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Abstract
The purpose of this paper, Part IIB in the trilogy [Int J Appl Glass Sci. 2018 (not

available); Int J Appl Glass Sci. 2018 (not available); Int J Appl Glass Sci. 2018

(not available)], is to describe the continuum models employed to deduce the

effects of differential thermal expansion in the clad optical fiber in addition to the

nonlinear optical behaviors at high intensities of light. In this continuation of Part

IIA, more of the state-of-the-art in W-S-based continuum material models are

reviewed here with specific examples provided based on canonical material sys-

tems suggested from the findings of Part I and treated in detail in Part III. Part

IIB pays particular attention to the optical fiber and its nonlinearities.
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1 | INTRODUCTION

The first half of Paper II of the trilogy (Part A) focused on
component additivity modeling and the determination of
simple first-order material properties of multicomponent
glass.1 In some instances, these properties can be used in
tandem to calculate more complicated nonlinear gain coeffi-
cients. For example, the Brillouin gain coefficient is a func-
tion of several of the parameters described in Paper IIA. The
purpose of the second half of Paper II 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 in several nonlinear gain
coefficients (including the nonlinear refractive index n2).
Numerous examples are provided and methodologies to
determine nonlinear optical coefficients are presented.

As in the previous work, the materials modeling
described herein is not intended to provide specific
insights into glass structure or chemistry. Furthermore, 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 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) mis-
match is present. The requisite corrections to the bulk
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glass calculations (Paper IIA1) in the fiber geometry are
therefore illustrated in this work. Additionally, the direct
measurements of selected properties, eg, fictive tempera-
ture, Tf, also are described and exemplified.

2 | PROPERTY DEDUCTION AND
THE OPTICAL FIBER

2.1 | Fiber design modeling

While the previous work1 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 (clad). 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.

Given material transport facilitated by the high tempera-
ture 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 bulk. 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, corre-
sponding to the available measurements. Each layer pos-
sesses a specific composition and, therefore, differing
properties. A schematic representation of this is shown in
Figure 1 for a 4-layer step-wise approximation to the
refractive index profile (RIP) of a fictitious fiber core.
Beyond the outermost core layer resides the cladding,
which most often is compositionally uniform (eg, pure sil-
ica). In this particular example, 4 regions are defined and
the modes can be calculated by enforcing the appropriate
electromagnetic and acoustic boundary conditions.2,3 In
short, the boundary conditions are identified at each

interface and from them a characteristic matrix for the sys-
tem is determined. The eigenmodes of this characteristic
matrix give the propagation constants for the system
(acoustic and optical mode phase velocities, with the effec-
tive modal index derived from the latter). As an illustrative
example, while the various layers shown in Figure 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 mode.

2.2 | Determination of optical properties

The refractive index of an optical fiber is the most straight-
forward property to characterize. Numerous commercial
systems exist and this can even be performed as a service;
eg, Ref. 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 SiO2 are assumed, then the refractive index and density
of the bulk “dopant” (eg BaO) can be used as fit parameters
when applying Equation 3 from Ref. 1 to the data. Impor-
tantly, since each layer of the approximation in Figure 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 Ref. 1.

FIGURE 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
is then a simple boundary condition problem [Color figure can be
viewed at wileyonlinelibrary.com]
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2.3 | Determination of acoustic properties

As outlined in other publications, the acoustic properties are
determined from measurements of the Brillouin gain
spectrum; eg, Ref. 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 mB = 2 nm�Vm/k where
nm and Vm are the optical mode index and acoustic mode
velocity (P-wave), respectively, and k is the vacuum optical
wavelength. Measurement of mB then allows for the determi-
nation 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.

2.4 | 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 determi-
nation of the strain optic coefficient9 and/or a twisted-fiber
method for p44.

10,11 Specific details are provided in Refs.
12, 13 with brief generalities provided below.

With respect to the determination of the strain-optic
coefficient, eOC,1 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 c is the speed of light, 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
determined 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 eOC.9 Measurement of
the thermo-optic coefficient of a fiber is achieved using the
same approach, however in this case, the free-spectral
range (ΔFSR) of a laser cavity is measured by heating (or
cooling) the test fiber under controlled conditions.

With respect to the determination of stress-optic coeffi-
cient, p44, a mechanical twist is applied to the fiber, which
rotates the (linear) polarization state of the light propagat-
ing within. Assuming that no linear birefringence is already
present or otherwise induced in the twisted fiber, the resul-
tant optical activity, a, is given by a = gs, where s is the
twist rate (rad/m) and g is,9

g ¼ � n2

2
ðp11 � p12Þ ¼ �n2p44: (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, p44 is easily
determined. Knowing eOC and p44 then gives a system of 2
equations and 2 unknowns (with the Poisson’s 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 seg-
mented core of Figure 1 may be utilized. Measurements of
p44 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

2.14

Both methods were utilized to generate the plots provided in
Figure 5 in Companion Paper IIA.1,13,15,16

These measurements can be used to deduce p12 values
for individual glass constituents, which in turn can be uti-
lized in glass design efforts. As will be discussed in greater
detail in Companion Paper III,17 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.

2.5 | Thermo-optic coefficient 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 expan-
sion (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 com-
pressive force; ie, a negative stress. This effective compres-
sive force is exerted on the core in all 3 directions. For
silica, most commonly employed in optical fibers, a posi-
tive strain (fiber stretch) results in a decrease in the refrac-
tive index since the Pockels coefficients are positive.
Hence pressure (compressional force) should act to increase
the refractive index of SiO2. Accordingly, if a glass addi-
tive contributes a negative thermo-optic coefficient, but
also results in an increase in CTE, its negative-valued dn/
dT contribution can be partly mitigated.

For a mixed oxide glass, the volume additivity of the
refractive index, and of the thermo-optic coefficient, TOC,
dn/dT, was described in equation 7 in Ref. 1. However,
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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 3 directions (x, y, and z), with 2 perpendicular
(relative to a linear optical polarization) contributions and 1
parallel contribution,1 the expression for the refractive
index of the ith component is as follows:

niðTÞ ¼ n0;i þ dn
dTi

ðT � T0Þ þ
n30;i
2

ðacore � acladÞðT � T0Þ
2 p12;i � miðp11;i þ p12;iÞ
� �þ p11;i � 2mip12;i

� �� �
(2)

where a is again the linear coefficient of thermal expan-
sion. The value for the core can be found utilizing the
model present in Ref. 1. It is useful to point out that when
acore > aclad the refractive index increases as the tempera-
ture is increased from T0 for cases where the Pockels term
is positive (such as it is for silica). This effect of differen-
tial CTE on TOC is shown in Figure 2 for some represen-
tative binary silicate systems. In order to convert from the
normal strain relationships, the substitution �ex,y,z
? (acore-aclad) (T�T0) has been made.18 Again, the strain
value is considered a stretch, but, for acore > aclad, the CTE
mismatch results in effective compression, hence the
change in sign.

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 that there is a linear dependence of the
refractive index on temperature over the range of tempera-
tures modeled.19 A fully analogous corrected equation can
be determined for the acoustic velocity as well.18

2.6 | Fictive temperature

As noted in Companion Paper I,14 the fictive temperature,
Tf, 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 Tf and
Rayleigh scattering losses in optical fibers.20

Most simplistically, Tf 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, Tf represents the temperature where the
nonequilibrium 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 tem-
perature alone as an indicator of Rayleigh scattering and
other physical or scattering-related properties. Firstly, Tf is
known to influence density with a monotonic proportional-
ity,21,22 which also therefore influences refractive index.23

Secondly, as noted by Mauro et al,24 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 instan-
taneously 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 trilogy, it is very unlikely that this qualifies as “in-
finitely fast.” Perhaps more importantly is that Mauro also
points out that while the macroscopic view of Tf reason-
ably estimates state properties (eg, enthalpy and molar vol-
ume), it does not at all accurately estimate probability
distributions at lower temperature such as fluctuations in
enthalpy and volume (which do influence Rayleigh scatter-
ing) or corresponding changes in heat capacity and thermal
expansion, which could influence TMI. Readers are direc-
ted to Refs. 24,25. 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 Raman26 and infrared
(IR) spectroscopies.27 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�1, whereas the IR approach utilizes shifts in the
Si-O-Si asymmetric stretch at wavenumbers of about
1120 cm�1

. An example of this latter approach is provided
in Figure 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

FIGURE 2 Thermo-optic coefficient (TOC, dn/dT) as a function
of non-SiO2 content for SiO2-clad optical fibers in the P2O5-SiO2,
B2O3-SiO2, and BaO-SiO2 systems with and without taking into
account differential thermal expansion between core and clad. The
dn/dT = 0 line is provided as a guide and shows those compositions
where stimulated thermal Rayleigh scattering should be negated
[Color figure can be viewed at wileyonlinelibrary.com]
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fiber.28 Based on Equation 2 from Ref. 27, the computed
Tf for the core and clad are between about 1450 and
1670°C, corresponding to the IR peak positions of 1121
and 1119.5 cm�1, respectively. These values are within the
range expected for silica optical fibers.29

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 Tf.
Indeed, the peak shift for a soda-lime-silicate (SLS) glass
was found to be opposite that for pure silica,30 which was
justified based on the volume of SLS increasing with
increasing Tf, whereas, for pure silica, the opposite trend is
known.31 The fictive temperature profile indicated by
Figure 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.

3 | THE NONLINEAR
COEFFICIENTS

Not all properties of interest in this trilogy are easily mod-
eled using additivity approaches; these include the fictive
temperature described above and the Raman gain coeffi-
cient. This section describes the approach employed to
determine selected quantities directly from measurements
on the as-drawn optical fibers.

3.1 | Nonlinear refractive index

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.32 In SPM, both spec-
tral and temporal modifications to optical pulses can arise.
In FWM, which is among the strongest parametric wave-
mixing nonlinearities, new photon frequencies are created
from those of the pump. In both cases, the effect is propor-
tional to the nonlinear refractive index, n2. The Reader is
directed to Companion Paper I14 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 parametri-
cally into the refractive index additivity model as
n = n0 + n2I, where n0 is the linear refractive index, n2 is
the nonlinear refractive index and I is the light intensity.
The simplest and widely employed model for estimating n2
is the “BGO” model, (so named for the authors: Boling,
Glass, and Owyoung33), reproduced here (in electrostatic
units as was standard at the time of its derivation) as
follows:

n2ð10�13esuÞ ¼ 391
ðnd � 1Þ
m5=4d

: (3)

While several empirical relations can be found in Ref.
33 for the nonlinear refractive index, the version embodied
by Equation 3 (Equation 39 in Ref. 33) seems to offer the
best fit to a wide set of n2 data across compositional
ranges, and has gained broad acceptance.34 An alternative
expression, based on a derivation from physical properties
(equation 38 in Ref. 33) also is frequently found in the lit-
erature,35 but often with modified coefficients to improve
data fitting.36 This alternative formula is given as fol-
lows:33

n2ð10�13esuÞ ¼ 68ðnd � 1Þðn2d þ 2Þ2

md 1:517þ ðn2dþ2Þðndþ1Þ
ð6ndÞ md

h i1=2 : (4)

The terms in Equations 3 and 4 are the refractive
indices (nF, nd, nc) and Abb�e number, υd = (nd�1)/
(nF�nc), at the historically based wavelengths of the hydro-
gen F line (486.13 nm), the helium d line (587.56 nm),
and the hydrogen C line (656.27 nm).

According to Ref. 33, Equation 3 provides a better fit
for materials that possess n2 values greater than
~2 9 10�13 esu. It should be pointed out, however, that
neither equation provides any direct dependence of n2 (in
esu units) on the specific optical wavelength; only on a
measure of visible chromatic dispersion.

FIGURE 3 Wavenumber of the peak of the Si-O-Si asymmetric
stretching vibration as a function of position across the optical fiber
core for a standard single mode telecommunications fiber (SMF-
28TM) and a molten-core derived fiber in the strontium oxyfluoride
system (SrAlSi-F)28 [Color figure can be viewed at
wileyonlinelibrary.com]
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In order to estimate n2 for an optical fiber, the refractive
index profile (RIP) can be measured at multiple wave-
lengths. This enables the determination of a set of Sellme-
ier coefficients for the fiber from which nd, nF, and nc can
be computed. With Equation 3 these values enable the cal-
culation of n2. Furthermore, using the additive model
enables the determination of the Sellmeier coefficients and
effective n2 of individual glass constituents, allowing for
the calculation of n2 for arbitrary compositions.

With respect to additivity of the nonlinear refractive
index, as noted above, n = n0 + n2I. Accordingly,
the refractive index of a binary glass mixture is given as
follows:

n ¼mðni þ n2;iIÞ þ ð1� mÞðnj þ n2;jIÞ ¼ mniþ
ð1� mÞnj þ ðmn2;i þ ð1� mÞn2;jÞI

(5a)

and, converting [esu] to [m2/W]:

n2
m2

W

� �
¼ 40p

c0
m
n2;iðesuÞ

ni
þ ð1� mÞ n2;jðesuÞ

nj

� �
: (5b)

Designations of binary components 1 and 2 have been
termed i and j in Equation 3 simply to remove confusion
with n2. This equation can be rewritten to possess linear
and nonlinear components that can be added separately.
Therefore, Equation 5a suggests simple linear additive
modeling of the nonlinear refractive index in a similar fash-
ion to the linear refractive index. When the Sellmeier coef-
ficients of a pure compound are known, it is possible to
know the evolution of the linear refractive index as a func-
tion of wavelength, and therefore determine the n2 value
for each individual compound using Equations 5a and 5b.
Thus, in a binary system, n2 for each end compound can
be determined, and, using Equation 5a, the n2 aggregate
value of the glass can be computed. Figure 4 shows the
calculated values of n2 as a function of GeO2 content in a
SiO2-GeO2 binary glass. These results agree with Nakajima
et al37 Accordingly, hereafter, when n2 compound-specific
data is not available (which is the case for most com-
pounds), Equation 39 from BGO [Equation 3 above] will
be employed using linear refractive index values.

3.2 | Raman scattering

Although a general description of the material influences
on Raman scattering was provided in Companion Paper
I,14 and approaches to computing absolute Raman intensi-
ties have been reported in the literature,38,39 the modeling
of Raman gain coefficient 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 dis-
ordered structures than conventionally prepared optical
fibers.40 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 sponta-
neous Raman scattering cross section using micro-Raman
spectroscopy. The procedure to correct the spectra is simi-
lar to that in Ref. 1, which accounts for reflection loss,
internal solid angle variation, and the Bose-Einstein correc-
tion factor. The corrected spectra are normalized relative to
the highest peak intensity of silica (typically around
440 cm�1) 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 fabricated
fibers often invoked in this Trilogy. 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.

As an example, corrected and normalized Raman scat-
tering spectra are shown in Figure 5 for silica and fibers in
the BaO-SiO2 and Al2O3-SiO2 families. The reductions in
the magnitude of gR relative to pure silica are explained by
the high cooling rates associated with the fiber drawing
process, which enables the formation of a more highly dis-
ordered core glass (as evidenced by the broadened Si-O
spectral features) and a reduced overlap of the individual

FIGURE 4 Calculated nonlinear refractive index, n2, for the
SiO2-GeO2 binary system based on the additivity models discussed
herein and compared with linear fit from Ref. 37. Wavelength is
1550 nm [Color figure can be viewed at wileyonlinelibrary.com]
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Raman peaks between the differing constituents.43 A more
detailed discussion of the most promising material systems
for realizing intrinsically low Raman response is provided
in the Companion Paper III.17

3.3 | Brillouin scattering

Brillouin scattering was described in some detail in Com-
panion Paper I.14 The Brillouin gain coefficient, BGC, is
given by 2pn7p212=ck

2
oqVaDmB. Calculating this value is

somewhat straightforward. In short, the models presented
in Ref. 1 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. Alterna-
tively, 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.44

4 | SOME CANONICAL EXAMPLES

This section provides specific modeling results, overlaid
with measured property values, for selected optical nonlin-
earities of interest to this work. Companion Paper III in
this trilogy will delve with greater detail into which glass
families warrant further attention for optical fibers that
exhibit simultaneous reductions to all of the parasitic non-
linearities that limit scaling to higher powers in laser and
communication systems.17

4.1 | Brillouin scattering

As noted in Companion Paper I,14 Brillouin scattering is an
inelastic interaction between acoustic phonons of the mate-
rial and the optical signal. In its spontaneous form, Bril-
louin scattering materially depends on the refractive index,
transverse (p12) photoelastic coefficient, and adiabatic com-
pressibility, 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 mate-
rial properties relevant to Brillouin scattering can be calcu-
lated utilizing the models discussed in Ref. 1. Figure 6
provides a comparison of the Brillouin gain coefficient,
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).5,15,16,44-46

At first glance, Figure 6 shows that conventional
dopants into passive and active optical fibers, ie, GeO2,
P2O5, and B2O3, all lower the BGC relative to SiO2. This
is due to their acoustic damping terms, which are much lar-
ger than that of silica, since their p12 values are not espe-
cially 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 sil-
ica. As the silica content is decreased, the acoustic velocity
decreases, resulting in a concomitant decrease in the

FIGURE 5 The relative Raman gain of selected fiber core
materials relative to silica. The aluminosilicate (Al2O3-SiO2 core) and
bariosilicate (BaO-SiO2 core) fiber core materials are normalized
relative to their respective cladding43 [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 6 Relative Brillouin gain (in decibels, dB) relative to
conventional, telecommunications single mode fiber (SMF-28TM) 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 [Color figure can be
viewed at wileyonlinelibrary.com]
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Brillouin frequency shift. As discussed in Ref. 1 this causes
a decrease in DmB, mitigating the reduction in gain due to
the larger acoustic damping. This is also true of the alka-
line earth silicate systems, but BGC is significantly reduced
due to reduction in p12. In the case of material systems
possessing Al2O3, MgO, and Li2O, they raise the acoustic
velocity when added to silica, increasing the Brillouin fre-
quency. This causes further broadening to DmB, and thus
the BGC graph for these materials appears to drop mono-
tonically (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
Companion Paper III.17 First is the significant reductions
in relative Brillouin gain coefficient at selected composi-
tions. Though the minima as shown in Figure 6 attain
values of greater than �60 dB (note the log scale), these
zero Brillouin activity (“ZeBrA”13) compositions, in the-
ory, should approach �∞ (dB). Such points are associ-
ated 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 (eg, SiO2)
with p12 < 0 (eg, BaO) components. The exceptions in
Figure 6 are the Y2O3-Al2O3-SiO2 fibers whose core
properties add as if comprised of SiO2 and YAG
(Y3Al5O12), 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 pur-
poses, 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 YAG-derived fibers,
reductions in relative Brillouin gain of about 6 dB, as has
been experimentally validated,15 are useful. The results of
Figure 6 show that high silica-content optical fibers with
only 1 or 2 additional components can readily exhibit
Brillouin reductions between 5 and 15 dB, all through
judicious selection of the enabling materials, rather than
the more complex and costly approach of geometric tai-
loring (eg, photonic crystal and/or microstructured fibers)
of the fiber cross section.

4.2 | Transverse mode instability

Transverse mode instability (TMI), also known in the liter-
ature as “higher order mode instability” (HOMI), is pre-
sently the dominant limitation in scaling fiber-based lasers
to higher output powers.47,48 As noted in Companion Paper
I,14 TMI occurs in large mode area (LMA) multimode
waveguides whereby, above a certain power threshold, the
propagating optical modes becomes random and
dynamic.49,50 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.51

While these material dependencies are discussed in
greater detail in Companion Paper III,17 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 neg-
ative-valued thermo-optic coefficients such that their addi-
tivity 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 B2O3 and P2O5 possess dn/dT < 0 values,
whereas that for SiO2 is positive-valued. Examples of this
additivity were already provided in Figure 2. Figure 7, on
the other hand, shows example data obtained from two Yb-
doped fibers using the ring laser measurement apparatus
described in Section 2. 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. Inter-
estingly, this suggests a novel way to thermally stabilize sin-
gle frequency fiber lasers: by making the intracavity fiber
system immune to changes in temperature.52

Also, in a manner analogous to Brillouin scattering,
while zero values exist in the operative material parameters,

FIGURE 7 Change in free spectral range of a ring laser as a
function of temperature for a commercially available high power fiber
laser fiber 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 [Color figure can be
viewed at wileyonlinelibrary.com]
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actually obtaining those compositions is not usually critical
in practice. Associated trade-offs between given material
properties (eg, dn/dT) and other material properties and
fiber design and performance details are discussed further
in Companion Paper III.17 Indeed, as relates to TMI, the
threshold power should scale inversely with dn/dT such
that a 50% reduction in dn/dT should manifest a 3 dB
increase in TMI threshold. This would permit multiple kilo-
watt output powers from a single fiber.

4.3 | 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, Figure 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 n2 value for a conventional
single mode fiber was taken to be ~2-3 9 10�20 m2/W
and the nonlinear phase change, c, was computed using
c = (2pn2)/(koAeff), where ko is the free space wavelength
(1 lm for the purposes of Figure 8), and Aeff is the effec-
tive area of the waveguide mode.53,54 Clearly apparent is
the spectral distortion, which translates into a practical
threshold value of c < 2p to avoid spectral broadening.

While SPM can be tailored geometrically, through
enlarging Aeff by fabricating a larger fiber, it can also be
tailored materially through n (which does also influence
Aeff), n2, and the group velocity dispersion of the fiber
(through n). As observed conceptually in Figure 8, a reduc-
tion in n2 to ½ of its original value yields a spectral broad-
ening due to SPM that is also reduced by ½ (3 dB), which
is quite consequential in practical systems.

5 | COMPILATION OF PROPERTIES
FOR ASSORTED MATERIALS
STUDIED TO DATE

Table 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, GeO2, P2O5, B2O3, and Yb2O3 were deduced
from fibers that were fabricated utilizing conventional
methods for telecommunications grade silica fibers; ie,
modified chemical vapor deposition (MCVD).9,55,56 The
other fibers were fabricated utilizing the molten core
approach.5,12,13,15,16,44,46 Care should be given in extrapo-
lating property values significantly beyond the composi-
tional ranges and fabrication conditions of the fibers/

FIGURE 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 lm for lengths 0.1 m, 5 m, 15 m,
and 25 m given (A) conventional nonlinear refractive index, n2, value
for SiO2 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 [Color figure can be viewed at wileyonlinelibrary.com]
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glasses for which they were deduced since thermal histo-
ries, 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 fabri-
cation of specific optical fiber core properties.

6 | CONCLUSIONS

Provided herein is a discussion of the use of simple addi-
tivity models for the deduction of the properties of multi-
component 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-clad-
ding CTE mismatch can have a significant impact on the
observed thermal coefficients. Furthermore, the mode spa-
tial 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 model-
ing of selected nonlinear coefficients was provided. In gen-
eral, 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 mate-
rials development of optical fibers that exhibit reduced
optical nonlinearities.
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