
NATO UNCLASSIFIED 
RELEASABLE TO PFP 

 

NORTH ATLANTIC TREATY 
ORGANIZATION 

 SCIENCE AND TECHNOLOGY 
ORGANIZATION 

 
 

  

AC/323(SET-170)TP/600  www.sto.nato.int 

 

STO TECHNICAL REPORT TR-SET-170 

   
Mid-Infrared Fiber Lasers 

(Lasers à fibre fonctionnant  
dans l’infrarouge moyen) 

Final Report of Task Group 095. 

This document should be announced and supplied only to NATO, 
Government Agencies of NATO Nations and their bona fide contractors, 

and to other recipients approved by the STO National Coordinators. 
 

Ce document ne doit être notifié et distribué qu’à l’OTAN, qu’aux  
instances gouvernementales des pays membres de l’OTAN, ainsi qu’à  

leurs contractants dûment habilités et qu’aux autres demandeurs  
agréés par les Coordonnateurs Nationaux de la STO. 

 
 

Published April 2015 

 

Official  
Information 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

No Public  
Release 

http://www.sto.nato.int/


 

 

 

 

 

 

 

 

 

 

 

 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



NATO UNCLASSIFIED 
RELEASABLE TO PFP 

 

NORTH ATLANTIC TREATY 
ORGANIZATION 

 SCIENCE AND TECHNOLOGY 
ORGANIZATION 

 
 

  

AC/323(SET-170)TP/600  www.sto.nato.int 

 

STO TECHNICAL REPORT TR-SET-170 

   
Mid-Infrared Fiber Lasers 

(Lasers à fibre fonctionnant  
dans l’infrarouge moyen) 

Final Report of Task Group 095. 

This document should be announced and supplied only to NATO, 
Government Agencies of NATO Nations and their bona fide contractors, 

and to other recipients approved by the STO National Coordinators. 
 

Ce document ne doit être notifié et distribué qu’à l’OTAN, qu’aux  
instances gouvernementales des pays membres de l’OTAN, ainsi qu’à  

leurs contractants dûment habilités et qu’aux autres demandeurs  
agréés par les Coordonnateurs Nationaux de la STO. 

 

 

Official  
Information 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

No Public  
Release 

http://www.sto.nato.int/


  

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

The NATO Science and Technology Organization  
 

Science & Technology (S&T) in the NATO context is defined as the selective and rigorous generation and application of 
state-of-the-art, validated knowledge for defence and security purposes. S&T activities embrace scientific research, 
technology development, transition, application and field-testing, experimentation and a range of related scientific 
activities that include systems engineering, operational research and analysis, synthesis, integration and validation of 
knowledge derived through the scientific method. 

In NATO, S&T is addressed using different business models, namely a collaborative business model where NATO 
provides a forum where NATO Nations and partner Nations elect to use their national resources to define, conduct and 
promote cooperative research and information exchange, and secondly an in-house delivery business model where S&T 
activities are conducted in a NATO dedicated executive body, having its own personnel, capabilities and infrastructure.  

The mission of the NATO Science & Technology Organization (STO) is to help position the Nations’ and NATO’s S&T 
investments as a strategic enabler of the knowledge and technology advantage for the defence and security posture of 
NATO Nations and partner Nations, by conducting and promoting S&T activities that augment and leverage the 
capabilities and programmes of the Alliance, of the NATO Nations and the partner Nations, in support of NATO’s 
objectives, and contributing to NATO’s ability to enable and influence security and defence related capability 
development and threat mitigation in NATO Nations and partner Nations, in accordance with NATO policies.   

The total spectrum of this collaborative effort is addressed by six Technical Panels who manage a wide range of 
scientific research activities, a Group specialising in modelling and simulation, plus a Committee dedicated to 
supporting the information management needs of the organization. 

• AVT Applied Vehicle Technology Panel  

• HFM Human Factors and Medicine Panel  

• IST Information Systems Technology Panel  

• NMSG NATO Modelling and Simulation Group  

• SAS System Analysis and Studies Panel  

• SCI Systems Concepts and Integration Panel  

• SET Sensors and Electronics Technology Panel  

These Panels and Group are the power-house of the collaborative model and are made up of national representatives as 
well as recognised world-class scientists, engineers and information specialists. In addition to providing critical 
technical oversight, they also provide a communication link to military users and other NATO bodies. 

The scientific and technological work is carried out by Technical Teams, created under one or more of these eight 
bodies, for specific research activities which have a defined duration. These research activities can take a variety of 
forms, including Task Groups, Workshops, Symposia, Specialists’ Meetings, Lecture Series and Technical Courses. 

The content of this publication has been reproduced directly from material supplied by STO or the authors. 

Published April 2015 

Copyright © STO/NATO 2015 
All Rights Reserved 

 
Single copies of this publication or of a part of it may be made for individual use only by those organisations or 
individuals in NATO Nations defined by the limitation notice printed on the front cover. The approval of the STO 
Information Management Systems Branch is required for more than one copy to be made or an extract included in 
another publication. Requests to do so should be sent to the address on the back cover. 

ii STO-TR-SET-170 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



 

 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

Table of Contents 

 Page 

List of Figures vi 

List of Tables x 

List of Acronyms xi 

Preface xiii 

SET-170 Membership List xiv 

Executive Summary and Synthèse ES-1 

Chapter 1 – Introduction 1-1 
1.1 Background 1-1 
1.2 Objectives 1-2 
1.3 Goals 1-3 
1.4 RTG Membership 1-3 

Chapter 2 – Rare-Earth-Doped Fibers: Background 2-1 
2.1 Introduction 2-1 
2.2 Fiber Lasers Operating at 1 µm 2-1 
2.3 Fiber Lasers Operating Beyond 1 µm 2-1 

2.3.1 Pros and Cons 2-1 
2.3.2 Laser Transitions of the Rare-Earth Cations 2-2 
2.3.3 Host Materials 2-3 

2.3.3.1 Silicates 2-4 
2.3.3.2 Fluorides 2-4 
2.3.3.3 Alternatives 2-5 

2.3.4 State-of-the-Art CW Fiber Lasers 2-5 
2.3.5 Pulsed Fiber Lasers 2-8 

2.4 References 2-8 

Chapter 3 – Rare-Earth-Doped Fibers: Experiment and Model 3-1 
3.1 Introduction 3-1 
3.2 Spectroscopy 3-1 

3.2.1 Dy:fluoroindate Glass 3-1 
3.2.2 Ho:fluoroindate Glass and Ho:BYF 3-4 

3.3 Ho:glass Modelling 3-9 
3.3.1 Model Description 3-9 
3.3.2 Validation of Model 3-11 
3.3.3 Model Predictions 3-12 

STO-TR-SET-170 iii 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

3.3.4 Conclusions 3-15 
3.4 Ho:glass Lasing 3-15 
3.5 References 3-21 

Chapter 4 – Non-Linear Fibers 4-1 
4.1 Background and Previous Work 4-1 
4.2 Experimental Results 4-3 

4.2.1 Supercontinuum Generation in ZBLAN Fibers 4-3 
4.2.1.1 Three-Octave Spanning Supercontinuum Generated in a Fluoride  4-3 

Fiber Pumped by Er and Er:Yb-Doped and Tm-Doped Fiber  
Amplifiers 

4.2.1.2 Mid-IR Supercontinuum Generation in a ZBLAN Fiber Pumped 4-10 
by a Gain-Switched Tm-Doped Fiber Laser and Amplifier  
System 

4.2.1.3 Actively Q-Switched and Mode-Locked Tm3+-Doped Silicate  4-17 
2 μm Fiber Laser for Supercontinuum Generation in Fluoride  
Fiber 

4.2.2 Supercontinuum Generation in Chalcogenide Fibers 4-22 
4.2.2.1 Experimental Set-Up 4-23 
4.2.2.2 Results 4-24 
4.2.2.3 Discussion 4-25 

4.2.3 Supercontinuum Generation in Fluoroindate Fibers 4-27 
4.2.3.1 Supercontinuum Generation in Fluoroindate Fiber with  4-27 

Ultrashort Laser Pulses 
4.2.3.2 High Average Power Supercontinuum Generation in an  4-31 

Indium Fluoride Fiber 
4.3 Conclusions 4-36 
4.4 References 4-37 

Chapter 5 – Fiber-Pumped Frequency Conversion Devices 5-1 
5.1 Background and Previous Work 5-1 
5.2 Experimental Results 5-2 

5.2.1 PPLN-Based Systems 5-2 
5.2.1.1 Singly Resonant PPLN OPO Pumped by an Adjustable  5-2 

PRF 100 kHz, Linearly Polarized, 1545 nm Wavelength  
Pulsed Fiber Source 

5.2.1.2 Tunable Mid-Infrared Generation by Fiber-Pumped DFM  5-3 
in PPLN 

5.2.2 ZnGeP2-Based Systems 5-7 
5.2.3 OPGaAs 5-12 

5.2.3.1 OPGaAs OPO Directly Pumped by a 2.09 μm Q-Switched  5-12 
Tm,Ho:silica Fiber Laser 

5.2.3.2 Mid-IR Conversion Efficiency from an OPGaAs Pumped  5-13 
by a 1.5 µm Erbium:Fiber Laser 

5.3 Conclusion and Outlook 5-17 
5.4 References 5-17 

iv STO-TR-SET-170 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



 

 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

Chapter 6 – Summary and Recommendations for Future Work 6-1 

Annex A – Parameters Used in Ho3+ Lasing Models A-1 
A.1 Ho:ZBLAN Model Parameters Used in Validation Case 1  A-1 
A.2 Ho:ZBLAN Model Parameters Used in Validation Case 2  A-2 
A.3 Estimated Ho:fluoroindate Model Parameter Values  A-3 

Annex B – List of Publications Resulting from Task Group Activity  B-1 
B.1 Journal Papers  B-1 
B.2 Presentations and Proceedings  B-1 

STO-TR-SET-170 v 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



  

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

List of Figures 

Figure Page 

Figure 2-1 Laser Transitions of Rare-Earth Cations for Emission Wavelengths  2-2 
 Longer than 1.5 μm  
Figure 2-2 Fluorescence Spectra of the Rare-Earth Cation Laser Transitions  2-3 
 Used in Fiber Lasers Emitting at Wavelengths Greater Than 1.5 µm  
Figure 2-3 Output Power at Different Laser Wavelengths Using Rare-Earth-Doped  2-6 
 Silica and ZBLAN Fibers, Respectively  

Figure 3-1 Energy-Level Diagram of Dy:fluoroindate Glass; Dy:fluoroindate  3-2 
 Absorption Spectra Measured Between 1 µm and 2 µm; and Between  
 1.5 µm and 6 µm for IR Photonics (IRP_Dy) and Le Verre Fluoré  
 (LVF_Dy) Samples  
Figure 3-2 Fluorescence in Dy:fluoroindate Glass Samples 3-3 
Figure 3-3 Set-Up for Measuring Fluorescence Lifetime of Various Electronic  3-3 
 Transitions in Dy:fluoroindate Glass Samples  
Figure 3-4 Fluorescence Decay for Dy:fluoroindate Pumped by 12-ns Nd:YAG Laser 3-4 
Figure 3-5 Absorption in 10% Ho:fluoroindate Glass Sample 3-5 
Figure 3-6 Experimental Set-Up for Measuring Emission 3-6 
Figure 3-7 Fluorescence in 10% Ho:fluoroindate Glass from 1000 – 2500 nm and 3-6 
 2500 – 4500 nm  
Figure 3-8 Fluorescence in 30% Ho:BYF from 1000 – 2500 nm and 2500 – 4500 nm 3-7 
Figure 3-9 Fluorescence Lifetime in Ho:fluoroindate as a Function of Pump Pinhole Size 3-8 
 for the 5I7 and 5I6 Levels  
Figure 3-10 Fluorescence Lifetime in Ho:BYF as a Function of Pump Pinhole Size for the 3-8 
 5I7 and 5I6 Levels  
Figure 3-11 Simplified Energy-level Diagram with the Transitions Included in the  3-10 
 Model  
Figure 3-12 Model Fit to 2.94 µm Ho:ZBLAN Fiber Laser 3-11 
Figure 3-13 Model Fit to Cascade Lasing in Ho:ZBLAN 3-12 
Figure 3-14 Model Predictions of Two Cases of Cascade Lasing a Double Clad  3-14 
 Fiber, Pumped by Two 10 W Pumps, With and Without Co-Doping  
 for Varying Doping Concentrations  
Figure 3-15 Output Power at 3.9 µm from a Fiber with 10 mol % Ho3+, for Varying  3-15 
 Lifetime of the 5I5 Level  
Figure 3-16 Transmission of Uncoated Ho3+:fluoroindate Glass as Function of  3-16 
 Wavelength  
Figure 3-17 Cr3+:LiSAF Laser Layout 3-16 
Figure 3-18 Cr3+:LiSAF Laser Output Energy as Function of Electrical Flashlamp  3-17 
 Energy (80 µs Pulse Duration)  
Figure 3-19 Mid-Infrared Laser Set-Up 3-17 

vi STO-TR-SET-170 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



  

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

Figure 3-20 Ho3+:BYF Output Energy as Function of Cr3+:LiSAF Energy for Three 3-18 
 Different Repartitions of Pump Intensity Between the Two Arms: 57%  
 in the First Arm and 43% in the Second; 85% in the First Arm and 15%  
 in the Second; and 100% in the First Arm   
Figure 3-21 Temporal Profile of Cr3+:LiSAF Laser Pulse and Ho3+:BYF Laser Pulse  3-19 
 at Maximum Output Energy  
Figure 3-22 Ho3+:fluoroindate Glass 3-19 
Figure 3-23 Ho3+:fluoroindate Output Energy as Function of Cr3+:LiSAF Energy for  3-20 
 Two Different Repartitions of the Pump Energy Between the Two Arms: 
 85% in the First Arm and 15% in the Second and 100% in the First Arm   
Figure 3-24 Temporal Profile of the Cr3+:LiSAF Laser Pulse and the Ho3+:fluoroindate  3-20 
 Laser Pulse at Maximum Output Energy  

Figure 4-1 Set-Up of SC Source Pumped by a 1.55 µm MOPA 4-4 
Figure 4-2 Attenuation of the ZBLAN Fiber 4-4 
Figure 4-3 Set-Up of SC Source Pumped by Tm-Fiber Amplifiers 4-5 
Figure 4-4 Average SC Output Power as a Function of Incident Pump Power  4-6 
 (η – Slope Efficiency)  
Figure 4-5 Evolution of Output SC Spectrum with Pump Power 4-7 
Figure 4-6 Average SC Output Power vs. Launched Pump Power (η – Slope Efficiency) 4-8 
Figure 4-7 SC Spectrum After Propagation Through ZBLAN Fiber, for Selected  4-9 
 Values of Output Power  
Figure 4-8 Block Diagram of Fiber Mid-IR SC Source 4-11 
Figure 4-9 An Example of Oscilloscope Picture of Recorded Gain-Switched  4-12 
 Mode-Locked-Like Output Laser Pulse  
Figure 4-10 Average Output Power at 2 µm Wavelength for 26 kHz and 40 kHz vs.  4-13 
 Launched TDFA Pump Power  
Figure 4-11 Pulse Energy and Peak Power for Selected MLR Sub-Pulses in a  4-14 
 Gain-Switched Pulse Envelope   
Figure 4-12 Average SC Output Power for 26 kHz and 40 kHz vs. Launched  4-15 
 Pump Power  
Figure 4-13 SC Spectrum After Propagation Through the ZBLAN Fiber for the  4-15 
 Maximum Output Power and the PRF of 26 kHz  
Figure 4-14 SC Emission Spectrum Generated in the ZBLAN Fiber 4-16 
Figure 4-15 Set-Up of the Q-Switched, Mode-Locked Tm3+:silica Fiber Laser 4-18 
Figure 4-16 Relative Average Power and FWHM Pulse Width of the Major Sub-Pulse  4-19 
 in the Q-Switch Envelope for Different Mode-Locking Frequencies  
Figure 4-17 Pulse Energy and Peak Power for Succeeding Pulses in One Q-Switch 4-20  
 Envelope   
Figure 4-18 SC Output Spectra Resulting from Different Incident Powers from the  4-21 
 Q-ML Pump  
Figure 4-19 Power Shifted Beyond 2340 nm for Different Average Pump Powers 4-22  
Figure 4-20 Schematic of All Fiber Laser System 4-24 
Figure 4-21 Supercontinuum Spectrum and Estimated Loss Curve for Chalcogenide  4-24 
 Fiber   

STO-TR-SET-170 vii 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



  

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

Figure 4-22 Spectral Evolution of Supercontinuum Source as a Function of  4-25 
 Measured Output Power  
Figure 4-23 Attenuation Spectrum of the Fluoroindate-Based Fiber and ZBLAN  4-28 
 Fiber  
Figure 4-24 Spectral Evolution of Supercontinuum as a Function of Measured  4-29 
 Energy per Pulse Injected in Fluoroindate-Fiber; Supercontinuum  
 Generation in ZBLAN Fiber  
Figure 4-25 Set-Up for SC Generation 4-32 
Figure 4-26 The Pump MOPA System Output Power 4-33 
Figure 4-27 Attenuation Curve of the Fluoroindate Fiber 4-34 
Figure 4-28 SC Average Output Power vs. Launched Pump Power, Measured for  4-34 
 1 ns Pulses and 0.42 MHz Repetition Rate  
Figure 4-29 SC Spectrum after Propagation Through the Fluoroindate Fiber for the  4-35 
 Maximum Output Power  

Figure 5-1 Layout of Mid-IR Source: Singly Resonant PPLN OPO Pumped by an  5-2 
 Adjustable PRF 100 kHz, Linearly Polarized, 1545 nm Wavelength  
 Pulsed Fiber Source  
Figure 5-2 Schematic of the Programmable Erbium-Doped Fiber Laser, Including:  5-3 
 Electro-Optic Modulator (EOM), Output Coupler (OC), Chirped Fiber  
 Bragg Grating (CFBG), Wavelength Division Multiplexer (WDM);  
 Samples of Laser Output Spectrum; Repetition Rate as a Function of 
 Amplified Wavelength  
Figure 5-3 Set-Up for Generation and Characterization of the Tunable Mid-IR Laser 5-4  
Figure 5-4 Measured DFG Phase-Matching in the PPLN Crystal as a Function of  5-5 
 the Temperature and DFG Phase-Matching Window of the PPLN  
 (25 mm long) at Temperature of 20°C  
Figure 5-5 Normalized Mid-IR Spectrum Measured for Different PL Wavelengths,  5-5 
 and PPLN Crystals with Periods of 29.7 µm and 29.5 µm; Mid-IR  
 Spectrum Centred at 3.6 µm as a Function of PL Power  
Figure 5-6 Mid-IR Power as a Function of MOPA Power 5-6 
Figure 5-7 Schematic of the Tm-Fiber Amplifier Chain and ZGP Mid-IR OPO 5-7 
Figure 5-8 Tm-Doped Fiber Amplifier (TDFA) Average Output Power vs. Pump  5-7 
 Power and ZGP OPO Output vs. 2 µm Pump Power  
Figure 5-9 Schematic of Electro-Optically Q-Switched Master Laser 5-8 
Figure 5-10 The Output of the Master Laser is Propagated Through an Isolator and  5-9 
 Coupled into the Core of the Amplifier  
Figure 5-11 Output Performance of the Amplifier as a Function of Pump Power 5-9 
Figure 5-12 Zinc Germanium Phosphide Parametric Oscillator Pumped by Output  5-9 
 of the Fiber Amplifier  
Figure 5-13 Schematic of Tm-Doped MOPA Pumping Dual-Crystal ZGP OPO 5-10 
Figure 5-14 Output Power vs. Input Power and Conversion Efficiency of the OPO  5-10 
 when Operating at 50 kHz and 75 kHz  
Figure 5-15 MOPA System Where a 10/130 SMF Fiber Oscillator Seeds a Flexible  5-11 
 Tm:PCF Amplifier Through a Pulse Slicer  

viii STO-TR-SET-170 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



  

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

Figure 5-16 OPO Output for Several Repetition Rates, at ~ 6.8 ns Pulse Duration 5-11  
Figure 5-17 Experimental Set-Up for the OPGaAs OPO Pumped by a  5-12 
 Tm,Ho-Doped Fiber  
Figure 5-18 Output Average Power Performance of the Fiber Laser Pumped  5-13 
 Plane-Plane OPGaAs OPO at 40, 62 and 75 kHz Repetition Rates  
Figure 5-19 Schematic Diagram of the OPGaAs Optical Parametric Oscillator  5-14 
 Used for the Simulations  
Figure 5-20 Ratio of the Parametric Energy Over the Pump Energy as a Function  5-15 
 of the Pump Energy for Different Values of the GaAs Two-Photon  
 Absorption (Beta)  
Figure 5-21 Temporal Evolution of the Pump, Signal and Idler Laser Pulses for a  5-16 
 Two-Photon Absorption Parameter of β1563nm = 0 cm/GW, and  
 β1563nm = 10 cm/GW  
Figure 5-22 Cross-Section of Recent Thick GaAs Growth 5-17 

STO-TR-SET-170 ix 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



  

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

List of Tables 

Table Page 

Table 2-1 Characteristics of Infrared Fiber Lasers with Emission Wavelengths  2-6 
 ≥ 1.5 μm  

Table 3-1 Fluorescence Lifetime Data for Ho-Doped Samples at Room Temperature  3-7 
 and 25 K  

Table 4-1 Parameters of Supercontinuum Fiber-Based Laser Sources Prior to  4-2 
 NATO-SET-170  
Table 4-2 Parameters of Supercontinuum Fiber-Based Laser Sources Developed  4-2 
 by Various Groups During the Mandate of the NATO-SET-170  
Table 4-3 SC Power Distribution in Different Spectral Bands 4-6 
Table 4-4 SC Power Distribution in Different Spectral Bands 4-9 
Table 4-5 Parameters of Fluoride Fibers 4-28 

Table 5-1 Simulated Optimum Reflectivity of the Output Coupler and Corresponding  5-15 
 Conversion Efficiency for Different Pump Pulse Energy  

x STO-TR-SET-170 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



  

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

List of Acronyms 

AFB Air Force Base 
AFRL Air Force Research Laboratory 
ALLS Advanced Laser Light Source 
AOM Acousto-Optic Modulator 
AR Anti-Reflection 
ASE Amplified Spontaneous Emission 
 
BYF Barium Yttrium Fluoride 
 
CFBG Chirped Fiber Bragg Grating 
COTS Commercial-Off-The-Shelf 
CW Continuous Wave 
 
DEU Germany 
DFB Distributed Feedback 
DFG Difference Frequency Generation 
DIRCM Directed Infrared Countermeasures 
DRDC Defence Research and Development Canada 
Dstl Defence Science and Technology Laboratory 
 
EDFA Erbium-Doped Fiber Amplifier 
EOM Electro-Optic Modulator 
ESA Excited State Absorption 
ET Exploratory Team 
ETU Energy Transfer Up-conversion 
EYDFA Erbium-Ytterbium-Doped Fiber Amplifier 
 
FBG Fiber Bragg Grating 
FFI Forsvarets Forskningsinstitutt (Norwegian Defence Research Establishment)  
FTIR Fourier Transform Infrared Spectrometer 
FWHM Full-Width Half Maximum 
 
GaAs Gallium Arsenide 
GaP Gallium Phosphide  
GSML Gain-Switched Mode-Locked 
GVD Group Velocity Dispersion 
 
HIP Hyperspectral Image Projector 
HNLF Highly Non-Linear Fiber 
HR High Reflector 
HVPE Hydride Vapor Phase Epitaxy 
 
INO Institut National d’Optique  
IR Infrared 
IRCM Infrared Countermeasures 
IRP IR Photonics 
ISL French-German Research Institute Saint-Louis 
 
LMA Large-Mode-Area 
LVF Le Verre Fluoré 
LWPF Long Wave Pass Filter 

STO-TR-SET-170 xi 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



  

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

MI Modulation Instability 
MIR Mid-Infrared 
ML Mode-Locking 
MLR Mode-Locking Resembling 
MOPA Master Oscillator Power Amplifier 
MOPAW  Master Oscillator with Programmable Amplitude Wavefront 
MUT Military University of Technology 
 
NA Numerical Aperture 
NIR Near Infrared 
NRL Naval Research Laboratory 
 
OC Output Coupler 
OPA Optical Parametric Amplifier 
OPGaAs Orientation-Patterned Gallium Arsenide 
OPGaP Orientation-Patterned Gallium Phosphide 
OPO Optical Parametric Oscillator 
OSA Optical Spectrum Analyzer 
 
PCF Photon Crystal Laser 
PL Programmable Laser 
PM Polarization Maintaining  
PPLN Periodically-Poled Lithium Niobate  
PRF Pulse Repetition Frequency 
 
QCL Quantum Cascade Laser 
QML Q-switched Mode-Locked 
QPM Quasi-Phasematching 
 
RTG Research Task Group 
 
SC Supercontinuum 
SET Sensors and Electronic Technology 
SIF Step Index Fiber 
SMF Single-Mode Fiber 
SPL Synchronised Programmable Laser 
SPM Self-Phase Modulation 
SSFS Soliton Self-Frequency Shift 
 
TDF  Thulium-Doped Fiber 
TDFA  Thulium-Doped Fiber Amplifier 
TDFL Thulium-Doped Fiber Laser 
TPA Two-Photon Absorption 
 
USA United States of America 
UV Ultraviolet 
 
VBG Volume Braggs Grating 
 
WDM Wavelength Division Multiplexing 
 
XPM Cross-Phase Modulation 
 
YAG Yttrium Aluminum Garnet 
 
ZBLAN Family of glasses containing ZrF4-BaF2-LaF3-AlF3-NaF 
ZDW Zero-Dispersion Wavelength 
ZGP Zinc Germanium Phosphide 

xii STO-TR-SET-170 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



  

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

Preface 

This information is furnished on the condition that it will not be released to another Nation without specific 
authority of the Department of the Air Force of the United States, that it will be used for military purposes only, 
that individual or corporate rights originating in the information, whether patented or not, will be respected,  
that the recipient will report promptly to the United States any known or suspected compromise, and that  
the information will be provided substantially the same degree of security afforded it by the department of 
Defense of the United States. Also, regardless of any other markings on the document, it will not be downgraded 
or declassified without written approval from the originating US agency. 
 

 STO-TR-SET-170 xiii  

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

SET-170 Membership List 

Dr. Ishwar D. AGGARWAL 
US Navy 
Naval Research Laboratory Code 5620  
4555 Overlook Avenue SW  
Washington, DC 20375-5338 
UNITED STATES 
Email: aggarwal@nrl.navy.mil 
 
Marc EICHHORN, Dr. rer. nat. habil., Dipl.-Phys. 
Division III, French-German Research Institute  
  of Saint-Louis (ISL) 
5 rue du Général Cassagnou 
68300 Saint-Louis Cedex  
FRANCE  
Email: Marc.Eichhorn@isl.eu 
 
Henning HEISELBERG, Ph.D 
Senior Scientist 
Joint Research and Test Centre 
DALO  
Lautrupbjerg 1-5 
DK-2750 Ballerup 
DENMARK 
Email: heiselberg@mil.dk 
 
Dr. Christelle KIELECK 
Directed Photonics and Applications 
Division III, French-German Research Institute  
  of Saint-Louis (ISL) 
5 rue du Général Cassagnou 
68300 Saint-Louis Cedex 
FRANCE 
Email: Christelle.Kieleck@isl.eu 
 
Dr. Espen LIPPERT 
FFI (Norwegian Defence Research Establishment) 
P.O Box 25 
NO-2027 Kjeller  
NORWAY 
Email: Espen.Lippert@ffi.no 
 
Rita D. PETERSON, Ph.D (Chair) 
Air Force Research Laboratory 
AFRL/RYJW Bldg 620 
2241 Avionics Circle 
Wright-Patterson AFB, OH 45433 
UNITED STATES 
Email: rita.peterson@wpafb.af.mil 

Jas SANGHERA, Ph.D 
Naval Research Laboratory Code 5620 
Optical Materials and Devices Branch  
4555 Overlook Avenue SW 
Washington, DC 20375-5338  
UNITED STATES 
Email: sanghera@nrl.navy.mil 
 
Jacek SWIDERSKI; Lt. Col., Ph.D 
Institute of Optoelectronics 
Military University of Technology 
2 Kaliskiego Street 
00-908 Warsaw 
POLAND 
Email: jswiderski@wat.edu.pl 
 
Francis THÉBERGE, Ph.D 
Defence Scientist  
Section Electro-Optic Warfare Section  
DRDC Valcartier 
2459 route de la Bravoure  
Québec (Québec) G3J 1X5  
CANADA 
Email: francis.theberge@drdc-rddc.gc.ca 
 
Professor David H. TITTERTON 
SCD, Dstl 
i-SAT:A, Bldg. 5, Room 201 
Porton Down, Salisbury 
Wiltshire SP4 0JQ  
UNITED KINGDOM 
Email: DHTITTERTON@mail.dstl.gov.uk 
 
Dr. Denis VINCENT 
Defence Scientist  
Section Electro-Optic Warfare Section  
DRDC Valcartier 
2459 route de la Bravoure  
Québec (Québec) G3J 1X5  
CANADA  
Email: Denis.Vincent@drdc-rddc.gc.ca

 

xiv STO-TR-SET-170 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

mailto:aggarwal@nrl.navy.mil
mailto:Marc.Eichhorn@isl.eu
mailto:heiselberg@mil.dk
mailto:Christelle.Kieleck@isl.eu
mailto:Espen.Lippert@ffi.no
mailto:rita.peterson@wpafb.af.mil
mailto:sanghera@nrl.navy.mil
mailto:jswiderski@wat.edu.pl
mailto:francis.theberge@drdc-rddc.gc.ca
mailto:DHTITTERTON@mail.dstl.gov.uk
mailto:Denis.Vincent@drdc-rddc.gc.ca


  

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

Contributing Authors 

AUTHOR NATION 

Stuart D. JACKSON  AUS 

Brian BURGOYNE  CAN 

Marc CHÂTEAUNEUF  CAN 

Jean-François DAIGLE  CAN 

Jacques DUBOIS  CAN 

Jean FORTIN  CAN 

François LÉGARÉ  CAN 

Pierre MATHIEU  CAN 

Joseph SALHANY  CAN 

Bruno E. SCHMIDT  CAN 

Yasaman SOUDAGAR  CAN 

Nicolas THIRÉ  CAN 

Alain VILLENEUVE  CAN 

Antoine BERROU  FRA 

Michael ECKERLE  FRA 

Gwenael MAZÉ  FRA 

Maria MICHALSKA  POL 

Rafael R. GATTASS  USA 

Shrikrishna M. HEGDE  USA 

Vinh Q. NGUYEN  USA 

Paul C. PUREZA  USA 

L. Brandon SHAW  USA 
 
 

STO-TR-SET-170 xv 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



  

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

 

 
 
 

xvi STO-TR-SET-170 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

Mid-Infrared Fiber Lasers 
(STO-TR-SET-170) 

Executive Summary 
Mid-infrared laser technology is critical for active sources to defeat a growing spectrum of heat-seeking 
missiles, as well as for remote sensing of targets and threats. Fiber lasers have distinct advantages over 
conventional bulk solid-state lasers in thermal management, resisting misalignment, and tolerating 
challenging environmental conditions. Their geometry supports distributed system architectures. Despite 
recent advances, few fiber lasers operate beyond 3 µm, and passive IR fiber and fiber-based components 
remain rare, lossy and fragile. Extending fiber technology into the mid-IR would provide laser sources that 
are efficient, robust, compact, high in power, and well-suited to critical military applications like infrared 
countermeasures. 

The SET-170 Programme of Work focused on three tasks: 

1) Direct lasing in rare-earth-doped fibers;  

2) Supercontinuum generation for broadband output; and  

3) Fiber pump sources for bulk mid-IR frequency conversion devices.  

To keep the scope manageable, sources with wavelengths shorter than 3 µm and fiber-based components 
were not considered, in spite of their critical role in eventual systems. 

Task 1 identified trivalent holmium at 3.9 µm as the active ion most likely to result in a successful laser,  
and fluoroindate fiber as the host material due to its transparency to 5.5 µm, and its ability to incorporate the 
dopant ions. Spectroscopic analysis and modelling were used to evaluate the possibility of developing a 
viable Ho:fiber laser, and to identify suitable fiber specifications. Funding constraints prevented fabrication 
of an actual fiber, but lasing was demonstrated in a sample of the Ho-doped glass; an encouraging first result.  

Task 2 focused on increasing the output power, bandwidth, and mid-IR efficiency of supercontinuum 
sources. Key results include power scaling demonstrations in fluoride and chalcogenide fibers; demonstration 
of the most efficient power distribution at wavelengths longer than 3 µm; and a comparison of different 
fiber-based pumping techniques. The most significant factors limiting the long-wavelength edge of the 
supercontinuum spectrum were found to be fiber non-linearities, bend-induced loss and bulk absorption.  

Task 3 considered pumping strategies for ZGP, PPLN, and OPGaAs, representing the current spectrum of 
non-linear materials. A particularly intriguing result was modelling suggesting the viability of pumping an 
OPGaAs OPO at wavelengths as short as 1550 nm despite the material’s two-photon absorption in this 
region. Unfortunately this result could not be investigated experimentally because the right OPGaAs material 
was not available, leaving this among our recommendations for future work.  

SET-170’s programme of work was ambitious, guided by the goal of maximizing our contribution to the 
field with the resources available. To that end, we were successful in that each task produced results that 
were noteworthy, and more importantly, useful in the further study of mid-IR fiber lasers. Task Group 
activity resulted directly in 10 journal publications, plus two planned; and several conference presentations 
and proceedings. A new Exploratory Team (ET-086) has been approved to continue investigation of mid-IR 
fiber-based sources, building on the work of this Task Group. 
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Lasers à fibre fonctionnant dans  
l’infrarouge moyen 

(STO-TR-SET-170) 

Synthèse 
La technologie des lasers à infrarouge moyen est cruciale si l’on veut que les sources actives mettent en 
échec un spectre de plus en plus large de missiles à autodirecteur thermique et détectent à distance les 
objectifs et les menaces. Les lasers à fibre présentent de nets avantages par rapport aux lasers classiques à 
semi-conducteurs massifs en matière de gestion thermique, résistance au défaut d’alignement et tolérance 
aux conditions environnementales hostiles. Leur géométrie accepte les architectures de système distribuées. 
En dépit des progrès récents, peu de lasers à fibre ont une portée supérieure à 3 µm ; la fibre optique passive 
et les composants à base de fibre restent rares, fragiles et entraînent des pertes de données. L’élargissement 
de la technologie de fibre au moyen infrarouge produirait des sources laser efficaces, robustes, compactes, 
très puissantes et bien adaptées aux applications militaires essentielles telles que les contre-mesures 
infrarouges. 

Le programme de travail du SET-170 s’est orienté selon trois directions :  

1) Effet laser direct dans les fibres dopées aux terres rares ;  

2) Production d’un supercontinuum pour sortie à large bande ; et  

3) Sources de pompage pour fibre destinées aux appareils massifs de conversion de fréquence dans le 
moyen infrarouge.  

Afin que l’objectif reste réalisable, les sources à longueur d’onde inférieure à 3 µm et les composants à base 
de fibre n’ont pas été étudiés, malgré leur rôle crucial dans les systèmes éventuels. 

La tâche numéro 1 a déterminé que l’ion holmium trivalent à 3,9 µm était le plus susceptible de donner un 
laser réussi et a désigné la fibre de fluoroindate en tant que matériau hôte en raison de sa transparence 
jusqu’à 5,5 µm et de sa capacité à incorporer les ions dopants. L’analyse spectroscopique et la modélisation 
ont servi à évaluer la possibilité de développer un laser à fibre Ho et à identifier les caractéristiques 
techniques adéquates de la fibre. Les contraintes de financement ont empêché la fabrication d’une fibre 
réelle, mais l’effet laser a été démontré dans un échantillon de verre dopé à l’holmium, ce qui est un premier 
résultat encourageant.  

La tâche numéro 2 s’est concentrée sur l’accroissement de la puissance de sortie, de la bande passante et de 
l’efficacité dans l’infrarouge moyen des sources supercontinuum. Les résultats clés sont notamment des 
démonstrations d’augmentation de la puissance avec des fibres en fluorure et en chalcogénure,  
la démonstration de la répartition de puissance la plus efficace à des longueurs d’onde supérieures à 3 µm et 
la comparaison de différentes techniques de pompage à base de fibre. Les facteurs les plus importants 
limitant l’élévation de la longueur d’onde en bordure du spectre du supercontinuum se sont révélés être les 
non-linéarités de fibre, la perte induite par les coudes et l’absorption par la masse.  

La tâche numéro 3 a étudié les stratégies de pompage pour les substrats en ZGP, PPLN et OP-GaAs,  
qui représentent le spectre actuel des matériaux non linéaires. Un résultat particulièrement intrigant a été 
obtenu : la modélisation a suggéré la viabilité du pompage d’un OPO en OP-GaAs à de courtes longueurs 
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d’onde (1550 nm) malgré l’absorption à deux photons du matériau dans cette région. Malheureusement,  
ce résultat n’a pas pu être étudié de manière expérimentale, parce que le matériau en OP-GaAs n’était pas 
disponible, ce qui nous amène à placer ce sujet dans nos recommandations de travaux futurs.  

Le programme de travail du SET-170 était ambitieux, guidé par l’objectif d’optimisation de notre contribution 
dans le domaine à l’aide des ressources disponibles. Nous avons atteint cet objectif, dans la mesure où 
chaque tâche a produit des résultats notables et, plus important, utiles à l’étude ultérieure des lasers à fibre 
dans le moyen infrarouge. L’activité du groupe de travail a directement abouti à 10 publications, deux autres 
étant en prévision, et à plusieurs présentations et débats en conférence. Une nouvelle équipe exploratoire 
(ET-086) a été approuvée et continue d’examiner les sources à base de fibre dans le moyen infrarouge,  
en s’appuyant sur les travaux du présent groupe de travail. 
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Chapter 1 – INTRODUCTION 

1.1 BACKGROUND 

A laser is only a relatively sophisticated light source with many special optical properties, such as high 
directionality and coherence within the beam, which have been applied over the last five decades to a vast 
range of military as well as civilian applications. As the laser technology continues to develop, so the number 
of military applications increases. Hence, the “laser” can no longer be considered to be a technical solution 
looking for a problem. 

In the decades since 1960, the developments in general with laser technology have revolutionised  
the performance of many military systems, providing the operators and war fighters with significant 
enhancements in performance particularly in remote sensing, countermeasure techniques (hard- and soft-kill 
options), guidance and navigation systems, as well as a valuable training aid. Consequently, there have been 
many military projects aimed at exploiting one or more of these special optical properties of the laser, or its 
fundamental characteristics, since the first reported practical demonstration of laser action in May 1960 by 
Theodore Maiman.  

The first reported application of laser technology concerned sensing and targeting, and in particular, the use 
of a pulsed source to measure the distance to distant or remote objects. This provided unprecedented 
measurements of accuracy to a target from the remote “spotter’s position”. More recent examples of the use 
of the laser in the sensing function have included gated-imaging and laser-radar applications. There are a 
number of projects that exploit the high radiant-intensity characteristics of the laser beam for directed-energy 
applications, particularly for countermeasure systems used for platform protection or anti-air applications. 

One of the most significant developments in laser technology over the last decade has been with the fiber 
laser. The initial catalyst for its development was the so-called telecommunications boom, but as often 
happens, the techniques developed for that application were relevant to other applications; moreover,  
the fiber-laser concept has proved to be extremely versatile. 

A fiber laser is a solid-state rod laser with a long and very thin gain medium surrounded by an undoped host, 
such as “glass”, which has many advantages for the efficient extraction of waste heat, which can be one of 
the limiting features of solid-state lasers, leading to very undesirable beam characteristics. The inefficiencies 
in the generation of photons leading to heat generation within the laser gain medium are usually the 
fundamental cause of aberrations in the emitted beam intensity profile produced by a conventional solid-state 
laser.  

The operation of a fiber laser can be considered to be a brightness converter, owing to the very high optical-
to-optical conversion efficiency, as well as a wavelength changer. The device takes the highly divergent laser 
light from the pump diodes and usually emits light at a slightly different wavelength in a much brighter 
beam, i.e. a beam with more optical power and very small divergence. Beam brightness is a fundamental 
requirement of all directed-energy applications; additionally, beam brightness is important for many sensing 
applications. Moreover, fiber-laser technology can be configured to control the mode and polarisation of the 
emission from each fiber laser device. Mode control is normally a fundamental requirement for higher-power 
devices intending to combine the emission from several lasers in order to create a higher power output. 
However, not all directed-energy applications require high-power emission, but normally stable and high 
beam-quality characteristics are necessary. 

The basic design of a conventional fiber laser is a doped core surrounded by a so-called cladding region of 
similar material to the core but not doped and with a slightly reduced refractive index compared with the 
core. This optical arrangement, with the differing refractive indices, provides the confinement of the light 
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along the length of the optical fiber core. This core region is often a few microns in diameter and the 
cladding several orders of magnitude greater, although so-called large-mode area devices have been 
demonstrated for high-power applications; these fibers have a core diameter of the order of 10 – 50 µm. 

Until recently, the main thrust with fiber-laser technology has been with devices that emit in the near and 
short-wave infrared (up to about 2 μm). These devices have been shown to be highly efficient and robust,  
so that very small and compact systems can be realised. 

The mid-wave infrared (2 – 5 μm), coinciding with an atmospheric window that generally has high beam 
transmission, is a very important part of the electromagnetic spectrum for many military applications, 
especially for sensing and countermeasure systems. Other laser technologies are available for operation in 
this part of the spectrum, but most lack the advantages of fiber-laser sources; moreover, many of these 
sources are reliant on non-linear techniques using bulk crystals, which tend to make the source more 
complex and reduce efficiency, leading to a larger system “package”. 

An Exploratory Team was formed during 2009 under the auspices of the NATO Sensors and Electronic 
Technologies (SET) Panel to consider the prospects for the application of fiber laser technology,  
and associated techniques, to generate emission in the mid-wave infrared. This short study identified the 
following research areas where progress was needed for mid-IR fiber laser technology to advance:  

• Fiber gain media based upon materials other than silica, for low-loss transmission through the mid-
IR spectral region; 

• For writing gratings into non-silica fibers to form resonators to enable monolithic structures to be 
realised; and 

• Optical components such as isolators, modulators, and switches designed for mid-IR operation.  

The latter topic was not included in the scope of the planned study group because development of such 
components entails significant expense and is best left for industry. However, given the growing use of 
shorter-wavelength fiber lasers as pumps for χ(2) frequency conversion into the mid-IR, a comparative 
assessment of fiber-based pumping strategies and architectures was added to the scope of the study group. 

The recommendation from the ET to the SET Panel was that the technology base was sufficiently well 
developed to warrant an investigation of mid-wave IR generation in solid-state devices for military 
applications. This recommendation was accepted and a technology group was formed to plan and implement 
a programme of research to investigate these topics. Moreover, the proposed research topic to investigate 
fiber gain media based upon materials other than silica, for transmission through the mid-IR, was expanded 
and differentiated to include non-linear fibers (Raman, super-continuum), for example, in addition to laser 
gain media, to reflect existing interest and progress in these techniques. 

1.2 OBJECTIVES 

The principal objective of this Research Task Group (RTG) was to advance the state-of-the-art in mid-IR 
fiber laser technology through collaboration involving leading researchers in participating Nations, 
focusing on the technical areas listed below. Whilst the mid-IR spectral region is often defined as 2 – 5 μm 
to correspond with the atmospheric transmission window at these wavelengths, the technical challenges of 
producing coherent output at 3 μm and beyond are more significant and often distinct from those 
associated with the 2 – 3 μm region. This is demonstrated by the increasing availability of lasers, both 
fiber and bulk, operating in this region. To extend coverage through the entire mid-IR region, the RTG 
decided to focus on sources that can emit at 3 μm and longer wavelengths. This, of course, does not 
exclude sources that can operate at shorter wavelengths in addition to the 3 – 5 μm region. 
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1.3 GOALS 

The specific goals of the TG programme were: 

• To investigate direct lasing in fiber gain media at wavelengths longer than 3 μm: 

• Spectroscopic characterisation of doped IR glasses and fibers to augment existing data; 

• Modelling of lasing in candidate fibers using spectroscopic data; 

• Development of specifications for fabrication of promising candidate fiber(s); 

• Exchange of data among panel members; and 

• Demonstration of gain/lasing in IR glass preform, and experimental fiber. 

• To investigate non-linear frequency conversion in fibers at wavelengths longer than 3 μm: 

• Measurement non-linearity and dispersion in candidate fibers; 

• Exchange of data among Task Group members; 

• Modelling of frequency conversion behaviour using resulting data; 

• Demonstration of super-continuum generation in suitable fiber(s) using streamlined pump 
architecture; and 

• Investigation of Raman conversion, if suitable fiber is available. 

• Comparison of fiber-based pump techniques for frequency conversion into the mid-IR: 

• Identification and assembly of a standard set of non-linear frequency conversion samples; 

• Development of an experimental protocol for frequency conversion experiments; 

• Evaluation of diverse pumping schemes using the standard sample set and measurement 
protocol; and 

• Exchange, analysis, and comparison of results. 

1.4 RTG MEMBERSHIP 

It was decided by consensus that Task Group members should be government or government on-site 
contractors, to include on-site support contractor scientists involved in national research programmes related 
to the activities of the Group. The countries that participated in this activity were: Canada, Denmark, France, 
Germany, Norway, Poland, the United Kingdom and the United States. The lead Nation was the United 
States and technical team leader was Dr. Rita Peterson of the Air Force Research Laboratory (AFRL).  
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Chapter 2 – RARE-EARTH-DOPED FIBERS: BACKGROUND 

2.1 INTRODUCTION 

Fiber lasers are efficient, powerful and versatile waveguide resonant devices that comprise glass optical fiber 
waveguides for optical gain and Fabry-Pérot resonators for optical feedback. Rapid developments in 
fabrication capabilities now allow fibers composed of ultralow-loss silicate glass with low scattering, 
impurity losses and material imperfections, thus providing enormous flexibility in the characteristics and 
quantity of light that can be generated from fiber lasers. Passively air-cooling an optical fiber is simple 
owing to its large surface-area-to-volume ratio. Optical excitation using multi-mode semiconductor diode 
lasers is straightforward and efficient with cladding pumping [1], particularly when the axial symmetry of 
the fiber is broken [2], and efficiently excites the single-mode core of the fiber to create near-diffraction-
limited output with significant enhancement in the brightness [3]. Although doping silicate glass optical 
fibers using rare-earth cations introduces additional Rayleigh scattering, this drawback is small compared 
with the gain enhancement. Furthermore, diluted (< 0.1 mol %) rare-earth cation concentrations have a 
background loss [4] of less than 2 dB km–1, a value that is commensurate with conventional fiber. The lack 
of long-range order in a silicate glass means that the bandwidth for pump absorption and gain can be up to  
50 THz, which relaxes the wavelength tolerance for excitation and creates opportunities for broad tuning and 
ultrashort pulse generation. The small dimensions of the modes propagating in the core of the fiber provide 
low-threshold and high-gain characteristics with near-maximum efficiency. 

2.2 FIBER LASERS OPERATING AT 1 µM 

The highest values of output power and efficiency have been achieved at around 1 μm using Yb3+ cations 
doped into the core of silicate glass fiber and commercial systems [5] capable of supplying output powers of 
up to 50 kW are now used for a variety of applications, including cutting and welding in the automotive 
industry. There are a number of reasons for this success. First, the quantum efficiency of the laser transition 
is close to 100% while the quantum defect, that is, the difference between the pump and laser photon 
energies, is typically less than 10%. Second, the use of silicate glass optical fiber provides the system with a 
significant degree of robustness and power-handling capability. Yb3+-doped silicate glass fiber lasers 
emitting at around 1 μm are therefore incredibly practical devices.  

2.3 FIBER LASERS OPERATING BEYOND 1 µM 

2.3.1 Pros and Cons 
Extending the emission wavelength into the mid-infrared is necessary for a large number of existing and 
future applications, including IRCM and spectroscopy [6]. The task of engineering a fiber laser becomes 
easier at longer wavelengths, owing to a number of optical scaling factors. The mode area of the lowest-
order mode scales as λ2, where λ is the laser wavelength; for example, the mode at 2 μm has four times the 
area of the same mode at 1 μm. This has a profoundly beneficial effect on the power scaling potential of fiber 
lasers. Because losses due to non-linearity scale with light intensity, Brillouin and Raman scattering are 
lower at longer wavelengths and so optical damage thresholds are increased. The size of the mode can also 
be increased by using smaller refractive index contrasts [7] or holey fiber [8]. Translating these methods to 
longer wavelengths provides further potential for power scaling. 

Moving further into the infrared and away from the bandgap of a given glass means that more photons are 
required to bridge the bandgap, which raises the ablative threshold and thus lowers the loss from two-photon 
absorption. Stokes emission generated from Raman scattering is also weaker at longer wavelengths [9].  
The formation of color centers resulting from localized charge regions is a problem for some Yb3+-doped 
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silicate glasses because the resulting absorption features located in the visible region have long absorption 
tails that overlap with the pump and emission wavelengths of Yb3+ [10],[11]. The absorption strength 
diminishes and therefore potentially becomes less problematic at longer wavelengths; for example,  
with silicate glass fiber lasers that operate at 2 μm. 

Unfortunately, extending the emission wavelength of fiber lasers beyond the natural loss-minimum of 
silicates at 1.5 μm remains a significant challenge. The physical properties of the glass comprising some 
fibers, such as high background absorption, poor thermal conductivity and low glass transition temperature, 
negatively impact the output performance beyond this loss minimum. Infrared transmission in the glass is 
controlled by the phonon density of states, which means that the longest emitting wavelength from a fiber 
laser is always shorter than its maximum transmissible wavelength because the phonon density of states 
determines the radiative efficiencies of the fluorescence transitions of the rare-earth cations. Significant 
research has been directed towards the development of glasses that have the combined characteristics of low 
maximum phonon energy and fiber ‘drawability’ while maintaining amorphousness and low loss. Only a 
small number of glasses currently have these characteristics. 

2.3.2 Laser Transitions of the Rare-Earth Cations 
The lasing wavelength of fiber lasers is determined by the fluorescence transitions of the rare-earth cation 
doped into the core of the fiber. Figure 2-1 shows the laser transitions responsible for infrared emission from 
several rare-earth cation-doped fiber lasers. With a few exceptions, rare-earth cations are consistently in the 
trivalent oxidation state, and the associated electronic transitions of the cations are the foundation of infrared 
fiber lasers.  

 

Figure 2-1: Laser Transitions of Rare-Earth Cations  
for Emission Wavelengths Longer than 1.5 μm. 

Phonon broadening acts similarly on all of the rare-earth cations and is therefore homogeneous, but the 
perturbations to the energy levels of the cations by the surrounding electric fields from nearby glass atoms 
vary from one cation site to another, which makes them inhomogeneous and temperature-independent.  
In covalently bonded glasses such as silica, the rare-earth cations form inter-network regions [12] (percolation 
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channels) comprised of rare-earth cations that bond ionically to non-bridging oxygen atoms that interface 
with the main covalently bonded network regions. Because their large cationic field strength (defined as Z/r2, 
where Z is the atomic number and r is the radius of the ion) requires a high coordination number, rare-earth 
cations tend to cluster in the inter-network regions to share non-bridging oxygen atoms. The nephelauxetic 
causes the absorption and emission peaks of rare-earth cation transitions to red-shift to longer wavelengths 
with increasing covalency of the bonding between the network formers [13]. 

The relevant fluorescence spectra of the infrared transitions from fiber lasers are shown in Figure 2-2 [14]. 
The quasi-three-level transitions of the large-Z rare-earth cations Tm3+, Ho3+ and Er3+, which fluoresce in the 
range of 1.5 – 2.2 μm, are responsible for the highest powers available from fiber lasers emitting in the  
λ > 1.5 μm region of the near-infrared. The output power performance of such devices relates to strong 
absorption by cations, which overlaps with the emission from commercial off-the-shelf high-power diode 
lasers and the excellent physical properties of the silicate glasses used to create the fiber. Extending the laser 
wavelength further into the infrared has necessitated the use of fluoride glass fiber, owing to its low phonon 
energy. For the fluorides, the fluorescence spectra tend to cluster in a region that spans approximately  
0.6 μm. 

 

Figure 2-2: Fluorescence Spectra of the Rare-Earth Cation Laser Transitions Used  
in Fiber Lasers Emitting at Wavelengths Greater Than 1.5 µm. (Oxide glass  

is a silicate and fluoride glass is ZBLAN) (after S. Jackson [14]). 

2.3.3 Host Materials 
The typically long (> 1 m) optical path length of a fiber laser means that glasses must exhibit low impurity, 
low scattering loss, a large Hruby parameter [49] (glass stability) and a low maximum phonon energy.  
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For emission in the 1 – 2.2 μm region, the low loss and physical strength of silicate glasses has made them 
remarkably useful hosts for rare-earth cations emitting in this region. Fluoride glasses have high efficiency 
and moderate output power in the 2.3 – 3.5 μm region. Beyond 3.5 μm, however, only a small number of 
glasses have the suitably low phonon energy that provides the necessarily high transmission of the fiber and 
sufficient radiative efficiency for the rare-earth cation transitions. 

2.3.3.1 Silicates 

Silicate glasses remain the most successful fiber host materials. A high laser damage threshold [50] of 
approximately 500 MW/cm2 for doped silicate glass ensures robust high-power operation, and fabrication 
using modified chemical vapor deposition ensures excellent glass purity. Silicate glasses have high melting 
points, relatively low thermal expansion coefficients, large tensile strengths, low refractive indices and low 
non-linearities. All glasses have a low second-order non-linearity, although loss to third-order non-linear 
processes such as stimulated Raman scattering can be substantial because of the long fiber length and large 
light intensity in the active core. Silicate glasses consist of strongly covalently bonded atoms that form a 
disordered matrix with a range of bond lengths and angles. Silica can sustain maximum phonon energies [51] 
of up to 1,100 cm−1, which sets an upper limit on the emission wavelength. The giant covalent structure of 
silicate glasses leads to excellent mechanical properties. The maximum ‘lattice’ vibration or ‘phonon’ energy 
is the most active in multi-phonon decay, and the fluctuating Stark field surrounding the rare-earth cation 
arising from the vibration of the surrounding anions and cations induces non-radiative decay. Because the 
bandgap of silica is 9 eV, loss to two-photon absorption is small at infrared wavelengths and Rayleigh 
scattering loss [52] from the frozen-in density fluctuations in the glass can be as low as 0.15 dB km–1. When 
network formers such as Al2O3 and P2O5 are added to silica [53], they create the solvation shells necessary 
for improved rare-earth cation solubility to counteract clustering. Unfortunately, Rayleigh scattering loss 
increases as a result of the extra refractive index inhomogeneities introduced by the addition of these 
dopants. Emission at 2 μm from Tm3+ and Ho3+ cations doped into silicate glasses is highly developed, and a 
number of commercial systems are now available. The longest laser wavelength [54] from a silicate glass 
fiber laser is currently 2.188 μm; lasing at longer wavelengths is not expected to be possible in the majority 
of silicate glasses due to significant phonon quenching. 

2.3.3.2 Fluorides 

One of the most successful compositions among fluoride glasses is ZBLAN [55], which is comprised of   
53 mol % ZrF4, 20 mol % BaF2, 4 mol % LaF3, 3 mol % AlF3 and 20 mol % NaF. The ZBLAN composition 
can be varied to introduce certain characteristics: for example, adding PbF2, ZnF2 or CaF2 modifies the 
viscosity and refractive index; substituting a proportion of ZrF4 for ThF4 creates better stability against 
crystallization; and substituting ZrF4 with HfF4 lowers the refractive index. Fluoride fiber preforms can be 
created by a number of casting processes [56],[57], although crystallization during cooling and reheating 
often creates scattering centers that limit the dimensions of the preform and the maximum length of useful 
fiber. Geometrical defects such as inclusions and bubbles formed during fabrication also cause scattering. 
Reducing the casting pressure of ZBLAN eliminates bubble formation to allow, when combined with 
anhydrous fluoride precursors, a minimum fiber loss of 0.65 dB km–1 at 2.59 μm and < 20 dB km–1 at  
2.9 μm, which is where the O–H impurity stretching vibration in ZBLAN is located [58]. 

The maximum phonon energy of ZBLAN [59] is approximately 565 cm–1, which allows fluorescence at 
room temperature to occur from rare-earth cation transitions comprised of energy gaps larger than  
2,825 cm–1 (that is, λ <  3.5 μm). ZBLAN has low optical dispersion, a low refractive index of 1.49 and a 
broad transmission window (defined here to have an attenuation of less than 200 dB km–1) in the range of  
0.2 – 4.5 μm [60]. Compared with silicate glasses, the lower maximum phonon energy of ZBLAN (and thus 
the extended infrared transmission) relates to the weaker bond strength and larger reduced mass of the atoms 
comprising the glass. The fluoride anion is singly charged, which, when combined with weaker bonding, 
means a higher chemical reactivity compared with silicates, although rare-earth cations substitute the  
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La3+ cations of the glass to provide comparatively higher doping levels without clustering. The optical 
damage threshold [61] of ZBLAN for 10 ms pulses at 2.8 μm is approximately 25 MW cm–2, which restricts 
the achievable peak power levels compared with silicates. However, because the Raman gain coefficient is 
comparatively smaller [62], significant loss to Raman scattering may never be a concern in future high-
power infrared fiber lasers using this glass. The higher thermal loading resulting from the moderate 
efficiency of 3-μm-class fiber lasers (for which ZBLAN fibers are used), combined with the comparatively 
poorer physical properties of fluoride glasses, has made power-scaling a significant challenge.  
The maximum output power from ZBLAN-based fiber lasers is currently 24 W at 2.7 μm [21] and 20 W at 
1.94 μm [16]. 

2.3.3.3 Alternatives 

There is ongoing development in the fabrication and testing of glasses for achieving longer emission 
wavelengths. Germanate glasses [63] have robust mechanical qualities, maximum phonon energies [64] of 
900 cm–1 and large rare-earth cation solubilities, which allow cluster-reduced Tm3+ concentrations in fibers 
for high-efficiency 1.9 μm emission [65] and short-length devices providing narrow-linewidth output [66]. 
However, the practicality of germanate glasses for emission beyond 2 μm is reliant on effective removal of 
OH– impurity from the glass, which is difficult to achieve. Tellurite glass fiber [67] is a promising 
alternative, but, like most oxide glasses fabricated from solid-state precursor materials, it contains relatively 
high concentration of OH–. Energy transfer from excited Er3+ cations to OH– impurities, combined with the 
low radiative efficiency of the upper laser level, is sufficient to suppress 3 μm lasing in state-of-the-art  
Er3+-doped tellurite glass [68]. Chalcogenides [69], glasses based on chalcogens S, Se or Te, are a widely 
investigated group whose high refractive indices result in large absorption and emission cross-sections. 
Maximum phonon energies depend on the exact composition of the glass, with values of 350 – 425 cm–1 for 
sulphide glasses [70], 250 – 300 cm–1 for selenide glasses [71] and 150 – 200 cm–1 for telluride glasses [72]. 
Optical transmission reaches well into the mid-infrared, up to 15 μm in the case of telluride glass [73],  
and fluorescence has been measured in sulphide, selenide and telluride glasses from a number of rare-earth 
cation transitions with emission wavelengths as long as 8 μm [74]. The only demonstration of a rare-earth-
doped chalcogenide fiber laser was based on Nd3+ emitting at 1.08 μm [75], in which the addition of La2O3 to 
gallium chalcogen glass in order to avoid crystallization during fiber drawing [76] most likely created 
energetic phonons that suppressed longer-wavelength emission [77]. No laser emission beyond 1 μm has yet 
been achieved using a rare-earth cation-doped chalcogenide glass fiber, presumably due to the crystallization 
tendency upon rare-earth doping. Ge–Sb and Ge–As chalcogen glasses, for example, are strongly covalently 
bonded, which makes the incorporation of rare-earth cations a significant challenge. Alternative co-dopants 
for chalcogen-based glasses are being developed to improve rare-earth cation solubility and eliminate 
crystallization [78]. 

2.3.4 State-of-the-Art CW Fiber Lasers 
Despite the variety of rare-earth cation transitions and host materials that have been tested for fiber laser 
emission, the maximum CW output power produced from demonstrated fiber lasers has a clear exponential 
decrease when plotted as a function of emission wavelength (Figure 2-3). Table 2-1 lists the maximum 
output power from reported fiber lasers [14]-[27].  
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Figure 2-3: Output Power at Different Laser Wavelengths Using Rare-Earth-Doped Silica (Blue 
Circles) and ZBLAN (Red Circles) Fibers, Respectively. The dashed line is a guide to the eye. 

Table 2-1: Characteristics of Infrared Fiber Lasers with Emission Wavelengths ≥ 1.5 μm.  

Dopant(s) Host 
Glass 

Pump 
λ (μm) 

Laser λ 
(μm) 

Transition Output 
Power (W) 

% Slope 
Efficiency  

Reference 

Er3+, Yb3+ Silicate 0.975 1.5 4I13/2 → 4I15/2 297 19 15 

Tm3+, Ho3+ ZBLAN 0.792 1.94 3F4 → 3H6 20 49 16 

Tm3+ Silicate 0.793 2.05 3F4 → 3H6 1,050 53 17 

STm3+, 
Ho3+ Silicate 0.793 2.1 5I7 → 5I8 83 42 18 

Ho3+ Silicate 1.950 2.12 5I7 → 5I8 407 ~ 30 19 

Tm3+ ZBLAN 1.064 2.31 3H4 → 3H5 0.15 8 20 

Er3+ ZBLAN 0.975 2.8 4I11/2 → 4I13/2 24 13 21 

Ho3+, Pr3+ ZBLAN 1.1 2.86 5I6 → 5I7 2.5 29 22 

Dy3+ ZBLAN 1.1 2.9 6H13/2 → 6H15/2 0.275 4.5 23 

Ho3+ ZBLAN 1.15 3.002 5I6 → 5I7 0.77 12.4 24 

Ho3+ ZBLAN 0.532 3.22 5S2 → 5F5 0.011 2.8 25 

Er3+ ZBLAN 0.653 3.45 4F9/2 → 4I9/2 0.008 3 26 

Ho3+ ZBLAN 0.89 3.95 5I5 → 5I6 0.011 3.7 27 
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The primary cause of this power drop is the increase in quantum defect at longer wavelengths. Efficient 
high-power diode lasers, the traditional pump sources for silicate glass fiber lasers, typically emit light in the 
near-infrared region close to 1 μm. Although it would be ideal to use these efficient pump sources for all 
fiber lasers, the larger quantum defect at longer wavelengths creates heat that becomes an ever-increasing 
fraction of the absorbed pump energy. The small active-core volume of an optical fiber relative to the total 
fiber volume of a double-clad fiber results in a small temperature gradient [28]. The temperature within the 
fiber is governed strongly by the degree of cooling at the air–fiber boundary, which is improved by a large 
surface area (that is, a larger pump-core diameter). The excellent cooling properties of optical fibers 
therefore help to alleviate the problem of the growing quantum defect. Developing efficient longer-
wavelength pump sources and selecting more appropriate laser transitions can effectively reduce the 
quantum defect and improve output performance. Laser transition cascading [29], in which multiple 
transitions lase simultaneously after a single pump photon excitation, offers the opportunity for better 
photon-to-photon conversion efficiencies and is particularly suited to longer-wavelength transitions for 
reducing heat loads and improving power-scaling opportunities. 

Fiber lasers employing the Tm3+ cation [30]-[33] with emission at around 2 μm are the most powerful, 
efficient and developed of these fiber lasers. These devices are excited with established diode lasers [34] 
emitting at 0.79 μm, and their output can be tuned from at least 1.86 μm to around 2.09 μm. With the 
implementation of Tm3+ concentrations exceeding 2.5 wt %, combined with cluster-reducing co-dopants that 
mitigate gain-lowering energy transfer up-conversion processes, cross-relaxation between neighboring Tm3+ 
cations can nearly double the slope efficiency [35]. Cross-relaxation (‘two-for-one’ excitation) is resonant in 
silicate glass, thus providing one of the most efficient ways to generate 2 μm light from commercial diode 
laser pump sources. 

The 5I7 → 5I8 transition of Ho3+ has a peak emission wavelength of 2.1 μm, which overlaps with an important 
atmospheric transmission window. This transition is also acceptable for resonant pumping with Tm3+-doped 
silicate glass fiber lasers [36], which introduces a small quantum defect of < 7%. Ho3+ fiber lasers were 
initially co-doped with Tm3+ sensitizer cations to exploit the diode-pumpable absorption of Tm3+ [37], 
although loss of excitation to energy-transfer up-conversion and reversible energy-transfer between the first 
excited states of Tm3+ and Ho3+ limited the power, extractable energy and efficiency of this technique. 
Doping silicate glass with only Ho3+ cations supports a large short-pulse extraction efficiency and has the 
potential to reduce the sensitivity of gain to temperature. The demonstration of direct diode pumping with 
Ho3+ [38] opens up additional power-scaling opportunities. 

The fluoride glass fiber has a lower phonon energy than silica and so enables emission at longer 
wavelengths. Er3+-doped fluoride fiber laser can be tuned across the range of 2.71 – 2.88 μm [39]. Engineering 
the stability and efficiency of the output from a fluoride fiber laser, a necessary requirement for commercial 
exploitation, is made possible by writing Bragg gratings [40] and splicing glass caps [41] to the ends of the 
fiber. The overlap of the upper laser level absorption with highly developed diode lasers emitting at 0.98 μm, 
combined with effective cooling of Er3+-doped double-clad fluoride fiber, has resulted in output powers of up 
to 24 W at wavelengths of around 2.8 μm [21]. When high-quality Er3+-doped double-clad fluoride fiber with 
a background loss of < 100 dB km–1 is combined with a high Er3+ concentration and an optimally engineered 
fiber laser resonator, energy transfer up-conversion (Figure 2-1) effectively de-populates the lower laser 
level and ‘recycles’ the excitation to produce slope efficiencies of 35.6% [42]. Engineering the effective  
de-population of the lower laser level is required because the upper laser level has a shorter luminescence 
lifetime than the lower laser level [43]. Cascade lasing [44]-[46] the transitions of 2.8 μm and 1.5 μm offers a 
solution to the problem of managing the heat generated due to the comparatively low optical conversion 
efficiencies of single-transition Er3+ systems. Pump-excited state absorption from the upper laser level 
(Figure 2-1) creates a roll-off in the calculated [47] and measured [42] output power and thus presents a 
significant problem for power-scaling the output from Er3+-doped fluoride fiber lasers pumped to the upper 
laser level. 
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Ho3+-doped fluoride fiber [48], which has a wide emission range of 2.8 – 3.02 μm for the 5I6 → 5I7 transition, 
has the advantage of reduced pump-excited state absorption and a higher Stokes limit when the upper laser 
level is diode-pumped at 1.15 μm. However, the present maximum output power of this system is an order of 
magnitude lower than that of an Er3+-doped fluoride fiber laser because the low demand for diode lasers 
operating at 1.15 μm means that beam-combining and brightness-conserving power-scaling technologies 
have not been expanded to these pump sources. An opportunity to increase the power and wavelength of  
3 μm-class fiber lasers has recently been demonstrated [24] using cascade lasing of both the 2.9 μm and  
2.1 μm transitions of Ho3+. Laser emission at 3.9 μm was demonstrated under cryogenic conditions from a 
Ho3+-doped fluoride fiber laser [27]. This result remains the longest wavelength emitted from a fiber laser. 

2.3.5 Pulsed Fiber Lasers 
Fiber lasers cover a number of pulse width regimes, but the small dimensions of the active core invoke 
surface damage-threshold limitations. So far, silicate glass fiber has provided the highest peak power, largest 
pulse energy and widest variety of pulse widths from fiber lasers operating at 2 μm, primarily because of its 
large damage threshold and the overall maturity of 2 μm fiber lasers. Fiber lasers using Tm3+ and Ho3+ 
cations have been mode-locked for ultrashort pulse generation using different approaches [79]-[81]. Because 
the saturation energy is proportional to the core area, the increased mode size relevant to 2 μm fiber lasers 
compared with 1 μm fiber lasers benefits energy extraction. Today’s shortest pulsewidth at 2 μm from a fiber 
is 108 fs [82]. Mode-locked fiber lasers operating at 2 μm typically create solitons because silicate fibers are 
anomalously dispersive at these wavelengths. Larger pulse energies can be achieved by engineering the 
overall dispersion [83]. Chirped pulse amplification of ultrashort pulses using Tm3+-doped silicate glass fiber 
leads to near-megawatt peak powers after recompression [84]. For applications that require longer pulses, 
active Q-switching [85] is capable of generating pulses measuring just a few tens of nanoseconds in duration 
[86]. Gain-switching [87] using pulsed diode lasers emitting at 1.5 μm for direct excitation of the upper laser 
level can generate pulses of less than 2 ns in duration [88]. 

Pulsed fiber laser sources emitting at longer wavelengths make use of fluoride glass, which has a lower 
surface optical damage threshold but potentially larger mode area than silicate glass. Steady progress has 
been made with recent demonstrations of Q-switched [89] (90 ns pulsewidth and 0.9 kW peak power) and 
gain-switched [90] (307 ns pulsewidth and 68 W peak power) operation of Er3+-doped ZBLAN fiber lasers. 
Recent demonstrations of Q-switched single-transition [91] and cascaded [92] Ho3+-doped fluoride fiber 
lasers provide 70 ns pulses, emission at 2.87 μm and two-wavelength output. Given that additional mode-
size enhancement YF can be achieved by capping the ends of the fiber [41], and that 5 kW peak power has 
already been demonstrated using fluoride fiber [93], the output performance of pulsed fluoride fiber lasers is 
likely to see further improvement. The ability to generate clean pulses with smooth transverse mode profiles 
that prevent localized large intensities will be particularly relevant to future high-peak-power fluoride fiber 
lasers. 
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Chapter 3 – RARE-EARTH-DOPED FIBERS: 
EXPERIMENT AND MODEL 

3.1 INTRODUCTION 

Lasers delivering high pulse energies or output power directly from an electronic transition are rare in the 
mid-infrared region of the spectrum. For that reason we are investigating new materials that could be used as 
laser media and more particularly as fiber lasers. The choice of the fiber material involves multiple 
considerations: the maximum phonon energy, the environmental durability, the draw ability and the rare-
earth solubility. Fiber lasers operating on laser transitions which have wavelengths > 3 µm need to use 
glasses with very low phonon energies. ZBLAN fibers have been widely used for fiber laser source emitting 
below 3 µm. For longer wavelengths, the use of heavier metal fluoride glasses reduces the phonon energies, 
and therefore, the already demonstrated fluoroindate-based fiber is a good host material candidate for the 
development of mid-IR fiber lasers. 

We chose two rare-earth dopants for the focus of our investigations: dysprosium (Dy3+) and holmium (Ho3+), 
based on the availability of emission at wavelengths longer than 3 µm. The 6H11/2 → 6H13/2 transition of Dy3+ 
corresponds to a wavelength of about 4.3 µm. Lasing has been demonstrated on this transition in crystal 
hosts [1], but so far only on the shorter wavelength 6H13/2 → 6H15/2 transition in fibers [2]. The second 
candidate, emitting at 3.9 µm, is Ho3+:ZBLAN (ZBLAN : ZrF4-BaF2-LaF3-AlF3-NaF). The first investigation 
of this fiber laser used 640 nm pumping and resulted in ~ 1 mW of output power at 3.9 μm [3]. In a second 
set-up, a 3.4-m long Ho3+:ZBLAN fiber (2000 ppm Ho3+) was used and emitted up to 11 mW on the 3.9 μm 
transition when pumped at 885 nm with a launched pump power of 900 mW [4]. However, room-
temperature operation of Ho3+:ZBLAN on the 3.9 μm transition could not be achieved and the fiber had to be 
cooled with liquid nitrogen. In order to realize 3.9 μm fiber lasers at room temperature, new host materials 
are needed that show even lower phonon energies than ZBLAN; fluoroindate may prove suitable. 

3.2 SPECTROSCOPY 

Contributors to this section: Rita D. Peterson1, Shrikrishna M. Hegde2, Francis Théberge3, Denis Vincent3, 
Pierre Mathieu3 

3.2.1 Dy:fluoroindate Glass 
The samples tested here are fluoroindate glasses fabricated by two different companies: Le Verre Fluoré 
(LVF) and IR Photonics (IRP). The sample from LVF (S/N:110614/3220) was 5 mm in diameter and 10-mm 
long. The two end faces were optically polished and the cylindrical surface was rough fire polished. The IRP 
sample (S/N:4000979) had dimensions of 11.54 mm diameter and 9.84 mm length. 

The energy-level diagram of the Dy-doped glass samples and their measured absorption spectra are 
presented in Figure 3-1(a). The most interesting transition is the 6H11/2 → 6H13/2 one at 4.2 µm.  
In Figure 3-1(b) and Figure 3-1(c), we can clearly observe the absorption bands centered around 1.1 µm,  
1.3 µm, 1.7 µm, and 2.8 µm. Spectra in (b) are measured with a spectrophotometer UV-Vis-NIR CARY 
6000i from AGILENT. Spectra in (c) are measured with a FTIR spectrometer Excalibur FTS 3000MX from 
DigiLab. The relative absorption ratio between the samples from Le Verre Fluoré (LVF) and IR Photonics 

1  Air Force Research Laboratory, AFRL/RYDH Bldg 620, 2241 Avionics Circle, Wright-Patterson AFB, OH 45433, United 
States. 

2  University of Dayton Research Institute, Dayton, OH 45469, United States. 
3  DRDC Valcartier, 2459 route de la Bravoure, Québec (Québec) G3J 1X5, Canada. 
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(IRP) indicates that the Dy concentration was 2.8 times higher in the sample from Le Verre Fluoré.  
The strongest IR absorption appears at 1280 nm with a weaker, broader mid-IR absorption near 2830 nm.  
The contribution to phonon absorption begins at ~ 6000 nm and rapidly increases reaching ~ 10 cm–1 in these 
samples. The material thus may be useful up to ~ 6000 nm with further improvements in growth techniques 
and Dy3+ doping concentrations. It also appears that the background absorbance for the lower concentration 
IRP sample is more than the higher-doped LVF material in the near UV region. The phonon absorption also 
increases at a shorter wavelength in the IR region in this sample. Assuming the optical polish and surface 
quality of the two materials are the same, this suggests that the sample growth conditions are different for the 
two samples and optically, the higher-doped material may be more desirable than the lower doped material. 

 

Figure 3-1: (a) Energy-Level Diagram of Dy:fluoroindate Glass; (b) Dy:fluoroindate Absorption 
Spectra Measured Between 1 µm and 2 µm; and (c) Between 1.5 µm and 6 µm  

for IR Photonics (IRP_Dy) and Le Verre Fluoré (LVF_Dy) Samples. 

Fluorescence in the two Dy:glass samples was measured using a SPEX 220M spectrometer fitted with a 
liquid N2 cooled InSb detector and 300 g/mm grating. A Spectra Physics Nd:YVO4 laser was used to pump 
the sample. The typical power level used was ~ 400 mW measured at the sample position. A synchronous 
detection technique using a lock-in amplifier and a mechanical chopper (f ~ 200 Hz) was used to detect the 
emitted fluorescence in the mid-IR region (2400 nm to 6000 nm). Proper order-sorting longpass filters were 
used to identify distinct emission peaks. The fluorescence spectra corrected for the spectral response of the 
system (Figure 3-2), show two peaks at 2900 nm and 5700 nm. The longer wavelength peak at 5700 nm is a 
second order of the main band at 2900 nm as shown in Figure 3-2. The intensity of the peak is extremely 
weak, due to the low concentration of Dy in the samples. The expected fluorescence on the 6H11/2 → 6H13/2 
transition of interest at 4.2 – 4.3 µm cannot be observed at all.  
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Figure 3-2: Fluorescence in Dy:fluoroindate Glass Samples. 

The fluorescence lifetime at different wavelengths was also measured using the set-up presented in Figure 3-3. 
The Dy-doped glass samples were pumped by 12 ns pulsewidth 1.064 µm Nd:YAG laser. Each fluorescence 
lines were isolated by coupling the emitted signal into a monochromator. At the output of the 
monochromator, the lifetime of the isolated fluorescence lines was measured using an InSb detector having a 
response time of 10 ns.  

 
Figure 3-3: Set-Up for Measuring Fluorescence Lifetime of Various  

Electronic Transitions in Dy:fluoroindate Glass Samples. 

The measured fluorescence lifetime at 1.7 µm (6H11/2 → 6H15/2) and at 2.9 µm (6H13/2 → 6H15/2) are presented in 
Figure 3-4 for both glass samples at room temperature. The measured fluorescence lifetime at 1/e decay was 
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0.6 ms at 2.9 µm and around 0.9 ± 0.1 µs at 1.7 µm. Once again, using a completely different experimental 
set-up, no fluorescence was detected around 4.2 µm for the transition 6H11/2 → 6H13/2. In order to avoid the 
coupling loss from the monochromator slits, we replaced this one by a Long Wave Pass Filter (LWPF) 
transmitting wavelength above 3.3 µm. Although the collection efficiency was increased by more than  
10 times, no fluorescence signal around 4.2 µm was detected using the LWPF and the InSb detector for both 
glass samples at room temperature. The fact that fluorescence at 1.7 µm from the 6H11/2 level was detected 
whereas none was observed at 4.2 µm could be explained by a very low branching ratio for the latter 
emission. In view of the very short life time of less than 1 µs and the low branching ratio, it seems that lasing 
from the 4.2 µm transition at room temperature could be difficult to obtain and that it might require operation 
at much lower temperature.  

 

Figure 3-4: Fluorescence Decay for Dy:fluoroindate Pumped by 12-ns Nd:YAG Laser. (a) At 2.9 µm in  
the IR photonics sample (IRP_2900 nm); (b) At 1.7 µm in the IR photonics sample (IRP_1700 nm);  

(c) Fluorescence decay at 2.9 µm in the Le Verre Fluoré sample (LVF_2900 nm); (d) At 1.7 µm  
in the Le Verre Fluoré sample (LVF_1700 nm). For comparison, the fluorescence  

curve at 2.9 µm is superposed in (d) and shows the 6H13/2 level  
being populated by the decay from the 6H11/2. 

3.2.2 Ho:fluoroindate Glass and Ho:BYF 
A single sample of 10% Ho:fluoroindate glass was available for spectroscopic study, in the form of a  
10 mm3 cube, highly polished on all sides. The sample was fabricated by Le Verre Fluoré (LVF), and cut 
from a larger glass sample, the remainder of which was fabricated into a Brewster-cut sample for lasing 
experiments, described later in this chapter. Emission experiments were also made on a Ho-doped BaY2F8 
crystal (Ho:BYF), since we have the means to reproduce lasing experiments in this material, and can use it to 
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help understand how spectroscopic properties relate to lasing behavior. The BYF host crystal is monoclinic 
and therefore emission results are polarization dependent. The sample was in the form of a rectangular 
parallelepiped (~ 4 x 5 x 7 mm3), with the two 4 x 5 mm2 end faces optically polished. The Ho concentration 
was 30%. 

Room temperature absorption in the Ho:fluoroindate glass sample was measured using a Cary 5000 dual-
beam spectrophotometer. The results are shown in Figure 3-5. Several intense and sharp absorption peaks in 
the near UV and visible region (300 nm – 650 nm) were observed. Three near IR absorption bands around 
750 nm, 1200 nm and 2000 nm were also seen. The visible band around 640 nm showed intense absorption 
and peak saturation (OD > 10) at 640 nm. Similarly, the near IR band around 2000 nm showed strong 
absorption and peak saturation (OD > 10) at 1950 nm.  

 

500 1000 1500 2000 2500
0

5

10

15

20

25

Ab
so

rp
tio

n 
Co

ef
f. 

(α
)

Wavelength (nm)  

 Figure 3-5: Absorption in 10% Ho:fluoroindate Glass Sample. 

For measuring emission, a SPEX 220M spectrometer was used, along with a liquid-nitrogen-cooled InSb 
detector and preamplifier system, in the experimental set-up shown in Figure 3-6. The spectrometer was 
fitted with a 150 Gr/mm grating blazed at 4 µm. The sample was pumped with a CW Coherent Verdi laser at 
532 nm. At this wavelength, the Ho3+ absorption is only ~ 45% of the peak absorption at 640 nm. The laser 
beam was slightly focused on the optically polished end face and emission was collected from the same face 
in a back reflection geometry. Typical pump power was ~ 500 mW at the sample position. A synchronous 
detection technique using a lock-in amplifier and a mechanical chopper (f ≤ 200 Hz) was used to detect the 
fluorescence. Suitable longpass filters were used to suppress higher orders of the pump and shorter-
wavelength emission lines. The room temperature emission spectra for both Ho-doped samples, corrected for 
the spectral response of the system, are shown in Figure 3-7 and Figure 3-8. 

STO-TR-SET-170 3 - 5 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



RARE-EARTH-DOPED FIBERS: EXPERIMENT AND MODEL 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

Lens Lens

Mirror

Chopper

Filter

Pump laser
532 nm

Oscillo-
scope

InSb
det.

SPEX
1/3 m

spectrometer

Computer

Spectrometer 
controller

Sample

Mirror

Beam dump

Lens Lens

Mirror

Chopper

Filter

Pump laser
532 nm

Oscillo-
scope

InSb
det.

SPEX
1/3 m

spectrometer

Computer

Spectrometer 
controller

Sample

Mirror

Beam dump  

Figure 3-6: Experimental Set-Up for Measuring Emission. 
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Figure 3-7: Fluorescence in 10% Ho:fluoroindate Glass from  
1000 – 2500 nm (Left) and 2500 – 4500 nm (Right). 
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Figure 3-8: Fluorescence in 30% Ho:BYF from 1000 – 2500 nm (Left) and 2500 – 4500 nm (Right). 

A number of emission peaks were observed. The strongest by far in both samples was from the 5I7 → 5I8 
transition around 2020 – 2040 nm, the basis for many highly successful laser systems. Emission from the 
5I5 → 5I6 transition around 4 µm was considerably weaker than this and the other peaks. The splitting of the 
peaks seen in the 3000 nm and 4000 nm regions for Ho:BYF is probably due to polarization effects arising 
from the low symmetry of the host crystal. For experimental simplicity, polarization was not controlled in 
these experiments. 

Fluorescence lifetime was measured in both Ho-doped samples, at room temperature and at 25 K using a 
helium-cooled cryostat system. The 5I5 lifetime in particular is very short – just tens of µs – so the pump 
beam was focused near the outside edge of the chopper wheel. The chopper could then be run at its 
maximum frequency of 200 Hz for measuring this level, giving a pump pulse fall time of less than 10 µs. 
These results are summarized in Table 3-1. 

Table 3-1: Fluorescence Lifetime Data for Ho-Doped Samples at Room Temperature and 25 K. 

Level Ho:fluoroindate 
RT 

Ho:fluoroindate
25 K 

Ho:BYF 
RT 

Ho:BYF 
25 K 

5
I5 30 µs 105 µs 42 µs 58 µs 

5
I6 1.3 ms 2.7 ms 2.3 ms 1.1 ms 

5
I7 10.6 ms 8.7 ms 20.2 ms 12 ms 

The decrease in lifetime in certain cases suggests the influence of up-conversion processes that are favored at 
low temperature, or possibly even the influence of radiation trapping and reabsorption. To eliminate the latter 
effect and to obtain more accurate lifetime values, measurements were repeated using a pinhole to limit the 
pumped area, a method described thoroughly in [5]. The pinhole was placed in the path of the pump beam 
after the chopper, such that it would be imaged onto the face of the sample by a lens placed between the 
pinhole and the sample. The pinhole size was varied, changing the area of the sample that was excited. 
Measured fluorescence lifetime was plotted as a function of pinhole size, shown in Figure 3-9 and  
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Figure 3-10. The lifetime value t0 corresponding to a pinhole size of zero was taken to describe the lifetime in 
the absence of radiation trapping effects, as annotated on each plot.  

 

Figure 3-9: Fluorescence Lifetime in Ho:fluoroindate as a  
Function of Pump Pinhole Size for the 5I7 and 5I6 Levels. 

 

Figure 3-10: Fluorescence Lifetime in Ho:BYF as a Function  
of Pump Pinhole Size for the 5I7 and 5I6 Levels. 

A similar analysis of the critical 5I5 lifetime was attempted but not possible in the current experimental set-up 
due to excessive noise in the signal for smaller sizes of pinhole. Addressing this and repeating the 
measurement at low temperature remain incomplete due to unforeseen funding and personnel limitations, 
and are left as future tasks for a follow-on Task Group, should it decide to continue this line of investigation. 
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3.3 HO:GLASS MODELLING 

Contributors to this section: Espen Lippert4, Marc Eichhorn5 

Numerical modelling can be a very useful tool for evaluating new laser systems. This is particularly the case 
for fiber lasers where the development and manufacturing of the glass fiber itself can be a costly process. 
The goal of this numerical study has been to evaluate the possibility of designing a Ho3+ fiber laser with 
emission close to 4 µm (5I5 to 5I6 transition). To make this laser transition efficient it is necessary to use a 
glass host with low loss (< 1 dB/m) and low phonon energies, to avoid quenching of the laser transition.  
In this study we have evaluated fluoroindate (fluoroindate) glass as a possible host for a 4-µm Ho laser.  
In this glass system low loss Ho-doped material is available, but it remains an unanswered question whether 
or not the lifetime of the 5I5 level is sufficiently long to support continuous laser action under obtainable 
pumping conditions.  

Parameters used in this modeling have been taken from the literature, and some from the spectroscopic 
measurements described in a previous section. The up-conversion parameters are not easily obtainable and 
have just been estimated from fitting modeling results to gain-switched laser experiments in Ho:BYF, which 
is a crystal host with comparable properties. 

In order to validate the model it has been applied to Ho laser experiments reported in literature, although they 
were operating on the 3-µm transition (5I6 to 5I7).The ability to recreate these results gives greater confidence 
in the model. 

The major challenge in making the 3.9-µm transition in Ho3+ lase is depopulating the lower lying manifolds 
to obtain sufficient gain at the 5I5 to 5I6 transition, which are the second and third exited manifolds in Ho3+. 
To achieve this, three techniques have been studied:  

• Cascade lasing the lower 5I6 to 5I7 transition; 
• High doping concentration to achieve beneficial up-conversion; and  
• Co-doping to quench the long-lived 5I7 manifold.  

High doping concentration and up-conversion is crucial in the operation of Ho:BYF lasing at 3.9 µm,  
and co-doping and cascade lasing have both previously been applied to Ho:ZBLAN lasers to achieve low 
threshold and efficient lasing at 2.9 µm. We have investigated whether or not the combination of these three 
techniques will make it possible to lase the 3.9-µm transition in Ho-doped fluoroindate glass, even with a 
quite short lifetime of the 5I5. 

3.3.1 Model Description 
The approach used to model the fiber laser is similar to that used by Quimbye et al. for Dy3+-chalcogenides, 
and the first test of the model was indeed to recreate his results [6]. The only major difference between his 
approach and the one used in his work is that we choose to directly integrate the rate equation instead of 
solving for a steady-state solution.  

The lower energy levels of Ho3+ together with the pump, fluorescence, stimulated emission, absorption,  
and up-conversion transitions are shown in Figure 3-11. The ion is modeled as a 4-level system, and the 
lifetime of the fifth 5I4 level is assumed to be short compared to the others so that the ions converted up to 5I4 
end directly up in the 5I5 level. 

4  FFI (Norwegian Defence Research Establishment), P.O. Box 25, NO-2027 Kjeller, Norway. 
5  ISL, French-German Research Institute of Saint-Louis, 5 rue du Général Cassagnou, 68300 Saint-Louis Cedex, France. 
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Figure 3-11: Simplified Energy-level Diagram with the Transitions Included in the Model. 

The levels and transitions indicated in Figure 3-11 are described by the rate equations in (0.1): 
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where Nii = 1,2,3 or 4, are the population densities, Wsaij and Wseij are the rates of absorption between level  
i and j, Wij are the transfer rates between level i and j, and kijkl are the coefficients for the up-conversion 
processes.  

When the new population has been found by integrating the rate equation over a desired time step, the gain 
for each section along the fiber is calculated by integrating the difference between the absorption and 
emission over the transversal mode, which is assumed to be Gaussian with a radius calculated from the fiber 
core size and NA. Using this calculated gain, the power distribution along the fiber is shifted one step in the 
fiber. This new power distribution is then used in solving the rate equations in a new iteration. This continues 
until the solution is stable. Finding a steady-state solution using this direct integrating method can be time 
consuming due to the oscillatory nature of the problem; this can be helped by scaling the rate equations 
without changing the steady-state solution, which can be achieved by scaling down the population and 
compensating by scaling up the cross-sections, and up-conversion rates. 
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3.3.2 Validation of Model 
In order to gain confidence in the numerical model, it was validated by applying it to experiments reported in 
literature. The fiber material used in these experiments was ZBLAN, which is a fluoride material with 
comparable properties to fluoroindate. The parameter values used in these validations give guide lines for 
what could be reasonable values for fluoroindate, but they are not directly used in the fluoroindate model. 
The experiments we chose were lasers on the 2.9-µm transition (5I6 to 5I7), and although our aim was to 
obtain lasing on the 3.9-µm transition (5I5 to 5I6) the model’s ability to recreate these experiments will show 
that the lower levels are modelled correctly.  

The first experiment we modelled was reported by Jackson [7]. It is simple to model in the sense that it 
pumped directly to the upper laser level (5I6), and the lower laser level (5I7) is depopulated by co-doping with 
Pr3+, which effectively reduces the lifetime of the lower laser level to probably on the order of 100 µs.  
The parameters used in the model are shown in Annex A. This results in an efficient laser with very low 
threshold. The experimental points and the model fit shown in Figure 3-12 are in good agreement. We also 
tried to vary the parameters in the simulations, such as lifetimes and cross-sections, and found that the results 
were very insensitive to this. This is reasonable since the threshold is very low and the slope is limited by the 
quantum defect and the ratio of output coupling to total loss. Although the fit was insensitive to some 
parameter values the fit show that the model can give reasonable results. 
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Figure 3-12: Model Fit to 2.94 µm Ho:ZBLAN Fiber Laser. 

The second experiment used in the model validation was more challenging. The laser was also a Ho:ZBLAN 
laser, but without Pr3+ co-doping. Instead the 5I7 level was depopulated through cascade lasing of the 2-µm 
transition [8]. This laser had a much more complex behavior and high threshold. The parameters used are 
shown in Annex A. The result of the model fit is shown in Figure 3-13. 
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Figure 3-13: Model Fit to Cascade Lasing in Ho:ZBLAN.  
Two sets of resonator mirrors were applied to the fiber laser. 

As Figure 3-13 shows, the fit between the model and the experiments are not as good as for the previous 
case, but still much of the behavior is recreated. This example is much more sensitive to the input parameter 
values, and making the model fit the experiment reasonably well greatly adds to the confidence that it can 
model the behavior of a cascade fiber laser system. 

3.3.3 Model Predictions 
Lasing the 3.9-µm transition in Ho3+ is challenging even without lifetime quenching from the phonon 
coupling. The lifetime of the 5I5 level is shorter than that of the 5I6 level, which in turn is shorter than the  
5I7 lifetime, and the substantial non-radiative transfer only makes this situation worse. These unfortunate 
lifetime ratios inhibit population inversion between the manifolds. Even though this can be overcome to 
some extent by lasing to a level high up in the lower lying manifold, it tends to be very difficult to make 
transitions to these high lying levels lase in continuous operation for feasible pump intensities. There is only 
one demonstration of lasing the 3.9-µm transition continuously in a fiber laser, and they achieved only  
11 mW and had to cryogenically cool the fiber to 77 K [9]. To mitigate this lifetime problem, some 
mechanism had to be found to depopulate the 5I6 level. The obvious way to do this is to lase both the 3.9-µm 
and the 2.9-µm transition simultaneously. If the threshold of the 2.9-µm transition can be made  
low, the population in the 5I6 level can be kept down, thus allowing for a more favorable population ratio.  
A second effect which not only depopulates the 5I6 level, but also repopulates the 5I5 level is the  
up-conversion from both the 5I6 and 5I7 level, as indicated by Figure 3-11. This effect will increase with 
increasing doping concentration, making the doping level an important parameter in the design of a 
Ho:fluoroindate fiber laser. A challenge with the cascade lasing scheme is that the lower level of the 2.9-µm 
transition (5I7) also has a longer lifetime than the upper level (5I6). It has been shown, however, that this 
transition can lase in spite of this to lines high up in the 5I7 manifold. It has also been shown that 
depopulating this level, e.g. using co-doping like in the first validation experiment, will reduce the threshold 
of the 2.9-µm transition. 
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This simple analysis led us to investigate two approaches to make the Ho-fiber laser at 3.9 µm, both using 
cascade lasing at the 2.9-µm transition, but one with co-doping to reduce the lifetime of the 5I7 level and one 
without. 

It is also clear that having high pump intensity is advantageous, and therefore we chose a fiber structure 
where the pump core was as small as possible, but still large enough to allow pumping with high brightness 
laser diodes. We chose to investigate a dual-cladding fiber with an inner core with a 10-µm diameter and an 
outer pump core of 50 µm. We applied dual-end pumping with 10 W launched pump power in both 
directions at 895 nm. In the model we used the up-conversion coefficient estimated from the Ho:BYF model 
fit reported by Eichhorn, and we further assumed that these coefficients will be proportional to the doping 
concentration [10]. The assumption of linearity has been shown to be valid at least for low doping 
concentration (< 4 mol %) [11]. Our values were estimated for ionic distances equal to that of 10% doping in 
fluoroindate and are most accurate around this concentration, but will probably not overestimate the  
up-conversion at lower concentration. The lifetimes we used were the ones we determined experimentally, 
which were considerably shorter than what we had hoped when this host material was chosen for 
investigation. We used the absorption and emission experiments to estimate the energy levels of the laser 
manifold and the shape of the emission lines. The rest of the parameters were estimated from literature 
values of Ho3+ in similar hosts [12]. Where the values were uncertain, conservative estimates were used.  
A list of the parameters is given in Annex A. 

The results from the modeling of the Ho-doped double-clad fiber are shown in Figure 3-14 and show that for 
high doping concentrations the 3.9-µm transition lases efficiently even with a very short lifetime of 30 µs 
assumed for the 5I5 level. Using 20% Ho doping the optical efficiency is ~ 40%, which is almost twice the 
ratio of pump wavelength to laser wavelength, usually limiting the efficiency of an optically pumped laser. 
The reason for this is that the electrons are recirculated by the strong up-conversion from the 5I6 and 5I7 
levels, and can contribute to laser action several times. This process greatly reduces the detrimental effect of 
the short lifetime of the 5I5 level. Even though the long lifetime of the 5I7 level reduces the efficiency of the 
2.9-µm transition, co-doping to mitigate this does not help since this also reduces the efficiency of the  
up-conversion recirculation. Only for the lowest doping concentration, where the up-conversion is less 
important, is the co-doping beneficial.  
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Figure 3-14: Model Predictions of Two Cases of Cascade Lasing a Double  
Clad Fiber, Pumped by Two 10 W Pumps, With (Red Curve) and Without  

Co-Doping (Blue Curve) for Varying Doping Concentrations.  

To study the effect of the 5I5 lifetime we varied the lifetime. The results in Figure 3-15 show that at this 
pump level with this fiber geometry the efficiency is saturated already at a lifetime of 100 µs. This shows 
that the modeled up-conversion processes are very efficient in re-circulating the electrons which undergo 
non-radiative or radiative transfer to the 5I6 and 5I7 levels. The only lost energy in the system is across the  
5I7 to 5I8 transition, which takes place in the up-conversion process. 

3 - 14 STO-TR-SET-170 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



RARE-EARTH-DOPED FIBERS: EXPERIMENT AND MODEL 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

10-4 10-3
0

2

4

6

8

10

5I5 lifetime (s)

3.
9-

µm
 p

ow
er

 (W
)

 

Figure 3-15: Output Power at 3.9 µm from a Fiber with  
10 mol % Ho3+, for Varying Lifetime of the 5I5 Level. 

3.3.4 Conclusions 
We have shown that a double-clad Ho-doped fluoroindate glass fiber can be lased efficiently at 3.9 µm for 
doping concentrations greater than ~ 5 mol %, provided that the up-conversion coefficients we have used are 
correct. It should be noted, though that the values we have used have been extracted from model fitting in a 
different crystalline host (BYF), and that more work should be done on extracting better values for emission 
cross-sections and up-conversion coefficients. The peak emission cross-sections should be easily available 
from Judd-Ofelt analysis, whereas the up-conversion coefficients can be estimated from model fitting to 
fluorescence measurements under strong pumping. If the true values are similar to what we have assumed,  
it should be feasible to design an efficient diode pumped 4-µm fiber laser. 

3.4 HO:GLASS LASING 

Contributors to this section: Marc Eichhorn6, Christelle Kieleck6, Antoine Berrou6 

Like Ho:ZBLAN, Ho3+:fluoroindate glass exhibits an absorption peak around 890 nm ( Figure 3-16). Thus we 
need an intense pump source at this wavelength. We will use Cr3+:LiSAF laser to pump, as a first 
demonstration, a bulk Ho3+:fluoroindate glass. In this sub-section we present first the characteristics of the 
Cr3+:LiSAF laser that was used as pump source. In order to compare the performance of our new material 
(Ho3+:fluoroindate glass) to well-known materials, we built a laser based on a Ho3+:BYF crystal.  
Its performance is reported thereafter. Replacing the Ho3+:BYF crystal by Ho3+:fluoroindate glass in the  
laser cavity we recorded, to the best of our knowledge, the first laser activity of this glass.  

6  ISL, French-German Research Institute of Saint-Louis, 5 rue du Général Cassagnou, 68300 Saint-Louis Cedex, France. 
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 Figure 3-16: Transmission of Uncoated Ho3+:fluoroindate Glass as Function of Wavelength. 

The experimental set-up of the Cr3+:LiSAF (Cr3+:LiSrAlF6) laser is presented in Figure 3-17. The crystal rod 
is 101.6-mm long and 6 mm in diameter. The chromium doping concentration is 0.8%. It is flash lamp-
pumped, resulting in available pump energies for holmium pumping of several joules at pulse widths of 
~ 80 μs in free-running mode. In order to obtain a narrow emission linewidth from the laser, a threefold  
SF4-prism monochromator was inserted into the cavity, resulting in a linewidth of 2.5 nm, centered at 
889 nm.  

Cr3+:LiSAF

HR

OC
P

Cr3+:LiSAF

HR

OC
P

 

Figure 3-17: Cr3+:LiSAF Laser Layout. HR: High Reflectivity Mirror; P: Prisms; OC: Output Coupler. 

The laser output energy as function of the electrical flashlamp energy is reported in Figure 3-18. The laser 
set-up is presented in Figure 3-19. Ho3+:BYF crystal is 15-mm long, it is not coated therefore its faces are 
cut off with an angle to reduce the Fresnel loss. It is pumped from both sides and its temperature is not 
controlled. As the pump source beam is polarized, we used a polarized beam splitter to separate the pump 
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beam into two parts. The ratio between the two arms can be controlled with the half-wave plate 1. The pump 
beam is focused inside the crystal using plano-concave lenses. The laser cavity which is approximately  
250-mm long is composed of three mirrors. The dichroic mirrors M1 and M2 are highly transmissive for the 
pump beam and highly reflective for the laser beam. The output coupler M3 has a reflectivity of 80%. 
Maximum output energy of 650 mJ was achieved at 150 J electrical energy. The conversion slope efficiency 
was measured to be 0.63%, which is lower than what we obtained few years ago with this laser [10]. 
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Figure 3-18: Cr3+:LiSAF Laser Output Energy as Function  
of Electrical Flashlamp Energy (80 µs Pulse Duration). 
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Figure 3-19: Mid-Infrared Laser Set-Up. 

Ho3+:BYF crystal (Ho:BaY2F8) is an interesting material because it can be pumped in the near-infrared at 
889 nm and emit in the mid-infrared at 3.9 µm. Due to the longer lifetime of the terminating level compared 
to the upper laser level, this transition can be regarded as a quasi-three-level transition. Moreover due to the 
strong difference in upper and lower-state lifetimes (52 µs and 5.45 ms respectively), the laser can be 
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operated efficiently only in pulsed mode with repetition rates smaller than the inverse lower level lifetime. 
However, when strongly doped with Ho3+ (> 20%) an Energy Transfer Up-conversion (ETU) process allows 
for recycling of used inversion and thus can allow for cw operation [10]. Here, we only run the pump source 
in single shot (80 µs pulse duration). 

The laser output energy as a function of the pump energy is reported in Figure 3-20. Three different  
pump conditions were examined. First, in blue, we roughly separated the pump beam into equal parts.  
Then, in green, we rotated the half-wave plate 1 for maximum pump energy in the first arm. Finally, in red, 
we blocked the pump beam of the second arm. The evolution of the slope efficiency between the three 
curves shows that the second arm pumping is less efficient than the first arm. We need more investigations to 
determine the cause of this behavior. Nevertheless we obtained a threshold energy of 125 mJ, a slope 
efficiency of 6.9% and maximum output energy of nearly 35 mJ at 650 mJ pump energy. The temporal 
profile of the laser beam in Figure 3-21 shows a quasi-continuous emission after spikes at the beginning. 
This behavior is well explained with numerical simulation in [10]. 
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Figure 3-20: Ho3+:BYF Output Energy as Function of Cr3+:LiSAF Energy for Three Different 
Repartitions of Pump Intensity Between the Two Arms: 57% in the First Arm  

and 43% in the Second (Blue); 85% in the First Arm and 15% in  
the Second (Green); and 100% in the First Arm (Red).  
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Figure 3-21: Temporal Profile of Cr3+:LiSAF Laser Pulse (Cyan) and  
Ho3+:BYF Laser Pulse (Orange) at Maximum Output Energy. 

A picture of our Ho3+:fluoroindate glass is presented in Figure 3-22. It shows high optical quality (bulk) and 
surface finish. It is 30-mm long and has a holmium doping concentration of 10%. Like the Ho3+:BYF crystal, 
it has no optical coating. Thus it is Brewster cut to limit the Fresnel loss. 

 

Figure 3-22: Ho3+:fluoroindate Glass. 

We used the set-up presented in Figure 3-19, replacing the Ho3+:BYF crystal with this fluoroindate glass. 
Since this glass is two-times longer than the BYF crystal, we needed to realign the pump and the cavity.  
The laser output energy as a function of the pump energy is reported in Figure 3-23. We recorded the output 
energy for two configurations. The first configuration was with 85% of the pump energy in the first arm and 
the remaining 15% in the second one. For the second configuration we blocked the pump of the second arm, 
keeping the same power in the first arm. The laser threshold energy was approximately 230 mJ.  
The conversion slope efficiency was 1.3% with 5.4 mJ maximum output energy. It appears that this laser is 
not as efficient as the Ho3+:BYF laser, but we must emphasize that the laser cavity was almost the same for 
the two lasers therefore it was not optimal for the second experiment with a longer active medium.  
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Figure 3-23: Ho3+:fluoroindate Output Energy as Function of Cr3+:LiSAF Energy for Two  
Different Repartitions of the Pump Energy Between the Two Arms: 85% in the  

First Arm and 15% in the Second (Green) and 100% in the First Arm (Red).  

The temporal profile of the Ho3+:fluoroindate laser beam at maximum output energy is reported in  
Figure 3-24. This profile shows separated spikes for 30 µs and then nearly quasi-continuous emission with 
weak power during 20 µs. This behavior is expected when pumping few times above threshold and is 
comparable to Ho3+:BYF laser beam profile at this laser energy level. 

 

Figure 3-24: Temporal Profile of the Cr3+:LiSAF Laser Pulse (Cyan) and the  
Ho3+:fluoroindate Laser Pulse (Orange) at Maximum Output Energy. 
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The set-up was not optimized for a 30-mm long laser material. Nevertheless we obtained, for the first time to 
our knowledge, a laser emission from a Ho3+:fluoroindate glass. We think that this is the first step towards a 
pulsed mid-infrared fiber laser based on this material. 
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Chapter 4 – NON-LINEAR FIBERS 

4.1 BACKGROUND AND PREVIOUS WORK 
High brightness broadband sources in the 2 µm to 5 µm atmospheric window with good beam quality and 
small divergence are needed for spectroscopy and metrology as well as defence applications. Optical fibers 
are the most interesting technology for Supercontinuum (SC) generation because they permit confining the 
pump laser pulse into a very small area core and thus the laser pulse interacts with a non-linear medium  
(here the fiber glass) over a long distance with relatively low losses. Now, the majority of SC sources 
developed are based on silica fibers, for example [1]-[5]. Especially silica photonic crystal fibers are very 
unique media in which dispersion and non-linear properties can be tailored by a suitable design of their 
microstructures [6]. However, as a result of multi-photon absorption, spectral broadening in silica glasses is 
limited to below 3 µm [7], which makes them unsuitable for continuum generation in the Mid-Infrared 
(MIR) spectral band. Therefore, soft glasses including tellurite [8]-[10], chalcogenide [11]-[13], fluoride 
[14]-[16], and lead-bismuth-gallate [17] glasses have been adopted for MIR SC generation. Tellurite, 
fluoride and lead-bismuth-gallate glasses exhibit high optical transparency in the long-wavelength range of 
up to ~ 5 µm [8],[17],[18], while chalcogenide glasses are transparent even above 7 µm wavelength [19].  

There have been several demonstrations of SC generation with soft glass optical fibers [2],[9],[15],[20]-[25]. 
SC sources using fluorozirconate based fibers have reached watt level powers, but are restricted to 
wavelengths below 4 µm when using long fibers. The intrinsic fiber loss due to the multi-phonon absorption 
edge in fluorozirconate-based fibers is the main limitation on the long-wavelength side for SC generation 
[26]. Emission beyond the multi-phonon absorption edge can be overcome using short lengths of fiber and 
high pump intensity and has been demonstrated also in telluride [9] and fluoride fibers [15], but requires the 
use of high peak power laser sources which are sensitive to mechanical vibrations and temperature 
fluctuations. On the other hand, micron-sized suspended core fibers offer the possibility to adjust the fiber 
dispersion and enhance the SC generation; however, these small core fibers cannot sustain high average laser 
powers. Chalcogenide fibers are chemically stable to air humidity and their non-linear responses is about 500 
times higher than fluoride glasses [27]-[30], but their damage threshold is lower than fluoride glasses. 
Usually, the chalcogenide fiber damage threshold is about 10 times lower than for fluoride fiber which is an 
important issue when multi-watt average power is required at the output of a single-mode fiber. The proper 
fiber for the conception of a ruggedized multi-watt SC fiber source into the 2 µm to 5 µm atmospheric 
windows is explored intensively by many research groups and the recent progresses in fiber technologies 
indicate that such objectives should be reached in a near future. 

SC generation in soft glass fibers is a relatively new research domain and the number of research groups 
dealing with this topic is still very small. Nevertheless, the results already achieved are very impressive  
and promising regarding practical applications of SC sources. A very important issue for MIR SC sources  
(λ > 2 µm) is the efficiency of SC power distribution towards red wavelengths in relation with the 
wavelength of pump signal. It directly affects their practical usage in such areas as direct infrared 
countermeasure or infrared spectral fingerprinting. In this section, we review 3 main techniques for mid-
infrared SC generation, i.e. in step-index ZBLAN fibers, in step-index chalcogenide fibers, and in Tellurite 
fibers. Others micro-structured fibers or exotic glasses are not considered here because the achieved output 
power is generally low, i.e. less than 100 mW in the MIR spectral range. For this review, Table 4-1 points 
out the main results published in the literature before the NATO SET-170 started in September 2010 with the 
emphasis on the results having the highest average power and/or the broadest MIR spectrum. On the other 
hand, Table 4-2 presents the MIR supercontinuum parameters for the most powerful laser sources developed 
by various groups during the 3-year mandate of the NATO SET-170. By comparing the data of both tables, 
we clearly see a rapid increase of the MIR supercontinuum bandwidth and its average power during the last 
few years. It is interesting to note that the members of the NATO SET-170 obtained similar results that the 
one listed in Table 3-1 for the ZBLAN fibers while it is Dr. Sanghera’s group (member of NATO SET-170) 
that obtained the highest average power and the broadest supercontinuum in chalcogenide fibers [31]. 
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Table 4-1: Parameters of Supercontinuum Fiber-Based Laser Sources Prior to NATO-SET-170. 

Fibers References Total Average 
Power 

Spectral  
Width 

MIR Power 

> 2 µm > 3 µm 

Step-Index 
ZBLAN 

[32] 1.3 W 1.95 – 2.55 µm ~ 0.6 W ~ 0.2 W 

[33] 10.5 W 0.8 – 4.2 µm ~ 5 W ~ 1.1 W 

Step-Index 
Chalcogenide [34] 0.04 W 1.2 – 2.5 µm ~ 0.0001 W N/A 

Tellurite Fiber [9] 0.09 W 0.8 – 4.8 µm ~ 0.01 W ~ 0.006 W 

 
Table 4-2: Parameters of Supercontinuum Fiber-Based Laser Sources Developed  

by Various Groups During the Mandate of the NATO-SET-170. 

Fibers References Total Average 
Power 

Spectral  
Width 

MIR Power 

> 2 µm > 3 µm 

Step-Index 
ZBLAN 

[35] 3.9 W 0.75 – 4.3 µm ~ 2.5 W 1.3 W 

[23] 2.6 W 1.9 – 4.5 µm ~ 2.5 W ~ 1 W 

[36] 7.1 W 1.9 – 3.9 µm ~ 6.5 W ~ 2.5 W 

Step-Index 
Chalcogenide [31] 0.56 W 1.9 – 4.8 µm ~ 0.55 W ~ 0.18 W 

Tellurite Fiber [37] 0.1 W 0.9 – 4.2 µm N/A N/A 

In order to achieve significant spectral broadening, the zero Group Velocity Dispersion (GVD) of the fiber 
should be close to the center wavelength of the laser pulse used for SC generation, with the laser wavelength 
slightly shifted towards the anomalous GVD regime. This minimizes the walk-off between the different 
regions of the generated spectrum, allowing for further spectral broadening [38]. The GVD of a fiber is first 
determined by its core material and the diameter of the fiber core. Depending of the refractive indexes of the 
glass used for the fiber, the fiber GVD is very similar to the glass GVD when its core diameter is larger than 
~ 10 µm. For smaller core, the waveguide dispersion tends to shift the zero GVD wavelength towards shorter 
wavelengths. Such tendency explains the development of microstructured core fibers in order to match the 
zero GVD wavelength of the fiber with the central wavelength of ultrashort and powerful lasers for the 
generation of supercontinuum.  

For all the results presented above in Table 4-1 and Table 4-2, the supercontinuum generation is generally 
initiated by self-phase modulation and four-wave mixing which induce primarily the spectral broadening 
before higher order dispersion causes fission of the laser pulse. After the fission of the laser pulse into 
multiple solitons, the individual solitons redshift by the Raman self-frequency shift effect and emit phase-
matched dispersive waves at wavelengths shorter than the zero GVD [39]. All these non-linear effects are 
intensity dependent, therefore the fiber core diameter, the fiber dispersion, the initial laser pulsewidth and 
peak power are important parameters that directly impact the supercontinuum efficiency.  
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From the results presented in Table 4-1 and Table 4-2 there is a very interesting approach to generate SC in a 
tandem of silica and fluoride fibers which was proposed by Xia et al. [32],[33] – a technique permitting to 
eliminate the need of using high peak power mode-locked lasers. The SC generation was initiated by the 
breakup of amplified nanosecond pulses in a piece of conventional silica Single-Mode Fiber (SMF) into a 
train of soliton-like sub-pulses through Modulation Instability (MI) and then, as a result of Raman scattering, 
the spectrum was further broadened in a ZBLAN fiber to over ~ 4 µm wavelength. A unique feature of this 
solution, differencing it from the other approaches mentioned above, is the possibility of boosting the output 
average power while keeping the spectrum shape and width relatively constant. The group has already 
presented the linear scaling up of the average output power to 10.5 W with a spectrum of ~ 0.8 µm to 4 µm 
using erbium and erbium:ytterbium power fiber amplifiers [33] as well as 5.3 W in a continuum extending 
from ~ 1.9 µm to 4.5 µm when applying an additional amplification stage based of Tm-doped fibers [23]. 

In the following sections, we present different experimental schemes for supercontinuum generation 
obtained by the NATO SET-170 Task Group members. In Section 4.2.1 we demonstrate broadband and 
powerful supercontinuum generation in step-index ZBLAN fiber. Supercontinuum generation in 
chalcogenide fiber is also presented in Section 4.2.2, and finally, Section 4.2.3 presents recent results on 
supercontinuum generation in Indium fluoride-based fibers. 

4.2 EXPERIMENTAL RESULTS 

4.2.1 Supercontinuum Generation in ZBLAN Fibers 

4.2.1.1 Three-Octave Spanning Supercontinuum Generated in a Fluoride Fiber Pumped by  
Er and Er:Yb-Doped and Tm-Doped Fiber Amplifiers 

Contributors to this section: Jacek Swiderski1, Maria Michalska1 

From: Optics & Laser Technology 52, 75-80 (2013) 

In this section we demonstrate broadband 0.9 – 3.6 µm supercontinuum generation with 0.66 W of output 
power, using a single-mode fluoride (ZBLAN) fiber pumped by 1.55 µm nanosecond pulses amplified in a 
cascade of fiber amplifiers. Expanding the pump source by adding an additional amplification section based 
on thulium-doped fibers, the long-wavelength edge of the spectrum was shifted to ~ 4 µm and was limited by 
intrinsic losses of the used non-linear ZBLAN fiber. For this cases, the average SC power as high as  
288 mW was recorded, of which 266 mW (92%), 167 mW (58%) and 60 mW (21%) corresponds to 
wavelengths longer than 2 μm, 3 μm and 3.6 μm, respectively.  

4.2.1.1.1 SC Generation with the Use of 1.55 µm Fiber Amplifier 

The SC generator schematic is shown in Figure 4-1. The pump source was arranged as a fiber MOPA system 
consisting of a seed and a cascade of three fiber amplifiers. The MOPA output was directly spliced to a piece 
of SMF followed by a single-mode ZBLAN fiber.  

 

1  Institute of Optoelectronics, Military University of Technology, 2 Kaliskiego Street, 00-908 Warsaw, Poland. 
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Figure 4-1: Set-Up of SC Source Pumped by a 1.55 µm MOPA. 

A 1549.5 nm Distributed Feedback (DFB) laser was used as a seed of ~ 1 ns pulses generated at the Pulse 
Repetition Frequency (PRF) of 200 kHz. The average output power for this duty cycle was 3 µW, which 
corresponds to the pulse energy and pulse peak-power of 15 pJ and 15 mW, respectively. Such a pulse train 
was amplified in a three-stage fiber amplifying cascade, formed by two erbium preamplifiers (EDFAs) and a 
booster erbium/ytterbium amplifier (EYDFA).The EDFAs utilized single-mode, single-clad erbium-doped 
fibers with the core diameter of 4 µm and they were pumped by up to 1.5 W of total power at 976 nm 
wavelength. The booster amplifier was made with the use of 2.4-m long Er:Yb-co-doped double-clad fiber 
characterized by 6.5 μm / 0.19 NA core and 125 μm / 0.45 NA octagonal clad pumped in counter-propagating 
scheme (via a multi-mode pump power combiner) by a fiber-coupled laser diode delivering of up to 10 W of 
continuous power at a wavelength of 976 nm. The power amplifier provided gain of up to 12.5 dB. To block 
any back reflections, each laser system stage was optically isolated. Also, to eliminate the out-of-band 
amplified spontaneous emission generated by the active ions, the 100 GHz band-pass filters were used. The 
entire system provided up to 58.5 dB of total gain. All the SC system components were fusion spliced, thus 
providing an all-fiber architecture. 

The fiber MOPA output (that is 0.5-m long output fiber pigtail of the pump combiner used in the 
construction of EYDFA) was fusion spliced with a standard SMF-28 having a length of ~ 2.5 m. Finally,  
the laser radiation coming out of the SMF was launched via bulk optics to a ZBLAN fiber with a ~ 55% 
efficiency. The 20-m long ZBLAN fiber, with attenuation curve shown in Figure 4-2, had a core/clad 
diameter of 7/125 µm and a NA of 0.23. The ZDW and cut-off wavelength of this fiber were 1.9 µm and 
2.04 µm, respectively. 

 

Figure 4-2: Attenuation of the ZBLAN Fiber. 
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Output SC spectra from 0.6 to 2.4 µm wavelength were measured by using two optical spectrum analyzers 
whereas the longer wavelengths were recorded with a grating monochromator and a HgCdTe detector.  
Then the measured spectra were spliced together. The output average SC power was measured by a power 
meter (Ophir, Laserstar) with thermal sensor (response range of 0.19 to 20 μm). 

4.2.1.1.2 SC Generation with the Use of Tm-Doped Fiber Amplifier 

The principle scheme of the SC laser source built with the use of Tm3+-Doped Fiber Amplifiers (TDFAs) is 
shown in Figure 4-3. A significant part of the system is based on the MOPA described in Section 4.2.1.1.1. 
In this approach, two TDFAs were added.  

 

Figure 4-3: Set-Up of SC Source Pumped by Tm-Fiber Amplifiers. 

The MOPA fiber output was spliced to a 1-m long single-mode double-clad Tm3+-Doped Fiber (TDF) 
(dopant concentration, 2 wt. %) with core/clad diameter of 10/130 µm and corresponding NA of 0.15/0.46.  
It was core-pumped by the 1.55 μm signal coming out of the Er and Er:Yb amplifiers. Then the output from 
the first TDF was launched into the second 2.5-m long TDF with the same parameters as defined above.  
It was cladding pumped (in forward configuration) via a (2 x 1) + 1 pump combiner combining two fiber-
pigtailed 4.75 W 790-nm pump laser diodes with 105 µm core diameter and 0.22 NA. The fiber end was 
angle-cleaved to prevent any back reflections. Like in the previous set-up, all the SC system components 
were fusion spliced to provide an all-fiber format. Finally, the signal amplified and initially broadened in a 
cascade of TDFAs was launched into the ZBLAN fiber with the use of a telescope allowing for coupling 
efficiency of ~ 60%. Since fluoride glass has a much lower melting point of about 260°C than silica glass  
(~ 1200°C), it was not possible to directly fusion splice the two fibers. Both ends of the fluoride fiber as well 
as the output fiber end of the second TDFA were polished at an angle of 8° to avoid any back reflections. 

4.2.1.1.3 SC Generation with the Use of 1.55 µm Fiber Amplifier 

The maximum average output power provided by the MOPA system, measured at the SMF output,  
was 1.56 W. About 0.85 W of this power was coupled into the ZBLAN fiber indicating to ~ 55% launching 
efficiency. The output SC power as a function of launched pump power is shown in Figure 4-4.  
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Figure 4-4: Average SC Output Power as a Function  

of Incident Pump Power (η – Slope Efficiency). 

The output power increases linearly with the increase in pump power and was only limited by the available 
pump power. For 0.86 W of the pump power the SC power as high as 0.66 W in the whole wavelength range 
with a slope efficiency of 70% was recorded. A distribution of SC power in different spectral bands is 
presented in Table 4-3. It can be noticed that over 60% of the power corresponded to wavelengths longer 
than 1.65 µm and 15% (0.1 W) of the power was detected for wavelengths longer than 3 µm. 

Table 4-3: SC Power Distribution in Different Spectral Bands. 

Spectral Range Output Power % of Output Power 

All Range 0.66 W 100% 

λ > 1.65 µm 0.44 W 66.7% 

λ > 2.4 µm 0.21 W 31.8% 

λ > 3 µm 0.10 W 15.2% 

The measured SC output spectra, recorded for selected pump power levels and corrected for the spectral 
responsivity of the HgCdTe detector and the monochromator gratings response are presented in Figure 4-5. 
The inset in each figure depicts the spectrum of light generated at the SMF output. For pump power  
of 150 mW the output SC spectrum with a characteristic peak at 1.55 µm spreads from ~ 1.4 µm to 1.9 µm 
(Figure 4-5(a)). In the spectrum of pump signal, presented in the inset, two sets of side lobes spaced 
symmetrically from the signal at 1550 nm by ~ 25 nm can be distinguished. This spectral signature is 
characteristic for MI process leading to the break of pump pulses propagating through the SMF into many 
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shorter sub-pulses and consequently, to the spectrum broadening along with increasing the pump power [34]. 
Applying the pump power of 300 mW results in the spectrum broadening from ~ 1.4 µm to 1.9 µm and from 
~ 1 µm to 3 µm, measured after SMF and ZBLAN fiber, respectively (Figure 4-5(b)). The output SC power 
for this case was 260 mW. Further increase in pump power leads to further broadening of the output 
spectrum. For the maximum applied pump power of 860 mW, the 3-octave spanning (from ~ 0.9 µm to  
3.6 µm) SC output spectrum generated out of the ZBLAN fiber was obtained (Figure 4-5(d)). It is worth 
noting here that the pump signal propagating in the SMF was broadened to ~ (1.4 – 2.2) µm. A 10 dB level 
flatness was obtained in the wavelength interval from ~ 1 µm to 2.7 µm (1700 nm of spectral span). 
Assuming 20 dB changes in intensity distribution, the spectrum spreads from ~ 1 µm to 3.45 µm (span of 
2450 nm). One can see that the intensity falls rapidly for wavelengths longer than 3.4 µm, which can be 
attributed to the increase in the fluoride fiber attenuation (Figure 4-2). 

  

  

Figure 4-5: Evolution of Output SC Spectrum with Pump Power. Power launched  
into the ZBLAN fiber: 150 mW (a), 300 mW (b), 680 mW (c), 860 mW (d).  

Insets present spectrum generated at the SMF output. 

As it was mentioned earlier, the initial spectrum broadening in the SMF is caused by MI effect and Soliton 
Self-Frequency Shift (SSFS) [16],[40],[41]. In the fluoride fiber, the SSFS phenomenon is also responsible 
for further broadening the spectrum towards longer wavelength while SPM is responsible for blue-shifting of 
the spectrum [40]. 
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4.2.1.1.4 SC Generation with the Use of Tm-Doped Fiber Amplifier 

The general concept of the second experiment was to extend the output SC spectrum only towards mid-IR  
(λ > 2 µm). Like in, for example [42]-[44], the active fibers played a role of both non-linear and 
amplification media. The power of signal initially broadened into the SMF (as high as 0.89 W, of which  
58 mW corresponded to λ > 2.4 µm) was launched to the core of the first TDFA. It allowed absorbing of 
almost entire pump radiation at 1550 nm and its Raman-scattering components of the wavelength < 1.8 µm 
by Tm3+ ions and finally converting it into longer wavelengths lying in amplification bands of TDF (the first 
one extends from ~ 1.8 µm to 2.1 µm and the second one from ~ 2.2 µm to 2.5 µm). Applying a Tm-doped 
fibers as non-linear media allowed us to extend the spectrum from ~ 1.8 µm to ~ 2.7 µm at 40 dB below the 
peak with 2.37 W for λ > 1.65 µm and 0.49 W for wavelength beyond 2.4 µm. This spectral extension can be 
attributed to parallel amplification in both emission bands of Tm3+ ions in a silica host. Detailed description 
of the results can be found in [2]. The radiation generated out of the second TDFA was coupled to the 
ZBLAN fiber, the same as described in Section 4.2.1.1.1, by bulk optics allowing for launch efficiency of 
60%.  

The output SC power versus the launched pump power is shown in Figure 4-6. The output power increases 
linearly along with the pump power increase. The total SC average power of 288 mW is achieved for the 
launched power of 790 mW. By using different long-pass filters cutting below 1.65, 2, 2.4, 3 and 3.6 µm,  
it was possible to determine the SC power distribution in different spectral bands, as is presented in  
Table 4-4. The power as high as 266 mW constituting 92% of total SC output power corresponds to mid-IR 
spectral band (λ > 2 µm). The pump-to-signal conversion efficiency was 22.9% with respect to the launched 
pump power. The power of over 160 mW (58% of total SC output power) lies in wavelengths beyond 3 µm 
leading to an efficiency of 18.6%.  

 

Figure 4-6: Average SC Output Power vs. Launched Pump Power (η – Slope Efficiency). 
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Table 4-4: SC Power Distribution in Different Spectral Bands. 

Spectral Range Output Power % of Output Power 
All range 288 mW 100% 
λ > 1.65 µm 274 mW 95% 

λ > 2.0 µm 266 mW 92% 
λ > 2.4 µm 240 mW 83% 
λ > 3.0 µm 167 mW 58% 
λ > 3.6 µm 60 mW 21% 

The evolution of SC spectrum generated in the fluoride fiber is depicted in Figure 4-7. The inset shows the 
spectrum generated by the second TDFA at its maximum performance. Higher power generated by the 
cascade of TDFAs corresponds to higher average SC output power and larger SC spectrum extension limited 
by fluoride glass transparency. As can be seen, the spectrum spreads from ~ 0.9 µm to 4 µm, however, it is 
mostly broadened towards infrared wavelengths. The spectrum covers the range of ~ (1.9 – 3.8) µm 
constituting an octave-spanning mid-IR SC when measured within -25 dB level with respect to the 
maximum peak. The dip in the spectrum around 2.7 – 2.9 µm corresponds to OH ions absorption in the 
medium. Another characteristic feature of the spectrum is that it reveals a maximum peak at ~ 3.7 µm, which 
shows that the light was efficiently converted towards mid-IR (58% of total output power was recorded for  
λ > 3.0 µm) and further spectral broadening was difficult due to the rapidly increasing fiber attenuation  
> 100 dB/km at ~ 4 µm and > 1000 dB at 4.5 µm (Figure 4-2), caused longer wavelengths generated in a 20-
m long fluoride fiber to be highly attenuated preventing red wavelengths cut-off extension. Besides, a fiber 
bend-induced loss contributed to the overall attenuation due to the fluoride fiber was coiled on a 20 cm 
diameter spool.  

 

Figure 4-7: SC Spectrum After Propagation Through ZBLAN Fiber, for Selected Values of Output Power.  
Inset: Spectrum generated by cascade of TDFAs (pump signal) at its maximum performance. 
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The ZBLAN fiber used has its ZDW at ~ 1.9 µm so that it was mostly pumped in anomalous Group Velocity 
Dispersion (GVD) region, which means that the main non-linear process leading to spectrum extension is MI 
effect responsible for solitons formation and soliton self-frequency shift [16],[40]. As the MI process is noise 
driven, a distribution of many solitons, with different energies are created, resulting in different rates of  
self-frequency shifting. They are additionally broadened by Self-Phase Modulation (SPM) and Cross-Phase 
Modulation (XPM) making the SC spectrum relatively smooth and flat. However, as can be seen in  
Figure 4-7, the spectrum also broadens towards shorter wavelengths (in the band of ~ 0.9 to 1.6 µm) with the 
average power of 14 mW (only 5% of total output power). It is associated with generation of phase-matched 
dispersive waves at wavelengths shorter than the ZDW accompanying the MI-induced solitons propagating 
in the fiber [45]-[47].  

In conclusion, we report broadband low-power SC generation in a single-mode fluoride (ZBLAN) fiber with 
a core/clad diameter of 7/125 µm. When the fiber was pumped by 0.86 W of average power delivered by the 
1.55 µm MOPA system, the produced continuum covered 3 octaves from ~ 0.9 µm to 3.6 µm with 0.66 W of 
average output power. Expending the pump system by applying a cascade of TDFAs providing the average 
output power as high as 2.37 W in a spectral band of ~ (1.75 – 2.7) µm it was possible to extend the 
spectrum generated in the ZBLAN fiber from ~ 0.9 µm to 4 µm. The average power as high as 288 mW was 
recorded, of which 266 mW corresponded to wavelengths longer than 2 µm. Contrary to the first experiment, 
the output spectrum was mainly distributed towards mid-infrared, the -25 dB bandwidth (measured from the 
top peak) covers the span of 1900 nm, from ~ 1.9 µm to 3.8 µm. 

The difference in the spectrum evolution between the two experiments carried out can be attributed to 
different spectral bands of the pump signal. In case of the first system, significant part of the pump was 
located in the normal GVD region of the ZBLAN fiber thus supporting the spectrum extension towards 
shorter wavelengths with much contribution from SPM. Contrary to that, the second system was mostly 
pumped in anomalous GVD region and the output spectrum extended mainly towards mid-IR, as a result of 
Raman induced scattering. 

4.2.1.2 Mid-IR Supercontinuum Generation in a ZBLAN Fiber Pumped by a Gain-Switched  
Tm-Doped Fiber Laser and Amplifier System 

Contributors to this section: Jacek Swiderski2, Maria Michalska2, Gwenael Mazé3, Christelle Kieleck4,  
Marc Eichhorn4  

In this section, covered partly in Optics Express 21, pp. 7851-7857 (2013), we demonstrate a novel method 
of Mid-Infrared (MIR) Supercontinuum (SC) generation with the use of a 2 µm gain-switched thulium-
doped fiber laser. SC radiation ranging from ~ 1.8 µm to 4.15 µm, generated in a single-mode ZBLAN fiber 
with a zero-dispersion wavelength (ZDW) shifted to ~ 1.9 µm, is reported. An average output power of  
1.25 W with 0.6 W at wavelengths longer than 2.4 µm was measured. It is, to the best of our knowledge,  
the first report on such an approach to generate a MIR SC in fluoride fibers. 

4.2.1.2.1 SC Experimental Set-Up  

The SC source consists of a 1.55 µm fiber MOPA, a gain-switched Thulium-Doped Fiber Laser (TDFL) and 
a Thulium-Doped Fiber Amplifier (TDFA). The principal scheme of this configuration is shown in  
Figure 4-8. 

2  Institute of Optoelectronics, Military University of Technology, 2 Kaliskiego Street, 00-908 Warsaw, Poland. 
3  Le Verre Fluoré, Campus KerLann, F-35170 Bruz, Brittany, France. 
4  French-German Research Institute of Saint-Louis ISL, 5, rue du Général Cassagnou, B.P. 70034, 68301 Saint-Louis Cedex, 

France. 
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Figure 4-8: Block Diagram of Fiber Mid-IR SC Source. ISO – Optical Isolator. 

To obtain a stable pulse train, fast gain-switching and resonant pumping are required. In-band pumping 
ensures a rapid population inversion that can be depleted by a single short gain-switched pulse. Then the 
cross-relaxation and excited state absorption processes can be reduced leading to generation of stable,  
short 2-µm pulses, as was shown in [48]. Furthermore, in gain-switched TDFLs, an output pulse duration is 
determined by an active medium gain and the round-trip time, which means that the length of active fiber 
directly affects output time characteristics of a laser. In such a situation, only core-pumping can provide a 
suitable gain while keeping a resonator length short and thus supports generation of short (tens of ns) pulses 
[48]. For this reason, a ~ 20-cm long, single-mode double-clad, Tm-doped (~ 2 wt. %), silica fiber (TDF) 
was used as an active medium of the GSML laser. It had a 10/130 µm core/clad diameter and a corresponding 
numerical aperture NA of 0.15/0.46. The active fiber was core-pumped by a 1.55 µm fiber MOPA system, 
delivering pulses of 20 – 700 ns duration at the frequency independently changeable in the range from 26 to 
320 kHz.  

The MOPA system consisting of a DFB laser seed followed by a cascade of Erbium- and Erbium:Ytterbium-
Doped Fiber Amplifiers (EDFA and EYDFA) was capable to deliver pulses with energy of several tens of  
µJ and average power of up to 3.5 W. About 90% of pump power was absorbed by the active dopant.  
The output from the MOPA system was directly spliced to the pigtail of a 3-cm long High Reflector (HR) 
Fiber Bragg Grating (FBG). The laser cavity was formed by a HR FBG having a reflectivity of > 99% at 
1994.5 nm, and an Output Coupler (OC) FGB with a reflectivity of 90% at 1994.6 nm and a 3 dB reflection 
bandwidth of 1.5 nm. The FBGs were cleaved and fusion spliced very close to the active fiber to keep the 
resonator short. In the next step, the TDFL output was optically isolated and spliced to an input of TDFA 
that was built with the use of ~ 2.5-m long TDF, characterized by the same parameters as mentioned above. 
The amplifier was cladding-pumped by two fiber-pigtailed 4.75 W 790-nm pump laser diodes with 105 µm 
core diameter and 0.22 NA via a (2 x 1) + 1 pump combiner with a signal feedthrough. Finally, the 2 µm 
amplified pulse train was launched into a ZBLAN fiber with the use of a telescope allowing for coupling 
efficiency of ~ 60%. The 20-m long ZBLAN fiber (manufactured by Le Verre Fluoré) had a core/clad 
diameter of 7/125 µm and a NA of 0.23. The ZDW and cut-off wavelength of this fiber were 1.9 µm and 
2.04 µm, respectively. Both ends of the fluoride fiber as well as the output fiber end of the TDFA were 
polished at an angle of 8° to avoid any back reflections.  
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The benefit of using the GSML Tm3+-doped fiber laser as a pump source is the lower cost and reduced 
complexity of the system, compared to, for example Q-switched or QML lasers. Besides, comparing with 
CW pumping scheme, the increased peak power of self-mode-locked pulses, amplified in a chain of fiber 
amplifiers, can eliminate the critical dependence on the ZDW, as it was reported in [49]. 

SC spectrum from 1.2 µm to 2.4 µm wavelength was measured by using an Optical Spectrum  
Analyzer (OSA), whereas the longer wavelengths were measured with a grating monochromator and a 
thermoelectrically cooled HgCdTe detector. A sampling digital oscilloscope with 6 GHz bandwidth and two 
detectors with rise/fall time of < 35 ps were used to measure time characteristics. 

4.2.1.2.2 Experimental Results and Discussion 

The gain-switched TDFL was pumped by ~ 100 ns 1.55 µm pulses with the energy of up to 80 µJ at the 
Pulse Repetition Frequency (PRF) ranging from 26 to 40 kHz. After reaching the lasing threshold, the 2 µm 
output pulses of long duration appeared and with the increase in pump power both the pulse build-up time 
and pulse width shortened. Further increase in pump energy led to Mode-Locked Resembling (MLR) 
operation with a full modulation depth, which is shown in Figure 4-9. 

 

Figure 4-9: An Example of Oscilloscope Picture of Recorded Gain-Switched  
Mode-Locked-Like Output Laser Pulse. Trace 1 (upper) – pump  

1.55 µm pulse; Trace 2 (lower) – output 2 µm laser pulse. 

The envelope width of the gain-switched pulse was ~ 50 ns, whereas the duration of the most intensive  
sub-pulses was 200 – 300 ps (190 MHz spectral space), the time of which is much shorter than the laser 
cavity round-trip time (5.3 ns). The mode-locking depth as well as the exact form of generated pulse train 
was strictly dependent on the pumping conditions (PRF, pump pulse width and shape, pump pulse energy). 

4 - 12 STO-TR-SET-170 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



NON-LINEAR FIBERS 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

We believe that the origin of self-starting MLR operation in our gain-switched fiber laser is the beating effect 
of laser longitudinal modes [50]. 

In the next step, the MLR pulses from the gain-switched fiber laser (presented in Figure 4-9) were boosted in 
the TDFA. Figure 4-10 shows the evolution of output average power at 2 µm for the PRF of 26 kHz and  
40 kHz as a function of TDFA pump power. For 26 kHz (Figure 4-10(a)), the average power of 2.3 W,  
with corresponding 88 µJ energy in 50 ns duration gain-switched pulse was measured. Increasing the PRF  
to 40 kHz results in average power scaling up to 2.6 W with a corresponding pulse energy of 65 µJ  
(Figure 4-10(b)). The amplifier operated with a 26.5% and 31% slope efficiency for 26 kHz and 40 kHz, 
respectively.  

 

Figure 4-10: Average Output Power at 2 µm Wavelength for  
26 kHz (a) and 40 kHz (b) vs. Launched TDFA Pump Power. 

Figure 4-10 presents pulse energy and peak power for selected MLR pulses in a 50-ns gain-switched 
envelope for the PRF of 26 kHz. The inset presents a typical MLR pulses within an envelope of a gain-
switched pulse. During the experiment we did not carry out autocorrelation measurements and the pulse 
structure was recorded with the use of a sampling oscilloscope and a fast photodiode and then analyzed in 
OriginPro software. The timing of the sub-pulses was slightly unstable, owing to amplitude fluctuations of 
1.55 µm pump pulses. Furthermore, we also noticed that careful adjustment of the pump power and the 
pump pulse time characteristic led to the improvement of output pulse structure stability. 

As can be seen in the inset in Figure 4-11, the width of the first and last sub-pulses was longer than those in 
the center of the gain-switched envelope. The highest peaks were characterized by the shortest duration and 
thus the highest peak-power. The generated pulse train consisted of ~ 15 – 20 sub-pulses. The maximum 
energy of the gain-switched pulse (calculated by dividing the average output power by the PRF) was 88 µJ, 
whereas the energies of three highest MLR peaks (marked in the inset as 4, 5 and 6) were 8.3 µJ, 13.7 µJ and 
15.7 µJ (with corresponding peak power of 22.2 kW, 24.7 kW and 27.8 kW), respectively.  
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Figure 4-11: Pulse Energy and Peak Power for Selected MLR  

Sub-Pulses in a Gain-Switched Pulse Envelope (Inset). 

Finally, the amplified pulse train was launched into the ZBLAN fiber with ~ 60% coupling efficiency.  
As was mentioned earlier, the fluoride fiber had the ZDW at 1.9 µm in order to be pumped in anomalous 
dispersion region but relatively close to the ZDW, which facilitates spectral broadening towards mid-IR [40]. 
The output SC power as a function of launched pump power, for both PRFs applied, is shown in Figure 4-12. 
The output power increases linearly with the increase of pump power and was only limited by the available 
pump power. For instance, for 26 kHz increasing the incident pump power to 1.23 W results in the total SC 
power of 0.74 W, out of which 0.27 W is in the wavelength range beyond 2.4 µm. Over 0.12 W was detected 
for λ > 3 µm. When operating at 40 kHz, the output power was as high as 0.9 W, where 240 mW and 86 mW 
were measured for λ > 2.4 µm and 3 µm, respectively. The slope efficiency η of generated SC in all spectral 
SC band was 62.8% and 60% for the PRF of 40 kHz and 26 kHz, respectively. Even though higher PRFs 
provided higher generation efficiency of total output power, the generation efficiency of longer wavelength 
radiation was higher for lower PRF, being a consequence of higher peak power of pump pulses.  
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Figure 4-12: Average SC Output Power for 26 kHz (a) and 40 kHz (b) vs. Launched Pump Power. 
Slope efficiencies η in brackets indicate slope efficiency with respect to TDFA pump power. 

The measured SC output spectrum, corrected for the spectral responsivity of the HgCdTe detector and the 
monochromator gratings response, is presented in Figure 4-13. 

 

Figure 4-13: SC Spectrum After Propagation Through the ZBLAN Fiber for the Maximum  
Output Power and the PRF of 26 kHz. Inset: Attenuation of the ZBLAN fiber. 

A modulation instability effect leading to the creation of solitons and then soliton self-frequency shift are 
mostly responsible for spectrum extension in Figure 4-13, which is typical for pumping a non-linear medium 
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in the anomalous Group Velocity Dispersion (GVD) region [16],[22],[40]. Additionally, the red-shifted 
solitons were broadened by self-phase modulation and cross-phase modulation, making the SC spectrum 
smooth and flat. As can be seen in Figure 4-13, the 10 dB flatness of spectral intensity was maintained in the 
wavelength interval from ~ 2100 to 3600 nm (span of 1500 nm). Another characteristic feature of the 
spectrum is that it is mainly broadened towards longer wavelength with reference to the pump wavelength,  
in contrary to spectra obtained in laser systems utilizing 1.55 µm pulses and pumping in the normal GVD of 
ZBLAN fibers [e.g. [15],[16],[22],[33]]. Further spectral broadening towards mid-IR was difficult due to the 
rapidly increasing fiber attenuation > 100 dB/km at ~ 4 µm and > 1000 dB at 4.5 µm (inset in Figure 4-13), 
such that red wavelengths generated in the fluoride fiber were highly attenuated preventing long wavelengths 
cut-off extension. The length of the ZBLAN fiber used in the experiment was not optimized.  
It will be the subject of further investigation, taking into account the pump pulse characteristics of our laser 
source. As was shown for example in [15], by proper selection of fluoride fiber length with regard to pump 
pulse peak power the inherent material losses of a fiber can be overcome leading to spectrum extension even 
beyond 6 µm.  

In the next experiment we decided to scale up the output SC power. To this end, we modified the TDFA 
section by using a ~ 4.5-m long Large-Mode-Area (LMA) Tm-Doped Fiber (TDF) characterized by a core/ 
clad diameter of 25/250 µm and corresponding numerical apertures of 0.1/0.46. It was cladding pumped in 
co-propagation configuration by a 793-nm, 30-W laser diode, which radiation was launched into the gain 
fiber via a (2 + 1) x 1 pump combiner with a signal feedthrough (signal input port: 10/125 µm,  
0.15/0.46 NA; pump input ports: 105/125 µm, 0.22 NA; output port: passive double-clad 25/250 µm fiber, 
0.11/0.46 NA). The output of the LMA TDF was first equipped with a home-made mode field adaptor (fiber 
taper) with a 25/250 µm (0.11/0.46 NA) fiber at the input and 11/125 µm (0.11 NA) fiber at the output, 
providing the mode conversion to a single mode fiber (0.5-m long SM2000). The maximum average output 
power provided by the 2 µm laser system, measured at the SM2000 fiber output, was 4.8 W. All the pump 
system components were fusion spliced, thus making it all-fiber. Finally, the 2 µm amplified pulses were 
launched into the ZBLAN fiber. The output spectrum generated from the ZBLAN fiber, for maximum 
recorded output SC power, is presented in Figure 4-14. The inset presents SC average output power recorded 
in different bands vs. launched pump power. 

 

Figure 4-14: SC Emission Spectrum Generated in the ZBLAN Fiber. The inset shows SC  
power evolution in different spectral bands as a function of lunched pump power. 
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As can be seen in Figure 4-14, the spectrum covers more than one octave in frequency that is from ~ 1.8 µm 
to 4.15 µm with a residual peak at the pump wavelength. The maximum average output power was measured 
to be 1.25 W, for ~ 2.2 W of launched pump power. It can be noticed that 48.5% of the power (0.6 W) 
corresponded to wavelengths longer than 2.4 µm and 24.6% (0.31 W) of the power was detected for 
wavelengths longer than 3 µm. The dip in the spectrum around 2.8 µm corresponds to OH ions absorption in 
the non-linear medium and detection system. The 10 dB spectral flatness was maintained in the range of  
~ 2 µm to 3.8 µm. The pump light peak at 1994.5 nm was not included into the calculation of the bandwidth.  

In conclusion, we have demonstrated for the first time, to the best of our knowledge, an over octave spanning 
MIR supercontinuum generation in a step-index ZBLAN fiber, pumped by a gain-switched Tm3+-doped fiber 
laser and amplifier system. The pump laser delivered ~ 50 ns gain-switched pulses with simultaneously 
mode-locked resembling sub-pulses. The maximum SC output average power for 26 kHz of repetition rate 
was 1.25 W and the power beyond 2.4 µm and 3 µm were measured to be 0.6 W and 0.31 W, respectively. 
Both an output power and spectrum width can be further scaled up.  

4.2.1.3 Actively Q-Switched and Mode-Locked Tm3+-Doped Silicate 2 μm Fiber Laser for 
Supercontinuum Generation in Fluoride Fiber 

Contributors to this section: Michael Eckerle5, Christelle Kieleck5, Jacek Świderski6, Stuart D. Jackson7, 
Gwenael Mazé8, Marc Eichhorn5 

From: OPTICS LETTERS, 37, pp. 512-514 (2012) 

In this section we demonstrate a diode-pumped actively Q-switched and actively mode-locked Tm3+-doped 
double-clad silicate fiber laser is reported providing up to 5 W of average output power at ~ 60 kHz Q-switch 
envelope repetition rate and ~ 8 μJ sub-pulses with up to 2.4 kW peak power. Using this source as a pump 
laser for supercontinuum generation in a ZBLAN fiber, over 1080 mW of supercontinuum from 1.9 μm to 
beyond 3.6 μm was obtained at an overall efficiency of 3.3% with respect to the diode pump power. 

Supercontinuum fiber lasers based on fluoride glass emitting at eye-safe wavelengths between 2 μm and  
5 μm are promising laser sources for countermeasures, spectroscopy, and remote sensing. For mid-infrared 
SC generation short pulse durations and thus high peak powers are necessary. These pulses break up by 
modulation instabilities into femtosecond pulses, which create the supercontinuum, e.g. in fluoride glasses 
[22],[23],[32],[33],[51]. The required pump pulses, usually on the (sub-)nanosecond scale with kW peak 
powers, are not achievable from fiber lasers by simple Q-switching. Passive mode-locking results in pulse 
energies that are too low, thus creating a limit in the average power. Up to now, pulsed laser diodes and 
amplifier schemes were the necessary pump sources for SC generation [22],[32],[33]. To optimize the 
relation among pulse width, pulse peak power, and accessible pulse energy while providing a simple,  
one-oscillator solution, active cw Mode-Locking (cw-ML) is a good choice [52]. In addition, active mode-
lockers show much higher damage thresholds so that > 10 W of average output power can be achieved [52]. 
Further scaling of the pulse energy and peak power of the nanosecond to sub-nanosecond SC pump pulses 
can be achieved by simultaneous intracavity Q-switching of an actively Mode-Locked (Q-ML) fiber laser. 

This section presents a simultaneous actively Q-switched and actively mode-locked 2 μm Tm3 fiber laser in a 
single-fiber-oscillator arrangement and its use as a pump source for SC generation by pumping a ZBLAN 
fluoride fiber. Figure 4-15 shows the set-up of the Tm3 fiber laser. The active medium is a 2.4-m long silica 
double-clad fiber (from the former Optical Fiber Technology Center, Australia) with a 20 μm diameter  

5  ISL, French-German Research Institute of Saint-Louis, 5 rue du Général Cassagnou, 68300 Saint-Louis Cedex, France. 
6  Institute of Optoelectronics, Military University of Technology, 2 Kaliskiego Street, 00-908 Warsaw, Poland. 
7  Institute of Photonics and Optical Science, School of Physics, University of Sydney, NSW 2006, Australia. 
8  Le Verre Fluoré, Campus KerLann, F-35170 Bruz, Brittany, France. 
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(NA 0.20) core doped with 2.8% Tm3. The hexagonally shaped cladding has a flat-to-flat diameter of  
300 μm (NA 0.40). The fiber end facing the cavity end mirror is cleaved at an angle of 8° to reduce Fresnel 
back reflections. The opposite end is cleaved perpendicular to the fiber axis to act as an Output Coupler (OC) 
with a reflectivity of ~ 4%. The dielectric end mirror of the 0.4-m long free-space external cavity has a high 
reflectivity about 2 μm. A 50 μm thick etalon with a reflectivity of 90% on both sides was inserted into the 
cavity to obtain a well-defined output spectrum. An Anti-Reflection (AR)-coated Acousto-Optic Modulator 
(AOM) mode-locker was placed directly in front of the cavity end mirror. A second AR-coated AOM with a 
deflection efficiency of > 80% for Q-switching was inserted between the fiber end and the etalon. The high 
deflection efficiency and the 8° cleave of the fiber ensure a high Amplified Spontaneous Emission (ASE) 
threshold to obtain a high initial gain before Q switching. The mode-locker was tunable in its drive 
frequency to allow accurate adjustment to the cavity round-trip time to establish mode-locking. 

 

Figure 4-15: Set-Up of the Q-Switched, Mode-Locked Tm3+:silica Fiber Laser. 

The fiber was symmetrically pumped at 792 nm using fiber-coupled laser diodes, which each emitted 25 W 
from a 200 μm multi-mode fiber (NA 0.22). The pump light was collimated using lenses with an effective 
focal length of 11 mm. Identical lenses were used to focus the pump light onto the fiber and to collimate the 
fiber laser output at both ends. The lenses were AR coated for the pump and laser radiation. Dichroic mirrors 
reflective for the pump and highly transmissive for the laser wavelength were used to combine laser and 
pump light and to direct the pump light onto the fiber. Because of the small core and low NA of the pump 
fibers relative to the cladding and NA of the laser fiber, a pump launch efficiency of ~ 96% was achieved. 

As fiber lasers are extremely sensitive to back reflections, optical isolation was provided by a home-built 
polarization-independent optical isolator attributable to the non-polarization maintaining properties of the 
fiber laser. The isolator set-up consisted of splitting the beam into two arms, one for each polarization, which 
were separately isolated and then recombined. Using half-wave plates placed within the arms, it was possible 
to change the output power of the set-up while keeping the actual pulse parameters unchanged. 

When both AOMs were activated, the laser produced pulse trains with a repetition rate of ~ 60 kHz at an 
average output power of 5 W. For the Q-ML set-up, mode-locking could be achieved at different ML 
frequencies and resulted in the pulse widths and average output powers shown in Figure 4-16. There the 
pulse width [Full Width At Half Maximum (FWHM)] of the strongest sub-pulse in the generated pulse trains 
and the relative power drop, occurring when switching from simple Q-switched to Q-ML operation,  
is depicted. This effect, which arises from coupling of non-evenly spaced modes, has already been 
investigated under cw-ML operation [52]. However, in contrast to the cw-ML results, where for one ML 
frequency the pulses obtained were < 100 ps, while all other operation points resulted in > 2 ns pulses,  
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the Q-ML operation provides pulses of 2 ns duration even for the ML frequency in which the drop in average 
output power is minimal.  

 

Figure 4-16: Relative Average Power and FWHM Pulse Width of the Major Sub-Pulse  
in the Q-Switch Envelope for Different Mode-Locking Frequencies. 

The pulse trains consisted of 5 – 12 pulses within one Q-switch envelope. The corresponding energies and 
peak powers of these sub-pulses for νML =19.1905 MHz are shown in Figure 4-17. The peak power Ppeak was 
calculated under the assumption of a Gaussian pulse shape resulting in Ppeak = 0.94 Ep∕ΔtFWHM, with Ep being 
the pulse energy and ΔtFWHM the pulse width measured at FWHM. Because of the approximately equal pulse 
widths within one Q-switch envelope, the distribution function of energy and peak power follows the  
Q-switch envelope. For the measurement shown in Figure 4-17, the maximum pulse energy was ~ 8 μJ at a 
peak power of 2.5 kW. After a new alignment and recleaving of the fiber, the maximum pulse energy could 
be increased to ~ 9 μJ; however, at a larger pulse width thus resulting in a lower peak power of 1.5 kW.  
The emission peaks of the laser with a spectral width of 1 – 2 nm were located at 1950.7 nm, 1976.6 nm, 
2003.5 nm, and 2030.8 nm. The Q-switch envelope phase is not stable with respect to the ML pulse train and 
the number of sub-pulses can change by ± 1, resulting in pulse-to-pulse fluctuations in peak power ~ 10%. 
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Figure 4-17: Pulse Energy and Peak Power for Succeeding Pulses in One Q-Switch Envelope (Inset). 

In a second experiment the Tm3 fiber laser was used as the pump source for SC generation in a 15-m long 
ZBLAN fiber with an 8 μm diameter core, a cut-off wavelength of 3.13 μm, and a 125 μm diameter cladding. 
A fiber with a zero-dispersion wavelength at about 1.54 μm was chosen so that it could be pumped in its 
anomalous dispersion regime necessary for SC generation. This allows for SC wavelength conversion by 
four-wave mixing, self-phase modulation, and Raman scattering [32],[51]. The pump was mode matched to 
the ZBLAN fiber by a telescope, allowing for launch efficiencies of over 60% despite the not optimum beam 
quality of the pump, caused by the slightly multi-mode nature of the Tm3 fiber and the recombining after 
isolation. Using a scanning grating spectrometer, an InAs detector, and a lock-in amplifier for noise reduction 
and correcting for the overall detection response results in the spectra depicted in Figure 4-18, recorded with 
a resolution of 6.27 nm. As the InAs detector was the only type available at the time of the experiment,  
the measured spectra were limited to ~ 3600 nm – see inset in Figure 4-18. Using the optical isolator set-up, 
the fiber was independently pumped with both polarizations. As can be seen in the inset, there is no clear 
impact to the conversion efficiency for pumping with different polarizations, in agreement with the fact that 
the ZBLAN fiber is not polarization maintaining and not exposed to any symmetry breaking constraints.  
In some cases, however, a p-polarized pump performs better, which can be attributed to slightly different 
pulses in the two polarizations, e.g. envelope shape and number of sub-pulses, resulting from a symmetry 
breaking by the angle cleave and the tilted etalon in the free-space cavity of the Q-ML fiber laser. 
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Figure 4-18: SC Output Spectra Resulting from Different Incident Powers from the Q-ML Pump. 
The value in the legend denotes the overall average output power POUT, and the value in  

brackets the corresponding average incident pump power PIN. The right inset shows  
the wavelength at which the power dropped by 20 db relative to the peak of the  

spectrum, and the left inset depicts the overall spectrometer response. 

Using a long-wave pass filter with a 3 dB edge at 2340 nm, the amount of power shifted beyond 2340 nm 
was investigated and is depicted in Figure 4-19. Up to ~ 105 mW was measured for λ > 2340 nm.  
For comparison the upper inset shows the overall SC power including residual pump, reaching over  
700 mW. The black line is a linear interpolation of the first five measurement points. The rollover of the total 
SC power for input powers larger than 800 mW results from increasing absorption of the fiber for longer 
wavelengths (see lower inset in Figure 4-19) owing to the 15-m long fiber used. As the fiber was coiled on a 
20 cm diameter spool, bend-induced losses contribute, which have been shown to be significant at these long 
wavelengths even for a radius of 40 cm [33]. Increasing the incident pump power to 3 W resulted in an SC 
power of over 1080 mW and more than 216 mW beyond 2340 nm. The overall wavelength conversion 
efficiency from the Tm3 fiber laser pump diodes to the final total supercontinuum output is ~ 3.3%, which is 
comparable to recent results of 2 μm pumped SC [23],[33]. The current arrangement exhibits a reduced 
complexity compared to multi-stage amplifier systems. 
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Figure 4-19: Power Shifted Beyond 2340 nm for Different Average Pump Powers. The upper  
inset shows for comparison the overall average output power (the black line  

being a linear interpolation of the first five points). The second  
inset shows the passive attenuation of the ZBLAN fiber. 

The SC generated in this work is comparable to the spectra presented by other 2 μm pumped SC experiments 
[23] regarding the power drop from peak spectral pump power to SC plateau and the negligible amount of 
spectral power that is shifted to short wavelengths below the pump wavelength. 

In conclusion, a simultaneous actively Q-switched and actively mode-locked Tm3+ fiber laser with up to 5 W 
of average output power at ~ 60 kHz Q-switch envelope repetition rate was presented. Up to ~ 8 μJ  
sub-pulses with peak powers reaching 2.4 kW were generated. Using this laser as a pump source for SC 
generation in a ZBLAN fiber over 1080 mW of supercontinuum from 1.9 μm to beyond 3.6 μm was 
obtained. The overall efficiency with respect to the diode pump power of the total laser set-up was 3.3%.  
The scalability of the pump laser (not average power limited) makes this scheme promising for future high-
average-power SC sources with reduced complexity due to the single-oscillator approach. 

4.2.2 Supercontinuum Generation in Chalcogenide Fibers 
Contributors to this section: Rafael R. Gattass9, L. Brandon Shaw9, Vinh Q. Nguyen9, Paul C. Pureza9, 
Ishwar D. Aggarwal10, Jasbinder S. Sanghera9 

From: Optical Fiber Technology, 18, pp. 345-348 (2012) 

9  U.S. Naval Research Laboratory, 4555 Overlook Avenue SW, Washington, DC 20375-5338, United States. 
10  Sotera Defense Solutions, 2200 Defense Highway, Crofton, MD 21114, United States. 
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In this section we present an all-fiber based supercontinuum source with emission covering the wavelength 
range of 1.9 – 4.8 µm is demonstrated. The laser source is based on a combination of silica Commercial-Off-
The-Shelf (COTS) components and a chalcogenide-based non-linear optical fiber. The system provides  
10 dB spectral flatness from 2.0 µm to 4.6 µm, and 20 dBm points from 1.9 µm to 4.8 µm. The output power 
is 565 mW, but scalable by scaling the repetition rate. The limit on the long-wavelength edge of the system is 
identified as an extrinsic absorption feature in the fiber used; confirming the system could be scaled to 
generate a broadband source even further in the infrared. 

There have been several demonstrations of mid-infrared supercontinuum generation with optical fibers 
[9],[15],[20]-[23],[53]-[56]. Chalcogenide fibers (fibers based on chalcogen elements S, Se and Te) are 
natural candidates for infrared supercontinuum sources due to their long-wavelength multi-photon absorption 
edge. For example, the multi-photon absorption edge for an As2S3 is 7.4 µm [19], and can be even further for 
Se-based and Te-based chalcogenide fibers. For applications involving non-linear optical processes, 
chalcogenide fibers are even more suitable [19] given their high non-linear refractive index n2  
(~ 5 x  n2

tellurite, ~ 500 x  n2
silica and ~ 1000 x  n2

fluoride) [55] and high peak Raman gain gr  
(~  65 x  gr

silica [57],[58], ~ 46 x gr
fluoride [59], ~ 2 x  gr

tellurite [60]). In addition, chalcogenides have high  
optical damage threshold (e.g. > 25 GW/cm2 at 2.4 μm for As2S3 [54]) and environmental stability  
(e.g. non-hydroscopic for most chalcogenide glasses including As2S3, As2Se3). It is the combination of wide 
transmission range, strong non-linear properties, high optical damage threshold and environmental stability 
that make chalcogenide fibers an ideal system from fiber-based supercontinuum laser sources. The first mid-
infrared fiber supercontinuum source was demonstrated using chalcogenide fibers in 2005 [53],[61], but was 
based on an optical parametric amplifier pumped by a Ti:sapphire laser. The supercontinuum source was 
limited in spectral range (2 – 3.5 µm) and average power (< 10 mW). In [54] we transitioned to a fiber-based 
pump source which still emitted close to 2.5 µm, increasing the average power (140 mW) and extending the 
spectral range to cover from 1.5 to 4.8 µm. The supercontinuum laser system was based on a custom 
picosecond mode-locked laser seed system [62], amplified in a Er-doped fiber amplification stage, soliton-
self frequency shifted to 2 µm and further amplified in a Tm-doped fiber amplification stage. In this paper, 
we transition to an all COTS-based laser system still using a chalcogenide fiber in the last stage for high non-
linear mid-infrared supercontinuum source. 

4.2.2.1 Experimental Set-Up 

Figure 4-20 shows a schematic of the laser system developed for the supercontinuum source. Multi-stage 
master oscillator power amplifier geometry is used following a similar approach as the one described in [63]. 
A 40-ps, 10-MHz Er-fiber-based laser with 200 mW average output power was sourced from a commercial 
vendor and is used as a seed for the system. The use of a picosecond pulse duration seed minimizes the effect 
of Brillouin scattering as power is increased while being fairly insensitive to dispersion. Spectral filtering 
with narrow band filters and temporal filtering with an acousto-optic modulator are done to the output of the 
seed laser to reduce power carried by amplified spontaneous emission to 30 dB of the peak wavelength.  
The seed is amplified in multiple stages, and the power is soliton shifted into the Tm amplification band. 
Because the soliton shifting occurs in a non-Tm-doped fiber, no amplified spontaneous emission is present in 
the emission band of Tm and the soliton-shifted pulses act as a new background free “seed” for the Tm 
amplification. Propagation in a highly non-linear fiber continues to shifts the center wavelength further into 
the infrared. The chalcogenide fiber used in the last stage is a step-index core-clad As2S3 fiber with a 10 µm 
core diameter and numerical aperture of 0.3 and 2 m length. The step-index fiber was fabricated through a 
double crucible process and has a minimum transmission loss of 0.7 dB/m at 1.5 µm. The end faces of the 
fiber are cleaved and mechanically coupled to the silica without any patterning or treatment resulting in a 
total 68% reflection loss from both end faces. 
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Figure 4-20: Schematic of All Fiber Laser System.  
HNLF: Highly Non-Linear Fiber; SIF: Step Index Fiber. 

4.2.2.2 Results 

The laser system was characterized before and after the insertion of the chalcogenide fiber in the system.  
The optical beam’s wavelength prior to entering the chalcogenide fiber is centered around 2.45 µm and has 
approximately 100 nm bandwidth. At this stage, the output is approximately 1.4 W of average power. After 
propagating through the As2S3 chalcogenide fiber, 565 mW broadband supercontinuum is observed.  

Figure 4-21 shows the generated supercontinuum spectrum. The spectrum is measured with a scanning 
monochromator and three-stage thermo-electrically cooled HgCdTe detector. Higher order diffraction orders 
are removed by a series of longpass filters.  
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Figure 4-21: Supercontinuum Spectrum (Blue Curve) and Estimated  
Loss Curve for Chalcogenide Fiber (Red Curve). 

The spectrum, at the 20 dBm points, spans from 1.9 µm to 4.8 µm. The noise observed around 2.8 µm is due 
to atmospheric absorption bands caused by the use of a non-purged monochromator system. The system 
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provides 10 dB spectral flatness over 2.0 – 4.6 µm. We have measured the beam profile for the output beam 
at 2.2 µm with an infrared camera. Although the fiber supports a low number of modes, the system is aligned 
to excite only the lowest order mode at this wavelength. Given the fiber numerical aperture and core 
diameter, as the supercontinuum continues to broaden, the fiber becomes single mode at approximately  
3.8 µm. Although we have not been able to measure the mode between 2.2 and 3.8 µm, we believe the short 
length of fiber used and the efficient energy transfer indicates that the beam remains single mode over all the 
emission wavelengths. The laser system was tested over a period of approximately one month. Average 
power and spectrum broadening were monitored weekly and remained repeatable over the whole monitoring 
time. Detailed characterization of noise and further long-term stability by a NIST-calibrated sensor system is 
currently underway. Figure 4-22 shows the evolution of the supercontinuum spectrum with respect to 
increase pump power. As can be seen the spectrum broadens mostly to longer infrared wavelengths with 
increasing pump power. The supercontinuum spectrum seems to be attenuated at the same location as a 
known impurity band (shown in Figure 4-21), although some power is still observed beyond the impurity 
band. 
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Figure 4-22: Spectral Evolution of Supercontinuum  
Source as a Function of Measured Output Power. 

4.2.2.3 Discussion 

Previous demonstrations of MIR supercontinuum generation in other materials systems used anomalous 
dispersion pumping for supercontinuum generation [6],[19],[55]. Here, normal dispersion pumping is 
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utilized for supercontinuum generation. The process of supercontinuum generation in a normal dispersion 
fiber is known and is primarily interplay between stimulated Raman scattering and self and cross-phase 
modulation [63]. We speculate that given the asymmetric power induced broadening towards infrared 
wavelength, the bandwidth of the laser beam before entering the chalcogenide fiber (100 nm) and the 
bandwidth of the Raman gain in As2S3 fiber (85 cm–1) [59], the observed spectrum can be attributed to about 
6 or 7 stokes shifts, with spectral broadening at each shift caused by a convolution of the Raman gain 
spectrum with the broadband pulse out of the silica stage as well as smoothing from self-phase modulation 
and cross-phase modulation. 

While a photonic crystal design to enable anomalous dispersion pumping could have been used in the system 
[20], photonic crystal fibers designs to shift the zero dispersion wavelengths in As2S3 result in small core 
fiber diameters which can be difficult to fabricate and typically have higher transmission losses as well as 
high insertion losses. Power scaling with such small core structures is also problematic, especially with 
suspended core microstructured fiber where the core is effectively thermally isolated from the cladding by an 
air layer. The use of normal dispersion pumping in step index fiber was chosen instead of a photonic crystal 
fiber design to allow for increased power handling and future power scaling. The transmission range of 
As2S3 fiber extends further out than the maximum wavelength observed in the supercontinuum spectrum of 
Figure 4-21. The drop in power around 4.1 µm is not due to an intrinsic limit in the material system,  
but instead to an extrinsic impurity present in the fiber. Overlaid in Figure 4-21 is the measured fiber loss for 
a multi-mode fiber batched under similar processing conditions as the 10 µm core fiber used in this 
experiment. The large absorption peak around 4.1 µm is due to ppm-level hydrogen impurities, which bond 
to form H-S in the fiber. Because the supercontinuum process involves broadening the spectrum from shorter 
wavelengths, the H-S absorption band attenuates the power and halts the broadening. Given the width of the 
absorption band and the bandwidth of the Raman cross-section in As2S3, theoretically if there is enough 
power present below the absorption peak, a Raman scattering event could leap enough energy over the 
absorption band and continue broadening the supercontinuum even further. The power dependent “hop” over 
the absorption band is clearly seen in the power evolution of the supercontinuum shown in Figure 4-22.  
The spectrum broadens towards longer wavelengths with increasing pump power. At the low end, output 
power level of 390 mW, spectral broadening has not yet reached the impurity band. At 480 mW output 
power, there is not enough power in the fiber to induce enough non-linearity to hop over the absorption band 
and spectrum broadening stops at about 4 µm. As the pump power is further increased (515 mW output 
power), a peak beyond 4.1 µm is visible with enough power to continue broadening towards longer 
wavelengths. Even further increase in pump power is one alternative for broader sources, but the same effect 
could be accomplished by reducing the losses due to the impurity band. There are known processes for 
reducing the level of impurities in chalcogenide fibers with attenuations of less than 3 dB/m at 4.0 µm already 
demonstrated [64]. A combination of increased power and better purification should significantly improve the 
bandwidth of the supercontinuum. Besides improvements to the bandwidth of the system, the fiber-based 
architecture used in this experiment can be scalable to higher average powers. Two common approaches can 
be used for power scaling: increasing repetition rate while maintaining peak power (as done in [33]);  
and increasing peak power per pulse while maintaining repetition rate.  

For the first approach, the current system is limited to 10 MHz by one of the time-filters being used,  
but there are other commercial alternatives up to 100s of MHz. The repetition rate could be scaled up while 
maintaining the peak power constant, thereby reducing the risk of optical damage. 

In the second approach, the peak power per pulse can be increased, resulting in scaling of the average power. 
In the system presented here, we have been limited to the maximum pump power. However, because the 
current supercontinuum scheme operates in the normal dispersion regime of the fiber, the core size of the 
fiber can be increased while maintaining intensity in the core of the fiber to scale to higher powers. 

We have used a combination of both approaches to scale the peak power from our preliminary results of  
140 mW [54] to 565 mW. Previously, the pump source operated at 560 kHz with a peak power per pulse  
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> 10 kW. Our power scaled supercontinuum pump source operates at a 10 MHz repetition rate with a peak 
power per pulse of 3.5 kW. By operating the system with the peak power of the first demonstration (10 kW) 
and the repetition rate of the second system (10 MHz), we project a scaled average power between 1.5 and 
2.5 W. 

A limitation to power scaling through repetition rate scaling would be reaching the damage threshold for the 
fiber. However for our pulse width of less than 100 ps and an incident pump far from the two-photon 
absorption edge (as in our case with a pump around 2.45 µm), we observe the peak intensity damage 
threshold to be very high. For example, for the system described in this paper, the incident peak intensity at 
the fiber front face is approximately 4.5 GW/cm2, while a previous interaction of this system with a lower 
repetition rate lead to an incident peak intensity of approximately 12 GW/cm2  [54]. The scalable fiber-based 
mid-infrared supercontinuum source demonstrated in this section addresses immediate needs for infrared 
sources in metrology such as the one for the Hyperspectral Image Projector (HIP) being developed at 
National Institute of Standards and Technology [65]-[67]. Requirements for illumination of the HIP system 
are spectral power density of 10 dBm/nm or higher, spectral flatness of 10 dB within the band of interest  
(3 – 5 µm) and continuous wave or high repetition rate pulse trains with rates much faster than the temporal 
response of the system under test (typically 1 MHz or better repetition rate). The output diameter of the fiber 
can be no greater than 20 µm in diameter to maintain spectral resolution of the system. Currently, we are 
power scaling and packaging the supercontinuum source for implementation in the HIP. 

In conclusion, we presented in this section an all-fiber chalcogenide-based supercontinuum source with 
emission covering the wavelength range of 1.9 – 4.8 µm. The system architecture is based on a combination 
of silica commercial-off-the-shelf components and an As2S3 step index non-linear optical fiber.  
The supercontinuum spectrum has 10 dB spectral flatness from 2.0 µm to 4.6 µm, 20 dBm points from  
1.9 µm to 4.8 µm, with a total output power of 0.565 W. We identify the current long-wavelength limit of 
the system to be due to an extrinsic absorption in the fiber, acknowledging further broadening is still possible 
in this glass system. 

4.2.3 Supercontinuum Generation in Fluoroindate Fibers 

4.2.3.1 Supercontinuum Generation in Fluoroindate Fiber with Ultrashort Laser Pulses 

Contributors to this section: Francis Théberge11, Jean-François Daigle11, Denis Vincent11, Pierre Mathieu11, 
Jean Fortin11, Bruno E. Schmidt12, Nicolas Thiré12, François Légaré12 

In this section we present the first demonstration of SC generation in a fluoroindate based single-mode fiber. 
These fibers exhibit a minimal loss of 0.1 dB/m at 3.2 µm and a loss inferior to 0.8 dB/m at 5 µm. With this 
fiber, we demonstrated the generation of 20 dB spectral flatness SC spanning from 2.7 µm to 4.7 µm. 

The attenuation spectrum for the single-mode fluoroindate based fiber is presented in Figure 4-23 (black 
line). For comparison, Figure 4-23 presents also the attenuation spectrum for a single-mode fluorozirconate 
based fiber having similar core diameter. In this section, we compare the SC generation in these two fibers 
and their specifications are listed in Table 4-5. The fluoroindate fiber has been produced by Le Verre Fluoré 
and its glass composition is similar to Ref. [69]. 

11 DRDC Valcartier, 2459 route de la Bravoure, Québec (Québec) G3J 1X5, Canada. 
12  INRS-EMT, 1650 Lionel-Boulet Blvd, Varennes (Québec) J3X 1S2, Canada. 
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Figure 4-23: Attenuation Spectrum of the Fluoroindate-Based  

Fiber (Black Line) and ZBLAN Fiber (Red Dash-Dot). 

Table 4-5: Parameters of Fluoride Fibers. 

Fiber Fluoroindate ZBLAN 

Core Diameter 16 µm 16 µm 

Cladding Diameter 120 µm 125 µm 

Numerical Aperture 0.14 0.19 

Cut-Off Wavelength 2.8 µm 4.2 µm 

Zero Dispersion 1.83 µm 1.63 µm 

Length 9.5 m 9.0 m 

The fibers described in Table 4-5 have a relatively large core diameter for SC generation applications 
enabling these fibers to sustain high average laser powers. Various laser pulse parameters have been injected 
into these fibers with pulse durations ranging from 70 fs to 20 ns and with central wavelength between  
1.5 µm and 3.4 µm. For the fluoroindate based fiber, more than 12 W of average power centered at 1.5 µm 
and with peak power exceeding 10 kW (20 ns pulsewidth) can be injected into the fiber core without any 
damage, which makes this fiber interesting for multi-watt SC sources. 

In order to achieve significant broadening, the zero Group Velocity Dispersion (GVD) of the fiber should be 
close to the center wavelength of the laser pulse used for SC generation, with the laser wavelength slightly 
shifted towards the anomalous GVD regime. This minimizes the walk-off between the different regions of 
the generated spectrum, allowing for further spectral broadening [38]. The zero GVD wavelength of the 
fluoroindate-based fiber is 1.83 µm, but more interesting is the very small dispersion variation beyond the 
zero GVD wavelength from 1.8 µm to 4 µm with a value inferior to 10 ps/km•nm around 3 µm [69]. 
Therefore, the central wavelength of the laser pulse injected into the fiber can be tuned over a wide spectral 
range without undergoing severe temporal broadening due to large anomalous GVD. 
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In order to investigate the SC generation, different pulse duration at different center wavelengths were 
coupled into the fluoroindate fiber. The experiments were performed using the infrared beam line at the 
Advanced Laser Light Source (ALLS) [70]. An optical parametric amplifier pumped by a Titanium-sapphire 
allows the generation of wavelength-tunable laser pulses in the range of wavelength between 1.4 µm to  
4 µm. For wavelengths between 1.4 µm to 2 µm, different transform limited pulse duration from 70 fs up to 
850 fs were achieved through spectral filtering by closing a variable slit in the Fourier plane of a 4-f set-up. 
At longer wavelengths up to 4 µm, narrow band-pass filters were used for this purpose. 

Both fiber ends were cleaved by a diamond stylus to ensure a sufficiently flat interface. The generated and 
transmitted SC was measured by an f = 12.5 cm monochromator equipped with a 300 lines/mm diffraction 
grating and a PbSe detector, giving a spectral resolution around 5 nm. In order to block any second 
diffraction order of the grating overlapping with the SC spectrum, a Germanium window was used in front 
of the detector to record the spectrum from 1.9 µm up to 3.5 µm. To record the spectrum from 3 µm up to 
5.5 µm, a long-wavelength pass filter transmitting above 3 µm was used in front of the detector. 

Figure 4-24 presents the generated SC in the fluoroindate and the ZBLAN fibers, when 70 fs, 3.4 µm laser 
pulses were injected in these fibers. Figure 4-24(a) presents the spectral broadening into the 9.5-m long 
single-mode fluoroindate based fiber. We observe the continuous broadening as we increased the laser pulse 
energy injected into the fiber. For the lowest pulse energies, the spectral broadening is asymmetric and 
occurs mainly towards the longer wavelength due to the self-phase modulation occurring in anomalous 
dispersion regime. For a laser pulse energy of 120 nJ injected into the fiber, the peak power of the laser was 
1.7 MW. Such peak power is about 20 times lower than the critical power for self-focusing (Pcr 39 MW) 
in fluoride glasses [28],[68]. At 120 nJ per pulse, the SC produced in the fluoroindate fiber provides 20 dB 
spectral flatness from 2.7 µm to 4.7 µm.  

 

Figure 4-24: (a) Spectral Evolution of Supercontinuum as a Function of Measured Energy per 
Pulse Injected in Fluoroindate-Fiber; (b) Supercontinuum Generation in ZBLAN Fiber. 
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During SC generation, self-phase modulation and four-wave mixing induce initially the spectral broadening 
before higher order dispersion causes fission of the laser pulse. After the fission of the laser pulse into 
multiple solitons, the individual solitons redshift by the Raman self-frequency shift effect and emit phase-
matched dispersive waves at wavelengths shorter than the zero GVD [39]. 

The spectral modulations observed in the SC of Figure 4-24(a) are partly attributed to the spectral 
interference resulting from the spectral broadening and phase-shift induced by the self-phase modulation. 
The stronger spectral modulations for the red-shifted part of the SC are probably enhanced by the generation 
of self-frequency shift Raman solitons [39],[71]. In Figure 4-24(b), it is interesting to compare the SC 
generation in ZBLAN. Because the dispersion in ZBLAN is 2 – 3 times larger at 3.4 µm than for the 
fluoroindate fiber, more energetic laser pulses have to be injected into the ZBLAN core in order to preserve 
similar soliton order  for the maximum pulse energy injected in both fibers. For the ZBLAN fiber,  
SC generation could not expand beyond 4.1 µm because of the important absorption beginning around 4 µm 
(see Figure 4-23). On the other hand, the blue-shifted extension of the SC in ZBLAN is weaker because the 
ZBLAN dispersion is larger and induces the lengthening of the laser pulses at shorter distance into the fiber 
[68]. The 20 dB spectral flatness in ZBLAN spans from 2.9 µm to 4.0 µm which is two times narrower than 
for the fluoroindate fiber.  

The absorption edge in fluoroindate was not the dominant factor limiting the SC expansion observed in 
Figure 4-24(a), because we did not observe a decrease of the SC as sharp as in Figure 4-23(b) and the 
attenuation was only 0.5 dB/m in the fluoroindate fiber around 4.7 µm. In fact, the SC extension in the 
fluoroindate fiber was probably limited by the dispersion of the very broad SC laser pulse generated into the 
fluoroindate fiber. 

Usually the maximum spectral broadening of the laser pulse is achieved for the distance at which soliton 
fission occurs. Optimizing the fiber length just shorter than this point is the basis of the higher-order soliton 
effect compression technique, and a number of empirical expressions for this characteristic distance have 
been developed [38]. It is particularly useful to refer to this distance as the fission length ( ), written in 
the simplified form:  

    
 

where  is the dispersion length,  is the non-linear length,  is the 
initial pulsewidth,  is the group velocity dispersion,  is the light speed,  is the effective core area, 

 is the non-linear index of refraction,  is the central frequency, and  is the initial peak power. 
According to the initial laser parameters, the fiber core diameter and the fluoroindate dispersion of  
10 ps/km•nm around 3.4 µm, we obtain a fission length  2 cm. Also, when estimating the soliton 
order ( ) for the 120 nJ laser pulse injected into the fluoroindate fiber, we obtain a relatively low order:  

 
 
which indicates that the fission did not occur randomly due to modulation instability and the coherence of the 
laser pulse was preserved during the SC generation [6]. 

Considering the fluoroindate fiber dispersion, the 70 fs initial laser pulse duration and the few centimeters 
long fission length, we determined that most of the spectral broadening from self-phase modulation and 
Raman-shift occurred within the first tens of centimeters of the fiber. Thereafter, the dispersion lengthened 
the broadband laser pulsewidth and decreased significantly the peak intensities. Finally, linear propagation of 
the generated SC occurred for the rest of the fiber length (or approximately for 8.5 m of propagation). At the 
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fluoroindate fiber output, the pulse duration of the chirped SC laser pulse is estimated to be ~ 100 ps and its 
peak power is ~ 1 kW. These estimations and the SC presented in Figure 4-24(a) point out the very good 
transmission of the fluoroindate fiber for the whole SC generated at the beginning of the fiber because no 
absorption bands or absorption cut-off were observed in the measured output spectra. 

In summary, the anomalous dispersion of step-index fluoroindate fiber in the mid-infrared is relatively low 
and permits the SC generation from a wider range of initial central wavelength for the injected laser pulses. 
Moreover, the very low loss between 1 µm and 5 µm allows a continuous expansion of the SC without any 
interception from an absorption edge or an absorption band as in the case of long ZBLAN or long 
chalcogenide fibers, respectively. With a large core single-mode fluoroindate fiber, we demonstrated the 
generation of 20 dB spectral flatness SC from 2.7 µm to 4.7 µm, which covers almost entirely the mid-
infrared atmospheric windows. Single-mode fluoroindate fiber represents unambiguously a promising fiber 
for the generation of multi-watt SC over a wide spectral range. 

4.2.3.2 High Average Power Supercontinuum Generation in an Indium Fluoride Fiber 

Contributors to this Section: Jacek Swiderski13, Francis Théberge14, Maria Michalska13, Pierre Mathieu14, 
Denis Vincent14 

In this section we report the first demonstration of Watt-level Supercontinuum (SC) generation in a step 
index indium fluoride (fluoroindate) fiber pumped by a 1.55 μm fiber Master-Oscillator Power Amplifier 
(MOPA) system. The SC is generated in two steps: first ~ 1 ns amplified laser diode pulses are broken up 
into soliton-like sub-pulses leading to initial spectrum extension and then launched into a fluoride fiber to 
obtain further spectral broadening. The pump MOPA system can operate at a changeable repetition 
frequency delivering up to 19.2 W of average power at 2 MHz. When the 8-m long fluoroindate fiber was 
pumped with 7.54 W at 420 kHz output average SC power as high as 2.09 W with 27.8% of slope efficiency 
was recorded. The achieved SC spectrum spread from 1 to 3.05 μm. 

To extend the transmission range in the mid-IR while providing the high-power capacity at the same time, 
indium fluoride (fluoroindate) fibers seem to be a good choice. They have lower phonon energy than 
ZBLAN glasses which increases their transparency in the mid-IR region to ~ 5.5 µm [72]. Furthermore,  
to obtain SC generation, they can be pumped effectively by the novel pulsed laser system already developed, 
for example [14],[16],[36],[50],[73]-[74]. Even though fluoroindate fibers (and suitable pump sources) are 
accessible, there have been no reports on high-power SC generation in these media.  

The experimental arrangement for SC generation is shown in Figure 4-25. Basically it consists of two parts – 
a pump laser (developed at MUT, Poland) and a non-linear fluoride fiber (provided by DRDC, Canada).  
The pump MOPA system is a four-stage fiber amplifier, seeded with a directly modulated Distributed 
Feedback (DFB) laser delivering 1 ns pulses at λ = 1.55 µm and at variable Pulse Repetition Frequency 
(PRF) in the range of 0.2 – 2 MHz. 

13  Institute of Optoelectronics, Military University of Technology, 2 Kaliskiego Street, 00-908 Warsaw, Poland. 
14  DRDC Valcartier, 2459 route de la Bravoure, Québec (Québec) G3J 1X5, Canada. 
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Figure 4-25: Set-Up for SC Generation. OI – Optical Isolator; EDFA – Erbium-Doped  
Fiber Amplifier; EYDF – Erbium:Ytterbium-Doped Fiber; CPS – Cladding  

Power Stripper; LD – Laser Diode. 

The optical pulses delivered by the seed diode are first pre-amplified in two core-pumped Er-Doped Fiber 
Amplifiers (EDFAs) and one cladding pumped Er:Yb-Doped Fiber mid-Amplifier (EYDFA1). This system 
part could generate up to 2.1 W of average output power providing up to 58.5 dB of total gain, as reported in 
[2],[74]. The pulse train from the EYDFA1, after optical isolation, is then boosted in an Er:Yb-Doped Fiber 
power Amplifier (EYDFA2). The gain medium of EYDFA2 is a ~ 4.5-m long Er3+:Yb3+-co-doped, 
polarization maintaining, double-clad, Large-Mode-Area (LMA) fiber (EYDF) with a core diameter of  
17 μm and a clad diameter of 200 μm, the NA was 0.17 for the core and 0.46 for the inner clad. A (6 + 1) x 1 
pump combiner with a signal feedthrough (signal input: SMF-28; pump ports: 105/125 μm, 0.22 NA; signal 
output: passive double-clad 17/200 μm fiber, 0.17/0.46 NA) was used to deliver pump radiation to the active 
fiber. It combined power emitted by three 30 W multi-mode fiber-pigtailed (core diameter of 105 μm) laser 
diodes operating at the central wavelength of λ = 976 nm. Over 90% of the launched pump light was 
absorbed in the active fiber. The output of the LMA EYDF was first equipped with a home-made mode field 
adaptor (fiber taper) with a 17/200 μm (0.1/046 NA) fiber at the input and 25/300 μm (0.1/046 NA) fiber at 
the output. Then it was fusion spliced to a second pump combiner (signal input: passive double-clad  
25/300 μm fiber, 0.1/0.46 NA; pump ports: 105/125 μm, 0.22 NA; signal output SMF-28) providing > 85% 
signal transmission. This allowed for filtering the unabsorbed pump power at λ = 976 nm from the amplified 
1.55 μm pulse train. Furthermore, the 1.5-m long output pigtail fiber of the second combiner with ~ 8 μm 
core diameter permitted easy pump light coupling into the non-linear fiber. The active fiber of the EYDFA2 
was coiled on a 10-cm diameter cylinder placed on a water-cooled heat-sink that was kept at 18 – 19 °C. 
Finally, the output signal fiber port of the combiner was mechanically spliced to the input end of the 
fluoroindate fiber with over 90% launching efficiency. Both fibers ends were angle-cleaved to prevent any 
reflection in the system.  

Figure 4-26 presents the MOPA system average output power (after the 1.5-m long SMF fiber), for the PRF 
of 0.42, 1, and 2 MHz versus absorbed pump power in the EYDFA2. The inset in the top-left corner presents 
the spectrum generated at the system output for 2 MHz repetition rate and 19.2 W of output power while the 
inset in bottom right corner depicts the spectrum measured for 0.42 MHz repetition rate and 7.54 W of 
output power. 
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Figure 4-26: The Pump MOPA System Output Power. Top inset – Signal  
spectrum at 2 MHz and 19.2 W of output power; Bottom inset –  

Signal spectrum at 0.42 MHz and 7.54 W of output power. 

As can be seen in Figure 4-26, average output power increases almost linearly with the rise of absorbed 
pump power. The maximum average output power for 55.7 W of absorbed pump power, measured at the 
highest PRF, was 19.2 W with 35% of slope efficiency determined with respect to absorbed pump power. 
For the lowest applied repetition rate of 0.42 MHz and 29 W of absorbed pump power, the output power was 
measured to be 7.54 W with 26% slope efficiency. The limit of output power for the lower PRF resulted 
from the presence of Amplified Spontaneous Emission (ASE) emitted by the Yb3_dopant of the gain fiber. 
With the increase in pump power, the output spectrum gradually extended towards mainly mid-IR region.  
For instance, at 420 kHz repetition rate and output power of 7.54 W the spectrum covered the band of  
~ 1.45 – 2.15 μm. The shape of the spectra presented in the insets is typical for pumping in the anomalous 
dispersion region of the fiber – with signature of a residual peak at the pump wavelength and a continuum 
signal spread about 15 – 20 dB below the maximum peak. Furthermore, the spectra show a set of two 
sidebands, symmetrically separated from the pump wavelength. It is a characteristic feature for Modulation 
Instability (MI) phenomenon which causes the breakup of 1 ns pulses in the 1.5-m long SMF into 
femtosecond pulses [16] leading to boosting pulse peak power and thus spectrum extension.  

In the next step, the pump pulse train with an initially broadened spectrum was launched into the 8-m long 
fluoroindate fiber with a core/clad diameter of 16.7/125 μm and a core NA of 0.17. Its attenuation curve is 
shown in Figure 4-27. The losses in the range of 1.5 – 5 μm were measured to be < 0.8 dB/m. The minimum 
losses of 0.3 dB corresponded to λ = 4.15 μm. The peak at ~ 2.9 μm is related to OH absorption. The Zero 
Dispersion Wavelength (ZDW) of the fiber was at 1.83 μm, as specified by the manufacturer. The cut-off 
wavelength was measured to be at 3.72 μm, which means that the fiber is multi-mode at the pump 
wavelength and single-mode for λ > 3.72 μm. 
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Figure 4-27: Attenuation Curve of the Fluoroindate Fiber. 

During the experiment we decided not to exceed 8 W of pump power at 1.55 μm launched into the non-
linear fiber, which we considered to be safe for it. To determine the best conditions for SC generation we 
changed the PRF of the MOPA system from 2 MHz to 0.4 MHz while keeping its output power constant and 
monitoring a spectrum at the fluoride fiber output end. Best continua extension was achieved at lower 
repetition rates (< 500 kHz) which can be attributed to the boost of peak power launched into the 1.5-m long 
SMF and then into the fluoride fiber. It leads to the enhancement of non-linearity and thus efficiency of SC 
generation process. Pumping the fluoroindate fiber with 7.54 W at 0.42 MHz repetition rate we achieved 
2.09 W of total average output SC power, of which 0.96 W (45.9%), 0.57 W (27.3%) and 177 mW (8.5%) 
corresponded to wavelengths longer than 1.65 μm, 2 μm, and 2.4 μm, respectively (Figure 4-28). In the 
present MOPA system configuration it was difficult to lower the PRF below 400 kHz while keeping the 
output power at > 5 W, which resulted from the presence of ASE at ~ 1.06 μm coming from the EYDFA2, 
affecting the whole system performance at lower repetition rates.  

 

Figure 4-28: SC Average Output Power vs. Launched Pump Power,  
Measured for 1 ns Pulses and 0.42 MHz Repetition Rate. 
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Figure 4-29 illustrates the output SC spectrum at the fluoride fiber output. The inset shows the ratio of SC 
output power measured for λ > 1.65 μm to SC power in the whole spectral band versus launched pump 
power. The spectrum was measured using two optical spectrum analyzers (measurement in the range of  
0.6 – 2.4 μm) and a monochromator with a thermoelectrically cooled HgCdTe detector (for wavelength 
beyond 2.4 μm). The pump signal was first broadened in the 1.5-m long SMF covering the band of  
1.45 – 2.15 μm and then it was launched into the fluoride fiber. Since the fluoroindate fiber has the ZDW at 
1.83 μm, it was pumped both in normal and anomalous dispersion region. It means that Raman-induced 
scattering was mainly responsible for the spectrum extension towards the mid-IR while self-phase 
modulation and dispersive wave generation contribute to spectrum extension towards shorter wavelengths 
[39],[40]. As can be seen, the output spectrum spreads from ~ 1 μm to 3.05 μm with a residual peak at the 
pump wavelength. The 10 dB flatness, excluding the pump peak, is kept in the range of ~ 1.2 – 2.4 μm.  
For wavelengths longer than 2.4 μm the output signal slowly drops, which results mainly from the fiber 
attenuation. Further spectral extension could be possible by decreasing the PRF. However the current pump 
system at lower frequencies (< 400 kHz) reveals significant growth of the 1 μm ASE in the power 
erbium:ytterbium amplifier. The build-up of the ASE may arise from the high ytterbium doping 
concentration of the LMA Yb+3-doped fiber, manifesting itself at low duty factors. As Figure 4-29 illustrates, 
at the short-wavelength part of the spectrum, the ASE signal at about 1.06 μm is clearly visible. 

 

Figure 4-29: SC Spectrum after Propagation Through the Fluoroindate Fiber for the Maximum 
Output Power. Inset, the ratio of SC output power measured for λ > 1.65 μm to  

SC power in the whole spectral band versus launched pump power. 

Another feature of the observed SC generation is that there was a pump power level, at which spectral 
broadening towards longer wavelengths was ineffective. As can be seen in the inset in Figure 4-29, for pump 
power > 5.3 W the ratio of SC power at λ > 1.65 μm to SC in the whole recorded spectral band started to 

STO-TR-SET-170 4 - 35 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 



NON-LINEAR FIBERS 

NATO UNCLASSIFIED 
RELEASABLE TO PFP 

drop and the power was distributed more effectively towards shorter wavelengths. As Figure 4-28 illustrates, 
the SC power measured in the whole spectral band increases linearly with the increase in pump power 
reaching 27% of slope efficiency. However, in case of SC power measured for λ > 1.65 μm, the slope 
efficiency is 15.7% (for pump power up to 5.3 W) and then with further increase in pump power it falls to 
7.1%. We believe that such behaviour is caused by more effective conversion to a shorter wavelength range, 
probably due to pumping the fluoroindate fiber more intensively in the normal dispersion region.  

The measured spectrum covers over 2000 nm span and it could be further extended by applying more 
powerful pump source and by using an indium fluoride fiber with smaller core. The fiber non-linearity is 
defined by the non-linear parameter γ = 2πn2/λAeff, where n2 is the non-linear refractive index, λ is the 
wavelength of the pump pulse and Aeff is the effective mode area of a mode propagating inside the fiber.  
It means that the effective mode area and thus fiber core directly affects the fiber non-linearity. In our case 
the fluoroindate fiber has the core diameter of 16.7 μm, which is large comparing, e.g. with ZBLAN fibers, 
where a core diameter is ~ 7 μm, allowing for efficient SC generation even beyond 4.4 μm [23]. The fiber 
attenuation could be also reduced leading to more effective non-linear interaction and lower thermal load.  

In conclusion, the first demonstration of high average power SC generation in a 8-m long step-index indium 
fluoride fiber pumped by a 1.55 μm MOPA system is reported. A SC extending from 1 μm to 3.05 μm with  
2.09 W of total average output power was demonstrated. The system was tested over a week for several 
hours per day and any fiber degradation was not noticed. The output power of the system should be further 
scaled up by applying more pump power, lowering the PRF and using a fluoroindate fiber with lower 
material losses. It should also provide more efficient SC spectrum extension. 

4.3 CONCLUSIONS 

Mid-Infrared (MIR) Supercontinuum (SC) generation has attracted great attention from the research 
community, mainly due to its numerous potential applications in infrared microscopy, spectroscopy, 
medicine, and military technique. Most of the applications require high power, broadband sources emitting 
radiation in the 2 – 5 μm spectral band. Up to now, there have been many reports on mid-infrared SC 
generation in soft-glass fibers, including telluride, chalcogenide, and fluoride fibers pumped by a variety of 
laser sources. However, most of the reported works concern experiments with high peak power femtosecond 
lasers or optical parametric amplifiers, where output average pump power and thus output SC power is 
limited to mW-level. To achieve high average power, longer pump pulses on the picosecond or nanosecond 
scale are needed. Sparse literature reports on high-power (> 0.5 W) SC generation show that this technology 
is still in its infancy. However, the latest results, including the ones reported by the NATO SET-170 RTG, 
indicate that the objective of developing ruggedized, ready-to-use, multi-watt supercontinuum sources 
should be met in the near future.  

The highlights of the research on mid-IR SC generation carried out by the members of NATO SET-170 RTG 
are as follows:  

• The first demonstration of the highest average SC power (0.565 W) and the broadest spectrum  
(1.9 – 4.8 μm) directly emitted from a step-index chalcogenide (As2S3) fiber. 

• The first demonstration of broadband (2.7 – 4.7 μm) mid-IR SC generation in a step-index indium 
fluoride (fluoroindate) fiber. 

• The first demonstration of Watt-level (2.09 W in the 1 – 3.05 μm spectral band) SC generation in a 
step-index indium fluoride (fluoroindate) fiber. 

• The first demonstration of Watt-level (1.08 W) SC generation (from 1.9 μm to 3.6 μm) in a ZBLAN 
fiber pumped by an actively Q-switched and mode-locked Tm-doped fiber laser (the pump laser is 
an example of single pump oscillator approach, making this pump scheme promising for future high 
power SC sources). 
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• The first demonstration of Watt-level (1.25 W in the 1.8 – 4.15 μm spectral band) SC generation in a 
step-index ZBLAN fiber pumped by a fast gain-switched Tm-doped fiber laser and amplifier 
system. 

• The first demonstration of most efficient SC power distribution towards the mid-IR (from 288 mW 
of output power, 266 mW (92%), 240 mW (83%), 167 mW (58%) and 60 mW (21%) were measured 
for wavelengths beyond 2 μm, 2.4 μm, 3 μm and 3.6 μm, respectively). 

Analyzing the foregoing results as well as the results presented in the available literature recently it can be 
stated that practical realization of broadband, high average power mid-IR supercontinuum sources that could 
meet requirements imposed by many applications (especially military applications) is still challenging.  
This challenge concerns both non-linear media suitable for mid-IR SC generation as well as pump lasers. 
The most significant factors that limit the long-wavelength edge of the SC spectrum are fiber non-linearities, 
bend-induced loss and fiber material absorption. The most promising non-linear fibers are telluride, 
chalcogenide and fluoride based fibers. The first two groups are characterized by very high non-linearity 
facilitating efficient spectrum extension over short fiber lengths, however these glasses are susceptible to 
thermally induced damage at high powers thus limiting the output average power < 2 W. The most 
perspective fibers for high-power SC generation seem to be fluoride (ZBLAN) fibers, in which 10.5 W of 
average power (in the 0.8 – 4 μm spectral band) has been reported recently. According to the theoretical 
analysis [33] the average power of the mid-IR SC generated in a single-mode ZBLAN fiber can be further 
scaled up to ~ 15 W and even to ~ 40 W by implementing better thermal management and heat dissipation 
techniques (e.g. wrapping an optical fiber with a thermal pad with high thermal conductivity). The same 
power limitation could be addressed to fluoroindate fibers, but contrary to ZBLAN fibers they are 
transparent to ~ 5.5 μm, therefore enabling covering the whole 2 – 5 μm spectral band.  

Using novel, reliable and high-power fiber-based laser systems facilitating coupling the pump light into a 
non-linear fiber, output average power of  > 20 W from a single-mode fluoride fiber covering the mid-IR 
band should be achieved within the next 2 – 5 years. 
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Chapter 5 – FIBER-PUMPED FREQUENCY  
CONVERSION DEVICES 

5.1 BACKGROUND AND PREVIOUS WORK 
Contributors to this section: Christelle Kieleck1, Antoine Berrou1, Marc Eichhorn1; Francis Théberge2, 
Pierre Mathieu2, Denis Vincent2, Jean-François Daigle3, Alain Villeneuve4, Joseph Salhany4,  
Brian Burgoyne4, Yasaman Soudagar4, Marc Châteauneuf2, Jacques Dubois2, Rita D. Peterson5 

Mid-IR lasers find interesting applications in medicine, remote sensing [1], molecular spectroscopy of 
pollutants [2], detection of threats [3], etc. Ideally, the ultimate mid-IR laser should be intrinsically robust to 
mechanical vibrations, stable over temperature fluctuations, tunable over a broad spectral range, and efficient 
for low power consumption. A technology that could meet all these goals is the mid-IR fiber laser. Efficient 
and tunable rare-earth-doped mid-IR fiber lasers do not exist yet, and they still require the development of 
single-mode Infrared (IR) fibers and highly efficient pump sources [4]. Chalcogenide, fluoride and telluride 
fibers are under development to access spectral bands beyond the capability of silica, both as laser hosts and 
as non-linear materials. Fiber laser and mid-infrared supercontinuum generation studies are in progress. 
Substantial improvements in areas such as loss, power/energy handing, and active ion incorporation must 
occur, however, to allow for an all-fiber solution in the mid-IR. 

An intermediate step toward completely fiber-based sources is a mid-IR source based on fiber-pumped 
frequency converters. The most mature and readily available fiber pump sources emitting in the near-infrared 
are Tm3+- and Ho3+-doped fibers operating around 2 µm. These are available as commercial products that are 
relatively robust, compact, efficient, and high in power and energy. In addition, their output is already farther 
in the infrared than that of more common Yb-based fibers. However, 2 µm fiber technology still suffers from 
a lack of commercial fiber components for high power and high energy operation – even though some fiber 
components are emerging [5]. 

On the non-linear material side, only a few crystals can fulfill the wavelength requirements associated with 
high-power applications in the atmospheric windows (3 – 5 µm and 8 – 12 µm): PPLN, covering only part of 
the 3 – 5 µm region; ZnGeP2 (ZGP); and Orientation-Patterned Gallium Arsenide (OPGaAs). The website of 
Inrad, a vendor of ZGP, already claims that “recent advances in 2 µm fiber laser technology have increased 
the potential of ZGP for use in ruggedized, compact optical set-ups. Pumping ZGP with a fiber laser instead 
of a solid-state source could substantially reduce the footprint of the entire system (IRCM System)” [6]. 
Unfortunately ZGP and OPGaAs crystals are still not readily available, and other emerging non-linear 
crystals, though promising, remain untested.  

Up to now, Optical Parametric Oscillators (OPO) that could generate mid-IR laser radiation have been 
developed, but these OPOs can generate only a few wavelengths at a time. Moreover these OPOs are sensitive 
to mechanical vibrations and temperature fluctuations, and thus difficult to implement for real applications in 
the field. Another high-potential mid-IR laser source under development is the Quantum Cascade Laser 
(QCL) which is based on microstructured semi-conductors usually requiring low-temperature cooling for 
achieving high power output. QCLs are however, not tunable over a broad spectral range, and thus several 
QCLs are needed in parallel to cover some specific wavelengths in the mid-IR spectral region [7]. 

1  ISL, French-German Research Institute of Saint-Louis, 5 rue du Général Cassagnou, 68300 Saint-Louis Cedex, France. 
2  DRDC Valcartier, 2459 route de la Bravoure, Québec (Québec) G3J 1X5, Canada. 
3  AEREX Avionics Inc., 324 St-Augustin Avenue, Breakeyville (Québec) G0S 1E1, Canada. 
4  Genia Photonics Inc., 500 Cartier Blvd. West, Suite 131, Laval (Québec) H7V 5B7, Canada. 
5  Air Force Research Laboratory, AFRL/RYDH Bldg 620, 2241 Avionics Circle, Wright-Patterson AFB, OH 45433, United 

States. 
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This chapter will give part of the state-of-the-art of non-linear converters directly pumped by a fiber laser,  
and will concentrate only on those devoted to 3 – 5 µm emission, especially for DIRCM applications. 

5.2 EXPERIMENTAL RESULTS 

5.2.1 PPLN-Based Systems 
Periodically Poled Lithium Niobate (PPLN) is a mature and widely available commercial non-linear crystal 
that can readily be directly fiber-pumped. As it is limited by intrinsic absorption to a maximum operating 
wavelength of approximately 4 μm, complete wavelength coverage for DIRCM application is not possible 
with this material system. As an example, set-ups are briefly described which can deliver average power in 
excess of 1 W in the 3.8 – 4.0 µm wavelength range at a pulse repetition frequency of 100 kHz and an 
average power of 0.25 W at 4.5 µm wavelength. The original design and performance of tunable mid-IR 
generation by fiber-pumped difference frequency mixing in PPLN, undertaken at DRDC, Canada,  
is described in detail. 

5.2.1.1 Singly Resonant PPLN OPO Pumped by an Adjustable PRF 100 kHz, Linearly Polarized, 
1545 nm Wavelength Pulsed Fiber Source  

A mid-IR source consisting of a 10 W average-power, linearly polarized 1.54 µm wavelength pulsed fiber 
source pumping an optical parametric oscillator was reported, (Figure 5-1) [3]. From this source, average 
power in excess of 1 W in the 3.8 – 4.0 µm wavelength range at a pulse repetition frequency of 100 kHz was 
obtained. With a slightly different set-up, an average power of 0.25 W at 4.5 µm wavelength was achieved. 
Components are bulk with free-space coupling. 

 

Figure 5-1: Layout of Mid-IR Source: Singly Resonant PPLN OPO Pumped by an Adjustable  
PRF 100 kHz, Linearly Polarized, 1545 nm Wavelength Pulsed Fiber Source. 
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5.2.1.2 Tunable Mid-Infrared Generation by Fiber-Pumped DFM in PPLN 

Contributors to this section: Francis Théberge6, Jean-François Daigle7, Alain Villeneuve8, Joseph Salhany8,  
Brian Burgoyne8, Yasaman Soudagar8, Marc Châteauneuf6, Jacques Dubois6 

We present here a design based on Difference-Frequency Generation (DFG) in a non-linear crystal pumped 
by synchronized and tunable commercially available Near-Infrared (NIR) fiber lasers. This idea is not new  
and has been explored by others groups [8]-[12], but the latest innovations in NIR fiber lasers [13] have 
enabled the creation of fast-scanning picosecond fiber lasers.  

The key element for the generation of a fast tunable mid-IR laser source through DFG is the programmable 
Erbium-doped fiber laser which combines dispersive elements with a synchronized Electro-Optic Modulator 
(EOM). This first fiber laser can emit any wavelength within the gain band, quickly tune to any wavelength 
in this range, and program any spectrally encoded signal. The basis of this laser is schematically presented in 
Figure 5-2(a). With an Erbium-doped fiber used as gain medium, a Wavelength Division Multiplexer 
(WDM) couples the energy of a 980 nm laser diode to provide core pumping. An Optical Coupler (OC) 
extracts a portion of the amplified light and delivers it to the next stage (Figure 5-3). The Programmable 
Laser (PL) is dispersion-tuned. A series of three Chirped Fiber Bragg Gratings (CFBG) serve as the 
dispersive element for covering as much of the Erbium-gain spectrum as possible, and are addressed by a 
circulator. The timing of the pulses to the EOM then determines which wavelength will see amplification by 
coordinating activation of the EOM with the arrival of the desired wavelength’s pulse wavefront.  
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Figure 5-2: (a) Schematic of the Programmable Erbium-Doped Fiber Laser, Including: Electro-
Optic Modulator (EOM), Output Coupler (OC), Chirped Fiber Bragg Grating (CFBG),  

Wavelength Division Multiplexer (WDM); (b) Samples of Laser Output Spectrum;  
(c) Repetition Rate as a Function of Amplified Wavelength. 

6  DRDC Valcarter, 2459 route de la Bravoure, Québec (Québec) G3J 1X5, Canada. 
7  AEREX Avionics Inc., 324 St-Augustin Avenue, Breakeyville (Québec) G0S 1E1, Canada. 
8  Genia Photonics Inc., 500 Cartier Blvd. West, Suite 131, Laval (Québec) H7V 5B7, Canada. 
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Figure 5-3: Set-Up for Generation and Characterization of the Tunable Mid-IR Laser. The programmable laser 
and MOPA outputs are combined by a broadband WDM. Both lasers are synchronized and controlled by high-

speed electronics driven by software. At the output end of the fiber, the combined beams are focused  
into the PPLN crystal. The mid-IR output is filtered and its power measured by the PbSe photodiode. 

Because of the small distance between the three CFBGs in this system, we observe two jumps in  
Figure 5-2(c), the graph of repetition rate as a function of wavelength. In fact, the signal applied to the EOM 
controls four parameters:  

• Wavelength; 
• Wavelength sweep; 
• Repetition rate; and  
• Optical pulsewidth.  

The EOM is driven by a function generator/pulse generator combination. Operated on its own, the PL can 
output more than 10 million different optical frequencies per second with very high accuracy, stability,  
and reproducibility. Since the PL is a dispersion-tuned actively mode-locked laser, wavelengths may be 
selected in any arbitrary order, enabling wavelength sweeps in either sequential or arbitrary wavelength 
sequences. Wavelengths can be selected from the entire range or a partial range. The steps between adjacent 
wavelengths may be arbitrary or may be defined through the user interface in any arbitrary order. 

In order to generate mid-IR signal through DFG, we needed an Ytterbium-doped fiber laser synchronized 
with the Erbium-based PL. One such picosecond laser system is the Synchronized Programmable Laser 
(SPL) from Genia Photonics that combines these two picosecond fiber laser systems in which both output 
pulses are synchronized at the DFG crystal (Figure 5-3). The SPL system used for these works consists of 
the Erbium-doped PL combined with an Ytterbium-doped fiber-based Master Oscillator Power Amplifier 
(MOPA). A WDM combines the two laser outputs into a single beam. The PL and MOPA use high-speed 
electronics to drive their internal EOM with precisely timed picosecond pulses.  

The synchronization lies within a novel low-jitter function generator circuit capable of generating multiple 
signals to trigger the pulse generators of each laser. These signals can compensate for any delay in the 
external optical set-up, ensuring that pulses from both lasers are synchronized at the DFG crystal. Because 
the 9 µm core output fiber guides both laser beams, spatial overlap is automatically achieved and maintained 
up to the DFG crystal without the need for any alignment. The laser beams are focused into a 25-mm long 
PPLN crystal in single pass geometry. For the DFG scheme, the Ytterbium laser corresponds to the pump 
and the tunable Erbium laser is the signal, with the frequency of the mid-IR output given by the difference of 
frequency between the pump and the signal. After the PPLN crystal, residual pump and signal from the NIR 
lasers are filtered out by an AR-coated Germanium window. A calibrated PbSe photodiode is used to 
measure the power of the generated mid-IR beam. 
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The PL was continuously tunable from 1525 nm to 1600 nm while the wavelength of the MOPA was fixed 
at 1080 nm. In principle, the DFG could produce a mid-IR source tunable from 3.32 – 3.7 μm. However the 
temperature control of the PPLN oven limited the phase-matching such that tunability was possible only 
from 3.52 – 3.57 μm, with a quantum efficiency of 44% (Figure 5-4(a)). For a 25-mm long PPLN crystal 
with a grating period of 29.6 µm, the DFG phase-matching bandwidth for a fixed temperature was 2.6 nm, 
broad enough for our 25 ps pulse train having a spectral width of 0.25 nm.  
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Figure 5-4: Measured DFG Phase-Matching in the PPLN Crystal as a Function  
of the Temperature (a) and DFG Phase-Matching Window of  

the PPLN (25 mm long) at Temperature of 20°C (b). 

In order to exploit the entire spectral range of the PL, we used two other PPLN crystals with periods of  
29.5 µm and 29.7 µm. Figure 5-5(a) presents examples of mid-IR spectra generated using the SPL at the 
maximum power for both the PL (35 mW) and the MOPA (32 mW). These spectra were measured with a 
grating-based monochromator and a Mercury Cadmium Telluride detector, and were obtained at the 
optimum delay between the PL and the MOPA pulses to produce maximum mid-IR output power. In these 
cases, we could almost cover the entire spectral range of the PL and an efficient mid-IR output was obtained 
from 3.4 – 3.7 µm. The double-peak structure observed in each spectrum is due to the Self-Phase Modulation 
(SPM) of the PL pulse occurring in the 2-m long fiber used to transport the output of the WDM to the PPLN 
crystal. 
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Figure 5-5: Normalized Mid-IR Spectrum Measured for Different PL Wavelengths,  
and PPLN Crystals with Periods of 29.7 µm and 29.5 µm (a); Mid-IR  

Spectrum Centred at 3.6 µm as a Function of PL Power (b). 
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Figure 5-5(b) illustrates the impact of the SPM by showing the spectral distribution of the mid-IR beam 
generated at 3.6 µm as a function of the PL power. At low power (10 mW), we observe a near-Gaussian 
spectral profile for the generated mid-IR beam. As the PL power was increased, spectral broadening was 
observed and then the double-peak structure became more pronounced. It is important to note that similar 
spectral broadening was evidently observed for the PL pulse at the output fiber (before the PPLN), but no 
spectral broadening was observed for both the PL and MOPA before the output fiber (i.e. after the WDM)  
at their maximum power. These observations clearly point to the 2-m long output fiber as the origin of the 
SPM. The use of a shorter fiber, or simply bypassing such fiber will definitely minimize the SPM. 

Figure 5-6 shows the linear relationship between the mid-IR output power and the MOPA power injected 
into the PPLN crystal. The FWHM for the laser beam focused inside the PPLN was around 35 µm, which 
corresponds to a peak power density of 9 MW/cm2 at the maximum injected power. Interestingly,  
by preserving the same power density in the PPLN, we could scale up the pump to 5 watts by focusing it to a 
diameter of 440 µm in the PPLN. Finally, by preserving a similar quantum efficiency of 44%, we could 
expect the generation of more than 100 mW of mid-IR output around 3.6 µm wavelength. 
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Figure 5-6: Mid-IR Power as a Function of MOPA Power. The PL  
power was maintained at its maximum for these measures.  

The tunability of the mid-IR laser source as presented here was limited by the temperature control for the 
phase matching, but use of a chirped PPLN crystal would allow much wider tunability and very fast 
wavelength scanning at a fixed crystal temperature. Such a chirped PPLN crystal could be very long, given 
that the current 25-mm long PPLN crystal had a QPM bandwidth 10 times larger than the spectral bandwidth 
of the picosecond laser used in the experiment. By choosing the appropriate wavelengths for the PL and the 
MOPA, the DFG can be tuned over a wide range of operating wavelengths. For example, by using a tunable 
PL between 1020 nm and 1110 nm and a tunable MOPA between 1525 nm and 1605 nm the DFG idler can 
be tuned between 2.8 µm and 4.1 µm. It is also possible to increase by few orders of magnitude the laser 
powers injected into the chirped PPLN crystal, and consequently, to increase proportionally the mid-IR 
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output power by using a larger mode area fiber, longer pulsewidth for the SPL, and a shorter transport fiber 
before the PPLN crystal.  

5.2.2 ZnGeP2-Based Systems 
ZGP is currently the most mature mid-IR non-linear crystal, offering efficient non-linear conversion in the 
mid- and long-wave-IR for countermeasures and other applications. ZGP OPOs pumped by Q-switched 
solid-state Ho:YAG lasers operating in the 2 µm spectral region have demonstrated very impressive results. 
Progress in fiber and fiber laser development has led to an increase in output power achievable from pulsed 
fiber systems. The high peak power and near diffraction-limited beam quality of these fibers make them an 
ideal source for driving non-linear frequency conversion in ZGP. 

Daniel Creeden and co-workers reported the first mid-IR ZGP OPO pumped by a pulsed Tm-doped fiber 
laser [14],[15]. The fiber pump laser is a Master-Oscillator/Fiber-Amplifier (MOFA) configuration  
(Figure 5-7). The seed signal is generated by gain-switching a Tm-doped fiber, which produces 30 ns pulses 
at 1.995 μm at 100 kHz repetition rate. These pulses are amplified in a dual-stage Tm-Doped Fiber Amplifier 
(TDFA) chain. At the output of the TDFAs, the seed has been amplified more than 24 dB to 21 W of average 
output power (30 ns pulses, 100 kHz PRF) in a near-diffraction-limited beam with an M2 of 1.1 ± 0.05 
(Figure 5-8(a)). An optical isolator is placed in-line after the amplifiers to prevent feedback and to polarize 
the beam. Only 60% of the power is transmitted by the isolator, leaving 12.7 W of linearly polarized 
1.995 μm light to pump the OPO, enough to produce 2 W of output power in the mid-IR in the 3.4 – 3.9 µm 
and 4.1 – 4.7 µm spectral regions simultaneously (Figure 5-8(b)). 

 

Figure 5-7: Schematic of the Tm-Fiber Amplifier Chain and ZGP Mid-IR OPO. 
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Figure 5-8: Tm-Doped Fiber Amplifier (TDFA) Average Output Power vs.  
Pump Power (a) and ZGP OPO Output vs. 2 µm Pump Power (b). 
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The authors claimed that the set-up was not optimized, and suggested that future work focus on reducing the 
OPO threshold and improving conversion efficiency by power scaling the pump and reducing the oscillator 
pulse width such that a larger pump spot may be used to produce a high optical intensity in the ZGP. These 
changes could reduce walk-off, increase the interaction length in the crystal, and reduce the thermal lensing, 
thus decreasing the OPO threshold and improving conversion. They also mentioned that they have planned 
to examine various cavity configurations and the use of engineered materials, such as orientation-patterned 
GaAs, as ways to improve conversion efficiency. 

A workshop on Mid-Infrared Fiber Lasers (NATO SET-171) was organized at the French-German Research 
Institute of Saint-Louis (ISL) on 28-29 September 2010 [16]. At the workshop, Daniel Creeden presented an 
overview of considerations for rare-earth-doped fibers used in pumping non-linear frequency conversion 
devices. He suggested that efforts should concentrate on promising Tm and Tm:Ho fiber development, 
because of their high efficiency and wavelength advantages. He also emphasized the need to develop fibers 
and components especially to eliminate free-space coupling in future fiber systems, allowing systems that are 
completely optically confined.  

Since 2010 efforts in industry have concentrated on the development of fibers based on Tm and Ho, and on 
fiber components for the 2 µm wavelength range, and research groups have published mid-IR ZGP OPO 
results obtained using a pulsed Tm-doped fiber laser.  

Australia’s Defence Science and Technology Organisation reported highly efficient 2 µm fiber lasers based 
on Tm- and Ho-doped fibers, and reported the use of a 2 μm fiber source for parametric generation of mid-IR 
output in ZGP [17]. In this experiment, a pulsed master oscillator generated low energy pulses at a high 
repetition rate: 60 µJ pulses, 50-ns long at 150 kHz prf. (Figure 5-9, Figure 5-10 and Figure 5-11). These 
were then amplified in a Large-Mode-Area (LMA) Tm-Doped Fiber (TDF) with a 25-μm diameter core, 
producing 300 μJ pulses at a wavelength of 2050 nm. The output of the amplifier was then focused into an 
OPO cavity containing a 16-mm ZGP crystal. The cavity consisted of mirrors with a 200 mm radius of 
curvature, separated by 20 mm, with 10% outcoupling at 3.5 – 5 μm. The publication claimed that optical 
parametric oscillation was achieved but without giving performance data. In this fiber pump set-up (master 
oscillator and fiber amplifier), most of the components were still bulk components with free space coupling. 

 

Figure 5-9: Schematic of Electro-Optically Q-Switched Master Laser. 
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Figure 5-10: The Output of the Master Laser is Propagated Through an Isolator and Coupled  
into the Core of the Amplifier. The amplifier is pumped from the output end. 

 

Figure 5-11: Output Performance of the Amplifier as a Function of Pump Power. 

 

Figure 5-12: Zinc Germanium Phosphide Parametric  
Oscillator Pumped by Output of the Fiber Amplifier. 
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In 2012, the Australian group presented a power-scalable, all-fiber, monolithic-pulsed source based on a 
thulium-doped fiber MOPA design (Figure 5-13) [18]. This source produced 200 μJ pulses 20 – 40 ns in 
duration at a repetition rate of up to 75 kHz, resulting in up to 12 W of linearly polarized output at 2.044 μm. 
This was used to pump a walk-off-compensated ZGP OPO which generated 3 W in the mid-IR, with a 
conversion efficiency of 25% (Figure 5-14). 

 

Figure 5-13: Schematic of Tm-Doped MOPA Pumping Dual-Crystal ZGP OPO. 

 

Figure 5-14: Output Power vs. Input Power and Conversion Efficiency  
of the OPO when Operating at 50 kHz and 75 kHz. 

Pankaj Kadwani and co-workers from CREOL, University of Central Florida (USA) and Friedrich-Schiller-
Universität (DEU) reported a Tm-fiber MOPA system using a power amplifier based on a Photonic Crystal 
Fiber (PCF), generating over 40 kW peak power in ~ 6.5 ns pulses as a tunable, narrow linewidth pump  
for mid-IR ZGP OPOs [19]. The initial experimental OPO set-up can be seen in Figure 5-15.  
The Q-switched oscillator is based on a Tm fiber pumped by a 35 W laser diode operating at 790 nm.  
Pulse energies of > 200 μJ were achieved at 20 kHz, and > 400 μJ at 1 kHz, with ~ 6.5 ns pulse duration.  
The spectral linewidth was < 1 nm FWHM. The output passed through an optical isolator and an extra-cavity 
EO pulse picker, before being focused by a 400 mm focusing lens to a ~ 225 μm diameter waist in a ZGP 
crystal with dimensions of 4 mm x 5 mm x 12 mm cut at θ = 57.5°. The ZGP crystal was placed between 
two flat mirrors forming a doubly resonant OPO cavity. The input coupler was > 99% reflective and output 
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coupler ~ 50 % reflective over the 3 – 5 μm wavelength range, while both mirrors were highly transmissive 
at the pump wavelength. A longpass filter removed residual pump light. The use of PM fiber increased the 
overall efficiency compared with the first demonstration by Creeden et al. using an unpolarized pump beam. 

 

Figure 5-15: MOPA System Where a 10/130 SMF Fiber Oscillator Seeds a Flexible Tm:PCF 
Amplifier Through a Pulse Slicer. The output is passed through a pulse picker and  

focused into a ZGP OPO by a 400-mm lens. The output is then collimated by  
a parabolic mirror and sent through a mid-IR filter to beam diagnostics.  

Figure 5-16 shows the output characteristics of this ZGP OPO for three different repetition rates.  
The maximum total mid-IR energy is ~ 24 μJ which corresponds to about ~ 2 kW peak power for the signal  
(~ 3.55 μm). At the Mid-Infrared Coherent Sources (MICS) conference held in Paris in October 2013,  
the CREOL group reported the generation of 28 kW peak power in a mid-IR ZGP OPO, pumped by a 
Tm:fiber MOPA system delivering ~ 8 ns pulses with ~ 120 kW of usable pump peak power at 1980 nm 
[20]. 

 

Figure 5-16: OPO Output for Several Repetition Rates, at ~ 6.8 ns Pulse Duration. 
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5.2.3 OPGaAs 
OPGaAs is a Quasi-Phase-Matched (QPM) non-linear crystal allowing for tight focusing, long interaction 
length and alignment insensitivity required for efficient conversion in a fiber-coupled device. It was the first 
material to demonstrate the potential of all epitaxial-grown QPM semiconductors and it is already achieving 
record output powers and efficiencies in the mid-IR. Its IR transparency is broader than that of PPLN and 
even ZGP. It also offers a higher non-linear coefficient, higher thermal conductivity, low losses when grown 
from the vapor phase, and is relatively insensitive to pump polarization, compared with other non-linear 
materials.  

5.2.3.1 OPGaAs OPO Directly Pumped by a 2.09 μm Q-Switched Tm,Ho:silica Fiber Laser 

The ISL group demonstrated an OPGaAs OPO directly pumped by a 2.09 μm Q-switched Tm,Ho:silica fiber 
laser [21],[22]. The experimental set-up is shown in Figure 5-17. The pulsed fiber laser is based on a  
Tm,Ho-doped double clad fiber (OFTC Sydney, Australia), Q-switched by a high diffraction efficiency  
(> 85%) TeO2 Acousto-Optic Modulator (AOM) in an external cavity set-up [23]. A Volume Bragg Grating 
(VBG) was used to narrow the spectral line width emitted. Optical isolation was used between the fiber laser 
and the OPO cavity. The pump beam is split in two polarized beams by a Brewster plate, allowing separated 
optical isolation in two arms. The slightly multi-mode nature of the fiber used and the superposition of the 
two separated isolated beams led to a non-optimized beam in the non-linear crystal. The recombined pump 
beam was focused by a f = 200 mm lens to a ∼ 200 μm spot inside the OPGaAs sample. Figure 5-18 plots the 
averaged powers curves for a plane-plane OPO cavity and plane-rcc 50-mm OPO cavity. The fiber laser was 
operated at a stable point of operation for repetition rates from 40 to 75 kHz. With a 2.09 μm Q-switched 
Tm,Ho:silica fiber laser pump source, up to 2.2 W of average output power was achieved at 40 kHz 
repetition rate, 1.9 W at 60 kHz and 1.1 W at 75 kHz with the plane-plane OPO-cavity. With the plano – 
50 mm – radius-of-curvature OPO cavity, 1.88 W was achieved at 40 and 60 kHz, and 1.2 W at 50 and 
75 kHz. Experiments were pump-power limited. 

 

Figure 5-17: Experimental Set-Up for the OPGaAs OPO Pumped by a Tm,Ho-Doped Fiber. 
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Figure 5-18: Output Average Power Performance of the Fiber Laser Pumped  
Plane-Plane OPGaAs OPO at 40, 62 and 75 kHz Repetition Rates. 

The ISL group is currently working on a new pump set-up allowing for higher pump power and based on a 
monomode, polarization maintaining Tm,Ho-doped fiber to increase the overall conversion efficiency.  

5.2.3.2 Mid-IR Conversion Efficiency from an OPGaAs Pumped by a 1.5 µm Erbium:Fiber 
Laser  

5.2.3.2.1 Simulation 

Contributors to this section: Pierre Mathieu9, Denis Vincent9, Francis Théberge9 

Development of a multi-wavelength pump source emitting around 1550 nm is part of the concept put 
forward by DRDC-Valcartier to achieve the emission of radiation around 4 μm. One of the key concepts is to 
use the laser at 1535 – 1565 nm as an optical pump for OPO conversion by using the appropriate non-linear 
medium, here an Orientation-Patterned Gallium Arsenide (OPGaAs) crystal. For this section, we describe 
briefly the dual-wavelength Erbium fiber laser developed by Institut National d’Optique (INO), Canada,  
for a research project of the Defence R&D Canada. Experimental results for the difference frequency mixing 
in OPGaAs pumped by this laser cannot be presented because the OPGaAs crystal was not yet available 
when this report was written. However, simulation of the OPGaAs pumped by a multi-watt Er:fiber laser is 
presented using laser pump parameters very similar to the one acquired by DRDC-Valcartier. 

9 DRDC Valcartier, 2459 route de la Bravoure, Québec (Québec) G3J 1X5, Canada. 
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The Er:fiber laser acquired by DRDC-Valcartier emits an average output power of 18 W at 1535 nm and 
1563 nm with modulation at the rate between pulsed and continuous wave regimes. This laser uses the 
MOPAW technology (Master Oscillator with Programmable Amplitude Wavefront) developed at INO and it 
is used to control the shape and repetition rate of the pulses. The repetition rate can be varied from 200 kHz 
to 1 MHz with a pulse width of 20 ns. The laser can also operate in a quasi-continuous regime at 100 MHz. 
The choice of wavelength (1535 nm or 1565 nm), repetition rate and pulse modulation can be varied at a rate 
greater than 3 kHz via TTL signals. 

The simulations of the difference frequency generation using an OPGaAs crystal into an Optical Parametric 
Oscillator (OPO) pumped by such Er:fiber laser pulse have been done by using both SNLO and SiSyFos 
(software from G. Arisholm at Norwegian Defence Research Establishment). Because of the limitation of 
SNLO, for the first series of simulation presented in this section, we compare the calculations from SNLO 
and SiSyFos for the pump laser parameters with a Gaussian temporal profile and we neglect the two-photon 
absorption. In the second set of simulation, we use only the SiSyFos software with a high-order super-
Gaussian temporal profile pump pulse (similar to the acquired dual-wavelength Er:fiber laser). For these 
simulations, we considered a single longitudinal mode for the pump which can underestimate the peak 
intensity and consequently the Two-Photon Absorption (TPA).Therefore, we considered three different 
values for the two-photon absorption, including one value being two-times larger than the TPA measured in 
[25]-[26]. 

First, for the comparison of the SNLO and SiSyFos simulations, we used a 1563 nm pump pulse with 20 ns 
Gaussian pulsewidth at FWHM and waist diameter of 165 µm centered into the OPGaAs crystal.  
The parameters of the OPGaAs for the simulation were a crystal length of 15 mm, a grating period around  
28 µm maintained at 80 deg. C, a linear absorption of 0.03 cm–1 for the three wavelength involved (pump, 
signal and idler), and a non-linear coefficient d14 = 94 pm/V. The parameters of the OPO cavity used for the 
simulations were a singly resonant double concave cavity using two mirrors having a radius of curvature of 
250 mm. The gap between the ends of the OPGaAs crystal and the mirror surfaces were 7.5 mm. As shown 
in Figure 5-19, the reflectivity of the first mirror was 0%, 99% and 99% for the pump, signal and idler, 
respectively. The reflectivity of the second mirror (output coupler) was 99% and 0% for the pump and idler, 
respectively. For the output coupler, the reflectivity for the signal was adjusted to optimize the idler output 
power. 

 

Figure 5-19: Schematic Diagram of the OPGaAs Optical  
Parametric Oscillator Used for the Simulations. 
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Table 5-1 presents the simulated output energies of the generated Idler (I) and Signal (S) for different  
1563 nm pump pulse energies (P) and for the optimum signal reflectivity of the output coupler (RS,OC),  
for both the SNLO and the SiSyFos software. When comparing the SNLO and SiSyFos simulation results 
for pump energy far from the threshold energy for oscillation, we observe a fair agreement between the 
results of these two simulations for both the optimal signal reflectivity of the output coupler and the 
parametric conversion efficiency. 

Table 5-1: Simulated Optimum Reflectivity of the Output Coupler and Corresponding  
Conversion Efficiency for Different Pump Pulse Energy. 

Pump Energy RS,OC Ratio I/P Ratio (I+S)/P 

µJ % % % 

SNLO SiSyFos SNLO SiSyFos SNLO SiSyFos 

12 85 95 23 5 46 8 

24 60 80 26 19 62 41 

48 60 60 28 24 67 56 

For the second step of these simulations, we simulate the optical parametric generation with an OPGaAs 
OPO similar to the one presented in Figure 5-19, but this time the crystal length was fixed at 10 mm.  
Also we use only the SiSyFos software with a 12-order super-Gaussian pump laser pulse of 20 ns pulsewidth 
(FWHM), which is very similar to the top-hat pulsewidth from the acquired Er:fiber pump laser. For these 
simulations, we will compare also different values of the two-photon parameter of the GaAs at 1563 nm 
(β1563nm). From values available in open literature, the GaAs two-photon parameter corresponds to  
β1563nm = 10 cm/GW [23],[24]. In Figure 5-20, we compare the parametric conversion efficiency for different 
pump energy and different value of β1563nm corresponding respectively to 0 cm/GW, 10 cm/GW and  
20 cm/GW. From the results presented in Figure 5-20, we observe that a variation of β1563nm and/or the peak 
intensity of pump pulse do not affect too severely the pump absorption and the parametric conversion 
efficiency. 

 

Figure 5-20: Ratio of the Parametric Energy Over the Pump Energy as a Function of  
the Pump Energy for Different Values of the GaAs Two-Photon Absorption (Beta). 
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Figure 5-21 presents the temporal evolution of the pump, signal and idler pulses in the OPGaAs OPO  
for a neglected two-photon absorption (β1563nm = 0 in Figure 5-21(a) and a two-photon parameter of  
β1563nm = 10 cm/GW (Figure 5-21(b)). For these two cases, the optimum reflectivity of the signal for the 
output coupler was also calculated and corresponds to 40% and 35% for Figure 5-21(a) and Figure 5-21(b), 
respectively. By comparing these two results, we observe again that two-photon absorption does not have too 
severe an impact on the parametric conversion, at least for the range of pump power/energy used for these 
simulations. 

 

Figure 5-21: Temporal Evolution of the Pump, Signal and Idler Laser Pulses for a Two-Photon 
Absorption Parameter of (a) β1563nm = 0 cm/GW, and (b) β1563nm = 10 cm/GW. 

5.2.3.2.2 Growth of OPGaAs for 1.5 µm Pumping  

Contributor to this section: Rita D. Peterson10 

Producing mid-infrared (3 – 5 µm) output using a 1.5 µm pump in OPGaAs requires a period around  
27 – 28 µm. Air Force Research Laboratory (AFRL) had on-hand two template segments with periods in the 
27 – 29 µm range, suitable for this interaction. A growth run was made on one of these in April 2011, in the 
HVPE reactor then located at Hanscom Air Force Base, using a process documented in the literature [25]. 
This was one of the last growth experiments performed before the laboratory was relocated to Ohio, USA.  

The growth run was unfortunately unsuccessful. The domain structure was completely overgrown within the 
first 100 μm of growth. This was not unexpected, since most material grown in this process to date has had 
periods larger than 50 µm, and previous thick growth attempts of domains < 20 μm have produced poor 
results. After the laboratory is back in service in its new location, the remaining template piece will be used 
to test modifications to the growth conditions. If interest remains in 1.5 µm pumping of OPGaAs, a new 
template will be fabricated with the required periods, for use in future growth experiments. Understanding 
how to adjust growth conditions to produce smaller periods is of general interest as the repertoire of 
OPGaAs-based devices continues to expand. 

As part of a consolidation of AFRL facilities, the HVPE growth laboratory was relocated from Hanscom Air 
Force Base in Massachusetts to Wright-Patterson Air Force Base in Ohio in the summer of 2011. The last 
growth experiments at Hanscom AFB were completed in May 2011. The growth laboratory includes three 

10  Air Force Research Laboratory, AFRL/RYJW Bldg 620, 2241 Avionics Circle, Wright-Patterson AFB, OH 45433, United 
States. 
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HVPE reactors, for growth of GaAs, GaP, and nitrides respectively; all of which received new components 
and upgrades when reassembled in the new location. The OPGaAs reactor was the first to return to service, 
beginning with short calibration runs to validate growth conditions. Long growth runs to produce thick 
samples for device experiments resumed in June 2013. The material quality of these samples is comparable 
to that of samples grown prior to the lab relocation. A representative cross-section showing the domain 
structure is shown in Figure 5-22 where the period is 116 µm. 

 

Figure 5-22: Cross-Section of Recent Thick GaAs Growth. 

5.3 CONCLUSION AND OUTLOOK 

Efficient pumping of OPGaAs and ZGP depends upon pump sources emitting at wavelengths higher than 
1.73 nm and 2 µm respectively, to avoid absorption losses while minimizing quantum defect. Analysis of the 
state-of-the-art indicates that more progress is needed on pump fibers and optical components in this 
wavelength region, to support the eventual goal of eliminating free-space coupling in future mid-IR fiber 
sources, allowing systems that are completely optically confined.  

The experimental demonstration of mid-infrared (3 – 5 µm) output using a 1.5 µm pump in OPGaAs has to 
be performed to confirm the DRDC simulation results that predict reasonably efficient output, despite the 
reported severe two-photon absorption at wavelengths shorter than 1.7 µm. 

Continued progress in QPM semiconductors for mid-IR frequency conversion has been reported [26],[27]. 
This includes the introduction of Orientation-Patterned Gallium Phosphide (OPGaP) as an alternative to 
OPGaAs having negligible two-photon absorption in the convenient pumping range from 1 µm to 1.7 µm 
where efficient fiber lasers are readily available. OPGaP material up to 350 µm thick has been grown,  
but device experiments have yet to be reported.  
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Chapter 6 – SUMMARY AND RECOMMENDATIONS 
FOR FUTURE WORK 

Mid-infrared laser technology is critical to the development of active sources for defeating a growing 
spectrum of heat-seeking missiles, as well as for remote sensing of targets and threats. These coherent 
sources must be resistant to environmental changes, and sufficiently compact and conformable to fit in a 
variety of platforms including large transports, combat aircraft, helicopters, and even UAVs. Fiber lasers 
have distinct advantages over conventional bulk solid-state lasers for these applications. Their optical 
confinement reduces the need for free space optics which are sensitive to misalignment, and to such 
environmental conditions as dust, vibration, and moisture. The small dimensions of the modes propagating in 
the core of the fiber provide low-threshold and high-gain characteristics with near-maximum efficiency. 
Their inherent geometry simplifies thermal management and supports distributed system architectures.  

Fiber lasers and fiber technology devoted to telecom applications are very well developed and sources 
delivering kW output powers have been demonstrated. Recent advances in the 2 µm wavelength range have 
also been demonstrated, but there is still a lack of fiber components. Passive transport fiber and fiber-based 
optical devices for the mid-IR are still rare, lossy and relatively fragile. Theoretical modelling and designs of 
fiber lasers emitting beyond 3 µm have been done, but demonstrations have been limited primarily to 
supercontinuum devices. Extending into the mid-IR the considerable advantages of fiber technology would 
provide laser sources that are efficient, robust, compact, potentially high in power, and spectrally suited to 
critical military applications like infrared countermeasures. 

For this reason, the SET-170 Task Group focused its efforts on fiber sources operating at wavelengths longer 
than 3 µm, and fibers based on glasses other than silica. By sharing our diverse expertise, facilities,  
and materials, we were able to make progress in each of the three areas outlined in our programme of work.  

In investigating direct lasing in fibers, we chose to focus on two rare earth dopants: dysprosium (Dy3+) and 
holmium (Ho3+), with lasing transitions at 4.3 µm and 3.9 µm respectively which have been demonstrated in 
other host materials. We selected fluoroindate fiber as the host material, because of its broader mid-IR 
transparency and lower phonon energies relative to the more-developed ZBLAN. Initial spectroscopic 
evaluation was done on glass samples doped with each rare-earth ion, due to the much greater cost of pulled 
fiber. This led to the abandonment of Dy3+:fluoroindate as a candidate, due to the inability to observe any 
fluorescence on the desired transition. 

Work with Ho:fluoroindate glass material proved much more successful. Spectroscopic analysis was 
conducted, specifically measurement of absorption, emission, and fluorescence lifetime, including 
measurements at low temperature using a cryostat system. The Ho3+ transition at 3.9 µm suffers from an 
unfavorable lifetime ratio, with the upper laser level lifetime typically two orders of magnitude shorter than 
that of the lower level, resulting in significant bottlenecking. Spectroscopic results were therefore critical as 
inputs to a model to evaluate the possibility of developing a viable Ho:fiber laser, and to identify a suitable 
fiber specification. Modelling results indicate that, despite the short lifetime, efficient lasing is possible in a 
double-clad fiber given the correct choice of concentration, taking advantage of up-conversion processes to 
help recirculate the active ions. Cascade lasing of the 2.9 µm transition improves performance significantly 
by alleviating the bottlenecking at the lower laser level, caused by its much longer lifetime relative to that of 
the upper laser level. Co-doping is also proposed as a means of relieving the bottlenecking, but appears not 
to help in this case. 

The most significant achievement on the direct lasing task is demonstration of lasing in a sample of 
Ho:fluoroindate glass. A flashlamp-pumped Cr3+:LiSAF laser operating at 890 nm pumped the Brewster-cut 
sample, in a cavity originally assembled using a crystal of the better-known Ho:BYF material. Results were 
modest: just over 5 mJ of output, and a slope efficiency of 1.3%. This is the first demonstration of lasing in 
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this material, however, and given the nature of the sample and the far from optimal resonator conditions, 
bodes well for the performance of a Ho:fluoroindate fiber. A journal paper on these results is in preparation. 

Work on frequency conversion in fibers focused on obtaining broadband mid-IR output via supercontinuum 
generation, specifically with pump pulses on the picosecond or nanosecond scale for greater average power 
than most sources reported to date. The end-goal is development of ruggedized, ready-to-use, multi-watt 
supercontinuum sources. Highlights of the results obtained by the SET-170 Task Group include: 

• Demonstration of the highest average power (0.565 W) and the broadest spectrum (1.9 – 4.8 μm) 
directly emitted from a step-index chalcogenide (As2S3) fiber supercontinuum source; 

• The first demonstration of watt-level (2.09 W in the 1 – 3.05 μm spectral band) and broadband  
(2.7 – 4.7 μm) mid-IR supercontinuum generation in a step-index fluoroindate fiber; 

• The first demonstration of watt-level (1.08 W) supercontinuum generation (1.9 – 3.6 μm) in 
ZBLAN fiber pumped by an actively Q-switched and mode-locked Tm-doped fiber laser; 

• The first demonstration of watt-level (1.25 W in the 1.8 – 4.15 μm spectral band) supercontinuum 
generation in a step-index ZBLAN fiber pumped by a fast gain-switched Tm-doped fiber laser and 
amplifier system; and 

• Demonstration of the most efficient supercontinuum power distribution towards the mid-IR,  
with over half the output at wavelengths longer than 3 µm. 

Practical realization of high average power mid-IR supercontinuum sources that meet military requirements 
remains a challenge, in terms of both the pump laser system and the non-linear fiber itself. The most 
significant factors limiting the long-wavelength edge of the supercontinuum spectrum are fiber non-
linearities, bend-induced loss and bulk absorption. The most promising non-linear fibers are telluride, 
chalcogenide and fluoride-based fibers. Tellurides and chalcogenides have broad absorption and high non-
linearity, but are susceptible to thermally induced damage at high powers. Fluoride fibers demonstrate better 
power handling, especially with careful thermal management, with the fluoroindate fiber featured in many  
|of our results offering broader mid-IR transparency than the more familiar ZBLAN, covering the entire  
3 – 5 µm region. An average output average power of > 20 W can be expected from a single-mode fluoride 
fiber covering the mid-IR band within the next 2 – 5 years.  

The third task, fiber pump sources for bulk frequency conversion, considered pumping strategies for ZGP, 
PPLN, and OPGaAs, representing the current spectrum of non-linear materials from birefringent crystals to 
quasi-phase-matched materials based on poling of ferroelectric crystals, and orientation-patterned growth of 
semiconductors. While successful and even impressive device demonstrations have been reported with each 
of these materials, most still rely on bulk crystal lasers as pump sources. Progress is still needed on fiber-
based pump sources as well as optical fiber components in this wavelength region, to support the eventual 
goal of all optically confined systems.  

A particularly intriguing result of this task was OPGaAs OPO modelling which suggests that it may be 
possible, even practical, to pump OPGaAs at wavelengths as short as 1550 nm despite the material’s well-
known two-photon absorption in this region. A key limitation of OPGaAs has been the need to pump it at 
wavelengths longer than about 1.7 µm, which rules out the many mature and commercially available lasers 
operating around 1 µm and 1.5 µm, based on Nd, Yb, and Er active ions. Unfortunately OPGaAs material 
with the right pattern was not available during the Task Group’s tenure, so we were unable to investigate this 
experimentally and it is left as future work. New materials that do not have 2-photon absorption in this 
region such as OPGaP are being developed, but the relative maturity of OPGaAs makes the prospect of 
being able to pump it at these shorter wavelengths tantalizing. 
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The programme of work laid out at the start of SET-170 was decidedly ambitious, and not all activities under 
every task could be completed successfully, due partly to the inevitable technical challenges that arise,  
as well as to the familiar financial, staffing, and schedule constraints. Decisions on how to proceed were 
made with an eye to maximizing the Task Group’s contribution to the field given resources available. To that 
end, we were successful in that each task produced results that were noteworthy, and more importantly, 
useful in the further study of mid-IR fiber lasers. The Task Group activities resulted directly in 10 journal 
publications, plus two planned; as well as several conference presentations and proceedings – these are listed 
in Annex B. 

Recommendations for future work are best grouped by task, following the programme of work. 

Direct Lasing in Fibers 
• Lasing of the Ho:fluoroindate glass sample was quite encouraging, but lasing still remains to be 

demonstrated in an actual fiber pulled from similar material, whose design is based on results obtained 
on this task. While any demonstration of lasing will be scientifically interesting, a practical device based 
on this gain material will require a more convenient pump source than Cr:LiSAF, specifically a diode 
laser. While diode lasers at the needed wavelength of ~ 890 nm are available, the unfavorable lifetime 
ratio on the desired transition limits energy storage in such a way that diode pumping at useful repetition 
rates and duty cycles may be quite a challenge. 

• The Dy3+ ion was abandoned early on due to an inability to see any fluorescence at the 4.3-µm transition 
of interest in the two samples available. These were doped with ~ 1 – 2 % Dy, and it may be enough 
simply to use more highly doped material. It is worth revisiting this material, and at least modelling gain 
on this transition using published results for similar materials as a starting point. The slightly longer 
wavelength may be even more useful than the 3.9 µm Ho3+ transition. 

• In terms of host materials, the present work focused on fluoride glass, specifically fluoroindate glass 
with its lower phonon energies and longer wavelength transmission relative to the more established 
ZBLAN. Chalcogenide fibers have long been attractive due to their transparency at even longer 
wavelengths, but the lack of stable sites for the dopant has frustrated attempts to pull usable fibers from 
the glass, leaving tantalizing spectroscopic results, but no lasers. Addressing the relevant glass chemistry 
issues to create stable sites for the ions would be a significant advance, and would open a whole new 
host fiber system for development. Of course there are yet other fibers worth considering, such as 
tellurites and other fluoride compositions. 

• More broadly, there is the question of whether rare-earth-doped lasers of any kind are inherently limited 
vis-à-vis most military applications simply due to their narrow emission bands and minimal tunability. 
Countermeasure systems require wavelength agility to keep up with the variety of threat sensors in 
operation, and most remote sensing applications require much more broadband output. An obvious 
alternative is lasers based on transition metal ions like Cr2+ and Fe2+, but successful incorporation of 
these ions into fibers has proved elusive. Development of a viable transition-metal-doped fiber would be 
a significant advance in mid-IR fiber technology. 

Frequency Conversion in Fibers 
In addition to overall output power, a principal concern for mid-IR supercontinuum sources is the fraction of 
output power at longer wavelengths (λ > 3 µm). This directly affects their practical use in such areas as direct 
infrared countermeasure or infrared spectral fingerprinting. This concerns both the non-linear fibers 
themselves, as well as the pump lasers. The most significant factors that limit the long-wavelength edge of 
the supercontinuum spectrum are fiber non-linearities, fiber material absorption, and bend-induced loss. 
Addressing these factors is a particularly pressing direction for future research. 
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Tellurite and chalcogenide fibers are characterized by very high non-linearity facilitating efficient spectrum 
extension over short fiber lengths, but are susceptible to thermally induced damage at high powers,  
thus limiting the output average power < 2 W. Improved thermal management and heat dissipation 
techniques may help, but improvement in the material quality of the fibers themselves may be necessary to 
achieve useful power levels. 

• Fluoride fibers have shown better power-handling ability while using only modest thermal management 
strategies, but so far are limited to around 5.5 µm in transparency. 

• The entire category of microstructured fibers was not addressed in this work because the achieved output 
power has generally been low, i.e. less than 100 mW in the mid-IR spectral range. This may bear 
reconsidering as fiber fabrication methods and the resulting devices continue to develop. 

• Work on this task was limited to supercontinuum generation based on the interests and expertise of Task 
Group participants. An obvious extension is to consider fiber Raman lasers, or fiber-based OPO and 
OPA. These technologies have received increasing interest in recent years. While they will not provide 
the broad spectral output of a supercontinuum device, they offer the possibility of a more narrowband 
but tunable source when paired with a tunable pump laser. Successful four-wave-mixing processes in 
particular, however, have relied on microstructured optical fiber which is even more costly than the 
custom fluoroindate fiber necessary for demonstrating a Ho:fluoroindate fiber laser. 

Fiber Pump Sources for Bulk Frequency Conversion Devices 
• The most pressing recommendation on this task is to verify experimentally whether OPGaAs can  

be pumped at 1.5 – 1.6 µm, and if so, to establish the potential and limitations of this method as an 
alternative to the usual 2 µm pumping. 

• The peak power or pulse energy available from a fiber laser continues to be an issue in pumping 
frequency conversion devices, since the non-linear process is intensity-driven. Damage to fiber facets or 
splices is neither uncommon nor trivial to repair, especially in a packaged device. Simply increasing the 
core size is generally not an option, as a good Gaussian beam profile is also required. Clever approaches 
like tapered end caps provide some relief, but this remains an area requiring further development. 

• Finally, while an optimized fiber pump source is all well and good, reaching the end goal of an all-
optically-confined system will also require the development of fiber-based components like isolators, 
modulators, switches, and beam combiners. These components are often not exciting or eye-catching 
enough to attract the funding necessary for their proper development, yet they can easily end up as the 
weak (or missing) link in an otherwise high-performing system, limiting the success of the system as a 
whole. 

The SET-170 Task Group recommended, and the Fall 2013 SET Panel Business Meeting approved, creation 
of a new Exploratory Team to continue the collaborative investigation of mid-IR fiber-based sources.  
This ET, which we hope will lead also to a new Task Group, will consider these recommendations along 
with ongoing developments in the field of fiber lasers, to identify the best way forward and outline a new 
programme of work. As before, we expect that we will be able to accomplish more on behalf of NATO and 
our individual Nations through sharing our resources and expertise than any of us could accomplish alone. 
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Annex A – PARAMETERS USED IN Ho3+ LASING MODELS 

A.1 HO:ZBLAN MODEL PARAMETERS USED IN VALIDATION CASE 1 

VARIABLE SYMBOL VALUE UNIT COMMENT 
Signal core radius A 5 µm  

Core numerical aperture NA 0.2  Cut-off wavelength: 2.6 µm 
Pump core radius Rcl 62.5 µm  
Ionic density N 5.4·1020 cm-3 3 mol % 
5I5-level:     

Lifetime Τ4 40 µs  

Zero-line energy Ε04 11270 cm-1  
5I6-level:     

Lifetime Τ3 3.5 ms  
Zero-line energy Ε03 8675 cm.-1  

5I7-level:     
Lifetime Τ2 150 µs Pr3+ co-doping 
Zero-line energy Ε02 5166 cm.-1  

Laser transitions:     
5I6 to 5I7:     

Wavelength Λ3 2.94 µm  
Emission cross-section σe32 1.4·10-21 cm2  
Absorption cross-section σa23 8.3·10-22 cm2  

Fiber attenuation α4 0.21 dB/m 0.1 dB/m ZBLAN + 0.11 dB/m Pr3+ 

Output mirror reflectance R3 0.04   

5I8 to 5I6(pump):     

Wavelength λp 1.15 µm  

Absorption cross-section σap 1.8·10-21 cm2  

Fiber attenuation α3 0.1 dB/m  

Up-conversion:     

 k2241 3.2·10-18 cm3/s  

 k4122 3.2·10-18 cm3/s  

 k3215 1.0·10-16 cm3/s  
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A.2 HO:ZBLAN MODEL PARAMETERS USED IN VALIDATION CASE 2 

VARIABLE SYMBOL VALUE UNIT COMMENT 
Signal core radius A 5 µm  
Core numerical aperture NA 0.16  Cut-off wavelength: 2.1 µm 
Pump core radius Rcl 25 µm  
Ionic density N 2.16·1020 cm-3 1.2 mol % 
5I6-level:     

Lifetime τ3 3.5 ms  
Zero-line energy ε03 8675 cm.-1  

5I7-level:     

Lifetime τ2 12 ms  
Zero-line energy ε02 5166 cm.-1  

Laser transitions:     
5I6 to 5I7:     

Wavelength λ3 3.0 µm  
Emission cross-section σe32 3.3·10-22 cm2  
Absorption cross-section σa23 1.4·10-22 cm2  

Fiber attenuation α3 0.05 dB/m  
HR mirror reflectance RHR30 0.99 or 0.04   

Output mirror reflectance R3 0.04   
5I7 to 5I8:     

Wavelength λ2 2.07 µm  

Emission cross-section σe21 0.5·10-20 cm2  

Absorption cross-section σa12 9.3·10-22 cm2  

Fiber attenuation α2 0.1 dB/m  

HR mirror reflectance RHR2 0.6 or 0.04   
Output mirror reflectance R2 0.04   

5I8 to 5I5 (pump):     
Wavelength λp 1.15 µm  
Absorption cross-section σap 1.8·10-21 cm2  

Fiber attenuation αp 0.1 dB/m  

Up-conversion:     

 k2241 2.5·10-18 cm3/s  
 k4122 2.5·10-18 cm3/s  

 k3215 1.7·10-17 cm3/s  
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A.3 ESTIMATED HO:FLUOROINDATE MODEL PARAMETER VALUES 

VARIABLE SYMBOL VALUE UNIT COMMENT 
Signal core radius A 5 µm  
Core numerical aperture NA 0.16  Cut-off wavelength: 2.1 µm 
Pump core radius Rcl 25 µm  
Ionic density N 1.8·1021 cm-3 10 mol % 
5I5-level:     

Lifetime τ4 30 µs  
Zero-line energy ε04 11240 cm-1  

5I6-level:     

Lifetime τ3 1.1 ms  
Zero-line energy ε03 8621 cm.-1  

5I7-level:     
Lifetime τ2 10.2 ms  

Zero-line energy ε02 5025 cm.-1  

Laser transitions:     
5I5 to 5I6:     

Wavelength λ4 3.905 µm  
Emission cross-section σe43 4.3·10-21 cm2  

Absorption cross-section σa34 2.8·10-21 cm2  
Fiber attenuation α4 0.1 dB/m  

Output mirror reflectance R4 0.5   

5I6 to 5I7:     

Wavelength λ3 2.95 µm  
Emission cross-section σe32 1.1·10-21 cm2  

Absorption cross-section σa23 3.3·10-22 cm2  
Fiber attenuation α3 0.1 dB/m  

Output mirror reflectance R3 0.8   

5I8 to 5I5 (pump):     

Wavelength λp 0.895 µm  
Absorption cross-section σap 5·10-22 cm2  

Fiber attenuation αp 0.1 dB/m  

Up-conversion:     
 k2241 1.0·10-19 cm3/s  
 k4122 6.0·10-18 cm3/s  
 k3215 6.0·10-16 cm3/s  
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