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GENERAL INTRODUCTION

I
NFRARED (IR) light, positioned beyond the red limit of the visible band in the electro-

magnetic spectrum, was first discovered by astronomer Sir Frederick William Herschel

in 1800 while studying the difference in temperature induced by the individual colors of

light [190]. He created a spectrum of different colours by directing sunlight through a

prism and then by using a thermometer he measured each color’s temperature, which

found to be increasing from violet to the red part of the spectrum. He further found that

beyond the red part of the spectrum surprisingly had the highest temperature of all, which

led to the discovery of IR radiation. According to the ISO 20473 scheme, IR spectrum

can be divided into three regions: near-infrared (0.78-3 µm), mid-infrared (3-50 µm), and

far-infrared (50-1000 µm).

1.1/ MOTIVATION

In this thesis we are mostly interested in the properties and applications of light in the

mid-IR spectral region, particularly, 2-20 µm mid-IR band, which is often referred as the

molecular “fingerprint region”. This region contains highly distinctive absorption features

from the fundamental vibrational resonances of molecules. For example, vibration fre-

quencies of different greenhouse gases, toxic chemicals and explosives lie in this fin-

gerprint region as shown in Fig. 1.1. When IR light is incident on such substances, the
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Figure 1.1: The absorption of various molecules in the mid-IR region, reproduced from

[173].

interaction between IR light and the vibration of molecules leads to the absorption of

some part of the light, which creates a unique fingerprint for that specific molecule and

thus allow us to identify them. This leads to numerous spectroscopic applications such
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as early cancer diagnostics [142, 158, 220], protein dynamics [46, 164], trace gas de-

tection [60, 174], atmosphere pollutant monitoring [148], and explosive detection [161].

Furthermore, the mid-IR spectral region contains the atmospheric transparent windows

(3–5 µm) and (8–12 µm) where both military and civilian thermal imaging can take place

[205].

Supercontinuum (SC) generation, which is one of the most spectacular and visually

perceptible nonlinear effects, is produced by a cascade of linear and nonlinear processes

in transparent nonlinear media such as specially designed optical fibers made from spe-

cial type of glasses, where a high intensity laser pulse undergoes extreme spectral broad-

ening while propagating through the fiber [128]. SC generation was first reported in bulk

glass by Alfano et al. in 1970 [8]. Since then SC generation has enormously attracted

a great deal of scientific and technological interest and it has been widely studied in var-

ious nonlinear media or materials such as solids, liquids, gases and different types of

waveguides [126, 204].

With the new technological advances, the development of novel laser sources, exten-

sive research on highly nonlinear materials and upgraded design and fabrication tech-

nique of optical fibers and waveguides are continuously leading to new studies on SC

generation extended to the yet unexplored parts of the electromagnetic spectrum. In

recent times, spatially coherent, single-mode output, deliverable through fiber system,

broadband, and high brightness SC sources with their multioctave wide spectral band-

width have shown very high potential to replace the traditional thermal sources like incan-

descent bulb and Globar (silicon carbide thermal emitter), which provide broadband IR

radiation. Another alternative to thermal sources providing broadband IR radiation is syn-

chrotron IR beamlines, however, its widespread use is limited due to its extremely large

size and high installation and operational cost. The brightness of SC sources are found

to be 5–6 orders of magnitude higher than Globars and 1–2 orders of magnitude higher

than synchrotron IR beamlines [242].

Fiber-based SC sources are the broadband light sources based on the princi-

ple of SC generation. For over a decade, SC sources are commercially available

for the visible and near-IR spectral range, where they have been used in numer-

ous applications like optical coherence tomography (OCT) [175, 218], various ad-

vanced microscopy techniques, such as stimulated emission depletion (STED) mi-

croscopy and multiphoton microscopy, interference reflection microscopy, and multispec-

tral photoacoustic microscopy [153, 182, 225, 256]. Currently, a significant amount

of research effort is focused on extending the spectral width of SC sources to-

ward the mid-IR in the 2–20 µm molecular fingerprint region, which offers numer-

ous practical applications of SC sources, such as material processing, gas mon-

itoring, absorption spectroscopy, biomedical imaging, chemical sensing, and OCT

[135, 207, 212, 213, 215, 217, 227, 236, 239, 242, 243, 246, 248, 251].

1.2/ STATE-OF-THE-ART FOR MID-INFRARED SUPERCONTINUUM

(SC) GENERATION

Development of mid-IR SC sources through mid-IR SC generation, which is the goal of

this thesis, suffers a significant challenge due to requirement of exotic glasses, complex

fabrication techniques, and new pump laser wavelengths. Various soft glasses based on

chalcogenide (As2S3, As2Se3,GeAsSe) [207, 236], tellurite (TeO2)[230], telluride (GeTe,
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GeAsTeSe) [195, 238], and ZBLAN (ZrF4–BaF2–LaF3–AlF3–NaF) [130, 235, 181] have

been used for drawing highly nonlinear infrared fibers. SC sources with their spectra

reaching up to 4 µm (in some cases up to 4.8 µm) have already become commer-

cially available by leading photonics companies like NKT Photonics, Le Verre Fluoré,

and Leukos [257, 258]. Norblis recently launched an SC source up to 10 µm with 50

mW of output power [259]. Although much progress in this field has been reported re-

cently, state-of-the-art mid-IR SC systems are still in their infancy and considerable effort

is required before mature broadband IR SC light sources beyond 10 µm with high output

power are made available for industrial applications.

We present a brief state-of-the-art for mid-IR SC generation, which can be classified

into two types: direct pumping and cascaded pumping. Direct pumping is based on

bulky and extremely expensive mid-IR pump sources such as, tunable optical parametric

oscillator (OPO) and optical parametric amplifier (OPA). On the other hand, cascaded

pumping uses less expensive near-IR fiber lasers and amplifiers, and in most of the cases

they do not require free-space propagation, thus making all-fiber SC system possible.

Among the direct pumping SC generation systems, Zhao et al. recently demonstrated

mid-IR SC generation spanning from 2 to 16 µm in a 14 cm long low-loss step-index tel-

luride (Ge–Te–AgI) fiber pumped in the normal dispersion regime at 7 µm by 150 fs pulses

emitted from an OPA system [238]. Cheng et al. reported SC generation in the range

2-15.1 µm in a 3 cm long step-index As2Se3 fiber. The fiber with a core diameter of 15 µm

was pumped at 9.8 µm with peak power of 2.89 MW delivered from a mid-IR pump source

comprising of a Ti:Sapphire mode-locked seed laser, a traveling-wave optical parametric

amplifier of superfluorescence (TOPAS), and a difference frequency generation (DFG)

unit [217]. Lemière et al. most recently demonstrated SC generation spanning from 2

to 14 µm in arsenic- and antimony-free chalcogenide glass fiber [251]. Here, a 40 mm

long 10 µm core step-index fiber, made from glass pair: Ge20Se60Te20/Ge20Se70Te10, was

pumped by 65 fs pulses in the mid-IR. The pulses were delivered from a non-collinear op-

tical parametric amplifier (NOPA) pumped by chirped pulse amplified (CPA) Ti:sapphire

system and the NOPA was then followed by a DFG module [251]. Ou et al. also re-

ported a mid-IR SC spectrum spanning from 1.8 to 14 µm in a 20 cm long and 23 µm

core diameter Ge15Sb25Se60/Ge15Sb20Se65 step-index fiber pumped by 150 fs pulses at

6 µm delivered by an OPA system [223]. C. R. Petersen et al. demonstrated the gener-

ation of a SC spectrum covering from 1.4 to 13.3 µm using ultra-high numerical aperture

chalcogenide step-index fiber [207]. They pumped a 16 µm core diameter fiber made

from As40Se60/Ge10As23.4Se66.6 (core/cladding) glass at 6.3 µm using a Ti:sapphire laser

pumped tunable OPA and a noncollinear difference frequency generation (NDFG) mod-

ule, which generated the above mentioned continuum with output power of 150 µW that

can be scaled up by increasing the repetition rate or the pulse duration [207]. Yu et al.

reported a widest spectrum in step-index chalcogenide fibers with low peak power of 3

kW [215]. By pumping an 11 cm long Ge12As24Se64/Ge10As24S66 fiber with 330 fs pulses

at 4.0 µm emitted from an OPA system, they obtained a SC spectrum spanning from 1.8

to 10 µm [215].

On the other hand, among the most advanced fiber-based SC systems, Martinez et al.

recently reported a mid-IR SC generation from 1.6 to 11 µm with an average output power

of 139 mW in a cascaded fiber system using concatenated step-index ZBLAN, As2S3, and

As2Se3 fibers, pumped at 1.553 µm by a master oscillator power amplifier (MOPA) sys-

tem and three thulium-doped fiber amplifier stages [241]. Hudson et al. demonstrated

a SC spectrum spanning from 1.8 to 9.5 µm with an average output power of around 30
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mW in a polymer coated As2Se3/As2S3 taper fiber pumped by 4.2 kW peak power pulses

emitted from a holmium based fiber laser at 2.9 µm [232]. Kubat et al. reported SC

generation spanning from 0.9 to 9 µm with an average output power of 15 mW above 6

µm in a ZBLAN-As2Se3 fiber cascade pumped by a thulium laser at 2 µm. The thulium

laser pumped ZBLAN step-index fiber generated a SC from 0.9 to 4.1 µm, which is then

injected into a 5 µm As2Se3 microstructured PCF that generated the long wavelength

edge [203]. C. R. Petersen et al. demonstrated mid-infrared cascaded SC generation

beyond 7 µm in a silica-fluoride-chalcogenide fiber cascade pumped by a 1.55 µm seed

laser and a thulium-doped fiber amplifier [224]. They pumped a commercially available

Ge10As22Se68-glass photonic crystal fiber with 135 mW of the pump continuum spanning

from 3.5–4.4 µm and obtained a SC spectrum up to 7.2 µm with a total output power

of 54.5 mW [224]. SC spectrum with record 565 mW of output power spanning from

1.9 to 4.8 µm at -20 db level was demonstrated by pumping a fiber cascade compris-

ing of step-index silica and As2S3 fibers with a multistage MOPA system by Gattass et

al. in 2012 [183]. In our European project, we also recently demonstrated mid-IR SC

generation from 2 to 10 µm in a cascaded silica-ZBLAN-As38Se62 fiber system directly

pumped with a commercially available 460-ps pulsed fiber laser at 1.55 µm without any

fiber amplifier stage [260]. This technique paves the way for low cost, practical, and ro-

bust broadband SC sources in the mid-IR without the requirement of mid-infrared pump

sources or Thulium-doped fiber amplifiers.

1.3/ STRUCTURE OF THE THESIS

The main focus of this thesis is the research of mid-IR SC generation in soft-glass mi-

crostructured PCFs for the development of mid-IR SC sources with high average output

power, capability of maintaining stable and linear polarization, and spectral bandwidth

extended beyond 6 µm for applications in optical sensing, absorption spectroscopy, and

optical coherence tomography. This thesis is organised as follows:

In Chapter 2, the basic theory of light propagation in an optical fiber which includes

both the linear and nonlinear effects leading to SC generation is presented. Linear effects

include the processes such as linear loss, chromatic dispersion, and polarization-mode

dispersion and the nonlinear effects include processes like optical Kerr effect, self-phase

modulation, cross-phase modulation, four-wave mixing, modulation instability, Raman

scattering, solitons, and dispersive waves, to name a few. Finally, the generalized nonlin-

ear Schrödinger equation governing all the linear and nonlinear processes in an optical

fiber that is useful for the numerical investigation of SC generation, is further presented.

Chapter 3 starts with an overview of soft-glass materials that offer mid-IR transmis-

sion and are appropriate for mid-IR SC generation. Then the stack-and-draw method for

fabrication of heavy metal-oxide glass based suspended-core PCFs, which was manu-

factured at the Institute of Electronics Material Technology (ITME) in Warsaw, is further

demonstrated here. The chapter continues with computation of group velocity dispersion

parameters, which are very important for the numerical analysis of SC generation. A brief

introduction of the experimental setup including the generation and measurements of SC

light is presented and followed by the analysis of obtained results. A detailed numeri-

cal analysis of SC generation based on the generalized nonlinear Schrödinger equation

and its comparison with experimental results are further provided here. The results was

published in journal paper (VII). The chapter ends with a conclusion of the overall work.
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In Chapter 4, a detailed fabrication process of high purity chalcogenide glass using

the standard melt-quenching method is presented in the beginning. The chapter then

continues with the fabrication of polarization-maintaining (PM) and non-PM PCFs and ta-

pers using casting method, as a part of author’s secondment in the University of Rennes

and the SelenOptics company. Transmission and attenuation characteristics of the drawn

PCFs and tapers are shown further in this chapter. Numerical computations of the group-

velocity dispersion and the birefringence properties of the fibers are then discussed to

show in particular how both the birefringence and the dispersion can be tailored to en-

hance SC generation by tapering the PCF down to a few µm core diameter. Then the

results of mid-IR SC generation with various fiber and pump configurations, obtained at

the DTU Fotonik as a part of author’s secondment, is presented. First the results of jour-

nal paper [IV] is presented, which at the time of publication represented the broadest

spectrum ever recorded in a polarization-maintaining PCF with direct pumping. Then the

results of both direct and cascaded pumped SC generation in a non-PM taper fiber is

presented where the cascaded pumped SC, at the time of publication, represented the

broadest SC recorded in a taper PCF generated in cascaded configuration and the re-

sult was published in journal paper (V). Finally, power damage threshold measurement of

chalcogenide photonic crystal fiber (delivered by the University of Rennes) is presented.

Chapter 5 deals with general conclusion, where the accomplished results are summa-

rized along with all the major issues and an outlook presents the possibilities to further

overcome the issues and enhance the efficiency of mid-IR SC sources in the future.





2

LIGHT PROPAGATION IN AN OPTICAL

FIBER

T
HIS chapter introduces the building block of nonlinear optics in connection to the su-

percontinuum (SC) generation in optical fibers. Like the electromagnetic wave in

radio frequency (RF) domain, optical waves can only interact with each other indirectly

through an optical medium. In the first section, we start with linear propagation of light

inside an optical fiber through the introduction of Maxwell’s equations and the wave equa-

tion. Optical pulses in fiber experience linear changes from linear loss, chromatic disper-

sion, and polarization-mode dispersion. Once the linear effects have been established,

the readers in the second section have been introduced to the nonlinear effects, which

are mostly relevant to SC generation. Furthermore, in an optical fiber, the linear and non-

linear optical phenomenon have combine effect on pulse propagation, which is modelled

using the generalized nonlinear Schrödinger equation.

2.1/ LINEAR PROPAGATION OF LIGHT IN OPTICAL FIBERS

2.1.1/ MAXWELL’S EQUATIONS AND THE WAVE EQUATION

Propagation of an electromagnetic field in an optical medium is described by one of the

most successful set of equations ever written in the history of physics: the Maxwell equa-

tions. In the absence of free charges (i.e., current ~J = 0 and charge density ρ = 0) in an

optical fiber, Maxwell’s equations can be expressed as (in SI units) [61]

∇ · ~D = ρ = 0, (2.1.1)

∇ · ~B = 0, (2.1.2)

∇ × ~E = −
∂~B

∂t
, (2.1.3)

∇ × ~H = ~J +
∂~D

∂t
, (2.1.4)

where ~D and ~B represent electric and magnetic flux densities, respectively and ~E and ~H

are the corresponding electric and magnetic field vectors. The rate of changes of electric

and magnetic flux densities in response to the electric and magnetic fields propagating

21
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inside a fiber are related by the following equations [61]

~D = ǫ0 ~E + ~P, (2.1.5)

~B = µ0
~H + ~M, (2.1.6)

where ǫ0 and µ0 are the vacuum permittivity and permeability, respectively and ~P and ~M

are the electric and magnetic polarizations, respectively. The effect of magnetic polar-

ization disappears ( ~M = 0) in an optical fiber, which is a nonmagnetic medium. From

Eqs. 2.1.1- 2.1.6, the wave equation, which describes the light propagation in an optical

fiber, can be derived as

∇ × ∇ × ~E = − 1

c2

∂2 ~E

∂t2
− µ0

∂2~P

∂t2
, (2.1.7)

where c = 1/
√
µ0ǫ0 is the speed of light in vacuum. Using the relations ∇ × ∇ × ~E =

∇(∇ · ~E) − ∇2 ~E = −∇2 ~E and ∇ · ~D = ∇ · ǫ0 ~E = 0, Eq. 2.1.7 can be rewritten in the following

form

∇2 ~E =
1

c2

∂2 ~E

∂t2
+ µ0

∂2~P

∂t2
. (2.1.8)

Induced electric polarization ~P is not linear with the strength of applied electric field and it

can be expressed by the general relation [28, 45, 143]

~P = ǫ0[χ(1) ~E + χ(2) ~E2
+ χ(3) ~E3

+ · · · + χ(n) ~En],

≡ ~P(1)
+ ~P(2)

+ ~P(3)
+ · · ·, (2.1.9)

where ~P(1), ~P(2), and ~P(3) are referred to as first-order polarization, second-order nonlin-

ear polarization, and third-order nonlinear polarization, respectively. χ(n) is a rank n + 1

material response tensor known as the susceptibility, which is defined by the material’s

composition and molecular structure. Usually, tensor χ is time-dependent, which will be

neglected in the further mathematical derivations. The first term of right-hand side of

Eq. 2.1.9 accounts for the linear response which dominates on P at low electromagnetic

field interacting with the material. The effect of linear susceptibility χ(1) includes through

the refractive index n and attenuation coefficient α, which will be discussed in the later

part of this section. For a strong field, we have to take account the higher-order suscepti-

bilities, which cause different nonlinear effects. The second-order susceptibility term χ(2),

which is responsible for nonlinear effects such as second-harmonic generation and sum

or difference-frequency generation [28], vanishes along with other even terms of suscep-

tibility for isotropic centro-symmetric materials, such as glasses. Thus, the third-order

susceptibility term χ(3) is the very first and most significant higher-order polarization term

for glass fiber, referred as third-order nonlinearity. χ(5), the next higher-order nonlinear

term being approximatively 10−24 times higher than χ(3) [143], is neglected in this thesis.

Therefore, the induced polarization ~P can be split into the linear contribution, ~PL from χ(1)

and nonlinear contribution, ~PNL from χ(3), such that

~P(~r, t) = ~PL(~r, t) + ~PNL(~r, t). (2.1.10)
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In the linear propagation regime, we can only focus on ~PL, which can be expressed in

terms of electric field as

~PL(~r, t) = ǫ0

∫ t

−∞
χ(1)(t − t′)~E(~r, t′)dt′. (2.1.11)

The Fourier transform of ~PL(~r, t) is ~̃PL(~r, ω) which is given by

~̃PL(~r, ω) = χ̃(1)(ω)Ẽ(~r, ω), (2.1.12)

where χ̃(1)(ω) is the Fourier transform of χ(1)(t) and Ẽ(~r, ω), which represents the Fourier

transform of ~E(~r, t), can be defined as

Ẽ(~r, ω) =

∫ ∞

−∞
~E(~r, t)exp(iωt)dt. (2.1.13)

Therefore, the wave equation (Eq. 2.1.8) can now be expressed in the frequency domain

as

∇2Ẽ(~r, ω) = −ǫ(ω)
ω2

c2
Ẽ(~r, ω), (2.1.14)

where ǫ(ω) is the frequency-dependent dielectric constant that can be defined for lossless

medium as

ǫ(ω) = 1 + χ̃(1)(ω) = n2(ω), (2.1.15)

where n(ω) is the refractive index, which often does not depend on the spatial coordi-

nates in core and cladding of a step-index fiber. Therefore, Eq. 2.1.14 takes the form of

Helmholtz equation [141] as

∇2Ẽ + n2(ω)
ω2

c2
Ẽ = 0. (2.1.16)

The solution to Eq. 2.1.16 will be discussed in the following sections.

2.1.2/ OPTICAL FIBERS AND PROPAGATION MODES

The development of optical fibers has been tremendously growing since the demonstra-

tion of low loss propagation in silica fibers in 1970 [9], and therefore, their possible appli-

cation for the telecommunication industry. The simplest type of optical fiber is step-index

fiber (SIF) in which a central glass core (circular) with refractive index ncore is surrounded

by a circular cladding whose refractive index nclad is lower than ncore as shown in Fig. 2.1.

a and b are the core and cladding radius, respectively. There is another type of fiber

known as gradient-index fiber in which ncore decreases gradually from the centre of the

core to its boundary [21, 24]. Based on the theory of ray optics, according to Snell’s law

of refraction, light in optical fiber is guided by the physical effect of total internal reflection

(TIR). At the air-fiber interface, we can have

n0sin(θin) = ncoresin(θt), (2.1.17)

where θin is the angle of incidence of a ray of light on the fiber face and θt is the refracted

angle in the core of the fiber, both being taken with respect to the normal and n0 is the
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refractive index of air, which is 1 in case of air, as shown in Fig. 2.1. TIR occurs up to

a maximum angle of incidence such that the core/cladding refraction is greater than a

certain limiting angle, called the critical angle, which is defined as

n

ncore

n
clad

ϴ
in

cϴ

n0

a

b
ϴ
t

ρ

Figure 2.1: Schematic of the geometric structure of an optical fiber. Refraction at the

air-glass interface and total internal reflection at the core-cladding interface are shown

by the ray diagram. The step-index refractive index profile showing the contrast between

the refractive index of core (ncore) and cladding (nclad) is presented as a function of radial

coordinate ρ. a and b are the core and cladding radius, respectively.

n0sin(θc) =
nclad

ncore
. (2.1.18)

From trigonometry, the acceptance angle of the fiber for which the above condition

is fulfilled is then given by the numerical aperture (NA), which can be expressed by

Pythagorean subtraction of core and cladding refractive indices as [141, 162]

sin(θin) =

√

ncore
2 − nclad

2 = NA. (2.1.19)

Another important parameter that characterizes an optical fiber is the relative refractive

index difference ∆ of ncore and nclad:

∆ =
ncore − nclad

ncore
. (2.1.20)

In the context of wave optics, we can have more accurate understanding of guiding

properties of a SIF by solving the wave equation ( 2.1.16), derived in Section 2.1.1. It is

done by adopting a scalar approach along with slowly varying envelope approximation,

where the quasi-monochromatic optical field is assumed to be linearly polarized with po-

larization unit vector x̂ along the fiber length and the rapidly varying part of electric field is

separated such that

~E(~r, t) =
1

2
x̂[E(~r, t)exp(−iω0t) + c.c.], (2.1.21)

where ~E(~r, t) is a slowly varying function of time (relative to optical period), ω0 is carrier

central frequency, and c.c. denotes the complex conjugate. It is more convenient to

work in the Fourier domain while obtaining wave equation for amplitude E(~r, t). Therefore,

Eq. 2.1.16 can be solved by using the method of separation of variables such that it gives

a solution of the form

Ẽ(~r, ω − ω0) = F(x, y)Ã(z, ω − ω0)exp(iβ0z), (2.1.22)
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where F(x, y) represents the transverse spatial distribution of electric field, Ã(z, ω) is a

slowly varying function of z, and β0 is the propagation constant of the wave. The spatial

modes in optical fiber are generally described by their effective area, which is defined as

[131]

Aeff =

(! ∞
−∞ |F(x, y)|2dxdy

)2

! ∞
−∞ |F(x, y)|4dxdy

. (2.1.23)

The effective mode area is evaluated using the modal distribution F(x, y) of the funda-

mental mode (can also be done for all other modes) and it depends on the structural

parameters of fiber such as the radius of the core and the core-cladding refractive index

difference. In case of highly nonlinear fiber on which this thesis is based on, the nonlinear

effects are enhanced by reducing the effective mode area. It is an important factor while

considering nonlinear effects on pulse propagation as described in Section 2.2. Since,

the SIF (see Fig. 2.1) has cylindrical symmetry, therefore, the modal distribution can be

expressed using cylindrical coordinate system as [131]

d2F

dρ2
+

1

ρ

dF

dρ
+

(

n2k2
0 − β

2 −
m2

ρ2

)

F = 0, (2.1.24)

where refractive index n = ncore for ρ ≤ a (within the core) and n = nclad for ρ ≥ a (within

the cladding). Eq. 2.1.24 is a well-known differential equation for the Bessel functions. In

the core region (ρ ≤ a), solutions to Eq. 2.1.24, by using the boundary condition that ~E

and ~H should be continuous at the core-cladding interface with increasing radial distance

(ρ), can be written as

F(ρ) = Jm(pρ), (2.1.25)

where Jm(x) is the Bessel function and p = (ncore
2k2

0
− β2)1/2. In the cladding region

(ρ ≥ a), the solution F(ρ), which is represented by the modified Bessel function km, decays

exponentially with increasing radial distance (ρ). Therefore,

F(ρ) = km(qρ), (2.1.26)

where q = (β2 − nclad
2k2

0
)1/2 gives the following important relation

p2
+ q2

= k2
0(ncore

2 − nclad
2). (2.1.27)

Using Eq. 2.1.27, the eigenvalue equation can be directly written as [24, 50]

[

J′m(pa)

pJm(pa)
+

k′m(qa)

qkm(qa)

] [

J′m(pa)

pJm(pa)
+

nclad
2

ncore
2

k′m(qa)

qkm(qa)

]

=

(

mβk0(ncore
2 − nclad

2)

ancore p2q2

)2

, (2.1.28)

where the notation prime represents the differentiation with respect to the argument. The

eigenvalue equation ( 2.1.28) has several solutions for β for each integer values of m.

Each eigenvalue βms, where s is an integer, describes a specific mode, which is guided

by the fiber that fulfils the condition, k0nclad < β < k0ncore. There are two types of fiber

modes: HEms and EHms. The number of modes that is supported by a specific fiber

generally depends on several parameters such as the radius of fiber core (a), numerical

aperture (NA), and the excitation wavelength. In this respect, an important parameter is

the normalized frequency or V-parameter, which can be used along with the eigenvalue
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equation ( 2.1.28) to determine the cut-off of different modes in the fiber. Therefore, V

can be expressed as [131]

V = pca = ak0(ncore
2 − nclad

2)1/2
=

2πa

λ
NA, (2.1.29)

where pc is obtained from Eq. 2.1.27 at q = 0. Since, in this thesis, we are mainly

interested in single-mode fiber, therefore, we only discuss about the cut-off condition

that allows only one mode to be guided in the fiber. A single mode fiber only supports

the fundamental mode HE11 for which the cut-off condition is V < Vc, where the cut-off

frequency Vc is found to be the smallest solution to the Bessel function, J0(Vc) = 0, which

occurs when Vc = 2.405 [131].

2.1.3/ PHOTONIC CRYSTAL FIBER

A particular fiber design that revolutionized the field of nonlinear fiber optics and super-

continuum generation is the photonic crystal fiber (PCF), also known as holey fiber. In the

1970s, Kaiser et al. suggested the possibility to modify the light guidance properties of

optical fibers by introducing a microstructure in its refractive index profile [14]. However,

fabrication of such fibers has become technologically well known since the work done

by Philip Russell’s group in 1996 [55]. PCF’s technology has matured extremely during

the last two decades. In particular, the control of the fiber drawing process with extreme

precision has enabled to produce a great variety of complex structures.

Photonic crystal fibers exhibit some unique features in comparison to the standard

optical fibers [55, 69, 72, 78, 80, 82, 108]. Cross-section of PCFs consists of glass

materials and hollow air channel along the longitudinal direction. Introduction of these

air-holes allows us to tailor the modal, dispersive and nonlinear properties of the fiber

more flexibly compared to standard fibers. For examples, it is possible to design end-

lessly single-mode PCFs with different core sizes, which guide light in a single transverse

mode from the near-ultraviolet to infrared wavelength range [57, 62, 72, 108, 118]. Me-

chanically robust PCFs with extremely small core diameter around 1 µm [72] are fea-

sible for enhancing nonlinear optical processes along the fiber [68, 108, 213]. On the

other hand, large core single mode PCFs can also be manufactured enabling the use-

ful features like reduced nonlinearities and the ability to sustain high peak power from

an amplifier system or high power lasers [62, 108, 79, 116, 109, 123]. It is possible

to design PCFs that exhibit very low dispersion values with a flat profile over a broad

wavelength range for application like optical parametric amplification and supercontin-

uum generation in the infrared [70, 99, 112, 115, 104]. Moreover, using proper arrange-

ment and size of the air holes, the waveguide dispersion of PCFs can also be tailored

to push the zero-dispersion wavelength close to the pumping wavelength for efficient su-

percontinuum generation in the infrared [163, 145, 168, 252], Furthermore, it is possible

to maintain the polarization of guided light along the fiber by introducing large amount of

birefringence in the core of the fiber [76, 81, 85, 88, 105, 114]. However, due to vari-

ous phenomena such as bending, micro-deformation, and glass-impurities, PCFs have

propagation losses which are an order of magnitude higher than the conventional all-solid

fibers [84, 89, 86, 92, 103, 102, 107, 110] and this point will be discussed in the next

section.

Depending on the nature of the core, PCFs can be classified in two categories: mi-

crostructured fibers (MFs) and photonic band-gap fibers (PBFs). Most of the widely used
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PBFs exhibit a hollow core at the centre of the structure and a periodic air-hole lattice

which forms the cladding [63, 66, 100, 139]. There are also soild core PBFs, which con-

sist a 1D or 2D periodic structure in the cladding and a solid core whose refractive index

is lower than that of cladding [155, 159]. Therefore, confinement of the light in such fibers

cannot be explained by the total internal reflection mechanism but it can be interpreted

as a consequence of the cladding periodicity. For example, light guidance in a hollow

core PBF occurs through genuine photonic band-gap i.e., the periodicity of the air-hole

lattice enables to trap the light in the core by a two-dimensional photonic band-gap. Only

light with a certain wavelength range can fulfill the guidance condition, therefore, it re-

sults in rather narrow transmission bandwidths for such hollow core fibers. Transmission

in these PBFs can be broadened by introducing a Kagomé lattice design in the cross-

section of the fiber [127, 138]. These Kagomé fibers are considered to be one type of

inhibited coupling fibers (ICFs) as the light guidance in such fibers occurs through a so-

called inhibited-coupling guidance, which is based on a strong phase mismatch of core

and the cladding modes preventing the leakage of the core modes into the inner cladding

[91, 133]. Another type of ICFs with a more simplified structure is the anti-resonant fiber

(ARF) whose cladding consists of only one ring of circular capillaries offering low loss

transmission in the mid-IR wavelength regime [167, 180, 194, 197, 211]. A recent study

has been demonstrated a mid-IR transmission up to 4.2 µm with an attenuation of 1.5

dB/m within 3.6-4 µm wavelength range and a bending loss of 0.5 dB/m at a bending ra-

dius of 40 mm at around 3.8 µm in a nested capillary anti-resonant nodeless fiber (NANF),

which is a variant of ARFs [250]. The Hollow-core PBFs have attracted much interest due

to their potential for lossless and distortion-free transmission, optical sensing, and other

novel applications in nonlinear optics [91, 106, 111, 113]. However, they are not that

much used in SC generation experiments, therefore, are beyond the scope of this thesis.

On the other hand, SC generation is mainly observed in solid-core MFs, which will be

discussed in details in this thesis in the following paragraphs.

n

ncore

nclad

d

Λ

Figure 2.2: Schematic of a solid-core index-guiding PCF with a cladding consisting of

triangular lattice of air-holes, which guides light through modified total internal reflection.

The diameter (d) of air-capillary and the pitch (Λ) are defined in the zoomed-in region of

the core in the left. The refractive index profile of the PCF, shown on the right, indicates

that the resulting effective refractive index of air hole-glass cladding is lower than the

core.
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Microstructured fibers possess a solid core in the centre of the structure made from

silica [65, 67, 96] or non-silica glasses [75, 95, 97]. The typical design of a solid core

microstructured photonic crystal fiber is based on a periodic, hexagonal lattice of air-

capillaries forming a cladding region (also referred as the photonic crystal cladding) with

one or more missing capillaries in the center forming the core, as shown in Fig. 2.2. The

air-capillaries are maintained down the longitudinal direction of the fiber to create a low-

index region, thus, the effective refractive index of the central core region of the PCF is

higher than that of the surrounding air-hole cladding region. These fibers, also known

as index-guiding PCFs, guide light through modified total internal reflection, conceptually

similar to the standard SIFs guiding [57, 100, 139]. However, unlike SIFs, the effective

refractive index of the photonic crystal cladding is highly wavelength dependent, and is

determined by the properties of the fundamental space filling mode (β f sm), i.e. cladding

mode [74, 90]. The modal properties of MFs can be analyzed using the corresponding

normalized frequency defined as [100]

VPCF = a

√

k2ncore
2 − β2

f sm
, (2.1.30)

where a and ncore are the radius and refractive index of MF’s core, respectively. In com-

parison to Eq. 2.1.29, the primary difference is that, in the high frequency limit, value of

VPCF converges towards a stationary value due to a vanishing core-cladding index con-

trast and therefore, depends only on the air-capillary diameter d and the distance between

two adjacent air-capillaries, also known as lattice pitch Λ [100]. The second-order cut-

off in MFs occurs at VPCF < 4.2, therefore, for a PCF with d/Λ < 0.45, VPCF converges

towards a value below the cut-off that makes the PCF endlessly single-moded [100]. In

MFs, dispersion can be altered significantly through the appropriate selection of d and Λ.

2.1.4/ LOSSES IN OPTICAL FIBER

In an optical fiber, there are several linear losses such as propagation loss and Fresnel

loss, which affect the transmission of light inside the fiber. If PL amount of power is

launched in the beginning of the fiber having a length L, then the transmitted power at the

output of the fiber will be given by

Pout = PLexp(−αL), (2.1.31)

where α (km−1 in linear unit) is known as the attenuation constant, which is the measure

of losses from all sources. The relationship between α in dB unit and linear unit (which

will be used in numerical simulation later in the thesis) is given by

αdB = −
10

L
log

(

Pout

PL

)

= 4.343α. (2.1.32)

The linear propagation loss inside the fiber usually originates from material absorption,

scattering at the interfaces between different materials of the fiber, and bending loss.

2.1.4.1/ BENDING LOSS

Light inside a fiber experiences two types of bending loss: macrobending and microbend-

ing. Macrobending loss associates with bending or wrapping of the fiber. In a bent fiber, in

order to maintain the wavefront, the outer side of guided mode needs to travel faster than

inner side, which becomes difficult in case of small bending radius of curvature, resulting
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leakage of some part of energy out of the fiber. The critical bending radius of curvature

(Rc), for which bending loss can be neglected, is given by [172].

RC =
3ncladλ

4π(NA)3
, (2.1.33)

where nclad is refractive index of cladding and NA is the numerical aperture of the fiber.

Macrobending loss becomes insignificant in case of highly nonlinear fiber (requires short

length), when the fiber is kept straight or the bending radius is large enough. On the other

hand, microbending loss arises from random axial distortions of the core-clad interface

generated from mechanical tensile forces during fiber drawing. This loss can be avoided

by using efficient drawing parameters. Therefore, in highly nonlinear microstructured fiber

like chalcogenide fiber or heavy metal-oxide fiber, contribution of material absorption loss

and interface scattering loss are dominant.

2.1.4.2/ SCATTERING LOSS

For microstructured photonic crystal fiber (as shown in Fig. 2.2) from soft glasses such

as heavy metal-oxide or chalcogenide glass, scattering loss originates from the scatter-

ing at interfaces between fiber material and air due to imperfect smoothness, which is the

cause for aging of the fiber and increase in loss during storage [206, 210]. Such problem

can be avoided by storing the fibers in dry atmosphere. Since, Rayleigh scattering is in-

versely proportional to fourth power of wavelength, therefore, attenuation due to Rayleigh

scattering can be reduced by operating at the longer wavelength. Mie scattering, which is

proportional to the square of wavelength, originates from the refractive index fluctuation

in the core and cladding of the fiber due to inhomogeneity, impurities and defects in the

glass. It can be removed by using highly purified glass for fiber drawing.

2.1.4.3/ MATERIAL ABSORPTION LOSS

Another source of linear propagation loss comes from the material absorption. There are

two types of absorption loss: intrinsic absorption and extrinsic absorption. Intrinsic ab-

sorption originates from the interaction between the guided light and the glass materials of

the fiber. Modifying the glass material is a good way to reduce these losses, which deter-

mine the fundamental minimum possible losses. On the other hand, extrinsic absorption

is caused by the interaction between the guided light and the impurities present in the

glass or atmosphere. Soft glass like chalcogenide glass-based optical fibers (composed

of S, Se or Te) support transmission in the mid-IR region. Figure 2.3 shows the trans-

mission spectra of microstuctured hexagonal suspended-core Ge10As22Se68, As38Se62,

As40S60, and Te20As30Se50 fibers [210]. All these fibers show good transmission from 2

µm up to the mid-IR region with several attenuation peaks due to impurities in the glass

and atmosphere.

Using standard stack-and-draw method (which will be discussed in Chapter 3), a

single-mode fiber shows a minimum optical loss (α) of 10 dB/m at 1.55 µm [156] and

a multi-mode fiber shows a minimum loss of 3 dB/m at the same wavelength [144]. At-

tenuation lower than 1 dB/m have been obtained by using moulding method, which will

be later discussed in Chapter 4 [170, 165]. The lowest attenuation of < 0.05 dB/m at 3.7

µm was observed in a As38Se62 glass-based six air holes suspended-core photonic crys-

tal fiber (SC-PCF), which offers multi-mode propagation [170]. This attenuation is close

to the record of 0.012 dB/m measured in a As2S3 glass-based classical step-index fiber
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Figure 2.3: Linear loss of chalcogenide glass based microstuctured optical fibers after

drawing. Figure reproduced from [210].

[160]. The best attenuation for a single-mode fiber at telecom wavelength is 0.35 dB/m

in a As40S60 glass-based SC-PCF [163] and 1 dB/m in a Ge10As22Se68 glass-based PCF

[189].

2.1.4.4/ COUPLING LOSS

When a light beam is launched into a fiber core, it experiences Fresnel reflection loss from

the input facet of the fiber and only a percentage of input power (Pin) is coupled to the

fiber. The coupled power (Pc) is then transmitted at the output of the fiber as output power

(Pout), after experiencing propagation loss (α) and another Fresnel reflection loss from

fiber’s output facet as shown in Fig. 2.4. Fresnel reflectance (RF) for normal incidence is

given by

RF =

∣
∣
∣
∣
∣

n1 − n2

n1 + n2

∣
∣
∣
∣
∣

2

, (2.1.34)

where n1 is the refractive index of air and n2 is the refractive index of the glass used

to draw the fiber. If the length (L) of the fiber, RF, and α are known, then the coupling

efficiency can be estimated from the measured Pin and Pout. We neglected any kind of

outcoupling losses to measure Pout. The coupled power is defined by

Pc =
Pout

(1 − RF)
10

αL
10 . (2.1.35)
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L

Figure 2.4: Schematic representation of coupling model to estimate coupling efficiency.

The factor (1−RF) takes into account the contribution of Fresnel reflection from the output

facet of the fiber. The percentage coupling efficiency is then defined by Eq. 2.1.36 as

C% =
Pc

Pin
× 100. (2.1.36)

2.1.5/ CHROMATIC DISPERSION

The response of a dielectric medium depends on the optical frequency ω when the bound

electrons of that medium interact with an incident electromagnetic wave leading to differ-

ent refractive index. Thus the phase velocity and group velocity will be also frequency de-

pendant. This frequency dependence property of refractive index of a medium is known

as chromatic dispersion. Medium’s refractive index can be described using the Lorentz

model [179, 247]. Far from the resonant frequency of the medium, one can calculate the

refractive index of a material using the Sellmeier equation with the following form [29]

n2(λ) = 1 +

k∑

j=1

A jλ
2

λ2 − B2
j

, (2.1.37)

where n is the refractive index at wavelength λ, B j is the material resonance wavelength

and A j is the strength of jth resonance. The Sellmeier formula is one of the most accurate

formula, when absorption is negligible, i.e., in the transparent region of the glass. It is

capable of fitting the refractive index data to similar accuracy level of measured such data

with currently available methods. It has been found that the necessary and sufficient value

for satisfactorily fitting of almost all the practical materials within their transparency region

is k = 3 [3, 5]. For soft glasses like heavy metal oxide (PbO-Bi2O3-Ga2O3-SiO2-CdO) or

chalcogenide (As2S3, As2Se3, GeAsSe), these parameters B j and A j had been reported

in the previous literatures [152, 191, 216, 236].

The effective refractive index (neff) of the modes guided in a step-index fiber can be

obtained by analysing the propagation mode using COMSOL software. Three types of

beam propagation method (BPM) do exists, which are based on the fast Fourier trans-

form (FFT)[17], finite difference method (FDM) [47] and finite element method (FEM)

[47, 59], respectively. In particular, FEM is an efficient tool for the most general i.e.,

arbitrarily-shaped, inhomogeneous, dissipative, anisotropic, and nonlinear optical waveg-

uide problem with advantage of renewing the finite element mesh at each propagation

step according to the optical power distribution [53]. The commercial COMSOL soft-

ware is based on finite element method. The basic equations that COMSOL uses are

described here.
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Figure 2.5: Propagation of electric and magnetic field (TEM modes).

In a 3D optical waveguide, the propagation of transverse electric and magnetic field

along the propagation direction z is shown in Fig. 2.5. For a monochromatic wave with

frequency ω and propagation constant β, the electric field (~E) and the magnetic field ( ~H)

are given by

~E(x, y, z, t) = ~E(x, y)e j(ωt−βz), (2.1.38) ~H(x, y, z, t) = ~H(x, y)e j(ωt−βz), (2.1.39)

where φ = ωt− βz is the phase of the wave. When the relative permeability of the medium

is constant, the Helmholtz’s equation for the electric field can be expressed as

∇2
⊥E + (k2 − β2)E = 0, or, ∇2

⊥E + k2
0(εr − neff

2)E = 0, (2.1.40)

and for the magnetic field, the equation can be summarized as

∇2
⊥H + (k2 − β2)H = 0, or, ∇2

⊥H + k2
0(εr − neff

2)H = 0, (2.1.41)

where ∇2
⊥ =

∂2

∂x2 +
∂2

∂y2 . The optical waveguide has uniform structure along z direction which

leads to ∂
∂z = − jβ. Furthermore, for the magnetic field, the eigenvalue of the equation can

be obtained by deriving the Helmholtz’s equation as

∇ × (n−2∇ × H) − k2
0H = 0, (2.1.42)

where ∇ represents the Laplace operator. Here Helmholtz’s equation is solved for the

eigen value λ = − jβ. The chromatic dispersion originates from both material dispersion

and waveguide dispersion and effective refractive index (neff) is used to represent their

combined effect. The effective refractive index of the modes in an optical waveguide

is expressed by the ratio between the propagation constant β and the wavenumber in

vacuum k0 as

neff =
β

k0

. (2.1.43)

Therefore, propagation constant β becomes

β =
2π

λ0

neff, (2.1.44)

where λ0 is the vacuum wavelength. The imaginary part of the effective refractive index

obtained from the FEM analysis gives the confinement loss in the optical fiber. It is defined
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as

αconfinement =
40π × Im[neff]

λ × ln(10)
. (2.1.45)

Normally, the effect of chromatic dispersion on light propagation in an optical fiber is

included by expanding the propagation constant β around some centre frequecy ω0 as

[131]

β(ω) = β0 + β1(ω − ω0) +
1

2
β2(ω − ω0)2

+
1

6
β3(ω − ω0)3

+ ..... +
1

m!
βm(ω − ω0)m, (2.1.46)

where

βm =

(

dmβ

dωm

)

ω=ω0

, (m = 0, 1, 2, 3, ....). (2.1.47)

The term β0 in Eq. 2.1.46 represents the propagation constant at center frequency ω0.

The relationship between the parameters β1 and β2 with effective refractive index neff(ω)

is given by

β1 =
1

vg

=
1

c

(

neff + ω
dneff

dω

)

, (2.1.48)

β2 =
1

c

(

2
dneff

dω
+ ω

d2neff

dω2

)

. (2.1.49)

The envelope of an optical pulse can be said to travel as a wave packet with group velocity

vg, which is the inverse of parameter β1. The parameter β2 is responsible for pulse broad-

ening in optical fiber and known as group-velocity dispersion (GVD) parameter, which is

often expressed through the dispersion parameter D, given by

D =
dβ1

dλ
= −

2πc

λ2
β2 = −

λ

c

d2neff

dλ2
. (2.1.50)

Figure 2.6 shows the variation of β2 with wavelength λ for microstructured PCFs drawn

from PBG81 glass (red curve), Ge10As22Se68 glass (black curve), and As38Se62 glass

(blue curve) using Eqs. 2.1.37 and 2.1.49. There are two types of dispersion depending

on the sign of the GVD parameter:normal and anomalous. When β2 > 0, the dispersion

is known as normal in which low-frequency (red-shifted) components of an optical pulse

travel faster than high-frequency (blue-shifted) components of the same pulse. The exact

opposite phenomena occurs in anomalous dispersion when β2 < 0. The wavelength at

which β2 = 0 is known as zero-dispersion wavelength (ZDW). However, at ZDW, effect

of dispersion does not disappear completely. Therefore, inclusion of the parameter β3 in

Eq. 2.1.46, which is known as the third-order dispersion (TOD) parameter, is necessary

for pulse propagation near ZDW and it is responsible for asymmetric pulse broadening

[131]. The third-order dispersion has an important impact on SC generation of introducing

a perturbation to the stability of solitary waves, known as solitons, which then break-up

and generate resonant radiation, known as dispersive waves (DW) [128].

It is evident from chromatic dispersion that due to group velocity mismatch, pulses

at different wavelength travel at different speed inside a fiber. This feature leads to a
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Figure 2.6: Variation of numerically computed group-velocity dispersion parameter β2

with wavelength. Red curve:suspended-core PCF from PBG81 glass with 4.3 µm core

diameter (described in Chapter 3), black curve:microstructured PCF from Ge10As22Se68

glass with 6 µm core diameter (described in Chapter 4), and blue curve:microstructured

PCF from As38Se62 glass with 8.11 µm core diameter (described in Chapter 4).

walk-off effect, which affects nonlinear interaction between two optical pulses in a way

such that when the faster moving pulse completely walk through the slower pulse, the

nonlinear interaction between them disappears. The propagation length after which the

pulse interaction becomes negligible is known as walk-off length LW , which is defined by

the following Eq. 2.1.51 for pulses with width T0 as [131]

LW =
T0

|β1(ω2) − β1(ω1)|
, (2.1.51)

where ω1 and ω2 are the center frequencies of two pulses and the parameter β1 at these

frequencies are calculated using Eq. 2.1.48. Another characteristic length scale from the

impact of dispersion that should be mentioned here is the dispersion length LD, which is

defined by the relation

LD =
T 2

0

|β2|
. (2.1.52)

It describes the length of a fiber over which dispersion causes a pulse with width T0 to

broaden by a factor of
√

2.

2.1.6/ POLARIZATION-MODE DISPERSION

A single-mode fiber, not being truly single mode, can support two orthogonally polarized

degenerate modes, which do not couple with each other when excited under ideal condi-

tions like perfect cylindrical symmetry and absence of fiber stress. However, in real fiber

with random variation of core shape along its length, two degenerate modes polarized in

orthogonal x and y directions mix with each other having different propagation constant β

due to the modal birefringence or phase birefringence B
phase

, whose strength is defined
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by [131]

B
phase

(λ) =
|βx(λ) − βy(λ)|

k0

=

∣
∣
∣
∣n

x

eff
(λ) − ny

eff
(λ)

∣
∣
∣
∣ , (2.1.53)

where nx

eff
(λ) and n

y

eff
(λ) are the effective refractive indices of x-polarized and y-polarized

states. The axis with larger and smaller mode effective refractive index are known as slow

axis and fast axis, respectively. The group birefringence can be expressed as [176]

Bgroup(λ) = B
phase

(λ) − λ
dB

phase
(λ)

dλ
. (2.1.54)

The difference between group and phase birefringence is often neglected except for el-

liptical core fiber where the difference is quite significant and hence, both birefringence

are measured to characterize the fiber [22, 34]. Two orthogonal modes exchange their

power in a periodic fashion while propagating inside a fiber with beat length LB, which is

given by [131]

LB =
2π

|βx(λ) − βy(λ)|
=

λ

B
phase

(λ)
. (2.1.55)

In a standard optical fiber, when an optical pulse is excited, random change in phase

birefringence broadens the pulse at the output as both orthogonal components of that

pulse having different group velocities travel with different speed along the fiber. This

phenomena is known as polarization-mode dispersion (PMD). For an optical fiber with

length L and a constant phase birefringence B
phase

, the amount of pulse broadening can

be obtained from the time delay between two orthogonally polarization components of the

optical pulse, also know as differential group delay (DGD), which is defined as

DGD = L|β1x − β1y| = L(∆β1), (2.1.56)

where ∆β1 is related to group-velocity mismatch. Eq. 2.1.56 can be used to estimate PMD

only for short length fibers and fibers which maintain the initial polarization of incident

light. For fibers which do not maintain polarization, DGD is proportional to
√

L for L >

0.1 km. PMD can be minimized using polarization-maintaining or polarization-preserving

fibers [19, 23, 44, 77, 81]. The polarization-maintaining fibers are discussed in details

in Chapter 4.

2.1.7/ DISPERSIVE PULSE PROPAGATION

In the solution to the Helmholtz equation expressed in Eq. 2.1.22 in Section 2.1.2, we as-

sumed the amplitude term Ã(z, ω) to be slowly varying function of z compared to the carrier

frequency. In the time domain, slowly varying approximation represents the condition in

which the carrier frequency is higher than the bandwidth of the optical field. Therefore,

∂2Ã/∂z2 can be neglected and it leads to [131]

2iβ0

∂Ã

∂z
+ (β2 − β2

0)Ã = 0. (2.1.57)
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Using the approximation β2 − β2
0
= 2β0(β − β0), Eq. 2.1.57 can be written as [131]

∂Ã

∂z
= i[β(ω) − β0]Ã. (2.1.58)

Now we return to the time domain by performing inverse Fourier transform of Eq. 2.1.58

in order to obtain the propagation equation for A(z, t). If we include the Taylor series

expansion term of propagation constant β (as shown in Eq. 2.1.46) up to second order,

which means β0 vanishes, and considering the losses (α) in fiber, Eq. 2.1.58 for linear

propagation therefore becomes

∂A

∂z
= −α

2
A − β1

∂A

∂t
− iβ2

2

∂2A

∂t2
. (2.1.59)

Eq. 2.1.59 can be used to demonstrate the effect of GVD on optical pulse propagating in

a linear dispersive medium. Therefore, in a retarded time frame moving with the pulse at

the group velocity (T = t − z/vg = t − β1z), Eq. 2.1.59 for lossless propagation becomes

∂A

∂z
= −

iβ2

2

∂2A

∂T 2
. (2.1.60)

Eq. 2.1.60 is solved in the frequency domain by using Fourier transform method. Fourier

transform (FT) of A(z,T ) is Ã(z, ω) such that

A(z,T ) =
1

2π

∫ ∞

−∞
Ã(z, ω)exp(−iωT )dω, (2.1.61)

which leads to ∂2A/∂T 2
= FT(−ω2Ã). Therefore, in frequency domain, Eq. 2.1.60 becomes

∂Ã

∂z
=

iβ2

2
ω2Ã, (2.1.62)

with the following solution,

Ã(z, ω) = exp
(
iβ2

2
ω2z

)

Ã(0, ω). (2.1.63)

From Eq.2.1.63, it can be seen that the effect of GVD is to impose a phase shift on

the spectral component of the pulse depending on both the frequency and propagation

length. Although this kind of phase change does not affect the spectral shape of the

pulse, however, it can modify the temporal shape of the pulse. Therefore, the general

solution for Eq. 2.1.60 becomes

A(z,T ) =
1

2π

∫ ∞

−∞
Ã(0, ω)exp

(
i

2
β2ω

2z − iωT

)

dω, (2.1.64)

where Ã(0, ω), which is the FT of the incident field (at z = 0), can be obtained as

Ã(0, ω) =

∫ ∞

−∞
A(0,T )exp(iωT )dT. (2.1.65)

Eq. 2.1.64 may be used for any input pulses of arbitrary shapes. However, in this thesis,

we have worked with only Gaussian pulses. For a Gaussian pulse, the incident field can
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be written as

A(0,T ) = exp



−
T 2

2T 2
0



 , (2.1.66)

where T0 is pulse’s half-width (1/e of maximum |A|2). It is related to full-width at half-

maximum (FWHM) by the following relation

∆T = T FWHM = 2(ln2)1/2T0 ≈ 1.665T0. (2.1.67)

If we use Eqs. 2.1.65 and 2.1.66 on Eq. 2.1.64 and perform integration over ω using the

following identity [136],

∫ ∞

−∞
exp(−ax2

+ bx)dx =

√

π

a
exp

(

b2

4a

)

, (2.1.68)

the amplitude A(z,T ) at a certain point z along the fiber length can be written as

A(z,T ) =
T0

(T 2
0
− iβ2z)1/2

exp



−
T 2

2(T 2
0
− iβ2z)



 . (2.1.69)

Eq. 2.1.70 shows that a propagating Gaussian pulse maintains its shape. However, the

width T1 of the Gaussian pulse broadens with z due to GVD as given by

T1(z) = T0[1 + (z/LD)2]1/2, (2.1.70)

where LD is the dispersion length described in Eq. 2.1.52. For a Gaussian pulse having
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Figure 2.7: (a) Calculated spectrum of a 1 ps Gaussian pulse before and after

propagating a distance z = 4 × LD, demonstrating the preservation of its spectral shape.

(b) Normalized intensity |A|2, showing the temporal pulse broadening and (c) frequency

chirp δω/δt as a function of time for z = 0, z = LD, z = 2 × LD, and z = 4 × LD.
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a pulse width T0 = 1 ps, pulse intensity |A|2 and spectrum was calculated at different

propagating length along z at zero and four times the dispersion length. The preservation

of spectral shape of the Gaussian pulse is shown in Fig. 2.7(a). Figure 2.7(b) shows the

extent of dispersion induced broadening of its temporal shape. The fiber imposes a linear

frequency chirp across the broadened pulse as shown in Fig. 2.7(c), which is calculated

using the following [131]

δω(T ) =
sgn(β2)(z/LD)

1 + (z/LD)2

T

T 2
0

. (2.1.71)

2.2/ NONLINEAR EFFECTS

This section provides a brief introduction into the basic nonlinear-optical phenomena in

optical medium. The area of nonlinear optics is related to the analysis of the interaction

between light and matter where the material’s response to the applied field in nonlin-

ear. Propagation of high-intensity light beam through an optical medium results in some

incredible physical phenomena, known as nonlinear optical effects. The typical proper-

ties of a nonlinear medium, such as absorption and refractive index, can be altered due

to the intense pump beam. The interaction of light with the nonlinear medium leads to

a complex coupling between the spectral and spatial components of light through the

optical medium. Optical fibers have been accepted as an ideal optical medium due to

their strong light confinement capabilities. These nonlinear effects have been exploited in

optical fibers for all-optical processing applications in telecommunication and fiber laser

industries. The nonlinear effects in optical fiber can occur in two ways. The first one is

due to instantaneous intensity dependence of the refractive index of the medium from the

distortion of electronic structure of the molecules of fiber material. The second one is due

to the inelastic-scattering phenomenon. They will be discussed in details in this section.

The bandwidth of supercontinuum generation is related to the nonlinear response of a

dielectric material to an applied electric field with high optical intensity, for example high

power laser pulses. Furthermore, a time varying polarization acts as the source of new

components of electromagnetic field. Nonlinear wave equation for an isotropic material

can be written as [143]

∇2 ~E −
ǫr

c2

∂2 ~E

∂t2
=

1

ǫ0c2

∂2 ~PNL

∂t2
, (2.2.1)

where ǫr is the dimensionless relative permittivity of the material. As it is discussed earlier

in Eq. 2.1.10 that the induced polarization (~P) is a combination of linear (~PL) and nonlinear

(~PNL) contribution from χ(1) and χ(3), respectively, therefore, ~PNL can be expressed in

terms of electric field as [131]

~PNL(~r, t) = ǫ0

$ t

−∞
χ(3)(t − t1, t − t2, t − t3)

... ~E(~r, t1)~E(~r, t2)~E(~r, t3)dt1dt2dt3. (2.2.2)

Eq. 2.2.2 provides a general description of third-order nonlinear effects in optical fibers.

Due to its complexity, it is necessary to assume the nonlinear response to be instanta-

neous and also only from electronic origin as the electron’s response to optical field is

faster than that of nuclei. Therefore, the third-order nonlinear polarization ~P(3), when the
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rapidly varying part of electric field is separated as in Eq. 2.1.21, becomes [131]

~P(3)
= ǫ0χ

(3) 1

8
[ ~E1exp(−iω1t) + ~E2exp(−iω2t) + ~E3exp(−iω3t) + c.c.]3, (2.2.3)

where ω1, ω2, and ω3 are the three frequency components of applied electric field. Ex-

pansion of Eq. 2.2.3 leads to a large number of combination terms, 44 different frequency

components to be exact if the negative and positive frequencies are considered to be

distinct. All of these 44 terms are not shown in this thesis explicitly as they are long, how-

ever, it is possible to find them in most of the general nonlinear optics books like ref [143].

These terms describe multiple nonlinear processes, including: the optical Kerr effect,

which is responsible for self-phase modulation (SPM) [18, 131], cross-phase modula-

tion (XPM) [131], four-wave mixing (FWM) [131], and third harmonic generation (THG)

[56] and the last two processes require phase-matching to be efficient [56, 131]. All

these processes are termed as elastic nonlinear processes, which correspond to photon-

photon interactions where total energy remains constant because of the absence of any

kind of energy exchange between the medium and the electric field. On the other hand,

inelastic nonlinear processes correspond to photon-phonon interactions in which a small

portion of optical energy is converted into phonon energy. Such effects include Raman

and Brillouin scattering [131]. Since, in the assumption of instantaneous nonlinear re-

sponse earlier, we neglected the contribution of molecular vibration to χ(3), therefore,

Eq. 2.2.3 does not include those inelastic processes like Raman or Brillouin scattering,

but will be introduced later in the chapter. All the above mentioned nonlinear processes

are described separately in the following sections except THG and Brillouin scattering,

which have negligible effects in short-pulsed SC generation in optical fibers due to phase

matching requirements and long electrostrictive response time [143], respectively.

2.2.1/ KERR EFFECT AND THE NONLINEAR SCHRÖDINGER EQUATION

Most of the nonlinear effects in optical fibers originate from nonlinear refraction, which

is also known as the optical Kerr effect. It is a phenomenon that refers to the intensity

dependance of refractive index, i.e., the change in refractive index caused by a high

optical intensity, I. In such conditions, the refractive index of an optical material can be

written as [131, 143]

n(ω, I) = nL(ω) + nI
2I = nL(ω) + n2

~|E|
2
, (2.2.4)

where nL is the linear part of the refractive index given by Eq. 2.1.37, I = (nǫ0c0
~|E|

2
)/2

is the optical intensity inside the fiber, and n2 represents the nonlinear index coefficient,

which is directly related to real (Re) part of χ(3). For a linearly polarized electric field and

assuming χ(3) contains only one component in its tensor, n2 and nI
2

can be calculated from

χ(3) using the following relations as [131]

nI
2 =

3

4n2
L
ǫ0c0

Re(χ(3)) and n2 =
3

8nL

Re(χ(3)). (2.2.5)

Nonlinear refraction can be included in Eq. 2.1.59 by considering the Kerr effect as a

small perturbation ∆n to the refractive index that is given by

∆n = n2
~|E|

2
+

iα̃

2k0

, (2.2.6)
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where α̃ is the intensity dependent absorption coefficient. If we neglect losses, then

second term on the right hand side of Eq. 2.2.6 disappears. According to the first-order

perturbation theory [2], ∆n does not affect the modal distribution F(x, y). However, it

modifies the propagation constant as [131]

β̃(ω) = β(ω) + ∆β(ω), (2.2.7)

where

∆β(ω) =
ω2n(ω)

c2β(ω)

! ∞
−∞ ∆n(ω)|F(x, y)|2dxdy

! ∞
−∞ |F(x, y)|2dxdy

. (2.2.8)

Due to the quasi-monochromatic assumption (∆ω ≪ ω0), Taylor expansion of ∆β can be

omitted and the perturbation reduces to ∆β ≈ ∆β0. Therefore, Eq. 2.1.59 becomes

∂A

∂z
+
α

2
A + β1

∂A

∂t
+

iβ2

2

∂2A

∂t2
= i∆β0A. (2.2.9)

Now using Eq. 2.2.6 and β(ω) ≈ n(ω)ω/c and assuming that F(x, y) in Eq. 2.2.8 does not

vary much over the bandwidth of the pulse, then the perturbation is further reduced to

∆β0(ω) = γ|A|2, (2.2.10)

where the nonlinear parameter γ can be defined by

γ =
nI

2
ω0

cAeff
. (2.2.11)

The parameter Aeff represents the effective mode area as defined in Eq. 2.1.23. There-

fore, for lossless propagation and using the transformation T = t − β1z, Eq. 2.2.9 can be

written as

∂A

∂z
+

iβ2

2

∂2A

∂T 2
= iγ|A|2A. (2.2.12)

The pulse propagation Eq. 2.2.12 is referred to as the nonlinear Schrödinger equation

(NLSE) as it resembles the Schrödinger equation with a nonlinear potential.

Another consequence of the Kerr effect is the intensity dependence of the group ve-

locity that leads to the phenomena of self-steepening and optical shock wave formation

[6, 12]. The intensity dependence of group velocity causes the peak of the pulse to slow

down more than the edges of the pulse, leading to steepening of the trailing edge of the

pulse. When the edge becomes infinitely steep, the intensity changes instantaneously,

and eventually it leads to form an optical shock wave and wave-breaking. However, opti-

cal shocks with an infinitely sharp trailing edge never occur in practice as group velocity

dispersion acts against the steepening, and therefore, it requires numerical simulations to

investigate further. Self-steepening also affects self-phase modulation induced spectral

broadening, which will be discussed in Section 2.2.2. Blue frequency components broad-

ens more than the red ones when self-steepening is combined with SPM. Self-steepening

also substantially reduces process like soliton self-frequency shift (will be discussed in

Section 2.2.6) due to the decrease of the nonlinearity as the center wavelength of the

soliton shifts towards the red. Self-steepening will be included into the NLSE in Section



2.2. NONLINEAR EFFECTS 41

2.2.7.

2.2.2/ SELF-PHASE MODULATION AND CROSS-PHASE MODULATION

Self-phase modulation (SPM) is a phenomenon that leads to spectral broadening of opti-

cal pulses. It refers to the self-induced nonlinear phase shift over the temporal envelope

that an optical pulse experiences from the nonlinear refractive index of the fiber through

which it propagates [7, 13, 16, 18]. The accumulated phase of a propagating pulse over

a fiber length L due to nonlinear refraction is given by [131]

φ =
2π

λ0

nL = (nL + nI
2I)

2π

λ0

L. (2.2.13)

Therefore, the intensity dependent nonlinear phase-shift induced by SPM becomes,

φNL =
2π

λ0

LnI
2I = γP0L, (2.2.14)

where P0 is the peak power of the pulse and γ is the nonlinear coefficient, defined in

Eq. 2.2.11. Due to its time-dependence, this nonlinear phase-shift translates into broad-

ening of the optical spectrum as the pulse propagates inside the fiber. However, the

temporal pulse shape remains unaffected by SPM. The effective propagation distance at

which the maximum phase-shift becomes equals to 1 is known as nonlinear length (LNL).

It is defined as

LNL =
1

γP0

. (2.2.15)

The spectral content of the transmitted pulse can be intuitively described by introducing

the concept of the instantaneous frequency ω(t), i.e., the frequency of the pulse at a

specific time instance of the pulse envelope. SPM leads to a shift in the instantaneous

frequency, which is described by [143]

ω(T ) = ω0 + δω(T ), (2.2.16)

where

δω(T ) = −
∂φNL

∂T
(2.2.17)

represents the variation of the instantaneous frequency. The minus sign is due to the

choice of the factor exp(−iω0t) in Eq. 2.1.21. At the leading edge of the pulse, intensity

and nonlinear phase increase which in turn decrease the instantaneous frequency and

vice versa for the trailing edge. The time dependence of the variation of instantaneous

frequency (δω) is referred to as frequency chirping. The nonlinear frequency chirp in-

duced by SPM continuously generates new frequency components, therefore, producing

a symmetric spectral broadening as the pulse propagates along the fiber [166]. The

SPM-induced chirp δω(T ) for a Gaussian pulse of the form P = P0exp(−T 2/T 2
0
) is given by

[131]

δω(T ) =
2T

T 2
0

Leff

LNL

exp



−
T 2

T 2
0



 , (2.2.18)
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Figure 2.8: (a) Illustration of SPM-induced spectral broadening of a 1 ps Gaussian pulse

with increasing propagation length from z = 0 to z = 8 × LNL in an optical fiber. (b)

Demonstration of the evolution of frequency chirp δω(T ) over the pulse envelope with

increasing propagation length from z = 0 to z = 8 × LNL. (c) Preservation of the temporal

shape of the pulse during propagation.

where Leff = [1−exp(−αL)]/α is the effective length, which becomes equals to fiber length

L in the absence of fiber losses. The chirp of SPM can also be comparable to positive

GVD, where shorter wavelength components of the spectrum are shifted towards the

trailing edge of the pulse. By solving Eq. 2.2.12 with β2 = 0, the SPM-induced spectral

broadening and frequency chirp of a 1 ps Gaussian pulse with propagation distance in an

optical fiber are illustrated in Figs. 2.8(a) & (b), respectively. The preservation of temporal

shape of the pulse is shown in Fig. 2.8(c). As discussed earlier, self-steepening leads

to an asymmetry in SPM-induced spectral broadening of ultrashort pulses [30, 31]. The

effect of self-steepening (s) is defined by [131]

s =
1

ω0T0

, (2.2.19)

where T0 and ω0 are initial pulse width and central frequency, respectively. The shock

time scale is defined as τshock = τ0 = 1/ω0. The distance at which the shock is formed

can be obtained as

zs =

(
e

2

)1/2 LNL

3s
. (2.2.20)
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As a result, for femtosecond pulses, a significant amount of self-steepening of the pulse

can occur in few-cm long nonlinear fiber. It is noted that, additional dispersion of the

nonlinearity arises from the frequency dependence of the effective area of the mode Aeff,

which is defined in Eq. 2.1.23 [48, 101, 117]. The frequency dependence of Aeff can be

included to first order through a simple correction to the value of shock time scale τshock.

Therefore, the corrected τshock becomes [42, 83, 122]

τshock = τ0 −
[

1

neff(ω)

dneff(ω)

dω

]

ω0

−
[

1

Aeff(ω)

dAeff(ω)

dω

]

ω0

. (2.2.21)

Eq. 2.2.21 is obtained by neglecting the frequency dependence of the nonlinear refractive

index n2 [122]. The term in Eq. 2.2.21 that is dependent on the frequency derivative

of neff can be neglected because the frequency dependence of neff is typically very

small compared to that of the effective area. Furthermore, in a single-mode fiber, it

seems clear that the effective mode area decreases with increasing frequency, which

means [dAeff(ω)/dω]ω0
< 0. Therefore, the effective mode area correction quantitatively

increases the τshock and it leads to a proportional increase in the dispersion of the

nonlinear response.

Cross-phase modulation (XPM) refers to the nonlinear phase-shift of an optical

pulse induced by another pulse with different wavelength that are overlapping in time.

Therefore, Eq. 2.2.3 can be written in a modified form for two co-propagating pulses with

carrier frequencies ω1 and ω2 as [131]

~P(3)
= ǫ0χ

(3) 1

8
[ ~E1exp(−iω1t) + ~E2exp(−iω2t) + c.c.]3. (2.2.22)

Expansion of Eq. 2.2.22 gives the following terms [131, 143],

~P(3)(ω1) =
ǫ0χ

(3)

8
(3 ~E1

~E∗1 + 6 ~E2
~E∗2) ~E1 = χ

(3)

e f f
(| ~E1|2 + 2| ~E2|2) ~E1, (2.2.23)

~P(3)(ω2) =
ǫ0χ

(3)

8
(3 ~E2

~E∗2 + 6 ~E1
~E∗1) ~E2 = χ

(3)

e f f
(| ~E2|2 + 2| ~E1|2) ~E2, (2.2.24)

~P(3)(3ω1) =
χ

(3)

e f f

3
~E1

3
, (2.2.25)

~P(3)(3ω2) =
χ

(3)

e f f

3
~E2

3
, (2.2.26)

~P(3)(2ω1 + ω2) = χ
(3)

e f f
~E1

2 ~E2,

~P(3)(2ω1 − ω2) = χ
(3)

e f f
~E1

2 ~E2

∗
,

(2.2.27)

~P(3)(2ω2 + ω1) = χ
(3)

e f f
~E1
~E2

2
,

~P(3)(2ω2 − ω1) = χ
(3)

e f f
~E1

∗ ~E2

2
,

(2.2.28)

where χ(3)

e f f
= (3ǫ0/8)χ(3) acts as an effective nonlinear parameter. Neglecting all the

four terms (Eqs. 2.2.25- 2.2.28) that generate polarization at frequencies other than ω1

and ω2 because of their strong phase-mismatch, only two terms (Eqs. 2.2.23- 2.2.24)
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with exclusively ω1 and ω2 are considered here. The two terms on the right hand side

of Eqs. 2.2.23- 2.2.24 are due to SPM and XPM, respectively. Therefore, the induced

nonlinear phase-shift of the two pulses can be expressed as [131]

φNL,ω1
= k0LnI

2(| ~E1|2 + 2| ~E2|2) = γL(P1 + 2P2),

φNL,ω2
= k0LnI

2(| ~E2|2 + 2| ~E1|2) = γL(P2 + 2P1),
(2.2.29)

where P1 and P2 are the peak powers of the two pulses at frequency ω1 and ω2, re-

spectively. From Eq. 2.2.29, the contribution of XPM to nonlinear phase-shift is seen

to be twice that of SPM. Furthermore, XPM is also responsible for asymmetric spectral

broadening of co-propagating pulses in optical fiber because of dispersion-induced pulse

walk-off.

Degenerate cross-phase modulation (DXPM) occurs between the two orthogonal po-

larization components associated with a single-frequency optical wave [58]. For an arbi-

trary polarized optical wave, the electric field can be expressed as

~E(~r, t) =
1

2
[x̂Ex + ŷEy]exp(−iω0t) + c.c., (2.2.30)

where Ex and Ey are the complex amplitudes of the polarization components of the field

and the longitudinal component Ez is neglected for being small compared to Ex and Ey.

Therefore, the induced polarization’s nonlinear part PNL may be written as [131]

PNL(~r, t) =
1

2
[x̂Px + ŷPy]exp(−iω0t) + c.c., (2.2.31)

where

Px =
3ǫ0χ

(3)

4

[(

|Ex|2 +
2

3
|Ey|2

)

Ex +
1

3
(E∗xEy)Ey

]

, (2.2.32)

Py =
3ǫ0χ

(3)

4

[(

|Ey|2 +
2

3
|Ex|2

)

Ey +
1

3
(E∗y Ex)Ex

]

, (2.2.33)

where the last term in Eqs. 2.2.32 and 2.2.33 leads to vector four-wave mixing process,

which is discussed in the next section. XPM will be further explained in Section 2.2.6

during the discussion of soliton dynamics.

2.2.3/ FOUR-WAVE MIXING

From the expansion of Eq. 2.2.22, the four neglected terms (Eqs. 2.2.25- 2.2.28), which

contain either third harmonics or combination of ω1 and ω2, represent four-wave mixing

(FWM). FWM is a third-order nonlinear parametric recombination process, where two or

more pump photons at one or more frequencies are annihilated to create photons at new

frequencies through the third-order susceptibility χ(3) while conserving the net momentum

and energy during the parametric interaction [15, 27, 56, 131]. In addition, the nonlinear

change on the refractive index of the material would also impact the momentum of the

system. Here, momentum and energy of photons can be treated as propagation con-

stant and angular frequency, respectively. Therefore, this process requires matching of

both frequency and wave vector between four interacting waves. The latter requirement

is known as phase matching. Significant FWM occurs only if phase-mismatch nearly

vanishes. There are two types of phase matched FWM. In the first one, three photons
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at frequencies ω1, ω2, and ω3 transfer their energy to a single photon at the frequency

ω4 = ω1 + ω2 + ω3. This term is responsible for THG (ω1 = ω2 = ω3) or frequency conver-

sion (ω1 = ω2 , ω3). However, due to dispersion walk-off in this process, it is difficult to

satisfy the phase matching with ∆β = βω1
+ βω2

+ βω3
− βω4

= 0. In the second case, two

photons at frequencies ω1 and ω2 are annihilated and simultaneously two new photons

at frequencies ω3 and ω4 are generated such that ω3 +ω4 = ω1 +ω2. It is easier to satisfy

the phase matching in this process since the requirement is ∆β = βω3
+ βω4

− βω1
− βω2

= 0

[131].

Figure 2.9 demonstrates the degenerate four-wave mixing (DFWM) case of ω1 = ω2,

which is the most relevant to SC generation. This process is also very interesting as FWM

here can be initiated with a strong single pump beam at frequency ωp that creates two

sidebands located symmetrically at frequencies ωs (signal) and ωi (idler) with a frequency

shift Ωs, given by [131]

Ωs = ωp − ωs = ωi − ωp. (2.2.34)

The low and high frequency sidebands at ωs and ωi are referred to as the Stokes and

ω
ωs ωp ωi

Figure 2.9: Illustration of DFWM where two pump photons at frequency ωp are

annihilated and two photons are simultaneously generated at signal (ωs) and idler (ωi)

frequencies. The dashed curves illustrate the formation of lobes by the gain versus

signal wavelength due to the non-zero peak gain at ∆β , 0.

anti-Stokes bands, respectively. The requirement for phase matching condition in this

case is ∆β = βωs
+ βωi

− 2βωp
[93]. The DFWM can also be used for optical parametric

amplification where parametric gain (g) is provided to the weak signal at ωs through the

pumping at ωp. The parametric gain g is defined as

g =

√

(γPp)2 − (κ/2)2, (2.2.35)

where Pp is the pump power and κ = ∆β + 2γPp represents the effective phase mismatch.

The maximum gain of the optical parametric amplification that occurs at κ = 0, is therefore

given by [131]

gmax = γPp =
2πnI

2
Pp

λpAeff
, (2.2.36)

where λp is the pump wavelength.

From an electromagnetic point of view, we may consider the interaction of three sta-

tionary copolarized waves which are signal, idler and pump at frequencies ωs, ωi, and ωp,
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characterized by the slowly varying electric fields with complex amplitudes As(z), Ai(z),

and Ap(z), respectively. Assuming single transverse mode and including the losses, we

can derive three coupled equations for the complex field amplitudes of the three waves

as [15, 49, 93]

dAp

dz
= iγ

[(

|Ap|2 + 2(|As|2 + |Ai|2)
)

Ap + 2AsAiA
∗
pexp(i∆βz)

]

− α
2

Ap, (2.2.37)

dAs

dz
= iγ

[(

|As|2 + 2(|Ai|2 + |Ap|2)
)

As + A∗i A2
pexp(i∆βz)

]

− α
2

As, (2.2.38)

dAi

dz
= iγ

[(

|Ai|2 + 2(|As|2 + |Ap|2)
)

Ai + A∗sA2
pexp(i∆βz)

]

−
α

2
Ai, (2.2.39)

where ∗ denotes complex conjugate, z is the propagation length of the fiber, and α repre-

sents the attenuation coefficient. The first two terms on the right-hand side of Eqs. 2.2.37-

2.2.39 describe SPM and XPM, respectively. The third term is responsible for the en-

ergy transfer between the three interacting waves that strongly depends on the phase-

mismatch ∆β. If we expand β(ω) in a Taylor series to the third order (neglecting fourth

and higher order terms) around the zero-dispersion frequency ωZDW , then ∆β can be

expressed as [93]

∆β = β3(ωp − ωZDW)(ωp − ωs)
2. (2.2.40)

When the pump wavelength is in the normal dispersion regime (∆β > 0), accumulated

phase-mismatch will increase with the signal wavelength, thus decreasing the resulting

efficiency of the process. Phase matching is possible to achieve even in normal disper-

sion regime in multimode or highly birefringent fibers due to the substantially different

waveguide dispersion of different modes. On the other hand, when the pump wavelength

is positioned in the anomalous dispersion regime (∆β < 0), the nonlinear phase-mismatch

2γPp can be compensated with linear phase-mismatch ∆β. Therefore, the gain versus

signal will form two lobes on each side of fixed pump with peak gain at ∆β = 2γPp. This

parametric process establishes a balance between GVD and the Kerr effect and it is iden-

tical to the phenomenon known as modulation instability [131], which will be discussed in

the next section.

2.2.4/ MODULATION INSTABILITY

In optical fibers, modulation instability (MI) describes a process, where a CW or quasi-

CW signal is unstable against perturbations of background noise, which then breaks up

into a train of ultrashort pulses [25, 26, 35]. MI is therefore the exponential growth of a

perturbation to the waveform, which can arise from e.g. pump noise or quantum noise. MI

usually occurs in the anomalous dispersion region, where the leading and trailing edge of

a pulse undergoes a frequency-upshift and frequency-downshift, respectively due to GVD

[35], which is exactly the opposite to SPM. MI can generally be described as a degenerate

FWM process phase matched by SPM that leads to a temporal modulation of the pulse

which results two symmetric broad side lobes on each side of the pump. If the NLSE

(Eq. 2.2.12) is solved for the steady state assuming A(z,T ) remains time independent

during the propagation inside the fiber and furthermore, adding a perturbation to the

steady state leads to the perturbation of the wavenumber (k) and frequency (Ω), which
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satisfy the following dispersion relation as [131]

k = ±1

2
|β2Ω|[Ω2

+ sgn(β2)4γP0/|β2|]1/2, (2.2.41)

where sgn(β2) = ±1 depending on the sign of β2. In the normal GVD region (β2 > 0),

steady state is stable against small perturbations as wavenumber k is real all Ω. How-

ever, in some cases, MI is possible to observe in normal GVD region, which is although

outside the scope of this work. In the anomalous GVD region (β2 < 0), the wavenumber k

becomes imaginary, which leads to an exponential growth of the perturbation wave with

z, similar to what was found in the analysis of SPM-phase-matched FWM. The gain spec-

trum of MI can be obtained by setting sgn(β2) = −1 and g(Ω) = 2Im(k) in Eq. 2.2.41. The

peak position (Ωmax) of the gain sidebands and maximum gain (gmax) are given by [131]

Ωmax = ±
(

2γP0

|β2|

)1/2

, gmax = 2γP0. (2.2.42)

Peak gain does not depend on β2, rather shows a linear increase with incident power.

Fiber losses decrease the MI gain along the fiber length as they reduce incident power

[25]. When the power of MI sidebands grows, they can further develop more sidebands,

thus can create a cascade of MI peaks, which ultimately results to the total break-up of

the pulse into a train of short sub-pulses. These sub-pulses are stable solutions known

as solitons or solitary waves, which balance the effect of GVD and SPM for certain pulse

energies and temporal pulse shapes of these sub-pulses throughout propagation inside

the fiber. This concept will be further discussed in details in Section 2.2.6.

2.2.5/ RAMAN SCATTERING

Raman Scattering (RS) is an inelastic scattering, which comes from the photon-phonon

interaction in an optical medium where the incident photons are scattered from the vi-

brational modes of the material molecules [1, 131]. Simply stated, it is a non-resonant

process in which the material absorbs a photon and thereby creates an excitation to a vir-

tual upper energy level and can occur irrespective of optical pump frequency. Figure. 2.10

illustrates the energy level diagram describing the basic principle of two possible spon-

taneous Raman scattering processes [131, 143]. In the Stokes process, pump photon

(ωp) excites the vibrational quanta in the medium, i.e., phonon. During the relaxation, a

new phase matched photon (ωS ) is generated with an energy that is decreased by the

energy of the phonon and whose spectrum is therefore red-shifted, i.e., the Stokes fre-

quency shift. On the other hand, the anti-Stokes process involves scattering from the

already excited vibrational state (VibS ) and results a phase matched photon (ωAS ) with

increased energy having blue-shifted spectrum, i.e., anti-Stokes frequency shift. The

probability of the first one is much higher because the materials in thermal equilibrium

have a higher population in ground state compared to excited state by the Boltzmann fac-

tor exp(~Ω/kBT ) [143]. Another reason for Stokes line to be stronger is the relaxed phase

matching requirements between phonon and photon that results in an overall asymmetric

gain profile. Raman scattering is spontaneous in the absence of any photon at the Stokes

frequency. RS is further known as stimulated Raman scattering (SRS) when the process

is stimulated by a seed through build-up from spontaneous Raman, which leads to the

amplification of the seed [131]. The gain spectrum of SRS, being independent of the

pump wavelength, offers a flexible possibility for power amplification at any wavelengths.

SRS can be used to provide distributed amplification to a signal propagating in an optical
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Figure 2.10: Illustration of spontaneous Raman scattering describing the principle of

Stokes and anti-Stokes frequency shift. gs, Vibs, and Virs represent ground energy state,

vibrational energy state, and virtual energy state, respectively. ωp, ωS , and ωAS are the

frequencies of pump, Stokes and anti-Stokes photons, respectively.

fiber along with a Stokes shifted high power continuous wave Raman pump. Following

the similar argument, it seems apparent that Raman gain can amplify the low frequency

components of a sufficiently broadband pulse by transferring energy from the high fre-

quency components of that pulse. This effect is known as intrapulse Raman scattering

(IPRS) [131]. IPRS is an important effect in SC generation that leads to red-shifting of

sub-picosecond pulses, which will be further discussed in Section 2.2.6.

SRS contributes to the third-order nonlinear polarization through delayed Raman (vi-

brational) response. If we introduce the delayed response into the general form of time

dependent nonlinear polarization given in Eq. 2.2.12, then the scalar form of nonlinear

induced polarization becomes [131]

~PNL(~r, t) =
3ǫ0

4
χ(3)E(~r, t)

∫ t

−∞
R(t − t′)~E2(~r, t′)dt′, (2.2.43)

where R(t) is the nonlinear response function, which includes both the instantaneous

electronic (Kerr) response that normally modelled as a Delta function δ(t) and a delayed

Raman response hR(t), is given by

R(t) = (1 − fR)δ(t) + fRhR(t), (2.2.44)

where fR is the fractional contribution of the delayed Raman response to nonlinear polar-

ization PNL. hR(t) can be determined from the Raman gain spectrum, which is related to

the imaginary part of Fourier transform of hR(t) [43]. In silica, delayed Raman response

can be approximated by an exponentially-decayed sinusoidal function as [131]

hR(t) =
τ2

1
+ τ2

2

τ2
1
τ2

2

exp(−t/τ2)sin(t/τ1), (2.2.45)

where τ1 and τ2 are the relaxation parameters taken to be 12.2 fs and 32 fs for fused silica,

respectively, which were chosen to provide a good fit to the actual Raman gain spectrum

of standard single-mode silica fibers [42]. Raman gain spectrum and delayed Raman

response of soft-glass fibers including heavy metal-oxide and chalcogenide glasses are

discussed in details in Section 3.6.2 in Chapter 3 and in Section 4.6.2 in Chapter 4,

respectively. SRS is included in the NLSE in Section 2.2.7.
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2.2.6/ SOLITONS AND DISPERSIVE WAVES

As discussed earlier in Section 2.2.4, solitons can be generated only when the effects of

Kerr nonlinearity (SPM) and GVD can exactly cancel each other [11, 39, 51]. The chirp

arising from GVD and SPM from Fig. 2.7(c) and Fig. 2.8(b), respectively, can cancel each

other’s effect when the right values of β2 and P0 are maintained such that LD = LNL. The

soliton order N, which governs the relative importance of the SPM and GVD effects on

pulse evolution inside an optical fiber, can be introduced here as [131]

N =

√

LD

LNL

=

√

γP0T 2
0

|β2|
. (2.2.46)

The case N = 1 corresponds to a fundamental soliton, i.e., a state in which the effects of

SPM and GVD are in balance and allow for the pulse to maintain its shape as it propa-

gates inside an optical fiber. When N ≪ 1, no soliton formation occurs as the nonlinearity

from γP0 is too weak and the pulse broadening is dominated by dispersion alone. In the

case of 2 > N > 1, the pulse will adjust itself its shape during the propagation in anoma-

lous dispersion regime in order to achieve the above mentioned balance and irrespective

of the initial shape, it eventually evolves into a secant-hyperbolic (sech) pulse. As a re-

sult, if the processes such as loss, Raman, and TOD are neglected, then the soliton is

relatively stable against small perturbations and therefore, it will maintain its temporal and

spectral shape throughout the propagation. The cases N ≥ 2 corresponds to higher-order

solitons that do not maintain their shapes. Here SPM and GVD can interact in such a way

that the higher-order solitons follow a periodic evolution during propagation with their

shape recovering at multiples of the soliton period (z0), which is defined as z0 = πLD/2

[131]. Higher-order soliton actually consists of N fundamental solitons that propagate to-

gether due to the degeneracy of their group-velocities [38]. The relative peak power (Pk)

and the temporal width (Tk) of these fundamental solitons are given by [38, 52, 131]

Pk =
(2N − 2k + 12)

N2
P0, (2.2.47)

Tk =
T0

2N − 2k + 1
, (2.2.48)

where k is an integer from 1 to N. Therefore, the solitons, which are ejected first, have

higher amplitudes, shorter durations, and propagate with faster group velocities, and the

following solitons will be weaker and longer. Higher-order solitons periodically change

their temporal shape and spectrum while propagating along the fiber due to interference

between the fundamental solitons. Only the degeneracy of the group-velocities binds

these fundamental solitons of a higher-order soliton together. However, if we assume that

the N-order soliton behaves as a superposition of N fundamental solitons, then pertur-

bation of the soliton steady-state though the effects such as third-order dispersion and

intrapulse Raman effect will force the solitons to travel with different group velocity. As a

result, N-order soliton is split up into N fundamental solitons. This non-instantaneous pro-

cess is known as soliton decay or soliton fission [37, 38, 94]. For input pulses of duration

exceeding 200 fs with sufficiently low bandwidth (which is the case of this thesis work),

soliton fission is generally dominated by the Raman perturbation. On the other hand,

dispersive perturbation dominates soliton fission process for the input pulses of duration
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less than 20 fs. Soliton fission develops over fission length Lfiss, which is given by [128]

Lfiss =
LD

N
. (2.2.49)

From Eq. 2.2.48, it seems apparent that solitons with very short duration may be gen-

erated. For a soliton whose temporal width is 1 ps or shorter, the bandwidth of its optical

spectrum is broad enough and consequently, the spectrum overlaps with the Raman gain.

In that case, stimulated Raman scattering continuously transfers energy from the high fre-

quency part of the pulse spectrum to its low frequency part. This energy transfer results

an increasing red-shift of the soliton with propagation along the fiber. This process is com-

monly referred to as the soliton self-frequency shift (SSFS) and this prime process along

with soliton fission cause strong spectral broadening towards longer wavelengths [33]. In

the anomalous dispersion regime, the longer wavelengths correspond to smaller group

velocities and therefore, the solitons continuously slow down with propagation inside the

fiber [134]. The dynamics of the soliton self-frequency shift νSSFS can be expressed as

[32]

νSSFS ∝
|β2|
T 4

0

. (2.2.50)

Therefore the shorter-duration solitons that are ejected first in the fission process expe-

rience greater self-frequency downshifts due to the increased peak power and walk-off

proportionally faster from the input pump wavelength. The following solitons will further

experience a decreasing shift, thus forming a continuum of spectrally separated solitons.

On the other hand, the presence of higher-order dispersion modifies the soliton fission

dynamics and generates the so-called dispersive waves (DWs). TOD leads to the transfer

of energy from the soliton, which was generated in the fission process, to a narrow-band

resonance in the normal GVD regime [36, 94, 128]. Each fundamental soliton generates

a dispersive wave whose frequency can be calculated from a phase-matching argument

involving the soliton linear and nonlinear phase and the linear phase of a continuous

wave at a different frequency [54]. The initial DW is emitted primarily from the first ejected

soliton having the broadest bandwidth and thus has maximum overlap with the resonance

of the DW. For a soliton with peak power Ps and group velocity vg,s at a frequency ωs, the

DW is generated at the frequency ωDW , which can be obtained from the following relation

[128]:

β(ωs) −
ωs

vg,s
+ (1 − fR)γPs = β(ωDW) −

ωDW

vg,s
. (2.2.51)

If we neglect the fourth-order dispersion, then the frequency shift (Ω) between soliton and

dispersive wave may be approximated as [131]

Ω = ωs − ωDW ≈ −
3β2

β3

+
γPsβ3

3β2
2

. (2.2.52)

When the dispersion slope is positive (β3 > 0), solitons propagating in that region experi-

ence positive frequency shift, therefore, the DWs are generated in the normal dispersion

regime at shorter wavelengths. On the other hand, for negative dispersion slope (β3 < 0),

DWs are generated in the normal dispersion regime at longer wavelengths as the soli-

tons in this case approach the normal dispersion regime on the long-wavelength side.
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Initially DWs lag behind the solitons as they have group velocities smaller than those of

solitons. However, continuous deceleration of solitons allow the DWs to catch up with

them. Therefore, the generated DWs can overlap with the solitons in time, which leads

to their interaction through XPM and FWM to generate new frequency components at

even shorter wavelengths, but it may also lead to a soliton-like two-frequency soliton-DW

state [125, 129, 131]. Furthermore, the Raman and Kerr effects with a varying local

GVD may together lead to a localized non-dispersive trapped state of the DWs, in which

they continuously blue-shift in response to the red-shifting solitons [134]. It is noted that

the short-wavelength pulse is typically much weaker than the associated long-wavelength

soliton, therefore, the nonlinear refractive-index change induced by the soliton is very sig-

nificant. The previous mechanism therefore may be explained by the soliton imposing a

potential on the DW that is trapped on one side by the nonlinear refractive-index change

induced by the intense solitons, and on the other side by a linear potential originating from

the fact that the soliton moves with changing group velocity dispersion. During the red-

shift, soliton changes its group velocity. However, it can match its group velocity with the

trapped DW if DW maintains its group velocity through blue-shifting. Furthermore, in long

run, the DWs inevitably leak radiation with shifting and may completely dissociate from

the solitons due to the finite trapping potential imposed on DWs by them. SPM, soliton

generation, SSFS, and DWs generation are illustrated through numerical simulation and

explained in details in Section 3.6 in Chapter 3 and in Section 4.6.2 in Chapter 4. The

following section will briefly present a generalized form of the NLSE, which models the

above mentioned higher-order effects.

2.2.7/ GENERALIZED NONLINEAR SCHRÖDINGER EQUATION

The generalized NLSE (GNLSE) is a more accurate model than the NLSE presented

in Eq. 2.2.12. It includes higher-order dispersion terms, self-steepening through the

(i/ω0)∂/∂T term, and the vibrational contribution to the nonlinear induced polarization

through the delayed Raman response function R(T ), can be written as [131]

∂A

∂z
+

α

2
A

︸︷︷︸

Linear−loss

−
∑

m≥2

im+1

m!
βm

∂mA

∂T m

︸              ︷︷              ︸

Dispersion

=

iγ

(

1 +
i

ω0

∂

∂T

)

︸             ︷︷             ︸

Kerr+S el f−steepening

×




A(z,T )

∫ ∞

−∞
R(T ′)|A(z,T − T ′)|2dT ′
︸                        ︷︷                        ︸

Raman




. (2.2.53)

The terms in the left-hand side and right hand side of Eq. 2.2.7 represent linear and non-

linear effects, respectively. Each term is labeled with their physical representation. Inclu-

sion of these terms in GNLSE simulation is much needed to explain the highly complex

spectral and temporal evolution of SC generation. Details about the implementation of

the GNLSE used in this work are given in Section 3.6 in Chapter 3 and a two-polarization

code based on two coupled generalized nonlinear Schrödinger equations (CGNLSEs) are

discussed and implemented in Section 4.6.2 in Chapter 4.





3

SUPERCONTINUUM GENERATION IN

HEAVY METAL-OXIDE FIBER

B
ROADBAND and compact supercontinuum (SC) sources in the infrared (IR) are very

attractive for sensing and spectroscopy applications [185, 169, 227] because this

wavelength range contains chemical “fingerprints” of numerous molecules [207]. Soft

glasses such as chalcogenide (As2S3) [207, 192, 198], tellurite [230, 193], and ZBLAN

(ZrF4–BaF2–LaF3–AlF3–NaF) [130, 235, 181] have been widely used for drawing highly

nonlinear fibers, and experiments have shown efficient SC generation in the mid-IR up to

15 µm [207, 192] and up to 11 µm using all-fiber systems [232, 241]. Another approach

for mid-IR SC generation is gas-filled, hollow-core photonic crystal fiber, which provides

low-loss guidance and much higher effective nonlinearity than capillary-based systems

[208, 219]. Record output power of 1.4 W with broadest SC up to 3.2 µm have also been

recently achieved in highly germanium-doped fibers [221]. An alternative to ZBLAN fibers

that has recently received attention is small-core heavy metal oxide PCFs [209]. They

possess a number of optical and mechanical properties that make them also attractive for

SC generation, despite their limited transmission window from 0.55 to 2.8 µm compared

to other soft glasses. The nonlinear index n2 of this glass is one order of magnitude

larger (4.3 · 10−19 m2/W) than ZBLAN and silica glasses [209]. In particular, suspended

core photonic crystal fibers (SC-PCFs) can be readily drawn in which the microstructures

enable tight optical confinement and a small effective mode area in the order of few µm2

[146, 202]. This results in a high nonlinear coefficient and zero-dispersion wavelength

in the telecommunication C band. In recent years, suspended-core fibers have received

less attention in the context of SC generation than regular lattice PCFs, although existing

literature reports evidence about the versatility of this approach, including the choice of a

glass platform (silica/soft glass), spectral coverage (near-IR/mid-IR), and the dispersion

regime of SC generation (solitonic/allnormal) [150, 163, 201, 145, 184].

In this chapter, we experimentally demonstrated SC generation in lead-bismuth-

gallium-cadmium-oxide glass (PBG81) based SC-PCFs pumped by 220 fs pulses around

1550 nm. We present a short overview of soft glasses for MIR SC generation and the

motivation behind the selection of heavy metal-oxide glasses. The SC-PCFs containing

six big air holes with large air fill fraction, are drawn from PBG-81 glass using stack-

and-draw method. The group velocity dispersion for the fundamental mode of the fibers

was computed from the scanning electron microscope (SEM) images of the fiber sam-

ples. We identify a number of nonlinear phenomena such as spectral broadening due to

self-phase modulation, soliton generation, and Raman soliton self-frequency shift in the

53
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fiber at the pumping wavelengths. The experimental spectra are compared with numer-

ical simulations of the generalized nonlinear Schrödinger equation including the group

velocity dispersion.

3.1/ SOFT GLASSES FOR MID-INFRARED SUPERCONTINUUM GEN-

ERATION

Development of optical materials that support transmission in mid-IR region as well as

high optical nonlinearity, is essential due to the growing interest in the 2-20 µm molecular

fingerprint region. Among other optical materials, glass plays very important role due

to its unique structural and thermodynamic features. Moreover, glass has good stability,

excellent homogeneity, good thermo-mechanical properties, and a viscosity–temperature

relationship, which makes fiber drawing from it possible [98]. Silica based glasses are the

most widespread material used for fiber systems, however, they exhibit high intrinsic ab-

sorption beyond 3.5 µm [228, 239] and also possess low nonlinear refractive index (e.g,

n2 = 2.74 · 10−20 m2/W measured at the wavelength of 1053 nm for fused silica [64]) com-

pared to soft glasses [229] or liquids [226] that limits their use in the mid-IR range. The

limit of transmission window in silica glass for longer wavelengths, due to multi-photon ab-

sorption by Si–O bondings and vibrational resonances on OH–ions, motivates the search

for other materials for PCF development that would allow for transmission in mid-IR. In

past years, active research has been done on soft-glass chemistry to remove absorption

bands while enhancing both transmission and nonlinearity. Most popular soft glasses

(a) (b)

Figure 3.1: (a) Typical infrared transmission spectra of millimeter thick various bulk glass

samples. The insets are examples of sulfide As2S3 (yellow), selenide As2Se3 (red), and

telluride Te20As30Se50 (black) glasses (taken from [228]). (b) Relation between the linear

refractive index n and nonlinear refractive index n2 in various glasses taken from [140].

such as chalcogenide (As2S3, As2Se3, GeAsSe), tellurite (TeO2), chalcohalides (GeTe,

GeAsTeSe), heavy metal oxide (PbO-Bi2O3-Ga2O3-SiO2-CdO), and ZBLAN have been

extensively used as mid-IR optical material for drawing highly nonlinear and widely trans-

missive optical fibers in the mid-IR for SC applications. Figure 3.1(a) shows the infrared

transmission spectra of different glasses measured with 2-3 mm bulk sample [228, 239].

Tellurite and fluoride glasses offer transmission up to 4.5 µm and 8 µm, respectively,

which is much higher than that of silica and chalcogenide glass offers the broadest trans-

mission up to 25 µm range. Since, the variation of linear refractive index with wavelength

depends on the glass composition and furthermore, according to Miller’s rule (i.e., the
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third-order nonlinear dielectric susceptibility χ(3) is proportional to the fourth power of the

linear susceptibility χ(1) [4]), a high-intrinsic nonlinearity is usually associated with a high

linear refractive index. Hence, the glasses composed of ions with high polarizibility sup-

posed to have a high nonlinear refractive index. Figure 3.1(b) shows a summary of the

relation between the linear refractive index n and the nonlinear refractive index n2 in var-

ious glasses [140]. From this figure, we can see that, by introducing heavy atoms (i.e.,

heavy metal compounds) or ions with a large ionic radius (i.e., using chalcogen elements

such as sulfur (S), selenium (Se), and tellurium (Te) to replace oxygen), it is possible to

increase the polarizibility of the components in the glass matrix, which in turn increases

the nonlinear refractive index n2. In this thesis, we worked with heavy metal-oxide glasses

in Chapter 3 and chalcogenide glasses in Chapter 4.

3.1.1/ HEAVY METAL-OXIDE GLASSES

Heavy metal-oxide glasses are very well known for their relatively high recrystallization

resistance, ease of handling, and good mechanical properties compared to chalcogenide

glasses and they also possess high nonlinearity and combination of visible to mid-infrared

transmission window, compared to silica glass. The heavy metal-oxide glass described

in this thesis was fabricated at the Institute of Electronic Materials Technology (ITME) in

Warsaw, Poland. The chemical composition of this glass contains these oxides: PbO:

39.17, Bi2O3: 27.26, Ga2O3: 14.26, SiO2: 14.06, and CdO: 5.26.
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Figure 3.2: Attenuation spectrum of bulk lead-bismuth-gallium-cadmium-oxide glass

used for drawing SC-PCFs, measured by our collaborator at ITME.

The glass has a high linear refractive index of 1.886 at 1550 nm. The glass transition

temperature (Tg) of this glass is around 489°C. The nonlinear refractive index of PBG81

glass was measured as n2 = 4.3 · 10−19 m2/W, using standard Z-scan method at 1240 nm

for bulk sample [119, 149], which is very high for oxide soft glasses and also much higher

than that reported for any other oxide glass used in mid-IR supercontinuum generation.

The attenuation spectrum of this PBG81 bulk glass was measured using standard cut-

back method as shown in Fig. 3.2. This soft glass has a transmission window from 550

to 2800 nm with typical attenuation of around 2.5 dB/m within 1000–2000 nm. Above

2800 nm, this particular glass melt shows the onset of strong attenuation assigned to OH

absorption and has been subject only to standard bubbling of the glass melt with dry air

(<1000 ppm of OH). As Fig. 3.2 shows, the attenuation curve does not feature a local

peak around 1380 nm, which is the main difference between PBG81 and previously used
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PBG08 glass [209].

3.2/ FIBER FABRICATION

The SC-PCFs were fabricated at the Institute of Electronic Materials Technology in War-

saw, Poland. Here the fiber design is based on the traditional suspended-core geometry.

The fiber was designed to have a central core, which is surrounded by 6 large air holes.

Large air fill fraction was obtained by making the bridges/struts thinner and also increas-

ing their number for better support of the core. High crystallization resistance of the glass

allows fabrication of SC-PCFs via stack-and-draw method, which is a very well known

technique for making PCFs. During the fiber drawing process, it is very important to

maintain a precise pressure control, which in turn maintains a certain pressure difference

across the internal and external surface and also to control the surface tension via furnace

temperature at which the fiber is being drawn and they determine the final deformation of

the holes. Luzi et al. experimentally and numerically investigated the effect of pressure

and surface tension in six-hole fiber to inner holes enlargement and elongation along the

radial direction during the fiber drawing process [187]. The relationship can be written as

[187]

∆P =
γ

R
, (3.2.1)

where ∆P represents the pressure difference, surface tension is denoted by γ, and R

es

Figure 3.3: Stack containing capillaries and solid rods for preform drawing.

represents the radius of the internal surface. In this thesis, the fiber drawing parameters

are not presented as they were not disclosed by the manufacturer. Here, the SC-PCFs

are fabricated in four steps. In the first step, several capillary tubes and several solid rods

were drawn from PBG81 glass. In the second step, stacking is performed with six big air

hole capillaries in the middle and several solid glass rods surrounding those capillaries

as shown in Fig. 3.3. The stack is then put inside a jacket tube made from same PBG81

glass and there after, a preform is drawn from the stacked form in the drawing tower at

the third step. During this process, the air hole deformation in the preform was controlled

by controlling the pressure inside the capillaries. In the last step, the final fiber was drawn

from previously drawn preform. Here air hole structures are achieved by controlling the

pressure inside the air hole during drawing. The diameter of the fiber is further controlled

by the pulling speed of the fiber and the feeding speed of the preform into the furnace.
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(a) (b) (c)

d

Figure 3.4: Cross-section SEM images of a SC-PCF: (a) Image of the fiber with outer

diameter of 120.3 µm. (b) Expanded view of the microstructure region with core

diameter of 4.5 µm. (c) One of the 6 struts supporting the core with thickness of 81 nm.

The microstructure of one of the five drawn PCFs is shown in scanning electron micro-

scope (SEM) images in Figs. 3.4(a-c). Since, the SC-PCF has a hexagonal core shape,

hence, the fiber core diameter d is defined as the diameter of the circle that is inscribed

within the hexagonal core as shown in Fig. 3.4(b). The SC-PCF has outer diameter (dout)

of 120.3 µm and core diameter d of 4.5 µm. The hexagonal core is suspended in the

outer glass region by six fine struts/bridges with thickness of about 81 nm. These thin

struts result in a negligible modal confinement loss for the fundamental mode by ensuring

a high degree of isolation in the core area. The small core and thin struts are protected

by the outer glass region, which also provides sufficient mechanical strength for handling

and cleaving of the fiber. Five different fibers were fabricated with dimensions chosen to

yield zero-dispersion wavelengths (ZDWs) covering the range 1519-1653 nm. The opto-

Table 3.1: Geometric parameters of SC-PCFs used for dispersion computation and su-

percontinuum generation.

No. Label Core diameter [µm] Strut thickness [nm] ZDW [nm]

1 NL44C1a 4.5 81 1653

2 NL44C2a 4.3 99 1593

3 NL44C3a 3.95 90 1574

4 NL44C4b 3.8 40 1557

5 NL44C5c 3.51 47 1519

geometric parameters of the five fiber samples are given in Table 3.1. Here the labeling

of the fiber sample was done according to the different fiber drawn in the drawing tower.

The fibers have core diameter between 3.51 µm and 4.5 µm, and the strut thickness are

in the range of 47 to 99 nm. The last column in this table represents ZDW of the five fiber

samples, which are computed in the following section.

3.3/ COMPUTATION OF DISPERSION

Chromatic dispersion of optical fiber was presented in Chapter 2 from where several

equations will be used to compute the effective refractive index and group velocity dis-

persion in this section. The dispersion properties of the SC-PCFs are computed from

the cross-section SEM images of the fiber samples, one of which is shown in Fig. 3.4(b),

using COMSOL software based on a full vector finite-element method. At first, based on
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the processed SEM photo of the fiber cross section, the air hole structure was depicted

accurately, and then, it was drawn in COMSOL. The refractive index of the air holes is

set to 1. Considering the material dispersion, the refractive index for the PBG-81 glass is

determined by a standard Sellmeier equation with the following form:

n2(λ) = 1 +
B1λ

2

λ2 −C1

+
B2λ

2

λ2 −C2

+
B3λ

2

λ2 −C3

, (3.3.1)

Table 3.2: Sellmeier coefficients for PBG81 glass.

B1 B2 B3 C1 [µm2] C2 [µm2] C3 [µm2]

2.30350920 0.21430548 1.73310331 0.02084623 0.08262994 183.5615768
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Figure 3.5: Computed mode field distribution inside the core of fiber sample NL44C2a at

1550 nm for (a) LP01 mode, (b) LP11 mode, (c) LP21 mode, (d) LP31 mode, (e) LP41

mode. (f) Experimentally obtained mode profile at the output end of the fiber sample

NL44C2a at 1550 nm showing the fundamental LP01 mode.

where, B1, B2, and B3 are dimensionless coefficients and C1, C2, and C3 are the material

resonant wavelengths. The measured Sellmeier coefficients for PBG81 glass that are

used in the numerical modelling are given in Table 3.2.

According to the simulation, for the real (fabricated), asymmetric hexagonal core six-

strut fiber, two orthogonally polarized fundamental modes (LP01) and four LP11 modes,

four LP21 modes, four LP31 modes, and four LP41 modes were found, which are shown in

Figs. 3.5(a-e). Experimentally, we obtained a mode profile at the output end of a 60 cm

long fiber sample using an IR camera as shown in Fig. 3.5(f). This image confirms that the

light inside the fiber is guided in the fundamental LP01 mode for SC generation (described

in the next section), which motivates to focus only on the fundamental mode guiding in

our thesis. We further calculated the effective refractive index (neff) of the fundamental

mode of five fiber samples, as shown in Fig. 3.6(a). The computed effective mode area

are shown in Fig. 3.6(b) for 3 SC-PCF samples NL44C2a, NL44C5c, NL44C4b, which will
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be later used for experimental demonstration. Using Eq. 2.1.50 from Chapter 2, the effec-

tive refractive index is then used to calculate the group velocity dispersion (GVD) for the

fundamental mode, which are shown in Figs. 3.7(a)&(b). Figure 3.7(a) shows the group

velocity dispersion curve of our five SC-PCF samples covering almost the entire transmis-

sion window of the fiber. As can be seen in Fig. 3.7(b), the zero-dispersion wavelength

shifts from 1519 nm to 1653 nm as the core diameter increases from 3.51 µm to 4.5 µm.

Since, for real (fabricated) structure, the air holes in the fibers are not symmetric, which

introduces significant amount of phase birefringence. Hence, the phase birefringence is

further calculated using Eq. 2.1.53 from Chapter 2 and they are shown in Fig. 3.7(c) for

the five fiber samples. From this figure, it is seen that the phase birefringence varies be-

tween 1.6 ·10−4 and 7.02 ·10−5 at 1550 nm for the five SC-PCF samples with core diameter

between 3.51 µm and 4.5 µm. We can also see that the phase birefringence is more de-

pendent on the air hole structure than the core diameter of fiber samples. Among the five

SC-PCF samples described above, we have used NL44C2a, NL44C5c, and NL44C4b for

experimental demonstration as we obtained best results with these fibers.

NL44C1a

NL44C2a

NL44C3a

NL44C4b

NL44C5c

Figure 3.6: (a) Effective refractive index of 5 SC-PCFs calculated for the fundamental

mode from SEM images. (b) Effective mode area for 3 SC-PCF samples, which are

used for experimental demonstration.
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Figure 3.7: Dispersion and birefringence characteristics of 5 SC-PCFs computed for the

fundamental mode: (a) Group velocity dispersion of SC-PCF samples. (b) Dispersion

curve of the SC-PCFs showing zero-dispersion wavelength (ZDW). (c) Phase

birefringence of the SC-PCFs.

3.4/ EXPERIMENTAL SETUP FOR SC GENERATION

The experimental setup for generating and measuring supercontinuum spectra is shown

in Fig. 3.8. As a pump laser we used a 220-fs optical parametric oscillator (Chameleon

Compact OPO-Vis), pumped by a Ti-Sapphire mode-locked laser (Chameleon Ultra II) at

80 MHz repetition rate having 140-fs pulse duration. The OPO signal is tunable in the

range 1-1.6 µm with mean output powers 900 mW - 230 mW, and the idler from 1.7 µm
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to 4 µm with powers from 250 mW to 80 mW. The signal (or the Idler in case of pumping

above 1.7 µm) from the OPO was injected into the SC-PCF through an IR-coated focus-

ing objective (40X magnification) and the coupling power was controlled via a variable

attenuator. The light at the output of SC-PCF was collimated using a C-coated aspheric

lens with a focal length of 3.5 mm. An IR camera was combined with neutral density (ND)

filters to study the mode structure and guidance inside the fiber core. The generated

SC light was measured using an IR spectrometer (Ocean Optics NIRQuest512-2.5) with

sensitivity in the wavelength range of 900-2500 nm, combined with an imaging system

(another focusing objective) and fluoride (InF3) multimode fiber with a core diameter of

100 µm. The beam quality at OPO output was measured with a Thorlabs dual Scanning

Slit Beam Profiler (900 - 2700 nm), as shown in the left inset of Fig. 3.8. The result of the

IR imaging (right inset of Fig. 3.8) showed that the SC was generated in the fundamen-

tal mode over the full wavelength range and no evidence for the presence of multimode

operation could be observed.

Figure 3.8: Schematic of the experimental setup for generating and measuring

supercontinuum infrared light. SC-PCF, suspended core photonic crystal fiber; MMF,

multimode fiber [inset-left: beam profile at OPO output, right: IR image at SC-PCF

output].

3.5/ RESULTS

Figures 3.9(a-d) show the variation in the measured SC spectra for different fiber output

powers as indicated for two SC-PCF samples NL44C2a (core diameter = 4.3 µm, length =

60 cm, ZDW = 1593 nm) and NL44C5c (core diameter = 3.51 µm, length = 180 cm, ZDW

= 1519 nm), pumped using signal wavelengths of 1550 nm (in the normal dispersion

regime) and 1580 nm (in the anomalous dispersion regime), respectively. The output

spectra recorded for these two fiber samples show strong spectral broadening around

the pump wavelength due to self-phase modulation at low input power. Note that, in

addition to the peak contributed by pump wavelength, we have an additional peak due to

the residual OPO idler that otherwise does not contribute to SC generation. As the power

increases, we see red-shifted solitons beyond 2 µm and simultaneous generation of up-

shifted dispersive waves down to 1 µm. At maximum coupling power, we obtained SC

spectra of 1151 nm and 1575 nm bandwidths (at the -20 dB) for fiber samples NL44C2a

and NL44C5c, respectively. The propagation loss was measured to be 4 dB/m at 1550

nm using standard cut-back method, where the loss in the glass at 1550 nm was 2.54
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dB/m as can be seen from Fig. 3.2. Using the measured output power, Fresnel loss from

the output facet of the fiber, and propagation loss inside the fiber in Eqs. 2.1.35 and 2.1.36

from Chapter 2, we estimated the coupling efficiency to be 38% and the coupling peak

power to be 5.8 kW at 1550 nm.
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Figure 3.9: Supercontinuum spectra generated in two SC-PCF samples with 220 fs

pulses pumped at 1550 nm and 1580 nm, respectively, as a function of mean output

power. (a) and (c) Generation of SC spectra through spectral broadening, soliton

ejection, and dispersive wave generation in two fiber samples NL44C2a and NL44C5c,

respectively. (b) and (d) Evolution of SC spectrum with the fiber output power for the

respective SC-PCF samples.
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Another SC-PCF sample NL44C4b (core diameter = 3.8 µm, length = 183 cm, ZDW

= 1557 nm) was also pumped at 1740 nm in the strong anomalous dispersion regime

using the OPO’s idler output. The variation in the measured SC spectra for different out-

put powers for this fiber is shown in Figs. 3.10(a)&(b). As we pumped at a wavelength

far away from the zero-dispersion wavelength of this fiber, we obtained three individual

high power solitons beyond 2 µm and dispersive waves down to 1 µm instead of a smooth

supercontinuum. At maximum power, the bandwidth of this broad spectrum is 1477 nm at

the -20 dB level. The coupling efficiency and coupling peak power were estimated to be

38% and 3.8 kW, respectively. Furthermore, the SC-PCFs have six big air holes, which
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Figure 3.10: Spectra generated in SC-PCF sample NL44C4b with 220 fs pulses pumped

at 1740 nm. (a) Generation of broad spectra through spectral broadening, soliton

ejection, and dispersive wave generation. (b) Evolution of spectrum with the fiber output

power.

are not symmetric in reality due to the fabrication process and it introduces some amount

of birefringence in the fiber. From Fig. 3.7(c), NL44C4b sample shows a birefringence

of 9.5 · 10−5 at 1740 nm. Therefore, we investigated the effect of birefringence on SC

spectra for SC-PCF sample NL44C4b at 1740 nm. Figure 3.11 shows the recorded SC

spectra when tuning the input polarization from 0° till 240° with 20° steps and with con-

stant output power of 11.7 mW. As it can be seen, the input pump polarization strongly

affects the broadband SC generation. Since, from Fig. 3.10(a), pumping at 1740 nm re-

sults in a broad spectrum with three individual high power solitons, therefore, instead of

SC bandwidth, we estimated the position of final soliton peak, which changes with input

polarization angle due to birefringence of the fiber as shown in Fig. 3.12, with an angular

periodicity of around 90°.
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Figure 3.11: Dependency of SC spectra with incident angle of polarization from 0° to

240° for pumping at 1740 nm in SC-PCF sample NL44C4b.
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Figure 3.12: Position of final soliton peak at different polarization angle for 1740 nm

pumping.

3.6/ COMPARISON WITH NUMERICAL SIMULATIONS

Nonlinear pulse propagation and supercontinuum generation was modelled using the

generalized nonlinear Schrödinger equation (GNLSE) as shown below [128, 166]:

∂A

∂z
+
α

2
A −

∑

k≥2

ik+1

k!
βk

∂kA

∂T k
= iγ

(

1 + iτshock
∂

∂T

)

×
(

A(z,T )

∫ ∞

−∞
R(T ′)|A(z,T − T ′)|2dT ′

)

.

(3.6.1)

Here the second term in the left-hand side of Eq. 3.6.1 accounts for linear loss with

loss coefficient α. The third term represents the dispersion with dispersion coefficient βk

associated with Taylor series expansion of the propagation constant β(ω) about central

frequency ω0 and we have included the dispersion terms up to fourth order in the numer-

ical simulation. In the simulation, we introduced a linear loss of 4 dB/m (measured using
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standard cut-back method at 1580 nm). The second-order dispersion β2(ω) is also shown

in Fig. 3.7(a) as the D parameter, which was computed from the SEM image of SC-PCF

samples. The right-hand side (RHS) of Eq. 3.6.1 models the nonlinear effects in the fiber:

nonlinear coefficient γ = 2πn2/(λ0Aeff), where nonlinear refractive index n2 was 4.3 · 10−19

m2/W and effective mode area Aeff = 8.8 · 10−12 µm2 at 1550 nm and 6.48 · 10−12 µm2 at

1580 nm for SC-PCF samples NL44C2a and NL44C5c, respectively (see Fig. 3.6(b)). The

time derivative term in RHS of Eq. 3.6.1 models the effects such as self-steepening and

optical shock formation with τshock = 1/ω0. The term R(T ) = (1 − fR)δ(t) + fRhR(t) repre-

sents the nonlinear response function which includes both instantaneous electronic and

delayed Raman contribution. Fractional contribution of the delayed Raman response to
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Figure 3.13: (a) & (c) Numerically generated evolution of SC spectra along the fiber

length for NL44C2a & NL44C5c PCFs with 1550 nm and 1580 nm pumping,

respectively. (b) & (d) Corresponding temporal distribution along the fiber length for

NL44C2a & NL44C5c PCFs, respectively.

the Kerr nonlinearity, fR = 0.5 was measured from Raman scattering spectra of bulk glass

[244]. Raman response function hR(t) was fitted from a simulation for a different type of

fiber made from the same glass where the first order Raman shift frequency was ±29

THz, and the Lorentzian fit to the first-order Raman scattering term provides the value

of relaxation parameters τ1 and τ2 as 5.5 fs and 32 fs, respectively [244]. The input

pulse was considered to be Gaussian. Frequency-resolved optical gating measurements

of our input pulses (MeasPhotonics FROGscan) showed the presence of a linear chirp

(parabolic phase), which was also included in the initial conditions. In the simulation for

SC-PCF samples NL44C2a and NL44C5c, we used fiber lengths of 60 cm and 180 cm,

and pump pulse duration of 225 fs and 220 fs, respectively. The peak power at the input of

fiber was considered to be 2.5 kW for both SC-PCF samples NL44C2a and NL44C5c and

they are in the same order to the experimental coupling peak powers estimated from the

measured maximum output powers of 53 mW and 32 mW, corresponding to their respec-

tive maximum spectral broadening. Figures 3.13(a-d) show the evolution of numerically

generated supercontinuum spectra along fiber length in spectral and time domain for the
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two previously mentioned fiber samples pumped at 1550 nm and 1580 nm. Instead over

the full fiber length, the pulse propagation inside the fiber is shown only up to 20 cm of

fiber length in order to highlight the main nonlinear effects in SC generation as they mostly

occurs in the beginning length (first few cm) of highly nonlinear fiber. In Figs. 3.13(a)&(c),

strong spectral broadening can be seen in the beginning of fiber due to self-phase mod-

ulation. With increase in length, we can see soliton ejection and generation of dispersive

waves. The soliton distributions as a function of time are shown in Figs. 3.13(b)&(d). We

can clearly see the multiple soliton generation and time shift up to 4 ps due to soliton self

frequency shift and dispersion.
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Figure 3.14: Comparison between numerically and experimentally generated SC spectra

for 1550 nm and 1580 nm pumping in (a) NL44C2a and (b) NL44C5c PCFs, respectively.

The comparisons between simulation and experiment in the 1550 nm and 1580 nm

pump case are shown in Fig. 3.14. Both the simulated and experimental SC spectra

almost agree with each other in terms of SC bandwidth but they are quite different in

terms of structure of the spectrum as can be seen from Fig. 3.14(a) for SC-PCF sample

NL44C2a. We speculate that the observed discrepancy is accountable to some assump-

tions in the model. First, we did not take into account the wavelength-dependent losses

over the full SC span and the higher-order optical modes. Second, the dispersion profile

was numerically estimated from the cross-section image of the fiber structures. It is rea-

sonable that small change of the slope of normal dispersion at wavelengths blue-shifted

from the pump wavelength, would result in different dispersive wave phase matching con-

ditions, which would be a plausible explanation to explain the short-wavelength discrepan-

cies between the theoretical and measured spectra in Fig. 3.14. The relatively long fiber

samples used in the experiment (for soft glass fibers and femtosecond pump pulses),

would suggest significant contribution of the OH absorption loss, however, no such fea-

tures are observed at around 1380 nm in spectra shown in Fig. 3.14. Bend loss of any

higher-order mode-contained blue-shifted parts of the supercontinuum spectra could also

be related to the observed discrepancies, but we did not observe such loss behavior for

any reasonable bend radii in these fibers during the measurements.
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3.7/ CONCLUSIONS

Wideband SC generation from 1120 nm - 2271 nm and from 891 nm - 2466 nm was

demonstrated by pumping two suspended-core photonic crystal fibers in the both normal

and anomalous dispersion regimes, respectively, with femtosecond pulses at 1550 nm

and 1580 nm. These results demonstrate the strong potential of heavy metal-oxide SC-

PCF for SC generation. Numerical simulations using nonlinear Schrödinger equation and

the group velocity dispersion computed from the scanning electron microscope images

of the SC-PCF samples show good qualitative agreement with the experimental one for

4.3 µm and 3.51 µm core diameter SC-PCF samples. It was further shown that strong

anomalous dispersion pumping (1740 nm) of a SC-PCF sample with core diameter of 3.8

µm generates a broad spectrum from 962-2439 nm with individual high power solitons

instead of a smooth SC spectrum. The SC-PCFs were drawn from high crystallization re-

sistant heavy metal-oxide (PBG81) glass using standard stack-and-draw method. These

SC-PCF structures offer tight light confinement and very small effective mode area of

8.8 · 10−12 µm2 at 1550 nm for one of these samples. The SC-PCFs show birefringence

of the order of 10−5 to 10−4 due to the asymmetric six big air holes in the fiber microstruc-

ture. So, it has also been shown that tuning the input polarization angle with respect to

the fiber axes affects the supercontinuum bandwidth. Since, the heavy metal-oxide glass

has a high nonlinear index of 4.3 ·10−19 m2/W, short length of SC-PCF, e.g., around 60 cm

is found to be enough for efficient SC generation as most of the nonlinear effects occur in

the first few cm of highly nonlinear fiber. In spite of this, two out of our three experiments

use a fiber length of around 180 cm. This is due to the fact that the fiber samples with an

initial length of 2 meters used to get broke frequently while cleaving and handling during

the experiment. Therefore, we perform the SC generation experiment with the maximum

available fiber length for each samples to get the best SC spectrum at any account. It is

important to stress that the SC spectra obtained using heavy metal-oxide (PBG81) glass

SC-PCFs are limited by their transmission window up to 2.8 µm, which may limit their po-

tential use for e.g., infrared spectroscopy. They are actually comparable to those can be

obtained with highly nonlinear germanium-doped optical fibers [221]. The next chapter

will be devoted to extending the SC in the mid-IR using chalcogenide glass based PCFs.





4

SUPERCONTINUUM GENERATION IN

CHALCOGENIDE FIBERS

S
UPERCONTINUUM (SC) generation towards the mid-infrared (MIR) range is a very

active field of research motivated by a wide range of applications including optical

coherence tomography (OCT), material processing, optical sensing and absorption spec-

troscopy. Among the wide variety of infrared fibers, chalcogenide-glass-based optical

fibers (composed of S, Se or Te) are excellent photonic platforms for SC generation in

the mid-IR due to their wider transmission window, tailorable dispersion in the mid-IR,

and high optical nonlinearity up to hundred times greater than silica or ZBLAN glasses

[207, 217, 236, 245, 251].

In order to obtain significant spectral broadening, the fiber should be pumped in the

anomalous group velocity dispersion regime, which means the zero dispersion wave-

length (ZDW) of the fiber should be close to the central wavelength of the pump laser as

this will minimize the walk-off between different part of the generated spectrum allowing

further broadening [166]. Most of the chalcogenide fibers have material zero group veloc-

ity dispersion far in the mid-IR. Therefore, for efficient SC generation with relatively short

pump wavelengths (around 2 µm), the dispersion in chalcogenide fiber is tailored through

specific waveguides as of small-core microstructured optical fibers [163, 145, 168], fiber

tapering [177], or even both [178]. Furthermore, chalcogenide fiber has a little bit of

disadvantage of having low damage threshold which is problematic while launching ei-

ther high continuous power or high peak power pulses into the fiber. Scaling up of the

fiber core is the simplest way to improve power handling capabilities in chalcogenide

fiber. However, increase in core diameter comes with a cost. It results in low nonlin-

earity in the fiber and multimode propagation, which affect the further extension of SC

spectrum. Therefore, one way to increase the nonlinearity while maintaining a moder-

ate damage threshold is to reduce the core diameter of the fiber along the propagation

distance through thermal tapering. Fiber tapering is a very well-known post-processing

technology. Taper fiber increases the optical nonlinearity as well as enables dispersion

engineering of the fiber. Birks et al. in 2000 first demonstrated that by tapering a large-

core SMF-28 step-index silica fiber, efficient SC generation could be obtained with high

coupling efficiency [71]. Since then, many researchers tried to implement this scheme in

mid-IR using chalcogenide fibers. In 2007, Mägi et al. first reported the use of chalco-

genide tapered fibers, where a 1.2 µm taper-waist core diameter As2Se3 taper offers a

nonlinear coefficient γ of 68000 W−1km−1, which was 62000 times larger than that of sil-

ica single-mode fiber [137]. In 2011, Hudson et al. demonstrated an octave spanning

69
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SC generation from 0.97 to 1.99 µm in an As2S3 tapered fiber with a core diameter of

1.3 µm by pumping at 1.55 µm with only 77 pJ of pulse energy [177]. Rudy et al. in

2013 reported a SC generation from 1-3.7 µm in an As2S3 tapered fiber pumped by a 2

µm thulium-doped fiber laser with about 300 pJ of pulse energy [196]. In 2014, Al-kadry

et al. demonstrated a SC generation covering a bandwidth from 1.1 to 4.4 µm in a 10

cm long and 1.6 µm diameter As2Se3 microwire by pumping with 500 pJ of pulse energy

at a wavelength of 1.94 µm [200]. Petersen et al. recently reported a broadband SC

spanning from 1 to 11.5 µm with an average output power of 35.4 mW by pumping a 5.9

µm-diameter tapered Ge10As22Se68 PCF at 4 µm [236]. Despite significant progress in

this field, SC generation in the mid-IR beyond 6 µm with high average output power is still

remains challenging in chalcogenide step-index tapered fibers.

On the other hand, there is particular interest in combining the chalcogenide fiber plat-

form with polarization-preserving properties as this will enable polarization-dependent

applications in interferometric techniques, gas and pressure sensing, integrated-optic de-

vices and also polarization-sensitive OCT [40, 41, 147, 157, 171, 248]. Polarization-

maintaining fibers also help in minimizing detrimental effects such as polarization noise

and instability [240]. There are several ways of introducing strong birefringence in the

fiber for polarization-maintaining propagation. For instance, birefringence can be ob-

tained by applying mechanical stress in the cladding thus inducing anisotropy of the re-

fractive index in the core region, which results in a modal birefringence up to 5 · 10–4 for

the so-called PANDA fibers [19, 23, 44] and close to 60% higher birefringence in bow-tie

fibers [20]. Highly birefringent fibers can also be fabricated using the powder-in-tube pro-

cess where two rods of glass material are placed on the sides of the core [234]. Another

way of obtaining high birefringence is by breaking the symmetry of the fiber structure.

This was achieved in photonic crystal fibers (PCFs) where an asymmetric arrangement

of air holes is designed with two different diameter air holes located in orthogonal posi-

tion near the core of the fiber, thus providing higher effective index difference between the

two orthogonal polarization modes [77, 81, 105, 87, 216]. In addition to the alteration of

air hole diameter in the core region of PCFs, an asymmetric structure can also be ob-

tained by either introducing mechanical stress [124] or modifying the shape of air holes

[132]. It has been shown that the birefringence of silica based polarization-maintaining

photonic crystal fibers (PM-PCFs) can reach high values up to 10−3 [81, 87, 216], which

is one order of magnitude higher than that of conventional PANDA or bow-tie silica fibers

[19, 23, 44, 20].

In this chapter, we demonstrate SC generation in chalcogenide glass based

polarization-maintaining photonic crystal fiber (PM-PCF) and non-PM-PCF tapers using

femto second pulses. This work results from a collaboration between the FEMTO-ST

Institute, the University of Rennes, the SelenOptics company, and the DTU Fotonik, in

the framework of the European H2020-MSCA-ITN SUPUVIR project. The author of this

thesis did a secondment in the University of Rennes and the SelenOptics company with

Prof. Johann Troles and Dr. Laurent Brilland where he participated in chalcogenide glass

fabrication, PCFs drawing, and fabrication of tapers. He did another secondment in the

DTU Fotonik with Prof. Ole Bang and Dr. Christian R. Petersen where he characterized

the chalcogenide PCFs and tapers to generate supercontinuum spectra. Here we outline

the methods for fabrication of chalcogenide glass, polarization-maintaining photonic crys-

tal fibers, and fiber tapers in Section 4.1 and 4.2. Optical transmission and attenuation

of the fibers and tapers are provided in Section 4.3. In Section 4.4, we discuss the nu-

merical computations of the group-velocity dispersion and the birefringence of the fibers.
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We show in particular how we can tailor both the birefringence and the dispersion by ta-

pering the PCF down to a few µm core diameter. The experimental setup for mid-IR SC

generation is explained in Section 4.5. In Section 4.6, we show experimental results of

broadband SC spectra in PM-PCF and non-PM-PCF tapers at different pump wavelength.

The effect of pump polarization angle is finally investigated in the PM-PCF both exper-

imentally and numerically using two-coupled generalized nonlinear Schrödinger equa-

tions (GNLSEs). The effect of taper-waist core diameter and taper-waist length on the

SC bandwidth by both direct pumping and pumping in cascaded system is further shown

here. Finally, power damage threshold measurement of chalcogenide fiber, a colabora-

tion work between the Femto-st Institute and the University of Rennes, is described in

Section 4.7.

4.1/ CHALCOGENIDE GLASSES

Chalcogenide glasses are very attractive optical photonic materials due to their wide

transparency range, low optical losses, stability to atmospheric moisture, and high op-

tical non-linearity (typically ∼ 500 times more than traditional silica glasses)[199, 186].

Chalcogenide glasses contain at least one chalcogen elements such as S, Se, and Te.

Depending on the composition, chalcogenide glasses can be transparent from visible up

to 12 µm for sulfide, up to 16 µm for selenide, and up to 25 µm for telluride glass [239].

These glasses also have high linear refractive indices such as between 2.2 and 2.6 for

sulfide, 2.4 and 3.0 for selenide, and 2.6 and 3.5 for telluride glasses [154]. Because of

these unique properties, chalcogenide glasses are excellent candidates for SC genera-

tion towards the mid-IR and their applications.

4.1.1/ GLASS FABRICATION

The chalcogenide glass (As38Se62), which will be described in this thesis in details, was

made at the University of Rennes and the SelenOptics company in France, where the

author of this thesis participated in the glass fabrication process as a part of his PhD sec-

ondment. It was produced using the conventional melt-quenching method through sev-

eral steps, which includes two stages of synthesis, annealing, quenching, and distillation

[253, 233, 214]. Before the main synthesis process, we will discuss about the prepa-

ration of all necessary materials. During the glass preparation process, hydrogen and

oxygen may be produced due to the presence of some water content in the glass. There-

fore, the water needs to be removed in order to increase the purity of the glass and to

remove absorption peak due to water contamination. We used tellurium chloride (TeCl4),

and magnesium to remove hydrogen and oxygen, respectively. TeCl4 with hydrogen pro-

duces hydrocloric acid (HCl) and magnesium with oxygen produces magnesium-oxide

(MgO), which were removed during dynamic distillation process later. Since, magnesium

stored in plastic container gets oxidized very easily, it was treated with HCl and distilled

water before we mix it with other materials. Next the silica ampoule (i.e., the housing of

prepared glass) was also treated with hydrofluoric acid (HF) and distilled water. Then

inside a glove box, the silica ampoule was filled with high purity arsenic (As) (99.999),

Se (99.999), TeCl4 (200 mg) and magnesium (20 mg). After that the silica ampoule was

taken out of the glove box and placed in a two-stage vacuum pump, which is shown in

Fig. 4.1. The primary pump is an oil pump to create vacuum inside the silica ampoule in

the first stage and the second one is a turbo molecular pump to achieve ultra-vacuum.

The blue cylinder contains a cylindrical glass trap, inside which, there is a spiral tube in
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Figure 4.1: A two-stage vacuum pump, consisting of an oil pump and a turbo molecular

pump where the silica ampoule (filled with glass materials as highlighted by the red

circle) is pumped to achieve vacuum.

order to make extra space for the gas/impurities to cool down. This trap works as a con-

densation trap, which blocks both the flow of liquid from vacuum pump to silica ampoule

(or the distillation tube during the case of distillation process later) and the flow of impurity

gases into the vacuum pump. Outside of the glass trap, i.e., the rest of the blue cylinder is

filled with liquid nitrogen that cools down the impurity gases. The silica ampoule was then

pumped here for approximately 3 hours to create vacuum inside the ampoule. During

the filling of silica ampoule in the glove box, selenium was poured at the top along with

arsenic and TeCl4 at the bottom, and magnesium in the middle so that after achieving

the vacuum, selenium at the top can be melt using an external heater in order to make

more space inside of it. Finally, the top end of the silica ampoule was sealed with a glass

blower.

4.1.1.1/ FIRST SYNTHESIS

At this stage, we will start the first synthesis process. Here the previously filled silica am-

poule will be put inside a furnace, which is shown in Fig. 4.2(a). Before putting into fur-

nace, the ampoule was covered with an iron net to block the broken silica glass pieces and

other material from spreading in case of an explosion inside the furnace. The ampoule

was then inserted inside the furnace and the remaining part of the furnace is blocked with

an insulating glass wool (can tolerate high temperature), which prevents the heat leakage

from the furnace. The furnace has a rotational motion that enables uniform mixture of

molten materials. The furnace’s temperature was initially at 450°C when the silica am-

(a) (b)

Figure 4.2: (a) Furnace for the synthesis of our glass. (b) Synthesis-furnace controller.
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poule was being inserted into it. The temperature of the furnace was then programmed

using the furnace controller as shown in Fig. 4.2(b). The evolution of the temperature in-

side the furnace progresses was as follows: temperature increased from 450°C to 850°C

in 4 hours and maintained this temperature for 30 minutes, then decreased to 810°C

in one hour, again maintained this temperature for 30 minutes, and finally decreased to

700°C in 2 hours. After the first synthesis was done in 8 hours, the silica ampoule was

kept inside the furnace at 700°C for 4 hours and then it was taken out of the furnace and

placed into a water bucket for 15-20 seconds. This process is called quenching, which

prevents crystallisation. In order to relieve the thermal stresses caused by quenching, the

ampoule was then annealed at a temperature slightly below the glass transition temper-

ature (Tg) around 165°C for 30 minutes inside an annealing furnace and after that, it was

gradually cooled down to room temperature in 6 hours. Finally, the resultant chalcogenide

glass was retrieved by breaking and removing the silica ampoule. In order to reduce ab-

sorption due to different impurities in the glass and to have a better transmission window,

the resultant chalcogenide glass was purified through two distillation processes namely

dynamic distillation, which was performed in an open setup and static distillation, which

was performed in a sealed tube setup.

4.1.1.2/ DYNAMIC DISTILLATION

In the first step, the impurity gases like HCl and CCl4 were removed from the chalcogenide

glass using dynamic distillation [253]. This distillation process is called dynamic distilla-

tion as it is performed with the dynamic two-stage vacuum pump. At first, the retrieved

chalcogenide glass (including impurities) from the silica ampoule was filled in one cham-

ber of a two-chamber distillation tube (properly treated with HF and distilled water). Then

the distillation tube was mounted on a settings attached with a two-stage vacuum pump

and a localized heater in a way such that the half portion of the empty batch chamber

(considered as first chamber) and the full portion of the filled batch chamber (considered

as second chamber) stays inside the localized heater as shown in Fig. 4.3. The rest part

Figure 4.3: Dynamic distillation setup. Inset(top-middle): two-chamber distillation tube.

Inset (bottom-right): the inner part of the localized heater where the half portion of the

empty chamber and the full portion of the filled chamber (with chalcogenide glass as

highlighted by the red circle) of the distillation tube is placed.

of the distillation tube was covered with an insulating glass wool to trap the heat from the

localized heater. The temperature of the heater was initially kept at 400°C for 30 minutes

and then gradually increased to 600°C in 12 hours. During the distillation process, at first,
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all the impurity gases (HCl gas and CCl4) will pass through the distillation tube and be

sucked into the condensation trap. Then all the distilled material/glass from the second

batch chamber will come to the first batch chamber and also in the lower part of the be-

ginning length of the distillation tube as the upper part/cross section of the tube will be

empty, which was used to create vacuum. The remaining impurities like MgO, which did

not go through the distillation process due to high melting temperature of around 2852°C

will stay at the second batch chamber.

4.1.1.3/ STATIC DISTILLATION

In the second step, static distillation was performed to remove carbon, silica and other

refractory oxides from the glass. It is called static distillation as it is performed without

the vacuum pump. After the dynamic distillation, the second batch chamber filled with

impurities was removed by sealing the distillation tube from one end of first batch cham-

ber to first few cm of the distillation tube (i.e., the region covered with white cotton like

substance where the distilled glass was deposited) on the other side of the first batch

chamber using a glass blower. Then the sealed distillation tube was placed inside a fur-

nace. The furnace was initially fixed at an inclined position and it has a hot zone and a

cold zone as shown in Fig. 4.4. The position of distillation tube inside the furnace is also

shown in the same figure. The furnace was heated at 640°C for 10 minutes in order to

melt the chalcogenide glass inside the distillation tube. After 10 minutes, the distillation

tube inside the furnace was rotated to place the batch chamber in downward direction

and a small part of the distillation tube was placed outside the furnace to expose it to cold

environment i.e., at room temperature instead of using the cold zone of the furnace. Now

the position of the furnace was changed from inclined to vertical state and its temperature

was increased to near 700°C. During the static distillation process, the distilled glass will

travel from the batch chamber to the cold part of the distillation tube outside the furnace

in vapour form and will be deposited there leaving behind the impurities like carbon, silica

and other refractory oxides in the batch chamber inside the furnace.

Figure 4.4: Different states of static distillation process

4.1.1.4/ SECOND SYNTHESIS

Since, during the two distillation processes, different materials from the chalcogenide

glass were distilled at different speed due to their different melting point, which in turn

separates the glass into different compounds physically. For this reason, the resultant

distilled glass needs a second synthesis process in order to homogenize the glass ma-

terial. Hence, after second distillation, the silica ampoule filled with distilled glass was

sealed with a glass blower to remove the batch chamber with impurities and then it was

placed inside the same furnace (as shown in Fig. 4.2(a)) for a second synthesis, where

the glass was again homogenously heated for 10 hours at 850°C. Then the ampoule was
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cooled down to 500°C, quenched and finally annealed below Tg to remove any mechan-

ical constraints. Finally, the As38Se62 glass was retrieved from silica ampoule and stored

in glove box to avoid contamination and water exposure. Using the similar procedure

as above, a Ge10As22Se68 glass (Tg is around 180°C) was also prepared with slightly

different heating time and temperature of the furnaces than the As38Se62 glass.

4.1.2/ GLASS PROPERTIES

The nonlinear refractive index of As38Se62 glass and Ge10As22Se68 glass are 1.1 · 10−17

m2/W and 8.8 · 10−18 m2/W, which are approximately 420 times and 350 times higher

than silica value, respectively [73, 151]. The linear refractive index of As38Se62 glass and

(a) (b)

0.4

0.8

1.2

1.6

2

A
tt
e
n
u
a
ti
o
n
 (

d
B

/m
)

6 8 103 5 7  92 4
Wavelength (µm)

6 8 103 5 7  92 4
Wavelength (µm)

1 11
0

1

2

3

4

5

A
tt
e
n
u
a
ti
o
n
 (

d
B

/m
)

Figure 4.5: Attenuation spectrum of (a) As38Se62 glass and (b) Ge10As22Se68 glass.

Ge10As22Se68 glass at 1550 nm are given by 2.818 and 2.622, respectively [189]. The

attenuation spectrum of bulk glass measured with a Bruker Tensor 37 FTIR spectrometer

is shown in Fig. 4.5(a) for As38Se62 glass and in Fig. 4.5(b) for Ge10As22Se68 glass. From

Fig. 4.5(a), we can see that As38Se62 glass offers light transmission from 2 to 9.4 µm

range with a minimum attenuation of 0.40 dB/m at 7.42 µm and an absorption peak at

4.56 µm due to the presence of Se-H chemical bonds. For Ge10As22Se68 glass, the light

transmission window covers from 1.5 to 10 µm with a minimum attenuation of 0.19 dB/m

at 5.61 µm and it also has an absorption peak at 4.54 µm due to the presence of Se-H

chemical bonds as can be seen from Fig. 4.5(b). Both of the glasses also show a very

small absorption peak at 3.5 µm due to surface contamination by C–H bonds of non-cyclic

organic compounds.

4.2/ FABRICATION OF CHALCOGENIDE PHOTONIC CRYSTAL FIBER

(PCF)

In this section, we will describe the drawing procedure of microstructured photonic crystal

fibers from chalcogenide glass. The fibers were drawn at the University of Rennes and

the SelenOptics company in France. We fabricated two different type of fibers: highly

birefringent polarization-maintaining photonic crystal fiber (PM-PCF) from As38Se62 glass

and regular lattice PCF (non-PM) from Ge10As22Se68 glass. Several tapers from both

type of PCFs were further fabricated directly on the drawing tower. Since, both types of

PCFs and PCF tapers from two different glasses were fabricated through similar process,
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only the fabrication process of PM-PCF and tapers are reported in this section. Brilland

et al. in [144] reported that drawing of microstructured PCFs from chalcogenide glass

using conventional stack-and-draw method is not efficient as defects appear at the glass

interfaces when the interstitial holes are collapsed during drawing, which results in strong

optical losses above 20 dB/m without depending on the glass composition (Ge-Sb-S,

As-Se, Te-As-Se). Therefore, here the PCFs were drawn from a preform, which was

fabricated with an alternative method known as moulding method as described below.

4.2.1/ PREFORM FABRICATION

The PM microstructure preform containing 36 air holes organized in 3-rings, shown in

Fig. 4.7(a), was prepared using the molding method [165]. In this method, the highly

purified As38Se62 glass (as described in Section 4.1.1) is heated and flowed into a silica

mold, which has the negative shape of the final preform. The silica mold is made of silica-

glass capillaries with a thickness of 30 µm. These capillaries are organized in a hexagonal

periodical pattern, using slices of a silica microstructured preform to keep them in place.

The hole diameter (dhole) is 460 µm and the pitch (Λ) is 1350 µm. In order to make a PM

preform, the geometry of slices is modified (from regular lattice PCF) by placing two larger

holes with a diameter of 650 µm in diametrically-opposed positions in the first ring, while

maintaining the diameter of small air holes (dSA)/Λ ratio. Both the As38Se62 glass rod and

the silica mold are placed in a silica ampoule. The ampoule is then heated in a rocking

furnace at 600°C for one hour so the chalcogenide glass can flow down in to the mold

having a glass viscosity about 10−4 Pa.s. After that, air quenching is performed on the full

mold for four minutes before annealing it at 165°C for one hour. The silica tube around the

preform is then removed with a diamond tool. At the final step, the chalcogenide preform

is obtained by removing the embedded silica capillaries with a hydrofluoric acid treatment.

The final As38Se62 glass preform has a diameter of around 16 mm and a length of 80 mm.

4.2.2/ FIBER FABRICATION

PM-PCF is drawn from the preform through the following procedure. At first, As38Se62 pre-

form is installed in the drawing tower inside a silica glass enclosure, through which helium

gas is flowed to remove any remaining moisture from inside it, as shown in Fig. 4.6(a).

An annular electrical furnace is placed around the preform in such a way that it helps to

heat the lower part of the preform. Both the preform chamber and the furnace chamber

were filled with helium gas. The temperature of the annular furnace is increased until

a drop of glass fall down from the preform due to the gravitational force (around 340°C)

as shown in Fig. 4.6(b). Then the fiber accompanying the drop is attached to a rotating

drum to continue the drawing while the preform is being fed gradually inside the annular

furnace in the same time. During the drawing process, the desired air-hole diameter is

obtained by controlling the helium gas pressure inside the enclosure. For a given feeding

speed of the preform into the furnace, the diameter of the fiber is further controlled by the

pulling speed of the rotating drum. Figures 4.7(b)&(c) show the scanning electron micro-

scope (SEM) images of the As38Se62 PM-PCF drawn from the preform. As can be seen,

it consists of 36 circular air holes in 3 rings with 2 larger air holes adjacent to the core

that provides strong birefringence and polarization maintaining guiding. The distance be-

tween the closest points of the two large air holes, known as core diameter (dcore), is 8.11

µm and the outer diameter (dout) of the PCF is 125 µm. The diameter of the large air

holes (dLA) and small air holes (dSA) are 5.8 µm and 3.35 µm, respectively. The distance

between two small air holes, also known as the pitch (Λ) is 7.025 µm, which gives a dSA/Λ
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(a) (b)

Figure 4.6: (a) Fiber drawing tower with the preform mounted on it inside an annular

furnace (marked in red circle). (b) The event of neck down and the first drop from the

preform at around 340°C due to the gravitational force, highlighted by a red circle in the

image.

3.35 µm

7.025 µm

5.8 µm8.11 µm

(b) (c)
20 µm

Figure 4.7: Cross-section images of As38Se62 preform and solid-core microstructured

fiber. (a) Preform of As38Se62 glass. (b) SEM image of As38Se62 PM-PCF with an outer

diameter (dout) of 125 µm. (c) Expanded view of the microstructure region showing core

diameter (dcore = 8.11 µm), small air hole diameter (dSA = 3.35 µm), and pitch (Λ =

7.025 µm).

ratio of 0.477 that makes the PCF with uniform holes endlessly single-mode in the mid-IR

[118].

4.2.3/ TAPER FABRICATION

As38Se62 PM-PCF tapers were directly made on the drawing tower (see Fig. 4.6(a)) using

the following method. One end of a previously drawn PM fiber (as described in Section

4.2.2) with a length of 80 cm is glued (a special kind of glue which is dried using a UV

lamp) with the fixing rod of the drawing tower. Then the annular electrical furnace is

placed in the middle portion of the fiber. The other end of the PM fiber is glued with a

silica fiber, which is fixed with the rotating drum. Then helium flow is being started inside
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the furnace and a suction pump attached to the furnace is enabled to suck moisture and

chalcogenide vapour from the furnace. In this case, the outer fibre diameter was 162 µm.

Finally, the taper is obtained by drawing a second time the fiber at around 210°C with a

Table 4.1: Fabrication parameters and taper-waist length of different tapers.

Taper Taper Taper Pulling speed Feeding speed Taper length

type dcore (µm) dout (µm) (m/min) (mm/min) (cm)

As38Se62 1.77 28.74 0.05 1.6 27,40,53

PM-PCF

2.5 28.53 0.05 1.5 5,12

Ge10As22Se68 3 34.24 0.05 2.1 12,28

PCF 4 45.65 0.05 3.8 16,26,34

5 57.06 0.05 5.9 20,30

6 68.47 0.05 8.5 11,30

Table 4.2: Mean structural parameters of As38Se62 PM-PCF and Ge10As22Se68 PCF mea-

sured in the untapered fiber and in the taper-waist using SEM image.

Initial fiber Taper waist

Taper dcore dout dSA Λ dSA/Λ dcore dout dSA Λ dSA/Λ

type (µm) (µm) (µm) (µm) (µm) (µm) (µm) (µm)

AsSe 10 162 4.25 8.51 0.499 1.77 28.74 0.808 1.69 0.478

GeAsSe 14.59 166.5 5.23 10.36 0.504 6 68.47 2.04 4.13 0.494

tensile strength around 30 g. Since the initial PM fiber has an dout of 162 µm and dcore

of 10 µm, the output diameter of the waist should be 28.74 µm, which corresponds to an

approximate core diameter of 1.77 µm in the taper-waist region. For this purpose, for a

given pulling speed (0.05 m/min) of the rotating drum, the feeding speed of the preform

into the furnace is calculated as 1.6 mm/min as reported in Table. 4.1.

For the Ge10As22Se68 PCF tapers, dout and dcore of the normal region were 166.5 µm

and 14.59 µm. Therefore, similarly, dout and dcore of the taper-waist region, fixed pulling

speed, and calculated feeding speed for different tapers with different taper-waist core

diameter are reported in Table 4.1. The obtained tapers from both glass compositions

have a down-taper section length (LDT ) of 2–3 cm, uniform taper-waist section length

(LW) of 27–53 cm for As38Se62 PM-PCF and 5-34 cm for Ge10As22Se68 PCF, and up-taper

section length (LUT ) of 2–3 cm as shown in Figs. 4.8(a)&(b), respectively. Figures 4.8(c-

g) represent the SEM images of the normal section and tapered section of As38Se62

PM-PCF taper and Ge10As22Se68 PCF taper.

It was not possible to take SEM images of taper-waist section of all individual tapers

having different taper-waist dcore without destroying them. Therefore, we have reported

the geometrical parameters of only one Ge10As22Se68 PCF taper and one As38Se62 PM-

PCF taper with taper-waist of 6 µm and 1.77 µm, respectively, as given in Table 4.2.
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Proper maintenance of dSA/Λ ratio during the taper fabrication provides closer values of

Figure 4.8: (a) & (b) Schematic of longitudinal sections of As38Se62 PM-PCF tapers and

Ge10As22Se68 PCF tapers, respectively: length before taper (LBT ), length of down-taper

section (LDT ), length of uniform taper-waist section (LW), length of up-taper section

(LUT ), and length after taper (LAT ). (c) & (d) Cross-section images of normal section and

taper-waist section of As38Se62 PM-PCF with respective outer diameter (dout) of 162 µm

and 28.74 µm and respective core diameter (dcore) of 10 µm and 1.77 µm. (e)

Cross-section image of normal section of Ge10As22Se68 PCF with dout of 166.5 µm and

dcore of 14.59 µm. (f) Cross-section image of taper section of Ge10As22Se68 PCF with

dout of 68.47 µm and an expanded view of the taper waist region in (g) showing dcore = 6

µm, dSA =2.039 µm, and Λ = 4.131 µm.

0.499 and 0.478 for the normal section and the taper section, respectively for the As38Se62

PM-PCF taper and values of 0.504 and 0.494 for Ge10As22Se68 PCF taper.

4.3/ OPTICAL TRANSMISSION AND ATTENUATION OF FIBERS

In this section, we will discuss about the optical attenuation and transmission of the

As38Se62 PM-PCF, Ge10As22Se68 PCF, and the PCF tapers, which are described in the

previous section. The attenuation of the drawn As38Se62 PM-PCF with a core diame-
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ter of 8.11 µm and Ge10As22Se68 PCF with a core diameter of 14.9 µm were measured

with a Bruker Tensor 37 FTIR spectrometer equipped with a liquid nitrogen cooled mer-

cury–cadmium–tellurite (MCT) detector having a sensitivity from 1.2 to 14 µm, as shown

in Fig. 4.9. The attenuation of the fibers were precisely measured using the standard

cut-back technique and guidance of cladding modes was eliminated by applying a layer

of graphite on the surface of the fiber during the measurement. Figure 4.9(a) shows light

transmission in the As38Se62 PM-PCF between 2 µm and 9.4 µm with a minimum attenu-

ation of 0.25 dB/m at 6.64 µm. Two absorption peaks can be observed in the attenuation

spectrum of the fiber including a peak at 4.56 µm due to the presence of Se-H bonds (as

in the bulk sample, see Fig. 4.5(a)) and another peak at 6.3 µm due to the presence of

H2O molecules. The attenuation spectrum of Ge10As22Se68 PCF, as can be seen from
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Figure 4.9: Attenuation spectrum of (a) As38Se62 PM-PCF with cut-back length of 3.35 m

and (b) Ge10As22Se68 PCF with cut-back length of 4.3 m, measured with a Bruker Tensor

37 FTIR spectrometer.

Fig. 4.9(b), shows light transmission from 2 µm up to 10 µm with a minimum attenuation

of 0.204 dB/m at 5.88 µm. The attenuation spectrum also shows four notable absorption

peaks as follows: first small peak from left at 2.9 µm due to the presence of O–H bonds,

second peak at 3.5 µm due to surface contamination by C–H bonds of non-cyclic organic

compounds, the third peak at 4.56 µm due to the presence of Se-H bonds (as in the bulk

sample, see Fig. 4.5(b)), and the fourth peak at 7.9 µm due to the presence of Ge-O

bonds.

The power transmission (i.e., the percentage of incident power (at the input facet of

the fiber) that is transmitted at the output of the fiber) of a tapered As38Se62 PM-PCF with

taper-waist of 1.77 µm and taper-waist length of 27 cm was measured to be 13% at 1.55

µm using an 1 mW continuous wave (CW) laser and a Thorlabs power meter. Then, the

transmission spectra of all three As38Se62 PM-PCF tapers with a taper-waist length of 27

cm, 40 cm, and 53 cm were measured with the same FTIR spectrometer as previous,

which is shown in Fig. 4.10(a). The tapers transmit light from 1.84 to 5.23 µm (at the 3 dB

level of maximum transmission) and there is no significant change in transmission window

with taper length. However, the transmission bandwidth is significantly reduced compared

to the untapered PM-PCF (see Fig. 4.9(a)) and there are three transmission dips clearly

visible because of the presence of three new absorption bands at 2.9 µm due to O–H

bonds, at 3.5 µm due to surface contamination by C–H Bonds of non-cyclic organic com-

pounds, and at 4.25 due to CO2 molecules. These are mainly due to the contamination

of the taper-waist, non-adiabatic taper transitions during taper drawing process, and high



4.3. OPTICAL TRANSMISSION AND ATTENUATION OF FIBERS 81

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Wavelength (µm)

0

1

2

3

4

5

T
ra

n
s
m

is
s
io

n
 (

a
.u

.)

6

×10-3

Figure 4.10: Qualitative transmission spectra of different chalcogenide tapered fibers

measured with a Bruker Tensor 37 FTIR spectrometer: (a) As38Se62 PM-PCF tapers with

different taper-waist length having a waist diameter 1.77 µm. (b-f) Ge10As22Se68 PCF

tapers with different taper-waist length having a waist diameter of (b) 2.5 µm, (c) 3 µm,

(d) 4 µm, (e) 5 µm, and (f) 6 µm.

confinement loss for non-uniform and small taper-waist. This unfortunately prevents the

use of the As38Se62 PM-PCF tapers for mid-IR SC generation beyond 5.5 µm and we will

therefore in Section 4.6 focus on the straight As38Se62 PM-PCF for mid-IR SC generation.

The transmission spectra of Ge10As22Se68 PCF tapers with 5 different taper-waist core

diameters, such as 2.5 µm, 3 µm, 4 µm, 5 µm, and 6 µm having different set of taper-

waist length are further measured, which are shown in Figs. 4.10(b-f). The transmission

spectra are recorded to be compared to the untapered initial fiber attenuation and in or-

der to check the transmission windows which is strongly linked to the core size. Indeed,

when the core size is smaller than the propagated wavelength, additional confinement

losses appear due to the structure of the PCF. From Figs. 4.10(b-f), we can see that,

the transmission window inside the tapers increases with increasing taper-waist core di-
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ameter and we obtained maximum transmission window from 3.3 µm up to 9.1 µm (at

the 3 dB level of maximum transmission) for the tapers with taper-waist core diameter of

6 µm. Furthermore, transmission window decreases with increasing taper-waist length

for the same taper-waist core diameter due to increasing propagation losses in the taper

section as shown in Figs. 4.10(b-f). The transmission spectra of tapers also show sev-

eral new dips such at 4.26 µm due to the presence of CO2 molecules, at 4.94 µm due

to Ge-H bonds, at 6.3 µm due to H2O molecules, along with already present attenuation

peaks in the untapered PCF (see Fig. 4.9(b)). Since, the Ge10As22Se68 PCF tapers with

taper-waist of 6 µm have the broadest transmission window up to 9.1 µm (similar to the

untapered fiber), therefore, they will be tested for mid-IR SC generation in Section 4.6.

4.4/ COMPUTATION OF DISPERSION AND BIREFRINGENCE

Group-velocity dispersion (GVD) and birefringence properties of the PM-PCF and the

PM-PCF taper are computed using COMSOL software based on a full vector finite-

element method from the cross-section images shown in Fig. 4.7(c) and Fig. 4.8(d). The

refractive index of the air holes is set to 1 and the refractive index of the glass was calcu-

lated using a standard Sellmeier equation with the following form [10]

n2(λ) = A0 +
A1λ

2

λ2 − a2
1

+
A2λ

2

λ2 − a2
2

, (4.4.1)

where, A0, A1, and A2 are dimensionless coefficients and a1 and a2 are the material reso-

nant wavelengths. For As38Se62 glass, the values of the coefficients used in the simulation

are: A0 = 3.7464, A1 = 3.9057, A2 = 0.9466, a1 = 0.4073 µm, and a2 = 40.082 µm [216].

The PM-PCFs are assumed to be single-mode (HE11) in the mid-IR as the second-order

and higher-order modes have much higher confinement loss (18 dB/m at 3 µm, 56 dB/m

at 4 µm, and 176 dB/m at 5 µm, obtained using Eq. 2.1.45 from Chapter 2) than HE11

mode over the wavelength range under investigation. Therefore, the effective refractive

index (neff) is calculated for the fundamental mode of PM-PCF followed by computation of

group-velocity dispersion (D) and phase birefringence (B(λ)) of the fundamental mode us-

ing Eqs. 2.1.50 and 2.1.53 from Chapter 2. The computed GVD and phase birefringence

are plotted in Fig. 4.11(a) for the PM-PCF with a dcore of 8.11 µm and in Fig. 4.11(b) for

a PM-PCF taper with a taper-waist dcore of 1.77 µm. The PM-PCF has a zero-dispersion

wavelength (ZDW) at 4.56 µm for the fast axis and 4.68 µm for the slow axis and, at

average ZDW, a large phase birefringence of 6.5 · 10–4 such that strong polarization main-

taining properties are expected. This is in excellent agreement with the experimental

measurement recently reported in [216] using crossed-polarizers technique. By tapering

the PM-PCF core from 8.11 µm to 1.77 µm, we are able to bring down the ZDW from 4.56

µm to 2.507 µm for the fast axis and from 4.68 µm to 2.75 µm for the slow axis along with

a second ZDW at 3.51 µm for the fast axis and 3.78 µm for the slow axis. The PM-PCF

taper also shows quite high phase birefringence of 9 ·10–3 and 1.93 ·10–2 at two respective

average ZDWs.

As mentioned before, out of all the Ge10As22Se68 PCF tapers with different taper-waist

core diameter as reported in Table. 4.1, the taper with taper-waist dcore of 6 µm is used for

experimental SC generation. Therefore, its group-velocity dispersion for the fundamental

mode (see inset of Fig. 4.11(c)) is computed following the same procedure, as that of

As38Se62 PM-PCF taper discussed above, using the SEM image shown in Fig. 4.8(g).

In this case the refractive index of the glass was calculated using the following form of
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standard Sellmeier equation,

n2(λ) = 1 + B0 +
B1λ

2

λ2 − b2
1

+
B2λ

2

λ2 − b2
2

, (4.4.2)

where the values of the coefficients in Eq. 4.4.2 for Ge10As22Se68 glass are: B0 = 2.774,

B1 = 2.892, B2 = 0.7320, b1 = 0.4047 µm, and b2 = 38.53 µm [236]. Figure 4.11(c) shows

the computed group-velocity dispersion of the PCF taper, which exhibits a zero-dispersion

wavelength at 3.541 µm.
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Figure 4.11: Dispersion and birefringence characteristics of the As38Se62 PM-PCF, taper,

and Ge10As22Se68 PCF taper simulated for the fundamental mode from SEM image. (a)

As38Se62 PM-PCF with dcore of 8.11 µm. Blue and red curve: group-velocity dispersion of

PM-PCF sample for different polarization axis. Inset: optical power density of the

fundamental mode for the fast axis at a wavelength of 2 µm inside the core of the fiber.

Black curve: phase birefringence of PM-PCF. (b) PM-PCF taper with a taper-waist core

diameter 1.77 µm. Green curve: group-velocity dispersion of taper-waist section. Blue

curve: phase birefringence of the taper-waist section. (c) Ge10As22Se68 PCF taper with

dcore of 6 µm. Inset: optical power density of the fundamental mode at a wavelength of

1.7 µm inside the core of the fiber. Red curve: group-velocity dispersion of taper-waist

section.
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4.5/ EXPERIMENTAL SETUP FOR MID-INFRARED PUMP AND SC

GENERATION

Figure 4.12 outlines the experimental setup for mid-IR pumping of the chalcogenide glass

based PM-PCF and non-PM taper and measuring the generated SC infrared light [236].

The experiment was performed at the Technical University of Denmark as part of au-

thor’s PhD secondment in the framework of the European program H2020-MSCA-ITN

SUPUVIR. The mid-IR pump was generated through a single-pass parametric genera-

tion process using a 10 mm periodically-poled fan-out MgO:LiNbO3 crystal (MgO:PPLN).

The nonlinear crystal was pumped by a continuous-wave (CW) seed laser (tunable from

1350 to 1450 nm) along with a 1.04 µm mode-locked Yb:KYW solid-state laser (having

a full width half maximum pulse duration of 250 fs at 21 MHz repetition rate) to stimulate

quasi phase-matched parametric anti-Stokes generation. The phase-matching relation

was achieved by selecting the appropriate poling period of the fan-out structure using a

linear translation stage, and the crystal was kept in an oven at a constant temperature

of 150°C to avoid photorefraction. The combination of tunable seed and tunable poling

Figure 4.12: Schematic of the experimental setup for mid-IR pump laser and

supercontinuum infrared light generation. LPF, long-pass filter; PM-PCF, polarization

maintaining photonic crystal fiber. Polarization dependency of SC light was studied by

rotating the fiber at fixed input power.

period of the crystal provides a tunable MIR output between 3.7 µm and 4.53 µm whose

spectrum corresponds to a 252 fs transform limited pulse train at 4 µm (see [213] for the

first use of the laser). Any residual pump and other radiation below 3.5 µm was eliminated

by placing a reflective long pass filter (LPF) after the crystal system. The mid-IR output

beam was then collimated by an achromatic air-space lens doublet, which is optimized

for a central wavelength of 4 µm and anti-reflection (AR) coated for the 3–5 µm range.

The pump beam was then injected into the PM-PCF or the PCF taper through an AR

coated ZnSe aspheric lens with a focal length of 12 mm and the coupling power was con-

trolled by rotating a variable attenuator. The generated SC light was measured using a

fiber-coupled Fourier transform infrared (FTIR) spectrometer (FOSS) covering from 1–10

µm (low sensitivity below 3 µm) and a grating-based spectrometer covering from 1–5 µm

(Spectro 320, Instrument Systems), depending on the wavelength. The output power was

measured with a thermal power meter.
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4.6/ RESULTS

In this section, at first we reported the SC spectra generated in 8.11 µm core diam-

eter As38Se62 PM-PCF with 4 µm and 4.53 µm pumping and also its polarization de-

pendency. In order to have better understanding of the underlying physical phenom-

ena behind the experiment, these results were then compared with a numerical simu-

lation performed with a two-polarization code based on two coupled generalized non-

linear Schrödinger equations (CGNLSE). Finally the SC spectra generated with a 6 µm

core diameter Ge10As22Se68 PCF taper was further investigated to show the influence of

taper-waist core diameter and taper-waist length on SC bandwidth.
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Figure 4.13: Supercontinuum spectra generated in a 25 cm long PM-PCF sample with

252 fs pulses. Different spectra are all shifted by 10 dB. (a) & (b) SC spectra generated

with 4 µm and 4.53 µm pump, respectively, as a function of mean output power. (c)

Dependency of SC spectra with incident angle of polarization from 0° to 182° for

pumping at 4.53 µm.
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4.6.1/ SC GENERATION IN A UNTAPERED AS38SE62 PM-PCF

Figure 4.13(a) shows the generated SC spectra with increasing pump power in a 25 cm

long PM-PCF with the pump tuned to 4 µm central wavelength. For a maximum available

pump power of 135 mW, we obtained a SC spectrum spanning from 3.1 to 6.02 µm (at

the -30 dB level) with an average output power of 11 mW. Then we tuned the pump

wavelength close to the ZDW at 4.53 µm and the obtained SC spectra with different

output power are shown in Fig. 4.13(b). An available maximum power of 98 mW provided

a spectral broadening from 3.33 to 5.78 µm (at the -30 dB level) with an average output

power of 6.23 mW. However, the spectrum at 4.53 µm has a lower bandwidth than the

spectrum at 4 µm due to available lower input power from the laser in spite of pumping

closer to the ZDW. Furthermore, with a constant input power of 62 mW at 4.53 µm, we

were able to measure the polarization dependency of the SC spectra by rotating the fiber,

which amounts to turning the input pump polarization with respect to the principal axes of

the PM fiber. Using the measured output power, Fresnel loss from the output end face of

the fiber, and intrinsic attenuation of the fiber in Eqs. 2.1.35 and 2.1.36 from Chapter 2, we

estimated the coupling efficiency to be ∼ 11% and ∼ 9%, the coupling peak power as 2.74

kW and 1.59 kW at 4 µm pumping and 4.53 µm pumping, respectively. Figure 4.13(c)

shows the recorded SC spectra when tuning the fiber angle from 0° till 182° with 10°

steps and with constant output power of 3.8 mW. As it can be seen from Fig. 4.13(c), the

input pump polarization strongly affects the SC generation in the PM-PCF. The obtained

SC bandwidth reduces from 2140 nm down to 1620 nm (at the -20 dB level) with an

angular periodicity of about 90°. Polarization-maintaining property of the PM-PCF could

be further investigated efficiently by placing an analyzer after the PM-PCF output in order

to check the polarization of the SC spectra. Unfortunately, it was not performed due to

the absence of a mid-IR polarizer during the experiment.

4.6.2/ COMPARISON WITH NUMERICAL SIMULATIONS

Detailed modelling of the polarization and modal properties of mid-IR SC generation in

multi-mode step-index non-PM chalcogenide fibers was studied in [222], which demon-

strated how important it is to control the polarization and the number of modes partici-

pating in the SC generation process. Here the uniform PM-PCF is single-mode at the

pump wavelength, which means that we can restrict ourselves to consider only the fun-

damental mode with both polarizations. Nonlinear pulse propagation and SC genera-

tion in the highly-birefringent PM-PCF was therefore modelled using a two-polarization

code based on the two coupled generalized nonlinear Schrödinger equations (CGNLSEs)

[121, 128, 131, 166]. These equations can be written in following reduced form in a lin-

early polarized basis

∂Ax,y

∂z
+
α

2
Ax,y + β1x,y

∂Ax,y

∂T
−

∑

k≥2

ik+1

k!
β

x,y
k

∂kAx,y

∂T k
= iγ

(

1 + iτshock
∂

∂T

)

×

[

(1 − fR)

(

|Ax,y|2 +
2

3
|Ay,x|2

)

+ fRAx,y(z,T )

∫ T

−∞
hR(T − T ′)|Ax,y(z,T − T ′)|2dT ′

]

, (4.6.1)

where Ax and Ay are the slow and fast axis field amplitudes, α is the wavelength-

dependent propagation loss taken from Fig. 4.9(a), β
x,y
k

is the kth Taylor expansion of the

propagation constants for the two linearly polarized field amplitudes. It accounts for the

phase birefringence of the PM-PCF plotted in green in Fig. 4.11(a). The second-order

dispersion β
x,y
2

(ω) is also shown in Fig. 4.11(a) as the D parameter. We also included
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higher order dispersion coefficients from Fig. 4.11(a). Nonlinear coefficient γ was cal-

culated from effective mode area of PM-PCF and nonlinear index of the As38Se62 glass

using γ = 2πn2

λA
eff

(λ) . This gives γ = 358.6 W−1km−1 and 301 W−1km−1 at the two pumping

wavelengths, 4 µm and 4.53 µm, respectively [73]. The time derivative term in RHS of

Eq. 4.6.1 models the effects such as self-steepening and optical shock formation with

τ
shock

=
1
ω0

. The bottom first term in the RHS represents the nonlinear response function,

which includes both instantaneous self-phase modulation (SPM) and degenerate cross-

phase modulation (DXPM) between the two cross-polarized fields with the coupling factor

2/3 [131, 121]. The coherent coupling term between the two cross-polarized fields is here

neglected because of the high birefringence [128]. fR is the Raman fractional contribution

to the Kerr effect and we find fR = 0.1, using the parameter reported in [120] for chalco-

genide glass. The Raman response delayed function hR(t) in the last term of Eq. 4.6.1

can be expressed in the time domain as follows:

hR(t) =
τ2

1
+ τ2

2

τ2
1
τ2

2

exp

(

−T

τ2

)

sin

(

T

τ1

)

. (4.6.2)
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Figure 4.14: (a) The imaginary part of third-order susceptibility for an As2Se3

chalcogenide fiber, whose Raman gain was measured at the Naval Research

Laboratory, taken and adapted from [168]. The third-order susceptibility is proportional

to the Raman gain. It has been normalized to 1 at the peak gain. (b) The real part of the

third-order susceptibility, adapted from [168]. (c) Raman response delayed function for

As38Se62 fiber.

Raman gain can be obtained as g(Ω) = (2ωp/c)n2 fRIm[HR(Ω)], where ωp and
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Im[HR(Ω)] denote the pump frequency and the imaginary part of the Fourier transform of

hR(t), respectively [43]. Then Re[HR(Ω)], whose inverse Fourier transform yields hR(t), can

be then determined from Im[HR(Ω)] using the Kramers-Kronig relations (Hilbert transfor-

mation) [43]. Figure 4.14(a) shows the imaginary part of third-order susceptibility N′′(Ω),

which is proportional to Im[HR(Ω)] and has been normalized to 1 at the peak gain. The

real part of the third-order susceptibility N′(Ω), which is the corresponding Hilbert trans-

forms of N′′(Ω) is shown in Fig. 4.14(b), as reported in [168]. In our case τ1 and τ2 in

Eq. 4.6.2 are 23.14 fs and 157 fs, respectively, which was fitted for the Raman gain peak

of 230 cm−1 or 6.9 THz (see Fig. 4.14(a)) for As38Se62 fiber whose Raman gain peak

was measured in [168]. The Raman response delayed function is shown in Fig. 4.14(b).

The same Raman function was used for both fiber axes because the perpendicular Ra-

man gain is almost negligible [131]. For the PM-PCF sample with pump at 4 µm and

4.53 µm, we used a fiber length of 25 cm and pump pulse duration of 252 fs for both

cases. The coupling peak power at the input of the fiber was considered to be 1.33

kW and 0.40 kW for the pump at 4 µm and 4.53 µm, respectively, in order to have the

best fit with experimental results. Figures 4.15(c)&(d) show the evolution of numerically
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Figure 4.15: Numerical simulation:(a) and (b) Comparison between numerically and

experimentally generated SC spectra in the PM-PCF for pumping at 4 µm (a) and

4.53 µm (b). (c) and (d) Numerically generated evolution of SC spectra along the fiber

length at the respective pumping wavelength. The vertical black line represents the

zero-dispersion wavelength (ZDW). (e) and (f) Corresponding temporal distribution along

the fiber length.

computed SC spectra along fiber length for a pump wave polarized along one of the prin-

cipal axis at 4 µm and 4.53 µm, respectively. The temporal counterparts are shown in

Figs. 4.15(e)&(f). The comparisons between simulated and experimental SC spectra for

respective pump wavelength of 4 µm and 4.53 µm are shown in Figs. 4.15(a)&(b). The

simulated and experimental SC spectra are in qualitative agreement in terms of band-
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Figure 4.16: Numerical simulation: (a) Polarization dependency of numerically generated

SC spectra at 4.53 µm pumping when tuning the input polarization angle from 0° up to

180° from the fast axis. (b) Comparison of bandwidth (at -20 dB) between experimental

and simulated SC spectra at different polarization angle for 4.53 µm pumping.

width, but in terms of structure of the spectrum, they are quite different. In 4 µm pumping,

since the pump was located in the strong normal dispersion regime but far from the ZDW,

therefore, initial SC generation was driven mainly by self-phase modulation (SPM). From

both the numerical and experimental observations (see Figs. 4.15(a)&(c)), we can see

due to SPM, pumping below the ZDW initiates a large build-up of power in the 3.3-4.3 µm

region. Therefore, it limits the amount of power which crosses the ZDW to generate the

long-wavelength part of the spectrum. However, after just 2 cm of propagation in the fiber,

the spectrum extends beyond the ZDW, which then initiates soliton formation and fission

followed by Raman soliton self-frequency shifting (SSFS). As a result, we could observe

multiple soliton generation towards the infrared up to 6 µm. Simultaneously there are dis-

persive waves that are emitted from solitons in the short wavelength range down to 3 µm.

The cross phase modulation (XPM) interaction between dispersive waves and Raman

solitons could be observed around 3.3 µm of the spectra in Fig. 4.15(a). Figure 4.16(a)

shows a series of computed SC spectra as a function of input polarization angle θ, from

0° to 180° with respect to the fast axis. This leads to SC bandwidth reduction from 2010

nm down to 1450 nm with an angular periodicity of around 90°, as shown in Fig. 4.16(b),

as a black curve. This can be explained by the fact that when tuning the polarization

angle from one principal axis to the other, the degenerate cross-phase modulation be-

tween the Ax and Ay vector fields is lower than the self-phase modulation (SPM) itself by

a factor 2/3, giving rise to less SC broadening when pumping off axis with a minimum at

45°. The agreement with experimental measurements (blue curve) is quite satisfactory,

except the small offset that is due to the different SC bandwidth shown in Fig. 4.15(b). It

is well known that SC generated in a fiber pumped in the anomalous group velocity dis-

persion regime usually contains large amount of intensity noise due to soliton dynamics

and stimulated Raman scattering, which is the basis of SC generation. However, here the

PM-PCF pumped in the anomalous group velocity dispersion regime only maintains the

polarization of generated SC but it anyway does not contribute to the reduction of noise

unlike ANDi PM-PCF [231].
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4.6.3/ SC GENERATION IN GE10AS22SE68 PCF TAPER

The zero-dispersion wavelength of a tapered fiber is much lower compared to the non-

tapered section and it allows coupling of more pump power into the anomalous disper-

sion regime in order to improve efficiency of SC generation in the taper. However taper-

ing a fiber has a drawback as it also pushes the confinement loss edge towards short-

wavelengths. Therefore, it introduces a trade-off between efficiency and long-wavelength

loss. As previously explained in Section 1.2, mid-IR SC spectra in optical fiber can be

generated in two ways: direct pumping and cascaded pumping. Therefore, we will focus

on both methods in the following sections.

Figure 4.17: Supercontinuum spectra generated in a Ge10As22Se68 taper sample

(taper-waist core diameter of 6 µm) with 252 fs pulses as a function of mean output

power. (a) SC spectra generated with a 4 µm pump. (b) SC spectra generated with a

4.53 µm pump.
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4.6.3.1/ DIRECT PUMPING

Here a Ge10As22Se68 PCF taper (see Fig. 4.8(b) and Table 4.2) with a taper-waist dcore

of 6 µm and a total length of 45 cm, which consists a taper-waist length (LW) of 11 cm,

before taper section length (LB = LBT + LDT ) of 15 cm, and after taper section length

(LA = LAT + LUT ) of 19 cm, was directly pumped in the anomalous GVD region at 4

µm central wavelength, above the ZDW of 3.541 µm using the same experimental setup

demonstrated in Section 4.5. The variation of measured spectra with output power is

shown in Fig. 4.17(a). We obtained a SC spectrum spanning from 1.3 to 6.3 µm with an

average output power of 12.70 mW for an input pump power of 195 mW. Figure 4.17(b)

shows the measured SC spectra with different output power when the pump wavelength

is tuned to 4.53 µm in the strong anomalous GVD region. An available maximum input

power of 98 mW provided a spectral broadening from 3.61 to 6.56 µm (at the -30 dB

level) with an average output power of 7.5 mW. In this case, we were able to extend

the SC broadening towards the long-wavelength edge by few 100 nm by pumping far

in the anomalous GVD region but in the same time, the SC broadening was shortened

in the short-wavelength edge as we were limited by low input power compared to 4 µm

pumping. The estimated coupling efficiency using Eq. 2.1.36 are ∼ 9% and ∼ 14%, the

coupling peak power using Eq. 2.1.35 are 3.26 kW and 2.62 kW at 4 µm pumping and

4.53 µm pumping, respectively.

4.6.3.2/ CASCADED PUMPING

In a recent study on SC generation in tapered Ge10As22Se68 PCFs using direct pumping

by Petersen et al [236], it was found that generated SC bandwidth is greatly influenced

by the length of uniform fiber before taper section (LB) and after taper section (LA). In this

section, an investigation of the influence of taper-waist core diameter to the SC generation

is performed using cascaded fiber system, as reported in [254]. In this investigation, the

two same 6 µm (dcore) Ge10As22Se68 PCF tapers with taper-waist length (Lw) of 11 and 30

cm as described in Table 4.1 & Table 4.2 along with other tapers (dcore between 6.5 and

7.5 µm) from the same Ge10As22Se68 glass were pumped in a cascaded SC system. The

structural parameters of all the tapers together are reported in Table 4.3.

Table 4.3: Structural parameters of Ge10As22Se68 PCF tapers, reproduced from [254].

Taper ID dcore [µm] LB [cm] Lw [cm] LA [cm] Ltotal [cm]

A 6 6 11 18 35

B 6.5 10 15 11 36

C 7 2 12 19 33

D 7.5 9 15 18 42

E 6 27 30 12 69

The pump source for the cascaded system was a SC source based on 7 µm core

diameter ZBLAN (ZrF4–BaF2–LaF3–AlF3–NaF) fiber with a spectral coverage from 1-4.2

µm. The ZBLAN fiber was pumped with a four-stage all-fiberized master oscillator power

amplifier (MOPA) configuration [249], as shown in Fig. 4.18. The MOPA is based on

erbium-ytterbium (Er-Yb) and other co-ion-doped fibers. The first stage of MOPA is com-

prised of a directly modulated laser diode at 1556 nm with a variable pulse repetition rate
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In house four-stage 

MOPA

1556 nm, 1ns

Mid-IR 

Spectrometer× ×

ZBLAN PCF

(7 µm)

Ge10As22Se68 
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Figure 4.18: Schematic of the experimental setup for mid-IR SC generation in cascaded

pumping configuration, reproduced from [249, 254]. MOPA, master oscillator power

amplifier.

and 1 ns pulse duration acting as a seed source. The signal was further amplified in three

stages where the first two stages have Er-doped fiber and the third stage has an Er-Yb-

doped fiber. The MOPA generates the above mentioned 1-4.2 µm SC in ZBLAN fiber and

it was then injected into the chalcogenide PCF taper to extend the long wavelength edge

of the SC.

Furthermore, the generated SC light at the output of tapers A-E was measured with a

grating-based Spectro 320 spectrometer and a custom version of the FTIR spectrometer

(FOSS, with extended coverage from 2.8-14 µm) as described in Section 4.5. For an

average pump power of ∼ 270 mW at 1 MHz repetition rate, the generated SC spectra

at the output of tapers A-D is shown in Fig. 4.19(a) with total measured output power for

each taper. We obtained total transmission between 31-38% in tapers A-D and managed

to achieve highest output power of 103 mW in taper D. It can be seen from Fig. 4.19(a)

that the taper A-C show similar spectra with SC bandwidth up to 8 µm at -30 dB level,

despite having different taper-waist core diameter. However, the SC spectrum in taper

D was limited to 7.5 µm and the flatness in the SC spectra was much less compared to

tapers A-C. The pump SC source (1-4.2 µm) has a cut off at around 4 µm, therefore, for

taper D (dcore = 7.5 µm and estimated ZDW around 4 µm), the coupled solitons in the

PCF initially experience self phase modulation in the normal dispersion regime and the

part which crosses ZDW and broadens in the anomalous dispersion regime contributes

to long-wavelength in the spectra. As a result, in taper D, the amount of power above 3.5

µm is ∼ 21% (22.2 mW), lower than compared to ∼ 29% (25.8) in taper C (ZDW is lower

compared to taper D).

Another taper E (same dcore = 6 µm as taper A but twice the length of Lw and longer

LB) was tested in order to investigate whether the spectral extensition of SC was lim-

ited by taper-waist length (Lw). The long-wavelength region of generated SC spectrum

in taper E is shown in Fig. 4.19(a) and the full SC spectrum is reported in Fig. 4.19(b).

From Fig. 4.19(a), we can see that the long taper-waist length in taper E increases the

bandwidth in the long-wavelength region but in the same time output power decreases

significantly due to increasing propagation losses in the taper section. From the full spec-

trum of taper E in Fig. 4.19(b), it is observed that the maximum SC broadening covers

from 1.07-7.94 µm (at -20 dB level) with a total output power of a 41 mW for an input pump

power of 350 mW. Furthermore, we were not able to increase the long-wavelength edge

of the SC spectrum by increasing the input pump power in taper E and the SC broad-

ening was limited to around 8 µm as can be seen from Fig. 4.19(c). The same behavior

was found in all other tapers B-D and it suggests that further broadening in the long-
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Figure 4.19: (a) SC spectra of the long-wavelength edge obtained for tapers A–E for a

pump power of ∼ 270 mW. The corresponding measured total output power (power

> 3.5 µm in brackets) is indicated in the legend (∗ = estimated). (b) Output spectrum

(total) of taper E showing a spectral broadening from 1.07–7.94 µm at -20 dB level with a

total output power of a 41 mW for a pump power of 350 mW. (c) Spectral broadening in

taper E with increasing output power, reproduced from [254]. Courtesy of C.R. Petersen

from the Technical University of Denmark.

wavelength edge is limited mainly by the absorption barrier in the transmission spectrum

of the taper as shown in Fig. 4.10(f).
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4.7/ PRELIMINARY INVESTIGATIONS OF DAMAGE THRESHOLD IN

CHALCOGENIDE FIBERS

In many application like air pollution monitoring and hyperspectral imaging, the mid-IR

supercontinuum light sources require to have high brightness with several mW/nm of

spectral density in addition to the broad spectral coverage. It is very difficult to increase

the output SC power after certain limit due to the laser induced damage threshold in

chalcogenide glass. In recent years, several research has been done to investigate laser

damage characteristics of several chalcogenide glasses with the aim to acquire glass

materials with high laser damage resistance [188, 237]. Zhang et al. recently reported

power damage threshold measurement in Ge-As-S glasses [255].

It is well known that all of the nonlinear phenomena occurring in an optical fiber are

extensively dependent on optical power. From this perspective, chalcogenide index guid-

ing PCFs have a major disadvantage in nonlinear applications due to their low power-

damage threshold property. Therefore, in this chapter, the power-handling capability of

chalcogenide fibers is verified by a set of measurements using AsxSey and GexAsySez

PCFs with different glass compositions, mainly increasing the germanium (Ge) content

in the glass. The fibers were provided by the University of Rennes for a collaboration

project as a part of European Union H2020 SUPUVIR consortium. These measurements

include the evolution of the output power of fixed length PCFs with variable input power

or over time with fixed input power at different wavelengths, which will be described and

analyzed in this section.

4.7.1/ DETAILS OF CHALCOGENIDE PCFS USED FOR TESTING

Microstructured optical fibers with 3 hexagonal rings of air holes organised in a triangular

lattice containing 36 air holes are used for this power handling capacity measurements.

One of the PCFs with a core diameter of 11 µm is shown in the optical microscope im-

age in Fig. 4.20(a). In the matter of glass composition, we have used Ge10As22Se68,

Ge14As20Se66, and Ge16As20Se64 glass PCFs as well as As38Se62 glass PCF in order

to test both the effect of different germanium content and also the presence and ab-

sence of germanium content in the glass. The geometrical parameters of the drawn

PCFs with the above mentioned glass compositions used for the power handling capacity

measurements, are given in Table. 4.4. The d/Λ ratio of all the PCFs are greater than 0.4,

which emphasizes that the PCFs are not endlessly single mode. This was confirmed

Table 4.4: Characteristics of chalcogenide PCFs used for power handling capacity mea-

surements.

Glass Core diameter [µm] d/Λ Attenuation [dB/m] Attenuation [dB/m]

Composition at 1750 nm at 2100 nm

Ge10As22Se68 11 0.47 ∼ 2 ∼ 1.2

Ge14As20Se66 11.1 0.50 ∼ 6.5 ∼ 5

Ge16As20Se64 11.1 0.49 ∼ 6.5 ∼ 5

As38Se62 11.2 0.49 ∼ 2.5 ∼ 2

by Figs. 4.20(b)&(c), which show the presence of LP11 and LP01 modes, respectively, at
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(a) (b) (c)

Figure 4.20: (a) Optical microscope image of a Ge10As22Se68 PCF with core diameter of

11 µm. LP11 (b) and LP01 (c) modes exited in one of the PCF under test at 1750 nm.
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Figure 4.21: Attenuation spectra of different chalcogenide PCFs tested for power

handling capacity.

1750 nm, and obtained from the experiment described in the following section. Therefore,

in order to have a proper comparison between all the measurements, it is made sure to

excite always the same mode. In our case, we have chosen to excite the fundamental

(LP01) mode for our power handling capacity measurements as only this mode can trans-

mit in the mid-IR spectral region where the application of chalcogenide fibers mainly takes

place.

The measured attenuation spectra of the PCFs are shown in Fig. 4.21. The estimated

optical attenuation of the PCFs at the measurement wavelengths 1750 nm and 2100 nm

are also provided in Table 4.4 with high degree of approximation due to the low sensitivity

of the detector below 2.5 µm. It can be seen from Fig. 4.21 that the fibers with different

glass composition show quite different attenuation. This could be due to scattering effect

rather than absorption and it should not affect the thermal load that will be put on the

fiber while injecting light in to it. Furthermore, power handling properties are related to

absorption, which is expected to be similar between the drawn fibers.
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4.7.2/ EXPERIMENTAL SETUP

The experimental setup for power damage threshold and power handling capacity mea-

surement of chalcogenide fibers is shown in Fig. 4.22. It is similar to the experimental

setup described in Section 3.4 of Chapter 3 excluding the measurement part with the

spectrometer. Since the transmission range of chalcogenide PCF is in the mid-IR spec-

tral region, idler output of the OPO with tunability from 1.7-4 µm is chosen for the pump

laser. However, the power output of the OPO idler beyond 2100 nm was very low and not

sufficient for power damage measurement, hence we have tested the above-mentioned

chalcogenide PCFs using our OPO at two different pumping wavelengths (1750 nm and

2100 nm) and we have observed dramatically different power damage effects. It is noted

that in the above mentioned test wavelength range, our chacogenide PCFs show high

linear and nonlinear absorption coefficients. Therefore, the performance of the tested

PCFs in terms of power handling capacity is expected to be significantly better in the mid

infrared compared to our chosen wavelengths due to insufficient power of our laser sys-

tem. The light from the OPO was injected into the PCF through an IR-coated focusing

objective (20X magnification) and the input power was controlled via a variable attenua-

tor. The input power after the attenuator was measured with a Thorlabs thermal power

Figure 4.22: Schematic of the experimental setup for measuring power damage

threshold and power handling capacity of chalcogenide PCFs. OPO, optical parametric

oscillator.

meter (operating range: 1-10 µm). The light at the fiber output was collimated by a D-

coated GeSbSe aspheric lens with an effective focal length of 4 mm and the power was

then measured with Thorlabs S132c Ge photodiode (operating range: 700 to 1800 nm) or

with a Thorlabs thermal power meter S401C (operating range 0.2-10.6 µm), depending

on the wavelength. The coupling efficiency and the coupling power were calculated from

the ratio between output and input powers taking into account the fiber’s intrinsic attenu-

ation and Fresnel losses. Furthermore, before measurement with every fiber, the second

power meter was replaced with an IR camera combined with neutral density (ND) filters

to study the light guidance inside the fiber core and excitation of only the fundamental

mode as shown in Fig. 4.20(c).

4.7.3/ POWER HANDLING BEHAVIOR OF CHALCOGENIDE PCFS WITH DIFFER-
ENT COMPOSITIONS

The maximum peak power delivered by the laser system can reach up to 15 kW, which

leads to an optical intensity up to several tens of GW/cm2 in the fiber core with few µm2

effective mode area. Although the laser has low pulse energy (few nJ) due to low average

power and high repetition rate (80 MHz), but the high optical intensity combined with

high repetition rate can leads to power related damage in the chalcogenide fiber due to
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a number of thermal effects such as thermally induced stress, fatigue effects, cumulative

pulse effects, and melting, which are caused because of the local increase in temperature

given by linear, nonlinear, and free carrier absorption.

The amount of launched input power coupled to the core of the fiber, that is the cou-

pled input power (Pc), is different for every PCF sample in our experiment due to non-

reproducible cleaving and low idler beam quality. Since, the length of the fiber, wavelength

dependent attenuation in dB/m and Fresnel loss from the fiber’s output facet are known,

the coupled input power Pc and the coupling efficiency Ceff were calculated using Pout and

Pin in Eqs. 2.1.35 and 2.1.36 from Chapter 2. The estimated coupling efficiency are re-

ported in Table 4.5. From Table 4.5, it can be seen that Ge10As22Se68 and Ge14As20Se66

fiber offers the worst and best coupling, respectively. The coupling efficiency was lower

at 2100 nm than 1750 nm for each individual fiber due to lower beam quality (wavelength

dependent) of idler at 2100 nm.

Table 4.5: Coupling efficiency for different sets of measurements.

Glass Wavelength [nm] Fiber Estimated Ceff [%]

Composition length (m)

Ge10As22Se68 1750 0.25 21.4

2100 0.24 17.2

Ge14As20Se66 1750 0.65 48.9

2100 0.59 26.4

Ge16As20Se64 1750 0.45 38.3

2100 0.43 22.1

As38Se62 1750 0.47 37.4

2100 0.44 19.7

During the measurement, it was noticed that the idler power was a little bit unstable

with a fluctuation of around 10-15 mW, directly coming from the OPO. So the error on the

obtained data should be regarded as quite large, however, with large number of collected

points, the accuracy has been deemed sufficient for deriving at least trends in the fibers’

behavior under laser power. In order to minimize the effects due to accumulation of

damage in the fiber, the Pout data was taken for shortest possible beam exposure time

by using a beam blocker on the beam path. Figure 4.23 shows the measured output

power with increasing input coupled power for the four fiber samples with four different

compositions. From Fig. 4.23, we can see a common trend for all the fiber. At first for

both pump at 1750 nm and 2100 nm, output power increases linearly for a certain value

of coupled input power. After this value of Pc, the slope in Pout vs Pc plot (see red curves

in Fig. 4.23) for 1750 nm started to decrease. This value is defined as power damage

threshold, which is reported in Table 4.6 for all four fiber samples at 1750 nm. This change

in slope at different Pc for different glass composition (see Table 4.6) suggests that at

shorter wavelength, the germanium contain in the glass increases the power handling

capabilities of the fiber. However, for Ge10As22Se68 fiber, poor quality data collection

restrains us from correct estimation of a power damage threshold but the value seems to

be in the same range as the one of As38Se62. The power damage at 1750 nm seems to
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Figure 4.23: Attenuation spectra of different chalcogenide PCFs tested for power

handling capacity: (a) Ge10As22Se68 PCF, (b) Ge14As20Se66 PCF, (c) Ge16As20Se64 PCF,

and (d) As38Se62 PCF.

happen in the beginning part of the fiber’s input end as the original slope was possible to

retrieve again by removing the first few centimeters of fiber’s input end. In 1750 nm case,

just before the fiber burns, we can observe a sharp fall of Pout over a few seconds at a

certain high value of Pc (see red curves in Fig. 4.23) for all the fibers except Ge14As20Se66.

After checking the input fiber end with a fiberscope, the fiber surface appeared to be

completely melted with the holes closed, which suggests that not only the coupled power

but also the whole launched power was involved in this phenomena. The input/coupled

power at which the fiber burns is denoted as burning power, which is reported in Table 4.6

for all four fiber samples. Here, we can see no trend relating the coupled burning power

to the amount of germanium in the glass composition but when comparing the values

of Pin with respect to fiber burning, there is a clear distinction between As38Se62 (∼ 180

mW) and the germanium containing compositions (>216 mW). A comparison between the

compositions containing germanium would not be satisfactory due the above mentioned

sources of errors.

At the 2100 nm pumping case, we did not observe any permanent change in slope of

Pout and Pc plots (see blue curves in Fig. 4.23) due to insufficient power but it seems that

such changes in slope, if present, would occur in much higher input power than those

at 1750 nm. This being consistent with the attenuation data of the fibers, suggested a

significantly higher band-gap related absorption (thus more thermal load) at 1750 nm

than that of 2100 nm. High peak power related two photon absorption (TPA) is also more

significant at wavelengths closer to the band-gap.

For better understanding of power damage phenomena happening in the fiber, an
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Table 4.6: Estimation of damage threshold and burning power for the different fibers

pumped at 1750 nm.

Glass Damage threshold Burning power (mW)

Composition [mW] Total Coupled

Ge10As22Se68 10-17 216 46

Ge14As20Se66 22-31 > 239 > 117

Ge16As20Se64 ∼ 39 223 85

As38Se62 13-20 180 67

extensive study of the output power with time at fixed input power under continuous ex-

posure of laser was performed for the fiber samples with all the compositions. At 1750

nm, for the coupled input power lower than the damage threshold value of the individual

fibers mentioned in Table 4.6, no variation in output power over time could be seen. When

the fixed coupled input power reaches above the damage threshold value, output power

decreases by a significant amount over in few minutes as shown in Fig. 4.24 for all four

fibers with four different compositions. From Fig. 4.24, we can see that the decrease in

output power is not linear and there are few changes in the slope, which could be at least

partially due to the cumulative effect of the power absorbed while collecting the points

and also due to the very small movement of the centre of laser beam in our experiment,

despite the necessary precautions taken to avoid it. After these experiments, the laser

beam was stopped to cool down the fiber. Then after one hour, without modifying the
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Figure 4.24: Output power vs time at 1750 nm for fixed input power for (a) Ge10As22Se68,

(b) Ge14As20Se66, (c) Ge16As20Se64, and (d) As38Se62 fibers.
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input power, injection of light into the fibers leads to retrieval of only a few percentage

(∼ 33%− 70%) of the initial output power suggested that the loss in transmittance induced

in the fibers due to power damage experiment is partially reversible as well as partially

permanent. At 2100 nm, for the similar length of the fiber, no significant change in output

power over time could be observed even for maximum amount of available coupled input

power. This means that the power drop in time is mainly due to two-photon absorption.

4.8/ CONCLUSIONS

In Section 4.6, polarization-preserving supercontinuum generation in the mid-infrared

from 3.1 to 6.02 µm and from 3.33 to 5.78 µm with output power of 11 mW and 6.23 mW,

respectively, has been demonstrated by pumping a highly-birefringent photonic crystal

fiber made of chalcogenide glass with femtosecond pulses at 4 µm and 4.53 µm, respec-

tively. It has been further shown that tuning the input polarization angle with respect to the

fiber principle axes affects the supercontinuum bandwidth and this was checked against

numerical simulations based on two coupled generalized nonlinear Schrödinger equa-

tions. The chalcogenide glass was fabricated using standard melt-quenching method

and the fiber was drawn using the casting method from As38Se62 glass, which features a

transmission window from 2 to 10 µm and a high nonlinear index of 1.13 · 10–17 m2/W. It

has a large birefringence of 6.5 · 10–4 at 4.6 µm enabling strong polarization maintaining

properties. Long tapered optical fibers have also been designed and fabricated from the

same polarization-maintaining fiber with taper-waist core diameter down to a 1.77 µm that

increases the birefringence up to 10–2. This work constitutes an important step towards

stable and linearly-polarized supercontinuum generation for mid-IR applications.

By tapering a 15 µm core diameter Ge10As22Se68 PCF (non-PM) down to a core di-

ameter of 6 µm over a 11 cm taper-waist section, a SC spectrum covering from 1.3-6.3

µm with output power of 12.7 mW was obtained by direct pumping at 4 µm and a SC

spectrum covering from 1-7.4 µm with 82 mW of output power was achieved by pumping

in a cascaded system with pump source covering 1-4.2 µm. The SC spectrum in the

cascaded system was further broadened in the long-wavelength edge from 1.03-7.94 µm

with output power of 41 mW using 30 cm of taper-waist section. We have shown that

the taper-waist core diameter mainly influences the maximum output power and power

in the long-wavelength region, but has negligible influence on the SC bandwidth. The

length before taper section also appears to have negligible impact on the SC bandwidth

within the range of tested lengths. However using a combination of much longer length

before taper section and longer length of taper-waist, a significant impact on the output

spectrum was observed suggesting the importance of the length of taper-waist section.

In this case, although the output power is significantly lower due to the longer length of

fiber, however, the percentage of the power in the longer wavelength region is higher.

In Section 4.7, we have demonstrated power damage threshold measurements

in chalcogenide fiber with glass compositions such as Ge10As22Se68, Ge14As20Se66,

Ge16As20Se64, and As38Se62. The power damage effect visible in these fibers at 1750

nm are due to band-gap related absorption and two-photon absorption. These fibers

showed power damage threshold of between 10-40 mW of coupled input power. PCF

made from Ge14As20Se66 composition is the best among the other three compositions

in terms of both the burning coupled power (117 mW) and coupling efficiency (48.9%)

at 1750 nm. Ge16As20Se64 fiber showed the highest damage threshold of 39 mW. No

significant damage was seen for the fibers pumped at 2100 nm due to insufficient laser
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power. Surprisingly, the Ge10As22Se68 fiber showed the worst coupling efficiency with re-

spect to the other fibers for unknown reason and we need to test it again in the future for

much better estimation of its damage threshold. In addition to this, further measurements

with much higher and stable pump power in the mid-IR region will be needed to have a

better and clear understanding of the physical origin of the difference in power handling

behavior between these fibers made from different compositions. Finally, the fibers with

higher scattering losses appear to exhibit the best properties, which further confirms that

the power-related damage experienced by fibers as can be seen from our measurements

were not affected by the presence of particles inside the glass.





5

GENERAL CONCLUSION AND OUTLOOK

I
N this thesis, our goal was to develop mid-IR SC light sources in soft glass microstruc-

tured photonic crystal fiber platform for numerous practical applications like optical

sensing, material processing, biomedical imaging and microscopy cell and tissue analysis

using OCT, confocal and fluorescence imaging, and infrared spectroscopy for molecular

fingerprints. The combination of enhanced nonlinearities and tailorable dispersion char-

acteristics enables small core microstructured fibers to efficiently generate ultra-broad su-

percontinua spanning from near-IR to mid-IR wavelengths. SC generation in microstruc-

tured PCFs through various nonlinear processes had been studied in details for different

pump pulse parameters such as width, wavelength, and power.

In the project, strong collaboration with various national and international universities

and companies had provided us incredible resources to achieve our goal. Towards our

goal, in collaboration with the Institute of Electronic Materials Technology in Poland, we

achieved a record SC bandwidth covering the near-IR from 891 nm - 2466 nm in heavy

metal-oxide glass based suspended core microstructured PCF using femtosecond pulses

pumped at 1580 nm. This suspended-core PCF structure offers tight light confinement

and very small effective mode area. This geometry also prevents from glass recrystalliza-

tion during fiber drawing using stack-and-draw method and provides higher mechanical

durability. Using femtosecond pulses with peak power higher than the one used in this

project, the SC bandwidth in these fibers could be increased until their transmission cut-

off up to 2800 nm. This result demonstrates the strong potential of heavy metal-oxide

suspended-core PCF for SC generation.

Our main goal of extending the SC bandwidth to mid-IR was achieved in a collabora-

tion with the SelenOptics company, the University of Rennes, and the DTU Fotonik, where

we obtained a polarization-preserving supercontinuum generation with a record broaden-

ing from 3.1 to 6.02 µm with output power of 11 mW by pumping a highly-birefringent

microstructured photonic crystal fiber made of chalcogenide glass (As38Se62) with fem-

tosecond pulses at 4 µm. Effects of polarization on SC bandwidth have also been in-

vestigated. This work constitutes an important step towards stable and linearly-polarized

supercontinuum generation for various mid-IR applications such as gas and pressure

sensing, integrated-optic devices and polarization-sensitive OCT. In spite of featuring a

transmission window up to 10 µm, the SC bandwidth in As38Se62 PCF in this project was

limited to 6 µm due to the unavailability of sufficiently high peak power of our laser pulses

at desired pump wavelength and low coupling efficiency because of poor beam quality

of our laser and difficulty to achieve smooth cleaving of chalcogenide fiber facet. The

high purity As38Se62 glass was fabricated using standard melt-quenching method, fiber
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preform was prepared using moulding method and the final PCF was drawn using the

casting method. All these methods have been demonstrated in great details. Further-

more, to extend the SC bandwidth beyond 6 µm, As38Se62 PCF tapers, which increase

the nonlinearity while maintaining a moderate damage threshold, were realized and in-

vestigated for efficient SC generation with relatively short pump wavelengths (around 2

µm). However, various factors like contamination of the taper-waist, crystallization of

As38Se62 glass and non-adiabatic taper transitions during taper drawing process, high

confinement loss for non-uniform and small taper-waist (1.77 µm diameter) unfortunately

limit the transmission window of these tapers to around 5.5 µm and as a result they were

not efficient for mid-IR SC generation beyond 6 µm for our project.

The above mentioned limitations were overcome in a collaboration with the SelenOp-

tics Company and the DTU Fotonik where several microstructured PCF tapers with core

diameters between 2.5-6 µm were fabricated from Ge10As22Se68 glass and a SC spec-

trum covering from 1.3-6.3 µm with output power of 12.7 mW was obtained by direct

pumping at 4 µm and the same taper with core diameter of 6 µm and 11 cm taper-waist

section generated another SC spectrum covering from 1-7.4 µm with output power of 82

mW by pumping in a cascaded system with pump source covering 1-4.2 µm. The latter

was further broadened up to 7.94 µm with output power of 33.4 mW using 30 cm of taper-

waist section. Furthermore, the investigation also showed that taper-waist core diameter

had negligible influence on the SC bandwidth, however, it influences the maximum output

power and power in the long-wavelength region. Near-IR pumped cascaded system have

made a revolutionary change in mid-IR SC generation to allow us to build compact and

low cost all fiber SC sources. SC bandwidth has been further broadened up to 10 µm

by using short length chalcogenide fiber in an all fiber cascaded system, which was real-

ized in another collaboration with SelenOptics, LEUKOS, and Le Verre Fluoré companies,

McGill University and the University of Rennes.

Lastly, in a collaboration with the University of Rennes, the power handling capabilities

of chalcogenide fiber had been investigated in the near-IR wavelengths in PCFs with

different glass compositions (mainly increasing the germanium content in the glass) such

as Ge10As22Se68, Ge14As20Se66, Ge16As20Se64, and As38Se62. Power damage effect in

chalcogenide fibers usually occurs due to a number of thermal effects such as thermally

induced stress, fatigue effects, cumulative pulse effects, and melting that are caused as

a result of the local increase in temperature given by linear, nonlinear and free carrier

absorption. At 1750 nm, band-gap related absorption and two-photon absorption were

the main contributor to the power damage effect. Ge16As20Se64 had showed the highest

damage threshold behaviour where as Ge14As20Se66 PCFs had showed to support the

highest burning coupled power and coupling efficiency than the rest of the fibers. Due to

insufficient laser power, fibers pumped at 2100 nm did not show any significant damage.

Therefore, we do require further measurements with much higher and stable pump power

in the mid-IR region for a better and clear understanding of the physical origin of the

difference in power handling behavior between these different compositions.

From the experimental evidence, in my opinion cascaded pumping system is the best

and efficient way to develop mid-IR SC sources up to 10 µm and beyond. Here we will

provide several recommendations to improve the performance of mid-IR SC sources. We

will recommend for telluride-glass fibers as a final fiber to further broaden the cascaded

spectrum beyond 10 µm. Another recommendation is the use of anti-reflection coating

or nanoimprinting of the chalcogenide fibers that could significantly reduce the Fresnel

losses and the input damage threshold, which in turns allow us to considerably increase



105

both the output power and the power spectral density. Polarization and coherence prop-

erties of the mid-IR SC light are the key parameters for some applications such as mid-IR

OCT and interferometric measurements. Therefore, polarization property could be main-

tained for example by replacing the fiber laser and the cascaded system with polarization-

maintaining fibers. All the anomalous dispersion regime SC generation demonstrated in

this thesis do not maintain the initial temporal coherence of the input laser. Therefore, in

order to maintain the coherence property, we could consider all-normal dispersion (ANDi)

chalcogenide fibers directly pumped with mid-IR femtosecond fiber lasers.
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We demonstrate broadband supercontinuum generation
in an all-normal dispersion polarization-maintaining pho-
tonic crystal fiber and report the observation of a cross-phase
modulation instability sideband generated outside of the
supercontinuum bandwidth. We demonstrate that this
sideband is polarized on the slow axis and can be suppressed
by pumping on the fiber’s fast axis. We theoretically confirm
and model this nonlinear process using phase-matching
conditions and numerical simulations, obtaining good
agreement with the measured data. © 2020 Optical Society of

America

https://doi.org/10.1364/OL.397106

All-normal dispersion (ANDi) optical fibers have recently
emerged as attractive platforms to improve the noise and coher-
ence of supercontinuum generation (SC/SCG) beyond the
limits of anomalous SC generation [1–4]. ANDi SCG is based
on two fully coherent nonlinear effects: self-phase modula-
tion (SPM) and optical wave breaking (OWB) [2,5] while
anomalous SCG is typically susceptible to or even generated by
incoherent nonlinear effects [6]. Despite this, ANDi SCG has
its own limitations, being both very sensitive to Raman noise
[2–4,7] and requiring low and flat fiber dispersion engineering
that is technically challenging to achieve [1]. When pumping
with femtosecond pulses, it has been shown that other factors
should be considered including polarization modulation insta-
bility (PMI) or the amplitude noise of the laser, both of which
can drastically degrade the relative intensity noise (RIN) and
coherence [3,4,8]. These factors limit the available parameter
space for coherent SCG; however, fs-pumped ANDi SC gen-
eration still has significant potential to generate temporally
coherent SC with realistic laser parameters, a feature hard to
come by in the anomalous dispersion regime. This gives such
systems potential in a range of fields including optical coherence
tomography (OCT), optical metrology, photoacoustic imaging,
and spectroscopy [9–11].

In this work, we investigate SCG in a polarization-
maintaining (PM)-ANDi silica photonic crystal fiber (PCF)
with a femtosecond stable optical parametric oscillator (OPO)

with intention to suppress PMI. However, in doing this, we dis-
covered the generation of a sideband outside the SC bandwidth
that was not observed in previous PM-ANDi SCG [12,13]. We
identify this sideband as the result of a cross-phase modulation
instability (XPMI) process that builds up from coherent SCG
and OWB. As described in [14,15], XPMI is usually observed
when a beam is launched at a 45◦ angle from the principal axis of
a highly birefringent fiber. This beam is then split into two lin-
early polarized modes on each axis that will nonlinearly interact
with each other to generate two frequency-detuned and cross-
polarized four-wave mixing (FWM) sidebands [14]. However,
this XPMI process has never been observed before through
the stimulation of fs-SC generation but only via spontaneous
generation of the interaction of picosecond or nanosecond
pulses.

Our results show that we can generate a stimulated XPMI
sideband in a PM-ANDi PCF using femtosecond pulses. As
expected, this sideband is most powerful while pumping the
fiber at 45◦ off the axes. We also demonstrate this sideband can
be completely suppressed when pumping the fiber on the fast
axis.

The experimental setup used to observe and analyze SC and
XPMI generation in the PM-ANDi PCF is shown in Fig. 1. As a
pump laser, we used a Ti:Sa femtosecond pulsed laser (Coherent
Chameleon) tunable from 680–1080 nm, delivering 200 fs
pulse duration at an 80 MHz repetition rate with a maximum
average power of 450 mW at 1040 nm. The output power is
controlled using a variable neutral density filter (ND). A half-
wave plate is used to turn the input polarization state , while
the polarizer at the fiber’s output is used to observe the spectral
content on the light of each axis. A 40x microscope objective
is used to couple the light into the 40 cm of PM ANDi PCF—
the NL-1050-NE-PM from NKT Photonics. This fiber has a
relative hole size of d/L = 0.45, a small hole-to-hole pitch of

1.44 µm, and a nonlinear coefficient of γ = 26.8 W−1 km−1

at 1040 nm. A set of two aspheric lenses is used to collimate the
output beam and then focus it to the multimode pick-up fiber.

The dispersion was measured using white-light interferom-
etry and calculated for an idealized structure with a uniform hole
structure with fixed pitch and hole diameter using COMSOL.
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Laser Ti:Sa

200 fs, 80 MHz
450 mW, λ=1040 nm OSA

ND HWP OM S PM-ANDi S L L S SMMP

Fig. 1. Schematic of the setup, including a wavelength tunable Ti:Sa femtosecond laser, variable neutral density filter (ND), half-wave plate
(HWP), 40x microscope objective (OM), aspheric lenses (L), 3D translation stages (S), 40 cm of all-normal dispersion PCF (PM-ANDi), a polarizer
(P), 2 m of multimode pick-up fiber (MM), and an optical spectrum analyzer (OSA).

The calculation fits the measurements well and is shown as
the blue curve in Fig. 2. The numerical modeling using the
experimental dispersion data did not reproduce the exper-
imental results; this is probably due to the uncertainties on
this dispersion curve that increase when the dispersion is close
to zero. We therefore considered the dispersion given by the
brown curve, which is shifted upwards in the center as the dis-
persion approaches zero. This is still within the measurement
uncertainties and is able to reproduce the experiments as we
will demonstrate. As expected, the small holes of the PCF give
a confinement loss edge wavelength significantly below the
material loss edge wavelength, calculated to be at 1450 nm using
COMSOL (see Fig. 2, green curve). The dispersion profile
has a minimum of −13 ps/nm/km at 1040 nm and is rather
symmetrical within the low-loss window. The PM effect of this
fiber is stress-rod induced, with a slight degree of core-ellipticity
that causes a linearly increasing birefringence [16], which goes

from 2.5 · 10−4 at 850 nm to 6.8 · 10−4 at 1300 nm, as shown in
Fig. 2 (red circles).

We pumped the fiber at 1040 nm, at the minimum disper-
sion wavelength (MDW); thus we should expect the broadest
SC. Figure 3 shows the spectral evolution while pumping on
the slow axis, fast axis, and at 45◦. The broadest SC spectrum
(bandwidth at −20 dB is 460 nm) is obtained by pumping on
the slow axis, while the narrowest is obtained by pumping at 45◦

because only half the power is available for spectral broadening
in each axis and due to the temporal walk-off, which tends to
eliminate the influence of cross-phase modulation [17]. Also,
the SC spectrum is quite symmetric whatever the input angle

Fig. 2. Numerical (solid blue), experimental (black dots) and mod-
eled (dashed brown) dispersion profiles, and fiber losses (solid green) of
the NL-1050-NE-PM ANDi PCF. The inset shows the group birefrin-
gence: linear fitting (solid black) and measured data (circles red).

Fig. 3. Experimental SC spectra for different input polarizations
with 220 mW output power.

due to the parabolic shape of the fiber dispersion. Interestingly a
sideband appears at 1360 nm, which is strongest when pumping
at 45◦ and which we identify as XPMI. When pumping on
the slow axis, the sideband intensity is reduced by 12 dB but
is still clearly observable. Finally, when pumping on the fast
axis, the sideband appears to be completely suppressed with an
extinction of at least 25 dB. To understand the appearance of
this sideband and the efficiencies regarding the input polari-
zation angle, let us recall that the phase-matching condition
for XPMI should give rise to a Stokes sideband on the slow axis
and an anti-Stokes sideband on the fast axis because of positive
(normal) group-velocity dispersion (GVD) [6,18]. This means
to stimulate the generation of an idler-pumped sideband in the
Stokes side of the spectrum, we need energy in the pump (on
both axes) and energy in the anti-Stokes sideband (aligned to the
fast axis). Experimentally, we use a pump laser with a polariza-
tion extinction ratio (PER) of 40 dB and inject the light into the
PM-ANDi fiber, whose input face was end-collapsed to remove
back reflections into the Ti:Sa laser. At the output, we measure a
maximum achievable PER of 17 dB, which has a relatively even
distribution over the whole SC bandwidth. This shows that at
some point in the propagation, light has deviated from the input
axis to become distributed more over both axes, probably due to
the collapse of the fiber holes. This can explain why it is possible
to observe a Stokes sideband at 1360 nm even when the input
beam is almost aligned on the slow axis, as shown in Fig. 3.

Figure 4 shows the evolution of the SC spectrum as a function
of the pump power for an input polarization at 45◦ off axes. The
SC bandwidth is 430 nm at −20 dB (845–1275 nm) for an
average output power of 220 mW. The XPMI sideband grows
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Fig. 4. SC evolution for different pump powers while pumping at
45◦ from the two axes (power offset for clarity).

Fig. 5. SC evolution for different polarizer orientations while
pumping at 45◦ from the two axes.

and slightly broadens to longer wavelengths when increasing
the coupled power. It starts to appear only when SC extends
past 1200 nm and when the OWB also starts to appear (see the
green spectrum in Fig. 4). In addition, there is no observable
anti-Stokes sideband outside the SC, even when observing the
spectrum over a wide bandwidth (600–2000 nm).

Adding a polarizer at the output of the fiber to analyze the
sideband polarization angle, we show in Fig. 5 the SC spectrum
measured after the polarizer as a function of the polarizer angle
at maximum output power (220 mW average power). We notice
that the three spectra obtained by aligning the polarizer on the
slow axis (blue curve), fast axis (red curve), and at 45◦ of the axes
(pink curve) have a similar bandwidth and shape. We observe
the most powerful sideband when the polarizer is aligned on the
slow axis and a 10 dB suppression when aligning the polarizer
at 45◦ of the axes. Finally, aligning the polarizer on the fast axis
totally suppresses the sideband, confirming that the sideband is
polarized along the slow axis.

To simulate the SCG in the PM-ANDi fiber, we use a
MATLAB code solving the two coupled generalized nonlin-
ear Schrodinger equations (CGNLSEs) for highly birefringent
fibers as described in [19]. We used as input parameters a pump

wavelength of 1040 nm, a sech-shaped pump pulse with dura-
tion of 200 fs (full width half maximum intensity), 12 kW peak
power, a longer fiber length of 60 cm for better visibility, the loss
profile as described in Fig. 2 (green curve), and the birefringence
values taken from the inset. One-photon-per-mode noise and
intensity noise of 1% was added to our input condition, and
the results were sampled average over 20 simulations. Using
these parameters, we obtain a quite good agreement between
simulation and experimental results. This is shown in Figs. 6(a)–
6(d), which depict both the spectral and temporal intensity
dynamics on each axis when pumping the PM-ANDi fiber at
45◦. First, the numerical SC bandwidth at −20 dB level is esti-
mated to be 450 nm, which is very close to the experimental one
(430 nm). Second, we can clearly see the generation of a small
signal at 1360 nm polarized on the slow axis, which fits with the
experimentally observed XPMI sideband [see Fig. 6(b)]. We
also notice that the sideband appears after 20 cm of propagation
exactly where the OWB sets in and stops the red-shift of the
SPM lobes. Interestingly, the temporal trace plotted in Fig. 6(d)
reveals that the signal at 1360 nm behaves as a small dispersive
wave (DW) shed by the pump pulse on the slow axis, in a way
akin to the DW emission by OWB in the anomalous dispersion
region [20,21].

To go further into detail, in Fig. 7, we plot the theoretical
XPMI sidebands as a function of pump wavelength using the
well-known formula for the XPMI frequency shift [22]

�s (λ, z) =
δn(λ)

2cβ2(λ)



1 +

√

1 − 4β2(λ)γ P0(z)

(

c

δn(λ)

)2


 ,

(a) (b)

(c) (d)

Fig. 6. Simulated spectral (top) and temporal (bottom) SC evolu-
tion on each fiber axis as a function of fiber length. The dots represent
the theoretical XPMI wavelength (black) using the redder SPM wave-
length (white) as a pump.
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Fig. 7. Phase-matching map as a function of total peak power,
12 kW (red), 6.5 kW (green), 4 kW (blue), 2 kW (pink), and 0 kW
(black). The orange dots on the straight line for the pump wavelength
show the numerically observed red SPM wavelength [white dots in
Fig. 6(b)], and the other colored dots mark the corresponding XPMI
wavelength.

where δn is the group birefringence, P0 the total peak power,
and β2 the wavelength-dependent GVD. The XPMI wave-
lengths are plotted in Fig. 7 for different peak powers. From the
modeling, the slow axis XPMI generation is seen to be closely
linked to the long wavelength SPM lobe in the slow axis, marked
with white dots. According to this conjecture, the XPMI gain is
efficient only when the red shift of the SPM lobe, acting as the
pump, slows down, and for lengths not much longer than the
walk-off length of 22 cm. This is exactly what is observed: the
XPMI peak is first growing after about 20 cm when the red-shift
of the SPM lobe is stopped by OWB, and after about 30 cm, the
power in the XPMI peak does not grow anymore. Looking into
more detail, we find that the peak power decreases from 12 kW
at z = 0 to 1.5 kW at z = 60 cm. From the corresponding
phase-matching curves in Fig. 7, we see that the XPMI phase-
matches to the center wavelength of the SPM lobe initially at
2787 nm (P0 = 12 kW, λSPM = 1040 nm), then it rapidly
decreases because of the red-shift of the SPM lobe. The observed
final SPM lobe wavelength of 1152 nm is seen to generate XPMI
at 1360 nm in the valley of the linear phase-matching curve,
which corresponds nicely to the numerically and experimentally
observed XPMI wavelength, for the adjusted dispersion profile.
The observed SCG-induced XPMI generation thus requires
a delicate balance between strong SPM stopped sufficiently
before, say, twice the walk-off length by OWB.

In conclusion, we have reported the observation of XPMI
while pumping a PM-ANDi PCF with a femtosecond laser. A
sideband was generated through a XPMI process at 1360 nm
during coherent SCG from SPM and OWB. We demonstrated
this sideband cannot be generated while pumping on the fast
axis and is itself polarized along the fiber’s slow axis. Further
clarifying that we were observing XPMI, theoretical calculation
and simulation performed solving the CGNLSE confirmed
the degenerate FWM between a pump corresponding to the

red edge of the SPM on the fiber’s slow axis, an anti-Stokes
idler pump in the central SPM area on the fiber fast’s axis, and a
signal at 1360 nm polarized on the fiber’s slow axis. Our study
is of substantial value to potential applications, such as OCT
and metrology, which require ultra-low-noise SC light sources.
To achieve low noise in these future SC sources, a high degree
of suppression of XPMI will be required and for this a solid
understanding of the underpinning physics. Indeed, this study
shows that controlling the input polarization is very impor-
tant to avoid noise the amplification effect and thus keep the
noise-free/stability given by fs PM-ANDi SCG.
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Mid-infrared supercontinuum (mid-IR SC) sources in the 2–20 µm molecular

fingerprint region are in high demand for a wide range of applications

including optical coherence tomography, remote sensing, molecular

spectroscopy, and hyperspectral imaging. Herein, mid-IR SC generation is

investigated in a cascaded silica-ZBLAN-chalcogenide fiber system directly

pumped with a commercially available pulsed fiber laser operating in the

telecommunications window at 1.55 µm. This fiber-based system is shown to

generate a flat broadband mid-IR SC covering the entire range from 2 to

10 µm with several tens of mW of output power. This technique paves the way

for low cost, practical, and robust broadband SC sources in the mid-IR

without the requirement of mid-infrared pump sources or Thulium-doped

fiber amplifiers. A fully realistic numerical model used to simulate the

nonlinear pulse propagation through the cascaded fiber system is also

described and the numerical results are used to discuss the physical

processes underlying the spectral broadening in the cascaded system. Finally,

recommendations are provided for optimizing the current cascaded system

based on the simulation results.
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1. Introduction

Fiber-based supercontinuum (SC)
sources have become enormously useful
in the last decade for a wide range of
industrial and scientific applications.[1,2]

New uses are also constantly emerg-
ing due to their unique properties that
combine high brightness, multioctave
frequency bandwidth, fiber delivery
and single-mode output. Applications
include optical coherence tomography
(OCT), material processing, chemical
sensing, gas monitoring, broadband
imaging, and absorption spectroscopy.
Currently, there is a significant research
effort focused on extending the wave-
length coverage toward the mid-Infrared
(mid-IR) in the 2–20 µm molecular fin-
gerprint region.[3–18] Various soft glasses
based on chalcogenide (As2S3, As2Se3,
GeAsSe),[3,8] tellurite (TeO2),

[19] telluride
(GeTe, GeAsTeSe),[20,21] heavy-metal

oxide (PbO-Bi2O3-Ga2O3-SiO2-CdO),
[10] and ZBLAN (ZrF4 –BaF2

–LaF3 –AlF3 –NaF),
[22–25] have been used for drawing highly non-

linear infrared fibers, and experiments have shown efficient mid-
IR SC generation up to 14 µm in chalcogenide optical fibers[3]

and up to 16 µm in telluride fibers.[21] However, most of these
mid-IR SC sources have been demonstrated using bulky mid-IR
pump sources such as optical parametric oscillators (OPO) and
amplifiers (OPA). Mid-IR fiber lasers and cascaded fiber systems
have recently emerged as attractive and promising solutions for
practical and commercial applications.[25–35] These fiber lasers-
based systems indeed open routes to practical, table-top, and ro-
bust mid-IR supercontinuum sources with high spectral power
density. Of particular interest are cascaded fiber systems as they
are pumped by standard pulsed fiber lasers at telecommunication
wavelength. In cascaded SC generation, an initial pulsed fiber
laser at a wavelength of 1550 nm is progressively red-shifted in a
cascade of silica and soft-glass fibers, enabling a stepwise exten-
sion toward the Mid-IR. From a fundamental point of view, the
overall objective is to strongly enhance the soliton self-frequency
shift (SSFS) using dispersion-tailored highly nonlinear fiber seg-
ments to push forward the SC generation far in the mid-IR.[29–31]
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Figure 1. a) Experimental setup for mid-infrared SC generation in a cascaded silica-ZBLAN-chalcogenide optical fiber system. b) Experimental SC spectra
at the ZBLAN fiber output (light blue) and after the long-pass filter (dark blue). c) Experimental SC spectrum at the chalcogenide fiber output (yellow).
The insets show the optical mode profiles out of both the ZBLAN (b) and chalcogenide (c) optical fibers.

Among themost advanced fiber-based systems, Martinez et al.
recently demonstrated amid-IR SC from2 to 11 µmwith 139mW
average power by concatenating solid-core ZBLAN, arsenic sul-
fide, and arsenic selenide fibers, pumped by a master oscil-
lator power amplifier and three thulium-doped fiber amplifier
stages.[29,30] Hudson et al. combined a 2.9 µm ultrafast fiber laser
based on holmium with an environmentally stable, polymer-
protected chalcogenide fiber taper. By launching femtosecond,
4.2 kW peak power pulses into the As2Se3/As2S3 tapered fiber,
they demonstrated a SC spectrum spanning from 1.8 to 9.5 µm
with an average power of more than 30 mW.[27] C.R. Petersen
et al. also demonstrated in 2016 Mid-IR SC generation beyond
7 µm using a silica–fluoride–chalcogenide fiber cascade pumped
by a 1.55 µm seed laser and a thulium-doped fiber amplifier. By
pumping a commercial Ge10As22Se68-glass photonic crystal fiber
with 135 mW of the pump continuum from 3.5–4.4 µm, they ob-
tained a continuum up to 7.2 µm with a total output power of
54.5 mW, and 3.7 mW above 4.5 µm.[33] Commercially available
mid-IR SC source with an extended bandwidth up to 10 µm and
with 50 mW output power is now on sale at Norblis.[36]

In this paper, we demonstrate mid-IR SC generation
from 2 to 10 µm in a cascaded silica-ZBLAN-As2Se3 fiber
system directly pumped with a commercially available
460-ps pulsed fiber laser at 1.55 µm without any fiber
amplifier stage. We provide details of the experimen-
tal cascaded fiber system and discuss the choice of the
parameters such as chromatic dispersion and nonlinear co-
efficients used for optimal spectral broadening. We further
report a fully realistic numerical model based on cascaded gen-
eralized nonlinear Schrödinger equations with an adaptive step
size method. The model includes all the linear and nonlinear
responses of the fibers, the infrared filtering function, and the
effective mode area variation across the full SC spectrum. We

then use our numerical results to discuss the physical processes
underlying the spectral broadening in the cascaded system,
such as modulation instability (MI), soliton fission, dispersive
wave generation, and intrapulse Raman scattering (IRS).[37,38]

We conclude with recommendations to optimize the current
cascaded systems based on the simulation results.

2. Experimental Section

A diagram of the experimental setup for cascaded mid-IR SC
generation is shown in Figure 1a. It consists of a concatenation
of three commercially available optical fibers including a 20 cm-
long single-mode silica fiber (SMF-28), a 25m-long ZBLAN fiber,
and a 9 m-long chalcogenide–glass photonic crystal fiber. De-
tailed specifications for each fiber segment are given in the next
section including all parameters used in numerical simulations.
This cascaded fiber arrangement was directly pumped by a com-
pact (90 × 70 × 15 mm3 only) pulsed fiber laser providing 460 ps-
width pulse train at 100 kHz repetition rate and at a center wave-
length of 1550.6 nm, a high peak power per pulse (18 kW), an
average output power of 750 mW, and a near diffraction lim-
ited randomly polarized beam (M2 < 1.1). These compact lasers
aremainly commercialized for range-finding and LIDAR applica-
tions. Light coupling between each fiberwas achieved using high-
numerical aperture aspheric lenses matching the fiber numeri-
cal apertures and their effective mode areas. A key element in the
cascaded fiber system is a mid-IR long pass filter (LPF) placed in
between the ZBLAN and the chalcogenide fibers. This filter re-
jects wavelengths below 1.9 µm. This prevents from two-photon
absorption (TPA) and optical damage in the chalcogenide fiber,
enabling a better long-term stability of themid-IR SC source. The
long-pass filter is a Germanium (Ge) Ar-coated broadband win-
dow inserted in between two aspheric lenses. The generated SC
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spectra have been recorded using a mid-IR optical spectrometer
including a monochromator (ORIEL 7240) and a highly sensitive
Hg-Cd-Te detector. The chalcogenide fiber output face was termi-
nated with an end cap fiber and connectorized using an FC/PC
connector for practical applications.
Experimental data for the spectra measured are provided at

three key points in the cascaded fiber setup (A, B, C). The first
spectrum, shown in Figure 1b (light blue), was measured at the
output of the ZBLAN fiber at point A, before the long-pass in-
frared filter. The supercontinuum spans from 0.7 up to 4.1 µm.
The inset in Figure 1b shows the ZBLAN fiber’s mode profile
measured with an IR camera. The second spectrum, also shown
in Figure 1b (dark blue), was measured after the filter at point
B. This is the filtered IR spectrum injected into the chalcogenide
fiber. The final SC spectrum at the output of the chalcogenide
fiber is shown in Figure 1c in yellow. As can be seen, the full
SC spans from 2 up to 9.8 µm with a relatively smooth and flat
bandwidth. The measured spectrum however shows a decrease
in spectral intensity for shorter wavelengths and significantmod-
ulations in intensity (especially from 2 to 4 µm). Our simulations
will show that those are not entirely a result of SC dynamics, but
presumably artefacts from the wavelength sensitivity of the spec-
trometers used for measurement. The measured average power
at the output is 16 mW, which corresponds to roughly 2% of the
pump’s average power (750 mW). Significant losses occur in the
cascaded system, mainly from the free-space optics between the
ZBLAN fiber and the chalcogenide fiber, including Fresnel re-
flections and coupling losses due to mode field diameter mis-
match, aspheric lenses, cleaving imperfections, and optical mis-
alignment. All these losses and the output power of every stage of
the cascade fiber system are mentioned in red in Figure 1a. De-
spite this low conversion efficiency, the brightness of this source
of a few microwatt per nanometer is sufficient for practical ap-
plications. It is worth mentioning that the experimental spectra
are provided only at maximum pump power (750mW) at the out-
put of every fiber-stage, which look very flat and therefore hard to
tell what actual broadening mechanism is dominant. However, it
was observed that when decreasing the input pump laser current
(from 4600 to 3600 mA), the SC in the ZBLAN fiber considerably
reduces its lateral extension at long wavelength from 4.2 µm to
3.5 µm, thus limiting the additional extension in stages in the
chalcogenide fiber. In such a cascade system, it is indeed crucial
to obtain the most efficient SC extension in the ZBLAN fiber, as
will be seen thereafter using numerical simulations.

3. Numerical Method

To simulate nonlinear pulse propagation in the cascaded fiber
system, we used the generalized nonlinear Schrödinger equa-
tion (GNLSE) and solved the propagation equation numerically
with the split-step Fourier method (SSFM)[37,38] combined with
an adaptive step size.[39] The GNLSE can be written in the follow-
ing form:

𝜕A(z, T)

𝜕z
= −

𝛼

2
A + i

∞∑

k=2

ik𝛽k
k!

𝜕k

𝜕Tk
A + i𝛾

(
1 + i𝜏0

𝜕

𝜕T

)

×
[
A ⋅ R(T)⊛ |A|2

]
(1)

This equation models the evolution of the complex pulse enve-
lope A(z, T) as it propagates inside an optical fiber in a frame
of reference moving with the group velocity of the pulse: T =

t − 𝛽1z. The first term on the right models optical losses with
the linear loss coefficient 𝛼. The second term models disper-
sion with a Taylor expansion of the propagation constant 𝛽(𝜔),

where 𝛽k =
𝜕k𝛽(𝜔)

𝜕𝜔k
. The third term models Kerr nonlinearity, in-

cluding the Raman response of the material and a first-order cor-
rection for the frequency dependence of the nonlinear parameter
𝛾 , 𝛾(𝜔) =

𝜔n2(𝜔)

cAeff(𝜔)
. The first-order correction is referred to as the

“shock” term and is characterized by a time-scale 𝜏0, which can
include the frequency-dependence ofAeff, n2, and neff (see ref. [40]
for more details).

𝜏0 =
1

𝜔0

−

[
1

neff(𝜔)

dneff
d𝜔

]

𝜔0

−

[
1

Aeff(𝜔)

dAeff

d𝜔

]

𝜔0

+

[
1

n2(𝜔)

dn2
d𝜔

]

𝜔0

(2)

The nonlinear response of the fiber is modeled with a convo-
lution (denoted by ⊛) of the nonlinear response function R(T)
and the pulse power profile |A(z, T)|2. R(T) is commonly divided
into an instantaneous electronic response (Kerr) and a delayed
molecular response (Raman), and reads as R(T) = (1 − fR)𝛿(T) +
fRhR(T), where fR is the fractional contribution of the delayed Ra-
man response, 𝛿(T) is the Dirac delta function that models the
instantaneous Kerr response, and hR(T) is the delayed Raman re-
sponse function. R(T) is normalized such that ∫ ∞

−∞
R(T)dT = 1.

The Raman response function hR(T) is modeled using two char-
acteristic times related to phonon dynamics in the material, 𝜏1
and 𝜏2 (see ref. [38] for more details):

hR(T) = (𝜏−2
2

+ 𝜏−2
2
)𝜏1 exp(−T∕𝜏2) sin(T∕𝜏1) (3)

We will use Equation (3) for both the silica and chalcogenide
fibers (See Table 1 for parameters). However, as the ZBLAN fiber
has a dual-peak Raman gain spectrum, wewill use anothermodel
based on Equation (5). A crucial step inmodeling nonlinear pulse
propagation in a cascaded fiber system is defining the longitu-
dinal step size h. To accurately model the effects of nonlinear-
ity and dispersion, h must be much smaller than both the dis-
persion length and the nonlinear length, defined as, LNL =

1

𝛾P0

and LD =
T2
0

|𝛽2|
, respectively, where P0 is the peak power, and T0 is

the 1∕e pulse width. These two conditions must hold through-
out the propagation length. Pumping with a quasi-continuous-
wave laser (i.e., 460 ps pulses) leads to the break-up of the ini-
tial pulse via modulation instability (MI) into a vast collection of
ultrashort soliton-like pulses with variable peak powers P0 and
durations T0. The choice of h is therefore not as straightforward
in this case. Our simulations show that the nonlinear length LNL
is a much more limiting factor than the dispersion length LD for
the step size h because of the high peak power reached within
the soliton train. When the soliton train starts propagating, the
maximal peak power varies significantly along the propagation
distance z because of randomly occurring soliton collisions. This
means that the condition h ≪ LNL can change drastically along
z. To account for this, we used an adaptive step size method for
the SSFM algorithms: the nonlinear phase-rotation method (see
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Table 1. Nonlinear parameters for the cascaded fiber system.

Fiber L [cm] n2 [cm
2W−1] Aeff [µm

2] 𝛾 [W−1 km−1] fR 𝜏1 [fs] 𝜏2 [fs]

SMF-28 20 2.4× 10−16 85 1.3 0.18 12.2 32

ZBLAN 2500 2.1×10−16 43 2 0.2 Equation (5) Equation (5)

Chalcogenide 900 1.1×10−13 62 720 0.1 23.2 195

Figure 2. ZBLAN step-index optical fiber specifications: a) Core (blue) and cladding (red) refractive indices versus wavelength. b) Computed dispersion
(blue curve) and experimental data (red dots). c) Simulated (red) and experimental (blue) effective mode area. d) Loss spectrum: blue, measured data;
red, data from ref. [42].

ref. [39] for more details). This method consists of limiting the
nonlinear phase-shift 𝜙NL = 𝛾P0h to a sufficiently small value at
each iteration, that is, the step size h is adapted at each iteration
to optimize computing time and accuracy. For a train of soliton
pulses, the maximal phase-shift is calculated from the maximal
soliton peak power Pmax

0
. Every iteration i, the step size h(i) is de-

termined by h(i) =
𝜙max
NL

𝛾0P
max
0

(i)
. For our simulations, we found that a

maximal nonlinear phase-shift of 𝜙max
NL

= 1∕50 rad is enough for
convergence and allows for reasonable computing times.

3.1. Cascaded Fiber System

This section provides all linear and nonlinear parameters of the
cascaded fiber system used in numerical simulations. The first
fiber segment consists of a length of 20 cm of standard SMF-28.
Although this fiber plays little role in SC broadening, it serves as
a nonlinear modulation instability stage that triggers the soliton
dynamics in both the ZBLAN and chalcogenide fibers. The non-
linear parameters for fused silica fiber are taken from ref. [38]
and are shown in Table 1.

The wavelength dependence of Aeff and n2 is negligible
over the spectral bandwidth along this first fiber segment.
The dispersion characteristics of SMF-28 are modeled using a
Taylor series expansion. The following values are used: 𝛽2 =
−21.4 × 10−27 s2m−1, 𝛽3 = 0.12 × 10−39 s3m−1 (from ref. [38]). The
1550 nm pump is in the anomalous dispersion regime. Opti-
cal losses were neglected for this fiber segment given the short
length (20 cm) and low absorption of silica fibers at 1550 nm (0.2
dB km−1).
The second fiber consists of a length of 25 m of a commer-

cially available step-index fluoride (ZBLAN) fiber from Le Verre
Fluoré.[41] The core and cladding diameters are 8.5 µm and
125 µm, respectively. The refractive index of core and cladding
are plotted in Figure 2a and the dispersion curve is shown in
Figure 2b in blue. Experimental data of dispersion from 1.2 to
2.2 µm are provided in red dots. To obtain the dispersion of
the fiber over the full bandwidth, we solved the characteristic
equation for a step-index fiber with the wavelength-dependent
core and cladding indices shown in Figure 2a. Results show that
the zero dispersion wavelength (ZDW) is 1525 nm. Therefore,
the 1550 nm pump wave is in the slightly anomalous disper-
sion regime.
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Figure 3. a) Refractive index of As38Se62 glass calculated with the Sellmeier model. Inset shows the cross-section image of the microstructured chalco-
genide fiber. b) Computed dispersion curve for the microstructured chalcogenide fiber with a zero dispersion wavelength near 5 µm. c) Absorption loss
of the chalcogenide-based microstructured fiber. d) Computed effective mode area. Inset shows the fundamental optical HE11 mode.

The strong effective mode area variation from 0.5 to 5 µm was
also considered. We calculated Aeff over the same bandwidth by
solving the characteristic equation for a step-index fiber with the
wavelength-dependent core and cladding indices. The results are
comparedwith the experimental data in Figure 2c. Our simulated
results were used instead of the measured data because it pro-
vided a better fit with the experimental SC when the wavelength
dependence of Aeff was included.
Figure 2d shows the optical losses of the ZBLAN fiber. The

measurements are shown in blue, and the data used in the sim-
ulations (taken from ref. [42]) is shown in orange. The data from
ref. [42] was used in our simulations to better model the limit
of the transmission window in the infrared, which ends between
4 and 4.5 µm. As we will show in our results, the transmission
window limit of the ZBLAN fiber is the only feature of the loss
curve that has a significant impact on spectral nonlinear dynam-
ics. The small discrepancies with themeasured loss curve should
not affect the overall SC mechanisms.
The nonlinear parameters for the ZBLAN fiber are listed in Ta-

ble 1. The wavelength dependence of the nonlinear index is ne-
glected. The Raman response function hR was obtained with the
model developed in ref. [24], where the measured Raman gain
spectrum gR(Ω) is approximated by a sum of two Gaussian func-
tions, and the response function is extracted from the imaginary
part of the Fourier transform as

hR(T > 0) = C ⋅ ∫
∞

0

gR(Ω) sin(ΩT)dΩ (4)

where C is a normalization constant chosen such that
∫ ∞

−∞
hR(T)dT = 1. The following equation was used in our

simulations to model gR(Ω):

gR(Ω) = a1 exp

(
(Ω∕(2𝜋) − 𝜈1)

2

2𝜔2
1

)
+ a2 exp

(
(Ω∕(2𝜋) − 𝜈2)

2

2𝜔2
2

)
(5)

with a1 = 0.54 × 10−11cm W−1, a2 = 0.25 × 10−11cm W−1, 𝜈1 =
17.4 THz, 𝜈2 = 12.4 THz, 𝜔1 = 0.68 THz, 𝜔2 = 3.5 THz.[24]

The third fiber sample is a chalcogenide–glass solid-core mi-
crostructured optical fiber. It was fabricated from As38Se62 glass
using the casting method.[45] It has a core diameter of 11.2 µm,
a pitch of 7.11 µm, and an air-hole diameter of 3.23 µm.
Figure 3 shows in inset a cross section of the microstructure
with dimensions for the air hole structure as well as the refrac-
tive index of As38Se62 glass. The following Sellmeier model was

used, n2 = A0 +
A1𝜆

2

𝜆2−a2
1

+ +
A2𝜆

2

𝜆2−a2
2

, with A0 = 3.7464, A1 = 3.9057,

A2 = 0.9466, a1 = 0.4073 µm, and a2 = 40.082 µm. These values
were chosen to obtain the best fit with the refractive index mea-
sured data shown in Figure 3a.
The dispersion curve for the fundamentalmodewas calculated

by the finite-element method using the COMSOL software. The
result is shown in Figure 3b. The zero-dispersion wavelength is
at 4.84 µm. The calculated effective mode area is shown in Fig-
ure 3d. Optical losses for the chalcogenide fiber are shown in Fig-
ure 3c. The transmission window ends near 10 µm, and there is
an absorption peak around 4.56 µm due to the presence of Se–H
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Figure 4. a) Temporal and b) spectral evolution in the silica fiber (SMF-28)
for a 460 ps pulse and a 6 kW peak power.

chemical bonds in the glass. The nonlinear parameters consid-
ered for this As38Se62 glass fiber are summarized in Table 1. The
nonlinear index n2 is very large and is taken from refs. [45, 46].
The Raman response is modelled with Equation (3) and the Ra-
man parameters are taken from ref. [27]. This gives Raman gain
peak centered around 6.9 THz with a linewidth of about 3.2 THz.

3.2. Infrared Optical Filter

The short-wavelength filtering of the ZBLAN fiber output is
achieved experimentally with a combination of a germanium
window and lenses with IR antireflective (AR) coatings for in-
frared. This filtering window aims to cut all the energy <1.9 µm
in the ZBLAN fiber output spectrum to prevent two-photon ab-
sorption and optical damage in the chalcogenide optical fiber. The
global transmission function of this filtering system was mod-
elled with a supergaussian function of the following form,

T = exp

(
−

(
𝜆 − Λ0

Δ𝜆

)m)
(6)

The parameters Λ0, m, and Δ𝜆 were adjusted to obtain the best
fit with the experimental spectrum measured after the filtering
system. The following values where used: Λ0 = 11.87 µm, m =

80, and Δ𝜆 = 10 µm.

4. Simulation Results

In this section, we present simulation results for three differ-
ent pump pulse durations: 50, 200, and 460 ps (the measured
experimental duration). All the spectral and temporal evolutions
shown thereafter are plotted with colormaps of relative intensity
with a 80 dB range from blue to red (Figure 4). For the simu-
lations, a Gaussian pulse was used. Quantum noise was added
to the initial pulse following the one photon per mode model
(see ref. [44] for more details). The numerical models used for
each fiber are also presented, including dispersion, nonlinear pa-
rameters, and losses. A peak power of 6 kW was chosen for the
three pump pulses to get the best match with experimental re-
sults. For this type of simulation, we typically use a lower peak
power than the experimental peak power, which is around 18 kW
in this case. This is due to the fact that the simulation model

considers perfectly polarized and single-mode propagation. In
experimental conditions, random polarization and multimode
behavior is generally detrimental to spectral broadening mecha-
nisms, hence the need for more peak power than in simulations.
Simulations were carried out for the three pump pulse durations
in the SMF-28 fiber and the ZBLAN fiber. As expected from the
theory of SC generation with quasi-CW pulses, we show that the
same mechanisms occur for the three different pump pulse du-
rations, and that the experimental SC bandwidths at the output of
the ZBLAN and chalcogenide fibers can be achieved with pump
pulses as short as 50 ps. The SSFM algorithm requires high lon-
gitudinal precision in the chalcogenide fiber because of high non-
linearity (𝛾0 = 720 km−1 W−1). As a result, simulations for 200 ps
and 460 ps pump pulses, which require at least Nt = 221 sam-
pling points, would require unrealistic computing times. There-
fore, simulations in the chalcogenide fiber were only carried out
with the intermediate ZBLAN results from the 50 ps pump pulse.

5. Silica Fiber

The simulation results for 20 cm of propagation in the single-
mode silica fiber are shown in Figure 4 in colormap and for
a 460 ps pulse. The pulse shape remains virtually unchanged
throughout this fiber segment. The only notable feature is the
apparition of weak MI Stokes and anti-Stokes sidebands in the
spectrum around 1.51 and 1.59 µm, respectively. They can be
seen appearing on either side of the pump in the spectral evo-
lution, as shown in top of Figure 4b. Their specific frequencies
relative to the pump (ΩMI = 𝜔P − 𝜔S) are given by the scalar
phase-matching relation that reads as 𝛽2Ω

2
MI

+
𝛽4

12
Ω4
MI

+ 2𝛾P0 =
0, where P0 is the peak power, 𝛾 is the nonlinear parameter, 𝛽2
is the GVD parameter, and 𝛽4 is the fourth-order dispersion.

[38]

A more detailed view is shown in Figure 6. It is worth noting,
however, that our simulations show this first fiber segment has
little to no effect on the overall SC evolution in the ZBLAN and
chalcogenide fibers.

6. ZBLAN Fiber

The simulated spectral and temporal evolutions in both the silica
and the ZBLAN fibers are shown in Figure 5. In Figure 5c, the
final spectrum after 25 m of propagation is compared to the
experimental spectrum. The agreement is particularly excellent.
This is due to the fact that the total bandwidth and soliton
self-frequency shift (SSFS) are only limited by the transmission
window of the fiber in the mid-infrared which ends between 4
and 4.5 µm (Figure 2d). The break-up of the pulse into a train of
solitons can be seen from 2 m in Figure 5b. Beyond this point,
the continuous Raman-induced self-frequency shift of the soli-
tons is clearly seen in both the spectral and temporal evolutions
as they gradually separate from the main pulse due to their
dispersion increasing with the SSFS. Events of soliton collision
can also be observed in the spectral evolution. They manifest
themselves as sharp increases in the spectrum bandwidth on
the long-wavelength side (e.g., around 16 m in the 50 ps spectral
evolution). Dispersive waves can be seen rapidly drifting away
from the main pulse in the time evolution beyond 1000 ps. In
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Figure 5. a) Spectral and b) time-domain evolution for the 460 ps pump
pulse with the output experimental and numerical spectra shown in (c).

Figure 6. Initial spectral evolution in the ZBLAN fiber. The wavelengths
marked with the dotted lines correspond to the theoretical MI and Raman
wavelengths calculated with phase-matching equation in the text and the
Raman gain peak at 17.4 THz, respectively.

terms of bandwidth, the simulation provide a nearly perfect
match with the experimental spectrum (within 0.05 µm at the
–20 dB level of the maximum intensity).
From Figure 5b, we see that the SC in ZBLAN reached a max-

imum extension at 4.2 µm around 13 m. At longer distance, the
SC becomes slightly narrower due to the absorption edge around
4–4.2 µm in ZBLAN, and since there is not much spectral evolu-
tion between 15 and 25m in the ZBLAN fiber, thismight indicate
that the peak power of the solitons are not very high, nonlinear
effects are not very important and the dispersion continue to in-
crease the pulse duration of these solitons. Therefore, it might be
more efficient to cut the ZBLAN fiber at 13–15 m to inject its out-
put SC (which is broader and maybe more intense soliton train)
in the following chalcogenide fiber.
To gain insight on the processes initiating SC generation in the

ZBLAN fiber, we show in Figure 6 the details of the first 50 cm of

Figure 7. Filtered spectrum injected in the chalcogenide fiber.

Figure 8. Initial spectral evolution in the chalcogenide fiber.

spectral evolution. The strongest sidebands correspond to theMI-
enabled Stokes and anti-Stokes Raman sidebands around 1.42
and 1.70 µm.[43] Around 1.51 and 1.59 µm are the residual MI
sidebands from the silica fiber. Weak MI ZBLAN sidebands are
visible around 1.39 and 1.755 µm. Each of the wavelength pairs
given here and identified on the plot were calculated theoretically.
The MI wavelengths can be derived from the same equation as
for the silica fiber, and the Raman wavelengths correspond to the
peak of the ZBLAN Raman gain at 17.4 THz.
From theory and simulation, we confirm that the time and

spectral domain evolutions of the 460 ps pulse is well approxi-
mated by the 50 ps pulse. Longer pulses simply provide a longer
collection of solitons but that will not change the statistical dis-
tribution of peak powers and pulse widths. Therefore, from now
on, simulations are carried out only with the 50 ps pump pulse
to save computing time. Figure 7 shows the filtered simulated
spectrum compared with the experimental filtered spectrum us-
ing 50-ps input pulse. This is the spectrum injected in the chalco-
genide fiber.

7. Chalcogenide Fiber

The simulation results for the first 2 cm of propagation in the
chalcogenide fiber are shown in Figure 8. The injected spectrum
from the filtered ZBLAN output lies entirely in the normal dis-
persion regime of the chalcogenide fiber which has its ZDW at
4.838 µm (marked by the dotted line). The initial spectral evolu-
tion shows that, from the train of thousands of pulses injected
in the chalcogenide fiber, a fraction of them have a small enough
width T0 to drift through the zero-dispersion via intrapulse Ra-
man scattering (IRS). The pulses crossing the ZDW evolve into
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Figure 9. Full spectral evolution in the chalcogenide fiber with final output
spectrum.

solitons and create an initial low-intensity continuum on the
long-wavelength side through SSFS.
The spectral evolution over the full length of chalcogenide fiber

is shown in Figure 9. The top of the figure shows the final simu-
lated output spectrum compared to the experimental spectrum.
In terms of spectral bandwidth, our numerical result matches
nearly perfectly with the experimental measurement. If we com-
pare the numerical and experimental SC bandwidth at –20 dB of
maximum intensity, we get a deviation of only 0.04 µm over the
full 8 µm width. As for the ZBLAN fiber, spectral broadening in
the chalcogenide fiber is only limited by its transmission window
and the confinement losses.
The spectral evolution of Figure 9 shows interesting SC dy-

namics. From 0 to 5 m, most of the energy remains in the nor-
mal dispersion regime (𝛽2 > 0). Energy rapidly accumulates at
the limit of the transmission window (around 9.5 µm) from the
pulses that initially crossed the ZDW. These solitons tend to ac-
cumulate around this wavelength as their SSFS is stopped by the
upper limit of the transmission window. The effect of the absorp-
tion peak at around 4.6 µm (Figure 3) can be clearly seen on the
low-energy continuum. From the beginning, the main train of
pulses can be seen drifting through intrapulse Raman scattering
toward the ZDW. After 5 m, most of the pulses remain trapped
by the ZDW barrier and stop their frequency drift. From 5 m on-
ward, a fraction of the pulses cross the ZDW barrier and start
evolving as solitons on the anomalous dispersion side (𝛽2 < 0).
This gradually adds energy to the initial low-energy continuum
via the SSFS of the solitons. The spectrum evolves toward ther-
malization, where energy is equally distributed throughout the
transmission bandwidth. The output is therefore a relatively flat
spectrum from 2 to 9.7 µm.

8. Conclusion and Recommendations

In this work, we have developed a broadband fiber-based super-
continuum source spanning from 2 to 10 µmwith 16mWoutput

power. This was achieved using cascaded ZBLAN-chalcogenide
optical fibers directly pumped by a compact 1550-nm pulsed
fiber laser without using thulium-doped fiber amplifiers. We
have further carried numerical simulations for broadband mid-
infrared SC generation in a cascaded fiber system. Our simula-
tions were consistent with the theory of quasi-CW SC genera-
tion. We show that noise amplification through MI and Raman
gain leads to the break-up of the pulse envelope into a chaotic
train of solitons which broadens the spectrum through Raman-
induced self-frequency shift and dispersive waves. In terms of
bandwidth, our numerical results are nearly identical to the ex-
perimentally measured spectra, both at the output of the ZBLAN
fiber (within 0.05 µm at −20 dB level) and the chalcogenide fiber
(within 0.04 µm at −20 dB level). The final output spectrum is a
flat broadband spectrum covering the mid-IR from 2 to 10 µm.
Further broadening is only limited by the transmission win-
dow of the chalcogenide fiber. Ourmain recommendation drawn
from our numerical simulations would consist of using a shorter
ZBLAN fiber (around 13 m) and a chalcogenide microstructured
fiber with a smaller core diameter (ideally 7 µm).[47] This would
shift its zero-dispersion wavelength toward shorter wavelengths
(<4 µm) and allow to fill the desired window (from 2 to 10 µm)
with a few centimeters of fiber only (based on numerical simu-
lations, See Supporting Information), while reducing the linear
loss (8.3 dB). Our second recommendation consists into explor-
ing different options for the infrared filtering system and to avoid
free-space optics. Free-space optics and recoupling to the chalco-
genide fiber induces considerable losses in the system. An all-
fiber filtering system, for example, would provide improved ro-
bustness and reduced losses. Anti-reflection coating or nanoim-
printing of the chalcogenide fibers could also significantly reduce
the Fresnel losses and the input damage threshold.[48,49] This
would allow to considerably increase both the output power and
the spectral power density. Another way to reduce free-space op-
tics in this cascaded fiber setup is to use a fusion splice between
the silica and the ZBLAN fiber, as demonstrated in refs. [50, 51].
Finally, we also recommend exploring telluride-glass fibers as a
fourth fiber to add to the system. This would potentially allow
to further broaden the spectrum and reach wavelengths beyond
10 µm.[52] Polarization and coherence properties of the mid-IR
cascaded SC light are further key parameters for some applica-
tions such as mid-IR OCT and interferometric measurements.
We could for instance replace the fiber laser and the cascaded sys-
tem with polarization-maintaining fibers.[53,54] About coherence,
it is evident that this cascaded fiber system does not maintain
the initial temporal coherence of the input laser but we could
consider all-normal dispersion (ANDi) chalcogenide fibers di-
rectly pumped with mid-IR femtosecond fiber lasers to improve
this feature.[44] Nevertheless, we believe that, despite the men-
tioned weaknesses, current mid-infrared supercontinuum all-
fiber sources will find several applications and represent a land-
mark to foster the improvement of such broadband sources in
other fiber or chip-based photonic platforms.
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Abstract: We report a small-core UV-grade silica multimode photonic crystal fiber for nonlinear

frequency conversion in the ultraviolet spectral region. The fiber has been fabricated using F110

UV-Grade glass from Heraeus, which features excellent transmission and low solarization in the

UV window. Pumping the fiber core at 355 nm with picosecond laser pulses, we observe the

appearance of parametric sidebands in several spatial modes up to 380 nm. We modelled this

process using intermodal phase-matching conditions and obtained excellent agreement between

calculations and the measured data. We further report frequency conversion pumping into the

fiber microstructured cladding where broadband cascaded Raman scattering spanning up to

391 nm is observed. These results represent a significant step towards the efficient and stable

generation of UV supercontinuum spectra in an all-silica fiber platform.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

A major current challenge in supercontinuum (SC) generation is the generation of spectral

components in the ultraviolet (UV) wavelength range below 400 nm [1]. There is particular

need for UV broadband light sources in applications such as fluorescence microscopy for the

simultaneous coherent excitation of multiple fluorophores, and in UV absorption spectroscopy [2].

However, UV generation in conventional silica-core fibers has proven to be extremely difficult

because of factors such as high material electronic absorption, increased Rayleigh scattering, glass

solarization (photo-darkening and optically-induced color centers), and large normal dispersion

which limits the generated bandwidth from nonlinear frequency conversion processes [3]. These

factors have stimulated much recent work on alternative approaches, primarily using gas-filled

hollow-core photonic crystal fibers (PCFs) [4–10]. Although these efforts show great promise

for deep UV generation down to 110 nm [8], compatibility with the ubiquitous silica platform

remains a problem. There is therefore great interest in generating UV-light using modified

UV-resistant glasses instead.

In this work, we report on the design and fabrication of a UV-resistant silica-based multimode

photonic crystal fiber (PCF) for broadband UV generation below 400 nm exploiting intermodal

nonlinear wave mixing. The fiber was fabricated using F110 UV-Grade glass from Heraeus,

selected for its excellent transmission and low solarization in the UV-A range (260 nm-400

nm). Using a picosecond UV pump laser at 355 nm, we demonstrate a number of intermodal

four-wave mixing (FWM) processes in the UV, which extend beyond the pump wavelength to

380 nm. The generated FWM signal and idler sidebands were carefully analyzed and imaged to

determine their modal content. We determine the intermodal phase-matching conditions from

the computed first and second-order dispersion parameters obtained from finite-element method

(FEM) modelling, and obtain good agreement between experimental results and calculations.
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Significantly, we also observe a broadband Raman cascade from 355–391 nm when pumping the

fiber directly in the microstructured cladding. This observation is interpreted using generalized

nonlinear Schrödinger equation simulations of propagation in one bridge of the microstructure.

We specifically show that the tight optical confinement allows for strong enhancement of the

Raman effect with few intermodal FWM.

2. UV-Grade silica photonic crystal fiber

Figures 1(a-c) show, respectively, the UV-grade PCF design, a scanning electron microscope

(SEM) image of the fabricated fiber cross-section, and a contrast-enhanced black and white

image for improved visibility. The fiber was designed using a finite element method approach

(COMSOL Software) to support multiple spatial modes with effective indices and dispersion

profiles suitable to enable intermodal nonlinear FWM in the UV range. The fiber was then drawn

at Photonics Bretagne in Lannion using the F110 UV-Grade silica glass from Heraeus. This

glass has a high OH content up to 400 ppm and features good transmission in the UV-A range,

from 260 nm to 400 nm. It also possesses a low solarization threshold around 300 nm and has a

good transmission near the OH absorption band minima around 670, 800 and 1030 nm. The

typical measured fiber attenuation provided by the manufacturer was 100 dB/km at 300 nm. This

compares with an attenuation as large as 1000 dB/km at this wavelength for standard (low-OH)

F300 silica glass used in conventional telecommunications fibers (SMF-28).

Fig. 1. (a) Design of the UV-grade solid-core microstructured fiber for nonlinear UV

generation. (b) SEM image of the PCF manufactured by Photonics Bretagne using F110

UV-grade silica glass. (c) Contrast-enhanced black and white image from the SEM image

(b).

The design in Fig. 1(a) was based on a triangular photonic lattice with core diameter of 4.26

µm, hole diameter d = 3.5 µm, pitch Γ = 3.88 µm, and air-fill fraction d/Γ = 0.902. The UV

fiber theoretically supports the first eight LP modes at 355 nm including the fundamental mode

LP01 and 7 higher-order modes from LP11 up to LP22. They are plotted in Fig. 2(a) in colormap.

Fig. 2. (a) Computed mode profiles of the 8 main guided modes from LP01 to LP22. (b)

Computed inverse group velocity β1 for 8 spatial modes versus wavelength. (c) Computed

group velocity dispersion parameter β2 for 8 spatial modes versus wavelength.
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Figures 2(b) and (c) show their inverse group velocity β1 and their second-order dispersion β2 in

the UV range, respectively. As can be seen, the second-order dispersion is highly normal for all

modes at 355 nm (up to 12 × 10−26
s
2

m
−1 for the LP22 mode) because it is mainly dominated

by material dispersion. This strong normal dispersion in turn precludes standard soliton and

dispersive wave dynamics usually involved in anomalous-dispersion supercontinuum generation

[11–13], and it this limitation which motivates the design of a multimode fiber for intermodal

FWM in the UV [14–20].

3. Experimental setup

Figure 3 shows the experimental setup used to investigate intermodal FWM and Raman scattering

in the UV. As a pump source, we used a passively Q-switched Nd:YAG microchip laser

(Teemphotonics PowerchipTM series) at 355 nm with a repetition rate of 1 kHz, a pulse duration

(FWHM) of 350 ps, and an output mean power of 18 mW (peak power of ∼50 kW). The laser

power was further controlled by a variable density filter and the laser beam was injected into the

fiber using a UV-coated aspherical injection lens controlled by a 3-axis translation stage. We

used several different injection lenses with focal lengths f of 7.5 mm, 8 mm, 11 mm and 15.3 mm

and numerical aperture (N.A.) of 0.3, 0.5, 0.3 and 0.16. This allowed a change of beam waist

diameter from 3.4 µm, 3.6 µm, 4.9 µm to 6.8 µm, modifying the fiber injection conditions and

modal properties, allowing us to explore the various intermodal FWM processes. A coupling

efficiency of 20 % was obtained using aspherical lenses with focal length f = 7.5 mm, f = 8

mm and f = 11 mm, respectively, and of 28 % for an aspherical lens with f = 15.3 mm. These

measurements of optimal injection efficiency were measured using a short fibre length of 75 cm,

but we note that in the experiments described below to excite particular mode combinations,

the coupling efficiency could be significantly less than the optimal. The fiber output beam was

then imaged using a CCD camera after a diffraction grating to record the modal profiles of the

generated parametric sidebands. Another part of the fiber output beam was deflected using a

beam splitter and recorded with an UV-visible optical spectral analyzer (OSA) operating in the

wavelength range 350-1200 nm (Yokogawa AQ6373).

Fig. 3. Experimental setup for intermodal FWM and Raman generation in the UV-Grade

fiber (UV-PCF).

4. Experimental results

4.1. Intermodal four-wave mixing

Initial experiments were carried out using a 4 m long fiber sample and a coupling lens with focal

distance f = 7.5 mm. Figure 4 shows two typical optical spectra recorded out of the fiber for two

different coupling powers and injection conditions. We can clearly see a series of intermodal

FWM sidebands around the pump wavelength at 355 nm. In Fig. 4(a), a first Stokes sideband

is generated at 359 nm with a weaker anti-Stokes idler at 350.5 nm. The modal content of the
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Stokes signal (shown in inset) reveals that it propagates in the LP31 mode. We can further notice

the onset of the first-order stimulated Raman scattering sideband at 360.8 nm, which matches

with the Raman frequency shift of fused silica (13.2 THz). Figure 4(b) shows, for different

transverse coupling conditions, two new FWM processes involving a Stokes signal at 357.3 nm

in the LP41 mode, and an anti-Stokes sideband below the pump at 352 nm, respectively. The

second FWM involves a Stokes signal at 363.1 nm, still in the LP41, due to the coupling with the

Raman Stokes at 360.8 nm. The image in the middle shown in Fig. 4(b) is a mix between the first

Raman order at 360.8 nm and an intermodal FWM process at 361 nm [21].

Fig. 4. Experimental output spectrum showing intermodal FWM sidebands for (a) an output

power of 23 µW and (b) a fiber output power of 31 µW. The spectral resolution is 0.5 nm and

the images in the inset show the modal content of each component of interest (f = 7.5 mm

for both).

Next, we investigated in the same fiber sample the intermodal FWM with a focal length f = 8

mm. In Fig. 5, we show an output optical spectrum for a mean output power of 14 µW. It features

different intermodal FWM and modal content. A first FWM signal appears at 358.1 nm in the

LP11 mode, a second signal at 359.8 nm in the LP21, a third signal at 363.4 nm in the LP21, and

a fourth signal is at 369 nm in the LP11 mode, respectively, while the pump beam at 354.8 nm

has a complex mixed-mode profile.

Fig. 5. Intermodal FWM spectrum for a fiber output power of 14 µW with the modal images

of each FWM component of interest. The spectral resolution is 0.1 nm (f = 8 mm).

Other intermodal FWM sidebands have been observed using the coupling lens with f = 15.3

mm with a beam waist of 6.8 µm that over matches the core diameter of around 4.14 µm. One can

first see in Fig. 6(a), in addition to the Raman line at 360.8 nm, a new FWM sideband generated

at 364.9 nm in the LP02 mode. Figures 6(b-d) also shows more FWM spectra. We retrieve the

FWM signals at 358.1 nm and 359.9 nm as in Fig. 5. However, new FWM Stokes signals are



Research Article Vol. 3, No. 1 / 15 January 2020 / OSA Continuum 35

now generated at 358.9 nm and 363.7 nm with a modal image of LP11. The fifth peak at 366 nm

with a large modal image of LP01 is similar to a Raman second order. In Fig. 6(c), there is only

one FWM case with an anti-Stokes sideband at 351.1 nm in the LP01 and a Stokes sideband at

358.3 nm in the LP11 mode. In Fig. 6(d), we again show four FWM. A first signal wavelength is

at 358.6 nm with a modal image of LP31, a second signal wavelength is at 359.2 nm, a third

signal wavelength is at 361.1 nm without any clear modal image, a fourth signal wavelength is at

364.2 nm with a modal image of LP31. The first modal image is the one of the pump at 355

nm. The other peak at 360 nm with a modal image of LP21 corresponds to the first Raman line

involved with the FWM process.

Fig. 6. Experimental results of intermodal FWM spectra in the UV-grade photonic crystal

fiber pumped at 355 nm with the aspherical lens of f = 15.3 mm and for different fiber output

power and fiber length (a) L = 1 m, Pout = 187 µW, (b) L = 4 m, Pout = 21 µW, (c) L = 1 m,

Pout = 145 µW, (d) L = 4 m, Pout = 23.5 µW.

Finally, using the coupling lens with f = 11 mm with a beam waist of 4.9 µm we observed

the broadened intermodal FWM spectrum generated with a pump at 355 nm (see Fig. 7). Fig. 7

shows three strong intermodal FWM bands at 359.5 nm in LP21, at 363.6 nm in LP02 and at

364.9 nm in LP02, respectively. It also shows the broadened peak generated via intermodal

FWM at 379.7 nm in the LP22 mode. These results have been further compared to the theoretical

calculations of intermodal phase-matching conditions (see Table 1 in the next section).

4.2. Intermodal FWM theory

Here we briefly review the basic theory of degenerate intermodal FWM and the related phase

matching conditions [22–28]. First, we consider energy conservation,

2

λp

=

1

λi

+

1

λs

, (1)
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Fig. 7. Intermodal FWM spectrum for a fiber output power of 34 µW, with a resolution of

0.5 nm and with the modal images of each component of interest (f = 11 mm).

Table 1. Comparison between theory and experiment for a number of intermodal FWM processes.
The experimental values listed correspond to results shown in different figures as follows:

Wavelengths shown in black correspond to the results in Fig. 6(a) or (b) or (c) or (d). Wavelengths

shown in Blue correspond to the results in Fig. 5; Wavelengths in Green correspond to the results in
Fig. 9(b); Wavelengths in Red correspond to the results in Fig. 7; Wavelengths in Purple correspond
to the results in Fig. 4(a) or (b). Those idler wavelengths marked (*) have been calculated from the

experimental signal wavelengths.

Theory Experiment

modes [LPxx] Idler Signal Idler Signal

LP01/LP11 351.6 nm 358.5 nm 351.1 nm 358.3 nm

351.3 nm 358.1 nm

351.3 nm∗ 358.1 nm

351.3 nm∗ 358.1 nm

LP11/LP21 350.5 nm 359.7 nm 350.3 nm∗ 359.8 nm

350.2 nm∗ 359.9 nm

350.6 nm∗ 359.5 nm

LP21/LP31 351.4 nm 358.7 nm 351.5 nm∗ 358.6 nm

351 nm∗ 359 nm

LP11/LP31 346.9 nm 363.5 nm 346.2 nm∗ 364.2 nm

LP11/LP02 349.1 nm 361.1 nm 349.1 nm∗ 361.1 nm∗

LP01/LP02 345.8 nm 364.7 nm 345.6 nm∗ 364.9 nm

LP01/LP21 347.1 nm 363.3 nm 346.9 nm∗ 363.4 nm

LP31/LP41 347.6 nm 362.7 nm 347.3 nm∗ 363.1 nm

LP12/LP41 352 nm 358 nm 352 nm 357.5 nm

LP31/LP22 341.1 nm 370.1 nm 342 nm∗ 369 nm

340.7 nm∗ 370.5 nm

LP11/LP22 333.5 nm 379.4 nm 333.3 nm∗ 379.7 nm

with λ the wavelength in nm, p, i and s denote the pump, idler and signal, respectively. Similarly,

momentum conservation yields a phase-matching condition expressed as:

∆β = (β
k(p)

1
− β

j(p)

1
)Ω + (β

k(p)

2
+ β

j(p)

2
)
Ω

2

2
= 0, (2)
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with Ω = ωp − ωs ≥ 0, ω the angular frequency, β1 is the reciprocal group velocity and β2 the

group-velocity dispersion (GVD) coefficient. The superscripts k and j are mode indices and (p)

indicates that all parameters are calculated at the pump wavelength. Curves of β1 and β2 are

plotted in Fig. 2(b) and Fig. 2(c) respectively for all spatial modes. Both β1 and β2 are obtained

from the propagation constant through a Taylor expansion around the pump angular frequency

(ωp). Then, one finds the idler and signal angular frequencies of the involved intermodal FWM

process as:

ωk
i =

2(β
j(p)

1
− β

k(p)

1
)

(β
k(p)

2
+ β

j(p)

2
)
+ ωp, ω

j
s = ωp −

2(β
j(p)

1
− β

k(p)

1
)

(β
k(p)

2
+ β

j(p)

2
)

, (3)

where k and j are again the different mode indices. Equation 3 is used in the theoretical intermodal

FWM calculations from the computed data such as the inverse group velocity and the group

velocity dispersion coefficients plotted in Fig. 2.

Table 1 summarizes the theoretical FWM signal and idler wavelengths for different modal

combinations and compares them with results obtained from experiment. The agreement between

theory and experiments is particularly good for all FWM signal sidebands, confirming the

intermodal FWM processes occurring in the UV-grade multimode PCF. Note however that most

of the calculated idler sidebands are absent in the experimental spectra shown in Figs. (4–7) due

to the wavelength limitation of our spectrometer.

4.3. Cascaded Raman scattering

We investigated the stimulated Raman scattering (SRS) response of the fiber using an aspherical

lens with f = 8 mm, with a beam waist diameter of 3.6 µm and a N.A. of 0.5. Figure 8 shows

two different coupling conditions that allow for the generation of a Raman cascade until the

sixth-order. The fiber output image shown in Fig. 8(a) shows, surprisingly, a coupling of the

pump in several bridges of the fiber with no propagation in the core. In Fig. 8(b) an example

is shown where coupling occurs only over a few bridges. The bridges, which have a diameter

around 1.6 µm, allow a tight confinement of the light. Despite the strong attenuation of this 4

m long fibre sample, a cascaded Raman response of six orders is generated through cladding

mediated modal coupling.

Fig. 8. (a) Experimental output spectrum for a fiber length of 4 m showing wideband

cascaded Raman scattering from 355 nm to 391 nm. The fiber output image shows pump

coupling in almost all the bridges. (b) Experimental output spectrum for a fiber length 4 m

showing similar results but with pump coupling in only a few bridges (f = 8 mm for both).

Then the aspherical lens with f = 15.3 mm and N.A. = 0.15 was used in order to broaden

the Raman cascade since the coupling efficiency with this lens is better than with the two other

aspherical lenses. However, the experiments revealed a decreasing Raman cascade, which is

mixed with intermodal FWM processes to generate a continuum (see Fig. 9).
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Fig. 9. (a) Experimental output spectrum for a 4 m long fiber showing wideband cascaded

Raman scattering from 355 nm to 385 nm. The fiber output image shows where the pump is

coupled in the fiber, here in all bridges and the core. (b) Experimental output spectra for a

fiber length 4 m showing wideband cascaded Raman scattering from 355 nm to 377.7 nm

and intermodal FWM effects at 358.1 nm and 370.5 nm. Output power level varies from 0.1

to 0.2 mW from bottom to top (f = 15.3 mm for both).

Figure 9(a) shows the fiber output spectrum with a cascaded Raman until the fourth order

mixed with an intermodal FWM with an idler wavelength at 351.3 nm (see Figs. 9(a) and (b))

and a signal wavelength at 358.1 nm (not visible in Fig. 9(a) but visible in Fig. 9(b)). Perhaps the

most surprising result is shown in the inset of Fig. 9(a) where light is seen to couple both into the

whole photonic cladding as well as into the solid core.

Figure 9(b) shows the spectral evolution as a function of the fiber output power for the

generation of the Raman cascade mixed with two FWM processes. At low power only the Raman

cascade is generated. Then at high power one can see two FWM peaks, one with the signal

wavelength at 358.1 nm and the idler wavelength at 351.3 nm and a second one with the signal

wavelength at 370.5 nm. These combined effects generate a continuum from 350 nm to 377.7

nm. We performed additional FEM-based numerical simulations that confirm that the light

can be indeed guided in the silica bridges (cladding modes) [5,29,30] in the UV-Grade PCF.

Typical computed mode profiles are shown in Figs. 10(a-c) where we plotted three cases with

their effective indices and losses, respectively.

Fig. 10. Typical computed cladding mode profiles with (a) an effective index (neff ) of

1.460546 with 0.1897 dB/m losses, (b) neff = 1.460524 and 1.3501 dB/m losses. (c) neff =

1.460539 with 0.2276 dB/m losses.

Figures 10(a) and (b) show the first two computed cladding modes with their effective indices

that match with the modal images from Fig. 8(a) and (b), respectively. The mode losses are
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0.1897 dB/m and 1.3501 dB/m, respectively. Figure 10(c) shows the computed cladding mode

involved in the mixing process between cascaded Raman and intermodal FWM seen in the

experimental modal image in Fig. 9(a). The discrete cascaded Raman of six orders from 350

nm to 391 nm is generated through cladding modal coupling in a few bridges (see Fig. 8(b)).

When the number of bridges involved in the cladding mode increases, the Raman cascade of

six orders from 350 nm to 391 nm evolves towards a continuum, as shown in Fig. 8(a). Then

the cladding modes are mixed with core modes. This is shown in Fig. 9(b) where we can see

both cascaded Raman scattering and intermodal FWM from 350 nm to 380 nm. To interpret

the cascaded Raman spectra shown in Fig. 8, we simulated the nonlinear pulse propagation and

Raman cascade in one silica bridge of the microstructured cladding, using the computed first

and second-order dispersion parameters for the fundamental mode (see Figs. 11(a) and (b)) from

a finite-element method (FEM) computation. The generalized nonlinear Schrödinger equation

(GNLSE) [31,32] was used to perform this simulation:

∂A

∂z
+

α

2
A−

∑

k>2

ik+1

k!
βk
∂kA

∂Tk
= iγ

(

1 + iτshock

∂

∂T

)

× (A(z, T)

∫

+∞

−∞

R(T ′)|A(z, T −T ′)|2dT ′), (4)

with the nonlinear parameter γ(ω0) = [n2(ω0)ω0]/(cAeff ) = 0.8474 m−1·W−1 and the effective

mode area Aeff = 6.6838 × 10−13 m2 for the fundamental mode at 355 nm. The normalized

pulse amplitude |A|2 represents the optical power in Watt. The second term in the left-hand

side accounts for a linear loss with loss coefficient α. The dispersion data such as βk come

from COMSOL. On the right-hand side, τshock = 1/ω0 with λ0 = (2πc)/ω0 and c the speed of

light. The term R(T) = (1 − fR)δ(t) + fRhR(t) is the response function of the Raman contribution

including both a delayed and an instantaneous electronic Raman contribution. Here the silica

glass is doped with high content of OH− but its characteristics such as fR and hR(t) are very

close to the standard silica glass (fR = 0.18) [31–34]. The input pulse shape was considered as

Gaussian. Experimentally the estimated peak power for the Raman cascade in the silica bridges

is around 300 W. For a peak power P0 = 100 W a pulse width of 300 ps and a fiber length of 4 m

and 1 dB/m loss, the numerical result is shown in Fig. 12.

Fig. 11. (a) To calculate the dispersion properties of the PCF bridges, we performed FEM

modelling of the structure as shown with each large air hole having diameter of 3.5 µm. The

figure shows the computed fundamental mode in the bridge region between the air holes.

(b) Computed group velocity dispersion parameter β2 for the fundamental mode versus

wavelength.

The colormap in Fig. 12 shows the evolution of the continuum generation versus distance in

the silica bridge function of the length of the fiber (4 m in total). We see a typical Raman cascade

generation over the propagation in one bridge until the sixth order. The result of the simulation in

Fig. 12 supports well the experimental spectra in Fig. 8 as a Raman cascade is generated through
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Fig. 12. Simulation with a peak power of 100 W and a loss of 1 dB/m with under a colormap

of the simulation of the continuum generation over 4 m of the fiber length.

the bridge in the simulation and the spectral broadening is also reached. However, as it is a

simulation in only one bridge, we cannot go further in the interpretation of losses, peak power or

number of bridges involved in the experimental results.

5. Conclusion

We have designed and manufactured a new photonic crystal fiber made of UV-grade silica glass

for broadband light generation in the UV range. The fiber has been drawn from F110 UV-Grade

silica glass for its low loss and solarization in the UV-A band. We have observed intermodal

FWM and cascaded Raman scattering in the UV-Grade silica multimode PCF, which is enabled by

the modal properties of the fiber core and the tight confinement in the fiber bridges, respectively.

These results are highly promising in the search of new optical fibres, which feature both a high

nonlinearity and UV-resistance thus opening the way toward supercontinuum generation in the

strong normal dispersion regime, which does not rely on soliton dynamics and dispersive wave

generation. However, further research is needed to improve the fabrication methods with this

material to reduce absorption in the UV and to improve design parameters such as a smaller core

size, which would lead to improved optical confinement.
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Abstract

In this paper, we report the design and fabrication of a highly birefringent polarization-maintaining

photonic crystal fibermade from chalcogenide glass, and its application to linearly-polarized

supercontinuumgeneration in themid-infrared region. Thefiber was drawnusing the castingmethod

fromAs38Se62 glass which features a transmissionwindow from2 to 10 μmand a high nonlinear index

of 1.13×10–17 m2W−1. It has a zero-dispersionwavelength (ZDW) at 4.56 μmfor the fast axis and

4.68 μmfor the slow axis and, at average ZDW, a large birefringence of 6.5×10–4 and consequently
strong polarizationmaintaining properties are expected. Using thisfiber, we experimentally

demonstrate supercontinuum generation spanning from3.1 to 6.02 μmand 3.33–5.78 μmusing

femtosecond pumping at 4 μmand 4.53 μm, respectively.We further investigate the supercontinuum

bandwidth versus the input pumppolarization angle andwe show very good agreementwith

numerical simulations of the two-polarizationmodel based on two coupled generalized nonlinear

Schrödinger equations.

1. Introduction

Supercontinuum (SC) generation towards themid-infrared (MIR) range is a very activefield of research

motivated by awide range of applications including optical coherence tomography (OCT), material processing,

optical sensing and absorption spectroscopy [1–17]. Althoughmuch progress in thisfield has been reported

recently, state-of-the-artmid-IR SC systems are still in their infancy and considerable effort is required before

mature broadband IR SC light sources beyond 5 μmaremade available for industrial applications. Soft glasses,

such as chalcogenide (As2S3, As2Se3, GeAsSe) [1–5], Tellurite (TeO2), chalcohalides (GeTe, GeAsTeSe) [18, 19],

heavymetal oxide (PbO–Bi2O3–Ga2O3–SiO2–CdO) [9] andZBLAN (ZrF4 –BaF2 –LaF3 –AlF3 –NaF) [20–22]

have beenwidely used for drawing highly nonlinear infrared fibers, and experiments have shown efficient SC

generation in themid-IR up to 15 μm [1, 2], and up to 11 μmusing all-fiber cascaded systems [23, 24]. Among

thewide variety of infrared fibers, chalcogenide-glass-based optical fibers (composed of S, Se or Te) are excellent

photonic platforms for nonlinear applications in themid-IR due to their wider transmissionwindow, tailorable

dispersion in themid-IR, and high optical nonlinearity up to hundred times greater than silica or ZBLANglasses

[1–5].

On the other hand, there is particular interest in combining the chalcogenide fiber platformwith

polarization-preserving properties as this will enable polarization-dependent applications in interferometric

techniques, gas and pressure sensing, integrated-optic devices and also polarization-sensitive OCT [25–30].

Polarization-maintaining fibers also help inminimizing detrimental effects such as polarization noise and
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instability [31]. There are several ways of introducing strong birefringence in the fiber for polarization

maintaining propagation. For instance, birefringence can be obtained by applyingmechanical stress in the

cladding thus inducing anisotropy of the refractive index in the core region, which results in amodal

birefringence up to 5×10–4 for the so-called PANDA fibers [32–34] and close to 60%higher birefringence in

bow-tiefibers [35]. Highly birefringent fiber can also be fabricated using the powder-in-tube process where two

rods of glassmaterial are placed on the sides of the core [36]. Anotherway of obtaining high birefringence is by

breaking the symmetry of the fiber structure. This was achieved in photonic crystal fibers (PCFs)where an

asymmetric arrangement of air holes is designedwith two different diameter air holes located in orthogonal

position near the core of thefiber, thus providing higher effective index difference between the two orthogonal

polarizationmodes [37–41]. In addition to the alteration of air hole diameter in the core region of PCFs, an

asymmetric structure can also be obtained by either introducingmechanical stress [42] ormodifying the shape

of air holes [43]. It has been shown that the birefringence of silica based polarization-maintaining photonic

crystalfibers (PM-PCFs) can reach high values up to 10−3 [38, 40, 41], which is one order ofmagnitude higher

than that of conventional PANDAor bow-tie silicafibers [32–35].

Here we report the design and fabrication of a chalcogenide glass-based highly birefringent PM-PCF for SC

generation in themid-infrared. Numericalmodelling is carried out in order to compute the birefringence and

dispersion properties of thefiber. Two supercontinuum spectra spanning from3.1 to 6.02 μmand

3.33–5.78 μmwere experimentally demonstrated using aMHz femtosecond optical parametric oscillator with a

central wavelength of 4 μmand 4.53 μm, respectively. The polarization dependence of the supercontinuum

when pumping at 4.53 μmwas also studied, and the experimental spectrawere checked against numerical

simulations of the two-polarizationmodel based on two coupled generalized nonlinear Schrödinger equations.

We furthermore report on the fabrication of long PM-PCF tapers directly on the drawing tower.

The remainder of this paper is organized as follows: in section 2we outline themethods for chalcogenide

glass fabrication, preform, PCF and taper drawing. In section 3we report numerical simulations of the

microstructured optical fibers and provide both the birefringence and the group-velocity dispersion (GVD).We

show in particular howwe can tailor both the birefringence and the dispersion by tapering the PMPCFdown to

a fewμmcore diameter. In section 4we provide the transmission and attenuation spectra of the PMPCFs. In

section 5we describe the experimental setup formid-IR SC generation and in section 6we show experimental

results of broadband SC spectra at different pumpwavelength. The effect of pumppolarization angle isfinally

investigated in section 7 both experimentally and numerically using two-coupled generalized nonlinear

Schrödinger equations (GNLSE).

2. Preform andfiber fabrication

2.1. Glass fabrication

Thefiber preformwasmade at theUniversity of Rennes fromAs38Se62 chalcogenide glass. It was produced using

the conventionalmelt-quenchingmethodwhere a silica ampoule isfilledwith high purity As (99.999%), Se

(99.999%) and oxygen and hydrogen getters like TeCl4 andMg [44–46]. The silica tube is then placed in a two-

stage vacuumpump (combination of oil pump and turbomolecular pump)where it is pumped for

approximately 3 h.Next, the silica ampoule is sealed and then placed inside a furnace for 12 h at 850 °C.The

furnace has a rotationalmotion that enables uniformmixture ofmoltenmaterials. During the heating process,

TeCl4 producesHCl andCCl4 by collecting additional hydrogen and carbon, thus increasing the purity of the

glass. After that, the ampoule is cooled down to 700 °Cand quenched insidewater for few seconds. The ampoule

is then annealed at a temperature slightly below the glass transition temperature (Tg) around 165 °C. In the next

step, the chalcogenide glass rod is retrieved by breaking and removing the ampoule and put in a two-chamber

distillation tube in order to purify it through several distillation processes. In the first distillation step, distillation

tube is placed inside a localized heater at 600 °C and the glass rod is distilled under dynamic vacuum to remove

impurity gas likeHCl andCCl4 residue [44]. In the second step, static distillation is performed at 640 °C and

carbon, silica and other refractory oxides are removed from the glass. At the end of second distillation step, the

glass is again homogenously heated inside a furnace for 10 h at 850 °C, then the ampoule is cooled down to

500 °C, quenched and finally annealed belowTg to get thefinal glass. The attenuation spectrumof bulk As38Se62
glassmeasuredwith a Bruker Tensor 37 FTIR spectrometer is shown infigure 1. This glass offers light

transmission from2 to 9 μmrangewith aminimumattenuation of 0.40 dBm−1 at 7.42 μmand an absorption

peak at 4.56 μmdue to the presence of Se-H chemical bonds.

2.2. Preform fabrication

The PMmicrostructure preform containing 3-rings of air holes shown infigure 2(a) is prepared using the

moldingmethod [47]. In thismethod, the above-synthesized highly purifiedAs38Se62 glass is heated and flowed
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into a silicamold, which has the negative shape of the final preform. The silicamold ismade of silica-glass

capillaries with a thickness of 30 μm.These capillaries are organized in a hexagonal periodical pattern, using

slices of a silicamicrostructured preform to keep them in place. The hole diameter is 460μm (dhole) and the pitch

is 1350μm (Λ). In order tomake a PMpreform, the geometry of slices ismodified by placing two larger holes

with a diameter of 650μm in diametrically-opposed positions in the first ring, whilemaintaining the dh/Λ ratio.

Both the As38Se62 glass rod and the silicamold are placed in a silica ampoule. The ampoule is then heated in a

rocking furnace at 600 °C for one hour so the chalcogenide glass can flowdown in to themold having a glass

viscosity about 10−4Pa.s. After that, air quenching is performed on the fullmold for fourminutes before

annealing it at 165 °C for one hour. The silica tube around the preform is then removedwith a diamond tool. At

thefinal step, the chalcogenide preform is obtained by removing the embedded silica capillaries with a

hydrofluoric acid treatment. Thefinal diameter of the As38Se62 glass preform is around 16 mmhaving a length

of 80 mm.

2.3. Fiber fabrication

For the drawing process, the As38Se62 preform is installed in the drawing tower inside a silica glass enclosure,

throughwhich helium gas isflowed to remove any remainingmoisture from inside it. An annular electrical

furnace is placed around the preform in such away that it helps to heat the lower portion of the preform. Both

the preform chamber and the furnace chamberwerefilledwith helium gas. The temperature of the furnace is

increased until a drop of glass fall down from the preformdue to the gravitational force (around 340 °C). Then

thefiber accompanying the drop is attached to a rotating drum to continue the drawingwhile the preform is

being fed gradually inside the annular furnace in the same time. During the drawing process, the desired air-hole

diameter is obtained by controlling the helium gas pressure inside enclosure. The diameter of the fiber is further

controlled by the pulling speed of the rotating drum and the feeding speed of the preform into the furnace.

Figures 2(b) and (c) show the scanning electronmicroscope (SEM) images of the PM-PCFdrawn from the

preform. As can be seen, it consists of 36 circular air holes in 3 rings with 2 larger air holes adjacent to the core

Figure 1.Attenuation spectrumof bulkAs38Se62 glass.

Figure 2.Cross-section images of As38Se62 preform and solid-coremicrostructured fiber. (a)Preformof As38Se62 glass. (b) SEM image
of As38Se62PM-PCFwith an outer diameter of 125μm. (c)Expanded view of themicrostructure region showing core diameter
(dcore=8.11 μm), small air hole diameter (dSA=3.35 μm) and pitch (Λ=7.025 μm).
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that provides strong birefringence and polarizationmaintaining guiding. The distance between the closest

points of the two large air holes is 8.11 μmand the outer diameter of the PCF is 125 μm.The diameter of the

large air holes (dLA) and small air holes (dSA) are 5.8 μmand 3.35 μm, respectively. The distance between two

small air holes, also known as the pitch is 7.025 μm,which gives a dSA/Λ ratio of 0.477, whichmakes the PCF

with uniformholes endlessly single-moded in themid-IR [48].

2.4. Taper fabrication

As38Se62PM-PCF tapers were directlymade on the drawing tower using the followingmethod.One end of a

previously drawnPMfiber (as described in section 2.3)with a length of 80 cm isfixed at the top of the drawing

tower. In this case, the outer fibre diameter was 162 μm. Finally, the taper is obtained by drawing a second time

thefiber.

Since the initial PMfiber has an outer diameter of 162 μmand core diameter of 10 μm, the output diameter

of thewaist should be 28.74 μm in order to have an approximate core diameter of 1.77 μm in the taper waist

region. For this purpose, the pulling speed and the feeding speed are fixed at 0.05 mmin−1 and 1.5 mmmin−1,

respectively. The obtained PM-PCF tapers have a down-taper section length of 2–3 cm,waist section length of

22–53 cm, and up-taper section length of 2–3 cm. Figures 3(a) and (b) represent the SEM image of the normal

section and tapered section of As38Se62PM-PCF taper. The geometrical parameters of this taper are given in

table 1, where dcore, dout, dSA, andΛ represent waist core diameter, outerfiber diameter, small air hole diameter

and pitch, respectively. Propermaintenance of dSA/Λ ratio during the taper fabrication provides closer values of

0.499 and 0.478 for the normal section and the taper section, respectively.

3. Computation of dispersion and birefringence

Dispersion and birefringence properties of the PM-PCF and the PM taper are computed from the cross-section

images shown infigures 2(c) and 3(c).We calculated the effective refractive index of the fundamentalmode

usingCOMSOL software based on a full vector finite-elementmethod. The PM-PCF fibers are assumed to be

single-mode (HE11) as the second-order and higher-ordermodes havemuch higher confinement loss

(18 dBm−1 at 3 μm, 56 dBm−1 at 4 μm, and 176 dBm−1 at 5 μm) thanHE11mode over thewavelength range

under investigation. The refractive index of the air holes is set to 1 and the refractive index of the glass was

calculated using a standard Sellmeier equationwith the following form [49]

Figure 3. (a) Schematic of longitudinal sections of As38Se62PM-PCF tapers: Length before taper (LBT), length of down-taper section
(LDT), Length of uniformwaist section (LW), Length of up-taper section (LUT), and length after taper (LAT). (b) and (c)Cross-section
images of normal section and taper-waist section of As38Se62PM-PCFwith respective outer diameter of 161.9 μmand 28.8 μmand
respective core diameter of 9.97 μmand 1.77 μm.

Table 1. Structural parameters of a PM-PCF taper.

Initial fiber Taper waist

dcore (μm) dout (μm) dSA (μm) Λ(μm) dSA/Λ dcore (μm) dout (μm) dSA (nm) Λ (μm) dSA/Λ

9.97 161.9 4.25 8.51 0.499 1.77 28.8 808.03 1.69 0.478
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where,A0,A1, andA2 are dimensionless coefficients and a1 and a2 are thematerial resonant wavelengths. For

As38Se62 glass, the values of the coefficients used in the simulation are:A0=3.7464,A1=3.9057,A2=0.9466,
a1=0.4073 μm, and a2=40.082μm [41]. The effective refractive index (neff ) is then used to calculate the

GVD, definedasD c d n d2
eff

2l l= -( )( )/ / and the phase birefringence, defined as

B n n ,y x
eff effl l l= -( ) ( ( ) ( )) where n x

eff and n y
eff are the effective refractive indices of x-polarizedHE11mode

(slow axis) and of y-polarizedHE11mode (fast axis). The computedGVD and phase birefringence are plotted in

figure 4(a) for the PM-PCFwith a core diameter of 8.11 μmand infigure 4(b) for a PM-PCF taperwith awaist

diameter of 1.77 μm.The PM-PCFhas a zero-dispersionwavelength (ZDW) at 4.56 μmfor the fast axis and

4.68 μmfor the slow axis and, at average ZDW, a large birefringence of 6.5×10–4 such that strong polarization
maintaining properties are expected. This is in excellent agreement with the experimentalmeasurement recently

reported in [47]. By tapering the PM-PCF core from8.11 μmto 1.77 μm,we are able to bring down the ZDW

from4.5 μmto 2.507 μmalongwith a second ZDWat 3.51 μm.The PM-PCF taper also gives higher phase

birefringence of 7.97×10–3 and 1.79×10–2 at two respective ZDWs.

4.Optical transmission and attenuation

Optical attenuation of the drawnPM-PCFwith a core diameter of 8.11 μmwasmeasuredwith a Bruker Tensor

37 FTIR spectrometer equippedwith a liquid nitrogen cooledmercury–cadmium–tellurite (MCT) detector

having a sensitivity from1.2 to 14 μm, as shown infigure 5(a). The attenuation of thefiberwas precisely

measured using the standard cut-back technique and guidance of claddingmode is eliminated by applying a

layer of graphite on the surface of the fiber during themeasurement. Figure 5(a) shows light transmission in the

PM-PCF between 2 μmand 10 μmwith aminimumattenuation of 0.25 dB m−1 at 6.64 μm.Two absorption

peaks can be observed in the attenuation spectrumof the fiber including a peak at 4.5 μmdue to the presence of

Se-Hbonds (as in the bulk sample, seefigure 1) and another peak at 6.3 μmdue to the presence ofH2O

molecules.

The power transmission of a tapered PCFwith taper waist core diameter of 1.77 μmand taperwaist length of

22 cmwasmeasured to be 13%at 1.55 μmusing a 1 mWcontinuouswave (CW) laser and a Thorlabs power

meter. Then, the transmission spectra of all four tapers weremeasuredwith the same FTIR spectrometer as

previous, which is shown infigure 5(b). The tapers transmit light from1.5 to 5.5 μmand there is no significant

change in transmissionwindowwith taper length. As can be seen, the transmission bandwidth is significantly

reduced compared to the untapered PM-PCF and there are three transmission dips clearly visible because of the

presence of three new absorption bands at 2.9 μmdue toO–Hbonds, at 3.5 μmdue to surface contamination by

C–HBonds of non-cyclic organic compounds, and at 4.25 due toCO2molecules. These aremainly due to the

contamination of the taper waist, non-adiabatic taper transitions during taper drawing process, and high

confinement loss for non-uniform and small taper waist. This unfortunately prevents the use of the PM tapers

formid-IR SC generation beyond 5.5 μmandwewill therefore in the following sections focus on the straight

PM-PCFs only.

Figure 4.Dispersion and birefringence characteristics of the PM-PCF simulated for the fundamentalmode fromSEM image. (a)PM-
PCFwith core diameter of 8.11 μm.Blue and red curve: group velocity dispersion of PM-PCF sample for different polarization axis.
Inset: optical power density of the fundamentalmode for the fast axis at a wavelength of 2 μminside the core of thefiber. Green curve:
phase birefringence of PM-PCF. (b)PM-PCF taperwith awaist core diameter 1.77 μm.Red curve: group velocity dispersion of taper-
waist section. Blue curve: phase birefringence of the taper-waist section.
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5. Experimental setup for supercontinuumgeneration

Figure 6 outlines the experimental setup formid-IR pumping of the chalcogenide-based PM-PCF and

measuring the output SC infrared light [5]. The experiment was performed at the Technical University of

Denmark. A 10 mmperiodically-poled fan-outMgO:LiNbO3 crystal (MgO:PPLN)was used to generate the

mid-IR pump through a single-pass parametric generation process. The nonlinear crystal was pumped by a

continuous-wave (CW) seed laser (tunable from1350 to 1450 nm) alongwith a 1.04 μmmode-locked Yb: KYW

solid-state laser (having a full width halfmaximumpulse duration of 250 fs at 21MHz repetition rate) to

stimulate quasi phase-matched parametric anti-Stokes generation. The phase-matching relationwas achieved

by selecting the appropriate poling period of the fan-out structure using a linear translation stage, and the crystal

was kept in an oven at a constant temperature of 150 °C to avoid photorefraction. The combination of tunable

seed and tunable poling period of the crystal provides a tunableMIR output between 3.7 μmand 4.53 μmwhose

spectrum corresponds to a 252 fs transform limited pulse train at 4 μm (see [50] for thefirst use of the laser). A

reflective long passfilter (LPF)was used after the crystal system in order to eliminate any residual pump and

other radiation below 3.5 μm.Themid-IR output beamwas then collimated by an achromatic air-space lens

doublet, which is optimized for a central wavelength of 4 μmand anti-reflection (AR) coated for the 3–5μm

range. The pumpbeamwas then injected into the PM-PCF through anAR coated ZnSe aspheric lenswith a focal

length of 12 mmand the coupling powerwas controlled by rotating awire grid polarizer relative to the linear

polarization of the pump. The generated SC light wasmeasured using an FTIR from3 to 10μmand a

Figure 5. (a)Attenuation spectrumofAs38Se62PM-PCFwith cut-back length of 3.35 m. (b)Transmission spectra of As38Se62PM
taper fibers with different taper waist length having awaist diameter 1.77 μm.

Figure 6. Scheme of the experimental setup formid-IR pump laser and supercontinuum infrared light generation. LPF, long-pass
filter; PM-PCF, polarizationmaintaining photonic crystalfiber.
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monochromator-based spectrometer from1 to 5μm.The output powerwasmeasuredwith a thermal power

meter.

6. Results and discussions

Figure 7(a) shows the generated SC spectrawith increasing pumppower in a 25 cm long PM-PCFwith the pump

tuned to 4 μmcentral wavelength. For a pumppower of 135 mW,we obtained a SC spectrum spanning from3.1

to 6.02 μm (at the−30 dB level)with an average output power of 11 mW.Thenwe tuned the pumpwavelength

close to the ZDWat 4.53 μmand the obtained SC spectra with different output power are shown infigure 7(b).

An availablemaximumpower of 98 mWprovided a spectral broadening from3.33 to 5.78 μm (at the−30 dB

level)with an average output power of 6.23 mW.Therefore, the spectrum at 4.53 μmhas a lower bandwidth

than the spectrum at 4 μmdue to available lower input power from the laser in spite of pumping closer to the

ZDW. Furthermore, with a constant input power of 62 mWat 4.53 μm,wewere able tomeasure the

polarization dependency of the SC spectra by rotating the inputfiber, which amounts to turning the input pump

polarizationwith respect to the principal axes of the PMfiber. Using themeasured output power, Fresnel loss

fromboth front and end surface of the fiber, and propagation loss inside thefiber, we estimated the coupling

efficiency to be 18%and 13.62%, the coupling peak power as 4.62 kWand 2.54 kWat 4 μmpumping and

4.53 μmpumping, respectively. Figure 7(c) shows the recorded SC spectrawhen tuning thefiber angle from0°

Figure 7. Supercontinuum spectra generated in a 25 cm long PM-PCF samplewith 252 fs pulses as a function ofmean output power.
(a) SC spectra generatedwith a 4 μmpump. (b) SC spectra generated with a 4.53 μmpump. (c)Dependency of SC spectrawith
incident angle of polarization from0° to 182° for pumping at 4.53 μm.
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till 182°with 10° steps andwith constant output power of 3.8 mW.As it can be seen, the input pump

polarization strongly affects the SC generation. The SC bandwidth reduces from2140 nmdown to 1620 nm (at

the−20 dB level)with an angular periodicity of about 90°.

7.Numerical simulations: the vectormodel

Detailedmodelling of the polarization andmodal properties ofmid-IR SC generation inmulti-mode step-index

non-PMchalcogenide fibers was studied in [51], which demonstrated how important it is to control the

polarization and the number ofmodes participating in the SC generation process. Here the uniformPM-PCF is

single-moded, whichmeans that we can restrict ourselves to consider only the fundamentalmodewith both

polarizations. Nonlinear pulse propagation and SC generation in the highly-birefringent PM-PCFwas therefore

modelled using a two-polarization code based on two coupled generalized nonlinear Schrödinger equations

(CGNLSE) [52–55]. These equations can bewritten in following reduced form in a linearly polarized basis
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where Ax and Ay are the slow and fast axisfield amplitudes, a is thewavelength-dependent propagation loss

taken from figure 5(a), k
x y,b is the kth Taylor expansion of the propagation constants for the two linearly-

polarizedfield amplitudes. It accounts for the phase birefringence of the PM-PCF plotted in green infigure 4(a).

The second-order dispersion x y
2

,b w( ) is also shown infigure 4(a) as theD parameter.We also included higher-

order dispersion coefficients from figure 4(a). Nonlinear coefficient g was calculated from effectivemode area of

PM-PCF andnonlinear index of the As38Se62 glass using .
n

A

2

eff

2g = p
l l( )

This gives g =358.6W−1 km−1 and

301W−1 km−1 at the two pumpingwavelengths, 4 μmand 4.53 μm, respectively [56]. The time derivative term

inRHS of equation (2)models the effects such as self-steepening and optical shock formationwith .shock
1

0
t =

w
The bottomfirst term in the RHS represents the nonlinear response functionwhich includes both instantaneous

self and degenerate cross-phasemodulation (DXPM) between the two cross-polarized fields with the factor 2/3

[54, 55]. fR is the Raman fractional contribution to theKerr effect andwefind f 0.1R = using the parameter
reported in [57] for chalcogenide glass. The Raman response delayed function h tR ( ) in the last termof

equation (2) can be expressed in the time domain as follows:
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where 1t and 2t are 23.14 fs and 157 fs, respectively, whichwas fitted for a Raman gain peak of 230 cm−1

(6.9 THz) for As38Se62 fiberwhose Raman gain peakwasmeasured in [58]. The sameRaman functionwas used

for bothfiber axes because the perpendicular Raman gain is almost negligible [54]. For the PM-PCF sample with

pump at 4 μmand 4.53 μm,we used afiber length of 25 cm and pumppulse duration of 252 fs for both cases.

The coupling peak power at the input of thefiberwas considered to be 1.33 kWand 0.40 kW for the pump at

4 μmand 4.53 μm, respectively, in order to have the best fit with experimental results.

Figures 8(b) and (d) show the evolution of numerically computed SC spectra along fiber length for a pump

wave polarized along one of the principal axis at 4 μmand 4.53 μm, respectively. The temporal counterparts are

shown infigures 8(e) and (f). The comparisons between simulated and experimental SC spectra for respective

pumpwavelength of 4 μmand 4.53 μmare shown infigures 8(a) and (c). The simulated and experimental SC

spectra are in qualitative agreement in terms of bandwidth, but in terms of structure of the spectrum, they are

quite different. Infigures 8(b) and (d), we plotted the SC dynamics along the propagation distance andwe can

clearly observemultiple soliton generation and ejection towards the infrared up to 6 μmdue the Raman-self

frequency shift. Simultaneously there are dispersive waves that are emitted from solitons in the short wavelength

range down to 3 μm.

Figure 8(g) shows a series of computed SC spectra as a function of input polarization angle ,q from0° to 180°

with respect to the fast axis. This leads to SC bandwidth reduction from2010 nmdown to 1450 nmwith an

angular periodicity of around 90°, as shown infigure 8(h), as a blue curve. This can be explained by the fact that

when tuning the polarization angle fromone principal axis to the other, the degenerate cross-phasemodulation

between the Ax and Ay vector fields is lower than the self-phasemodulation (SPM) itself by a factor 2/3, giving
rise to less SC broadeningwhen pumping off axis with aminimumat 45°. The agreement with experimental

measurements (red curve) is quite satisfactory, except the small offset that is due to the different SC bandwidth

shown infigure 8(c).
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8. Conclusion

In summary, polarization-preserving supercontinuum generation in themid-infrared from3.1 to 6.02 μmand

from3.33 to 5.78 μmhave been demonstrated by pumping a highly-birefringent photonic crystal fibermade of

chalcogenide glass with femtosecond pulses at 4 μmand 4.53 μm, respectively. It has been further shown that

tuning the input polarization angle with respect to thefiber axes affects the supercontinuumbandwidth and this

was checked against numerical simulations using vectorial two-coupled nonlinear Schrödinger equations. The

fiberwas drawn using the castingmethod fromAs38Se62 glass which features a transmissionwindow from2 to

10 μmand a high nonlinear index of 1.13×10–17 m2W−1. It has a large birefringence of 6.5×10–4 at 4.6 μm

enabling strong polarizationmaintaining properties. Long tapered optical fibers have also been designed and

fabricated from the same fiberwithwaist diameter down to a 1.77 μmandwith ultra-high birefringence up to

10–2. Finally, this work constitutes an important step towards stable and linearly-polarized supercontinuum

generation formid-IR applications.

Figure 8. (a) and (c)Comparison between numerically and experimentally generated SC spectra in the PM-PCF for pumping at 4 μm
(a) and 4.53 μm (c). (b) and (d)Numerically generated evolution of SC spectra along thefiber length at the respective pumping
wavelength. The vertical black lines show the zero-dispersionwavelengths (ZDW). (e) and (f)Corresponding temporal distribution
along thefiber length. (g)Polarization dependency of numerically generated SC spectra at 4.53 μmpumpingwhen tuning the input
polarization angle from 0° up to 180° from the fast axis. (h)Comparison of bandwidth (at−20 dB level) between experimental and
simulated SC spectra at different polarization angle for 4.53 μmpumping.
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Improved long-wavelength transmission and supercontin-
uum (SC) generation is demonstrated by antireflective
(AR) nanoimprinting and tapering of chalcogenide pho-
tonic crystal fibers (PCFs). Using a SC source input span-
ning from 1 to 4.2 μm, the total transmission of a 15 μm
core diameter PCF was improved from ∼53% to ∼74% by
nanoimprinting of AR structures on both input and output
facets of the fiber. Through a combined effect of reduced
reflection and redshifting of the spectrum to 5 μm, the rel-
ative transmission of light >3.5 μm in the same fiber was
increased by 60.2%. Further extension of the spectrum to
8 μm was achieved using tapered fibers. The spectral
broadening dynamics and output power were investigated
using different taper parameters and pulse repetition
rates. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.005505

Supercontinuum (SC) light sources based on chalcogenide glass
optical fibers are among the main candidates for enabling new
and improved mid-infrared photonic applications within
broadband imaging and spectroscopy [1–3]. Currently, the
most promising method for generating SC reaching far into
the mid-infrared fingerprint region is through so-called cas-
caded generation using a series of concatenated silica, fluoride,
and chalcogenide fibers that gradually extend the spectrum
from the near-infrared to the mid-infrared [4–7].

One critical point in particular is the coupling to and from
the chalcogenide fiber. Due to the high refractive index of chal-
cogenide glasses, a significant part of the pump light is reflected
at the end facets, which means that both the input and output
power is substantially reduced. One way to mitigate this is by

using antireflective (AR) thin-film coatings such as Al2O3 or
diamond deposited on the fiber end facets [8]. However, dep-
osition of thin films on fiber facets is an elaborate and time-
consuming cleanroom process that requires careful sample
preparation, and the resulting coating is typically narrowband,
which is not ideal for cascaded generation with a broadband
input source. Another way to achieve AR over a broad
bandwidth is by direct thermal nanoimprinting [9–11].
Due to the low glass transition temperature (T g ) of chalcoge-
nide glasses (∼160–280°C), the process can be performed using
simple heating elements, and takes only a few minutes to
complete.

Another critical aspect of coupling light to a chalcogenide
fiber is avoiding damage when launching high peak power
pulses. The simplest solution to allow for better power handling
is to scale up the fiber core. However, when the core diameter is
increased, the nonlinearity of the fiber is reduced, thus hinder-
ing further extension of the spectrum. In order to increase the
nonlinearity without sacrificing the damage threshold, the fiber
diameter can be gradually reduced along the propagation
direction through thermal tapering, thus improving the mid-
infrared generation efficiency [12,13].

In this work, we investigate these two thermal postprocess-
ing techniques, nanoimprinting and tapering, in order to im-
prove the output power and bandwidth of cascaded SC sources.
We chose to work with single-material Ge10As22Se68 photonic
crystal fiber (PCF) in order to avoid issues with varying T 0

g s and
viscosities between the core and cladding in step-index fibers
(SIF). The pump source for the experiments was a SC source
based on a master oscillator power amplifier (MOPA) configu-
ration with a variable pulse repetition rate and 1 ns pulse
envelope [14]. The MOPA was used to pump a 7 μm core
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diameter ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN) glass fiber
generating a spectrum covering 1–4.2 μm.

The principle of fiber nanoimprinting is depicted in
Fig. 1(a). A nickel (Ni) mold with the negative structure is
placed on a hot plate and heated to above the Tg of the chal-
cogenide glass (∼175°C [15]). For more details regarding the
fabrication of the mold, see Refs. [9,16]. The fiber is then
pressed against the mold for a brief period of time, after which
the fiber is quickly released to allow for the imprinted structure
to settle. Force was applied by manually moving a translation
stage, and the combination of force, imprint time, and temper-
ature enabled varying degrees of structuring and deformation of
the fiber. In general, higher temperatures allow for faster
imprinting using low force, which also reduces the heat con-
duction to the rest of the fiber and thus reduces deformation.

Figure 1(b) shows the PCF used in the experiments, which
has a core diameter of 15 μm and cladding diameter of 170 μm.
The best imprints were achieved using a temperature between
230–250°C applying a very small translation force for just a few
seconds. Figures 1(c) and 1(d) show high-magnification scan-
ning electron microscope (SEM) images of the imprinted struc-
tures, which were designed to have a pitch of 1050 nm and a
height of around 1350 nm, providing excellent antireflection
from 2.6–6.2 μm (<4% reflection) peaking at 4 μm (<1%
reflection) [9,16]. The size of the structure meant that for wave-
lengths below ∼2.2 μm, the imprint acts as a diffraction gra-
ting, effectively scattering much of the light into the cladding.
This effect is seen from the microscope image of Fig. 2(b),
which shows the chalcogenide fiber lighting up near the
butt-coupling interface with the ZBLAN fiber from the pump
source. It is also apparent from the image that the imprinting
procedure in this case caused significant deformation of the fi-
ber tip, resulting in a so-called elephant’s foot shape. However,
this deformation affects mainly the outermost part of the clad-
ding, leaving the core area more or less intact except for some
hole shrinkage, as is apparent from Fig. 1(c). The effect of fiber
tip deformation and hole shrinking on the output beam profile

is seen when comparing the beam profiles of Figs. 2(c) and
2(d), which shows the near fields of the nonimprinted and im-
printed fibers, respectively. The near-field images were captured
using an uncooled PbSe camera covering from 1–5 μm wave-
length (Tachyon 6400, NIT). In the nonimprinted fiber out-
put beam, the PCF structure is clearly seen, while the imprinted
output beam shows a significant distortion of the air-cladding
structure while maintaining a circular core-guided mode. Note
that the intensity scale on the figures is logarithmic in order to
clearly see the air hole patterns. By optimizing the temperature,
pressure, and imprinting time, it was possible to reduce the fi-
ber tip deformation while maintaining a full imprint of the
structure, but it was found to have no influence on the trans-
mission since the core area is seemingly unaffected by the
deformation.

To measure the output spectra, the PCF output was butt-
coupled to a 150 μm core diameter chalcogenide patch cable
(IRF–Se–150, IR Flex) and guided to a grating-based spec-
trometer covering from 0.2–5 μm (Spectro 320, Instrument
Systems). From comparing the red output spectrum of the non-
imprinted fiber in Fig. 2(a) to the purple and blue output spec-
tra of the one-face (output) and two-face imprinted fiber,
respectively, it is clear that a significant fraction of the light be-
low 2.2 μm is lost due to diffraction. Such properties could
potentially be useful for reducing the linear and nonlinear ab-
sorption of shorter wavelengths, in particular two-photon ab-
sorption, which may improve the power handling. It is also
evident from the spectra that the long-wavelength transmission
was improved after imprinting. In order to quantify the im-
provement, the total output power and output power after a
3.5 μm long-pass filter (LPF) were measured for the nonim-
printed and the two-face imprinted fibers. Many fiber samples
with similar lengths around 20–30 cm were prepared and mea-
sured, and because the imprinting was performed manually, the

Fig. 1. (a) Principle of fiber nanoimprinting using a heated Ni
mold. (b) SEM image of the PCF prior to imprinting. (c) SEM image
of the imprinted core and air-clad region. (d) High-magnification
SEM of the imprinted structures in the core.

Fig. 2. (a) Comparison between the input spectrum (orange) and
the nonimprinted (red), output imprinted (purple), and two-face im-
printed (blue) output spectra, respectively. (b) Microscope image of
the ZBLAN to PCF butt-coupling, revealing scattered light from dif-
fraction caused by the imprinted structure. (c), (d) Output beam pro-
file of the (c) nonimprinted and (d) imprinted fiber. Note that log scale
was used on the intensity axis to better visualize the air cladding.
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results varied from producing only minor or no improvement
in transmission, to even reducing the output power compared
to the nonimprinted reference. However, some samples also
produced a significant increase in transmission, and these re-
sults are presented in Table 1. The total transmission improve-
ment (ΔT ) between the nonimprinted and two-face imprinted
fibers ranged from 7.0–27.9%, and the maximum total trans-
mission (T ) was 73.8%. As seen from the orange curve of
Fig. 2(a), a significant part of the pump spectrum is below
the diffraction limit of the imprinted structure, so the transmis-
sion increase > 3.5 μm was also measured and found to range
from 12.3–60.2% with a maximum transmission of 98.4%.
However, this extremely high value is attributed to a combina-
tion of both reduced reflection and increased redshifting of
wavelength components below 3.5 μm due to the higher
transmission.

Previous work with fiber nanoimprinting has focused on
large-core multimode As2S3SIFs (50–100 μm core diameters)
[11], and so it was not clear whether the micron scale structures
and especially the fiber tip deformation would affect transmis-
sion of smaller core fibers. In that respect, this work represents
the first demonstration of AR nanoimprinting of a single-mode
chalcogenide PCF, achieving increased transmission in a fiber
suitable for SC generation (SCG) without significantly affect-
ing the core mode of the fiber. Despite the increased transmis-
sion and redshifting in the imprinted fibers, the spectral extent
was limited to 5 μm, so in order to increase the bandwidth even
further, fiber tapering was, for the first time to the authors’
knowledge, investigated for cascaded SCG. In a previous study
on SC in tapered chalcogenide PCFs [12] using direct pump-
ing, it was found that the length of uniform fiber before (Lb)
and after (La) the tapered fiber section (Lt ) greatly influenced
the bandwidth obtained, but the influence of the tapered core
diameter was never fully explored. Here we have investigated
the influence of the tapered core diameter (d c) in five different
tapered fibers, whose parameters are summarized in Table 2.
All tapers were designed to have around 2.5 cm adiabatic taper
transitions.

When the fiber core is reduced, the zero-dispersion wave-
length (ZDW) is shifted towards shorter wavelengths from
around 4.9 μm at the initial 15 μm diameter to around
3.6–4 μm at 6–7.5 μm diameter, respectively [12]. But while
the reduced ZDW allows for more pump power to couple into
the anomalous dispersion regime for improved SCG efficiency,
the confinement loss edge is also pushed towards shorter wave-
lengths, which introduces a trade-off between efficiency and
long-wavelength loss. Figure 3(a) shows the resulting spectra
from pumping tapers A–E with around 270 mW of average
power at 1 MHz pulse repetition rate. The spectra were mea-
sured using a fiber-coupled Fourier transform infrared (FTIR)
spectrometer (FOSS, custom) covering from 2.8–14 μm. The
total transmission of the nonimprinted tapers A–D varied from
31–38%, with the highest output power of 103 mW achieved
for taper D.

Despite the differences in taper parameters, tapers A–C pro-
duced very similar output spectra reaching up to around 8 μm
at the −30 dB level, while taper D was limited to 7.5 μm and
exhibited significantly lower flatness compared to the three

Table 1. Measured Transmission (T � Pout∕P in) of Nonimprinted and Two-Face Imprinted PCFsa

Fiber Sample P in (mW) Pout (mW) T (%) ΔT b (%)

Non #1 139.8 [31.9] 74.4 [18.9] 53.2 [59.2] –

Two-face #1 139.8 [31.9] 83.5 [23.3] 59.7 [73.0] 10.9 [18.9]
Two-face #2 139.8 [31.9] 86.5 [25.8] 61.9 [80.9] 14.1 [26.8]
Two-face #3 133.5 [31.2] 98.5 [30.7] 73.8 [98.4] 27.9 [60.2]
Non #2 160.5 [–] 72.5 [19.9] 45.2 [–] –

Two-face #4 160.5 [–] 78.0 [22.7] 48.6 [–] 7.0 [12.3]b

aThe improvement in transmission is defined as ΔT = T(two-face)/T(non). Square brackets denote values >3.5 μm.
bCalculated using the output power >3.5 μm for Non #2 and two-face #4.

Table 2. Core Diameter and Length Parameters for

Tapers A–E

Taper ID d c (μm) Lb (cm) Lt (cm) La (cm) Ltot (cm)

A 6 6 11 18 35
B 6.5 10 15 11 36
C 7 2 12 19 33
D 7.5 9 15 18 42
E 6 27 30 12 69

Fig. 3. (a) FTIR spectra of the long-wavelength edge obtained for
tapers A–E for a pump power of ∼270 mW. The corresponding mea-
sured total output power and power >3.5 μm (brackets) is indicated
in the legend (* = estimated). (b) Stitched total output spectrum for
taper E using 350 mW pump power and generating a 41 mW con-
tinuum with a 20 dB bandwidth from 1.07–7.94 μm.
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others. For a 7.5 μm core diameter, the ZDW is estimated to be
around 4 μm, which is exactly where we see a dip in the output
spectrum of taper D. Such a dip followed by a peak or pedestal
of lower intensity is commonly observed when pumping in the
normal dispersion region close to the ZDW [17,18]. Since the
SC pump starts to cut off at around 4 μm, the solitons coupled
into the PCF will initially experience normal dispersion and
therefore only the part that broadens into the anomalous
dispersion via self-phase modulation (SPM) will then contrib-
ute to the long-wavelength edge. As a result, the amount of
power >3.5 μm is only ∼21% in taper D (22.2 mW)
compared to ∼29% in taper C (25.8 mW).

To investigate whether the spectral extension was limited by
the taper length, another taper denoted taper E was tested.
Taper E has the same 6 μm core diameter as taper A, but twice
the tapered section length and a longer length of uniform fiber
before the taper. It is seen in Fig. 3(a) that the longer taper
improves the long-wavelength generation, but reduces the out-
put power significantly due to increased losses. Figure 3(b)
shows the entire taper E output spectrum at ∼350 mW pump
power (41 mW output power), where maximum broadening
was observed covering from 1.07–7.94 μm at the −20 dB level
with. Further increasing the pump power did not improve the
long-wavelength edge, as seen from the trend in Fig. 4(a),
which shows that for these pump and taper parameters, the
broadening is limited to around 8 μm.

This behavior was found in all of the tapers tested, which
suggests that further broadening is limited mainly by the sol-
iton dynamics of the MOPA source and ZBLAN fiber rather
than confinement loss or dispersion in the tapers [5,7]. Lastly,
the output power stability was tested. Note that at the point of
this measurement (four months later), taper C had degraded
significantly due to exposure to ambient lab conditions [15],
and so the obtainable bandwidth and output power were re-
duced. Figure 4(b) shows the degradation in output power dur-
ing a 116.5 h continuous power stability measurement and
adjusting the coupling did not improve the output power.
This highlights the need for proper sealing of the optical facets.
This could for instance be realized by either fully collapsing the
air holes, or by splicing an unstructured fiber end cap onto the
PCF prior to imprinting.

In conclusion, we have demonstrated for the first time im-
proved transmission and broadening in cascaded SCG through
nanoimprinting and tapering of Ge10As22Se68 chalcogenide
PCFs. The maximum total transmission of a nanoimprinted
uniform fiber was increased by 27.9% relative to the nonim-
printed fiber, and the average power>3.5 μm was increased by

up to 60.2%. By tapering a nonimprinted 15 μm core PCF
down to a core diameter of 7 μm over a 12 cm section, a spec-
trum covering up to ∼8 μm with 90 mW output power and
25.8 mW > 3.5 μm was achieved. By combining the two
postprocessing methods, we expect that the output power
can be increased to more than 120 mW with more than
40 mW above 3.5 μm without damaging the fiber. Such power
levels would enable applications such as optical coherence
tomography to push further into the mid-infrared for improved
inspection of ceramics, coatings, polymers, and fiber-reinforced
composites [19].

Funding. European Research Council (722380, 732968);
Innovationsfonden (4107-00011A).
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We report a silica glass nested capillary anti-resonant node-
less fiber with transmission and low bending sensitivity
in the mid-infrared around 4000 nm. The fiber is charac-
terized in terms of transmission over 1700–4200 nm
wavelengths, revealing a mid-infrared 3500–4200 nm trans-
mission window, clearly observable for a 12 m long fiber.
Bending loss around 4000 nm is 0.5 dB/m measured over
three full turns with 40 mm radius, going up to 5 dB/m for
full turns with 15 mm radius. Our results provide experi-
mental evidence of hollow-core silica fibers in which nested,
anti-resonant capillaries provide high bend resistance in the
mid-infrared. This is obtained for a fiber with a large core
diameter of over 60 μm relative to around 30 μm capillaries
in the cladding, which motivates its application in gas fiber
lasers or fiber-based mid-infrared spectroscopy of COx or
NxO analytes. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.004395

Hollow-core glass fibers (HCFs) rely on guiding mechanisms,
which enable significant reduction of overlap of the guided
mode with solid microstructure forming the cladding. The in-
hibited coupling fibers (ICFs) and hollow-core anti-resonant
guiding fibers (ARFs) are two examples that have received par-
ticularly strong attention. The first reported ICFs were the
Kagomé fibers, developed in 2002 [1]. The principle of light
guidance in ICFs was explained in 2007 [2], revealing the fun-
damental difference between photonic bandgap (PBG) and in-
hibited coupling (IC). ARFs can be considered as simplified
ICF structures, consisting of only one ring of circular capillaries
in the cladding. These fibers were first reported in 2011 [3],
and the anti-resonant reflecting optical waveguide model [4]
is considered to be the most accurate in describing guiding
in these structures. Various designs of hypocycloid-core fibers
have followed since, with emphasis on fibers with the core area
limited by a single ring of circular, non-touching capillaries
[5,6]. Low intrinsic nonlinearity and dispersion of these fibers

make them particularly attractive for high-energy pulse delivery
[7]. The possibility to largely modify their optical properties by
infiltration with liquids or gases opens interesting applications
in optofluidics [8] or in temporal compression down to single
optical cycles of laser pulses in the mid-infrared [9]. Low at-
tenuation is the obvious advantage of any fiber for a practical
application and loss below 10 dB/km in the visible and at im-
portant laser wavelengths in the near-infrared has been reported
in HCFs [10,11]. More recently, an ARF with measured
attenuation of 2 dB/km at a wavelength of 1512 nm made
it possible to consider them for specific telecommunication
applications [12]. Such applications are among the important
motivations for the development of HCFs, and data transmis-
sion was demonstrated in an air core PBG fiber already in
2013 [13]. Dramatic improvement in the bringing down of
attenuation—ultimately to around 1 dB/km—prompted later
demonstrations of data transmission in hollow-core ARFs in
the third telecommunication window, as well [14-16]. Mid-
infrared guidance in silica fibers is disruptive for gas sensing
and spectroscopy applications [5,17]. The feasibility to design
robust multiple-pass setups is crucial for development of fiber-
based cavity-enhanced spectroscopy [18]. Several-meter or
longer gas-filled fibers are becoming important for fiber-based
gas lasers exploiting Raman scattering [19]. More recently, mid-
infrared lasers operating between 3100 and 4600 nm wave-
lengths and based on optical transitions between vibrational
energy bands of different molecular gasses have been reported
using gas-filled HCFs [20–23]. The fiber cavity length, exceed-
ing 10 m in either case, was reported among the key parameters
of optimizing laser efficiency, which puts significant pressure
on bending loss performance of fibers used to build such
systems. Gas-filled HCFs have also been shown as attractive
experimental platforms for nonlinear propagation, broadening,
and compression of ultrashort pulses across the UV to the mid-
infrared [24–27]. Silica glass ARFs have been demonstrated to
guide light at wavelengths up to 7900 nm, with attenuation at
3900 nm of roughly 50 dB/km [28]. Attenuation of 34 dB/km
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at 3050 nm and 85 dB/km at 4000 nm was found for ARFs
with a triangular cladding [29,30].

Mode confinement in HCFs is very sensitive to bending
[31]. Hollow-core PBG fibers were outperforming ARFs in this
regard [31]. Significant research effort has been devoted to
overcoming this drawback, resulting in reported bend losses
of ICFs in the order of 0.25 dB/turn [32], 0.2 dB/m of attenu-
ation at 5 cm radius in the NIR range [33] and, finally, a result
of 0.03 dB/turn bend loss for a 30 cm bend diameter at 750 nm
has been reported [12]. Bend loss below 1 dB/km for R �
10 cm at 1512 nm has recently been demonstrated as well
[12]. An important conclusion has been drawn between low
bending loss and small core diameter ARFs [34]. A variant
of ARFs with nested capillaries, later commonly referred to
as the nested capillary anti-resonant nodeless fiber (NANF),
has been shown to alleviate the challenge of bend losses [35].
The first report on a physical NANF structure involved a
10-capillary fiber, followed by a five-capillary fiber [36,37].

In this Letter, we report on the development of a silica glass
NANF, and on the characterization of its transmission, attenu-
ation, and bending losses with a focus on the mid-infrared
spectral range around wavelength of 4000 nm.

Our silica glass NANF was fabricated using the stack-and-
draw technique. The microstructure of the fiber is shown in a
scanning electron microscopy (SEM) image in Fig. 1. It consists
of a cladding with seven nested capillaries. The criterion for the
number of capillaries is usually attenuation and exceptionally
low attenuation has been reported for ARFs with between five
[15,38], through six–seven [10,31] to eight–10 capillaries [5]
in the cladding. A seven-nested capillary ARF has been reported
previously, albeit with less uniform structure, than in Fig. 1
[39] and NANFs have been numerically studied for mid-
infrared transmission [40]. The outer diameter of our fiber
is 162 μm, and the core diameter is 62 μm. The outer and
inner capillary diameters are 29 and 16 μm, and their wall
thickness is 1.6 and 0.9 μm, respectively.

All transmission measurements and mode imaging have
been performed with a 150 cm long sample. Light from a
Leukos Electro-250-Mir or NKT Photonics SuperK MIR
supercontinuum has been coupled to the fiber with a black
diamond aspheric lens (Thorlabs C036TME). At the output
of the fiber, light was collimated with a parabolic off-axis silver
mirror with a 10 cm focal length into a free-space input of a
Fourier transform infrared (Thorlabs OSA205, FTIR) optical
spectrum analyzer (OSA) for measurements in the mid-
infrared or to a diffractive OSA for long-wave near-infrared

measurements (Yokogawa AQ6375B). This, together with
securing of both fiber ends in 9 cm long bare fiber mounts
on translation stages, assured mechanical stability during mea-
surements. In a similar way, the fiber output was collimated for
characterization using an extended InGaAs beam profiler.

The fiber supports guidance of few modes at 2500 nm, but
the fundamental mode (FM) can be selectively excited, as
shown in Fig. 2(a), where light from an optical parametric os-
cillator has been used with around 100 nm of spectral width.
Higher-order modes in this case were excited using offset
launch, as shown in Fig. 2(c). We also measured numerical
aperture (NA) of the fiber by registering output beam profiles
in far field with a phosphor-covered CCD camera. The output
of a single-mode laser diode operating at 1548 nm was coupled
into the fiber with an aspheric lens (NA � 0.25). The FM or
higher-order modes were selectively excited by changing the
coupling conditions. The output beam size was measured at
1∕e2 of maximum intensity. The NA was calculated from
the slope of linear fitting of measurement points (beam radius
as a distance function) using formulas slope � tg�φ� and
NA � sin�φ�, obtaining NA � 0.037 for the FM and NA �
0.077 for a higher-order mode. The fiber was protected with an
acrylic coating, and bending as tight as to a radius of R �
0.5 cm was possible. Depending on the coupling adjustment,
the LP11 mode could be observed, as shown in Figs. 2(c) and
2(d). Bending of the fiber with these modes excited resulted in
scrambling to a structure similar to the FM.

Figure 3 contains results related to the transmission, and
results of the attenuation measurements are shown in Fig. 4.
Finite element method simulation results, obtained using
Comsol Multiphysics (Wave optics module) for the fiber based
on a vectorized image of real fiber structure, are shown in
Fig. 3(a). Triangular mesh was used with a size from 0.4 to
0.015 μm over glass parts of the structure and between 0.6
and 0.06 μm over the air core. A 3 μm thick perfectly matched
layer was assumed for the boundary condition. The material
loss of silica was neglected. Bending loss was modeled assuming
straight fiber with modified refractive index [41]. The simula-
tions predict transmission windows in the 1800–2600 nm
spectral range and over 3400–5000 nm. An attenuation penalty
of around a factor of 10 at a wavelength of about 4500 nm can
be anticipated, and this is related to the fact that equal capillary
thickness has not been maintained in the technological process.
Numerical simulations of bend loss further reveal that confine-
ment loss penalty of about 1 dB/m can be expected, regardless
of the bend radius, when comparing the developed fiber to
an equal capillary thickness (0.9 μm) structure. Up to the
wavelength of around 4200 nm, there is good agreement be-
tween the simulated and measured transmission spectra, as
shown in Fig. 3(b). Compared to single capillary ring structure,

Fig. 1. SEM image of the developed fiber.

Fig. 2. Beam profiler images of fiber output recorded at 2500 nm:
(a) FM in an effectively straight fiber; (b) FM in a fiber coiled at 0.5 cm
radius; (c) and (d) LP11 modes with the fiber effectively straight and
coiled at 0.5 cm radius, respectively.
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simulations show that the nested capillary design would have a
magnitude lower bend loss in each of the transmission windows
and, lower straight fiber attenuation, although straight fiber
advantage would be lost closer to 5000 nm due to uneven capil-
lary wall thickness. Simulations allow us to expect transmission
in the mid-infrared window up to at least to 5000 nm, although
we did not have light sources with spectral coverage above
4200 nm to verify this experimentally.

Attenuation of the fiber was measured by a standard cut-
back method starting with a 12 m long sample, which was
the longest uninterrupted length of the reported fiber available.
The fiber was cut by 2 m in the following measurement steps,
down to 4 m of final sample length. During the measurement,
he fiber was loosely looped over roughly 1 m of diameter, and
no loops were made toward the end of measurement. A stan-
dard telecommunications fiber cleaver produced high-quality,
repeatable cleaves and, for every fiber length, the spectrum
was recorded for three consecutive cleaves, to ensure measure-
ment repeatability. Measured attenuation from around 3600 to
4000 nm was 1.5 dB/m and between 0.5 and 1.0 dB/m in the
long-wave near-infrared, as shown in Fig. 4 (thick red traces).
LP01 mode losses obtained in simulations are up to three orders
of magnitude lower around 2400 nm and a factor of two
smaller around 4000 nm. This mismatch cannot be due to
the inclusion of silica material loss in modeling, because the

calculated power fraction in glass for this fiber is between
10−4 to 10−5. Surface scattering loss in the considered spectral
range can account for 1 dB/km and does not explain the dis-
crepancy either [3]. The measured attenuation level is qualita-
tively reproduced in simulations only when the contribution of
higher-order modes is assumed, especially that of LP02. Thus,
we relate attenuation of the fiber to content of higher-order
modes, which prompts the optimization of cladding and core
diameters ratio of the fiber. We note that decibel/kilometer
straight-fiber loss has been reported in the HCFs of the single
capillary or “ice-cream cone” designs in a similar wavelength
range [10,29].

Bending loss measurement was performed by coiling of the
4 m long fiber sample into consecutive, full turns (full loops) of
identical diameter, similarly to the procedure reported earlier
for ARFs in Ref. [32]. Results—shown in Fig. 5—were re-
corded for different bending radii from 40 mm down to
7.5 mm. In the mid-infrared window between 3500 and
3900 nm, the loss remains below 5 dB/m for bending radii
of 15 mm or more while, for loops with a radius of 30 or
40 mm, it remains below 2.5 dB/m down to 0.5 dB/m around
3800–3900 nm for 40 mm of bend radius. In the 1900–
2600 nm window, a sharp short-wavelength transmission cutoff
can be observed, which redshifts under bending with a decreas-
ing bending radius. This is consistent with earlier reported re-
sults in low ring number Kagomé ICFs, where the redshift of
short-wavelength bend loss edge has been assigned to bending-
induced mode coupling between the core mode and leaky
cladding modes [42] and has been numerically confirmed
for NANFs as well [5]. We note that in state-of-the-art single
capillary-ring ARFs, bending loss at the level of decibel/
kilometer has been reported, although this related to the tele-
communications wavelengths, i.e., less than 5 dB/km of loss
(50 mm radius) over 1250–1650 nm [12] or over larger bend-
ing radii, i.e., 15 cm with 50 dB/km at around 3500 nm [10].

We reported the successful development of a silica nested
capillary anti-resonant nodeless fiber with mid-infrared trans-
mission up to around 4200 nm, while numerical simulations

Fig. 3. (a) Finite element method simulation of the fiber transmis-
sion; (b) measured transmission spectrum for a 150 cm long fiber.

Fig. 4. Measured attenuation (solid traces) and calculated losses for
different modes (dotted traces) of the developed NANF.

Fig. 5. Measured bend loss (a) over the long-wave infrared and
(b) over the mid-infrared in the developed NANF.
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allow us to anticipate this transmission to continue up to at
least 5000 nm. This would cover frequencies of asymmetric
stretching vibrational modes of CO2 and N2O molecules
(around 4250 and 4500 nm). The measured mid-infrared
attenuation of 1–2 dB/m prompts for improvement of both
the fiber design and the technological procedure. At the design
level, the cladding capillary to the core diameter ratio should be
optimized for effective single-mode operation. Recent theoreti-
cal results reported for NANFs identify this ratio at around
1.129 [38], while in our case it is around 0.46. At the techno-
logical level, the pending improvement relates to maintaining
of similar capillary wall thickness. Despite these imperfections,
already with the demonstrated fiber were we able to achieve
very low bending sensitivity corresponding to bending loss
down to 0.5 dB/m at a bending radius of just 40 mm at
3800–3900 nm wavelengths, by introducing nested capillaries
into the fiber microstructure. We note, that exceptional results
in terms of attenuation and bending loss at a single decibel/
kilometer level have been reported in hollow-core conjoined
tube capillary fibers and in NANFs, in each case in the third
telecommunication window [12,15]. Tens of decibel/kilometer
loss in effectively straight ARFs has been reported around
3000–4000 nm, e.g., [29,30], which also identified the chal-
lenge of bend loss in this wavelength range for bending radii
smaller than 20 cm. Our results provide experimental evidence
for the feasibility of limiting bending loss to reasonable levels
for bend radii as small as 3–4 cm and for the crucial role
of the nested anti-resonant capillaries in providing high bend
loss resistance in hollow-core silica fibers operating in the
mid-infrared.
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In this paper we investigate supercontinuum generation in several suspended-core soft-glass photonic crystal
fibers pumped by an optical parametric oscillator tunable around 1550 nm. The fibers were drawn from
lead-bismuth-gallium-cadmium-oxide glass (PBG-81) featuring a wide transmission window from 0.5 to
2.7 μm and a high nonlinear refractive index up to 4.3 · 1019 m2∕W. They have been specifically designed with
a microscale suspended hexagonal core for efficient supercontinuum generation around 1550 nm. We experimen-
tally demonstrate two supercontinuum spectra spanning from 1.07 to 2.31 μm and 0.89 to 2.46 μm by pumping
two PCFs in both normal and anomalous dispersion regimes, respectively. We also numerically model the group
velocity dispersion curves for these fibers from their scanning electron microscope images. The results are in good
agreement with numerical simulations based on the generalized nonlinear Schrödinger equation including the
pump frequency chirp. © 2018 Optical Society of America

OCIS codes: (320.6629) Supercontinuum generation; (060.5295) Photonic crystal fibers; (190.4370) Nonlinear optics, fibers;

(260.2030) Dispersion; (140.7090) Ultrafast lasers.
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1. INTRODUCTION

Broadband, compact, and cost-effective supercontinuum (SC)
sources in the infrared (IR) are very attractive for sensing and
spectroscopy applications [1–3] because this wavelength range
contains the ground tones of many molecules, yielding unique
“fingerprints” of their chemical composition [4]. However,
state-of-the-art mid-IR SC systems are still in their infancy, thus
motivating further efforts in fiber drawing and in soft-glass
chemistry to remove absorption bands while enhancing both
transmission and nonlinearity. Soft glasses such as chalcogenide
(As2S3) [4–6], tellurite [7,8], and ZBLAN (ZrF4–BaF2–
LaF3–AlF3–NaF) [9–11] have been widely used for drawing
highly nonlinear fibers, and experiments have shown efficient
SC generation in the mid-IR up to 15 μm [4,5] and up to
11 μm using all-fiber systems [12,13]. Another approach for
mid-IR SC generation is gas-filled, hollow-core photonic crystal
fiber, which provides low-loss guidance and much higher effec-
tive nonlinearity than capillary-based systems [14,15]. Record
output powers up to 3.2 μm have also been recently achieved in
highly germanium-doped fibers [16].

An alternative to ZBLAN fibers that has recently received
attention is small-core heavy metal oxide photonic crystal fibers

(PCFs) [17]. They possess a number of optical and mechanical
properties that make them also attractive for SC generation, de-
spite their limited transmission window from 550 to 2800 nm
compared to other soft glasses. The nonlinear index n2 of this
glass is one order of magnitude larger (4.3 × 10−19 m2∕W) than
ZBLAN and silica glasses [17]. In particular, suspended core
photonic crystal fibers (SC-PCF) can be readily drawn in which
the microstructures enabled have tight optical confinement and
a small effective mode area in the order of few μm2 [18,19]. This
results in a high nonlinear coefficient with one drawback: lower
coupling efficiency to the fiber due to a small core diameter. In
recent years, suspended-core fibers have received less attention in
the context of supercontinuum generation than regular lattice
PCFs, although existing literature reports provide evidence
about the versatility of this approach, including the choice of a
glass platform (silica/soft glass), spectral coverage (NIR/MIR),
and the dispersion regime of SC generation (solitonic/all-
normal) [20–24].

Here, we report SC generation in lead-bismuth-gallium-
cadmium-oxide glass (PBG-81) based suspended-core PCF
pumped by 200 fs pulses (delivered by a Ti-sapphire laser
pumped OPO system) around 1550 nm.

Research Article Vol. 35, No. 9 / September 2018 / Journal of the Optical Society of America B 2311
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Using two SC-PCFs (core diameter � 4.5 μm and 3.5 μm)
with respective lengths of 60 cm and 180 cm, we demonstrate
SC generation spanning 1.07–2.31 μm with an output mean
power of 53 mW and 0.89–2.46 μm with an output mean
power of 32 mW, respectively, by pumping at 1550 nm
and 1580 nm. We identify a number of nonlinear phenomena
such as spectral broadening due to self-phase modulation, sol-
iton generation, and a Raman soliton self-frequency shift in the
fiber at the pumping wavelengths. The experimental spectra
were compared to numerical simulations of the generalized
nonlinear Schrödinger equation, including the group velocity
dispersion computed from the scanning electron microscope
(SEM) images of the fiber samples.

2. HEAVY-METAL-OXIDE SUSPENDED-CORE

PHOTONIC CRYSTAL FIBERS

The suspended-core photonic crystal fibers were drawn from
lead-bismuth-gallium-cadmium-oxide (PBG81) glass. Its
chemical composition contains these oxides: PbO: 39.17,
Bi2O3: 27.26, Ga2O3: 14.26, SiO2: 14.06, and CdO: 5.26.
The nonlinear refractive index of PBG-81 glass was measured
as n2 � 43 × 10−20 m2∕W (Z-scan method at 1240 nm, bulk
sample) [25,26]. The attenuation spectrum of this PBG-81
bulk glass is shown in Fig. 1. This soft glass has a transmission
window from 550 to 2800 nm with typical attenuation of
around 2.5 dB/m within 1000–2000 nm. Above 2800 nm, this
particular glass melt shows the onset of strong attenuation as-
signed to OH absorption and has been subject only to standard
bubbling of the glass melt with dry air (<1000 ppm of OH).
As Fig. 1 shows, the attenuation curve does not feature a local
peak around 1380 nm, which is the main difference between
PBG-81 and previously used PBG-08 glass [17].

The microstructure of one of the five PCFs is shown in
Figs. 2(a)–2(c). The PCF’s outer and core diameters are
99.5 and 3.95 μm, and there are six struts or bridges supporting
the hexagonal core. These thin struts result in a negligible mo-
dal confinement loss for the fundamental mode by ensuring a
high degree of isolation in the core area. We fabricated five
different fibers with a microscale suspended hexagonal core
with dimensions chosen to yield zero-dispersion wavelengths
(ZDWs) covering the range 1519–1653 nm.

The opto-geometric parameters of the five fibers are given in
Table 1. From SEM images [Fig. 2(b)], we calculated the
effective refractive index of the fundamental mode and the cor-
responding group-velocity dispersion (GVD) using COMSOL

software. We used a standard Sellmeier equation and the co-
efficients used in the simulation were B1 � 2.30350920, B2 �
0.21430548, B3 � 1.73310331, C1 � 0.02084623 μm2,
C2 � 0.08262994 μm2, and C3 � 183.5615768 μm2. The
numerical results are shown in Figs. 3(a) and 3(b) for our five
fiber samples.

Figure 3(a) shows the group velocity dispersion curve of our
five SC-PCF samples covering almost the entire transmission
window of the fiber. The inset image represents the optical
power density of the fundamental mode inside the core of

Fig. 1. Attenuation spectrum of bulk lead-bismuth-gallium-
cadmium-oxide glass used for drawing SCPCFs.

Fig. 2. Cross-section SEM images of a suspended core PCF.
(a) Image of the fiber with an outer diameter of 99.5 μm.
(b) Expanded view of the microstructure region (core diameter of
3.95 μm). (c) One of the six struts supporting the core with thickness
of 89.7 nm.

Table 1. Geometric Parameters of SC-PCFs Used for

Dispersion Calculation and Supercontinuum Generation

No. Label

Core Diameter

(μm)

Strut Thickness

(nm)

ZDW

(nm)

1 NL44C1a 4.5 81 1653
2 NL44C2a 4.3 99 1593
3 NL44C3a 3.95 90 1574
4 NL44C4b 3.8 40 1557
5 NL44C5c 3.51 47 1519

Fig. 3. Dispersion characteristics of the SC-PCFs simulated for the
fundamental mode from SEM images. (a) Group velocity dispersion of
five SC-PCF samples (inset: optical power density of the fundamental
mode inside the core of fiber sample NL44C2a). (b) Dispersion curve
of the PCFs showing zero-dispersion wavelength (ZDW).
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the fiber sample NL44C2a. As shown in Fig. 3(b), the zero-
dispersion wavelength shifts from 1519 nm to 1653 nm as
the core diameter increases from 3.51 μm to 4.5 μm.

3. EXPERIMENTAL SETUP

The experimental setup for generating and measuring super-
continuum spectra is shown in Fig. 4. For a pump laser,
we used a 200-fs optical parametric oscillator (Chameleon
Compact OPO-Vis), pumped by a Ti-sapphire mode-locked
laser (Chameleon Ultra II) at an 80 MHz repetition rate.
The OPO signal is tunable in the range 1–1.6 μm with mean
output powers 1 W–230 mW, and the idler from 1.7 μm to
4 μm with powers from 250 mW to 50 mW. The signal from
the OPO was injected into the SC-PCF through a focusing
objective and the coupling power was controlled via a variable
attenuator. An IR camera and imaging system (another focus-
ing objective) were combined with wavelength filters to study
the mode structure and guidance inside the fiber core. The gen-
erated SC light was measured using an IR spectrometer (Ocean
Optics NIRQuest512-2.5) with sensitivity in the wavelength
range of 900–2500 nm. The result of the IR imaging showed
that the SC was generated in the fundamental mode over the
full wavelength range and no evidence for the presence of mul-
timode operation could be observed.

4. RESULTS AND DISCUSSION

Figures 5(a)–5(d) shows the variation in the measured SC
spectra for different fiber output powers as indicated for two
SC-PCF samples NL44C2a (length � 60 cm, ZDW �
1593 nm) and NL44C5c (length � 180 cm, ZDW �
1519 nm) using signal wavelengths of 1550 nm (in the normal
dispersion regime) and 1580 nm (in the anomalous dispersion
regime), respectively.

The output spectra recorded for these two fiber samples
show strong spectral broadening around the pump wavelength
due to self-phase modulation at low input power. In addition to
the peak contributed by pump wavelength, note that we have
an additional peak due to the residual OPO idler, which
otherwise does not contribute to SC generation. As the power
increases, we see red-shifted solitons beyond 2 μm and simul-
taneous generation of upshifted dispersive waves down to 1 μm.

At maximum coupling power, we obtain SC spectra of
1238 nm and 1575 nm bandwidths (at the -25 dB and -20 dB
level, respectively) for fiber samples NL44C2a and NL44C5c,
respectively.

A SC-PCF sample NL44C4b (length � 183 cm, ZDW �
1557 nm) is also pumped at 1740 nm in the strong anomalous
dispersion regime using the idler OPO output. The variation in
the measured SC spectra for different output powers for this
fiber is shown in Fig. 6. As we pumped at a wavelength far
away from the zero-dispersion wavelength of this fiber, we ob-
tained three individual high-power solitons beyond 2 μm and a
dispersive wave down to 1 μm instead of a smooth supercon-
tinuum. At maximum power, the bandwidth of this broad spec-
trum is 1495 nm at the −25 dB level.

TSFL OPO 
IR 

spectrometer 

80 MHz -- 140 fs 

3.5 W @ 800nm 

Tunability: 680-1080 nm 

OPO Signal=200 fs (1-1.6 m) 
OPO Idler =200 fs (1.73-4 m) 

attenuator 

40X FO 

SC-PCF  

Flip-mirror 
900-2500 nm 

IR camera 

filter 

20X FO 

i

MMF 

Fig. 4. Scheme of the experimental setup for generating and meas-
uring supercontinuum infrared light. TSFL, Ti-sapphire femtosecond
laser; FO, focusing objective; SC-PCF, suspended core photonic crys-
tal fiber; MMF, multimode fiber (left inset: beam profile at OPO out-
put; right inset: IR image at SC-PCF output).

Fig. 5. Supercontinuum spectra generated in two SC-PCF samples
with 200 fs pulses pumped at 1550 nm and 1580 nm, respectively, as a
function of mean output power. (a) and (c) Generation of SC spectra
through spectral broadening, soliton ejection, and dispersive wave gen-
eration in two fiber samples, NL44C2a and NL44C5c, respectively.
(b) and (d) Evolution of SC spectrum with the fiber output power
for SC-PCF samples NL44C2a and NL44C5c.
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5. SUPERCONTINUUM SIMULATION

Nonlinear pulse propagation and supercontinuum generation
was modelled using the generalized nonlinear Schrödinger
equation (GNLSE) [27,28],

∂A

∂z
�

α

2
A −

X

k≥2

ik�1

k!
βk

∂kA

∂T k

� iγ

�

1� iτshock
∂
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�

×

�

A�z,T �

Z

�∞

−∞

R�T 0�jA�z,T − T 0j2dT 0

�

, (1)

where the second term in the left-hand side accounts for a linear
loss with loss coefficient α, and the third term represents the
dispersion with the dispersion coefficient βk associated with
Taylor series expansion of the propagation constant β�ω� about
central frequency ω0. In the simulation, we introduced a linear
loss of 5 dB/m (measured using a cutback method). We also
used the dispersion parameters (up to the fourth order) com-
puted from the SEM image of the SC-PCF samples. The right-
hand side (RHS) of Eq. (1) models the nonlinear effects in the
fiber: nonlinear coefficient γ � 2πn2∕λ0Aeff , where the nonlin-
ear refractive index n2 was 4.3 × 10

−19 m2∕W and the effective
mode area Aeff was calculated from the SEM image of the fiber
sample at pump wavelength. The time derivative term in the
RHS of Eq. (1) models effects such as self-steepening and op-
tical shock formation with τshock � 1∕ω0. The term R�T � �
�1 − f R�δ�t� � f RhR�t� represents the response function,
which includes both an instantaneous electronic and a delayed
Raman contribution with f R � 0.05. The value of f R was
measured from the Raman scattering spectra of bulk glass,
and the Raman contribution to Kerr nonlinearity hR�t� was
fitted from nonlinear simulation for a different type of fiber
made from the same glass. The input pulse was considered

to be Gaussian. Frequency-resolved optical gating measure-
ments of our input pulses (MeasPhotonics FROGscan) showed
the presence of a linear chirp (parabolic phase), which was also
included in the simulation initial conditions. In the simulation
for SC-PCF samples NL44C2a and NL44C5c, we used fiber
lengths of 60 cm and 180 cm, and pump pulse durations
of 225 fs and 220 fs, respectively. The peak power at the
input of fiber was considered to be 25 kW for both cases.
Figures 7(a)–7(d) shows the evolution of numerically generated
supercontinuum spectra along the fiber length in spectral and
time domain for the two previously mentioned fiber samples
pumped at 1550 nm and 1580 nm. We only show the first
beginning of pulse propagation to highlight the main nonlinear
effects in SC generation. In Figs. 7(a) and 7(c), strong spectral
broadening can be seen in the beginning of the fiber due to self-
phase modulation. With an increase in length, we can see sol-
iton ejection and generation of dispersive waves. The soliton
distribution as a function of time is shown in Figs. 7(b) and
7(d). The comparisons between simulation and experiment
in the 1550 nm and 1580 nm pump case are shown in
Fig. 8. Both the simulated and experimental SC spectra almost
agree with each other in terms of SC bandwidth, but they are
quite different in terms of the structure of the spectrum, as
can be seen from Fig. 8(a) for SC-PCF sample NL44C2a.
We speculate that the observed discrepancy is accountable
to some assumptions in the model. First, we did not consider
the wavelength-dependent losses over the full SC span and the
higher-order optical modes. Second, the dispersion profile was
numerically estimated from the cross-section image of the fiber
structures. It is reasonable that a small change in the slope of the
normal dispersion at wavelengths blue-shifted from the pump
wavelength would result in different dispersive wave phase-
matching conditions, which would most reasonably explain
the short-wavelength discrepancies between the theoretical
and measured spectra in Fig. 8. The relatively long fiber sam-
ples used in the experiment (for soft glass fibers and femtosec-
ond pump pulses) would suggest a significant contribution of

Fig. 6. Spectra generated in SC-PCF sample NL44C4b with 200 fs
pulses pumped at 1740 nm. (a) Generation of broad spectra through
spectral broadening, soliton ejection, and dispersive wave generation.
(b) Evolution of spectrum with the fiber output power.

Fig. 7. (a) and (c) Numerically generated evolution of SC
spectra along the fiber length for NL44C2a and NL44C5c PCFs
with 1550 nm and 1580 nm pumping, respectively. (b) and
(d) Corresponding temporal distribution along the fiber length for
NL44C2a and NL44C5c PCFs.
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the OH absorption loss; however, no such features are observed
at around 1380 nm in the spectra shown in Fig. 8. Bend loss of
any higher-order, mode-contained blue-shifted parts of the
supercontinuum spectra could also be related the observed dis-
crepancies, but we did not observe such loss behavior for any
reasonable bend radii in these fibers during the measurements.

6. CONCLUSION

Wideband SC generation from 1073 nm to 2311 nm and from
891 nm to 2466 nm was recorded by pumping two suspended
core photonic crystal fibers in the both normal and anomalous
dispersion regimes, respectively, with femtosecond pulses at
1550 nm and 1580 nm. These results demonstrate the utility
of heavy-metal-oxide PCF for SC generation. Numerical sim-
ulations using a nonlinear Schrödinger equation and the group
velocity dispersion computed from the SEM images of the
SC-PCF samples show good qualitative agreement with the
experimental one for 4.3 μm and 3.51 μm core diameter
SC-PCF samples. It is important to stress that the SC spectra
obtained using PBG-81 glass suspended-core optical fibers are
limited by their transmission windows up to 2.8 μm, which
may limit their potential use for applications such as infrared
spectroscopy. They are actually comparable to those that can
be obtained with highly nonlinear germanium-doped optical
fibers [26].
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