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1. INTRODUCTION

Much of the effort in Work Package WP1 over the final year of the Village project has focussed on improving
the overall performance of the Tm fibre MOPA with regard to output power, power stability, frequency stability
and wavelength tunability.

Early versions of the Tm fibre MOPA were based on a DFB laser oscillator operating on two orthogonally-
polarized axial modes. Thus, to obtain a single-frequency linearly-polarized output from the MOPA system it
was necessary to remove one of the modes using a polarizer immediately before the final amplifier stage.
However, this approach was found to have a number of shortcomings. The main issue was competition
between the orthogonally-polarized modes in the DFB resulting in poor power stability for the selected mode. In
extreme situations, where the power in the selected mode drops below the saturation power for the final
amplifier stage, parasitic lasing in the final amplifier stage can occur, leading to damage of upstream
components (e.g. isolator). The need for a polarizer and hence free-space optics between the pre-amplifier and
power amplifier stages exacerbated the power-stability problem by virtue of the launched power into the final
amplifier stage being very sensitive to alignment and hence mechanical vibrations and temperature
fluctuations.

To remedy this problem it is necessary to fabricate a DFB laser with sufficient internal discrimination between
orthogonally-polarized modes, so that only one mode can lase. An alternative strategy for achieving a linearly-
polarized single-frequency output based on a distributed-Bragg-reflector (DBR) cavity configuration was
discussed in a previous report (Deliverable D1.7). In this scheme, fibre-Bragg-gratings (FBGs) were written into
polarization-maintaining (PM) and non-PM Tm-doped fibres with slightly different periods selected so that
reflectivity peak for the non-PM FBG occurs at the same wavelength as the reflectivity peak for one polarization
direction in the PM FBG. The two fibres were then spliced together to form a simple laser resonator with a short
section of Tm fibre without a grating between the two FBGs. This approach was used to construct linearly-
polarized single-frequency Tm fibre MOPAs delivered to NEO and HHUD (as described in the Deliverable D1.7
report). Unfortunately, this approach suffers from the drawback that the wavelength tuning range is much
narrower than for a DFB laser, but nevertheless has proved to be a good temporary solution.

This report describes recent work aimed at improving the DFB laser performance using a novel fibre design to
enforce lasing on a single axial mode. Design strategy and characterisation results of both stand alone DFB
lasers and MOPA configurations are presented in Section 2. Section 3 recalls the characteristics of the devices
selected for delivery to NEO and HHUD before Section 4 concludes on results and perspectives.
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2. SINGLE-FREQUENCY MASTER-OSCILLATOR POWER-AMPLIFI ER

2.1. Single-frequency DFB laser

Our strategy for enforcing linearly-polarized single-frequency operation of the DFB laser was to develop a
custom Tm-doped fibre with a polarization dependent loss varying along the fiber.

DFB gratings were written at different positions along the fibre, corresponding to core-to-hole separations of 2.8

m, 3.6 m,4.4 mand5.2 m and the resulting DFB lasers were tested. Pump power was provided by a ~8
W commercial Er,Yb fibre laser at 1565 nm coupled into to the core of the DFB laser via a length of single-
mode delivery fibre. The DFB laser with the core-to-hole separation of 3.6 m was found to oscillate on a
single-axial-mode with a linearly-polarized output. In contrast, the DFB laser with a core-to-hole spacing of 2.8

m had a very high threshold pump power of ~2.9 W and hence yielded a very low output power, and DFB
lasers core-to-hole spacing >4.4 m operated on two polarization modes. Figure 3 shows the Tm DFB laser
output power versus absorbed pump power for the various fibre designs. It can be seen that the output power
and slope efficiency both increase with core-to-hole separation, but at the expense of exciting two orthogonally-
polarized modes. The maximum output power for the single-polarisation DFB laser with a core-to-hole
separation of 3.6 um was less than half the output power from the two-mode DFB laser with a core-to-hole
separation of 5.2 um. This can be attributed mainly to the increased propagation loss for unpolarised pump
radiation in the DFB fibre with the 3.6 um core-to-hole separation.

—»— Core-to-hole distance = 5.2 mm
—e— Core-to-hole distance = 4.4 mm
—a— Core-to-hole distance = 3.6 mm
—&— Core-to-hole distance = 2.8 mm
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Figure 3: Signal output power for Tm DFB laser versus absorbed pump power.
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2.2. Single-frequency DFB MOPA

The single-frequency Tm DFB laser with core-to-hole separation of 3.6 um was tested in a simple MOPA
configuration with a single Tm fibre pre-amplifier stage spliced on to the DFB fibre and pumped by the residual
pump power remaining after the Tm DFB fibre. The MOPA configuration is shown in figure 4. The pre-amplifier
comprised a 60 cm length of Tm fibre with the output facet polished at an angle of ~10°to suppress br oadband
feedback that might otherwise lead to parasitic lasing in the amplifier fibre. The MOPA output power versus
absorbed pump power is shown in figure 5.

1565/1940 nm

WDM coupler
1060/1565 nm
8W  WDM coupler k Tm DFB laser .
pump # i S'gnal output
/ Tm fibre
Connector premplifier

Figure 4: Tm fibre DFB MOPA with single pre-amplifier stage.
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Figure 5: Tm fibre DFB MOPA output power versus absorbed pump power.

The MOPA yielded a maximum output power of 1.4 W for 7.5 W of absorbed pump power at 1565 nm. The
lasing wavelength was measured with the aid of an optical spectrum analyser to be ~1961.3 nm (see figure 6),
and the DFB laser frequency spectrum was analysed with the aid of a scanning Fabry-Perot interferometer
(SFPI) with a free spectral range (FSR) of 7.5 GHz confirming single-frequency operation (see figure 7). The
polarization extinction ratio (PER) was measured to be >17 dB. The overall efficiency and hence maximum
output power for the DFB MOPA were a little lower than for earlier versions, but this shortcoming is more than
offset by the dramatically improved polarisation and spectral properties of the new DFB design. Further
optimisation of the Tm fibre design should yield higher overall efficiency, but it is likely that there will still be
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some reduction in efficiency compared to the results obtained with more conventional fibre designs. This is the

subject of ongoing studies. Single-frequency DFB lasers operating at 1930 nm, 1943 nm and 1960 nm were
also fabricated for further experiments and for the deliverables described in this report.

-40

0.06 nm
T

-60 |-

70
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Wavelength (nm)

Power (dBm) Res

Figure 6: Optical spectrum of the output from the DFB laser.

FSR=7.5GHz

Figure 7: Frequency spectrum for Tm DFB laser obtained with the aid of a scanning Fabry-Perot interferometer.

2.3. Single-frequency DFB MOPA with high-power ampl ifier stage

To scale the output power from the DFB MOPA described in the previous section to the power level required for
pumping a pump-resonant singly-resonant optical parametric oscillator (PRSRO) based on OP-GaAs a
relatively high-power final amplifier stage is needed. In earlier versions of the MOPA, the final amplifier stage
was core-pumped by a 10-W and/or 20-W Er,Yb fibre laser pump source at 1565 nm. The latter (using
combined 10-W and 20-W pump lasers) yielded a maximum output power up to 14 W, but required very careful
alignment and proved to be impractical for ‘deliverable’ laser systems. As a consequence, the final amplifier
configuration in deliverable systems was limited to a single Er,Yb fibre pump source with the result that the
maximum output power level from the DFB MOPA was limited to < 10 W.
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To remedy this problem we decided to employ a cladding-pumped fibre configuration for the final stage
amplifier with a much higher power fibre-coupled diode pump source. The latter was purchased from LIMO
GmbH and produced ~50 W of output at ~ 790 nm from a 200 m core-diameter delivery fibre with a 0.22 NA.
This pump source makes use of the strong absorption band at 780 — 800 nm in Tm-doped silica (see figure 8).
The Stokes efficiency for this pumping scheme is relatively low, ~0.4, implying a rather low efficiency. However,
the efficiency can be improved dramatically by using a high Tm** ion concentration to promote the ‘two-for-one’
cross-relaxation process (*Hq + °Hg  °F4 + °F,). The fibres used in our experiments were originally designed
for pumping at 1565 nm and hence were not optimised for efficient pumping at ~790 nm.

Cross-relaxation

A,= 780 - 810 nm
A,~ 1200 nm —
A,= 1550 - 1750 nm )

A,=1700 - 2100 nm

Tm’ Tm’

Figure 8: Energy level diagram from Tm-doped silica

The output from the DFB laser plus pre-amplifier was spliced to a prototype 2 m fibre-coupled isolator,
followed by a fibre polarisation controller, and then directly spliced to a double-clad Tm-doped fibre. The MOPA
configuration is shown schematically in figure 9. The core of the double-clad fibre was slightly multimode (V =
2.51) with a core diameter of ~8 m and a NA of 0.20. The latter was surrounded by a pure silica D-shaped
inner-cladding with a diameter of 110 m and a NA of 0.46. The splicing loss between the fibre polarization
controller and the double-clad Tm fibre was estimated to be less than 0.7dB. The output end of the double-clad
Tm fibre was angle-cleaved with an angle of 10° to suppress broadband feedback that might otherwise lead to
parasitic lasing in the final amplifier stage and damage to upstream components (e.g. isolator). The damage
threshold for the isolator for backward propagating power is very low, hence extreme care is needed to
minimise feedback from fibre end facets and other downstream components. Pump light for the final amplifier
stage was free-space coupled into the output end of the Tm fibre using an arrangement of collimating and
focussing lenses. A dichroic mirror with high transmission at 790 nm and high reflectivity at 2 m was used to
extract the amplified 2 m signal light.

1565/1940 nm Double-clad Dichroic
Tm fibre .
WDM coupler 15w mirror
Tm DFB laser Isolator ' O Diode
pump
1ow _L—m 1 |m——-§(m . O at 790 nm
pump , Polarisation
Tm fibre controller

pre-mplifier Signal output (15W)

Figure 9: High-power Tm fibre DFB MOPA set-up.
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The output power from the power amplifier versus launched pump power is shown in figure 10. With a seed
power of 1.5 W and a launched pump power of 37 W, more than 15 W of output was obtained. The slope
efficiency with respect to launched pump power was ~39% suggesting that there is some enhancement in the
efficiency due to cross-relaxation. Further optimisation of the core design and composition is likely to yield a
substantial improvement in amplifier performance for this pump wavelength. The output spectrum of the
MOPA'’s output at the maximum output power, measured with an optical spectrum analyser, shows that the
output has an optical signal-to-noise ratio of >20 dB (see figure 11).

Amplifier output power (W)
[o-]
|

[ Seed power = 1.5W

0 [ N A A A A IS A A IS A A

0 5 10 15 20 25 30 35 40
Coupled pump power (W)

Figure 10: Output power from the final power amplifier versus launched diode pump power.
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Figure 11: Output spectrum for the high-power MOPA at 15W output.

The frequency spectrum of the seed DFB laser and MOPA (at maximum power) were measured with a
scanning Fabry-Perot interferometer with a free-spectral-range (FSR) of 7.5 GHz. The results, shown in figure
12 (a) and (b) respectively, confirm single-frequency operation. The polarization extinction ratio (PER) of the
output can be optimized to be >10 dB. However, since the Tm amplifier fibre was not polarization-maintaining,
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occasional adjustment of the polarization controller was needed to maximize the PER. The M? of the output
beam was measured to be ~1.15.

(a) Seed
0.04

0.03

0.02

0.01

0.00

(b) Amplifier

Figure 12: Frequency spectra for (a) the DFB seed laser and (b) the MOPA obtained with a scanning Fabry-Perot

interferometer.
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3 FINAL DELIVERABLE LASER SYSTEMS

3.1. Low power DFB MOPA for NEO

An all-fiore DFB MOPA with a single Tm fibre pre-amplifier stage was constructed and delivered to NEO for
DFG experiments with a commercial ~1.5 um Er fibre source in OP-GaAs. The MOPA configuration is
illustrated in figure 13. Pump power at 1565 nm was provided by a Er,Yb fibre laser with a maximum output
power of 5 W. The DFB MOPA yielded ~900 mW of linearly-polarized single-frequency output with a PER of >
17 dB (see figure 14).

1565/1940 nm

WDM coupler
1060/1565
5W  WDM couplrérrn k Tm DFB laser Isolator
pump % i - 5 )Slgnal output
/ Connector Tm fibre (FC/APC)
Amplifier

Figurel13: Tm fibre DFB laser and pre-amplifier delivered to NEO.
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Figure 14: MOPA output power versus pump power supply voltage.

The DFB laser was mounted on metal heat-sink with one end of the fibre attached to a micropositioner with
better than 10 um resolution for fine wavelength tuning via stretching the DFB grating (see figure 15). Using this
approach the lasing wavelength could be tuned from 1960.8 nm to 1961.6 nm. The micropositioner was also
equipped with a piezo actuator for even finer wavelength adjustments and for rapid scanning of the DFB laser
operating wavelength over the gas absorption line of interest. This allowed scanning of the lasing wavelength
over a range of >0.4 nm (see figure 16).
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Figurel5: Wavelength tuning via adjustment of micropositioner.

Figure 16: Wavelength tuning using piezo actuator.

3.2. High power DFB MOPA for HHUD

A high-power DFB MOPA based on the configuration shown in figure 9 was constructed and delivered to
HHUD for experiments aimed at demonstrating a PRSRO based on OP-GaAs. The operating wavelength for
this system was chosen to be 1943 nm and other performance specifications of the system including output
power were very similar to those summarised in section 2.
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