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Major Goals:  The program described in this proposal consists of two thrusts. The first thrust is to investigate the 
feasibility of high-power single-mode hydrogen-based Raman lasers in hollow-core double-clad photonic bandgap 
fibers (PBF). Nonlinear thresholds are expected to be significantly improved over what are possible in solid fiber 
lasers due to the much lower density of gas. This concept also provides for much improved mode quality due to the 
unique robust single-mode regime in PBF. This novel approach is expected to enable single-mode fiber lasers with 
power levels well beyond current state-of-art solid fiber lasers. We will study the limits for average power scaling to 
100kW with this approach. This concept works with any optically pumped gas lasers, including the very promising 
diode-pumped alkali vapor lasers. 

The second thrust is to investigate power scaling in single-mode ytterbium-doped 100µm core size resonantly 
enhanced leakage channel fibers (reLCF) for much improved nonlinear thresholds and mode quality. The 
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order modes and the leakage channel cladding in a leakage channel fiber for significant additional higher-order-
mode suppression over standard leakage channel fibers (LCF). The 100µm core fiber provides a simple, elegant 
and practical all-solid solution with much enhanced mode quality suitable further power scaling to 20kW. We will 
investigate limits to power scaling to 20kW with this approach. This new concept can provide a critical solution for 
resolving the recently observed mode instability issues at high powers.
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efficiency of ~95%. Systematic design study of 100µm-core multiple-cladding-resonance leakage channel fibers 
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for flexible fibers by using bandgap to reject Yb ASE at longer wavelength.
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Abstract:  In a leakage channel fiber, the desired fundamental mode (FM) has negligible waveguide loss. Higher-
order modes (HOM) are designed to have much higher waveguide losses so that they are practically eliminated 
during propagation. Coherent reflection at the fiber outer boundary can lead to additional confinement especially 
for highly leaky HOM, leading to lower HOM losses than what are predicted by conventional FEM mode solver 
considering infinite cladding. In this work, we conducted, for the first time, careful measurements of HOM losses in 
two leakage channel fibers (LCF) with circular and rounded hexagonal boundary shapes respectively. Impact on 
HOM losses from coiling, fiber boundary shapes and coating indexes were studied in comparison to simulations. 
This work, for the first time, demonstrates the limit of the simulation method commonly used in the large-mode-
area fiber designs and the need for an improved approach. More importantly, this work also demonstrates that a 
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50% increase comparing to that of regular LCF with the same core diameter. The flat-top mode was achieved by 
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1. Executive Summary 
 
1.1. Introduction 

 
The program described in this proposal consists of two thrusts. The first 

thrust is to investigate the feasibility of high-power single-mode hydrogen-based 
Raman lasers in hollow-core double-clad photonic bandgap fibers (PBF). Nonlinear 
thresholds are expected to be significantly improved over what are possible in solid 
fiber lasers due to the much lower density of gas. This concept also provides for 
much improved mode quality due to the unique robust single-mode regime in PBF. 
This novel approach is expected to enable single-mode fiber lasers with power levels 
well beyond current state-of-art solid fiber lasers. We will study the limits for average 
power scaling to 100kW with this approach. This concept works with any optically 
pumped gas lasers, including the very promising diode-pumped alkali vapor lasers.  

The second thrust is to investigate power scaling in single-mode ytterbium-
doped 100µm core size resonantly enhanced leakage channel fibers (reLCF) for 
much improved nonlinear thresholds and mode quality. The resonantly enhanced 
leakage channel fibers make use of naturally existing resonant couplings between 
higher-order modes and the leakage channel cladding in a leakage channel fiber for 
significant additional higher-order-mode suppression over standard leakage channel 
fibers (LCF). The 100µm core fiber provides a simple, elegant and practical all-solid 
solution with much enhanced mode quality suitable further power scaling to 20kW. 
We will investigate limits to power scaling to 20kW with this approach. This new 
concept can provide a critical solution for resolving the recently observed mode 
instability issues at high powers.   

  
1.2. Project Status 

 
In thrust I, we have made significant progress in the fabrication of hollow-

core fibers. Fibers with loss of <0.05dB/m at 3µm has been demonstrated. In thrust II, 
we have made significant breakthrough in demonstrating efficient flat-top mode in 
active LCF with effective area of 1900µm2 and record quantum-limited efficiency of 
~95%. Systematic design study of 100µm-core multiple-cladding-resonance leakage 
channel fibers have been conducted. The 3rd iteration ytterbium-doped glass with an 
index of ~2.3×10-4 has enabled the demonstration ytterbium-doped 30µm-core LMA 
fiber operating near single-mode regime, proving that LMA fibers with arbitrarily low 
NA can be reliably made. Using 50/400 ytterbium-doped leakage channel fiber, we 
have systematically studied fiber lasers between 1000nm-1020nm, achieving slope 
efficiency >70% with respect to the launched pump power at 1018nm in 400µm 
cladding. More recently, with 50/400 all-solid photonic bandgap fiber, we have 
achieved single-mode power of 220W at 1018nm. A study on thermal lensing is also 
conducted. In this period we have made significant breakthrough in demonstrating 
efficiency of 63% in 976nm fiber lasers, a record for flexible fibers by using bandgap 
to reject Yb ASE at longer wavelength. 
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Samson, and Liang Dong, “Flat-top Beam from a 50µm-Core Yb-doped Leakage 
Channel Fiber,” Optical Communications Conference, paper Tu3K.5, March 
2014. 

4. Fanting Kong, Guancheng Gu, Thomas Hawkins, Joshua Parsons, Maxwell 
Jones, Christopher Dunn, Monica Kalichevsky-Dong and Liang Dong, “50µm-
Core Yb-doped Leakage Channel Fiber with Flattened Mode,” Sixteenth Annual 
Directed Energy Symposium, paper 13-Symp-064, March 2014.  

5. Fanting Kong, Guancheng Gu, Thomas W. Hawkins, Joshua Parsons, Maxwell 
Jones, Christopher Dunn, Monica T. Kalichevsky-Dong, Kanxian Wei, Bryce 
Samson,  and Liang Dong, “50µm-core Yb-doped leakage channel fiber with 
flattened mode,” SPIE Defense and Security. Paper 9081-14, May 2014. 

6. Fanting Kong, Guancheng Gu, Thomas W. Hawkins, Joshua Parsons, Maxwell 
Jones, Christopher Dunn, Monica T. Kalichevsky-Dong, Kanxian Wei, Bryce 
Samson,  and Liang Dong, “80W Flat-top Beam from an Yb-doped Leakage 
Channel Fiber,” International Photonics and OptoElectronics (POEM), paper 
FF3D.3 June 2014. 
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7. Fanting Kong, Guancheng Gu, Thomas Hawkins, Joshua Parsons, Maxwell 
Jones, Christopher Dunn, Monica Kalichevsky-Dong, Stephen Palese, Eric 
Cheung, and Liang Dong, “Quantitative Mode Quality Characterization in a 
Leakage Channel Fiber with 100 μm Core Diameter,” Advanced Photonics 
Congress, paper SoW2B.5, August 2014. 

8. Pierre Calvet, Amaud Perrin, Pierre Gouriou, Bryce N Samson, Thomas 
Hawkins, Fanting Kong, Liang Dong, Pascal Dupriez, and Emmanuel  Hugonnot, 
“High-energy nanosecond-pulses from a flat-top mode 50µm-core leakage 
channel fiber,” Advanced Photonics Congress, paper SoM3B.4, August 2014. 

9. L. Dong, “Control of light flow in optical fibers,” 5th International Conference on 
Photonics, keynote speaker, September 2014, Kuala Lumpur.  

10. L. Dong, F. Kong, G. Gu, T.W. Hawkins, and M.T. Kalichevsky-Dong, 
“Challenges and Solutions for Further Power Scaling of Single-Mode Fiber 
Lasers,” 4th Photonics Global Conference, invited paper, ICMAT15-A-4343, 
Singapore June-July 2015. 

11. L. Dong, F. Kong, G. Gu, T.W. Hawkins, M. Jones, J. Parsons, M.T. Kalichevsky-
Dong, K. Saitoh, B. Pulford and  I. Dajani, “Challenges for Further Power Scaling 
of Single-Mode Fiber Lasers,” Advanced Solid State Lasers, invited talk, Berlin, 
October 4-7, 2015. 

12. G. Gu, Z. Liu, F. Kong, H.Y. Tam, R.K. Shori and  L. Dong, “High-power Efficient 
Yb-doped Fiber Laser with Low Quantum Defect,” 4th Workshop on Specialty 
Optical Fibers, Hong Kong, paper WT4A.4, November 3-6, 2015. 

13. G. Gu, Z. Liu, F. Kong, H.Y. Tam, R.K. Shori, and L. Dong, “Efficient ytterbium-
doped phopshosilicate double-clad leakage-channel-fiber laser at 1008-1020nm,” 
PhotonicsWest, paper 9728-51, San Francesco, February 15-18, 2016. 

14. F. Kong, C. Dunn, J. Parsons, M.T. Kalichevsky-Dong, T.W. Hawkins, M. Jones, 
and L. Dong, “30µm-Core Yb-Doped Step-Index Fiber Operating Near Single-
Mode Regime,” Directed Energy Professional Society Annual Symposium, 
Albuquerque, Match 7-11, 2016. 

15. L. Dong, “Opportunities and challenges of power scaling of single-mode fiber 
lasers,” Stuttgart Laser Technology Forum, invited talk, Stuttgart, May 31st and 
June 1st, 2016. 

16. Fanting Kong, Thomas Hawkins, Maxwell Jones, Josh Parsons, Monica 
Kalichevsky-Dong, Christopher Dunn, and Liang Dong, “Ytterbium-doped 30/400 
LMA Fibers with a Record-low ~NA of 0.028,” Conference on Lasers and Electro 
Optics, SM2Q.2, San Jose, June 2016. 

17. Dong, “Opportunities and challenges of power scaling of single-mode fiber 
lasers,” Stuttgart Laser Technology Forum, invited talk, Stuttgart, May 31st and 
June 1st, 2016. 

18. Fanting Kong, Thomas Hawkins, Maxwell Jones, Josh Parsons, Monica 
Kalichevsky-Dong, Christopher Dunn, and Liang Dong, “Ytterbium-doped 30, 
40/400 LMA Fibers with a Record-low ~NA of 0.028,” Advanced Photonics 
Congress, Vancouver, SoW2H.4, Canada, July 2016. 

19. Liang Dong, Fanting Kong, Guancheng Gu, Thomas W. Hawkins, Maxwell 
Jones, Joshua Parsons, Monica Kalichevsky-Dong, and Christopher Dunn, 
“Progress and challenges in further power scaling of single-mode fiber lasers” 
invited talk, Asia communications and Photonics Conference, November 2-5, 
2016, Wuhan, China. 

20. C. Mart, B. Pulford, B. Ward, I. Dajani, L. Dong, K. Kieu, and A. Sanchez, “SBS 
Investigation of an All-solid Ytterbium-doped Photonic Bandgap Fiber Amplifier”, 
Nineteenth Annual Directed Energy Symposium, Huntsville, Alabama, 13-17 
February 2017, 

21. Fanting Kong, Guancheng Gu, Thomas W. Hawkins, Maxwell Jones, Joshua 
Parsons, Monica T. Kalichevsky-Dong, and Liang Dong, “Single-mode Ytterbium 
Fiber Laser with Record 220W Output Power at 1018nm,” Workshop on 
Specialty Optical Fibers, October 11-13, 2017, Limassol, Cyprus. 



6 
 

22. Fanting Kong, Guancheng Gu, Thomas W. Hawkins, Maxwell Jones, Joshua 
Parsons, Monica T. Kalichevsky-Dong, and Liang Dong, “Single-mode Ytterbium 
Fiber Laser with Record 240W Output Power at 1018nm,” PhotonicsWest, paper 
10512-16 (PW18L-LA102-92), January 27 - February 1, 2018, San Francisco. 

23. Liang Dong, “Advanced specialty optical fibers and their applications in high-
power fiber lasers,“ The 23rd OptoElecronics and Communications Conference 
(OECC2018), tutorial, 2-6 July, 2018, Jeju, Korea. 

24. Turghun Matniyaz, Monica T. Kalichevsky-Dong, Thomas W. Hawkins, Joshua 
Parsons, Guancheng Gu, Wensong Li, Max Faykus, Bradley Selee, Jonathan A. 
Dong, and Liang Dong, “Single-mode Yb-doped Double-clad All-solid Photonic 
Bandgap Fiber Laser Generating 27.8W at 976nm,” OSA Laser Congress, 
Boston, November 4 2018. 

25. Zhimeng Huang, Shankar Pidishety, Thomas Hawkins, Yujun Feng, Yutong 
Feng, Sheng Zhu, Liang Dong, and Johan Nilsson, “Low-birefringence 120 W Yb 
fiber amplifier producing linearly polarized pulses with 69-GHz linewidth at 1083 
nm,”, OSA Laser Congress, Boston, November 4 2018. 

26. Turghun Matniyaz, Monica T. Kalichevsky-Dong, Thomas W. Hawkins, Joshua 
Parsons, Guancheng Gu, Wensong Li, Max Faykus, Bradley Selee, Jonathan A. 
Dong, and Liang Dong, “Diffraction-limited Yb-doped Double-clad All-solid 
Photonic Bandgap Fiber Laser at 976nm,” PhotonicsWest, invited talk, San 
Francisco, February 2 2019. 

27. Liang Dong, “Challenges and potential solutions in further power scaling of 
single-mode fiber lasers,” Oasis 7 - International Conference and Exhibition on 
Optics and Electro-Optics, invited talk, April 1-2, 2019, Tel Aviv, Israel. 

28. Turghun Matniyaz, Wensong Li, Monica T. Kalichevsky-Dong, Thomas W. 
Hawkins, Joshua Parsons, Guancheng Gu, and Liang Dong, “Efficient High-
power Single-mode Yb Three-level Cladding-pumped All-solid Photonic Bandgap 
Fiber Lasers at ~978nm,” CLEO, 3160577, San Jose, May 2019. 

29. Turghun Matniyaz, Wensong Li, Saddam Gafsi, Monica T. Kalichevsky-Dong, 
Thomas W. Hawkins, Joshua Parsons, Guancheng Gu, and Liang Dong, “A 
monolithic single-mode Yb three-level fiber laser at ~978nm with a record power 
of ~150W,” CLEO, postdeadline paper, 3212958, San Jose, May 2019. 

 
(c) Papers presented at meetings, but not published in conference proceedings 

 
None 
 

1.4. Scientific Personnel Supported by This Project and Honors/Awards/Degree 
Received 
 
Personnel Supported by This Project: 
Prof. Liang Dong, PI, Clemson University 
Prof. Alexander Gaeta, Cornell University 
Dr. Monica T. Kalichevsky-Dong, research associate, characterization, Clemson 
University 
Dr. Fanting Kong, research associate, optics, Clemson University 
Mr. Thomas Hawkins, associate director of fiber fabrication, Clemson University 
Mr. Joshua Parsons, staff, fiber fabrication, Clemson University 
Dr. Guancheng Gu, graduated PhD, Clemson University  
Mr. Christopher Dunn, graduated MSc, Clemson University 
Mr. Maxwell Jones, undergraduate student, fiber fabrication, Clemson University 
Mr. Andrew Rennion, ECE undergraduate student, fiber taper and fiber lasers 
Mr. Turghun Matniyaz, PhD student 
Mr. Saddam Gafsi, PhD student 
Mr. Kenneth Peters, ECE, undergraduate student, fiber fabrication 
Mr. Nikhil Gandhi, ECE, undergraduate student, fiber fabrication 
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Mr. Jeremy Lister, ECE, fiber fabrication, fiber fabrication 
Mr. Camden Griggs, MSE, glass and fiber fabrication 
Mr. Jonathan Drake, MSE, glass and fiber fabrication 
Mr. Bailey Meehan, ECE, glass and fiber fabrication 
Mr. Max Faykus, ECE, undergraduate student, optics and lasers 
Mr. Bradley Selee, ECE, undergraduate student, optics and lasers 
Mr. Grant Vegas, ECE, undergraduate student, optics and lasers 
Mr. Dylan Kensler, ECE, undergraduate student, optics and lasers 
 
PhD degree received: 
Guancheng Gu, ECE, August 2016 
 
MSc degree received: 
Christopher Dunn, August 2016 
 
BSc degree received: 
Mr. Devon Mcclane, MSE 
Mr. Christopher Dunn, MSE 
Mr. Tyler Hughes, MSE 
Mr. Matthew Vanoverstraeten, ECE 
Mr. Andrew Rennion, ECE 
Mr. Maxwell Jones, MSE 
Mr. Alex Gay, ECE 
Mr. Camden Griggs, MSE 
Mr. Jonathan Drake, MSE, 
Mr. Kenneth Peters, ECE, 
 
Honors/Awards: 
Guancheng Gu, OSA Incubic Milton travel grant, 2015  
Guancheng Gu, Clemson Professional Enrichment Grant Application (PEGAS) grant. 
2015 
Christopher Dunn, DEPS graduate student fellowship (2014, 2015) 
Liang Dong, Fellow of Optical Society of America, 2014 
Liang Dong, Fellow of SPIE, 2017 
Liang Dong, IEEE senior fellow, 2017 
Liang Dong, University Research, Scholarship, and Artistic Achievement award, 2018 
Liang Dong, Dean’s Distinguished Professor Award in the Department of Electrical 
and Computer Engineering, 4/16/2019 to 4/15/2022 
 

1.5. Reports of Inventions 
 
None 
 

1.6. Scientific Progress and Accomplishments 
 
i. Identifying the significance of fiber outer boundary in higher order 

mode suppression and ways to optimize it. 
ii. First demonstration flat-top mode in active 50µm-core leakage 

channel with 50% increase of effective mode area to 1900µm2.  
iii. Demonstration of record-breaking quantum-limited efficiency of 95% 

versus the absorbed pump power in the 50µm-core reLCF. 
iv. Developed matched white-light interferometer for quantitative mode 

characterization and demonstrated quantitative mode characterization 
in 100µm-core fiber for the first time.  
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v. Demonstrate 100µm-core re-LCF with higher-order-mode contents 
29dB below fundamental mode.  

vi. Fabricated negative curvature fibers with loss as low as 0.05dB/m at 
~3µm 

vii. Design optimization for 100µm-core multiple-cladding-resonance LCF 
viii. Demonstrate ytterbium-doped LMA fibers with record low NA of 0.028. 
ix. Developed general thermal lensing normalization factor and criteria. 
x. Achieving record single-mode power of 220W at 1018nm. 
xi. 44W at 976W with record efficiency of 52.7% 
xii. Record 151W at 976nm with record efficiency of 63%  
 

1.7. Technology Transfer, None 
 

1.8. Copies of Technical Reports, None 
 

 
2. Introduction to the Project 

 
2.1 Statements of Objectives 
 

The program described in this proposal consists of two thrusts. The first thrust is to 
investigate the feasibility of high-power single-mode hydrogen-based Raman lasers in hollow-
core double-clad photonic bandgap fibers (PBF). A first photonic cladding surrounds the core 
and is designed to support robust single-mode operation in the hollow-core at the lasing 
wavelength of the first hydrogen rotational Stokes line. This is achieved by operating in the 
robust single-mode regime near the high frequency edge of the bandgap of the first cladding. 
A second cladding immediately surrounds the first cladding and provides a multimode pump 
guide of 100-250µm in diameter at the pump wavelength. This is achieved by choosing a 
slightly smaller node size for the second photonic cladding so that the pump wavelength is 
near the low frequency edge of the bandgap of the second photonic crystal cladding. A length 
of a few meters is expected to be used with a hydrogen pressure in the hollow-core from a 
fraction to several atmospheres. Pumps can be at any wavelengths, with desired absorption 
length adjusted by fiber designs, using any high power multimode fiber lasers, solid state 
lasers, diode lasers or even gas lasers. Fiber Bragg gratings at the lasing wavelength can be 
spliced to two ends of the fiber to form the laser cavity for a highly efficient Raman laser. 
Nonlinear thresholds are expected to be significantly improved over what are possible in solid 
fiber lasers due to the much lower density of gas. This concept also provides for much 
improved mode quality due to the unique robust single-mode regime in PBF. This novel 
approach is expected to enable single-mode fiber lasers with power levels well beyond 
current state-of-art solid fiber lasers. We will study the limits for average power scaling to 
100kW with this approach. This concept works with any optically pumped gas lasers, 
including the very promising diode-pumped alkali vapor lasers.  

The second thrust is to investigate power scaling in single-mode ytterbium-doped 100µm 
core size resonantly enhanced leakage channel fibers (reLCF) for much improved nonlinear 
thresholds and mode quality. The resonantly enhanced leakage channel fibers make use of 
naturally existing resonant couplings between higher-order modes and the leakage channel 
cladding in a leakage channel fiber for significant additional higher-order-mode suppression 
over standard leakage channel fibers (LCF). The 100µm core fiber will be designed and 
provides a simple, elegant and practical all-solid solution with much enhanced mode quality 
suitable further power scaling to 20kW. We will investigate limits to power scaling to 20kW 
with this approach. This new concept can provide a critical solution for resolving the recently 
observed mode instability issues at high powers.         
Thrust I: High Power Single-mode Hydrogen Raman Lasers in Hollow-core Double-clad Photonic Bandgap Fibers 
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Key objective: to investigate power scaling of single-mode hydrogen Raman lasers in hollow-core double-clad 
photonic bandgap fibers to well beyond current solid-state fiber lasers to average powers to 100 kW.   
1. Investigate practical designs for hollow-core double-clad PBFs 
2. Develop fabrication process for the hollow-core double-clad PBFs 
3. Full characterizations of hollow-core double-clad PBFs at both lasing and pump wavelengths 
4. Simulate and optimize designs of hydrogen Raman lasers in hollow-core double-clad PBFs  
5. Demonstrate efficient hydrogen Raman lasers in hollow-core double-clad PBFs 
6. Investigate thermal and other limits in power scaling of single-mode hydrogen Raman lasers in hollow-core 
double-clad PBFs to 100kW average powers 
7. Study nonlinear effects in hollow-core PBFs 
8. High power demonstration of single-mode hydrogen Raman lasers (optional)   
Thrust II: Active 100µm Resonantly Enhanced Leakage Channel Fibers. 

Key objective: to develop active 100µm Resonantly Enhanced Leakage Channel Fibers and to investigate its 
potential for providing sufficient mode quality for average power scaling to 20kW. 
1. Optimize design for 100µm-core reLCFs 
2. Fabricate passive 100µm-core reLCFs 
3. Fully characterize fabricated passive 100µm-core reLCFs 
4. Fabricate uniform ytterbium-doped core glass with refractive within from -1.25×10-4 to +2.5×10-5 of silica 
5. Fabricate ytterbium-doped 100µm-core reLCFs 
6. Investigate power scaling issues with high power tests of  fabricated ytterbium-doped 100µm-core reLCFs 
7. Investigate core diameter scaling to beyond 100µm (optional) 
Investigate tapered mode converter for splicing to 100µm core fiber (optional) 
 
2.2 Work Plan 

Timeline and Milestones  
 Year 1 Year 2 Year 3 Year 4 Year 5 
Thrust I      
Hollow-core double-clad PBF design and optimization      
Hollow-core double-clad PBF fabrication developments      
Hollow-core double-clad PBF characterizations      
Design and simulation of hydrogen Raman lasers in hollow-core double-
clad PBFs  

     

Study of nonlinear effects in high power hydrogen Raman lasers (at Cornell)      
Demonstration of hydrogen Raman lasers in hollow-core double-clad PBF      
Investigate power scaling in hydrogen Raman lasers in hollow-core PBF      
Thrust II      
Design and optimization of reLCF      
Fabrication of passive 100µm reLCF      
Ytterbium-doped core glass developments for 100µm core reLCF      
Passive reLCF characterizations      
Fabrication of active 100µm reLCF       
Active reLCF characterization      
Amplifier and laser demonstration in 100µm reLCF      
Development of tapered mode converter for low loss splice to 100µm reLCF      
High power tests and demonstration (at Northrop Grumman Aerospace 
System) 

     

Investigate core diameter scaling beyond 100µm with reLCF      
Investigate issues related to power scaling in reLCF      

PBF=Photonic bandgap fibers, reLCF=resonantly enhanced leakage channel fibers 

Milestones 

Thrust I 

A1: report on design and optimization of hollow-core double-clad photonic bandgap fibers 
A2: demonstration of hollow-core photonic bandgap fibers 
A3: demonstration of hollow-core double-clad photonic bandgap fibers 
A4: demonstration of hydrogen Raman lasers in hollow-core double-clad photonic bandgap fibers 
A5: report on issues and solutions of power scaling in hollow-core photonic bandgap fibers 

Thrust II 

∗A1 
∗A2 ∗A3 

∗A5 

∗B1 

∗B2 
∗B3 

∗B4 
∗B6 

∗B5 
∗B7 
∗B8 

∗A4 
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B1: report on design and optimization of resonantly enhanced leakage channel fibers 
B2: first demonstration of passive 100µm resonantly enhanced leakage channel fibers 
B3: first demonstration of ytterbium-doped 100µm resonantly enhanced leakage channel fibers 
B4: amplifier demonstrations in ytterbium-doped 100µm resonantly enhanced leakage channel fibers 
B5: initial high power amplifier demonstration in ytterbium-doped 100µm resonantly enhanced leakage 
channel fibers 
B6: demonstration of mode converter for low-loss splice to 100µm resonantly enhanced leakage channel 
fibers 
B7: report on core diameter scaling beyond 100µm with resonantly enhanced leakage channel fibers 
B8: higher power amplifier demonstration in ytterbium-doped 100µm resonantly enhanced leakage 
channel fibers 

 
2.3 Background of the Project 
 

There has been significant progress made in single-mode fiber lasers in recent years, 
especially in single-mode and multimode CW powers. There also have been several 
demonstrations of single-frequency fiber lasers beyond the kW level recently. Most fiber lasers 
still require spectral broadening to several GHz levels in order to mitigate stimulated Brillouin 
scattering (SBS). For further power scaling to few tens of kilowatts single-frequency single-mode 
ytterbium fiber lasers, orders of magnitude improvements in nonlinear thresholds are still 
required. In order to achieve the necessary nonlinear thresholds, core diameter scaling to beyond 
100µm is essential for ytterbium-doped single-mode fiber amplifiers. This, in combination with 
selected SBS suppression techniques demonstrated in recent years [1-5], may provide a path for 
over 2 orders of magnitude improvements in single-frequency single-mode power levels in the 
near future. 

Recently it has been observed that mode instability can lead to significant deteriorations 
in mode quality at high power levels [6,7]. There still are debates as to the exact mechanisms 
though it is generally agreed that this mode instability is initiated by a small amount of higher-
order mode content in current state-of-art active large-mode-area (LMA) and photonic crystal 
fibers (PCF). In order to overcome this, much stronger high-order-mode suppression than 
currently available in fiber amplifiers is required. This can only be achieved by further significant 
innovations in novel fiber concepts.                  

 
3. Status of the Project 

 
Thrust I,  High Power Single-mode Hydrogen Raman Lasers in Hollow-core Double-
clad Photonics Bandgap Fibers 
 
3.1.1 Fiber design 

 
3.1.1.1 Design concepts 

The concept of photonic bandgap fibers was first studied in the late seventies [11,12]. 
Hollow-core photonic bandgap fibers were first proposed over a decade ago. Their optical 
guidance is derived from anti-resonance of a 2D photonic lattice, i.e., photonic bandgap. The core 
is established using a hollow defect that is placed in the 2D photonic lattice. Light, once in the 
hollow core, is trapped and cannot escape into the surrounding cladding. The principle of the 
guidance is, therefore, fundamentally different from that of conventional optical fibers based on 
total internal reflection. It provides, for the first time, single-mode guidance in a hollow-core with 
losses similar to those in silica optical fibers. Understanding of the hollow-core photonic bandgap 
fibers along with the related fabrication and characterization technologies has progressed 
significantly over the past decade [13-74].  

Typically a hexagonal photonic lattice is used for the cladding. The use of a hexagonal 
arrangement is primarily due to the relative ease of fabrication using stack-and-draw processes 
due to the natural stability of this geometry; though it is not an absolute necessity. Recently, the 



11 
 

PI has demonstrated hollow-core photonic bandgap fibers based on a square photonic lattice 
[74], which provide significantly improved bandgap widths. A hollow-core photonic bandgap fiber 
with square lattice is used for the illustration of the fundamental principle of the fiber in Figure 1. 
The simulated photonic bandgap was obtained by the PI from a previous study. The red area 
shows the bands of modes in the photonic lattice. The black area indicates an absence of any 
modes in the photonic lattice and is where guidance in a hollow defect core would take place. The 
vertical axis is the effective mode index and horizontal axis is the normalized frequency of the 
cladding photonic lattice given by 

𝑉𝑉 =
𝜋𝜋𝑑𝑑1
λ

�𝑛𝑛𝑠𝑠𝑠𝑠2 − 𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎2  

with the silica glass index, nsi, the air index, nair, the vacuum wavelength, λ, and the cladding 
node diameter, d1 (see Figure 2). Each band of modes is derived from features in the cladding 
lattice. Notably, the bands reaching the top of the curve in Figure 1, i.e., of high effective mode 
indices, are related to modes guided in the nodes of the photonic lattice (images of the modes are 
shown in the insets in Figure 1). Modes in these bands typically have increasing effective indexes 
at higher frequencies, while the widths of the bands narrow. This is because these modes are 
increasingly confined to the glass nodes in the photonic lattice at higher frequencies.   

 
Figure 1 Simulated photonic bandgap for a square lattice for the purpose of illustrating the working principle 

of hollow-core photonic bandgap fibers. The horizontal axis is normalized frequency V (see text for the 
definition). 

. 

Figure 2 Unit cell and parameter definitions in a square lattice. 

 
Figure 3 Multimode and single-mode regime of a hollow core photonic bandgap fiber. 

The air line with a refractive index of nair=1 is illustrated as a thick white line in Figure 1. Since 
light is mostly guided in air in a hollow-core photonic bandgap fiber, the equivalent core index is 
nco=nair=1 in this case. The guided modes have effective indices below the core index nco as in 
conventional optical fibers [36]. Effective indices of the first 5 modes guided in a hollow-core also 
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are illustrated in Figure 1 and the modes are labeled as the equivalent linearly polarized (LP) 
modes in weakly guided optical fibers. With an increase of core diameter, more modes, with 
smaller modal index differences, will be guided in the bandgap. The equivalent cladding index is 
the boundary defining the lower edge of the photonic bandgap in Figure 1, labeled by cladding 
index ncl. A guided mode is cut off when it meets the edge of the photonic bandgap and can no 
longer propagate in the hollow core. 

One important feature of photonic bandgap fibers is that the equivalent cladding index, 
ncl, is strongly dispersive. At the low frequency end, i.e., long wavelength end, of the photonic 
bandgap, the waveguide has high numerical aperture and supports more modes in the hollow 
core (see Figure 1). When moving towards higher frequency, i.e., shorter wavelength, within the 
photonic bandgap, waveguide gets weaker and a greater number of modes are cut off. There is a 
robust single-mode regime near the high-frequency end of the photonic bandgap. This effect is 
summarized in Figure 3, with multimode and single-mode regime clearly marked. At larger core 
diameters, there are more modes supported in the hollow core, with narrowing mode spacing. 
The single-mode regime will get smaller as the mode spacing narrows. With core diameters of 
20-30µm, robust single mode operation is possible. It is further worth noting that, in conventional 
optical fibers, single-mode regime is achieved by operating at low frequencies, i.e., long 
wavelengths, exactly the opposite as in photonic bandgap fibers. 

 
Figure 4 Simulated waveguide losses for the first two modes in an all-solid photonic bandgap fiber with 

25µm core to illustrate the single-mode regime near the high-frequency edge, i.e. shorter wavelength edge. 
The cross section of the fiber is also shown. 

 In order to further illustrate the robust single-mode regime near the high frequency edge 
of a photonic bandgap fiber. This team has simulated an all-solid photonic bandgap fiber with 
25µm core diameter (see inset in Figure 4 for the simulated fiber cross section). As is clearly 
seen in Figure 4, near the high-frequency edge, i.e., shorter-wavelength edge, the fundamental 
mode loss is negligible while the next higher-order mode, LP11 mode, can no longer propagate. 
Near the low frequency edge, i.e., longer-wavelength edge, the losses of the two modes are 
converging, albeit higher, indicating that they are guided with similar waveguide strengths. 

 
Figure 5 An illustration of the proposed hollow-core double-clad photonic bandgap fiber with corresponding 

photonic bandgaps for the two photonic cladding. The laser and pump frequencies are also shown. 

An illustration of the proposed hollow-core double-clad photonic bandgap fiber is 
provided in Figure 5. The design consists of a 20-30µm hollow core, robustly single-mode at the 
laser wavelength, ensured by appropriate design of the first photonic cladding in order to operate 
in the single-mode regime at this wavelength. The second photonic cladding is designed to 
provide a multimode pump guide of 100-250µm in diameter with a 0.3 NA at the pump 
wavelength, by appropriate design of the second photonic cladding to operate in multimode 
regime at the pump wavelength. The pump guide consists of the hollow core as well as the entire 
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first photonic cladding. The pump wavelength is situated outside the photonic bandgap of the first 
photonic cladding and can freely propagate in the first photonic cladding. Apart from a small 
amount of silica glass in the first photonic cladding, the pump light predominantly propagates in 
air. The pump modes guided in the bandgap of the second photonic cladding also are illustrated 
in Figure 5 by white lines (see rightmost figure). The much larger pump guide supports more 
modes with much narrower mode spacing. The second photonic cladding is further surrounded by 
silica glass to enhance the mechanical strength of the fiber.  

It is worth noting that the normalized frequency V determines the regime of operation of 
the first and second photonic claddings and can be adjust by the node diameter, d1, without 
having to change lattice pitch, Λ. In fiber fabrication, the node diameter, d1, is determined by the 
silica rods that are placed in the interstitial space, which can be easily made to be different for the 
first and second photonic claddings. The pitch, Λ, of the first and second claddings, determined 
by the outer diameter of the capillary tubes used, can be kept constant. This allows well-
developed stack-and-draw technique to be used in the fiber fabrication.      
 
3.1.1.2 Design optimization 

Initial designs have focused on large node sizes. This will create desired wider bandgaps. 
Large number of designs is explored. Two designs are shown in Figure 6. One criteria is 
feasibility of fabrication. Many parameters are correlated in the fabrication process. It is often hard 
to predict whether a design is feasible. Fabrication trials are sometimes required.     

 
Figure 6 Design with interstitial nodes (left) and design with thick wall capillaries.  

        
3.1.2 Fabrication of hollow-core double-clad photonic bandgap fibers 
 
3.1.2.1 Background 
 
 The fabrication of the hollow-core photonic bandgap fibers presents some of the 
biggest challenges in this project. A hexagonal design is used for the hollow-core double-clad 
photonic bandgap fibers in this project (see Figure 5). Hexagonal designs are easier to 
fabricate than the corresponding square lattice designs, due to the intrinsic stability of a 
hexagonal stack. Square lattices do not have such intrinsic stability and keeping them from 
being distorted is considerably more difficult. Over the past year, we have developed many of 
the required procedures for the fabrication of hollow-core photonic bandgap fibers at 
Clemson University. 

A stack-and-draw process is used to fabricate the hollow-core double-clad photonic 
bandgap fibers. A stack first is formed on a specially-designed stacking station with 
capillaries of appropriate dimensions. Preform canes, typically a few millimeters in diameter, 
much larger than fibers, are drawn from the stack. A vacuum is applied in the interstitial 
space to allow controlled collapse of this area during the caning phase. In the fabricated 
cane, the holes of each capillaries expanded to take up the space formerly occupied by the 
interstitial gaps. The cane is further sleeved with a larger tube and drawn into fibers with 
separate core and cladding pressures. A digital pressure controller capable of precisely 
supplying three different pressures and a vacuum simultaneously is available on our draw 
tower at Clemson. 
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The pressures within the core and cladding holes must be controlled separately 
during the fiber drawing process, due to their different dimensions. Consequently, different 
internal pressures are required to counter the different surface tensions during the fiber draw. 
Separate pressure connectors are made to the core and the cladding. 

 

3.1.2.2 Fabrication trials 
 
 The first design tested has very large node. The nodes are equivalent size of the rods 
in the stack. Canning is successful, but fiber drawing proves to be highly challenging. The 
node size needs to be reduced to sub-micron size in dimension. This leads to large reduction 
ratio during fiber drawing, which proved to be impossible to maintain this structure in the fiber.   

 
Figure 7 Hollow-core photonic bandgap fiber with large cladding nodes. 

The second design iteration is based on a design with thick wall capillaries (see Figure 
6). Caning was successful (see Figure 8). Fiber drawing was not possible. The third design 
incorporate an additional inner tube (see middle figure of figure 8). Fiber draw was successful 
(see right figure of figure 8).  

.  

Figure 8 Hollow-core photonic bandgap fiber with thick wall capillaries. 

3.1.3 Hollow-core fibers with negative-curvature core surround. 
 
   

 
Figure 9 Hollow-core fiber with negative curvature core surround. 
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It has been recently reported that low-loss hollow-core fibers are possible with a 
simple design consisting of a negative-curvature core surround (Figure 9). The fiber in Figure 
9 has a core of 94µm. It is shown to have 34dB/km loss at 3.05µm, where silica absorption is 
extremely high. It is found that the negative curvature in the core surround can significantly 
reduce mode interaction with the silica glass in this case, leading to low loss at wavelength 
where absorption in silica is very high. This is a significant discovery which can impact our 
design choice. We have decided to investigate this further as part of design efforts.      

 
Figure 10 Hollow-core fiber with negative curvature core surround fabricated at Clemson University. 

We have been able to fabricate fibers with very similar geometry (Figure 10). A 
simultaneous simulation efforts has developed the capability to simulate these fibers at 
Clemson (see Figure 11). Our simulation is benchmarked to results in published literature 
with high accuracy. 

 
Figure 11 Simulation of hollow-core fiber with negative curvature core surround fabricated at Clemson 

University. 

 
Figure 12 Horiba iHR spectrometer system for spectral loss measurement over 0.4-14µm. 

 
Figure 13. Effect of pressurization during fiber draw. 
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 To study these fibers, we need a loss measurement system covering a wide range of 
spectrum. A Horiba iHR spectrometer system is set up, covering wavelength from 0.4-14µm 
with tungsten halogen lamp and Globar in combination with a range of detectors: TE-cooled 
silicon detector (0.2-1.1µm), liquid nitrogen cooled extended InGaAs (0.9-2.1µm), liquid 
nitrogen cooled solid-state Indium Antimonide detector (2-5.5µm), and liquid nitrogen cooled 
solid-state Mercury Cadmium Telluride detector (2-14µm). A monochromator with multiple 
gratings and inter-changeable filters are used for wavelength selection. This setup is shown 
in Figure 12.  

 In this period, we have made significant progress in the fabrication process of hollow-
core fibers at Clemson. Figure 13 illustrates a test of the effect of pressurization during the 
fiber drawing. Figure 14 illustrates a summary of our more recent hollow-core fibers. 

 
Figure 14 Hollow-core fibers fabricated recently at Clemson. 

 The cross section of one of our latest fiber and its transmission between 2-5µm are shown in 
Figure 15. We observed transmission close to 5µm over 5m of fiber. This is significant as material loss 
of silica is close 10000 dB/m at 5µm (see Figure 16). The loss in the fiber is 4 orders of magnitude 
below that of the silica glass of which the fiber is made of. Transmission spectra for various fiber lengths 
are shown in the left figure in Figure 17. It can be clearly seen that the most significant drop in 
transmission happens in the first 8m. This is due to the higher loss of higher-order modes propagating 
mostly at the beginning of the fiber. The cut-back measurements for various lengths of the reference 
measurement (the length of the short fiber) are shown in the right figure in Figure 17. As expected, a 
longer length of the reference measurement generates the lowest loss. This loss is ~0.05dB/m at 3µm 
when the cut-back length is over 8m. 

 
Figure 15 Cross section of one of latest fiber (left) and transmission over 5m and 0.7m of the fiber 

(right). 
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Figure 16 Refractive index and material loss of silica. 

 
Figure 17 Transmission for various fiber lengths (left) and cut-back measurements at ~3µm for various 

lengths of the reference measurement. 

 
Figure18 Hydrogen gas Raman fiber laser. 

 With loss at this level, i.e. <50dB/km, we can use as long as 20m of the fiber in our Raman 
lasers. We are currently planning for the hydrogen Raman laser experiment. Initial pump will be 
ytterbium fiber laser at ~1030nm and we are also hope to use Tm fiber laser at 2µm as pump in the 
future for high-power mid-IR sources. The planned setup is shown in Figure 18. The first Stokes of 
hydrogen vibrational Raman energy is 4155cm-1, and rotational Raman energy is 586.9cm-1. Pumping 
at 1030nm, the first vibrational Raman will be at ~1801nm and the first rotational Raman will be at 
~1096nm. Pumping at 2µm, the first vibrational Raman will be at ~11.8µm and the first rotational 
Raman will be at ~2.27µm. Rotational hydrogen Raman gain coefficient: gR=4 ×10-12 m/W at 300K and 
1Bar, proportional to signal frequency and pressure. Stokes gain can be calculated as, exp(gRLP/Aeff). 
Assuming L=30m, Aeff = 2000µm2 = 2×10-9 m2, and cavity loss of αL=10dB, Pth=αL 
(dB)*Aeff/(4.34gRL)=~40W. 

 
Thrust II, Active 100µm Resonantly Enhanced Leakage Channel Fibers 
 
3.2.1 Background 
 
 Figure 19 illustrates the concept of resonantly enhanced leakage channel fibers. In 
contrast to standard leakage channel fibers, the two layers of features are no longer the 
same. In this illustration, we allow the first layer of features to be the same with a refractive 
index n1=nb-0.0013, where background index nb=1.444. The second layer of features are 
identical with a refractive index n2=nb-0.0155. The core diameter is 2ρ=50µm and the 
simulation is performed at 1.05µm. 
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In the first instance, d1/Λ (relative diameter of the first cladding layer features) is fixed 
and d2/Λ (relative diameter of the second cladding layer features) is allowed to vary while the 
waveguide losses of the first and second modes are considered. Other higher-order modes 
always have much higher losses (at least one additional order of magnitude) and are not 
considered here. Three sets of curves, in red, black, and green, represent simulations for 
fixed d1/Λ of 0.6, 0.7, and 0.8 respectively. A resonance peak is clearly observed in all three 
second order mode losses, leading to at least one order of magnitude further increase in 
differential mode loss at the peak. The differential mode loss is close to four orders of 
magnitudes at the resonance peak, representing a significant increase in higher-order mode 
suppression over standard leakage channel fibers. At points A, B, and C on the second order 
mode curve for d1/Λ=0.7 (black curves), the mode distributions are shown at the bottom of 
Figure 19. At point C where the curve behaves as normal, the second mode is well confined 
to the core of the LCF. At point B at the loss peak, this mode significantly spread into the 
cladding. At point A, the extent of spreading into cladding is reduced relative to that at point 
B. These mode images clearly demonstrate the resonance of the second order mode with the 
cladding at d2/Λ=0.425 at point B.  

 
Figure 19 Demonstration of resonantly enhanced leakage channel fibers. The default 

parameters are 2ρ=50µm, operating wavelength λ=1.05µm, nb=1.444, n1=nb-0.0013 and 
n2=nb-0.0155. In these LCFs, d1/Λ is fixed while d2/Λ is scanned. The plotted curves are 

respective waveguide losses for the fundamental mode (dotted lines) and second order mode 
(solid lines) for i) d1/Λ=0.6, red, ii) d1/Λ=0.7, black, and iii) d1/Λ=0.8, green. 

 
3.2.2 Optimization of fiber outer boundary 
 
 Higher-order-mode losses are very important design parameters for the performance 
of fibers with large effective mode areas. They have, however, never been accurately 
measured in actual optical fibers. Using S2 technique, higher-order-mode content at the 
output of an optical fiber can be measured accurately. This is typically done in a way that is 
hard to separate the contributions to higher-order-mode content at the output from many 
possible contributors such as launching conditions, fiber layout configurations, and fiber 
designs.  

Design simulations are often based on the assumption of infinite cladding. This is a 
good assumption for well guided modes where light is mostly in the core. It is no longer a 
good assumption for highly leaky modes where a significant amount of light is radiated away 
from the core into the cladding. In this case, the reflection from any material interface, e.g. 
glass/coating boundary, in the fiber can provide additional confinement of the mode, leading 
to lower waveguide losses for the modes. The effect of circular glass/coating boundary on 
waveguide losses has been theoretically studied previously, showing that the waveguide 



19 
 

losses of modes are strongly dependent on the fiber diameter. This is not surprising, 
considering the coherent nature of reflection.  

Another important question is regarding the impact of refractive index of coating on 
the waveguide losses of modes. Double-clad fibers used in fiber lasers are often coated with 
a low-index polymer coating in order to provide a multimode pump guide. Total internal 
reflection can take place at such boundary, completely trapping optical power in the guided 
modes of the highly multimode pump guide. The radiated power from modes guided mostly in 
the core region is expected to satisfy the total internal reflection condition at such boundary. 
Does this mean waveguide losses of core modes will vanish? It was speculated in that the 
leaky core modes will still lose power to modes in the multimode pump waveguide in this 
case. This is, however, never proven. 

For the further progress of mode area scaling of optical fibers, it is very important to 
accurately know the losses of higher-order modes in optical fibers and how they relate to 
designs. It is also very important to understand how factors such as coiling, fiber shapes and 
index of coating impact the waveguide losses in relation to designs. All these factors change 
the nature of reflection at material interfaces in fibers. 

In an effort to answer some of these questions, we have accurately measured 
waveguide losses of modes using a cut-back technique in combination with a S2 technique 
and a fully spliced configuration to ensure constant launch conditions. The measured 
waveguide losses were then compared to simulations based on infinite cladding. The test 
was conducted for a variety of coil diameters to identify any impact from coiling. Two Re-
LCFs with ~50µm core diameter were tested. The first fiber has a circular glass/coating 
boundary and is coated with standard coating with higher refractive index. The second fiber 
has a rounded hexagonal glass/coating boundary and is coated with low-index acrylic coating 
with a refractive index of 1.375. 

The results confirm that the design based on infinite cladding is accurate for well 
confined modes with low waveguide losses. For the highly leaky modes, the measured losses 
can be significantly lower than the design at large coil diameters for the circular LCF. The 
measured loss, however, start to approach the design at smaller coil diameters. The 
measured losses of the highly leak modes in the hexagonal LCF, on the other hand, is 
consistent with design even at large coil diameters.  

The results show that tight coiling can mitigate the effect of coherent reflection at the 
material interfaces in fibers. The effect of coherent reflection on waveguide losses can be 
reduced by the curved cylindrical glass/coating boundary in a coiled fiber, possibly due to 
phase walk-off from the coiled cylindrical surface. The results from the rounded hexagonal 
fiber are even more startling. It suggests that a deviation from circular boundary can be very 
effective in mitigating the impact of the coherent reflection from material interfaces in fibers. 
The low-index polymer coating on this fiber does not seem to matter much, indicating that the 
radiated powers are reflected into guided modes in the multimode pump waveguide in this 
case. This is a strong proof that the design concept of exploiting strong leakage losses of 
higher-order modes works even in double-clad fibers with suitable design of fiber boundary.  

 
Figure 20 Cross-section images of Re-LCFs used in this work, (a) circular Re-LCF and (b) hexagonal 

Re-LCF. 
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                                        (a)                                         (b) 

Figure 21 Designs used for the simulation, (a) circular and (b) hexagonal Re-LCF. The designs are 
acquired from feature boundaries in the cross-section images. 

 
The cross-section images of the two fibers used in this work are shown in Figure 20. 

The dimensions of features for each of the cladding layers are slightly different for optimized 
higher-order-mode losses at the operating coiling condition and around the wavelength of 
1050nm. The fibers were designed to operate at a coil diameter of ~40cm. For the circular 
Re-LCF, the core is 48µm at its smallest dimension (flat-to-flat) and 49.3µm at its largest 
dimension (corner-to-corner). The diameter of the circular Re-LCF is 392.7µm. For the 
hexagonal Re-LCF, the core is 50.9µm at its smallest dimension and 51.3µm at its largest 
dimension. The cladding is 426.1µm at its smallest dimension (flat-to-flat) and 449.3µm at its 
largest dimension (corner-to-corner). The refractive index of the features for both fibers is 
0.0155 below silica. The circular Re-LCF is coated with a standard high index coating and 
was fabricated at Nufern. The hexagonal Re-LCF was drawn at Clemson with features 
fabricated at Nufern and is coated with low-index acrylic coating (n=1.375). This fiber was 
drawn at a slightly lower temperature in order to maintain the hexagonal shape of the stack.  

 The feature boundaries were acquired from the cross-section images and were used 
in the simulations. A perfect matched layer (PML) is used to simulate the infinite cladding. 
The designs used in the FEM mode solvers are shown in Figure 21 (a) and (b) for the circular 
and hexagonal Re-LCFs respectively.  

In order to ensure launch stability during the measurements, the Re-LCF was spliced 
to a SM980nm fiber through a tapered mode adaptor, which was fabricated by tapering the 
Re-LCF down to a core diameter of ~8µm over a length of ~6cm. The fiber was laid in a 
circular grove fabricated into an aluminum plate. The part of the fibers which was outside the 
circular groove is made to be as straight as possible. Circular grooves with various diameters 
are fabricated into the same aluminum plate so that dependence on coil diameters can be 
tested. 

 
Figure 22 Measured relative LP11 mode content at various coil diameters for the circular Re-LCF. 
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Figure 23 Simulated and measured mode losses in the circular Re-LCF. 

 
Our S2 setup has a ~-40dB detection limit in ratio of higher-order-mode power to 

fundamental mode power. In all of our experiments, only LP11 mode was observed in the two 
Re-LCFs. The normal scan range was from 1026nm to 1076nm with a center wavelength of 
1051nm. After power ratio of LP11 mode to LP01 mode was determined at varying coil 
diameters, the fiber was cut by approximately 1m. The measurements were repeated for 
varying coil diameters. The fibers were cut back several times during the measurements. 
Eventually, the measured LP11 mode contents were plotted against the lengths of coiled 
fibers for each coil diameter and a straight line was fitted. The slope of the straight line was 
regarded as the loss of the LP11 mode. Since the measured LP11 mode in the S2 
measurements always show a well-defined narrow peak in delay, we have assumed that the 
coupling between LP01 and LP11 modes is minimal in our fibers. The fundamental mode loss 
is assumed to be negligible in arriving at the LP11 mode loss. This is largely true for the 
range of coil diameters used in the measurements (see Figures 22 and 23). The fundamental 
mode loss was measured separately at fixed wavelength of 1050nm using a cut-back 
technique while ensuring fundamental mode at the output. 

The measured LP11 mode content, i.e. power ratio of LP11 and LP01 mode, is 
summarized in Figure 22 for the circular Re-LCF. The coil lengths for each fiber length are 
different depending on coil diameters (see Table 1). The LP11 mode content at the output is 
largely determined by the launch condition and LP11 mode loss over the coiled section of the 
fiber. The LP11 mode losses are determined, as described earlier, by the slope of linear fit to 
the measured LP11 mode content versus coil length data for each coil diameter. Due to the 
very high LP11 mode loss at 30cm coil diameter, much shorter fiber length had to be used in 
this case (see Figure 22). 

The simulated loss for the fundamental mode, second mode and third mode are 
shown in Figure 23. The second mode and third mode are two different orientations of the 
LP11 mode (see insets in Figure 23). The measured fundamental mode loss is also shown 
along with the measured LP11 mode loss. Two sets of measurement are shown, one with 
free space launch and one with spliced input. The fiber was designed for operation at a coil 
diameter of 40cm. At smaller coil diameters, the fundamental mode loss can be very high 
(see Figure 23 for diameters less than 0.35m). As it can be seen, the measured fundamental 
mode losses fit well with the simulation in the low loss regime. This is consistent with what we 
expected. The mode is well confined to the core region in the low loss regime. There is very 
little impact from what is going on far beyond the core. The measured fundamental mode 
losses are, however, lower than the simulation in the high loss regime when coil diameter is 
below 35cm. The measured LP11 mode losses are much lower than the simulation at large 
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coil diameters. The difference between the measured LP11 mode losses and the simulation 
are, however, converge at small coil diameters when coil diameter is below 0.35m. The LP11 
mode is designed to have high waveguide loss and consequently, is expected to experience 
larger impact from the coherent reflection at the fiber glass/coating boundary. The lower 
measured losses of both the fundamental and LP11 modes in the high loss regime are 
expected from the effect of coherent reflection form the fiber glass/coating boundary. The 
convergence of the measured LP11 mode losses and the simulation at smaller coil diameters 
is interesting. This may be an indication that phase walk-off in the reflection from the curved 
cylindrical boundary of the coiled fiber can mitigate the impact of coherent reflection at small 
coil diameters. It is worth noting that, since we could not distinguish the LP11 mode with the 
two different orientations illustrated in the insets in Figure 23, our measured data represent 
an average of the two orientations. Our tunable light was slightly polarized and there was no 
polarization control in the measurement.  

 
Figure 24 Simulated and measured mode loss in the hexagonal Re-LCF. 

 
Figure 25 Simulated effective mode area in the hexagonal Re-LCF. 

To investigate further on how to mitigate the effect of the coherent reflection from 
fiber boundary, we studied the hexagonal Re-LCF. This fiber is coated with low-index 
polymer coating (n=1.375) to simulate the effect of double-clad fiber. In a double-clad fiber, 
optical powers can be trapped within the pump guide due to the total internal reflection at the 
interface between pump core and cladding, leading potentially to lower mode losses than 
those with high index coating. Since this is the situation where most large mode area fibers 
are used, it is very important to understand the impact of pump cladding on the higher-order-
mode losses. The simulated mode losses for the fundamental mode, second mode and the 
third mode for this fiber are shown in Figure 24. The curves present similar loss pattern as 
the previous ones do in Figure 23. The minor differences of the loss curves between the 
circular and hexagonal Re-LCF are mainly caused by slightly different dimensions of the 
features.  This fiber was also designed for operating at ~40cm coil diameter. The measured 
LP11 mode loss is also shown in the figure. It is interesting to see the LP11 mode losses fit 
reasonably well with the simulation even at large coil diameters. Since the radiated optical 
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powers from the core modes are expected to be trapped by the pump cladding, it is 
reasonable to assume that the loss of LP11 mode power is through reflection into modes of 
the multimode pump guide at the pump core and cladding interface. Since low index coating 
represents the worst case scenario, we expect similar effect from fibers with standard high 
index coating. The result is a strong indication that non-circular pump cladding can be very 
effective in mitigation of the coherent reflection at the pump core and cladding interface. This 
is significant. It confirms the validity of all design approaches based on high leakage loss of 
higher-order modes for the suppression of higher-order-mode propagation in order to scale 
the effective mode area of the fundamental mode. The measured fundamental mode losses 
also fit reasonably well to the simulation (see Figure 24). 

Effective mode area was also simulated for the hexagonal Re-LCF for various coil 
diameters. The results are shown in Figure 25. The effective mode area is ~900µm2 at 40cm 
coil diameter. 

The wavelength dependence of LP11 mode content can be measured by dividing the 
wavelength scan used in the S2 measurement into a number of smaller sub-scans with equal 
wavelength span. This was done in Figure 25 for the LP11 mode content in the 4m 
hexagonal Re-LCF coiled in 35cm diameter coil. The sub-scan has a wavelength range of 
10nm. Wavelengths at the center of each sub-scan are used for the plot. The flat wavelength 
dependence over this wavelength range is expected and consistent with the simulation. It is 
worth noting that ~-40dB higher-order-mode suppression can be achieved over such a short 
fiber length, especially considering the short length of the coiled section of ~1.4m. 

 

 
Figure 26 Wavelength dependence of the measured LP11 mode content in the 4m hexagonal Re-LCF 

in 35cm coil. Coiled length is 1.37m. 
 

 
Figure 27 Simulated and measured differential group delay between LP01 and LP11 modes in the 

circular Re-LCF. The simulation was done for a straight fiber. The measurements were performed at a 
range of coil diameters. 

Differential group delay between the LP01 and LP11 modes can also be measured 
by dividing the total wavelength scan in the S2 measurement into a number of sub-scans of 
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equal wavelength span. The differential group delays were obtained from the S2 
measurement of the circular Re-LCF and are plotted against the center wavelengths of each 
of the sub-scans in Figure 27. The differential group delay was also simulated by a mutlipole 
mode solver using approximate circular features and is also plotted in Figure 27. There is an 
excellent agreement between the measured differential GVD and the simulation. 

     
  

3.2.3 Active 50µm LCF 
 Using ytterbium-doped core glass from our other MRI program, we have fabricated 
an active 50µm core LCF. The cross section is shown in Figure 28. The fiber core is 52 µm at 
its smallest dimension (flat-to-flat) and 60 µm at its largest dimension (corner-to-corner). The 
doped area (the dim area in in the center of Figure) is 30 µm in diameter and is made of a 
highly uniform Yb-doped glass with an index very slightly below that of silica glass by 2×10-4. 
The two-layers of features in the cladding are made from fluorine-doped silica glass with a 
refractive index of 0.0155 below that of silica. The cladding diameter is ~420 µm and is 
coated with a low-index polymer coating (n=1.375) to guide the pump light with a NA of 0.46. 
Pump absorption at 975 nm was measured to be 1.05 dB/m. 

The first optical characterization of this fiber was to determine the refractive index 
difference between the Yb-doped active glass and silica background glass (∆n= 
nbackground−ncore). White light, after going through a long pass filter with a cut-off at 1 µm, was 
launched into the fiber core of a short fiber. The measured mode image and intensity 
distribution across the core (see the white line in the mode image) are shown in Figure 29(a). 
Meanwhile, the guided fundamental mode was simulated for the fiber at 1050 nm with various 
∆n from 0.25×10-4 to 3×10-4 with increments of 0.25×10-4. The mode is not strongly 
dependent on wavelength for this LCF.  The boundaries used in simulation were extracted 
from the measured fiber cross-sectional image and represent the geometry of the real fiber. 
Figure 29(b) shows the mode pattern at ∆n=2×10-4 with intensity distributions for all the 
simulated index differences. The asymmetry in the mode is from the slight asymmetry in the 
fabricated fiber. By comparing these intensity plots, the index difference between active glass 
and background silica glass is estimated to be ~2×10-4. 

 
Figure 28 Cross-section image of the fabricated 50 µm-core Yb-doped LCF fiber. 

 
Figure 29 Mode pattern and intensity distribution (across the white line in the mode image) from (a) 

experiment, and (b) simulations for various ∆n with 0.25x10-4 increment. 
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To investigate the impact of index difference ∆n to the effective mode area, we 
simulated the effective mode area of the fundamental mode in a straight fiber for various ∆n 
from zero to 4x10-4, as shown in Figure 30. The effective mode area is increased to ~1880 
µm2 at ∆n of   2x10-4, thanks to the uniform intensity distribution of the mode. This is ~50% 
increase compared to the 1200 µm2 of the Gaussian-like mode with the same core size at 
zero index difference. From Figure 29(b), we also found that the beam profile has the best 
flatness at the index difference ∆n of 1.75x10-4 with a slightly decreased effective mode area 
as shown in Figure 30. However, obtaining index accuracy on the order of 0.25x10-4 in 
fabrication is very difficult. The wavelength used in the simulation is 1050 nm.  

 
Figure 30 Simulated effective mode area versus ∆n in straight fiber. 

 
Figure 31 Simulated effective mode area versus various bending diameter for both Flat-top and Gaussian 

beam with the same core size. 

 
Figure 32 Simulated mode losses in the core index depressed LCF. 

We also simulated and compared the effective mode area of the flat-top mode and 
the Gaussian-like mode in the regular LCF under various coiling conditions, as shown in 
Figure 31. The solid line represents the effective mode area of the flat-top mode in the active 
LCF fiber with the depressed refractive index active glass (∆n=2x10-4) and the dashed line 
represents that of the Gaussian-like mode in the LCF fiber with uniform core index. As shown 
in the figure, the effective mode area of the flat-top mode reaches 1750 µm2 at 5m bending 
diameter, while the Gaussian-like mode reaches its maximum of 1190 µm2. In a straight fiber, 
the flat-top mode has an effective mode area of ~50% larger than the Gaussian-like mode of 
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regular LCF. However, the effective mode area of the flat-top mode decreases very quickly 
with a reduction of coil diameter, and is smaller than Gaussian-like mode below 1m bending 
diameter. This strong bending sensitivity of the flat-top mode is a result of intensity 
concentration in the area just outside the doped glass with a relatively higher index in the 
coiled fiber (see inset in Figure 31). Thus, the flat-top fiber is more suitable to be used in a 
straight configuration to benefit from large effective mode area. One possible approach is to 
leave a long straight section at the end of an amplifier, where the core-guided optical power is 
near the maximum and the effective mode area is also the largest. Thus the optical power 
density can be kept below the nonlinear threshold. Another possibility is to use a short 
straight length of fiber with high rare earth dopant concentration, in which bending of fiber is 
avoided.   
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Figure 33 Lasing slope efficiency measurements. 

 

 
Figure 34 Propagation of flat-top mode in free space.   

Simulation was also performed on the waveguide confinement loss in this fiber for 
bending diameters from 0.6 m to 1.2 m, as shown in Figure 32. The wavelength used in the 
simulation is 1050 nm and ∆n is 2x10-4. The line with circular dots represents the fundamental 
mode LP01. The loss is below 0.01 dB/m when the bending diameter is above 1.15 m with the 
tendency of deceasing at larger coil size. The two lines with square symbols represent the 
next set of high-order modes LP11. The losses are slightly above 1 dB/meter at 1.2 m bending 
diameter with remaining around 1 dB/m at larger coil sizes. The two lines with triangle 
symbols represent the second set of high-order modes LP21. The losses are above 10 
dB/meter at 1.2 m bending diameter and larger at larger coil size. The two dashed lines 
represent the set average for two sets of high-order modes. The high-order suppressions in 
this flat-top-mode LCF are much lower comparing to regular LCF of the same core diameter.   

We also tested the lasing efficiency for this core-index depressed active LCF fiber. A 
6 meter long fiber was right-angle cleaved on both ends to create a 4%- and 4%-reflection 
laser cavity. The fiber was coiled at 1 meter diameter during the test. A multimode diode laser 
emitting at 975 nm with a 250 µm delivery fiber was used as pump source. Laser at 1026 nm 
was achieved and emitted from both ends of the fiber which were measured for calculation of 
the slope efficiency. The lasing slope efficiency with respect to the launched pump power was 
measured to be ~77%, as shown in Figure 33. By subtracting the residual pump, the lasing 



27 
 

slope efficiency with respect to the absorbed pump power for this fiber is ~93%, very close to 
the theoretical limit of 95% for the laser at 1026 nm with pump at 975 nm, obtained by 
considering only the quantum defect. 

The output laser beam quality was also examined by tracing a focused beam 
propagation over 15 cm-long distance and comparing with the simulation. The output laser 
beam was first collimated by an aspheric lens and then focused by a spherical lens with 15 
cm focal length. After the focusing lens, the beam profile was captured with a CCD camera in 
2 mm steps along the propagation direction and analyzed for dimensions, as shown in Figure 
34. The triangle and square dot lines represent the measured beam waist in horizontal X and 
vertical Y directions. The results also show that the laser beam keeps a hexagonal shape 
with a nearly flat top over 6 cm-long distance down to 300 µm in diameter and then continues 
to contract as a Gaussian beam down to 100 µm in diameter. We also simulated the flat-top 
mode with the multi-Gaussian method which uses a sum of coherent Gaussian beams to 
create a flat-top mode. The simulated flat-top beam propagation is also plotted in Figure 34 in 
the dashed lines, which fits reasonably well with the experimental result. The difference 
around the beam waist is due to the fine details of the mode around its edge, which is hard to 
accurately represent in the simulation. The mode images in Figure 34 were taken along the 
propagation from experiment (left) and simulation (right), which also show that the 
experimental result is consistent with theoretical analysis of a coherent flat-top beam.   
 
3.2.4 Quantitative mode quality characterization 

In order to verify HOM suppression, precisely quantitative mode characterization of a 
fiber is required. Several methods have been demonstrated recently, including spatially and 
spectrally resolved (S2) imaging [103] and cross-correlated (C2) imaging [104], which have 
demonstrated mode characterization of large-mode-area fibers with up to 50 µm core 
diameter. As the core diameter becomes much larger, modes become increasingly more 
densely packed in effective mode refractive index. When the mode spacing is too close, such 
as in a 100 µm core fiber, the intermodal group delay is much less than the spread in time of 
the various frequency components due to fiber dispersion. This spread due to chromatic 
dispersion is ~30fs/m/nm at ~1050nm in silica, comparing to the LP01-LP11 intermodal delay 
of ~50fs/m in the 100µm-core Re-LCF used in this work. Temporal spread from chromatic 
dispersion of a 2nm wide source would be larger than the intermodal delay, making the 
modes inseparable. The C2 method can no longer resolve modes in this case. The S2 method 
would also require a very wide-bandwidth optical source to be able to cover multiple periods 
of the widely spaced frequency beating. 

We demonstrated quantitative mode characterization in a 1m long straight passive 
Re-LCF with 100µm core diameter using a matched white-light interferometer (MWI) in order 
to cancel out the effect of fiber dispersion. This is the first quantitative mode characterization 
in a 100µm-core fiber to our knowledge. The Re-LCF has two non-identical layers in the 
cladding, optimized for a simulated HOM loss of 60dB/m (Figure 35 and36). The measured 
relative group delay between the FM and the second-order mode is 55fs/m, very close to the 
expected 56fs/m. The LP11 mode content after the straight 1m-long Re-LCF with low-index 
coating was measured to be ~-29dB relative to that of the FM. A separate M2 measurement 
was also performed on the same fiber, giving a M2 =1.01.  

 
Figure 35 Fabricated Re-LCF with 100 µm core diameter. 
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Figure 36 (a) Re-LCF design with non-identical cladding layer structure, (b) simulated 2nd HOM 

loss versus variable node-pitch ratio. R2=d2/Λ. 

The Re-LCF fiber shown in Figure 35 was fabricated according to the design. The 
nodes in the cladding lattice are made from fluorine-doped silica which has a slightly lower 
refractive index than the silica background glass by 8x10-4. The sizes of the nodes in the 
outer and inner layers are 33.2µm and 29.6µm respectively with the same pitch Ʌ=70µm. The 
diameter of the core in the center is ~100 µm. The shape of the fiber is intentionally kept non-
circular to reduce the coherent reflection from the outer boundary, which lowers HOM. This 
passive fiber is coated with low-index coating to mimic a double-clad fiber.                       

White light is generally considered as incoherent and it is only temporally coherent 
over femtoseconds. This unique property enables white light to have a very fine temporal 
resolution, which is exploited in optical coherence tomography (OCT) for a fine spatial 
resolution. White-light interferometry composed of a white light source and a Michelson 
interferometer has been reported previously to perform dispersion measurements on thin 
optical samples. The same capability, in principle, can also be used to resolve modes in 
large-core optical fibers with very small intermodal group delays. 

 
Figure 37. Illustration of interferometry resolution: (a) broad spectrum and balanced dispersion; (b) 

narrow spectrum and balanced dispersion; (c) broad spectrum and un-balanced dispersion. Filled and 
open parallelogram represents coherent light from measurement and reference arms respectively.  

This high temporal resolution of MWI is a result of the short coherent length (CL) of 
the broad-spectrum source and the balanced arms of the interferometer, as illustrated in 
Figure 37(a). The filled and open parallelograms represent coherent lights at the detector 
from the measurement and reference arms respectively. As the length of the reference arm is 
adjusted, coherent beating can only be observed over a short distance of translation, i.e. 
coherent beating length (CBL). Figure 37(b) illustrates an interferometry with a narrow-
spectrum source and two balanced arms, showing the poor temporal resolution due to the 
long coherent length of the source. The interferometer with two un-balanced arms shown in 
Figure 37(c) also leads to a deterioration of temporal resolution due the spread of coherent 
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light over arrival time at the detector. The broader the light spectrum, the more critical it is to 
balance the arms in order to obtain high temporal resolution. A MWI is demonstrated here to 
perform the quantitative mode characterization in our Re-LCF fiber. The principle is displayed 
in Figure 38. 

  
Figure 38 Principle of mode characterization in optical fiber with matched white-light interferometry 

(MWI). 

The experimental setup for the matched white-light interferometry is shown in Figure 
39. A Bentham white light source WLS100 with quartz halogen lamp emitting from 350nm to 
2500nm was spectrally filtered with a 780nm long pass filter, split into two beams and 
coupled into two identical straight fibers which were placed in an aluminum V-groove to keep 
them straight. From the simulation in the fiber design, the second-order mode in this fiber has 
a loss of ~62dB/m and a relative group delay of ~56fs/m to the FM. The length of the fiber 
used in the test was 1m. The beam out of one fiber was sent to a motorized scanning stage 
with 1µm accuracy and 100 mm travel. The beam from the other fiber was sent to a piezo-
controlled scanning stage with 5nm accuracy and 20µm travel. After the two arms were 
roughly balanced by the motorized stage, the piezo stage was used to perform the fine 
interferometry scanning with a 50nm incremental step up to the 20µm maximum travel. 
Effectively, the path length was scanned with a 0.1µm incremental step up to 40µm maximum 
travel due to the double passed configuration. Meanwhile, a high speed silicon camera was 
used to record the two-beam interference pattern after each incremental step during the 
scan, which does not respond to the wavelengths larger than 1.1µm. In order to reduce the 
random noise on the camera, each 4 adjacent pixels in the original image are added together 
to reconstruct one pixel in the final image. The intensity oscillation on one pixel versus the 
delay time ∆T is the function   mentioned above. 

 
Figure 39 Schematic diagram of the matched white-light interferometry. 

Figure 40 shows the intensity oscillation throughout the scanning process on one 
pixel of the image, which is located at the lobe center of the reconstructed mode image 
corresponding to peak B. There are two horizontal axes in the figure. The lower one is the 
temporal delay in femtoseconds and the top one is the corresponding path length delay in 
micrometers. Five peaks are found in the plot. The major one marked as A comes from the 
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coherent beating between the two FMs with the maximum amplitude of 2
0E . Peaks B, D arises 

from beating between a FM and a second-order mode, with roughly the same maximum 
amplitude of 1 0E E . The measured intermodal group delays between peaks A, B and A, D are 
50fs and 59fs respectively, with an average of ~55fs which is very close to the calculated 
value of 56fs from the fiber design. The group delays between peaks A, C and A, E are 
measured to be 77.7fs and 78.9fs respectively. Figure 1 shows the reconstructed mode 
patterns and phases corresponding to the oscillation peaks from A to E found in Figure 40. 
The mode pattern for peak A is a Gaussian-like beam with a flat phase pattern, which 
indicates it is the LP01 mode. The mode patterns for peaks B and C show two lobes with a π 
phase shift between them, which indicates they are LP11 modes. These two LP11 modes 
have different orientations and there is a 28fs time delay between them. The MPI values for 
these two LP11 modes are -29dB and -37dB for peaks B and C respectively. The modes for 
peaks D and E are similar to the ones for peaks B and C. Their MPI values are -33dB and -
37dB respectively. The measured lower HOMs losses than the simulation could be due to 
some coherent reflection from the fiber outer boundary. The linewidths of the envelopes of the 
coherent beating between FM and HOMs corresponding to peaks B, C, D and E are not 
broadened, as shown in Figure 40, which indicates that there is insignificant mode coupling 
during the propagation in the fiber. The minimum intensity detection capability for this 
interferometry was tested by measuring the MPI value of the flat DC region without any 
coherent beating, which is determined to be -43dB. 

 
Figure 40 Intensity oscillation during the interferometry scanning at the pixel at the lobe center of the 

reconstructed image B. 

 
Figure 41 Reconstructed mode patterns and phases corresponding to the peaks from A to E found in 

Figure 37 with calculated MPI value for HOMs. 
The mode quality guided in this Re-LCF fiber was also tested qualitatively. The light 

from a LED source emitting from 890nm to 1090nm was collimated into the 1m-long straight 
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Re-LCF. The mode pattern of the output beam was recorded while the launching beam at the 
input end was moved across the fiber core with the intention to excite HOMs. The mode 
pattern did not change at all while the launching beam was moved. The only thing that 
changed is the mode intensity which is due to the change in launching efficiency. M2 of the 
mode was also measured when the LED light was carefully coupled into the fiber. The result 
is shown in Figure 42, giving M2=1.01.  

 
Figure 42 M2 measurement of the output beam from the Re-LCF fiber in x, y directions. 

 
3.2.5 Multiple-cladding-resonance (MCR) fiber 
 
 Further higher-order-mode (HOM) suppression is required for the suppression of 
mode instability and further mode area scaling. Multiple-cladding-resonance (MCR) fiber (see 
Figure 43) is a promising approach. In this design the cores in the cladding is coupled with a 
higher-order mode in the central core. Using few cores in the cladding to suppression HOM is 
not new. MCR, however, uses strongly coupled multiple cores which significantly enhance 
the coupling to HOM and enable broad coupling resonance. Previous approaches have very 
narrow resonance which is hard to hit. MCR, on the other hand, significantly broadens the 
resonance and is much more practical to fabricate. The open cladding of LCF also lends itself 
for the coupling.       

 
Figure 43 Multiple-cladding-resonance designs: mixed cell (right), three cell (middle) and two 

cell (right). 

 
Figure 44 Required core diameter ratio (ρc/ρm) for maximum resonant coupling between the 
fundamental mode of the cladding core and one of the higher-order modes of the main core 

versus normalized frequency (V value) of the main core. 
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 Additional smaller cores can be easily created in the cladding of photonic bandgap 
fibers by missing several nodes. The smaller cores share the same cladding as the main 
core. If the cladding cores are well isolated, the resonant conditions between the fundamental 
mode in the cladding cores and various higher-order modes of the main core can be easily 
calculated. Using step-index fiber analogue, the propagation constant of modes in the main 
core can be written as 

2
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m bk n

ρ
β = −                                  (1) 

where k is the vacuum wavenumber; nb is the refractive index of the background glass; ρm is 
the main core radius; and main core parameter Um is as normally defined for optical fibers. It 
needs to be noted that the refractive index of all the cores is the same as that of the 
background glass nb in this case. Similarly, the propagation constant of modes in the cladding 
cores can be written as 
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The cladding core parameter Uc is defined similarly as Um. The resonant condition for 
maximum coupling of a mode in the main core and a mode in the cladding core is βm=βc. 
Using the relations obtained thus far in Eq.1 and  Eq.2, the resonant condition can be written 
as 
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Since the refractive index of core and cladding are the same for both main and cladding 
cores. The resonant condition can be rewritten using the normalized frequency, i.e. V value, 
Vm and Vc for the main and cladding cores respectively. 
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This can be easily calculated for the fundamental mode of the cores in the cladding and 
various higher-order modes in the main core (see Figure 44). 
 The horizontal axis is the V value of the main core. For weakly coupled cladding 
cores, Fig.1 provides a reasonable approximations for a straight fiber. In the multimode 
regime with V>10, for coupling with LP11 and LP21 modes in the main core, ρc/ρm≈0.6 and 
0.44 respectively. This multimode regime is what is used for large-core designs. The flat 
response in Figure 44 indicates very weak wavelength dependence. 

 
Figure 45 Simulated loss for straight 100µm-core LCF with mixed-cell design (left), three-cell 

design (middle) and two-cell design (right). 

 
Figure 46 The first and second mode in the three-cell design. 
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Table 1 Performance comparison of the three designs. 

 
Figure 47 The wavelength dependence of the two-cell design (∆n=-8×10-4, d/Λ=0.4). 

 Simulations for the mixed-cell, three-cell and two-cell designs shown in Figure 43 are 
shown in Figure 45. The significance loss difference between the fundamental LP01 mode 
and next HOM is clearly seen. Mixed-cell and two-cell provide better performance in this 
case. First two modes in the three-cell design are shown in Figure 46. The fundamental mode 
is well guided and the HOM is significantly de-localized into the cladding due to the 
weakened guidance. The performance of the three designs is summarized in Table 1. The 
wavelength dependence of the two-cell design is shown in Figure 47, showing the significant 
flat response over the simulated wavelength range. This will make this MCR design much 
easier and consistent to fabricate. 
 
3.2.6 Efficient ytterbium-doped fiber lasers operating below 1020nm  
 
 Multimode high-power fiber lasers operating below 1020nm can be used in a tandem 
pumping scheme as pumps to reduce quantum defect heating and provide high pump 
brightness in ytterbium-doped fiber lasers operating at ~10kW. In this high-power regime, 
single-mode operation becomes much more challenging due to mode instability driven by 
quantum defect heating. Thermal management also becomes much more challenging due to 
the much higher heat load. Multimode 1018nm fiber lasers are key components in the 
tandem pumping scheme to provide high brightness pumps and much lower quantum defects 
in IPG 10kW fiber lasers. Single-mode fiber lasers of >kW level at these wavelengths have 
very low quantum defect and can be much more power scalable than operating at longer 
wavelength. Ytterbium fiber laser operating at 1018nm have quantum defect of only 4.1%. 
 However, it is difficult to realize stable and efficient 1000-1018nm ytterbium-doped 
fiber lasers in conventional ytterbium-doped aluminosilicate host as it requires a large 
population inversion to reach gain threshold. Stable operation can only be realized by 
shortening the fiber, which leads to poor pump absorption. The first key factor for high 
efficiency for a given launched pump power is low inversion required for reaching the lasing 
threshold. A second key factor is a small cladding-to-core ratio. This effectively lowers signal 
intensity in a relatively larger core if the cladding is kept the same, allowing a lower pump 
intensity to maintain a given inversion. Addressing these two factors effectively can further 
minimize pump power exiting the fiber. 
 Phosphosilicate host is known for reaching gain threshold at lower inversion than that 
required for conventional aluminosilicate host for lasing wavelengths below 1020nm due to its 
high emission cross section at shorter wavelength. Our 50/400 phosphosilicate leakage 
channel fiber is an ideal fiber for this application. 
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Figure 48 Schematic Experimental Setup. 

 
Figure 49 Transmission spectrum of a 1018nm FBG. 

  

 
Figure 50 (a) Optical spectra at the laser output, wavelengths ranges from 1008nm to 

1020nm. (b) Output powers versus the launched pump powers at various lasing wavelengths. 

 
Figure 51 Launched efficiency (black circle) and fiber length (red triangle) as a function of 

wavelength. 

 The configuration of the fiber laser system shown in the Figure 48 consists of a 
section of Yb-doped phosphosilicate LCF and a FBG with high reflectivity. The photosensitive 
fiber for the fiber Bragg gratings was specially made at Clemson and has a similar 
core/cladding dimension of 50μm/400μm as the LCF to minimize splicing loss. A series of 
FBGs with different reflecting wavelengths were written using an interferometer and a 
frequency-quadrupled YAG laser in our laboratory at Clemson. It is worth mentioning that the 
fabrication process is kept constant to ensure the reflectivity for various wavelengths is 
similar. Due to the inherent nature of the multimode photosensitive fiber, one cannot 
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accurately obtain the reflectivity of the FBG. Figure 49 shows the relative transmission 
spectrum of a 1018nm FBG. Nearly 20dB of relative transmission loss is achieved at peak of 
the reflectivity. This measurement is strongly dependent on the excitation of modes in this 
multimode fiber. It indicates >99% reflectivity for a subset of modes. One end of the FBG is 
angle cleaved to suppress the ASE while the other end is spliced to the Yb-doped LCF. The 
Yb-doped LCF is coiled at diameter of 80cm and pumped by 976nm laser diode. Emitted 
laser lights are recorded at both ends of the fiber. 

To begin with, a 8m Yb-doped LCF and 1018nm FBG is used. However, the ASE is 
very strong and ultimately lead to spurious oscillation at 1030nm when the pump power 
exceeds the threshold even though the FBG was angle cleaved. The fiber was then gradually 
cut back by 30-40cm each time so that the net gain at 1018nm can ultimately exceed the net 
gain near 1030nm. Once the fiber laser is operating stably at the desired wavelength and the 
efficiency is recorded. The FBG is then replaced with a slightly shorter wavelength FBG and 
the cut-back process was repeated. Figure 50(a) shows the spectra of the output of all the 
fiber lasers tested. The laser wavelength ranges from 1008nm to 1020nm. All the spectra are 
captured at the highest pump power. Over 50dB of difference between signal peak and ASE 
peak has been achieved for all the wavelengths tested. In particular, as for the 1018nm fiber 
laser, the laser peak is over 60dB higher than the ASE peak. Figure 50(b) shows the output 
power of the corresponding fiber lasers versus the launched pump power. The slope 
efficiency then start to decrease as lasing wavelength becomes shorter. 
 The efficiency of the fiber lasers with respect to the launched pump power and the 
ytterbium-doped fiber lengths used are shown in Figure 51. It can be seen clearly that the 
slope efficiency decreases sharply when the operating wavelength is below 1018nm. The 
decrease of the slope efficiency at shorter lasing wavelengths correlates well with the shorter 
fiber lengths used at various wavelength. Based on the results in Figure 51 alone, we cannot 
be sure if the poorer efficiency at the shorter lasing wavelength is due to inadequate pump 
absorption as a result of the shorter fiber length used or some up-conversion processes at 
higher inversions or a combination of both. 
 To further understand the mechanisms responsible for the poorer efficiency at shorter 
lasing wavelengths, we need to characterize slope efficiency with respect to both launched 
and absorbed pump powers at various inversion levels. It is hard to get an accurate 
measurement of the unabsorbed pump powers in order to determine the slope efficiency with 
respect to the absorbed pump powers in the case where a FBG is spliced to the Yb-doped 
fibers. We therefore decided to do the cut-back measurement in a free-running fiber laser 
without the FBG. Another ~6m Yb-doped LCF was used for the 1030nm fiber laser 
measurement. Two facets of the fiber were perpendicularly cleaved to serve as two reflectors 
at ~4% reflectivity thus the laser would naturally emit at ~1030nm. The fiber was repeatedly 
cut back 40-50cm every time followed by laser efficiency test at each fiber length. 

 
Figure 52 Slope efficiency versus the inverse of the fiber length. 
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 The slope efficiency with respect both to the launched and absorbed power of the 
1030nm fiber laser versus the inverse of fiber length is plotted in Figure 52. The free-running 
fiber laser measurements were done twice and both results are shown as the 1st 
measurement and the 2nd measurement.  The inverse of fiber length serves as a good 
surrogate for the average inversion in case of constant round-trip loss. For comparison, the 
efficiency with respect to the launched pump power of the LCF-FBG fiber lasers is also 
presented. It can be clearly seen that the efficiency with respect to the launched pump power 
overlaps fairly well in all cases including the free-running fiber laser and the LCF-FBG fiber 
laser. The LCF-FBG fiber laser has a lower round-trip loss due to the much higher reflectivity 
of the FBG. The free-running fiber laser therefore operates at a much higher threshold gain 
and therefore a much higher average inversion for the same fiber length. Despite the 
difference in inversion levels among the two types of fiber lasers, their efficiency with respect 
to the launched pump power versus inverse fiber length overlaps very well. This is a strong 
indication that the launched efficiency is primarily limited the poor pump absorption as a 
result of the shorter fiber length and is not related to the higher inversion. A further evidence 
is that the slope efficiency versus the absorbed pump power for the free-running laser at fiber 
length longer than 3m, i.e. 1/L<0.33, is between 92.4% to 93.5%, very close to the quantum 
limit of 94.7%. The average inversion of the free-running fiber laser with 3m-long fiber is 
estimated to be ~40% based on the run-trip loss and absorption/emission cross sections. 
This is higher than the average inversion of any of the fiber lasers with FBGs. The highest of 
which is ~40% for the LCF-FBG fiber laser with a lasing wavelength of 1008nm.  
  Another detail worth noting is that the absorbed efficiency of the free-running 
1030nm fiber laser starts to decrease when the fiber is cut back to shorter than 3m, i.e. 
1/L>0.33. This suggests that other loss mechanism is introduced at higher population 
inversion. This additional loss mechanism may be related to the cooperative luminescence as 
the characteristic green fluorescence indeed becomes more visible at shorter fiber length. 
The difference between the measured absorbed efficiency and the quantum limited efficiency 
is plotted in Figure 53 versus the estimated average inversion. A quadratic fit is expected if 
the cooperative up-conversion process is expected to be responsible for the deviation from 
the quantum limit. The data at higher inversion can indeed be reasonably fitted with a 
quadratic curve. At lower inversion, the measured data deviates from a quadratic fit. This 
poor fit at lower inversion may be due to the fact that other losses such as fiber background 
loss and measurement errors play a more significant role in this regime.    

 
Figure 53 Deviation of measured absorbed efficiency from quantum efficiency as a function of 

average inversion. Solid red line is the quadratic fit for the measured data. 

 We have demonstrated that ytterbium-doped phosphosilicate host is much superior 
for efficient lasing operation at wavelengths between 1008-1020nm. Highly efficient 1018nm 
fiber laser with 70% efficiency with respect to the launched pump power is demonstrated in a 
50µm-core Yb-doped LCF with 420µm cladding diameter, demonstrating the low brightness 
pump required for such efficiency. This large cladding diameter will allow the use of much 
higher power, lower brightness pump diodes, which is essential for tandem pumping of 
single-mode fiber lasers at higher powers. Single-mode operation is alos possible with more 
optimized fibers. These fiber lasers have a very low quantum defect of 4.1% when pumped at 
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976nm, providing a path for the mitigation of thermal effects without the complexity of tandem 
pumping for multi-kilowatt fiber lasers. 
 
3.2.7 Large-mode-area fibers operating near single-mode regime  
 
 In recent years, it has been recognized that transverse mode instability (TMI) 
imposes a significant limit on average powers of single-mode fiber lasers. One very effective 
method is to operate as close to the single-mode regime as possible, because TMI does not 
exist in the single-mode regime. This has driven kW fiber lasers to use smaller core 
diameters of 25µm and 20µm in recent years. Further reduction of NA can move fibers even 
closer to the single-mode regime while maintaining acceptable core diameters. Currently 
fabrication tolerance has limited commercial LMA fiber NA to 0.06 (∆N=~1.2×10-3).  
 Using a technique involving first fabrication of a large number of ytterbium-doped 
preforms on a Modified Chemical Vapor Deposition (MCVD) system, then extraction of the 
doped core glass and a repeated stack-and-draw process to homogenize the glass, we have 
been able to controllably make a large volume of ytterbium-doped glass with refractive index 
very close to that of silica. Optimized ytterbium-doped phosphosilicate glass is used with 
additional boron doping to lower the refractive index, enabling high doping levels and low 
photo-darkening. Glass made using a similar process was previously used to make 
ytterbium-doped leakage channel fibers and photonic bandgap fibers.  
 We have demonstrated ytterbium-doped double-clad LMA fibers with a low NA of 
0.028, i.e. ∆N=2.7×10-4, using ytterbium-doped phosphosilicate glass made at Clemson. Two 
double-clad fibers were made. The first fiber has a geometry close to 30/400. It has an 
estimated second-order-mode cut-off at ~1.2µm and is nearly single mode for ytterbium fiber 
lasers. The second fiber has a geometry close to 40/400. The second-order-mode cut-off is 
estimated to be at ~1.55µm and is double-moded for ytterbium fiber lasers. High laser 
efficiency was demonstrated in both fibers. M2=1 was measured in the 30/400 fiber and 
M2=1.06 for the 40/400 fiber. We have studied bend loss limits and issues related further 
optimization. The new fabrication technique effectively eliminates the current NA limits 
imposed by the fabrication tolerance, opening up many new possibilities for LMA fiber 
designs. 
  

 
Figure 54 The cross section photos of the (a) 30/400 and (b) 40/400 LMA fibers. 

 

 
 

Figure 55 (a) 2D refractive index of the 30/400 fiber, (b) refractive index scan along X axis 
and (c) Y axis. 
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 The two fibers are coated with low-index acrylic coating to provide a pump NA of 
0.46. The 30/400 fiber has a hexagonal core which is 31µm flat-to-flat and 34µm corner-to-
corner. The pump guide also has a hexagonal shape, measuring 397µm flat-to-flat and 
428µm corner-to-corner. The measured pump absorption is ~3dB at 976nm. The 40/400 fiber 
has a hexagonal core which is 42µm flat-to-flat and 46µm corner-to-corner. The pump guide 
has a hexagonal shape with 411µm flat-to-flat and 431µm corner-to-corner. The measured 
pump absorption is ~4.5dB at 976nm. The fiber cross sections of the fibers are shown in 
Figure 54. The measured refractive index profile of the 30/400 fiber was given in Figure 55. 
The pixilated structure of the doped core is clearly visible, but the individual pixels are small 
compared to the laser wavelength. They are not expected to be a problem. 

The bend loss of the 30/400 fiber was measured for bend diameters of 0.8m, 0.9m 
and 1m. It is shown in Figure 56 (a). The missing data is due to the ytterbium absorption. The 
simulated bend loss using the bend loss formulas in was obtained using NA=0.0281, i.e. 
∆N=2.7×10-4, and a core diameter equaling the average of the flat-to-flat and corner-to-corner 
core dimensions. The simulated loss fits well with the measured loss. The estimated second-
order-mode cut-off wavelength is ~1.2µm and third-order-mode cut-off wavelength is 
~750nm. The measured third-order-mode cut-off wavelength can be found at the loss peak at 
~700nm (see Figure 56), which is associated with its estimated cut-off, to be ~750nm. This is 
consistent with the result obtained from loss simulation. This 30/400 fiber is therefore very 
close to the single-mode regime at the wavelengths of ytterbium fiber lasers. A coil diameter 
of >1m needs to be used to minimize bend loss. 

The bend loss of the 40/400 fiber was measured for bend diameters of 0.9m, 1m and 
1.1m which is shown in Figure 56 (b). The simulated bend loss was obtained using 
NA=0.027, i.e. ∆N=2.51×10-4, and a core diameter equaling the average of the flat-to-flat and 
corner-to-corner core dimensions. The simulated loss fits well with the measured loss. The 
estimated second-order-mode cut-off wavelength is ~1.55µm and third-order-mode cut-off 
wavelength is ~973nm. 

 
 

Figure 56 (a) The measured loss of the 30/400 fiber with simulated bend loss using 
NA=0.285 and core radius of 32.5µm and (b) The measured loss of the 40/400 fiber with 

simulated bend loss using NA=0.27 and core radius of 44µm. 

 
Figure 57Measured efficiencies of fiber lasers made with (a) 4m of the 30/400 fiber coiled at 

1.9m in diameter and (b) 2.5m of the 40/400 fiber coiled at 1m. 
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Figure 58 Measured beam quality of the fiber laser made from the 4m 30/400 fiber coiled at 
1.9m in diameter. 

 
 A fiber laser at ~1030nm was constructed with 4m of the 30/400 fiber with two 
straight cleaved ends. The fiber was coiled at 1.9m diameter. At bend diameters below 1.5m, 
some leaked laser light in the cladding can be seen. The measured lasing slope efficiencies 
are 78% and 86% versus launched and absorbed pump powers respectively (Figure 57 (a)). 
The M2 was measured to be 1 (Figure 58), reflecting a perfect Gaussian mode at the output.   
 A fiber laser at ~1035.5nm was also constructed with 2.5m of the 40/400 fiber with 
two straight cleaved ends. The fiber was coiled at 1m diameter. The measured lasing slope 
efficiencies are 77% and 85% versus launched and absorbed pump powers respectively 
(Figure 57 (b)). The M2 was measured to be 1.06 (Figure 59). The output beam appears to be 
a really good Gaussian mode (see Figure 59 (c)). The ability to coil the 40/400 fiber to a 
smaller diameter of 1m is due to its larger core diameter. 
 

 
 
Figure 59 Measured beam quality of the fiber laser made from the 2.5m 40/400 fiber coiled at 

1m in diameter. 

 
Figure 60 (a) Simulated critical bend diameter versus core diameter for NA=0.0281, 0.03 and 
0.035, and (b) simulated NA versus critical bend diameter for core diameters of 20µm, 30µm, 

40µm and 50µm. 

The lower NA may result in more robust single-mode operation; but it also causes 
significantly increased bend loss. It is therefore important to understand the tradeoffs. The 
critical bend diameter, defined as when the bend loss is 0.1dB/m, was simulated for various 
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core diameters for NA=0.0281 (see Figure 60 (a)). A slightly smaller critical bend diameter of 
~0.92m can be obtained at ~55µm core diameter for this NA. This is consistent with what was 
measured for the 40/400 fiber. The critical bend diameter is actually larger for larger core 
diameters. This is due to the dependence of bend loss on both V value and core diameter. 
The critical bend diameter versus core diameter was also simulated for larger NAs of 0.03 
and 0.035. A much smaller critical bend diameter of <0.5m can be obtained for NA=0.035, 
which has a minimum of 0.49m at ~45µm core diameter. It needs to be noted that this smaller 
critical bend diameter comes at the cost of operating much further away from the single-mode 
regime. Thus a much lower TMI threshold is expected [9]. 

We have also simulated the dependence of NA on the critical bend diameter for 
various core diameters (see Figure 60 (b)). For critical bend diameter of 0.5m, the minimum 
NAs are 0.0396, 0.0359, 0.0349, and 0.0348 for core diameters of 20µm, 30µm, 40µm, and 
50µm respectively. 

 
Figure 61 Simulated mode field diameter (MFD) at 1030nm of a LMA fiber with NA=0.0281 

versus core diameter. The shaded area is single-mode regime. The dotted line is when 
MFD=core diameter. 

We have also calculated the mode field diameter (MFD) at 1030nm versus core 
diameter for the LMA fibers with NA=0.0281 (Figure 61). The shaded area is the single-mode 
regime and the dotted line is when MFD equals core diameter. The MFD reached a minimum 
when the core diameter was ~22µm. The MFD increases at smaller core diameter due to a 
loss of core guidance. It is worth noting that the MFD is much larger than the core diameter in 
the single-mode regime. This is a well-known feature of the single-mode regime, where there 
is significant amount of power outside the core. For the 30/400 fiber, the MFD is close to the 
core diameter, indicating there is still a significant amount of power outside the core. Far into 
the multimode regime, the MFD is much smaller than the core diameter and most of the 
optical power is in the core. In cases where only the core is doped, the doped area has much 
better overlap with the fundamental mode than with the next higher-order modes near the 
single-mode regime. This helps to improve single-mode operation and to raise the TMI 
threshold. 
 Using a specially developed fabrication process, we have shown that ytterbium-
doped fiber with NA as low as ~0.028 can be realized in a controlled fashion. This allows us 
to make an ytterbium-doped 30/400 fiber operating very close to the single-mode regime. A 
M2 of 1 was measured, indicating a perfect Gaussian mode as would be expected from 
operating near the single-mode regime. Good M2 of 1.06 was also measured in an ytterbium-
doped 40/400 fiber which operated deeper in the two-moded regime, but demonstrated a 
smaller coiled diameter of ~1m, consistent with our simulation. Both fibers demonstrated 
excellent lasing efficiency. This fabrication technique will enable new LMA designs with 
significantly improved TMI threshold. The potential tradeoff between TMI threshold and the 
critical bend diameter was also studied.  
 
3.2.8 Thermal lensing in optical fibers 
 
  Average powers from fiber lasers have reached the point that a quantitative 
understanding of thermal lensing and its impact on transverse mode instability is becoming 
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critical. Although thermal lensing is well known qualitatively, there is a general lack of a simple 
method for quantitative analysis. We first conduct a study of thermal lensing in optical fibers 
based on a perturbation technique. The perturbation technique becomes increasingly inaccurate 
as thermal lensing gets stronger. It, however, provides a basis for determining a normalization 
factor to use in a more accurate numerical study. A simple thermal lensing threshold condition is 
developed. The impact of thermal lensing on transverse mode instability is also studied.   
 The thermal-optic effect is introduced by 

0( ) ( ) ( )Tn r n r T rk= ∆+   (1) 
where refractive index profile n, initial refractive index profile n0 and change in temperature ∆T are 
expressed in cylindrical coordinates, and kT=1.1×10-5 K-1 is the thermal-optic coefficient for silica. 
Under the influence of heat load, the guided mode is expected shrink down to a new equilibrium 
where it would be stable. This is very similar to what happens under nonlinear self-focus. The 
only difference is in the time taken to reach this new equilibrium. It is expected to be much slower 
and determined by the thermal diffusion rate perpendicular to the propagation direction. Under 
very strong thermal lensing, the optical mode can be focused down to a very small size over a 
distance in the order of the Rayleigh range, similar to that in nonlinear self-focus. 
 The temperature profile is approximated by the parabolic solution for uniform heating in 
the core with a heat load of Q0 (w/m) and we have ignored the temperature change outside the 
core by setting ∆T=0 for r>ρ, where ρ is the core radius. This is reasonable for multimode fibers 
commonly found in fiber lasers as the optical power is mostly in the core in these cases. It is 
however not a good approximation for single-mode fibers where there is significant optical power 
outside the core. 
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where κ=1.38 w/m/K is the thermal conductivity. Details of the perturbation analysis are given in 
appendix A. It is based on finding a relationship between modes in the fiber perturbed by the heat 
load and the original unperturbed fiber. With the assumption of a Gaussian mode (see equation 
A11 in appendix A), we can obtain an equation for the relative mode size γ=w/w0, where w is the 
spot size of the mode in the perturbed fiber and w0 in the unperturbed fiber. Spot size is half of 
the MFD for a Gaussian mode (see equation A11 in appendix A for a detailed definition). 
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where U is the core parameter as normally defined for optical fiber, and 
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where k0 is the vacuum wave number and nco is the core refractive index. Equation (3) can be 
solved numerically and the result is shown in Figure 62 for V=3-8. 

 
Figure 62 Mode collapse under the influence of thermal lensing. Equation (3) is evaluated for 

normalized frequency V=3-8. A numerical simulation is also performed for comparison for fibers 
with core diameters of 10µm, 20µm and 30µm and NA of 0.06. The results are plotted as MFD for 

near-field MFD and eMFD for effective MFD, i.e. 2(Aeff/π) ½. 
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 The relative mode size is plotted against the normalized thermal lensing parameter 
ξQ0w02 in figure 62. It can be seen that the rate of change in the relative mode size is slow at 
small ξQ0w02, but accelerates at larger ξQ0w02. There is very little difference in the curves for 
different V values. The relative mode size can collapse to small values at high heat load and 
the rate of change slows down when ξQ0w02>2. The most interesting observation is the fact 
that the effect of thermal lensing is fully characterized by the normalized thermal lensing 
parameter ξQ0w02, where ξ is fully determined by material properties and laser wavelength. 
This normalized thermal lensing parameter scales linearly with heat load Q0 and also scales 
quadratically with MFD. Since the total effect of thermal lensing is determined by the 
integrated effect seen by the entire mode, it is reasonable to expect it to scale with the mode 
area, i.e. w02.  
 For a more accurate study of the impact of thermal lensing, we need to conduct a 
numerical study. We will focus on the regime where the fundamental mode dominates and 
ignore any mode distortion due to bending. Since we are only dealing with optical modes with 
a cylindrical symmetry in this case, we will use an optical mode solver for an arbitrary 
refractive index profile with a cylindrical symmetry. We already have established such a 
vector optical mode solver for an earlier work. 

We also need to deal with the temperature profile resulting from the heat load from 
an optical mode with cylindrical symmetry. In our analysis, we have assumed that heat load is 
proportional to the local mode intensity; consequently we have ignored the effect of gain 
saturation. Gain saturation will lead to a flattening out of heat load in the center of the core 
and therefore slightly weaken the effect of thermal lensing.  

Since a simple parabolic solution exists for the temperature profile in the case of a 
spatially uniform heat load in a cylinder, it has been used in many previous thermal analysis 
of fiber lasers. We need to have a more accurate numerical model for the temperature profile 
in a cylinder given an arbitrary cylindrical heat load profile. We start by dividing the area with 
the heat source into many fine layers so that we can assume each layer has a uniform heat 
load and we can then use the parabolic solution over each layer. This approach, however, 
does not have enough free parameters to ensure the solution has both continuity and 
continuity in the 1st order derivative at the boundary between layers, both required for a 
rigorous solution. We subsequently devised a scheme where we first divide the area with the 
heat load into many fine layers with equal thickness. We then divide each layer into two sub-
layers, one sub-layer with the total heat load for the layer and one sub-layer without source. 
We can then use the known parabolic solution over the sub-layer with the source and the 
known logarithmic solution for the sub-layer without source. The relative thickness of the sub-
layers can be determined by the continuity condition at the boundary between layers. This 
new scheme allows us to find an accurate solution while ensuring necessary continuities at 
all the boundaries. A detailed derivation is provided in appendix B. In the simulations in this 
work, the region with the heat load is typically divided into 100-200 layers. This is found to be 
sufficient for a stable solution. 

 
Figure 63 Comparison of the temperature profile from the numerical method used in this work 

and the parabolic solution for a uniform heat load. ∆T is set to be 0K at the cladding 
boundary. Core diameter is 20µm; cladding diameter is 400µm and NA is 0.06. The total heat 

load is 64w/m in both cases. The laser wavelength is at 1.03µm. The normalized heat load 
profile, i.e. normalized mode intensity profile, is also shown.  
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 A comparison of the temperature profiles from the numerical model used in this study 
and the uniform heat load is shown in figure 63. The fiber has a NA of 0.06 and a core 
diameter of 20µm, operated at 1.03µm. We use a cladding diameter of 400µm throughout this 
study. The total heat load in the core is 64w/m in both cases and there is no heat load outside 
the core. The normalized heat load profile, i.e. the normalized mode intensity profile, is also 
shown. The numerical model used an iteration process described in the next paragraph to 
find the optical mode under heat load. It can be seen clearly that the solution in the cladding 
is the same for both cases and the uniform heat load model underestimates the temperature 
in the core. This is due to the fact that more heat is deposited near the core center than that 
accounted in the uniform heat load model. 
 In the following analysis of thermal lensing in an optical fiber, we first find the fundamental 
optical mode in the fiber without any heat load. We then apply one Mth of the heat load with a 
heat load profile equaling the fundamental optical mode intensity. The temperature profile is 
then calculated, which is then used to calculate the refractive index profile of the new fiber. 
The fundamental mode is then found for this new fiber. Two Mth of the heat load is then used 
with a heat load profile equaling the new fundamental mode intensity for the next iteration. 
This is repeated until total heat load is applied. This slow increase of heat load over many 
iterations is essential to keep the change in optical mode profile to a minimal for each 
iteration. Otherwise it can lead to numerical instabilities especially at large heat loads. We 
found M=30 to be adequate to ensure stability and convergence for our analysis. This is used 
throughout this study.  

 
Figure 64 Typical run for the case in Fig. 2. Core diameter is 20µm and NA is 0.06. The total 
heat load is 64w/m. The laser wavelength is at 1.03µm. Relative changes are shown on the 

vertical axis on the right. The heat load is gradually increased over 30 steps. 
 

 
Figure 65 Refractive index profiles under various heat loads. Core diameter is 20µm and NA 

is 0.06. The laser wavelength is at 1.03µm.  

 The evolution of MFD (near-field MFD) and eMFD (effective MFD obtained from 
effective mode area) over the gradual increase of heat load for the case in figure 63 is shown 
in figure 64. The relative change in MFD and eMFD is shown on the right vertical axis. The 
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reduction of mode size due to thermal lensing when heat load is gradually increased can be 
clearly seen. Also can be seen is that the mode size stabilizes at a constant value after the 
31st run when the heat load is no longer increased. This demonstrates the convergence of the 
solution and stability of the numerical process.   

The refractive index profiles obtained by the numerical model for the 20µm-core fiber 
are shown in figure 65 for various total heat loads. The refractive index profile is truncated at 
a radius 20µm, i.e. twice the core radius in this case. In our following analysis of optical 
mode, we are only concerned with the part of the waveguide seen by the optical mode of 
interest. We typically truncate the refractive index profile to 2 to 5 times of the core radius 
depending on guiding strength of the waveguide. Using an unnecessarily large cladding 
radius in the analysis can lead to poor numerical stability in the optical mode solver in 
addition to longer computation time. Care is taken in each case to ensure that the truncation 
does not compromise accuracy. 

We then proceed to study the impact of thermal lensing on mode size for three fibers 
with core diameters of 10µm, 20µm and 30µm. All fibers have a NA of 0.06 and a cladding 
diameter of 400µm. This study is conducted for a wavelength of 1.06µm. The respective V 
values are 1.778, 3.557, and 5.335. The 10µm-core fiber is in the single-mode regime and 
the other two fibers are in the multimode regime. The results are shown in Fig. 1 for both 
MFD and eMFD (see figure caption for detailed definition). It can be seen that the results 
from the perturbation method are reasonable for a small normalized thermal lensing 
parameter, but overestimate the effect of thermal lensing when ξQ0w02>0.1. The results for 
the three fibers at ξQ0w02>2 are very close. In this regime, wave guidance is almost entirely 
from the effect of thermal lensing and the original waveguide plays a very small part. At 
smaller ξQ0w02, the single-mode fiber suffers slightly more mode size reduction. The mode is 
much larger than the core in the single-mode regime and this enhances the impact of thermal 
lensing on mode size. MFD and eMFD follows each other fairly closely. A convenient place to 
set the thermal lensing threshold is ξQ0w02=0.5, where the mode size is reduced by ~10% 
and the effective mode area by ~20%.  
 There is a strong interest in understanding the impact of thermal lensing on TMI. TMI 
can be quantified by the TMI nonlinear coefficient χ. TMI threshold is inverse proportional to χ 
and also dependent on input higher-order-mode power and amplifier configuration. Since we 
can easily evaluate the refractive index profile of the fiber under thermal loading, we just need 
to find the fundamental and higher-order modes to evaluate χ under the influence of thermal 
lensing. We have assumed that the fundamental mode is dominating in this case and 
conducted this study for the LP11 mode. Our cylindrical optical vector cannot directly find the 
LP11 mode, but can find its constituent TE01 and HE21 modes. These modes have the same 
radial intensity profile as LP11. We therefore found the radial mode intensity profile for the 
HE21 mode and used this for our study. 

 
Figure 66 Simulated TMI nonlinear coupling coefficient for fibers with core diameters of 
10µm, 15µm, 20µm, 25µm and 30µm respectively. The fiber NA is 0.06 and cladding 
diameter is 400µm. This study is conducted at a wavelength of 1.06µm. Contour lines 

indicate constant thermal load. 
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Figure 67 The LP01 and LP11 modes at 1.06µm in a fiber with a NA of 0.06 and a core 

diameter of 20µm without heat load and with a heat load of 1000w/m, i.e. ξQ0w02 =2.19. The 
cladding diameter is 400µm.  

 We studied 5 fibers with core diameters of 10µm, 15µm, 20µm, 25µm and 30µm 
respectively. The fiber NA is 0.06 and cladding diameter is 400µm. This study is conducted at 
a wavelength 1.06µm. The V values are respectively 1.778, 2.667, 3.557, 4.446, and 5.335. 
The results are shown in figure 66.  The 10µm-core fiber is single mode at low heat load, but 
the LP11 mode is guided when ξQ0w02>0.084. Its TMI nonlinear coupling coefficient χ 
increases until ξQ0w02=~1 as the LP11 mode is increasingly guided. When ξQ0w02>1, thermal 
lensing becomes significant and χ starts to decrease. Thermal lensing pulls all modes to the 
core center, but this is more significant for the fundamental mode (see figure 67). This lowers 
the overlap between the LP01 and LP11 modes, consequently leading to a reduction in χ. A 
similar trend can be seen for the 15µm-core fiber. Since the LP11 is already well guided in this 
fiber with heat load, the initial increase in χ at low heat load is less pronounced. χ starts to 
decrease when ξQ0w02>0.3. The remaining fibers have similar χ at low heat load; this is due 
to that fact that χ changes very slowly at large V [6]. For these fibers, χ starts to decrease 
significantly when ξQ0w02>0.3. Similar studies were conducted for LP02 mode and similar 
trends were obtained. This reduction of TMI at high thermal load is, however, of limited 
practical use as the effect of thermal lensing is significant at this point. For most practical 
fibers, the TMI threshold is also well below this thermal load.  
 We have studied thermal lensing effects in optical fibers with both a perturbation 
method and numerical method and have developed a normalized thermal lensing parameter. 
A simple thermal lensing threshold condition is also developed. We have further studied the 
impact of thermal lensing on TMI and found that strong thermal lensing leads to a reduction in 
TMI. 
 
3.2.9 100µm-core leakage channel fibers 
 
 The 4rd iteration ytterbium-doped glass was measured to have an index of ~4×10-4 
with respect to that of silica glass, much higher than expected. There is clear evidence that 
the fabrication process and residual thermal stress play a role in determining the refractive 
index at this level. The 4th iteration ytterbium-doped glass was made by mixing the 2nd 
iteration (index=~−2.25×10-4) and 3rd iteration (index=~2.3×10-4) with a ratio of 1:1. 

 
Figure 68 The cross section and refractive index of the step-index fiber based on the 4th 

iteration ytterbium-doped glass.  
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Figure 69 Laser efficiency, mode and cross section of the 100/300 ytterbium-doped step-
index fiber based on the 4th iteration ytterbium-doped glass.  

Initially 7-cell 100µm-core LCF was made. It showed clear guidance over each of the 
7 ytterbium-doped core rods. It is therefore decided to reduce the dimension of the dimension 
of each of the core rods by using a 37-cell design. Step-index fibers with 80µm and 100µm 
core was made using 37 4th iteration ytterbium-doped glass rods. The cross section of the 
80µm-core fiber and its refractive index profile are shown in figure 68. The 100/300 fiber (see 
figure 69 for detailed dimensions) was tested for lasing action using two cleaved fiber ends. 
The pump absorption was measured to be ~10dB/m at ~976nm.The efficiency is ~55% and 
~73%, with respect to the launched and absorbed pump powers respectively. The output is 
reasonably single mode. 

 
Figure 70 LP11 mode loss versus relative area ratio of the cladding core to the central core for 

fundamental mode loss of 0.1dB/m (61-cell-core design). 

 
Figure 71 The three-layer and 61-cell-core design and its LP11 and LP01 mode losses versus 

d/Λ.  

LCF design studies were conducted for 61-cell-core design. The design is 
summarized in figure 70 by plotting the LP11 mode loss when the fundamental mode loss is 
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0.1dB/m versus relative area ratio of the cladding core and the central core. Some designs 
are also shown in figure 70. Impressive HOM loss of ~55dB/m can be achieved for a 
fundamental loss of 0.1dB/m. Such design also has reasonable tolerance to geometrical 
errors (see the tolerance in the area ratio for achieving HOM loss in excess of 50dB/m in 
figure 70). The best design is achieved with three layers of low-index nodes (index of 8×10-4 
below that of silica) around the central core. The optimum design is achieved at d/Λ=0.445 
where the fundamental mode loss is 0.1dB/m (see figure 71). The design also has weak 
wavelength dependence (see figure 72). The second mode TE01 clearly shows resonance 
with cladding cores (see figure 72). The fabrication plan is illustrated in figure 73. The cross 
section of the fabricated fiber is shown in figure 74 along with its key dimensions listed. 

 
Figure 72 The wavelength dependence of the optimum design and its TE01 mode. 

 
Figure 73 Fabrication plan for the optimized 61-cell-core LCF. 

 
Figure 74 Fabricated LCF and its key dimensions. 

The laser was constructed with two cleaved ends and its efficiency was characterized along 
with output mode when fiber was straight (see figure 75). The measured efficiency is ~74% 
and ~92% with respect to the launched and absorbed pump powers respectively. The mode 
shows clear multi-mode output. The high index of the ytterbium-doped core glass significantly 
detuned the HOM coupling and consequently degraded HOM suppression of the original 
design. 
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 The mode pattern did not show much improvement when the fiber was coiled in 
various configurations. In an amplifier arrangement, the improved output mode was achieved 
(see figure 76), but the output mode starts to degrade when pump power is increased.  
 To prove the degraded output mode is due to the high refractive index of the 
ytterbium-doped glass in the core, we fabricated and tested a passive LCF made with silica 
rods in the core instead of the ytterbium-doped rods. The passive LCF has the same 
dimensions as the active LCF. The output mode is shown in figure 77, clearly demonstrated 
the expected fundamental mode. 

 
Figure 75 Measured laser efficiency and modes when fiber is straight. 

 
Figure 76 Output mode in an amplifier configuration when pump was off. 

  

 
Figure 77 Output mode measured from a passive LCF. 

 Long taper at the input end in an amplifier configuration can improve mode quality at 
the output of the ytterbium-doped LCF. In the long run, improved ytterbium-doped glass is 
required to make 100µm-core LCF to work robustly. 
 
3.2.10 Ytterbium fiber laser at 980nm. 
 

The three-level system of Yb fiber lasers at ~976nm has attracted much attention in the 
past two decades. The initial interests in the late nineties were largely driven by the need for 
higher pump powers for the increasing power-demand of erbium-doped fiber amplifiers in dense 
wavelength-division-multiplexing optical communication systems. The recent interests are mostly 
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in pumping ultrafast solid-state and fiber lasers. Such lasers are critical for rapidly emerging 
micro-machining applications. Peak powers in these lasers are limited by optical nonlinearities, 
which can be overcome by using shorter lasers. Solid-state lasers and core-pumped fiber lasers 
are powerful approaches to mitigate optical nonlinearities. Diffraction-limited pump powers at 
~976nm of at least a few tens of watts are required for these applications. In addition, 976nm 
fiber lasers can also be frequency-doubled to 488nm for many other applications including 
pumping Ti: Sapphire lasers near its peak absorption and underwater communications and 
sensing.  

To achieve the required power of over a few tens of watts, cladding-pumping is 
necessary. The major limit to the efficient operation of cladding-pumped three-level Yb fiber 
lasers is the competing four-level systems operating at longer wavelengths and the necessary 
high inversions. The four-level system has much higher gain at low inversions. To suppress its 
operation, higher inversion is required and has to be maintained throughout the fiber, causing a 
large amount of the pump to leave the fiber. It has long been recognized that a large core-to-
cladding ratio is the key to efficient three-level fiber lasers. A given inversion is maintained largely 
due to the competing effects of pumping and stimulated emission rates, which are determined by 
the pump and signal intensities once absorption and emission cross sections are fixed. A 
relatively smaller pump waveguide leads to lower pump power leaving the fiber for a given pump 
intensity. Since single-mode operation sets an upper limit on core diameter, large core-to-
cladding ratio therefore sets an upper limit on cladding size and consequently available pump 
powers. 

We report the use of all-solid photonic bandgap fibers for efficient three-level cladding-
pumped Yb fiber lasers. The all-solid photonic bandgap fibers provide two major benefits. Firstly, 
they allow robust single-mode operation of coiled fibers at large core diameters and therefore 
enable large core-to-cladding ratio. Secondly, they also provide efficient suppression of the four-
level system by distributed loss arising from placing these lasing wavelengths to be outside the 
bandgap. In addition, these flexible all-solid photonic bandgap fibers can be readily integrated into 
all-fiber monolithic fiber lasers, unlike rod-type photonic crystal fibers 
 
3.2.10.1 All-solid photonic bandgap fibers for Yb three-level fiber lasers with free-space optics 
    

 
Figure 78.  (a) Cross section of the Yb-doped multiple-cladding-resonance all-solid photonic 
bandgap fiber and (b) bend loss measured from a passive all-solid photonic bandgap fiber of 

identical design (coil diameters are shown in the legend). 

The cross section of the Yb all-solid photonic bandgap fiber is shown in Figure 78 (a). 
The fiber has a core with corner-to-corner distance of 24µm and side-to-side distance of 21µm. 
The cladding has a corner-to-corner distance of 131µm and side-to-side distance of 124µm. The 
fiber is coated with low index acrylate to provide a pump NA of ~0.46. The pump absorption was 
measured to be ~1.76dB/m at 915nm. A passive fiber of identical design was drawn first and its 
bandgap position was measured in order to determine the target dimension for the active fiber. 
The background loss for core propagation in the passive fiber was measured to be around 
20dB/km at ~976nm. Bend loss was also measured on the passive fiber for bend diameters of 
20cm, 30cm and 40cm. This is given in Figure 78 (b), showing negligible bend loss for coil 
diameters of 20cm at the lasing wavelength of ~976nm. The high bend loss at the longer 
wavelengths is related to the long wavelength edge of the bandgap, which is optimally positioned 
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for the suppression of the Yb four-level system without incurring loss on the three-level system at 
~976nm. The low-loss window was measured to be around 400nm wide in a passive fiber and the 
lower wavelength edge of the bandgap is just below 600nm for the active fiber, not shown in 
Figure 78 (b). 

 
Figure 79.  A laser configuration used in the experiment (DM: dichroic mirror, HR: FBG high 
reflector, >99.5%). A few other alternative arrangements were also used. 4%+4%: straight 

cleaves at both fiber ends, 4%+HR: straight cleave at the pump end and HR at the other end, 
1%+HR: 1% FBG output coupler at the pump end and HR at the other end, angle+HR: angled 
cleave at the pump end and HR at the other end, angle+angle: angled cleaves at both ends. 

The basic laser arrangement is a counter-pumped configuration shown in Figure 79. A 
number of alternative laser configurations were also used, including 4%+4%, 4%+HR, 1%+HR, 
angle+HR, angle+angle. The details are explained in the caption of Figure 79. FBGs were written 
in-house using a frequency-quadrupled YAG laser at 266nm. A matching 25/125 photosensitive 
fiber was made in-house for the HR FBGs. The all-solid photonic bandgap fiber can be easily 
spliced like conventional fibers. For some arrangements, several different fiber lengths were also 
tested. This was done by repeatedly cutting back the same fiber. The coil diameter was 10cm in 
all cases. We tested several coil sizes down to 10cm and found very little efficiency degradation 
at 10cm. Outputs at both fiber ends were monitored along with residual pump. The pump was 
delivered in a 0.22NA 105/125 fiber. We started with a 100W 915nm pump diode. 

 
Figure 80. (a) Simulated efficiency at 976nm versus coupled pump powers at 915nm (signal loss: 
0.02dB/m, pump loss: 0.02dB/m) and measured efficiencies versus fiber length for a number of 

laser arrangements and (b) measured thresholds. 

The efficiency of the laser was simulated using a homemade Matlab code taking account 
of local pump, signal, and ASE powers in both directions as well as local inversion. All the optical 
powers were initially propagated forward numerically with appropriate boundary conditions at the 
fiber input and guessed values were used for all other parameters which could not be determined. 
Once the propagation reached the fiber end, only the appropriate parameters at the output end 
were reset by the required boundary conditions and all the optical powers propagated numerically 
backward. Once the input was reached, only the appropriate parameters at the input were reset 
by the required boundary conditions. This was repeated until numerical convergence was 
achieved. The simulation was performed for 4%+4%, 4%+HR, and 1%+HR, shown in Figure 80 
(a). Both outputs were considered for the efficiency calculations. The efficiencies are very close in 
these three cases. There is a only small difference especially for shorter fibers. This is mostly due 
to the different total cavity losses, with lower total cavity loss leading to slightly higher efficiency. 

The efficiency was measured in a number of configurations. Laser outputs from both 
ends were added for the calculation of the efficiency. This is also summarized in Figure 80 (a). 
We started with 4%+4%, since this was the easiest one to test. An efficiency of ~72.6% was 
achieved with 10m fiber. Maximum output for laser 1 (pump end) was 19.9W and laser 2 was 
31.5W in this case. The M2 for the laser 1 (pump end) was measured to be ~1.3. 
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Several other configurations were also tested. This included 4%+HR, angle+HR, and 
angle+angle. The high cavity gain is sufficient to enable lasing for schemes with not only one 
angled cleave but two angled cleaves, albeit with a slight efficiency reduction. The efficiency 
decreases beyond 10m. This is expected when inversion falls too low far from the pump end, also 
evidenced by an increase in threshold with longer fibers shown in Figure 80 (b).  

We also sought to maximize the ratio of output powers of laser 1 to laser 2 for counter-
pumping schemes (Figure 81 (a)) and the ratio of output powers of laser 2 to laser 1 for co-
pumping schemes (Figure 81 (b)). There are a few interesting observations. Using HR FBG with 
a reflectivity >99% typically over ~2nm in wavelength, we still observed output passing through 
the FBG HR (laser 2). A typical laser output spectrum has a 3dB bandwidth of 1-2nm and 10dB 
bandwidth of ~4nm. The ratio of outputs of laser 1 to laser 2 is maximized with angle+HR scheme 
for the counter-pumping case shown in Figure 81 (a). These indicate a strong ASE nature of the 
fiber lasers, where a higher refection at the pump end increases laser 2 output, vice versa for 
laser 1 output. The ratio also decreases for long fiber lengths. We have also observed a 
significant amount of light at the laser wavelength in the cladding for lasers 2 for long fibers in the 
counter-pumping cases shown in Figure 81 (a). For the co-pumping schemes in Figure 81 (b), the 
ratio of output of laser 2 to laser 1 is maximized for HR+angle scheme, i.e. HR at the pump end.  

 
Figure 81. (a) Ratio of output powers of laser 1 to laser 2 for various counter-pumping schemes, 

and (b) ratio of output powers of laser 2 to laser 1 for various co-pumping schemes. 

 
Figure 82. (a) Output powers of laser 1 and Laser 2 and residual pump versus coupled pump 

power and (b) M2 measurement, M2=1.11 and 1.12 respectively for x and y axis at 80W for laser 
1. The laser is in angle+HR configuration with 9m fiber. 
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Figure 83. Spectra of laser 1 at various powers of the laser detailed in Fig. 5, (a) wide spectral 

range and (b) close-in at the lasing wavelength. 

For angle+HR configuration with 9m fiber length with a 200W 915nm pump diode, the 
output powers of laser 1 and 2 along with residual pump power are plotted in Figure 82 (a). In this 
case M2 was measured to be 1.11 and 1.12 respectively for the two axes at 80W for laser 1 
(Figure 82 (b)). M2 was also measured at several other powers throughout the output power 
range and was found to change very little. The efficiency with regard to the coupled pump power 
is 62.7% for just laser 1 output. The efficiency of the combined output powers of laser 1 and laser 
2 with regard to the absorbed pump power is ~94%, at the quantum limit. For most of the lasers 
tested even involving fibers which have been repeatedly used over many month, the efficiency of 
the combined output powers with regard to the absorbed pump power is mostly very close to the 
quantum-limited efficiency, a testament to the low excess loss and photo-darkening of the fiber.  
The ASE at ~1026nm was well suppressed with signal-to-noise ratio >40dB (Figure 83 (a)).  

We are currently planning for testing in monolithic fiber laser configurations as next phase 
of the program. More quantitate lifetime test is planned in a monolithic arrangement, as many 
longtime instabilities of the current setup can be eliminated then. Test of pump recirculation is 
also planned in the next phase.  

One interesting observation of the Yb three-level fiber laser is its broad spectral 
bandwidth, almost ASE like (see Figure 83 (b)). The saturation intensity of Yb fiber lasers at 
~976nm is expected to be low due to the relatively high absorption and emission cross sections. 
This alone would have not caused the broad laser spectrum if the spectral linewidth of the gain 
were homogeneously broadened. If spectral linewidth of the gain is dominated by 
inhomogeneous broadening, then gain saturation can lead to a broad laser spectrum.  

 
Figure 84. (a) Output powers for seed on and off versus coupled pump powers at ~915nm, (b) 
spectra for seed on and off at various pump powers, and (c) the differential spectra for various 

pump powers. 
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For erbium-doped glass, the emission at ~1550nm was found to be mostly a 
homogeneously broadened line at room temperature. This is due to the small Stark splitting of in 
the order of 20-80cm-1, leading to rapid redistribution among adjacent Stark Levels at room 
temperature on the order of ps.  Spectral hole burning can be used to characterize homogeneous 
linewidth in a inhomogeneously broadened system. This was expected to be hard to see at room 
temperature in an erbium-doped fiber due to its homogeneously broadened nature. It was 
however observed to have a spectral width of 4-8nm dependent on wavelength. As expected for 
a largely homogeneously broadened system, the maximum spectral hole depth was only 
measured to be ~0.3dB in this case. 

On another hand, Stark splitting of 2F5/2 and 2F7/2 levels in a ytterbium-doped fiber is in 
the order of 500-700cm-1, an order of magnitude larger than that for the erbium transition at 
~1550nm, and the transition at ~976nm is originated from a single transition between the lowest 
Stark lines of 2F5/2 and 2F7/2 levels. In this system, redistribution among adjacent Stark levels at 
room temperature is much slower and consequently is expected to play a much lesser role.  

In order to measure the homogenous linewidth of the transition at ~976nm, we attempted 
to measure spectral hole burning. A counter-pumped amplifier was set up using 3.5m fiber with 
both ends angle-cleaved. A single-mode diode at ~976nm was used as the seed laser. 519mW 
was launched into the fiber after passing a fiber-coupled isolator. The spectral linewidth of the 
seed laser cannot be fully resolved by our OSA with 20pm resolution. For each pump power, two 
spectra were collected, one with the seed off and one with the seed on. The respective powers at 
the output were also measured after the pump was rejected by a dichroic mirror.  

The output powers for both seed on and seed off are plotted in Figure 84 (a) versus 
coupled pump powers. The spectra for seed on and seed off for three pump powers at 3.3W, 
13.2W and 42.8W are given in Figure 84 (b). The OSA spectral resolution is 20pm for all spectra 
collected. At the low pump power of 3.3W, the seed laser spectrum can be clearly see to be 
resolution limited without any side bands. At pump powers of 13.2W and 42.8W, spectral hole 
burning can be clearly seen by comparing the spectra for seed on and off. At the pump power of 
42.8W, lasing can be seen at ~978.2nm. The spectral difference between seed on and off are 
plotted in Figure 84 (c) for various pump powers in order to see the spectral hole burning clearly. 
The FWHM of the spectral hole is ~1nm. It is worth noting the significant depth of the spectral 
hole of up to 6dB in this case, indicating the emission at ~976nm is mostly inhomogeneously 
broadened. The low saturation intensity and inhomogeneous nature of the emission can easily 
explained our observed broad laser linewidth. This also implies the difficulty of achieving narrow 
linewidth and high power from this system using either an oscillator or amplifier configuration. To 
our knowledge, this is the first time that spectral hole burning is observed in a ytterbium-doped 
fiber.   

In summary, we have demonstrated efficient Yb three-level fiber lasers operating at 
~976nm using Yb-doped all-solid photonic bandgap fibers with free-space optics. Single-mode 
operation with a record 62.7% efficiency with regard to the coupled pump power was 
demonstrated for the Yb-three-level cladding-pumped fiber lasers with single-pass pump. The 
highest single-mode output power was 84W at ~978nm, only limited by the pump power. 
Efficiency with regard to the absorbed pump power was ~94%, reaching quantum limit. In 
addition, we find that the Yb three-level system is mostly inhomogeneously broadened with a 
homogenous FWHM bandwidth of ~1nm. 
 
3.2.10.2 Monolithic all-solid photonic bandgap fibers for Yb three-level fiber lasers 
 

We have demonstrated an all-fiber monolithic fiber laser operating at ~978nm which was 
built using in-house fabricated Yb-doped double-clad all-solid photonic bandgap fiber. We have 
achieved continuous wave output power of 151.4W with laser slope efficiency of 63%. Compared 
to our previous report using bulk optics for pump and output coupling, we have increased 
maximum output power by a factor of ~2 while maintaining the high laser efficiency in an all-fiber 
monolithic laser scheme. Furthermore, we have conducted long term power stability test.  

The cross section of the all-solid photonic bandgap fiber used in this work is shown in 
Figure 85 along with the measured bend loss showing the carefully engineered bandgap of the 
active fiber for the suppression of the Yb 4-level system. The fiber can be coiled down to below 
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20cm diameter without significant in-band bend loss and show strong loss above ~980nm due to 
a loss of core guidance. This fiber was designed and fabricated in-house by the optical fiber 
fabrication facility at Clemson University. It is the same active fiber as the one used in our 
previous work. The fiber has a core with a corner-to-corner distance of 24μm and side-to-side 
distance of 21μm. The cladding has a corner-to-corner distance of 131μm and side-to-side 
distance of 124μm. The fiber is coated with low index acrylate to provide a pump NA of ~0.46, 
and the cladding pump absorption was measured to be ~1.76dB/m at 915nm. 

 
Figure 85. The 2D all-solid photonic bandgap fiber cross section and measured bend loss at 

20cm, 30cm and 40 cm coil diameters in a passive fiber which has the same bandgap structure 
as the active fiber. 

The basic laser arrangement is a counter-pumped monolithic configuration shown in 
Figure 86 with two pump diodes at ~915nm (200W, 0.22NA 105/125µm) spliced to a 2+1 pump 
combiner. Three meters of 20/105µm Er-doped fiber with a highly Er doped core (7wt% Er) coiled 
at 5cm in diameter was used in each pump path to absorb any backward propagating leakage 
light at the lasing wavelength at ~978nm. Pump loss at ~915nm was measured to be ~0.1dB for 
the 3m Er fiber and ~0.46dB for the pump combiner. The high-reflectivity fiber Bragg grating 
(FBG) was written in-house using a frequency-quadrupled YAG laser at 266nm in a 24/125µm 
photosensitive fiber which was also made in-house. The FBG has a reflectivity of >99% and a 
bandwidth of 2nm. The output is angle cleaved. This configuration was previously found to 
minimize output at the FBG end, i.e. laser 2 in Figure 86, without compromising the laser 
efficiency. 

 
Figure 86. Configuration of the Yb 3-level-system monolithic fiber laser. 

 
Figure 87. Laser performance versus active fiber length. Laser efficiency: accounting for just 
output power from the pump combiner with respect to the launched pump, total efficiency: 

accounting for both laser output powers with respect to the launched pump, residual pump: with 
respect to the launched pump power, and laser 2: with respect to the launched pump.  
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The length of the bandgap fiber was optimized first by progressively cutting back the 
bandgap fiber while fully characterizing the laser performance.  The bandgap fiber was coiled to 
15cm diameter, and the residual pump light as well as the light at the lasing wavelength (laser 2) 
were monitored at the far end. 

Laser efficiency, total efficiency, residual pump as percentage of the launched pump 
power, and laser 2 as percentage of the launched pump power are shown versus the photonic 
bandgap fiber length in Figure 87. The optimized fiber length is ~13m, and 12.3m fiber was used 
in the last experiment. The reason we ended up using only 12.3m long active fiber in the final test 
is that we had been using the same piece of active fiber for several measurements. Eventually, 
the active fiber got shortened during this process due to cut-back measurements and fiber 
cleaving. But, we did not replace the active fiber with a new piece because of limited amount of 
active fiber left in the lab. 

Output powers with a single pump and double pump are shown in Figure 88, with the 
spectra at various powers. This output power does not include the output power at laser 2. A 
maximum output power of 90.9W at the output was achieved with a single pump and 151.4W with 
double pumping, limited by available pump powers in each case. The corresponding output for 
the double pumping at laser 2 is 7W, i.e. 4.4% of total power of 158.4W. With double pumping, 
the efficiency was ~63% and ~75.4% with regards to the launched pump power after the 
combiner and absorbed pump power respectively. The efficiency of ~63% is at the same level as 
the efficiency of 62.7% that we achieved in a free-space bulk optics laser configuration. However, 
the novelty in this work is that we were able to achieve much higher output power using a 
practical monolithic configuration. The ASE from the 4-level system was well suppressed to below 
40dB at highest laser output power. 

The M2 at ~150W was 1.25/1.24 (Figure 89), which was also found to be almost constant 
across the whole power range. The M2 at ~3W was 1.20/1.21. 

 
Figure 88. Left: measured output versus pump power for both with respect to the launched pump 
power and absorbed pump power; Right: measured output spectrum for double pump case under 

various output power. 

 
Figure 89. M2 measurement at output of 3W and 150W. 
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Figure 90.  Laser stability test at 75W. Laser was turned off at t=60.8hrs. 

Photo-darkening increases significantly with inversion levels in Yb fiber lasers and is 
expected to be a severe problem for the Yb 3-level system due to its high inversion. The Yb 
phosphosilicate core glass used in our fiber is well known for its high resistance to photo-
darkening, and it exhibited negligible degradation of laser performance over a period of several 
months and numerous tests. We have conducted a long-term power stability experiment over ~60 
hours with a single-pump configuration under the output power at ~75W (Figure 90). Apart from 
some power fluctuations in the few percent levels, most likely due to temperature changes in the 
lab, there was very little sign of photo-darkening. It is worth mentioning that the long term stability 
test was performed with only a single pump. This is because we wanted to be safe while running 
the laser continuously especially over several nights. 
 

4. Conclusions 
 

The project is to develop double-clad hollow-core Raman gas lasers (Thrust I) and 
100µm ytterbium-doped leakage channel fibers (Thrust II), both for power scaling of fiber 
lasers to well beyond kW. In thrust I, we have made significant progress in the fabrication of 
hollow-core fibers. Fibers with loss of <0.05dB/m at 3µm has been demonstrated.  

In thrust II, we have made significant breakthrough in demonstrating efficient flat-top 
mode in active LCF with effective area of 1900µm2 and record quantum-limited efficiency of 
~95%. Systematic design study of 100µm-core multiple-cladding-resonance leakage channel 
fibers have been conducted. The 3rd iteration ytterbium-doped glass with an index of ~2.3×10-

4 has enabled the demonstration ytterbium-doped 30µm-core LMA fiber operating near 
single-mode regime, proving that LMA fibers with arbitrarily low NA can be reliably made. 
Using 50/400 ytterbium-doped leakage channel fiber, we have systematically studied fiber 
lasers between 1000nm-1020nm, achieving slope efficiency >70% with respect to the 
launched pump power at 1018nm in 400µm cladding. A study on thermal lensing is also 
conducted. More recently, we have demonstrated record single-mode power of 220W at 
1018nm using a 50/400 ytterbium-doped all-solid photonic bandgap fiber.  

We have completed the 4th iteration ytterbium-doped glass in this period, which has a 
higher than expected index of 3.8×10-4 with respect to that of silica. This clearly shows that 
composition is not the only factor in determining the refractive index; the fabrication process 
and residue stress also play a role. More work is necessary to understand this in details. The 
high refractive index of the doped core glass significantly detuned the cladding resonance 
necessary to suppress HOM. Multimode output was observed in the fabricated 100µm-core 
ytterbium-doped LCF, while singe mode was observed at the output of a passive LCF with an 
identical design. With an amplifier arrangement, the mode can be improved for the ytterbium-
doped LCF. We are working on making a long taper at the input end of an amplifier to make 
this more robust. In the long run, much improved ytterbium-doped glass is essential for 
making fiber core dimension in the order of 100µm.  

We are currently planning for another Yb glass iteration in 2019. This is the key to 
reach our goal of single-mode Yb lasers in 100µm-core fibers. Current preform capacity is 
occupied by ongoing works especially thulium glass efforts for AFRL.  
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We also have demonstrated that the Yb 3-level system at ~978nm can be operated just 
like the well-established Yb 4-level system in achieving single-mode high-power laser output with 
comparable efficiency using a Yb-doped double-clad all-solid photonic bandgap fiber with its 
bandgap optimized to suppress the 4-level system in a practical monolithic setup. We have 
achieved record output power of 151.4W, M2 of ~1.2 at full power, and laser efficiency of 63% 
with respect to the launched pump power in an all-fiber monolithic Yb-doped double-clad all-solid 
photonic bandgap fiber laser. 
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