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1. INTRODUCTION

Following delivery of the first Tm-doped DFB fibre laser (Deliverable D1.1) at TO+10, a significant fraction of the
effort in Work Package WP1 has been directed towards improving the performance, particularly with regard to
the output power. This is needed to increase the nonlinear frequency conversion efficiency and hence output
power for the mid-infrared source based on DFG, and will be essential for operation of a singly-resonant optical
parametric oscillator (SRO). The strategy for increasing the output power of the Tm fibre source has focussed
on improving the DFB laser itself and on adding additional Tm fibre amplifier stages to produce a high-power
master-oscillator power-amplifier.

2. MASTER-OSCILLATOR POWER-AMPLIFIER PROTOTYPE DESC RIPTION

The improved DFB laser and fibre amplifier stages were made using the same Tm fibre that was used for
Deliverable D1.1. This fibre was fabricated in-house via the modified chemical vapour deposition and solution
doping technique and had a Tm-doping concentration of ~ 1wt.% and a core diameter of ~ 10 mm. The core
was co-doped with germanium to make it photosensitive to allow UV writing of the Bragg grating. Two different
master-oscillator power-amplifier (MOPA) configurations were constructed and tested using an improved
design and mounting arrangement for the DFB master-oscillator.

2.1. DFB laser with single amplifier stage

The first MOPA configuration constructed is shown in figure 1. This comprised a Tm DFB laser with a 60 cm
length of Tm fibre spliced to the DFB fibre to form the amplifier. Pump light for the DFB laser

HT@1565nr Pump delivery
HR@1600-2100nm fibre Tm amplifier Output

,Q)q fibre (60cm) @1943nm
10W pump I” N —— o

laser@1.56u )
Tm fibre DFB laser
f=18mm f=25mm

Backward output

Figure 1 : Tm DFB laser with single-stage amplifier.

w
as provided by an Er,Yb fibre laser with a maximum output power of 10 W at 1565 nm. This was launched into
a section of standard single mode fibre (the pump delivery fibre) spliced on to the DFB fibre. The coupling
efficiency was measured to be ~82%. A dichroic mirror (DM) with high reflectivity (>99.8%) at 1600-2000 nm
and high transmission (>97%) at the pump wavelength was used to extract the backward propagating output
signal from the DFB. Using this arrangement it was possible to couple up to ~8 W into the DFB fibre. The
residual pump light after the DFB was used to directly pump the amplifier without the need of a second pump
source. The fibre length in the amplifier section was selected to absorb virtually all the pump light eliminating
the need for a second dichroic mirror to extract the amplified DFB output from residual pump light. The output
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facet of the amplifier fibre was polished at an angle to suppress broadband feedback and hence prevent
parasitic lasing. Several improvements to the DFB laser have been implemented to allow operation at high
power levels. These include better heat sinking to improve thermal management allowing operation up to the
maximum available pump power with no roll-over in output power, and an improved DFB grating structure to
increase the efficiency in the forward direction and to reduce the fraction of output power in the backward
propagating beam. As a result, the DFB laser alone can produce 875 mW of output at 1943 nm in the forward
direction. This is much higher than for Deliverable D1.1. Moreover, the output power in the backward direction
at maximum pump power was only 70 mW. Figure 2 shows the total output power for the MOPA as a function
of launched pump power. A maximum output power of 3.1 W at 1943 nm was achieved with the maximum
available pump power. Moreover, at high pump powers, the slope efficiency with respect to launched pump
power was ~50%. The frequency spectrum was analyzed with the aid of a scanning Fabry-Perot interferometer
(SFPI), which revealed that two orthogonally-polarized modes were oscillating in the DFB cavity (Figure 3(a)).
Also, at very high power levels there is evidence of a very weak second order mode. However, even at the
highest power levels, the fraction of power in the second order mode is less than 2%. It should be possible to
eliminate this with further optimisation of the Tm fibre design and DFB grating design.

DFB plus a 60cm long Tm fibre

c 3000 |
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o | o
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© 1000 |- o
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s | .
L o °
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Figure 2: Performance of single-gain-stage MOPA.
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(a) Double polarization

FSR=15GHz N

b) Selected single polarization

Figure 3: Scanning Fabry-Perot interferometer traces for the pre-amplifier output: (a) Without polarizer,
(b) With polariser.

2.2. DFB laser with two amplifier stages

Further scaling of the output power was achieved using a MOPA configuration with two amplification stages, as
shown in figure 3. In this case, the output from the single-gain-stage MOPA described above was used to seed
a second independent amplifier pumped by a 20 W Er,Yb fibre laser. To prevent parasitic lasing, an isolator
must be incorporated into the system between the two amplification stages (as shown). The maximum power
that

Pump delivery i Pump dellvery
fibre Tm fibre Tm fibre fipre
f 18mm (60cm) Isolator (70cm) f= 18mm
10W ’Q 20W
oump I —— |) Sump
Tm fibre DFB laser f=11mm f=11mm
DFB backward output Signal output

Figure 3: DFB laser with double-stage amplifier.

c
ould be launched into the final amplifier stage was only ~ 600 mW. This was partly due to the fact that the
isolator polarisers can only transmit one of the polarisation modes and partly due to poor transmission by some
of the optical components (which had dielectric coatings that were not designed for operation at ~ 2 um). Thus,
there is considerable scope for improvement. Pump light from the 20 W Er,Yb fibre source was coupled into
the 70 cm long Tm-doped fibre in the final stage via a length of standard single-mode fibre spliced to the Tm
fibre. The pump launching efficiency was ~ 80%. Tthe output beam was extracted with the aid of a dichroic
mirror. Figure 4 shows the MOPA output power as a function of pump power launched into the final amplifier
stage. The maximum output power was 9.5 W for 16 W of launched pump power and the corresponding slope
efficiency was ~ 66%. During the course of these experiments two Faraday isolators were damaged by laser
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emission from the second-stage amplifier due to misalignment of the seed input beam. The relatively low
damage threshold of two-micron isolators is a cause for concern and great care with alignment and operation of
the MOPA is needed to minimize the risk of damage. Further improvement in performance for the DFB MOPA
should be possible by optimising the seed/pump launch optics, DFB laser design and isolator optics.

N
-

-
o
T

Slope efficiency ~66%

Signal power (W)
o = N WO h 0O N 0 ©
T

TR U N BT BRI
0 2 4 6 8 10 12 14 16

Launched pump power (W)

Figure 4: Performance of twin-gain-stage MOPA

Scaling to output powers > 15 W with the present fibre arrangement will require an increase in pump power to
the second amplifier stage to ~ 30 W. This could be achieved using a second 10 W Er,Yb fibre pump laser
launched via a dichroic mirror into the opposite end of the fibre amplifier. The total pump power required for
this source would be 40 W and hence a deliverable (D1.2) with this power would require further pump sources
to be purchased to allow the Tm fibre laser development (as specified in Work Package WP1) to continue in
parallel. A recent estimate of the threshold for a pump-resonant singly-resonant-oscillator (PR-SRO) based
OP-GaAs by HHUD indicated that it might be possible to reach threshold using a DFB MOPA with a lower
power second stage amplifier pumped by a single 10 W Er,Yb fibre laser and hence preliminary OPO
experiments could proceed using deliverable based on this design

The output power from the final-stage power amplifier versus the launched pump power using a single 10 W
Er,Yb fiber pump laser is shown in figure 4. A maximum signal power of 6W was obtained for a launched pump
power of 10W. The slope efficiency with respect to launched pump power in the final stage amplifier was
~57%. The output power stability of the pre-amplifier and final stage amplifier are shown in figures 5(a) and
5(b). The pre-amplifier output power was measured after the polarization-dependent isolator. The noisy
behaviour is largely a result of fluctuation in power between the two orthogonally-polarised modes. However,
the output power from the final-stage amplifier was much more stable due to the effect of gain saturation.
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Figure 4: Output power of DFB MOPA with two amplifier stages.

(a) Stability of the preamplifier output power
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(b) Stability of the final stage amplifier output power
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Figure 5: Output power stability of (a) pre-amplifier and (b) final stage amplifier.
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2.3. Latest results

To scale the MOPA to higher power the 20W and 10W Er,Yb fibre pump lasers were both used to pump the
power amplifier simultaneously from the forward and backward directions respectively. The MOPA
configuration is shown in figure 6. A dichroic mirror with a high reflectivity at the pump wavelength and a high
transmission at the signal wavelength was used to combine the 20W pump laser and the incident 1943 nm
signal. The maximum signal power launched into the final amplifier stage was ~ 500 mW. The output power
from the bi-directionally pumped power amplifier versus the launched pump power is shown in figure 7. A
maximum signal power of 14W was obtained for an overall launched pump power of 24W. The slope efficiency
with respect to launched pump power in the final stage amplifier was ~57%. The frequency spectrum of the
power amplifier output was also measured with the aid of a scanning Fabry-Perot interferometer (SFPI) (see
Figure 8).

DFB

DFB backward Signal output

DFB laser Preamplifier Power amplifier
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Figure 6: DFB laser with the bi-directionally pumped power amplifier.
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Figure 7: Output power of bi-directionally pumped power amplifier.
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Figure 8: Scanning Fabry-Perot interferometer trace for the power-amplifier output.

A picture of the DFB MOPA system is shown in Figure 9. To improve its long-term stability, all the

components are fixed by use of screws or UV glue, and no translation stages are used.

Figure 9: Experimental picture of the DFB MOPA system.
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