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Abstract

In this thesis, I introduce the PC- and COP-cladded As,Se; microwires, two highly nonlinear
microwires optimized to operate in the wavelength range of 1.85 pm to 2.20 um. Like the previ-
ously reported PMMA-cladded As,Se; microwire, the PC- and COP-cladded microwires benefit
of a large waveguide nonlinear parameter and engineerable chromatic dispersion level, but with-
out the absorption features of PMMA in the 1.85 yum to 2.20 pm range. The design rules and
fabrication technique of each polymer-cladded microwire is provided. COP- and PMMA-cladded
microwires with identical length and waveguide nonlinearity parameter are also operated in the
nonlinear regime, highlighting features of self-phase modulation, four-wave mixing and Raman
scattering in the 1.85 pum to 2.20 pum range.

Secondly, I demonstrate optical transmission results of highly nonlinear As,Se; optical mi-
crowires cladded with fluorine-based CYTOP, and compare them with microwires cladded with
typical hydrogen-based polymers. In the linear optics regime, the CYTOP-cladded microwire
transmits light in the spectral range from 1.3 pum up to >2.5 pum without trace of absorption peaks
such as those observed using hydrogen-based polymer claddings. The microwire is also pumped
in the nonlinear optics regime, showing multiple-orders of four-wave mixing and supercontinuum
generation spanning from 1.0 um to >4.3 pum. With such a broadband transparency and high non-
linearity, the As,Se;-CYTOP microwire is an appealing solution for nonlinear optical processing
in the mid-infrared.

Finally, I demonstrate all-fiber far-detuned and widely tunable mid-infrared wavelength conver-
sion using As,Ses; microwires. In a first experiment, an idler is generated and tuned from 2.351 um
to >2.500 um from four-wave mixing in a 0.5 cm long microwire. In a second experiment, tun-
able parametric sidebands are generated via modulation instability in a 10 cm long microwire. The
resulting parametric frequency conversion reaches up to 49.3 THz, the largest ever reported in soft

glass materials.
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Résume

Dans la premire partie de cette thse, les rgles de conception, les techniques de fabrication et les pro-
prits optiques de deux types de microfils de trislniure darsenic (As,Ses) sont prsentes: lun revitu de
polycarbonate (PC) et lautre de polymre de cycloolfines (COP). Ces deux types de microfils haute-
ment non-linaires sont optimiss pour les longueurs dondes se situant entre 1.85 um et 2.20 pm.
Tout comme les microfils d’As,Se; revitus de poly(mthacrylate de mthyle) (PMMA), ceux revitus
de PC et de COP bnficient dun grand paramtre de non-linarit de guide dondes ainsi quun niveau
rglable de dispersion chromatique sans la lacune dabsorption dans la bande de 1.85 um 2.20 um
introduit par le PMMA. De plus, les rsultats des expriences effectues lintrieur de cette gamme de
longueurs dondes dmontrant les effets dautomodulation de phase, de mlange quatre ondes et de
diffusion Raman sont prsents pour des microfils revitus de COP et de PMMA de longueurs gales
et de paramtres de non-linarit de guide dondes identiques. Dans la deuxime partie, les rsultats des
xperiences de transmission optique effectues avec des microfils d’As,Se; revitus du fluoropolymre
CYTOP sont prsents et compars aux proprits de microfils conventionnels qui sont revttus de polym-
res base dhydrogne. Dans le rgime linaire, les microfils revitus de CYTOP transmettent la lumire
dans la gamme de longueurs dondes allant de 1.3 pm jusquau-del de 2.5 pm sans aucune trace des
traits dabsorption prsents pour les revitements de polymres base dhydrogne. Quand les micro-
fils sont oprs dans le rgime non-linaire, des ordres multiples de mlange quatre ondes ainsi quun
supercontinuum allant de 1.0 pm jusquau-del de 4.3 pm sont gnrs. Dots dune transparence qui
sexhibe sur une grande plage de frquences ainsi que de proprits hautement non-linaires, les micro-
fils d’As,Se;-CYTOP prsentent une solution attrayante pour le traitement non-linaire de signaux
optiques situs dans linfrarouge moyen. La dernire partie dmontre la conversion de longueur donde
sur une grande plage de frquences effectue laide dun systme entirement base de fibres optiques
et de microfils d’As,Se;. Dans une premire exprience, une onde est gnre et rgle lintrieur dune
bande allant de 2.351 pm jusquau-del de 2.500 um laide dun mlange quatre ondes qui se produit
dans un microfil de 0.5 cm de longueur. Dans une deuxime exprience, des bandes latrales rglables
sont cres laide dinstabilit modulationnelle lintrieur dun microfil dune longueur de 10 cm. La
conversion de frquence paramtrique qui en rsulte atteint un niveau allant jusqu 49.3 THz, ce qui
est le plus grand niveau dmontr pour un microfil compos dun matriel du groupe des verres fluors,

des verres de chalcognures et des composs de tellurite.



iii

Acknowledgments

Most importantly, my deepest gratitude goes to my supervisor Professor Martin Rochette for his
constant guidance and unlimited support. He taught me how to do the experiments, write papers
and present achievements. He provided me invaluable opportunities to attend the conferences for
knowledge enhancement and skills improvement. The progress of my PhD project is very slow
during the first three years, Prof. Rochette’s invaluable encouragements help me to overcome the
limitations and to move forward. All of my knowledge about the field of nonlinear optics is from
him.

I would love to express my sincere gratitude to all the people who helped me during my PhD
project. I want to thank Raja Ahmed showing me how to make the preform, hybrid fiber and hybrid
microwire. I want to thank Alaa Al-Kadry showing me how to generate supercontinuum. I want to
thank Nurmemet Abdukerim for collabration and inspiring discussions.

I would like to thank Profs. David Plant, Odile Liboiron-Ladouceur, and Martin Rochette for
being on my PhD committee.

My biggest gratitude goes to my parents who provide unstopped support and encouragement
since I was born. At the same time, my biggest gratitude goes to my wife for her unlimited support
and understanding she gave during my study. Also, my sincere gratitude goes to my sisters and

brother-in-laws.



Contents

1 Introduction

1.1 ChGmICrowire . . . . . . . . . . v v it e e e e e e e
1.1.1  Air-cladded ChG microwire . . . . . . . . .. ... ... .. ... ....
1.1.2  PMMA-cladded ChG microwire . . . . . . . . . .. .. ... .. .....
1.1.3  Other ChG microwires . . . . . . . . . . . . o v v v v vttt et
1.2 Motivation . . . . . . . o e e e e e e e e e
1.3 Maincontributions . . . . . . ...
1.4 Thesisorganization . . . . . . . . . . . . e e e
Optical parameters and nonlinear effects in ChG microwires
2.1 FEigenvalueequation . . . . . . . . . . . . .. e e e
2.2 Optical parameters . . . . . . . . . . e e e e e e e
2.2.1 Refractiveindex . . . . . . . . . . ...
2.2.2  Chromatic diSpersion . . . . . . . . . . . . . e
2.2.3 Confinementfactor . . . . . . . . . . .. ...
224 Attenuation . . . . .. ... e e
2.2.5  Effectivemodearea. . . . . . . .. . .. ... ...
2.2.6  Nonlinear refractiveindex . . . . . ... ... ... ... ... ......
2.277 Waveguide nonlinearity parameter . . . . . . . . . . . .. ... ... ...
2.3 The generalized nonlinear Schrodinger equation . . . . . . . . . ... ... ....
2.4 Nonlinear effects . . . . . . . . . . e
2.4.1 Self-phase modulation . . . . ... ... ... ... ... .. .. ...,
24.2 Cross-phase modulation . . . . .. ... ... ... ... ...

2.4.3 Modulation instability . . . . .. ... L L L L



Contents

2.4.4  Four-wave MiXiNZ . . . . . . . ottt e e e e e e
245 Ramaneffect . . . . . .. L

3 Design, fabrication and characterization of PC-, COP- and PMMA -cladded ChG mi-

crowires
3.1 Introduction . . . . . . . . . . e e
3.2 Thepolymercladding . . . . . . . . . . . .. ...
3.2.1 Chemical structure . . . . . . . . . . .. ...
3.2.2 Absorptionof polymer . . . . . ... ...
3.3 Hybrid microwires fabrication . . . . . . ... ... Lo oL
3.3.1 Polymer preparation . . . . . . . ... ...
3.3.2 Microwires fabrication . . . . . . . ... ... Lo
34 Modeling . . . . ... e
3.5 Experimental results . . . . . . . ...
3.6 Conclusion . . . . . . . . .. e e
4 ChG optical microwires cladded with fluorine-based CYTOP
4.1 Introduction . . . . . . . . . . . e e e e
42 Thepolymercladding . . . . . . . . . ... ..
43 Design . . . . .. e
4.4 Microwire fabrication . . . . . . . ... Lo e
4.5 Resultsand discussion . . . . . . . ...
4.6 Conclusion . . . . .. . .
5 Mid-infrared wavelength conversion from As,Se; microwires
5.1 Introduction . . . . . . . . . . e e e e
5.2 Theory . . . . . . e e
5.3 FWMexperiment . . . . . . . . . . e e
5.4 Mlexperiment . . . . . . .. L e

5.5 Conclusion

6 Conclusion

References

26
26
27
28
29
33
34
36
42
46
51

52
52
53
56
59
62
67

68
68
69
74
77
79

80

83



vi

List of Figures

1.1
1.2
1.3

2.1

22
2.3
2.4

3.1
3.2
33
34

3.5

3.6

3.7
3.8

Schematic of an air-cladded ChG microtaper. . . . . . .. ... ... ... ....
Schematic of a PMMA-cladded ChG microtaper. . . . . . ... ... ... ....
Schematic of a ChG-cladded ChG microtaper. . . . . . . .. . . ... ... ....

(a) Schematic of a step-index ChG microwire. (b) Schematic of light propagation
in a microwire. (c) Cross section of a microwire. (d) Refractive index profile of a
MICTOWITE. . . . . . o v vt et e e e e e e e e e e e e e
Schematic of degenerate FWM and non-degenerate FWM. . . . . ... ... ...
Schematic of stimulated Raman scattering from a quantum-mechanical viewpoint. .

The measured Raman gain spectrum of AsoSes. . . . . . . .. .. ... ... ...

Chemical structure of COP, PC and PMMA. . . . . . . . . . . ... ... .....
Lossmechanisms. . . . . . . . . . ... L
Calculated absorption of fundamental vibration and its overtones of a C-H bond. . .
Logarithmic plot of viscosity of As,Se;, PC, COP and PMMA at different temper-
ALUTES. . .+ o o v e e e e e e e e e e e
(a) Vacuum oven used to dry polymer and ChG. (b) Preform without bubble. (c)
Preform withbubbles. . . . . . . . .. ... oo
(a) Schematic of the polymer-cladded As,Se; preform fabrication setup. (b) Pho-
tograph of an extruded preform. (c) Schematic of a hybrid fiber fabrication setup.
(d) Reflection optical micrograph of a hybrid fiber. . . . . .. ... ... ... ...
Polishing setup. . . . . . . . . . . . . e
(a) Reflection optical micrograph of cross section of a hybrid fiber. (b) Reflection

optical micrograph of the As,Se;-COP core-cladding. . . . . . ... ... ... ..

25



List of Figures vii

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

4.1

4.2

(a) Schematic of the polymer-cladded As,Se; microtaper fabrication setup. The
microwire is the thin central section of the microtaper. (b) Schematic of the polymer-
cladded As,Se; microtaper coupled to SMF-28 fiber. (c¢) Photograph of a microtaper. 39
Schematic of the coupling setup. (a) Input SMF-28 fiber and ChG microtaper
alignment. (b) ChG microtaper and output SMF-28 fiber alignment and subsequent
UVeuring. . . . . . . e e 40
(a) Schematic of lateral misalignment. (b) Schematic of longitudinal misalign-
ment. (c) Schematic of angle misalignment. . . . . . . .. ... ... . ...... 41
(a) Refractive index of As,Se; versus wavelength. (b) Refractive index of PC, COP

and PMMA versus wavelength. . . . . . . . .. ... ... 0oL 43
Calculated coupling efficiency as a function of the COP-cladded As,Se; hybrid

fiber core diameter. . . . . . . .. ... 44
(a) Chromatic dispersion (3,. (b) Waveguide nonlinearity parameter . (c) Con-
finement factor I' . (d) Effective mode area A.; of the PC-, COP 480R- and

PMMA-cladded microwires as a function of the As,Se; core diameter at an op-

eration wavelengthof 1.94 um. . . . . . . . ... ... Lo 45
(a) Schematic of the PC-, COP- and PMMA-cladded As,Se; microtaper. (b) Setup
for optical transmission measurement. . . . . . . . . ... ..o e 47

(a) Transmission spectra of PC, COP 1020R and PMMA. (b) SMF-28 to SMF-
28 transmittance of the PC-, COP 480R-, COP 1020R- and PMMA-cladded mi-
crowires with diameter ¢asse =1.5 um and length L,=10cm. . . . . . . ... ... 48
Setup for Raman-enhanced FWM generation. MLFL: mode-locked fiber laser;
TDFA: thulium-doped fiber amplifier; BPF: bandpass filter; OSA: optical spectrum
analyzer. . . . ... e 49
Nonlinearly broadened spectra of COP 480R- and PMMA-cladded microwires
with length L,=10 cm and v=21.7 W-'m™!. The peak pump power is 14.1 W and
is centered at a wavelength of 1.94 pm. Transmission spectra are also given for

reference. . . . . . . L 50

Chemical structure of fluorine-based polymer CYTOP, hydrogen-based polymer
COPand PMMA. . . . . . . . . e 55
Calculated fundamental and overtones vibrational absorption of a C-F bond and a
C-Hbond. . . . . . . . e 56



List of Figures viii

4.3
4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

5.1
5.2

Refractive index of As,Se; and CYTOP. . . . . . . . ... ... ... ... .... 57
Calculated coupling efficiency as a function of the CYTOP-cladded As,Se; hybrid
fiber core diameter. . . . . . . .. ... 58

Optical parameters of CYTOP-cladded As,Ses; microwires as a function of wave-
length and core diameter: (a) 5o; (b) v; () I'; (d) Aegre - -« - o o o o o o oL 59
Fabrication of a polymer-cladded As,Ses fiber. (a) Schematic of the rod-in-tube
method used to prepare the extrusion assembly. (b) Schematic of the CYTOP-
cladded preform fabrication setup (left) and a photograph of extruded preform
(right). (c) Schematic of the CYTOP-cladded fiber fabrication setup (left), pho-

tograph of fiber drawing (middle) and an optical reflection photograph of cross

section (right). . . . . . . L 61
Schematic of the CYTOP-cladded As,Se; microtaper (not to scale). (b) Photo-
graph of a microtaper with wire section lengthof Sem. . . . . . . . ... ... .. 62

(a) Schematic of the CYTOP-cladded As,Ses; microtaper. (b) Setup for transmis-

sion loss measurement. . . . . . . ... oo e e e 63
Transmission loss spectra of CYTOP-, COP 1020R-, and PMMA-cladded As,Se;
IMICTOWITES. . . . v v v v v e e e e e e e e e e e e e e 64

Setup for Raman-enhanced FWM generation. MLFL: mode-locked fiber laser;
TDFA: thulium-doped fiber amplifier; BPF: bandpass filter; OSA: optical spectrum
analyzer. . . . . ... e 64
Nonlinearly broadened spectra of CYTOP-cladded As,Se; microwire at various
pump powers. The legend presents corresponding coupled peak (average) powers. . 65
Setup for SC generation. MLFL: mode-locked fiber laser; TDFA: thulium-doped
fiber amplifier; BPF: bandpass filter; FTIR: Fourier Transform Infrared Spectrometer. 66
SC spectra at various coupled pump powers for a CYTOP-cladded microwire with
an As,Ses core diameterof 1.55 um. . . . . . .. .. ... 66
SC spectra of CYTOP- and COP-cladded microwires at a peak (average) pump
power of 1044 W (100 mW). . . . . . . . . .. 67

Schematic of the As;Se;-CYTOP microtaper. . . . . . . . ... ... ... .... 70
(a) B, as a function of wavelength and As,Se; microwire core diameter. (b) 34 as
a function of wavelength and As,Se; microwire core diameter. (c) ¢ as a function

of wavelength and As,Se; microwire core diameter. . . . . . .. ... .. .. .. 72



List of Figures

ix

53

54

5.5

5.6

5.7

5.8

Phase-matched parametric wavelengths as a function of As,Ses; microwire core
diameter. The pump wavelength is set at 1.939 um and the peak pump power is set
at 32 W, 46 W and 95 W. The dotted line indicates the zero dispersion diameter at

the pump wavelength. The microwire design includes a CYTOP cladding. . . . . .

Schematic of the pump-probe FWM setup. MLFL: mode-locked fiber laser; BPF:
bandpass filter; FC: fiber coupler; PC: polarization controller; OSA: optical spec-

trum analyzer. . . . . . .. L e e e

(a) Measured output spectra. The legend presents corresponding probe wave-

lengths. The inset graph shows the zoomed-in spectra of the output idlers. (b)

Conversion efficiency versus idler wavelength. . . . . . . . . ... ... ... ...

(a) The output peak idler power as a function of input probe power at a fixed peak
pump power Fp=3.5 W and a fixed input probe wavelength of 1.587 um. (b) The

output peak idler power as a function of peak pump power at a fixed input probe

wavelength and power of 1.587 pum and 0.54 mW, respectively. . . . . . . ... ..

Experimental setup. MLFL: mode-locked fiber laser; TDFA: thulium-doped fiber

amplifier; FTIR: Fourier Transform Infrared Spectrometer. . . . . . . . . .. . ..

(a) Measured output spectra of MI of an As,Se; microwire with a core diame-
ter of 1.625 um and a length of 10 cm. (b) Measured and calculated parametric

wavelengths as a function of peak pump power. . . . . . ... ... ... ... ..

73

74



List of Tables

3.1
32
33
34
3.5
3.6

4.1
4.2
4.3

Common C-H based polymers and their physical parameters . . . . . .. ... .. 28
Vibrational wavelengths of different chemicalbonds . . . . . . .. ... ... ... 32
Glass transition temperature and refractive index at 1.94 pum of ChG and polymers 34

Drying temperature and drying time of different polymers . . . . . . . . ... . .. 35
Cauchy coefficients of PC, COPand PMMA . . . . . .. ... ... ... .... 42
Dispersion, nonlinearity and confinement properties of PMMA -, PC-, and COP 480R-

cladded microwires at an operation wavelength of 1.94 pm. 7,c: maximum 7;

dymax: diameter corresponding to maximum -~y . . . . ... ... L. 46
Common fluorine-based polymers and their physical parameters . . . . . . .. .. 54
Vibrational wavelengths of different chemicalbonds . . . . . . .. ... ... ... 56

Glass transition temperature, refractive index (A=1.94 um) and viscosity (7'=210 °C)
of As;Se;, CYTOPand PMMA . . . . . . . . . .. . .. . . ... ... 60



xi

List of Acronyms

ChG
C-H
C-F
C-C
C-O0
C=0
PMMA
PC
COP
CYTOP
ZDW
SMF
SPM
XPM
MI
FWM
SRS
SC
OPO
CE
MLFL
BPF
FC

PC

Chalcogenide

Carbon hydrogen single bond
Carbon fluorine single bond
Carbon carbon single bond
Carbon oxygen single bond
Carbon oxygen double bond
Polymethyl methacrylate
Polycarbonate

Cyclo Olefin Polymer

Cyclized Transparent Optical Polymer

Zero dispersion wavelength
Single mode fiber
Slef-phase modulation
Cross-phase modulation
Modulation instability
Four-wave mixing
Stimulated Raman scattering
Supercontinuum

Optical parametric oscillator
Conversion efficiency
Mode-locked fiber laser
Bandpass filter

Fiber coupler

Polarization controller



List of Terms

xii

OSA
TDFA
FTIR

Optical spectrum analyzer
Thulium-doped fiber amplifier

Fourier transform infrared spectrometer



Chapter 1

Introduction

1.1 ChG microwire

Mid-infrared devices based on nonlinear effects are in strong demand for many applications. For
practical considerations, it is desirable to use a nonlinear medium with large waveguide nonlinear-
ity parameter v = kon, /Aegr, Where ky is the wavenumber, n, is the nonlinear refractive index, and
Aegr 18 the effective mode area. A large v enables compact nonlinear devices with low power con-
sumption. One approach towards enhancing 7 is to choose a material with a large n,. Chalcogenide
glasses are excellent candidates to serve as nonlinear engines because their 7, is up to a factor of
1000 larger than that value of the widespread silica glass [1]. Moreover, the wide transparency of
ChG glasses is ideal for applications in the mid infrared (MIR): Arsenic selenide (As,Se;) trans-
mits light from 1 to 12 um [2]; Arsenic sulfide (As,S3) transmits light from 1 to 8 um [3]. ChG
glasses also have negligible two-photon absorption and free carrier absorption in the MIR [4, 5].
Another approach towards enhancing ~ is to choose a waveguide structure with a small A, such
as the microwire [6]. The microwire squeezes the mode down to a diameter in the order of the
operation wavelength and thus minimizes A.y. As a result, the nonlinear waveguide parameter of
ChG microwires is increased by more than 5 orders of magnitude in comparison with silica fibers
[7]. The zero dispersion wavelengths of bulk ChG glasses (As,Se; and As,S3) are in the MIR,
i.e. ~7 um for As,Se; [8, 9] and ~5 pum for As,S; [10]. Chromatic dispersion engineering can be
easily achieved in ChG waveguides by properly choosing a waveguide geometry to compensate the
large and normal material dispersion of ChG glasses. As a result, the zero-dispersion wavelength
could be shifted down to the telecommunication bands. At those wavelengths, many compact

semiconductor lasers and fiber lasers are avaiable, thus providing accesses to taking advantage of
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nonlinear effects [11, 12].

1.1.1 Air-cladded ChG microwire

Transition section Fiber

As;Ses cladding
As,Se; core C ) )]
~

Microwire section

Fig. 1.1 Schematic of an air-cladded ChG microtaper.

The first demonstration of ChG microwire was an air-cladding microwire leading to high nonlinear-
ity and engineerable chromatic dispersion [13]. Figure 1.1 shows the schematic of an air-cladded
ChG microtaper. Using air-cladded ChG microwires, a number of supercontinuum (SC) genera-
tions have been demonstrated. In As,Se; microwires, Yeom et al. firstly demonstrated a SC from
1.15 pm to 1.70 um using a microwire with a diameter of 0.95 um and a wire section length of
3 cm pumped by a 1.55 pum pulsed laser with a pulse duration of 250 fs and a peak pump power
of 7.8 W [11]. Al-Kadry et al. demonstrated a SC that spans from 1.26 um to 2.20 pm using a
microwire with a diameter of 1.28 um and a wire section length of 10 cm pumped by a 1.77 pm
Raman soliton source with a pulse duration of 90 fs and a peak pump power of 156 W [5]. Al-
Kadry et al. also demonstrated a SC that covers two octaves spaning from 1.1 um to 4.4 um
using a microwire with a diameter of 1.6 pm and a wire section length of 10 cm pumped by a
1.94 um mode-locked fiber laser with a pulse duration of 3 ps and a peak pump power of 167 W
[14]. Duhant et al. demonstrated a SC that spans from 1.3 um to 2.6 pm using a microstructure
microwire with a diameter of 0.8 um and a wire section length of 5 cm pumped by a 1.96 pm
mode-locked fiber laser with a pulse duration of 4 ps and a peak pump power of 150 W [15]. In
As,S3 microwires, Marandi et al. demonstrated a SC that spans from 2.2 um to 5.0 wm using a
microwire with a diameter of 2.3 um and a wire section length of 2.1 mm pumped by a 3.1 pm
optical parametric oscillator (OPO) with a pulse duration of sub-100 fs and a peak pump power
of 2.5 kW [16]. Hudson et al. demonstrated a SC spanning from 0.97 um to >2 pum using a
microwire with a diameter of 1.3 um and a wire section length of 5 cm pumped by a 1.55 um
mode-locked fiber laser with a pulse duration of 0.25 ps and a peak pump power of 824 W [12].

C. W. Ruby et al. demonstrated a SC spanning from 1.0 um to 3.7 um using a microwire with a
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diameter of 1.95 um and a wire section length of 2.1 mm pumped by a 2.04 pm mode-locked fiber
laser with a pulse duration of sub-100 fs and a peak pump power of ~3 kW [17]. Finally, Markos
et al. demonstrated nonlinear modulation instability (MI)-based fiber optical biosensor with sen-
sitivity of ~18 nm/nm using a microwire with a diameter of 0.6 um and a wire section length of
1.2 cm pumped by a 1.064 um Nd:YAG pulsed laser with a peak pump power of 0.5 W [18].
Despite the successful demonstrations of supercontinuum generation and biosensing using air-
cladded ChG microwires, they have unfortunately limited usefulness because of their extreme

mechanical fragility due to their thin geometries.

1.1.2 PMMA-cladded ChG microwire

Transition section Fiber

PMMA cladding
As,Se; core

LY
Microwire section

Fig. 1.2 Schematic of a PMMA-cladded ChG microtaper.

To enhance the mechanical strength of air-cladded ChG microwires, Baker et al. have successfully
fabricated the first hybrid ChG microwire, which consists of a ChG core coated with PolyMethyl
MethAcrylate (PMMA) [19]. Fig. 1.2 shows the schematic of a PMMA-cladded ChG microtaper.
The PMMA cladding provides mechanical strength to the ChG microwire and protects it from en-
vironmental contamination and degradation. Being now a practical component, the hybrid ChG
microwire has been used for several applications at telecommunication wavelengths: Ahmad et
al. demonstrated the first ChG microwire based parametric oscillator with oscillation at the output
wavelength of 1.502 pwm (Anti-stokes) and 1.605 pum (Stokes) [20]. The oscillator has a low peak
power threshold of 145 mW and a conversion efficiency of >19%. Ahmad et al. demonstrated
the first ChG microwire based Fabry-Perot Raman laser with output wavelength of 1.605 pwm [21].
The Raman laser has a peak power threshold of 470 mW and a conversion efficiency of ~0.25%.
Ahmad et al. demonstrated broadband four-wave mixing (FWM) in ChG microwires with conver-
sion bandwidth up to 190 nm and conversion efficiency up to 21 dB at the peak pump power as
low as 70 mW [22]. Ahmad at al. demonstrated Raman parametric laser, wavelength converter

and wavelength amplifier in a single microwire with a low threshold peak pump power of 207 mW
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and a slope efficiency of >2% [23]. Ahmad et al. demonstrated Bragg grating writing in ChG
microwires [24]. The writing of Bragg grating in the 1.55 um band was demonstrated with an
extinction ratio of 40 dB in transmission. Al-Kadry et al. demonstrated an all-normal dispersion
supercontinuum generation spans from 0.96 pum to >2.5 um in a ChG microwire with a diameter
of 0.58 um and a wire section length of 3 mm pumped by a 1.55 pm mode-locked fiber laser with
a peak pump power of 248 W [25]; Dot et al. converted one photon into two via FWM in a mi-
crowire with a diameter of 0.555 pwm and a wire section length of 10 cm with a peak pump power
of 800 mW and a conversion efficiency of 1.1x1073 [26]; Meyer-Scott et al. have produced pho-
ton pairs with coincidences-to-accidentals ratios of 2.13 via degenerate FWM in a ChG microwire
with a diameter of 0.55 pm and a wire section length of 12 cm with a low peak pump power of
10 mW [27]; Beugnot et al. have demonstrated the PMMA cladding has served to reduce and
control stimulated Brioullin scattering [28]. Godin et al. demonstrated normal dispersion MI with
output wavelength of 2.0 um (Anti-stokes) and 3.5 pum (Stokes) in a microwire with a diameter of
3.6 um and a wire section length of 14 cm pumped by a solid-state OPO with a peak pump power
of 10 W [29]. Finally, Al-Kadry et al. demonstrated several oscillation modes in a self-pulsating
fiber laser cavity based on an As;S;-PMMA microwire with a diameter of 1.7 pum and a length of
10 cm [30].

Although PMMA-cladded ChG microwires have been successfully used as nonlinear media in
many demonstrations at telecommunication bands, the PMMA cladding however becomes absorp-
tive beyond 1.55 pwm due to the first order vibrational overtone of carbon hydrogen (C-H) bonds
and limits the usefulness of PMMA-cladded ChG microwires in the MIR region [31].

1.1.3 Other ChG microwires

Transition section Fiber

ChG cladding
ChG core

.Y )
Microwire section

Fig. 1.3 Schematic of a ChG-cladded ChG microtaper.

Sun et al. demonstrated MIR-transparent As,S3-cladded As,Se; microwires [32]. Fig. 1.3 shows
the schematic of an As,S;-cladded As,Se; microtaper. However, the zero dispersion wavelength



1 Introduction 5

of this material combination can only be >3.7 pm because the waveguide dispersion of such a
microwire can not compensate the normal material dispersion for a pump wavelength <3.7 pm
due to the low refractive index contrast between As,Se; core and As,S; cladding. As a result,
nonlinear processes requiring anomalous or zero dispersion (e.g. parametric amplification, self-
phase modulation-based solitions) in the wavelength range of 1.5-3.7 yum can not be triggered.
Liao et al. demonstrated tellurite-cladded As,S; microstructure microwires [33]. Unfortunately,
this kind of microwire can not be fabricated using rod-in-tube method [34] and can be fabricated
via only stack-and-draw method [35]. Another alternative to PMMA cladding is the use of silica
cladding [36]. Unfortunately, the softening temperautre of silica is more than 1000 °C higher
than that value of ChG glasses [2, 37]. As a result, the silica-cladded ChG microwires can not be

fabricated through the conventional thermal drawing technique.

1.2 Motivation

The mid-infrared (MIR) range (2-5 um) raises a great deal of interest due to their potential applica-
tions in military defense systems, medical applications and communication technologies [38—47].
This spectral range is of significant importance for many important military applications, such as
missile countermeasures [48, 49], eye safe laser radar [50], and infrared illuminator [51]. Aside
from military applications, this spectral range is of interest for invasive diagnostic [52], precise
surgical procedures [53], and medical tissue ablation due to its high water absorption [53]. In
addition, this spectral range has been identified as essential to spectroscopic and sensing-based ap-
plications because of characteristic molecular vibrational frequencies within this wavelength range
[38, 54, 55]. Within the available approaches to build compact MIR sources, light sources that
depend on nonlinear parametric gain, such as parametric oscillators [56] and SC sources [57] are
of great importance due to their large spectrum coverage. For each of those parametric processes-
based nonlinear devices, the nonlinear gain medium should be characterized by a significant non-
linear refractive index, a good MIR transparency and an easy access to zero chromatic dispersion.
For this purpose, MIR transparent materials that have a low refractive index and are mechanically

robust are needed to clad ChG microwires.

1.3 Main contributions

The main contributions of this thesis are:
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Polycarbonate (PC) and Cyclo Olefin Polymer (COP)-cladded As,Se; microwires

I demonstrate the design principles and fabrication procedures of PC- and COP-cladded As,Ses
microwires. The transmission wavelength ranges and transmission losses of those microwires
are characterized within 1.45-2.20 um and compared with values of PMMA-cladded microwires.
Also, Raman-enhanced cascaded four wave mixing is demonstrated in a COP-cladded As,;Se;
microwire and shows an increased gain and wider gain bandwidth, compared with PMMA-cladded

microwires.

Fluorine-based Cyclic Transparent Optical Polymer (CYTOP)-cladded As,Se; microwires

I demonstrate and present the first MIR transparent polymer-cladded As,Se; optical microwires.
The polymer cladding is fluorine-based CYTOP. The transmission losses of CYTOP-cladded As,Ses
microwires is provided in the spectral range from 1.3 um up to >2.5 um without trace of ab-
sorption peaks such as those observed using hydrogen-based polymer claddings. Also, Raman-
enhanced cascaded FWM is shown from low pump power. A SC generation spanning from 1.0 pm

up to 4.3 um is demonstrated using a CYTOP-cladded microwire.

Mid infrared wavelength conversion from As,Se; microwires for fiber-based sources

I present the first demonstration of all-fiber far-detuned and widely tunable MIR wavelength con-
verters. Both pump-probe scheme and pump-only scheme are investigated. In the case of pump-
probe scheme, the theoretical and experimental conversion efficiency are compared. In the case of
pump-only scheme, tunable parametric sidebands are generated via MI. The pump power depen-
dence of parametric wavelengths is demonstrated and in good agreement with calculated results.
The resulting parametric frequency conversion reaches up to 49.3 THz, the largest ever reported in

soft glass materials.

1.4 Thesis organization

The organization of the thesis is summarized as follows:
Chapter 2 introduces optical parameters and nonlinear effects in As,Se; microwires. The in-
troduced optical parameters include refractive index n, transmission loss «, chromatic dispersion

Bm, nonlinear waveguide parameter v, confinement factor I', and effective mode area A.¢. The in-
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troduced nonlinear effects include self-phase modulation (SPM), cross-phase modulation (XPM),
FWM, MI, and Raman effect.

Chapter 3 presents the optical performance of PC- and COP-cladded As,Se; optical microwires.
Firstly, factors affecting the design and fabrication of PC- and COP-cladded As,Se; microwires
have been investigated. Secondly, the optical parameters, including chromatic dispersion J5, non-
linear waveguide parameter 7, confinement factor I', and effective mode area A, are simulated.
Thirdly, the transmission losses of PC- and COP-cladded microwires are characterized. Finally,
the efficiency of nonlinear processes between a COP 480R-cladded and a PMMA-cladded As,Se;
microwire is compared.

Chapter 4 presents the optical performance of fluorine-based CYTOP-cladded As,Se; mi-
crowires. Firstly, the physical and optical properties of fluorine-based CYTOP has been intro-
duced. Secondly, the optical parameters, including chromatic dispersion 5, nonlinear waveguide
parameter -y, confinement factor I', and effective mode area A, are simulated. Thirdly, The trans-
mission loss of a CYTOP-cladded microwire is investigated. Fourthly, Raman-enhanced FMW
in a CYTOP-cladded microwire is demonstrated. Finally, A SC generation in a CYTOP-cladded
microwire is demonstrated.

Chapter 5 presents the all-fiber far-detuned and widely tunable MIR wavelength conversion
from CYTOP-cladded As,Se; microwires. Firstly, the relationship between phase-matched para-
metric wavelengths and microwire core diameters is calculated. Secondly, the pump-probe scheme
is applied to achieve stimulated FWM in a 0.5 cm long microwire. Finally, the pump-only scheme
is applied to achieve normal dispersion MI in a 10 cm long microwire.

Chapter 6 concludes the thesis and suggests some future works.
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Chapter 2

Optical parameters and nonlinear effects in

ChG microwires

In this chapter, the theory to model pulse propagation in a ChG microwire is introduced. Section
2.1 introduces the step-index microwire structure, the well-known eigenvalue equation governing
the propagating modes and the important optical parameters, including chromatic dispersion (3,,,,
confinement factor I', effective mode area A.¢, waveguide nonlinearity parameter v and their fre-
quency dependence. Section 2.2 introduces a number of nonlinear effects, including SPM, XPM,
MI, FWM, and Raman effect. The generalized nonlinear Schrodinger equation including chromatic

dispersion, attenuation, Kerr effect, self-steepening effect and Raman effect is also introduced.

2.1 Eigenvalue equation

A polymer-cladded ChG microiwre consists of a ChG core with refractive index n; surrounded
by a polymer cladding layer with refractive index n,, lower than n;. Figure 2.1 (a), (b), (c¢) and
(d) schematize a step-index ChG microwire, light propagation in a microwire, cross section of a
microwire and refractive index profile of a microwire, respectively. Eigenvalue equation is derived
from Maxwell’s equations by matching the boundary conditions at the core-cladding interface of
a microwire, and used to determine the propagation constant 3 and field distributions of a propa-
gation mode [58]. To derive (35, I', A, and -y, the effective refractive index and the electric and
magnetic field distribution of the fundamental mode in a microwire need to be calculated by solv-

ing the eigenvalue equation without making any approximation due to the high refractive index
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contrast between the ChG core and polymer cladding.
(a) (©)

e Caldding

Core

n

(b) (d)

A A

Fig. 2.1 (a) Schematic of a step-index ChG microwire. (b) Schematic of light propa-
gation in a microwire. (c) Cross section of a microwire. (d) Refractive index profile of

a microwire.

The well-known eigenvalue equation is defined as [59]

Jnlpa) K, (00) } [ Jn(pa) 3 K, (ga) ] _ (mﬁkom% — ) > o
pJm(pa)  qKn(qa)| [pJm(pa) 17 qKn(qa) anip*q? '
where J,,(z) is the Bessel function, J;, () is the differentiation of J,,(z), K,,(z) is the modified
Bessel function, K7, (z) is the differentiation of K, (z), ko is the wavenumber, n; is the refractive
index of ChG core, n, is the refractive index of polymer cladding, a is the radius of ChG core, p
is defined as p=(n2k2 — 3%)2, ¢ is defined as ¢=(32 — n2k2)2, propagation constant 3 is the only
unknown parameter in the eigenvalue equation, and can be found by solving the Eq. 2.1.
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2.2 Optical parameters

2.2.1 Refractive index

The refractive indices of the ChG core and polymer cladding are frequency dependent. When
the operation wavelength is far away from the medium resonances, the relationship between the

refractive index and the operation wavelength is approximated by the Sellmeier equation [60]

moA2,2
2(w)=1 J ) 2.2
n*(w) + ; F = (2.2)

n’(\) =1+ 2 (2.3)
where \; is the resonance wavelength.

2.2.2 Chromatic dispersion

Chromatic dispersion is a critical parameter used to describe the pulse propagation inside a mi-
crowire because different frequency components of the involved pulse travel at different velocities
depending on the frequency dependence of the refractive index n(w). Substituting the frequency
dependent n into the eigenvalue equation Eq. 2.1, the propagation constant S and effective re-
fractive index neg of the fundamental mode are obtained. The propagation constant 5 might be

expanded in a Taylor series around the frequency w=wy [59]

Bw) = neff(w)% = o+ Bi(w — wo) + %Bz(w —wo)? + é&(w —wp)® ... (2.4)
where o
P = (dw_i) (m=0,1,2,..) (2.5)

By is the propagation constant at the frequency wy, [ is the group velocity, the higher coefficients

B2, B3, ..., B are the second, third, ..., mth order dispersion coefficients.
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2.2.3 Confinement factor

As light propagates inside a microwire, some fraction of light propagates in the cladding of a
microwire as evanescent waves. The confinement factor I' describes the fraction of total optical

power enclosed inside the core of a microwire and is defined as [61]

a 2w *\ . 2
. E _ fo 02 Re(ﬁ X ﬁ ) Zrdrdo 2.6)
P [ [ Re(E x H*)- zrdrdg

where P, is the optical power enclosed inside the ChG core, F, is the total optical power inside the

microwire structure, a is the radius of ChG core, ﬁ is the electric field vector, ﬁ is the magnetic

field vector, r, ¢, and z are the cylindrical coordinates, as shown in Fig. 2.1(c).

2.2.4 Attenuation

The attenuation coefficient describes the fraction of incident light that is absorbed after passing

through unit length of a microwire. The attenuation coefficient of a microwire is defined as

Qotal = Qeore X Fcore + Qlcladding X 11cladding (27)

where .y 1S the attenuation coefficient of the microwire, oo 1S the attenuation coefficient of
ChG core material, avaading 18 the attenuation coefficient of polymer cladding material, I'core 18
the confinement factor of microwire core section, I'cjaqding 18 the confinement factor of microwire

cladding section.

2.2.5 Effective mode area

The effective mode area is an important parameter for descrbing the optical performance of a
microwire. It strongly depends on the refractive index contrast between core material and cladding
material of a microwire. When the refractive index contrast is small, the effective mode area A

is derived using scalar analysis [59] and defined as

[ff |F(x,y)| 2dmdy
eff = [ |F(z,y)| dady

(2.8)

where F'(z,y) is the scalar electric field distribution.
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When the refractive index contrast is large, the effective mode area A.; must be derived using

vector analysis [62, 63] and is defined as

JJ[E < H zdAp
M L E < F 2 -

where E and ﬁ are the electric and magnetic field vectorial distribution, respectively. Z is the

propagation direction. A is the cross section area.

2.2.6 Nonlinear refractive index

Combined two-level bond orbital approximation method [64] and the dispersion of the Kerr coef-
ficient for crystalline solids based on Kramers-Kronig relation [65], the nonlinear refractive index

n, of As,Se; is calculated by the following equation [1]

—20/..2 3(02 2
_ LTX 1070+ 2 (g — D, (h_w) (2.10)

Ny =
2172
nOEs Eg

where the unit of n, is m>-W-!, ny is the linear refractive index, d=0.243 nm, 7/=6.58 x 10716 eVs,
E,=1.77 eV, E,=3.8 eV. The dispersion function is described by G(x,x)= g(x)+g(—z), where
g(x) is defined as [66]

8 10

g(z) = i E(l — )

(SIS
lee

17
ey

1 2 _1 1 _3
+x (1_@2_5(1—‘%) 2——(1—x)"2 (2.11)

8

2.2.7 Waveguide nonlinearity parameter

The waveguide nonlinearity parameter - is an important parameter used to evaluate the efficiency
of nonlinear effects in a microwire. v depends not only on nonlinear refractive index n,, but also

on effective mode area A.¢. Using scalar analysis [59], v is defined as

kons

Aeff

(2.12)

where k; is the wavenumber, n, is the nonlinear refractive index, and A is the effective mode
area described in Eq. 2.8. However, the vector analysis [67—69], instead of scalar analysis, must be

applied for obtaining the optical parameters of polymer-cladded ChG microwires due to the high
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refractive index contrast between the ChG core and polymer cladding. Using vector analysis, the

waveguide nonlinearity parameter v is defined as [62, 63]

kona

- (2.13)
K Aeff
where A is given by Eq. 2.9 and 7, is effective material nonlinearity given by [62, 63]
e S n2(z, y)na(z,y) 2| E|* + |[E??)dA o

> o 3[[_|E x B - 2[2dA

where ¢y is the electric permittivity of vacuum; g is the magnetic permeability of vacuum; n
is the linear refractive index; n, is the nonlinear refractive index; E and ﬁ are the electric and
magnetic field vectorial distribution, respectively; Z is the propagation direction; A is the cross

section area.

2.3 The generalized nonlinear Schrodinger equation

Assuming the light polarized along the x-axis, the electric field of the fundamental mode HE;; in

the microwire is given by [59]

1
E(r,t)= 5:% {F(x,y)A(z,t) expli(fz — wot)] + c.c.} (2.15)
where r = (x,y, z), & is the polarization unit vector, F'(z,y) is the transverse field distribution,
A(z,t) is the pulse envelope, and [ is the propagation constant. The changes in pulse envelope
A as the pulse propagates along the microwire axis z is described by the generalized nonlinear

Schrodinger equation [70, 71]

9A i 0mA 1 0
E =1 Z ol —atm — 5 (Oé(&)()) -+ 10[1&) A
m=1 (2.16)

bi (7(w0)+im%> (A(z,t) /0 N R(t')\A(z,t—t')Pdt')

da
dw?

the slope of the attenuation coefficient evaluated at wy, y(wp) is the waveguide nonlinearity at

where (3, is defined in Eq. 2.5, «a(wyp) is the attenuation coefficient at frequency wy, a;=52, is

frequency wy, ’yl=g—3% wlo, is the slope of -y evaluated at wy, R(t) is the nonlinear response function
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given by [72]
R(t) = (1 — fr)o(t) + frhr(t) (2.17)

where f is the fractional contribution of the delayed Raman response. For As,Ses, fr=0.1. 6(¢)
is the Dirac delta function and hg(¢) is the Raman response function given by
7'12 + 722

hr(t) = 5= exp(—t/m)sin(t/1)O(t) (2.18)

’7'1’7'2

where 7;=23 fs, and 7,=195 fs for As,Se;. O(t) is the Heaviside step function.
For pulses with pulse width>100 fs, assuming a;=0, fyl—l and using the following Taylor-
series expansion |A(z,t —t')]? = |A(z,t)]? —t'5; 2 |A(z,1)|% the generalized nonlinear Schrodinger

equation Eq. 2.16 is approximated by [72]

0A . i" By O A i 0 8|A|2
= ———A APA+ ——(JAPPA) - T; 2.1
0z 122 m! oT™ Ty (’ A+ Wo 8T<’ *4) oT 2.19)

where T'=t — z/v,, Where v, is the group velocity. The first term on the right side of Eq. 2.19
describes the effect of chromatic dispersion; The second term describes the effect of attenuation;
The third term describes the Kerr effect; The fourth term describes the effect of self-steepening;
the fifth term describes the Raman effect, where Tr= [, tR(t)dt.

2.4 Nonlinear effects

2.4.1 Self-phase modulation

It is well-known that the refractive index n of a nonlinear medium is intensity-dependent due to
the Kerr effect. As a result, a nonlinear phase shift is introduced in the frequency domain, and is
associated to a spectral broadening. A pure SPM effect is studied by neglecting dispersion, loss,

self-steepening, and the Raman effect. In this situation, Eq. 2.19 leads to [59]

oA = iyA|A|? (2.20)

The general solution is

A(z,T) = A0, T) expliy| A0, T)[*2] = A0, T) explig(z, T)] (2.21)
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where A(0,T) is the field amplitude at 2=0 and ¢(z,T’) is given by
¢z, T) = A0, )" (Lewr/ Lnv) (2.22)

where L. and Ly are the effective length and nonlinear length, respectively, and given by

1— —al
Loy = % (2.23)
Ln = (7Py) ! (2.24)

where « is the attenuation coefficient, L is the physical length, v is the waveguide nonlinearity
parameter, and F; is the peak power of the propagating signal.
The SPM effect induces a time-dependent phase-shift. As a result, the frequency chirp is also

time-dependent and given by

0¢ Leg\ O
dw(T) = ——= = — — A0, T)[? 2.25
o) =52 =~ (£2) A7) 229
The time-dependent frequency chirp induces a red shift (0w < 0) near the leading edge of the pulse
and a blue shift (0w > 0) near the trailing edge of the pulse.

2.4.2 Cross-phase modulation

When two or more optical fields propagate in a nonlinear medium simultaneously, the phase of
each optical field is not only affected by its own intensity, but also affected by other optical fields’
intensities. As a result, XPM effect leads to spectral broadening of optical pulses and temporal
pulse shape modification under interactions with dispersion effects. This phenomena is known as
XPM. Considering two optical fields propagating simultaneously, the XPM effect is modeled by

coupled nonlinear Schrodinger equations

0A 1 0A i 0*A )

B o Tt g = (AP 21404, (2.26)
g

0A 1 0A i 0%A .

8_; 0_28_152 - éﬂzzwj = i72(|A2]” + 2| A41]*) As (2.27)
g

where A; and A, are the amplitudes of two optical fields. v,; and v,, are the group velocities of

two optical fields. [, and (35, are second order dispersion coefficients of two optical fields. v,
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and -y, are the waveguide nonlinearity parameters of two optical fields. The Eqs.2.26-2.27 include
XPM effect, SPM effect, second order dispersion effect and walk-off effect. Two optical fields
propagate at different group velocities leading to pulses seperation and limit the XPM interaction.
This phenomenon is described by the walk-off length Ly defined as

1o

Ly = %
Y ldu)

(2.28)

where Tj is the pulse width at 1/e-intensity point and d;, is the walk-off parameter and defined as

1 1
dyp, = — 2.29
700w =

where \; and )\, are the central wavelengths of two pulses.

2.4.3 Modulation instability

MI is a direct consequence of an interplay between the nonlinear effects and dispersive effects. If
chromatic dispersion effect and Kerr effect are taken into account, the propagation equation of a
light wave is given by [59, 73]
2

i% = %% —7|A]FA (2.30)
this equation is the well-known nonlinear Schrodinger equation, A(z,T') is the amplitude of the
field envelope. The first term on the right side of Eq. 2.30 describes the chromatic dispersion effect,
where (3, is the second order chromatic dispersion coefficient. The second term on the right side
of Eq. 2.30 describes the SPM effect, where y is the waveguide nonlinearity parameter. In the case

of CW propagation, the steady-state solution of Eq. 2.30 is given by

A= P() exp(ingNL) (231)

where F is the incident power and ¢np =7 F)z is the nonlinear phase shift induced by SPM. A small
pertubation is induced to verify whether the steady-state solution Eq. 2.31 is stable in presence of

small perturbations. Now, the amplitude of the field envelope A is given by

A= (\/FPy+ a)exp(ion) (2.32)
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the evolution of the perturbation a(z, T") is investigated by substituting Eq. 2.32 into Eq. 2.30 and

linearizing in a

. (%L /82 02CL %
The solution of this equation is given by
a(z,T) = ay exp[i(Kz — QT)] 4+ ag exp[—i(Kz — QT)] (2.34)

where K and (2 are the wave number and the frequency of perturbation, respectively. This solution

is valid, subject to condition

1
K = 2| 6:0|I9° + sgn(5,)03)? (2.35)
where sgn(3,)=+1 depending on the sign of [3,, ). is defined as

M E71

(2.36)

when the pump wavelength is set into anomalous dispersion (8, < 0), the perturbation a(z,T")
grows exponentially with propagation distance z since K becomes imaginary for |{2|<(2.. Note
that MI can also occur when the pump wavelength is set into normal dispersion (3, > 0) given
B4 < 0. In practice, this kind of dispersion profile is easily realized in tapered ChG microwires.
In a microwire with positive second order chromatic dispersion (3, > 0) and negative fourth order
chromatic dispersion (3, < 0), the frequency shift €}, between pump and Stokes/anti-Stokes waves

is

07 = %(\/522"‘2’54’71[’0/34'52) (2.37)

2.4.4 Four-wave mixing

FWM is an important nonlinear effect to achieve wavelength converter, SC generation, and OPOs.
FWM are classified as degenerate and non-degenerate FWM depending on the number of pumps.
Figure 2.2 shows an energy diagram representing the energy exchange in degenerate and non-
degenerate FWM. For degenerate FWM, a single pump with angular frequency w; and a signal
with angular frequency ws are launched into a microwire. When the phase-matching condition is
satisfied, an idler with angular frequency w, is generated under the condition 2w;=ws+w,. For non-

degenerate FWM, two pumps with angular frequencies w; and w,, respectively, combined with a
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signal with angular frequency w3 are launched into a microwire. When the phase-matching condi-

tion is satisfied, an idler with angular frequency w;, 1s generated under the condition w;+wo=w3+w;.

(a) Degenerate (b) Non-degenerate
FWM FWM
——— — _f_ S

03 3
(V) (:0)1) (O))
v v
T . A
A
(O] (O
(O] ®;
\4 v

Fig. 2.2 Schematic of degenerate FWM and non-degenerate FWM.

Coupled amplitude equations

In the case of non-degenerate FWM, the evolution of the amplitude A;(z) inside an optical fiber is

governed by four coupled equations [59]

dA o [ o] 1

d—l = = fulA ) +2 Z FieAk* | An + 21230 A3 A3 A | — —ay A, (2.38)
z c | i | 2

dA2 inzWQ [ 2 2 * iAk’Z_ 1

d_ == f22|A2| + 2 Z f2k|Ak| Az + 2f2134A1A3A4e — _a2A2 (239)
z c I Py | 2

dA3 in2w3 [ 2 2 * 72'Akz_ 1

d_ = f33|A3| + 2 Z f3k|Ak’ A3 + 2f3412A1A2A46 — —053A3 (240)
z c I P | 2

dA4 in2w4 [ 2 2 * 72'Akz_ 1

e faa|As|"+ 2 Z Jar|Arl™ | As + 2faz10A1 Ay A%e —-oyAy (241
z c I Py | 2

where the wave-vector mismatch Ak is given by

Ak = B3+ s — 1 — B2 = (naws + ngwy — njwy — ngwy) /¢ (2.42)
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f; is the propagation constant at the frequency w; and n; is the effective refractive index at the

frequency w;. The overlap integral f;; is defined as

[ 1Fi(@,y) | Fi(z, y) [Pdzdy

fin = (2.43)
[ IE (e y) Pdady) (f 5 | Fr(e, y)dady)
The overlap integral f;;x; is given by
FrF*FLF
fin = SRl (2.44)

(RN RN FENIRR)

where angle brackets denote integration over the transverse coordinates x and y. A numerical
method is necessary to exactly solve the set of coupled equations since they include attenuation,
SPM, XPM, and pump depletion effects.

Approximate solution

Assuming the pump is much more intense than the signal and idler during the FWM process, the
pump is considered as an undepleted pump. All overlap integrals are nearly the same f;;n ~
fij = 1/A (i,4,k,1 = 1,2,3,4) given the frequency differences of the involved four waves
are negligible, and all waveguide nonlinearity parameter are the same, v; = now;/(cAer) = 7,
Eqgs. 2.38-2.41 for non-degenerate FWM are simplified as [59]

o = (AP 20140 + AP + [AP) Ar 4+ 24545400 3] — Condr (245)
dA2 . 2 2 2 2 * iAkz 1
E =1y [(|A2| -+ 2<|A1| -+ ’A3| + |A4’ )) As + 2A1A3A46 } — §Q2A2 (2.46)
dA3 2 2 2 2 * —iAkz 1
— = [(JA3]* 4+ 2(| A1 P + | A + [A4]?)) A3 + 2454, Aye ™M) — 5@3,43 (2.47)
dAy . 2 2 2 2 * —iAkz 1
— = [(J A4 + 2(|A1 P + | A + |A5]%)) As + 2454, Aye™24] — 5@4,44 (2.48)

The procedures to solve the above set of coupled equations have been well described in [59]. The

general solution is described as [59]

Bs(z) = Asexp|—2iy(P1 + P2)z| = (a3 + bze™ 9%) exp(—ikz/2) (2.49)
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Bj(z) = Asexp[2iy(Py + P2)z] = (ase%” + bye™9%) exp(irz/2) (2.50)

where as, b3, a4,b4 are coefficients determined from boundary conditions, P, and P; are the incident

pump powers at z = 0. The effective phase mismatch x and parametric gain g are defined as

9= (7Por)? — (r/2)? (2.52)

where the parameter r and F, are defined as
r=2(PP,)Y?/Py,Py=P, + P, (2.53)
The signal power P5(z) takes the form
Ps(z) = P3(0)[1 + (1 4 x*/4¢%)sinh*(g2)] (2.54)
The idler power P,(z) takes the form
Py(2) = P5(0)(1 + x*/4g*)sinh*(gz) (2.55)
The amplification factor is defined as output signal power over input signal power
Gy = P5(L)/P5(0) = 1+ (yPor/g)*sinh*(gL) (2.56)

When x > vFyr, the gain expression Eq. 2.56 is described as

2sinz(/fL/Z)

Gy~ 1+ (yPyrlL) (hL]2)

(2.57)
As shown in Eq. 2.57, the amplification factor has a quadratic dependence with the pump power
Fy. When phase matching is perfect (k=0) and gL > 1, the gain expression Eq. 2.56 is described
as .

G, ~ 1 exp(2yPyrL) (2.58)

As shown in Eq. 2.58, the amplification factor has an expontential relationship with the pump

power F,.
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2.4.5 Raman effect

The Raman effect is one of the important nonlinear phenomena which arises from the interaction
of an intense light beam with the vibrational modes of molecules composing a material. Figure 2.3
shows the schematic of stimulated Raman scattering process from a quantum-mechanical view-
point. In this scattering process, a photon with energy hwj, is scattered to result into a red shifted
photon of energy hw; plus an optical phonon. The energy of the phonon equals the difference in

energy between the pump and scattered photons, and is representative of the material.

Stimulated

Raman scattering Blecttoric

excited state

—————— Virtual states

¢ Vibrational state
o)vI v Phonon

Ground state

Fig. 2.3 Schematic of stimulated Raman scattering from a quantum-mechanical

viewpoint.

Figure 2.4 shows the measured Raman gain spectrum of AssSes [74]. The Raman gain band-
width of As,;Ses is ~ 60 cm™!. The Raman shift of As,Ses is ~ 240 cm’.
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Fig. 2.4 The measured Raman gain spectrum of AsySes.
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Chapter 3

Design, fabrication and characterization of
PC-, COP- and PMMA -cladded ChG

microwires

3.1 Introduction

The wavelength range of 2 pm is of broad interest for several applications including LIDAR, gas
sensing systems, free-space communications and medical applications [75, 76]. Semiconductor
lasers and Thulium-doped fibers provide gain in the wavelength range of 2 um, thus providing
access to compact laser sources [77-81]. The operation of a 2 pm laser depends on the availability
of a variety of components compatible with this wavelength range. Of most importance, a nonlinear
medium enables the laser to be operated in a pulsed regime [82, 83]. A nonlinear medium could
also be used for wavelength conversion [84—86].

Compact and highly nonlinear media compatible with the wavelength range of 2 um include
high modal confinement waveguides such as optical fiber microwires and photonic crystal fibers
[6, 87]. The large intrinsic nonlinearity (n,) and transparency are the two most important proper-
ties that a material must have to serve as a compact nonlinear medium. ChG glasses are excellent
candidates to play this role because their n, is up to a factor of 1000 times larger than for the
widespread silica glass [1]. Moreover, the transparency spectrum of ChG glasses is ideal for ap-
plications over a broad wavelength range: Arsenic selenide (As,Se;) transmits light from 1 to

12 pwm [2], and Arsenic sulfide (As,S3) transmits light from 1 to 8 um [3]. ChG glasses also have
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negligible two-photon absorption and free carrier absorption in the 2 um wavelength range [4, 5].

In its simplest form, the waveguide structure of the ChG microwire consists of a ChG core
surrounded by a cladding of ambient air [13]. With a wire diameter in the order of the wavelength,
the air-cladding ChG microwire unfortunately has a limited usefulness because of its extreme me-
chanical fragility and quick degradation when exposed to dust of a non-controlled environment.
In order to overcome these limitations, Baker et al. have successfully fabricated the first polymer-
cladded ChG microwire [7, 19], which consists of a ChG microwire cladded with PMMA [19]. The
PMMA cladding provides mechanical strength to the ChG microwire and protects it from environ-
mental contamination and degradation. Being now a practical component, the hybrid PMMA/ChG
microwire has been used for several applications at telecommunication wavelengths: Optical am-
plification and laser oscillation based on Raman and parametric gains [20-22], wavelength conver-
sion [23], SC generation [25], they have served as nonlinear engines in a self-pulsating fiber laser
cavity [30] and served to reduce and control stimulated Brioullin scattering [28]. For quantum
cryptography, the hybrid ChG microwires have been used to convert one photon into two [26], as
well as producing photon pairs with unprecedented efficiency [27].

Despite the many successful demonstrations of the PMMA/ChG microwire, the limited trans-
parency of PMMA at wavelengths beyond 1.55 um attenuates the propagating signal. This atten-
uation comes from the evanescent part of the guided mode in a PMMA-cladded ChG microwire,
and is characteristic of microwires of several centimeters long.

In this chapter, we investigate the use of alternative polymers to clad the As,Se; microwire with
a goal to operate them in the 1.85 um to 2.20 um wavelength range. The cladding compositions
under study include PC, COP 480R, COP 1020R, and PMMA as the reference polymer.

3.2 The polymer cladding

Polymers can be classified based on their molecular structure difference as amorphous and crys-
talline polymers. The molecular structure of an amorphous polymer is randomly ordered, resulting
in gradual softening with increasing temperature. In contrast, the molecular structure of a crys-
talline polymer is highly ordered leading to a sharp state transition, from solid to liquid, with in-
creasing temperature. Table 3.1 lists a few physical parameters of amorphous and crystalline C-H
based polymers, including PMMA, PC, COP 480R, Cyclic Olefin Copolymer (COC), Polysulfone
(PSU), Polyetherimide (PEI), Polyethersulfone (PES), Polyimide (PI), Polyethylene terephthalate
(PET), and Polyethylene (PE). The physical properties include the classification of amorphous
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(Amor.) and crystalline (Cryst.) state, melting temperature 7', (°C), glass transition temperature

T, (°C), refractive index n at 1.55 pum, and transmission 7" at A >1.7 pm.

Table 3.1 Common C-H based polymers and their physical parameters

Name Type T (°C) T, (°C) n T (A >1.7 pm)
PMMA Amor. 160 [88] 105 [89] 1.48 [90] Mediumup to 2.1 um [91]
PC Amor. 265 [92] 147 [93] 1.53 [94] Good up to 2.1 pm [95]

COP E48R  Amor. 275 [96] 138 [97] 1.51 [98] Good up to 2.3 pm [95]
CcocC Amor. Not observed [99] 136 [100] 1.52 [101] Medium up to 2.2 um [102]
PSU Amor. 310-390 [103] 185[104]  1.60[105] Medium up to 2.1 pm [106]
PEI Amor. 380 [107] 218 [108] 1.66 [94] Medium up to 2.1 pm [95]
PES Amor. 350 [109] 220 [104] 1.61 [94] Medium up to 2.1 um [106]

PI Amor. Notobserved [110] >300[111] 1.76[112] Medium up to 2.1 pum [112]
PET Cryst. 260 [113] 74.5[114] 1.55[115] No good [116]
PE Cryst. 117 [117] -125[118] 1.49[119] No good [120]

Amorphous polymers, instead of crystalline polymers, should be selected as the cladding ma-
terials since ChG materials are amorphous. Crystalline polymers are not compatible with ChG
materials due to the large scattering loss compared with that of amorphous polymers. All of those
polymers shown in table 3.1 have been considered to serve as claddings to ChG microwires, taking
into account the physcial properties listed in table 3.1, PC and COP are selected and investigated
in this study since they are amorphous, have a compatible glass transition temperature (7';) with

As,Se; material, and have a good transmittance.

3.2.1 Chemical structure

Polymers are composed of different chemical bonds. Figure 3.1 shows the chemical structure of
COP, PC and PMMA. COP is composed of C-H bonds and carbon-carbon (C-C) bonds [121, 122].
PC and PMMA are composed of C-H bonds, carbon-oxygen (C-O) single bonds, carbon-oxygen
(C=0) double bonds and C-C bonds [123, 124].
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Fig. 3.1 Chemical structure of COP, PC and PMMA.

3.2.2 Absorption of polymer

The optical losses caused by a polymer cladding come from two parts: intrinsic and extrinsic
losses. Figure 3.2 summarizes the intrinsic and extrinsic loss factors in polymer. The intrinsic
losses include absorption and scattering. The intrinsic absorption mechanisms include fundamen-
tal vibration and its overtones and electronic transitions. Vibrational overtones are due to the
stretching and bending of chemical bonds such as C-H bonds and typically present as absorption
peaks at wavelengths > 0.8 um. On the other hand, electronic transition absorption is due to the
presence of conjugated double bonds and typically present at wavelengths < 0.8 pm. The intrinsic
scattering mechanism, Rayleigh scattering, occurs when the light transmitting inside the ChG core
interacts with the atoms inside the polymer cladding. Rayleigh scattering results from the electric
polarizability of particles.

Extrinsic losses include absorption and scattering. Extrinsic absorption in the polymer is due
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to the impurities of the polymer, such as water and organic contaminants. The extrinsic scattering
losses arise from a number of sources, including dusts, micro-voids, micro-cracks, delamination
and core-cladding interface roughness. These imperfections are developed during the fabrication
of polymer-cladded ChG preform, hybrid fiber and microwire. As a result, the transmission losses

could be significantly increased by light scattering.

Fundamental vibration
and its overtones

Absorption
Initinsic Electronic transitions
Scattering Rayleigh scattering
— Water
— Absorption —
—Organic contaminants
Extrinsic — — Dusts
—Micro-voids
— Scattering —— M icro-cracks
— Delamination

— Core-cladding interface roughness

Fig. 3.2 Loss mechanisms.
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Fundamental vibration and its overtones

The transmission losses of the polymer arise from intrinsic and extrinsic mechanisms. The intrinsic
mechanisms of the transmission losses at target wavelengths (>1.5 pm) is mainly vibrational tran-
sitions [125]. Vibrational transitions are typically present as absorption peaks caused by stretch-
ing and bending of chemical bonds. The resonant frequencies of these vibrational transitions are
largely determined by the force constant and the reduced mass of the two nuclei. The fundamental

vibrational frequency is modeled with the following equation [126]

1 k
V= —1/— (3.1)
2me \l w
where v is the fundamental vibrational frequency in cm™, % is the force constant, 1 is the reduced
mass. The reduced mass is given by
mmy
po=——— (3.2)
my + my
where m; and m;, are the component masses for the chemical bond under consideration.

The nth order vibrational frequency can be calculated by [127]

vin —vxn(n+ 1)
1 -2y

fn = (3.3)
where f,, is the nth order vibrational frequency. v, is the fundamental vibration frequency, Y is the
anharmonicity constant.

The molecular vibrational absorption loss oy, due to the overtone vibration of C-H bonds is
described by [127]

P ~rCH ES i )
Qmy = 3.2 X 103°-=N (— (3.4)
" M EH
where p is the density, M is the molecular weight of the monomer, N is the number of C-H
bonds in monomer unit, v is the vibrational quantum number, EE“ / EICH is the energy ratio of the

vth order vibrational overtone of a C-H bond to the fundamental vibration of a C-H bond [127].

Figure 3.3 shows the calculated absorption loss due to the fundamental vibration and its overtones
of a C-H bond.
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Fig. 3.3 Calculated absorption of fundamental vibration and its overtones of a C-H

bond.

Table 3.2 summarizes the first order and second order vibrational wavelengths of C-H bonds,
C=0 bonds, C-C bonds and C-O bonds. The transparency in the short MIR wavelengths of a
hydrogen-based polymer is influenced by the presence of C-H bonds. Vibrational wavelengths of
a C-H bond are 3.4 um (1% order) and 1.7 pum (2™ order) [125]. Vibrational wavelengths of a C=0
bond are 5.4 um (1* order) and 2.7 um (2™ order) [128]. The vibrational wavelengths of C-C
and C-O bonds occur at 8.9 um (1% order) and 9.1 um (1* order) [128], respectively, and thus the

lowest vibrational wavelength is determined by the presence of C-H bonds.

Table 3.2 Vibrational wavelengths of different chemical bonds

Bond 1°! order vibrational wavelength (um) 2" order vibrational wavelength (m)

C-H 34 1.7
C-C 8.9 -
C-0 9.1 -

C=0 54 2.7
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3.3 Hybrid microwires fabrication

Several factors must be considered in the design and fabrication of hybrid microwires to ensure
that the As,Ses glass and the polymer cladding are, as much as possible, compatible optically and
mechanically. These factors include: (1) the transmission wavelength range of the cladding mate-
rial; (2) the refractive index of the cladding material, as shown in Table 3.3; (3) the glass transition
temperature (71'y) of As,Se; glass and polymer, as shown in Table 3.3; and (4) the temperature-
dependent viscosity of As,Se; glass and polymer. Figure 3.4 shows the logarithmic plot of vis-
cosity of As,Ses [129-131], PC [132, 133], COP [134] and PMMA [135, 136] at different tem-
peratures. For a hybrid microwire to operate at wavelengths beyond 1.85 pum, the chosen cladding
material must be relatively low-loss at the target transmission wavelength. The refractive index of
the cladding material should also be as low as possible, below the refractive index of As,Ses, to
ensure the optical mode is strongly confined in the As,Se; material, and thus limiting the penetra-
tion depth of the evanescent wave in the polymer. Mechanically, the As,Se; and cladding material
must be compatible by sharing close values of 7'y, as shown in Table 3.3, and viscosity, as shown
in Fig. 3.4, to ensure they can be heated and stretched together from a hybrid preform, to a hybrid
fiber, and finally to a hybrid microwire [19].
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Fig. 3.4 Logarithmic plot of viscosity of As;Ses;, PC, COP and PMMA at different

temperatures.
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Table 3.3 Glass transition temperature and refractive index at 1.94 um of ChG and

polymers
Glass transition temperature 7, (°C)  Calculated refractive index
AsySes 167 [2] 2.81
PMMA 105 [137] 1.47
PC 150 [138] 1.56
COP 480R 138 [139] 1.51
COP 1020R 105 [140] 1.49

3.3.1 Polymer preparation

Drying polymer is a necessary step to successfully fabricate the polymer-cladded ChG preform.
Hygroscopic polymers, such as PMMA and PC, absorb water from the surrounding atmosphere.
The water molecule will be attached to the polymer chain. COP has extremely low moisture ab-
sorption rate (<0.01% for 24 hours) due to its symmetric molecular structure [141]. However,
the moisture will be attached to the surface of COP. Those absorbed water molecules will become
bubbles when the polymer is heated up during the fabrication of polymer-cladded ChG preform.
To overcome this limitation, the polymers must be dried. Figure 3.5(a) shows the vacuum oven
(Across International L.L.C., Model: VO-16020) used for drying the polymer. Figure 3.5(b) and
(c) show the preform without bubbles fabricated using dried polymer and the preform with bubbles
fabricated using a polymer without drying. Two factors must be taken into account during the poly-
mer drying process: (1) drying temperature and (2) drying time. The drying temperature should be
slightly lower than the glass transition temperature of a polymer to ensure that the polymer is well
heated, as well as it is not heat-softened. The drying time should be long enough to ensure that
the polymer is completely dried and no bubbles appear during the preform fabrication process. Ta-
ble 3.4 shows the drying temperature and drying time of PMMA, PC, COP 480R, and COP 1020R
tubes with an inner diameter of 250 um and an outer diameter of 600 um. PMMA, PC, COP 480R,
and COP 1020R are dried using the vacuum oven shown in Fig. 3.5(a) at a temperature of 95 °C,
120 °C, 105 °C, 95 °C, respectively, for >24 hours.
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Fig. 3.5 (a) Vacuum oven used to dry polymer and ChG. (b) Preform without bubble.
(c) Preform with bubbles.

Table 3.4 Drying temperature and drying time of different polymers

Drying temperature (°C) Drying time (h)

PMMA ~95 >24
PC ~120 >24
COP 480R ~105 >24

COP 1020R ~95 >24
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3.3.2 Microwires fabrication

PC and COP are good candidates to replace PMMA because they provide an improved optical
transmission beyond 1.85 um with respect to PMMA, as well as being mechanically compatible
with As,Ses. Figure 3.6(a) shows a schematic of the rod-in-tube method used to fabricate polymer-
cladded As,Se; hybrid preform [142]. It consists of a three-layer structure leading to a waveguide
with an As,Se; core, a polymer (PC, COP, or PMMA) cladding, and a PMMA coating. The
microwire fabrication is performed in multiple steps. The first step consists in making a hybrid
preform, then the hybrid preform is stretched into a hybrid fiber, and finally the hybrid fiber is

stretched into a microwire.

Preform and fiber fabrication

Figure 3.6(a) shows a schematic of the hybrid preform fabrication setup. A cylinder of bulk As,Ses
is inserted into a PC or COP capillary tube, and the assembly is inserted into a PMMA tube. The
assembly is pushed at a constant feed velocity V; into a heated funnel. Under heat and pressure, the
PMMA tube and the polymer capillary tube collapse together on the As,Se; cylinder in an air-free
composite cylinder. The multimaterial composite is extruded at the bottom of the funnel and drawn
at a constant speed V; to obtain a hybrid preform with a uniform diameter. Figure 3.6(b) shows the
photograph of an extruded preform.

Figure 3.6(c) shows a schematic of the hybrid fiber fabrication setup. In a second step, the
hybrid preform is heated and stretched to reduce further its diameter down to obtain a hybrid fiber
with an As,Se; core diameter ¢ase, leading to maximum coupling efficiency with e.g. SMF-28
fiber. Figure 3.6(d) shows the optical micrograph of a hybrid fiber.
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Fig. 3.6 (a) Schematic of the polymer-cladded As;Se; preform fabrication setup. (b)
Photograph of an extruded preform. (c) Schematic of a hybrid fiber fabrication setup.
(d) Reflection optical micrograph of a hybrid fiber.

Polishing Process

Figure 3.7 shows the polishing setup. A segment of uniform hybrid fiber is cut-off and both
ends are polished. Figure 3.8(a) and (b) show the reflection optical micrograph of cross section
of a hybrid fiber with diameter ¢pyya=770.0 um and As,Se;-COP core-cladding with diameter
Dasse=18.2 um and ¢cop=190.2 um. The hybrid fiber is designed to be optically compatible with
the waveguide that it interfaces e.g. SMF-28, therefore minimizing the insertion and extraction

coupling losses.
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Fig. 3.7 Polishing setup.
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Fig. 3.8 (a) Reflection optical micrograph of cross section of a hybrid fiber. (b)
Reflection optical micrograph of the As,Se3-COP core-cladding.

Microwire fabrication

The hybrid microwire is fabricated from heating and stretching a sample of the hybrid fiber based
on a heat-brush technique [19]. Figure 3.9(a) shows a schematic of polymer-cladded As,Se; mi-
crotaper fabrication setup. Both ends of a piece of hybrid fiber are fixed and pulled towards oppo-
site direction by two translation stages while a resistant heater placed in another translation stage

is used to heat the hybrid fiber. The versatile platform can be used for fabricating microtapers,
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couplers and combiners. Figure 3.9(b) shows the various sections of a microtaper. The microwire
is the thin central section of the microtaper. Figure 3.9(c) shows the photograph of a microtaper

with microwire section length of 10 cm.
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Fig. 3.9 (a) Schematic of the polymer-cladded As,Ses microtaper fabrication setup.
The microwire is the thin central section of the microtaper. (b) Schematic of the
polymer-cladded As,Se; microtaper coupled to SMF-28 fiber. (c) Photograph of a

microtaper.
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Coupling process

The robust microwire is manually removed from the tapering setup and transferred to a coupling
setup; Figure 3.10 shows the coupling setup. The coupling process is performed in two steps. The
first step is using a translation stage (Luminos I5000) to align the input SMF-28 fiber to the input
end of a microtaper. Figure 3.10(a) shows the setup used to align the input SMF-28 fiber and the
input end of a microtaper. The second step is aligning the output end of a microtaper to receiving
SMEF-28 fiber. Figure 3.10(b) shows the setup used to align the output end of a microtaper and
receiving SMF-28 fiber. Then, both ends of a microtaper are permanently butt-coupled to SMF-28
fibers using UV-cured epoxy.

(a)
ChG
Light in SMF-28 microtaper
—> — s  (Camera
I
|
S-axis
translation stage
(b)
UV cured
epox i
POXY UV {1ght ChG
Light in SMF-28 *L microtaper SMF-28 Light out
_> »

——— »

5-axis
translation stages

Fig. 3.10 Schematic of the coupling setup. (a) Input SMF-28 fiber and ChG microta-
per alignment. (b) ChG microtaper and output SMF-28 fiber alignment and subsequent
UV curing.
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Alignment between SMF-28 fiber and ChG microtaper is an important step to achieve high
coupling efficiency. The main loss factors in coupling process is fiber to microtaper and micro-
taper to fiber end facet misalignments. There are three types of misalignments, including lateral
misalignment, longitudinal misalignment, and angle misalignment. Figure 3.11(a), (b), and (c)

show schematic of lateral misalignment, longitudinal misalignment, and angle misalignment, re-

spectively.

(a) SMEF-28 fiber Hybrid fiber

Core
Cladding

Polymer cladding
(b) SME-28 fiber Hybrid fiber
ChG
Cladding core
Polymer cladding
oo e
(©) SMF-28 fiber Hybrid fiber
0 «

Core ChG core

Cladding Polymer cladding

Fig. 3.11 (a) Schematic of lateral misalignment. (b) Schematic of longitudinal mis-

alignment. (c) Schematic of angle misalignment.
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3.4 Modeling

The wavelength-dependent refractive index of As,Ses is calculated from the sellmeier equation
Eq. 2.3. The sellmeier coefficients are A;=2.234921, A,=0.347441, A3=1.308575, A\;=0.24164
um, A\p=19 um, and A3=0.48328 um [2]. The refractive indices of PMMA, PC and COP are
calculated from the Cauchy equation

n*(\) = By + Bo\? + BsA 2 4+ BJA 4 + BsA 0 4 B8 (3.5)

Table 3.5 Cauchy coefficients of PC, COP and PMMA

PC COP PMMA
B, +2.430734 +2.482396 +2.399964

B, -1.343233 <1072  +6.959910 x1072 -8.308636x 1072
B;  +2.714995x1072  -1.597726x10~'  -1.919569x10~!
B; +3.244405 <1074 +7.383333x1072  +8.720608x 102
Bs +7.013408x107°  -1.398485x1072  -1.666411x1072
Bs +5.615956 x1076 +9.728455 x10~* +1.169519x 1073

Table 3.5 summarizes the Cauchy coefficients of PC, COP and PMMA [143, 144]. Figure 3.12
(a) and (b) show the refractive index of As,Ses, PC, COP, and PMMA, respectively, as a function
of wavelength. The refractive index of As,Se; (2.81 at 1.94 um) is much higher than that value
of PC (1.56 at 1.94 um), COP (1.52 at 1.94 pum) and PMMA (1.48 at 1.94 um) leading to a high
refractive index contrast between the As,Ses core and polymer cladding. This high refractive index

contrast ensures that the propagation mode is strongly confined inside the As,Ses core.
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Fig. 3.12 (a) Refractive index of As;Ses versus wavelength. (b) Refractive index of
PC, COP and PMMA versus wavelength.

Maximizing coupling efficiency between polymer-cladded As,Se; hybrid fiber and SMF-28
fiber is an important design criterion. The coupling efficiency is calculated by the overlap integral
[145]

s [IEFaa]
"G BP[J) E, Erandy] [ B Braeay]

(3.6)

where [ and E are the propagation constant and the electric field distribution of the HE; mode.
The subscripts i and t stand for the incident and transmitted light. Fig. 3.13 shows the coupling ef-
ficiency as a function of the COP-cladded ChG hybrid fiber core diameter. The maximum coupling
efficiency of 85% is obtained when the core diameter of COP-cladded ChG hybrid fiber is 18 um.
As a result, the coupling loss is 0.7 dB for each end facet, including 0.5 dB of Fresnel reflection
loss at the fiber interfaces, and the rest due to mode-mismatch losses. In practice, the coupling loss
might be larger than 0.7 dB. The extra loss could come from core-cladding surface roughness, core

diameter fluctuation, scratched fiber end facets and misalignment.
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Fig. 3.13 Calculated coupling efficiency as a function of the COP-cladded As;Se;

hybrid fiber core diameter.

Chromatic dispersion /35, nonlinearity parameter -, and confinement factor I'=Pq/Pio1, Where
P.ore 1s the modal power enclosed in the core and P, is the total mode power, and effective mode
area A.g are four fundamental parameters of a microwire. Their values depend on the microwire
diameter and materials composition. Solving the characteristic equation of a cylindrical waveguide
leads to the propagation constant S and the electric and magnetic fields distribution E and H for
the fundamental HE;; mode, themselves leading to 3, , v, I and A.g [59]. Figure 3.14(a) and (b)
present 3, and v of the PC-, COP 480R-, and PMMA-cladded As,Se; microwires as a function of
core diameter at an operation wavelength of 1.94 um. Every polymer-cladded microwire has two
zero dispersion diameters (ZDD), which are defined as ZDD, and ZDD, in the order of increasing
wire diameter. When the diameter increases, (3, asymptotically converges towards the value of bulk
As,Ses. The advantage of a double ZDD microwire is that it enables to select which ZDD should
be used based on the application requirements. At ZDD;, the microwire has high ~, but the slope
of B, (= B3) is large, the microwire has relatively low confinement factor, and thus the attenuation

caused by the evanescent wave in an absorbing cladding is comparatively high. At ZDD,, the
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microwire has a slightly reduced -, but the slope of (3, is small. As well the confinement factor is
higher than at ZDDy, and thus an absorbing cladding has less impact at ZDD, than at ZDD;.
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Fig. 3.14 (a) Chromatic dispersion ;. (b) Waveguide nonlinearity parameter ~y.
(c) Confinement factor I' . (d) Effective mode area Aqs of the PC-, COP 480R- and
PMMA -cladded microwires as a function of the As;Ses core diameter at an operation

wavelength of 1.94 pm.

Figure 3.14(c) and (d) show the I" and A of the PC-, COP 480R-, and PMMA-cladded mi-
crowires as a function of the As,Se; core diameter at an operation wavelength of 1.94 um. The
mode confinement increases with increasing core diameter. The attenuation coefficient cq, re-
sulting from the modal propagation in a waveguide is given by v =Qcore X I'+ Qicag X (1-17), where
(ore 18 the attenuation coefficient of the core material, and g 1S the attenuation coefficient of

the cladding material. Table 3.4 summarizes (3, v and [ at relevant diameters of As,Se;-PMMA,
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As,Ses-PC, and As,Se;-COP 480R microwires.

Table 3.6 Dispersion, nonlinearity and confinement properties of PMMA-, PC-, and
COP 480R-cladded microwires at an operation wavelength of 1.94 um. ., maxi-
mum 7; dymax: diameter corresponding to maximum -y

PMMA PC  COP 480R

ZDD; (um) 0.655  0.696 0.602
~vatZDD; (W'm!)  71.1 64.0 68.7
I" at ZDD; 0.847  0.861 0.788
ZDD, (um) 1.549  1.497 1.625
vatZDD, (W'lm') 205 215 18.8
I" at ZDD, 0.989  0.986 0.990
Ymax(Wm™) 725  66.6 68.9
drymax (ptm) 0.616  0.628 0.616

I at doymax 0.808  0.802 0.806

By at dymay (ps?/m)  1.16 1.47 -0.49

3.5 Experimental results

For the experiment, polymer-cladded microwires with PC, COP and PMMA claddings have been
designed with a diameter of 1.5 um and a length of 10 cm. The diameter size has been selected
because of the following aspects: This diameter is close to ZDD, and thus desirable for practical
applications when normal, anomalous or zero dispersion is needed. Secondly, v is significantly
large at this point, thus being useful for nonlinear applications with compact size and low power
consumption. Finally and most importantly, we should observe the absorption features of the
various polymers via evanescent wave coupling, if there is any, as expected from I'. As well,
the microwire section length of the polymer-cladded microtapers was chosen 10 cm long in order
to highlight the absorption features in those microwires. The total absorption of the microwire
increases exponentially with increasing length. However take note that in many practical appli-
cations, a microwire shorter than 10 cm provides enough nonlinearity to be functional, limiting
the negative impact of an absorptive cladding [5]. The optical transmission of polymer-cladded
As,Se; microwires has been measured in the spectral window in between 1.45 pm and 2.20 pm
using a combination of erbium and thulium amplified spontaneous emission (ASE) source, and a
Yokogawa AQ6375 optical spectrum analyzer (OSA) at either side of the device under test. Fig-
ure 3.15(a) and (b) show the schematic of PC-, COP-, and PMMA -cladded As,Se; microtaper and
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the setup for optical transmission measurement, respectively. PC-, COP 480R-, COP 1020R-, and
PMMA-cladded As,Se; microwires with core diameter ¢asse=1.5 wm and length Ly,=10 cm have

been fabricated and tested.

Microwire  Transition Hybrid
(a) section section  fiber

PMMA coating
As,Se; core
PC, COP or PMMA

(b) i
ASE source !
(1.45 um-1.65 pm) y

ASE source | 7
(1.65 um-2.20 pm)

Fig. 3.15 (a) Schematic of the PC-, COP- and PMMA-cladded As;Ses microtaper.
(b) Setup for optical transmission measurement.

Figure 3.16(a) shows the measured transmission spectra of PC [95], COP 1020R [95] and
PMMA [95] sheet with the same thickness of 3.2 mm. Figure 3.16(b) shows the normalized
transmission spectrum of each polymer-cladded As,Ses; microwire. The typical SMF-28 to SMF-
28 insertion loss of the microwires is 4 dB at a wavelength of 1.55 um. At wavelengths in be-
tween 1.85 um and 2.20 um, the transmittance spectrum of microwires with PC, COP 480R and
COP 1020R claddings is increased with respect to microwires made solely out of PMMA. Espe-
cially when the operating wavelength is above 1.9 um, PC and COP claddings transmit signifi-
cantly better than PMMA. All of these polymers have absorption peaks around 1.7 pwm, caused by

the first order overtone of C-H bonds.
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Fig. 3.16 (a) Transmission spectra of PC, COP 1020R and PMMA. (b) SMF-28 to
SMF-28 transmittance of the PC-, COP 480R-, COP 1020R- and PMMA-cladded mi-

crowires with diameter ¢asse =1.5 pm and length Ly,=10 cm.

PC- and PMMA-cladded As,Se; microwires transmit light with an abrupt cut at 2.1 pm. COP
480R- and COP 1020R-cladded As,Se; microwires transmit light up to at least 2.2 wm, limited by



3 Design, fabrication and characterization of PC-, COP- and PMMA-cladded ChG
microwires 49

the experimental transmission measurement. The transmission spectrum of each polymer-cladded
As,;Se; microwire, as shown in Fig. 3.16(b), is consistent with the transmission spectrum of bulk
polymer, as shown in Fig. 3.16(a).

Next, we compare the efficiency of nonlinear processes between COP 480R- and PMMA-
cladded As,Se; microwires. To get equal waveguide nonlinear parameters, the corresponding
core diameters of COP- and PMMA-cladded microwires are 1.49 pum and 1.50 pm, respectively,
leading to ¥=21.7 W-!m™! in both cases. As well, pump pulses centered at a wavelength of 1.94 um
and with a duration of 3 ps are being launched into the microwires. The average input power
delivered into the microwire section is 1.3 mW, corresponding to a peak pulse power of 14.1 W.
The transmission loss of the 10 cm long COP 480R- and PMMA-cladded As,Se; microwires at a
wavelength of 1.94 pm is 0.33 dB/cm and 0.59 dB/cm, respectively, leading to an effective length
Leg=(1-exp(-aL))/a. of 7.00 cm and 5.46 cm, respectively. Figure 3.17 shows the experimental
setup for Raman-enhanced FWM generation.

TDFA BPF Microtaper
MLFL >Ry = O5A

Fig. 3.17 Setup for Raman-enhanced FWM generation. MLFL: mode-locked fiber
laser; TDFA: thulium-doped fiber amplifier; BPF: bandpass filter; OSA: optical spec-

trum analyzer.

Figure 3.18 shows the resulting spectra of COP 480R- and PMMA-cladded microwires pumped
by 3 ps pulses centered at a wavelength of 1.94 pm. Transmission spectra are also given for refer-
ence. As the peak pump power is increased up to 14.1 W, nonlinear scattering bands are observed
along with spectral broadening of the pump signal. For COP 480R- and PMMA-cladded As,Se;
microwires, the theoretical nonlinear phase shift ony =7 P L 1s 6.8271 and 5.327, respectively,
which agrees well with the measured nonlinear phase shift N extracted from spectra in Fig. 3.18.
Taking the pump wavelength as a reference, the nonlinear scattering towards longer wavelengths
includes Raman scattering and FWM; the nonlinear scattering in the shorter wavelength direction
includes only FWM. S means nth order nonlinear scattering, +/- signs stand for a nonlinear
scattering at longer/shorter wavelengths with respect to the pump. The superscript m designates
the cladding material of the microwire (p for PMMA, ¢ for COP 480R). The peak value of S is
10.3 dB higher than that value of S} shown in Fig. 3.18 since the transmission loss of COP 480R-
cladded As,Se; microwire is more than 2.5 dB lower than that value of PMMA-cladded As,Se;
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microwire at the corresponding wavelength. Also, the bandwidth of S is 16 nm wider than that
value of S}. With same pump peak power of 14.1 W, COP 480R-cladded As,Se; microwire has
second order nonlinear scattering S5 in longer wavelength direction. In contrast, PMMA-cladded
As,Se; microwire does not have second order nonlinear scattering since the transmission loss of
PMMA-cladded As,Ses; microwire is more than 6 dB larger than that value of COP 480R-cladded
As,Se; microwire above 2.1 um. The peak value of S¢, is 4.3 dB higher than that value of S”,. The
bandwidth of S¢ is 4.9 nm wider than that value of SP,. The peak value of S¢, is slightly lower
than that value of S,. Also, the bandwidth of S¢, is narrower than that value of S’, since COP has
two absorption peaks located at 1.73 pm and 1.76 wm, which increase the transmission loss, and

reduce the nonlinear scattering.
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Fig. 3.18 Nonlinearly broadened spectra of COP 480R- and PMMA-cladded mi-
crowires with length L,=10 cm and v=21.7 W-'m!. The peak pump power is 14.1 W
and is centered at a wavelength of 1.94 um. Transmission spectra are also given for
reference.
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3.6 Conclusion

In summary, PC-, COP 480R-, COP 1020R-, and PMMA-cladded As,Se; microwires have been
designed, fabricated and characterized. Microwires with PC cladding have better transmission than
that with PMMA cladding at wavelengths from 1.85 pum to 2.10 wm. Microwires with COP 480R
cladding have better transmission than that with PMMA cladding at wavelengths from 1.85 pum to
>2.20 um. Due to the strong absorption of C-H bonds, the transmission of PC-cladded As,Se;
microwires with length of 10 cm is limited to an upper bound of 2.12 um. The COP 480R- and
COP 1020R-cladded As;Se; microwires with length of 10 cm transmit light up to at least 2.20 pm.
The transmission window of these microwires can be further extended by reducing the wire length.
Compared with PMMA-cladded microwires, COP 480R-cladded microwires provide an increased

nonlinear gain and wider gain bandwidth from 1.85 pm to >2.20 um.
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Chapter 4

ChG optical microwires cladded with
fluorine-based CYTOP

4.1 Introduction

The MIR range (2-12 um) of the optical spectrum is intimately associated with vibrational motion
in molecules, enabling many applications related to spectroscopy and chemical sensing [38, 42,
43]. Among the approaches utilized to generate MIR light, light sources that depend on nonlinear
parametric gain, such as parametric oscillators and SC sources raise a great deal of interest due
to their broadband operation [56, 57, 59]. Parametric processes in a MIR optical source are sup-
ported given that the gain medium possesses a sufficiently large nonlinearity coefficient, a good
transparency in the MIR, and allows the access to a group velocity dispersion that is close to zero
at the pump wavelength.

ChG glasses are such materials compatible with the MIR, covering the spectral range of 1-
12 pm for As,Se; and the range of 1-8 um for As,S3 [2, 3]. ChG glasses are also highly nonlinear
media given their intrinsic nonlinear refractive index (n,) up to three orders of magnitude larger
than the n, of silica glass [1]. Nonlinear effects can also be enhanced from a high-confinement
waveguide geometry such as the fiber microwire and the photonic crystal fiber [6, 146].

Resulting from the combination of ChG glass and a high-confinement waveguide geometry,
ChG microwires are promising components for the fabrication of MIR light sources from paramet-
ric processes [13]. With waist diameters at sub-wavelength scale, ChG microwires must be coated

to provide mechanical strength and optical insensitivity to environment [7, 19].
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Hydrogen-based polymers, including PMMA, PC and COP, were successfully used as cladding
materials for As,Se; microwires [147]. However, the transmission loss of hydrogen-based poly-
mers increases abruptly at wavelengths beyond 1.55 um, thereby limiting their use. This absorp-
tion is caused by molecular resonances at fundamental and overtone transitions of C-H bonds
[126]. A material free from C-H bonds is thus desirable to avoid the absorption peaks of hydrogen-
based polymers and enables optical transmission at wavelengths beyond 1.55 um and further into
the MIR.

An alternative to C-H based polymers is the use of another MIR-transparent ChG glass such
as As,S; [148]. Unfortunately, the combination of As,Se; core with an As,S; cladding (or any
known ChG-ChG combination) provides a refractive index contrast that is too low to bring the
zero dispersion wavelength of a microwire below 3.7 um, imposing a normal dispersion to all
wavelengths <3.7 um. As a result, parametric amplification with such compositions can not be
generated from a pump wavelength <3.7 um.

In this chapter, we use fluorine-based CYTOP as a cladding material for As,Se; microwires and
demonstrate that CYTOP enables excellent transmission and nonlinear functionalities of the mi-
crowire at wavelengths of 1.5 pm up to >4.3 um. Not only transmission losses remain low in this
wavelength range but also the group-velocity dispersion at these wavelengths can be engineered as
normal, anomalous or zero value. We use the high nonlinearity of the CYTOP-cladded microwire
to demonstrate multiple orders of FWM and SC generation. The transparency of CYTOP-cladded

microwire is also compared to those of COP- and PMMA-cladded microwires.

4.2 The polymer cladding

Table 4.1 summarizes the common amorphous and crystalline perfluorinated and partial fluorinated
polymers, including CYTOP, Teflon AF 1600 and 2400, Polytetrafluoroethylene (PTFE), Fluori-
nated Ethylene Propylene (FEP), Ethylene Tetrafluoroethylene (ETFE), Polyvinylidene Difluoride
(PVDEF), Polyvinyl Fluoride (PVF). Table 4.1 also introduces the physical properties of those poly-
mers, including the classification of amorphous and crystalline state, melting temperature 7', (°C),
glass transition temperature 7', (°C), and refractive index n at 1.55 um. CYTOP, Teflon AF 1600
and 2400 are amorphous perfluorinated polymers. Among these polymers, CYTOP and Teflon AF
1600 are good choice for cladding ChG material since their glass transition temperatures are com-
patible with that value of ChG material. PTFE and FEP are crystalline perfluorinated polymers.

The melting temperatures of those polymers are much higher than the glass transition tempera-
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ture of ChG material. The scattering losses of those polymers are large due to their crystalline
structure. ETFE, PVDF, and PVF are partial fluorinated polymers. Besides carbon-fluorine (C-F)
bonds, those polymers also contain C-H bonds. The fundamental vibrational wavelength of a C-H
bond is 3.4 um. The second order vibrational wavelength of a C-H bond is 1.7 wm, which will

cause relatively large absorption loss above 1.7 pm.

Table 4.1 Common fluorine-based polymers and their physical parameters

Name Type Twm (°C) T, (°C) n
CYTOP Amorphous Not observed [149] 108 [150] 1.33 [151]
Teflon AF 1600 Amorphous Not observed [152] 160 [153] 1.30 [154]
Teflon AF 2400 Amorphous Not observed [152] 240 [153] 1.28 [155]
PTFE Crystalline 342 [156] 127 [157] 1.35[158]
FEP Crystalline 265 [159] 5411601 1.34[112]
ETFE Crystalline 250 [161] 119 [162] 1.39[112]
PVDF Crystalline 168 [163] -45[163] 1.38 [164]
PVF Crystalline 200 [165] 40.8 [166] 1.47[112]

Figure 4.1 shows the chemical structure of fluorine-based polymer CYTOP, hydrogen-based
polymers COP and PMMA. As described in chapter 3, the vibrational frequency is inversely related
to the reduced mass, substituting fluorine element for the hydrogen element in C-H bonds will
greatly increase the reduced mass, thus increasing the wavelengths of fundamental and overtone

vibrational transitions.
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Fig. 4.1 Chemical structure of fluorine-based polymer CYTOP, hydrogen-based
polymer COP and PMMA.

Fluorine-based CYTOP (Asahi Glass) is a polymer composed of C-F, C-C, and C-O bonds
[167]. This differs from widespread hydrogen-based polymers such as COP and PMMA which
possess C-H bonds, in addition to C-C and C-O bonds. The transparency in the short MIR wave-
lengths of a fluorine based polymer versus a hydrogen based polymer is influenced by the presence
of C-F bonds rather than C-H bonds. Table 4.2 summarizes vibrational wavelengths of different
chemical bonds in CYTOP, COP and PMMA. Vibrational wavelengths of a C-F bond are 8.0 pm
(1*t order) and 4.0 um (2" order) whereas the vibrational wavelengths of a C-H bond are 3.4 um
(1** order) and 1.7 um (2" order). The vibrational wavelengths of C-C and C-O bonds occur
at 8.9 um (1* order) and 9.1 um (1% order), respectively, and thus the lowest vibrational wave-
length is determined by the presence of C-F or C-H bonds. The fluorine-based polymers thus have
absorption peaks at longer wavelengths with respect to the hydrogen-based polymers. Another
advantageous property of CYTOP is the low refractive index of 1.33 (at A=1.55 um), leading to
a high refractive index contrast when used to clad an As,Se; core. This large refractive index
contrast provides flexibility in adjusting the zero dispersion wavelength from the zero dispersion
wavelength of bulk As,Se; (~7 um) down to ~1 pum.
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Table 4.2 Vibrational wavelengths of different chemical bonds

Bond 1% order vibrational wavelength (um) 2™ order vibrational wavelength (pm)

C-F 8.0 4.0
C-H 34 1.7
C-C 8.9 -
C-0 9.1 -
C=0 54 2.7

The absorption loss due to the fundamental vibration and its overtones of a C-F bond could be
calculated from Eq. 3.4. Figure 4.2 shows the calculated absorption loss due to the fundamental

vibration and its overtones of a C-F bond and a C-H bond.
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Fig. 4.2 Calculated fundamental and overtones vibrational absorption of a C-F bond

and a C-H bond.

4.3 Design

Figure 4.3 shows the refractive index of As,Se; and CYTOP. The refractive index of As,Se; is

calculated using the Sellmeier equation Eq. 2.3 and Sellmeier coefficients described in Chapter 3.
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The refractive index of CYTOP is calculated using the Sellmeier equation Eq. 2.3 and Sellmeier
coefficients A?=0.33409, A2=0.4528, A?=0.53494, \;=81.2, \,=77.4, and \3=12300 [168]. The
unit of A\ is nm. As shown in Fig. 4.3, the refractive index of As,Se; (2.81 at 1.94 um) is much
higher than that value of CYTOP (1.33 at 1.94 um) leading to a high confinement factor.
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Fig. 4.3 Refractive index of As;Se; and CYTOP.

It is important to maximize coupling efficiency between polymer-cladded As,Se; hybrid fiber
and SMF-28 fiber. The coupling efficiency is calculated by Eq. 3.6. Figure 4.4 shows the coupling
efficiency versus the hybrid fiber core diameter. The optimal coupling efficiency of 85% is achieved
when the core diameter of CYTOP-cladded As,Se; hybrid fiber is 18 pum.



4 ChG optical microwires cladded with fluorine-based CYTOP 58

100 ¢
g &0 |
o
Q
5
5 60
=
O
o1))]
£ 40
o —CYTOP
=1
o
@)
20
O N N 1 " 1 " J
5 10 15 20 25

Hybrid fiber core diameter (pm)

Fig. 4.4 Calculated coupling efficiency as a function of the CYTOP-cladded As;Se;

hybrid fiber core diameter.

The core diameter and core/cladding composition determine the optical parameters of the mi-
crowires: Group-velocity dispersion parameter (3,, waveguide nonlinearity parameter v, effective
mode area A.y, and confinement factor I'=P oo/ Pioa, Where P is the modal power enclosed
within the core and P, is the total modal power. Those parameters are evaluated from solv-
ing the characteristic equation of a cylindrical waveguide with high refractive index contrast and
derived from the effective refractive index n.g, the propagation constant 3, and the electric and
magnetic fields distribution E and H of the fundamental HE,; mode [4]. The waveguides charac-
teristic equation is solved for a two-layer fiber structure, i.e. As,Se; core, CYTOP cladding, as the
PMMA coating carries a negligible amount of evanescent power [169].

Figure 4.5 presents (35, v, ' and A of CYTOP-cladded As,Se; microwires as a function of
core diameter in the 1.5-4.5 um wavelength range. The CYTOP-cladded microwire has two zero
dispersion wavelengths (ZDW) for a given microwire core diameter, defined ZDW,; and ZDW, in
order of increasing wavelength. In a practical design, ZDW, is generally most useful to increase
the gain bandwidth of parametric processes because the dispersion profile around ZDW; is flatter

than that around ZDW,. As well, ZDW, provides a larger v than ZDW, in the wavelength range
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and microwire core diameter of interest. As shown in Fig. 4.5(c), the mode confinement decreases
with increasing wavelengths for a given core diameter, corresponding to an expansion of the guided
mode. As shown in Fig. 4.5(d), this results into an increase of A and thus more of the modes
evanescent wave propagating into the CYTOP cladding. The attenuation coefficient ay, arising
from light transmission in the microwire is given by qou=asse X I'+ atpolymer X (1-1'), where avasse
is the attenuation coefficient of As,;Ses, and cpoiymer 15 the attenuation coefficient of the polymer.
The impact of an absorbing cladding is thus reduced when operating the microwire at ZDW rather
than at ZDW,.
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Fig. 4.5 Optical parameters of CYTOP-cladded As;Ses microwires as a function of
wavelength and core diameter: (a) 52; (b) v; (¢) ' ; (d) Aegr.

4.4 Microwire fabrication

The fabrication of optical microwires with ChG core and polymer cladding requires the fulfilling

of a few compatibility criteria. First, the polymer cladding must be transparent at the optical
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wavelengths to be transmitted. Second, the refractive index of the polymer cladding should be as
low as possible to ensure a large confinement factor and strong waveguide nonlinearity. Third,
the glass transition temperature (7,) and the temperature-dependent viscosity values should be as
close as possible to facilitate mechanical compatibility [147]. Table 4.3 presents glass transition

temperature, refractive index and viscosity of As,Ses;, CYTOP and PMMA.

Table 4.3 Glass transition temperature, refractive index (A=1.94 um) and viscosity
(T'=210 °C) of As,Ses, CYTOP and PMMA

Glass transition temperature 7,(°C)  n Viscosity (Poise)

AsySes 167 [2] 2.81 ~7.24x10° [129]
CYTOP 108 [167] 1.33  ~1.33x10° [170]
PMMA 104 [137] 1.47  ~2.12x10° [171]

CYTOP is a good material to clad As,Se;-based microwires because it provides a significantly
improved optical transmission in the MIR wavelengths with respect to hydrogen-based polymers.
It also has a lower refractive index than ChG glasses and hydrogen-based polymers, leading to
higher refractive index contrast, as well as it is being mechanically compatible with As,Se; as
required for the microwire fabrication.

The CYTOP-cladded As,Se; microwire is fabricated in four steps: Extrusion assembly, pre-
form fabrication, fiber fabrication and microwire fabrication. Figure 4.6 illustrates the fabrication
steps of the fiber. Figure 4.6(a) shows a schematic of the rod-in-tube method used to make the
preform [142]. An As,Se; rod is placed in a CYTOP tube, then the assembly is placed in a PMMA
tube. It is part of our fabrication process to systematically cover preforms of various nature with
PMMA to fine-tune the fiber geometry. The As,Se; rod, CYTOP and PMMA tubes are dried in
a vacuum oven prior to the preform fabrication process. Figure 4.6(b) shows a schematic of the
CYTOP-cladded preform fabrication setup, and a photograph of extruded preform. The assembly
is fed through an aluminium funnel. Under heat and pressure, the PMMA tube and CYTOP tube
shrink and fuse with the As,Se; rod. The multimaterial composite flows out of the funnel and is
pulled at a constant velocity to obtain a uniform preform. Next, the fiber is made by feeding the
preform into a drawing funnel heated at controlled temperature. The softened preform is pulled
into a fiber with predefined As,Ses core diameter ¢asse, to achieve a maximum coupling efficiency
with e.g. SMF-28 fiber. Figure 4.6(c) shows a schematic of the CYTOP-cladded fiber fabrication
setup, a photograph of fiber drawing and a photograph of fiber cross-section. With a cladding to
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core diameter ratio of 4.2, a microwire with a core diameter of 1.55 um will allow 0.0002% of
the evanescent field power to penetrate the PMMA coating in the 1.5-4.5 pm wavelength range, as

estimated from Lumerical-MODE Solutions.

(a) Rod in tube (b) Preform fabrication

Core Funnel
Y CYTOP
PMMA

Extrusion
Assembly

(c) Hybrid fiber fabrication

Preform

\/

!

Funnel
*

| As,Se;core CYTOP cladding
Hybrid fiber Hybrid fiber Prs=17.11m  deyro=71.3 ym

Fig. 4.6 Fabrication of a polymer-cladded As,Ses fiber. (a) Schematic of the rod-in-
tube method used to prepare the extrusion assembly. (b) Schematic of the CYTOP-
cladded preform fabrication setup (left) and a photograph of extruded preform (right).
(c) Schematic of the CYTOP-cladded fiber fabrication setup (left), photograph of fiber
drawing (middle) and an optical reflection photograph of cross section (right).

The microwire is fabricated from a sample of fiber tapered using a heat brush method [172],
then transferred to a butt-coupling setup. The input end of the microtaper is aligned and connected

to SMF-28 fiber using UV-cured epoxy. Figure 4.7(a) shows the schematic of a microtaper subdi-
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vided into fiber, transition and microwire sections. Figure 4.7(b) is the photograph of a microtaper
with wire section length of 5 cm.

(a) Transition section Fiber
— —r
PMMA —
CYTOP —
As,Se; —»H
N J

Y

Microwire section

(b)

Fig. 4.7 Schematic of the CYTOP-cladded As,Se; microtaper (not to scale). (b)
Photograph of a microtaper with wire section length of 5 cm.

4.5 Results and discussion

The transmission loss spectrum of an As,Se; microwire cladded with CYTOP is investigated ex-
perimentally. Figure 4.8(a) and (b) show the schematic of CYTOP-cladded As,Se; microtaper
and the setup for measuring the transmission loss, respectively. For the purpose of referencing,
the transmittance of microwires cladded with hydrogen-based polymers that are COP 1020R and
PMMA is also performed [147]. All microwires studied have a length of 5 cm and modal con-
finement factor '=99%. This value of confinement factor is typical for nonlinear parametric pro-
cesses because it leads to advantageous levels of group-velocity dispersion parameters (3, and
B4) while still leading to observable absorption characteristics of the cladding material. To result
into '=99%, the core diameter of CYTOP-, COP- and PMMA-cladded microwires are adjusted
to ¢cyrop=1.35 um, ¢cop=1.48 um and ¢pyma=1.46 um. The optical transmission loss of the mi-

crowires is measured at wavelengths in between 1.3 pm and 2.5 pm using a silica-based SC source
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and an optical spectrum analyzer at either side of the device under test.

Microwire  Transition Hybrid
(@) section section  fiber

PMMA coating
As,Ses core
CYTOP

(b)

SC source \ K
(1.30 um-2.50 pm) )

Microtaper

Fig. 4.8 (a) Schematic of the CYTOP-cladded As,;Ses microtaper. (b) Setup for

transmission loss measurement.

Figure 4.9 shows the transmission loss of CYTOP-, COP- and PMMA-cladded As,Se; mi-
crowires. The microwire with CYTOP cladding is transparent to light at wavelengths up to >2.5
um, limited by the spectral range of the spectrum analyzer, without trace of absorption peaks from
1.3 um to 2.5 wm. Throughout this wavelength range, the transmission loss is stable between
0.11 dB/cm and 0.22 dB/cm. The main source of this uniform loss is the As,Se; glass purity,
which lies close to the state-of-the-art purity available. In contrast, the COP-cladded microwire
reaches a transmission loss of 3 dB at 2.13 um with traces of two absorption peaks at ~1.72 um
and ~1.76 um due to the second order vibrational transition of C-H bonds. The transmission loss
remains between 0.22 dB/cm and 0.83 dB/cm in the 1.30-2.25 um range. Finally, the PMMA-
cladded microwire reaches a transmission loss of 3 dB at a wavelength of 2.10 wum with traces
of an absorption peak at ~1.65 pm due to the second order vibrational transition of C-H bonds.
The transmission loss remains between 0.30 dB/cm and 0.83 dB/cm from 1.30 pm to 2.20 pm.
The transmission loss of the CYTOP-cladded microwire is therefore substantially decreased with

respect to COP- and PMMA-cladded microwires, especially at wavelengths in excess of 1.65 pm.
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Fig. 4.9 Transmission loss spectra of CYTOP-, COP 1020R-, and PMMA-cladded

As,>Ses microwires.

Nonlinear parametric processes in a CYTOP-cladded As,Ses; microwire are also investigated.
Figure 4.10 shows the setup for Raman-enhanced FWM. The microwire has a length L,,=5 cm and
core diameter ¢=1.35 pum, leading to v=27 W'm!, 3,=-0.273 ps*/m and B4=-1.17x1075 ps*/m.
Taking into account a scattering loss of 0.15 dB/cm at a wavelength of 1.94 um. Pump pulses
centered at a wavelength of 1.94 pm with a duration of 3.5 ps after pulse shaping by a band-pass
filter are launched into the microwire. Figure 4.11 shows spectra collected at the output of the
microwire. As the coupled pump peak (average) power is increased up to 13.3 W (1.4 mW), side
lobes of increasing power are observed along with spectral broadening of the pump signal. The
nonlinear processes observed include SPM of the pump, but also Raman-enhanced FWM [59];

itself mixing with the pump to provide several orders of degenerate FWM.

TDFA BPF

MLFL >

Fig. 4.10 Setup for Raman-enhanced FWM generation. MLFL: mode-locked fiber
laser; TDFA: thulium-doped fiber amplifier; BPF: bandpass filter; OSA: optical spec-

Microtaper
- OSA

&

trum analyzer.
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Fig. 4.11 Nonlinearly broadened spectra of CYTOP-cladded As,Se; microwire at
various pump powers. The legend presents corresponding coupled peak (average)

powers.

SC generation in a CYTOP-cladded As,Se; microwire is also investigated. Figure 4.12 shows
the experimental setup for SC generation. The design includes a microwire with a length of
L,=10 cm and ¢=1.55 um, leading to 3,=-0.04 ps*/m, $3=0.003 ps*/m,34=-0.09 x 10~ ps*/m and
v =21 W-'m. The butt-coupling loss from SMF-28 fiber to the hybrid fiber is 1.1 dB, including
0.5 dB of Fresnel reflection loss at the fiber interface, and the rest due to mode-mismatch losses.
Pump pulses centered at 1.94 um with a duration of 3.0 ps are launched into the microwire and an-
alyzed using a Fourier Transform Infrared Spectrometer (FTIR). As pump pulses are launched into
the microwire, MI triggers the SC generation, breaking the input picosecond pulses into femtosec-
ond sub-pulses, followed by soliton dynamics [57]. Figure 4.13 shows experimentally measured
spectra as a function of the coupled pump power up to 1044 W (100 mW) in peak (average) power.
A SC is generated, spanning from 1.0 pm to 4.3 pm at -30 dB relative to the peak value. A dip
within the SC spectrum in the 2.5-3.0 um spectral range could be caused by low pressure water
vapour inside the FTIR [173]. The limited extent of the SC at wavelengths beyond 4.3 um is ex-
pected to be caused by absorption from the second order vibrational overtone of the C-F bonds

in CYTOP. Take note that the microwire length of 10 cm was chosen to emphasize the absorp-
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tion features in the microwire and that a microwire of a few millimeters would provide sufficient

nonlinearity and dispersion for SC generation with a reduced absorption signature by the cladding

[5].

TDFA

Microtaper
( MLFL } >
L~ FTIR

Fig. 4.12 Setup for SC generation. MLFL: mode-locked fiber laser; TDFA: thulium-
doped fiber amplifier; BPF: bandpass filter; FTIR: Fourier Transform Infrared Spec-
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Fig. 4.13 SC spectra at various coupled pump powers for a CYTOP-cladded mi-

crowire with an As;Ses core diameter of 1.55 pum.

At last, SC generation is compared for CYTOP- and COP-cladded microwires with core diam-
eters of 1.55 um and 1.59 um, respectively. Those core diameters were chosen as they both lead to
3,=-0.04 ps>/m at the pump wavelength of 1.94 um. Both microwires are 10 cm long and pumped
at 1044 W (100 mW) in peak (average) power. Figure 4.14 shows the resulting SC spectra. The
SC spectrum of COP-cladded microwire is limited to 2.3 pm due to the strong absorption features

of this hydrogen-based polymer, as observed in Fig. 4.9 [95].
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Fig. 4.14 SC spectra of CYTOP- and COP-cladded microwires at a peak (average)
pump power of 1044 W (100 mW).

4.6 Conclusion

We have shown that fluorine-based CYTOP preserves the linear and nonlinear functionalities of
As,Se; microwires at wavelengths from 1.3 um up to >4.3 um. The CYTOP cladding signifi-
cantly improves the transmission bandwidth with respect to hydrogen-based polymer claddings,
especially at wavelengths above 1.65 um. The CYTOP-cladded microwire has an engineerable
group-velocity dispersion in the 1-7 wm wavelength range, enabling anomalous, normal, or zero
dispersion. For the SC generation demonstrations, the microwire length of 10 cm was chosen
to emphasize the absorption features in the microwire. In practice, a microwire design of a few
millimeters would provide sufficient nonlinearity and dispersion for SC generation with a reduced

absorption signature by the cladding.
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Chapter 5

Mid-infrared wavelength conversion from

As>Se3 microwires

5.1 Introduction

MIR sources are in strong demand for medical, scientific, spectroscopic, and defense applications
[38, 42, 43]. Research efforts have intensified toward the development of compact and robust
MIR sources, such as fiber-based OPOs, all-fiber SC sources and optical wavelength converters
[56,57, 59]. Most fiber lasers developed up to date rely on rare-earth doped silica fibers and operate
at wavelengths up to ~2 pum, limited by the transparency window of fused silica [174, 175]. Rare-
earth fiber lasers compatible at longer wavelengths toward the MIR emerge gradually, including
erbium-doped ZBLAN sources with emission in the range of wavelengths of 2.80 um, 2.94 pum,
and 3.44 um [176-178]. It is expected that the combination of such sources with an appropriate
nonlinear medium would result into broadly tunable sources, in analogy to what is performed with
state-of-the-art solid-state lasers.

ChG glasses are well known to provide transparency at wavelengths up to 12 um and a high
nonlinearity (ny) up to 2.4x10717 m*/W [2, 179]. The ZDWs of bulk ChG glasses (As,Se; and
As,S3) are in the MIR, i.e. ~7 um for As,Se; and ~5 pum for As,S;. Chromatic dispersion can,
however, be engineered in ChG waveguides in order to slide the ZDW towards shorter wavelengths
and taking advantage of nonlinear effects [7, 13, 147, 172]. Using ChG microwires, the ZDW has
been shifted at wavelengths for which compact pump laser sources (e.g. semiconductor lasers and

rare-earth doped fiber lasers) are available, thereby providing an easy access to nonlinear paramet-
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ric processes, such as SC generations [14, 147], wavelength conversions [22, 23, 180], and optical
parametric oscillations [20, 181]. Further in the MIR, a 14 cm long As,;Se;-PMMA microwire
pumped by a 10 W solid-state OPO at a wavelength of 2.6 um generated MI with frequency de-
tuning of 30 THz (Stokes at 3.5 um and anti-Stokes at 2.0 um) [29]. A number of other materials
have also been used to demonstrate normal dispersion FWM or MI with frequency detuning up to
~10 THz [182-184]. However, there is potential for greatly improving the technical specifications
of all-fiber MIR wavelength converters in terms of frequency detuning, tunability and conversion
efficiency.

In this chapter, we demonstrate all-fiber and far-detuned MIR wavelength conversion from
As,Se; microwires. Two experiments are presented to highlight the great potential of ChG mi-
crowires for the fabrication of MIR sources. Both experiments make use of a mode-locked fiber
laser centered at a wavelength of 1.939 um. In a first experiment, an idler is generated and tuned
from 2.351 pm to >2.500 um resulting from wavelength tuning of a probe from 1.650 um to
1.587 pm, via normal dispersion FWM in a 0.5 cm long microwire. In a second experiment, tun-
able sidebands up to 2.845 um are generated via MI in the normal dispersion regime of a 10 cm
long As,Se; microwire. In that experiment, the frequency detuning of 49.3 THz represents the

largest reported in soft glass materials.

5.2 Theory

Figure 5.1 shows the schematic of a microtaper. The microtaper is subdivided into a microwire,
into which nonlinear processes take place, a transition section where the profile of the propagating
mode is converted adiabatically, and a hybrid fiber section designed to enable efficient coupling
from/to a typical low numerical aperture fiber such as SMF-28. The 0.5 cm long microwire is
made out of an As,Se; core, a CYTOP cladding and a PMMA coating [180], and fabricated using
the method described in [172]. The fluorine-based CYTOP polymer is transparent to wavelengths
up to >2.5 um [180]. The low refractive index of CYTOP (1.33 at 1.939 um [167]) makes a large
refractive index contrast with respect to As,;Se; (2.81 at 1.939 pum [2]), thus strongly confining the
propagating mode inside the microwire and enabling a large nonlinear coefficient. For a microwire
core dimension in the order of the wavelength, the large refractive index contrast is also responsible
for the dominant term of chromatic dispersion, namely, waveguide dispersion. For this reason,
the CYTOP-cladded microwire can be set to anomalous, normal or zero dispersion in 1-7 pum

wavelength range by an appropriate choice of the core diameter.
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Fig. 5.1 Schematic of the As;Se3;-CYTOP microtaper.

The FWM evolution of a picosecond pump and generated idler can be modeled by solving
coupled-wave equations provided by the nonlinear Schrodinger equation. This calculation neglects
pulse broadening and pulse temporal walk-off due to group velocity dispersion (GVD) given that
the physical length of a microwire is much shorter than the walk-off length and dispersion length
[59, 185, 186]

dA,

= = 1B + 2P+ 29 P) Ap + 2iypspiAs A AT — Ay /2 (5.1)
dAS . . *  —1Akz

T iV P+ 2795 Py + 275 P As + iyspip Ap Ap Afe — asAg/2 (5.2)
dAi . . *  —1Akz

o= PP+ 29ip By + 27%is P) Ai + iipsp ApApAse — ;A4;/2 (5.3)

The first term on the right of the above equations represents the SPM effect, where ~,, s, and
~v; are the waveguide nonlinearity parameter at the pump wavelength, signal wavelength and idler
wavelength, respectively. B, I, and P, are the pump power, signal power and idler power, re-
spectively. The second term and third term represent the XPM effects between pump and signal,
pump and idler, and signal and idler, where Vp="sp, Vpi=7ip» and ~yis="si represent the waveguide
nonlinearity parameters. The fourth term represents the FWM effect, where 7pspi, Vspip, and Vipsp
are the waveguide nonlinearity parameters. The fifth term represents the attenuation effect, where
ap, s, and «; are the attenuation coefficients at pump wavelength, signal wavelength and idler
wavelength, respectively. Ak is the linear phase mismatch given by [59]

Ak — n(wi)wi + n(ws)ws — 2n(wp)wp

(5.4)
C

where wj, ws, w, are the angular frequencies of the idler, signal and pump waves, respectively;

n(w;), n(ws), n(w,) are the effective refractive indices at wi, ws, wp, respectively; c is the light
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velocity in vacuum.

In Egs.5.1-5.3, Yn=Ymmmm and Ymn=Ymmm (M, n=p,s,7 and m # n), respectively. These
waveguide nonlinearity parameters together with those for FWM effect are defined in the following
general form

3wiMNijki 3)

Vijh (—wi; Wy, —Wk, wWy) = Teo@a(mmmem) 2 Xijh(—Wi; Wi, —w, W) (5.5)
e}

where ¢ is the vacuum permittivity, c is the velocity of light in vacuum, 7,1, is the mode overlap
defined in Eq.2.44, n,(w,)(v = 4,7, k, 1) is the refractive index at w,, a is the average effective
mode area defined as

a= (aiajakal)l/4 (5.6)

where a, (v = 1, j, k, 1) is the effective mode area at frequency w, and defined in Eq.2.8.
To generate FWM parametric gain over a wide conversion bandwidth, the phase-matching

condition must be satisfied. The effective phase mismatch is given by [59]
Kk =2vF, + Ak; 5.7)

where 2vF, is the nonlinear phase mismatch, induced by Kerr effect, where v and F, are the
waveguide nonlinearity parameter and peak pump power, respectively. Ak is the linear phase mis-
match give in Eq. 5.4. The achievement of a broad conversion bandwidth requires a far-detuned
phase mismatch that is low or zero. It would thus be an asset that the nonlinear medium that serves
for this wavelength conversion also has engineerable dispersion characteristics. ChG microwires
have a dispersion level that can be adjusted from an appropriate choice of geometry. Figure 5.2(a),
figure 5.2(b) and figure 5.2(c) respectively show second order chromatic dispersion (3,, fourth or-
der chromatic dispersion (3, and sixth order chromatic dispersion (3 as a function of core diameter

of As,Se; microwire and wavelength.
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Fig. 5.2 (a) 3, as a function of wavelength and As,Se; microwire core diameter.
(b) B4 as a function of wavelength and As,;Se; microwire core diameter. (c) F¢ as a

function of wavelength and As;Se; microwire core diameter.

The phase-matched parametric wavelengths are evaluated from solving Eq. 5.7 while setting
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x = 0. Figure 5.3 shows the phase-matched parametric wavelengths as a function of core diameter
of As,Se; microwire at an operation wavelength of 1.939 um for three different pump powers.
When the pump wavelength is set into anomalous dispersion, parametric wavelengths remain rel-
atively close to the pump wavelength and depend mostly on the group velocity dispersion /3.
However pumping in normal dispersion leads to parametric wavelengths that are widely spaced
from the pump wavelength and depend strongly on the higher order dispersion values. In both
cases, as the pump power is increased, the nonlinear phase mismatch increases. As a result, the
phase-matched parametric wavelengths shift further away from the pump wavelength as described

in Eq. 5.7 and shown in fig. 5.3.
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Fig. 5.3 Phase-matched parametric wavelengths as a function of As;Ses microwire
core diameter. The pump wavelength is set at 1.939 um and the peak pump power is
set at 32 W, 46 W and 95 W. The dotted line indicates the zero dispersion diameter at
the pump wavelength. The microwire design includes a CYTOP cladding.

The microwire design selected for both experiments explained next includes a 2 cm long in-
put/output hybrid fiber section with an As,Se; core diameter of 17.1 um, a CYTOP cladding diam-
eter of 71.3 wm, and a PMMA coating diameter of 510 pm, a 2.3 cm long input/output transition
section, and a microwire section with a core diameter ¢=1.625 pum. This value leads to positive (3,
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(82,=3.192x 1072 ps*/m), negative 3, (54=-8.089 x 1076 ps*/m) and negative 3¢ (36=-2.797 x 10~ 1°
ps®/m), enabling a good phase-matching condition over a large range of wavelengths. The resulting

waveguide nonlinear coefficient v is 19.7 W—im~L.

5.3 FWM experiment

In a first experiment, the stimulated FWM process in a 0.5 cm long As,Se; microwire is investi-
gated. This length has been chosen because it ensures that the microwire section has a constant
diameter, without significant random fluctuations. Figure 5.4 schematizes the setup used for the
pump-probe experiment. Pump pulses with a duration of 800 fs from a mode-locked fiber laser
and centered at a wavelength of 1.939 um are launched into the microwire at a repetition rate of
30 MHz. The pulses are previously broadened up to a duration of ~3.5 ps after passing through a
bandpass filter with a bandwidth of 1.9 nm to increase the walk-off length. A probe signal provided
by a tunable cw laser (1.490-1.650 um) is also coupled into the microwire via a fiber coupler. A
polarization controller ensures that the polarized probe couples with the polarization state of the

MLFL. Output spectra are recorded using an optical spectrum analyzer (OSA).

BPF FC

Microtaper

OSA

Fig. 5.4 Schematic of the pump-probe FWM setup. MLFL: mode-locked fiber laser;
BPF: bandpass filter; FC: fiber coupler; PC: polarization controller; OSA: optical spec-

trum analyzer.

Figure 5.5(a) shows a series of idler spectra resulting from wavelength tuning of the probe from
1.587 pm to 1.650 um with a power of 0.54 mW. The pump wavelength is centered at 1.939 pm
with a peak power of 3.5 W. The idler slides in wavelength from 2.494 pm to 2.351 pum under the
influence of the tuning probe. The measured FWM conversion bandwidth is limited at the lower
limit by the maximum wavelength of the probe and on the upper limit by the spectral range of OSA
of 2.500 um. Figure 5.5(b) shows the conversion efficiency (CE), defined as the output peak idler
power over the input probe power. The output peak idler power is calculated using the average

output power, repetition rate and pulse duration. The theoretical CE is evaluated from solving
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Egs. 5.1-5.3. Those equations are valid for describing the FWM processes under the assumption
of negligible walk-off and GVD effects. With 3.5 ps pump pulses in a 0.5 cm long microwire,
the physical length is much shorter than the walk-off length (2.4 cm at A=2.5 pum) and dispersion
length (1.4 m at A=1.939 um). Error bars take into account cumulative uncertainties on pulse

duration, coupling loss, and OSA background noise.
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Fig. 5.5 (a) Measured output spectra. The legend presents corresponding probe

wavelengths. The inset graph shows the zoomed-in spectra of the output idlers. (b)

Conversion efficiency versus idler wavelength.
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Figure 5.6(a) shows the peak idler power as a function of probe power in the As,Se; microwire
with a fixed peak pump power of 3.5 W and a fixed input probe wavelength of 1.587 um. The
measurement is in good agreement with simulation results. Figure 5.6(b) shows the peak idler
power as a function of peak pump power with fixed input probe wavelength and power of 1.587 pm
and 0.54 mW, respectively. Again, the measurement agrees well with simulation results. The idler
power can be further increased by increasing the pump power since there is no sign of saturation.

Alternatively, the idler power can be further enhanced by employing a longer microwire.
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Fig. 5.6 (a) The output peak idler power as a function of input probe power at a fixed
peak pump power FPy=3.5 W and a fixed input probe wavelength of 1.587 um. (b)
The output peak idler power as a function of peak pump power at a fixed input probe

wavelength and power of 1.587 um and 0.54 mW, respectively.
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5.4 MI experiment

In a second experiment, single pump MIR wavelength conversion via normal dispersion MI in an
As,Se; microwire is investigated. The microwire has a core diameter ¢=1.625 um, a propaga-
tion loss @=0.12 dB/cm, and a length L,=10 cm. This length is chosen to preserve the walk-off
length relative to the microwire length. Figure 5.7 schematizes the experimental setup. The mode-
locked fiber laser emits pulses centered at a wavelength of 1.939 yum with a duration of 800 fs and
repetition rate of 30 MHz. The laser output is launched into a 100 m long single mode fiber to
temporally broaden the pulses to 25.3 ps and increase the walk-off length (10 cm between pump
wavelength of 1.939 um and Stokes wavelength of 2.692 um). The broadened pulses are passed
through subsequent two-stage thulium-doped fiber amplifiers to enhance the output power. The
amplified pulses are launched into the As,Se; microwire and output spectra are recorded using a

Fourier Transform Infrared Spectrometer.

Two-stage

Microtaper

TDFA

Fig. 5.7 Experimental setup. MLFL: mode-locked fiber laser; TDFA: thulium-doped

fiber amplifier; FTIR: Fourier Transform Infrared Spectrometer.

Figure 5.8(a) shows the output spectra of the microwire at various pump powers. The newly
generated Stokes and anti-Stokes emissions are observed, widely and equally separated from the
pump in the frequency domain. As the pump power launched into the microwire is increased, the
anti-Stokes and Stokes bands experience a shift towards shorter and longer wavelengths, respec-
tively. The anti-Stokes signals are generated from 1.468 um to 1.521 um, and the corresponding
Stokes signals are generated from 2.845 pum to 2.668 um. When the peak pump power is set to
95 W, the corresponding Stokes and anti-Stokes bands are centered at 2.845 pum and 1.468 pm, re-
spectively. These two bands are symmetric in the frequency domain with a frequency shift (2/27=
49.3 THz. To our knowledge, this is the largest frequency shift generated by MI in soft glass

materials.
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Fig. 5.8 (a) Measured output spectra of MI of an As,Ses microwire with a core di-
ameter of 1.625 um and a length of 10 cm. (b) Measured and calculated parametric

wavelengths as a function of peak pump power.

Figure 5.8(b) shows the measured and calculated parametric wavelengths as a function of peak
pump power. The experimental results are in good agreement with calculated parametric wave-
lengths from the phase-matching condition described in Eq. 5.7. The wavelength shift can be
further increased by either increasing the pump power or tuning the pump to shorter wavelengths.

The power of parametric bands can be further enhanced by either increasing the pump power or
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employing a longer microwire combined with longer pump pulses to preserve the walk-off length

relative to the microwire length.

5.5 Conclusion

In summary, we have shown all-fiber parametric amplification- and MI-based MIR wavelength
conversions from As,Se; microwires, showing frequency conversion up to 49.3 THz. In the case of
parametric amplification, the idlers are generated from 2.351 pm to 2.500 pum in a 0.5 cm As;Se;
microwire via a pump-probe scheme. In the case of MI, the widely spaced Stokes and anti-Stokes
bands are generated with a frequency shift as large as 49.3 THz. The measured pump power
dependence of parametric wavelengths is demonstrated and in good agreement with calculated
results. The flexibility to generate parametric gain over a wide frequency range via normal disper-
sion parametric amplification and MI demonstrates the excellent potential of ChG microwires to

provide far-detuned MIR wavelength converters and OPOs.



80

Chapter 6
Conclusion

In this thesis, hydrogen-based polymers, including PC and COP, and fluorine-based polymer, CY-
TOP, have been successfully demonstrated as the cladding materials for ChG microwires. Subse-
quently, the applications of those microwires have been presented. Firstly, we compare the optical
transmission characteristics of PMMA-, PC-, COP-cladded As,Se; microwires. For this purpose,
PMMA-, PC-, and COP-cladded As,Se; microtapers with wire length of 10 cm and wire sec-
tion diameter of 1.5 pm are fabricated, and the infrared transmission spectra are measured and
analyzed. The design rules and fabrication technique of each polymer-cladded microwire is pro-
vided. Relative to PMMA-cladded microwires, microwires cladded with PC and COP provide an
increased transmission window. However, due to the strong absorption of C-H bonds, the transmis-
sion of a PC-cladded As,Se; microwire with wire length of 10 cm is limited to an upper bound of
2.1 um. The COP 480R- and COP 1020R-cladded As,Se; microwires with wire length of 10 cm
transmit light up to at least 2.2 pm. The transmission window of these microwires can be further
extended by reducing the wire length. Secondly, we compare the optical transmission characteris-
tic of CYTOP-cladded As,Se; microwire with that of PMMA- and COP-cladded microwires. For
this purpose, CYTOP-, COP-, and PMMA- cladded As,Se; microtapers with identical wire length
of 5 cm and identical confinement factor of 99 % are fabricated, and the transmission spectra from
1.3 wm up to >2.5 um are measured. Compared with COP- and PMMA-cladded microwires, mi-
crowires cladded with CYTOP provide excellent transmission throughout this wavelength range
without any trace of absorption peak. The Raman-assisted cascaded FWM effect has been demon-
strated to show that CYTOP preserves the nonlinear functionalities of As,Se; microwires at wave-

lengths from 1.3 um up to >2.5 um. A SC generation spanning from 1.0 um to >4.3 um has
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been shown in a CYTOP-cladded microwire with a core diameter of 1.55 pm and a wire length of
10 cm. This length was chosen to emphasize the absorption characteristics in the microwire. In
practice, a microwire design of a few millimeters would provide sufficient nonlinearity and disper-
sion for SC generation with a reduced absorption signature from the cladding. Finally, we have
shown all-fiber parametric amplification- and MI-based MIR wavelength conversions from As,Se;
microwires, showing frequency conversion up to 49.3 THz. In the case of parametric amplification
combining a pump at a wavelength of 1.939 pm with a probe that is tunable in the L-band, an idler
is generated and tuned from 2.351 um to 2.500 wm in a 0.5 cm As,Se; microwire via a pump-
probe scheme. The measured conversion efficiency is demonstrated and in good agreement with
simulation results evaluated from solving the coupled amplitude equations. The measured peak
idler power as a function of input probe power and peak pump power is demonstrared and in good
agreement with simulation results. In the case of MI, the widely spaced Stokes and anti-Stokes
bands are generated with a frequency shift as large as 49.3 THz, the largest ever reported in soft
glass materials. The pump power dependence of parametric wavelengths has been experimentally
and theoretically investigated. The measured and calculated results agree well. The flexibility to
generate parametric gain over a wide frequency range via normal dispersion parametric amplifica-
tion and MI demonstrates the excellent potential of ChG microwires to provide far-detuned MIR
wavelength converters and OPOs.

A number of projects based on the microwires developed in this thesis are currently under
investigation or will be further investigated: Firstly, a good next step is to write bragg gratings
compatible with the MIR in ChG microwires. This could be achieved by adjusting the angle be-
tween the interfering beams in the FBG fabrication setup described in [24]. The resulting MIR
compatible Bragg gratings can be used to form a low loss linear cavity. Secondly, a MIR compact
ChG microwire-based distributed Bragg reflector OPO can be realized. The gain medium is a mi-
crowire with a core of As;Se; and a cladding of CYTOP, leading to high nonlinear coefficient and
optimized chromatic dispersion characteristics. The linear cavity will be formed by inscribing two
Bragg gratings with high reflectivity in the CYTOP-cladded As,Ses; microwire, thus minimizing
the cavity losses. As a result, the OPO will have a low threshold power and high slope efficiency.
Thirdly, a MIR ChG microwire-based distributed Bragg reflector Raman laser with small footprint
can be achieved. Resulting from the combination of high photosensitivity and high nonlinear re-
fractive index of ChG glasses, the Raman gain medium and the cavity mirrors can be integrated
in a single microwire by inscribing two Bragg gratings within the microwire. As a result, the

cavity losses will be low, thus reducing the power threshold of the laser and improving the slope
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efficiency.
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