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From a materials perspective optical fibers are victims of their
own success. The advent of the laser, 50 yr ago, coupled with

an insatiable demand for information enabled by light-based

communications, ushered in a golden age of glass science and

engineering. It is somewhat ironic that the staggering ubiquity
of information today, which is carried globally and almost

instantaneously via optical fibers, is enabled largely by one

material—silica—into which only a few components are added.

The richness of the Periodic Table has largely been forgotten.
The purpose of this study was to rethink the materials that can

be used to make commercially relevant optical fibers and

describe the extraordinary properties, with stimulated Brillouin

scattering being the primary exemplar, of fibers made from
otherwise ordinary materials. In particular, this study focuses

on the use of the molten core approach to optical fiber fabrica-

tion and the novel yet practical fibers that can be produced.
This study is purposely provocative and aims to reassert the

centrality (and simplicity and beauty) of glass science as the

best approach to meet future challenges for high-performance

optical fibers.

I. Introduction

THOUGH Charles Townes and contemporaries famously
considered the maser/laser a “solution looking for a

problem”,1 practical “problems” were not far behind nor was
the realization of laser action in a variety of solids, liquids,
and gases.2–5 In no way intending to downplay the impor-
tance of these innovations it is, however, the invention of the
glass-based laser that is most critical to the focus of this
study. The first glass laser, employing trivalent neodymium
(Nd3+) in a barium crown glass,6 opened the door to greater
host compositional flexibility and tailorability of spectral
properties.7 An additional and paramount utility of laser
glasses is that they can be drawn into long lengths of fibers
enabling fiber-based lasers and amplifiers.8

Coincident with these advances in laser materials was the
realization that a dielectric fiber “represents a possible med-
ium for the guided transmission of energy at optical frequen-
cies.”9 More insightful words may never have been stated as
the 20 dB/km gauntlet for light-wave transmission was
thrown down by Kao and Hockham setting off a race for
low-loss fibers. Indeed, in bestowing the 2009 Nobel Prize in
Physics to Dr. Kao for “groundbreaking achievements con-
cerning the transmission of light in fibers for optical communi-
cation” the Nobel Committee validated the global impact of
glass optical fiber.10

The confluence of lasers as increasingly practical light
sources with potentially low-loss optical fibers has made long
distance high-capacity communications more cost-effective
and opportune. The search for glasses quickly focused on sil-
ica, the standard bearer for millennia11 owing in part to its
exceedingly low (intrinsic) Rayleigh scattering. In order to
provide the core/clad structure critical to waveguiding, a
variety of compositional additives to silica were studied.
Though there exists a very rich history of the development of
optical fiber glasses and waveguides, for the sake of brevity,
the reader is referred to a number of excellent reviews on the
topic.12–14 For completeness, returning briefly to the “solu-
tion looking for a problem,” and setting the stage for the
sections of this study to follow, the ultimate realization of
low-loss optical fibers15,16 exhibiting single-mode propaga-
tion, coupled with increasingly greater power and narrower
line-width lasers, further sparked the entire field of nonlinear
fiber optics. As Stolen notes in his review “Fiber nonlinear
optics has grown from a novel medium for the study of
nonlinear optical effects, through a period where these effects
appeared as system impairments, to the present day where
optical nonlinearities are an integral part of high-capacity
optical systems”.17

That said, from a materials perspective, modern optical
fibers are boring. Inorganic glass formation is known to
occur over a remarkably wide range of compositions within
a very broad range of families. Consider, for example, sili-
cate, borate, phosphate, germanate, fluoride, and chalcogen-
ide glasses with each having wide vitreous stability ranges for
binary, ternary, etc., components; e.g., aluminosilicates,
borosilicates, lead silicates, alkali- and alkaline-earth silicates
such as window glass, etc. However, standard high-per-
formance optical fibers today rely only on SiO2 plus one or
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a few simple dopants: GeO2, Al2O3, P2O5, B2O3, and
F (potentially lanthanide dopants such as Er2O3, Tm2O3,
Yb2O3, as well, if said fiber is active).

There are two reasons for this restriction in the number of
compounds comprising modern commercially relevant optical
fiber. The first, and most central, is the fabrication process
used to make the preforms from which the optical fibers are
drawn. The three main chemical vapor deposition (CVD)
methods (outside vapor deposition, OVD; modified chemical
vapor deposition, MCVD; and vapor axial deposition, VAD13)
employ the same basic chemistry, which is the thermochemical
oxidation of a volatile halide: SiCl4 + O2?SiO2 + 2Cl2. The
over-arching benefit of this reaction is that a remarkably large
difference in vapor pressures (almost twelve orders of magni-
tude)18 exists between the SiCl4 and that of the most detrimen-
tal impurities, such as Fe2Cl6. Accordingly, the SiCl4 vapor
taken from SiCl4 liquid in which some small amount of con-
taminant resides is exceedingly pure. It is this purity that
enables the attainment of essentially intrinsic optical attenua-
tion from the CVD-derived glasses. Vapors from other liquids
with reasonably high vapor pressures include GeCl4 and
POCl3, which serve as the precursors to GeO2 and P2O5,
respectively, can be added into the gas stream to provide suit-
able compositional modification to the SiO2. Beyond the abil-
ity to obtain extremely pure glass, other compositional
considerations include the component’s influence on refractive
index (given the need for a waveguiding structure), glass vis-
cosity, and thermal expansion coefficient. One last and equally
important consideration is that the glass-modifying compo-
nents form stable glasses with silica at the high temperatures
(1400°C–2200°C) held over long times associated with the
deposition (minutes to hours depending on temperature and
stage of preform fabrication).

In taking these considerations into account, modern opti-
cal fibers are based dominantly on SiO2 with reasonably
small additions of GeO2 (raises refractive index and enhances
photosensitivity), Al2O3 (raises refractive index and enhances
solubility of lanthanide dopants), P2O5 (raises refractive
index and reduces viscosity), B2O3 (reduces refractive index
and increases expansion coefficient), and F (reduces refractive
index and viscosity). With the exception of Al2O3,

19 B2O3
20

and the lanthanide oxides,21 as will be discussed later, there
is a complete solid solution between SiO2 and GeO2

22 and
P2O5,

23 such that glass stability (i.e., liquid–liquid or solid–
solid immiscibility) is not an issue and mainly the impact on
refractive index, thermal expansion, and viscosity at the pro-
cessing conditions define the optimum dopant concentration.
Furthermore, while the SiO2, GeO2, and P2O5 are formed
through vapor phase reactions (SiCl4, GeCl4, POCl3), the
B2O3 and F typically are added directly from gaseous precur-
sors (SiF4, BCl3) whereas the Al2O3 and lanthanides typically
are added via solution (dissolved salts of, for example, AlCl3,
YbCl3, ErCl3).

The second, and intentionally provocative, reason that
glass compositions employed in conventional optical fibers

are so limited is the authors’ supposition herein that the
commoditization of conventional optical fiber, which drove
research down-stream from the materials to the components
and systems, has forced the glass science community out and
essentially relegated the development of next generation opti-
cal fibers to engineers and scientists with limited understand-
ing of materials science. There may also be a role played by
the classic human condition whereby something done the
same way for decades can paralyze creativity.

In further support of this admittedly provocative and
argumentative supposition, consider the history of major
advances in optical fiber technology: the development of the
glass laser (who today uses words such as “barium crown
glass” in the title of a study on lasers?6) in the 1960s, the
development of low-loss optical fibers in the 1970s, and the
development of the erbium amplifier24,25 in the 1980s were
all predicated on advances in glass. The major advance in
optical fiber technologies in the 1990s and 2000s was argu-
ably the invention and blossoming of photonic crystal
fibers.26,27

Photonic crystal fibers, broadly constituted (i.e., including
microstructured optical fibers), represent a class of optical
fibers where the microstructure dominantly controls the
propagation characteristics of the light; see Fig. 1.28 Periodic-
ities in refractive indices across the fiber cross section force
the transverse component of the electromagnetic mode to
undergo interference, thus creating Bragg-like conditions for
allowed and forbidden propagation directions and energies.
In a way of thinking, photonic crystals take advantage of the
age-old paradigm of materials scientists that properties can
be defined by structure and processing; not just materials.
However, whereas fiber structures were simple and materials
dominated the performance in the earlier days of optical
fiber, today, the materials are set (SiO2 with, maybe, a few
dopants as noted above) and structure is the governing
parameter.

Without doubt, the control of modal properties in pho-
tonic crystals has been put to great use in a wide variety of
applications including reducing or enhancing optical or acou-
sto-optic nonlinearities, sensing, lasing, and low-latency com-
munications.29 That said, the trend has been to ever greater
(structural) complexity. The result being that only a few
groups around the world can make the most complicated
photonic crystal structures and there are very limited com-
mercial products employing such fibers. So, while great for
pushing the scientific boundaries, complexity has restricted
commercial competitiveness.

Given this preamble, the purpose of this work is to pro-
mote a new way of thinking about next generation optical
fibers that (a) returns to microstructural simplicity and (b)
refocuses on novel optical glasses as the route to enhanced
performance. The use of the word “novel” to describe the
glasses is not meant to connote “exotic” or “expensive.” In
fact, as will be discussed in greater detail, the glasses that
have long been known to the glass community can be readily

Fig. 1. Representative examples of photonic crystal fibers.28
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applied to optical fiber systems once one removes the imposi-
tion that fibers have to be made as they have been for 40 yr.

The underlying reasons for this reconceptualization are
several-fold. First, the technological demands on optical
fibers continue to expand with both existing and emerging
applications requiring greater performance and functional-
ity.30–33 One particular area in which enhanced performance
is required relates to optical nonlinearities. Power levels in
fibers—both commodity long-haul communication fibers and
specialty high-energy laser fibers—have grown sufficiently
high that nominally weak effects such as stimulated Brillouin
scattering (SBS) and stimulated Raman scattering (SRS) are
no longer inconsequential. Known as potentially problematic
for many years,34 they are now the main limitation in contin-
ued power-scaling in most optical fiber-based systems;
especially in high-power systems, and particularly high-
power-per-unit-bandwidth systems. Of these two, SBS
possesses the lower power threshold and therefore is more
problematic as it impacts performance at lower power lev-
els.17 SBS is an acousto-optic effect that manifests noise at
low powers and acts as a highly-efficient reflector at high
powers. A recent and thorough review of SBS in optical
fibers is provided in Ref. [35]. Though not exclusively, this
study will focus largely on SBS mitigation as an important
example of how “old but new” glasses can have significant
impacts on practical issues.

That said, practicality and industrial relevance do set use-
ful limitations on the selection of “novel optical glasses.”
Such glasses must be compatible with existing silica-based
optical fibers in terms of splicing, strength, and modal char-
acter (i.e., single mode or multimode). Furthermore, optical
attenuation at the wavelengths of use needs to be low,
though the absolute value will depend on the application
with longer distance (e.g., passive transmission fibers) requir-
ing losses of several dB/km whereas shorter distance links
(e.g., active fiber lasers/amplifiers) can often tolerate slightly
higher loss, less than 100 dB/km (0.1 dB/m), though lower is
always better.

II. A New Paradigm: Want Silica? Start with Alumina…

Silica is a wonderful material from the perspective of clarity,
strength, stability, and prevalence. However, in requiring
high temperatures to be processed properly, it does impose
some chemical restrictions. Specifically, many of the more
conventional glass modifying compounds have limited solu-
bility in silica which can lead to phase separation. Alumina is
a useful example of this. While aluminosilicates are well-stud-
ied bulk glasses and play an important role in optical fibers
for refractive index control,36 solubility of active dopants,37

and reduced Brillouin scattering,38 the concentration of
Al2O3 in SiO2 is limited to about 10–12 wt% (6–8 mol%) in
silica-based optical fibers.39,40 Other examples of bulk glass-
forming systems that are very difficult to make into fiber at
conventional (CVD) processing conditions include alkali sili-
cates,41,42 alkaline-earth silicates,43 magnesium aluminosili-
cates44; each of which exhibit immiscibilities that limit
doping concentrations in silica.

As noted above, the immiscibilities that restrict the choice
and concentrations of dopants into silica arise in large part
from the combination of high temperatures over fairly long
times that are inherent to the CVD processes used to manu-
facture the optical fiber preforms. The “simple” solution is to
process these phases above the upper consolute temperature
where only one liquid (if liquid-liquid immiscibility) exists. In
practice, this is easier said than done since (a) this upper con-
solute temperature can be quite high, for example, almost
2000°C in the MgO–SiO2 system,45 which could result in
slumping or deformation of the preform during deposition
and/or (b) this solution does not address solid–solid immisci-
bilities that are problematic during the temperature cycling
of the preform that accompanies each deposition pass

(temperatures excursions of greater than 1600 K per pass are
routine).

One resolution of this is to separate the consideration of
core and clad as conjoined and necessarily coprocessed as
two glass systems. More specifically, and in some ways a
return to basic glass forming, the cladding can be treated as
a crucible in which the core is melted during the fiber draw
process. The principal difference being that the “crucible” is
an integral part of the resulting fiber and serves primarily to
confine the molten core as the fiber is drawn; a schematic
representation is shown in Fig. 2. This “molten core”
approach, initially employing powders and termed the
“power-in-tube” method, was originally applied to the fabri-
cation of optical fibers possessing core compositions with
very high rare-earth concentrations.46 Said high rare-earth
content core glasses are unstable47 and would have devitrified
had conventional optical fiber CVD processes been used. The
powder-in-tube method can be considered a practical
advancement of the volatile soft-glass core approach.48 In
the original work, a high Tb2O3 content aluminosilicate glass
powder was placed in the center of a pure silica cladding
tube. The melting point of the core glass was determined to
be about 1340°C whereas the draw temperature for the pre-
form was about 1950°C; hence, the core was molten as the
cladding drew into fiber. While there was indication of some
cladding glass dissolution into the core melt (as to be
expected and will be discussed in more detail below), the
basic concept was validated: long lengths of stable fibers were
realized from core compositions that would have been very
difficult, if not impossible, to make using other (certainly
conventional) methods.

As with any proof-of-concept, however, there was much to
optimize: those original fibers were multimoded and losses
were high, most likely from the impurity of the starting pow-
ders. That said, low loss (<20 dB/km) fibers have been made
from high-purity powders49 indicating that the high losses in
the original molten core fibers were not an intrinsic issue of
the process. Furthermore, in theory and from a practical per-
spective, the molten core process removes the need for a
CVD lathe for the formation of the core phase and permits
the realization of novel optical fibers using only a draw
tower. Thus, the molten core (and related approaches such
as the core-suction method50,51) has opened to door to a
wider variety of groups around the world to make novel
fibers.52–55

With these considerations and molten core process in
mind, several recent examples now are provided to fur-
ther understand the molten core process56 and define the
opportunities; both scientifically and technologically.

Fig. 2. Schematic representation of the molten core approach to
optical fiber fabrication.
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(1) YAG-Derived Optical Fibers
Huang, et al., deserve credit for beginning a renaissance in
molten core-derived optical fiber. They employed the general-
ized process for the fabrication of (silica) glass-clad Cr:YAG
optical fibers.57,58 Tetravalent chromium (Cr4+) in YAG
exhibits near-infrared (IR) emissions in the spectral range
from about 1.2 to 1.55 lm, which could be quite useful for
broadband optical amplifiers. Their intent was to fabricate
such a near-IR light emitting fiber by melting Cr:YAG inside
of a silica tube during the fiber draw process. Though optical
losses were fairly high (34 dB/m at a wavelength of
1550 nm) and there was a claim of nanocrystallinity, none-
theless, fibers were produced from a molten core of YAG
inside silica.

One of the authors (JB) was asked to replicate the work
of Huang, et al., in the hopes of achieving long lengths of
crystalline YAG optical fiber. A similar process was followed
in which a single crystal of (undoped) YAG was sleeved
inside a pure silica tube and drawn into fiber. Indeed long
lengths (>1 km) of fiber were produced, but never with any
indications of crystallinity59 in opposition to the suggestions
of Ref. [58]. Figure 3 provides selected results from the
YAG-derived all-glass optical fiber including the refractive
index profile, showing a smooth transition between core and
clad [Fig. 3(a)], and a representative compositional profile
[Fig. 3(b)] for a Yb-doped analogue. In hindsight, the likeli-
hood of achieving a crystalline YAG fiber was remote given
the combination of crystallographic complexity of YAG,60

cooling rate of the fiber, and the dissolution of significant
amounts of SiO2 into the core melt from the cladding tube.

The Raman scattering spectra were also investigated for
the YAG-derived fibers, further validating the all-glass nat-
ure of the core. Interestingly, the spontaneous scattering
intensity from the core of the YAG-derived fibers was
observed to linearly increase with increasing silica content.61

From a structural perspective, several interesting Raman
spectral features were apparent. The main peak associated
with the Si–O–Si stretching mode (440 cm�1) remained in the
same spectral position regardless of composition, but was
much broader. This broadening may be due to a larger distri-
bution of Si–O–Si bond angles in these more highly modified
glasses. The D1 (490 cm�1) and D2 (600 cm�1) defect lines,
attributable to the four- and three-member ring “breathing”
modes, respectively, diminished considerably with Y2O3 +
Al2O3 content in the glass. As there was no obvious change
in the spectral position of these peaks, the introduction of
yttria and alumina into the glass network may lessen the

number of ring structures though other factors suggest an
effect of fictive temperature.61

Within the compositional range exhibited by the fibers, the
Raman gain was reduced by about 3 dB when the silica con-
tent was reduced to 67.5 mol%. The spectra suggest that the
core material possessed much more disorder than the pure
silica cladding glass. The reduction in Raman gain can partly
be attributable to the replacement of silica with materials of
relatively lower Raman gain. It is interesting to note that
while other common fiber dopant materials (e.g., GeO2, P2O5,
B2O3) have Raman gain coefficients larger than that of silica,
the YAG-derived fiber results suggest that alumina and yttria
are lower in Raman gain. Thus, an additional benefit of these
low-silica content yttrium aluminosilicate glasses is a reduced
Raman gain and therefore increased SRS threshold.

Though not successful as a route to crystalline optical
fiber, the YAG-derived all-glass optical fibers did exhibit a
series of useful properties including acceptably low loss for
many applications (~100 dB/km, much lower than the Cr:
YAG-derived fibers58) and mechanical strength that was
equivalent to telecommunications-grade conventional silica-
based optical fiber.59 So, while crystal derived with noncon-
ventional core compositions, the glass cladding to these fibers
is pure silica that is flame polished prior to draw and so high
strength is not entirely unexpected. Somewhat unexpected,
and provided for completeness, was a measured thermal con-
ductivity near room temperature for the YAG-derived fibers
that was about 20% higher than conventional optical fibers.

From a materials perspective, the title of Ref. [59] “On the
Fabrication of All-Glass Optical Fibers from Crystals,”
underlies further insights into the process and opportunities.
Yttrium aluminosilicate glasses are known, as are the more
general rare-earth aluminosilicates47,62–67; rare-earths being
defined as the 15 lanthanides in addition to yttrium and
scandium.68 While each of the glasses studied in these cited
works were made under different melt, quench, and subse-
quent heat-treatment temperatures and, as such, are not nec-
essarily directly comparable, glass stability in these systems
favors lower alumina (<about 25 mol%) concentrations while
also staying away from the two-liquid region of the Y2O3–
SiO2 phase diagram;63 which ranges from about 75 to
98 mol% Y2O3 with an upper consolute temperature of
2200°C.69 Accordingly, given this instability, the seemingly
simplest way to achieve such a core composition is to process
it above the melt and quickly quench; conditions employed
by the molten core approach. Furthermore, and perhaps
more importantly, the inevitable dissolution of silica into the

(a) (b)

Fig. 3. (a) Measured refractive index profile (RIP) of the YAG-derived (Yb3+-doped) yttrium aluminosilicate glass optical fiber with computed
and normalized electric field (E) and optical power (/E2) distributions for waveguided light overlaid and (b) compositional profile across the
same fiber showing the concentrations of the component oxides. Given the Y3Al5O12 composition of the precursor YAG crystal, the presence of
SiO2 in the core validates its dissolution into the core melt from the pure SiO2 cladding.

2678 Journal of the American Ceramic Society—Ballato and Dragic Vol. 96, No. 9



core melts implies that one must start with a very high Y2O3

and Al2O3 concentration to achieve a final core composition
with as much of these compounds as possible. In other
words, one could make a yttrium aluminosilicate glass and
draw it into fiber. However, if one desires a fiber with as
high a concentration of Y2O3 and Al2O3 as possible, then the
best and most practical approach is to start with Y2O3–
Al2O3 and dissolve in the SiO2; N.B., to obtain a moderately
high silica content (60 mol%) optical fiber, start with YAG
that is clad, of course, in silica!

While this core/clad interaction makes for interesting glass
science, added value is found in the performance of the resul-
tant fiber. From the perspective of physical properties, the
novel glasses indeed offer some additional surprises. For
example, since the work by Jen, et al.,70 two decades ago on
the acoustic characterization of glass preforms, acoustically
engineered fibers have relied on alumina as the lone dopant
used to raise the acoustic velocity of silica-based optical fiber.
More recently, it was found71 that yttria has a similar, but
albeit weaker, effect,72 expanding the materials available in
the fiber designer’s toolbox.

More surprisingly, however, was the finding that the visco-
elastic damping of the acoustic wave is more than 10-fold
larger in YAG-derived glass than in silica,72 and that the
weak photoelastic properties of YAG73 imprint on the final
resultant glass.72 Both of these phenomena, as discussed in
greater detail in the Appendix and below, depress the Brill-
ouin gain relative to pure silica; an advantage for systems
where this could be a problem, such as in high-power lasers.
This advantage also comes with little or no cost to the spec-
troscopy of the trivalent ytterbium, as the Yb-doped yttrioa-
luminosilicate glasses (with relatively low silica content) act
much like their conventional aluminosilicate (lightly Al2O3-
doped) counterparts.74 But, an unexpected benefit to the
YAG-derived fibers, likely due to the homogeneous distribu-
tion of ytterbia sites in the precursor crystal, is that coopera-
tive luminescence75 in the visible, attributed to luminescence
from Yb–Yb ion pairs or clustering sites, and often thought
to be an indicator of glass photo-induced damage (so-called
photodarkening) at prolonged exposure at high power,76 was
found to be far weaker in the YAG-derived fibers.

Whereas the original molten core work realized fiber with
a nominally unstable core composition, the YAG-derived
work, courtesy of the enhanced properties of the resultant
fiber, suggested that crystalline materials could be fascinating
and useful precursors to all-glass fibers. With this “fiber
doesn’t need to be drawn from glass alone” door now open,
what else is possible?

(2) Sapphire-Derived Optical Fibers
No one would suggest that Al2O3 (i.e., sapphire, alumina, or
corundum) is an exotic material. Furthermore, it has been
studied in optical fiber form for three decades.77 However,
sapphire as a precursor to a high alumina content all-glass
optical fiber poses some interesting possibilities. Simplisti-
cally, alumina is known to solubilize lanthanide dopants into
silica,37 yield an antiguiding nature to acoustic waves in an
optical fiber clad in silica due to its acoustic velocity being
larger than silica,70 and can be used in tailoring fibers with
large transverse acoustic gradients.78 As such, a high alumina
content fiber might be a route to short, high-efficiency optical
amplifiers and lasers with reduced SBS though it does raise
the refractive index relative to pure silica, which is not
always advantageous.

That said, the molten core method was applied recently to
the fabrication of a high alumina content optical fiber using
sapphire as the precursor core phase and pure silica as the
cladding.79 Specifically, silica-clad aluminosilicate fibers with
Al2O3 concentrations of about 27, 31, 41, and 54 mol% were
achieved (about 38, 43, 54, and 67 wt%, respectively). To
put this in perspective, the maximum alumina content of

about 67 wt% is well above the 10–20 wt% (depending on
core size) alumina content from the YAG-derived glass
fibers,59 the ~30 wt% alumina content of crystalline YAG
fibers,80 and the ~12 wt% alumina limit conventionally per-
mitted using CVD techniques.39,40 The measured losses for
the fibers were about 200 dB/km at a wavelength of
1532 nm, which can be improved with further purification,
but is acceptable for many applications.

Although the molten core approach was used, the process-
ing was not as straightforward as suggested above. This is
because typical draw temperatures for silica are in the range
from 1925°C to 2000°C whereas sapphire melts at 2050°C. In
order to effectively increase the draw temperature of silica to
above the melting point of the precursor sapphire core phase,
a thicker walled cladding tube than normally employed was
used. This “trick” avails itself of the kinetic aspect of glass
deformation whereby a glass can be drawn at higher (or
lower) than conventional temperatures by judicious control
of volume (e.g., thicker or thinner preform rods or tubes)
and draw speed. Accordingly, this permitted the silica/sap-
phire preform assembly to be drawn at 2100°C, thus exceed-
ing the melting point of the sapphire and permitting
fiberization using the molten core approach.

All the aforementioned alumina concentrations fall within
the two-phase, liquid–liquid immiscibility region for binary
aluminosilicates81 and therefore would be very difficult to
form using conventional methods (particularly those conven-
tional for optical fiber fabrication). As noted in Ref. [82],
glass stability decreases markedly for alumina concentrations
above 30 mol% (in silica) necessitating rapid cooling. Facili-
tating the high-alumina content optical fiber is the rapid
quench rates associated with the small diameter fibers. For
example, given the draw temperature and draw speed, a
quench rate for sapphire-derived fibers of about 350 K/s is
estimated, which is greater than the cooling rate of about
110 K/s assumed necessary to avoid phase separation for
aluminosilicate glasses containing 50 mol% alumina.82 In
addition, the small interaction volume (i.e., core diameter of
between about 25 and 35 lm) might help restrict phase sepa-
ration though more investigation of such kinetics deserves
further consideration and study. Further aiding in realizing
these novel glasses is an increase in viscosity as the silica is
dissolved into the sapphire melt. More specifically, sapphire
has a viscosity at the liquidus temperature of about 1 poise.83

As the silica cladding glass dissolves into the sapphire melt,
the liquidus temperature decreases though the viscosity at the
liquidus increases.83 Accordingly, the high quench rate, cou-
pled with the increased viscosity with silica dissolution, likely
facilitates the vitrification of the core glass despite composi-
tionally being within the immiscibility dome.

From the perspective of glass structure, at high alumina
concentrations, the octahedral units are believed to promote
nucleation of mullite (3Al2O3∙2SiO2) crystals84 whereas in
high silica-content glasses, aluminum should be tetrahedrally
coordinated as edge-sharing octahedra as they would not
likely enter the corner-sharing silica tetrahedral network with-
out alkali or alkali-earth ions to charge compensate. In the
intervening compositional space, as obtained in these fibers,
incompatibilities between the octahedral and tetrahedral sites
often manifest the observed liquid–liquid immiscibility. It is
this instability that promotes phase-separation at the high
processing temperatures and long times employed in conven-
tional CVD-based optical fiber preform fabrication.40,79

From the perspective of performance, these sapphire-
derived fibers exhibited a series of extraordinary properties
including (1) the lowest Brillouin gain ever reported from an
optical fiber, (2) the highest Brillouin frequency ever mea-
sured near a wavelength of 1550 nm, and (3) a Brillouin
frequency that was immune to changes in temperature; i.e., a
Brillouin athermal optical fiber. The general reasons for these
behaviors are provided below and in the Appendix. More
specifically, the 41 mol% alumina content fiber exhibited a
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Brillouin gain coefficient (BGC) of about 3.1 9 10�13 m/W,
which is about 19 dB below that of conventional silica opti-
cal fibers (e.g., SMF-28TM with BGC of about
2.5 9 10�11 m/W).85 Interestingly, the Brillouin spectrum of
the highest alumina content fiber (54 mol% Al2O3) could not
be measured as it was too low. To the best of the authors’
knowledge, this remains the lowest BGC ever reported and
could be further reduced using external (nonmaterial)
approaches such as broadening of the optical signal spec-
trum. Remarkably, this extraordinary suppression was real-
ized using two “boring” materials—silica and alumina—but
required a reconceptualization of how optical fibers can be
made and from what compositions.

The title of this section, “Want Silica? Start with Alu-
mina…”, clearly is somewhat provocative (keeping with the
underlying theme of this study) as one is not suggesting
alchemy. However, similar to the YAG-derived glass example
above, it is counterintuitive to arrive at a silicate glass fiber
by not starting with silica.

Indeed, conventional wisdom teaches that silicates are real-
ized by starting with silica and doping additives into it. How-
ever, the two examples above did the exact opposite of this:
the precursor core phase, YAG or alumina, contained no sil-
ica yet the final fiber core was a silicate (except in the case of
the 54 wt% Al2O3 sapphire-derived fiber which could more
precisely be considered a silicoaluminate glass). This dissolu-
tion of silica from the cladding glass (a virtually infinite
source of silica given typical optical fiber core/clad dimen-
sional ratios) promotes amorphization of the core composi-
tion and compatibility of the crystal-derived fiber with
conventional silica-based optical fibers. By operating above
the melting point and by quenching quickly given the fiber’s
small size, issues of liquid–liquid or in-glass instabilities can
be mitigated and extraordinary optical fiber from otherwise
“boring” materials can be realized in a straightforward and
scalable manner.

III. Turning Lemons into Lemonade

As noted above, the optical fiber community’s dependency
on silica is well founded. It is highly transparent, remarkably
strong, chemically inert, prevalent and tremendous science
and engineering efforts have gone into its optimization. For
these reasons, silica is the material of past, present, and
future for practical optical fibers. So, while the molten core
approach has several direct and more subtle benefits for real-
izing novel fiber compositions, practicality demands the use
of silica as the cladding glass. This is not so limiting a
restriction as silica is highly refractory meaning that many
core phases of interest melt below the draw temperature of
silica and therefore can be employed in the molten core pro-
cess. Further reconceptualizing this, the glass core of the
formed fiber is the interaction product of the molten precur-
sor core material with the partially dissolved clad material.
With this concept of the core being an “interaction product”
one can employ the cladding glass in much more subtle—and
useful—ways.

(1) Ask Not What You Can Do for Silica; Ask What
Silica Can Do for You [with Apologies to President
Kennedy]
Silica is not just a refractory and reasonably low refractive
index1 cladding material, but it has its own optical/acoustic

properties that directly manifest the aforementioned extraor-
dinary properties when thoughtfully paired with an appropri-
ate core phase.

The first and simplest (though not particularly extraordi-
nary) is that the silica cladding tubes are remarkably pure;
courtesy of the decades of engineering that have gone into
loss reduction in optical fibers. The unusual result is that the
impurity phase is more pure than the matrix phase. In other
words, the initial core phase (matrix) for the fibers described
thus far were single crystals of YAG59 or sapphire.79 As
melt-grown materials go, these industrial-grade crystals were
quite transparent. However, one almost certainly will never
obtain the level of purity from a melt grown crystal
approach that is available in CVD-derived silica. So, in prac-
tice, the dilution of the less pure industry-grade core crystal
by the telecommunications-grade-pure silica cladding upon
molten core dissolution can enhance the transparency of the
resultant fiber. In qualitative support of this argument, the
very first sapphire-derived fibers exhibited measured attenua-
tion values of about 0.2 dB/m (200 dB/km) which is not
appreciably different from the 0.1–0.3 dB/m values for the
best single crystal sapphire fibers fabricated following consid-
erable optimization efforts.77,86 The best measured value on
bulk sapphire is about 0.01 dB/m,87 though this value was
measured at longer wavelengths than the values cited above.

(2) If a Tree Falls in the Forest Does it Make a Sound?
A second and more extraordinary prospect of the precursor
core/glass cladding “interaction product” is the origin of the
greatly reduced Brillouin scattering in the sapphire-derived
optical fibers. As discussed in more detail in the Appendix,
the BGC, gB, is given by

gBðmBÞ ¼ 2pn7p212
ckqVaDmB

(1)

where n is the refractive index, p12 is the photoelastic coeffi-
cient, c is the speed of light in vacuum, ko is the free space
wavelength of the light inducing the Brillouin scattering, q
the mass density, Va is the acoustic velocity, and DmB is the
Brillouin spectral line-width.88 Given the material dependen-
cies, in comparison to conventional aluminosilicate or phos-
phosilicate optical fiber core glass compositions, the natural
question to pose is: “can a material be identified or designed
that has larger mass density, acoustic velocity, and Brillouin
spectral width and lower photoelastic constant and refractive
index?”. In the case of the YAG-derived and sapphire-
derived fibers, the answer is yes; see Table I. More specifi-
cally, relative to conventional silica optical fibers, the net
result for the YAG-derived and sapphire-derived fibers was a
reduced gB of about 6 and 19 dB, respectively.

The choice of YAG or alumina as the precursor core
phases therefore not only enables novel glass science (struc-
ture/property relations in novel glasses) but also is immi-
nently practical with marked reductions to Brillouin gain,
hence increases in the threshold power at which SBS becomes
problematic from a system-performance perspective.

An alert reader will notice a second interesting feature spe-
cific to the sapphire-derived fibers. The photoelastic coeffi-
cient (p12) of alumina is negative (Table I: Ref. [89]). Though
possibly na€ıve, it stands to reason that a composition of a
binary glass that is made from end-member compounds
whose photoelastic coefficients are of opposite sign might
(should?) exists where the effective photoelasticity is zero.
Indeed, zero photoelastic glasses have been fabricated and
studied.90–93 However, these (lead borate and alkaline-earth–
modified aluminosilicate) glasses have been considered in
light of generating zero-stress optic effects for research instru-
ments and rear-projection televisions applications90 and
never, to the best of the authors’ knowledge, considered for

1As a reminder, optical fibers confine light (in a ray-optic/classical sense) through
total internal reflection which requires that the central core have a refractive index
greater than that of the surrounding cladding (and that light incident on the core/clad
interface do so at an angle greater than a critical angle). With the few exceptions noted
in the text (i.e., fluorine and boria, B2O3), most other common dopants raise the refrac-
tive index of the resultant glass relative to that of silica. So, the use of silica as the clad-
ding glass helps provide the necessary waveguiding structure when these modified
compositions are employed for the core.
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SBS mitigation. Furthermore, “mitigation” is a passive word
in this sense as it tends to imply a diminution in magnitude
of a given effect. The use of a zero photoelastic fiber conceiv-
ably would negate SBS entirely, thus removing this major
restriction to continued power-scaling in high power and
high-power-per-unit-bandwidth systems.

So, recasting the title of this section: If a photon anelasti-
cally scatters off an acoustic phonon, does it make a sound;
i.e., lead to a back-reflected and frequency-shifted Brillouin
signal? Counter the classic tree-falls-in-forest analogy, the
answer in the Brillouin case is uniquely “maybe not.” Such
fibers in which a negative photoelastic core material (e.g.,
alumina) is clad by a positive photoelastic material (e.g., sil-
ica) conceptually leading to a final core glass composition
with this zeroing of photoelasticity have been termed Zero
Brillouin Activity (ZeBrA) optical fibers.94 However, consid-
ering the longitudinally periodic nature of the acoustic wave
produced in the Brillouin scattering process, it is indeed a
zebra without its stripes…

For completeness, it was recently shown that even small
concentrations of lanthanide dopants (specifically Yb2O3)
into aluminosilicate glasses produce additional reductions to
the Brillouin gain. This effect is mainly due to the extremely
large Brillouin spectral width (or visco-elastic acoustic damp-
ing) of the ytterbia dopant95 and likely explains, or at least
contributes to, recent successes in power-scaling fiber lasers.96

Thus, one now arrives at a scientifically fascinating and
technologically meaningful benefit of the molten core
approach: the ability to realize fibers with nominally unstable
compositions when fabricated using conventional means
AND the multiorder interaction product of initial core/clad
materials possessing individually positive and negative photo-
elastic constants. With this in mind, what other common
crystals might produce intrinsically low Brillouin gain (ILBG;
possibly ZeBrA) optical fibers?

(3) Spinel-Derived Optical Fibers
Of particular interest is the utilization of the long studied
and broadly characterized MgO as a precursor material. The
photoelastic constant of MgO is negative and is approxi-
mately twice that of alumina in magnitude.97 Furthermore,
MgO possesses many other advantageous properties like alu-
mina, with respect to the reduction in the Brillouin gain,
such as high density and acoustic velocity98; in many ways,
in fact, it is very similar to alumina. However, as the melting
point of MgO is above 2800°C,99 pure MgO clad in silica
represents a combination of materials not amenable to the
molten core process, as the silica cladding would have
already begun boiling long before the MgO melted. As such,
in order to be able to characterize MgO in the context of an
optical fiber dopant, a material with lower melting point was
settled-upon: MgAl2O4 spinel.

From a materials perspective, spinels are a mineralogical
class of compounds with general formula A2+B2

3+O4
2�. The

A and B cations occupy the octahedral and tetrahedral crys-
tallographic sites, respectively, of the cubic lattice. The alu-
minum spinel, MgAl2O4, is one of the more common
compositions and frequently is used as a refractory100 and,
more recently, in transparent armor.101

Based on the guiding principles noted above, this
magnesium spinel recently was employed as the precursor
core phase in the molten core fabrication of a silica-clad
magnesium aluminosilicate optical fiber.102 As with the sap-
phire, spinel is exceedingly refractory necessitating the use of
a large and thick-walled silica cladding tube. Several hundred
meters of 125 lm diameter fiber was drawn at a temperature
of 2175°C, which exceeds the 2135°C (congruent) melting
point of the MgAl2O4.

The resultant fibers were single moded, a first for such
ILBG fibers, and possessed combined MgO + Al2O3 concen-
trations between 4.5 and 5.5 wt%. While these MgO + Al2O3

concentrations seem relatively low in comparison to the
Al2O3 concentrations in the sapphire-derived fibers, they still
exceed the miscibility limit in silica at conventional silica-
based optical fiber processing temperatures.44 For example,
given the immiscibility of the MgO–SiO2 system,43,45,103 only
about 1.5 mol% of MgO in SiO2 would be stable at a tem-
perature of about 1700°C.43 Another interesting glass struc-
ture/property feature of the spinel-derived optical fibers was
that the deduced refractive index contributions from both the
Al2O3 and MgO were higher than their respective crystalline
counterparts,79,104 which may result from an effect similar to
that of the SiO2–AlPO4 join105 except resulting in an increase
in refractive index.

Such is the beauty and mystery of materials that three of
the most abundant compounds on Earth—SiO2, Al2O3, and
MgO—can conspire through a high melting point and com-
plex structure to confound the accurate determination of the
spinel crystal chemistry and MgO–Al2O3–SiO2 phase diagram
for almost 100 yr.44

That said, as with the sapphire-derived fibers, the acoustic-
and Brillouin-related features of the spinel-derived fiber were
both significant and useful. First, the spinel-derived fibers
were the first truly single-mode fibers derived from a precur-
sor crystal. Second, MgO was validated as increasing the
acoustic velocity when added to silica, thus joining only alu-
mina70 and yttria72 with this known behavior in an optical
fiber (the latter two were described above). Furthermore,
owing to the small core diameter of the single-mode fiber,
and that the acoustic velocity of magnesio-aluminosilicate
glass is larger than that of pure silica, it is a strong acoustic
antiwaveguide. As such, two distinct regions of the Brillouin
spectrum were observed: (1) Brillouin interaction of the opti-
cal mode with the core material and (2) the Brillouin interac-
tion between the tails of the optical mode and the pure silica
cladding. The core-related component of the Brillouin spec-
trum possessed the largest reported waveguide-loss-induced
spectral broadening. As such, the Brillouin gain in the core
was suppressed to such an extent that, for the first time, the
intrinsic Brillouin line-width of silica in fiber form was
observed by direct measurement via the cladding interaction.

The spinel-derived optical fiber, building off of the sap-
phire-derived analogue, provided significant analytic insights
while also being technologically practical. Furthermore, in
both cases, the molten core technique yielded all-glass fibers
with compositions that could not have been made using con-
ventional methods due to immiscibilities between the compo-
nent phases. However, in both cases, the photoelasticity of
the precursor crystal phase was not sufficiently negative such

Table I. Comparison of Computed Brillouin Gain Parameters for Constituents Y3Al5O12 and Al2O3 With Silica in the
YAG-Derived and Sapphire-Derived Fibers, Respectively [see Appendix and Refs. [72,79,89]]

Parameter Unit Silica YAG-derived Change (relative to SiO2) Sapphire-derived Change (relative to SiO2)

Va m/s 5970 7649 28% ↑ 9790 64% ↑
q kg/m3 2200 3848 75% ↑ 3350 52% ↑
DmB MHz 17 253 1488% ↑ 274 1612% ↑
n 1.444 1.868 30% ↑ 1.653 14% ↑
p12 0.271 0.0091 92% ↓ �0.03 111% ↓
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that the zero Brillouin composition was practically obtain-
able. As mentioned above, since pure MgO has a photoelastic
constant “only” about double that of alumina, silica concen-
trations as low as 10–20 mol% are necessary to achieve the
ZeBrA condition. Accordingly, the search turns to common
materials with larger negative photoelastic constants.

(4) BaO-Derived Optical Fibers
Upon doping into silica, barium oxide (BaO) is known to
increase the binary glasses’ refractive index, mass density,
and as was recently determined,106 the visco-elastic damping
coefficient while reducing the acoustic velocity. In addition,
and like Al2O3, baria possesses a Brillouin frequency depen-
dence on temperature and strain that is of opposite sign to
that of silica. Hence, conceptually, both Brillouin a-thermal
and a-tensic (where the Brillouin scattering frequency is inde-
pendent of any applied strain on the fiber) fibers could be
realized in the binary bariosilicate system; a finding previ-
ously reported for only one other glass system of practical
significance: the aluminosilicates.79

BaO-derived all-glass optical fibers were produced recently
by melting BaO inside a silica cladding tube.106 The preform
was drawn at a temperature of about 1975°C, which exceeds
the 1920°C melting point of the baria107 thus fulfilling the
principal fabrication requirement of the molten core tech-
nique. The resultant fiber, depending upon the core size, had
BaO concentrations ranging from about 23 to 37 wt%
(about 10–18 mol%) in SiO2.

Baria, like alumina, is by no means a new material. Glass
formation in the BaO–SiO2 system has been studied as far
back as 1922108; and possibly earlier. Shortly thereafter, in
1927, it was known that liquid–liquid immiscibility existed
between SiO2 and the other alkaline-earth oxides,43 but not
initially BaO. Liquid–liquid immiscibility ultimately was
identified in this binary system over the range from about 2
to 28 mol% BaO.109 For a more detailed discussion of the
critical cooling rate, liquidus temperature, and effect of SiO2

dissolution on BaO core melt viscosity, the reader is referred
to Ref. [106]. From an optical and acoustic perspective, the
BaO-derived optical fiber would exhibit both a-thermal and
a-tensic (in the Brillouin frequency) compositions with a zero
Brillouin gain condition predicted at a composition of about
33 mol% BaO (as opposed to 88 mol% Al2O3 in the sap-
phire-derived fiber case). The relative spontaneous Brillouin
scattering signal from the baria-doped fiber, measured
against control conventional silica optical fiber, was found to
be reduced by about 10 dB in reasonable agreement with the
calculated value.

The observed reduction in the Brillouin gain of the fabri-
cated fiber can be attributed to a large density (4688 kg/m3),
large viscoelastic damping (about twice that of alumina), and
relatively large and negative photoelastic coefficient (�0.33).
The latter was determined partly with the help of some data
found in the literature, and thus further validation of this
value is still required and is ongoing. However, while larger
than silica in magnitude,106 it is this value that enables
ZeBrA fibers with more practical compositions. A drawback
to utilizing baria as a dopant is its relatively high refractive
index and low acoustic velocity relative to silica, both of
which tend to increase the Brillouin gain. As the addition of
baria decreases the system’s acoustic velocity, and therefore
also the acoustic frequency, and as the Brillouin spectral
width [see Eq. (1)] is proportional to the square of this fre-
quency, a decreasing velocity moderates the increasing Brill-
ouin spectral width due to visco-elastic damping.85 This leads
to the required bariosilicate composition at 20 dB Brillouin
gain reduction to be relatively closer to the ZeBrA point than
is needed for the aluminosilicate fiber. In fact, it is partly for
this reason that the Brillouin gain for the extrapolated hypo-
thetical pure baria is larger than that of silica, as presented
in the next section.

IV. Practical Considerations

While the fabrication of optical fibers with novel core com-
positions is interesting and can provide for new glass science,
the utility of such fibers ultimately depends on their compati-
bility with conventional optical fibers. As noted above, the
YAG-derived fibers possessed equivalent strength to telecom-
munications-grade fibers,59 which certainly is a step in the
right direction. In all cases discussed to this point, the optical
attenuation ranged from 0.1 to 1 dB/m in the near-infrared
spectral region. While appropriate for many applications,
there is room for improvement primarily through precursor
purification. Figure 4 provides images of other practical
aspects of selected fibers. Figures 4(i) and (ii) show optical
micrographs of the fiber cross section. While the combination
of the refractive index profile and core size yield single mode
operation for the spinel-derived fiber, the larger core size of
the BaO-derived fibers makes them multimoded. Fig-
ures 4(iii) and (iv) show that these fibers can be directly
fusion spliced to conventional optical fibers; a critical cou-
pling for robust packaging and reduced total losses. Splicing
has been challenging to the sapphire-derived fiber, and it has
been determined that the silico-aluminate core counterintu-
itively appears to contract during the splicing process, sepa-
rating from the cladding. This is likely due to the rapid
quenching and high fictive temperature of the fiber core, cou-
pled with the much larger thermal expansion coefficient for
alumina relative to silica.110 Processing with a fusion splice
machine likely leads to a new, lower glass fictive temperature;
resulting in a decrease in volume. As no devitrification
appears to take place in a fusion splice–processed fiber, as
verified via micro-Raman and X-ray analysis, this seems to
be a purely engineering problem, and work is underway to
optimize the splicing conditions.

As a side note, it was also determined that the baria com-
ponent in the baria-doped fibers was highly volatile. At ele-
vated temperatures, the baria was found to diffuse into the
cladding. While potentially a problem, this characteristic,
with proper splicing conditions, enabled the formation of
tapered splices, allowing effective mode transformation
between the conventional SMF fiber and the novel baria-
derived fibers. This can be seen in Fig. 4(iv) and while this
phenomenon does nothing for SBS, it could enable novel
optical signal combiners and couplers, mode converters, and
optical field transformation devices to be fabricated from
fiber. This observation was enabled by the fabrication of
such high-baria content fibers via the molten core approach.

Figure 5 provides a comparison of the Brillouin gain as a
function of core oxide phase concentration relative to that
for a conventional single-mode telecommunications optical
fiber. The open circles represent compositions experimentally

Fig. 4. Optical micrograph of spinel-derived (i) and BaO-derived
(ii) fiber cross sections, splices between silica and the (iii) spinel-
derived and (iv) BaO-derived fibers. In (iii) and (iv), “SpDF” refers
to the spinel-derived optical fiber and “BaODF” refers to the
BaO-derived optical fiber.
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realized. The YAG-derived fiber shows a monotonic decrease
in Brillouin gain with increasing Al2O3 + Y2O3 content. As
YAG does not possess negative photoelasticity, there is no
singularity (zero in Brillouin gain). On the other hand,
sapphire, baria, and magnesia have negative photoelastic
constants. As a result, there are zero Brillouin Activity
(ZeBrA) compositions where the gain should approach zero.
To date, the crystal-derived molten core fibers have not
reached any of the compositions, though record reductions
in gain of about 20 dB have been experimentally measured.

V. Sure, Glasses from Crystals … but Crystals from
Crystals?

As should now be clear, the old paradigm that the fiber draw
process is just an affine transformation (i.e., large glass pre-
form in and small glass fiber out with all dimensional and
optical profile ratios preserved) does not apply to the molten
core derived fibers.

In fairness, some photonic crystal fibers do not conform
to the geometric conservation of this transform such as when
pressure is applied during the fiber (or cane) draw.111,112 The
molten core approach is unusual in that the geometric ratios
between preform and fiber are generally preserved, but the
compositions and optical properties and profiles are not. As
in all four cases noted above, none of the precursor core
phases contained silica yet the final fiber core was (almost
always) silica-rich.

Momentarily continuing with oxide compositions, the mol-
ten core process has also been employed to fabricate heavy
metal-oxide–based optical fibers.113 In that work, the fibers
were produced using a borosilicate glass cladding and precur-
sor core compositions of either unreacted crystalline Bi2O3 +
GeO2 powders or a stoichiometric crystal, Bi12GeO20. The
fibers drawn from the crystalline powder yielded fibers with
amorphous cores and exhibited a relative transmission of
about 80%. Fibers drawn from the single crystalline
Bi12GeO20 core yielded fiber with a biphasic crystallinity con-
taining a mixture of crystalline bismuth germanate (Bi2GeO5)
and bismuth oxide (d-Bi2O3/BiO2�x). Admittedly, the Bi2O3–
GeO2 system is complex,114 owing in part to the polyvalent
nature of bismuth. However, this bismuth germanate exam-
ple is illustrative of the considerable flexibility of the molten
core process. Specifically, in the previous cases, one started
with a crystal and got a glass. Now one starts with one
crystal and gets a different crystal phase following

draw-induced reactions and differential thermodynamic and
kinetic drivers for crystal or glass formation.

(1) Glass-Clad, Crystalline Core Optical Fibers
This study began by discussing how the molten core
approach has employed various precursor crystals to make
all-glass fibers with compositions that would be very difficult,
if not impossible, to make using conventional optical fiber
fabrication methods. Immediately above, the Bi2O3–GeO2

example teaches that the process can produce amorphous or
crystalline fibers from crystalline materials; depending on the
processing conditions and materials selected. There is one
more (at present) fascinating embodiment of the molten core
process: the fabrication of crystalline semiconductor core
optical fibers.

Semiconductor optical fibers have gained considerable
recent attention115 given their potential to marry two fields
critical to modern information and computing technologies:
silicon photonics116 and optical fiber. Given the rapid growth
of interest, the section below will focus on one particular
aspect that best follows the theme of this study. However,
for completeness, several thorough reviews of semiconduc-
tor117,118 and multimaterial fibers119 have recently been writ-
ten to which the reader can refer for greater detail.

The molten core approach has been employed to make
glass-clad optical fibers with crystalline cores of silicon,120

germanium,121,122 and indium antimonide.123 Representative
cross sections of these fibers are shown in Fig. 6. In terms of
crystallinity, X-ray diffraction studies showed that single crys-
tal grains up to 15 mm long exist, which is quite remarkable
given the ~1 m/s draw speed for selected fibers. This (poly)
crystallinity presents intriguing fundamental questions about
the interplay between thermodynamics and kinetics in such
material systems as fiber fabrication generally is considered a
highly nonequilibrium process yet highly crystalline (and over
cm lengths, single crystalline) materials result. From a practi-
cal perspective much optimization remains, though the princi-
pal sources of loss are being addressed systematically.124

Whereas the dissolution of the cladding glass into the core
melt is a benefit for the all-glass fibers, such as those derived
from YAG, Al2O3, MgAl2O4, and BaO, it is a detriment for
the semiconductor optical fibers. Take, for example, silicon
in silica whereby some silica dissolves into the silicon melt
during the molten core fabrication. Even though the resul-
tant core was phase pure silicon (in the sense that X-ray

(b)(a)

Fig. 5. (a) Calculated photoelastic coefficient, p12 (see Appendix) for the YAG-, sapphire-, BaO- and spinel-derived optical fibers as a function
of oxide [e.g., (Y2O3 + Al2O3) for YAG-derived, Al2O3 for sapphire-derived, BaO for BaO-derived, and (MgO + Al2O3) for spinel-derived]
concentration and (b) calculated Brillouin gain relative to conventional optical fiber with circles identifying the compositions actually fabricated
to-date for each system.
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diffraction shows no secondary phases), compositional analy-
sis verifies a high level of oxide present in the crystalline
core.120 The lack of X-ray reflections strongly suggests that
the oxide phase in the core is amorphous; again, this is not
surprising given the cooling rates inherent to the fiber draw
process. Even with cladding glass compositions that have
been designed to draw just above the draw temperature of
the core crystal phase, there still will be some (albeit less) dis-
solution of oxide into the semiconductor melt.125 The pres-
ence of the oxide is critical, as its refractive index is
considerably different from that of the silicon and such sec-
ondary phases cause significant scattering of light. The prac-
tical result is that optical losses at present are high (~dB/cm)
and the attainment of closer-to-theoretical values (10 s of
dB/km117) requires continued effort.

The cladding dissolution by the core melt is inevitable,
though the clever use of reactive diffusion barriers shows
great promise with further optimization.126 There is, how-
ever, yet another trick up the sleeve of the molten core
approach that separates it from conventional fiber fabrica-
tion processes; specifically that liquid-phase (i.e., melt-phase)
chemical reactions can occur in situ during the draw. That is,
species can volatize out of the melt from reactive metals or
chemical reactions that occur. Either mechanism would lead
to a final core composition that can be very different from
the precursor phases.

A case in point was the reactive molten core fabrication of
a silicon optical fiber.127 An appropriate amount of silicon
carbide (SiC) powder was mixed in with the precursor silicon
(powder) to act as a getter for the oxide that dissolves into
the melt from the cladding. At the draw temperature, the
SiC reacts with the SiO2 to produce Si and gaseous SiO and
CO, which evolve out of the low viscosity melt. The result
was an oxygen-free, silica-clad crystalline silicon core optical
fiber, despite being processed at 2000°C. While the optical
losses still were fairly high, likely due to other impurities or
defects, scattering was markedly reduced. This is not only an
important step forward in making crystalline semiconductor
optical fibers but also validates a broader opportunity for
performing reactive chemistry in the melt during fiber
fabrication.

For completeness, it is worth noting that oxide-based clad-
ding glasses have been employed exclusively to date for all
crystalline semiconductor optical fiber efforts regardless of
process methodology (i.e., molten core or CVD). In the
infrared spectral region, the oxide cladding will further limit
the utility of these fibers by absorbing more strongly the eva-
nescent component of the propagating waveguide mode. This
would be especially true for single mode and tapered semi-
conductor fibers. Chalcogenide glass-based, infrared trans-
parent claddings have been identified but not yet reduced to
practice.125

VI. Simplicity is the Ultimate Sophistication128

As demands (particularly with respect to increasing power
levels) on the performance of optical fibers have increased,

the clear trend has been to fix the choice of material (SiO2)
and focus on fiber design as the principal means of control-
ling light propagating in the fiber. Without doubt, this has
led to stunning advances in the science of applied electro-
magnetics and also in the engineering of novel fiber struc-
tures. However, in keeping with the provocative theme of
this study, the authors propose that this continued march
toward ever greater complexity is not the solution. While
photonic and microstructured optical fibers, as examples, can
and do provide remarkable flexibility in controlling light, we
advocate for a renaissance in optical fiber materials.

(1) These Concepts are Not Mutually Exclusive
As microstructured and photonic crystal fibers and, more
broadly, large mode areas fibers,129–131 generally all employ
some form of rod/tube stacking process in their fabrication,
there is no reason that these ILBG materials could not
replace one of the (silica) rods. Of course, given the molten
core nature of the molten core process, these materials would
need to be sleeved inside of some glass which is compatible
with the fiber design. That said, many of most practical
structured fibers are all-solid with air-holes sometimes at the
periphery of the fiber to permit high numerical aperture
pump cladding configurations.

In specific regards to high-energy lasers (both high-power
continuous wave and high peak power pulsed systems), the
motivation to use large mode areas fibers, including photonic
crystal versions, is to spread the optical mode out across a
larger cross-sectional area, thus reducing the intensity at any
given point. The provision for a large effective mode area
has the practical benefit of reducing the nonlinearities and
related parasitic effects; e.g., SBS. However, expanding the
core size/mode area has the down-side of making the fibers
multimoded, which is not advantageous for many applica-
tions where single mode behavior is required for good laser
beam quality. The result has been microstructural “tricks”—
again all based on silica or high silica-content glass—to pro-
vide effectively single mode operation. Effectively single mode
generally means that the fibers are engineered such that the
higher order modes have very high loss relative to the funda-
mental (single) mode and thus propagate, in effect, just the
lowest order mode. Methods for inducing higher order mode
loss include, for example, constructing antiguides129 or out-
coupling the higher order modes from the core using “leaky”
modes130 or secondary cores.131 A further disadvantage to
scaling the size of the fiber is that the fiber may no longer be
a fiber, but rather a rod. This introduces new limitations on
bending and packaging into commercial laser systems. One
may visualize such a rod-like fiber encased in a laser head
resembling that of an argon-ion laser, with all the requi-
site active cooling as the rod-like fiber begins to lose the
surface-to-volume ratio that makes optical fibers such attrac-
tive gain media.

One particular advantage of a materials solution to sup-
pressing nonlinearities such as SBS stems from the fact that
the large mode areas fibers described above are never truly

(a) (b) (c)

Fig. 6. Electron micrographs of (a) silicon, (b) germanium, and (c) indium antimonide crystalline core optical fibers.56
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single mode. The higher order modes are lossy, but still can
be excited, which leads to mode instabilities, mainly a result
of thermal effects when operating at high power, and cur-
rently is a very active field of study.132,133 The authors sug-
gest that the simplest solution is a truly single-mode fiber
employing an ILBG core composition. The best way to miti-
gate modal instability is not to have any in the first place.

For completeness, it is worth noting that fibers made from
these ILBG glasses are also compatible with further, yet
external to the fiber, Brillouin gain suppressing schemes such
as broadening the laser spectrum.96,134 Suppressing SBS by
broadening the laser spectrum gives rise to a downscaling of
the Brillouin gain by the ratio DmB/(DmL + DmB), where DmB
is the Brillouin spectral width [see Eqn. (1)] and DmL is the
laser linewidth. The conventional wisdom dictates that a
reduction in the Brillouin gain in a fiber necessarily requires
a commensurate broadening of the Brillouin gain spectrum,
or an increase in DmB, requiring even larger and sometimes
unfeasible (at least from a systems perspective) DmL values.
However, a dominant characteristic of an ILBG fiber is low
photoelasticity, which is not manifested as an increase in the
Brillouin spectral width. As a result, further suppression of
Brillouin scattering remains possible with such fibers via
broadening the laser spectrum, while also maintaining ade-
quate coherence for a given set of system requirements.

In summary of the case for simplicity, the molten core
method is straightforward and has been used to make long
lengths of structurally simple (and in the case of the spinel,
single mode) core/clad fibers. The choice of core precursor,
often commodity crystals, processed directly into fiber above
the precursor melting point yields fibers with core composi-
tions that would be very difficult (if not impossible) to make
using conventional production methods. The sapphire-
derived all-glass optical fiber, as an example, exhibited the
lowest Brillouin gain ever measured in stark contrast to the
exotic methods and fiber designs used previously to reduce
SBS; see Table II for a comparison.79,134–139

VII. Conclusions

With the maturation of fiber-based optical telecommunica-
tions, silica glass has been engineered to a place of suprem-
acy; and rightly so given its clarity, strength, and prevalence
not to mention the economy of scale and established fabrica-
tion expertise afforded by the growth of optical networks.
For ever-higher performing fibers, the trend therefore has

been to assume silica and force light to do the bidding of the
designer through microstructural considerations rather than
material ones. This strategy has worked well and marked
advances in fiber performance have resulted; though at the
cost of considerably greater design and manufacturing
complexity.

Provided herein is (hopefully) an incitement to rethink this
trend and give materials their due. The molten core approach
to fiber fabrication was utilized as a foundational process for
realizing novel fibers from commodity materials. More to the
point though, these novel fibers possess core compositions
that exhibit extraordinary properties heretofore unseen
because of glass instabilities that arise when conventional
fabrication methods are employed. Specifically described
were fibers drawn above the melt temperature of crystalline
precursors such as YAG (Y3Al5O12), sapphire (Al2O3), spinel
(MgAl2O4), and baria (BaO). The silica-clad nature of these
fibers is for reasons of fabrication, given the refractory nat-
ure of these precursor compounds, and for reasons of practi-
cality; the fibers should be compatible with conventional
fibers. Said fibers yielded a wide variety of useful firsts
including: the lowest measured BGC from an optical fiber,
the potential to negate Brillouin scattering all together, ather-
mal and a-tensic Brillouin frequency phenomena, and the
measurement of the intrinsic Brillouin line-width of silica.
These industrially relevant findings are in addition to some
fascinating glass-science–related considerations, including a
great expansion of the compositional space for optical fibers.
In addition, this enables opportunities to study the structure/
property relationships in glasses with zero Brillouin scattering
or Brillouin scattering that is independent of temperature or
strain.

As is summarized in Table III, there is much to do despite
these rapid advances. In particular, priorities for continued
development should focus on:

1. Reducing attenuation, with a goal of <100 dB/km;
preferably <20 dB/km at the operational wavelength.

2. Single mode operation in fibers with core compositions
exhibiting 20–30 dB SBS suppression with respect to
conventional optical fibers. N. B., the ZeBrA condi-
tion, while fascinating, generally may not be necessary
in practice as a 20–30 dB suppression is more than
useful and would drive SBS thresholds up to well over
1 kW power levels.

3. Active Fibers: While SBS suppression is useful in both
passive and active systems, the added functionality of

Table II. Comparison of Methods for Suppressing Stimulated Brillouin Scattering

Method Suppression Practical limitation Reference

Applied Distributed Strain (best case:
assume pure silica core operating
at 1064 nm or 870 MHz/%)

~9 dB
(1% elongation)

1% elongation is about 1 kg of load on typical single-
mode fiber (SMF); fiber under tension may not
survive. High-quality SMF may withstand controlled
experiment up to 6 kg before breaking

[134]

Applied Distributed Heating
(best case: assume pure silica
core operating at 1064 nm
or +1.6 MHz/K)

~5 dB Low thermal stability of polymer coating serves
as practical limit (<200–300°C)

[135]

Broaden Laser Spectrum (best-case:
assume 75 MHz Brillouin spectral
width near 1064 nm)

~11 dB (for 1 GHz
laser linewidth)

Some system requirements do not support this
method. For others, such as phased laser arrays,
are limited to about 1 GHz or less spectral width

[136]

Longitudinally Graded Optical Fiber ~6 dB shown;
10 dB possible

Magnitude of compositional gradient along fiber [137]

Radially Graded Optical Fiber ~Few dB in LMA
fibers and up to
10 dB in small-core
fibers (<15 lm)

Method works well in fibers with smaller (<10 lm)
core diameters, but becomes impractical in LMA
fibers due to the extreme doping gradient required

[138,139]

Molten Core Method >20 dB Control of core-cladding dissolution/diffusion
processes

[79]

LMA, Large mode area.
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light emission (in a single mode, SBS suppressed, low
loss fiber) is important for the development of high-
performance fiber amplifiers and lasers.

4. Brillouin athermal and a-tensic fibers: Arguably lower
on the priority list, but interesting nonetheless for sen-
sor applications. Such fibers with Brillouin frequency
immune to changes in temperature (athermal) or strain
(a-tensic), as well as ZeBrA, also can be insightful
from a glass science perspective. Understanding the
glass structure and how said structure and constituents
cooperate to negate Brillouin scattering or its depen-
dence on applied thermal or mechanical forces is a
very worthy study.

5. The content provided above focused on materials solu-
tions to the most critical issues facing next generation
optical fibers; e.g., SBS suppression. However, there
are other effects where the selection of materials,
rather than design, can be influential. These include
optical fiber core materials with the aforementioned
attributes and reduced Raman gain and reduced
thermo-optic (dn/dT) coefficients. Indeed a single
mode, low loss, SBS- and Raman-suppressed, reduced
dn/dT, active fiber would be a game-changer on par
with the erbium-doped fiber amplifier.

6. Modeling: As conceptually simple as the molten core
process might seem, there clearly are complex thermo-
chemical reactions, molten core fluid flow, and heat
transfer dynamics at play. To date, there has not been
any in-depth analysis of these processes and, as such, a
rich and important opportunity exists for modeling of
these phenomena.

Lastly, and perhaps most unequivocally, the authors advo-
cate for a return to simplicity which can be enabled by the
thoughtful consideration of otherwise “boring” materials
using practical manufacturing techniques such as the molten
core approach described herein.

Appendix

Glass Additivity and Its Application to Brillouin Scattering

The purpose of this Appendix is to provide a brief background
into the modeling utilized in the development of intrinsically
low Brillouin gain (ILBG) fibers. The underlying question has

been “How do we design low Brillouin gain compositions and
identify the requisite constituents and precursors?”

Indeed, this is a question similar to that pondered by
Adolph Winkelmann 120 yr ago when he introduced an addi-
tive approach to calculate the specific heat of glasses of arbi-
trary composition utilizing the physical properties of the
individual components.141 Soon, he and Otto Schott published
a set of studies142–144 on glass engineering that would enable
the design of glasses utilized as lenses in Ernst Abbe’s micro-
scopes,145 that would be produced and marketed by Carl Zeiss,
thus demonstrating the profound and rapid importance such
work had on the commercial relevance of glass.

More importantly, however was that the pioneering work
of Winkelmann and Schott spawned a general field of glass
science and their work inspired many to develop mathemati-
cal models for glass in an effort to understand the underlying
physics and chemistry of these material systems. While this is
not meant to be a review of mathematical models for glass,
it behooves these authors to cite the work of at least a few;
Huggins and Sun,146 Gilard and Dubrul,147 Gehlhoff and
Thomas,148–150 Appen,151 Gan,152,153 Demkina,154 and Maki-
shima and Mackenzie.155,156 More details can be found in
the thoughtful book by Volf.157

The modeling approach taken in the design of ILBG fiber
compositions is not one principally meant to further the
understanding of the physics of the glass systems. It is
instead meant mainly to serve the following practical pur-
poses: (1) to gain the ability to extrapolate measured fiber
data from a few readily available glass compositions, (2) to
develop a selection process for precursor core-phase materi-
als, (3) to provide a way that materials science can be pre-
sented so that it is understood by fiber designers (who are
usually amateur glass scientists, at best), and (4) after fabri-
cation of a new fiber, to have a tool for the optimization of
its composition. Purpose 4 clearly requires that purpose 2 be
satisfied. The additivity model requires that (1) the constitu-
ent species in an n-component glass are separable, in that
they can be treated as fully independent and (2) the constitu-
ent materials are well-mixed in the final glass, and that no
anomalous effects, such as phase separation, takes place. In
principle, it is not necessary for an ion (e.g., Al in Al2O3) to
have the same coordination at every site. An additive model
can provide essentially an ensemble average for the “alumina
effect” (alumina simply as an illustrative example) that can
depend strongly on how and by whom the glass was fabri-

Table III. Comparison of Performance Measures and Best Results to Date from Molten Core-Derived Oxide Fibers

Performance specification Goal

Best result to

date [reference]

Derived-fiber

YAG Al2O3 MgAl2O4 BaO

Doping into SiO2 High content 54 mol%79 22* 54* 5.5* 18*

Electromagnetic
modality

Single mode (SM) SM102 Near SM Multimode ✓ Multimode

Brillouin gain 20–30 dB suppression 19 dB79 10† 19† 9.4† 12†

Zero Brillouin
Activity (ZeBrA)

>50 dB suppression 19 dB79 higher ‘dopant’ concentrations needed

ZeBrA composition Low doping 33 mol%106 – 88* 84* 33*

Brillouin athermal Athermal Athermal79 – ✓ Higher
MgAl2O4

levels

Close
Brillouin a-tensic A-tensic Close106 – –

Active fiber Rare earth doped Yb:YAG amplifiers74 ✓ ✓
Attenuation <100 dB/km ~100 dB/km59 ✓ 200

‡

200
‡

600‡

Mechanical strength Equivalent to SMF-28
TM

Equivalent to SMF-28
TM59 ✓ Not yet measured (Al2O3,

MgAl2O4, BaO), but expected
to be fine

Fusion splice Splice to conventional fiber Spliced to SMF-28
TM59 ✓ Close ✓ ✓

SMF, single-mode fiber.

*Values given in mol%.
†Values given in dB.
‡Values given in dB/km.
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cated. In addition, such modeling can also take into account
ion–ion effects (as is typical of many phosphates as embodied
in part by a clear trend toward lower refractive index values
for the multicomponent crystals158) such that larger binary,
ternary, etc. molecules (for example large oxide molecules
whose properties do not derive from their constituent oxides)
can be treated as a single species. Clearly, this removes the
use of the model to gain physical insight into such systems,
but it can still serve as a powerful engineering tool in the
design of the glass and tailored optical fibers of added value.

The modeling approach here leverages decades of work by
the Greats of glass science. However, it is recast as one that
can be derived from first principles in a way that can be
understood by optical waveguide designers. As such, the
description begins with a “unit fiber,” as shown in Fig. A1.
For simplicity, a binary system is first assumed, such as the
ubiquitous GeO2-doped silica glass fiber commonly found in
the telecommunications industry. If the constituents of this
binary system were fully separable, then one may imagine
dividing the unit fiber into two independent regions of pure
oxide constituent. In this case, m is a quantity represented as
a “length” in the Figure, but in reality is representative of
the volumes occupied by the constituents. Also with respect
to Fig. A1, the core binary glass is well-mixed and, at least
on the dimensional order much smaller than a fiber diameter
or an optical or acoustic wavelength, large-scale clusters of
pure material are not encountered, except perhaps where the
dopant concentration is extremely small, or where such clus-
ters are otherwise intended. While a well-mixed glass gives
rise to the concept of a single optical propagation velocity, a
photon “time-of-flight” can be calculated (summed) through
the separated unit fiber shown in Fig. A1 to be as such

Dt ¼ mn1
c

þ 1�mð Þn2
c

¼ mþ 1�mð Þneff
c

: (A1)

Then, if this time-of-flight can be lumped into the determi-
nation of an effective refractive index [right-hand side of
Eq. (A1)], one can solve for the refractive index of the mixed
material (dropping the subscript “eff”) to be

n ¼ mn1 þ ð1�mÞn2 (A2)

It is noted that Eqn. (A2) also supports a thermal depen-
dence [n(T)] incorporating a thermo-optic coefficient, if
required, thereby enabling fibers with tailored dn/dT values
for possible management of mode stability parasitics.132,133

As stated above, m is nothing more than the fractional vol-
ume of glass occupied by constituent 1. This quantity can be
determined from the known composition, either in mole-,
weight-, or atomic-percent, and other quantities such as the
mass density, q (kg/m3), and molar mass, M (g/mol). Here,
the units of mol% are adopted and one arrives at85:

m ¼
M1

M2

q2
q1

C1½ �
1þ C1½ � M1

M2

q2
q1
� 1

� � (A3)

where [C1] is the concentration of the constituent #1 oxide
(in mole fraction).

One can immediately see some interesting features in
Eq. (A3). Understanding that the ratio M/q is merely the
molar volume (which can depend strongly on the fiber pro-
cessing history), if constituents 1 and 2 have identical molar
volumes, then m is linear in [C1], and therefore the refractive
index is linear in [C1]. The dependence of the refractive index
on [C1] is either super or sublinear depending on whether
constituent C1 has a molar volume that is less or greater than
that of constituent 2, respectively. Essentially, this means
that constituents that have a larger molar volume have a
stronger effect on changing the host refractive index when in
relatively low quantities than those with lower molar volume.

An interesting feature of the additive model provided as
Eqs. (A2) and (A3) is, once the calculations are made, the
remarkable resemblance of the data to that of the mixed Sell-
meier model, which utilizes six Sellmeier coefficients for each
constituent. The Sellmeier model is reproduced here from
Ref. [159] for convenience as

n2 � 1 ¼
X3
i¼1

C2Ai þ ½C1� C1Ai � C2Ai

� �� �
k2

k2 � C2 li þ ½C1� C1 li � C2 lið Þ½ �2
; (A4)

where n is the index of refraction, and C1A, C1l, C2A, and C2l
are the Sellmeier coefficients for vitreous constituents 1 and
2, respectively.

In order to illustrate this, the case of GeO2-doped silica is
presented in Fig. A2, where Eq. (A4) is plotted utilizing the
coefficients found in Ref. [159] and Eqs. (A2) and (A3) are
plotted utilizing mass densities of 2200 and 3650 kg/m3 for sil-
ica and germania, respectively. Furthermore, for the additive
model, the molar masses 60.08 and 104.59 g/mole and refrac-
tive index values of 1.4442 and 1.5873, are utilized for silica
and germania, respectively. The curves are very slightly sub-
linear, and according to the additive model this is because the
molar volume of germania is slightly higher than that of silica.
More interesting than this, however, is that the curves are
indistinguishable. Thus, two very different equations for the
refractive index [1: Eqs. (A2) and (A3) based on an assumed
density and refractive index; and 2: Eq. (A4) which is based
on 12 empirical Sellmeier coefficients] give rise to almost iden-
tical plots, with values that differ only starting in the 5th deci-
mal place.

As such, the additive model can simplify the process of
determining the additivity of germania and silica (and perhaps
other compositions), at least with respect to the refractive

Fig. A1. Representation of a unit-length fiber utilized to derive the
additivity model employed in this work. This is an example of a
binary, separable glass. Each constituent has its own physical
properties and the volume m can be determined from the known
composition.

Fig. A2. Plot of the refractive index of germanosilicate glass as a
function of germania concentration in mole percent using both the
Sellmeier and additive models (λ = 1534 nm). The graphs are
indistinguishable and slightly sub-linear.
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index, by reducing the number of fitting terms from six to two
for each component. While the density utilized for GeO2 in the
additive model (3650 kg/m3) may not be an accurate represen-
tation of a true density of the glass network, it does allow one
to design the refractive index of a germanosilicate glass; a prac-
tical consideration sought here. Then, the bottom line for this
analysis is that the additive model can be a very trustworthy
approach to designing glass, and potentially across wide com-
positional ranges. While processing conditions may change the
observed density of a glass, and thus the resultant refractive
index, these conditions and influences can be isolated and their
effect on these terms can be quantified. Thus, process-specific
parameters based on changes to the draw temperature, etc.,
can be determined for an individual fiber maker.

In order to not draw this discussion into a treatise, the sim-
ple fiber model of Fig. A1 can be employed to determine other
Brillouin scattering relevant parameters as well. Utilizing a
similar time-of-flight argument for an acoustic phonon, the net
acoustic velocity, Va, can be determined160 as can a total
acoustic attenuation through the unit fiber.85 This is accom-
plished by summing the attenuation in each segment (the
attenuation coefficient, a, in units of m�1 multiplied by the
length; m or [1 � m] for a binary system). Multiplying the net
acoustic attenuation coefficient (units of m�1) by the acoustic
velocity divided by p gives the Brillouin spectral width (DmB).
Finally, one may also extend the model to an n-component
glass, in which case, the calculations become summations over
n constituents. In summary, these quantities are given by

Va ¼
Xn
i¼1

mi �mi�1

Va;i

 !�1

(A5)

DmB ¼ Va

p

Xn
i¼1

mi �mi�1ð ÞFi mð Þ (A6)

where most typically, Fi = (m/mref)
2ai or that the Brillouin

spectral widths of the oxide constituents are proportional to
the square of the acoustic frequency m.88 Note that m0 = 0 and
mn = 1. The subscripts i refer to the constituent number, and
the m’s (or rather their differences) once again are the volume
content of constituent i, which can be written in terms of the
molar volume and concentration in units of mole fraction. As
an illustrative example, for a ternary system one obtains

m1

m2

� 	
¼

q1
M1

ð½C1��1Þ� q2
M2

½C1�
� �

q2
M2

½C1�� q3
M3

½C1�
� �

q1
M1

½C2�� q2
M2

ð½C2��1Þ
� �

q2
M2

ð½C2��1Þ� q3
M3

½C2�
� �

0
B@

1
CA

�1

�
� q3

M3
½C1�

� �
� q3

M3
½C2�

� �
0
B@

1
CA

(A7)

where m0 = 0 and m3 = 1. As the acoustic attenuation is a
function of frequency, the “quoted” acoustic attenuation a
must be specified at some reference frequency, mref. A conve-
nient reference is 11 GHz, as this is the Brillouin scattering
frequency of Corning’s SMF-28TM telecommunications fiber
measured at 1534 nm.85 As a side note, in some optical fibers
(such as ones produced from boria-doped silica), the acoustic
attenuation is not proportional to the acoustic frequency
squared.161 This is related to the dynamic viscoelastic damp-
ing processes (and coefficients) peaking at a temperature
above the glass fictive temperature, in contrast to many
materials (such as silica162) where these processes peak at
cryogenic temperatures, far from the glass fictive temperature
or even Tg.

With the mass density, q, also following volume additivity
[as with the refractive index, Eq. (A2)], all of the quantities in
Eq. (1) relevant to Brillouin gain are calculated except for the
photoelastic constant, p12. As a first-order approximation, this
quantity may be assumed also to follow a simple additive
model, as described above [e.g., Eqn. (A2)]. However, consid-
ering that the volume additivity model for the refractive index
appears to provide excellent agreement with the Sellmeier
treatment, and that the Pockels’ photoelastic coefficients influ-
ence the refractive index in the case of applied stress or strain
to the material, a different approach to this term was taken.

In the case of an applied strain, e, an elongation of the fiber
material in the longitudinal direction, z, gives rise to a change
in the refractive index experienced by the transverse electric
field components (see Fig. A3). Any applied strain is assumed
to influence all of the individual constituents of the glass com-
prising the fiber (e.g., germania and silica in the case of the bin-
ary germanosilicate glass) such that the refractive index for
each component becomes nx,y (e) = n0,x,y � ½n0,x,y

3[p12 � n
(p11 + p12)]e,

163 where m is the Poisson ratio and the subscript
“0” corresponds to the unstrained value. In the case of an
applied stress, r′, in the y-direction, a birefringence is intro-
duced that can be found from ny(r) � nx(r) = ¼(n0,x,y

3/G)
(p11 � p12)r′

164,165 where G is the shear modulus and n0x = n0y
for an isotropic material. Assuming that the fiber (and thus
each glass component) undergoes uniform volume deforma-
tion via the applied stress, r′/2G is replaced by a generalized
shear deformation, r, and thus the refractive index of the indi-
vidual components (for each glass constituent) each become
ny(r) = noy � ½noy

3p44r, where p44 = (p11 � p12)/2 for an
isotropic material.

In summary, the assumption is made that the photoelastic
constants are carried through the additive model via the refrac-
tive index. In order to simplify matters, the strain-optic coeffi-
cient, eOC, is defined to be eOC = p12 � m(p11 + p12) and the
stress-optic coefficient, rOC, is defined to be rOC = (p11 � p12)/
2. Applying the above set of equations to the additive model
[Eq. (A2)], one obtains for a mixed binary glass that

eOCeff;rOCeff ¼ n�3
0 ðn31mðeOC1;rOC1Þ

þ n32ð1�mÞðeOC2;rOC2ÞÞ ðA8Þ

or that the strain- and stress-optic coefficients are additive
with an n3 scaling factor [n0 is the zero-stress/strain refractive
index of the net mixed glass, calculated using Eqn. (A2)].
Once the strain- and stress-optic components are determined,
one then can solve for the individual photoelastic constants.
In particular, one arrives at the following for the quantity
needed in Eq. (1).

p12 ¼ eOCeff þ 2mrOCeff

1� 2m
: (A9)

It is this equation that is shown plotted in Fig. 5(a), and
the mixing of two materials with photoelastic constants of
opposite sign gives rise to the occurrence of a composition
where p12 = 0. The above model for the photoelastic constant
also can readily be extended to n-component compositions, in

Fig. A3. Block diagram providing the geometry of the system.
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which case ranges of p12 = 0 compositions may be encoun-
tered. Finally, the curves provided in Fig. 4(b) are calculated
by inserting Eqs. (A2–A6) and (A9) into Eq. (1).

Given that each physical characteristic of the glass can be
calculated utilizing the model presented above, a set of selec-
tion criteria can be generated for the precursor core phase.
Looking at Eq. (1), it is clear that the final core glass should
have a large V, q, and DmB, and small n and p12. Unfortunately,
large mass density also usually implies a relatively large (with
respect to silica) refractive index, so that these two quantities
tend to balance each other within the context of the BGC, gB.
Materials possessing large acoustic velocities relative to silica
(such as alumina and magnesia) exist and offer the additional
benefit that as the concentration of that material (when mixed
with silica) is increased, so is the Brillouin frequency, m, and
thus so is Dm. As an example, plots of gB for germanosilicate
and aluminosilicate glasses are compared in Fig. A4. The Brill-
ouin gain for the aluminosilicate glass decreases with increas-
ing alumina concentration, [Al2O3], as (1) Al2O3 has a larger
DmB than silica, (2) DmB is further increased with increasing
[Al2O3] as the acoustic velocity is also increasing and therefore
the Brillouin frequency (m = 2nV/k) is as well, and (3) p12 is
very small relative to that of silica. On the contrary, for germa-
nosilicate glasses, no significant decrease in gB is observed,
even though the spectral width of GeO2 is many times larger
than that of SiO2 (see Table AI). The reason for this is that as
the germania content increases, the acoustic velocity decreases,
thus causing a relative narrowing in the Brillouin gain spec-
trum (which increases gB). This results in an absolute minimum
gB in germanosilicate glasses appearing at roughly 30 mol% of
GeO2, with roughly 2 dB reduction in gain, and with bulk pure
GeO2 having roughly the same Brillouin gain as that of pure
silica. This is in striking contrast to the nature of the absolute
minimum value in the aluminosilicates and extrapolated pure
material values.

Of course, the additional advantage to alumina is its low
and negative value of p12. The precursor core phase may also
have a low p12 value, such as YAG described above, however
in such cases low gB values favor the core being mostly com-
prised of the amorphous core precursor material (low in sil-
ica content), which can be difficult in practice to achieve.
Thus, a preferred core precursor material (if silica is utilized
as the cladding material) is one in which p12 is both negative
and at least of similar magnitude to silica. In this case, zero-
p12 compositions may be much more reasonable to achieve,
as exemplified by Fig. 5(b). As observed, these values seem
to be largely preserved from the crystal precursor phase to
the core glassy phase.94

Finally, to complete this Appendix, Table AI provides a list
of materials that have to-date been characterized via the model
described here. In deducing these values, the silica data were
assumed and the “dopant” properties were employed as fitting
parameters, and adjusted until modeling results matched mea-
sured data on actual fibers. In the context of Eq. (1), these
materials values speak for themselves, and the reader is
referred to the corresponding references for further details
about the measurement methodologies.38,72,79,94,95,102,106,166–169

The data obtained for SiO2, GeO2, P2O5, B2O3, and Yb2O3

were deduced from fibers that were fabricated utilizing

conventional MCVD. The remaining fibers were fabricated
utilizing the molten core approach described above. Such
tabulated data can vary significantly from facility-to-facility,
even if the same method (e.g., MCVD) is utilized38 in making
the fiber. This can result from differences in the thermal his-
tories, frozen-in effects, impurities, etc. that may influence
the final resultant glass. While it would be a significant bene-
fit if these numbers and generating such lists can shed some
light onto the nature of glass, the main goal of such an exer-
cise was to derive a set of values from which “improved”
compositions (or those with more desirable performances)
can be targeted. In the present case, it is meant as a guide to
extrapolating data for the molten core derived fibers to com-
positions near the ZeBrA (zero Brillouin gain) condition for
eradicating SBS, and as such satisfying one of the require-
ments of the model as identified in the beginning of the
Appendix.

A final note is offered on the use of this model and the devel-
opment of selection criteria for the precursor core phase mate-
rial. It should be no surprise that the properties measured for a
multicomponent glass and those “derived” for the constituent
(oxide) species would differ somewhat from those of a crystal-
phase precursor. In each of the crystal-derived fibers described
above (and constituent values reproduced in Table AI), the
mass density for the glassy oxide was found to be lower than
that of the pure crystalline precursor. In all but one case (spi-
nel-derived fiber), the refractive index was also found to be
lower. In all cases, the acoustic velocity was also lower. While
there does appear to be an interesting trend (~20% reduction
in density and 10% reduction in refractive index) that warrants
further investigation, this transformation must be taken into
consideration when simulating potential new compositions uti-
lizing novel precursor crystals.

Fig. A4. Comparison of the Brillouin gain for germanosilicate and
aluminosilicate glasses as a function of oxide (i.e., either GeO2 or
Al2O3) in silica relative to conventional telecommunications optical
fiber, SMF-28TM. As can be observed, there is a profound difference
between the two at all compositions.

Table AI. Deduced Physical Parameters for Several Oxide Materials Utilizing the Additive Model Presented Above

Parameter Unit SiO2 GeO2 P2O5 B2O3 Y3Al5O12 Al2O3 MgO BaO Yb2O3

Va m/s 5970 3510 3936 3315 7649 9790 8731 3131 4110
q kg/m3 2200 3650 2390 1820 3848 3350 3322 4688 8102
DmB

‡ MHz 21 124 177 428 253 274 † 178 1375
n 1.444 1.571 1.488 1.410 1.868 1.653 1.810 1.792 1.881
p12 0.226 0.268 0.255 0.298 0.022 �0.027 † �0.33 �0.123
References 39,94 166 167,168 169 72 79,94 102 106 95

†Not yet characterized.
‡mref = 11 GHz.
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