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1. DISSEMINATING KNOWLEDGE

The first milestone of the VILLAGE dissemination strategy has been the project website. It has been hosted by
NEO since the end of 2006 and constantly updated at the address:

http://www.neo.no/village/

The VILLAGE partners have further disseminated their research results over the three yearly reporting periods
of the project, at international and national conferences as well as in refereed research journals. The full list of
publications and communications appears in the next tables, demonstrating that the quality of the results is
expected to enable the dissemination of VILLAGE achievements well beyond the end of the project.

Dissemination activities toward other communication channels have also been sought. The key results are
listed below :

« Registration of the project to the OPERA2015 website.

« Networking with other related European project such as VERTIGO (Versatile two micron light source).

» Participation to the ICT 2008 Conference and Exhibition (Lyon, France, 25-27 November 2008),
reported in detail in a separate publishable Deliverable.

« Promotion by NEO of the project outputs to industrial end-users, as explained in the next section on
exploitation of results.
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2. DIRECT EXPLOITABLE OUTPUTS

The project objectives are actually twofold: they include a completely new tunable laser source in the Mid-
Infrared, which is a product in its own right and is based on several subcomponents also worth exploiting in the
long term, and a prototype MIR spectrometer that is specifically designed to form the basis for a new
generation of multi-gas analysers based on spectroscopic techniques, for measurements of polluting gases
generated by and emitted from industrial processes, and more specifically the gases believed to contribute to
global warming.

The following table recalls the key characteristics of the corresponding outputs, listed according to the work
package splitting further put in perspective in the five next paragraphs recalling the key achievements, issues
and perspectives from an innovation point of view :

Exploitable Exploitable Sector(s) of Timetable for | Patents or Owner & Other
Knowledge product(s) or application commercial other IPR Partner(s) involved
measures(s) use protections
1 Tm-doped Tunable DFB Research > 2 years Considered ORC
DFB fiber fiber laser laboratories
laser design
2 OP-GaAs Wavelength Research 3to 5 years Licensable TRT
growth converters laboratories know-how
parameters
3 | DFG source | Low-cost MIR Spectroscopy 3to 5 years HHUD (NEO)
design tunable source
4 | OPO source MIR tunable Spectroscopy > 5 years Considered HHUD (NEO)
design source
5 | Spectrometer Multi-gas Emission- and 3to 5 years NEO (HHUD, ORC,
design monitor process-control TRT)
(e.g. refinery)

2.1. Tm-doped DFB fiber laser design

The main objective of Work Package 1 was to develop an efficient, high-power, narrow-linewidth Tm-doped
fibre laser source with wide wavelength tunability in the wavelength regime around two-microns for frequency
conversion to the mid-infrared. This source would then form the basis of a highly sensitive gas spectrometer
system for accurate measurement of the concentrations of various pollutant gases. Our approach was based
on the use of an in-band pumped Tm fibre DFB or DBR master-oscillator architecture to provide narrow-
linewidth output and the means for tuning the lasing wavelength (i.e. by compressing and/or stretching the fibre
grating) followed one or more Tm fibre amplifiers to achieve the desired power levels. A key feature of this
approach is that it potentially provides access to a very wide range of operating wavelengths by virtue of the
broad emission bandwidth for the two-micron transition in Tm-doped silica fibres, which extends from ~1750 nm
to beyond ~2100 nm. We are not aware of any other laser architecture that offers comparable flexibility in
operating wavelength combined with power scalability in such a simple format.
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The project goals for the two-micron source in terms of linewidth, polarisation and output power have been
achieved. However, the wavelength tuning range is currently limited to <10 nm. This does not represent a
fundamental limit and hence further work aimed at refining the design of the tuning arrangement should yield a
dramatic improvement performance. A wavelength tuning range of > 50 nm should be possible and achieving
this is the subject of ongoing studies. An important feature of our DFB laser architecture is the use of a novel
fibre design for polarisation selection. This fibre is still at the early stages of development and there is much
scope for further optimisation of the fibre design to enhance DFB laser performance. Once again, this will be
the subject of ongoing studies and we are considering applying for patent protection for this idea.

At present there are very few commercial fibre-based products that operate in the wavelength regime of interest
to Village. We are only aware of one company (Koheras) that can supply a single-frequency fibre source in the
two-micron wavelength regime. This is not a standard (off-the-shelf) product and hence is quite expensive.
Moreover, the output power is rather low (~20 mW) and the wavelength tuning range is very limited (~1 nm), so
these sources are not compatible with the VILLAGE requirements. Single-frequency Tm fibre MOPASs operating
at much higher powers have been reported in research literature and at conferences by ourselves and others.
At present, the world-record output power from an ‘all-fibre-gain-element’ single-frequency linearly-polarised
Tm fibre MOPA is ~ 100 W and this work was conducted at the ORC using Tm fibre source technology
developed in the Village project. This work is the subject of journal paper that has been accepted for publication
in Optics Express.

It is clear from the results obtained in the Village project that Tm fibre DFB MOPAs have enormous potential
both in the application area of gas spectrometry directly relevant to Village as well as many other application
areas. Indeed, our work in Village has brought the realisation of fibre laser products based on Village
technology a giant step closer. Clearly, further work on optimising fibre design and laser architectures to
enhance performance and reduce costs will be needed, but the prospects for success look very promising. The
timescales for the required developments will depend very much on the intended application and hence
performance levels required. For the power levels and performance specifications required by the Village
application it seems likely that the timescales required for further development and optimisation could be
relatively short (i.e. < 2 years). More demanding applications requiring higher average output power in cw
and/or pulsed modes will require further fibre development hence will take a little longer. Nevertheless, the
prospects for Tm fibre sources in these application areas still look very good indeed.

One of the main obstacles to the development of low-cost Tm fibre laser products is the lack of commercial
fibre-pigtailed components (e.g. isolators, modulators, etc) suitable for the ~2 um wavelength regime. This
problem is particularly acute at high average power levels. Further developments in this area will be crucial for
successful exploitation of two-micron fibre laser technology. The ORC has already engaged in discussions with
component suppliers with a view to establishing research and development programmes aimed at addressing
this problem. The Village project has already benefited from some very recent developments in component
technology, but more work is needed in this area to improve performance and to bring down costs, even at the
relatively modest powers required by Village. As far as we are aware, there is still no other competing laser
technology that can rival Tm fibre sources in terms of wavelength flexibility and output power, so the prospects
for successful exploitation of this laser technology look very good.
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2.2. OP-GaAs crystals

The VILLAGE project has enabled the definition and study of all the parameters suited to the fabrication of
Orientation-Patterned GaAs crystals for mid-infrared generation with an unprecedented quality. The precursor
flux and growth speed are well adapted to faithful thickening of the chosen template patterns, preserving both
period and duty cycle over the targeted geometrical characteristics. The control of residual impurities and their
incorporation enabled a strong decrease in propagation losses compared to the state-of the-art at the beginning
of the project. This led to the demonstration of very efficient Difference Frequency Generation and makes future
Optical Parametric Oscillation compatible in terms of threshold with the power available from latest fibre pumps.
To the best of our knowledge, the obtained 0.016 cm™ value, twice lower than the objectives, constitutes a
world record.

Whether implemented in a DFG or OPO configuration, the latest experimental results obtained demonstrate
that further exploitation of OP-GaAs as a versatile wavelength converting material is fully justified. TRT
therefore reviewed the fabrication process to get more precise exploitation data. To date, it is able to ensure
small scale production of OP-GaAs crystals up to 20 to 30 samples per year. Above that number a preferred
solution would be to subcontract the template fabrication and dicing/polishing tasks and license the HVPE
growth step.

2.3. DFG source design

A narrow-line width mid-IR source based on difference frequency generation (DFG) in orientation-patterned
GaAs has been developed in a framework of the VILLAGE project. The DFG source is pumped by a broadly
tunable (1540-1570 nm) commercial Er-doped fiber laser system and a custom Tm-doped fiber laser,
developed by ORC.

The source can be tuned to any frequency in the 7.6 — 8.2 mm range with an output power of 0.5 mW. A
straightforward improvement of the source is an increase of the mid-IR output power by a factor of 3 by AR
coating of the crystal facets. The tuning speed of the mid-IR source can be increased to several cm™ per
minute by using commercially available pump lasers with fast mode-hop free tunability. Besides, tuning range
of the DFG source can be extended to 6.5 to 15 um using multi-grating OP-GaAs chips and broadly tunable
Tm-doped fiber lasers.

Such an OP-GaAs DFG source is an interesting alternative to current cw quantum cascade lasers because of
its broad continuous tunability and spectral purity determined by near-IR pump lasers, for which precise
wavelength measurement and stabilization techniques are available. Thus, this developed OP-GaAs DFG
source is a unique instrument for variety of scientific applications, which rely on high-resolution molecular
spectroscopy (e.g. spectroscopy of ultra-cold molecular ions).

On the industrial application side, it must be emphasized that the OP-GaAs DFG source benefits from a simple
design without moving mechanical parts. Combined with capabilities of pumping fiber lasers, it allows to
develop very robust and compact turnkey devices for field applications. For instance, it can be a part of mobile
gas spectrometers for express on-the-site analysis of gas emissions, as discussed below.
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2.4. OPO source design

As explained in the Activity report, the VILLAGE consortium calculated that reaching the oscillation threshold of
a CW OPO would prove more challenging than predicted. Nevertheless, the most recent models and the review
of the promises of this option in terms of power and tunability definitely make it worth pursuing.

Prof. Schiller has already successfully transferred a similar technology to a SME: it licensed its cw-OPO
invention, after protection by a European patent, to the German company LINOS, now producing cw-OPOs in
the 1.5 to 3.5 um spectral range, for research laboratory use. With this background, HHUD is very aware of the
need to protect IP and to stimulate companies working in diverse application fields. HHUD thus can be helpful
in establishing direct links between NEO and third parties, as well as open up new directions of research and
application of the GaAs sources.

2.5. Spectrometer design

The VILLAGE project has proved a major step on the road toward the development of a mid-infrared
spectrometer suitable for several critical measurements in the process industry with significant market
potentials due to technical limitations of existing products. Four different design options for the spectrometer
laser source have been assessed. It has turned out that a laser emitting a continuous wave (CW) is preferable
due to its spectral characteristics and simpler electronics implementation. The two remaining design options,
namely a CW mid-infrared source based on Optical Parametric Oscillation (OPO) or on Difference Frequency
Generation (DFG), were both followed and the last one selected to build the final prototype of the project.

We have thus demonstrated at DFG-based gas analyzer based on OP GaAs that is, to the best of our
knowledge the first of its kind. Moreover, the spectroscopic measurements using the DFG source have
demonstrated that sensitivities achieved are comparable with state-of-the-art gas analyzers based on Quantum
Cascade Lasers (QCL). Other research groups, in the US in particular, have also worked on CW OPOs using
OP GaAs but none of these have been able to demonstrate CW operation yet. Feedback from these groups
has led us to believe that we are in the forefront of this research worldwide.

To further pursue the exploitation of these results the following technical points can be listed:

« The OP GaAs crystal is of high interest for several research groups and competitors and may be sold
as a stand alone product.

« A widely tunable Thulium-doped fibre laser is the key to a widely tunable Mid-IR source and more
work is needed to improve it and more specifically to make progress in the tuning and packaging
specifications.

« The DFG system has proved to operate as expected but in the final multi-gas instrument a widely
tunable OPO is still the preferred solution. More work is necessary to demonstrate that CW operation
is achievable.
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3. FURTHER USE OF RESULTS BY EACH PARTNER

3.1. Thales Research and Technology (TRT)

Since the first successful growth runs carried out before the VILLAGE project, the strategy followed by TRT has
been to trigger or join collaborative project to explore the application potential of OP-GaAs and thus pave the
way toward a global market for those crystals above the critical size for profitability. As far as propagation
losses are concerned, one of the key successes of VILLAGE is that low loss-demanding applications can now
rely on state-of-the-art samples and TRT has started to receive informal requests for quotations.

On the other hand, the large body of characterization results obtained in collaboration with UVA opens
preferred routes toward future quality control tools and procedures or improvements in process yield. TRT
expects to further valorise those results to solve some issues that remain important for thickness-demanding
applications.

3.2. Norsk Elektro Optikk (NEO)

We have demonstrated experimentally that a spectrometer based on the DFG concept developed and used in
Village has basically the same performance (e.g. sensitivity) as similar spectrometers based on Quantum
Cascade Lasers. The wavelength tuning of the current lab prototype is based on tuning the 2 micron Tm fibre
laser as originally proposed. Wide tuning of the Tm fibre laser has proved to be more challenging than
anticipated so with this limitation an alternative and wider tuning may be achieved by tuning the other pump
wavelength through introducing a widely tunable seed laser for the 1.5 micron source. In this way adequate
wavelength scanning across the absorption line can be achieved and by using different grating periods and
temperature tuning of the OP-GaAs crystal an overall tuning range of 150 cm™ is possible.

Further commercialization of a spectrometer based on the improved DFB source as described above will first of
all depend on the availability of the two novel components/modules developed in the Village project, namely a
robust and reliable 2 micron pump source and OP-GaAs crystals with the right specifications for grating
periods, internal losses etc.

In the interim period until these critical components are available commercially the alternative for NEO is to use
Quantum Cascade lasers in their commercial MIR spectrometers. Even if QCLs are offered by several vendors
as “commercially” available the actual situation is somewhat different. QCLs have a very limited tunability and
there are only a limited number of wavelengths available. For commercial applications we generally have,
through spectroscopic tests, to identify specific gas absorption lines that has a minimum of cross-interference
from other gases in the process. Depending on the process conditions (gas mix, gas temperature and
pressure) we may have to use different absorption lines (i.e. different QC Lasers) even for the same gas. As
available spectroscopic databases are not sufficiently detailed we need to verify this experimentally. To carry
out these experiments a widely tunable source is essential and the improved prototype as described above will
be a very valuable tool for these measurements until a widely tunable source can be commercialized.

Another aspect of the Consortium plans for exploitation has been to seek contacts with potential end-users of
the spectrometer technology. A brisk demand for spectrometers able to measure sulfur oxide (SO,), hydrogen
sulfide (H,S), methane (CHj,), nitrous oxide (N,O), nitrogen oxide (NO,) and water vapor (H,O) with a single
instrument motivated those contacts. The following applications and markets could thus be identified:

- Measurement of SO, and H,S in the petro-chemical industry:

In all oil refineries accurate, reliable measurement of H,S and SO, in the tail gas from a Claus sulfur recovery
plant is critical.
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Unfortunately, tail gas analysis has historically been one of the most difficult applications because of problems
with sample line plugging due to sulfur vapors present in the sample. The current instruments available on the
market for this application are generally very expensive and maintenance intensive and the industry has for a
long time been looking for (in situ) solutions without any sampling. The existing NIR laser-based analyzers are
unfortunately not suitable as there are no SO, absorption lines in this range.

- Measurement of SO2 in sulphuric acid plants

The measurement of SO, during the recycling process of industrial waste is another important application. For
recycling industrial wastes are incinerated in rotating kilns at high temperatures. The gas that is hereby
released is cleaned and used as a raw material to produce high-purity liquid sulfur oxide. Existing extractive
measurement methods are maintenance intensive (once per week) and unreliable. Online measurements after
the rotating kilns are preferable to increase reliability and decrease maintenance time and costs.

Software simulations have led to the conclusion that interference-free measurements for these applications are
possible in the 7.6 um to 8.2 um range. The DFG setup described above ideally covers this wavelength range.

3.3. Heinrich-Heine Universitat Dusseldorf (HHUD)

DFG in OP-GaAs has a lot of application potential, since it can be implemented using commercial sources,
which are increasing in output power, in particular Erbium amplifiers (now covering the C+L telecom range at
1.525 to 1.607 um) and Tm sources (e.g. from IPG, Koheras). We soon will have a 15 W Erbium amplifier in
our group and might perform another DFG experiment with this source and the ORC Tm fiber laser with a
potential output power increase by a factor of 30 to the 10 mW level.

One essential output of the VILLAGE project was to enable us to apply for a joint academia-industrial project to
develop a new prototype DFG source targeting another wavelength range, using periodically poled Lithium
Niobate. This project uses our VILLAGE know-how as an input.

3.4. Optoelectronics Research Centre, University of Southampton (ORC)

The ORC will further develop the Tm fiber work conducted in the Village project to improve Tm fibre sources,
and particularly Tm fiber DFB lasers, to extend wavelength coverage and increase output power in both
continuous-wave and pulsed modes of operation. The improved sources will find applications in a number of
areas (e.g. gas sensing, spectroscopy, LIDAR, medicine, metrology, defence and materials processing) and will
provide an excellent starting point for frequency conversion to the mid-infrared spectral regime where there are
many more applications. Further funding to support this ongoing work will be needed and the ORC is currently
pursuing a number of different funding opportunities including direct sponsorship of some of the proposed
activities from industrial end-users. The members of the ORC team are also considering establishing a Ph.D
programme to pursue further fibre work in the two-micron wavelength regime.

3.5. University of Valladolid (UVA)

In the frame of the VILLAGE project, UVA has been involved in extended characterization tasks. They proved
to be most suitable to better understand a number of issues related to the fabrication of OP-GaAs crystals. As
mentioned by TRT, the large body of characterization results opens preferred routes toward future quality
control tools and procedures or improvements in process yield and UVA is keen to further engage in the
corresponding dissemination.
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