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ABSTRACT

An all-fiber pulsed erbium laser with pulse width of 2.4 ns working in a MOPA configuration has been created. Cladding
pumped double clad erbium doped large mode area fiber was used in the final stage amplifier. Peculiarity of the current
work is utilization of custom-made multimode diode wavelength stabilized at 981+0.5 nm — wavelength of maximum
absorption by Er ions. It allowed us to shorten Er-doped fiber down to 1.7 m and keep a reasonably high pump-to signal
conversion efficiency of 8.4%. The record output peak power for all-fiber amplifiers of 84 kW was achieved within
1555.9+0.15 nm spectral range.

Keywords: erbium doped fiber amplifier, double clad, high peak power, large mode area

1. INTRODUCTION

High peak power ns-pulse fiber lasers operating near 1.55 pm are perspective source for remote sensing, frequency
conversion and micromachining. To date the highest peak power of 40 kW in 5 ns pulses was demonstrated using large-
mode-area (LMA) silica-based Er-Yb fiber’. However the laser scheme used in this work contained bulk elements required
to filter our luminescence near 1 um from the first preamplifier stage. Also the pump-to-signal conversion efficiency
achieved by authors was quite low, about 4.8%. A higher peak power of 128 kW can be obtained using LMA Er-Yb
phosphate fiber? with the price of further reduction of pump-to-signal conversion efficiency down to 1.5%. Moreover, the
result achieved in 2 had no potential for scaling due to already existent problems with thermal effects at high pump powers.

Another perspective approach is cladding pumped Yb-free LMA Er-doped fiber amplifier (EDFA). In this case the record
pulse energy of 1 mJ in 100 ns pulses was demonstrated®. The maximum peak power of 13 kW was limited by amplified
spontaneous emission (ASE), which was appeared due to limited stored energy in the EDFA. Using the same amplifier
design we have built a 2 ns pulsed laser with a maximum peak power of 30 kW (24 kW coupled to hollow-core fiber), that
was used as pump source for hydrogen-filled hollow core silica fiber to achieve peak power at 4.4 um of 0.6 kW45

The aim of the current work was optimization of the amplifier design to achieve the maximum peak power for the cladding
pumped Yb-free Er-doped fiber.
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2. SETUP
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Figure 1. MOPA laser setup with a) electrically driven LD and b) SOA for shaping pulses.

The nanosecond laser in the current work has master oscillator with power amplifier (MOPA) configuration (see Figure
1a)). The first version of master oscillator was based on distributed feedback semiconductor(DFB) laser diode (LD)
electrically driven at repetition rate of 25 kHz to produce 2ns pulses with peak wavelength of 1557.22nm. This resulted in
several peaks in output spectrum of the diode see Figure 2a)). Thus in the second version of the scheme (Figure 1b)) we
used semiconductor optical amplifier (SOA) to produce 2.4ns pulses from continuously operating LD with central
wavelength of 1555.97 nm (Figure 2b)) at average power of ~0.5-1 mW. To protect the SOA from backwards propagating
ASE we used an isolator. These pulses were amplified by two stages Er-doped fiber amplifiers (EDFAL, EDFA2). A
narrowband (FWHM ~ 0.08 nm) spectral filter, based on circulator with a long length Bragg grating (LFBG) was used to
filter out ASE after the first stage (in both cases input power at EDFAL was orders of magnitude lower than saturation
power of the amplifier). The EDFA2 delivered pulses with average power of 10 mW (200 W of peak power). Part of power
between pulses was controlled by integrating photodetector® and was less than 3% at all pump powers. The seed was
coupled through isolator and pump combiner into the power amplifier stage.
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Figure 2. Normalized spectrum of pulses produced by a) electrically driven laser diode and b) SOA

The power amplifier was based on large mode area double clad cladding pumped Er-doped fiber (LMA DC EDF). The
preform was manufactured by modified chemical vapor deposition technique. It’s core was doped with 0.1 mol.% of Er?0®
in P20°-Al203-Si0? glass matrix. It was polished into a square and drown into a fiber with outer dimensions of 110x110
pm. The core diameter was 35 um, calculated cut-off wavelength was about 1650 nm and mode field diameter at 1/e? was
calculated to be 24.7 um (see Figure 3a),b)). The fiber was coated with low-index polymer, which provided NA of 0.46.
Measured small signal absorption from the cladding at 981 nm was 3 dB/m (Figure 3c)). In the current work we have
replaced standard wavelength stabilized diodes at 976 nm by a two 24W multimode laser diodes from BWT Beijing
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company with central wavelength shifted to the maximum of Er ions absorption — the most power was within 981+0.5 nm
(Figure 3c)). A higher clad absorption at this wavelength allowed us to noticeable shorten the Er-doped fiber length without
strong degradation of pump-to-signal conversion efficiency. We used 1.9 m long Er-doped fiber in the first experiment
with laser based on modulated DFB diode (Figure 1a))and 1.7 m in the laser with modulation by SOA (Figure 1b)). Co-
propagating pumping of the Er-doped fiber was used. Total pump-to-signal conversion efficiency was 8.4% relative to the
launched pump power for both versions of lasers. The output end of the Er-doped fiber was angle-cleaved to prevent
backscattering. Dichroic mirror (DM) was used to separate amplified pulses from unabsorbed pump. Output power was
measured by power meter (PM). Part of power between pulses was controlled by integrating photodetector.
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Figure 3. a) Fiber refractive index profile of LMA DC EDF; b) optical image of a fiber end facet; c) fiber clad absorption peak
at 981 nm and PUMP LD spectrum at 976 nm (dashed red line) and 981 nm (red line).

3. RESULTS

The first version of the laser had a little bit longer active fiber and significantly worse spectrum. Therefore, the four wave
mixing (FWM) threshold (dramatic increaser of part of power contained in peaks caused by FWM) has been achieved at
only 50 kW (Figure 4c)). At maximum pump power 13% of output power is contained in peaks caused by FWM, which
corresponds to 70 kW of peak power in band (1557.3 +£0.2 hm).

The second version of laser had shorter active fiber (1.7 m), thus the FWM threshold was achieved at maximum pump
power of 48.6W. At 48.6W of pump power less than 2% of output power were contained in peaks caused by FWM,
therefore the peak power was 84kW. It is worth noting that output spectra of these lasers have FWM peaks at significantly
different wavelengths. Output spectra of the first version had additional peaks at 1550 nm and 1567 nm, which are caused
by additional peaks at diode output spectrum which could not be completely filtered out by the bragg grating. We suggest
that a much better output spectrum in the case of the second laser is caused by single-frequency operation regime
(modulation by SOA results in generation of spectral-limited pulses in contract to direct modulation of DFB diode, when
new spectral components appears due to change of current in DFB diode).
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Figure 4. a) Temporal profile: b) Spectra; c) Peak power in band and part of power out of band vs pump power for laser based
on direct modulation of DFB-LD; d),e),f) — the same for the second version of the laser based on SOA.

4. CONCLUSION

We have demonstrated output peak power of 84kW, which, to the best of our knowledge, is the highest peak for Er-doped
Yb-free all-fiber laser with pulses longer than one nanosecond. It is only 33% lower than the peak power demonstrated in
Er-Yb codoped phosphate glass core fiber amplifier. Total pump-to-signal conversion efficiency was 8.4%, which is more
than 5 times higher than demonstrated in Er-Yb phosphate amplifier This result can be further scaled by reducing active
fiber length and adding pump power or input power from preamplifier.
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