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Mid-Infrared Fiber Lasers
(RTO-MP-SET-171)

Executive Summary

Mid-infrared laser sources are needed for active countermeasure systems against the next generation of heat
seeking missiles, and for long range remote sensing of targets and threats. Fiber lasers are inherently more
suitable for these applications than conventional solid state lasers, offering optical confinement, reduced
environmental sensitivity, and simplified thermal management. Although recent years have brought
significant advances in fiber laser technology, these have focused on silica-based fibers, whose utility is
limited to the short wavelength end of the mid-infrared due to absorption. No fiber laser has yet been
demonstrated at wavelengths longer than 3 microns, the low end of the mid-IR atmospheric transmission
window.

The purpose of this workshop was to assemble leading researchers in the field of fiber laser technology to
establish the collective state-of-the-art in mid-IR (non-silica) fibers, and to identify the most promising
strategies for developing new mid-IR fiber sources. Both fiber lasers and amplifiers, and fibers for
nonlinear frequency conversion (e.g. Raman, supercontinuum) will be considered. Topics covered in this
workshop included: fiber growth and fabrication, material characterization and spectroscopy, pumping
requirements, resonator geometries and bragg gratings, and theory and modelling.

A total of 8 speakers presented their research on a variety of fibers designed to emit directly at wavelengths
> 3 microns, fibers for nonlinear frequency conversion into the mid-infrared (e.g. supercontinuum, Raman)
and improved fiber pump sources for bulk frequency conversion (x®) devices operating in the mid-IR,
including novel components needed for a fiber laser system. Treatments ranged from development of
relevant theory to experimental results and practical applications of fiber technology. Presenters were invited
to highlight lessons learned, best practices, and current challenges in expanding fiber-based sources in the
mid-infrared spectral range.
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Les fibres laser infrarouge moyen
(RTO-MP-SET-171)

Synthese

Les sources laser en infrarouge moyen sont nécessaires aux systemes actifs de contremesures pour lutter
contre la prochaine génération de missiles IR, et pour la télédétection a longue distance des cibles et des
menaces. Les lasers a fibres sont intrinsequement mieux adaptés a ces applications que les lasers a I’état
solide conventionnels, offrant un confinement optique, une sensibilité environnementale réduite, et une
gestion thermique simplifiée. Bien que ces derniéres années aient apporté de réels progres dans la
technologie des lasers a fibres, ceux-ci se sont concentrés sur les fibres a base de silice, dont I’utilité est
limitée, a cause de leur absorption, a la frange des longueurs d’onde courtes dans I’infrarouge moyen.
Aucun laser a fibres n’a encore fait I’objet d’une démonstration pour des longueurs d’ondes supérieures a
3 microns, valeur basse de la fin de la fenétre de transmission atmosphérigue en IR moyen.

L’objet de cet atelier a été de réunir les plus grands chercheurs dans le domaine de la technologie des lasers a
fibres pour établir un état de I’art collectif des fibres en IR moyen (silice exclu), et d’identifier les stratégies
les plus prometteuses pour développer les nouvelles sources de fibres en IR moyen. Les lasers a fibres et les
amplificateurs, ainsi que les fibres pour la conversion des fréquences non linéaires (par exemple le Raman,
le supercontinuum) seront pris en compte. Les sujets abordés par cet atelier comprenaient : Le développement
et la fabrication des fibres, la caractérisation et la spectroscopie des matériaux, les exigences concernant le
pompage, les géométries des résonateurs et les réseaux de Bragg, et aussi la théorie et la modélisation.

Huit (8) intervenants au total ont présenté leurs travaux sur différentes fibres congues pour émettre
directement a des longueurs d’onde supérieures a 3 microns, des fibres pour la conversion des fréquences
non linéaires en infrarouge moyen (par exemple, le supercontinuum et le Raman) et des sources de pompage
de fibres améliorées pour des dispositifs de conversion des fortes fréquences (x®) utilisées dans les milieux
IR, comprenant de nouveaux composants nécessaires pour les systemes de lasers a fibres. Le traitement des
recherches a été fait en partant du développement de théories pertinentes jusqu’aux résultats expérimentaux
et aux applications pratiques de la technologie des fibres. Les intervenants ont été invités a souligner les
lecons retenues, les meilleures pratiques, et les défis actuels pour développer les sources a base de fibres dans
la gamme spectrale du milieu infrarouge.
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Dr. Rita Peterson Dr. Marc Eichhorn
Air Force Research Laboratory French German Research Institute of Saint Louis
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INTRODUCTION

Mid-infrared laser technology is critical to the development of active sources for defeating a growing spectrum
of heat seeking missiles, as well as for remote sensing of targets and threats. These coherent sources must be
resistant to environmental changes, and sufficiently compact and conformable to fit in a variety of platforms
including large transports, combat aircraft, helicopters, and even UAVs. Fiber lasers have distinct advantages
over conventional bulk solid state lasers. Their optical confinement reduces the need for free space optics which
are sensitive to misalignment, and to such environmental conditions as dust, vibration, and moisture. Their
inherent geometry simplifies thermal management and supports distributed system architectures. Although
recent advances in fiber laser technology have been significant, with output powers in kW demonstrated by
several research groups, no fiber laser has yet been demonstrated at wavelengths longer than 3 microns, the low
end of the mid-IR atmospheric transmission window. Passive transport fiber and fiber-based optical devices for
the mid-IR are still rare, lossy and relatively fragile. Extending into the mid-IR the considerable advantages of
fiber technology would provide laser sources that are efficient, robust, compact, potentially high in power, and
spectrally suited to critical military applications like infrared countermeasures.

THEME OF WORKSHOP

Fiber lasers and fiber technology devoted to telecom applications are very well developed and sources
delivering kW output powers have been demonstrated. Recent advances in the 2 um wavelength range have
also been demonstrated but there is still a lack of fiber components. Theoretical modelling and designs of fiber
lasers emitting beyond 3 um have been done but no fiber laser has yet been demonstrated. State-of-the-art,
issues, challenges and potential of mid-IR fiber technologies were the ocus of the workshop discussion.

PURPOSE AND SCOPE OF WORKSHOP

The purpose of this workshop is to assemble leading researchers in the mid-IR fiber laser field to establish the
collective state-of-the-art, including current fiber and fiber laser technological maturity; to assess the promise
of mid-infrared fiber laser technology for supporting the future broad area situational awareness needs of
NATO; to highlight the current issues and challenges; and to propose ways to advances the state of the art in
mid-infrared fiber laser technology.

RTO-MP-SET-171 T-1
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SUMMARY OF TALKS

1 - Richard Quimby, Worcester Polytechnic Institute, USA

Rare Earth Doped Non-Oxide Glasses for Mid-IR Fiber Lasers

Richard Quimby of Worcester Polytechnic Institute gave the opening presentation of the workshop, as one of
the two keynote speakers. His presentation was split into four parts, first an overview of mid-IR rare earth
transitions, then theory and experiment on non-radiative relaxation, following by a presentation of the fiber
laser demonstrated to date and finally the modeling of fiber lasers.

After a short introduction on mid-IR fiber lasers, Prof. Quimby presented the upper limit on transition
wavelength due to the optical transparency band of different glass hosts (selenide, sulfide, fluoride and oxide)
and nonradiative quenching of the upper laser level (giving the rule of thumb: more than 5 photons to bridge
the gap). This shows that nonoxide glass host is necessary for mid-IR laser operation.

The next part of his presentation concentrated on non-radiative relaxation in chalcogenide glasses, in order to
determine if the energy gap law was still valid for this kind of material. Experimental results show that the slopes
of the non-radiative decay rate as a function of the energy gap are similar for almost all rare-earth hosts expect
sulfide glass. The multiphoton rate is determined from the calculated radiative decay and the fluorescence
lifetime measurements and by varying the temperature. Measured extra non-radiative decay is likely due to
energy transfer to localized vibrational modes. Then the author enumerated the different limiting factor to the
performance of chalcogenide fiber laser:

1) Nonradiative quenching of upper laser level;
2) Excited state absorption;
3) Bottle-necking; and

4) Fiber attenuation.

In the third part of his presentation, Prof. Quimby reviewed the state of the art of chalcogenide lasing fiber.
He referenced two published results, first an Er:ZBLAN fiber laser at 2.75 um with 1.7 W output power;
second, a Ho:ZBLAN fiber laser at 2.86 um with 2.5 W output power. Both fibers were co-doped with Pr to
reduce bottle-necking. But no fiber laser above 3 um was reported, and no experimental rare-earth doped
chalcogenide glass fiber laser has yet been demonstrated. For wavelength range 4.5-4.7 pum the possible
candidate seems to be the (6H11/2 — 6H13/2) transition of Dy3+, utilizing the cascading lasing (6H13/2 — °H, s5pn) to
avoid bottle necking.

The last part of this talk was devoted to the simulation of the all fiber cascaded scheme in the case of (6H11/2
— %H,3p) transition of Dy:GeAsGaSe at 4.6 um. Measurements coupled with calculations of emission and
absorption cross-section of the three transitions involved indicate that the optimum pump is at 1710 nm, and
that the optimum intermediate wavelength is 3350 nm. Simulation shows that the lasing of the intermediate
wavelength increases considerably the output power at 4.6um especially at high pump power. He also noted
that fiber loss must be kept under 3 dB/m to obtain efficient lasing between 4.2 and 4.6 um (HSe impurities
can be reduced by purifications techniques).

Prof. Quimby answered audience questions as to the damage threshold of his fiber, which was >2 GWem™. He
added that non-radiative decay does not lead to large heating and that the heat transfer is efficient because of
the small fiber core.
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2 — Markus Pollnau, University of Twente, The Netherlands

Mid-Infrared Lasers: Challenges Imposed by the Population Dynamics of the Gain System

Prof Pollnau gave an extensive talk on population dynamics of the gain media, focused on Er doped material.
He first concentrated his presentation on the model he used, which is the central field approximation with
perturbations. Then he described the different mechanisms that govern the gain media, including stimulated,
spontaneous and interionic processes. As an example he showed that the decay from *Io, level of Er’* due,
in part, to multiphoton relaxation depends on the number of photon required to reach the lower level:
2 photons for oxide material T = 0.5 us, 4 photons for fluoride T =7 us and 7 photons for chloride T =4 ms.

The next part of the presentation dealt with the four-level scheme of the 3 um Er laser, especially the
importance of lower level depletion because of its longer lifetime (t = 9 ms) compared to the upper level
(t = 6.9 ms). The processes that can help to deplete the lower level are ESA (Excited State Absorption),
energy transfer, ETU (Energy Transfer Upconversion) and laser action. In ZBLAN fiber at low dopant
concentration, ESA becomes stronger than GSA (Ground State Absorption) and ETU is not important because
of large distance between ions. In order to simulate the population dynamics it is essential to know the ESA.
Prof. Pollnau presented a technique to measure ESA cross-section. He gave results on pump and probe beam
measurement of ESA at 800nm in ZBLAN:Er*". One result of this measurement is that the best pump
wavelength is 792 nm.

The next part of this presentation was devoted to cascade-lasing regime. Prof. Polllnau showed that the slope
efficiency of a ZBLAN fiber laser at 2.7 pm (4111/2 — 4113/2) can be increased if the *Ss), level is clamped to
threshold inversion by (4S3/2 — 419/2) 1.7 um lasing, because the lower level of the 2.7 um transition is not
populated by the (*S3» — “I;3,) 850 nm pumping. Another way to increase the laser efficiency at 2.7 pum is to
reduce the lower level lifetime relative to the upper level lifetime. This can be done by codoping the fiber with
Pr’*. Then the presentation considered highly doped ZBLAN fiber which favors ETU. Prof. Pollnau explained
how the measurement of luminescence decay can help to determined ETU.

The following section discussed an energy-recycling regime where half of the ions in the lower laser level are
upconverted and can participate in the laser transition at another time, leading to an increase in the efficiency
by a factor two. Finally the thermal issue was tackled. The strong heat load is due to multiphoton relaxations
after the ETU process. The use of cladding-pumped fiber with typical doping concentration of 8.10" c¢m™
reduces ESA and ETU, and exploitation of a cascading process at 1.6 um diminishes other spectroscopic
processes.

To conclude his talk Prof. Pollnau reviewed how the population dynamics of Er’" (3 pum) fiber lasers depend
on Er’" concentration, pump parameters and fiber geometry. The experimental results that he obtained were
(with increasing doping concentration):

1) Core pump, ESA — upper cascade lasing
2) Clad pump, codoping — lifetime quenching
3) Clad pump, ETU — energy recycling

4) Clad pump, laser depletion — lower cascade lasing

The current output power demonstrated is 9 W uncooled and 24 W cooled.
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3 — Marcel Poulain, Université de Rennes / Le Verre Fluoré, France

Fluoride Fiber Sources: Problems and Prospects

Prof. Marcel Poulain from Rennes University and Le Verre Fluoré, France, presented the problems and
prospects of fluoride glass fiber sources. After some comments on pioneering achievements, his talk first
discussed fluoride glass technology and glass processing, and then detailed interesting rear earth transitions
for producing mid-infrared output. Achievements are described in term of optical transmission and spectral
range covered for different doped fiber lasers, as well as the performance of a supercontinuum source based
on a ZBLAN fiber. Finally, problems and prospects of fluoride glass fiber sources were reviewed.

The first glass was discovered by chance in 1975. Most studies concentrated later on the fluorozirconates
based on ZrF, and HfF,, but also AlF;, GaF; and InF; which have significant differences in chemical
durability, glass stability, mechanical strength and hardness and phonon energy. Typical glass compositions
and general physical properties were described and the vacancy model to describe the structure of the glass
was discussed. The glass synthesis is based on several main steps including melting, refining, casting and
annealing with consideration of specific features such as low melt viscosity, volatilization, devitrification and
hydrolysis. Solutions to overcome the water action issue were recommended. The optical quality of samples
was discussed in terms of different defect sources. As several parameters must be considered and optimized,
manufacturing of optical quality glass samples is difficult and time consuming. Fiber manufacturing steps
were outlined starting from powders and ending with finished fibers. A schematic representation of a fiber-
tower was used to describe how fluoride glass fibers for the infrared are pulled from fluoride glass performs
which is influenced by several parameters that have to be optimized.

The second part of Prof. Poulain’s presentation sketched the general features of fluoride optical fibers and of
rare earth doped fluoride fibers in particular, and gave examples of rear earth transitions in the mid-infrared
spectral region. Typical mid-infrared optical transmission of multimode and single mode fiber were presented,
and different fiber designs were listed. Pump transitions and laser transitions were also summarized for rare
earths dopants in ZBLAN. It was also noted that, not onlyl has supercontinuum emission been achieved with
ZBLAN fibers in laboratories, but systems are also commercially available. Various parameters such as the
fiber length, the pump wavelength, etc. can be adjusted. Le Verre Fluoré has developed a commercialized
supercontinuum source emitting from ~0.7 pm to ~4 um

Issues concerning mechanical strength, material aging chemical durability and thermal stability of the fiber
were then discussed. Key processes must become better understood to prevent fiber failure. To prevent liquid
water from coming in contact with the glass surface, fibers are protected by coatings, jacketing, and cabling.
Solutions to protect the end faces have also been developed, such that fluoride fibers have been in use in
industrial environment for more than 10 years. Reliable gratings can be written into fiber by femtosecond
lasers. The damage threshold is critical for high power lasers and supercontinuum generation, and recent
experiments using femtosecond pulses suggest that the intrinsic damage threshold could be higher in ZBLAN
than in silica. The sources of fiber defects have been identified, and the processing parameters must be
adjusted to avoid them.

Future work will include extending the optical window by increasing the content of InF;. Encouraging
laboratory results have been obtained and developments are still in progress. The potential for photonic crystal
fiber (PCF) is large and may be achieved with ZBLAN glass in future, but PCF seems to be more difficult to
achieve with ZBLAN than with silica or chacogenide fibers. Due to ZBLAN’s thermal properties, these PCF
would offer extended possibilities.
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4 — Mohammed Saad, IR Photonics, Canada

Development of Infrared Fibers in Canada

Dr. Mohammed Saad, from IRphotonics, Canada, provided an overview of infrared fiber development in
Canada. After an overview of the company and its capabilities, his presentation dealt first with fluoride glass
properties and fluoride glass fibers and the wavelength range achievable using these materials. Then he listed
the optical and mechanical properties of those fibers and summarized latest achievements for high powers.

The overview of the fluoride glass families highlighted that hundreds of fluoride glass compositions exist but
that only few can be drawn into commercial fibers. The best known are the fluorozirconate ZrF, (ZBLAN)
and the new fluoroindate InF; whose transmission extends to longer infrared wavelengths than that of ZBLAN
glass, up to 5.5 um. The advantageous properties for fiber laser design were summarized. The homogeneity of
glass properties, together with its great machinability and good surface roughness make it an ideal material for
aspherical lenses for both the UV and the IR. Single point diamond turning allows realization of convex or
concave ZBLAN substrates.

The fluoride fiber draw tower is similar to a silica fiber tower, but the drawing oven is quite different due to the
lower softening temperature of fluorides, and the fiber diameter control is very challenging due to the important
variation of viscosity with temperature. Examples of different realized designs were shown with single mode and
multimode fibers. Coating possibilities together with stripping and cleaving capabilities were mentioned, and
cleaved end faces of different fibers were shown. These fibers can be doped with a wide range of rare earth
dopants such as Er, Pr, Tm, Dy, Ho, Yb, Nd, and Sm with dopant concentrations up to 100,000 ppm.

The origins of optical losses were identified and typical attenuation curves were shown for ZBLAN and InF;
fibers in the mid-IR wavelength range, with attenuation losses varying from 0.03 dB/m to 0.003 dB/m for
various ZBLAN fibres and 0.1 dB/m for InF; fibre. Splicing efficiency has been evaluated with ZBLAN
multimode and single mode fibres and Bragg gratings have already been written using a femtosecond 800 nm
laser.

High power fibres and high power connectors were designed and developed by IRphotonics for delivering
high power laser beams in the mid infrared wavelength range. Results of transmissions tests were presented.
Dr. Saad emphasized that fibres have to be optimized for each specific application, which requires a close
collaboration between the fiber producers and the fiber users.

5 — Thomas Schreiber, Fraunhofer-Institut fir Angewandte Optik und Feinmechanik,
Germany

Scaling of Fiber Laser Systems Based on Novel Components and High Power Capable Packaging and Joining
Technologies

A useable mid-IR source for IRCM requires not only fibers but also coupling and joining components. The
packaging technologies are also critical for the whole fiber-based system to be useful for the intended
application, especially outside of the carefully controlled environment of the laboratory. To this end, Dr.
Thomas Schreiber, from Fraunhofer-Institut fiir Angewandte Optik und Feinmechanik, gave a presentation
centered on novel components and high power capable packaging and joining technologies. After reviewing
the packaging and joining technologies available, novel components and their potential were described. An
example of a mid-IR source was discussed before suggesting possible further directions for improvement.
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Joining technologies for optoelectronic packaging always imply the bonding of different optical components
with or without macroscopic intermediate layer or media between both materials depending on their
adhesion/cohesion fit. Each technology was explained with example technical realizations for illustration.
Among the technologies with an intermediate layer, one can cite the adhesive bounding that was already
successfully used for the alignment of a micro lens array to a CCD sensor, the laser soldering technology used
for example for optics dedicated to lithography and the solder bumping allowing a fiber coupled diode
achievement. Techniques such as mineralic bonding, direct bonding or laser based splicing or tapering do not
need an intermediate layer and they permit for example, the splicing of end caps ((Z1500um) onto a
multimode fiber (&720pum) with very low optical losses.

6 — Curtis Menyuk, University of Maryland USA

Maximizing the Bandwidth from Supercontinuum Generation in Photonic Crystal Chalcogenide Fibers

The first speaker of day two, and the workshop’s second keynote speaker, was Prof. Curtis R. Menyuk of
University of Maryland (UMBC), USA. He presented a method to maximize the bandwidth of
supercontinuum generation in photonic crystal chalcogenide fibers. This work is based on the PhD dissertation
of Dr. Jonathan Hu (now at Princeton University), and was realized in collaboration with Dr. L. Brandon
Shaw, Dr. J. S. Sanghera and Dr. 1. D. Aggarwal, at the U.S. Naval Research Laboratory.

The goal of Prof. Menyuk’s work is to make a broadband mid-IR source (2 - 10 um) based on supercontinuum
generation. Photonic crystal fibers (PCF) were often used for supercontinuum generation (PCF are fibers with
small, regularly spaced air holes that go along the fiber). The reason is that a single mode propagates in PCFs
over a broad wavelength range, and PCFs have an enhanced nonlinearity compared with conventional step
index fibers. Moreover, the dispersion can be tailored in PCF to broaden the output bandwidth.

Dr. Menyuk presented work based on solid-core chalcogenide PCF (one hole is missing in the center of the
fiber). Chalcogenide is a glass based on chalcogen (sulfides, selenides, tellurides) compounds with arsenide.
The advantages to use chalcogenide instead of silica fiber are: the attenuation in silica grows rapidly beyond
2.5 um, whereas in the chalcogenides, it remains small beyond 10 um. Moreover, the Kerr nonlinearity is
1000 higher in chalcogenide than in silica fiber.

The design goal is to increase the maximum wavelength of the spectrum as rapidly as possible.
Supercontinuum generation is a complicated process, using the Kerr nonlinearity, the Raman effect and the
dispersion to broaden the bandwidth of an optical signal, but there are general design criteria that work well:

1) Design the fiber so that it is single-mode (increases the effective nonlinearity)

2) Ensure that four-wave mixing is phase-matched with the largest possible Stokes wavelength (Rapidly
moves energy to a large wavelength)

3) Make the second zero dispersion wavelength as large as possible (Allows the soliton self-frequency
shift to go to long wavelengths)

Prof.. Menyuk discussed modelling of supercontinuum generation in an As,Se; fiber, with a five-ring
hexagonal structure and a 2.5 pm pump wavelength. The fiber parameters to vary are the air-hole diameter d
and the pitch A. The pulse parameters to vary are the peak power and the pulse duration. To solve the
generalized nonlinear Schrodinger equation (GNLS) for a broad set of fiber and pulse parameters, different
fiber quantities are needed. Some are experimentally determined (Kerr coefficient, Raman gain, material
dispersion) and other are calculated (total Raman response, total dispersion). For the accuracy of the GNLS
model, these parameters have to be accurately determined.
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To validate the simulation, results were compared with experimental supercontinuum generation obtained in
an As,Se; PCF with one ring of air holes and a pump source at 2.5 pm (Shaw, et al., Adv. Solid State
Photonics, TuCS5, 2005). The simulations accurately reproduce the bandwidth of the supercontinuum of 2.1 to
3.2 um to within 5%. Thus, measured nonlinear response can completely account for the supercontinuum
generation.

In the second part of his presentation, Dr. Menyuk applied this model to his example. He showed that a
bandwidth of 4 um can be generated using an As,Se; photonic crystal fiber withd/ A=0.4and A=3 pmata
2.5 pm pump wavelength. Validation of the overall design approach shows it to be a useful tool for
maximizing the supercontinuum bandwidth in chalcogenide fibers. This approach can be applied to a wide
variety of chalcogenide fibers (Weiblen, et al., As,S; fiber, presented at CLEO 2010).

7 — Dan Hewak, Optoelectronics Research Centre, University of Southampton, UK

Chalcogenide Glass for Active and Passive Mid-IR Applications

Dr. Dan Hewak presented a quick overview of the Optoelectronic Research Centre. Then his presentation was
divided in three parts, first chemical background on chalcogenides, then optical fiber development, and finally
mid-IR devices.

Dr. Hewak highlighted the capabilities at the University of Southampton, and summarized the basics of
chalcogenide synthesis. He reminded the audience that bad luck can be turned into opportunities. Thus the
total destruction of the laboratory in 2005 forced researchers to return to basic theory and modelling, giving
them the chance to to prepare many future experiments in the eventual new facilities.

Dr. Hewak pointed out that the quality of starting materials is of major concern, illustrating this with eloquent
pictures of contrasting results obtained using raw materials from two different suppliers. Contact between
water and chalcogenide must be avoided, as illustrated by the extreme sensitivity of powder samples to
atmosphere exposure. The improvement in fiber attenuation achieved between 1995 and 2001 by taking care
of impurities attests to how critical this is.

In outlining fiber development, Dr. Hewak described the chemical vapor deposition (CVD) technique,
showing good results of reducing impurities. Measured loss values in GLS (Ga:La:S) are still higher than what
is predicted, but these fibers still show an order of magnitude lower attenuation (2-3 dB/m) than commercial
arsenic based fiber. A comparison of multiphonon decay rates in oxide, fluoride and chalcogenide glasses,
shows that this gives the edge in optical efficiency to the chalcogenides. Chalcogenide glasses can cover the
entire spectral range from 3-5 pm, with lasing output depending on the doping material.

An important part of Dr. Hewak’s presentation dealt with doped glass microspheres. He first explained how to
prepare and sort them, and then explained the characterization process. The diameter of the spheres ranges
from 500 nm to 500 pm. Their fluorescence spectrum has two peaks centered at 900 nm and 1080 nm. Lasing
was obtained in the microspheres with a pump threshold of 82 mW. Interestingly, squeezing the spheres
appears to improve their performance.

The last topic of this presentation concerned nanophotonics, especially active plamonics and metamaterials.
The concept behind active plasmonics is to switch between transparent and opaque waveguide composed of
GLS. GLS could, in principle, be switched between amorphous and crystalline form by applying an optical or
electrical field. A metamaterial composed of GLS might be useful as an electro-optic modulator. This device
would have a transmission contrast of 4:1 and could be adjusted across VIS-IR by design.
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8 — Daniel Creeden, BAE Systems, USA

Silica Fiber Lasers and Amplifiers as Pump Sources for Frequency Generation

Daniel Creeden from BAE Systems, USA, gave a very informative talk on silica fiber lasers and amplifiers as
pump sources for nonlinear frequency conversion devices. After an overview of nonlinear frequency
conversion, this talk consisted of three parts: the first dedicated to a general fiber overview, the second dealing
with the design constraints and limitations due to non linear effects in fiber, and the third addressing
considerations for fiber doped with rear earths such as Yb, Er, Er:Yb and Tm and used in nonlinear
conversion. In closing, Dr. Creeden pointed out that more emphasis needs to be placed on component and
fiber development to be able to develop fiber sources without free-space coupling.

The overview on nonlinear conversion summarized the needs for mid-IR generation in terms of pump sources
and nonlinear materials. Common nonlinear materials were reviewed (PPLN, ZGP, OPGaAs) along with the
typical fiber dopants available for mid-IR pumping (Er, Yb, Er:Yb, Tm and Tm:Ho). Dr. Creeden also
compared a bulk crystal laser pump scheme with a fiber based pump scheme.

Fiber systems face limitations when scaling the pulse energy, to include self-focusing, surface and bulk
damage, unwanted nonlinear effects, and amplified spontaneous emission. These were reviewed along with
preferred mitigation strategies. Despite these limitations, silica fiber systems give access to high average
power with diffraction limited performance; and operate at high repetition rate with high efficiency, far better
than diode-pumped solid state lasers. Due to the excellent beam quality that they provide, the wavelength
agility that they offer and the pulse width and PRF agility available, they are the perfect pump source for
frequency conversion. In addition, the fiber technology allows splicing the fibers together to eliminate free-
space transitions.

Dr. Creeden then presented details on Yb- and Er:Yb-doped fiber systems used in pumping PPLN; and
Tm- and Tm:Ho-codoped fiber systems well suited for pumping ZGP and OPGaAs. For each rare-earth
doped-fiber, the advantages, disadvantages, challenges, and special fiber design considerations were described
in detail, and resulting properties were listed. Set-up and performance of state-of-the-art fiber lasers or fiber
amplifiers were presented and nonlinear frequency conversion results were detailed. These included:

A PPLN OPO pumped by a pulsed Er:Yb fiber amplifier

* A mid-IR ZGP OPO pumped by a Tm-doped fiber amplifier

* A mid-IR OPGaAs OPO pumped by Tm,Ho-codoped fiber laser
The general issues that should be addressed concerning the components and the fiber geometries were
discussed. Dr. Creeden suggested that efforts should concentrate on promising Tm and Tm:Ho fiber
development for mid-IR generation, because of their high efficiency and wavelength advantages. He also

emphasized the need for components and fiber developments especially to eliminate free-space coupling in
future fiber systems, allowing systems that are completely optically confined.

THE PANEL DISCUSSION

At the end of the workshop, Dr. Ishwar Aggarwal (U.S. Naval Research Laboratory) moderated a discussion
among the speakers and participants. The highlights are summarized below.
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Which are the main IR laser applications?
IRCM, as well as other military applications such as ranging, medical, aecrospace applications.

Depending on the application we need either to produce a very broadband IR spectrum, or a very
narrow one.

What are the most limiting factors for mid-IR fiber lasers?
* Packaging
*  Maturity of the fiber gain or nonlinear media

*  Availability and maturity of the necessary pump sources

Cost of fiber development is high and can’t be supported entirely by the fiber developer. It seems that the fiber
suppliers face the challenge of a suspicious marketplace, and must debunk the false negative impression that
fibers for the mid-infrared (non-silica fiber) suffer from moisture. A first lasing demonstration should be
achieved, even with some bulk components in the design, to prove the promise of mid-infrared fiber laser
technology.

The development of chalcogenide fiber faces as yet some issues and challenges. Although non-doped
chacolgenide fibers are stable, the rare earth doped material suffers from instabilities. It is also challenging to
write gratings in these fibers.

Pump sources emitting at 1.4 um and 1.7 pm seem also to be an issue because they do not have adequate
brightness or efficiency, their cost is high. Efficient Q-switched 2 pm fiber lasers have been demonstrated and
can be considered as efficient pump sources. In addition, they are already farther in the infrared in wavelength
than more commonplace Yb-based fibers. Practical pump sources emitting at 3um already are also desirable.
Réal Vallée of Laval University reported a7 W CW 3 um source, but it should be operated in pulsed mode to
be efficient for pumping.

Le Verre Fluoré mentioned an ongoing project to develop hollow core fiber filled with gas and pumped at
2 um, but the cost of such development is high.

CONCLUSION

The promise of mid-infrared fiber laser technology was highlighted by all the invited speakers and also during
the panel discussions by the attendees. Issues and challenges have been listed for the fibers themselves as well
as for coupling components and enabling technologies like fiber Bragg gratings. Progress in many of the areas
discussed has been noteworthy and encouraging in recent years, and should be continued in the future.
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Rare earth doped non-oxide glasses for mid-IR fiber lasers

R. S. Quimby
Department of Physics, Worcester Polytechnic Institute
Worcester, MA, USA

Outline:

1. Overview of mid-IR rare earth transitions
= need for non-oxide glass host

2. Nonradiative relaxation
= theory and experiment

Fiber lasers demonstrated to date

4. Fiber laser modeling
= cascade lasing to avoid bottlenecking
* include fiber attenuation loss






Transmission

Transmission

Atmospheric
transmission spectra
above Mauna Kea

3L - ISE — IaL - Ia; — IEL — IEE
Wavelength (pm)
Note: For IRCM

avoid 4.2-4.5 um
and 9.4-10 um

Wavelength (pm)

http://www.gemini.edu/sciops/telescopes-and-sites/observing-condition-constraints/ir-transmission-spectra





transmits A
reflects Aq reflects A

fiber

—
—

Fiber laser schemes

dichroic mirror
mirror

cladding undoped

\ light confined
to core by TIR

fiber Bragg doped fiber

grating

A Ao 2

s
S/ = ][Il —» —

. coupler

M






(10°cm™)

20 4

1/h

10 —

2

H?‘UZ

4
FS!Z

4
B F3»‘2

1.3

4
“““"115;2

4
I‘13(2

l 4
I‘111"2

5.7

4

I9J2

Nd

1
G
4 4
F?J’2
2
4 H11r’2
3/2
4
For2 33|:2
FS
4 3
Igf’2 H4
4.6
4 2.5
I11f2
2.7 3H5
4 3.9
Lizi l 3
- F,
1.5 19
4 3
A V5
Er Tm

2
_ F5!2

1.0 um






Upper limit on transition wavelength set by:
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Nonradiative relaxation:
does the energy gap law work 1n chalcogenide glasses?

W (T) = B[1 +n(T)]’e »AE  multiphonon

relaxation rate

_ [Shw/kT 1 thermally generated
H(T) — [e f o H phonons per mode

:
:
AE g
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o | number of phonons
P = AE/ ho needed to bridge gap

reduced logarithmic
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Verifying the energy gap law experimentally
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Experimental determination of energy gap law parameters
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Example variation of fluorescence lifetime with temperature
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Origin of extra nonradiative decay

1. Is this real or experimental artifact?

» Error bars are conservative, and difference is outside error bars
» For ground state transitions use reciprocity as well as Judd-Ofelt
» For Pr !G, use additional independent method to measure QE

2. Possibly energy transfer to native defects in the glass

» Mid-gap defect states responsible for photoluminescence,
photodarkening, etc.

> But some transitions (Er #I,,, — %I,5,,) do not suffer additional
nonradiative decay

3. More likely: energy transfer to localized vibrational modes
» H-S vibrations at 2500 and 3200 cm’!
» Resonance with several Pr, Dy, Er transitions

» Er*,, lifetime decreases when H-S concentration > 100
ppm [Moizan, SPIE 6469, 64690E (2007)]

» Two classes of doped 1ons:
= Jons close enough to H-S to be highly quenched
= Jons far enough away to be unquenched





Limits on RE-doped chalcogenide fiber laser performance

Nonradiative quenching of upper laser level
» Need to minimize H-S, H-Se, OH content of glass

Excited-state absorption may reduce or eliminate gain

» Gain may still be possible at certain wavelengths

Bottle-necking may limit population inversion

» Co-dope with 2M RE ions; energy transfer from
lower laser level to added RE ion

» Maintain population inversion by cascade lasing

Fiber attenuation may limit round-trip gain
» Minimize H-S, H-Se, OH content
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Fiber lasers demonstrated to date
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Fiber lasers demonstrated to date

Ho:ZBLAN A =2.86 um

Jackson, SPIE 6453, 64530B (2007)
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Fiber lasers demonstrated to date

Beyond 3 um:  ....still waiting....

» Wavelength range 4.5 - 4.7 um of interest
> SH,,, > °H,,, transition of Dy*" possible candidate

» Need low-phonon energy host (chloride crystal, chalcogenide
glass)

» Problem: bottlenecking of population due to long lifetime of
lower laser level (°H,;, )

> Solution (this work): cascade lasing on the °H,,, = °H,,, and
°H,,, = °H,;,, transitions can serve to effectively depopulate
the °H,, level





Dy3* lower energy levels

15/2

» model includes stimulated emission and absorption between all
three levels
» accounts for an arbitrary degree of population saturation





All-fiber scheme for cascade lasing

Dy:GeAsGaSe fiber output 4600 nm

pump 1710 nm
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Model Calculations
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PARAMETERS FOR FIBER LASER MODEL

Symbol Quantity Value

N Dy 1on density 7 x 10 em™

a core radius 5.5 um

NA numerical aperture 0.2

Rer inner cladding radius 30 um

o2 fiber loss at 3 um 1 dB/m

Ta lifetime of level 3 2 ms

T lifetime of level 2 5.2 ms

B> branching ratio for 3—2 transition 0.15

Ry cut output coupler reflectivity for 7., 0.05

Riur high reflector reflectivity for 2., |

R cut output coupler reflectivity for 7., 0.9

R>ur high reflector reflectivity for 7.- 1

oy peak cross section at 4383 nm 1.59 x 10~" cm”
G peak cross section at 2926 nm 1.14 x 107" em’

absorption cross section at 1710 nm

0.52 x 10~ emr”
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Summary of Dy fiber laser modeling

cascade lasing scheme will result in a highly efficient and
power-scaleable laser around 4600 nm

Significant enhancements in efficiency are predicted
compared with a traditional single-laser-wavelength
scheme

A key requirement for efficient operation will be fiber
losses 1n the 1-3 dB/m range or smaller.

high loss in the 4.5 um region due to HSe impurities may
be reduced by special purification techniques [B. Cole et
al., J. Non-Cryst. Solids, vol. 256&257, pp. 253-259,
1999 ], and losses in the few dB/m range should be
feasible





Conclusions

Fiber lasers can be designed for efficient operation in the
4 <A < 8 um range using rare earth doped chalcogenide glass

In predicting device performance, caution needed when using
multiphonon energy-gap law

Watt-class fiber lasers at ~3 um have been demonstrated using
fluoride glass, but no experimental reports yet of rare earth
doped chalcogenide glass fiber lasers

Modeling of a Dy doped selenide fiber laser at 4.6 um shows
that cascade lasing improves efficiency by preventing bottle-
necking in lower laser level

Fiber attenuation above ~1 dB/m leads to significantly reduced
output power. Need to limit H-Se content of glass.






Mid-IR lasers: Challenges Imposed by the
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Outline

Introduction: Level scheme, spectroscopic processes
Erbium 3-um fiber lasers: Depleting the lower laser level
The cascade-lasing regime

The lifetime-quenching regime

The energy-recycling regime

The thermal problem

Another cascade-lasing regime

Other 3-um fiber laser
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Lanthanide lons in the Periodic System

la 2a 3a 4a 5a 6b6a TJ7a 8a
H He
Li | Be B C N O F | Ne
Na|Mg|3b 4b 5b 6b 7b 8 8 8 1b 2b|AI|Si| P Cl | Ar
KlCa|Sc|Ti|V |Cr|Mn|Fe|Co|Ni |Cu|lZn]|Ga|Ge]|As| Se | Br | Kr
Rob| Srl Y | Zr{Nb|Mo| Tc|Ru|Rh|Pd|Ag|Cd] In|Sn|Sb | Te ]| J | Xe
Cs|Ba|l|La|Hf | Ta| W |Re|Os| Ir ] Pt |]Au|lHg| TI | Pb| Bi | Po]| At | Rn
T 158 |59 |60 |61|62]|63]|64]65]|66|67|68|69]|70]71
Ce| PrINd|Pm|Sm| Eu | Gd| Tbh | Dy |Ho| Er | Tm| Yb | Lu
Fr | Ra| Ac | Lr | Rf [ Db | Sg | Bh | Hs | Mt | Ds
T |1Th|Pa|U/|[Np|Pu|Am|Cm|Bk | Cf| Es|Fm|Md]| No|Lw

Lanthanide = 4f rare-earth ion, .., Ln [;,Xe 6s? 5d 4f" or .,Xe 6s? 4f"+1]
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Shielding of the 4f Sub-shell

1. Shielding vs. core electric charge by inner shells (1s, ..., 4d)

= central-field approximation
(neglects perturbations within 4f sub-shell)

2. Shielding vs. interactions with host lattice
by outer 5s and 5p sub-shells

= relatively small electron-phonon coupling
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Energy Levels: Central Field Approximation

The energy of the 4f subshell can be calculated in the central
field approximation.

This approach takes into account the electric field produced by
the charge of the nucleus and the charges of the filled inner
shells which shield the charge of the nucleus.

It neglects the coulomb interaction between electrons within the
partially filled 4f subshell, their spin-orbit coupling, and the
crystal field generated by the ligand ions in the host material.
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Central-Field Approximation: Perturbations

1. a) Non-centrosymmetric splitting (Coulomb interaction)
= total orbital angular momentum L = ZZ

b) Accordingly:
= total electron-spin momentum S

>'s
2. Spin-orbit coupling (“LS” coupling) L
= total angular momentum J=L+3S
lanthanides: intermediate coupling (LS / jj)

3. Crystal-field splitting (“Stark effect”)
= total magnetic dipole moment m
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Amounts of Splittings

1. Non-centrosymmetric splitting ~ 10000 cmt
2. Spin-orbit splitting ~ 1000 cm-!
3. Crystal-field splitting ~ 100 cmt

Unit (cm) : photonenergy E=hc/ A o 1/ 4
5000 cmt =2 um

10000 cm*t =1 um

20000 cm =500 nm
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Partial Energy-Level Scheme of Er3*

Central- Non- Spin- Crystal-
Field Centrosym.| Orbit Field
Approx.  Splitting | Splitting  Splitting

4
15/
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Boltzmann Factors

At room temperature (300 K), kg T =200 cm- is in the order of
the energy splitting within a crystal-field multiplet

= Boltzmann distribution of excitation energy
within each crystal-field multiplet 2>*1L

f = eXp[(El_Ei )/(kBT)] gz :é:g
. Z{exp[(El ~E)/(ksT)]! g

00 02 04 06 08 1.0
flf
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Population Mechanisms

Stimulated processes:
Ground-state absorption
Excited-state absorption
Stimulated emission

Spontaneous processes:
Luminescence decay
Multiphonon relaxation

Interionic processes:
Energy migration
Cross-relaxation
Energy-transfer upconversion
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Luminescence Decay

Einstein coeff. A for spontaneous emission

2 A . . -1 . .
Z Aj = A = T} rag radiative rate constant
]
Lum | A | A .
o M Lifetime
-1
1 Y 7, =A+W (rad. + nonrad. decay)
Radiative rate constant,
Pump | ogsa emission cross-section,
(GSA) oscillator strength
® v are directly connected with each other.
0
lon Decay rate:  R; =—A;N,
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Multiphonon Relaxation: Consequences for Lifetime

4
Far

4
Fsi2

4
F2

2
Hi1

*Sap
*Far -

o~, F, CI
4 T=0.5s, 7 s, 4 ms
lor2 v,y :

: MPR
M11so N/

LUM

4
l13/2

4 E [cm™]

Example:

- 20000
Decay from the 41y, level of Er3*

(to next lower-lying level: AE = 2000 cm-?)

Competition between luminescence decay
and multiphonon relaxation

" Number of highest-energy phonons

required to bridge AE:

Oxide: p=2 = t=05us
Fluoride: p~4 = t=7ps

4
l15/2
3+

Er

Chloride: p~7 = t=4ms
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Upconversion Mechanisms

2 2
X X
S
ESA ETU -~
.". /’ :
T S W
GSA LUM : LUM
GSA | < GSA
0 y 0 ¥ y
lon 1 lon 1 lon 2
Intraionic process: ESA Interionic process: ETU
(Excited-state absorption) (Energy-transfer upconversion)
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Energy-Transfer Processes

\ 4

Donor lon

Acceptor lon

Interaction mechanisms:

1. multipole-multipole
Interaction:

One oscillating multipole forces
another nearby multipole to
oscillate as well.

2. exchange interaction:

Direct overlap between the
atomic functions of two nearby
lons

Most common:
Electric dipole-dipole interaction
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Electric Dipole-Dipole Transfer

Transfer probability donor (D) — acceptor (A)

4 .4
R =€ Q1 + [ fo (E)FA(E)EdE

Arn’ Ty I DA

D.L. Dexter, J. Chem. Phys. 21 (1953) 836

Q, = Integral absorption cross-section of A
(measure of absorption probability)

7 = radiative lifetime of D
(measure of emission probability)

fy, FA = normalized emission, absorption line shapes of D, A
(integral is measure of spectral overlap)

o = distance between D and A (Rp, oc -6 1)
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Energy Migration

2

1 A ® A ® A

Pump| | - - e —-- > | ]| —--e-e- >

o —@—Y o— ¢
Donor lon Acceptor lon Acceptor lon
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Sensitization and Quenching

Sensitization
2 ' 9 A
________ > Laser
Pump
0 —@ Y o
Sensitizing lon A Laser lon B

Quenching
2 A
Laser
1 @ A @
Pump| | ======-- >
0 —@ ad o —
Laser lon A Quenching lon B
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Cross-Relaxation and Energy-Transfer Upconversion

Cross-Relaxation

Pump

0 @

Donor lon

Acceptor lon

0

Energy-Transfer Upconversion

—@
Pump

. \ 4

Donor lon

A
N
7/
7/

7/

y——
Pump

@

Acceptor lon
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Laser Wavelengths for Micro-Surgery

Er:YAG

Ho:Y Al

=1
<

Nd:YAG

Absorption coefficient (cm-!)

1
ad Ho*:ZBLAN
. i J P R —
1.0 2.0 3.0 4.0 5060 S.010.0
Wavelength (um)

T. Sumiyoshi, IEEE J. Select. Topics Quantum Electron. 5 (1999) 936
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3-um Erbium Laser: A « simple » Four-Level Laser

4
F712

2
Hiip

"Bottleneck' owing to longer lower

level lifetime =

"self-terminating"* transition
In continuous-wave operation.

CW inversion due to

Laser

poeams 1. weak feeding of lower level
< (host materials with low

GSA

4
15/2

71 = 9.0 ms

maximum-phonon energy)
2. Stark splitting

Depletion of lower laser level is

Erst

desired to overcome bottleneck
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The Erbium 3-pm Laser

“Fa12 'y y .
*Ha ; Y
S H : T5 = 580 Us .
eTy, | cR Important processes:
m P!
9I/EZSA ol Pump GSA @ 800 nm or 980 nm
ETU; | 4
02 ‘l' Pump ESA @ 800 nm or 980 nm
4 : v |= V = 6.9 . . . .
CET @ =6.9ms involving two ions in
) P lower (1) or upper (2)
| ' : =
13/2 . i i ? 71 =9.0ms Iaser Ievel
GSA | ETU{ETU;| [CR Cross Relexation (CR)
*l1ss2 + v
Er®
MESA-’- m.pollnau@ewi.utwente.nl peivarsite o slj

it for Nanotozhnology Integrated Optical MicroSystems (IOMS) Enschede - The Retheriands





3 3 3
A
ESA

Depletion of Lower Laser Level

1

'\ SR \
| - l

T TEF 2%
.""4 Laser

1

Gsa | Laser ' csa | Leser | »J—— ! Gsa | Laser ) Laser | ~on coa | Laser
ETU
0 0 v 0 0
lon 1 lon 1 lon 2 lon 1 lon 2 lon 1
ESA Energy Transfer ETU Laser
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ZBLAN Fiber Laser at Low Dopant Concentration

Core-pumped fiber with typically
0.1 mol. % (1000 ppm molar) (1.6x10%° cm-3)

Low dopant concentration in combination with high-intensity
core pumping favors ground-state bleaching

ESA becomes stronger than GSA

ETU is not important because of large distance between ions
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Excited-State Absorption

GSA = Ground-State Absorption
ESA = Excited-State Absorption

SE = Stimulated Emission

/N
7‘2

S A, = pump wavelength

L, ESA |a, (strong laser)
7 4N N7, A, = probe wavelength
Ay A,  SE (broadband lamp)

GSA GSA
unpumped pumped
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ESA Measurement

Ar Laser [HTi:Sapphire - - 4 - _\\mirror (lock-in1) (lock-in2) |
|
115:‘ ! Ref. Ref. PC
tungsten- Chopper : 411 Hz 11 Hz
halogen chopper 4 N ) L )
lamp |
|
|

fiber monochromator

20x dichroic
filter objective mirror  lens lens

411 Hz objective :
1.15-m .
B> |- '/‘(}->O- Diode

S. Zemon, SPIE Vol. 1373 (1990) 21
J. Koetke, Appl. Phys. B 61 (1995) 151
M. Pollnau, Appl. Phys. B 67 (1998) 23
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Double Lock-in Amplifier Technique

T intensity | 1 2. Lock-In:
11 Hz
¢ > Ref. 11 Hz
T 1 detects A |
390 Hz
| 1 1. Lock-in:

Ref. 390 Hz,
detects I, or I,

time —
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Determination of ESA Cross-Sections
Transmitted probe-beam intensity:

unpumped:
|, = Ioexp{—d ‘N, 'O-ESA}
pumped:

Ip - Ioexp{d[_ (1_ Ne)°O-GSA _Zi Ni - Oesa, +Zi N; .O-SE'iJ}
Calculation:

o] oo

p e
M. Pollnau, Appl. Phys. A 54 (1992) 404

M. Pollnau, Appl. Phys. B 67 (1998) 23
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Determination of ESA Cross-Sections

Measure GSA cross-section 6, Probe-beam intensities I, 1,

Fit excitation density N, until measured bleaching
Is completely compensated by addition of GSA
(at wavelengths where no ESA or SE occurs)

Obtain ESA cross-sections cgg, ; times
relative population densities Ni//N,

Determine relative population densities N//N, and
calculate ESA cross-sections oggp ;

M. Pollnau, Appl. Phys. A 54 (1992) 404
M. Pollnau, Appl. Phys. B 67 (1998) 23
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ESA at 800 nm in ZBLAN:Er3*

4
7= Fuap
‘F
L8
6= "Fan
2
5= Hqp
43
312
_ 4
4= "Fogp
_ 2
3= Tlgp
_ 4
2= I11/2
_ 4
1= I3
_ 4
0= "1ygp

<
]
—
‘ T = 570ps
|
|
-
- i T =6.7ms
[
1 T =8.9ms
|
|
|
|
pump (990nm) probe (800nm)
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ESA Cross-Sections Near 800 nm

ESA cross sections determined
| —TET from pump- and probe-
20 | Do ——4113/2 beam measurements

I P 4111/2
! '- M. Pollnau,
Appl. Phys. B 67 (1998) 23

Best pump wavelength
at 792 nm:

Relatively strong GSA,

4
780 790 800 810 820 830 840 Strong ESA from |13/2’
Wavelength [nm] Weak ESA from 1,
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The Cascade-Lasing Regime

“Fir
*Ha1
*Sar 5 = 580 ps
Laser Laser
1.7um ||850nm
Far
ESA ><
lo 22— v
l11/2 T, = 6.9 ms
Laser
2.7um
1z ¥ 1, =9.0ms
GSA
s h 4

Ert

Two-loop cascade laser:

ESA depletes lower laser level
of 2.7-um laser

4S,/, level clamped to threshold
Inversion by 1.7-um laser,
energy recycled

Competitive 850-nm laser
4S,, — 45, (bypasses upper and
populates lower laser level)
IS suppressed
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-

mW

Ll

Output Power

180

Performance Under Cascade Lasing

160 -
140 -
120 -
100 -
80 -
60 -
40 -
20 -

2

0 -

00 0.2 04 06 08 1.0
Launched Pump Power [W]

oo

L 2
Cascade o
Lasing
L 2
L 2

4
4

. Competitive
Lasing

¢

Ti:sapphire core-pumped
ZBLAN fiber laser at 2.7 pm:

Strong increase of slope eff. and
output power at the onset of
cascade-lasing:

Slope eff. 23%
Output power 150 mW

M. Pollnau, Appl. Phys. Lett. 66
(1995) 3564
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ZBLAN Fiber Laser at Medium Dopant Concentration

Cladding-pumped fiber with typically
1 mol. % (10000 ppm molar) (1.6x10%° cm-3)
co-doped with Pr3*

Higher dopant concentration in combination with low-intensity
cladding pumping and lifetime quenching by Pr3* favors ET

Ground-state bleaching and ESA are not important because of
higher dopant concentration and low pump intensity
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Er3* Lifetimes in the Presence of Pr3*

Lifetimes of #l,,, upper and
10 41,5, lower laser levels

3 = 4|11/2 vs. Pr3* concentration
- 413/2

Quenching of lower level lifetime
much stronger
(from 9 ms down to 20 ps),
because corresponding
Tt absorption transition in Pr3*
0 2500 5000 has high oscillator strength

Pr¥* Conc. | .
™ cone. [ppm mol] P.S. Golding,
Phys. Rev. B 62 (2000) 856

lifetime [ms]
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The Lifetime-Quenching Regime

*Far
i Simple four-level laser:
'D
o, 2 Energy transfer to Pr3* co-dopant
depletes lower laser level
Yoo — e, efficiently
vz y £ > o CW threshold condition
ETy 3 removes energy
e 1 - e from 4l,,,, upper laser level
aser ' 3
F2 - -
GSA T He ESA is avoided
3H5
: M. Pollnau,
4 v 3
S— e IEEE JQE 33 (1997) 1982
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Performance Under Lifetime Quenching

20 T Diode-pumped double-clad
- - ZBLAN fiber laser at
= 154 . 2.7 um:

— ||
= Low-brightness pump is
g 10t . converted to single-mode
E ) - output
5 9 T . . Slope eff. 17%
0o Im " Output power 1.7 W
0 2 4 6 8 10 12 S.D. Jackson,
Launched Pump Power [W] Opt. Lett. 24 (1999) 1133
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ZBLAN Fiber Laser at High Dopant Concentration

Cladding-pumped fiber with up to
10 mol. % (100000 ppm molar) (1.6x10%! cm)

High dopant concentration favors ETU

Ground-state bleaching and ESA are not important because of
high dopant concentration and low pump intensity
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Measurement of ETU

KD*P

/ 532 nm

Q-SWITCHED Nd:YAG

LASER

532 nm FILTER

KTP OPO

PHOTODIODE

—O

MONOCHROMATOR

200 pm PINHOLE

COLLECTION
OPTICS

POWER METER

I

S
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Measured Luminescence Decay

PON | Normalized decay curves:
' iNo = 8.6 x 10" cm™ |

o . Exponential_, First temporal part:

B T ' i high excitation density,
I L s includes decay by ETU,
o1 2 ol e T non-exponential

(0) ST , o Last temporal part:
=2 S low excitation density,
g includes no ETU,

220 T exponential
=N No = 8.6 x 10" cm
0 - P.S. Golding,
0 o1 02 03 o4 05 o Phys. Rev. B 62 (2000) 856
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Luminescence Decay Curves

Rate-equation for decay:

~
QD

N

o

o
&)

EN =8.6x1018cm'é : dN / dt = _T_IN - 2WN 2

1
_ Exponential !

»

1
=

In(io)

=
o

decay

Solution (Bernoulli-EqQ.):

.

- _choTver;si;::Z?xmtgcm_i s N(1) = N, exp(-t/ 1)
o sz o4 a5 s 1o 1+ 2WN ;|1 exp(-t/ 7)]
(b) 57 | . Linearized solution:
S PR [N/ N(t)]exp(~t/ 7)1
8! = 2WN 1|1 exp(-t / 7)]
2.1 No=8.6 x 10"° cm® Y = A. X

0 oj1 ojz oi3 oi4 0?5 OTG T. Jensen, Ph.D. TheSiS,
e Univ. Hamburg (2000)
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Determination of ETU Parameters
_inearized solution:

(@ o
05 ENO=8.6X 10 o | [N 0 /N (t)] exp(—t / T) -1
S 1 '4 Exponential ;i _ _ —
=N e = 2WN,7[1-exp(-t /)]
5 |Ypconversion ' -
22 e Determine
L S A t from exponential part,
®) 2T No=22x 107 e NO from excited volume and
T4
3 absorbed pump energy,
St Fit straight lines = W
2.1 No=8.6 x 10'° cm™®
; e, T. Jensen, Ph.D. Thesis,
0 o1 02 03 04 05 08 Univ. Hamburg (2000)
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Advantage of Procedure

(@ o i ) i
s | o , If equation were not linearized,
iINg=8.6x10"cm’ : -
3 .« Exponental onset of repopulation from
= ! ecay ! .
E-15 : higher levels would not be seen
2 _Upconverision '
p5 Lo i fo=2fx10 0m, = complete set of rate equations
S nems from all levels must be solved
®y =T N2y 10° e — one has to know all parameters
T4
© (further ETU parameters !1!)
=3
S T. Jensen, Ph.D. Thesis,
21t N=86x107em Univ. Hamburg (2000)
0
0 0.1 0.2 0.3 0.4 0.5 0.6
1-exp(-t/t)
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ETU and CR Processes

L= — Measured parameters:
42;12/2 E T 15 = 580 us
ETU, | iCR 4
- | CR from S, level
ESA ety |
4|9/2 ] : *
Y u — ii $  =69ms ETU from “l,,,, upper laser level
lyar .! E — 171 = 9.0 ms 4
Laser | || ETU from “l 5, lower laser level
GSA ETUli ETUZE E CR
1512 i i i
Er®*
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ETU Parameters

ETU parameters determined

10

9] s W11 from fluorescence decay
28 s W22 .
S 3_ \\ _ —_ Ratio P.S. Golding,
= 6 Phys. Rev. B 62 (2000) 856
5 2: Quantum efficiency:
5 2
S 37 _ 9 b W,
32 T =Tz w

1 2 11

0

0 5 10 15 Important: Ratio W,/W,,
Erbium Conc. [10%° cm™] M. Pollnau.
IEEE JQE 32 (1996) 657
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The Energy-Recycling Regime

*Forz ETU processes from
4
lower laser level (*1,)

100% 50% 25% 13% =,

“lor BB R recycles energy to

i A AN AN upper laser level (*1,5,)
A“ : “ : “ : = quantum efficiency of 2

Hl1ar | I |

10! 15! 175! 183..2 =y, = INcrease inslope efficiency by

| | | factor of 2
GSA 'eTU, lETU, ETU,
: : : M. Pollnau, IEEE J. Select. Topics
4 Yy V VY Quantum Electron. 7 (2001) 30
Er*
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Comparison: Thulium 2-pm vs. Erbium 3-pm Lasers

100%

GSA

CR

-———_-________»*---- -—— -
N

A 4

Tm?3

= Mo 100% 50% 25% 13% =,
[ N Y B N
H I (I
i I I :
I I | v
7y N ) ] i “
i 1 1
I ! '
I ! '
I ! '
I I '
: I :
-1 101 151 1.751 1.83 .2 =n,
I I !
I I !
GSA {ETU, {ETU, {ETU,
o
: - !
4 v 4
Er**

In both cases: increase in slope efficiency by factor of 2
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Experimental Results in Cyrstals

Various host materials
(YLF, YAG, YSGG, GGG, ..)

4
Foar

“lorz —a iO% iS% ;3% - ~1 W output power

e y : y | T. Jensen, Opt. Lett. 21 (1996) 585
“ : “ : “ : ~50%b slope efficiency

Hl1ar

10 15 175 183..2 =, C.Wyss, Opt. Commun. 139 (1997)

GSA : ETU, :ETU1 : ETU, 215

| | | ~2-4 W output power
152 y y y

£ A.Y. Dergachev, CLEO Technical
Digest (2000), 564
MESA-’- m.pollnau@ewi.utwente.nl B Iﬂﬁ
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Expected Fiber Performance Under Energy Recycling

15 - Diode-pumped double-clad
- . ZBLAN fiber laser at 2.7 pm:
% 10 ] Rate-equation calculation:
§ ETU can be exploited
S 5 " Prediction:

g - . Slope eff. 50%
o+—=r Output power >10 W
0 .10 20 30 40 50 M. Pollnau,
Incident Pump Power [W] IEEE JOE 38 (2002) 162
MES A-l- m.pollnau@ewi.utwente.nl R ﬁ
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The Thermal Problem

4F7/2 y N r
e * Strong heat load owing to
‘s, =Y 5= 400 ps gh gt
ETU, | JCR multiphonon relaxations
*Far — following the ETU processes
ESA : i _
*lorz ETAUI: v —> strong temperature Increase
e ¥ i ¥ o-4sms = strong thermal lensing
ﬂ o (crystal laser:
Ui Lol ioms 2x that of 1-um Nd3+ laser!)
Laser i : !
L ! = rod fracture
GSA | ETU,| ETUzi i CR
= fiber melting
*l1sr v \ 4 !
LiYF4:Er®*
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Uuiversity of Tweste
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Example: LiYF,:Er3*

Temperature [K]
Temperature [K]

a axis [um] 300 600 [mm]

Lasing conditions Non-lasing conditions

M. Pollnau, IEEE J Q-E 39 (2003) 350

MESA"’ m.pollnau@ewi.utwente.nl
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ZBLAN Fiber Laser at Medium Dopant Concentration

Cladding-pumped fiber with typically
0.5 mol. % (5000 ppm molar) (8x10% cm)

Lower dopant concentration in combination with low-intensity
cladding pumping and cascade lasing at 1.6 um diminishes
other spectroscopic processes

ESA and ETU are not that important because of low excitation
density, ET is impossible because of lack of Pr3*

MESA"’ m.pollnau@ewi.utwente.nl s
Uuiversity of Tweste
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Population Dynamics in Lower Cascade Lasing

T il The laser at 2.8 pm starts lasing first.
Hi12 —3 H ..
Sae , F— 1=580 s As soon as the laser transition at
ump ' ETU,! i
esa | N 1.6 pm reaches threshold,
For - A 4
i i 4 i
| e, |11/_2 IS cla_mped to threshold
lo2 1 inversion vs. 44,
1 5 !
Iy ]
T Hr—r=69ms 4. is clamped to threshold
aser ) - .
28um | | inversion vs. 4l c,.
4|13/2 = .I : t=9.0ms .
aeer bH = All three levels remain at constant
Pump | 1.6 Pl density, heat input is minimal,
. no parasitic processes become
1 1 = .
e Py Important.
ZBLAN:Er®*
MESA"’ m.pollnau@ewi.utwente.nl o s
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Input-Output Curves

Experimental Calculated
) v ) v ) v ) v ) 9 T T
g i Pout 2.8 um
8[| —e— Pout1.6 um
— 7}
< o
0-0 4' - - 4.
2
S 3
2 - = o ot
1-
O 0 1 I 1 1 1
0 60 0 10 20 30 40 50 60

Launched Pump Power [W]

PL (W)

S.D. Jackson et al., submitted (2010)
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Calculated population densities

25

10

Population Densities and Heat Input

[©2 N

ol

Level Density [m?]
OlO AN

N

oo
0

—A— 4/15/2

—0— 4/11/2

4/13/2 |1

4S3/2 |

2 30 40 50

0
Launched Pump Power [W]

60

AT (K)

180

Calculated heat input

160-
140-
120-
100-

Ref. [13]

- - —Ref. [15]
----- Ref. [1]
—-—- This work

Pinc (W)

Concerning heat input, there’s plenty of room for higher power!
S.D. Jackson et al., submitted (2010)
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Latest Experimental Result

Uncooled ZBLAN fiber doped with 6 mol% Er3*
9 W output power with 21% slope efficiency.
X.S. Zhu et al., Opt. Lett. 32 (2007) 26
Cooled ZBLAN fiber doped with 6 mol% Er3*
24 \W output power with 16% slope efficiency.
S. Tokita et al., Opt. Lett. 34 (2009) 3062
Uncooled ZBLAN fiber doped with 0.5 mol% Er3*
8 W output power with 19% slope efficiency, cascade laser.
S.D. Jackson et al., submitted (2010)
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Other 3-pm Fiber Lasers

T. Sumiyoshi,
“High-power continuous-wave 3- and 2-um cascade
Ho3*:ZBLAN fiber laser and its medical applications”,
IEEE J. Select. Topics Quantum Electron. 5 (1999) 936

S.D. Jackson,
“Single-transverse-mode 2.5 W holmium-doped fluoride fiber laser
operating at 2.86 um”,
Opt. Lett. 29 (2004) 334

S.D. Jackson,
“Continuous wave 2.9 um dysprosium-doped fluoride fiber laser”,
Appl. Phys. Lett. 83 (2003) 1316
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Summary

Population mechanisms of Er3* 3-um fiber laser depend on
Er3* conc., pump parameters, fiber geometry

= we need to understand its spectroscopy!

With increasing erbium conc., four different operation regimes
have successfully been demonstrated experimentally:

1. core pump, ESA = upper cascade lasing
2. clad pump, codoping = lifetime quenching
3. clad pump, ETU = energy recycling

4. clad pump, laser depletion = lower cascade lasing

Current output power is at 9 W uncooled and 24 W cooled.

MESA"’ m.pollnau@ewi.utwente.nl s

. . University of Twest
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Problems and prospects
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INTRODUCTION






The privilege of experience...

“‘ 36 years of continuous activity in fluoride glasses,
from the discovery to the industrial development
- Pionneering achievements

Interaction and collaborations with major actors of
fiber lasers, optical amplifiers and active devices for
more than 20 years

- Very large (and often unexpected) field of expertise.





Pionnering achievements

e

e

Numerous results were not released (confidentiality)

ZBLAN glass compositions were characterized in 1980.
[Furukawa (Shibata & Oshawa) paper appeared in 1984]

The first ZBLA:Nd laser was made in 1978 in collaboration
with P.Brun’s laboratory at Rennes University

Lasing effect was accidentally observed in 1984 in a
Nd-doped fiber supplied to the French CEA

Low loss optical fibers (< 1 dB/km) have been obtained.
Development steps have been 1dentified





This talk intents

To outline some achievements (Not an exhaustive review!)

To discuss problems 1n relation to fiber lasers, amplifiers
and sources.

To complete ambiguous or misleading informations

To draw prospects for future realizations

To make the ground for possible interactions





Interactions, collaborations

)
s
-
®

JPL (NASA), large NA fibers (1985)

France Telecom (CNET), ORC

Various German companies and universities
Large astronomic observatories (VLT, Hawaii)

Researchers and groups from this audience

# " Close collaboration with COPL, Laval Univ, Québec





FLUORIDE GLASS
TECHNOLOGY






21 Glass composition
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Fluoride glass families

I Most studies focused on fluorozirconates
~ based on ZrF, and HfF,
" Other fluoride glasses are formed with
AlF;, GaF; and InF; as main glass formers

Significant differences are observed in:
-Chemical durability

- Glass stability

- Mechanical strength & hardness

- Phonon energy





Typical glass compositions

Glass COMPOSITION (mol %) np
/BLA 57 ZxF,, 34 BaF,, 5 LaF;, 4 AlF, 1.519
HBLA 57 HfF,, 34 BaF,, 5 LaF;, 4 AlF; 1.504
ZBLAN 53 ZrF,, 20 BaF,, 5§ LaF;, 4 AlF; , 20 NaF 1.498
ZBSFCl 60 ZrF,, 20 BaFCl, 20 SrFCl 1.542
YABC 20 YF,, 40 AlF;, 20 BaF,, 20 CaF, 1.440
VAN 40 InF,, 20 ZnF,, 20 SrF,, 15 BaF,, 5 CaF, 1.495
PGICZ 30 PbF,, 22GaF,,13 InF;,18 CdF,,13 ZnF,,2 GdF;, 2

NaF (n=1.595)





General physical properties

Glass transition temperature (°C)
Coefficient of Thermal Expansion (107 K-1)

PROPERTY

Density ( g/cm?)
Young Modulus (GPa)
Vickers hardness (kg/mm?2)

Poisson ratio

Refractive index n,

Non linear refractive index n, (1013 esu)

Abbe Index v
dn/dT
Cp (J /g at.K)

HMFG
200-450
140-210

4-6
50-60
200-270
0.25-0.35
1.45 -1.60

0.8-0.9

60 — 80
1.10°> -2.10°

ZBLAN
260
180

4.14
54
210
0.30
1.500

0.85

75
1.5 .10
24.9





Optical transmission

Optical transmission of samples 4 mm thick
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STRUCTURE: the vacancy model

Numerous structural investigations show the high coordination
number of the vitrifying cations: 8 ( Zr ) or 6 ( Al, Ga, In ).

The vitrifying network 1s constructed from the association
of the MF, or MF, polyhedra with large cations Na*, Ba™
as modifiers.

The vacancy model offers an alternative description:

A disordered packing of large 1ons ( F- and Ba™ ) in which
small cations are inserted. This packing contains vacancies
that are mobile in the liquid state.





Bidimensional picture
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GLASS PROCESSING






22 GLASS SYNTHESIS

Fluoride glass synthesis includes melting, fining, casting
and annealing steps

Specific features are low melt viscosity, volatilization,
devitrification and hydrolysis.

Water action 1s critical. To overcome the problem various
solutions have been reported:

- Reactive atmosphere processing

- Ammonium bifluoride processing

- Dry processing -





Optical quality samples

"‘ Samples prepared at room atmosphere from current starting
materials exhibit numerous defects:

- Cords and syrups

-« Stones » and inclusions

- Bubbles

- Crystals

- Composition fluctuations
m Manufacturing of optical quality samples (An < 10-6)
is difficult and time consuming.

Several parameters must be considered and optimized





23 Fiber manufacturing
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Fiber drawing

Fluoride glass fibers are
drawn using glass preforms
which are processed from
high purity glasses
processed in a very dry and
clean atmosphere. The
optical and physical
characteristics of the
preform determine to a large
extent the structure and the
optical properties of the

fiber.

Feed mechanism

$

gas in -PJ

\‘ T Holder

Drawing oven s % ' %

Temperature

control

Fiber diametefy. ][]

monitor

/<— Coating applicator

Curing lamps _—l:| |:]

Coating dlameter
monitor |:|

Capstan Fiber takeup—#—

Monitoring






Critical aspects of HMFG fibers

"ﬁ Fiber drawing adds defects to the prexisting defects
in the preform
"‘ Various parameters must be optimized:
Time, temperature, preform size, atmosphere
(water, contaminants, dust)
,,ﬂ Main contribution to optical losses arise from core defects

Quality of core/cladding interface is critical





SPECIFICATIONS






General features:

optical fiber must be
Strong enough to survive in any case

Transparent 1n operating window (low optical losses)

Durable in ambiant air and humidity

Stable opticaly and mechanicaly vs time and temperature

Comply with optical specifications





Rare earth doped fibers

must be

Homogeneous (no clustering)

Host the convenient amount of active 1ons.

Have minimum background losses

Allow co-doping (e.g. Yb/Er)

Withstand high energy pumping





Rare earths for mid IR emission






Rare earths for mid IR emission






Rare earths for mid IR emission






Rare earths for mid IR emission






High power and supercontinuum

"ﬁ Fiber must withstand large pump power

®  Limitations arise from extrinsic defects
(Intrinsic damage threshold is largely unknown)

® powerin cladding must be controlled

"ﬁ High non linear parameters are desirable

Reliability of resonator, splicing and end faces





ACHIEVEMENTS





Optical transmission: fibers

Typical losses of a multimode fiber
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Optical transmission: fibers

Typical losses of a singlemode fiber

@ core / @ cladding : 6.5/ 125 pym Attenuation at 2.5 um : 5dB / km
Cut-off wavelength : 1.9 um Attenuation at 3.2 um : 20 dB / km
IRguide -1 SM[1.9] 6.5/125
100
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Type of fibers

Multimode

Single mode

Polarization maintaining

Low bireringence

Rare eath-doped
Double-clad
D-shasped,

Ring-core (M-shaped)
High NA
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ZBLAN fiber lasers

Intense activity in the 80’s (CNET, BT...)

Development in various german labs and companies (90’s):
FSU Iena, Techn. Univ. Berlin, Laser Zentrum Hannover,

Laser Zentrum Hambourg, Lasos, Guided Color Techn.,
Unique Mode, Linos, Philips...

ZBLAN fibers have hugely increased the number of laser lines

Marketing 1ssues are heavier than technical problems





ZBLAN fiber lasers:
Up conversion
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ZBLAN fiber lasers:
Mid IR
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Supercontinuum
Significant achievements with ZBLAN fibers

Various parameters: fiber length, attenuation, pump power,
pump frequency, pump wavelength, N.A., dispersion,
fiber geometry...

Laboratory results

Available systems





Supercontinuum using short fibers

From Toyota Technological Institute (Prof. Y. Ohishi)
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FIG. 2. (Color online) (a) The measured SC spectra from the 2-cm-long
fuoride fiber when the average pump power of 1450 nm femtosecond laser
was fixed at 20 mW (the corresponding peak power 15 about 50 MW). (b) A
comparison of the long-wavelength edge of SC spectra in 0.9 or 2 cm long
fluoride fiber.






Supercontinuum

Ia.

Current ZBLAN source

The colored rings on the display come ;
from the visibie tail of the supercontinuum | BLeVerreFluone

Typical IRguide® SC-01 Spectrum
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PROBLEMS AND PROSPECTS
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Practical questions

Mechanical strength.

Aging
Chemical durability

Thermal stability

Optical specifications





Fiber strength

Failure occurs on defects, most of them extrinsic

Intrinsic strength limted by chemical bonding

Tensile strength improve by CTE adjustments

Static fatigue may be controlled by relaxation





Chemical durability

Water, water, water ....

Liquid water must not be in contact with glass surface
Fiber 1s protected by coatings, jacketing, cabling.

End faces make problem. Solutions exist !

Fluoride fibers 1n use 1n industrial environment
for more than 10 years.





Bragg gratings in fluoride

- Pionneering achievements in CNET ( FT)

# But time consuming and Cerium doping

ﬂf Reliable Bragg gratings obtained by femtosecond lasers

at COPL, Laval University, Québec





Damage threshold

Is critical for high power lasers and supercontinuum

Low values have been observed 1n real fibers,
in relation to extrinsic defects

High values measured (ISL)

Femtosecond experiments implemented at Laval University,
Suggest that intrinsic damage threshold could be higher
in ZBLAN than 1n silica!





-
-
-
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Control of fiber defects

Identification: crystals, bubbles, metal particle, carbon...

Processing parameters to be adjusted

Contamination of interfaces

Glass stability 1n high NA fibers

Adjustment of thermal expansion coefficients





Extending optical window

Requires using Indium-based glasses free of Zr and Al

Less stable compositions make more difficult to reach
low backgroud losses

Encouraging laboratory results

Development in progress





Photonic crystal fibers

Large potential

May be achieved with ZBLAN glass
Probably more difficult than silica or chalcogenides

Thermal properties of ZBLAN offer extended possibilities





,,Gf Photonic crystal fibers to be developped

CONCLUSIONS

The potential of fluoride fiber lasers 1s very large

... But FG fiber lasers are just emerging

Most technological problems are identified

Both laser and supercontinuum sources are available
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Application of lacunar model
to ZBLAN glass

Molar volume of ZBLAN glass is 8.10 cm? and
ACp =14.2 J.mol1.K-! while I have measured
Ao = 1.2 104 K-! (dilatometry),

which leads to e, = 132 KJ. mole!.

The rate of vacancy formation is 8 10 K-! cm™.

With 120 K as the estimated difference between Tg and
T the gross number of vacancies is N = 10?! cm™ at Tg





		Bidimensional picture
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Scaling of fiber laser systems based on novel components and high power
capable packaging and joining technologies

T. Schreiber, J. Limpert, A. TGnnermann

Fraunhofer IOF Jena, Germany and
IAP, Friedrich-Schiller-University Jena, Germany






Outline

— " 28.29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

H introduction
M packaging and joining technologies
Application to microchip lasers
M novel components
Applications to fiber laser system scaling
B example of MID-IR source

M possible further directions
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Fiber Laser
Introduction

— " 28.29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

m fiber lasers and amplifiers
high gain, excellent and power independent beam quality

laser cavity including deliverfiber

fiber bragg gratings orpoweramplifiers ~ Proteciveend-caps

pump coupler

[ | e

all fiber setup for stability
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Fiber Laser
Introduction

— """ 2829 September 2010
:-:"."' SET 171 Mid-R Fiber Laser Workshop

M rare-earth doped fibers, kW average power levels available

N Ho®
PRYERYHGTm?* Y™ PP+ Ef Tee Tmé Er*Ho™ Er*
400 800 1200 1600 2000 2400 2800 A [nm]

B long wavelength by heavy metal cation fibers (e.g zirconium, ZBLAN fibers),
which are not as ,stable” as fused silica)
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Outline

- © 28-29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

¥ introduction
B packaging and joining technologies
Application to microchip lasers
M novel components
Applications to fiber laser system scaling
B example of MID-IR source

M possible further directions

partly sponsored by
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Fiber Laser
Introduction

" 28.29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

B designing a (Mid-IR) source ...

ﬁgm?;ezr:ﬁy shortt;)) U|S§g’ d Optomechanical requirements,
: : , CW, broadban Stability for military/space, ...

handling, optical

properties ...

components architecture packaging / joining

EUV
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MID-IR
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Overview of Joining Technologies
for Optoelectronic Packaging

- i 28-29 September 2010
o SET 171 Mid-IR Fiber Laser Workshop

B Bonding of different materials always required

B material , thermal or optical contact desired

Bonding of Optical Components
material (adhesion/cohesion) fit

/ N\

with macroscopic without macroscopic
intermediate layer / media intermediate layer / media
Adhesive Laser Beam Laser Splicing/ Contact
Bonding Soldering Welding Bonding

Wafer Level Bonding
Mineralic, Fusion. Anodic,
Eutectic, Glass-frit, liquid

capillary...
Bynt!esministerium ;‘: Fir —3 = i =3 E {_ y
* fuunrdB;gir:ggung e [hstitute offA PR ed Ph SICS] % Frau n hOfer

IOF





Bonding and Packaging of Optical Components
Adhesive Bonding

: © 28-29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

®m Alignment of a Micro Lens Array to a CCD Sensor
6 degrees of freedom
Alignment step wide: 0,1 —1 pm

B
Positionif \1 System

Laserdlodmgmifer

Fositionderroboter
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Bonding and Packaging of Optical Components
Laser Soldering

——" 2829 September 2010
SET 171 Mid-IR Fiber Laser Workshop

® long term stability
B high temperature stability

B high radiation stability compared to
adhesives

B good vacuum compatibility / no
outgasing

B high thermal and electrical
conductivity

B flux free processing due to
sputtered thin film metallization

m flexible and automated assembly
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Bonding and Packaging of Optical Components
Solder Bumping

~ 28-29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

B Example of fiber coupled diode

IOF






Bonding and Packaging of Optical Components

Mineralic Bonding

“ 28.29 September 2010

SET 171 Mid-IR Fiber Laser Workshop

M inorganic bonding at low temperatures (< 200°C) using special silicate

solutions
M e.g. for high precision optical & mechanical systems
B high stability (intermediate layer <200nm)

“ low stress

“ “cold” bonding

= NO creep

“ NO ,out-gassing”

#
a University
)=

-
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Bonding and Packaging of Optical Components
Laser based splicing and tapering

~ " 28-29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

B Tapering and splicing device as well
as process control developed

M easy adaptable
M very precise joints

M computer controlled process with
high joining reproducibility

B mechanical stable welded joints

B high purity process without
contaminations

M very low optical losses

M no consumables like process gas or
filaments

Multimode fiber (a720um) with spliced
end cap (g1500um)
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Bonding and Packaging of Optical Components
Direct bonding

~ " 28-29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

m Without additional material — surface activation % o M
SiD /

M direct bond by a Waals forces f4 ‘ /7/
B very small tolerances 0. /////7 2 /f

siticon silicon

L-—--'/--."\-._.._

M jonts are sensitive to shock
B adjustment only within the plane of joining

B assemblies tested under vacuum and cryogenic
environment
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Scaling of fiber laser systems
Novel components and laser systems

B Microchip laser system using bonding technology

AR coating

Heat sink

Laser crystal

SESAM and Bragg mirror
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Sampling scope signal

Scaling of fiber laser systems
Novel components and laser systems

® Microchip laser system using bonding technology

Unwanted jitter (typical for Q-switched lasers)

0.8 -

06 o

0.4

0.2 +

00

|
|
|
t
Reference |
|
i
[

200 ps, Slope efficiency of ~ 35%, Ep = 120 -140 nJ, Repetition rate up to 2 MHz

by
...............

point

—

Timing-itter
—
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Scaling of fiber laser systems
Novel components and laser systems

— " 28.29 September 2010
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® Microchip laser system using bonding technology
Unwanted jitter (typical for Q-switched lasers)
Self-injection seeding

Monitoring

™| Pouts frep, Jitter
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Scaling of fiber laser systems
Novel components and laser systems

— " 28.29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

® Microchip laser system using bonding technology
Unwanted jitter (typical for Q-switched lasers)
Self-injection seeding
Low cost alternative to mode-locked lasers

1E'5 é T T T T T T T T T T T T T T T T T T T —4
? 4] T
1E-6 ; frep 3 T
7 1E'7-; A Jitter with no SIS-; T
el ] \T\A\t\‘ ] 1 Pos Jtter RMS (Ch1) 1664 ps |
® 1E-8. i 4 T Pos Jitter p-p (Ch1) B0 ps
£ z | - ]
- — : | %
F 1E9] | ]
3 | Pulse duration] ]
g —n it - - -— E 1
E ) ° ° 4 g E
] Jitter with SIS ]
1 E'1 1 T T T T T T T T T
0 50 100 150 200 250
PoUT [mW]
Br;;::;:drr:nisterium | %f—- P ,7
4 5=, Bs ~ Fraunhofer
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Outline

— " 28.29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

¥ introduction
M packaging and joining technologies
Application to microchip lasers
B novel components
Applications to fiber laser system scaling
B example of MID-IR source

M possible further directions
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Scaling of fiber laser systems
Novel components and laser systems

— " 28.29 September 2010
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B components:
novel fiber designs
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Scaling of fiber laser systems
Novel components and laser systems
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B components:
novel fiber designs = novel optical properties

endlessly single mode

10 ¢
B R 1k
BLiciols s s sino ol < -
.l:0:.:l:‘:.:.:0:.:.:.:.:.:.:I:I:I:.' (é-' :
R 107 E
HF3 e
10_2 Ly | 1 | I | I | J‘\ 1 | I | I | 1 | 1
: 0 0.1 02 03 04 035 06 07 08 09
MFD independent of A TN
SM from 0 5 tO 2 5 |J.m Kunimasa Saitoh, Yukihiro Tsuchida, Masanori Koshiba, and Niels Asger Mortensen, "Endlessly

single-mode holey fibers: the influence of core design," Opt. Express 13, 10833-10839 (2005)
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Scaling of fiber laser systems
Novel components and laser systems
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B components:
novel fiber designs = novel optical properties

ultra-broadband polarizing

-55
) slow axis
-60 .
T, fast axis
c -
|5 65
@ 7
=
» -75
c
S 80
- Mot |
-85 l
AW AN RN |
500 750 1000 1250 1500
Wellenlange [nm]
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Scaling of fiber laser systems
Novel components and laser systems

B components:
novel fiber designs = novel optical properties

extremly large dispersion shifts
100

‘e A=1.0 pm
*\E‘ 501 /’\ d/A = 0.8
£ o0 \ 7
(/)] /\/
a -504
S o
@ % -
8_ ]
& 150 il v
a Ti:Sa Nd:YAG,Yb
-200

04 06 08 10 12 14 16 18
Wellenlange [um]
enhanced nonlinearity A ~1..2 pm?
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Scaling of fiber laser systems
Novel components and laser systems

" 28.29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

B components:

novel fiber designs = novel optical properties

extremly large dispersion shifts

enhanced nonlinearity A ~1..2 pm?

artly sponsored by

partly.
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Scaling of fiber laser systems
Novel components and laser systems

- "~ 28-29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

B components:
novel fiber designs = novel optical properties

extremly low nonlinear interaction

pump core
(200 pm)

active core
(80 pm)

air-clad

1.5 mm outer
cladding
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Scaling of fiber laser systems
Novel components and laser systems

— """ 8.9 September 2010
""""SET 171 Mid-IR Fiber Laser Workshop

B components:
novel fiber designs = novel optical properties

extremly low nonlinear interaction

)\ -

a N

Pre-amplifier
Yb:KGW oscillator ] Stretcher -
Compressor -

Unit ISO

Main amplifier

\ /: JL

First GW fiber femtosecond system

Output <—

First KW average power fiber femtosecond system
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Scaling of fiber laser systems
Novel components and laser systems
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B components:
novel fiber designs = novel optical properties
fiber compatible components

tapers and endcaps
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Scaling of fiber laser systems
Novel components and laser systems

— """ 8.9 September 2010
""""SET 171 Mid-IR Fiber Laser Workshop

B components:
novel fiber designs = novel optical properties
fiber compatible components

tapers and endcaps

pump PCF Q-switching element
HR @ > 1010 nm

HT 990 end capson .
@ <990 nm P AOM air-cooled

MD-COpoe .|:|_.| HR@>1010nm
rod-type fiber HT @ <990 nm
diode @976 nm

R=008 Ooutput

mJ, ns fiber laser systems
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Scaling of fiber laser systems
Novel components and laser systems ____——_ " axsmonwmzo

B components:
novel fiber designs = novel optical properties

fiber compatible components

mode-stripper and high power connector
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Scaling of fiber laser systems
Novel components and laser systems

— """ 2829 September 2010
SET 171 Mid-IR Fiber Laser Workshop

B components:
novel fiber designs = novel optical properties
fiber compatible components

Novel pump couplers

High reflectaiice at pump ing wavelength
High tranzmittance at laging wavelength

/

- - -
pros High power lazing

Outer cladding L %

Tmner cladding

Signal sesd

Pumping ¢

Punp fiber
\

Rare- e’uth doped fiber < lommoomoceeoceecasenanoaan
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Scaling of fiber laser systems
Novel components and laser systems
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B components:
novel fiber designs = novel optical properties
fiber compatible components

High power components

100
99__ —_—_—__—/
98

971 —— TE- Polarization
96 — TM- Polarization
95
94-
93
92-
91-

<Y S SO
o 1 2 3 4 5

Position on grating [cm]

Diffraction efficiency [%]
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Scaling of fiber laser systems
Novel components and laser systems

" 28.29 September 2010
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B components:
novel fiber designs = novel optical properties
fiber compatible components
High power components

spectral beam combining of
narrow linewidth sources
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Scaling of fiber laser systems
Novel components and laser systems

" 28.29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

B components:
novel fiber designs = novel optical properties
fiber compatible components
High power components

=3
& 2000 O Daa -404
= —— Slope efficiency 61%
a
o -50-
5 1500+ =
g >
3 = -60
O 1000+ [
=
g 2 -704
— [=
Qo 5004 -
£
o -80
o 0+~ : : — e
0 500 1000 1500 2000 2500 3000 3500 1045 1050 1055 1060 1065 1070

Total Launched Pump Power [W] Wavelength [nm]

C. Wirth, O. Schmidt, I. Tsybin, T. Schreiber, T. Peschel, F. Briickner, T. Clausnitzer, J. Limpert, R. Eberhardt, A. Tinnermann, M. Gowin, E. ten Have, K. Ludewigt, and M. Jung, "2 kW incoherent
beam combining of four narrow-linewidth photonic crystal fiber amplifiers," Opt. Express 17, 1178-1183 (2009)
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Outline

— " 28.29 September 2010
SET 171 Mid-IR Fiber Laser Workshop

¥ introduction
B packaging and joining technologies
Application to microchip lasers
M novel components
Applications to fiber laser system scaling
B example of MID-IR source
M possible further directions

B summary
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Scaling of fiber laser systems
Novel components and laser systems

" 2829 September 2010
SET 171 Mid-IR Fiber Laser Workshop

B Approach for a fiber based picosecond VIS and MIR source
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Scaling of fiber laser systems
Novel components and laser systems

— """ 2829 September 2010
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B Approach for a fiber based picosecond VIS and MIR source

Degenerated FWM

a) 2W; = WotWyg Energy conservation

b) 2k, =K ootk

pump=Ksigna +yP ;=0 momentum conservation

idler

C) Low losses at w,, W, and ws No attenuation of the waves

d) MFDsignai = MFDpymp = MFD g, Good overlap of the involved waves
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Scaling of fiber laser systems
Novel components and laser systems
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B Approach for a fiber based picosecond VIS and MIR source

Condition a) 20, = w,+0; + b) 2k, =K

pump 31gna/+kid/er+VP 1= 0

Nonlinear phase-matching diagram

(Pump power = 40k Watt) To get widely separated signals move the

pump wavelength far away from the ZDW (in

6000 ] the normal dispersion regime)
|

5000- | o |
'g ] | Furthermore, the amplification bandwidth
£, 4000- : is given by:
B - 'ZDW b
S 3000- 2539nm | q, = 2o
= o ! ‘IBZ‘QS
T 2000- !
'(% Thus, additionally to get narrowband

signals we need:

i
800 900 1000 1100 1200 1300
Pump Wavelength [nm]

* high dispersion

* high separation of the wavelengths
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Scaling of fiber laser systems
Novel components and laser systems

B Approach for a fiber based picosecond VIS and MIR source

Condition c) Low losses at w, and w,

Analyze the phase-matching condition a) and b) and look for a material which transmission window fullfils c)

Transmission spectrum of fused silica

100,
90 7"[7’" — _Y —+
80 —
|
0|
L0l -
= ol
E 50 '|| [ —— reflection loss
E 10 [I Il 1| —— Suprasil 1/ 2Grads A . |
2 || = Suprasil 2 Grade B : ',
s 30 # |4 ; | Suprasil 311 /312 2 | i |I.
[ u |
20 [l | — Suprasil 3001 /3002 /200 | [ ] {
II Suprasil Standard - L=
10 T | Probendicke 10 mm A
| L | \
oL l I L \__|
150 200 250 300 1000 2000 3000 4000 5000 www.hereaus.de

Wellenlange (nm)
IR graded fused silica is a good candidate to use with tunable lasers from 1020-1090nm!
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Scaling of fiber laser systems
Novel components and laser systems __—
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B Approach for a fiber based picosecond VIS and MIR source

Condition d) MFD, = MFD,~MFD,

Use an endlessly single mode design to ensure good mode field overlap for all involved
wavelengths. E.g. an LMA-10 PCF.

Mode field distribution in LMA-10 fiber for signal, pump and idler waves:

673nm 1064nm 2539nm

® 5 1 15 20 25 30 > 8§ 10

25 30

15 15 20 25 30
Length (um) Length '[Ul‘ﬂ]' Length (um)
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Scaling of fiber laser systems
Novel components and laser systems
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B Approach for a fiber based picosecond VIS and MIR source

30ps@1030nm
50 & 200ps @ \
1064nm*, 0.2-1MHz V.
~100kW peak, i, lLRﬂiﬂ01} ]
ol 12W av. L Y o

Germanium Filter

—]
—
200%C -h‘\-.__‘_____
--""“——-.{
P—
—— 5 \
"'--______:32?_‘1_:_ b
3 4 5 ] 7 8 °
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Scaling of fiber laser systems
Novel components and laser systems
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M Approach for a fiber based picosecond VIS and MIR source
Slopes of the signal and idler wave average power with 200ps pulses and 1MHz rep. rate.

Av. power slopes of signal and idler

3.5 —71r . 1 . 1 . 1T rr & & ° 1
—&— signal @ 673nm
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Scaling of fiber laser systems
Novel components and laser systems
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B Approach for a fiber based picosecond VIS and MIR source

Slopes of the signal and idler wave average power with 200ps pulses and 1MHz rep. rate.
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Outline
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¥ introduction
M packaging and joining technologies
Application to microchip lasers
M novel components
Applications to fiber laser system scaling
B example of MID-IR source

B possible further directions
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Packaging and Joining Technologies for
fiber lasers — further directions
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® using other NLO-elements + high power silica fiber lasers
M e.g. quasi phase-matching (orientation-patterned GaAs)

M transparent (low absorption), nonlinear materials + bonding process (for
thermal contact)

B anti-reflection properties on MID-IR fibers
B effective media directly bonded to fiber end facet
W fiber bragg gratings
B written by femtosecond pulses
(for non UV-sensitive fibers)

nnnnnnnnnnnnnnn

Z Fraunhofer

IOF






—

~ Fraunhofer IMstitute of/Applied Physics

Scaling of fiber laser systems based on novel components and high power
capable packaging and joining technologies

)







Maximizing the Bandwidth from
Supercontinuum Generation in
Photonic Crystal Chalcogenide Fibers
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Maximizing the Bandwidth from
Supercontinuum Generation in
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Project Goal

GOAL: 7o make a broadband
(2 - 10 um) mid-IR source

A mid-IR
Light bulb

[E—
)
[«)

Power (a.u.)

w P Bandwidth .

[
|

(o))

(e)

2 Wavelength (um) 8
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Why mid-IR sources?

§

—

W1

(0L-oseq) 2oueqIOSqQy

Many important materials
radiate or absorb in this range

COMPOSITE SPECTRUM 1P METER AT

Mid-IR

55 um 9.5 um

Y —— | -
SO0

Wavenumber (cm™)

Spectral response
of ammonia

1 s
Ling Swength (cm’ iy em'c)
? 7 7 7 7
o .38 @ = =
= Y
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a
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...And it is not alone!
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Why chalcogenide?

—

fl

1
/_/"I L"Lj e

E 1.0 II'\‘I j\ | ||
E 0.5 \W,_JI \J||I.I"~_ﬁ
E\A

Att tion dB/m
ttenuat /m

Wavelength pm

Attenuation in silica grows Attenuation in the
rapidly beyond 2.5 um chalcogenides remains

small beyond 10 um

Source: Oxford Electronics

www.oxford-electronics.com l ] MB(:






What is chalcogenide?

* glass is based on
chalcogens mixed

with As
Chalcogens e losses ~ 0.1 -1
H dB/m
Li

Na o  Kerr nonlinearity =
K B8Sc| Ti] V [CrMnFe|Co|Ni[Cifa|Ga 1000X silica fiber
Rb_ Y | Zr[NbMo|Tc|RulRh|Pd|Ag|Cd

Cs Hf[Ta|W|RelOs|Ir |Pt|AulHg| TI|Pb| Bi lPojAtRn|  * CW peak power =
Fr Rf|Db|Sg|BhiHs| Mt JunUuuuub 50 — 125 kW/cm?
La|Ce|Pr [NdPmSm|Eu|Gd| Tb|DyHo|Er TmYb|Lul| | y ~
Ac|Th|Pal U [Np|Pulam(Cm[Bk|Cf|EsFmMdNo|Lr | puise peak power =
1 -2 GW/cm?
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Photonic crystal fiber (PCF)

Solid-core PCF Photonic bandgap fiber (PBGF)

0000000
00900390
000000
00000
00 )

solid core

Air core
periodic cladding forms

holey cladding forms photonic band gap

effective low-index material UMBC






Photonic crystal fiber (PCF)

Solid-core PCF

We focus on solid-core
PCFs fo make use of the
nonlinearity

0000000
00900390
000000
00000
00 )

solid core

holey cladding forms

effective low-index material UMBC






Supercontinuum generation

« Supercontinuum generation
v'Kerr nonlinearity
v'Raman effect
v'Dispersion

L@@ —

It Is a complicated, incoherent process!

UMBC






Supercontinuum generation

« Supercontinuum generation
v'Kerr nonlinearity
v'Raman effect
v'Dispersion

L@@ —

« Supercontinuum generation using photonic crystal
fiber (PCF)?

v'Wide single-mode region

v'Enhanced nonlinearity

v'Tailored dispersion

UMBC

1 O 'Dudley, et al., Rev. Mod. Phys. 78, 1135 (2006).





Supercontinuum generation

Supercontinuum generation in chalcogenide
fibers is not the same as in silica fibers/!

WHY?
* Different material properties
* There are no good sources beyond 2.5 - 3.0 um

Our design goal is to increase the maximum
wavelength of the spectrum as rapidly as possible!

UMBC

1 1 'Dudley, et al., Rev. Mod. Phys. 78, 1135 (2006).





Supercontinuum generation

Supercontinuum generation in chalcogenide
fibers is not the same as in silica fibers/!

A key finding:
supercontinuum generation proceeds in Iwo stages
« Stage 1. four-wave mixing
« Stage 2: soliton self-frequency shift

Each stage should be as large as possible!

UMBC

1 2 'Dudley, et al., Rev. Mod. Phys. 78, 1135 (2006).





Prior work

« Delmonte, ef al.’ show experimental supercontinuum
generation from 0.9 to 2.5 um using a tellurite fiber
« Shaw, ef al.? show experimental supercontinuum

with a wagon-wheel structure.

* Price, et al? theoretically demonstrate
supercontinuum generation from 2 to 4 um using a
generation from 2.1 to 3.2 um in a As,Se, based
chalcogenide PCF with one ring of air holes. @

bismuth glass fiber with a wagon-wheel structure.

'Delmonte, et al., CLEO, CTuA4 (2006)

2Price, et al., J. Sel. Topics Quantum Electron. 13, 738 (2007).
3Shaw, ef al.,, Adv. Solid State Photonics TuC5 (2005)






Model validation

« Shaw, ef al.’ show experimental supercontinuum
generation from 2.1 to 3.2 um in a As,Se, based @

chalcogenide PCF with one ring of air holes.

We use the Shaw, et al. results to validate our mode/

'Shaw, ef al., Adv. Solid State Photonics, TuC5 (2005). | | MB‘
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Design criteria

Supercontinuum generation is a complicated process
BUT
there are general design criteria that work well

1. Design the fiber so that it is single-mode
— increases the effective nonlinearity

2. Ensure that four-wave mixing is phase-matched with the
largest possible Stokes wavelength
— Rapidly moves energy to a large wavelength

3. Make the second zero dispersion wavelength as large as

possible
— Allows the soliton self-frequency shift to go to long wavelengths

UMBC
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A specific example

Fixed fiber and pulse features 000000

* As,Se, fiber 000000

«  Five-ring hexagonal structure 0000000
OO0 0000000

« A pump wavelength of 2.5 um OO00000000O0

0 00O OO0 000
OO0 000000 O0O0

Fiber parameters to vary: O000000O0O0

« Air-hold diameter (d ) 0000000
«  Pitch (A) 000000
__H__G 009 ¢
d A

Pulse parameters to vary:
« Peak power
* Pulse duration

UMBC






A specific example

Needed fiber quantities 000000
(experimentally determined) 000000

« Kerr coefficient Q0000000
. . O 00000000
Rama.ngeTln . OO0CO0O000000O0
 Material dispersion 00000 00000
OO0 00000000

OO0 0000000

Needed fiber quantities (calculated) 00000000
 Total Raman response O00000O0
— calculated once _.H._ﬂ ©C09 ¢
d A

 Total dispersion
— calculated for each set of fiber parameters

UMBC
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Generalized nonlinear Schrodinger equation (GNLS)

In principle: We can optimize by solving the GNLS for a
broad set of fiber and pulse parameters

0A(z.1) —iIFT{[ (@, + Q) - B(@,) - QS (13))] A(z, )}

07

, 0 t , 2
:zy(l+wig)[A(z,t)ij(t )‘A(Z,t—t )‘ dt }

0

A(z1) : Electric field envelope
[/ : Propagation constant
Y =n,a), /[(cA, ): Kerrcoefficient
R(1) = (1= f)o(t) + frhy (1)
Y L J

!

Kerr effect Raman effect U MB C
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Generalized nonlinear Schrodinger equation (GNLS)

In practice: We use our design criteria to reduce the labor

In any case: We must solve the GNLS for a broad enough
parameter set to verify the design criteria

UMBC
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Third-order susceptibility

Imaginary part Real part
1 I\ /L/ \;1 = 1 1§ 1 1 T T
u ,f/ I': - |- Silica
:Z B "/ E\ B Z \ /'//\ \\\\\ o Aszse3
0 / | )| L |\“|“’| . ) T Y
0 1000
Frequency (cm™1) 1000 Frequency (cm™T)

The real part is obtained by a Hilbert transform of the
Imaginary part (Kramers-Kronig relation)
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Raman response function

----- Silica
As,Se,

..U]
oo |
i}

he (1) (a.u.)
b | ]
{
L I

I
N

-

¢ (fs) 1500

Chalcogenide fiber has a longer response

time than silica fiber
UMBC
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Raman gain and Raman response function

R(t) — (1_ fR)é‘(t) + thR(t)
| Y J 1 J
Kerr effect Raman effect

N (1)

N T f-Ie=rss |
5
Fd

g\(Q):(za)\p /c)n, fr £[FFT(hR(t))] —> f,=0.1
Raman gain Pump Raman fraction of the nonlinearity

frequency

1Stolen, et al,, J. Opt. Soc. Am. B 6, 1159 (1989).

2Slusher, et al, J. Opt. Soc. Am. B 21, 1146 (2004). | | MB( :
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Fiber geometry

Experiment’ Simulation

A
D=10um
dIAN=0.8

s UMBC

23 'Shaw, ef al., Adv. Solid State Photonics, TuC5 (2005)






Dispersion

D (ps/nm-km) &

-100
2 Wavelength (um) 6
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————— Material
—  Fiber

D=10um
dIAN=0.8

UMBC





Supercontinuum generation

)

10 | | — | |
S | gt ey | Experiment’
S — Simulation
o)

% L=1m
2l FWHM = 100 fs
Energy = 100 pJ
10'8 I B B B B A,=2.5pum

2 Wavelength (um) 3.4

Measured nonlinear response can completely
account for the supercontinuum generation

'Shaw, ef al., Adv. Solid State Photonics, TuC5 (2005) | l MB‘
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Single-mode analysis

Step-index fiber Solid-core PCF

AKX
@
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Fundamental space-filling mode

—~ UMBC
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Fundamental space-filling mode
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Endlessly single-moade region

10 e~ 177 717 W 1 T T T =
= 1 Single-mode ;=28 -
< 1 = E
N ¢ -
N _1_ Endlessly |
10 £ Single-mode Multi-mode -
—  region region -

10—2 I I B | I
0 d/ A 0.9
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Endlessly single-moade region

What we learned:
When d /A =0.4, the fiber is single mode

AND
We have the best mode confinement.

We set d /A =0.4 from this point on.

UMBC
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Four-wave mixing (FWM)

Phase-matching condition

(n,0,+n,0, —2n @)/ c+2(1-f)yP =0

UMBC





FWM wavelength

8 10 1

T -

3 s

£ g -

= 2

2 2

> > |

S =

s =2

= sl

m B _ N

1 I Y R IR I B | oL 0T L L L
2 Pump wavelength (um) 4 2 Pump wavelength (pm) 4

At P=0.1kW, A=3 um gives a large Stokes wavelength

UMBC
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Banadwidth as a function of pitch

—~ Bandwidth (um) .,

N

>
-
g
N

UMBC





Output spectrum

)

10 —
~ | %“ 1
c:;- | & 1 L=01m
bt ; FWHM = 500 fs
O | d/A= 0.4
C;> = - A =3um
al

— Al Bandwidth : =

—60
10 Mo 1 1 1 P
Wavelength (um) 8

UMBC
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Banawidth as a function of input pulse width

W)

o Bandwidth ( um)

100
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Banawidth as a function of input peak power

| |
0 Peak power (kW) 1.5

- Bandwidth (um) 5
|

UMBC





Application of this approach to other fibers

Cutput Spectrum: Intensity=1.6 GWicm?, Pulse width=10 ps
. | | | | |

Welblen, ef al.

50
0 As,S; fiber

-50
Presented

=100

at CLEO 2010

=150

Fower Spectral Density (dBm/nm)

-200

Stay tuned
oo 2000 3000 dlil!:ll:l EEI!IIEI G000 7000 f0/' Mo/ e./

Wavalength (hm)
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Conclusions

« We have developed a design approach that

38

allows us to maximize the supercontinuum
bandwidth in chalcogenide fibers

We showed that a bandwidth of 4 um can be
generated using an As,Se; PCF with d/A = 0.4
and A = 3 um at a pump wavelength of 2.5 um

This same approach can be applied to a wide

variety of chalcogenide fibers.
UMBC
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Thank you!

UMBC
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Outline
« Background

 Purification and synthesis
* Optical fibre development
» Active devices in the mid-IR

* Concluding remarks
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* 40 year history beginning from ground breaking work in optical fibers
* Now the largest group in UK (170 staff / PhD students, 65 labs)

* Generates ~50% of our Universities Intellectual Property

* Extensive international industrial and University links

* A worldwide alumni of 600 staff many in senior positions

* A photonics cluster of 11 companies

* 270 Publications/11 Patents per year

* 50 Invited / Plenary talks per year

* Staff includes 3 Fellows of the Royal Society
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Purification & Synthesis

« Raw materials
 Reactive gas conversion

» Chemical vapour deposition
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What is a Chalcogenide?

— From Greek sulphur-loving for elements that
frequently bond to sulphur

— Seen in various forms: crystalline, single
crystal, quantum dots, phosphors, ceramics

Typical Amorphous Compositions
— As-S, As-S-Se, Ge-Sb-Te
— Predominately As or Se based (toxic!)

ORC Research Focussed On

— Gallium Lanthanum Sulphides (non-toxic)
— Germanium Sulphides (non-toxic)

— Capability to melt any glass composition exists
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. .

Wide range of horizontal and vertical tube furnaces, chamber furnaces,
high and low temperature ovens, vacuum processing

 Processing in dry nitrogen, argon, oxygen, SF, hydrogen and hydrogen
sulphide

« Speciality heating including rapid thermal annealing and RF induction





Glass Melting — Sealed Ampoule Melting

C

Typically used for compounding elements, eg. Ge, Se, Te, Sbyg
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* Clean, precise, controllable heating
 Custom design, interchangeable coils
» Flexible, we configure the furnace to our needs

CIH_ISM HF20

Up to 20 kW output
50-150kHz

—— CHELTENHAM

= [NDUCTIONHEATING



http://www.cih-group.co.uk/index.php

http://www.linkam.co.uk/
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How Not to Melt Glass

B o
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Raw Materials are Critical!

- “ 1
ey |
A e B
- -
b
\
3 \
o v
~

» Ga-La-S-O samples prepared with mateirals sourced from different manufacturers.
 Melting conditions were identical.
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SES moisture filter H,S ?tctive
getter
\_ — / all gas lines
HS > shrouded by dry
2 1L mass / N,
flow > to melt furnace
AL/O, —> control
2
/1N T~
BOC argon Millipore Millipore PFA 3 nm
dryer . Whatman filt
moisture : e
filter 5/ 0.5 micron
filter
20 mmmm CeracLa,S, ‘ 40
- mmmm Aldrich LaF. . . . -
S ——— 35 Optical Fibre Attenuation | —— %
= LaC 27 20
[ aC 28
e [ aC 33 25 ]

20 A

15 4

Illﬂl 200
— S

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
2

Attenuation (dBm™)

Concentration (ppm.)

Impurity (elemental) Wavelength (jm)





Purity Levels for LaF;
Aldrich vs In-houss purfied

3 25
I Aldrich N sudrich
1 Pure3baii) [ Pure3ddali)
N Pure2s 20 1 B Fureld
[ Pure2E [ Pureza
B Pure2? —_ B Pure27
L = ‘E
" 15 -
&
E 10
- 1
o- T -4
- Ma Al Sl Ca ©Ce Cs L e Ga
Kig P Tl W Cr Mn Fe ©Co NI Cu Zn Br
] Impurity Elemental
Irmy elemental
o purity { )
Eure20a{1) .
Tube + crucibles baked out = 23hrs. Crucible Type = Ceramic x 2 .
gh used in Pure 30 / LaC013 /LaC014). Powder Mass ~ fg / 8g Purification Run c 0 5
C-lu::iblese io atmosphere for 1min. SigEPtiack colouring on surface afier purification. {Impurity Content in ppm wt)

Pure2f

Tricible Type = Carbon x 2. Powder Mass ~ 20g / 65g Aldrich 140
— Pure30a (1) 7O
Tube + crucibles baked out = 12hrs . New Tube used. Pure2d 43
Crucinde Type = Carbon. Powder Mass ~ 839 p— a5
Appearance of powder after purification = white

Pure27 &5
Pure27

Tube + crucibles baked out = 12hrs . New Tube used with carbon liner.
Crucinde Type = Carbon. Powder Mass ~ 80 [ 30g
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Fig. 1(a)

e, Properties

L GasLa%33514

Temperature / °C

log (time / s)

10min 1h 12h 48h
[ T 1T I

e crystallized
o glass

Gaglag 33514-x0x

Temperature / °C

cooled liquid state
/ Pars

log (time / s) 50 pm

Fig. 3. TTT diagrams of (a) GLS and (b) GLSO glasses during
isothermal treatments. Viscosity data of super cooled liquid Fig. 5. Transmission Opll.CLl] n]jcrugruph of the GLSO gl‘dSS
states 1s also shown in these figures. = - ..

SR o treated at 700°C for 1 h.
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H He
ORC Research 1992-2005 <
Li B C F )Ne
Na cl >Ar
Ti Mn Co u Se Br | Kr
Zr Tc Ru | C S| T I\)Xe
Ne—"
Re|Os Ir u|Hg Po | At Rn
Bh Hs | Mt

Th|Pa U Np Pu AmCm Bk Cf Es Fm Md No| Lr

~2003

1% Generation 2™ Generation 3" Generation 4™ Generation 5" Generation Emerging
US 4115872 US 45335219 US 5341328 US 5406509 US 6011757 US 4115872
~1978 ~1994 ~1994 ~1995 ~2000
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100 samples GST alloys studied

« Each melted in sealed ampoules

« Composition individually analyzed
« Melting temperature by DTA

 Tg and crystallization by DSC

« Crystalline phases by XRD

Time Scale: several months?

P. Lebaudy et al, “Identification of amorphous zones in the GeTeSb system”,
Materials Science and Engineering A132 (1991) 273-276





Calibration Runs: 2 - 3 days

Run 653 2 hours

Run 659 2 hours

Run 770 2 hours
Primary Screening 2 - 3 days

Time Scale: one week

Presented at EPCOS '05 Cambridge Sep 2005
R.E.Simpson, D.W.Hewak, S.Guerin, B.Hayden,
G.Purdy, “High throughput synthesis and screening of
chalcogenide materials for data storage”

Pioneering Technology: High Throughput Physical Vapour Deposition
Material Discovery Times accelerated by a factor of 10 - 100





High Throughput Deposition

Science-ieg Matariais Discovery

Material A 70 %

30 %
Target

-+

100 % Material B

%%

Shutter over each target ensures
reproducible and reliable “wedge”
which combined gives a desired gradient





2016

Optical Screening

Hot plate heating

High Sensitivity B&W Progressive Scan
1392 x 1040 pixel CCD Camera
Starlight Express Ltd. Model SXV-Hg

60

70
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100
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Ga:Te:lLa System EDS 1613 + 1659
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Optical Transmission

Optical Transmission
1 mm thickness
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Transmission Transmission
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Optical Fibre Results Oprosectonic

fiber attenuation (dB/m)
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Summary of LF389
pure GLS: 70GaS, ,-24La,S,-6La O,

(270um OD fiber), total cutback 2.7m

OH peak absorption
3.5+0.5 dB/m @2.9um

i

; 3.5+1.0 dB/m @4um
0 PR S : PR S { PR R : PRSI S % i {
2000 2500 3000 3500 4000 4500

wavelength (nm)

1992 0.1 cm™? 40 — 60 dB/m
2002 0.02 cm™ 2-3dB/m

Target* 0.004 < 0.2dB/m
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Comparison of GLS fibre with
Commercial Arsenic-based fibre
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Attenuation (dBnv ')
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Wavelength (um)
0.5 1.0 2.0 5.0 20.0
| | | | I |
e g Multiphonon edge
le+d -
{e+3 4 Electronic edge
le+2 \'-’ \‘ws measurements
le+1 4 \
1e-0 ~
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Results in practice are far from predictions!
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Active Devices

e Mid-IR sources

» Microspheres

* Emerging technologies
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Glass Structure & Multiphonon Decay
Pr3+ Pr3+ Pr3+

1.3 micron ”
Emission ‘ ’

3.4 micron ’

Emission

1.3 micron
Emission

Emission

Oxide Glass Fluoride Glass Chalcogenide Glass
High Phonon Energy Intermediate Phonon Energy Low Phonon Energy
Efficiency = 0% Efficiency = 6% Efficiency = 60%
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Rare Earth Doping
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Rare Earth Elements

La|Ce|Pr|Nd|Pm|Sm|Eu|Gd|Th|Dy(Ho| Er|Tm| Yb|Lu
57 | 58 | %9 | 60 | 61 | 62 | 63 | 64 | 65 | 66 | 67 | 6B | 69 | 7 | M
Lanthanides’ .
H. " -~ |He
Li |Be |B|C|N|O|F|Ne
NaMg - |Alsi|P|S]|cCl|Ar
K |Ca| [Sc|Ti[V|Cr[Mn Fe[Co|Ni[Cu|zn|Ga|Ge|As|Se|Br|Kr
Rb|Sr Zr [Nb|Mo Tc [Ru[Rh[Pd|Ag|Cd| In[Sn[Sb|Te| I |Xe
Cs|Ba| [Lu]Hf[Ta|W/|Re|Os| Ir | Pt|Au|Hg| TI|Pb|Bi|Po| At|Rn
Fr{Ra|An| Lr

T. Schweizer, Rare-earth-doped Gallium lanthanum sulphide
glasses for mid-infrared fibre lasers (University of Southampton,

2000)
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Intensity (a.uw.)

Fig. §
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Intensity (a.u.)
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Fig. 344 Emssien from three lower Pr levels:

a) Fluorescence from 2 m long, 300 ppm Pr'™ doped GLS fibre pumped with
1.064 um Nd:YAG laser and absorption spectrum

b} Fluorescence from 2000 ppm Pr- doped GLS bulk glass pumped with

2pm TmYAG lazer
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Microspheres
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Quartz
® ? / furnace liner
T High
‘\ @ temperature
MH Hot Zon<7 ol furnace
-
.
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Qﬁj Microspheres

Microsphere diameters 500 nm to 500 pum
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sieving
sedimentation
rolling

Greg Elliott

Size range:
100’s nm to 100’s microns 38
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1.0+ FSR
Computer 1
— ] | 0.754
CCD| |—»+| InGaAs detector |
) Q~ A
Microscope *" ps fvEM || A
Agilent 816008 ]
tunable laser PM fibre 2= 0,25
Microsphere on Teflon-coated 1l }
silver-sodium-ion planar waveguide 1] 1 D . S— 0 = .3
Wavelength

Quality Factor: Q where 1/Q = 1/Qmaterial + 1/qurface + 1/chrvature + 1/Qcoupling

aX

Qpredicted =~ 4 x 10°
Qmeasured = 8 X 104

Gregor R. Elliott, Daniel W. Hewak, G. S. Murugan, and

James S. Wilkinson, “Chalcogenide glass microspheres; =

their production, characterization and potential”, Optics B
Express, Vol. 15, Issue 26, pp. 17542-17553
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Improved Coupling

.

Wavelength (nm) |

Fluorescent spectrum from GLS microsphere doped with 1.5mo0l% Nd. Inset, close up on WGM.
This measurement was taken using a fibre coupled microsphere.
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Initial Lasing Observations
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Characteristics of Microsphere Lasers

* Extremely low threshold

 Simple, robust cavity, easily fabricated

* Integratable with planar or fibre technology
* Potential for new wavelengths in IR





UNIVERSITY OF

Southampton

Optoelectronics
Research Centre

Application of Phase Change in
Nanophotonics

e Plasmonics

« Metamaterials

http:/ /www.nanophotonics.org.uk/



http://www.metamaterials.org.uk/
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* Short-range atomikr@dgient chanrgg@mgﬂmavegndade properties
* Low free electron ESﬁttlyd SPP %?Bﬁﬁ%&fﬁrﬁn density
T

« High activation enérgy tion energy
« High resistivity APL 84, 1416 ¢A@}esistivity
* Transparent * Opaque






UNIVERSITY OF

Ga-La-S Plasmonics Southampton

Ge-Sb-Te (GST) unsuitable for plasmonics Optoelectronics
- high index Research Centre
- highly absorbing) 1.55 pm

Ga-La-S is much better: TiO, prism
- transparent above ~700 nm n=_2. 46 A
- High damage threshold
- Easily polished and coated Silver
, n=0.45+ 9. 01|
- hon-toxic

Reflectivity (p-polarization)
100 100

ngs= 1.8

100

75 75
M
50 50
Refleq
2hver 25 )
Silver thickness
t=45 nm

0] 0] T —
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Resonance switching \/\/

Nonlinear Medium

LJ
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Wavelength
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Can we switch our metamaterials? Wavelength

Fabry-Perot Resonator /\//\\/

Planar Metamaterial

Transmission

Wavelength
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Chalcogenide metamaterial hybridyouthampton

Optoelectronics

Electro-optic modulator Rescarch Centre
ﬁﬁcrj]ar(?els change An and/or Ak) GLSlQGr ‘chicanoetszj]sI i '
-

\ I L ~tens of nm
N

Signal —— > I

\Active medium

N =n +ik

Gallium Lanthanum Sulphide: . Py

« Optically/electrically-induced
threshold switching: amorphous —
crystalline

Reflection
modulation
l

T 1.6

« Transmission contrast 4:1 in a device
only !/, of a wavelength thick.

Transmission modulation

« Operational band tuneable by design , : : s
across VIS-IR range 950 1150 1350 1550 1750

Wavelength, nm

Samson, et al., Appl. Phys. Lett. 96, 143105 (2010)
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o Purity, purify, purify

« Don’t (always) blame the composition

« Consider other geometries, emerging technologies

« Collaborate openly* (or find a very wealthy sponsor) s

« Learn from history
Four years later....

*when you can
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Outline

« Brief Overview of Nonlinear Conversion
* Nonlinear materials, pump sources
« General fiber overview
« Design constraints and limitations
* Nonlinear effects in fiber
« Considerations for fiber used in nonlinear conversion
* Yb, Er, Er:Yb, Tm
« Advantages and disadvantages
* Fiber geometries
» Architectures
¢ Summary
 General issues
* Moving forward

Unclassified
Approved For Public Release





Mid-IR Generation

« Traditionally, Mid-IR light is frequency shifted from a laser pump
« Diode-pumped solid-state laser converted in a nonlinear crystal
» Typically ZGP, PPLN, OPGaAs

* How can we use fiber with Mid-IR light

 We can use it to transport Mid-IR light over several meters
» Fluorides and chalcogenides for power distribution
« Advantages: only fibers which can transport MWIR light with low loss
« Disadvantages: multimode output spoils beam quality

» Not necessarily bad for most applications

 However, we can use traditional fiber as a pump source
« Take advantage of silica fiber technology
* Transport the pump to nonlinear converter

Unclassified
Approved For Public Release





What is Needed For Mid-IR Generation?

 Pump source
« Bright, single-mode laser
« Generally need M2 < 2
* High peak power pulses
» Generally several kW peak
« Polarized output
« For phase matching in nonlinear material

* Nonlinear material
« Phase-matched to the pump and wavelengths to be generated
« Conservation of energy and momentum
 Critically phase-matched vs QPM materials
» Conversion: methods: OPO, OPG, OPA

Unclassified
Approved For Public Release





Nonlinear Optical Crystals — What |Is Needed

» Higher efficiency and output power in the 2-8um spectral range
* Mid-IR crystals compatible with common pump lasers

 Better long-wavelength materials for CO, doubling and 8-12um generation

« Desirable material properties: Birefringence Crystals

idler
signal

pump

High nonlinear coefficient
Low absorption loss

High laser damage threshold
Low thermal lensing

Low/no walk-off

» Non-critical phase matching
(NCPM)

QPM Semiconductors

Unclassified
Approved For Public Release
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Common Nonlinear Materials for Mid-IR Conversion

PPLN

Mature material, QPM
Limited transparency range
in MWIR

ZGP

High nonlinear coefficient
Critically phase-matched

OPGaAs

QPM, high nonlinear coefficient
Large transparency range

Low absorption

High thermal conductivity

10,000

Nonlinear Figure of Merit (d3/n?)

N
o
o
o

100

—
o

e
—

0.01

Te
B CdGeAs,
OPGaAs
ZnGeP,
P Tl,AsSe,
AgGaSe,
CdSe
. AgGaS,
Ag.SbS,, Ag,AsS
L|IO3 gS 3 gS 3
= LNbO,
- ADP
KDP
— Si0,
1 1 1 1 1 1
0O 5 10 15 20 25 30 35

Transparency Range (Microns)
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Solid-state vs. Fiber Pump Lasers

« Solid-state lasers )
« Q-switched
_ Larger pump spots
« Good beam quality — M?: 1.2-2.0 \ to mitigate NLO
« Lower repetition rates, long pulse widths crystal damage
» Trade-off between pulse width and PRF

* Generally high pulse energy with high peak power /

* Fiber lasers A
« Excellent beam quality — M?: 1.0-1.5
» Efficient, compact
« Minimal/no free-space optics >
» Variable rep rates and short pulse widths -

» Low pulse energy with high (or low) peak power

« Wavelength flexibility
« Power scalable with beam quality /

Smaller pump spots
for high peak
intensities

Unclassified
Approved For Public Release





So Why Bother With Silica Fiber?

It can efficiently generate high powers and transport pump light
* Transparent from near-IR (<800nm) up into mid-IR (2100nm)
« Gain length
« Distribute the gain (lower gain per unit length, longer length)
» Spread the heat load over long fiber length (surface area for heat removal)
* Frequency agility
» Glass has a very chaotic structure
» Broad absorption and emission features compared to crystals
« Efficient pump/signal overlap
* Let the waveguide do the work
* |tis inexpensive (in large quantities)
« Leverage the telecom investments
» Splicing, diodes, components, etc.
« The light is entirely confined to the fiber

Unclassified
Approved For Public Release





For High Power Operation

BAE SYSTEMS

« DPSS crystal-based technologies
« Thermal lensing in crystal
« Beam distortions at high powers
* Need significant waste heat removal
» This requires a major engineering
effort and increases size, weight, power

 Fiber
» Pump absorption is spread over a few meters
rather than a few centimeters
» Fiber core is close to the heat-sink
* Only a few hundred microns
» Architectures can be power scalable
without significantly impacting beam quality

Unclassified
Approved For Public Release





Typical Fiber Dopants

« Erbium (Er)
* Low gain, but eyesafe emission at 1.55um - telecom wavelengths
« Can pump at 980nm or resonantly at 1470-1532nm

« Ytterbium (YD)
* Very high gain, very efficient
* Emission from 1000-1150nm (typically used from 1035-1080nm)
« Can pump from 915nm-975nm

» Ytterbium-sensitized erbium (Er:YDb)
» High power emission at 1.55um - higher gain due to Yb ions
 Pumped from 915nm-975nm

* Thulium (Tm)
* 2-micron emission from 1850-2100nm
 Pumped at 795nm or 1550nm

e Thulium-Holmium (Tm:Ho)

Unclassified
Approved For Public Release
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Fiber Lasers

« Just like a solid-state laser, but the fiber is the gain medium
» Instead of a crystal and mirrors, we have a fiber and gratings
» Diode pumps the fiber to excite the active ions
» Gratings provide feedback at a specific wavelength for oscillation
« Typically CW operation
« But they can be g-switched or modulated
* Have very closely spaced modes due to long cavity lengths

« Typically several meters
Doped Fiber

CW Laser
Output

Pump Delivery
Fiber

HR Grating PR Grating

High Power, Multimode
Fiber-Coupled Diode

Unclassified 1
Approved For Public Release





Amplifier Operation

« Just like a solid-state amplifier (all about overlap and saturation)
« But you don’t have to mode-match the signal and the pump
* The waveguide does this for you
* Length is determined by the core/clad area overlap
» And thus, the pump/signal overlap

Pump Beam Gain Crystal

-

——— —_——
—_ ——

Lots of Unused

Signal Pump

—_— — — —
— —
—_ —_
- —_—
-

Pump is Absorbed
by End of Fiber

Unclassified
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Fiber Amplifiers

 When seeded, fibers make very efficient amplifiers
» Offer much more gain than crystal amplifiers
» Due to length of gain medium
» Fiber amplifier typically offer gains ranging from 5-20dB
» The ability to generate pulsed output from a fiber
» By seeding with a pulsed source (diode, microchip laser)

Single-mode, Single-mode LMA Fiber
Fiber-coupled LMA Fiber Pump Diode Pump Diodes
Seed Diode @
X
Isolator Pump Isolator Pump Amplified
Coupler Coupler U oL Output
Preamplifier Power Amplifier

Unclassified 13
Approved For Public Release





Performance

* Very high efficiency
» Due to gain length and core/clad overlap (signal/pump overlap)
* All of the pump is used (and all the gain is in the core)

« CW operation

Yb-doped CW fiber systems have demonstrated >75% optical efficiency
» Er-doped systems are ~30% efficient (low power)

» Er:Yb-doped are ~35% efficient (high power)

» Tm-doped fibers are approaching 60% efficiency
« Pulsed operation

» High peak-powers are achievable rather efficiently

« Slightly less efficient than CW, but still much better than DPSS systems
* Due to low duty cycles

* Nonlinear effects become a major issue
« This is where the engineering comes in

Unclassified 14
Approved For Public Release
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Limitations of Fiber Systems
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Energy Scaling

What are the limits?
» Fiber core size - high powers do not like to be confined to such a small area
« 10W average (10kHz, 10ns) in a 30um core = 14GW/cm?
Self-focusing limit
« High intensities modulate the nonlinear refractive index in the core
» This can form a Kerr lens and focus the light until the fiber breaks
* The limit for silica fiber is ~4.5MW of peak power at 1064nm
« Does not depend on core size > we have length on our side again

Surface damage
» Ocecurs at the glass-air interface as the light exits the fiber

» Depends on the surface quality and the pulse width but a good rule of
thumb is <4GW/cm?

Bulk damage
« Depends on the peak power, pulse width, and core size (~600GW/cm?)

Nonlinearities in the fiber

Unclassified
Approved For Public Release
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Nonlinear Effects

* Fibers have one particular “limitation”
« Small cores yield very large optical intensities
» Consequently, the good things about fiber are also bad
» Small cores and long lengths may induce nonlinear effects
« What are these effects?

» Stimulated Raman Scattering (SRS) 0

» Stimulated Brillouin Scattering (SBS) Signal
» Single frequencies g
* Self-phase Modulation (SPM) z M SPM
» Optical Kerr effect é 20
« Nonlinear phase shift = ASE SRS
+  Four-wave Mixing (FWM) s
« X® susceptibility 5
« Solutions? .
» “Short” fiber lengths, large cores ol L

* Novel fiber geometries Wavelength (nm)

Unclassified
Approved For Public Release





Now for the Math...

16- 21- A
PSRSthr (/ﬂt) ~ Aeff PSBSthr (/1) ~ Aeff ' (1_'_ Vg j
Or(4)- L Og(4)- Leg Avg(4)
27N
CDSPM = 2 PL ff
APt i

« All effects are a function of fiber length, core size, and wavelength
« Shorter fibers, larger cores increase the nonlinear thresholds
« The longer the wavelength, the higher the threshold
 Example
» Pulsed Yb-doped fiber amplifier at 1064nm (10kHz PRF, 10ns pulses)
« Core diameter = 15um; fiber length = 5m; gz = 1x10-13 m/W
* Pyrs=6.5kW - average power of 650mW is above the SRS threshold

Unclassified
Approved For Public Release





Amplified Spontaneous Emission (ASE)

 The excited ions have to go somewhere
» If not extracted, the excited electrons decay and spontaneously emit
» Unfortunately, there is gain at the emission wavelengths
» So the spontaneous photons
see gain and get amplified
» This reduces the amount of gain
seen by the signal, thus
reducing efficiency
« Solution
 Filter the out-of-band ASE
« Saturate the gain so the signal
extracts most of the pump

0

5L

Broadband
5| ASE

=20 +

-25 L

-30

-35

40 |

Normalized Intensity (dB)

45|

-50

| | | | | | | |
900 950 1000 1050 1100 1150 1200 1250

Wavelength (nm)
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Background Losses in Silica

* Fibers have lowest loss in 1.55um
window (telecom)

« Relatively low loss in 1.0um region

 Above 1.6um, losses are getting higher

 Above 2.1um, background loss is
becoming significant (>0.1dB/m)

* For lasing, this means higher threshold for
lasers

« Shorter fiber lengths would be required for o =
efficient operation o4 "o Wav;:ngth (J:) *0
» Higher propagation losses in passive fiber G. Frith, et al., Photonics
- Limits propagation distances est (2009
* 10m transport = 20% power loss

1000,

Attenuation (dB/km)
2

-
aaaaaal el L

Unclassified 2
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So What are Silica Fibers Systems Good For?

« High average power, low pulse energy output
« With diffraction-limited performance
» Higher repetition rates (<50kHz to >1MHZz)
» High efficiency - far better than DPSS lasers
» Peak power output depends on pulse width and PRF

« Fibers make the perfect pump source for frequency conversion
* Excellent beam quality
» Determined by the fiber geometry
» Wavelength agility (not offered in crystal systems)
* Yb fiber offers more than 100nm of gain
* Tm offers more than 200nm
» Pulse flexibility
* Pulse width and PRF variability

« Manufacturability
* You can splice these fibers together and eliminate free-space transitions

Unclassified
Approved For Public Release
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Considerations for Nonlinear Conversion

Date/reference/classification 22





What are Needed from Fibers for Conversion

BAE SYSTEMS

* Need to match the pump laser with nonlinear material

Gain region in fiber with the nonlinear material
Yb with PPLN

Er:Yb with PPLN

Tm with ZGP, OPGaAs

« Need energy and peak power for conversion

Nonlinear materials only care about peak intensity/energy
These are not energy storage devices
» Conversion only occurs on a pulse-to-pulse basis
This translates to either high peak power or high intensities
» By focusing tightly into nonlinear material

Unclassified
Approved For Public Release
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Ytterbium-Doped Fiber Systems

« Advantages: B E—
» High efficiencies (>70%) 2.508-24 ﬁ —— Emission
* Low quantum defect
* Pumping from 915-976nm
» Lasing from 1040-1080nm oo
« Common wavelengths |
»  Primary Nonlinearities: S'OOE'ZS//\JJ L
+ SRS, SBS, SPM, FWM O o s ms o @ 100 10z 1w 107 10 13 11e0
+ Challenges: Hevelenstnom
» Peak power scaling due to nonlinear effects
 How to get high peak power:

» Large fiber cores, short fiber lengths
* Novel fiber geometries

2.00E-24 -

1.50E-24 -

Cross-section (n?)

Unclassified
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Ytterbium Fiber Geometries

D. Kliner, et al., SPIE OE

« Large Mode Area (LMA) Magazine (2004)
« Large core (15-30um) with low NA (0.06-0.1)
« Up to 80um has been reported (U. Michigan)
» Advantages:
« Coiling promotes single-moded operation
« HOMSs get coupled into cladding
« Conventional splicing technology can be used
« Disadvantages:
« Coiling can artificially reduce mode size in the core
« Larger cores can support higher order modes
» Even with coiling
« Cannot scale to very large cores due to limited NA range
« Difficult to reduce NA below 0.06
« Splicing is difficult for cores above 25um diameters

J.M. Fini, Opt. Exp. 14, 69
(2006)

Unclassified
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Ytterbium Fiber Geometries

« Photonic Crystal Fiber (PCF)

* Very large core (>40um) with low NA (<0.03)
« Air holes tailor the NA

« Advantages:
» “Endlessly” single-mode operation & e
. Significantly larger core diameters than LMA fibers ~  asspooe)

* Promotes power scaling with higher nonlinear thresholds

« Disadvantages:

« Coiling limitations

« Low NA promotes significant bend-losses ..-f G '
» For fundamental mode
« Requires >25cm bend radii g
« Air holes are present around the core "
« Cannot splice without collapsing air holes J. Limpert, et ?;.6(?6;)“. Express 14,

* Need free-space transition

Unclassified
Approved For Public Release
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Ytterbium Fiber Geometries

e Chirally-Coupled Core (CCQC)
« Large core with low-moderate NA

« Helical coupled core /

<
« HOM suppression _—
« Advantages: /\{‘P
» Higher order modes see loss due to CCC C. Liu et al., ASSP (2007)

 Significantly larger core diameters are achievable than LMA fibers
* Promotes power scaling with higher nonlinear thresholds

» Can use with conventional splicing technology

« Disadvantages:

« Relatively new technology

» Need to develop components with matching passive fibers

» Bend radii can be large (15cm for 35um core)
» To avoid distortion in the fiber core
« Results in larger packages

Unclassified

Approved For Public Release 7





High Peak Power YDFA

BAE SYSTEMS

MOPA architecture

Seeded by a microchip laser
10W average power, 9.6kHz PRF, 1ns PW

* 1mJ pulse energy, 1MW peak power
YDF
LPF LPF
ol @I: L rom F. Di Teodoro and C. D.
MO I A=\ ﬂx Output Brooks., ASSP (2006)
L : " \BPF 4
Q&:\ Qﬁ
) 10 — =
=z 0 E 10dE 10 o 10
E -E e ’ = ‘P.-i. -
E 25 9 GHz g 1ns - Lag =
: 2 shost ST g ontEen S
% E: g E || I * -6 E
E & o 06 T 0_0____/.' I\_ S - ] é
; - : T o1 . :
E i 0.4 TIme (ns) —* -4 g
= e e Slope efficiency = 66% .
2 0.2 = -2 =
@ L]
o L ] e
1000 1050 1100 1150 0.0 -0
r _ 0 5 10 15
Wavelength (nm} Launched pump power (W)
Unclassified
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Erbium Fiber Systems

« Advantages:
« Eyesafe output in the 1.55um region
» Lasing from 1525-1575nm
» Leverage telecom technologies
* Primary issues:
* Low gain
« Doping is limited due to quenching

— ARhsorption

—— Emission A

950 1050 1150 1250 1350 1450 1550 1650

« Challenges: Wavelength {nm)
* Absorption is low at 980nm

» Requiring long fiber lengths
« Diode brightness limitations

* Resonant pumping at 1470nm adds
promise to Er-only fibers

* But diodes are inefficient and not
bright enough for high power

Cross-section (x10:2°m?)
S S R VU T - SN

Absorption

MA

1350 1400 1450 1500 1550 1600 1650

Cross-section {x102° m?)

< = o8] w E=3 w [=g] ~ =]
1 1 1 1 1 1 1

Wavelength (nm)
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Erbium-Ytterbium Fiber Systems

8
. = Absorption
* Advantages: < Z | —emission
» Eyesafe output in the 1.55um region % o\
« Lasing from 1525-1575nm g
 Pump with diodes used in Yb g3
« 915-975nm 57
[ [ 1 ]
* Primary issues: o . . | ,
° Energy transfer from Yb to Er 1350 1400 1450 1500 1550 1600 1650
 1-micron ASE and parasitic lasing Wavelength{nm)
_— 4
« Challenges: °Fo— /\/\N\ﬁ% L1172
* Power scaling — 4|
L 915. 13/2
NA I|m.|tat|ons 975nm 1525.
* Yb lasing 1575nm
2F . — 4“15/2
Yb3 Ers*

Unclassified
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Erbium-Ytterbium Fiber Geometries

« Pedestal Fiber
» Co-doping increases index in the fiber core
» A “pedestal”’ surrounding the core can reduce the NA in the core
« Advantages:
« Lower NA core compared to non-pedestal LMA designs
* NAs of 0.1 have been achieved
« Disadvantages:
« Additional glass material in the fiber Q
« Fusion splicing issues
* NA cannot be reduced indefinitely @

 Limits power scaling with SM operation

Unclassified

Approved For Public Release ”





Pulsed Er:Yb Fiber Amplifier

Front end

 Pulsed MOPA &PDL p}ch

» Generating 10W average output power
» ~8ns pulses at 1545nm

Power amplifier

« Converting to MWIR in PPLN i,
PDL&
* 10mm long crystal RV RN

C 4Bl
A la= id-
T

L2 PPLN
F. Di Teodoro and S. Desmoulins, CLEO (2007)

* 1.2W average MWIR power EYDF

o 4 — e
= ) —a——8 g | B c
104E:e] o - pi0 =12 14 3
N o 210 v F2 =
i | 3 b F00 o =2 _fre, g
{ o & opaeit . 5 =10 2
-0 .; o @ oy . g o
w B 7] 3 =G0 @ T . u] . 1% g =
& HA—— =] @ F op=fi- = : 3
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4 2] = o o . | imer wavslengtn [um;‘\ LR g =
5 ./‘ o % & g = - 352 T2 F o
a 2 3 = 20 D I R 3
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0 /. 20 0 20 I::n\ £0 Lo o 00 Fulsq repstition frequency sHz) Lo g

0 10 20 30 40 50 3ao 385 3.90 385 400

Power emitted by 976nm diode laser (W) ldler wavelength { um )
Unclassified
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Thulium Fiber Systems

Tm3* Tm3*
« Advantages: I °H,
» High efficiencies
* Due to 2-for-1 cross-relaxation \\
« Pumping at ~795nm \\\ T SF,
» Direct eyesafe output in the 2-micron region \, 1850.
* 1850-2100nm 795nm 2100nm
* Primary nonlinearities I — *3H6
- FWM, SPM 1

— Absorption

- /\A ——Emission
.5 0.7 0.9 1.1 1.3

0

« Challenges:
* Power scaling
* Due to NA limitations
e Aluminum doping

Cross-Section (x102° m2)
O R, N WU O N WO

: 1.5 1.7 19 2.1
Wavelength (um)

Unclassified
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Thulium Fiber Geometries

Core/Pedestal Cladding
« Tm fiber geometries Stress Rod

* LMA-pedestal

« To get high efficiencies in thulium
* Must get ions to cluster
» Dope core with aluminum ions
» Causes index/NA to increase
» Surrounding the core with an undoped pedestal
» Drops the NA of the core
» With respect to pedestal
« Disadvantages:
» Additional glass material in the fiber
» Fusion splicing issues (4 glasses in a PM fiber)
* NA cannot be reduced indefinitely
 Limits power scaling with SM operation

Unclassified
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TDFA Pumped Mid-IR ZGP OPO
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795nm 795nm HR Input  SRO Output
Diode Diode Coupler Coupler
Lens
=Dy R @000 R > 03 | (C3)
Isolator Isolator Isolator )
Gain-switched Half-wave ZGP Mid-IR
Oscillator 25250 25/400 plate
TDFA TDFA
25 1 .
1.8 + [ signal L
E | oidier -
:h: 20 1 16  Total (Signal +Idler) e
2 1.4 L -
& 15 | g ,f *
5 - *
o 's)
S 10 A a 1 - o o
o
% g 0.8 - o O
S 51 0.6 - o ©
g i ¢ o
3 0.4 | ol .
0 ‘ ‘ ‘ ‘ ‘ 0.2 8 O S o0 o oo o O
0 10 20 30 40 50 60 o b _g.0n o
795nm Pump Power (W) 0 2 4 6 8 10 12 14
D. Creeden, et al., SPIE Defense and Security (2008) Pump Power (A)
D. Creeden, et al., Opt. Lett. 33, 315-317 (2008)
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TDFL Pumped Mid-IR OPGaAs OPO
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Q-switched Tm:Ho fiber laser V[B[GO
* Grating used to narrow output spectrum (-}

Pumping OPGaAs for MWIR generation graﬁn;
« 2.2W mid-IR output power

2,51
E Pump: 40 KHz, 60ns, 941W '
) o
= OPO 22W. 1 =62 % 1 =242 % -
E 2,{} - I::Il.l|'.||:- 3 '+ opt-opt =
o
% « 40 kHz . v
o 154  +» 60kHz
i ¢ ut
o 1.0« OP-GaAs: 20 mm long, v
(48 | 500 pm thick
E;' « pump diameter: ~ 200 pm  *®
< 0.5« 0PO: single-pass pump,
el L
0] doubly resonant
o plan-plan o
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Summary

« Must tailor the fiber pump to the nonlinear material
» Nonlinear material will drive fiber dopant selection

« Must design fiber system around nonlinear effects
« For nonlinear conversion, we must generate peak power
« Without running into nonlinear effects in the fiber
* Need novel fiber geometries or clever architectures
« To achieve high enough peak powers to convert

« We are currently at the limit of conventional technology
» Limited by components, doped fiber, free-space coupling
» l|deally, we need all-fiber solutions
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General Issues

 Nonlinear effects

* Need to trade-off nonlinear thresholds in the fiber with the peak-power
requirements of the frequency converter

« Brightness of pump sources
» To keep gain lengths relatively short you need a high core/clad ratio
« Either means large core or small cladding

« Beam quality from LMA fibers
» LMA fibers cannot scale indefinitely
« Eventually higher order modes will prevail
» This leads to other fiber geometries (CCC, PCF)

« But we need components and architectures which mate with these new
fibers
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General Issues

« Components
» Passive fibers to match active fibers
» |[solators, taps, pump combiners, diodes, etc.

« Fiber geometries
* LMA fibers have scaling issues
* The larger the core, the lower the NA
 Limits coiling, mode can get distorted by coiling (reducing mode area)
» Pedestal designs are difficult to splice to
» 3-4 different glass compositions in a single fiber
« Each with a slightly different melting point

* More research into other dopants
* Ytterbium is very common, but is the farthest away from the mid-IR
* Thulium and holmium are promising for mid-IR generation
» Offering high efficiency with wavelength advantages
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Path Forward

More emphasis needs to be placed on component and fiber development
» Currently there are few commercial vendors of specialty fibers
» Especially for Thulium or Holmium-doped fibers
» Also few vendors for components

Every time a new fiber is made, new components need to be developed

« Limits the turn-around time from new fiber development to its implementation
in a system
* Need pump combiners and isolators compatible with the fiber

|deally, everything needs to be fiber-coupled
» To eliminate free-space coupling

* Free-space coupling into small-core fibers is not practical in real-world
systems

Unclassified 20
Approved For Public Release





		Slide Number 1

		Outline

		Mid-IR Generation

		What is Needed For Mid-IR Generation?

		Nonlinear Optical Crystals – What Is Needed

		Common Nonlinear Materials for Mid-IR Conversion

		Solid-state vs. Fiber Pump Lasers

		So Why Bother With Silica Fiber?

		For High Power Operation

		Typical Fiber Dopants

		Fiber Lasers

		Amplifier Operation

		Fiber Amplifiers

		Performance

		Limitations of Fiber Systems

		Energy Scaling

		Nonlinear Effects

		Now for the Math...

		Amplified Spontaneous Emission (ASE)

		Background Losses in Silica

		So What are Silica Fibers Systems Good For?

		Considerations for Nonlinear Conversion

		What are Needed from Fibers for Conversion

		Ytterbium-Doped Fiber Systems

		Ytterbium Fiber Geometries

		Ytterbium Fiber Geometries

		Ytterbium Fiber Geometries

		High Peak Power YDFA

		Erbium Fiber Systems

		Erbium-Ytterbium Fiber Systems

		Erbium-Ytterbium Fiber Geometries

		Pulsed Er:Yb Fiber Amplifier

		Thulium Fiber Systems

		Thulium Fiber Geometries

		TDFA Pumped Mid-IR ZGP OPO

		TDFL Pumped Mid-IR OPGaAs OPO

		Summary

		General Issues

		General Issues

		Path Forward










		[image: ]



		

CD-Rom Root | Print | Close











		[image: ]



		 RTO-MP-SET-171 Mid-Infrared Fiber Lasers
(Les fibres laser infrarouge moyen)



		




		Activity Reference		SET-171



		[image: ]		[image: ]



		Originator's Reference		

RTO-MP-SET-171

AC/323(SET-171)TP/370





		[image: ]		[image: ]



		Further Reference		ISBN 978-92-837-0136-1 



		[image: ]		[image: ]



		Security Classification		UNCLASSIFIED/UNLIMITED



		[image: ]		[image: ]



		Originator		Research and Technology Organisation (NATO) 
BP 25, F-92201 Neuilly-sur-Seine Cedex, France 



		[image: ]		[image: ]



		Presented at / Sponsored by		Papers presented at the Sensors and Electronics Panel (SET) Workshop held in Saint-Louis, France on 28 and 29 September 2010.



		[image: ]		[image: ]



		Published		

September 2010





		[image: ]		[image: ]



		Author(s) / Editor(s)		

Multiple





		[image: ]		[image: ]



		Author's / Editor's Address		Multiple



		[image: ]		[image: ]



		Pages		16



		




		[image: ]Keywords / Descriptors

		

Mid-infrared fiber
; Mid-infrared fiber laser
; Rear earth, fluoride fibers
; Chalcogenide fibers
; Silica fibers
; Supercontinuum
; Frequency conversion
; Mid-infrared components.





		[image: ]Abstract

		

In September 2010 a workshop on Mid-Infrared Fiber Lasers was held in Saint-Louis, France. Top researchers from around the world were invited to speak to over 28 attendees from government, industry, and academia. The workshop addressed fiber lasers and amplifiers with direct output at wavelengths > 3 microns, fibers for nonlinear frequency conversion into the mid-infrared (e.g. supercontinuum, raman) and improved fiber pump sources for bulk frequency conversion devices operating in the mid-IR.
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