRS and
SBS, note these are typically considered on separate plots depending upon which one
dominates based on laser spectral line-width), optical damage and limitations on pump
power. Pump power limitations come about from the necessity for a high power laser to be
efficient in order to be practical. This requirement means that most of the pump light must
be absorbed in the length of the fiber. Thus Dawson, et al. [57] show that if the fiber length
is known, then the core diameter, doping concentration and state of the art diode brightness
determine the allowed fiber cladding diameter, which in turn limits the total coupled pump
power. As the fiber laser efficiency is typically ~ 85%, this, in turn, creates a power-limit

based on the amount of pump power that can be efficiently coupled into the fiber laser.

The contour plots in Fig. 1V.12 are formed by calculating all the physical limits for

each pair of coordinates (core diameter and fiber length) and plotting the lowest limit. What
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emerges are regions where different limits dominate. At the smallest core diameters and
shortest lengths (lower left hand corner of the graphs), the pump coupling limit typically
dominates. For large core diameters and short fiber lengths (lower right side of the plots),
the heat load per unit length is high and thermal effects typically are dominant. For small
core diameters and long lengths (upper left side of the plots), the light is intense over a long
length of fiber and either damage or non-linear optical effects limit the fiber output power.
A key finding of Dawson, et al. [57] is that the interaction of thermal and nonlinear effects
typically set a hard upper limit on output power from a single optical fiber laser for a given
material system that is largely independent of core diameter and fiber length, though there
is a specific length associated with each core diameter at which this limit is attained. Below
the variations of material parameters considered in this paper are discussed in terms of how
they affect the relative size of the regions and ultimate scaling limit of a given material

system.

Four main parameters that are assumed to be improved in the three materials: rare-earth
doping concentration, TOC (dn/dT), Raman, and Brillouin gain coefficients. The primary
impact of increased doping concentration is to reduce the parameter space over which

limited pump coupling dominates the fiber laser output power. More specifically:

=  YAG-derived yttrium aluminosilicates: A slight increase in the SRS-limited power due

to reduced Raman gain coefficient is observed as is an expected reduction in pump-

limited parameter space. However, this reduction is offset by the formation of a damage
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threshold limited region (again, accurate knowledge of the damage threshold is
needed). The SBS limited case shows a > 3 times increase in output power due to a
significant reduction in the BGC. Importantly, this is attained at a 40 um core diameter

due to the reduction in the pump limited parameter space.

Sapphire-derived aluminosilicates: As with the YAG-derived glass, slight
improvements are observed in the SRS-limited case other than the reduction in the
pump limited zone and appearance of the damage limited zone. However, there is now
a dramatic increase in the SBS limited power to > 10 times the conventional silica case.
This is a direct result of the 100 times decrease in BGC. Core size remains in the 40
pum region, a relatively practical zone from the standpoint of both fabrication and

bending.

Low silica strontium aluminosilicates: In this case a 2 times increase in power in the
SRS limited power is observed due to the reduced Raman gain and reduced TOC. Here
the calculation’s exclusion of an analysis of TMI is cause for some skepticism of this
result. The SBS limited case shows a further increase in the SBS limited power due to

the additional reduction in the SBS gain coefficient as well as the reduction in TOC.
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Figure 1V.12. Power-scaling diagrams representing the threshold optical power levels
where power-scaling is limited by either pump brightness, laser damage, thermal
lensing and (a) stimulated Raman scattering (SRS) or (b) stimulated Brillouin
scattering (SBS) regimes. In both sets of Figures, the optical fibers modeled are: (i)
conventional SiO2 [57], (ii) YAG-derived [20], (iii) sapphire-derived [55], (iv)

strontium aluminosilicates [17].
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Table IV.2. Material parameters employed for the calculation of power scaling plots based

on [57].
Property (unit)? Conventional value YAG-derived Sapphire-derived Low silica
Non-SiO2 Content - Al203: 19.9 Al203: 54.0 SrO: 23.7
Rupture Modulus 4300 4300 4300 4300
Thermal 1.38 1.38 1.38 1.38
Convective film 10000 10000 10000 10000
Melt temperature 1983 1983 1983 1983
dn/dT (K1) 11.8 x 106 10.1 x 106 11.9 x 106 5.3 x 10®
gr (M/W) 1x1013 0.52 x 1013 0.54 x 1013 0.5 x 10713 (est.)
BGC (m/W) 5x 101 0.5 x 101 3.1x108 2.2x 1018
A° 20 20 20 20
G* 10 10 10 10
re 0.8 0.8 0.8 0.8
Damage threshold 35 35 35 35
Te (K)® 300 300 300 300
lpump (W/pum?/sr)¢ 0.1 0.1 0.1 0.1
ocore (dB/m)¢ 250 1500 1500 1500
Miaser® 0.85 0.85 0.85 0.85
TNheat® 0.1 0.1 0.1 0.1
NAS® 0.45 0.45 0.45 0.45
A (nm)° 1088 1088 1088 1088

a: Where not specified, see Ref. [57] for details on a given property.

b: Values are unknown for the 3 aluminosilicate systems but, given their relatively high SiO> contents, the values for

silica are employed as a limit.
¢ Values reasonably carried over to the 3 aluminosilicate systems.

d: Tailorable via precursor Yb concentration.
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Overall, these results show promise for improved materials for high energy lasers,
particularly narrow bandwidth lasers limited by SBS. The improvements are
predominantly due to the increase in doping concentration (reduction in SiO2 content),
which allows the maximum power to be attained at smaller core diameters which reduces
thermal effects in general, and is known to be desirable for decreased TMI as the purely
single mode waveguide regime is more effectively maintained. Further, dramatically
reduced Brillouin gain greatly raises the power threshold for the onset of SBS. Note the
maximum power in the SBS case increases as the square root of the reciprocal of the BGC
per Equation 27 in [57]. This suggests further development of these classes of materials
are a promising approach for scaling power in SBS-limited fiber laser systems with the
caveat that a number of the assumed material parameters in Table 1V.2 need to be
determined and Fig. 1V.12 needs to be updated to validate that the true values of these

parameters do not affect the conclusions made here.

IV. D. 5. Towards the “perfect” optical fiber

With respect to the best results to date, “best,” is somewhat arbitrary as the ideal
case is one where all of the nonlinearities are reduced by levels that make the fiber more
practical. For example, while ~ 20 dB suppression has been achieved in a sapphire-derived,
high alumina-content aluminosilicate glass fibers [55], that fiber was highly multimoded
and exhibited a 2.5 dB suppression in Raman gain. Unfortunately, a simple aluminosilicate
system does not yield materially reduce parameters such as n, nz, and dn/dT relative to

conventional silica-based fibers. Therefore, and as was discussed throughout this Chapter
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and Chapters Il and 11, the consideration of a more multicomponent system (ternary or
greater) is necessary to address each optical nonlinearity materially. In Section IV. D., a
variety of multicomponent systems were investigated and their properties modeled. In the
realm of the fabrication of a “perfect” fiber as expressed herein, it is necessary to find a
material system that can both mitigate all nonlinearities at once but also form a glass
material. It is identified here that SrO-Al>03-SiO: is a particularly interesting candidate to
mitigate SBS, SRS, and TMI. However, considering only this oxide-based system does not
provide a solution in reducing n and nz. As discussed in Chapters Il, and 111 but also noted
in Section IV. D., F-containing glasses yield to low n and n, materials. As will be discussed
in the following Chapter, the substitution of an alkaline earth oxide with an alkaline earth
fluoride as a precursor material using the molten core method allows the possibility in
introducing fluorine into the glass core. Therefore, alkaline earth fluoro-alumino-silicate
systems are considered as promising candidates in the development of intrinsically low

optical nonlinearity materials.

As noted in Table 1.1 of Chapter I, and described in terms of specific compositions
in this paper, each of the parasitic nonlinearities possess the potential to be wholly negated.
In some cases, such as with Raman scattering and nz-related wave-mixing phenomena, the
necessary conditions of A =0 and nz = 0, respectively, though theoretically possible, seem
at present not materially practical. However, the two main phenomena that presently limit
power-scaling in high power fibers laser systems, namely SBS and TMI, should be quite

reasonably mitigated. In these cases, the p12 =0 and dn/dT = 0 conditions, respectively, are
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well-defined over practically large compositional ranges. Of particular interest are
compositional spaces where these zero-points approximately coincide. Examples of these
are those shown in Fig. 1V.13, which, along with the aforementioned p12 = 0 and dn/dT =
0 compositions, includes p = 0 compositions where the density-related contribution to

Rayleigh scattering also would be zero.

In Fig. 1V.13, it is interesting to note that a BaO - P2Os - SiO> system would be of
potential interest as in the 40 BaO — 30 P20s — 30 SiO2 composition p, p12, and dn/dT could
potentially exhibit near to zero value. However, it should be mentioned that there is no
evidence to-date that the additivity approaches used to generate these ternaries diagrams
would still hold (i.e., not break down) for these low silica materials. It is also worth noting
that glass forming regions of these materials remain uncertain. Additionally, the inherent
silica incorporation during fiber drawing (Chapter V) is expected to be a difficult obstacle
in the formation of such low silica materials. Again, significant reduction (>3-5 dB) of
properties that drive optical nonlinearities relative to conventional silicate fibers is of more

practical interest that their complete eradication.
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Figure 1V.13. Ternary compositional diagrams in the SrO — Al203 — SiO2, and BaO -
P20s — SiO2 systems showing the ranges over which the hydrostatic photoelasticity, p,
the transverse photoelasticity, p12, and the thermo-optic coefficient, dn/dT (TOC), are
each zero. At compositions where they intersect, the glass should exhibit no Brillouin
scattering (p1z = 0), density-related Rayleigh scattering (p = 0), and stimulated
thermal Rayleigh scattering (TOC = 0); the latter driving transverse mode

instabilities in high power fiber lasers.

The compositions identified herein that exhibit markedly reduced collective nonlinearities
are beyond the capabilities of industry standard CVD processes used to fabricate
conventional (telecom) optical fibers. High-silica-content CVD-derived fibers will remain
the industry standard for long-haul communications with evolutionary progress in
attenuation being made through process-related thermal history (fictive temperature [60])
and minor dopant engineering [10], [11]. However, to be clear, in order to achieve the

power-scaling goals of high power / energy, high beam quality fiber-based lasers,
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conventional CVD processes will not be sufficient due to the limited compositional ranges
of such processes. Structural / geometric approaches, such as those associated with
microstructured and photonic crystal fibers, employing conventional CVVD-derived high-
silica-content glasses, certainly will continue to make incremental improvements. But
revolutionary advances such as > 20 — 30 dB reductions, or even the wholesale negation of
Brillouin-related SBS and thermo-optic-related STSR-induced TMI, can only be achieved
through a unified materials approach where parasitic nonlinearities are addressed at their

fundamental origins.
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IV. E. Conclusion

This Chapter provides a road map to glass compositions that would markedly
reduce the optical nonlinearities that plague the scaling to higher output powers in present
telecommunication and high power fiber lasers. More specifically, based on the theoretical
foundations of Chapter I, coupled with the property additivity relations of Chapter Il and
I11, described here are compositional trends to tailor Brillouin-, Raman-, Rayleigh-,
thermo-optic-, and x®-related material properties. Examples from existing fibers and bulk
glasses are employed where data are available. Further, ternary property value diagrams
are employed to more easily represent and identify compositional regions where the
greatest opportunities for mitigating nonlinearities are possible. In the specific case of
yttrium and strontium aluminosilicate fibers variations in the material could lead to power
increases of 2 — 3x or more over current fiber lasers based on classical fused silica
compositions. Note this is before other effects such as deliberate linewidth broadening or
advanced waveguide design are employed to further scale the output power. It is worth
mentioning here that attenuation losses for these fabricated fibers are currently a limit. This
point is further developed in Chapter VII where approaches to reduce attenuation losses

are proposed.

Further, the impact of higher concentration by itself should not be underestimated
as it simplifies the overall requirements on the diode laser portion of the integrated system.

Oxyfluoride aluminosilicate glasses containing alkaline earth compounds, potentially with
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B2Os and P»Os additions, are especially worthy of further consideration based on their
potential to significantly reduce Brillouin, Raman, Rayleigh, and stimulated thermal
Rayleigh scattering while possessing a nonlinear refractive index comparable to
conventional silica and could potentially lead to much greater power scaling if, for
example, the BGC could be reduced beyond that assumed in Table 1V.2. In the following
Chapter (Chapter V), efforts will be put forward in the fabrication of alkaline earth
oxyfluoride glass optical fibers, again due to their specific potential in mitigating optical
nonlinearities. Furthermore, an understanding of the glass structure and composition of
these oxide-fluoride systems and the role of fiber processing on them will be provided. In
Chapter VI, properties that relate to optical nonlinearities are studied and, based of the
founding of Chapter V, a comprehensive discussion between properties and

composition/structure relationships is given.
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IV. F. Appendices

Appendix IV. 1. Matlab code used to generate ternary (and binary) diagrams

clear all; close all;
%PART I: DATA

% INFO Parameters: Va (m/s); ? (g/m3); ?vB (MHZz); n (156XXnm); p12; M
% (g/mol; m (m/s); lembda (m)

%General parameters

c=3*10"8; lembda=1.534*10"-6;

% PARAMETERS SiO2

VaS=5970; rhoS=2200000; DvBS=17; nS=1.444; p125=0.226; p11S=0.098; MS=60.08;
muS=0.16; alphaS=8946; TOCS=10.4*10"-6; n2S=2.66*10"-20; %alphaS=8946;
alphaS=(DvBS*10"6*pi)/VaS;

% PARAMETERS Al203
VaA=9790; rhoA=3350000; DvBA=274; nA=1.653; p12A=-0.027; p11A=-0.237,
MA=101.96; muA=0.25; alphaA=87926; TOCA=10.5*10"-6; n2A=4.77*10"-20;

% PARAMETERS "X" compound

%BaO

%VaX=3131; rhoX=4688000; DvBX=178; nX=1.792; p12X=-0.330; p11X=-0.330;
MX=153.33; muX=0.31; alphaX=178600; TOCX=12.7*10"-6;

%SrO

VaX=3785; rhoX=4015000; DvBX=187; nX=1.81; p12X=-0.245; p11X=-
0.296;MX=103.62; muX=0.231; alphaX=155000; TOCX=-12.4*10"-6; n2X=5.06*10"-
20;

%B203
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%VaX=3315; rhoX=1820000; DvBX=427.8; nX=1.410; p12X=0.298; p11X=0.25;
MX=69.6182; muX=0.29; alphaX=(DvBX*1076*pi)/VaX; TOCX=-30*10"-6;
%P205

%VaX=3936; rhoX=2390000; DvBX=176.8; nX=1.487; p12X=0.252; p11X=0.132;
MX=141.94; muX=0.294; alphaX=(DvBX*1076*pi)/VaX; TOCX=-13.3*10"-6;
%GeO2

%VaX=3752; rhoX=3650000; DvBX=124; nX=1.571; p12X=0.288; p11X=0.13;
MX=104.61; muX=0.212; alphaX=(DvBX*1076*pi)/VaX; TOCX=19.4*10"-6;

%9%0%%%%%%%%%%%%%% %% %% %% % %%%%%%%% %%

% PART Il: ADDITIVE MODEL TERNARY "SiO2-Al203-X"
step=0.1,;
i=1;

for s=0:step:100;
W=100-s;
for a=0:step:W;
x=W-a,;

%Calculation of volume fractions
volS=(s*MS/rhoS)/(s*MS/rhoS+a*MA/rhoA+x*MX/rhoX);
VoIX=(x*MX/rhoX)/(s*MS/rhoS+a*MA/rhoA+x*MX/rhoX);
volA=(a*MA/rhoA)/(s*MS/rhoS+a*MA/rhoA+x*MX/rhoX);

%Additive model aggregate value calculation

%REFRACTIVE INDEX, DENSITY, ACOUSTIC VELOCITY, POISSON:

n=volS*nS+volX*nX+VvolA*nA;
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Index(i)=n;
rho=volS*rhoS+volX*rhoX+volA*rhoA,;
RHO(i)=rho/1000;
Va=(volS/VaS+volX/VaX+volA/VaA)*-1;
VA(i)=Va;
mu=volS*muS+volX*muX+volA*muA;
MU(i)=mu;

%POCKELS COEFFICIENT P12:
SigcoS=(p11S-2*muS*p12S); SigcoA=(p1l1A-2*muA*pl2A); SigcoX=(pllX-
2*muX*pl2X);

Sigco=(2/n"3)*((((nS"3)/2)*SigcoS*volS)+(((nA"3)/2)*SigcoA*vol A)+(((nX"3)/2)*Sig
coX*volX));

StracoS=p12S-muS*(p11S+p12S); StracoA=p12A-muA*(pl1A+pl2A);
StracoX=p12X-muX*(p1l1X+p12X);

Straco=(2/n"3)*((((nS"3)/2)*StracoS*volS)+(((nA"3)/2)*StracoA*volA)+(((nX"3)/2)*St
racoX*volX));

p12(i)=(Straco+mu*Sigco)/((1-2*mu)*(1+mu));

%POCKELS COEFFICIENT P11:
pl1(i)=Sigco+2*mu*p12(i);

%POCKELS COEFFICIENT P44:
pa4()=(p11(1)-p12(1))/2;

%POCKELS COEFFICIENT P for Rayleigh concentration contribution
p(1)=p12(i)+(2/3)*p44(i);
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p_square(i)=p(i)"2;

%BRILLOUIN BANDWIDTH:
alpha=volS*alphaS+volA*alphaA+volX*alphaX;
frequencylist=VVa*2*n/lembda;
alphafixed=((frequencylist/(11*1079))"2)*alpha;
DvB=(10"-6)*Va*alphafixed/pi;

DVB(i)=DvB;

DVBS=(10"-6)*VaS*((VaS*2*nS/lembda/(11*10"9))*2)*alphaS/pi;
DVBA=(107-6)*VaA*((VaA*2*nA/lembda/(11*1079))*2)*alphaA/pi;
DVBX=(107-6)*VaX*((VaX*2*nX/lembda/(11*1079))*2)*alphaX/pi;

frequencylistS=VaS*2*n/lembda;
alphafixedS=((frequencylistS/(11*10"9))"2)*alphas;

%TOC:

TOC(i)=volS*TOCS+volA*TOCA+voIX*TOCX;

TOCnormSilica(i)=10*1og10(abs(TOC(i)/(TOCS))); %%% gives complex number
because log(-x) gives complex results!

TOCnormSilicaMagnitude(i)=10*log10(abs(TOC(i))/(TOCS)); %%% gives
magnitude of TOC relative to Silica (absolute values taken!)

% n2:

% n2(i)=volS*n2S+volA*n2A+volX*n2X;

%BRILLOUIN GAIN:

% Silica %

gBS=((((p125"2)*nS"7)*2*pi)/(c*lembda*lembda*VaS*rhoS*(10"-
3)*(DvBS*10”6)));
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% Aggregate value %

gB()=((((p12(1)*2)*n"7)*2*pi)/(c*lembda*lembda*Va*rho*(10"-
3)*(DvB*10"6)));

gBnormSMF28(i)= 10*log10(gB(i)/(2.5*10"-11));

gBnormSilica(i)= 10*log10(gB(i)/(gBS));

% AXIs
%Silica

S(i)=s;
%Alumina
A(i)=4;
%Compound X
X(i)=x;

% lteration
i=i+1;
end

end
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CHAPTER V.
COMPOSITIONAL AND STRUCTURAL INVESTIGATION OF ALKALINE EARTH

OXYFLUORIDE GLASS OPTICAL FIBERS

V. A. Introduction

In the previous Chapters, material solutions to intrinsically reduced optical
nonlinearities were discussed. In Chapter IV, it has been shown that alkaline earth fluoro-
alumino-silicate compositions were of specific interest as fiber core materials, as each glass

constituent contributes to the reduction of optical nonlinearities.

Thus, in this chapter, the focus will be on the realization and the understanding of
alkaline earth fluoride (AEF2)-containing silicate and aluminosilicate fibers, and the
comprehension of the underlying thermodynamic and kinetic mechanisms that govern
these systems. This chapter principally investigates the structural and compositional

dependence of oxyfluorides in a context of fiber fabrication.

Firstly, the molten core method used in the fiber fabrication is discussed in detail,
as the materials investigated herein justify the use of such a technique. Secondly, the role
of the dopants and the fiber draw temperatures on glass forming and phase separation are
investigated, along with the compositional evolution of each dopants (AE, Al, F) in a
variety of oxyfluoride glasses. As insights into the role of fiber processing on the

investigated oxyfluoride compositions are gained, complementary thermodynamic and

175



kinetic studies are performed, with the help of thermogravimetric analysis (TGA) coupled
with x-ray diffraction (XRD) studies of pellets in the SrF2-Al,03-SiO, SrF2-Al>O3, and,
SrF2-SiOz systems. Finally, a Raman spectroscopy analysis of specific core compositions

enables the understanding of the local glass structure.

V. B. Fiber fabrication using the molten core method

Since the initial realization of practical optical fibers, a variety of methods for their
fabrication have been developed such as the Modified Chemical Vapor Deposition
(MCVD), Plasma-activated Chemical Vapor Deposition (PCVD), Vapor Axial Deposition
(VAD) and Outside Vapor Deposition (OVD) [1]. All of these techniques fall into the same
category of conventional methods of preform fabrication and they provide excellent
material quality and thus extremely low attenuation values (~0.2 dB/km). Despite the
success of these methods, the level of dopant concentrations is limited to only a few mole
percent [1]. Additionally, the variety of dopants that can be added to the glass system is
also limited [1]. As conjectured in Chapter IV, a glass optical fiber exhibiting low
nonlinearities will necessitate glass fiber cores in the alkaline earth fluoride/oxide
aluminosilicate family. The high melting and boiling temperatures of the alkaline earth
fluorides and oxides (AEO, AEF>), reported in Table V.1, coupled with their tendency to
phase separate (which will be discussed later), render the use of conventional methods

challenging to fabricate and study these systems.
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Table V.1. Melting and boiling temperatures of the alkaline earth fluoride (AEF2) and oxide

(AEO) families.

Component BaF2 SrF2 CaF2 MgF2 BaO SrO CaO MgO
Melting Temp (°C) 1368 1477 1418 1263 1923 2531 2570 2800
Boiling Temp (°C) 2260 2460 2533 2260 2000 3200 2850 3600

Instead, a molten core approach is preferred for this work since it enables the
development of a larger variety of optical fiber compositions than conventional methods
[2]. A variety of very different AEO-derived fibers (BaO-derived [3], SrO-derived [4],
MgO-derived [5]) have already been successfully fabricated and characterized using this
technique. This technique also allows the investigation over a very wide range of
compositions, where, for instance, aluminosilicate fibers containing up to 55 mole % of
Al>,O3 were fabricated [6]. Consequently, this technique is used, as the principal focus of
this dissertation is to improve the understanding of the glass structure/composition — optical

property relationships in these oxyfluoride systems.

In this approach, the precursors (e.g., powder, crystal, rod, pellets) are first inserted
into a fused silica glass capillary preform as shown in Fig. V.1. The choice of silica as the
preform cladding material has several advantages: i) it has been manufactured for decades
and is a robust material with a wide drawing temperature range (from 1925 °C to 2150 °C),
i) it has very low optical losses at wavelength of interest to telecom and high energy laser
applications [7], and, iii) it is an excellent glass former with good chemical durability and

thermomechanical stability.
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core phase (rod,
ceramic, mixed glass
powders, ...) cladding

£

Figure V.1. a) lllustration of the molten core method, taken from [8] . A precursor

homogeneous
core

(e.g., AEF2-Al203 mixture) is sleeved inside a silica glass capillary preform. The
preform is then heated to high temperature (typically 2000 °C) where the precursor
is in a molten state. The silica preform is then drawn into a fiber. b) Example of a

precursor mixture (powder packed) inserted in a 3x30 mm silica capillary preform.

The silica preform is placed in a graphite furnace, and heated in order to melt the
core phase and draw the fiber. As the fiber is drawn, the silica from the preform is
incorporated into the molten core (and the precursor diffuses outward), thus leading to a

“X-derived” silicate fiber, where X refers to the nature of the initial precursor, e.g.,
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“sapphire-derived fiber” for an aluminosilicate glass fiber made using sapphire as the
precursor core. As the fiber cools, the molten core is quenched due to a fast drop in
temperature (>2000 °C/s) and thereby is kinetically trapped in its glassy state. In order to
protect the fabricated bare fiber from external abrasion, a polymer coating (e.g., UV-cured
acrylate, DSM Desotech, Elgin, IL) is deposited on to the external cladding surface before

the fiber is spooled. The fiber, once drawn, takes the shape of a circular core/clad geometry
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Figure V.2. a) Scanning electron microscope (SEM) micrograph of a silica-cladding,
strontium aluminosilicate oxyfluoride core fiber. b) Compositional profile across a
strontium fluoro-alumino-silicate fiber core. Not shown for reasons of clarity is the
oxygen concentration, %0. However, %0 (At. %) = 100 — [%F + %Sr + %Al + %Si].

Data are taken from [9].

(Fig. V.2a), and the glassy core, composed of the aforementioned silica and some

remaining precursors, typically gives rise to a transversally graded-index profile as

exemplified in Fig. V.2b.
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Above was given a general description of the molten core technique, and here more
specific information regarding fiber fabrication and sample preparation are provided. In
this work, the use silica glass capillary preforms of the same dimensions, i.e., 3 mm inner
diameter (ID) and 30 mm outer diameter (OD), are kept identical except if stated otherwise.
The method of precursor mixture preparation is also kept the same and is described as
follow. First, high purity (99.9% purity minimum) precursors are selected in the
appropriate proportion and mixed together with the help of a vortex machine. Then, the
powder is grounded in a mortar to ensure a good homogeneity of particle sizes of the
mixture. Once the mixture is prepared, it is placed in a desiccator for several days to ensure
the powder is reasonably dry. Finally, the powder is loaded into the silica preform (very
approximately ~0.5 g gives ~1 km of 125 um cladding-diameter fiber length). Thereafter,
the fiber is drawn as previously described. The targeted dimension of the silica cladding is
125 um, the targeted feed speed and draw speed are respectively 0.5 mm/min and ~28
m/min. The draw temperature is set depending on the precursor materials. It should be
noted that the drawing parameters can be adjusted as the fiber is drawn, since each
precursor composition will have a direct impact on the drawing conditions. The collection
of fiber samples, for analysis, is typically performed at different positions along the fiber.
Characteristic fibers segments are sleeved into ferrules and UV-epoxy cured. Then, the
segments are mechanically polished to a mirror finish, and elemental composition analysis
is performed using an Energy Dispersive X-ray (EDX) probe coupled with a Scanning

Electron Microscope (SEM). The instrument used throughout this entire study is a Hitachi
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SU-6600, and accelerating voltage is adjusted as a function of the elements considered for

analysis (20 kV being standardly used).

In this section the process of fiber fabrication was detailed. More information
regarding other techniques used in the investigation of the systems, such as
thermogravimetric analysis or Raman spectroscopy, will be given when appropriate later.
In the following section, the influence of the precursor materials composition and the draw

temperature on the phase separation of these oxyfluoride fibers is studied.

V. C. Phase separation and glass formation

In order to study the influence of the precursor composition, 3 fibers, with precursor
compositions of pure BaF», pure SrFz, and, pure CaFz, were drawn. An attempt to draw
pure MgF. was not successful due to its too high reactivity with SiO2 which caused the
preform to blow out, and will not be considered in the following study. The 3 fibers were
drawn at the same draw conditions, that is, a draw temperature of 2000 °C, a feed speed of
0.5 mm/min, and a draw speed of ~28 m/min. Additionally, observation of the glass
morphology was performed at different positions along of the fiber, and was found to be
similar throughout the entire draw length (~800 m for each fiber). Therefore, the SEM
images for the three fibers, at the same position (beginning of the fiber draw) are displayed

in Fig. V.3.
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From Fig. V.3, it is evident that the nature of the alkaline earth fluoride has a direct
impact on the glass stability of the core materials. Whereas the BaF,-derived fiber exhibited
no phase separation, both SrF,- and CaF»- derived fibers did and were composed of silica
rich regions embedded in a AE-rich silicate matrix. At high temperatures, AEF; is
expected to react with SiO2 and form its oxide (i.e., AEO) counter-part and the volatile
SiF4 species [10], [11]. More information regarding the mechanisms involved during
reactivity of AEF, with SiO2 will be provided later. In the binary AEO-SiO- system, there
exists a two liquid immiscibility region at high silica concentrations [12], [13]. This
immiscibility region becomes less pronounced as one traverses down Group Il of the
periodic table, which is consistent with the observation in Fig. V.3. In addition, the
remaining fluorine post-draw is expected to play a secondary role in the phase separation
morphology of the glassy core [14]. It must also be pointed out that the morphologies of
the two phase separated fibers in Fig. V.3 are very different. SrF.-derived fiber core has a
very fine phase separated core, where CaF.-derived fiber contains larger phase separated
regions. This difference can be explained based on the liquid-liquid immiscibility in the
AEO-SiO; system. In this binary system, the critical temperature, defined as the highest
temperature of the liquid-liquid immiscibility dome, decreases from MgO to BaO, as does
the width of the immiscibility region [13]. Therefore, a Ca-containing glass will be more
prone to phase separate than a Sr-containing glass, leading to the appearance of coarser
phase separated regions. The limiting case can be described with Ba-containing fiber where
the critical temperature is lower than for the others AE-containing binary silicate systems.

The draw temperature (2000 °C) is sufficiently high for the glass melt to reach an
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equilibrium above the liquid-liquid immiscibility region to yield a homogeneous glass fiber

core.

2000°C 2000°C

2000°C

Topm
Figure V.3. SEM micrographs of fiber core for different initial precursor
compositions (i.e., pure BaF2, SrF2, and, CaF, respectively, and all with a fused silica
cladding and drawn at 2000 °C under the same conditions). BaF2-derived fiber (a)
does not exhibit phase separation, whereas SrF2- and CaF2-derived fibers (b, c) do.
The phase separated regions in CaFz-derived fiber appear “darker” because the

contrast was enhanced for better observation (Ca being much lighter than Sr or Ba).
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Clearly, a phase separated fiber is of no use in the context of this work, since most
of the light passing through the fiber core would be scattered away. Therefore, to prevent
phase separation, some Al.Oz is added to the precursor composition as it is known to

prevent this effect in silicate glasses [15].

The substitution of pure AEF, powder (in the case of CaF. and SrF>) for a 3AEF2
to 1Al>0s initial mixture ratio, at the same drawing conditions as before, is found to prevent
phase separation (Fig. V.4a and Fig. V.4b vs. Fig. V.3b and Fig. V.3c). Furthermore, a
decrease of the draw temperature for the 3SrF2-1Al.03 mixture from 2000 °C to 1925 °C
(Fig. V.4b vs. V.4c) did not influence the morphology of the glassy core, in the sense that

it remains homogeneous.

However, for a 9SrF>-1Al>03 ratio drawn at 1925°C, appearance of finely phase
separated region is observed (Fig. V.4d). Based on these observations, it can be concluded
that the nature of the alkaline earth fluoride, the amount of alumina and the drawing
temperature have a direct impact on the phase separation in these oxyfluoride systems.
Specifically, a high draw temperature and initial alumina concentration, coupled with a

large alkaline earth ion (Ba>Sr>Ca), favors homogenous glass formation.
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Figure V.4. Role of alumina and drawing temperature on the phase separation of
oxyfluoride systems. (a) and (b): The addition of 25 mole % of alumina in the initial
composition (instead of pure CaF2 and SrF2, see Fig. V.3b and Fig. V.3c) prevents
formation of phase separation. (c): The decrease of draw temperature from 2000 °C
to 1925 °C for the SrF2-SiOz2; the core remains free of phase separation. (d): A
decrease from 25 % to 10 % of Al2O3 at a temperature of 1925 °C results in the

apparition of very finely phase separated regions.
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If most of the cores appear homogeneous under SEM, in Chapter VI the somewhat
high attenuation coefficients for some fabricated Yb-doped strontium oxyfluoride systems
suggests some potential nanoscale phase separation that could occur but not be
visualized/detected under SEM. Consequently, in Chapter VII a Section (VII. B.) is
specifically dedicated to the investigation of nanoscale phase separation in these
oxyfluoride glass systems using a transmission electron microscope (TEM). The presence
of some nanoscale phase separation for some of the glasses can be explained by invoking

similar argument as formulated above with regards to liquid-liquid immiscibility region.

However, if the direction to take in order to prevent phase separation seems straight
forward, there are other parameters that also need to be considered. For instance, the
remaining concentration of fluorine in the core post fiber fabrication will dictate the
reduction of some parameters that drive optical nonlinearities, namely n, n2 and dn/dT. In
this context, it becomes necessary to study the evolution of dopant concentrations during
fiber drawing as a function of the initial precursor composition and time, to understand the
principal thermodynamic and kinetic mechanisms that govern these oxyfluoride systems

during fiber processing.
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V. D. Dopant compositional evolution of the oxyfluoride fiber core

In Chapter IV it has been seen that core materials in the AEF2-Al,03-SiO;
composition was of interest, and, specifically, the SrF,-Al,0O3-SiO; system. In order to
monitor the evolution of dopant concentrations in the fiber core during the draw, a fiber
with 3SrF2-1Al,03 precursor composition (powder packed) was drawn into fiber (~1000
m) as previously descripted. Then, samples at different positions along the fiber length
were collected and analyzed by SEM/EDX. The evolution of the fiber core composition,
taken at the core center for each segment, is plotted in Fig. V.5 as a function of draw length.
The composition is expressed in atomic percent (At. %) instead of compound mole percent
(mole%) since at this point there is no clear evidence if SrF2 remains as such before and

after fiber drawing. A more detailed discussion on this is provided later in this Chapter.

As it can be seen in Fig. V.5, the Si content increases rapidly at the beginning of
the draw, then increases at a lower rate above about 200 m of fiber drawn. Counter the Si,
concentrations of F, Al, and, Sr, decrease as the fiber is drawn. Interestingly, the F
concentration decreases at a higher rate compared to Al and Sr over the first hundred
meters. This decrease of fluorine content also scales with an increase of silicon content in
the core, which suggest the typical reaction of F mainly into SiF4 [16], [17]. Because the
fiber was drawn at a nearly constant rate of 28-30 m/min, the draw length is directly a
function of time, where 1000 m of fiber correlates approximately to 35 min of drawing

time. For completeness, a similar fiber was drawn, using the same condition but with the
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precursor materials being pellet pressed instead of powder packed into the silica capillary
preform. This experiment was performed with the goal of comparing the influence of the
initial precursor shape/form in the compound concentration over time. The results,
presented in Appendix V.1, show similar trends to what is observed for a powder packed
precursor mixture. However, over the first 200-300 hundred meters, the silicon content
increases at a slower rate than for a powder packed precursor, and can be expected as the
“pellet pressed material” is more compact than the “powder-packed material”, which may

slow down the rate at which SiO is incorporated into the core.
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Figure V.5. Elemental concentration (At. %) as a function of draw length (taken at
the core center of each segment analyzed for a 3SrF2-1Al20s initial precursor system).
Not shown, for reasons of clarity, is the oxygen concentration, %0. However, %0

(At. %) = 100 — [%F + %Sr + %Al + %Si].
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Figure V.6. At. % ratio of F/Sr (orange) and Al/Sr (green) at the core center and at
different position of the fiber draw length, for a powder packed 3SrF2-1Al203

precursor mixture drawn in a 3x30 mm silica capillary preform at 2000 °C.

It is observed, again from Fig. V.5, that the F content decreases more rapidly than
Sr, and this when the starting precursor material is SrF2, where F is initially bound to Sr
with a stoichiometry of 2F for 1Sr. This F/Sr ratio can be monitored as a function of
distance and is displayed in Fig. V.6. Interestingly, one can notice that at the beginning of

the draw, F/Sr is close to 2, and decreases almost exponentially as the fiber is drawn.

The initial F/Sr ratio of 2 strongly suggests that F remains attached to Sr at least at the

beginning of the draw, in the “SrF>” form. As the fiber is drawn, a decrease of this ratio
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suggests that SrF» reacts with its aluminosilicate environment to form volatile species (e.g.,

SiF4).

Furthermore, in Fig. V.6, the Al/Sr ratio is displayed. It should be noted that this ratio,
initially of ~0.67, corresponds exactly to the Al/Sr ratio found in the initial precursor
composition. Interestingly, this ratio increases smoothly over draw length, and accordingly
time, to reach a value of ~0.75, which is approximately 13 % larger that the initial ratio

value. This rise can originate from various reasons speculated below.

e Differences in diffusion coefficients between Al and Sr in vitreous silica:
Diffusion coefficient data for species into vitreous silica at 1000 °C from [18] clearly
suggest that alkaline earth or alkali metal ions, such as Ca, Li, Na, or Ka diffuse more
quickly than Al (from 5 to 8 order of magnitude difference), so presumably does Sr, or
Ba, though less than the smaller and less charged ions. If at higher temperatures, the
diffusion coefficients will be higher in the low viscosity molten core, it is expected that
Al will diffuse outward in the cladding at a slower rate than Sr, and therefore could

explain the increase in Al/Sr ratio.

e Volatilization of SrF.:
It has been reported in silicate slags that, in addition to the formation of SiF4, the

transformation of the alkaline earth fluoride from its molten state into its gaseous state
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[19] is one of the many mechanisms leading to fluorine volatilization. That said, a

volatilization of SrF, could explain why Al/Sr ratio increases with time/draw length.

e Inhomogeneous melting:
As the precursor is heated and the fiber is drawn, the precursor mixture will melt.
However, each constituent that composes the initial precursor mixture has its own
individual melting temperature, e.g., 1475 °C and 2050 °C for SrF> and Al.Og,
respectively. Therefore, SrF> will melt first, resulting in an inhomogeneous melting,
where the SrF liquid flows to the bottom of the capillary under the action of gravity,
while Al>Os reacts later. Such phenomenon will result in an increase of the Al/Sr ratio
as the precursor melts and the fiber is drawn. However, phase transformations upon
heating and the complex dynamics associated with fiber processing also likely play a
determinant role. Moreover, the initial Al/Sr ratio is found to be the same as the initial
precursor at the beginning of the draw, which supports the idea that the mixture melts

“homogenously”.

A similar analysis of the F/Sr and Al/Sr ratios as a function of draw length was
performed on the “pressed pellets” fiber described above, and is reported in Appendix V.2.
For this fiber, the initial F/Sr and Al/Sr ratios start around 1.7 and 0.67, respectively, which
are close to that observed for the powder packed fiber, with similar trends. Also, presented
in Appendix V.3, is the evolution of the core diameters for both fibers as a function of draw

length and Si content. From this analysis, two general trends are observed, i) the core
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diameter generally decreases as the fiber is drawn, and ii) the core diameter decreases as

Si content increases.

In order to better understand the compositional evolution of the dopants during fiber
drawing, compositional analysis using EDX for a series of various oxyfluoride fibers, with
different initial precursor compositions and drawing conditions was studied. The fiber
initial precursor compositions, along with some draw parameters, are summarized in Table
V.2. For each fiber, segments from the beginning and the end of the draw were taken for

EDX/SEM analysis.

Table V.2. Fiber systems used to study the evolution of dopants during fiber drawing.

Total length of fiber

Initial fiber precursor composition (molar ratio) Tdraw (°C)
drawn (m)
3CaF2-1Al203 2000 800
3SrF2-1Al203 2000 800
3BaF2-1Al203 2000 550
3(1SrF2-1CaF2)-1Al203 2000 650
9SrF2-1Al203 2000 800
3SrF2-1Al203 1925 500
1MgF2-1Al203 1925 550
1CaF2-1Al,03 1925 550
1SrF2-1Al1203 1925 475
1BaF2-1Al203 1925 500

If the evolution of the dopants can be monitored as a function of time or draw

length, using time as comparative study is not convenient as each draw chronology varies
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from one fiber to another. As an example, in-draw conditions can differ as a function of
the core precursor nature, which exhibit dissimilar thermal behavior. It can lead to
misinterpretation, where, for instance, silica can be found in large amount in the core, not
because of more pronounced thermally activated processes that govern silica incorporation
during fiber drawing, but simply due to a longer time spent by the preform in the furnace
before the draw starts. However, it should be mentioned that fiber drawing conditions
(excepted temperature and precursor compositions, which are voluntarily changed) are
being kept as constant as permissible between fibers. It is recalled that the silica capillary
preform (3x30 mm), the targeted fiber cladding diameter (125 um) and draw speed (~28-
30 m/min), but also the sample preparation (powder packing), remain identical throughout

this work, unless otherwise specified.

That said, the evolution of precursor concentration can be expressed as a function
of Si. Indeed, as seen previously, Si is introduced when the silica from the cladding
interacts with the precursor core, and is function of “draw length, or time” (Fig. V.5).
Additionally, there exists possible reactions between the alkaline earth fluoride and silica,
that could lead to the formation of SiF4 and possibly new compounds during the oxidation
of the oxyfluoride melt. Consequently, it is convenient to express the evolution of the At.
% of the element as a function of Si (At. %). The evolution of dopant concentration, relative
to their initial precursor concentration, and as a function of Si content, is displayed in Fig.
V.7. For simplicity and to compare differing fibers, only the composition at the very core

centers are reported. Interestingly, the data exhibit trends even when considering the
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variety of systems investigated (Table V.2). Fig. V.7a, Fig. V.7b, and Fig. V.7c gives the
evolution of the AE, Al, and F as a function of Si concentration. Fig. V.7d is a compilation

of these data by grouping species together, in order to better observe general trends in the

oxyfluoride system.
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Figure V.7. (a), (b), (c): Dopant concentration, at the core center, relative to its initial
content (calculated based on precursor composition) and plotted as a function of Si
content. AE stands for alkaline earth, Al for aluminum and F for fluorine. The
compositions in the legends correspond to the initial precursor compositions (in molar

ratios), and the temperatures are the draw temperatures for each fiber. Each fiber
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was drawn using 3x30 mm silica capillary preform and a targeted draw speed of 28-
30 m/min. Note that each composition is taken at the core center, and for two positions
per fiber: Beginning of the draw (higher Si content) and end of the draw (lower Si
content). On graph (d) is a compilation of data from (a), (b), and (c), to better visualize
trends across a large number of oxyfluoride fibers drawn using the molten core
method. Detailed composition (At. %) for each fiber segment is given in Appendix

V.4. Dotted lines in (a), (b), and (c) are guides-to-the-eye.

At first, it should be noted that the ratio of AE, Al, and F all decrease as a function
of increasing Si content, with F decreasing at a higher rate than both AE and Al.
Interestingly, it also is worth noting that AE and Al content decrease at a somewhat similar
rate (best seen in Fig. V.7d), this being consistent with the previous observation made on
the 3SrF2-1Al0s fiber (Fig. V.5). Again, regarding the plurality of the systems
investigated (different AEF», initial precursor ratios, or draw temperatures), the
compositional evolution of dopants are surprisingly consistent. The fiber cores presenting
higher Sr, Al, and, F content are the ones drawn at 1925 °C, and with a higher Al>Os initial
concentration (see for example, 1SrF2-1Al>03 and 1BaF2-1Al,03 at 1925 °C, from the
beginning of the draws). On the other hand, the AE-derived fiber segments exhibiting the
lowest F, Sr, Al content and the highest Si content are exclusively found at the end of the
draws. For completeness, a series of strontium aluminosilicate fibers, with varying SrO-

Al>Os initial precursor ratios, has also been investigated and is reported in Appendix V.5.
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It can be observed that the rate at which Al and Sr content decreases as a function of Si

content is independent on its initial Al.O3 to SrO ratio.

The relative compositional evolution (at beginning and end of the draw) for 3 fibers,
3SrF,-1Al,03 at 2000 °C, 3SrF2-1Al>03 at 1925 °C, and, 1SrF2-1Al,03 at 1925 °C is
displayed in Fig. 5.8. This enables to more closely observe the evolution of F concentration
as a function of AE (here Sr, Fig. V.8a), Al (Fig. V.8b), and this for different drawing

conditions (temperatures and positions).

Firstly, starting with a 1SrF.-1Al>Oz ratio (filled and round symbol) leads to higher
Sr, Al, and, F content than starting with a 3SrF2-1Al>Osratio (filled triangle and rectangle
symbols). Secondly, if the amount of F is proportional to the amount of Sr and appears
trivial as F is incorporated along with Sr through SrF,, the increase of fluorine
concentration as a function of Al is surprising. Indeed, it is found that starting with less
SrF2 but more Al>O3, as it is the case for the 1 to 1 ratio vs. 3 to 1 ratios, tends to promote
higher fluorine concentration in the fiber core. If the differences in concentration are clearly
observed at the beginning of the draw, they become less evident toward the end of the
draw. It is also noticed that lowering the draw temperature from 2000 °C to 1925 °C may
have a little impact on final compound concentration. This is seen when drawing the same
initial precursor composition (3SrF2-1Al203) but at a different temperature (2000 °C vs
1925 °C, i.e., solid vs. dot lines in Fig. V.8). The F content appears to be slightly driven

toward higher concentrations. Therefore, addition of Al,O3z and lower drawing
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temperatures have a beneficial effect in retaining more fluorine in the fiber core, at least at
the beginning of the draw. However, after long length of drawn fiber, the fluorine level
becomes nearly identical. It will be seen later in this Chapter than Al>Os plays a direct role
in preventing fluorine loss as it is found to not react with AEF2 upon heating to form F-

containing volatile species, which greatly impact final core composition.

Table V.3 summarizes the fluorine content (in At. %, at core center) at both
beginning and end of drawn fiber length for a variety of fiber systems, along with the
fluorine loss over that fiber length for each fiber. In the case of pure AEF2-derived fibers,
the fluorine loss for BaFz-derived fiber is much higher than for the SrF»- and CaF.-derived
fibers, and this for the shorter distance. It should also be mentioned that this fiber has the
lowest fluorine content at the start and at the end of the draw, of about ~50 % and ~20 %
that of the others AEF-derived fibers, respectively. This can be partially explained by the
higher melting and boiling temperatures of SrF, and CaF than BaF.. These compounds,
more refractory, will slow down the kinetics of mixing/reaction with the SiO,-cladding
during heating and drawing processes, reducing the rate of volatilization of fluorine

through formation of SiFa.
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Figure V.8. Evolution of fluorine concentration (relative to its initial precursor
amount) as a function of Sr (a) and Al (b), for fibers with different draw temperatures
(2000 °C vs. 1925 °C), and initial precursor ratios: 3SrF2-1Al203 and 1SrF2-1Al20a.
On the graphs, “Beg.” And “End” stand for “Beginning of the draw” and “End of the
draw”, respectively. The arrows correspond to the evolution s of the ratios from
Beginning to End of the draw for the 3 fibers investigated: 3SrF2-1Al.03 at 2000 °C

(dot line), 3SrF2-1Al203 at 1925 °C (solid line), and 1SrF2-1Al203 at 1925 °C (dash

line). Lines are guides-to-the-eye.

Now, in the fluoro-alumino-silicate systems, instead of fluoro-silicates, it is
observed that the fluorine concentrations are substantially higher at the beginning and only
slightly higher at the end of the draw. This is observed even if the initial starting fluorine
content is lower than for pure AEF, precursors (75 % AEF; instead of 100 % AEF: in the
3AEF,.-1Al>03 vs pure AEF2), which is consistent with observation from Fig. VV.8. More
interestingly, the BaF,-Al>Os-derived fiber is found to have a much higher fluorine content

than its pure BaF>-derived fiber counter-part. Again, this drastic increase of F content (at
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the beginning of the draw only) is attributed to Al>O3 being added as an initial precursor

constituent.

Table V.3. Evolution of fluorine content (at core center) at different position for some given
systems of interest is reported. All the fibers were drawn at 2000 °C. [Fi] and [Ff] correspond
to F concentration (in At. % and at the core center) at the beginning and at the end of the

draw, respectively.

Initial
Fibers [Fi] [Ff]  Fiber length (m) Relative F loss (%0)
precursors
BaF2 25 0.5 700 80
Alkaline earth fluoro-silicates SrF22 5.2 2.3 1050 56
CaF2? 5.6 2.3 800 59
3BaF2-1Al.03 8.1 2.0 550 75
Alkaline earth fluoro-alumino-
3SrF2-1Al1203 7.6 2.7 800 64
silicates
3CaF2-1AI03 7.8 2.6 800 67

a: SrF2- and CaF2-derived fibers were phase separated (see Fig. V.3), but the fluorine content was found to be maximal

at the core center, and therefore this value is reported to provide more comparative data points.

To summarize this section, compositional analysis on a variety of different
oxyfluoride systems showed general trends that appear valid for a wide range of

composition, such as:

e Concentrations of precursor compounds decrease as the fiber is drawn, while Si
content increases as inherent to the molten core method with the incorporation of

SiO; in the molten precursor-containing core.
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e F decreases at a much higher rate than AE and Al, and is attributed to the formation

of volatile species (SiF4).

e AlxO3 plays a significant role in retaining more F inside the fiber core. This effect

will be further developed later.

e A lower draw temperature also has a beneficial impact on retaining fluorine in the
core, although less pronounced than the impact of Al>Os under the studied

conditions.

V. E. Role of optical basicity on the volatilization of fluorine

Optical basicity is a property that describes the ability of an oxygen to give its
negative charge to the surrounding cations [20]. It is found to potentially impact the effect
of fluorine volatilization [21], and, therefore, its role on two systems, BaF,-BaO-Al.0z and
MgF2-MgO-Al20s3, is now investigated. In order to study this effect, 6 fibers of different
initial precursor compositions (Table V.4), and, consequently, with different initial optical
basicity, were drawn, with a targeted draw temperature of 1925 °C. The optical basicity
values for the initial compositions are calculated using data from [22] and reported in Table
V.4. BaF,-BaO-Al;O3 initial precursors are more basic than MgF.-MgO-Al>O3 and,

therefore, these last ones are expected to retain less fluorine during the draw, everything
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else being equal. The comparative study between BaF,-BaO and MgF2-MgO was preferred
as they provide the largest optical basicity difference among the AEF, family (including
only Mg, Ca, Sr, and, Ba, as relevant for this work) [22]. During the draw, the Ba-
containing fibers drew well at the targeted draw temperature of 1925 °C. Although the fiber
containing the highest MgO content was successfully drawn at 1925 °C, an empty (i.e.,
with air) core was found throughout the fiber length (~1 km), and therefore no data analysis
could be performed on this fiber. Additionally, the MgF.-MgO containing fibers did not
draw at 1925 °C, but an increase of temperature from 1925 °C to 1975 °C allowed the two
compositions (see Table V.4) to be drawn. These two fibers had core materials and

therefore could be characterized.

Table V.4. Optical fiber systems used to study the effect of optical basicity in oxyfluoride

systems.
Fiber (initial molar ratio) Initially targeted Tdraw (°C) Tdraw (°C) Optical basicity
0.8Mg0-0.2MgF2-1Al;03 1925 19252 0.43
0.5Mg0-0.5MgF2-1Al,03 1925 1975° 0.40
0.2Mg0-0.8MgF2-1Al203 1925 1975° 0.37
0.8Ba0-0.2BaF2-1Al203 1925 1925 0.60
0.5Ba0-0.5BaF2-1Al203 1925 1925 0.56
0.2Ba0-0.8BaF2-1Al203 1925 1925 0.53

a: No core was found throughout the fiber (precursor did not melt); no analysis performed on this fiber.

b: These precursors could be drawn by increasing the initial Taraw=1925 °C to 1975 °C.

201



The evolution of the dopant concentrations (F, AE, Al), relative to their initial
concentration and as a function of Si content, are displayed in Fig. V.9 (a, b, and, c). First,
the evolution of F (Fig. V.9a) shows that the BaF»-BaO containing fibers have similar
fluorine loss relative to their initial concentration. Second, the F content for MgF2-MgO
containing fibers are substantially higher. At first, this is contradictory with respect to the
optical basicity argument enunciated above, where melts with higher optical basicity (i.e.,
Ba-containing fibers) should have a higher remaining fluorine concentration. However, for
the Mg-containing fibers, the difficulty of drawing these fibers should be recalled. This is
attributed to the presence of MgO, which has a much higher melting temperature than BaO
(~2850 °C vs. 1925 °C). This higher melting temperature prevents the precursor from
melting and, consequently, silica to be rapidly incorporated into the fiber core. As a
consequence of this “limited” interaction, the reaction between MgF» and SiO2 to form SiF4

is somewhat slowed down, which favors higher F content.

Now, looking at Fig. V.9b, one can observe that Mg is present in a higher quantity
than Ba, which correlates with the highest F content found for the Mg-containing fibers,
and supports the argument that the MgF2-MgO-Al>O3 compositions did melt with difficulty
(retaining AE and, therefore, F). In the Ba-containing series, the Ba is found in higher
quantity for the composition containing the most “oxide” precursor, and in lowest quantity
for the composition containing the most “fluoride” precursor. It should be noted that this
behavior is also observed for Mg-containing fibers. These observations are consistent with

the higher melting temperature argument enunciated above: the addition of fluorides tends
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to favor the melting (they possess a much lower melting temperature than their oxide
analogs and decrease viscosity of the melt [23]). Interestingly, it is found that a higher
fluorine content is accompanied with a higher AE concentration (Appendix V.6). This

again suggests that fluorine preferentially remains attached to the AE during the fiber draw.

The evolution of Al (Fig. V.9c) is interesting as it does not follow the trend
observed by the AEs (Fig. V.9b). The relative content of Al for the various systems is much
less dispersed for the two families compared to the AE content. This can be explained by
Al originating from a single precursor compound, namely Al.Os, whereas the AE
precursors are incorporated as a mixture of AEF, and AEO species. Moreover, Mg-
containing fibers are found to contain lower amount of Al relative to Ba-containing fibers,
where the opposite trend is observed for the AEs (where AE content is higher for Mg-
containing fibers). Again, Mg-containing fibers were drawn at a higher temperature, caused
by the difficulty in melting MgO, and could result in a lower Al content simply due to

higher drawing temperatures.
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[22]. Note the convergence toward a value of 0.476, which is the optical basicity of

SiOa.

Thus, in Fig. V.10 is plotted the fluorine concentration, relative to its initial content
(At. % ratio) as a function of optical basicity. The optical basicity is calculated assuming
the remaining fluorine is bound as AEF; in the fiber core and the remaining AEs form AEO

species (composition and optical basicity values can be found in Appendix V.7). This
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Fluoride — Oxide transformation will be discussed in greater details in the following
Section. As mentioned earlier, a higher fluorine content should remain in the fiber core
under the effect of an increased optical basicity value. However, no such correlation is
found here. Instead, the data converge toward the value of 0.467, which was taken as the
optical basicity value for SiO.. Furthermore, the Mg-containing fibers, which are
supposedly exhibiting lower optical basicity (and subsequently lower F content) are found
to have the highest F content. Therefore, it is concluded that optical basicity does not play
a determinant, if any, role in these systems with respect to volatilization of fluorine. It is
worth mentioning that the trends observed in Fig. V.10 within data points of a same fiber
are the result of the variation of SiO2 concentration at different fiber length position, but
are not a direct consequence of optical basicity. On the other hand, it has been shown that
the melting temperature of the precursor composition essentially drive the compositional

evolution of F, and AE, and Al.

Parameters/properties that could influence the compositional evolution of the
different constituent of the silicate core were investigated. Nevertheless, additional
information need to be gained regarding the mechanisms that drive fluorine volatilization.
Alumina, coupled with the melting temperature of the precursors, fiber drawing
temperatures and draw time, have a determinant role in fluorine volatilization.
Consequently, it becomes crucial to study the thermodynamics and kinetics of oxyfluoride

systems in order to better understand the underlying mechanisms that drive F volatilization
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and fluoride to oxide phase transformations, but also to gain insight into the structure of

the fabricated fiber glass cores.

V. F. Thermodynamics and kinetics investigation of the oxyfluoride system

The importance of understanding the mechanisms that drive fluoride-to-oxide
transformations is many fold. First, understanding the underlying thermodynamics that
drive fluoride-oxide reactions allow one to better comprehend the structure of the glass and
the nature of the bonds/interactions within the glass network. This is necessary when it
comes to relate structure versus properties, as it will be the principal effort in the following
chapter. Secondly, as fluorine plays a principal role in the magnitude of some nonlinear
optical effects (n, n2, dn/dT), controlling its rate of volatilization during fiber fabrication is
critical. In the interest of this dissertation the SrF2-Al203-SiO2 system will be particularly
investigated, as it has been shown to be one of the most promising system in mitigating
optical nonlinearities. This Section is organized as follow. First, a mixture in the
aforementioned system is analyzed by thermogravimetric analysis (TGA), coupled with a
Fourier Transform Infrared (FTIR) spectrometer, in order to provide insight into the
kinetics of reactions in these systems upon heating. Based on this first effort, heat treatment
of powder mixtures in the same compositional family are performed, and the weight loss
after heat treatment is monitored, and the samples are then interrogated using X-Ray

Diffraction (XRD).
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Thermogravimetric analysis (TGA) was carried out on a 3SrF2-1Al>03 and a 3SrF-
1AI1,03-4SiO; powder mixture to determine the influence of Al,Os and SiO; on the
reactivity of SrF.. The measurements were performed using a NETZSCH STA 449 C
instrument, with a heating rate of 10 K/min from room temperature to 1325 °C, in a
controlled atmosphere of 1N2-10-. The results are presented in Fig V.11a. It is shown that
the non-silica containing powder exhibit an almost null mass loss over the temperature
range investigated, whereas addition of some SiO. for the second powder mixture
correlates with a drastic mass loss above ~1175°C, which also corresponds to the formation
of SiF4 that was monitored by an FTIR coupled with the TGA instrument (Fig. V.11b).
Unfortunately, it was found impossible to monitor the mass and SiF4 content over a larger
temperature region due to the powder fusing with the alumina pan at these temperatures,
which could also potentially damage the instrument. For completeness, 2 other powders,
BaF2-Al>03 and BaF>-Al>0s-SiO», also were studied by TGA and the results can be found
in Appendix V.8. A similar behavior to the presently studied powder was observed, but the

reaction onset was determined to be at ~1075°C, that is, 100 °C lower.

Based on these results, some interesting features regarding these strontium
oxyfluoride systems can be stated. Primarily, Al2Os does not react with SrF», or at least,
does not form volatile species. Therefore, the principal source of fluorine loss in the
systems investigated is due to the formation of SiF4 that occurs when SrF; encounters SiOo.
Furthermore, this sudden reaction has a characteristic onset, where going from absence of

volatilization to ~10 wt% loss within ~200 °C (and ~20 min as a reason of a 10 K/min
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heating rate) for the SrF»-Al,03-SiO powder. Additionally, for both SrF2-containing (Fig
V.11a) and BaF,-containing systems (Appendix V.8), the mass loss as a function of
temperature (in % per °C) can be approximate to be nearly linear as SiF starts to be formed.
That said, the rate for SrF, and BaF2 containing powders would be of ~0.27 and ~0.43
wt.% loss per °C, respectively (or ~0.027 and ~0.043 wt.% loss per min). In other words,
the SiF4 volatilization rate is found to be ~60 % higher for BaF containing mixture than
for SrF> containing mixture. The higher reactivity of BaF, powder correlates with the
previously discussed observation that a lower F content is found in BaF.-derived, as

opposed to SrF.-derived, silicate systems.
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One should note that the temperature used in the fabrication of oxyfluoride fibers,
typically 1925-2000 °C, is much higher than the range of temperature investigated by TGA.
However, it is fair to assume that continuing to increase the temperature would lead to the
formation of more SiF, although formation of other byproducts cannot be ruled out [24],
[25]. To further investigate which components are formed upon heating in this SrF2-Al20s-
SiO2 system, as series of pellets in the 2SrF,-1Al,03-1SiO2 molar composition were
fabricated (10 mm diameter and 2 mm thickness, ~0.3 g per pellet) with the help of a
uniaxial floor press. These fabricated pellets were then heat-treated for one hour at different
temperatures (1300 °C, 1400 °C, 1500 °C) in a tube furnace, and in air atmosphere (as it
will be done during the draw process where the core materials are not in a close
environment, see Fig. V.1b). A higher temperature would cause the pellets to fuse with the
Pt foil substrate on which they are deposited in the furnace, and therefore no trial at higher
temperature than 1500 °C was attempted. The pellet masses (in wt%) as a function of heat-
treatment temperature is displayed in Fig. V.12. As the pellet is heated and the temperature
increased, a decrease in the sample masses is observed, and this up until 1400 °C above
which it stabilizes. This decrease in mass is expected due to the formation of SiF4 species,

as observed with TGA data.
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Each heat-treated pellet is then studied by XRD using a Rigaku Ultima IV x-ray
diffractometer, with Cu K, radiation (A\=1.5408A) as the x-ray source. The scan speed was
set to 0.7 deg/min and the 2-theta scan range was from 10 to 80 deg. The objective of this
XRD analysis is to determine the formation of new phases upon heat treatment, and,
therefore, to best understand the chemical reactions that lead to SiF4 volatilization. It is
worth mentioning that for this study, a SiO,-quartz precursor material was used instead of

SiO2-glass, in the goal of determining phases more easily with XRD. In Fig. V.13, the XRD
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patterns are reported. First, the XRD pattern for the “initial” sample, that is, the standard
sample, is a combination of SrF., Al,O3 (corundum) and low a-quartz (SiO2). More
information regarding the attribution to the peaks can be found in Appendix V.9. For the
benefit of the reader, it is worth mentioning that the principal peaks at 26.57°, 44.12°, and

52.27° are attributed to SrF».
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Figure V.13. XRD pattern for 2SrF2-1Al203-1SiO2 heat-treated pellets at different
temperatures and for 1h. The reader is referred to Appendix V.9 for more details

concerning peak attribution.
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Table V.5 summarizes the phases detected for each characterized pellet.
Interestingly, it is found that the formation of strontium fluoro-alumino-silicate phases
predominates (SrsAl18Si20O37, Sr2SiAl207, SrSi>Al.0g) with some remaining SrF (and, less

obviously, Al203 and SiO»).

Table V.5. Phases detected with XRD analyses for 2SrF2-1Al203-1SiO2 (molar ratio) pellets

heat treated at different temperatures for 1h.

Pellets Phases detected?® ¢ Potential additional phases® ¢
Initial (non heat-treated) SrF2- Al203- SiO2 -
1300 °C SrF2 - SreAl1sSi2037 - Sr2SiAl207 SrSi2Al20sg - SiO: - Al20O3
SrSi>Al20g - SiO2 - Al20O3
1400 °C SrF2 - Sr2SiAl207 - SreAl1sSi20s37
0-SraAl207 - Sr3Al206 - SrAl204
1500 °C SrF2 - Sr2SiAl207 - SreAl18Sio037 - SrSi2Al2Os a-SrsAl207 - SrsAl20s - SrAl204

2 Phases clearly observable in the XRD pattern.

b: Some of these phases may be present, but the complexity of the XRD pattern does not allow for a definitive answer.

¢ SrF2 (PDF card No. 00-006-0262), SiO2 quartz low (PDF Card No. 00-005-0490), Al.Os Corundum, synthetic (PCPDF
46-1212), SreAl18Si20s7 (PCPDF 10-0025), Sr2Al>SiO7 (PDF Card No. 00-038-1333), SrAl:Si.Os (PDF Card No. 01-
070-7145). Potential other phases are a-SraAl207 (PCPDF 28-1204), SrsAl,Os (PCPDF 24-1187), and SrAl.04 (PDF

Card No. 00-034-0379).

Interestingly, at higher temperature, many potential strontium aluminate phases are
detected. It should be remembered that, as the mixture is heated, formation of SiF4
(associated with the weight loss) depletes the mixture from its initial SiO2, and
consequently favoring the formation of aluminates at the expense of aluminosilicates.

Moreover, no strontium fluoro-silicate (SrwSixFyO;) nor strontium fluoro-aluminate
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(SrwAlxFyO;) phases were detected. SrF> is found to be oxidized in contact with SiO and
Al>O3z, forming a strontium aluminosilicate (SrwAlxSiyO;), and the remaining fluorine is
found as SrF.. If the draw temperatures used in the previous studies were in the 1925 °C -
2000 °C range and the composition ratio different, it was previously suggested than F

remains attached to Sr during the draw. The XRD experiments also favor this hypothesis.

As has been observed, the initial oxyfluoride composition of the studied mixture
(2SrF2 — 1Al>03 — 1SiO2 in molar ratio) is progressively transformed into an oxide
composition. The principal phases formed during heat-treatment, reported in Table V.5,
are shown on a ternary SiO2-SrO-Al203 phase diagram, taken from [26]. This diagram is
reported in Fig. V.14. The arrows in Fig. V.14 are guide-to-the-eyes and show the paths
taken during heat-treatment and the formation of new phases, as previously discussed, at
higher temperatures and as the system evolves over time. If some weak signal for
SrSi>AlOg were detected for the pellets heat-treated at 1500 °C for 1 hour, the main phases
formed were principally SreAl1gSioO3z7 at 1300 °C, and progressively shifting toward
SrSiAlbO7 at 1400 °C and 1500 °C. Finally, although less apparent in the XRD
diffractograms, the presence of some strontium aluminates at 1400 and 1500 °C is likely.
Again, these phase transformations are consistent with a decrease in SiO, content over

time.
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From the many phases formed and identified above, some potential equations that
drive the SrF, transformation mechanisms can be determined (and assuming only SiF4 is

formed):
2 Al,03 + 5 SiO2 + 2 SrF2 = SrAlSi20g + SiFs (5.1)
9 AlL03 + 5 SiO2 + 6 SrF2 = SrsAl18Si2O37 + 3 SiFs (5.2)
Al,O3 + 2 SiO2 + 2 SrF2 = Sr2AlLSiO7 + SiFs (5.3)

By knowing the initial SrF2-Al.O3-SiO; ratio and considering each reaction to be
complete, it is possible to calculate the theoretical weight loss resulting from formation of
SiF4. Hence, theoretical losses for Eqgns. 5.1, 5.2, and 5.3 are 6.0 wt. %, 9.0 wt. % and, 12.6
wt. %, respectively. From Fig. V.12, the weight loss plateaus around 9 wt. %, which is

consistent with Eqgn. 5.2 (and corresponds to the phase primarily form at 1300 °C).
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Figure V.14. SrO-Al203-SiO2 ternary diagram taken from [26] (and given in wt%b).
The phases detected by XRD (Table V.5), which are in the strontium aluminosilicate
system, are reported here. The arrows are guide-to-the-eye to show the phase
transformations that occur upon heating as the SrF2-Al203-SiO2 system is

progressively transformed into a SrO-Al203-SiO2 system.

Additionally, from the initial composition and assuming complete reaction through
Egn. 5.2, the final composition (in mole %) is 33.33 % SrF, - 11.11 % SiO> - 2.78 %
SrsAl18Si>037 - 8.33 % SiF4. The remaining SrF: is easily detectable with XRD. An attempt

was made to analyze the pellets pre- and post- heat treatment with EDX. Unfortunately,
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compositional analysis on the pellets was found challenging. The silica, and to a lesser
extent, alumina powders, are difficult to shape (i.e., pressed into pellets). Thus, when
crushing the powder mixture (necessary to provide good homogeneity) in a mortar and then
pressing it into pellets, the SiO2 and Al>Os particles tend to be embedded/encapsulated by
the softer SrF> powder. Therefore, an EDX compositional analysis is strongly affected,

which, in turn, prevents a trustworthy analysis.

Based on previous observations, one may expect the fluorine to be entirely removed
from the system in a fiber core system, as the precursor materials typically spend between
30 to 60 mins at 2000 °C, which is contradictory to the observations, since in each fiber
drawn, there exists some remaining fluorine in the core. However, the initial mixture
inserted in the capillary does not contain any silica, and, as seen before, Al2O3 does not
lead to fluorine volatilization when in contact with SrF,. Therefore, it is easy to imagine
the fluorine at the core center not to be physically in contact with any silica during the
heating process (at least for some time), preventing the fluorine from volatilizing. Based
on this simple argument, surrounding SrF2 by an “inert material” (i.e., which does not react
with it) such as alumina, hinders the reaction between SrF; and SiO; as SrF; is surrounded
by this “non-reacting” material. Another possible reason that can impact the prevention of
fluorine volatilization during fiber drawing when alumina is added into the core
composition is its ability to increase the melt viscosity [23], and could, in turn, decrease

the rate at which silica gets incorporated from the cladding into the core.
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Another study was performed by analyzing a heat-treated pellet in the binary SiO2-SrF>
system, in order to provide further information on the reactivity of SrF, with SiO> only,
without any Al2Os. An initial molar ratio of 2SrF,-1SiO2 was originally chosen, as the
widely-accepted reaction between SiO2 and AEF; (and specifically recast here for SrF», as
it is typically given for CaF2) that governs SiF4 volatilization is given as follow [11], [16],

[17], [27]:
SiO2 + 2 SrF2 = 2 SrO + SiF, (5.4)

where SrO is in a “molten state or slag”. Therefore, the initial ratio is chosen to maximize
weight loss (33.3 wt.%) based on initial ratio and assuming reaction is complete. From
previous TGA experiments, it is known that the reaction between SrF; and SiO; starts at

~1175 °C.

Therefore, a pellet is heated to 1300 °C for 120 min and analyzed under XRD (and
compared to a non-heat-treated powder for reference). The XRD patterns are displayed in
Fig. V.15. For the non-heat-treated sample, SrF, and SiO> are detected as they are initial
precursor materials. Post-heat treatment, SrSiOz is formed, and possibly some [3-Sr2SiO4
(not shown here for clarity but peak positions can be found in Appendix V.9). Note also
that some SrF» and SiO2 remains, and no SrO, nor strontium fluoro-silicates (SrwSixOyF;)

were detected post heat-treatment.
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Figure V.15. XRD patterns for two 2SrF2-1SiO2 powder mixtures: One is a non-heat-
treated mixture (bottom), the other is heat-treated at 1300 °C for 120 min. Peak
attribution: In red is SrF2 (PDF card No. 00-006-0262), in purple is SiO2 quartz, low
(PDF Card No. 00-005-0490), and in orange is SrSiO3 (PDF card No. 00-006-0415).

Another secondary phase, p-Sr2SiO4, may potentially be present (Appendix V.9).

Additionally, weight loss for the heat treated SrF>-SiO. sample gave ~6.0 wt% loss,

which is very far off the 33.3 wt% loss expected based on the reaction stoichiometry

typically described in literature. Now, considering the reaction between SrF; and SiO> to
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be complete and forming exclusively SrSiOs (as it is the principal phase detected), the

following reaction is obtained:
3 SiO2+ 2 SrF>=2 SrSiOz + SiF4 (5.5)

The calculated theoretical weight loss due to SiF4 volatilization would be of 11.1
wt.%, which is a significantly lower than the 33.3 wt.% expected from Eqn. 5.4.
Additionally, if Eqn. 5.5 was taken to completion, there should be no SiO: left, as all of it
should have reacted to form SiFs. However, some remaining SiO> post heat treatment is
detected, which suggests the reaction was not complete. This can also explain the lower
mass loss observed relative to the expected theoretical value (6.0 wt.% instead of 11.1
wt.%). Furthermore, a pellet of the same composition and heat treated with identical
condition as before (2 hours at 1300 °C) was made, but the SiO2 quartz used previously
was substituted by pristine silica glass that was crushed into powder. The weight loss post
heat treatment was of ~8.3 wt%. This value, slightly higher than in the case of SiO quartz
being used, stays within the same range and therefore the observations made using SiO>
quartz powder are also valid to SiOz glass. The differences in wt. % loss can arise from
different thermal behavior between glass and crystal. Complementarily, due to the pellet
progressively fusing against the Pt crucible foil as time is increased, no further attempt at
higher temperature and longer time was tried. XRD experiments have shown that SrF, will
progressively react with SiO> to form either aluminosilicates or silicates depending on the
system considered, with F remaining attached to Sr as in “SrF2”. Moreover, as SiF4 is the
principal gaseous species formed as the fluoride-oxide mixture reacts, its partial pressure

can be estimated at a given temperature and pressure and for a given system. Hence, the
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evolution of partial pressure for the SrF>-SiO2 system is investigated as a function of
temperature, due to its simplicity, compared to SrF.-Al,03-SiO. system, which can be
driven by numerous reactions. The thermodynamic systems are considered open in air (as
it is inside the silica capillary preform) and at atmospheric pressure (1 bar). From
thermodynamics database (JANAF tables and [28]), the standard Gibbs free energy of
formation for Eqn. 5.4 and Eqgn. 5.5 are calculated for different temperatures and reported

in Table V.6.

Table V.6. Gibbs free energy of formation (kJ/mole), at 3 different temperatures for

two possible reactions involving SiO2 and SrF.

300 K 900 K 1300 K
Reactions

AGP p(SiFa)° AGP p(SiFa) AGP P(SiFa)®

SiO2+ 2 SrF2=2 SrO + SiFa 489.681 5.44x10-% 385.886  4.01x102 324.067 9.51x10

2 SrF2+ 3 Si02=2 SrSi0s +
227.841 2.13x1040 123.79 6.53x108 63.447 2.82x103
SiF4

& In kdJ/mol

b: In bar

AGt evolution as a function of temperature is found to be linear over the 300K-
1300K for both reactions. Therefore, AGt (kJ.mol™) for reactions 1 and 2 as a function of

temperature (in K) can be estimated such as

AG (Sr0 + SiF,) = —0.1662 x T + 538.38 ki/mol  (5.6)

AG, (SrSi0s + SiF,) = —0.1651 x T + 275.95 ki/mol (5.7)
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and the partial pressure of SiF4, for each system, is given as:

P(SiFy) = K = exp(—), (5.8)

as reported in Table V.6. Using Eqn. 5.8 the p(SiF4) is determined for the two reactions
and its evolution as a function of temperature (in °C for convenience) is reported in Fig.
V.16. Here the activities of the species are assumed to be equal to 1. Interestingly,
performing the calculation for Eqn. 5.4 results in very low values of partial pressure, and
is not satisfactory to explain the volatilization of fluorine in these systems. On the other
hand, the second reaction (formation of SrSiOs) shows a drastic increase of p(SiFs4) as
temperature exceeds ~1100°C, which correlates very well with the characteristic onset for

the weight loss previously observed by TGA (Fig. V.16).
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Figure V.16. Evolution of the partial pressure of silicon tetrafluoride (SiFs4) as a

function of temperature (°C) for two reactions (Eqn. 5.4 and Eqn. 5.5) involving SrF2

and SiO2. The weight loss for SrF2-Al203-SiO2 from previous TGA experiment is also

displayed; note the correspondence between the increase of p(SiF4) for Eqn. 5.4 and

the sample mass decrease observed by TGA.

This simple, yet informative, thermodynamic study provides some insights into the
nature of the reactions encountered by the precursors in contact with the silica during the
fiber draw. Interestingly, the stoichiometric reaction commonly utilized to described SiF4

volatilization (Egn. 5.4) is contradictory to herein observations from weight loss
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measurements, XRD analysis and thermodynamics investigation. The formation of
silicates as in Eqn. 5.5 better describes the mechanisms of fluoride-oxides interactions.
This has also been reported for LaFz interaction with SiO> glass to form LaxSi.O7 [29],
[30], and suggests these conclusions can be valid for a multitude of oxyfluoride systems.
This is of considerable importance as the transformation Fluoride — Oxide reactions found
to drive the systems investigated in this dissertation show drastically different

stoichiometry and byproducts.

However, the kinetics and thermodynamics of oxyfluoride melts are function of
their compositions or their temperatures, but are also influenced by the drawing process,
as it has been shown that core compositions evolve over time. A good illustration of the
complexity of multicomponent oxyfluoride systems is their local structure; fluorine can
bond with almost all glass constituents and in different proportions, forming Al-F, Si-F,
and AE-F bonds [31]-[35] or more complicated complexes as described in [36]. Also, it is
worth mentioning that the structure of the glass is a function of its fictive temperature [37].
Therefore, in an effort of better comprehend the local structure environment and get further
insights on the nature of the oxyfluoride glass fiber cores fabricated, a Raman spectroscopy

study is carried out and reported in the next Section.
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V. G. Structural investigation by Raman spectroscopy.

Details regarding the local arrangement of the glass structure in the various
oxyfluoride fiber systems can be investigated using Raman Spectroscopy. Unpolarized
Raman spectra of the fiber core materials were obtained using a commercial Raman
microscope (alpha300, Wiltech) in a backscattering geometry, utilizing a 532 nm pump
source with a focused beam diameter of about 1 um and a photon collection time of 120 s
per datum. Each Raman spectrum was taken at the core center for each fiber, and direct

observation of some typical features in these oxyfluoride systems can be made.

First, the influence of alumina on the scattering bandwidth is studied, with the help
of fibers in the SrF2-Al203 initial precursor composition system, but with various SrF; to
Al>Oz ratios (1:1, 3:1, 9:1, see Table V.7). Second, the effect of the AE (Ca vs. Sr vs. Ba)
in the glass structure is investigated, by comparing three fiber segments of very close
compositions, but with different AEF; initial precursor compounds (3AEF2-1Al,03 series
in Table V.7). Third, an oxyfluoride vs. all-oxide fiber segment (1SrF2-1Al,03 vs.
0.625SrO-1Al,0z3) is studied to better comprehend how oxyfluorides glass systems
differentiate from their oxide analogs. Finally, Yb-doped strontium oxyfluoride glass cores
developed to study their optical properties in Chapter VI are investigated here to determine
the relationship between fractional nonbridging oxygens (NBOs) that exist in the molten
core fabricated glasses and their corresponding characteristic Raman peak intensity

strength.
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Table V.7. Compositional analysis (at core center, EDX) of different fibers used to study

Raman spectroscopic features of the oxyfluoride systems.

Fiber segment Taraw(°C) [AE] [Al] [Si] [O] [F] [AEV[AI]
1SIF2-1A1,03 2000 2.2 7.2 25.3 63.6 18 0.31
3SrF2-1A1,05 2000 3.0 2.1 28.7 63.5 2.7 1.43
9SrF2-1A1:03 2000 45 0.9 28.8 63.4 25 5.00
3BaF2-1Al:03 2000 35 2.6 28.0 63.4 2.4 1.35
3CaF2-1Al:0s 2000 35 2.2 28.3 63.4 26 1.59

0.625Sr0-1A1,03 1925 3.0 105 225 63.9 - 0.29

The Raman spectra, for a series of SrF2-Al20z3 initial precursor materials, with a
varying SrF to Al,Os ratio, are displayed in Fig. V.17, this along with the Raman spectrum

of fused silica, which is taken in the cladding of 1SrF2-1Al>O3 fiber segment.

Typical features have long been identified for fused silica [38]-[40]. The main peak
at ~440 cm is attributed to Si-O-Si stretching modes. Peaks at ~490 cm™ and ~600 cm™
correspond to the so-called defect lines, and other features, at ~800 cm™ (bending modes
of Si-O bonds), 1060 cm™ and 1200 cm™ (associated with some asymmetric and symmetric
stretching vibrations) are also present. In the systems investigated, there is a decrease in
the magnitude of the typical features of the silica network (such as ~440 cm™ and ~800
cmY). This result is expected as the amount of SiO; is lower in the fiber core than in the

cladding, and therefore its characteristic features are less pronounced.
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Figure V.17. Raman spectra for a series of strontium fluoro-alumino-silicate core
materials with different initial precursor composition ratio of SrF2 and Al2Os. The
fused SiO2 spectrum taken from the cladding of one fiber (1SrF2-1Al203 fiber

segment), as a reference.

For each fiber, one can observe the appearance of peaks in the 850-1250 cm™ region
(high frequency region). In silicate glasses, the characteristic features at ~1200 cm™,
~1100 cm?, ~950 cm™?, ~900 cm™* and ~850 cm, are associated with the formation of
0,1,2,3, and 4 nonbridging oxygens (NBOs) per unit silica tetrahedron, respectively [38].

The high frequency features, again from ~850 cm to 1250 cm™ are very different for each
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fiber and are a strong function of the Sr/Al ratio (see last column of Table V.7). A high
Sr/Al ratio gives rise to very pronounced and resolved peaks. These features are very
similar to those found in [41] for binary SrO-SiO2. When the ratio is decreased, these
scattering bands are also strongly decreased, as they correlate to a lower AE content and a

higher Al content.

Typical features found in aluminosilicate systems are reported such as, i)
“smoothening” of the peaks when alumina gets incorporated into the glass system[42]—
[44], ii) the peak centered at ~800 cm™ for fused silica is reduced and shifted to lower
frequencies, and scales, as expected, with the amount of SiO; in the glass system [38], [45],
and iii) the line defect at ~600 cm™ is found to disappear with the addition of alumina (3-1
and 1-1 ratios) and is coupled with the appearance of a shoulder around ~550 cm™ [46].
However, in the 9-1 ratio fiber, this peak is still observable and there is an increase of the
scattering intensity at ~550 cm™L. This shoulder cannot be attributed to Al,Os3 as its content
is substantially lower than from the 3-1 and 1-1 ratios, but is similar to what is observed in
binary BaO-SiO> [43]. It should be mentioned that the features in the high frequency
regions for binary BaO-SiO> systems in [43] resemble to the ones of the 9-1 ratio fiber
segment, with a main peak around 1075 cm™ and another one at 950 cm™, which are
characteristic of silica tetrahedral units with one and two NBOs, respectively. These
observations are direct evidence that the oxyfluoride systems considered are dominated by

an “oxide like” structure. This is somewhat expected as [O]>>[F] (see Table V.7).

229



L I A I R BN R B B

10k Fused SlO2 ]
o ——3BaF-1AL,0, |
= ——3SrF -1ALO, |
30-8 i ——3CaF,-1A1,0,
> L
= |
Pos | i
q) N
-t
< I
Ol i
S0.4
N [
© I
o2 :
o L
Z R

001 | f f f | 1 f f 1 f f | | |

200 400 600 800 1000 1200 1400

. -1
Frequency shift (cm )
Figure V.18. Raman spectra for a series of alkaline earth (Ba, Sr, Ca) fluoro-alumino-

silicate core materials, along with a fused SiO2 spectrum taken from the cladding of

one fiber (1SrF2-1Al203 fiber segment, Fig. V.17), as a reference.

In order to study the influence of the alkaline earth cation on the glass structure, 3
fibers were considered, drawn in the same conditions (2000 °C, in a 3x30 mm silica
preform, powder packed) with the same 3AEF; to 1Al>0s ratio but with different AEF
species (i.e., BaF., SrF, and, CaF,). Each Raman spectrum, taken at the core center of the

fiber segments investigated, is presented in Fig. V.18, with again, the spectrum of fused
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silica as a reference. The elemental composition at the core center for each fiber can be
found in Table V.7.

First, the features described in Fig. V.18 for SrF.-derived fibers are generally valid
for the two other AEF: (i.e., CaF2, and BaF2) species studied here. In the high frequency
region, the peaks, characteristic of the formation of NBOs, are similar to 3SrF,-1Al203
fiber segment, with some minor variations primarily attributed to the small concentration
variations, which is discussed below. These observations are in agreement with [41] for

BaO-SiOz, SrO-SiO, and CaO-SiO; systems.

Nevertheless, some interesting differences arise from comparing AEF; species. The
features attributed to silica for the BaF>-derived aluminosilicate segment (e.g., the main
peak centered at 440 cm™ in Fig. V.18) are reduced compare to the others, and this with a
similar AE, Al, and, F content. This is consistent with observation made in binary alkali
silicate systems [47] where addition of heavier cations tend to favor this effect. In the same
paper, it is noticed that the main silica peaks are broader for small alkali cations, and this
is also observed for the alkaline earth family. Moreover, the convoluted peaks in the high
frequency region, again attributed to NBOs, become broader and shifted to lower frequency
as the cation field strength (CFS) increases (going up the Group Il on the Periodic Table).
This observation is consistent with [48] (Fig. V.19, Chapter V), and is attributed to the

formation of silicon tetrahedral with 0 and 2 NBOs, instead of 1.
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It is clear, based on the Raman spectroscopic data, that the features correlate very
well with all-oxide systems. However, the core materials investigated have a non-
neglectable amount of F, and some characteristic features should arise from this containing
F. To further study and identify the effect of F on the Raman scattering bandwidth, 2 fiber
segments are compared to each other: the 1SrF.-1Al>03 fiber segment from above, and a
0.625SrO-1Al,O3 fiber segment (with elemental composition reported in Table V.7), from
[4]. Their Raman spectra are reported in Fig. V.19a. First, it should be noted the similar
features exhibited by the two systems. The lower magnitude of the main silica peak at ~440
cmtin the SrO-derived fiber is due to its lower Si content, and its relatively higher alumina
content also dictates the evolution of the other peaks as already detailed above. Note that
for both fiber segments, Sr/Al content is somewhat close (0.31 vs. 0.29), which also explain
generally similar features. In Fig. V.19b, a magnification on the low frequency region (up
to 600 cm™?) for these two core materials is displayed, along with the spectra of the
crystalline powders SrF», SrO, and, SiOz quartz. It is worth mentioning that peak intensities
for the crystalline powders are not normalized. Interestingly, one should note each powder
exhibits a multitude of different peaks which may explain the fine variations in intensity in
the 100-500 cm™ region. Additionally, the small increase in the peak intensity centered at
~275 cm for the SrF.-derived fiber, not present in the SrO-derived one, may be the
signature of Sr-F bonds. The peak intensity attributed to Sr-F bonds is shifted to lower
frequency with respect to the peak of the SrF> powder sample; this is expected as an

increase of temperature results in a shift of this peak as observed in [49]. Note that the peak
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bandwidth also increases as temperature rises [49], which renders observation of Sr-F bond

characteristic peak even more challenging.

Complementarily, in [50], the substitution of CaO with CaFz in SiO- is found to
increase the scattering intensities of the peaks centered at 1075 cm™ and 600 cm™, and to
decrease to one around 900 cm™. In [51], the investigation of, again, a CaO-CaF2-SiO2
system, shows only slight modifications in the features. Specifically, in Fig. 2 of [51], the
changes that follow substitution of CaO for CaF. are not a strong function of CaF:
concentration. Therefore, it is difficult to attribute any other contribution to the scattering
bandwidth to AEF,, this added to the multicomponent nature of the glass systems
investigated. Finally, if F was bonded to Si to form Si-F bonds, a peak should appear around
945 cm™ [52]. If here there is no direct observation of this peak, the strong overlap with
other peaks does not allow to draw definitive conclusion regarding this possibility. For
completeness, in [53], astudy on oxyfluoride aluminosilicates shows that addition of SrO
into a LaFs containing aluminosilicate melt would lead to the formation of some Sr-F
bonds. In [54], the same authors also concluded that fluorine was preferentially bonded to

the alkaline earth (i.e., Sr).
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Figure V.19. a) Raman spectra for 2 fiber segments: One is a 1SrF2-1Al20s-derived
fiber, the other is a 0.625SrO-1Al20s-derived fiber, taken from [4]. The spectrum of
SiOz2 is given here as a reference. b) Magnification on the 50 to 600 cm™ frequency
range. Additionally, added are the Raman spectra for 3 crystalline powders: SrFz,

SrO, and SiO2 quartz.
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Raman spectra of a series of Yb-doped strontium aluminosilicate fibers, fabricated
in order to study their optical properties (following Chapter), is reported in Fig. V.20a. In
Fig. V.20b, the Raman intensity of the peak characteristics of NBOs, centered at ~1050
cm?, is plotted as a function of the theoretical fraction of NBOs, f(NBOs) in the glass core.
f(NBOs) is calculated with the assumption that only the SrO contributes to the formation
of NBOs. Both Yb203 and Al.Oz are considered as intermediates and consequently
participate to the glass network [55]-[57] in these silica rich glasses. As discussed
previously, formation of Sr-F bonds is expected to contribute to the scattering cross section
at a frequency of ~275 cm™. Therefore, it does not contribute to an increase of the ~1050

cm™ peak intensity.

Calculation of f(NBOs) for the aforementioned fiber core glass compositions is
performed with two differing assumptions:

1) Fis exclusively bound to Sr as in SrF,, and the remaining Sr is bound to O, as in
SrO. The glass results in an admixture of SrF> + SrO, additionally to SiO2, Al>,O3
and, Yb2Os.

2) Sr is considered exclusively bound to the oxygen, therefore forming “SrO”
compound only (i.e., no SrF2). This postulate is equivalent to estimate that core

compositions are fluorine-free, and would contain SrO, SiOz, Al,Oz and, Yb20:s.
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Figure V.20. a) Raman spectra for a series of Yb-doped fluoro-alumino-silicate glass
optical fibers. b) Intensity of the Raman peak associated to the formation of NBOs
(centered around 1050 cm?) as the theoretical fraction of the fraction of NBOs in the
glass core (at the core center), for 2 different assumptions; i) assuming F is bound to
Sr, forming SrF2, and the remaining Sr is attached to O, forming SrO (in orange) and
ii) assuming all the Sr is bound to O, forming only SrO (in purple) and considering

the glass contains no fluorine.

236



The calculated f(NBOs) vs. characteristic Raman peak intensity of the ~1050 cm™*
peak is reported in Fig. V.20b. A correlation between the increase of the ~1050 cm™ peak
intensity and f(NBOs) when an admixture of SrF> + SrO (i.e., firt assumption) is clearly
observable. However, assuming only SrO (i.e., no SrF>) in the glass leads to uncorrelated
data. As the trend expected is an increase of the Raman peak intensity as NBOs content
increases, considering an admixture of Sr-F and Sr-O bonds in the glass is satisfactory. The
results are consistent with the previous findings of this Chapter which suggests F to

preferentially bond with Sr in the glass.

Finally, based on the previous findings, the incorporation of SrF; into the silicate
glass network is expected to be similar to what is proposed for CaF. incorporation in [58]

(Fig. 6), which is reported here (Fig. V.21) for the benefit of the reader.

/O\"éi/o\sr..jm\; /Oﬁ”‘éi/o\sﬂin?“

P °o /cl’ (Le h
ca® CaF, car®
T NP

\O§Si\o/ SL%O/ o “S!\o/ Li”'z\o/

s
) v/
Figure V.21. lllustration (taken from [58]) of the effect of CaF2 incorporation into the

silica network, and how it is expected to modify the structure. SrF2 is believed to

modify the network similarly.
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V. H. Conclusion

In this Chapter, the fabrication of oxyfluoride core and silica cladding glass optical
fibers, using the molten core method, has been described. AEF,-derived silicate and
aluminosilicate fibers have been fabricated, and the role of alumina and drawing
temperature on the glass stability, along with the compositional evolution of dopants during
fiber drawing, was discussed. It has been shown that the principal mechanism of fluorine
loss was through the formation of the volatile SiF4 species, and that multiple factors could
play a role in its rate of volatilization, e.g., initial amount of alumina in the precursor
composition, the nature of the AEF, compound, but also the drawing conditions. On the
other hand, optical basicity was found not to be a key property as it comes to retain more
fluorine into the fiber glass core. In addition to a better understanding of the dynamics of
fluoride-oxide reactions in the context of fiber processing, it has been suggested that the
AEF; partially transforms into an oxide (aluminosilicate and/or silicate), but the remaining
fluorine in the core glass remains dominantly bound with AE, as in AEF,. If it is found
valid for SrF, containing initial precursors in the range of temperatures and compositions
investigated, the complexity of multicomponent systems should be kept in mind and the

nature of fluorine bonding in oxyfluorides is a topic of continuous study.

In the next Chapter, optical properties of AEF>-derived aluminosilicate systems are

investigated, with a specific focus on SrF2-containing systems.
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V. I. Appendices

Appendix V. 1. Evolution of dopant concentrations over draw length
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Elemental concentration (At. %) as a function of draw length (taken at the core center

of each segment analyzed). Not shown for reasons of clarity is the oxygen

concentration, %0. However, %0 (At. %) = 100 — [%F + %Sr + %Al + %Si].
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Appendix V. 2. Evolution as F/Sr and Al/Sr ratios over draw length
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At. % ratio F/Sr (orange) and Al/Sr (green) content at the core center for a pressed
pellets 3SrF2-1Al20s initial precursor composition mixture drawn in a 3x30 mm silica

capillary preform at 2000 °C.
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Appendix V. 3. Evolution core diameter as a function of draw length and Si content

20F -
L & Pellets
L e Powder
| @
T 15} 1
2 L
I L
£ o o
% I <& o
o 10k -
/o) L Ce
(&} | o
°
I O
°
L ° <>
5 C 1 1 1 1 1 ]
25 26 27 28 29
Si content (At. %)
20 T T T T T T T T i
L& <& Pellets
L e Powder
| ®
€ 15 .
= L
8 L
[0
£ r &
S I &%
o 10 -
5 | o %
(&} | o0 &
°
I O
°
L ° <>
5 1 1 1 1 1 " 1 ]
0 200 400 600 800 1000

Draw length (m)

Core diameter (um) as a function of draw length (m) and Si content (At. %) for two

fibers having the same initial precursor composition (3SrF2-1Al203) and drawn into

3x30 mm silica capillary preforms at 2000 °C, but with one precursor being powder

packed (“Powder”) and the other being pellet pressed (“Pellets”).
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Appendix V. 4. Drawing temperatures, fiber positions, and elemental compositions of
various oxyfluoride fibers

At. % ratio (relative to
Initial precursor Taraw | Segment Elemental composition (in At. %)
initial precursor)
composition (°C) position

[AE] | [A] | [F] | [O] | [Si] | [AE] | [A]l | [F] | [O]

1Al203-3CaF2 2000 | Beginning | 5.70 | 3.60 | 7.80 | 59.00 | 23.90 | 0.266 | 0.25 | 0.18 | 2.75
1Al203-3CaF2 2000 End 3.50 | 220 | 2.60 | 63.40 | 28.30 | 0.16 | 0.15 | 0.06 | 2.96
1Al203-3SrF2 2000 | Beginning | 4.70 | 3.20 | 8.80 | 58.60 | 24.70 | 0.22 | 0.22 | 0.20 | 2.73
1Al203-3SrF2 2000 End 298 | 211 | 2.72 | 6351 | 28.68 | 0.14 | 0.15 | 0.06 | 2.96
1Al203-3BaF: 2000 | Beginning | 4.80 | 3.80 | 7.60 | 59.40 | 2440 | 0.22 | 0.27 | 0.18 | 2.78
1Al203-3BaF: 2000 End 3.50 | 260 | 240 | 63.50 | 28.00 | 0.16 | 0.18 | 0.05 | 2.96

1Al,03-1.5SrF>-
2000 | Beginning | 4.7 2.9 4.0 62.0 | 26.40 | 0.22 | 0.20 | 0.09 | 2.9

1.5CaF2
1AI1203-1.5SrF>-

2000 End 40 | 22 | 25 | 63.0 [ 2830 | 0.19 | 0.15| 0.06 | 2.9

1.5CaF2
1Al203-3SrF2 1925 | Beginning | 4.03 3 6.51 | 60.48 | 25.08 | 0.19 | 0.21 | 0.15 | 2.82
1AI1203-3SrF2 1925 End 288 | 234 | 2.46 | 63.68 | 27.22 | 0.15 | 0.17 | 0.13 | 2.87
1Al203-1MgF2 1925 | Beginning | 3.5 7.6 5.7 605 | 2270 | 0.28 | 0.30 | 0.23 | 1.61
1Al203-1MgF2 1925 End 2.5 5.5 4.3 62.0 | 2570 | 0.20 | 0.22 | 0.17 | 1.65
1Al203-1CaF2 1925 | Beginning | 3.68 | 7.21 | 6.3 | 60.04 | 22.77 | 0.29 | 0.29 | 0.25 | 0.29
1Al203-1CaF2 1925 End 364 | 728 | 42 | 6144|2344 029 |0.29 | 0.17 | 1.64
1Al203-1SrF2 1925 | Beginning | 3.7 83 | 9.15 | 58.05| 20.80 | 0.30 | 0.33 | 0.37 | 1.55
1A1203-1SrF2 1925 End 22 | 72 18 | 635 | 2530 | 0.18 | 0.29 | 0.07 | 1.69
1Al203-1BaF: 1925 | Beginning | 4.42 | 8.25 | 10.52 | 56.8 | 20.01 | 0.35 | 0.33 | 0.42 | 1.51
1Al203-1BaF2 1925 End 343 | 6.27 | 1.65 | 63.38 | 25.27 | 0.27 | 0.25 | 0.07 | 1.69
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Appendix V. 5. Evolution core diameter as a function of draw length and Si content
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different fibers have the following initial precursor compositions (molar ratio): 3SrO-
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Appendix V. 6. Relative alkaline earth content as a function of relative fluorine
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Appendix V. 7. Positions, compositional analysis and optical basicity calculation of

various oxyfluoride fibers

Elemental composition (At. %) and compound composition (mole %, assuming

fluorine being attached to AE) for a series of BaF2-BaO-Al203 and MgF2-MgO-Al203

derived silicates optical fibers, along with the optical basicity calculated from

compound composition.

0.2MgO-
08MgF2'

1AI,0;

1000

2.395

3.26

5.64

25.665

63.045

3.77

6.50

8.88

Position Compound composition (mole Optical
Elemental composition (in At. %)
Initial precursor for each %) Basicity
composition draw (in
oy [F] [AE] [Al] [Si] [O] | AEF, | AEO | ALO; | SiO, A
0.5MgO-
0.5MgF>- 1010 0.56 3.14 4.54 27.27 | 6449 | 0.86 | 875 | 6.95 | 83.45 | 0.47577
1A1,0,
0.5MgO-
0.5MgF>- 760 1.695 | 3.545 4.98 26.25 | 63525 | 2.63 | 836 | 7.71 | 81.31 | 0.47142
1A1,0,
0.5MgO-
0.5MgF>- 510 3.32 3.82 5.635 | 24985 | 62.24 | 525 | 6.83 | 891 | 79.01 | 0.46446
1Al,0;
0.5MgO-
0.5MgF>- 260 4.85 4.815 742 | 22325 | 6059 | 7.86 | 7.75 | 12.03 | 72.37 | 0.45695
1Al,0;

80.85

0.46693

0.2MgO-
08Mng-

1AI;0;

750

4.27

3.615

6.375

24.185

61.555

6.89

4.78

10.29

78.05

0.45894
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0.2MgO-

0.8MgF,- 500 4.67 4.105 7.715 22.61 60.9 7.64 579 | 1262 | 73.96 | 0.4557
1Al,0;
0.2MgO-
0.8MgF,- 388 44 4.13 8.175 | 22.295 | 60.99 7.21 6.33 | 13.40 | 73.07 | 0.45591
1Al,0;

0.2 Ban- 1A|203

0.5Ba0o-
0.5MgF.-

1A1,05

750

0.91

9.135

23.775

63.72

14.82

0.8BaO-
1010 0.83 3.24 9.16 23.26 63.51 1.34 9.09 | 14.74 | 74.84 | 0.50284
O.ZBaF2'1A|203
0.8BaO-
572.5 0.525 2.795 8.9 23.875 63.9 0.84 8.14 | 14.30 | 76.72 | 0.49846
O.ZBan-lAI203
0.8BaO-
510 0.685 3.27 8.98 23.445 | 63.625 | 1.10 9.38 | 14.39 | 75.13 | 0.50409
O.ZBaF2'1A|203
0.8BaO-
135 0.7825 | 3.4275 | 9.4675 229 63.425 | 1.26 9.78 | 15.24 | 73.73 | 0.50497
O.ZBan-lAI203
0.8BaO-
0 1.015 3.79 11.455 | 20.925 | 62.82 1.67 | 10.78 | 18.81 | 68.74 | 0.5054

77.16

0.4923

0.5Ba0-
0.5MgF»-

1A1,05

500

1.725

2.355

11.345

21.735

62.84

19.06

73.03

0.48369

0.5Ba0-
0.5MgF»-

1A1,05

250

1.865

9.875

22.7

62.885

16.29

74.87

0.49026

0.5Ba0-
0.5MgF»-

1AI;0;

1.775

2.395

8.025

24.465

63.35

13.00

79.25

0.4902
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0.2MgO-
0.8MgF-

1Al;0;

1000

2.355

177

9.165

23.735

62.98

3.91

1.97

15.23

78.89

0.47768

0.2MgO-
0.8MgF,-

1AI;0;

750

2.715

1.845

9.85

22.99

62.6

4.56

1.64

16.55

77.25

0.47606

0.2MgO-
0.8MgF»-

1AI;0;

500

1.385

6.97

25.975

63.785

3.06

1.43

11.30

84.21

0.4784

0.2MgO-
0.8MgF,-

1Al,05

250

2.99

1.975

10.285

22.45

62.3

5.06

1.62

17.39

75.93

0.47595

0.2MgO-
0.8MgF,-

1Al,05

125

3.09

11.72

21.2

61.98

5.32

1.57

20.17

72.95

0.47319

2 Position (in m) is relative to the initial position of the draw (“0” would correspond to the beginning of the draw for

each fiber).
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Appendix V. 8. TGA of BaF2-Al,03 and BaF2-Al,03-SiO2 systems
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TGA experiment of two powder mixtures: 1BaF2-1Al203 and 0.5BaF2-0.5Al20s-

1SiO2. The heating rate was 10 K/min. The behavior of BaF2 containing powders is

comparable to its SrF2 analog, where there is an onset at about 1075 °C which gives

rise to a sudden mass loss when SiO2 is added to the system.
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Appendix V. 9. XRD diffractograms of heat treated SrF2-Al>03-SiO2 and SrF>-SiO>
pellets
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Peak attribution to XRD pattern for the “initial” pellet, that is the non-heat treated
one. In red is SrF2 (PDF card No. 00-006-0262), in purple is SiO2 quartz, low (PDF

Card No. 00-005-0490), and in green Al203 Corundum, syn (PCPDF 46-1212).
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Peak attribution to XRD pattern for the heat-treated pellet for 1h at 1300 °C. In
orange is SrsAl1sSi2O37 (PCPDF 10-0025), in blue is Sr2Al2SiO7 (PDF Card No. 00-
038-1333), and in green Al203 SrAl2Si2Os (PDF Card No. 01-070-7145). SrF2, SiO2
and Al2Os are not represented on the graph. However, features of SrFz are still clearly

present and some remaining SiO2 and Al2Os are also found.
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CHAPTER VI.
INVESTIGATION OF OPTICAL PROPERTIES IN OXYFLUORIDE GLASS

OPTICAL FIBERS

VI. A. Introduction

The previous Chapter focused on understanding the kinetics and thermodynamics
of fluoride-oxide systems, along with a structural and compositional analysis of the
fabricated glass materials. The aim of this Chapter is to investigate the properties that drive
optical nonlinearities in these oxyfluoride glass optical fiber systems, and comprehend the
relationships between glass composition/structure and optical properties. This chapter
provides insights into the role played by oxyfluoride materials in the reduction of optical

nonlinearities.

Thus, this Chapter is organized as follow. Firstly, the methodology of fiber
characterization is described in detail, and the reader is referred to this first section
regarding the procedure used to measure or calculate each fiber property. The influence of
fiber dopants on the aggregate property values of the fibers is determined with the help of

additive models previously described in Chapters Il and Il1.

Then, a series of fabricated strontium aluminosilicate and fluoro-aluminosilicate
fibers are characterized and their principal waveguide parameters (e.g., refractive index

profile, attenuation losses, modal index) are reported. Next, the principal properties that
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drive optical nonlinearities, namely the linear and nonlinear refractive indices (n, nz), the
thermo-optic coefficient (dn/dT), the Brillouin gain and Raman gain coefficients (BGC,
RGC), are successively investigated. The role of the core material dopants on these
aforementioned properties is principally discussed as it is the main focus of this

dissertation.

Additionally, because most of the fibers contain the active rare earth ion ytterbium
(Yb), spectroscopic properties (e.g., lifetime, emission cross-section) are also studied with
the goal to gain further insights on the performance of these oxyfluoride systems as fiber

laser materials.

VI. B. Characterization of fiber properties

In this section, information regarding the techniques and methodologies to
characterize fiber properties are detailed. If some levels of detail on the determination of
acousto-optic properties have already be given in Chapter 111, complementary information

is provided below.

Linear refractive index

The refractive index profile (RIP) measurement for each fiber was performed by

Interfiber Analysis, LLC (8 Manns Hill Crescent, Sharon, MA 02067, USA). The RIP is
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measured at a wavelength of 950 nm transversely through the side of the fiber under test
(FUT) using a spatially resolved Fourier transform interferometer [1]. It was previously
shown that the refractive index dispersion over the wavelength range from 950 to 1550 nm
is small [2], [3]. While these cited works specifically relate to dispersion in silica and
lithium aluminosilicate fibers, there is no reason based on the glass chemistry, that the
optical dispersion in alkaline earth aluminosilicate systems treated herein should be
markedly different from alkali (Li-O) aluminosilicate glasses [2]. Hence due to the
enhanced spatial resolution of the measurement system at lower wavelengths, the measured
RIPs at 950 nm are assumed to be identical to those in the 15XX nm region for the

subsequent analysis.

Elemental composition analysis

Cross-section compositional profiling of the drawn fibers are performed by Energy
Dispersive X-Ray (EDX) spectroscopy on a HITACHI-6600 Scanning Electron
Microscope (SEM), with an acceleration voltage of 20 kV (at Advanced Materials
Research Laboratory, , Anderson, SC). SEM micrographs were performed to characterize

the shape and size of the core as well as to verify the absence of phase separation.

Raman spectroscopy
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Spontaneous Raman spectra of the fiber core materials were obtained using a
commercial Raman microscope (alpha300, Wltech, with the help of Dr. Xiao’s group at
Advanced Materials Research Laboratory, Anderson, SC) in a backscattering geometry,
utilizing a 532 nm pump source with a focused beam diameter of about 1 um and a photon
collection time of 120 s per datum. The Raman spectra are corrected similarly to that in
[4], taking into consideration reflection loss and variation in the internal solid angle, along
with dividing the Raman bandwidth by the Bose-Einstein correction factor. Raman gain
coefficients, RGC, are measured relative to the one for SiO; (taken to be equal to 1) and
correspond to the maximum intensity of the highest peak of the scattering bandwidth
(situated around 440 cm™). Additionally, since the Raman gain coefficient, RGC, is
determined relative to fused silica for each fiber, a data point in the fiber cladding is taken

and serves as a reference value for pure fused silica.

Nonlinear refractive index

The nonlinear refractive index, ny, is estimated via a simple self-phase modulation
(SPM) measurement. In these experiments, high peak power pulses are propagated through
the fiber to experience spectral broadening. The source used for this measurement was a
passively mode-locked fiber laser emitting linearly polarized, 750 fs soliton pulses,
centered at 1540 nm. The optical pulses were coupled into 4.8 m of the characterized fiber
and the output spectra for different input powers were recorded using an optical spectrum

analyzer (OSA). Experimentally, the coupling efficiency was optimized by monitoring the
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output power and spectrum while adjusting the input polarization, to ensure propagation in
the fundamental mode of the fiber. In order to obtain a value for n,, the measured spectra
were compared with numerical modelling using the standard nonlinear Schrédinger
equation [5]. The measurements and modeling were realized by Dr. Antoine Runge and
Dr. Anna Peacock (Optoelectronics Research Centre, University of Southampton,

Highfield Campus, Hampshire, UK).

Attenuation losses

Fiber attenuation is measured using the standard cut-back technique, at a
wavelength of 1534 nm. Typical cutback length is ~2-5 m. The measurements were
performed by Dr. Peter Dragic (Department of Electrical and Computer Engineering,
Micro and Nanotechnology Lab, University of Illinois, Urbana-Champaign, IL).
Additionally, the following Brillouin spectroscopic, thermo-optic, and ytterbium

spectroscopic measurement were also performed at University of Illinois.

Brillouin spectroscopy

A heterodyne approach, as shown in Fig. VI.1, was utilized to measuring the

Brillouin gain spectrum (BGS) of the fiber.
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Figure VI.1. Experimental setup used for Brillouin spectroscopic measurements.

A pre-amplified narrow linewidth signal (~100 kHz linewidth at 1534 nm) is
injected into the fiber under test (FUT) via an optical circulator. Light is scattered backward
in at least three forms: Rayleigh scattered light, Fresnel reflected light from the splice point
between the apparatus and FUT, and Brillouin backscattered light. The output end of the
FUT was cleaved at an angle to prevent back reflections from the end-facet guiding
backward through the FUT. The back-reflected signals then passed back through the optical
circulator, were filtered and amplified in an erbium doped fiber amplifier (EDFA), and sent
into a fast PiN detector. The resultant electrical signal produced by the PiN was analyzed
utilizing an electrical spectrum analyzer (ESA). Signal levels from Rayleigh scattered light
and Fresnel reflected light above, although small in magnitude, were sufficient to provide
an adequate local oscillator (LO) signal and achieve a BGS measurement with good signal-
to-noise ratio (SNR). It is important to note that the measurement system was constructed
of SMF-28-like fibers and thus an apparatus signature (along with higher-order acoustic

modes, HOAMs) appeared near 11 GHz in the measurements. To estimate BGC, the
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relative Brillouin scattering strength (amplitude of the Brillouin back-scattered signal)
from a known length of control fiber (whose BGC is known) is compared with that from
the FUT, also of known length [6]. The mode field diameters (MFDs) are important for
this measurement, and are therefore calculated from the RIPs. For further details regarding

the apparatus, the reader is referred to [7], [8].

All losses associated with the measurement (splices, etc.) were also carefully
characterized. A P.Os doped silica control fiber was utilized for this measurement since i)
it is very well mode-matched to the fundamental mode in the FUT and ii) its Brillouin
frequency shift (BFS) lies far from that of both the FUT and apparatus fibers. The latter

removes any uncertainty introduced via overlapping spectra. More details can be found in

[6].

Thermo-optic coefficient (dn/dT)

The thermo-optic coefficient of the fibers are measured similarly as in [8], [9]. The
apparatus utilized for the determination of dn/dT consists of a fiber ring laser, as illustrated

in Fig. VI1.2.
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Figure VI.2. Ring laser apparatus used to measure the thermo-optic coefficient

(dn/dT) of the various fibers investigated. Figure taken from [9].

First, the pump is injected into the cavity via a wavelength division multiplexer
(WDM) and into a segment of erbium doped fiber (EDF), and two isolators ensure
unidirectional laser operation. No care was taken to optimize the spectral characteristics of
the laser. As will be discussed, the presence of a large number of cavity modes enhances
the measurement sensitivity. The output signal is sent directly into a detector whose signal
is interrogated using an electrical spectrum analyzer (ESA). The laser operates at a nominal
wavelength of 1554 nm. The fiber under test (FUT, typically 4 — 6 m in length) forms part
of the laser cavity and this fiber is coiled and held in a heated water bath in order to
accurately control its temperature. The free spectral range (FSR) of the ring laser can be

written generally as

FSR = c/(XL, diny), (6.1)
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where the subscript i simply refers to one of the M various different fibers, with length d
and mode index n, associated with the different components (e.g. isolator, couplers, erbium
doped fiber, etc.) encountered within the cavity. The FUT’s temperature can be controlled
and thus for it d — d(T) via the linear coefficient of thermal expansion (a), and n — n(T)
via dn/dT. Because of the cavity modes beating on the detector, the FSR of the ring laser
can be read directly from the ESA. Differentiating the FSR versus T gives the following

expression

dFSR [ dn
dT -7 (nl+NL)2 (nalo + ld_T)’ (6'2)

where NL is the refractive index-length product summed for all fiber segments whose
temperatures are invariant (fiber comprising the WDM, coupler, EDF, etc.), nand | are the
mode index and length of the FUT, respectively, a is the coefficient of thermal expansion
of the core, lo is the room temperature length of the FUT, and | is the FUT length at the
temperature T. Since the core is held rigidly in a much more voluminous pure silica
cladding, the linear acore, is taken to be that of silica (0.55x10°° K™!). Eqn. 6.2 represents
the slope of the FSR as a function of temperature, FSR(T), and is therefore utilized to

determine dn/dT.

The sensitivity of the measurements can be enhanced by performing measurements
on cavity beating mode pairs that are separated by a large number of FSR, since the
variation of FSR as a function of temperature (AFSR) will be greater, which consequently

reduces uncertainties. The FSR=f(T) plot is then fit with Eqn. 6.2, where dn/dT is the fit
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parameter. Measurements are repeated several times using different FUT lengths, coil
diameters, and cavity mode pairs to reduce uncertainties. The error in the dn/dT
measurement for the fiber is taken conservatively to be the magnitude of the largest

departure from the mean value.

For disambiguation, in this section the mode index is referred as “n”, and therefore
dn/dT is the change of the mode index as a function of temperature. Later in this Chapter,
the mode index will be referred as no to differentiate from n (as in An), which corresponds

to the measured refractive index.

Ytterbium spectroscopy

In order to measure fluorescence emission spectra, the FUT is spliced to a fiber
laser and pumped at 976 nm. A fiber, used to collect the light, is brought very close to the
side of the FUT with the help of a positioning mount. The fiber is connected to an ESA and
the spectrum is registered. For fluorescence lifetime measurements, the same apparatus is
used but the pump power is pulsed. The spectrum analyzer is set to monochromator mode
where the output is filtered to pass Yb luminescence. Then the light goes to a sensitive
receiver where the decay data is collected. To measure the absorption spectrum, a short
segment of the FUT (typically ~1 mm) is spliced between two passive fibers, and a
broadband light source (white light) passes through it. The spectrum is measured before

and after it passes through the FUT, and is divided to give absorption. Because cladding
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modes can be coupled into that short fiber segment, some ripples are typically visible in
the absorption spectrum. The emission cross section is calculated using the Fuchtbauer-

Ladenburg (F-L) formula [10], [11]

_ 1 A5 1(A)
o(d) = 8m tn2c [ 1(A)AdA’

(6.3)

where A is the wavelength, 1 is the fluorescence lifetime, n is the refractive index at the
emission wavelength (A), ¢ is the velocity of light in the vacuum, I(A) is the emission spectra
intensity for a given wavelength, and the integral term corresponds to the total intensity of
the emission bandwidth.

Material modeling Procedure

The governing equations that enable the modeling of material properties throughout
this chapter have already been fully described in Chapters Il and Ill, and, therefore, will
not be further described. As already mentioned in Chapter I11, it is important to note that
measured values represent those arising from the optical mode and its interactions in the
fiber. In cases where the refractive index difference between core and cladding (An) and
core diameter conspire to produce an optical mode tightly confined at the core center, the
measured properties are approximately those of the material in the center of the core. On
the other hand, in cases where the mode field diameter (MFD) is comparable to the core
radius, and the compositional profile is not uniform (fibers produced using the molten core
method usually have graded profiles[12]), this approximation breaks down, and mode

distribution must be taken into consideration. To do this, the core compositional profile is
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typically approximated by a 4-layer step-like distribution, with each layer possessing
unique composition and physical properties [13] that depend on physical environment such
as temperature and strain. The optical mode characteristics are calculated from this
approximate profile (as a function of temperature or strain), and the bulk constituents are
ultimately utilized as fit parameters and determined. The same arguments also apply to the

acoustic mode.

VI. C. Fabricated and characterized glass optical fibers

Table VI.1. Drawing temperatures and initial precursor compositions (molar ratio) of the

fabricated fibers.

Fiber Yb-SrAISi  YbF-SrAISi  Yb-SrAISiF?  YbF-SrAISiF?  SrAlSiF® SrAlSi®

Taraw (°C) 2100 2000 2000 2000 2000 1925

Initial precursor® compositions (molar ratio)

SrO 71.25 71.25 - - - 38.46
SrF2 - - 71.25 71.25 75 -
Yb20s 5 - 5 - - -
YbFs3 - 5 - 5 - -
Al203 23.75 23.75 23.75 23.75 25 61.54

2 For these fibers, 2 segments are characterized at different positions of the draw as they exhibit different

elemental compositions and will be later distinguished as “A” and “B” (see Table V1.2).

b: These fibers were previously fabricated and characterized in [14] and [15], and are reported here for
completeness.

¢ Material precursor purities: SrO (99.9%), SrF2 (99.99%), YbFz (99,99%), Al203 (99.997%), Yh203

(99.999%), SiO2 glass cladding (Heraeus, Quality CFQ 099).
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In Chapter V, a multitude of optical fibers were fabricated in order to study the
oxyfluoride systems, and the role of fiber processing on them. As SrF,-derived fibers were
particularly emphasized, strontium-containing aluminosilicate and fluoro-aluminosilicate
systems are chosen as preferential candidates to study their optical properties. It is worth
recalling that for each drawn fiber, a powder packed precursor was inserted in a 3x30 mm
fused silica capillary preform, and each draw was performed with a targeted draw speed of
28-30 m/min, and a cladding diameter of 125 um. For more information regarding the
sample preparation methodology and the molten core method, the reader is asked to refer
to Chapter V, section V. B. The drawing temperatures and initial precursor compositions

of the fibers investigated in this Chapter are reported in Table VI.1.

Most of the fabricated fibers studied herein are doped with Yb, introduced through
YbFs or Yb203 material precursors, to enable ytterbium spectroscopic measurements. The
different precursor compositions are chosen to allow the fabrication of optical fibers with
a wide variety of core compositions (e.g., with varying fluorine concentration), this in order
to better understand the role played by each individual dopant on the properties.
Complementarily to the presented fibers in Table V1.1, other glass optical fiber segments
were characterized in the following initial precursor compositions (in molar ratio): 5MgO-
8Al203, 5Ca0-8Al,03, 5Ba0-8Al203, 3CaF2-1Al203, and BaF.. If this chapter principally
focuses on strontium fluoro-alumino-silicate glass core optical fibers, the properties of

these aforementioned fibers are reported in Appendix VI.1.
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The elemental compositions, in atomic percent (At. %) and at the core center, of
the characterized fiber segments, along with some typical fiber parameters, are summarized
in Table VI1.2. The composition and refractive index profiles of the fiber cores are reported
in Appendix V1.2, along with an SEM micrograph of this core. From Table V1.2, one
should note the variety of fiber compositions, dimensions, and properties. Yb-SrAlSi fiber
is found to have a higher Si content and a lower Sr and Al content compared to the other
fibers, principally attributed to the higher temperature at which it has been drawn (2100 °C
instead of 2000 °C or 1925 °C). SrAlSi fiber exhibits the highest Al content due to its
higher Al2Os initial content and its lower drawing temperature (1925 °C), which promotes

higher dopant concentration.

The different fluorine concentration in the fiber cores arise from the nature of the
precursor material composition (some of the them containing more fluorine, see Table
VI.1), but it is also a strong function of the drawing conditions, as observed and described
in Chapter V. Consequently, some segments, although from the same fiber, will present
different doping concentration since they were collected at different positions of the draw
(e.g., Yb-SrAISiF A and B). Furthermore, the core diameter is a function of draw time and
core composition. The reader is asked to refer to Chapter V for more details regarding the
compositional evolution of dopants as a function of precursor nature and fiber draw

conditions.
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Table VI.2. Elemental composition at the core center of the fibers investigated, in addition to
core and cladding diameters (¢core and ¢cladding), and some typical fiber parameters: mode
index (no); mode area (Aefr); refractive index difference between core center and cladding

(An); and attenuation coefficient (o).

Elemental core composition (in At. %, at the Aer®
(I)core chIadding
Fiber core center) ne® (102 An(10%)¢  @®
(pm)*  (um)°
F O Sr Al Yb Si m?)
Yb-SrAlSi 0 65.73 178 176 032 3042 5.8 125 1.46164 12.46 36.3 0.78
YbF-SrAlSi 033 6448 376 390 040 2714 106 125 1.49954 25.24 64.0 2.08
Yb-SrAISiF A 235 6345 335 270 050 27.65 9.2 125 1.48132 19.82 48.8 2.85
Yb-SrAISiF B 464 616 408 309 062 2597 130 125 1.48716 36.03 49.6 2.66
YbF-SrAISIFA 442 6191 381 298 028 26,60 11.2 125 1.47853 31.18 415 0.52
YbF-SrAISiIFB 526 6132 392 293 028 2629 220 185 1.47667 1195 34.0 0.46
SrAISiFf 272 6351 298 211 0 28.68 8.0 125 1.4673 18.62 35.6 0.65
SrAISif 0 62.03 293 10.23 0 21.87 120 125 1.5109 - 74.8 2.68

2 Determined from RIP.

b: Determined from SEM micrographs.

¢ Calculated at 1534 nm, for the fundamental mode, LPo. Aertis calculated using the standard model. The notation no,
which corresponds to the refractive index of the fundamental mode (i.e., mode index) needs to be differentiated from n
as in An, which is the measured refractive index of the core material (see ¢) as a function of core radial position.

d: Refractive index difference between fiber core center and silica cladding, where n(SiO2) =1.444. For An as a function
of radial core position of the fibers in Table V1.2, see Appendix VI.2.

&: Attenuation coefficient, in dB/m, at 1534 nm.

f: These fibers were previously fabricated and characterized in [14] and [15], and are reported here for completeness.

Also shown in the previous chapter was that F preferentially bound to Sr as is SrF.
If it cannot be excluded that each system may have F bound to different cations, e.g., with

Si, Al, or YD, the modeling of the fiber properties, assuming a oxyfluoride core system in
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the SrF2-SrO-Yb,03-Al203-SiO2 composition, will be considered. It should be noticed that
Yb is assumed to be found as Yb.Oz only, although in some cases the initial precursor
material was YbFz. If this assumption is made for sake of simplicity when it comes to
modeling, the initial amount of Yb is much smaller than Sr, therefore the remaining amount
of YbFz compound in the glass, if any, is expected to be small. Additionally, in LaFs-SrO
containing oxyfluoride melts, the formation of Sr-F bonds was detected [16], [17]. Because
bonding nature of Yb should not be markedly different from La, considering “SrF2” as the
only fluoride glass compound is a reasonable assumption. In Table V1.3 are summarized
the fiber compositions, at the core center, considering this assumption. It is worth noting
that for the fiber segments considered herein, some exhibit compositions where SrO > SrF,
whereas others show the opposite trend (SrF2 > SrO). As will be seen later, a varying SrO
to SrF ratio helps to better understand the effect of F on the aggregate glass optical

properties.

The refractive index difference between core and cladding (An), reported in Table
V1.2, are discussed in greater details in the following section, VI. D., when it comes to
study the role of the dopants on the linear refractive index in these oxyfluoride systems.
The mode areas (Aefr, using standard Petermann Il method), also reported in Table V1.2,
are found ~2-3.5 smaller than the core area, mx(dcore/2)?. Therefore, the optical power
transported by the fundamental mode LPo is principally confined at the core center for the
fibers considered. Moreover, if the reduction of attenuation losses has not been the

principal focus of this dissertation, it is recognized that it is necessary to develop fibers
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with lower background losses (<dB/m) for better practicality. Subsequently, some first
analysis on the origins of the phenomena that mainly contribute to the fiber attenuation
coefficients of the presently characterized fibers is presented in the following chapter

(Chapter VI1I), and paths to significantly mitigate them are identified.

Table V1.3. Fiber core composition, in mole %o, at the core center, assuming all the fluorine

to be bound with Sr as in Sri.

Fiber SrF2 SrO Al20s3 Yb203 SiO2
Yb-SrAlSi 0.00 5.35 2.65 0.48 91.52
YbF-SrAlSi 0.50 10.88 5.90 0.61 82.12
Yb-SrAISiF A 3.60 6.67 4.14 0.77 84.82
Yb-SrAISiF B 7.27 5.52 4.84 0.97 81.40
YbF-SrAISiF A 6.90 4.99 4.65 0.44 83.02
YbF-SrAISiF B 8.27 4.05 4.60 0.44 82.63
SrAISiF 4.16 4.95 3.22 0.00 87.67

VI. D. The linear refractive index

In this section, the goal is to understand the materials contribution to the linear
refractive index (n) of the developed glass optical fibers. The refractive index profile (RIP)
of each Yb-doped fiber considered herein (and SrAlISiF fiber segment) is reported in
Appendix V1.2. The refractive index difference, An, between the core center and the glass
cladding (fused silica, taken as 1.444 at 15XX nm) is reported in Table V1.2. SrO, Al>Os3,

and Yb2Oz increase the refractive index relative to SiO» [15], [18], when F decreases it
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[19], [20]. Therefore, in the context of this work, where a reduced An is of interest, the
contribution of fluorine to the fiber core refractive index is of particular interest. In order
to determine its effect, n is calculated for each fiber at the core center using data from EDX,
but considering there is no F in the glass composition. The refractive index of such “all-
oxide” mixture, that is, considering the core solely composed of oxide compounds (SrO,
Yb203, Al2O3, and SiOy), can be calculated using the additive model previously described
in Chapter Il. Because the fluorine is known to reduce the refractive index, this calculated
index, again excluding F from the composition, if found to be higher than the one measured
from RIP. Hence, the difference between the calculated index and the measured index is
attributed to be due to fluorine. This index difference (Angitf), as a function of fluorine
concentration, is reported in Fig. V1.3.1t is worth mentioning that, for Yb-SrAlSi fiber, the
difference between calculated and measured indices shall be null, since this fiber does not
contain any fluorine. However, the calculated index was found lower than the measured
one by ~8.0x103. This small difference can be explained as follow. During EDX
microprobe analysis, the interaction volume of the electron beam with the glass core
material is larger than each targeted area (a data point). Accordingly, the microprobe picks
up x-rays from the surrounding materials, essentially silica richer regions for silicate graded
index fibers, and therefore higher silica concentrations are typically found for each data
point. Because of this “additional” SiO2 content detected, the calculated refractive index
based on EDX composition is found lower compared to the measured one. Consequently,
8.0x10" was added to each calculated index as a correction factor. This correction factor

is applied to all the fiber segments. Subsequently, the compositions from Table V1.3 are
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re-calculated appropriately and reported in Table VI1.4. These corrected values are used

throughout this chapter, as they are more representative of the fiber core compositions.

* I T T T I T I T T T I T I
0t @ At core center
@® Off core center
I Linear fit
5L i
L A Data from Koike [19] |
-------- Linear fit
~ 7 ]
o
D v - -
= -15
p
=°-20 -
<
25+
230 |
_35 | . { . 1 . | . | . | . | . {

0 1 2 3 4 5 6 7
Fluorine concentration (At. %)

Figure VI1.3. Linear refractive index difference, Andifr, between the measured index
(from RIP) and the calculated index assuming no fluorine, that is, for an “all-oxide
system”, as a function of fluorine concentration (in At. %). The index mismatch is
attributed to the effect of fluorine. In orange: Data point at the core center for each
Yb-doped fiber and SrAISiF fiber from Table VI1.2. In red: Extra data point taken at
different core positions for Yb-SrAlSiF B (3.95 um and 5.92 um off core center) YbF-
SrAISIF A (4.12 um off core center) and B (3.95 um and 7.90 um off core center) fiber
segments, in order to increase the number of data points. In blue: Data taken from

Koike [19] in F-doped silica glasses for comparison.
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In Fig. V1.3, it is shown that the reduction of the refractive index is nearly a linear
function of the F content, at least in the range of composition investigated. By fitting the
data linearly, the effect of fluorine in the presently studied fibers results in a reduction of
the refractive index by ~-4.3x107 per At. % of F. The data from [19] for F-doped silica
glasses reported in Fig. V1.3 give rise to a somewhat equivalent Angifr=f([F]) trend, where
a linear fit gives a reduction of n of ~-4.2x107 per At. % of F, which is only ~3.7 % less
than what is found here. Interestingly, as F is conjectured to be bound preferentially with
Sr in the considered oxyfluoride fibers, it exhibits a similar decrease of the refractive index
compared to F-doped silica glasses, where Si-F bonds should be predominant. It is
noteworthy that YbF-SrAISiF B segment, which contains the highest F concentration of
the oxyfluoride fibers characterized, shows a An reduction of -30.6x10"relative to its “all-
oxide” (i.e., assuming no fluorine) counterpart. In other words, the oxyfluoride fiber

present a ~x2 lower An than its oxide analog.

From the assumption that F is exclusively bound to Sr as in SrF», the refractive
index of amorphous SrF (a-SrF2) can be determined. It is assumed here that the addition
of SrF, follows the same additivity principles that enunciated in Chapter 1. To
appropriately model the refractive index of SrF», its molar mass (g/mol) and its density
must be known. The molar mass was taken as 125.62 g/mole and the density as 3980 kg/m?,
as in [21] for thin films, which exhibit lower density than their crystal analog (4240 kg/m®

[22]). This is consistent with findings in [6], [15] where a-BaO, a-SrO and fused silica all
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exhibit lower density than their crystalline phases. If this value of density is taken
somewhat arbitrarily, it is shown in the following paragraph that taking different values for
density (crystalline value, 4240 kg/m?, and low density thin films, 2580 kg/m3as in [21])

has very little impact on the final calculated value of the refractive index.

Table VI1.4. Calculated fiber core compositions (At the core center) when the correction

factor (to match calculated vs. measured index is applied).

Fiber SrfF2 SrO Yb203 Al203 SiO2
Yb-SrAlSi 0.00 6.41 3.17 0.58 89.84
YbF-SrAlSi 0.59 12.77 6.93 0.71 79.01
Yb-SrAISiF A 4.26 7.88 4.89 0.91 82.07
Yb-SrAISiF B 8.52 6.47 5.68 1.14 78.20
YbF-SrAISiF A 8.11 5.87 5.47 0.51 80.03
YbF-SrAISiF B 9.71 4.76 5.41 0.52 79.59
SrAlISiF 4.94 5.88 3.83 0.00 85.35

The modeling is performed on 10 different compositions and assuming a Yb20Os-
SrF2-SrO-Al03-Si02 compound mixture. The refractive index values for n(a-SrF.) are
then averaged. The reader is asked to refer to Appendix V1.3 for an example of the code
used for one composition to calculate n(a- SrF2) using the additive model expressed in
Chapter I1. The averaged refractive index for a-SrF; is calculated to be 1.4820 + 15 % at
1534 nm. The refractive index of SrF; in thin films at 15XX nm from [21] is 1.479, which
is very close to the calculated value using the additive model. Using a density of 4240

kg/m® or 2580 kg/m® gives an averaged n value of 1.4807 and 1.4812, respectively.
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Consequently, a value of 1.48 for a-SrF, will be used. The estimated value of n for a-SrF
reinforces the validity of considering SrF as a glass compound. In [23], the refractive index
of crystalline SrF (c-SrF2), at 15XX nm, is found to be 1.4308, which is somewhat smaller
(~4.5 %) than what is found here, and within the margin of errors of n(a-SrF.). However,
one possible explanation of a higher refractive index for a-SrF; relative to c-SrF2 could be
due to its more dissociated state. Interestingly, the signature of Sr-F bonding observed by
Raman spectroscopy (Chapter V) suggests that the Sr-F distance is slightly higher than for
c-SrF2, as the characteristic Raman peak is slightly shifted to lower frequencies.
Consequently, this would result in an increase in electronic polarizability, which can be

traduced by an increase of n.

The evolution of n in a binary SrF2-SiO system can thus be computed using Eqn.
2.3 from Chapter Il and is reported in Fig. V1.4, along with other systems of interest: SrO-
SiO2, Ge02-SiOz, B203-Si0O2, Al03-SiO., and P20s-SiO». Glass stability issues that can
arise from such binary compositions are purposely left out here. From this figure, the
beneficial effect of starting with a fluoride precursor (SrF) relative to its oxide counter-
part (SrO) is explicitly shown. If SrO is found to drastically increase the refractive index
(n=1.81) relative to silica, SrF2 only slightly participates to an increase of n (as n=1.48 <<
1.81). Therefore, SrF> is a promising candidate as it enables an introduction of large
concentration of this material without increasing the refractive index too significantly. This

is of specific interest when single mode or few moded fibers are mandatory. However,

280



starting with SrF; also results in the formation of SrO as it reacts with SiO2, and a SrO-

SrF2 mixture should be expected.
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Figure V1.4. Computed linear refractive index for binary silicate systems as a function
of non-SiO2 concentration (in mole %). Note the beneficial effect of adding SrF:
relative to its oxide analog, SrO, in order to prevent further increase of n relative to
SiOz2. The overlaid data point are measured refractive index for the canonical dopants

GeOgz, B20s, Al203, and P20s, taken from [9], [24], at A ~1 pm.
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VI. E. The nonlinear refractive index (n)

Measurements to determine the nonlinear refractive index, n», for SrAISiF fiber

segment were performed and the output spectra resulting from high power pulse

propagation within the fiber are shown in Fig. V1.5, obtained for four different input powers

(orange).
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Figure VI.5. Experimental (orange dots) and simulated (black line) self-phase

modulation (SPM) spectra for four different input pulse peak powers; 4.8 m of the

SrAIlSiF fiber were used for these measurements [14].
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These results clearly display the effects of nonlinear spectral broadening due to self-
phase modulation (SPM). Comparing these with the results of the numerical model (black),
ny is estimated to be ~3x10%° + 10 % m?W. Although this value is similar to what is
typically reported for fused silica [25], it is worth recalling that the linear refractive index
of the SrAlISiF fiber core is comparatively higher (1.4796 vs. 1.444). In this core
composition, assuming F is attached to Sr, the fiber is composed of an admixture of SrF,
SrO, Al>03, and SiO». If SrO and Al203 are found to increase n relative to SiOz [26], [27],
SrF> decreases it [25], [28]. Hence, a competing effect between SrF; and SrO + Al2Os is
expected, and n is anticipated to be “reduced” for an oxyfluoride system versus an oxide
system (i.e., with or without fluorides). It is worth mentioning that a higher n value
typically results in a higher nz value [29], and therefore a further addition of F will have a
beneficial effect in reducing the magnitude of nz, and, consequently, wave-mixing
phenomena. However, this argument is not always true. As an example, phosphate glasses
exhibit higher or similar values of n than silicate glasses, but with reduced n2 [30], [25].
This effect is attributed to the more covalent bonding nature of phosphate glasses relative

to silicate glasses [30].

Some further efforts in modeling n2 for strontium oxide, following a similar method
than in [27], is provided below. This section is destined to give more insights on the role
of fiber dopants on ny. If n, for amorphous SrO (a-SrO) can be estimated with reasonable
accuracy, further modeling to predict n2 for amorphous SrF (a-SrF2) would introduce to

much uncertainties, and is discussed later.
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The determination of n, for a given material, using the empirical relationship from
Boling, Glass and Owyoung [31], previously described in Chapter Il1, Egns. 3.3 and 3.4,
necessitate the knowledge of the refractive index dispersion of that material, that is, n —
n(LA). For crystalline strontium oxide (c-SrO), n(}) is directly taken from [32]. The data

are thus fit with a 3-oscillators Sellmeier model in the following form:

3 Ailz
i=1 2°
lz—li

n?=1+y (6.4)

The coefficients 4; and [? are determined from the fit and are reported in Table
VI.5. In order to obtain the Sellmeier coefficients for amorphous strontium oxide (a-SrO),
the refractive index for a-SrO at different wavelengths is taken from [33]. Using the
additive model, n(a-SrO) is calculated at each wavelength (486, 535, 589, and 656 nm) and
for the 5 different compositions (SrO-SiO2, in mole %: 33.2-66.8, 36.7-63.3, 46.5-53.5,
49.9-50.1, 54.1-45.9) given in Table 7 from [33]. The calculation necessitates the
knowledge of the refractive index for fused SiO» at each wavelength, which was calculated
with the help of the Sellmeier coefficients provided in [34]. The calculated n(a-SrO) for
the 5 given compositions, at each wavelength, are then averaged out, to give one n(SrO)

per wavelength (4 data points total). Thus, a Sellmeier fit is performed on the data, using a
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2-oscillators Sellmeier model owing the only 4 n(A) data points. The Sellmeier coefficients

for (a-SrO) are reported in Table VI.5.

Table VI1.5. Sellmeier coefficients for a 3-oscillators and 2-oscillators Sellmeier model for

crystalline and amorphous strontium oxides, respectively.

Material A1 12(nm?) A 12(nm?) As 12(nm?)

c-SrO 0.5582 50400 0.6028 9552 1.196 9106

a-SrO 0.5009 29600 1.762 6113
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Figure VI.6. Sellmeier model fits for crystalline strontium oxide (c-SrO) and

amorphous strontium oxide (a-SrO), using data from [32], [33].
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The data, along with their Sellmeier fits, are displayed in Fig. V1.6. Note that n(a-
SrO)~1.81 in the 15XX nm region, which is consistent with [15]. Using the Sellmeier
coefficients determined above, n, can be calculated from Eqgn. 39 in [35]. The equation

takes the following form (and has been previously described in Chapter I11):

n,(10713 esu) = 391 “ng), (6.5)
d

If the results are given in esu, it is possible to convert back to m?W by using the

relationship (Eqgn. 5b in Chapter I11):

() = () o

Co n

The n2 values for ¢-SrO and a-SrO are reported in Table V1.6. The close agreement
between the calculated n2(c-SrO) using the present method and its measured value from
[26] should be noted. Additionally, n2(a-SrO) was found to be ~5.12x102° m?/W, which is
~55 % lower than that of its crystalline value. This value if found higher than the one of
fused SiO, (~2.73 + 0.27 x102° m2/W [25]) but also Al,03 (~4.77x102° m2/W [27]).
Consequently, amorphous SrO and Al>O3 principally contribute to an increase of ny, but
also n. The uncertainties that arise from n> measurements (+ 10 %) and calculations
(estimated to be of the same range) do not permit further modeling of nz(a-SrF2). However,
Nz (c-SrF2) has been reported to be ~1.76 + 0.29 x10%° m?W at 1064 nm [25], which is
~35 % lower than fused silica, and suggests that a-SrF. contributes to a reduction of n;

relative to silica.
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Table V1.6. Linear refractive index (n) at different wavelength for crystalline and amorphous
strontium oxide (c-SrO and a-SrO), Abbe number (v), and nonlinear refractive index (n2)

calculated from Egn. 6.5.

Material n2 nc? np? ng? % nz (x10% esu)P nz (literature)
c-SrO 1.837 1.863 1.871 1.892 53.98 4.92 5.07 [26]
a-SrO 1.809 1.823 1.828 1.839 29.66 221

@ n: at 1550 nm; nc: at 656.27 nm; np: at 587.56 nm; nr: at 486.13 nm.
b: v=(np-1)/(nF-nc)

¢ Using Egn. 6.6: At 1550 nm, n2(a-Sr0)=5.12x102° m?/W and n2(c-SrO)= 11.2x10-2° m?/W.

In this section, insights on the role of each fiber dopant on the nonlinear refractive
index of the aggregate glass was discussed. It was shown that the presence of SrF, would
help in decreasing n2. If herein the role of SrF is of principal interest, it is worth mentioning
that other glass constituents can be utilized to reduce n,. In the alkaline earth fluoride
family, no(MgF2, CaFz, and SrF») are lower than nz(SiO2) by ~65 %, ~30 %, and ~35 %,
respectively; however, na(BaF2) is found ~5 % stronger [25], [31]. Alkali fluorides such as
NaF or LiF also exhibit reduced n> values [25], [28]. In oxide-based glasses, phosphates

and borates can lead to glasses with intrinsically n, values as well [25], [29].
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VI. F. The thermo-optic coefficient (dn/dT)

As described in the previous chapters, thermo-optic coefficient (dn/dT) is the
material property that can be the most easily tuned and reduced in order to mitigate
transverse mode instability (TMI). The measured thermo-optic coefficients (dn/dT) of the
fibers are reported in Table V1.7. Because of the relatively high numerical aperture (NA)
of the fabricated fibers, most of the optical power is confined at the core center. Hence, the
material composition experienced by the optical mode as it propagates down the fiber can
be approximated to be the composition at the core center. dn/dT for both YbF-SrAlSi and
YbF-SrAISiF B fiber segments could not be measured appropriately, due to their flat
refractive index profile at the core center which prevent good coupling between the light

source and the fundamental mode.

A reduced dn/dT for the characterized fibers, relative to silica, is found for both
fluorine containing (Yb-SrAlSiF A and B, YbF-SrAISiF A, and SrAlSiF) and non-
containing (Yb-SrAlSi and SrAlSi) fibers. From previous work on SrO-Al;03-SiO; system
[15], it was shown that addition of SrO negatively contributes to fiber dn/dT as dn/dT(a-
Sr0)=-12.4x10% K1, while Al,Os slightly increases it with dn/dT(a-Al,03)=10.5x10% K-
! Nevertheless, fibers exhibiting the lowest dn/dT values (Yb-SrAISiF B and YbF-SrAISiF

A) contain the highest fluorine concentration.
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Fig. VI.7a shows the evolution of dn/dT as a function of fluorine content for the
four Yb-doped oxyfluoride fibers characterized. dn/dT of Yb-SrAlSi fiber, which contains
no F, is also added as a reference point. The data exhibit a linear relationship between
dn/dT and F concentration in the compositional region investigated. Interestingly, the
multicomponent nature of the core materials seems to only play a secondary role in the
reduction of dn/dT, as it is a strong function of F content. This can be explained with SrO
concentration for the investigated fibers being somewhat similar, when SrF, concentration
differs greatly. Moreover, Al>Osz has a dn/dT very close to SiO. and consequently is not

expected to play any major role on the glass dn/dT.

Table VI1.7. Thermo-optic coefficient (dn/dT) measured for the fibers investigated here.

dn/dT (in dB,
Fiber SrF2 SrO Al2O3 Yb203 SiO2 dn/dT (106 K1)
relative to SiO2)
Yb-SrAlSi 0.00 6.41 3.17 0.58 89.84 7.96 £ 2% -1.16
YbF-SrAlSi 0.59 12.77 6.93 0.71 79.01 - -
Yb-SrAISiF A 4.26 7.88 4.89 0.91 82.07 6.30 £ 6% -2.18
Yb-SrAlISiF B 8.52 6.47 5.68 1.14 78.20 4.93 £ 3% -3.24
YbF-SrAISiF A 8.11 5.87 5.47 0.51 80.03 5.14 + 3% -3.06
YbF-SrAISiF B 9.71 4.76 541 0.52 79.59 - -
SrAISiF 4.94 5.88 3.83 0.00 85.35 6.3+5% -2.18
SrAlSi 0.00 9.79 17.10 0.00 73.11 8.4 +5% -0.93
Si02 - - - - 100 10.4 [15] -
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Figure VI1.7. a) Thermo-optic coefficient (dn/dT) for the Yb-doped strontium fluoro-
aluminosilicate and Yb-SrAlSi fibers as a function of fluorine concentration (in At.
%). b) Variation of dn/dT as a function of fluorine concentration for the oxyfluoride

fibers studied here and F-doped silica glasses from [19].

In Fig. VI.7b, the variation of dn/dT (Adn/dT) as a function of F concentration is
presented for the oxyfluoride systems investigated, and is compared to F-doped silica
glasses from [19]. The evolution of dn/dT as a function of F content is found to greatly
differ between oxyfluoride and silica glasses. If in F-doped silica glasses F is bound to Si,
in the materials investigated herein F is found to principally bound to Sr, and, consequently,
the reduction of dn/dT is different. This observation is different from the contribution of F
on the refractive index, where its effect was found to be almost equal between oxyfluoride

glasses and F-doped silica glasses.
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Figure V1.8. a) Variation of the thermo-optic coefficient (Adn/dT) as a function SrF:
concentration (mole %). b) Calculated thermo-optic coefficient in a hypothetical
binary SiO2-SrF2 system. The solid line is a fit using the additive model, with dn/dT

(SrF2) being the fit parameter. The red dot line is a linear fit to the data.

Furthermore, one can express the variation of dn/dT as a function of the mole % of
SrF introduced in the fiber core, as in Fig. V1.8a. Then, using the additive model described
in Chapter I1, dn/dT for a hypothetical binary SiO,-SrF, system can be calculated, with
dn/dT(SrF2) being the fit parameter (and values for SiO> are assumed). The results are
displayed in Fig. V1.8b and dn/dT(a-SrF-) is found to be ~-20.54x10° K1, Using a linear
extrapolation to the data in Fig. V1.8b instead gives dn/dT(a-SrFz) ~-24.56x10° K1,

Uncertainties are estimated to be + 10 %.

Value of dn/dT for crystalline SrF, (c-SrF,) is found to be ~-12.5x10% K1 [23],

which is largely negative but about 45 % lower in magnitude than the value estimated for

a-SrF2. In addition, dn/dT(a-SrF>) is also more negative than dn/dT(a-SrO). This difference
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can be understood by discussing Prod’homme model [36] on the thermo-optic coefficient.
The variation of the refractive index upon heating, derived from the Lorentz-Lorenz

relation, takes the following form [36]:

dn
dTr

= ), gy, 6.7)

where n is the linear refractive index, ¢ is a polarization coefficient and 3 is the volumetric
coefficient of thermal expansion. In Eqn. 6.7, ¢ and 3 both contribute to a change of n upon
heating (i.e., dn/dT). An increase in polarizability (¢), resulting from the electrons
becoming more loosely bound to their nucleus, increase n (assuming electronic
polarizability is the principal contributor to this effect). On the other hand, when 3 is large,
the number of dipoles per unit volume is decreased when the material expands upon
heating, which results in a decrease of n. Thermal expansion coefficient of SrFz is ~18x10"
® K1[37], when SrO is ~17.6x10° K (Chapter 11, Fig. V1.4). However, fluorine has a
lower polarizability than oxygen, and, therefore, the ¢ is expected to be lower for SrF»
relative to SrO. This difference in polarizability would result in a more negative dn/dT.
Consequently, the addition of SrF, as a material precursor greatly contributes to the

reduction of dn/dT in optical glasses. As an example, YbF-SrAISiF A fiber segment has

~3 dB reduction in dn/dT relative to conventional silica fibers.
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The Raman gain coefficient (RGC)
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Figure V1.9. a) Corrected and normalized spontaneous Raman spectra for Yb-doped
fibers (along with the SrAISiF segment). b) Relative Raman gain coefficient (RGC)
for various silicate, aluminosilicate, and oxyfluoride fiber core materials as a function
of silica concentration (in mole %). Data for Sapphire-derived [38], BaO-derived [38],
SrO-Al20s-derived [14],and YAG-derived [39] are taken in the literature. MgO-
Al203-, CaO-Al20s-derived systems are here for completeness (characterized in
Appendix VI1.1), and Yb20s- SrO-Al2Os-derived and oxyfluoride-derived fibers are

the systems characterized herein.

The normalized spontaneous Raman spectra for the Yb-doped fibers, along with
the SrAISiF fiber segment, are reported in Fig. V1.9a. The Raman features for these
aluminosilicate fibers have been discussed in great details in Chapter V. The Raman gain
coefficients (RGC) for the various fibers are measured as being the intensity of the highest

peak of the Raman scattering bandwidth, this relative to fused silica. Therefore, for fused
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SiO> (taken in the cladding), the Raman gain coefficient is equal to unity (highest peak
centered around 440 cm™). As can be seen from Fig. V1.9a, the multicomponent nature of
the glass composition investigated tends to reduce the main silica peak. Consequently, the
magnitude of RGC is principally a function of SiO> content in the core materials. Thus,
RGC as a function of SiO., for a series of glass fiber core compositions which includes
silicates, aluminosilicates and oxyfluorides, is reported in Fig. V1.9b. More information
regarding the systems investigated can be found in the caption. As it can be observed from
Fig. VI1.9b, RGC for the oxyfluoride fibers follow the trend of aluminosilicate or silicate
systems, as they are mainly composed of oxides (fluorine being only a minor component).
In the limit of very large incorporation of dopants into the silica matrix (and therefore,
lower silica content), one may expect that peaks other than the one at ~440 cm™ will begin
to dominate the Raman scattering cross section intensity, likely in the high energy region
characteristic of NBOs formation. This may then ultimately be a limiting factor for further
reduction of RGC. Moreover, glass formation and fabrication of systems with low silica

content can become more challenging.
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VI. G. The Brillouin gain coefficient (BGC)

Table V1.8. Brillouin properties of the investigated fibers: Brillouin Frequency (vs), Brillouin

spectral width (Avs), longitudinal acoustic velocity (Va) and, Brillouin gain coefficient (BGC).

BGC (dB)
Ve Avg V. BGC (10
Fiber SrF,  SrO AlLO;  Yb,0O; SIiO; relative to
(GH2z) (MHz) (m/s) 1 m/w)
SiO,
Yb-SrAlSi 0.00 6.41 3.17 0.58 89.84 10.905 52.9 5722 0.49 + 5% -6.9
YbF-SrAlSi 059 1277 6.93 0.71 79.01 10.945 70.9 5598 0.29 + 8% -9.2
Yb-SrAISiF A 4.26 7.88 4.89 0.91 82.07 10.755 50.5 5569 0.47 +5% -7.1
Yb-SrAISiF B 8.52 6.47 5.68 1.14 78.20 10.617 475 5476 0.45 +5% -7.3
YbF-SrAISiF A 8.11 5.87 5.47 0.51 80.03 10.677 52.4 5539 0.39 + 4% -7.9
YbF-SrAISiFB* 9.71  4.76 541 0.52 79.59
SrAlISiF 494 588 3.83 0.00 8535 10.975 52.0 5621 0.56 + 5% -6.3
SrAlSi 0.00 979 17.10 0.00 7311 11.975 123 6079 0.11 -13.4
Sio, - - - - 100 11.239 17 5970 2.4

& The Brillouin properties of this fiber could not be measured correctly due to the short length of the test fiber.

b: At 11 GHz.

Characteristic Brillouin properties, i.e., Brillouin frequency (vs), Brillouin spectral
width (Avs), longitudinal acoustic velocity (Va) and, Brillouin gain coefficient (BGC), for
the fibers characterized above, are reported in Table V1.8. First, all the fibers present a
reduced BGC, ranging between 75 % to 95 % decrease in the Brillouin strength relative to
silica. These results confirm the success of a materials route toward the fabrication of low
BGC core materials, previously described in Chapters I, Il and 11, and IV. Second, some

insights can be gained regarding the role that each core constituent plays on the reduction
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of BGC. In order to ease the discussion regarding material contribution to BGC, Equation

6.8 provides the expression it takes in optical fiber form:

2mn’pi,

m —
BGC (W) T cA2pV,Avg” (6.8)

Table V1.9 reports the acousto-optic properties of amorphous SiO», Al.O3, SrO, and
Yb203. Moreover, the properties for crystalline SrF, (c-SrF2) are provided to facilitate a
discussion on the effect of a fluoride precursor on the Brillouin properties of the fabricated
glass fiber cores. From Eqn. 6.8, it can be seen that a decrease of n and p12, coupled with
an increase of p, Va, and Avs would result in a reduced BGC. Because each fiber has a
different composition, BGC will vary as each constituent that composes the core glass
presents different properties. For instance, in Yb-SrAlSi fiber, SrO, Al,O3 and Yb203
increase Avg relative to silica. However, again relative to silica, both SrO and Yb,0s are
found to decrease Va when Al>Os significantly increases it. Regarding pi2, all the dopants
in this fiber segment would contribute in a reduction of its magnitude since their p12 values
are lower than p12 (SiO2). It is worth noting that SrAlSi fiber has a large Avs. This
significantly larger value compared to the other fibers is due to the acoustically anti-guiding
nature of this fiber. It results from its high Al.Os concentration which increases V., (fiber
mode) to a point where Va (fiber mode) > Va (SiO2 cladding) [15]. This effect is also
observed for MgAISi, CaAlSi, and CaAlSiF A and B fiber segments, reported in Appendix
VI.1. For the Yb-doped and SrAISiF fibers, both SrO and SrF; are expected to contribute

to the reduction of V.. Therefore, the fibers are acoustically guiding.
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Table VI.9. Summary of acousto-optic properties for amorphous glass compounds
(SiO2, Al20s, SrO, and Yb20s3) determined using additive models described in

Chapter I11. Properties for crystalline SrF2 (c-SrF2) are also reported.

Value SiO? ALOs® Sroe Yb20s c-SrF2
Index (at 1534 nm) 1.444 1.653 1810+ 1.1% 1.881 1.4389[25]
Molar mass (g/mol) 60.08 101.96 103.62 394.106 125.62
Density p (kg/m®) 2200 3350 4015 +1.0% 8102 4280 [40]
Va(m/s) 5970 9790 3785+1.6% 4110 51757 [40]
Avs (MHz at 11 GHz) 17.0 274 187+11% 1375 -
dn/dT (10 K?) 104 105 -12.4 +68% - -125[23]
P11 +0.098 -0.237+0.020 -0.296 £0.113 -0.275 +0.080°[22]
p12 +0.226 -0.027 £0.012 -0.245+0.034 -0.123 +0.269°[22]
Poisson Ratio 0.16 0.25 0.231[41] 0.28 0.29[22]

a: Data from [42], [7], [8], [13] for silica were utilized in the analysis here. Determination of the Pockels’ coefficients
near 15XX nm for silica can be found in [42]. The Pockels’ values are somewhat lower here than in the visible
wavelength range [22], [43], [44] due to dispersion in these parameters [45]-[48].

b: Data from [42], [49], [50] for alumina was utilized in the analysis here.

¢: Data from [15].

d: At 1064 nm.

& At 633 nm.

f. At room temperature, averaged over [100], [110], and [111] crystallographic plan orientations.

Now, if the contributions of the oxide glass compounds have been characterized
and investigated (Table V1.9, but also Chapter Il1, Table I11.1), an attempt to characterize
the effect of SrF. as an amorphous glass constituent is made. As Brillouin spectroscopy
involves the interaction between acoustic and optical modes, a 4-layer approximation,

described in Chapter Ill, Section B.1, is utilized. The fiber segments chosen for this
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analysis are Yb-SrAlSiF A and B. A 4-layer approximation is first made with the help of
refractive index profile (RIP), and the compositional (from EDX) profile is overlaid on the
RIP. Then, both profiles are interpolated to determine the composition and refractive index.
For each given layer, the modeled property values of amorphous SrF, (a-SrF2) at each

modeled layer can be determined and are reported in Table VI1.10.

Table VI1.10. Summary of the calculated properties using a 4-layer approximation for Yb-

SrAlSiF A and B fiber segments.

Yb-SrAISIF A
Va (SrF2)  Ave (SrF2)
Layer SrF2 SrO  AlOs  Yb20s  SiO2  n(SrF) p12
(m/s) (MHz)
1 409 788 479 089 8235 1507 2960 <0 +0.24530
2 392 788 453 086 8281 1477 3052 <0 +0.2858b
3 353 688 408 076 8475 1.504 3006 <0
4 313 505 357 064 8761 1.492 3095 <0
Average - - - - - 1.49 3028 <0 +0.265
Yb-SrAISIF B
Va(SrF2)  Avs (SrF2)
Layer SrF2 SrO AlOs  Ybh20s  SiO2  n(SrF) p12
(m/s) (MHz)
ab
1 852 626 568 111 7843 151 3280 <0 +0.095
ab
2 812 605 548 105 793 150 3292 <0 +0.065
3 <0
770 556 507 103 80.64  1.49 3357
4 650 507 450 079 8314 148 3381 <0
Average - - - - - 1.495 3328 <0 +0.080

2 Acoustic wave is confined to the first two layers.
b: Ave(SrF2) was set to -212 MHz (negative) to make the spectral width match that which was measured. However, by

changing Ave(Yb203), one can find more reasonable (i.e., positive) Ave(SrF2) values.
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First, it should be noted that both n and V. for a-SrF. are somewhat consistent
throughout the layers, which may suggest at first that considering SrF as a glass compound
is a reasonable assumption. Using the 4-layer approximation, n(SrF2) = 1.49 (Yb-SrAlSiF
A) and 1.495 (Yb-SrAlSiF B), is found close to what was previously found in section V1.
D., i.e., 1.48. The average acoustic velocity is calculated to be 3028 and 3328 m/s, which
is ~35-40% lower that for its crystalline analog (Table VI1.9). If this value seems low
compare to its crystalline analog, amorphous BaO is found to also present lower V, value
(~33%) than its crystalline analog [6]. In order to retrieve Avg for each layer, a negative
Avg value for SrF; is necessary, which is non-physical. However, it is possible that the
fluorine modifies the local environment of other cations than Sr, such as Yb, and can
subsequently modify Avg for the other glass compounds. This can be a possibility as the
Yb spectroscopic properties are very sensitive to the fluorine concentration (see next
section), which suggests fluorine to be in the environment near to the rare earth ion, Yb.
Finally, the transverse photoelastic coefficient pi> of amorphous SrF: is calculated to be
~0.265 and ~0.080 for segments A and B, respectively. Interestingly, the former value is
found to be nearly the same as the crystalline value (0.269, Table V1.9) for segment A.
However, it is much lower for segment B, and suggests that the fluorine may modify the
glass in such a way that the additive models used herein breaks down. Overall, further
investigation of a-SrF properties should be carried out, as the additive models used herein
only permit a qualitative understanding of its influence on the aggregate glass properties.
Nevertheless, if SrF2 participates to the reduction of n, nz, and TOC, the modeled values

reported in Table VI.10 suggest that it does not participate to the reduction of BGC as its

299



oxide analog SrO would do, primarily due to its positive pi2 coefficient, as well as its low
acoustic velocity. Therefore, a glass core that contains both SrO and SrF, as glass

compounds is critical in order to mitigate all nonlinearities concomitantly.

The 4-layer approximation of the core fibers was also used to determine the
dn/dT(SrF2). This calculation differs from section VI.F above, where the assumption that
the fundamental mode (FM) is tightly confined at the core center was made, suggesting
dn/dT to be the value corresponding to the glass composition at the fiber core center. Using
the 4-layer approximation, the spreading of the FM over the effective area (i.e., at and away
from the core center) is considered. Performing the calculation gives a dn/dT(SrF2) ~ -
52x10° Ktand ~ -38x10° K for both Yb-SrAISiF A and B, respectively. These values
are 2 to 2.5 times higher than what was found in Section VLF (-20.5x10% K1). This
difference is expected as the whole optical mode is considered, which comprises more
silica due to silica-richer layers away from the core center, hence less SrF», resulting in an
increase of the magnitude of dn/dT(SrF2) using the additive model. The magnitude of
dn/dT still remains very large, and only a qualitative understanding, given in Section VI.F.,

can be provided regarding the contribution of SrF2 on dn/dT.

300



VI. H. Ytterbium spectroscopy of oxyfluoride fibers

Although not directly related in the characterization of parameters that drive optical
nonlinearities, the importance in studying the spectroscopic properties of the fibers is many
fold. First, it enables a better understanding of the local environment of the Yb ions, which,
in turn, leads to a better comprehension of the optical properties to structure/composition
relationships. In addition, Yb-doped fibers lasers are of interest due to their simple
electronic level structure, their low quantum defect (necessary when it comes to heat
management and to prevent thermal nonlinearities such as TMI), and the availability of
pump diodes at the operating wavelength bandwidth [51]. Consequently, characterization
of properties that dictate fiber laser performance such as emission cross section or

fluorescence lifetime [52] is valuable.

Thus, this section focuses on the study of some spectroscopic properties of Yb ion
2Fs;, and 2F7y, transition electronic states. The fluorescence lifetimes (T), average emission
wavelengths (Aav), emission cross sections (cem) are reported in Table V1.11, along with the
core center fiber compositions to help the reader in comparing compositions vs.
spectroscopic properties. Spectroscopic properties of a commercial aluminosilicate fiber

(LIEKKI® Yb1200-4/125) is also reported for comparison.

The normalized emission spectra of the fabricated fibers are reported in Fig. V1.10a.

For fibers with high fluorine concentrations, the secondary peak of the emission bandwidth
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is shifted to lower wavelengths and its magnitude is increased relative to the zero-line peak.
This behavior is similar to [53], [54] and is attributed to the so-called nephelauxetic effect,
where the fluorinated glass modifies the local environment of the active ion, resulting in a

shift to lower wavelength (blue shift).

Table VI.11. Fiber compositions at the core center (in mole %), fluorescence lifetimes (t, in
us), average emission wavelengths (Aav, in nm), emission cross section (cem, in x102° cm?)

calculated from Egn. 6.3.

Fiber SrF2 SrO Al203 Yb203 SiO2 T hav® Gem®
Yb-SrAlISi 0.00 6.41 3.17 0.58 89.84 1060 1004.9 2.45
YbF-SrAlSi 0.59 12.77 6.93 0.71 79.01 968 1003.6 2.55
Yb-SrAISiF A 4.26 7.88 4.89 0.91 82.07 1239 1001.6 191
Yb-SrAISiF B 8.52 6.47 5.68 1.14 78.20 850 1000.0 2.44
YbF-SrAISiF A 8.11 5.87 5.47 0.51 80.03 1270 999.19 1.73
YbF-SrAISiF B 9.71 4.76 541 0.52 79.59 1270 1000.8 1.59
LIEKKI® fiberd 743 1006.6 2.53

2 The fluorescence lifetimes are calculated for a decrease of 1 of the log (I), with “I” describing the fluorescence
intensity. Spectra of Log(1)=f(time) for the Yb-doped fibers are reported in Appendix V1.4.

b: Defined as Aav=AxI(A)xdA / [I(A)xdA.

¢ em calculated using the Fuchtbauer-Ladenburg (F-L) formula (Eqgn. 6.3). Emission cross section spectra (in cm?)
are reported in Appendix V1.4,

d: Typical Yb-doped aluminosilicate optical fiber (LIEKKI® Yb1200-4/125).
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Figure VI1.10. Normalized emission spectra for Yb-doped fibers. b) Normalized

absorption spectra for two fibers (Yb-SrAlSiF B and YbF-SrAISiF A).

The Yb** doping, through introduction of Yb,Os or YbFs in a similar precursor system
matrix, say SrO-Al;O3 (black vs. red curve in Fig. VI.10a), gives rise to a small, but
significant, shift to lower wavelength. A similar trend is observed when Yb.O3 is again
substituted by YbFs in an SrF2-Al2Os initial precursor mixture (blue vs. pink in Fig.
VI1.10a). This clearly suggests some nearest-neighbor fluorine ions in the local environment
of Yb®" Additionally, the less resolved stark splitting and the significant inhomogeneous
broadening suggests formation of highly disordered glasses, in part explained by the

multicomponent nature of these fiber core materials.

In Fig. V1.10b, the absorption bandwidths of two fibers (Yb-SrAlSiF B and Yb-SrAISiF
A) are reported. The absorption spectra exhibit a very wide and flat bandwidth, which
resembles to borate or phosphate glasses [53], and again suggests Yb ions to have multiple

local environments. Furthermore, the line strength of the YbF-SrAISiF A fiber segment is

303



reduced compared to the Yb-SrAISiF B segment. Interestingly, the two compositions have
somewhat similar SrF> concentration, but the starting precursor for YbF-SrAISiF A
segment is YbFs, when it is Yb2O3 for the Yb-SrAISiF B. The line strength of fluoride
glasses being smaller than silicate glasses [53], it is likely that some F remains attached to
Yb during fiber drawing when YbF3 is a starting precursor. Moreover, the absorption peak
is slightly more shifted to lower wavelength for YbF-SrAlSiF A fiber, which is understood
as a more fluorinated environment of the Yb ions and consequently consistent with the

argument formulated above.

For completeness, a comparison of the emission spectra between Yb-SrAlSi fiber and
two Yb-doped aluminosilicate fibers is given in Appendix VI1.4. The non-containing
fluorine fiber (Yb-SrAlSi) has a less resolved stark splitting that typical aluminosilicate
fibers. The asymmetry of the secondary peak is attributed to the effect of strontium since
alumina is found to modify the magnitude of the 1025 nm peak relative to the zero-line
peak, but does not give rise to a noticeable frequency shift. Because the emission
bandwidth is affected by strontium, it is likely that Sr ions are in the proximity of Yb ions.
Interestingly, F is found to also modify the local environment of Yb ions and thus some Sr-
F bonds to be in their first coordination shells. It also explains the drastic change of
spectroscopic properties with the addition of only few percent of fluorine. This is consistent
with the observation in strontium oxyfluoride glasses [16] where F is found to be

principally distributed around Sr and the rare earth (Lanthanum in the study).
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The average emission wavelength (Aay) and the emission cross section (Gem) as a
function of SrF> concentration are reported in Fig. VI.11 (a and b). The fluorescence

lifetime as a function of SrF, and Yb2Os content are displayed in Fig. VI.11 (c and d).
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Figure VI1.11. a) Average emission wavelength (nm) and b) Emission cross section
(x10%° cm?) as a function of SrF2 concentration (mole %). c) and d) are the
fluorescence lifetime (in ps) as a function of SrF2 and Yb203 concentration (in mole

%), respectively. The outlier data points in (b), (c), and (d) are discussed in the text.
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From Fig. VI.11, on can observe that the average emission wavelength, emission
cross section and lifetime are strong function of the glass material composition. The
reduction of Xay as a function of SrF, already described as originating from the
nephelauxetic effect, is clearly visible from Fig. VI.11a. Interestingly, if only few mole
percent of SrF, seem to have a strong effect in reducing Aav, the frequency shift becomes
less pronounced with further addition of SrF as it reaches a horizontal asymptote. This
blue shift can potentially be beneficial for reducing the Quantum Defect laser operation, as
Ainput to Aoutput difference can be reduced. The Aav for the fibers investigated herein is
typically lower than commercial aluminosilicate systems (see LIEKKI® fiber, Table
VI.11). In Fig. VI.11b, if the fibers exhibit a reduced cem When fluorine concentration
increases, as typical when going from oxide to fluoride systems [53], [55], [56], one fiber
(Yb-SrAlISiF B) significantly deviates from this trend. This arises from lifetime quenching
due to its high Yb concentration, similarly to what is observed in [57]. Because cem and 1
are inversely proportional to each other (Eqgn. 6.3), a sudden decrease of 1 is concomitant
to a higher calculated cross section, as observed in Fig. VI.11b for this fiber. The
fluorescence lifetime (t) is found to increase with higher SrF» content (Fig. VI.11c),
excepted for Yb-SrAlSiF B fiber segment. This fiber deviates from the trend due to lifetime
guenching effect as described above. The lifetime tends to plateau at higher SrF;
concentration, which resembles the asymptotic behavior observed in Fig. VI.1lla.
Interestingly, it suggests that for SrF, concentration > 5 mole %, both Aay and t values
plateau. In Fig. V1.11d, the lifetime as a function of Yb2Os concentration is also reported.

When Yb203 content is increased, excepted for Yb-SrAISiF A segment, which has a
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substantially high lifetime granting its high Yb2Oz content, the lifetime decreases. This is
characteristic of lifetime gquenching. Consequently, two principal contributions to the
lifetime are identified, i) an increase of fluoride as a core material leads to longer

fluorescence lifetime and ii) an increase of Yb concentration, in contrast, reduces it.

Table VI1.12. Fluorescence lifetime (t, in ps), averaged emission wavelength (Aav, In NM),
averaged emission cross section (cemav, in X102 cm?), and cross section-lifetime product

(GemavXT, in X10° cm2.ms).

Fiber T Aav Gem,av® Gem,avXT
Yb-SrAlSi 1060 1004.9 1.089 1.15
YbF-SrAlSi 968 1003.6 1.204 1.17
Yb-SrAISiF A 1239 1001.6 0.901 1.12
Yb-SrAlISiF B 850 1000.0 0.835 0.71
YbF-SrAISiF A 1270 999.19 0.845 1.07
YbF-SrAISiF B 1270 1000.8 0.767 0.97
LIEKKI®fiber 743 1006.6 1.056 0.78

2 defined as Gemav=JoxI(c)xdo / JI(c)xdo.

The product oxt is a good figure of merit to provide insights on fiber laser
performance [10], [52], especially in this context where glass composition vs. optical
properties are of interest (both lifetime and cross section are material dependent). To
calculate this factor, the averaged emission cross section (cem,av) IS taken instead of the
emission cross section of the highest peak of the emission bandwidth, and is reported in
Table VI1.12. One should not that, excepted for Yb-SrAISiF B fiber segment, which exhibits

strong lifetime quenching, all the fibers present a higher figure of merit than the
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conventional aluminosilicate fiber. However, no direct correlation between cem av and SrF
concentration was found. Then, in addition from having reduced optical nonlinearities, the
investigated fibers exhibit promising spectroscopic properties. Furthermore, the addition
of fluorine in silicate systems enables potential tailoring of the emission cross section and

fluorescence lifetime.
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VI. I. Conclusion

The optical properties of alkaline earth oxyfluoride fibers have been discussed. The
study of a variety of Yb-doped strontium oxyfluoride fibers has enabled a better
comprehension of the role that each dopant plays on the parameters/properties that drive

optical nonlinearities.

It was found that the introduction of SrF. into the core glass optical fiber causes a
reduction of the refractive index (n), and subsequently a reduction of the nonlinear
refractive index (n2), relative to its oxide analog (i.e., SrO). Moreover, the possibility to
reduce core-cladding index difference (An) can be crucial when the development of fibers
with low NA is mandatory. For instance, YbF-SrAISiF B fiber segment was found to have
a An that is x2 lower than if the same core material was considered, but without fluorine

(i.e., containing only SrO instead of an admixture of SrO and SrF>).

The thermo-optic coefficient (dn/dT) was found to be reduced by ~50 % in high
fluorine content fibers, and was explained by the large negative dn/dT exhibited by the
fluoride precursor. The Raman gain coefficient (RGC) reduction in the developed fibers
was found to be principally driven by the silica concentration in the fiber core, somewhat
indistinctly from the precursor composition. Reduction of the Brillouin gain coefficient
(BGC), ranging between 75 to 95 % depending on the fibers, was ascribed to the role played

by the alkaline earth oxide (AEQ) and alumina (Al>Oz3) into the silica matrix.
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Finally, investigation of the spectroscopic properties of the Yb-doped fibers
revealed the influence of fluorine on the lifetime and emission cross section of the fibers.
Interestingly, the shift to lower wavelengths of the average emission wavelength is
characteristic of the more ionic character of the oxyfluoride fibers relative to typical
aluminosilicate systems. The hybrid character of these oxyfluoride fibers (fluoride-like

properties in silica-based core) could enable spectroscopic property tunability.

This chapter clearly shows the potential in the development of oxyfluoride core
glass optical fibers for continuing power scaling, as they are materials solution in reducing
optical nonlinearities. However, several challenges remain to make these fibers practicable,

and these are discussed in the following chapter.
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VI. J. Appendices

Appendix VI. 1. Properties of alkaline earth aluminosilicates, fluoro-aluminosilicates,
and fluoro-silicates

Properties of alkaline earth aluminosilicate optical fibers.

Fiber properties MgAISi# CaAlSi# SrAlISi BaAlSie
Taraw (°C) 2100 1950 1925 1950
Optical Wavelength (nm), Brillouin Scattering Measurements 1534 1534 1534 1534
And(x 10%) 347 62.8 74.8 29.1
Mode Index, nm (1534 nmy); room temp. and zero strain® 1.4649 1.4979 15109 1.4503
Mode Field Diameter (um) 4.80 547 6.10 4.82
Attenuation Coefficient (dB/m) at 1534 nmf 1.02 193 2.68 364
v (GHz) 12.199 12.435 11.975 11.275
V (m/s) (acoustic mode value) 6387 6367 6079 5963
[Al205]* mole% 78 128 171 31
[AEQO]2 mole% 42 74 9.8 18
Thermal Coefficient (MHz/K) +0.637 +0.067 -0.064 +0.838
TOC (108K 10.9 109 84 106
Strain Coefficient (GHz/¢) 458 322 244 49.1
€0C (unitless) 0.142 0.128 0.102 0.159
Av (MHz) 148 138 123 38
Avinsinsic (MHZ)® 768 975 87.2 38

p (kg/m3)2> 2315 2385 2585 2290
BGC (10 m/W) 0.07 0.12 011 1.05
BGC (in dB, relative to SMF-28™) -15.35 -13.01 -13.39 -3.6
RGC (relative to SiO2) 0.82 0.69 0.61 -

8. Value at the core center.

b: Calculated from the additive model.

¢ Waveguide attenuation coefficient contribution is calculated.

d: Calculated from EDX.

& MgAISi, CaAlSi, SrAlSi, and BaAlSi have initial precursor composition (molar ratio) of SAEO-8AI20s. SrAlSi fiber

from [15] is reported here for comparison with its AEO-Al>Os-derived optical fiber analogs.
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f: Precursor material purities: Al203 (99.997%), MgO (99.998%), Ca0(99.998%), SrO(99.9%), BaO(99.99%).

(c)

" 100pm ' ' 100pm

SEM micrographs of MgAISi (a), CaAlSi (b), SrAlSi (c), and BaAlISi (d) optical fiber

segments.
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Properties of alkaline earth fluoro-aluminosilicate and fluoro-silicate fibers.

Fiber properties CaAlSi-F A CaAISiFB BaF
Tdraw (°C) 2000 2000 2000
Optical Wavelength (nm), Brillouin Scattering Measurements 1534 1534 1534
An?(x 109) 34.974 34.866 16.90
Mode Index, nm (1534 nm); room temp. and zero strain® 1.4703 1.4660 1.4500
Mode Field Diameter (um) 5.685 4.849 6.105
Attenuation Coefficient (dB/m) at 1534 nm? 042 0.46 119
v (GHz) 11494 11481 10.659
V (m/s) (acoustic mode value) 5996 6007 5638
[ALOs]* mole% 4.68 3.66 -
[AEO]* mole% 411 5.38 2.32
[AEF2]* mole% 8.86 487 112
Thermal Coefficient (MHz/K) 0.528 0.527 0973
TOC (108 K% 6.0 59 8.0
Strain Coefficient (GHz/g) 325 35.2 427
Av (MHz) 50.0 56.0 340
Avinrinsic (MHz)® 37.9 35.1 340
BGC (10" m/w)f 0.67 0.72 0.80
BGC (in dB, relative to SMF-28™) -5.54 -5.23 -4.77

2 Value at the core center.

b: Calculated from the additive model.

¢ Waveguide attenuation coefficient contribution is calculated.

d: Calculated from EDX.

& MgAISi, CaAlSi, SrAlSi, and BaAlSi have initial precursor composition (molar ratio) of SAEOQ-8AI20s. SrAlSi fiber
from [15] is reported here for comparison with its AEO-Al2Os-derived optical fiber analogs.

f. BaF fiber BGC material is probably not reliable due to a higher order acoustic mode hiding beneath the instrument
peak, and therefore BGC value is likely to be slightly higher. For CaAISiF A and B segments, there is excitation of
higher order optical modes. Once this happens, estimates of BGC are no longer fully reliable. The calculation above
assumes that the Brillouin spectrum accounts for all the optical power (no loss of higher order optical modes when
going back into the measurement system).

9: Precursor material purities: Al203 (99.997%), BaF2 (99.998%), CaF2(99.99%).
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10pm

SEM micrographs of CaAlSiF A (a), CaAlISiF B (b), and BaF (c) fiber cores.
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Appendix VI. 2. Composition and Refractive index profiles, and SEM micrograph of

fiber cores
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oxygen concentration, %0. However, %0 (At. %) = 100 — [%F + %Sr + %Al + %Si].
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micrograph of the YbF-SrAISiF A fiber segment. Not shown for reasons of clarity is

the oxygen concentration, %0. However, %0 (At. %) = 100 — [%F + %Sr + %Al +
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micrograph of the YbF-SrAISiF B fiber segment. Not shown for reasons of clarity is
the oxygen concentration, %0. However, %0 (At. %) = 100 — [%F + %Sr + %Al +

%Si].
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Appendix VI. 3. Matlab code used to compute n(SrF»)

close all;
$%%%%%%%%%%%% calculation of n(SrF2) %$%%%%%%%%%%

MS=60.08; rhoS=2200; nS=1.444; %Si02

MA=101.96; rhoA=3350; nA=1.653; SA1203

MSr=103.62; rhoSr=4015; nSr=1.81; %SrO

MY=394.08; rhoY=8102; nY=1.881; %Yb203

MSrF2=125.62; rhoSrF2=4240; %rhoSrF2=2580; %rhoSrF2=3980; %SrF2

n=1.444+41.5*10"-3; S%refractive index
srf2=8.11; %mole percent of SrF2
sr=5.87; %mole percent of SrO

y=0.51; %mole percent of Yb203

a=5.47; %mole percent of Al203
s=100-srf2-sr-y-a; %mole percent of SiO2

syms nSrE2

volS=(s*MS/rhoS) / (s*MS/rhoS+a*MA/rhoA+sr*MSr/rhoSr+y*MY/rhoY+srf2*MSrF2/rhoSr
F2);

volA=(a*MA/rhoA) / (s*MS/rhoS+a*MA/rhoA+sr*MSr/rhoSr+y*MY/rhoY+srf2*MSrF2/rhoSr
F2);

volSr=(sr*MSr/rhoSr)/ (s*MS/rhoS+a*MA/rhoA+sr*MSr/rhoSr+y*MY/rhoY+srf2*MSrF2/r
hoSrF2);

volY=(y*MY/rhoY)/ (s*MS/rhoS+a*MA/rhoA+sr*MSr/rhoSr+y*MY/rhoY+srf2*MSrF2/rhoSr
F2);
volSrF2=(srf2*MSrF2/rhoSrF2) / (s*MS/rhoS+a*MA/rhoA+sr*MSr/rhoSr+y*MY/rhoY+srf2
*MSrF2/rhoSrF2) ;

v=volS+volA+volSr+volY+volSrF2;

S=vpasolve (n==volS*nS+volA*nA+volSr*nSr+volY*nY+volSrF2*nSrF2, nSrF2)

Code (Matlab) to calculate n(a-SrF2): As an example, entering fiber composition at
the core center for fiber segment YbF-SrAISiF A and assuming a density of 4240

kg/m? gives an estimated index for a-SrF2 of 1.5015.

319



Appendix VI. 4. Spectroscopic properties of oxyfluoride glasses
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CHAPTER VII.
PRESENT CHALLENGES AND FUTURE PERSPECTIVES IN THE

DEVELOPMENT OF OXYFLUORIDE GLASS OPTICAL FIBERS

VII. A. Introduction

In the previous chapters, oxyfluoride fibers using the molten core method have been
successfully fabricated and characterized. These fibers have shown property values that
drive reductions in optical nonlinearities. However, further remaining challenges have been

identified as necessary to be overcome in order to develop fibers for practical use.

At first, attenuation losses of the fabricated fibers are measured to be between
approximately 0.4 to 3.7 dB/m at 1534 nm. The fibers do not necessarily need to exhibit
the low loss levels achieved by telecom optical fibers as the fiber length needed for high
power applications are typically in the tens of meters range. However, lower attenuation
losses would greatly improve heat management or lasing efficiency. Origins of these losses

are discussed and solutions to further reduce them proposed.

Additionally, developing fibers with a higher dopant concentration in the glass
silicate core is beneficial to further mitigate optical nonlinearities through the material
approach adopted in this dissertation, but also to enable the study of properties in not yet

explored glass fiber core compositions. As the molten core method is an adequate fiber
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fabrication process to fabricate such unconventional compositions, a way in developing
those highly doped core is proposed, which consists in starting with denser precursor
materials. Challenges that arise from the fabrication of highly doped silicate cores, e.g., the

necessity to reduce crack formation at the fiber core/cladding interface, are also discussed.

Finally, the potential in combining alkaline earth fluorides (AEF2) as starting
materials using the molten core technique to enable greater fiber property tunability is

addressed.

VII. B. Origins of losses in the fabricated fibers and approaches to mitigate them

The attenuation losses in the fibers investigated throughout this dissertation (in the
dB/m range) are substantially higher than typical losses found for telecommunication
applications (<0.2 dB/km). As the typical fiber lengths required for high energy laser
applications do not generally exceed tens of meters [1], ultra-low losses are not as critical
as for long haul telecom applications. However, heat-induced effects can lead to the
deterioration of the optical system considered (e.g., thermal fracture, melting of the
core [2]). Therefore, fibers with reduced attenuation losses are necessity to render the

fabricated fibers more practical.

Here some insights in to the origins of the attenuation losses are given, and solutions

to reduce them proposed. In Chapter I, scattering phenomena (e.g., “classical” Rayleigh,
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Brillouin, Raman) that contribute to fiber loss have been described. In addition to these

scattering phenomena, ultraviolet (UV) and infrared (IR) absorption losses also participate

to the total fiber loss. Finally, waveguide imperfections, and presence of impurities (e.g.,

OH hydroxyl group or transition metals) also lead to further attenuation of the light

propagating inside the fiber core [3-5].

Table VII.1. Attenuation coefficient (o, in dB/m, at 1534 nm) and averaged material

precursor purity for aluminosilicate fibers investigated in Chapters V and VI.

Fiber a (dB/m, at 1534 nm) Averaged material precursor purity?
Yb-SrAlSi 0.78 99.92799
YbF-SrAlSi 2.08 99.92754

Yb-SrAISiF A 2.85 99.99211
Yb-SrAISiF B 2.66 99.99211
YbF-SrAISiF A 0.52 99.99166
YDbF-SrAISiF B 0.46 99.99166
SrAlISiF 0.65 99.99175
SrAlSi 2.68 99.95969
CaAlISiF A 0.42 99.99175
CaAlSiF B 0.46 99.99175
BaF 1.19 99.99800
MgAISi 1.02 99.99738
CaAlSi 1.93 99.99738
BaAISi 3.64 99.99431

& Precursor purities: SrO (99.9%), SrF2(99.99%), Yb203 (99.999%), YbFs (99,99%), Al203 (99.997%), CaO (99.998%),

MgO (99.998%), BaO (99.99%), BaF2 (99.998%), SiO: glass cladding (Heraeus, CFQ 099). Starting material precursors

and ratios can be found in Chapter VI, Table V1.1, and Appendix V1.1).



In Table VII.1 are summarized the attenuation coefficients for some fiber segments
characterized in this dissertation, along with the averaged (from molar ratios) purity of the
starting precursor materials. Remarkably, the attenuation coefficients measured herein are
in the same order of magnitude of what is reported in [6-11], and this for very different

systems, comprising SiO, Al203, La;0s3, Y203, BaO, SrO, MgO.

Then, the attenuation coefficients are plotted as a function of the averaged purity of
the precursor materials in Fig. VII.1. Interestingly, no direct correlation between higher
purity of the starting precursors and attenuation losses is found. This can be best seen when
comparing Yb-SrAlISiF fiber segments A and B vs. YbF-SrAISiF segments A and B. Both
fibers contain the same precursor materials, with the exception that the former fiber
contains Yb203 (99.999 % purity) and the second fiber contains YbFz (99.99 % purity).
However, the starting precursor composition with the highest purity materials exhibit
losses that are about 2 dB higher than that of the other fiber. In addition, Yb-SrAlSi fiber,
which has SrO as a principal initial precursor material (75%), exhibits losses of only 0.78
dB/m, even when SrO purity is of 99.9%. If no direct trend between the precursor materials
purity and attenuation losses is explicitly observable, one should be aware that many
variables come into play which may hinder any precursor purity to attenuation coefficient
correlation. For instance, the nature of the impurities influences fiber loss differently; as an
example, each transition metal exhibits a different absorption cross section [4]. From the
same reference, it is shown that at 15XX nm, 1 ppb (wt.%) of Cr or Co can contribute to

0.5to 1 dB/km in the attenuation losses. Then, taking a powder such as SrF2, which exhibits
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a purity of 99.99%, present impurities in the order of 100 ppm, or 10° ppb. If 1 ppm (wt.%)
of Cr is present as an impurity, it would account to ~0.8dB/m, which is very consequent.
This example is here simply to pinpoint the critical influence the transition element

impurities (and therefore material purity) on attenuation losses.

Furthermore, possible environmental contamination of some precursor mixtures
during sample preparation could play a significant role, as suggested in [11], and
especially when considering the impact of OH contamination [5]. Characteristic OH
absorption peak is clearly observable for one baria-derived fiber [6] and YAG-derived
fibers [8], both fabricated using the molten core method. It is worth mentioning than
in [8,9], attenuation coefficients in the 0.1-0.3 dB/m range were achieved, and,
consequently, starting with high purity precursor materials still remains essential in

developing low loss fibers.
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Figure VI1.1. Attenuation losses (in dB/m) as a function of the averaged purity of the
starting precursor materials (calculated from molar ratios) for the fiber segments

listed in Table VII.1.

A second contribution to waveguide loss can arise from linear scattering (e.g.,
Rayleigh, Mie), due to the tendency of the alkaline earth silicate systems investigated
herein to phase separate [12], which can result in some inhomogeneities in the glass core.
It should be mentioned that no phase separation for the characterized fibers (Table VII.1)
was detected by scanning electron microscopy (SEM) imaging. In order to observe if any
nanoscale phase separation is present in these fibers that could not be easily detected with
SEM, three fiber segments (Yb-SrAlSi, Yb-SrAISiF A, and, YbF-SrAISiF A) were

investigated by transmission electron microscopy (TEM). These fiber segments were
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chosen as they exhibit different attenuation coefficients but are of similar compositional
nature. Each glass fiber core was core drilled using a Focused lon and Electron Beam
System (FIB-SEM HITACHI NB5000) and thinned down to ~100 nm thin layer. Then,
each core slice was mounted on a TEM sample grid and analyzed with the help of a STEM
HITACHI HD2000. The TEM micrographs at the core center and at the core clad interface

of these fibers are summarized in Figs. VI1.2, VII.3, and VI1.4.

Figure VII1.2. TEM micrographs at the core-cladding interface (left) and at the core

center (right) for fiber Yb-SrAlSi (¢=0.78 dB/m).
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Figure VI1.3. TEM micrographs at the core-cladding interface (left) and at the core

center (right) for fiber YbF-SrAISiF A (0¢=0.52 dB/m).
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Figure VII1.4. TEM micrographs at the core-cladding interface (left) and at the core

center (right) for fiber Yb-SrAlISiF A (0=2.85 dB/m).

From TEM analysis, phase separation is clearly observed, especially at the
core/cladding interface, but it differs from one fiber to another (note that on Figs. VII.2,
VII.3, and VII.4, the magnification for the 6 micrographs is identical). These features are
somewhat similar to findings in [11]. Interestingly, in the same paper, the authors pinpoint
the preferential scattering of higher order modes at the core/clad interface, where the phase
separation is enhanced and principally contributes to the attenuation coefficient. Yb-
SrAISiF A fiber segment (Fig. VI1.4), which exhibits the most pronounced phase
separation, also presents the highest attenuation losses (2.85 dB/m). The inhomogeneities
are on the order of ~10-20 um, but are not always well resolved at the core center,
suggesting spinodal phase separation [13]. On the other hand, at the core/cladding
interface, the phase separation is more resolved, characteristic of binodal phase separation.
More on the phase separation morphology difference, which arises from the varying glass

composition within the core, is discussed later. For completeness, Yb-SrAlSi fiber segment
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(Fig. VI1.2) exhibits much smaller inhomogeneities, whereas YbF-SrAISiF A one (Fig.
VI11.3) shows larger but less coarse and pronounced phase separated regions compared to
Yb-SrAISiF A segment. The phase separated regions are < x75 smaller in size than the
1534 nm wavelength used for attenuation measurements, and can typically result in

Rayleigh scattering.

An attempt to quantify the amount of Rayleigh scattering that contributes to the
attenuation coefficient in the Yb-SrAlSiF A fiber segment (Fig. VI1.4) is performed. This
segment is preferred as the phase separation is more distinct. Two models, reported
in [14,15], are utilized to estimate the light attenuation due to Rayleigh scattering. The
principal assumptions are that the scattering centers (i.e., the particles) are spherical and of
equal refractive index. The matrix is silica (n=1.444 at 1.534 um), and the particles have a
refractive index of 1.444 + An, where An is the difference of the refractive index between
the core and the cladding in that fiber. This assumption appears reasonable as most of the
power would be focused at the core center. However, it should be noted that most of the
inhomogeneities (considered here as particles) are not clearly resolved and not always
spherical. Therefore, this succession of assumptions would certainly result in quite large
uncertainties. Nevertheless, the attenuation coefficient as a function of particle size
diameter is calculated using the two different models, and the results are display in Fig.
VII.5. For completeness, the code utilized to perform the calculations is reported in

Appendix VII.1.
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Figure VIL5. Estimation of attenuation coefficient (in dB/m) due to Rayleigh
scattering as a function the particle size diameter (in nm), for Yb-SrAlISiF A fiber
segment. The first model is taken from [15], and the second model from [14].
Parameters used for this estimation (other than the particle size diameter, which is
varying), are given in the text and in Appendix V1.1, where the code is reported. The
box is here to provide upper and lower boundaries of the estimated particle sizes, and,

consequently, of the attenuation coefficient.

If both models give slightly different results, it should first be noted that for the
particle size estimated based on Fig. VII.4 (here between 10 — 18 nm). The attenuation
coefficient is calculated as between 0.25 — 2.25 dB/m, when the measured attenuation

coefficient for this segment is 2.85 dB/m. The estimated contribution of Rayleigh scattering
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to the attenuation coefficient for this fiber is in the same order of magnitude (dB/m) than
the measured value and, accordingly, is believed to be one of the major contribution to total
loss. However, even the upper attenuation coefficient limit (2.25 dB/m, from model 1, and
1.5 dB/m from model 2) is lower than the measured value of 2.85 dB/m. This suggests that
Rayleigh scattering is not the only contributor to losses, and, as discussed previously, light
absorption by impurities also plays an important role. It is worth mentioning that in Fig.
VI1.4, the morphology of the phase separation at the core center and at the core/cladding
interface is quite different (in shape and size). To better observe the features, micrographs
from Fig. VI1.4 were colored in Black and White, then contrast was modified. These results

are reported in Fig. VI1.6.

Figure 7.VI1.6. TEM micrographs showing phase separation at the core-cladding
interface (a) and at the core center (b) for Yb-SrAISiF A fiber segment (Fig. VI11.4).
In white are the high index phase separated regions, and in black the silica matrix.
The difference in morphology between the core center (spinodal) and the

core/cladding interface (binodal) is clearly identifiable.
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Higher index phase separated regions are shown in white, and the silica matrix in
black. As mentioned previously, the change in morphology of the phase separated regions
is clearly visible: at the core center, the phase separation is spinodal, when at the

core/cladding interface it is principally binodal.
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Figure VIIL.7. Liquid-liquid immiscibility region in binary alkaline earth silicate
systems, taken from [16]. Overlapped on this graph are the attenuation losses (Y-
axis, in dB/m) for the strontium containing fibers reported in Table VIIL.1 as a
function of SrO concentration (X axis, in mole %). The SrO concentration of each

investigated system can be found in Chapter VI.
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Interestingly, the attenuation losses for the present fibers seem to follow the
immiscibility dome of the SrO-SiOz system. Yb-SrAlSiF A fiber segment is composed of
~6.7 mole % of SrO, which corresponds to the maximum of the LLIR in a SrO-SiOz binary
system. Furthermore, this fiber exhibits a spinodal phase separation at the core center (Fig.
VI11.6b), which comforts the relation that exists between LLIR and loss attenuation. As the
composition moves away from the center of the LLIR, as it is the case in this fiber as one
approaches the core/cladding interface (higher SiO2 content), the phase separation is

expected to become more binodal, as visible from Fig. V1I.6a.

This observation again suggests that the inhomogeneities observed under TEM are
in part responsible to the losses measured in the fibers. For completeness, the drawing
temperature for these fibers is 2000 °C (excepted for SrAlISi, which is 1925 °C). In the limit
case of an infinitely fast quenching rate (i.e., with the core material being instantaneously
“frozen in” during quenching, and where the fictive temperature Ts =2000 °C), the core
should in principle be free of phase separation as the molten material, in thermal
equilibrium, is found above its LLIR. However, as already seen with the help of IR
spectroscopy (Chapter 111), the fictive temperature of the fabricated fibers is substantially
lower than the fiber drawing temperature, which is consistent with the appearance of some

phase separation (as a result of a lower Tg).

For completeness, the addition of Al>O3 in a multicomponent glass system is

expected to play an important role on the presence (and absence) of phase separation [17—
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19]. Also, the graded-index profiles of the fibers give rise to a gradient of glass composition
across the fiber core region, from the high doping content at the core center to the fused
silica cladding at the core/cladding interface. Hence, this radial evolution of glass
compositions, which result in different glass morphologies as observed in Figs. VII.2,
VIL3, and VIL4, adds some complexity to pinpoint the relationship between phase

separation morphology and losses.

Below are some proposed paths to develop optical fibers similar to the ones studied

herein but with further reduced fiber attenuation:

e Starting with higher purity materials should lead to further loss reduction. As an
example, commercial single crystal YAG rods were used in [8] as the material
precuror and the drawn fiber (silica preform) exhibited attenuation losses in the

100-200 dB/km range.

e By increasing the drawing temperature, one can expect to move away from the
LLIR and therefore, upon quenching, do not promote phase separation due to a
resulting lower Tr. Additionally, increasing the fiber drawing speed should in
principle increase the gquenching rate, which may result in a higher Tt of the core

material.
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e A further addition of Al:Os would reduce the immiscibility critical

temperature [17] and consequently promote more homegeneous glasses.

e An introduction of several AEO and/or AEF, species would favor a more
disordered structure by mean of a resulting multicomponent glass system. Among
the AEO-AEF, materials, barium silicate systems exhibit reduced immiscibility

with respect to the other alkaline earth (Sr, Ca, Mg) systems.

VII. C. Route to fabricate optical fibers with higher dopant concentrations

Further development of highly doped optical fibers can enable supplementary
reduction of parameters that lead to parasitic optical nonlinearities. For instance, higher
strontium concentration in the oxyfluoride fibers developed could potentially result in a
complete eradication of Brillouin scattering. In a similar system, a fiber exhibiting a null
dn/dT value can be, in principle, fabricated. If the focus of this dissertation is to understand
the role of dopants on optical nonlinearities, some insights on how to further increase
dopant concentration of the silicate core are provided. In Chapter V, it was concluded that
a high alumina containing precursor mixture drawn at a low temperature (low here refers
to 1925 °C, which is the low limit to draw 3x30 mm silica preform) typically results in

higher dopant concentrations.
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Most of the oxyfluoride fibers studied herein were fabricated with powder packed
precursor materials. The route proposed here is the possibility of increasing dopant
concentration by drawing fibers with denser starting materials. In [20], a sapphire-derived
optical fiber was fabricated using the molten core method, starting from a single-crystalline
sapphire rod precursor. This dense material, drawn into a fiber (inside a silica capillary
preform) at 2100 °C, led to Al>Os concentration up to ~55 mole %. Despite this high
drawing temperature, the high Al.Oz content post draw suggests that drawing denser
precursor materials (i.e., sleeved rod > pressed pellets > powder packed) results in higher
concentration of that material in the silicate fiber core. It is worth mentioning that each
material precursor is expected to react differently with the silica cladding, and
corrosion/dissolution/diffusion rates in the various systems considered are expected to be
different.

Nevertheless, to illustrate the benefit of starting with denser materials to achieve
higher dopant concentration, a mixture of 64.4SrO-35.6Al,03 (molar ratio) powder was
ground and sintered at 1600 °C for 24 hours inside a Platinum crucible. This concentration
was chosen as at this composition, the strontium aluminate system forms a phase with a
melting temperature of ~1670 °C [21]. The sintered material was then shaped into a 2.5x15
mm rod and sleeved inside a 3.2x15 mm silica capillary preform. The fiber was drawn at
1925 °C with a targeted cladding diameter of 350 um to avoid fiber breaking during the
draw. The fabricated strontium aluminate precursor material is presented in Fig. VI1.8a. A
SEM micrograph of a characterized drawn fiber segment is also displayed in Fig. VI1.8Db,

and its radial composition profile is reported in Fig. VI1.8c.
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Firstly, it is interesting to note that the fiber core is not perfectly round, as was the
initial shape of the precursor rod, which was manually polished. Secondly, energy
dispersive x-ray (EDX) analysis revealed a concentration of 22.3 mole % SrO — 12.7 mole
% Al,0O3 — 65 mole % SiO> at the core center. This concentration is sensitively higher than
what was previously found when starting with powder packed or pressed pellet precursors.
For example, SrAlSi fiber, presented in Chapter VI, was fabricated using a 5SrO-8Al,03
precursor molar ratio, and pressed pellets of that composition were inserted inside a silica
capillary preform; the fiber was also drawn at 1925 °C. This fiber exhibits ~73 mole % of
SiO> at the core center, for 65 mole % for the fiber fabricated here. Using the additive
model, the Brillouin gain coefficient for this fiber segment is estimated to be ~18 dB lower
than conventional silica fibers, whereas dn/dT of the core material would be ~2.7 dB lower

than silica.
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Figure VI1.8. a) Strontium aluminate sintered rod utilized as a precursor material. b)
SEM micrograph of a characteristic segment of the strontium aluminosilicate fiber
drawn at 1925 °C in a 3.2x15 mm silica capillary preform, with a targeted cladding
diameter of 300 um. ¢) Compositional analysis of the core materials as a function of

the core radial distance.
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However, the fabricated rod density was calculated to be only ~1800 kg/m?, which
is more than 2x lower than the theoretical density for strontium aluminates (e.g., SfAl20s4,
than is 1SrO-1Al,03, has a density of ~3560 kg/m?). This low density is due to the sintering
of a coarse and loose powder, which prevented further densification. More efforts in
developing higher density materials are therefore encouraged in order to achieve optical
fibers with continuously higher dopant concentrations. This can be easily achieved by

sintering precursors with a higher green body density.

It should be considered than the development of highly doped silicate cores is also
limited by another important challenge: the coefficient of thermal expansion (CTE)
mismatch that exists between the core and the cladding (fused silica) materials. This can
be very well seen in Fig. VIIb, where cracks appear around the core/cladding interface,
induced by the high stress concentration in this region due to the CTE mismatch. Indeed,
the fused silica cladding exhibit a linear CTE of only ~0.55x10® K, when CTEs of the
materials that compose the core, such as SrO and Al2Os, are much higher (respectively
~x30 and ~x17 times higher than silica [22], Chapter II).

Cracks are found to preferentially propagate along the core/cladding interface as illustrated
in Fig. VI1.9a, leading to poor mechanical strength and ultimately fiber breaking. In
addition to cracks, inclusions of air bubbles inside the fiber core can be found, as shown in

Fig. VI1.9b, which is manifestly detrimental for light transmission.
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One way to overcome CTE mismatch is to use glass claddings with higher CTE, to
match the one of the core material and therefore minimize CTE difference between core
and cladding. As an example, glass cladding materials in the Silica — Alumina — Lanthana
(SAL) system can be implemented [23,24]. In addition to reducing CTE mismatch, such
high index cladding glass materials would ease the development of single mode fibers by
reducing the refractive index difference between core and cladding. This is specifically
interesting when dopants such as the AEO family or Al>Os, which significantly increase

the refractive index relative to silica, are utilized.

Figure VI11.9. a) Optical microscope picture of crack propagation at the core/cladding
interface for a strontium aluminosilicate fiber, in the 1SrF2-1Al203 initial precursor
molar ratio composition, and drawn at 1925 °C in a 3x30 mm silica capillary preform.
b) Optical microscope picture of inclusions (air bubbles) observed during fiber

splicing for the same fiber but at a different position of the spool.
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VII. D. Investigation of mixed AEF2-derived systems

The previous chapters principally focus on the fabrication and characterization of
SrF>-derived glass optical fibers. However, and as it was discussed in Chapter 1V, a
multitude of glass systems can be considered, depending on the desired final fiber
properties. Therefore, the possibility of developing optical fibers with combined alkaline
earth fluorides as initial precursor materials is of interest, as it offers greater tunability of
optical properties. As an example, a CaF.-SrF.-derived aluminosilicate fiber was
developed (Fig. VII. 10) using similar drawing parameters than the Yb-doped fibers
presented in Chapter V1. Substituing SrF> with CaF (but also MgF>) is typically expected
to reduce the linear and nonlinear refractive indices relative to a SrF,-derived fiber [25-
27]. This can be a preferential option when single mode operation is mendatory.
Additionally, the multicomponent nature of the glass can lead to a more disordered glass
system, which, in turn, would further reduce Raman scattering. However, if a
multicomponent system is expected to favor glass formation and promote more disordered
(i.e., homogeneous) glasses , one could also argue that calcium silicates exhibit a more
pronounced immiscibility region with respect to strontium of barium silicates (Fig. V11.2),

and, consequently, promote liquid-liquid immiscibility.

This example illustrates the potential in combining alkaline earth fluorides as
starting precursor materials using the molten core method. It is worth mentioning that all

BaF», SrF,, CaF,, and, MgF can be drawn into fibers at ~2000 °C, and therefore can be
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used in any combination needed to achieve the desired property by virtue of similar thermal
properties. Additionally, if the properties of SrF, have been identified, future work would
consist in a better comprehension of the role that BaF,, CaFz, and MgF. play on the fiber

properties. It is expected to benefit fiber designers in the development of optical fibers with

targeted properties.
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Figure VI11.10. SEM micrograph (left) of a calcium-strontium-fluoro-aluminosilicate
glass optical fiber segment in the 0.375CaF2-0.375SrF2-0.25Al1203 initial precursor
composition, drawn at 2000 °C in a 3x30 mm silica capillary preform, along with its

elemental composition and refractive index radial profiles (right).
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VII. E. Conclusion

In this chapter, the origins of attenuation losses are herein discussed. It is speculated
that both impurities and nanoscale phase separation, detected with the help of TEM,
contribute to losses through both absorption of impurities and Rayleigh scattering.
Proposed solutions to mitigate losses are i) to start with high purity materials, ii) to favor
multicomponent glasses, iii) to start with higher concentration of Al.O3 and iv) to increase

fiber drawing temperature.

It is also presented that starting with more compact precursor materials helps in
increasing the final dopant concentration of the fiber core. However, high concentration of
dopants generally results in cracks at the core/cladding interface, attributed to CTE
mismatch between core and cladding. This issue can be overcome by substituting silica
cladding with other glass claddings (e.qg., in the SAL glass composition) that exhibit higher

CTE to match the one of the core.

Finally, it is pointed out that fibers investigated in this dissertation are with a single
AEF, precursor material. However, mixing several AEF; initial precursor materials can
lead to further tailoring of optical properties. More efforts in understanding the oxyfluoride
glass optical fibers investigated throughout this dissertation are expected to beget materials

solution in the realm of continuing power scaling in optical systems.

351



VII. F. Appendices

Appendix VII. 1. Matlab code used to calculate Rayleigh scattering

ar all; close all;

[e)

$%%ss parameters 5353355

i
for d=0.005:0.0001:0.02 % particle diameter (um)

deltad=0.001; % spacing between particles, um
lembda= 1.534; % wavelength (um)
nl= 1.444; % matrix index

n2= 1.444+0.0488; % particle index

deltan= n2-nl; %index difference

N= (1/ (d+deltad))"3; % spheres per micron (um-3)
V= (4*pi*(d/2)"3)/3; $volume sphere (um3)
phi=N*V; S%Sparticle volume ratio

%$%%% model 1 %$%%%

T1l=(32*pi~4* (d/2)"3* (nl*deltan) "2*N*V) / (3*1lembda"4) *10"6;
attenuationl (i)=-10*10gl0(1-T1);% attenuation losses

o°

%$%% model 2 %%%%

T2=(l-exp (-32*pi”4*(d/2)"3*phi* (nl/lembda) "4* ((n2"2-
nl”"2)/(n27°2+2*nl1”2))"2))*10"6;
attenuation2(i)=-10*10ogl0(1-T2);% attenuation losses

[l o°

D (i) =d;
i=i+1;
end
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