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Abstract
Sustained progress in the development of optical fibers has led to the present state

where further improvements in performance are limited by intrinsic optical nonlin-

earities. In order to circumvent such limitations, the user community has adopted

two general approaches: (i) engineer the enabled systems accordingly; and/or (ii)

microstructure the fiber to shift nonlinear thresholds to high optical power levels.

In both cases, the nonlinearities are accepted as they are and performance is

enhanced through added system or fiber design complexity. This paper, the first

in a trilogy, along with two companion articles (in 3 parts) (Int J Appl Glass Sci.

2018;9:278-287; Int J Appl Glass Sci. 2018 (in press); Int J Appl Glass Sci. 2018

(in press)), treats a third option, which is to mitigate optical nonlinearities at their

fundamental origin: the materials with which the light interacts. As will be shown,

such a materials approach permits greater reductions to nonlinearities including,

in some cases, their complete elimination, than do the two present methods.

Simpler fiber geometries and ease of manufacturing are additional benefits of this

unified materials approach.
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1 | INTRODUCTION

Present fiber-based communication and high energy laser
(HEL) systems are limited in the level of optical power that
can be propagated. Such “power-scaling” limitations arise
from stimulated Brillouin scattering (SBS), stimulated
Raman scattering (SRS), transverse mode instabilities
(TMI), and nonlinear refractive index, n2, related wave-
mixing phenomena (eg, four-wave mixing, FWM, and self-
phase modulation, SPM).1-4

The optical fiber community has adopted two general-
ized approaches to manage nonlinearities. The first is to
accept them as a “necessary evil.”5 As such, the effects of
nonlinearities are built into the systems design. As noted

by Essiambre et al4, current (as of 2012) capacity network
records exceed 100 Tb/s but require the use of coherent
detection, off-line (electronic) processing and phase-noise
mitigation, and complex quadrature amplitude modulation
schemes to handle intrinsic nonlinearities.

The second approach recognizes that the threshold power
levels where these nonlinearities transition from spontaneous
processes into stimulated ones, at which point their impact
grows exponentially or super-exponentially, depends on the
(optical) power per unit area; ie, the intensity. Accordingly,
distributing the optical mode over a larger cross-sectional
area could maintain the power density below threshold. This
is commercially evident in Corning’s development of its
well-known LEAFTM (large effective area) fiber; a single

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2017 The Authors International Journal of Applied Glass Science published by American Ceramics Society (ACERS) and Wiley Periodicals, Inc.

Received: 22 August 2017 | Accepted: 18 September 2017

DOI: 10.1111/ijag.12327

Int J Appl Glass Sci. 2018;9:263–277. wileyonlinelibrary.com/journal/ijag | 263

http://orcid.org/0000-0001-5910-3504
http://orcid.org/0000-0001-5910-3504
http://orcid.org/0000-0001-5910-3504
http://orcid.org/0000-0002-4413-9130
http://orcid.org/0000-0002-4413-9130
http://orcid.org/0000-0002-4413-9130
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/IJAG


mode non-zero dispersion shifted fiber with enhanced mode
size for long-haul systems. Further, many such expanded
core, “large mode area” (LMA) optical fibers are designed
to behave as “effectively single mode” waveguides in order
to enable a (near Gaussian) beam quality that is optimum
for most applications requiring high laser power/energy;
such as directed energy systems.

Effectively single mode operation usually is achieved
by microstructuring the cross-section of the fiber in order
to induce loss for the higher order modes such that only
the lowest order mode propagates. However, LMA fibers
are inherently multimode in nature and perturbations can
cause mode conversion that obviates their beam quality.
Indeed, the main limitation at present in optical power scal-
ing in high energy fiber lasers is transverse mode instability
(TMI), such that a power threshold exists where the distri-
bution of the light propagating in the fiber core becomes
random and dynamic.6 Though debate as to specifics
remains, it is accepted that TMI originates from stimulated
thermal Rayleigh scattering (STRS).7

The overarching theme of this work, including the com-
panion papers, represents a third approach; namely to miti-
gate parasitic effects in optical fibers by fabricating them
from materials that possess intrinsically low optical nonlin-
earities. A materials approach is arguably the more direct and
efficient route since the interaction of the light with the mate-
rial is where the nonlinearities fundamentally originate.8,9

1.1 | Historical perspective

The origins and limitations associated with Brillouin,
Raman, and (classical) Rayleigh scattering, as well as
n2-related phenomena, in optical fibers have all been well-
established for decades.5,10 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,11,12

Lines,13-15 and Pinnow,16 whose works are synthesized and
recast here through the lenses of current and future needs.

Those efforts aimed to better understand the sources of
loss in glass optical fibers. As is now well established,
while glasses exist with intrinsic scattering lower than that
of silica (SiO2), extrinsic losses due to impurities domi-
nated. All modern optical fibers of practical consequence
are, justifiably, based on silica owing to remarkable suc-
cesses using chemical vapor deposition methods to achieve
near intrinsic levels of purity, hence clarity and strength.

It is critical to note that those original efforts were sin-
gularly directed toward low loss fibers for long-haul com-
munications. Today, however, applications abound for
“specialty” optical fibers where requisite lengths are only
several to tens of meters. This is particularly true for high
(CW and pulsed) power fiber lasers1,2 and very much

changes the calculus from a materials and manufacturing
perspective.

1.2 | Intentions of this work

Titular invocation of a “unified materials approach” means
that the overarching goal is a single material system (glass
family) that suitably reduces all of the parasitic optical non-
linearities in a simple core/clad optical fiber. While theory
might predict the complete eradication of a given nonlin-
earity, in practice, reductions of 3-10 dB (50%-90%) are
more than sufficient to enable the necessary improvements
critical to future fiber-based laser and communication sys-
tems. Paper II (Parts A and B) in this series17,18 treats the
materials modeling and measurement of the optical, acous-
tic, Brillouin, and thermo-optic properties of the glass sys-
tems and fibers fabricated and discussed, along with
canonical glass systems in Paper III.19

2 | THERMODYNAMICS OF
OPTICAL SCATTERING AND
IMPACT ON OPTICAL
NONLINEARITIES

Light scattering results from any process that manifests
fluctuations in the dielectric constant.20 At the most funda-
mental level, in an otherwise pure material at thermal equi-
librium, dielectric fluctuations are a function of conjugate
thermodynamic variables: pressure/volume and tempera-
ture/entropy.12,13 In a multicomponent system, dielectric
perturbations also arise from fluctuations in composition
(ci)/chemical potential (li) of component i. Further, ionic/
molecular rotational and vibration momenta and displace-
ments (Qi) also contribute.

Choosing pressure (P), entropy (S), composition (c),
and displacement (Q) as independent variables, as also
employed in12,13 for consistency, the collective dielectric
perturbation, De, is,

De ¼ oe
oP

� �
DPþ oe

oS

� �
DSþ

X
i6¼j

oe
oci

� oe
ocj

� �
Dci

þ
X

k

oe
oQk

� �
DQk:

(1)

From a practical perspective, the total power of light scat-
tered, Ps, by such perturbations in permittivity goes as
Ps / Io〈De2〉, where Io is the incident light intensity and
〈De2〉 is the ensemble average of the mean square dielectric
fluctuation, De. Assuming the statistical independence of
each term,11,12 one then arrives at the following relation-
ship, which is linearly proportional to the aforementioned
total scattered optical power:
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PS / hDe2i ¼ oe
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� �2

hðDQkÞ2imQk :

(2)

Here, mP,S,c,Q are the correlation volumes for each variable
as defined in Ref.13 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
terms11-13,16 focus on the origin of the dielectric perturba-
tion (eg, 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.

2.1 | Brillouin scattering

Spontaneous Brillouin scattering (SpBS)21 is an inelastic
interaction between acoustic phonons of the material and
the optical signal. This interaction, as noted with respect to
Equation 2, is manifest as pressure fluctuations which per-
turb 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 tempera-
ture is reasonably constant such that (@e/@T)P � (@e/@P)T,
then the thermodynamic Maxwell relations20 yield,

PSpBS
S / oe

oP

� �2

hðDPÞ2imP ¼ q2
oe
oq

� �2

T
kTKS: (3)

Here, q is the density, k is Boltzmann’s constant, T is
the absolute temperature, and KS is the adiabatic com-
pressibility defined as �(@V/@P)S/V.

22 As it will turn out,
Brillouin scattering is one of the two contributions (Ray-
leigh being the other, as to be discussed later) from den-
sity perturbations that lead to dielectric fluctuations. For
greater ease in developing material solutions to these scat-
tering phenomena, it is convenient to recast @e/@q in terms
of the photoelastic coefficient, p, as q(@e/@q)T = n4p.13

It can be shown23 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 n8, the p12 transverse

photoelasticity as p212, and linearly with the adiabatic com-
pressibility, KS. Further, the adiabatic compressibility is,
itself, related to the c11 and c44 elastic stiffness coeffi-
cients as KS = (c11�4c44/3)

�1 where c11 = qvL
2 and

c44 = qvT
2 with vL and vT being the longitudinal and

transverse acoustic velocities, respectively. More specifi-
cally, materially:

PSpBS
S / n8p212KS: (4)

Interference between the forward-propagating optical signal
and back-scattered Brillouin light can, through electrostric-
tion, 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 travel-
ing hypersonic acoustic (or pressure) wave. The single-pass
gain in such stimulated Brillouin scattering (SBS), first
observed in crystals of quartz and sapphire24 and then in
glass optical fiber,25 is proportional to the exponential of a
gain coefficient, gB, given by gB ¼ 2pn7p212=ck

2
oqVaDmB.

26

Here, in addition to the previously defined terms, c is the
speed of light, Va is the acoustic velocity, vL, of the mate-
rial, and ΔmB is the Brillouin linewidth. More completely,
the Brillouin gain is proportional to egBPLeff=Aeff , where P is
the signal power, Leff is an effective fiber length accounting
for attenuation, and Aeff is the effective area of the optical
signal (mode). As such, SBS has been investigated for use
in amplification in communications systems.27 This depen-
dence clearly shows the advantages of short Leff and large
Aeff values, should system requirements allow them, in sup-
pressing the effects of SBS.

Stimulated Brillouin scattering is well known to limit
the intensity of light per unit bandwidth that can be trans-
mitted through or generated in optical fiber lasers and sys-
tems.10,28 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-
100 MHz) and is a leading limitation in the scaling of high
energy laser systems to higher powers. Methods of sup-
pression have largely focused on enhanced mode size and
acoustically engineered fiber designs that generally require
sophisticated core doping profiles or cladding struc-
tures.29,30

2.1.1 | 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.
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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 material properties are more sensitive than
others to changes in composition and glass forming ranges
must also be considered. For example, alumina (Al2O3) is
known to reduce p12 and increase density when added to
silica (SiO2) in binary aluminosilicate glasses.31 However,
the glass-forming limit of alumina into silica is only about
8 mole percent when conventional optical fiber fabrication
methods are employed.32 Such a balance between how a
given material affects each of these parameters will be dis-
cussed in greater detail in Companion Paper III.19 How-
ever, 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.8,31 In such materials the presence of an
acoustic (pressure) wave does not give rise to photoelastic
change in refractive index, hence perturbation to the dielec-
tric constant, thereby precluding the interaction from ever
happening.

2.2 | Raman scattering

Raman scattering is a form of inelastic scattering that origi-
nates from an interaction of the incident light wave with
optical phonons (as opposed to acoustic phonons in the
case of Brillouin scattering).33 The simplest classical
description of Raman scattering requires that the polariz-
ability be not fixed, but is instead dependent upon the
interatomic spacing of the elements (atoms) comprising a
classical harmonic oscillator.34 As such, a vibrating mole-
cule for example, whose interatomic spacing is changing in
time, will therefore have a time-varying polarizablity (and
therefore time-varying refractive index) which will modu-
late 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 Equation 2 goes as,

PRaman
S / hDe2i ¼

X
k

oe
oQk

� �2

hðDQkÞ2imQk : (5)

Estimations of Raman scattering invoke the approximation
that a single vibrational mode dominates, which is usually
associated with the stretching mode of the main con-
stituent/glass former, eg, the Si–O–Si bond, or the most
polarizable bond in the system, and is modeled as a simple
harmonic oscillator.13,14,35 In such approximations, the gen-
eralized coordinate, Qk, is replaced by the average bond

length, l, such that (@e/@Qk)?(@e/@l). Given the intercon-
nected network of typical inorganic glasses, (optical or
mechanical) field-induced changes in bond length yield
proportional changes in density such that @e/@l / Λ, where
Λ is the bond compressibility parameter. Further, under the
same estimation as invoked above, the correlation volume,
VQk , is given by Vm/NozR, where Vm is the molar volume
and zR is the number of (equivalent) oscillators per unit
cell. Therefore, materially,

PRaman
S / Vm�K2: (6)

For this Trilogy, the dependence of PRaman
S on zR is left

out of Equation 6 since, as will be seen in Companion
Paper III, the molar volume, Vm, and bond compressibility
parameter, Λ, are more directly calculable.19

Above a threshold intensity, the spontaneous scattering
process becomes stimulated.36-40 Stimulated Raman scatter-
ing (SRS) is used for optical amplification in selected
telecommunication systems.41,42 However, in wavelength
division multiplexed (WDM) communication systems, SRS
also can manifest channel cross-talk and excess attenua-
tion.43 Further, in the high power fiber-based laser focus of
this work, SRS leads to wavelength shifts and power insta-
bilities that degrade laser performance. Accordingly, as
with SBS, SRS is considered a deleterious parasitic phe-
nomenon. Existing approaches to reduce SRS include spec-
tral filtering fibers and techniques have been utilized to
suppress SRS.44

2.2.1 | 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 SiO2 increase the cross-section for Raman
scattering.45 Somewhat intuitively, 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, gR, are
employed; and (iii) materials are utilized whose compo-
nents have minimal overlap in their respective Raman
spectra.46 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,
Λ.

266 | BALLATO ET AL.



Values for Λ generally range from �2 < Λ < +2,
depending on whether the glass (or crystal) structure is
more layered, favoring Λ < 0, or more fully coordinated,
favoring Λ > 0.15,47,48 For purposes of comparison,
KSiO2 ffi KGeO2 ¼ 0:1 whereas KAs2Se3 ¼ �1:4.14 While a
zero-value for Λ should negate any Raman scattering, to
the accuracy of the estimations, the general incompatibility
between materials with positive and negative Λ values
makes this a less likely prospect.

Lastly, for a thoughtful history and seminal bibliogra-
phy 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.49

2.3 | (Classical) Rayleigh scattering

Rayleigh scattering is the elastic scattering of light by per-
turbations in the dielectric constant associated with sub-
wavelength fluctuations in density or composition.50 As
such, and as noted above, the total scattered power associ-
ated with (classical) Rayleigh scattering is described by the
DS and Dci terms of Equation 2; that is,

PRayleigh
S / hDe2i ¼ oe

oS

� �2

hðDSÞ2imS

þ
X

i 6¼j

oe
oci

� oe
ocj

� �2

hðDciÞ2imci :
(7)

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 communi-
cations. 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.13,14,51-54 However, as students of the history
of optical fiber know, while multicomponent glasses pos-
sessing intrinsically low Rayleigh scattering (ie, lower Ray-
leigh scattering than silica) have been synthesized and
studied,55-65 extrinsic impurities ultimately defined practical
attenuation limits of optical fibers. As a result, attention
then turned to the optimization of the chemical vapor depo-
sition processes for fabricating low loss, essentially intrin-
sic, silica-based optical fibers.

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 noise66,67 and
seed stimulated processes. The generalities of these mate-
rial influences on Rayleigh scattering will now be dis-
cussed with greater detail of specific glass systems to be
provided in Companion Paper III.19

2.3.1 | Density-related Rayleigh scattering

Per Equation 7, the scattering impact of density fluctua-
tions on the dielectric constant is given by (@e/@S)2

〈(DS)2〉υS. Assuming small enthalpic (H) changes with such
fluctuations, Lines13 showed thermodynamically that
〈(DS)2〉 = kT/(@2H/@S2)p = kT/(@T/@S)p. Since the heat
capacity per unit volume, cp, is given by T(@S/@T)p/V, then
〈(DS)2〉 = kcpυS. Under most practical laser conditions
where temperature varies relatively slowly, then Maxwell’s
relations yield ðoe=oSÞ2p ¼ q2ðoe=oqÞ2TTKT½ðcp � cTÞ=mSc2p,
where KT is the isothermal compressibility. This relation-
ship for ðoe=oSÞ2p, taken with that given above for 〈(DS)2〉,
together with the fact that cp/cv = KT/KS, with KS being the
adiabatic compressibility, one arrives at a proportionality of
scattering to q2ðoe=oqÞ2TkTKT. Given the density deriva-
tives noted above as relates to Brillouin scattering, the total
power scattered associated with the density component of
Rayleigh scattering goes materially as13

PRayleigh
S;density / n8p2TfKSðTÞ: (8)

As can be observed by comparison of Equation 8 with
Equation 4, both Brillouin and density-related Rayleigh
scattering share a common dependence on density; hence
Pockels strain-optic coefficient, p = p12 + (2/3)p44, 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; ie, p = p(k).68

Further, in an analogous manner to Brillouin, the density
component of Rayleigh scattering can be negated for a
glass with a photoelasticity of zero; ie, p = 0, such that
p12 = �(2/3)p44 or p12 = �(1/2)p11.

2.3.2 | Concentration-related Rayleigh
scattering

Estimations for compositional influences on Rayleigh scat-
tering generally assume a random mixture of the glass
components with each species having the same nearest
neighbors.13,14 While this is not true in practice, such as,
for example, alkali clustering about nonbridging oxygen
(NBO) ions in alkali silicate glasses,69,70 the results are suf-
ficiently accurate for the general purposes here of identify-
ing 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
S;composition /

oe
oC

� �2

P;T

kT 0
f

N 0
ol
oC

� ��1

P;T
(9)

BALLATO ET AL. | 267



where C is the composition, given as the molar ratio of
solute (N) to solvent (N0), l is the chemical potential, and
T 0
f is the fictive temperature.71 For completeness, Schroeder

notes that T 0
f is the temperature where compositional fluctu-

ations of a given wave number are “thermally arrested,”
which is different from the conventional fictive tempera-
ture, Tf, where density fluctuations in the melt are kineti-
cally frozen into the glassy state.11

Lines independently derived a similar expression for
concentration-related Rayleigh scattering of a binary
glass.13 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,

PRayleigh
S;composition /

oe
oC

� �2

P;T

Cð1� CÞT
ðT � TsÞ (10)

where C is the concentration of one component in the bin-
ary glass and (1�C) is the concentration of the other com-
ponent. For completeness, in terms of materials factors
influencing the scattering, Lines0 approach yields a pre-fac-
tor given by (M/q), where M and q are the average molec-
ular weight and density, respectively, of the binary
components.13

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).49 In the
case of SRS, the difference between pump and Stokes fre-
quencies 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 196572 just as high peak power lasers
were sufficiently available to observe such stimulated phe-
nomena of otherwise weak nonlinearities; not unlike the
timing of the first observations of SRS in 196236 and SBS
in 1964.24

2.3.3 | Material influences on Rayleigh
scattering

As witnessed from Equations 8, 9, and 10, there are several
approaches to materially reducing Rayleigh scattering in
optical fibers. The dependence of density-related Rayleigh
scattering on fictive temperature, Tf, affords an opportunity
to reduce this effect. Indeed, thermal processing has been

used to this end with important reductions in Rayleigh scat-
tering observed.73-78 Further, as with Brillouin scattering,
the contribution of density fluctuations to Rayleigh scatter-
ing can also be directly attacked through the photoelastic
coefficients. As discussed in Section 2.1.1, the p12 compo-
nent can be zero in selected binary and ternary glasses
comprised of compounds possessing positive and negative
p12 values.8,31,79 It should be noted, though, that while the
p12 = 0 compositions have been considered for SBS miti-
gation, the realization of their benefit to Rayleigh reduction
has not previously been considered to the best of the
Authors’ knowledge.

Recently noted,80 though not reduced to practice, is the
“chemical potential engineering,” suggested by Equa-
tion 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 poten-
tial difference should reduce Rayleigh scattering. Lastly, as
noted by Tynes,81 the (@e/@C) term should vanish for
glasses where the refractive index and density are largely
independent of composition, such as the sodium borosili-
cate system.82 In such systems, both density- and composi-
tion-related scattering can be reduced. Along these lines,
Rayleigh scattering contributions have been attacked syner-
gistically in mixed alkali glasses by tailoring the glass tran-
sition 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.65

Specific compositional approaches to reducing Rayleigh
scattering will be discussed in greater detail in Companion
Paper III.19

2.4 | 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 scat-
tering 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
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Rayleigh and stimulated thermal Rayleigh scattering are
very small and, essentially, negligible.

Though known and understood for 50 years,83,84 STRS
is presently receiving considerable attention due to its role
manifesting transverse mode instability in high power rare-
earth doped7 fiber and Raman85 lasers. Transverse mode
instability (TMI) is a dynamic, thermally driven spatial
mode-hopping that arises when a grating is formed that
phase-matches propagating modes of the incident and scat-
tered light in a multimode (large mode area) optical fiber
that is lasing above a given threshold power.6,86,87 Follow-
ing the quasi-closed-form formalism for TMI via STRS by
Dong,7 the (nonlinear) coupling between modes, g01vmn,
goes as,

g01vmn /
ðdn=dTÞ
q�cp

ks
kp

� 1
� �

f C�1
ml

� �
: (11)

Here, v is the nonlinear coupling coefficient where sub-
scripts m and n are the azimuthal and radial mode numbers,
respectively, associated with the linearly polarized (LP)
modes in a cylindrical optical fiber; ie, LPmn, and g01 is the
gain of the fundamental (lowest order, LP01) mode. The
other parameters involved in the first term of Equation 11
are the thermo-optic coefficient, dn/dT, density, q, and heat
capacity, cp. The second term, (ks/kp�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 state88 and optical fiber.89 The last
term in Equation 11 denotes a function of the damping fac-
tor, Γml, which is proportional to the thermal diffusivity, D,
given by D = j/qcp, where j 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 perfor-
mance 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) threshold.90,91 For completeness,
though, there is no “photodarkening coefficient” and so it
cannot be managed in a similar manner to the other para-
sitic nonlinearities treated in this trilogy.

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 concentra-
tion of rare earth ions (Yb) in their excited state,92 defects
in the silica glass,93 and the charge transfer (CT) absorption

bands of the host.94 As the present work focuses on mate-
rial 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.95 In particular, the CT
absorption is shifted to shorter wavelengths (higher ener-
gies) in phosphosilicate glasses in comparison to alumi-
nosilicates. This shift originates from the higher field
strength associated with the P5+ ion (relative to the Al3+

ion), which results in a lower degree of covalency at the
Yb-site, and, concomitantly permits low levels of photo-
darkening in Yb-doped phosphosilicate fibers excited at
915 nm.96

Further, dopants into the host glass can also signifi-
cantly 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,97 cerium,98 and Group II compounds.99

For more thorough discussions of photodarkening, the
Reader is referred to Refs.100,101.

2.4.1 | Material influences on transverse
mode instabilities (TMI)

As noted above, there are a number of possible contribut-
ing 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 q�cp/(dn/dT).7 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 tar-
get materially. As one example, then, a material with dn/
dT = 0 would obviate STRS. Noted briefly here, but dis-
cussed in more detail in Companion Paper III,19 combining
materials with positive (SiO2, GeO2, Al2O3) and negative
(P2O5, 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 obtain-
ing p12 = 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.102 As the fiber heats
up, the thermal gradient across the fiber can create, through
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the thermo-optic coefficient, an index gradient that can be
competitive with the nominal refractive index profile.3 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.3,103

2.5 | n2-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 dielectric polarizability, P, and generally
is given in the form,

P ¼ eoðvE þ vð2ÞE2 þ vð3ÞE3. . .Þ (12)

where eo is the permittivity of free space (� 8.854 pF/m),
v(i) is the ith dielectric susceptibility, and E is the (applied)
electric field. This is fundamentally different from the pre-
vious discussions relating to the thermodynamics of scatter-
ing. 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 Equation 12 is generally recast as,

n ¼ n0 þ n1E þ n2E2. . . (13)

where n0 is the nominal (E = 0 or, for all practical pur-
poses, low field) refractive index, n1 is the second order
nonlinear index (n1 / v(2) and is most often referred to as
d), and n2 is the third order nonlinearity (n2 / v(3)) 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.104 The
quadratic dependence of n on E, through n2, is called the
quadratic electro-optic or Kerr effect and is named for
John Kerr.105,106 For reasons of symmetry, the isotropy of
glass negates the existence of even-order susceptibilities;
eg, v(2) � 0, though this condition can be relaxed if the
optical fiber is stressed. Further, terms larger than v(3)

typically are neglected given their inherently weak magni-
tudes. Accordingly, for the purposes here, Equation 13
reduces to n = n0 + n2,E E2, which, given the proportion-
ality between E2 and the optical intensity, I, one arrives
at n = n0 + n2,I I. For completeness, the relationship
between n2 and v(3) is given as follows, depending upon
whether one is considering electric field strengths (n2,E) or
intensities (n2,I);

26

Electric Field: n2;E ¼ 3
8n0

Re½vð3Þ� (14a)

Intensity: n2;I ¼ 3
4eocn20

Re½vð3Þ� (14b)

where “Re” denotes the real part of the complex suscepti-
bility, v(3). Importantly, the second-order susceptibility
(v(2)) vanishes for material systems possessing inversion
symmetry, such as in amorphous materials including
glasses.34 While this paper will only discuss those nonlin-
earities most germane at high optical powers, it is worth
noting that v(3)-related nonlinear processes typically
broaden and modify the optical spectrum, and are espe-
cially undesirable in high peak power (pulsed) laser sys-
tems 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 x1 and x2

simultaneously from the annihilation of two pump photons
of frequency x3 and x4. The process is elastic and, as
such, the phase matching conditions are met only when
x1 + x2 = x3 + x4. In the degenerate case where
x1 = x2, only one pump frequency is required. In the non-
generate case where x1 6¼ x2, FWM requires another sig-
nal, such as strong amplified spontaneous emission (ASE)
or Raman scattering.107 FWM also is present in telecom-
munication systems, particularly those employing high
degrees of multiplexing in order to enhance bandwidths.108

The parametric FWM gain is proportional to n2.
In pulsed fiber laser systems, nonlinear self-focusing

(NSF) can be problematic.109 In this case, the Kerr effect
creates a transverse index gradient that acts as a lens lead-
ing 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 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 dis-
persion (GVD) of the fibers itself. As with FWM, the
strength of the SPM signal is proportional to n2.

Lastly, as noted in Section 2, 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
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efficient Raman fiber laser.110,111 For a more thorough yet
concise treatment of nonlinear effects in optical fibers, the
Reader is referred to Ref.112.

2.5.1 | Material influences on n2-related
effects

For a given fiber design (eg, refractive index profile,
modal effective area, length), the suppression of these
nonlinearities materially all require a reduction in n2. In
practice, though, the n2 value for silica, which is the
dominant glass constituent in telecomm and high power
laser fibers, is already relatively low. Indeed, much of the
effort spent on compositional tailoring of n2 has focused
on increasing n2 values relative to silica; not decreasing
them.113,114 That said, fluorine- (ie, F:SiO2

115) and phos-
phate-doping116 are known to possess reduced n2 values
relative to silica. In the former case, the lower polarizabil-
ity of fluorine, in comparison to oxygen, is the expected
source of reduced n2 values.117 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 polarizability and yielding n2 values that
are up to about 30% lower than pure SiO2. Accordingly,
fluorophosphates exhibit amongst the lowest n2 values for
laser glasses.116

As discussed briefly above, and will be in more detail
in Companion Paper III,19 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 thermo-optic behavior. These spe-
cies, however, tend to promote non-bridging oxygen forma-
tion in silicate glasses, which tend to be more polarizable
and increase n2 values over those of more fully networked
structures. That said, for a given system, the specific choice
of modifier is important since, for example, Ba2+ (from
BaO) would possess a weaker bond than Sr2+ (from SrO)
owing to its larger ionic size. This is indeed seen in a com-
parison of n2 values for otherwise identical laser glasses
where SrO is replaced by BaO and the n2 value is found
the increase as a result.116 The replacement of the smaller
ions (eg, Li, Na, and Mg) by the larger potassium ions was
similarly found to increase n2 values in alkali- and alka-
line-earth silicate glasses.118 In these families, however, the
specific alkali- or alkaline earth ion did not make substan-
tive changes to n2 values, relative to silica, as long as it
was one of the lighter species.

To be discussed in more detail in Companion Paper
II,19 there are a number of models that have been proposed
for the estimation of n2. These often are based either on
semi-classical Lorentz-Lorenz/Clausius-Mossotti oscillator
models116,119-121 or quantum mechanical models.122,123

Given the focus here on identifying material trends that

lead to reduced optical nonlinearities, the former approach
is the more convenient as linear refractive index values
are employed to estimate n2. As a general guide, n2
increases with increasing linear refractive index, n, and
Abbe’ number, m.119 For the purposes here, this suggests
that glasses exhibiting lower index and dispersion values
are preferred. Assuming conventional glass composition/
property additivity,124 this generalized trend in n2 with n
and m, multicomponent (silicate) glasses with low elec-
tronic polarizability compounds, such as alkali- and alka-
line-earth fluorides116,117 could balance out components
that otherwise raise n2 values relative to SiO2, such as
La2O3

125 or GeO2.
115

One fascinating implication of the quantum mechanical
models is the possible existence of negative n2 values. As
noted by Fournier and Snitzer,123 for an ensemble behav-
ing as a two-level system, the third order susceptibility,
v(3), is negative. For a three-level system, comprised of a
ground state well-separated from two coupled excited
states, both negative and positive contributions to n2 can be
defined.117 However, for large band-gap systems, the
n2 > 0 contribution is expected to dominate the n2 < 0
contribution. Boling, however, notes that the Fournier
assumptions reasonably hold for highly ionic systems
where the ground state wave-function is localized to the
anion and the excited state wave-functions are more spa-
tially extended. However, for highly covalent bonds, whose
wave-functions can extend over longer ranges, n2 < 0 val-
ues might be possible; such as has been proposed to arise
in uncoupled organic dimer bonds.126 While this sounds
rather esoteric, negative n2 values have been observed in
gases under certain excitation conditions,127 in polymer
composites containing TiO2 nanoparticles,128 and in a vari-
ety of semiconductors.129-131

If such conditions could be met in a low loss, dielectric
glass, then one conceivably could make a “perfectly linear”
fiber through additivity of constituents with positive and
negative n2 values in a manner analogous to that described
above for zero SBS through a p12 = 0 glass or zero STRS
through a dn/dT = 0 glass. Indeed, metal nanoclusters and
semiconductor quantum-dot-containing glasses have been
realized that exhibit negative nonlinear refractive
indices.132-134 However, it is unlikely that such a system
would be practical for the high energy laser and telecomm
applications that serve as the basis of these works given
the potential for high degrees of scattering from the high
index semiconductors and their large Raman gain and
thermo-optic coefficients. Additionally, and perhaps most
practically, the wavelengths at which the n2 is negative for
the aforementioned semiconductors are outside the range of
those employed, which is about 1.55 lm for telecommuni-
cations and either 1 lm (most conventionally for the high-
est power Yb3+-doped fiber lasers) or in the “eye safer”
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spectral regions of resonantly pumped Er3+ at 1.55 lm, or
at about 2 lm based on Tm3+ or Ho3+ dopants.

With respect to the most common (dielectric) silica fiber
compositions and designs, such as those employed for
telecommunication applications, n2 values range from
2.2 9 10�20 m2/W for conventional single mode fiber
(SMF) to about 2.3-2.4 9 10�20 m2/W for dispersion com-
pensating fiber (DCF) to about 2.4-2.7 9 10�20 m2/W for
dispersion shifted fiber (DSF).135

Lastly, it is worth noting that the Raman gain coeffi-
cient, gR, is proportional to the non-instantaneous (delayed)
part of v(3) as,136

gR ¼ 4pxo

cn0
Im½vð3Þ� (15)

where “Im” denotes the imaginary part of the complex sus-
ceptibility, v(3). Accordingly, low n2 materials should not
only reduce FWM and SPM, among other nonlinear wave-

TABLE 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 ↓

p12 = 0

Adiabatic compressibility, KS ↓

Density, q ↓ ↑b

Acoustic wave velocity, vL and vT ↑

Photoelastic coefficient, p12 Small

Brillouin linewidtha, ΔmB ↑

Raman scattering

Molar volume, Vm (molar mass/density) ↓
Λ = 0c

Bond compressibility parameter, Λ Low

(Classical) Rayleigh scattering

Density-related Rayleigh scattering

Refractive index, n ↓

p = 0
Photoelastic coefficient, p ↓

Adiabatic compressibility, KS ↓

Fictive temperature, Tf ↓

Concentration-related Rayleigh scattering

Spinodal temperature, Ts Ts � Tg

@l/@c = 0c
Average molecular weight, M ↓

Density, q ↓

Chemical potential, l (or change with composition, c; @l/@c) Small

Transverse Mode Instability

Thermo-optic coefficient, dn/dT Small

dn/dT = 0
Density, q ↑

Heat capacity, cp ↑

Thermal conductivity, j ↑

n2-related wave mixing

Refractive index, n ↓ n2 = 0c

Nonlinear refractive index, n2 ↓

aDenotes a parameter specific to the case of stimulated scattering.
bThe adiabatic compressibility is proportional to density which, for reduced spontaneous Brillouin scattering, 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.
cThough potential to zero this property theoretically exists its practicality is uncertain. For example, the bond compressibility parameter, Λ, that relates to Raman
scattering can take on either positive or negative values suggesting the possibility of a composition where Λ = 0. However, the nature of the bonding necessary for
this condition seems very unlikely to be realized. Similarly, as noted above, n2 = 0 materials have both been theorized and realized though, again, it is unclear if
such materials could be made into low loss and robust glass optical fibers.
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mixing phenomena, but they should further aid in SRS mit-
igation. Conversely, perhaps, the reduced Raman scattering
associated with a more disordered glass, facilitated by rapid
quenching during the draw process for example (see Sec-
tion 2.2.1), may also reduce effective n2 values.

Table 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 (eg,
the Brillouin gain coefficient is proportional to n7 vs p212);
though this is not shown in Table 1. More importantly,
however, some properties do not change much with compo-
sition and others can take on a value of zero; as noted. The
impact of these trends with specific compositions and com-
positional families is discussed in Companion Paper III.19

As observed in Table 1, some effects have material
parameters in common. Table 2, then, condenses Table 1
down to the most fundamental factors. It is quite remark-
able, though perhaps not truly surprising, that all of these
parameters are ultimately defined in terms of only a hand-
ful of material coefficients and their derivatives with
selected extensive variables, eg, pressure and temperature.
The Authors submit that Table 2 provides the clearest and
most compelling reasoning behind the power of a unified
materials approach to mitigating optical nonlinearities.

3 | CONCLUSIONS AND PRELUDE
TO ACCOMPANYING PAPERS

Described herein has been a partially didactic review of the
thermodynamics of optical scattering based on perturba-
tions to the dielectric constant associated with localized

fluctuations in pressure, entropy, composition, and dis-
placement. These manifest spontaneous Brillouin (pres-
sure), Raman (displacement), and Rayleigh (entropy and
composition) scattering, respectively. 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 intrinsi-
cally multimode, large mode area (LMA) optical fibers.
Effects arising from the nonlinear refractive index, n2, also
were discussed. Above a threshold optical power, each
begets stimulated processes that are parasitic and collec-
tively constitute practical limits to the scaling to higher
powers/energies in a variety of optical fiber-based telecom-
munication and directed energy laser systems.

More importantly, this paper identified and discussed
the material factors that drive each phenomena based on
the belief that the only true approach to mitigating nonlin-
earities in optical fibers is to attack them at their origin; the
material through which the light is propagating and, there-
fore, with which it is fundamentally interacting. Conse-
quently, the material properties relating to Brillouin
scattering, Raman scattering, Rayleigh scattering, thermally
stimulated Rayleigh scattering, and n2-related effects were
identified along with general trends that would lead to their
diminution and, in some cases, potential eradication.

The second paper in this trilogy, provided in two parts,
treats macro-scale additivity models that have been devel-
oped to compute or predict the material properties and
gain coefficients for the nonlinearities discussed
herein.17,18 With these models in hand, the third paper
then uses the foundations of this first paper, along with
the models from the second paper(s), coupled with existing
results from the literature to define a series of practical

TABLE 2 Core intrinsica material parameters influencing optical nonlinearities

Material parameter Definition or determination Core intrinsic material parameters

Refractive index, n n* = n + n2I n* and its pressure and temperature
derivatives (along with q for p and Λ)Nonlinear refractive index, n2

Thermo-optic coefficient, dn/dT dn/dT

Photoelastic coefficient p = q�@/@q(�1/n2)

Bond compressibility parameter, Λ Λ?q�dn/dq = (1�Λ)�q�@n/@q
Density, q q q, M or their quotient

Molecular weight, M M

Molar volume, Vm Vm = M/q

Acoustic wave velocity, vL and vT v = (c/q)1/2 q and appropriate elastic stiffnesses, cij

Adiabatic compressibility, KS KS = (c11-4c44/3)
�1

Heat capacity, cp cp cp

Thermal conductivity, j j j

*Fictive temperature, Tf, Spinodal temperature, Ts, Chemical potential, l (or change with composition, c; @l/@c) are left out as not being intrinsic material parame-
ters, per se. The Brillouin linewidth, ΔmB is left out because it only factors into stimulated, not spontaneous, Brillouin scattering.
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glass families for use in high power and high energy fiber
optic systems.19
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