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Why mid-infrared?
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* Medicine (e.g. surgery, dermatology..)

« Micromachining and materials processing (e.g. plastics welding)
« Tool for basic science and R&D laboratories

+ Etc...
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Broadband mid-IR sources
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A. Schliesser, N. Picqué, T. W. Hansch, “Mid-infrared frequency combs”, Nature Photonics 6, 440-449 (2012).
C. W. Rudy, “Mid-IR Lasers: Power and pulse capability ramp up for mid-IR lasers”, Laser Focus World 05/02/2014
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Outline

1) Mode-locked fiber lasers based on Thulium- and
Holmium-doped fibers

2) Coherent supercontinuum generation pumped with
femtosecond pulses at 1560 nm

3) Widely tunable all-fiber sources (1700 — 2100 nm) based
on Raman-induced soliton self-frequency shift in highly
nonlinear fibers

4) Mid-IR generation via difference frequency generation in
nonlinear crystals (3-4 and 6-9 um)
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2. Mode-locked fiber lasers with graphene-based saturable absorbers

Our first experiments (Nov 2011)
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2015: prototypes of ultrafast lasers

Typlcal performance
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Wavelength: 1§6@\nm
Bandwidth: > 20 nm
Pulse duration: < 200 fs
Repetition rates: 50, 100, 125 MHz

J. Sotor, G. Sobon, K. Krzempek, G. Dudzik, K. M. Abramski, ,Ultra-Graph” (NCBIR, GRAF-TECH), 2013-2015
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Now: we're still upgrading
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3. Supercontinuum generation in photonic crystal fibers

All-in-fiber supercontinuum? No problem!

HNLF fiber:
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2. Mode-locked fiber lasers

Femtosecond 1.9 um (Tm3*) lasers

e Dispersion-balanced lasers (,stretched-pulse”)
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Femtosecond 1.9 um (Tm3*) lasers

* Normal-dispersion lasers (, dissipative soliton”)
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Bandwidth: >60 nm (10 dB)
Pulse duration: 198 fs
Average power: 9 mW
Repetition rate: 20 MHz

Broadest optical spectra generated
from a Tm-doped fiber laser so far

G. Sobon et al., Opt. Express 24, 6156-6161 (2016)
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2. Mode-locked fiber lasers

Femtosecond 2.1 um (Ho3*) lasers

 Anomalous-dispersion lasers (conventional soliton)
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Femtosecond 2.1 um (Ho3*) lasers

e Balanced-dispersion cavity
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M. Pawliszewska et al., Opt. Lett. 43, 38-41 (2018)
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4. Soliton self-frequency shift in nonlinear fibers

Soliton self-frequency shift

—

COST Action MP1401, WG2 Technical Meeting 8 — 9 February 2018, Vienna, Austria ‘%@ Wroctaw University
of Science and Technology




[es]
o

Dispersion [ps/nm/km]
soa
o

2]
o
|

4. Soliton self-frequency shift in nonlinear fibers

Alternative to Tm-/Ho- mode-locked lasers!

fiber
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Soliton self-frequency shift (SSFS)

F. M. Mitschke, L. F. Mollenauer, “Discovery of the soliton
self-frequency shift”, Opt. Lett. 11, 659-661 (1986)

«
* *
* *
* *
UNIWERSYTET MARII CURIE-SKEODOWSKIES
* * W LUBLINIE
* *

Fiber: dr Pawet Mergo,
UMCS Lublin

Fiber SEM images:

J. Sotor, G. Sobon, Laser Phys. Lett. 13, 125102(2016)
G. Sobon et al., Photonics Research 5, 151-155 (2017)
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4. Soliton self-frequency shift in nonlinear fibers

SSFS source (1700 — 2100 nm)
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4. Soliton self-frequency shift in nonlinear fibers

Amplification of SSFS
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Why SSFS can be better than a Tm/Ho-laser?

e Tm-doped and Ho-doped fibers are much more
expensive than Er-doped fibers
(300-500 US S/m vs. 60-70 US S/m)
e Complicated pumping scheme
— Tm:fiber 2 pumping at 1565 nm
— Ho:fiber 2 pumping at ~1.9 um
e No tunability

e Dispersion compensation required
(PM DCF for 2 um: 200 US S /m)
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5. Difference frequency generation (DFG)

Difference frequency generation
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Difference frequency generation
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1060 + 1550 nm = ~3.3 um
1550 + 1950 nm = ~7.5 um




Short-wave (3—4 um) mid-IR generation
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5. Difference frequency generation (DFG)

2.7 —4.2 um coherent DFG source

e Signal for DFG: nonlinear frequency shift
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5. Difference frequency generation (DFG)

2.7 —4.2 um coherent DFG source
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G.Sobon, T.Martynkien, P.Mergo, L.Rutkowski, A.Foltynowicz, Opt. Lett. 42, 1748-1751 (2017)
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5. Difference frequency generation (DFG)
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5. Difference frequency generation (DFG)
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Summary

e Mode-locked fiber lasers based on Thulium- and Holmium-doped
fibers with graphene as saturable absorber

e Coherent supercontinuum generated in normal-dispersion fibers,
pumped with femtosecond pulses at 1560 nm (also all-in-fiber!)

e Widely tunable all-fiber sources (1700 — 2100 nm) based on
Raman-induced soliton self-frequency shift in highly nonlinear
fibers — interesting alternative to Tm-/Ho-doped fiber lasers

e Mid-IR generation via difference frequency generation in
nonlinear crystals: widely-tunable 3-4 and 6-9 um sources
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