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Over the past two decades, fiber laser technologies have matured to such an extent that they have

captured a large portion of the commercial laser marketplace. Yet, there still is a seemingly

unquenchable thirst for ever greater optical power to levels where certain deleterious light-matter

interactions that limit continued power scaling become significant. In the past decade or so, the

industry has focused mainly on waveguide engineering to overcome many of these hurdles.

However, there is an emerging body of work emphasizing the enabling role of the material. In an

effort to underpin these developments, this paper reviews the relevance of the material in high

power fiber laser technologies. As the durable material-of-choice for the application, the discussion

will mainly be limited to silicate host glasses. The discussion presented herein follows an outward

path, starting with the trivalent rare earth ions and their spectroscopic properties. The ion then is

placed into a host, whose impact on the spectroscopy is reviewed. Finally, adverse interactions

between the laser lightwave and the host are discussed, and novel composition glass fiber design

and fabrication methodologies are presented. With deference to the symbiosis required between

material and waveguide engineering in active fiber development, this review will emphasize the

former. Specifically, where appropriate, materials-based paths to the enhancement of laser perfor-

mance will be underscored.VC 2018 Author(s). All article content, except where otherwise noted, is

licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/

licenses/by/4.0/). https://doi.org/10.1063/1.5048410
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I. INTRODUCTION

As of the writing of this review, fiber lasers exceeding

100 kW of optical power are commercially available.1 In

homage to the importance of fiber lasers, there are a number

of excellent reviews that have emerged over the past decade

or so.2–9 Applications for them are wide-ranging, from weap-

ons systems10 to down-hole drilling,11 and from medicine12

to lidar.13 Well-understood to those in the field is that

continuous-wave (CW) high power fiber lasers serve mainly

as brightness (power density) converters. Low brightness

pump light from groups of semiconductor diode lasers may

be coupled into the cladding region of an active fiber. Over

some length of fiber, this pump light then is absorbed and

converted to signal power propagating in the much higher

brightness core. Coupled with high efficiency, this has

enabled a plethora of manufacturing applications.14 Fiber

lasers can efficiently be pulsed, and for reasons unique to the

amorphous host, enable gain at somewhat arbitrary (and well-

controlled) wavelengths, as may be required, for example, in

spectroscopic lidar systems.13,15,16 That being said, it is not

necessarily the goal of this paper to review fiber laser applica-

tions, configurations, or requirements. The reader is referred

to the aforementioned review papers for more details.

Clearly, central to the growth of fiber laser power is the

continued advancement of high brightness pump technol-

ogy.17–19 However, the scaling of optical power also has

been influenced by a variety of other factors. For instance,

the development of novel fiber architectures with enhanced

mode areas has played a crucial role. In particular, such

fibers can help to circumvent certain power-limiting interac-

tions between the lightwave and the host. In many instances,

one or more such deleterious interactions limit the scalability

of a particular system. As reviewed herein, these can be

related to, for example, nonlinear propagation effects, or

even to structural changes in the glass or to the rare earth

dopant. Common to all of them, however, is that the host

material is complicit in, nay the leading perpetrator of, the

limitation. To summarize, the rare earth is doped into a host

material. The above-mentioned host then influences the spec-

troscopic properties of the dopant, such as upper state life-

time or emission and absorption cross sections. However, in

a tragic irony, as the light from the rare earth becomes more

and more intense, the host supporting it can no longer handle

the power; the rare earth ion never sensing that something

imminent is about to cause the host to yield.

Ultimately, many of these power-related issues are those

linked to the material and its various properties. With this

avowal, the purpose of this paper is to review and to rein-

force the relevance of the material in high power fiber laser

technologies. The discussion is limited mainly to silicate

glasses as the refractory and high-quality host-of-choice for

most applications. Historically, the development of optical

fiber has been done with close collaboration between both

waveguide and material engineering.20 Indeed, in the past

decade or so, the focus seems to have leaned towards novel

waveguide designs. However, there is an emerging body of

work emphasizing the enabling and fundamental role of the

material. It is the purpose of this paper to buttress the

importance of the latter, but with the acknowledgement that

this does not necessarily come in lieu of the former. That

being said, this review is meant to be approachable by those

only somewhat familiar with the field or by graduate students

starting out in the area.

The remainder of this paper is organized as follows.

Fabrication of the active medium will be discussed in Sec. II,

with a focus on the more conventional chemical vapor depo-

sition methods. From this point, the active medium is treated

progressively, beginning with the active ion and light genera-

tion, and ending with deleterious light matter interactions

involving the host material. The discussion herein largely is

limited to what (at least) these authors perceive to be the

most common of the rare earth elements encountered in fiber

laser applications: Yb3þ, Tm3þ, and Er3þ. Section III of this

paper is dedicated to the origins of the excited states (energy

level diagrams) of the rare earth elements. Then, in Sec. IV,

the rare earth ions are placed into a host and the influences of

the environment on the spectroscopic properties are

reviewed. After briefly describing the optical waveguide,

several material-related deleterious effects are presented in

Sec. V. In the spirit of the theme of this review, a semi-

empirical model is included that can be utilized to tailor the

glass host to achieve specific desired outcomes, such as the

suppression of nonlinear effects. The paper concludes with

future perspectives, with a major emphasis on the fabrication

of fibers with less conventional compositions.

II. OPTICAL FIBER FABRICATION

This section focuses on the fabrication of optical fibers.

Though a remarkably broad and rich number of glass-

forming compounds exist and have been made into fibers,

comments here will be limited to silica-based optical fibers

used for practical telecommunications and laser or amplifier

applications.

A. Preform formation

All silica-based optical fibers of practical importance

are drawn from glass fabricated using a chemical vapor

deposition process. These methods are commercially known

as either Outside Vapor Deposition (OVD), Modified

Chemical Vapor Deposition (MCVD), Vapor Axial

Deposition (VAD), or Plasma Enhanced Chemical Vapor

Deposition (PECVD); all variations on a similar chemical

scheme.

Each involves the high temperature oxidation of volatile

halide compounds, thermophoretic deposition of glass partic-

ulate soot, and subsequent sintering and consolidation into a

solid glass preform later drawn into fiber. The foundational

reaction is SiCl4 þ O2 ! SiO2 þ 2Cl2. Of critical impor-

tance to the performance of the fiber is the fact that SiCl4
exhibits a vapor pressure that is approximately 12 orders of

magnitude higher than that of the most detrimental impuri-

ties; e.g., transition metal compounds like Fe2Cl6. This

directly drives the remarkable purity, hence low intrinsic

losses, of CVD-derived silica optical fibers.

In order to obtain waveguiding optical fibers, dopants

must be added to the silica in order to raise or lower the
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refractive index. Dopants also can be used to modify thermal

and thermomechanical properties. The primary oxide com-

pounds employed in CVD-derived optical fibers are GeO2,

P2O5, B2O3, and Al2O3. Fluorine, typically either as SF6 or

SiF4, also is employed. Lanthanides (e.g., Er2O3, Yb2O3) are

added for active fibers. Relative to the base SiO2, GeO2

dopants raise the linear and nonlinear refractive index and

enhances photosensitivity and Raman gain; Al2O3 raises the

linear and nonlinear refractive index and enhances the spec-

troscopic properties of lanthanide dopants up to their concen-

tration quenching limit; P2O5 raises the refractive index and

reduces viscosity, thermo-optic coefficient (TOC), and

photo-darkening; B2O3 reduces the refractive index and

thermo-optic coefficient; and F reduces both the linear and

nonlinear refractive index and viscosity. Each of Al2O3,

P2O5, B2O3, and F increase the thermal expansion coefficient

when added to silica.

With the exception of Al2O3,
21 B2O3

22,23 and the lan-

thanide oxides,24 there is a complete solid solution

between SiO2 and GeO2
25 and P2O5,

26 such that glass sta-

bility (i.e., liquid-liquid or solid-solid immiscibility) is not

such an issue and compositions generally are defined by

the desired refractive index profile, stress state (via thermal

expansion mismatch), and viscosity at the processing con-

ditions. Additionally, while the SiO2, GeO2, and P2O5

compounds are formed through vapor phase reactions

(SiCl4, GeCl4, and POCl3), the B2O3 and F typically are

added directly from gaseous precursors (SiF4 and BCl3),

whereas the Al2O3 and lanthanide oxides typically are

added via solution doping of dissolved salts (e.g., AlCl3,

YbCl3, and ErCl3). For all intents and purposes, it is these

vapor phase transport and reactivity that give such pro-

cesses their control over refractive index profiles and the

derived glasses their very low attenuation values.

B. Compositional limitations in vapor deposition

Glass formation is dependent on chemical composition,

scale (size/volume) of the sample, and its thermal and pro-

cess history. Since each practitioner of the principal vapor

deposition processes inevitably has a different purpose

for their fiber, general trends and glass forming ranges are

discussed herein and supported by the literature where avail-

able; though the Reader should not take such compositional

limits as strict bounds on glass formation or allowable pre-

form compositional ranges. Additionally, the advent and

remarkable progress in microstructured and photonic crystal

designs over the past decade mean that both material and

geometric approaches can be symbiotically employed to

obtain the desired performance specifications for a given

application. Indeed, while this review advocates a unified

materials approach to mitigating nonlinearities (to be dis-

cussed later), given the efficacy of the mitigation and the

simplicity of the resultant fiber structure, a combined

approach (e.g., intrinsically low nonlinearity glasses in a

microstructured design) offers tantalizing benefits for a broad

range of novel uses.

In addition to the conventional dopants noted above, a

wide variety of less common additives to silica have been

examined. Table I provides a compilation of vapor-deposited

silicate compositional ranges for the stated dopant along

with selected comments and the associated references.

While considerable time was spent reviewing the litera-

ture (publications and patents), it is foolhardy to assume that

Table I is complete. For example, a patent search with terms

“optical fiber,” “MCVD,” and “composition” returned nearly

2000 results.49 Accordingly, it is offered as a best-effort

analysis of additives thought potentially useful (or, at least,

interesting) and compositional maxima reasonably

TABLE I. Best effort compilation of maximum dopant concentrations into silica using vapor deposition methods.

Dopant into SiO2 Concentration (mol.%)

GeO2 9727

Al2O3 9.528 20 (Al2O3 þ P2O5)
29 630 1031,32

P2O5 1029 0.6 SnO2 þ 9 P2O5
33

B2O3 1734

Sesquioxides (other than B2O3, Al2O3, or

rare-earth oxides, RE2O3)

20 Ga2O3 þ 10 Ta2O5
35 3 Ga2O3 þ 1.4 BaO36 5a Ga2O3

37

Pentoxides (other than P2O5)

RE2O3 1138

Alkali oxides (AO) >20 ppm39 <740 0.2 AO þ 0.2 AE41,c

Alkaline earth (AE) oxides <2 (BaO)42

ZrO2 >543

TiO2 2044,a

Transition metals 0.145b

Ta2O5 1.546

SnO2 0.1547

Sb2O5 2.848

aNote that these compositions are given in weight percent.
bNot a compositional limit; used for spectroscopic purposes.
cEstimated range based on extrema provided in Ref. 41. The actual ranges provided in the patent are “3 < (n1Mþn2H)/H< 20,” preferably <10, where n1 and

n2 are the valences of the modifier and the homogenizer, respectively, and M and H are the concentration, in mol. %, of modifier and homogenizer, respec-

tively, with modifiers chosen from Li, Na, K, Rb, Cs, Be, Mg, Ca, Sr, and Ba, and the 4f-type rare earths and homogenizers chosen from B, Al, Ga, In, P, As,

and Sb.
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permissible using vapor deposition methods possibly cou-

pled with, for example, solution doping.

Further, by way of a few caveats, the data in Table I rep-

resent only (i) compositions given in peer-reviewed journal

articles or issued patents, (ii) on all-glass optical fibers (i.e.,

not nanophase separated or glass-ceramics; though these will

be discussed later), and (iii) without regard to a specific

attenuation level.

C. Optical fiber formation

Because strength is of paramount importance for both

telecommunication and laser/amplifier applications, the sur-

face of the fiber cannot be contacted. Accordingly, the silica

based preforms described above are formed into cylindrical

(core/clad) optical fibers using a draw process on a vertical

draw tower.

The preform is lowered into a high temperature, inert

atmosphere furnace. The exact temperature for the draw will

depend on the preform dimensions and desired draw tension,

which helps maintain diameter control as well as slightly

modifying the index or index profile. For silica-based pre-

forms, the fiber draw temperature typically corresponds to a

glass viscosity of about 106 poise (105Pa�s), which is

between about 1925 �C and 2000 �C.

Initially, the temperature is raised above the draw tem-

perature in order to hasten softening of the preform and facil-

itates the formation of a “drop” or “gob” that defines the

transition from bulk preform into (optical) fiber. The fiber

then is pulled through a series of other instruments disposed

on the draw tower to measure the bare and coated fiber diam-

eters, apply and cure polymer coatings, ensure proper con-

centricity of the coating around the glass fiber, provide the

tension for pulling the fiber, and ultimately collect the fiber

onto a spool.

In order to preserve the near-intrinsic strength of the

fiber, one or more (often two) polymer coatings are applied

on-line once the fiber has sufficiently cooled. The first poly-

mer layer, called the primary coating, is relatively soft and

relieves some of the strain placed on the fiber during use.

The second polymer layer, called the secondary coating, is

harder and provides abrasion resistance.

The coatings are applied as liquids to the fiber during

the draw using dies that do not directly contact the fiber sur-

face. The coatings then are cured using on-line ultraviolet

lamps. One variation on this theme includes double-clad

laser fibers (more details later), which are constructed from

an active glass core, passive glass clad (the first cladding),

and a low refractive index polymer layer (the second clad-

ding), which guides the pump light in the cladding.

Additional detail on CVD preform fabrication processes

as well as fiber drawing is given in Refs. 50 and 51.

D. Other characteristics of drawn fiber

The process of drawing a preform into fiber can intro-

duce changes to glass characteristics from those in the pre-

form state. Two such examples are (1) frozen-in stresses and

strains that may affect changes to the refractive index or

other material properties, and (2) the formation of optically

active (i.e., light absorbing or emitting) defects. Case #1 is

treated in an excellent review by Yablon,52 wherein such

stresses (mechanical deformation) or strains (force per unit

area) are classified as being either elastic or inelastic. Elastic

stresses and strains are defined to be those resulting from

mechanical equilibration among differing regions of the

fiber, while inelastic ones are those frozen into the glass

matrix. The former can arise from (a) thermal expansion and

glass transition temperature (Tg) differences in the various

doped (or undoped) regions of the fiber or (b) differences in

the viscosities of the various regions. In the case of (a), for

instance, consider a fiber being drawn that is in the cooling

(quenching) phase, and that the cladding has a Tg that is

higher than that of the core. The continued cooling of the

core from the cladding Tg, and its concomitant contraction,

will leave the cladding under tension.53 In the case of

(b),54 regions of the fiber with higher viscosity will cool

first during draw, rendering these regions under strain as

the drawing tension remains applied. Residual stresses,

therefore, are tensile in regions of relatively higher viscos-

ity. This, in equilibrium (i.e., in the final drawn fiber),

therefore, imparts compressive stress to the lower-

viscosity regions in the drawn fiber.55 Both processes, (a)

and (b), ultimately result in changes in the refractive index

profile.56 Depending on the application, such stresses can

therefore significantly impact the waveguiding characteris-

tics of an optical fiber.57

Turning now to defects, a pristine pure silica glass will

exhibit a network of interconnected SiO4 tetrahedra. The

process of fiber draw can lead to the cleavage of bonds or

reforming of the network structure in ways rendering point

defects (most generally “departures” from the continuous

network of SiO4 tetrahedra) that can act as color centers.58–61

Skuja62 provides a very detailed review of a number of oxy-

gen deficiency- and excess-related defects. Non-bridging

oxygen hole centers (NBOHCs)63–65 are one type of color

center, represented chemically as [� Si – O •]. Here, “�”

represents bonding to three oxygens and “•” represents an

unpaired electron, i.e., a dangling bond. These centers are

highly localized, are optically active, and have luminescence

near 1.9 eV (thus otherwise known as R-centers or red cen-

ters), and absorption near 2.0 eV. The oxygen deficiency cen-

ter (ODC), with absorption bands in the UV, is another type

of point defect, two of which appear to be dominant.62,66,67

The first of these, ODC(I), consists of an oxygen vacancy

lying between two bonded silicon atoms and is represented

chemically as [� Si – Si �]. The ODC(I) also is known as

the “relaxed vacancy.” The other prominent oxygen vacancy

defect, ODC (II), has two plausible configurations.62 One is

the silylene-type defect (represented as [:Si ¼]) in which two

oxygen vacancies reside at a single silicon atom, whereas the

second is represented as an oxygen vacancy on two

unbounded Si sites ([� Si…Si �] or the “unrelaxed”

vacancy). While these ODCs are known to result in the pho-

tosensitivity of the germanosilicate glasses used in fiber

Bragg grating fabrication,62,66 they also may play a role in

the photodarkening of high-power fiber lasers (to be dis-

cussed in more detail in Sec. VD). The reader is referred to
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Skuja62 for the basic spectroscopy and chemical nature of

these and other point defects.

III. THE ACTIVE ION

A. Free ions

The lanthanides (more specifically trivalent lanthanides,

Ln3þ, for the purposes of this paper) can be found on the

periodic table with atomic numbers ranging from 57 (lantha-

num) to 71 (lutetium) and are tremendously important in a

number of applications due to their ability to produce light

via 4f!4f transitions (excluding La3þ and Lu3þ). While

there are a number of very good reviews detailing these

applications,68–74 the reader is reminded that the focus in this

review is on materials for high power fiber lasers.

Continuing, the Ln3þ ions are characterized by a partly filled

4f subshell, having the electronic configuration 4fX5s25p6,

where X¼ 0 for La and increasing along the lanthanide

series (with the 4f subshell being filled for Lu3þ).

This notation differs somewhat from the usual noble gas

shorthand notation, which for neutral Yb, for example,

would be [Xe]4f146s2. Ionization preferentially removes both

6s electrons and one 4f electron rendering [Xe]4f13 (triply

ionized Yb3þ). The alternate (4fX5s25p6) notation reflects

the imperfect screening by the 4f electrons from the posi-

tively charged nucleus. This imperfect screening leads to an

increasing effective nuclear charge, eZeff, (e is the electron

charge, 1.6� 10�19 C) as one traverses the lanthanide series

towards Lu. An increased eZeff causes the 4f subshell to

become more tightly bound, with electronic wavefunctions

which, therefore, can lie within the 5s and 5p subshells.75,76

This also leads to the observed decrease in atomic radii with

the increase in the atomic number, well-known as the

“lanthanide contraction.”77–81 The n¼ 5 subshells, in turn,

shield the 4f subshell from the local environment, resulting

in energy level diagrams that appear to be free ion-like and

relatively insensitive to the host.82,83

The Hamiltonian describing the free ion 4f energy levels

is given by82,83

H ¼ �
�h2

2m

X

N

i¼1

Di �
X

N

i¼1

Zeff e
2

ri
þ
X

N

i<j

e2

rij
þ
X

N

i¼1

f rið Þsi•li

¼ HKE þ HN�4f þ H4fi�4fj þ HS�O; (1)

where N is the number of 4f electrons, m is the electron

mass, r is the position of electron i relative to the nucleus,

and D is the Laplacian operator. The first two terms are sim-

ply the kinetic energy of the 4f electrons (HKE), and their

Coulombic interactions with the nucleus (HN-4f), respec-

tively. These terms typically are negligible compared with

the last two, which are the Coulombic interactions between

the different 4f electrons (H4fi-4fj) (rij ¼ rj � rij j) and the

spin-orbit interactions (HS-O), respectively. The spin-orbit

coupling function is given by82

f rið Þ ¼
�h2

2m2c2ri

dU rið Þ

dri
; (2)

where U(ri) is the potential in which the 4f electron i is mov-

ing. The case where H4fi-4fj � HS-O is known as Russell-

Saunders (LS) coupling,82 which usually is adequate for cal-

culations of the eigenfunctions of an isolated many-electron

atom.84 Methods to calculate the eigenfunctions involve

using the Central Field Approximation. As Wybourne83

points out, the key aspect of this approximation is that “each

electron is assumed to move independently in the field of the

nucleus and a central field made up of the spherically aver-

aged potential field of each of the other electrons.” In this

way, each electron moves through a spherically symmetric

potential. The solutions to the Schr€odinger equation, there-

fore, are formed by a basis set of functions separable in the

radial and angular directions.82,83 More details can be found

in a number of publications on the topic, as such calculations

are beyond the scope of this review.82,83,85,86

The hierarchy in terms of the magnitude of energy split-

ting is 4f ! Coulomb ! Spin-Orbit, as illustrated in Fig. 1.

In accordance with LS coupling, the Ln3þ energy levels typi-

cally are identified by three principle quantum numbers: L,

S, and J. L gives the total orbital angular momentum, S the

total spin angular momentum, and J the total angular

FIG. 1. Splitting hierarchy for the free

Ln3þ ions. The 4fN subshell splitting is

strongest with the Coulombic interac-

tion (H4fi-4fj), and with the spin-orbit

splitting (HS-O) somewhat lesser in

magnitude. An energy scale is pro-

vided which gives approximate magni-

tudes of the splitting.
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momentum (taking on values between L� Sj j and Lþ S in

unit steps). The degeneracy of the LS splitting is given by

2Jþ 1, and fine splitting of this degeneracy will be discussed

in Sec. IV. As an illustrative example, the Yb3þ ion ground

state term symbol is determined in this context. The orbital

angular momentum quantum number, l, takes on a value of 3

for the 4f subshell. Hence, the magnetic quantum number,

ml, can range from �3 to þ3. A chart exhibiting this range

of values is constructed and is shown in Table II. Of course,

an electron may be spin up or spin down (ms¼þ1/2 or

ms¼�1/2, respectively). Hund’s rules and the Pauli exclu-

sion principle then can be invoked87 to populate the orbitals.

Hund’s rules state that the lowest energy term (1) maximizes

the spin multiplicity (2S þ 1), (2) maximizes L, and (3)

where, for a less than half filled shell, J ¼ L� Sj j and J ¼
Lþ S for shells greater than half-full (with all possible

excited values of J lying between those two endpoints in unit

steps). Continuing with Yb3þ, since it has 13 electrons in the

4f subshell, Table II is populated from ml¼�3 to þ3 with

spin up, then with spin down starting again from ml¼�3.

This leaves one unpaired spin at ml¼þ3. The total spin, S,

therefore, is 1/2 and the spin multiplicity is 2. Summing the

ml values for the electrons, L¼ 3 (L always is taken to be

positive). Finally, since the Yb3þ subshell is more than half-

full, J¼LþS¼ 3þ 1/2¼ 7/2 for the ground state. The con-

ventional notation for a term is (2Sþ1)LJ. The L’s are desig-

nated by letters S, P, D, F, G, H, I, K… corresponding to

L¼ 0, 1, 2, 3, 4, 5, 6, 7… and therefore the ground state term

is 2F7/2. Since J can take on the values 7/2 (Lþ S) and 5/2

( L� Sj j), the latter must be the excited state, therefore hav-

ing the term 2F5/2. Table III summarizes the ground state for

the Ln3þ ions and a general energy level (or “Dieke”) dia-

gram is provided in Fig. 2.88

B. The “big-three”

In this section, some of the basic spectroscopic features

of arguably the three most commonly used trivalent lantha-

nides are outlined. These are Yb3þ, Er3þ, and Tm3þ and

Dieke diagrams are provided in Fig. 3, which include some

of the common radiative transitions in silicate glasses.

Common pumping wavelengths are shown as dashed lines in

the figure.

1. Yb31

As with trivalent cerium,88–90 the 4f Dieke diagram for

Yb3þ is characterized by a two-level system. Absorption and

emission in this ion occurs at a wavelength near 1.0 lm. In

principle, this configuration should offer no gain (as a two-

level system), and, as such, would not permit lasing.

However, as will be discussed in Sec. IV, the degeneracy of

the LS splitting is broken via interaction with the local envi-

ronment (i.e., the host material). Since Yb3þ has half-integer

spin, the 2F5/2 and
2F7/2 energy levels are Kramer’s doublets,

and therefore the degeneracy becomes (2Jþ 1)/2.91 Hence,

the 2F5/2 and 2F7/2 levels are split into 3 and 4 sublevels

(known as manifolds), respectively, with 3� 4¼ 12 transi-

tions possible. The maximum splitting of the energy levels

can be generalized using Kramer’s Theorem, taking on val-

ues of 2J þ 1 and Jþ 1/2 for ions with even and odd numbers

of 4f electrons, respectively.92 Tm3þ therefore is governed

by the former, while Er3þ by the latter.

2. Tm31

The energy level diagram for Tm3þ is considerably

more complex than it is for Yb3þ. In silicate glasses, 2.0 lm

thulium lasers93–96 (3F4 !
3H6) have found their way into a

number of commercial applications. It should be noted that

silicate-based glasses usually are sufficiently transparent at

this wavelength97 such that laser efficiency is not compro-

mised in the fiber lengths typical of these lasers. Since there

are a number of energy levels available, multiple pumping

schemes are possible, but the most commonly used are 3H6

! 3H4
93–96 (790 nm) and 3H6 ! 3F4

98,99 (1.7 lm, often

referred to as “resonantly pumped”). The former affords the

use of mature diode laser technologies for pumping, while

the latter typically is realized through tandem pumping by

another fiber laser,99–101 although Newburgh et al.98 have

recently showed an efficient in-band (resonantly) diode laser

pumped (1.62 lm) system operating at 1.93 lm. Research

into the various pumping schemes has focused on optimiza-

tion of the laser slope efficiency, which at a theoretical maxi-

mum approaches the ratio of the pumping (kp) to lasing (ks)

wavelengths for 100% quantum conversion efficiency.

This is formalized through the definition of the so called

TABLE II. Spin and orbital angular momentum chart for the electrons popu-

lating the 4f subshell in Yb3þ ground state (2F7/2).

ml �3 �2 �1 0 1 2 3

2F7/2 "# "# "# "# "# "# "

TABLE III. Parameters utilized to designate the ground state terms for the Ln3þ ions.

Ion Ce3þ Pr3þ Nd3þ Pm3þ Sm3þ Eu3þ Gd3þ Tb3þ Dy3þ Ho3þ Er3þ Tm3þ Yb3þ

Configuration 4f1 4f2 4f3 4f4 4f5 4f6 4f7 4f8 4f9 4f10 4f11 4f12 4f13

Unpaired spins 1 2 3 4 5 6 7 6 5 4 3 2 1

S 1/2 1 3/2 2 5/2 3 7/2 3 5/2 2 3/2 1 1/2

2S þ 1 2 3 4 5 6 7 8 7 6 5 4 3 2

L 3(F) 5(H) 6(I) 6(I) 5(H) 3(F) 0(S) 3(F) 5(H) 6(I) 6(I) 5(H) 3(F)

J L� Sj j L� Sj j L� Sj j L� Sj j L� Sj j L� Sj j L6 Sj j Lþ Sj j Lþ Sj j Lþ Sj j Lþ Sj j Lþ Sj j Lþ Sj j

5/2 4 9/2 4 5/2 0 7/2 6 15/2 8 15/2 6 7/2

Ground state 2F5/2
3H4

4I9/2
5I4

6H5/2
7F0

8S7/2
7F6

6H15/2
5I8

4I15/2
3H6

2F7/2
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quantum defect (QD) parameter where QD ¼ 1� kp=ks.
Optimization of the QD (for all lasing dopants, not just Tm)

with regard to resonant pumping requires that the pump and

signal wavelengths are as close together as possible, which,

as will be discussed in Sec. IV, depends strongly on the mag-

nitude and nature of LS degeneracy splitting by the host.

While pumping at 790 nm seems that it would be rather inef-

ficient (�40% maximum), a cross-relaxation process102 ena-

bles one to obtain two signal photons from a single pump

photon, thereby doubling the available efficiency. In short,

the process begins with pumping from the ground state to the
3H4 level of a first Tm ion. This level then becomes depopu-

lated through the transfer of one photon to a neighboring

Tm3þ ion, rendering both ions in the 3F4 excited state, as

illustrated in Fig. 4.

Finally, the presence of multiple energy levels may

facilitate a process known as upconversion. Excitation to

higher lying energy levels from a metastable or pumping

level can occur through the absorption of a signal or pump

photon (excited state absorption or ESA). Since this can lead

to visible luminescence or nonradiative relaxation processes,

upconversion typically is considered to be a deleterious, or

parasitic, phenomenon. In the case of Tm3þ, upconversion

from the 3H4 level is unlikely, either through absorbing a

pump or signal photon, since there are no corresponding

energy levels present. For example, absorbing a pump pho-

ton from 3H4 would lead to excitation lying someplace

between 1G4 and 1D2. Should either of these levels have

broadly split manifolds, then the upconversion process

becomes more likely through interactions involving the

edges of the bands. It is worth noting that upconversion-

based lasers have been demonstrated in non-silicate glasses,

for example producing blue,103–107 red,104,108 and NIR

(�800 nm)109,110 wavelengths. However, such sources have

not yet entered the high power mainstream, in neither silicate

glasses nor otherwise.

FIG. 2. Energy level diagrams

for the Ln3þ ions (4f levels).

Reproduced with permission

from G. H. Dieke and H. M.

Crosswhite, Appl. Opt. 2, 675

(1963). Copyright 1963 OSA

Publishing. Note that the ground

state term for Gd is incom-

pletely identified in the original

publication (see Table III).
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3. Er31

Trivalent erbium is well known to be the workhorse of

long-haul fiber amplifier technology. It is entirely serendipi-

tous that it, via the 4I13/2 !
4I15/2 transition, efficiently pro-

duces light near 1.5 lm, spectrally overlapping precisely

with the minimum attenuation wavelength region found in

silica optical fibers. Telecommunications-grade erbium

doped fiber amplifiers (EDFAs) are a mature technology and

several very good books have been written on the sub-

ject.111–113 Much as with the case of Tm3þ, pumping can be

in-band (resonant) or not. For the latter, the common pump-

ing path is via the 4I15/2 !
4I11/2 transition,

114,115 with exci-

tation to the 4I13/2 level obtained through a fast nonradiative

decay process from the pumping level. Much of the early

development of such EDFAs, therefore, relied heavily on the

development of high-brightness diode lasers near

980 nm.116,117 On the other hand, advantages to in-band

pumping (4I15/2 ! 4I13/2)
118,119 for high power lasers is the

possibility of a greatly reduced QD.120,121 Clearly, the

greater number and density of energy levels in the Er3þ sys-

tem makes ESA more likely.122–125 However, this has not

proven to be an incapacitating problem for commercial

EDFAs. Finally, upconversion lasers in Er3þ have mainly

come in the form of emissions in the green.126,127

IV. THE ACTIVE ION IN AGLASS HOST

A. Stark splitting, radiative transitions, and Judd-Ofelt
theory

As described in Sec. III, the degeneracy of the 4f energy

levels can be generalized using Kramer’s Theorem, taking

on values of 2J þ 1 and Jþ 1/2 for ions with even and odd

numbers of 4f electrons, respectively. This degeneracy is

broken when the ion is placed into a host, such as a glass or

crystal. The host imparts an external electric field to which

each degenerate electronic configuration for a given energy

level will have a different response, leading to the splitting

of the energy levels into manifolds. For example, the Yb3þ

ground state 2F7/2 is split into a manifold of up to 7/2þ 1/

FIG. 3. f-f energy level diagrams for

three Ln3þ ions, after Ref. 88. A few

radiative transitions are identified with

solid lines. Common pumping wave-

lengths are identified by the dashed

lines.

FIG. 4. Cross relaxation diagram for 790 nm pumping in Tm3þ. A first Tm

ion absorbs a pump photon, transfers energy to another ion, rendering both

ions in the 3F4 excited state.

041301-8 Dragic, Cavillon, and Ballato Appl. Phys. Rev. 5, 041301 (2018)



2¼ 4 sub-levels. This Stark splitting128 typically is only of

the order of a few hundred to a thousand cm�1.129–132

Transitions between the Stark components within a mani-

fold, therefore, involves the creation or annihilation of pho-

nons. This splitting is particularly important for Yb-doped

lasers, since it can lead to effectively 3- or 4-level operation

from what is nominally a 2-level system,133 and enables in-

band (resonant) pumping of both Tm3þ and Er3þ systems for

reduced quantum defect lasers.134

In many single crystal solids, all rare earth sites are ideally

identical to each other, giving rise to emission and absorption

spectra that are homogeneous across all active ions. This gives

rise to a spectrum that can have significant structure,135–138

with resolvable peaks corresponding to the inter-Stark transi-

tions. For example, the 4I13/2 !
4I15/2 transition in erbium has

a maximum of (13/2þ 1/2)� (15/2þ 1/2)¼ 56 possible inter-

manifold transitions. In an amorphous material, however, each

rare earth ion may experience a slightly different local field

due to the amorphous glass structure, and therefore a slightly

different distribution of the Stark components within each

manifold. When taken aggregately, the transitions then appear

broadened, possessing more continuum-like spectra. While

this is an inhomogeneous spectral broadening process, efficient

phonon interactions render the gain spectrum predominantly

homogeneous in behavior.139–141

Clearly, a first requirement of a laser host is that it be

optically transparent at the pump and emission wavelengths

of interest. Next, it must permit the absorption and emission

of photons by the active ions. Judd142 and Ofelt143 indepen-

dently developed a theory to estimate the line-strengths of

the optical transitions in solids. The Judd-Ofelt (J-O) theory

provides a means to calculate stimulated emission cross sec-

tions from measured absorption spectra144–147 and is nicely

summarized by Krupke for Nd-doped laser glasses.148 The J-

O model states that the electric dipole line-strength S (not to

be confused with the total spin S) may be written in terms of

empirical parameters (the Judd-Ofelt parameters), Xi, as
144

S ¼ e2
X

i¼2;4;6

Xi h S; L½ 	JkU ið Þk S0; L0½ 	J0i

�

�

�

�

�

�

2

; (3)

where the kUðiÞk are the free-ion reduced matrix elements of

the spherical tensor operators calculated using the intermedi-

ate coupling approximation,142 with the kUðiÞk
� �

values

being invariant of the host. In addition, S; L½ 	J is the starting

energy level (e.g., 4F5/2 for Yb3þ), S0; L0½ 	J0 is the ending

level (e.g., 4F7/2 for Yb
3þ), and e is the electron charge (pay-

ing careful attention to units). It has been shown that the J-O

parameters can be relatively strong functions of the host

material and rare earth environment. An analysis by

Jørgensen and Reisfeld149 suggested that covalent bonding

strongly enhances X2, while X6 may be related to the rigidity

of the host. Tanabe, et al.,150 found that in a series of Er3þ-

doped alkali-metal borate glasses X2 increases with the

increase in the local asymmetry,151 and that X4 and X6 are

related to the basicity of the glass. Takebe, et al.,152 found

that X6 increases with ionic packing ratio of the host, and

that both X4 and X6 decrease with the increase in the number

of 4f electrons.

The connection of the Judd-Ofelt parameters to rare

earth-ligand bond covalency also is relevant with respect to

the nephelauxetic effect.153 The nephelauxetic effect,154

which is Greek for “cloud expanding,” describes the expan-

sion of electronic orbit radii with the increase in the bond

covalency. This results from a decrease in the interelectronic

repulsion155 and leads to a red shift of the emission/absorp-

tion bands in the lanthanide ions (relative to the free or in-

aqua-ions) since the electrons become more delocalized with

the increase in the degree of covalency. The nephelauxetic

ratio, as defined by Jørgensen,154 is given by

b ¼
Fk complexð Þ

Fk free ionð Þ
; (4)

where the Fk (k¼ 2, 4, 6) are the interelectronic repulsion

parameters, or Slater integrals,156 for the free or in-complex

(i.e., in a host) ion. Often, the free ion values are not known,

and those in aqua instead are assumed. Equation (4) can be

used, to some extent, to estimate the degree of covalency via

b ¼ 1� bð Þ=2.154,156 As described in Sec. III, the 4f elec-

trons are effectively shielded by n¼ 5 subshells. However,

the degree of covalency not only has an impact on the

strength of the transitions, which Reisfeld identifies as

increasing with the increase in the degree of covalency for

Nd3þ,157 but it also can have an important impact on emis-

sion and absorption wavelengths via the nephelauxetic effect.

The values for the h S; L½ 	JkUðiÞk S0; L0½ 	J0i integrals can

be found tabulated in the literature. These are transition-

specific ((2Sþ1)LJ !
(2S0þ1)L0

J’) and have been identified for a

large number of transitions covering the trivalent lanthanide

ions.158–160 The line-strength is connected to the absorption

spectrum via148

ðk2

k1

qra kð Þdk ¼ q
8p3k

3ch 2J þ 1ð Þ

1

n

n2 þ 2ð Þ2

9
S; (5)

where k1 and k2 represent the start and end of an absorption

band (such as 4I15/2 !
4I11/2 in Er3þ). In Eq. (5), n is the host

refractive index at the mean wavelength (k ¼
Ð k2
k1

kra kð Þdk=
Ð k2
k1

ra kð Þdk) of the absorption band, ra is the absorption

cross section, (2J þ 1) is the degeneracy of the beginning

(i.e., ground) state, q is the active ion number density (m�3),

and the factor n2 þ 2ð Þ2=9 is the local field correction for an

ion in the dielectric medium under the tight binding approxi-

mation.161 Evaluating Eq. (5) for a single transition gives rise

to one equation with three unknowns: the J-O parameters. This

is insufficient to determine the Xi values, and it must therefore

be applied to multiple absorption or emission features. For this

reason, due to its having only a single transition, J-O data for

Yb3þ doped glasses are not found in the literature.162

In the case of the emission spectra, the transition probabil-

ity (Einstein A coefficient) is found from the line-strength with

A S0;L0½ 	J0; S00;L00½ 	J00ð Þ¼
64p4

3h 2J0þ1ð Þk
3
n
n2þ2ð Þ2

9
e2

�
X

i¼2;4;6

Xi h S;L½ 	JkU ið Þk S0;L0½ 	J0i

�

�

�

�

�

�

2

;

(6)
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where a single prime (S0) denotes the starting and a double

prime (S00) the ending levels. In this case, k is the mean

wavelength of a fluorescence band g(k) (k ¼
Ð k2
k1

kg kð Þdk=
Ð k2
k1

g kð Þdk). Should more than one terminal level be present

(such as is the case with pumping Nd3þ into the 4F5/2 level),

the branching ratios, or relative emission strength, can be

invoked. The branching ratio is defined to as148

R S0; L0½ 	J0; Sn; Ln½ 	Jn
� �

¼
A S0; L0½ 	J0; Sn; Ln½ 	Jn
� �

X

n

A S0; L0½ 	J0; Sn; Ln½ 	Jn
� � ; (7)

where the prime denotes the starting level (excited state) and

the superscript n denotes the terminal levels. Equation (7)

gives the proportion of luminescence starting from the upper

state and ending on level n. Hence, should luminescence

from an excited state possess 3 or more luminescence bands,

the J-O quantities can be determined.15,148 Finally, the

denominator in Eq. (7) gives the inverse of the total radiative

lifetime (srad) from the upper (starting) state. From the

Einstein A coefficients, the induced emission cross sections

then can be calculated.148,163

In the case of resonant pumping (absorption and emis-

sion between two manifolds only), the equations above may

be combined to give the F€uchtbauer-Ladenburg equation.148

In its most well-known form, it is given by164,165

re kð Þ ¼
1

srad

k5

8pcn2
I kð Þ

ðk2

k1

I kð Þkdk



1

srad

k
4

8pcn2
I kð Þ

ðk2

k1

I kð Þdk

; (8)

where I is the spectral intensity and the approximate expres-

sion is applicable to cases of narrow spectrum. Equation (8)

conveniently provides a means to calculate the emission

cross section spectrum from measurements of srad and a

fluorescence spectrum. Another useful formulation given by

McCumber166 relates the emission to the absorption cross-

sections138

re �ð Þ ¼ ra �ð Þ
Zlower

Zupper
exp

EZL � h�

kT

� �

; (9)

where EZL is the zero-phonon line energy, � is the frequency,

and the Z’s are the partition functions166 for the upper and

lower energy levels, given by

Z ¼
X

k

dk exp �
Ek

kT

� �

; (10)

where dk is the degeneracy of each level within a manifold.

Ek is the energy of a level within a manifold relative to the

lowest level within that manifold.

B. Magnetic dipole transitions

While the f-f transitions in the trivalent rare earth ions

are predominantly electric dipole (ED) in nature,167 the

active ion also may respond to the presence of a magnetic

field,168,169 leading to magnetic dipole (MD) contributions.

This leads to a corrected form of Eqn. (6) given by165,170

A S0; L0½ 	J0; S00; L00½ 	J00ð Þ

¼
64p4

3h 2J0 þ 1ð Þk
3

n
n2 þ 2ð Þ2

9
e2
X

i¼2;4;6

Xi

2

4

� h S; L½ 	JkU ið Þk S0; L0½ 	J0i

�

�

�

�

�

�

2

þ e2
h2

16p2m2c2

� h S; L½ 	JkLþ 2Sk S0; L0½ 	J0i
�

�

�

�

2

#

; (11)

where m is the electron mass. In order to deduce the J-O

parameters from spectroscopic data, the MD part usually is

subtracted from the total observed A S0; L0½ 	J0; S00; L00½ 	J00ð Þ or
line-strength152,168,171 using the literature data. This is justi-

fied since the MD line-strengths are not strongly affected by

the host, unlike the ED line-strength through the J-O parame-

ters.172 Carnall et al.168 and, more recently, Dodson et al.173

have compiled a list of the relative contributions by the MD

(in particular, the dimensionless oscillator strengths) for a

large number of transitions across the lanthanides. The rela-

tionships between oscillator strength and line-strength or

emission probability can be found elsewhere.170,173

C. Non-radiative (multiphonon) transitions

The absolute upper state decay rate is a combination of

both radiative and other processes, including those that gen-

erate phonons, or heat. These non-radiative (NR) processes

give rise to an observed (“obs”) upper state lifetime that is

described by

1

sobs
¼

1

srad
þ

1

sNR
: (12)

NR processes require thermal transfer with the environment,

and in the case of fiber lasers, this energy is deposited into

the glass host. Radiative and NR de-excitation are competing

processes, with the latter becoming more likely as the num-

ber of phonons required to cross a transition decreases. This

is a strong function of the host and its maximum phonon

energy. Layne et al.174 give an expression for the NR decay

rate

1

sNR
¼ C n Tð Þ þ 1ð Þpexp �aDEð Þ; (13)

where C and a are semi-empirical parameters that depend on

the host. In Eq. (13), a ¼ �lnðeÞ=h�T , where e is a (electron-
phonon) coupling coefficient, and h�T is the maximum pho-

non energy (of the host). In addition, DE is the energy gap

and p (¼ DE=h�T) is the number of phonons required to tra-

verse the transition. Finally, n Tð Þ ¼ exp h�T
kT

	 


� 1

	 
�1

.

Reisfeld et al.175,176 have compiled several values pertinent

to Eq. (13) and these are reproduced in Table IV. In sum-

mary, for the relevant transitions identified in Sec. III for

Yb3þ, Er3þ, and Tm3þ, the NR component is much smaller

than the radiative one.
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D. Yb31, Er31, and Tm31

This subsection provides a discussion of the spectros-

copy of the three relevant transitions identified in Sec. III, in

the context of the host glass. As previously noted, each ion

has a maximum number of possible inter-manifold transi-

tions, all of which can be influenced by the local environ-

ment. It has long been known that co-dopants, such as Al2O3

or P2O5, for example,177 can modify not only the position of

absorption and emission bands but also the relative branch-

ing ratios where relevant. Depending on the strength and

nature of this ion-host interaction, emission and absorption

spectra can therefore be compositionally tailored, to at least

some extent, in an effort to improve laser system perfor-

mance. Next, this is illustrated, conceptually, with two exam-

ple Yb3þ-doped silicates.

1. Yb31

The 2F5/2$
2F7/2 path in trivalent ytterbium is allowed a

maximum of 12 inter-manifold transitions. An archetypal

example of the effect of the host on the shape of the emission

spectrum is given in Fig. 5. Two glass hosts are compared:

(1) a commercial Yb-doped aluminosilicate core fiber178

(blue curve, Liekki Oy, Finland) and (2) a Yb-doped multi-

component strontium aluminum fluorosilicate core fiber179

(orange curve). Common to most Yb-doped glasses is the

presence of an essentially host-invariant and relatively

strong, zero-phonon line near 976 nm. As an aside, in order

to prevent reabsorption from influencing the measured spec-

tra, which usually is manifested as apparently weaker zero-

phonon emission strength, these spectra should be collected

from the side of the fiber to minimize optical path-length,

hence reabsorption. Clearly, the same consideration is

required for analysis of bulk glass materials.

In the case of Yb3þ, the key change in the shape of the

spectrum is the position of the longer-wavelength portion,

which is blue-shifted in the fluorosilicate glasses. The magni-

tude of this wavelength shift can be quantified by calculating

the average emission wavelength for the transition, given by

kave ¼

ðk2

k1

kI kð Þdk

ðk2

k1

I kð Þdk

; (14)

where I(k) is the emission spectrum and the integration limits

are restricted to the emission band of interest. With respect

to Fig. 5, they are 1004.1 nm and 999.5 nm for the alumino-

silicate and fluorosilicate fibers, respectively. Cavillon

et al.179 attributed the reduction in the average emission

wavelength in the fluorosilicates to the addition of F to the

host. Most interestingly, the emission spectra from these

fibers very closely resembled those of fluoride (ZBLAN)

fibers,180 with the average emission wavelength reaching an

asymptotic value with as little as 5 at. % of F. This suggests

that only small amounts of additive are needed to completely

change the shape of the emission spectrum. From a practical

perspective, this means that fluoride-like spectroscopic prop-

erties can be garnered in a mostly silica glass, which also

then brings the physical robustness (strength, ability to be

spliced, etc.) required for the high power fiber laser applica-

tion. However, this comes at the expense of reduced absolute

emission and absorption cross sections. Yu et al.181 have

recently shown that such glasses may be useful for efficient

low-quantum-defect laser operation. Based on the discussion

above, it is tempting to ascribe the change in spectroscopy

to decreased covalence (or increased glass ionicity) with

the introduction of F to the host, at least in the vicinity of the

Yb3þ ion.

Similarly, an evolution also is observed in the absorp-

tion spectra. The normalized absorption spectra for the same

two fibers in Fig. 5 are shown in Fig. 6. In both cases, the

zero phonon line appears at the same wavelength, but the

short-wavelength portions differ somewhat, with the fluoro-

silicate glass exhibiting a much flatter spectrum. When

TABLE IV. Empirical parameters for evaluating Eq. (13).

Glass family C (s�1) a (10�3 cm) h�T (cm
�1)

Phosphate 5.4 � 1012 4.7 1200

Borate 2.9 � 1012 3.8 1400

Silicate 1.4 � 1012 4.7 1100

Tellurite 6.3 � 1010 4.7 700

Germanate 3.4 � 1010 4.9 900

ZBLA 1.6 � 1010 5.2 500

FIG. 5. Normalized emission spectra for Yb3þ in commercial aluminosili-

cate glass (blue) and multicomponent fluorosilicate glass (orange).

FIG. 6. Normalized absorption spectra for Yb3þ in commercial aluminosili-

cate (blue) and strontium-aluminum fluorosilicate glasses (orange).
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pumped near 920 nm, the flat spectrum suggests that laser

output power can be less susceptible to changes or fluctua-

tions in pumping wavelength. The host also impacts the fluo-

rescence lifetime, with data for the same two fibers shown in

Fig. 7. As with the fluoride glasses, the fluorosilicates exhibit

longer upper state lifetimes than their aluminosilicate coun-

terparts. However, with an increased upper state lifetime

comes the concomitant reduction in emission cross section

[via Eq. (8)]. The 1/e- decay time (often called the “1/e

folding time,” which is the time it takes for the emission

intensity to reach 1/e its original value) are approximately

778 ls and 1257 ls for the aluminosilicate and fluorosili-

cate fibers, respectively. It is important to point out that the

single-exponential decay observed in both fibers suggests

that the Yb3þ sites likely are all similar throughout the

doped region. Applying Eq. (8), one arrives at peak emis-

sion cross section values of 2.54� 10�24 m2 and

1.75� 10�24 m2, for the aluminosilicate and fluorosilicate

fibers, respectively.

Particularly interesting in the spectroscopic data from

the various Yb-doped silicate (and even non-silicate) glasses

(either in bulk or fiber form) found in the literature is that

they usually resemble one or the other of the two types pre-

sented above. For instance, Yb-doped phosphosilicate

glasses tend to exhibit flatter absorption spectra in the

range of 900 nm to 950 nm, possess a local emission maxi-

mum closer to 1000 nm, and have a relatively long

(1.5ms)182 upper state lifetime (and therefore reduced

cross sections).182–185 These are all characteristics similar

to those found in zero-silica phosphate glasses,186 and also

those attained with the introduction of F in the case above.

However, it is worth pointing out that P2O5 should promote

covalent bonding in silica. Other hosts with similar proper-

ties include those possessing heavy metal additives, such

as lead germanate187 and lead bismuth gallate188 glasses.

Borate and fluoroborate glasses189 are somewhat more sim-

ilar to phosphate glasses, though the addition of Na2O was

shown189 to alter the spectroscopy more towards the alumi-

nosilicates. Glasses with properties more closely resem-

bling the aluminosilicates190 include lanthanum

aluminosilicates,191 yttrium aluminosilicates,192 Mg- and

Li-doped aluminosilicates,193,194 and pure195 and lightly

doped silica.196 For completeness, Fig. 8 gives the

emission and absorption cross section spectra for Yb-

doped yttrium aluminosilicate glass.192

2. Er31

Comparing erbium emission spectra (4I13/2!
4I15/2) from

the same two families of glasses presented above, shown in

Fig. 9, also unveils interesting characteristics. In this case,

the average emission wavelengths are quite similar

(1539.4 nm and 1539.1 nm for the aluminosilicate and

strontium-alumino fluorosilicate glasses, respectively).

However, the fluorosilicate glass has a spectrum that is nar-

rower than that of the aluminosilicate glass. The full-width-

at-half-maximum spectral widths are roughly 43 and 24 nm

for the aluminosilicate and fluorosilicate glasses, respec-

tively. In the case of high power operation, a narrower spec-

tral width suggests the availability of larger emission cross

section values, while broader spectra are advantageous for

communications amplifier applications. Considerable work

has been done characterizing host glasses for the latter and a

number of reviews/summaries can be found in the literature

for both silicate and non-silicate glasses, including absorp-

tion, emission, radiative lifetime, and J-O parameters.197–201

In a recent summary, Linganna et al.,199 tabulates literature

data for ten different glass families. To conclude this subsec-

tion, the emission and absorption cross section data for an

aluminosilicate core fiber with 9.4ms upper state radiative

lifetime are provided in Fig. 10.

FIG. 7. Lifetime measurements for Yb3þ in commercial aluminosilicate

(blue) and strontium-aluminum fluorosilicate glasses (orange).

FIG. 8. Emission (solid line) and absorption (dashed line) cross section spec-

tra for Yb-doped yttrium aluminosilicate glass.192

FIG. 9. Normalized emission spectra for Er3þ in aluminosilicate (blue) and

strontium-aluminum fluorosilicate glasses (orange).
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3. Tm31

Figure 11 provides the absorption and emission cross

section data for a commercial (CoherentjNufern, East

Granby, CT) Tm-doped fiber.101 Typical lifetimes are

1.16ms and 1.54ms for lightly (14.5� 1025 ions/m3) and

heavily (28.5� 1025 ions/m3) doped fibers, respectively.101

The transition of interest (3F4!
3H6), peaking near 1.85 lm,

is quite broad. Therefore, the host does not influence this

transition as significantly as with the relevant transitions in

Yb3þ or Er3þ. However, some work has been done in this

area. For instance, Dhar et al.202 have shown that relative to

pure silica, the addition of GeO2 and P2O5 blue- and red-

shift the 3H6!
3F4 band, respectively. However, the shift is

largely insignificant when compared with the spectral width

of the absorption band. Wen et al. observed blue-shifted

spectra in a barium-gallium germanate glass.203 A slightly

different trend was reported by Turri et al.,204 where spectra

were somewhat red-shifted in germanate glasses relative to

silica and mainly only were narrower in the phosphate

glasses, but this likely is attributable to variations in the glass

compositions. Turri et al.204 also summarize literature data

for Tm-doped silica, borophosphate, fluorophosphate, and

phosphate glasses. The data for other glass systems also are

available, including germanate-tellurite glasses,205

ZBLAN,206 and soda lime silicates,207 to name a few.

E. Nanoparticle doping

The introduction of rare earth ions into the glass matrix

also can be realized through the use of nanoparticle (NP)

doping, whereby the rare earth ion is incorporated into the

nanoparticle, which then is doped into the glass. This enables

one to tailor both the distribution of the rare earth ions and

their local chemical environment. In the context of distribution,

it primarily serves the purpose of minimizing the ion-ion inter-

actions that result in lifetime quenching. Early on, Liekki Oy

of Finland developed a direct nanoparticle deposition method

for Yb-doped fibers.208 In this process, individual NPs can be

incorporated while maximizing the physical separation of the

Yb atoms. They showed that this led to a reduction of

inversion-related optical damage (“photodarkening” discussed

in Sec. VD) and more efficient laser operation. A simple

gauge that has been used to estimate Yb-Yb clustering levels is

the physical observation of the level of cooperative lumines-

cence visible from the fiber when pumped.209 A spectrum is

provided in Fig. 12 below for an aluminosilicate glass.

Essentially, it is a self-convolution, or more or less a

frequency-doubled version of the 4F5/2!
2F7/2 IR lumines-

cence, believed to result from the simultaneous emission by

Yb-Yb pairs. While potentially useful for some applica-

tions,187,210,211 in principle, stronger cooperative luminescence

suggests more Yb clustering (or at least ion pairs), and more

significant quenching, which deleteriously impacts high power

laser performance. Many groups have studied concentration

quenching in Yb-doped fibers,212–217 and while quenching lim-

its the Yb2O3 concentration to about 1 to 2wt. % in a mostly

silica glass, it is higher in phosphate glasses.218,219 Due to the

presence of multiple upconversion paths, Er3þ- and Tm3þ-

doped materials have lower concentration quenching limits.220

Lin et al.221 recently showed that, through a NP doping pro-

cess, high Er3þ concentrations (4� 1025 ions/m3) can be real-

ized without reductions in the upper state lifetime. Such

enhancements to the doping concentration are particularly

important considering the low absorption cross sections of

Er3þ when compared with Yb3þ. Finally, for reasons of pump-

ing into the 3H4 level described in Sec. III B 3, some ion-ion

interaction is preferred for Tm3þ. NP doping will be revisited

in “Future Perspectives.”

FIG. 10. Emission (solid line) and absorption (dashed line) cross section

spectra for Er-doped aluminosilicate glass (4I13/2$
4I15/2 path). The inset

gives the 4I15/2!
4I11/2 cross sections.

FIG. 11. Emission and absorption

cross section spectra for a commercial

Tm-doped fiber. Reproduced with per-

mission from D. Creeden et al., Opt.

Express 22, 29067 (2014). Copyright

2014 OSA Publishing.
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While the use of NPs offers a means to reduce the

effects of concentration quenching, they also offer a means

to tailor the local environment of the rare earth ion. In the

context of the discussion in Sec. IVD above, silica’s fairly

refractory and high strength attributes have rendered it

highly agreeable for use in high-power fiber laser technolo-

gies. However, spectral or other features characteristic of

other glasses may be preferable for a given application. In

this case, the rare earth is embedded into a NP of desired

composition, which, in turn, is doped into the silica host. For

example, this provides a means to introduce heavy metal

ions for the reduction of phonon energy (near the active

ion),222 but in a relatively small quantity still enabling a rela-

tively low fiber NA.223 Recent work on Yb2O3-doped NP-

doped glass fibers224 includes Y2O3 NPs,
225,226 Y2O3-Al2O3

NPs,227 and zirconia-germano aluminosilicate NPs,228 to

name a few. Similarly, some Er3þ NP work includes Al2O3

NPs,221,229 alkaline earth metal oxide NPs,230,231 and

LaF3
232 and Lu2O3 NPs.

232 For Tm3þ, they include LaF3
223

and Al2O3
233 NPs. Brief reviews have been offered by Kasik

et al.234 and Ballato et al.235

F. Sensitization

This section is concluded with a brief discussion of sen-

sitization, which is the co-doping of multiple, interacting

active ions into the same glass host. The idea behind sensiti-

zation is to pump one active ion, and to have that excitation

transferred to a different active ion. This can serve both to

extend the available emission wavelength range and to

enhance pump absorption in an optical fiber. Numerous

examples of co-doped fibers can be found in the literature,

including Tm-Ho,236 Tm-Bi,237 Ho-Pr,238 Tm-Tb,239 among

many others. However, in the present context (Er3þ and

Tm3þ) sensitization by Yb3þ often is used to enhance the net

absorption coefficient of an active fiber. As discussed above,

the absorption cross sections for both Er3þ and Tm3þ are

somewhat lower than that of Yb3þ. Therefore, one conceiv-

ably can take advantage of the high ytterbium absorption

cross section, and through efficient energy transfer, lase on

erbium or thulium. Much more work has been done on the

former,240–244 than the latter,202,245–249 with power mainly

limited by parasitic lasing by the Yb3þ ions.250 It is useful to

point out that Er-Yb co-doped fibers are now commercially

ubiquitous.

V. THE OPTICAL FIELD AND LIGHT-MATTER
INTERACTIONS

A. The optical waveguide

While the main focus of this review is the material from

which an active fiber is made, the waveguide defines the

properties of the propagating optical modes that interact with

it. Therefore, it is prudent to briefly review some active opti-

cal fiber (waveguide) configurations and their formation. The

richness of the literature focusing on waveguide design is

many orders of magnitude greater than the discussion offered

herein. As such, and with apologies to those concepts not

mentioned here, only a few examples are provided to help

set up context for Sec. VB.

The simplest and arguably most intuitive configuration

for the optical fiber is known as a step-index fiber, wherein a

core (which usually is where the active ion can be found) of

uniform refractive index ncore is surrounded by a cladding

region of lower index, satisfying nclad < ncore. This gives rise

to the well-known total internal reflection phenomenon and

the simple guided-ray picture of wave-guidance.251 This

refractive index distribution is visualized through the refrac-

tive index profile (RIP), which provides refractive index

values relative, typically, to the outermost cladding region.

Figure 13 displays such a RIP for the simple step-index

structure, but near the fiber core. The refractive index differ-

ence between the core and cladding (Dn¼ ncore – nclad) and

core diameter, 2a, together normally set the propagation

characteristics of a fiber. Therefore, the selected absolute

refractive index value does not usually significantly impact

any simple waveguide analysis. The numerical aperture

(NA) is given by NA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2core � n2clad

q

and the V-number by

V ¼ 2paNA=k, where a is the core radius and k is the vac-

uum optical wavelength. For V values less than 2.405 (the

first zero of the zeroth-order Bessel function), the (azimuth-

ally symmetric, cylindrical) fiber supports a single guided

mode at a wavelength of k. For V> 2.405, the fiber is con-

sidered to be multimode (MM).

The small core diameter and low NA of the fiber core

represents a “high-brightness” region.252 Typical erbium

doped fiber amplifiers (EDFAs) are core-pumped, meaning

FIG. 12. Cooperative luminescence spectrum produced from Yb-Yb ion

pairs in an aluminosilicate glass fiber.

FIG. 13. Refractive index profile typical of a step index optical fiber.
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that pump light is coupled directly into the core of the fiber.

Currently, commercial single mode fiber-coupled pump

lasers are limited to about 1W of optical power.253 While

polarization or wavelength multiplexing techniques may be

possible, significant power scaling, even to the 10s of Watts

level using such pump lasers is not feasible. In response, and

nearly three decades ago, double clad fibers were devel-

oped.254,255 In principle, a typical fiber possesses a core and

a cladding, as shown in Fig. 13. For reasons of mechanical

strength and the removal of unwanted light from the clad-

ding, the fiber has an outer polymer coating, usually a UV-

curable acrylate. Rather than to configure the buffer to cou-

ple light away from the cladding (buffer index larger than

the cladding index) as in a telecommunications fiber, it may

be configured such that light is confined to the cladding

(requiring the index of the buffer to be less than that of the

cladding). The cladding then can serve as a low-brightness

waveguide for the pump light, allowing the coupling of light

from diode stacks, or MM fiber-coupled pumps, into the

fiber. Typical low-index polymer coated fibers give an outer

cladding NA of �0.46.256 Furthermore, there may instead be

a low-index glass region between the cladding and polymer/

buffer for high power operation.257 Ultimately, while guid-

ing the pump in the cladding reduces the effective small sig-

nal absorption coefficient at the pumping wavelengths (due

to the reduced overlap between the pump spatial distribution

and rare earth doped core), complete pump absorption is pos-

sible and highly efficient laser operation can therefore result.

This was facilitated by the realization that such a structure, if

azimuthally symmetric about the fiber axis, can support

higher order modes (HOMs) that propagate in a helix in a

space to the outside of the core region. Such modes then

would experience diminished absorption. Shaped cladding

geometries,258,259 therefore, were developed to overcome

this issue. Further details on fiber geometries, pump delivery,

etc., can be found in any one of a number of reviews previ-

ously mentioned on high power fiber lasers.2,3,5,8

The RIP need not be strictly step-index (i.e., rectangu-

lar) in shape. The index profile may be graded (graded index

profile or GRIN) to more closely resemble a Gaussian or

other function. Generally, GRIN fibers possess fewer modes

than step index fibers of the same core radius and peak value

of Dn. Coupled with depressed inner cladding regions (or

“trenches”) situated between the core and outer cladding,

such structures form the basis for the design of next-

generation high-bandwidth MM communications

fibers.260,261 While such MM fiber structures may not be

directly useful in high power fiber laser applications, ele-

ments of this waveguide design can be. For example, Yoo

et al.262 have shown that with proper design, the W-type

fiber263,264 shown in Fig. 14 possesses a fundamental mode

cutoff wavelength which can be used to wavelength-filter

deleterious amplified spontaneous emission (ASE) in Nd-

doped fiber lasers for efficient operation on the 3-level transi-

tion. The following year, researchers from the same group

showed that this fiber structure also can be used to filter

Raman (Stokes’) scattered light (discussed in Sec. VB 2),

thereby suppressing the stimulated form of this process.265

Careful design of these structures also permits the tailoring

of the dispersion characteristics important for mode locked

lasers266–268 and supercontinuum generation.269–271

While single mode or few-moded fibers are most desir-

able from the standpoint of beam quality, requisite dopant

concentrations and subsequent refractive index values may

not afford this behavior. In response, triple-cladding, or ped-

estal, fibers have been developed,272 illustrated in Fig. 15.

The structure is similar to the W-type fiber (in that it is also a

three-layered structure), but the inner cladding region has a

refractive index much more similar to, but still less than, that

of the core. In this structure, the central region and adjacent

inner cladding cooperate to form an effective fiber with

refractive index difference Dn1, with the caveat that the dis-

tance (b – a) be large enough that the r¼ b boundary does

not somehow result in coupling of light into the inner clad-

ding region. This design has proved to be particularly useful

in Yb3þ:Er3þ co-doped fiber amplifiers due to the large ytter-

bium concentrations required for efficient high-power opera-

tion.273–275 Such fibers also can benefit from selective

transverse doping of the rare earth. Laperle et al. showed

that with careful control of the mode properties and distribu-

tion of rare earth within the core (such that the fundamental

mode has the highest spatial overlap with the active rare

earth), effectively single mode operation in a few-moded

pedestal structure can be facilitated.276

Leaning now towards the counter-intuitive, an optical

fiber need not be strictly index guiding to facilitate efficient

laser operation. Siegman showed that with a sufficiently

large gain coefficient, robust single spatial mode operation

from a fiber configured to be anti-guiding (nclad > ncore) is

FIG. 14. Refractive index profile typical of a W-type step index optical fiber.

The “trench” region often is referred to as a depressed cladding layer.

FIG. 15. Refractive index profile typical of a triple cladding fiber.
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possible.277 Ultimately, these fibers are leaky even for the

fundamental mode, but with enough gain, loss can be com-

pensated for and greatly exceeded.278,279 Several groups

have continued development of this technology,280–282 but it

has not yet entered the commercial mainstream.

From a manufacturing perspective, the aforementioned

waveguide configurations are relatively straightforward.

However, as will be discussed in Sec. VB, there has been a

push to expand the mode size in optical fiber in order to raise

the thresholds for the onset of nonlinear parasitic phenom-

ena. While increasing the core radius, a, is an obvious

response to this problem, it also typically increases the num-

ber of modes propagating in the active fiber core, rendering

an achievable high beam quality is very challenging.

Adjusting the NA in such “Large Mode Area,” or LMA,

fibers to compensate are difficult given that typical283 core

NA values of 0.06 result from a refractive index difference,

Dn1, of merely 1.3 � 10�3. This greatly tightens the toleran-

ces on dopant concentrations and core composition,284,285

making the fiber more challenging to fabricate with decreas-

ing refractive index difference. An early approach to effec-

tive single mode operation in an intrinsically MM fiber was

the use of selective mode filtering; i.e., fibers with built-in

propagation loss to higher-order modes (HOMs). Early in the

development of high-power fibers lasers, Koplow et al.

showed that with proper mode launch conditions and coiling

the active fiber to an appropriate radius effectively single

mode operation could be achieved.286 Li et al. later identified

some practical limitations to scaling this approach.287 These

included limited differential loss between the fundamental

(LP01) mode and the HOMs, mode distortion and squeezing

due to bending, and mechanical reliability of a large-

diameter, tightly bent fiber. An alternative approach, intro-

duced by Galvanauskas et al., is the so-called “Chirally

Coupled Core,” or CCC, fiber.288 In this structure, a satellite

core orbits the central core in a helical path along the axial

direction. HOMs couple to this satellite core and are then

subsequently shed into the cladding, rendering effectively

single mode behavior. Such effectively single mode behavior

in fibers with core diameters greater than 50 lm has been

demonstrated.289

More complex, microstructured fibers also have gar-

nered significant research efforts over the past 15 years or so.

Russell first proposed photonic crystal fibers in the early

1990s. As stated in their groundbreaking paper, photonic

crystals are “materials that have a periodic modulation of the

refractive index on the scale of a wavelength.”290 The first

such fiber was passive, with a core being clad in a periodic

structure of air holes embedded in pure silica (hence the

moniker “holey fiber”). However, the concept has since been

broadly applied to active fibers and fiber laser technolo-

gies.291 One of the primary applications of the photonic crys-

tal structure was the air-clad fiber,292 whereby an outer layer

of holes acted to confine pump light to the cladding. In this

way, the NA of the pump guide could be increased (> 0.75)

enabling the coupling of more low-brightness pump power

into the fiber. The use of air-clad fibers has been a proven

path towards power scaling of fiber lasers.293–295 An early

example of such a fiber is shown in Fig. 16. Generally, the

use of microstructuring has had the goal of enhancing the

mode size to elevate the turn-on thresholds of nonlinear para-

sitics (to be discussed in Sec. VB). Using such microstruc-

tured fiber methodologies, Schmidt et al. demonstrated mode

areas on the order of 2300 lm2 in a high power fiber laser.296

Leakage channel fibers, designed to have selective losses to

unwanted modes, are yet another type of microstructured

fiber. Dong et al. showed that such fibers are capable of pro-

ducing mode areas up to 3160 lm2.297 Dong298 provides an

excellent review of these and other approaches not discussed

here, microstructured or otherwise, including HOM-based

fiber amplifiers that offer enhanced mode diameter and

stability.299

The purpose of the aforementioned brief fiber review

was to place the optical mode in the context of important

light-matter interactions with the material comprising the

fiber. The high-intensity guided wave has a relatively long

propagation length (i.e., the fiber length) that can give rise to

significant power scaling limitations and, hence, the push

towards ever-increasing mode areas. Moving forward, an

important modal characteristic includes the effective mode

index, neff, which defines phase matching conditions in a

number of nonlinear processes. This value can be determined

by computing the propagation constant in the fiber.300 The

mode area also is an important parameter, defining an effec-

tive intensity of the mode. The effective mode area (lm2) is

defined to as

Aeff ¼

ð2p

0

ð1

0

E r; hð ÞE� r; hð Þrdrdh

 !2

ð2p

0

ð1

0

E r; hð ÞE� r; hð Þð Þ2rdrdh

; (15)

FIG. 16. (a) Scanning electron micro-

graph of the air-clad fiber from Ref.

295. (b) Close-up of the core region,

showing a large-pitch microstructure.

Reproduced with permission from J.

Limpert, Opt. Express 11, 818

(2003). Copyright 2003 OSA

Publishing.
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where E(r,h) is the electric field distribution of the optical

mode in all fiber regions. Calculation of this value therefore

requires determination of the optical mode profile, E(r,h).

Furthermore, measurements of those fiber characteristics rel-

evant to fiber lasers generally are not made directly on the

material itself. Rather, the waveguide and the material com-

prising it cooperate to define measureable optical mode prop-

erties, from which material parameters can be inferred.

To illustrate this, Fig. 17 shows a fictitious RIP for a

slightly graded index, high-NA core-clad fiber, along with

the calculated intensity distributions for the LP01 and LP04
modes at 1030 nm. The GRIN structure of the core clearly

indicates that the composition varies in the radial direction.

As such, the mode itself does not reside in a homogeneous

material, but instead overlapping regions of differing proper-

ties. In the case of the LP01 mode, �88% of the total power

is confined to the region between the two vertical dashed

lines (integrated in two dimensions). Since this region has a

relatively “flat” profile (a horizontal line is added as a guide

for the eye), the mode characteristics will closely resemble

the property of the material there. Hence, more generally, if

the mode is tightly confined to the core center, it may be a

good simplifying approximation to take any measured mode

properties as simply those of the material. Turning now to

the LP04 mode, it may seem that with the high central inten-

sity a similar conclusion could be drawn. However, in this

case only �32% of the optical power lies in the defined

region. Therefore, the overlap of the mode itself with the

compositional profile must be included in any analysis.

Figure 18 provides another illustration of the importance

of the compositional profile and an inhomogeneous distribu-

tion of glass constituents. It shows the RIP of a fictitious

fiber with relatively low NA, along with the corresponding

LP01 mode intensity profile (solid curves). The core is taken

to be a binary silicate, possessing an index-raising, but dn/

dT-lowering, constituent. Logically, the central part of the

core should have the lowest SiO2 content, thereby the highest

index and lowest value of dn/dT. With the increase in T, the

index of the central region increases at a rate lower than the

surrounding glass, resulting in a non-uniform reduction in

the fiber Dn. This is shown as the “High T” RIP in Fig. 18

(orange dashed curve). Accurate calculations of the modal

properties at elevated temperatures, therefore, may require

that this inhomogeneous relative change in index be taken

into account.

We conclude this section with a brief discussion of the

refractive index. The composition of the glass comprising

the fiber drives its refractive index, which in-turn defines the

RIP. Key to the design of a fiber RIP, therefore, is to know

the index of a given material and how it depends upon the

optical wavelength. Cauchy301,302 was the first to identify a

simple empirical dispersion equation (nearly 200 years ago!)

which has the general form

n kð Þ ¼
X

1

i¼0

Ai

k2i
; (16)

where the A’s are empirical parameters that can be found

from fittings to data. Clearly, Eq. (16) does neither account

for resonance-like absorption peaks nor processes involving

gain, and therefore can be construed to be valid for transpar-

ent materials. Starting here, Sellmeier303 proposed what was

to become a widely used empirical relationship

n2 kð Þ ¼ 1þ
X

1

i¼1

Aik
2

k2 � k2i
; (17)

where Ai and ki are fitting parameters. Most typically, only

two or three terms of the summation are sufficient to describe

the refractive index of a material across a meaningful wave-

length range. While the Sellmeier equation possesses obvi-

ous singularities (resonances), it does nicely account for the

tails of absorption features that may be found in the ultravio-

let or mid-infrared regions of the optical spectrum. A draw-

back to this equation is that it covers a single, homogeneous

material and does not directly facilitate glass design for

achieving particular target values. Regardless, the literature

is rich with Sellmeier coefficients for a number of different

glasses,304–309 and even includes a very nice web-based data-

base.310 For an arbitrary composition, a “mixed” Sellmeier

equation may be used.23,311 In the case of a binary glass

FIG. 17. RIP for a fictitious fiber with relatively high NA along with the

LP01 and LP04 mode intensity profiles. 88% of the power in the LP01 mode

lies within the region bounded by the vertical dashed lines. That value is

32% for the LP04 mode.

FIG. 18. RIP for a fictitious fiber at room temperature with relatively low

NA shown with the corresponding LP01 mode intensity profile (solid curves)

at 1534 nm. To illustrate the effect of inhomogeneous dn/dT, the RIP and

mode are shown at an elevated temperature (orange dashed curves).
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possessing constituents a and b, Fleming312 provides the fol-

lowing simplified expression:

n2 kð Þ ¼ 1þ
X

N

i¼1

Aa
i þ X Ab

i � Aa
i

� �� �

k2

k2 � kai þ X kbi � kai

	 
	 
2
; (18)

where X is the mole fraction of constituent b. In this way, a

glass can be designed for a specific application. Of course

this requires that one have knowledge of the Sellmeier coef-

ficients of any (pure) potential glass constituent. This can be

challenging, especially as many materials, such as Al2O3, do

not form pure glasses and therefore these data must be

inferred from mixtures. Regardless, limited literature data

can be found for pure “glassy” silica additives, such as for

SiO2,
312 GeO2,

312 Al2O3,
313 although most of the literature

is dedicated to multicomponent glasses. The Sellmeier coef-

ficients can be identified from these multicomponent glasses

using a procedure to be discussed in Sec. VC.

Sometimes, what qualifies as a silicate constituent can

have very surprising properties. A well-known case-in-point

is often referred to as the AlPO4 join. Both Al2O3 and P2O5

raise the refractive index when added to silica. However,

when present together, they form the bond �Al-O-P�, pre-

serving the tetrahedral network.314 In contrast to alumina

and P2O5, the AlPO4 unit actually decreases the refractive

index when added to silica.315 It is believed that in fiber,

AlPO4 formation is complete, and should the starting con-

centrations of Al and P not be equimolar, the glass will be

rich in either Al2O3 or P2O5. Likhachev et al.316 showed that

this phenomenon imprints upon Er3þ emission spectra, as P-

rich fibers possessing AlPO4 have emission spectra resem-

bling those from phosphosilicate glass. The same was found

to be true of Al.

Finally, a brief discussion of the dispersion characteris-

tics of the RIP is useful. Using the data in Fleming,312 Fig.

19 shows the refractive index difference for a pure SiO2-clad

germanosilicate core fiber for three different GeO2 concen-

trations. While the refractive index does indeed change

across this wavelength range (it decreases with the increase

in the wavelength), Dn is not a strong function of wave-

length. This is interesting from a practical perspective, as a

measurement of the refractive index difference at one conve-

nient wavelength in the near IR can cover a much broader

wavelength range.317

B. Nonlinear interactions

In Secs. II–IV, the glass was treated simply as a host for

the laser active rare earth ions. Its impact on rare earth (RE)

spectroscopy was outlined and the importance of avoiding

concentration quenching effects was discussed. These RE

doped glasses then are used in fiber laser or amplifier sys-

tems, usually in applications requiring the continued scaling

of optical power. Power scaling is not indefinite and often-

times is limited by the appearance of strong interactions

between the light wave and host medium. This section will

briefly review nonlinear optical phenomena as one such

example of deleterious light-matter interactions in high

power fiber laser systems. Specifically treated are stimulated

Brillouin scattering (SBS), stimulated Raman scattering

(SRS), processes connected to the nonlinear refractive index

(n2), and, finally, thermally driven transverse mode instabil-

ity (TMI), in that order. While it is conceded that nonlinear

processes can be harnessed and beneficially utilized in fiber-

based applications, here the perception is that which renders

them undesirable.

1. Stimulated Brillouin scattering (SBS)

Brillouin light scattering is an acousto-optic process

involving hypersonic (�10GHz) sound waves and the light

wave in the fiber.318–320 From a bath of acoustic phonons

(i.e., in the material),321 a forward-going optical field will

select and scatter from those acoustic waves that are Bragg-

matched to it, or where ka ¼ ko=2neff . The subscripts “a”

and “o” denote the acoustic and optical wavelengths, respec-

tively, and neff is the modal effective area. The acoustic

wave is a longitudinal pressure wave, and it is the spatially

modulated refractive index, resulting from the photoelastic

effect, from which the optical wave scatters. The forward-

going optical and acoustic fields are co-propagating, and

therefore the scattered wave is Stokes’ shifted by the acous-

tic (or Brillouin) frequency (�B ¼ Va

ka
; where Va is the acous-

tic velocity). This process is the spontaneous form of

Brillouin scattering (spBS). With the increase in the optical

power, the scattered and forward-going optical waves inter-

fere, strengthening the acoustic wave through the process of

electrostriction. This positive feedback cycle (illustrated in

Fig. 20) and subsequent growth of the scattered wave inten-

sity with the increase in the power is governed by the

Brillouin gain coefficient (gB or, interchangeably, BGC),

given by318

gB ¼
2pn7p212

ck20VaqD�B
: (19)

Here, n is the linear refractive index, p12 is the transverse

photoelastic (Pockels) coefficient, c is the velocity of light in

vacuum, q is the glass density, and D�B is the Brillouin line-

width. Owing mainly to the strong dampening, or attenuation

(material coefficient cm), of such hypersonic acoustic waves

FIG. 19. Refractive index difference for a GeO2-doped silica core clad in

pure silica for three different GeO2 concentrations using the data from

Fleming.312 Dn is very uniform, especially in the range from about 900 nm

to 2000 nm.
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in the glass (�100 dB/mm322), Brillouin scattering has a

finite bandwidth (D�B �10s to 100s of MHz323) and pos-

sesses a natural (Lorentzian) line-shape. D�B must clearly

therefore be proportional to cm.

In the transition from spBS to SBS, the acoustic wave

becomes a highly efficient reflector, limiting the optical

power available at the output end of a fiber laser system.

Defining a threshold for the onset of SBS depends on the

specific system, i.e., by answering the question “when does

Brillouin scattering start doing bad things?” In a simplified

mathematical way, one can begin with the equation for the

evolution of the Stokes’ power (Ps) in the fiber318,324

d

dz
Ps zð Þ ¼ �gBPs zð Þ

Pp zð Þ

A
p
eff

þ aB zð ÞPs zð Þ; (20)

where aB is the amplifier gain coefficient at the Stokes’ fre-

quency and Pp is the pump power. Pp is the laser or amplifier

signal power and not the pump that was used to excite the

laser medium (e.g., 976 nm for either Yb3þ or Er3þ).

Usually, a practical system will require that Ps/Pp � 1 (such

as arbitrarily selected to be 0.1% at the fiber input). In that

limit, Pp(z) and aB(z) can easily be calculated for a laser or

amplifier,325–327 with commercial software packages being

readily available.328,329 With an assumption of an effective

Stokes’ input power [Ps(z¼L)],324 subsequently solving Eq.

(20) gives Ps(z). Finally, the user then must decide on the

maximum tolerable Stokes’ power at some position along

the fiber, such as Ps(z¼ 0).

Based on some values for optical fibers typical of the

time, Smith324 famously derived a generalized “back-of-the-

envelope” equation for the threshold for the onset of the

stimulated form of Brillouin scattering as

PSBS
th ¼ 21

Aeff

gBLeff
: (21)

Here, Aeff is the effective area of the optical mode and Leff is

the effective length, given by Leff ¼
1
a
ð1� expð�aLÞÞ,

which accounts for a non-uniform axial power distribution

resulting from fiber loss (a is the optical attenuation coeffi-

cient in units of m�1). In the limit where the fiber length, L,

is very long, Leff ! 1/a. The physical threshold condition

embodied in Eq. (21) is the power at which the pump power

(Pp) is equal to the Stokes’ power (Ps) at the fiber input end.

From a practical standpoint, this threshold condition may

indeed be somewhat generous. Additionally, the coefficient

“21” depends on a variety of parameters that can vary from

fiber-to-fiber. Regardless, Eq. (21) seems to have been gener-

ally accepted as a reasonable starting point in designing a

system.

The fiber, while acting as an optical waveguide, also

acts as an acoustic waveguide. Jen et al.330–333 performed

much early work analyzing the hypersonic acoustic guidance

properties of optical fibers, including the impact of dopants.

They found that, analogous to the optical case, the fiber can

be either guiding or anti-guiding to longitudinal acoustic

waves. The former case requires that the acoustic velocity of

the core be less than that of the cladding.331 To complete the

analogy, one also may define a local acoustic index as the clad-

ding acoustic velocity divided by the value at positions in the

radial direction.334 An acoustically guiding fiber, therefore, has

an acoustic index in the core that is greater than that of the

cladding. Interestingly, such acoustically guiding fibers gener-

ally also are acoustically multimode. Shibata et al.335,336 first

experimentally identified higher order longitudinal acoustic

modes (HOAMs) in such an optical fiber. Since these modes

also must have an associated transverse profile, Eq. (19) can be

corrected with a scaling factor C ¼
Ð

Eðr;/Þ�uðr;/ÞEðr;/Þ
dA 
 1, i.e., with an acoustic-optic overlap integral, where E

is the normalized electric field (optical mode) and u is the

power-normalized acoustic displacement field (acoustic

mode).320 Figure 21 gives an example BGS for an acoustically

guiding fiber that exhibits HOAM interactions. Stronger peaks

clearly belong to acoustic modes that have increased overlap

with the optical field. Dragic et al.337 recently provided evi-

dence of HOAMs in an acoustically anti-guiding fiber.

Due to its spectral bandwidth, SBS has the strongest impact

on laser signals that have a narrow linewidth (D�L � D�B).
Where this is not the case, Eq. (19), with good approximation,

FIG. 20. Illustration of the SBS process. A forward-going optical wave

(blue) propagates in the medium. This wave scatters from an acoustic wave

(purple) that is Bragg-matched to it. With the increase in the optical power,

the scattered (orange) and forward waves interfere, strengthening the acous-

tic wave, thereby enhancing the reflectivity. This positive feedback cycle

continues with the increase in the power, resulting in the stimulated form of

Brillouin scattering.

FIG. 21. Example of a BGS exhibiting HOAM interactions (in a P2O5 doped

silica core fiber taken at a wavelength of 1534 nm). The azimuthally sym-

metric Lom modes have the highest overlap with the single mode optical

field. The spectrum exhibits several Lorentzian lineshape features that can

be assigned individually to the L01, L02, etc., acoustic modes.
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can be scaled by the quantity D�B/(D�L þ D�B).
318 Therefore,

when allowed by system constraints, broadening the laser

spectrum appears to be the most effective means to avoiding

SBS.338 For example, assuming that D�B¼ 58 MHz339,340 at

1050 nm in an Yb-doped fiber, operating with

D�L¼ 5.8GHz can offer a 100-fold increase in the SBS

threshold power. Indeed, this has been a key to recent power

scaling efforts.341–345 White et al.346 recently demonstrated

1.6 kW CW operation by employing a chirped modulation

(laser linewidth broadening) scheme. Since D�B usually is

proportional to the square of the acoustic frequency318,347–349

(which is inversely proportional to the optical wavelength),

gB has no dependence on wavelength aside from any chro-

matic dispersion in n or p12.
350 However, since longer-

wavelength lasers (such as 2.0 lm in Tm3þ) have Brillouin

frequency shifts at lower frequencies, they possess lower

intrinsic D�B values. This enhances the relative effectiveness

of broadening the laser spectrum in order to suppress SBS.

For instance, the same D�B¼ 58MHz at 1050 nm is

�16MHz at a wavelength of 2lm, but with roughly the

same gB. To conclude, short pulses with wide spectra and

short interactions lengths also can be configured to avoid

SBS.351,352

The review of Eq. (21) further suggests that by increas-

ing Aeff and/or decreasing Leff the SBS threshold can be ele-

vated. The former is achieved with the LMA fibers discussed

in Sec. VA. To shorten the requisite length of active fiber,

an increase in the strength of pump absorption is necessary.

This can be done by increasing the RE concentration (but

while avoiding other deleterious effects such as lifetime

quenching), sensitization by Yb3þ (where appropriate, as dis-

cussed previously), or by increasing the core size relative to

the cladding (pump guide). All this being said, maximum

power levels in narrow linewidth fiber systems still hover

around the 1 kW mark.353

Several other methods have been proposed to suppress

SBS with varying degrees of success. Most serve to some-

how broaden the apparent Brillouin spectrum, D�B (rather

than D�L), thereby decreasing the peak Brillouin gain, gB.

First, axial gradients that cause the local Brillouin frequency

to vary along the fiber can be implemented. For example, the

fiber can be engineered to possess an axially varying core

size354,355 or composition.356,357 One also can actively apply

temperature358,359 or stress and/or strain360–362 distributions

along the fiber length. The active techniques rely specifically

on the responses of the host material’s refractive index and

acoustic velocity to temperature changes or applied strain.

Figure 21 hints at another way to suppress SBS. If the rel-

ative acousto-optic overlap integrals (i.e., interaction strengths)

of the various acoustic modes could somehow be equalized,

the maximum gB may be reduced. For instance, a fiber pos-

sessing two Brillouin lines of equal strength would have half

the gB value of a fiber exhibiting a single line (assuming all

have the same spectral width). Additionally, acoustic anti-

guidance could potentially be built into the structure to further

broaden D�B, since in the presence of acoustic waveguide-

based attenuation (cwg), D�B / cm þ cwgð Þ.
363 A properly con-

figured acoustically anti-guiding fiber, therefore, will have a

cwg that is at least comparable to cm.
363 Acoustic anti-guidance

requires that some region of the core has an acoustic velocity

greater than that of an outer region. For pure silica claddings,

this can be accomplished by adding Al2O3,
331 MgO,364 or

Li2O
317 to the glass as they raise the acoustic velocity.

The preceding paragraph gave examples of Brillouin

characteristics that can be realized through engineering of

the fiber’s transverse direction. Several groups have devel-

oped fibers incorporating those features for the suppression

of SBS.363,365–368 However, it seems that these fiber designs

become increasingly challenging to implement and espe-

cially are more complicated from a manufacturing stand-

point, as the core diameter becomes larger.363,369

Aside from the use of laser line-width broadening, each

of the aforementioned SBS suppression techniques relies on

the broadening of D�B via some modification of one or more

properties of the waveguide (either in the transverse or axial

directions). However, Eq. (19) for gB, at its most basic, is

entirely material-based. Another approach, therefore, to miti-

gating SBS is the selection and use of materials that possess

intrinsically low gB.
370–373 In principle, this approach appears

to be relatively straight forward: make use of fiber dopants

that increase the values in the denominator while decreasing

those in the numerator. Particularly interesting of the latter is

that the p12 photoelastic constant can take either positive or

negative values. Hence, by combining materials of positive

and negative photoelasticity, it may be possible to achieve a

glass composition where p12¼ 0, and therefore gB¼ 0.374 So,

the suppression method is simplified further yet: use a host

that exhibits no SBS. This condition can be explained as one

where the presence of the acoustic pressure wave does not

impart a change in the relevant refractive index component,

thereby precluding the occurrence of an interaction.

Ballato and Dragic et al. have shown that the use of the

following dopants can bring significant reductions to the val-

ues of p12: Al2O3,
374 La2O3,

375 BaO,376 SrO,377 MgO,363 and

Li2O and Na2O.
378 It turns out that fibers with the composi-

tions required to realize significant reductions in gB (>10 dB)

are not those that currently can be fabricated using conven-

tional CVD techniques. Instead, the molten core approach

was used in fabrication; more details can be found in the liter-

ature.371,379 With a reduction in gB by almost 20 dB in an alu-

minosilicate fiber (relative to a typical telecoms single mode

fiber having gB �2.5� 10�11 m/W),374 this appears to be a

very promising approach to greatly suppress SBS in both CW

and pulsed systems.

2. Stimulated Raman scattering (SRS)

Similar to Brillouin scattering, Raman scattering also is

an acousto-optic interaction, but with phonons instead at

optical frequencies (�10s THz). Unlike Brillouin scattering,

however, there is no well-defined acoustic wave associated

with Raman scattering. The simplest classical model for

Raman scattering requires that the polarizability of the mate-

rial not be fixed, but rather be a function of the interatomic

spacing. A vibrating molecule, treated as a classical har-

monic oscillator, therefore will have time-varying inter-

atomic distances and hence polarizability. This results in a

phase modulation of the optical wave and thus also the
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associated frequency shift encountered in the Raman scatter-

ing process.323 The Raman gain coefficient, gR (or inter-

changeably RGC), is roughly 100 times lower than that of

Brillouin scattering324 and a Raman gain spectrum typical of

fused silica is shown in Fig. 22. The spectrum is rather

broad, and therefore, for the most part, SRS usually is not

dependent on the laser spectral width.

A number of features are visible in the spectrum. The

so-called defect lines at 490 cm�1 (D1) and 600 cm�1 (D2)

are attributable to “breathing” modes of four- and three-

membered rings, respectively.381 The peak near 800 cm�1

(x3) is attributed to bending of the Si-O bond. The x4 bands

(1065 cm�1 and 1200 cm�1) are attributable to transverse-

optical (TO) and longitudinal-optical (LO) modes.382,383

However, regardless of the structure in the spectrum, the

SRS process will be most efficient near the peak of the gain

curve. Smith324 gives the critical power for SRS to be

PSRS
th ¼ 20Aeff=gRLeff . SRS, therefore, most often is currently

encountered in long transport fibers or where the intracavity

intensity is high and is expected to become more significant

as CW fiber lasers continue scaling in power.384

The suppression of SRS typically is accomplished by

adding a significant amount of propagation loss to the

Stokes’ wave. This can be done via fiber design or the addi-

tion of grating filters to the fiber. Since the pump and Stokes’

waves have considerable spectral separation (10s of nm,

depending on wavelength), this can be done with little added

loss to the signal wavelength. There are numerous examples

available in the literature, including filtering transmission

gratings,384,385 W-type fibers with fundamental mode cut-

off,265 fibers with cladding ring layers,386 rods,387 or satellite

cores,388 fibers with enhanced bending loss,389 and photonic

bandgap fibers,390 to name a few. Going in the other direc-

tion, SRS can be used to construct lasers or amplifiers with

reasonable efficiency and with potential for low quantum

defect.391–394

The Raman gain spectrum also is a strong function of

the material.395 Many common fiber-forming dopants, such

as GeO2 and P2O5 (the latter when in sufficient quantity),

enhance gR when added to silica.396 However, in some cases,

gR can be reduced with appropriate choice of material. One

such case is the use of Al2O3, or more generally aluminosili-

cate glasses.372,397 A roughly 3 dB reduction in gR in an

yttrium aluminosilicate core fiber was attributed to a combi-

nation of (1) increased glass disorder leading to a broader

Raman spectrum, (2) using materials with reduced gR
(spread over a wide spectrum), and (3) low overlap with the

Raman spectrum of SiO2. Selection of low-Raman-gain

materials may also be guided by the search for low molar

volume and bond compressibility parameter materials.373

Unlike with gB, it does not appear likely that gR can be made

to be zero.373

3. n2 related phenomena

The Kerr [v(3)] nonlinearities are represented by a num-

ber of various phenomena.318,323 These include wave-mixing

interactions such as four-wave mixing (FWM) and phase

modulation processes. The latter group appears to be most

significant in the high power, single frequency regime. In

short, the refractive index may be written

n Ið Þ ¼ n0 þ n2I; (22)

where n0 is the zero-intensity refractive index, n2 is the non-

linear index, I is the optical intensity, and n2 is on the order

of 3� 10�20 m2/W for a conventional (silica) single mode

fiber.398 Those Kerr processes influencing the spectral qual-

ity of the laser source typically originate from temporal var-

iations in I, leading to phase modulation of the laser signal.

These include self- and cross-phase modulation (SPM and

XPM, respectively).

Clearly, SPM is a potential obstacle in high power,

pulsed, single frequency fiber laser systems. In these configu-

rations, the laser pulse [I(t)] modulates the refractive index

[n(I(t))] yielding a self-phase modulated signal. Depending

on the application, the resulting spectral broadening may or

may not be tolerable in a system. The accumulated nonlinear

phase shift is given by /nl ¼ kon2ILeff ; where ko is the opti-

cal wavenumber (2p=ko). Several methods may be used to

suppress the effects of SPM. First, the intensity may be

decreased by increasing the mode size through LMA fiber

design, as previously discussed. Second, the fiber length (Leff

considers the non-uniform axial distribution of power) may

be kept very short. Zhao et al.399 recently showed that by

shortening the gain fiber and increasing the pump power, the

influence of SPM could be limited. However, such configura-

tions come at the expense of laser efficiency.400 Munroe

et al.401 pre-compensated for SPM by externally phase-

modulating a seed source402 such that it cancels /nl. Using

this methodology, Su et al.403 recently demonstrated a peak

power of 1.47 kW in a spectral bandwidth of 185MHz in a

3.5 m length of 10 lm core diameter ytterbium doped fiber.

SPM need not only appear in pulsed systems but also

anywhere where I ! I(t). In CW systems, this includes the

presence of relative intensity noise (RIN), usually originating

at the system seed404 source. In the context of the previous

observations,405 McNaught et al.406 recently analyzed the

effect of RIN on SPM and beam combining efficiency in

multi-kW systems and showed that it can be adequately

controlled for the application. Zunoubi et al.407 recently

described a process by which group velocity induced relative
FIG. 22. Typical Raman gain spectrum from pure silica glass. Peak gR value

after Lines at a wavelength of 1050 nm.380
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intensity noise (RIN) resulted in spectral broadening of a

two-tone amplifier designed for the suppression of SBS. This

was attributed to XPM and group velocity dispersion in a

phase modulated signal. Lastly, Anderson et al.408 recently

confirmed this with measurements but concluded that it

would not be a significant impairment to beam combining

efficiency in coherently combined phase fiber laser arrays.

The nonlinear phase shift also possesses a material path

towards suppression of Kerr nonlinearities: the utilization of

materials with low n2. Generally, there is a trend of increas-

ing n2 as n0 increases.409 Given that SiO2 has a relatively

low refractive index, its n2 already is relatively low.373

However, the use of F410 or P2O5
411 co-doping can further

reduce n2 values. Unfortunately, investigations of high

power lasers based on such glass materials (specifically

tailored for the reduction in n2) appear to be lacking in the

literature.

Finally, it is important to point out that the Kerr nonline-

arity also can result in catastrophic optical damage to an

optical fiber operating at high power.412 In short, high optical

intensity leads to an increased refractive index, effectively

increasing the core-cladding Dn. This results in a reduction

in the mode diameter, and therefore an increase in the mode

intensity. As the power grows along a segment of gain, the

mode therefore decreases in size, eventually to a point where

the glass can no longer support the power density and optical

damage results. In the case of silica, the optical power would

need to approach the order of �MW in a tightly focused

spot.413,414 Such power levels were successfully reached by

several fiber-based configurations.415–417

4. Transverse mode instability (TMI)

Owing to the importance of the problem, there are num-

ber of excellent papers and reviews in the literature dedi-

cated to TMI.418–422 Therefore, this section will be kept

brief, and mainly within the spirit of the paper generally,

with the focus mainly on the material. TMI is known to be a

nonlinear process that causes a beam of relatively high qual-

ity to become multimode and dynamic.423 Ironically, TMI

appears to be a problem largely brought about by the wave-

guide. Efforts to enhance Aeff for the suppression of the

aforementioned nonlinear interactions usually led to LMA

fibers that were at least few moded. As discussed in Sec.

VA, this has led to a number of waveguide designs that

achieve effective single mode operation. In TMI, the weak

HOMs interfere with the fundamental (or the desired) mode,

resulting in an intensity pattern that interacts with the gain

dynamics of the laser. Depopulation of the excited upper

state is strongest where the intensity is greatest, and therefore

a thermal pattern is generated through quantum defect heat-

ing. This thermal pattern obviously then must be driven by

the aggregate modal interference intensity pattern. Via the

thermo-optic effect, this thermal distribution becomes a

refractive index pattern (or grating) and thereby a potential

path for mode coupling. For more details on the various

models for this process, the reader is directed to the reviews

identified above.418–422

Dong424 provides a derivation of the TMI threshold in

the context of stimulated thermal Rayleigh scattering

(STRS), such that

PTMI
th /

qcp

dn=dT

ks

kp
� 1

� �

F ; (23)

where q is the mass density, cp is the specific heat, and F is

a function that accounts for the mode overlap and frequency

distributions. The parenthetic term is the quantum defect

(QD; discussed previously), where the subscripts “s” and “p”

refer to the signal and pump wavelengths, respectively.

Several recent proposals for the enhancement of the TMI

threshold have focused on increasing F . These include care-

fully controlled fiber tapers,425 low-NA fibers to limit mode

content,342 fibers with engineered RIPs to reduce spatial

overlap between modes,426 optimized pumping direction

relative to the signal,427 and fibers that have enhanced HOM

loss,428,429 to name a few.

Considering once again the material parameters in Eq.

(23), a fiber with dn/dT¼ 0 should not have a TMI limita-

tion.372 Although suggested, this has not yet been widely

studied in the literature. Indeed, such a fiber can be achieved

with appropriate combination of materials possessing posi-

tive (e.g., SiO2) and negative (e.g., P2O5
430) dn/dT values.431

The use of a strictly single mode fiber also should obviate

the need for TMI suppression. However, in light of the non-

linear parasitics described above, this may not be feasible

without the consideration of less conventional glasses for

high-power fiber laser applications.

Finally, to conclude this section, a dn/dT-associated

damage limit is briefly discussed: thermal lensing. With the

increase in the temperature, where dn/dT > 0, there will be

an increasing refractive index. Should the refractive index

difference between the core and cladding increase due to

such an increase in fiber temperature, this will lead to a

reduction in the mode size.432 This is fully analogous to the

case of self-focusing. Brown et al.433 defines a critical power

for the onset of thermal lensing effects to be where the heat

induced index change is equal to the starting core-cladding

Dn. This critical power is proportional to the inverse of

dn/dT, and with its reduction (or even dn/dT¼ 0), damage

thresholds can therefore be significantly elevated. Under typ-

ical circumstances, however, it seems that thermal lensing is

not the most significant power scaling limitation to high

power operation.2

C. First principles to model glass properties

This section summarizes semi-empirical equations that

enable the investigation, prediction, and calculation of typi-

cal properties (e.g., refractive index, mass density) in multi-

component glasses, using only a few experimental data

points. The presented tools are of interest as they offer sim-

ple, yet efficient and effective, ways to interrogate any given

glass system and predict, within a certain degree of accuracy,

their properties.434,435 This section is not intended to provide

a review of all the models found in the literature that can be

used to calculate typical glass characteristics. Indeed, a very
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nice review on glass modeling has been provided by Volf.436

Instead, this section will focus on the set of models devel-

oped by the authors, as they have uniquely been applied to

optical fibers of interest for fiber laser applications. The sim-

ple computational tools described herein can be utilized to

engineer multicomponent hosts with tailored properties, spe-

cifically geared towards the improvement of fiber laser per-

formance, such as through a deliberate reduction of one or

more nonlinear gain coefficients.437

The additive models presented herein treat the glass as a

homogeneous (or well mixed) one (i.e., no heterogeneities,

phase separation, and crystallization) in which its constituent

species are considered to be fully independent. This is illus-

trated in Fig. 23, wherein a homogeneous glass composed of

a mixture of compounds A and B, (1) can be considered as

the sum of two independent glass segments comprised of

compounds A and B, respectively (2). To exemplify the

additivity approach, consider one of the most fundamental

glass properties, the refractive index, in a well-mixed binary

glass (e.g., SiO2 þ GeO2 or AþB) comparable to situation

(1) in Fig. 23. The time-of-flight for the light to travel the

distance L is

t ¼
Ln

c
; (24)

where n is the glass refractive index and c is the speed of

light in vacuum. Now, considering situation (2) in Fig. 23, in

which the light would propagate successively in compound

A for the distance LA and in compound B for the distance

LB, the above equation can be re-written as follows:

t ¼
LAnA

c
þ
LBnB

c
: (25)

Setting Eqs. (24) and (25) equal to each other yields

n ¼
1

L
LAnA þ LBnBð Þ: (26)

Through inspection of Fig. 23, it is clear that the terms LA/L

and LB/L give the volume proportion of constituents A and B

in the binary glass. These volume fractions are now defined

to be mA and mB, respectively. Written in terms of the mole

fraction of the constituents [C], mA is given to be438

mA ¼

MA

qA
CA½ 	

MA

qA
CA½ 	 þ

MB

qB
CB½ 	

; (27)

where MA, qA, and MB, qB are the molar masses (kg/mol)

and mass densities (kg/m3) of components A and B, respec-

tively. In the case of a binary material mB¼ 1 –mA.

Dragic370 provides equations for the case of a ternary glass,

which, through symmetry arguments, can be expanded to

any arbitrary multicomponent system, leading to a general-

ized expression for the refractive index

n ¼
X

i

mini: (28)

Equation (28) can be further generalized to consider a variety

of other glass properties via439

G ¼
X

i

gixi; (29)

where G is the aggregate glass [homogeneous, like in (1) of

Fig. 23] property, gi is the property of each individual com-

pound that makes up the glass, and xi is the additivity

parameter (e.g., volume, mole, or weight fraction). The

choice of the latter is a strong function of the glass property.

As was shown for the case of the aggregate refractive index,

g is the constituent refractive index n, and x is the volume

fraction m of that constituent. As the additivity parameter,

the volume fraction has been shown to be very good for the

refractive index,440 mass density,370 acoustic velocity,439

thermo-optic coefficient (dn/dT),430 and nonlinear refractive

index (n2).
313

At this point, it is important to state that the additive

model does not necessarily give any insights into the struc-

ture of the glass. It mainly serves the purpose to efficiently

determine parameters useful in the design of glass optical

fibers. Furthermore, the assumption that the glass is separa-

ble into its constituents is reasonable for network-forming

additives (such as GeO2 and B2O3). For network modifiers

(such as BaO or Li2O) or intermediates (such as Al2O3),

the additive models are best construed to be more a por-

trayal of how the non-silica constituent changes the proper-

ties of SiO2. Moreover, one must be careful using these

models and the choice of compound species. One well-

known example is the co-addition of Al2O3 and P2O5 into

silica glass. As described in Sec. II A, when added inde-

pendently into silica, Al2O3 and P2O5 both raise the linear

refractive index; however, co-doping of both species

together usually results in the formation of AlPO4, which

is known to instead lower the refractive index.241,314

Therefore, in this case, AlPO4 should be considered as the

independent glass species.

Other relevant glass properties do not add directly

through Eq. (29), but instead are carried through the calcula-

tion by another parameter. Two such examples are the longi-

tudinal and transverse Pockels coefficients, p11 and p12,

respectively. In this case, the following were proposed to be

additive:378,441

FIG. 23. (1) Illustration of a homogeneous binary glass composed of com-

pounds A and B and (2) the same glass, in which compounds A and B are

considered to be independent of each other.
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C1 ¼
1

2
n3 p11 � 2�p12½ 	; (30)

C2 ¼
1

2
n3 p12 � � p11 � p12ð Þ½ 	; (31)

with Eq. (31) often referred to as the strain-optic coeffi-

cient.442 In Eqs. (7) and (8), the photoelastic constants and

Poisson ratio (�) are those of the individual constituents

(e.g., SiO2 or GeO2). The right-hand-side of Eq. (29) con-

tains the summation of the individual C’s of the constituents,

while the left-hand-side gives the aggregate values.

Assuming that � is additive through the volume fraction

(although this has not yet been verified), Eqs. (30) and (31)

can be recast for the mixed glass, leading to a system of two

equations that can be solved for the two unknowns (p11 and

p12 of the multicomponent glass). In the case of p12, one

arrives at

p12 ¼
2

n3
C2 þ �C1

1� 2�ð Þ 1þ �ð Þ
; (32)

where n, C1, C2, and � are for the aggregate glass [using Eq.

(29)].

Other materials parameters require corrected models in

order to well-match observed experimental data. The

Brillouin linewidth (D�B, which is linearly proportional to

the acoustic attenuation coefficient a, m�1) is one such

example. This spectral width ultimately gives the lifetime of

the phonons involved in the Brillouin scattering process.

While this is a strong function of the material, it also is a

strong function of the frequency of the interacting acoustic

wave(s).318 Considering the former, adding a material with

greater acoustic loss to silica will obviously render broader

spectra with the decrease in the silica content. However, if

that additive also influences the acoustic velocity, resulting

in a change in the interaction frequency, this, in-turn, also

will affect D�B. Consideration of the latter effect, therefore,

requires a correction to the simple additivity formula.

Generally, D�B has a square dependency on the acoustic fre-

quency �B. However, it was shown that this dependence

varies depending on the nature of the glass dopant. For

example, B2O3-containing silicate glasses exhibit different

dynamic viscoelastic damping processes whereby the acous-

tic attenuation ultimately is not proportional to �B
2.349 Most

generally, therefore

D�B ¼
Va

p

X

i

xiFi �B=�ref
� �

ai �refð Þ; (33)

where Va is the acoustic velocity of the aggregate glass, and

�ref is some reference frequency where ai is tabulated. For

the most common materials, F �B=�ref
� �

¼ �B=�ref
� �2

. In Eq.

(33), the acoustic frequency is determined by the Bragg con-

dition, �B ¼ 2Va;eff neff=k, where Va is the phase velocity of

the acoustic mode and neff is the effective index of the opti-

cal mode.

In some cases, the volume fraction is not the appropriate

additivity parameter. For instance, molar fraction is used for

heat capacity.443 In other cases, mass density serves as a

more appropriate additivity parameter. A case in point is

the coefficient of thermal expansion (CTE). Indeed, there

exist many semi-empirical models to predict CTE in

glasses.444–448 However, Cavillon et al.449 recently devel-

oped a simple additive model for the CTE, based on a deriva-

tion of the volume expansion in isotropic solids such as

glasses. As will be discussed shortly, knowledge of the CTE

in an optical fiber can be particularly important where a

change in temperature is experienced. The CTE model is

summarized as449

CTE ¼
X

i

CTEiqiyi

q
; (34)

where for a binary system

yA ¼

CA½ 	MA

qATA

� �

CA½ 	MA

qATA
þ

CB½ 	MB

qBTB

� � ; (35)

in which T represents the number of structural units per com-

pound (TSiO2
, TP2O5

¼ 1 while TB2O3
¼ 2) and yB¼ 1 – yA.

Figure 24 shows the result of this additive modeling plotted

with CTE data found in the literature. This example helps

demonstrate the potential of using simple additivity princi-

ples of one property to predict others that are functions of it.

Optical fiber is distinct from bulk glass in that the core

may be clad in a material with very different physical prop-

erties, including differing CTE values. One of the most com-

mon applications that utilizes a differential in CTE is in the

fabrication of polarization maintaining (PM) fibers that uti-

lize stress-applying-parts (SAPs) added to the fiber clad-

ding.450 The SAP regions typically have a larger CTE than

the core, and their inclusion results in a frozen-in birefrin-

gence after the fiber is drawn. In the case where an inner

region has a CTE greater than that of the surrounding clad-

ding, an increasing temperature can result in a change in the

strain field.451 This can impact certain fiber characteristics,

including both the refractive index and acoustic velocity. In

FIG. 24. Coefficient of thermal expansion (CTE) model derived from addi-

tivity of density for a variety of binary silicate glasses. Adapted from

Cavillon et al.449
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the case of the refractive index, the complete temperature-

dependent refractive index (the g term) is given by452

gi ¼ ni ¼ n0;i þ
dni

dT
T � T0ð Þ þ

dni

de

de

dT
T � T0ð Þ; (36)

where n0 is the room-temperature (T0) refractive index and

dni/dT is the bulk TOC. The strain (e) terms are given by

dni

de
¼ �

1

2
n30;i 2 p12;i � �i p11;i þ p12;ið Þð Þ þ p11;i � 2p12;ið Þ
� 


(37)

and

de

dT
¼ � CTEcore � CTEcladð Þ; (38)

where the CTEs (linear) are for the aggregate core or clad-

ding glass. Equation (37) accounts for strain in all three pri-

mary orthogonal directions. For materials that bring a

negative dn/dT to silica and also an increase in CTE, clad-

ding the fiber in SiO2 acts to lessen the effectiveness of dn/

dT reduction.430 This is particularly important to consider

when designing a fiber with reduced thermo-optic effect.

Dragic et al.453 provide a similar expression for the thermo-

acoustic coefficient (TAC, or the change in acoustic velocity

with temperature). This also is important as a large TAC ena-

bles the suppression of Brillouin scattering through axial

thermal gradients.359,454

This section is concluded with a brief discussion of the

“bulk” values utilized in the aforementioned models. In prin-

ciple, the determination of the pure constituent parameters

(e.g., refractive index, acoustic velocity, photoelastic

coefficients, etc.) requires measurements on drawn fibers.

However, a new thrust to calculate them from their bulk pre-

cursors has recently been initiated.455,456 These properties

usually will differ significantly from their bulk, and often

crystalline, counterparts.376 In these cases, the models pro-

vided above are fit to experimental data with the gi values

taken as the fitting parameters. Usually, this requires the

presumption of those values for pure silica,457 although with

enough experimental samples, this need not be strictly

required. Armed with the gi values for the constituents, one

then can extrapolate to compositions lying outside of the

measurement range for the application-specific optimization

of any of one or more of the relevant glass characteristics. In

the case of one property, it may be dn/dT alone, whereas, for

example, multiple properties (Va, D�B, n, q, and p12) are

required to calculate the Brillouin gain coefficient of a glass

host.318 Dragic et al.435 provided a relatively detailed compi-

lation of these values for a number of co-constituents. Since

the additive model is largely empirical, extrapolation should

be exercised with caution as any changes to glass structure in

extrapolated compositional ranges will likely cause the

model to break down.

D. Photodarkening

Many optical glasses are known to be photochromic;

that is, possess a transmission spectrum that (or whose

apparent color) can change significantly with optical irradia-

tion.458 This often results from color center (CC) formation

via some type of structural change (such as the formation of

defects) in the glass which may or may not be reversible.

With the goal of applying this to optical fiber, Papunashvili

et al.459 studied “the possibility of obtaining an optical fiber

with a photochromatic core…” As is now known, this indeed

is readily possible, and most often is referred to (as a pro-

cess) as “photodarkening.” This deleterious effect causes a

steady decline in fiber laser output power due to the forma-

tion of CCs possessing absorption tails extending into the

near IR.460 Limiting the discussion to silicates, early obser-

vations of this phenomenon were made in both thulium461,462

and terbium-doped463 glasses. Soon thereafter, a form of

(unassigned) unsaturable absorption was observed in Yb-

doped fibers,464 possessing similarity with the observed

excess optically induced loss spectrum noted in Millar

et al.461 Paschotta et al.464 showed that the magnitude of this

excess loss is a strong function of Yb2O3 concentration.

In the late 1990s and early 2000s, as Yb-doped fiber

laser power began to scale, photodarkening (PD) represented

a potential hurdle to commercial viability. It is therefore no

surprise that early work in trying to understand, and sup-

press, PD came through the commercial sector. Liekki Oy465

of Finland (now nLight) and their collaborators did extensive

characterization,465 including identification of a measure-

ment methodology,466 determination of the PD rate as a

function of inversion,467 studying the distribution of PD in

the context of mode spatial distribution in the core,468 and

investigations of thermal bleaching469 and the effect of

pumping wavelength.470 While much work was subsequently

done by these and other groups, a consensus on the causes of

PD is still lacking, although most of its effects are widely

recognized and well known.

A generalized apparatus used to characterize PD is

shown in Fig. 25.466,467 The fiber under test may be a small-

core single mode fiber, or an LMA fiber. In the case of the

former, single mode pumps and a wavelength-division multi-

plexer (WDM) can be used, while in the latter the fiber may

be cladding-pumped via fiber-combined MM pumps. A

water bath may serve as thermal control, as necessary,

FIG. 25. Measurement apparatus for the characterization of PD in a Yb-

doped fiber. Uniform inversion is required throughout the test fiber. For

LMA fibers, cladding pumping short segments of fiber through a combiner

may therefore be required. This is an accelerated PD procedure, as inversion

is not depleted through stimulated emission.
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depending on how much heat is deposited into the glass via

the quantum defect or other non-radiative processes.

Ultimately, with pump power present, the transmittance of

light in the visible (using either a white light source or per-

haps a single frequency laser such as a HeNe) is measured as

a function of any of time, pump power (inversion), and

pumping wavelength. Inversion should be as uniform as pos-

sible in the fiber to ensure that the PD rate is the same

throughout, and this typically requires the use of short

lengths of Yb-doped fiber. This way, inversion remains satu-

rated through the fiber length.467,471 In a real fiber amplifier

configuration, due to the requirement of near-complete pump

absorption for efficient operation, inversion cannot be

length-wise uniform. As such, since PD increases with the

increase in the inversion,467 PD-induced losses in a real sys-

tem will, therefore, not be axially uniform.472

Presumably, the PD process results in the formation of

CCs whose number density increases over time. Proportional

to this CC concentration, an absorption coefficient may also

be determined, or measured. It has been shown that the tem-

poral evolution of the photo-induced loss coefficient (m�1)

can be modeled by the widely used stretched exponential

function given by473

a tð Þ ¼ a1 1� exp � t=sð Þb
	 
h i

; (39)

where a1 is a steady-state (or saturated) attenuation (for t !
1), s is the rate constant, and b is the stretching parameter.

The value of b was found to vary from 0.4 to 0.7.474 The

assumption also is usually made that the starting attenuation

for the pristine sample a(t¼ 0)¼ 0. With regard to units, the

total loss expressed in decibels is linearly proportional to a

(m�1) and therefore, the stretched exponential function often

is fitted to logarithmic data.475–477 Figure 26 provides an

example plot of Eq. (39) (adapted from Jetschke et al.478).

Increasing inversion has the effect of accelerating the PD

process with a larger a1 also resulting. Jetschke et al. pro-

vide an expression for the inversion478 (pumped but not

lasing)

I ¼
ra

ra þ re

1

1þ Ps=Pp

; (40)

where the saturation power Ps ¼ Ah�p=ss ra þ reð Þ. Here,

ra,e are the absorption and emission cross sections at the

pumping wavelength, respectively. Further, Pp is the pump

power, A is the fiber cross section, h�p is the pump photon

energy, and ss is the upper state lifetime. Clearly since r !
r(k), Eq. (40) provides insight into the dependence of PD

with changing pump wavelength. Finally, PD is less signifi-

cant in continuous-wave (CW) than pulsed lasers due to rela-

tively lower steady state inversion in the former. In the

latter, inversion can be very high in the time between pulses.

The values of s measured as a function of inversion can

provide some insight into the process by which PD occurs.

Specifically, it was found that there is a power-law depen-

dence of the inverse of s on inversion, I.470,478 More specifi-

cally, this can be represented by s�1 / Iq, where I is the

fraction of Yb ions that are inverted. Plotting this on a log-

log graph results in a line with slope q. The significance of

this slope is that it suggests the number of Yb3þ ions that

may be cooperating in the PD process. While seemingly

impactful from the standpoint of understanding the origins of

PD, the value for q varies considerably in the literature, rang-

ing from 2.5 to just above 7.467,470,471,474,477–480 This makes

the task of identifying an activation energy quite daunting,

as it potentially ranges from around 3 to 9 eV, which can

encompass any number of known silica damage processes.

Jetschke et al.478 point out that some discrepancy between

groups could include uncertainties in fittings-to-data,

launched pump power, and realized versus modeled inver-

sion levels.

Regardless of the number of Yb3þ ions cooperating in

the PD process, it seems clear that there is a physical change

to the glass that is facilitated by the creation and subsequent

absorption of multiple photons. In Tm-doped silicates,

upconversion to higher-lying levels can be very efficient,

thereby enabling the emission of potentially damaging UV

light.462 Yb3þ, on the other hand, has only one excited state.

As such, Tm3þ impurities have been eyed as a possible inter-

mediary.481–483 In principle, cooperative energy transfer

from a group of Yb3þ atoms (and perhaps pump photons) to

a local Tm3þ ion in the glass may lead to UV photon genera-

tion.246 Jetschke et al.484 analyzed a series of Yb-doped

fibers, each roughly equimolar in Yb2O3, Al2O3, and P2O5

content but with varying Tm2O3 concentration. These con-

stituents were present in a molar proportion of roughly

10Al2O3:1Yb2O3:1P2O5, so largely aluminosilicates. They

concluded that the presence of Tm with a concentration of

greater than 10mol-ppm can accelerate and strengthen PD.

In contrast, for Tm impurity levels below 1mole-ppm, there

was no observed impact on what they dubbed the “intrinsic”

PD. This was recently corroborated by Li et al.485 where PD

was still observed in fibers with minimal trace levels of

Tm2O3 impurity. Jetschke et al.486 extended their work to

include fibers of 1Yb2O3:17P2O5 core composition (a low

PD composition, as will be discussed shortly) with varying

Tm2O3 concentration and obtained similar results. So, indeed

Tm appears to have a relatively strong impact on PD, but

only when present in sufficient quantity. It is interesting to

point out that Jetschke et al.484 found that the addition of

Er3þ actually reduced PD, but this was attributed to its
FIG. 26. Plot of the stretched exponential function for two different inver-

sion levels. Adapted from Jetschke et al.478
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reducing the Yb3þ inversion and absence of strong

upconversion.

The mechanism by which this “intrinsic” PD occurs is

still under debate. It is known that it results in the formation

of a broad absorption band with a tail that extends well into

the near IR. An example of such an induced spectrum is pro-

vided in Fig. 27.466 Excess absorptive (and non-radiative)

losses at both the pump and signal wavelengths, even at the

� dB/m level are clearly sufficient to result in considerable

degradation of fiber laser performance. Jasapara et al.487 sug-

gested that PD may be facilitated by a reduction of trivalent

Yb (Yb3þ) to divalent Yb (Yb2þ) through a process of elec-

tron capture. Along those lines, Engholm, et al., proposed

that Yb-doped fibers possess a charge-transfer (CT) band

near 230 nm.488,489 Excitation into this band would then

result in the formation of divalent Yb (the electron trap)

along with a hole bound to a local anion, preserving charge

neutrality. Engholm et al. therefore proposed the co-doping

of Ce into the glass, since it might offer a means to trap elec-

trons (Ce3þþ þ e� ! Ce3þ) or holes (Ce3þ þ hþ ! Ce3þþ)

before permanent color centers are formed.490 Indeed, they

showed that the cerium atom can exist in both the 3þ and

4þ valence states in a fiber produced under oxidizing condi-

tions. Others have confirmed the PD-suppressing qualities of

cerium,491–493 including observations of a self-photo-bleach-

ing process that saw a photo-darkened fiber recover some-

what after a period of time.494 The formation of divalent Yb

is supported by additional evidence provided by both

Rydberg et al.495 and Wang et al.,496 however, not all groups

have observed its presence. Notably, Jetschke et al.493 did

not observe Yb2þ spectroscopic signatures in Yb-doped alu-

minosilicates, but did confirm the capability of cerium co-

doping to suppress PD. They recommended a Ce/Yb ratio of

between 0.5 and 0.7 to be ideal, but has the drawback of

influencing (raising) the refractive index.

The REs have an electronic configuration of 4fN5s25p6

or 4fN-15s25p6 in their divalent or trivalent phases, respec-

tively. While the 4fN!4fN
0

transitions are normally those

relevant for fiber laser applications, 4fN!4fN-15d transitions

also are possible. The latter are not parity forbidden, and as

such can be many orders of magnitude stronger than the

former.82 As these transitions occur at energies in the range

of 50 000 to 100 000 cm�1,82 they usually are not observed in

Yb3þ-doped silicates. In the case of the Yb2þ, however,

these transitions are at lower energies, about 30 000 to

40 000 cm�1 82,88 and therefore absorption features can be

observed extending into the visible wavelength range.497

These spectroscopic features make the Yb2þ identifiable

from absorption (or even emission) spectra. Not unexpect-

edly, the excess absorption in the visible spectral range (see

Fig. 27) was therefore assigned by Guzman Ch�avez, et al., to

absorption by Yb2þ.498 Currently, however, there appears to

be some consensus that the excess loss instead results from

the formation of an aluminum oxygen hole center

(AlOHC),493,495,496,499–501 which possesses considerable

absorption/emission activity in the VIS wavelength range.

However, the precursor to the formation of the aforemen-

tioned hole center is still not yet fully agreed upon.

Another path to color center formation was suggested by

Yoo et al.,502 in which they proposed that Yb-ODCs are pos-

sible PD precursors. They showed the presence of a broad

absorption peak near 220 nm in a pristine preform slice, with

irradiation at 488 nm significantly enhancing absorption.

They postulated the existence of a Yb-Yb (or Yb-Al) oxygen

vacancy defect that may act in a way similar to the Ge-Ge

[ODC(I)] oxygen vacancy. In the case of the latter, cleavage

of the Ge-Ge bond is known to result in an E’ center (�Ge•)

and a free electron, thereby preserving charge neutral-

ity.503,504 Should the free electron become trapped [Ge(1)

and Ge(2) centers503], this leads to UV absorption bands that

potentially may extend into the IR.505

Carlson et al.506 postulated that ODC(II) may act as a

precursor through the observation of energy downconversion

from ODC(II)!Yb3þ. Upon extended exposure at 250 nm, a

relative drop in both SiODC(II) and Yb3þ luminescence

were observed. Further confirmation was later provided by

Liu et al.507 through measurements of absorption near 5 eV

as a function of Yb and Er number density, observing a lin-

ear relationship between the two. Interestingly, they found

that this loss in Er doped fiber grew at a much slower rate.

They postulated that ODC(II) may act as a precursor through

the interconversion of defects, namely, ODC(II)!E’,62 facil-

itated by upconversion from excited Yb3þ ions, and that the

fiber draw itself may influence the observed distribution of

defect phases. It is worth noting that Dragic et al.508 showed

that rare earth doped fibers seem also to possess a preponder-

ance of oxygen hole centers, which can be excited through a

two photon process starting in the infrared.509 This suggests

that the defect distribution in the glass can be rather com-

plex. In a very thorough study, Mattsson510 considered

ODC(II) as instead playing a role in PD through a complex

energy transfer process involving Tm3þ or Er3þ trace

impurities.

Regardless of the physical mechanism, great strides

have been made in suppressing PD. As described above,

cerium co-doping has proven to be very effective. Early on it

also was shown that the use of alumina477,511 can reduce the

strength of PD. Through an analysis of fibers with a range of

Al/Yb ratios, Jetschke et al.512 concluded that the absolute

quantity of alumina in the glass, rather than the Al/Yb ratio,

FIG. 27. Typical absorption center produced by the PD process. Reproduced

with permission from J. J. Koponen et al., Opt. Express 14, 11539 (2006).

Copyright 2006 OSA Publishing.
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drives PD, suggesting that Yb2O3 clusters are probably not

completely removed via alumina doping. Nevertheless, it

was soon found that the phosphosilicates possess much more

resistance to PD than aluminosilicates.480,513 Suzuki et al.514

demonstrated a highly Yb-doped P2O5 co-doped, low-PD

fiber which exhibited some loss recovery after the pump was

switched off. Jetschke et al.515 observed a similar recovery

behavior in earlier work.

Jetschke et al.516 showed that very low PD behavior can

be obtained for an Al-P co-doped fiber, and a low NA simul-

taneously achieved due to the formation of low-index

AlPO4. They suggested an Al-to-P ratio of 1 (molar) may be

optimal. An additional observation was made in that there

was a reduction in Yb-Yb cooperative luminescence in fibers

exhibiting reduced PD. This was corroborated by

Deschamps et al.517 who suggested that this results from the

complete dissolution of Yb3þ clusters518 by P2O5, thereby

suppressing PD. Additionally, Deschamps et al.501 showed

that since P and Al tend to form the AlPO4 join (discussed in

Sec. VC), P/Al ratios of greater than one can effectively pre-

vent the formation of AlOHCs (in a radiodarkened glass).

They also found that Al-O-P linkages were in the vicinity of

Yb3þ when P > Al and not vice versa. More recently, similar

conclusions were drawn in sol-gel derived glasses.496 An

extensive study of the various P-associated diamagnetic cen-

ters was recently carried out by Giacomazzi et al.519

Needless to say, there are considerable advantages to the co-

doping of alumina and P2O5, enabling low-NA and low-PD

fiber, both cooperating to make this material system very

popular in state-of-the-art Yb-doped silicate-based high

power fiber laser applications.520–523 Management of PD is

quite important, as it also has recently been found that it may

influence TMI in high power fiber lasers due to the heating

caused by the excess absorptive loss.524–526

The use of the Al-O-P-based glasses to suppress PD is

quite restricting from the perspective of compositional flexi-

bility. Zhao et al.527 recently showed that the addition of

Naþ can offer reduced PD in aluminosilicate glasses. They

suggested that the introduction of Na2O brings oxygen into

the network and helps to prevent the formation of ODC(I)

defects. Another team reported on the ability of group II ele-

ments to reduce PD when added to highly Yb-doped alumi-

nosilicate glasses fabricated using the zeolite method.528–530

They showed that calcium, in particular, enabled PD levels

rivaling those in commercially developed fibers. They

hypothesized that the Ca2þ acts as an ytterbium stabilizer,

preventing the formation of Yb2þ. Finally, Schuster et al.531

showed that the fluorination of Yb-doped aluminosilicate

glasses may also suppress PD relative to non-fluorinated

ones. From the perspective of utilizing materials that can

offer advantages such as reduction of Brillouin or Raman

scattering, all of these results are quite exciting.

To conclude the discussion on PD in Yb-doped fibers,

photo-bleaching also has been used as a method to “undo”

PD in a Yb-doped fiber. Manek-H€onninger et al. showed that

the exposure of photo-darkened fiber to 355 nm can return

the fiber to a nearly pristine state.532 Picolli et al.533 using

light at 550 nm and Gebavi et al.534 using light at 633 nm

showed that visible light has a similar effect. Jolly et al.535

also recently published a model describing the continuous

competition between photo-darkening and photo-bleaching

in a Yb-doped fiber as it undergoes the aging process, shed-

ding light on the kinetics of the process.

Finally, and coming full-circle, so to speak, a brief dis-

cussion of PD in high-power Tm-doped fiber lasers536 is pro-

vided. Brocklesby et al.537 studied the defects that can form

via illumination with blue light (476 nm). They provided evi-

dence that blue photons are sufficient to cause structural

changes to the glass network. Frith et al.538 provided evi-

dence that pumping at 790 nm gives rise to a loss similar to

that observed with blue irradiation. By optimization of the

composition of the core and Tm3þ content (> 4wt. %), the

lifetime of the 3H4 level can be reduced by enhancing

the cross relaxation process to the 3F4 level (�0.65 eV above

the 3H6 ground state, compared with �1.25 eV for the 2F5/2
!2F7/2 transition in Yb3þ), resulting in less population of

the 1G4 level. This reduces the relative abundance of blue

light originating from the 1G4!
3H6 transition. They showed

that long-lived lifetimes, exceeding 10 000 h, are feasible. As

a result, PD in high power Tm-doped fiber lasers pumped at

790 nm does not seem to pose a major obstacle at this

point.539 On the other hand, longer-wave pumping, near

1.07 lm, for access to wavelengths other than the 2lm band

may prove to be problematic.540,541

VI. CONCLUSION AND FUTURE PERSPECTIVES

The purpose of this review was to highlight the impor-

tance of materials engineering for high power fiber laser

applications. As strong and durable, refractory, and inexpen-

sive, the focus has mainly been on silicate glasses. However,

the narrow focus is not meant to rule out other glass families

from filling performance gaps currently found in these laser

types. The review began with a summary of fiber fabrication,

and afterward the rare earth ion was introduced. A discussion

of the impact of environment (i.e., “the host”) on the rare

earth was next provided. Finally, several deleterious, power-

limiting light-matter interactions were described and

reviewed. An emphasis was made on the availability of a

materials-based solution to each of these. Of course, this

approach requires tailoring the glass composition in order to

suppress any one or more of these unwanted phenomena.

Unfortunately, in many cases (e.g., low-gB or low-gR fibers),

the suppression of parasitic effects requires compositions

that are not attainable with current vapor deposition

technologies.

Given the discussion in Secs. II–V, several desirable

fiber characteristics can be identified justifying continued

efforts in glass optimization. For instance, utilizing a longer

fiber with lower rare earth concentration can help to reduce

the thermal load (per length) and alleviate some of those

associated problems. In addition, the use of fewer-moded

cores can further help to manage TMI and support a robust

single mode. The drawback, however, to the use of a smaller

Aeff (should this be a result of fiber design) and longer fiber

length is the consequent exacerbation of the problems associ-

ated with nonlinearities. While to date this has represented a

performance trade-off in fiber (cores) made mostly from
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silica, the use of less conventional materials, as an additional

design knob, can help tilt the scales towards significantly

improved fiber laser performance. It is an assertion of these

authors that the development of novel, high-performance

fibers will require the maturation of new ways to make them.

A. Approaches to novel compositions and fiber
material microstructures

Vapor deposition methods have been extremely success-

ful in enabling remarkably high volumes of ultra-low loss

optical fibers. Indeed, there would be no Internet or related

technologies as we know them, if not for vapor deposition-

derived optical fibers. As discussed in Sec. II, however, there

are limits to both the range of dopants and dopant concentra-

tions. Provided below is a brief discussion of less conven-

tional processing routes, still compatible with vapor

deposition methods that could be used in more specialized

occasions in order to achieve novel fiber compositions.

1. Sol-gel methods

The most common non-vapor approach to doping silica

preforms is through the use of solutions.542 Conventionally,

soluble salts, such as metal chlorides, are dissolved in water

and/or alcohol and infused into the porous silica soot prior to

sintering of the preform. A variation on solution doping is the

use of a sol-gel or, perhaps more broadly defined, metal-

organic solution doping. Advantages include the possibility

for more uniform doping and a wider range of materials and

gelation characteristics than are available with vapor-phase

doping or conventional dissolved salt solution doping.

Important contributions include those from Bell Labs and

Rutgers University and were focused on dopants such as

Al2O3, GeO2, P2O5, ZrO2, and TiO2
543 as well as Er- and Nd-

doped aluminosilicate fibers and fiber lasers.544,545

Though not employed much at present, significant

advancements in sol-gel chemistry, range of compositions, and

gelation condition have occurred over the past 25 years.

Accordingly, sol-gel or metal-organic solution doping of vapor-

deposited silica preforms may be useful for non-conventional

dopants and enhanced preform doping homogeneity.

2. Nanoparticle “doping”

The doped glasses from which commercial optical fibers

have historically been made are chemically homogeneous in

order to minimize attenuation due to scattering. However,

there is a growing body of literature on the use of heteroge-

neous systems. These fall into two general categories: (1)

nucleation or phase separation of nanocrystals and (2) solu-

tion doping with nanoparticles. This topic was introduced in

Sec. IV E.

Though not vapor-phase derived, the benefits of nano-

scale secondary phases in optical fibers were first studied in

detail in pioneering work by Corning. Specifically, glasses

were formed using melt-quenching techniques and subse-

quently heat-treated (subsequently termed “ceramming;” i.e.,

making into a ceramic) to nucleate small secondary crystal-

line phases inside the glass host. This secondary nanophase

often was a heavy metal fluoride into which lanthanide dop-

ants would partition yielding a low phonon energy environ-

ment from which efficient emissions could result that were

not possible in conventional oxide glasses. The seminal

examples of this were glass-ceramics, including ones formed

into fiber amplifiers and lasers, which contained rare earth or

transition metal doped PbF2, CdF2, and/or LaF3.
546–550

A growing body of literature now exists with respect to

vapor deposited, phase separated (glass ceramic) optical

fibers. Representative examples include nano-phase sepa-

rated yttria-alumino-silica (YAS) glass optical fibers doped

with bismuth551 or Yb2O3,
227 Yb- and Er-doped zirconia-sili-

cate optical fibers228,552 and multicomponent silicates553 and

titanates.554

A second approach to “nanoparticle” doping involves

the suspension of nanoparticles into a solution that subse-

quently is solution doped into the porous silica preform soot

per convention.542 In other words, the nanoparticles are

formed first and then doped into the glass rather than, in the

previously discussed case, the nanophases are formed from

an unstable glass. Though the nanoparticle’s composition,

and occasionally morphology,555 change with preform and

fiber processing, it is known that (rare earth) dopants remain

in an environment dominated by the nanoparticle. This per-

mits isolation of dopant species to control energy transfer556

and enhanced spectroscopic performance due to this locally

modified chemical environment.223,557 Recently, low loss

and efficient (� 80% slope efficiency) 2 lm fiber lasers have

been realized using this form of nanoparticle doping.232

B. Compositional comparison of fiber fabrication
processes

Next, three methods for making preforms and fibers are

compared: (1) vapor deposition, (2) powder sintering

(REPUSIL),558 and (3) molten core371 (which was intro-

duced in Sec. VB). This is because each process has its own

representative combination of time and temperature profiles

and each composition has kinetic and thermodynamic driv-

ing forces.

The vapor deposition fabrication of optical fiber pre-

forms has been described above and well-documented in the

literature (see Sec. II). In the most general case, the process

stages include core deposition, sintering, consolidation, and

collapse to a solid rod that is then drawn. While the earlier

stages are performed at temperatures below 2000 �C, the lat-

ter stages typically occur at temperatures of about 2400 �C.

The REPUSIL powder sintering process is a solution-

based approach to make doped powders that are then fash-

ioned into a cylindrical rod and, typically, clad in pure sil-

ica.560 This preform is then placed back on an MCVD lathe

for consolidation into the final solid rod. As such, the same

general temperature extremes (�2200 �C) are experienced

by the glass.558

The molten core method, originally developed for the

fabrication of fibers with high rare earth concentrations,561

has subsequently been extended to a much wider range of

glass371,372 (and References therein) and crystalline562

core optical fibers, including semiconductors.563,564 Since
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the highest temperature experienced by the preform is the

fiber draw temperature (
2000 �C), it is necessarily a

“lower temperature” process than vapor deposition meth-

ods which require a soot sintering and preform consolida-

tion/collapse stage. This enables a greater concentration of

volatile species to remain in the glass. Further, the direct

quenching of the core melt into a glassy solid, as the fiber

draws and cools quickly, yields a rapid (vertical) traversing

of the phase diagram and kinetically expands the composi-

tional ranges over which all-glass fibers can be formed (see

Table V).

One also can include more “specialized” dopants, such

as the alkali and alkaline earth oxides, as well as various

metal dioxides (e.g., TiO2, ZrO2, SnO2), sesquioxides (e.g.,

Ga2O3 and the lanthanide oxides, Ln2O3), and pentoxides

(e.g., Ta2O5, Sb2O5). Bismuth oxide also has grown in inter-

est as a compound for broadband telecomm amplifiers (at

low concentrations) and for nonlinear fiber devices (at high

concentrations). However, this will not be further discussed

here due to lingering uncertainty as to the valency state(s) of

the bismuth in various glass systems and how that influences

performance. Recent Refs. 565 and 566 are suggested to the

interested reader.
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