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Abstract—We investigate the amplification of nanosecond
pulses in a single-mode Er-fluoride fibre amplifier. A PPLN-based
optical parametric oscillator (OPO) with a Q-switched Nd:YAG
pump laser was used to generate seed pulses at a wavelength of
2790 nm. The OPO system produced seed pulses with sub-10 ns
pulse durations and pulse energies of 0.5 pnJ at a repetition rate
of 10 kHz. These seed pulses were amplified in a single-mode
Erbium-fluoride fibre amplifier, consisting of 2.2 m of double-
clad fibre with a doping concentration of 7 mol%. Using this
setup, we demonstrate gain values of up to 20 dB, output pulse
energies of 52.7 pJ, and peak powers of more than 8 kW.

Index Terms—Mid-infrared, Fibre laser, Nanosecond pulse,
Fluoride fibre, ZBLAN fibre, Erbium-doped fibre.

Laser development in the short-wavelength part of the
mid-infrared (MIR) wavelength region, covering wavelengths
between 2.7-3.5 um, has accelerated in the last decade [1],
[2]. Several novel laser systems have been developed and
commercialised, with ongoing research and development being
driven by a growing number of applications in this wavelength
range [1]. The major application areas include spectroscopy
[3], material processing [4], and the laser interaction with
biological tissues [5].

Of particular interest for material processing, is the strong
interaction of short wavelength MIR laser radiation with a
range of materials. This interaction stems from the absorption
properties of O-H molecular bonds, which give rise to strong
absorption peaks in a variety of materials, for example in
fused silica around 2.7 um (from O-H contaminations) and
at 2.93 um in liquid water. The absorption band of O-H
stretching vibrations in liquid water and biological materials
covers the wavelength range of 2.7-3.1 um. Laser radiation at
these wavelengths has a penetration depth of few microme-
ters, enabling highly localised energy deposition for material
processing applications. This creates the possibility to use
high-power ns- and ps-laser sources in the short MIR for
precision processing, cutting, and ablation of various mate-
rials containing O-H molecular bonds, including a variety of
glasses, organics materials, and biological tissues—similar to
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the processing of inorganic materials with high-power near-
infrared (NIR) laser systems.

Further research and advances in material processing ap-
plications in the MIR require the development of novel high-
power pulsed laser sources. To address typical requirements
of high precision material processing applications, these laser
sources must provide peak powers of multiple kW, pulse
energies of several 10 uJ, high repetition rates (above 10 kHz),
pulse durations of few nanoseconds, and diffraction limited
beam profiles (M?> < 1.1), to achieve sub-100 um spatial
resolution). However, the development of laser sources with
the required pulse parameters and output powers still remains
a challenge.

Several new types of lasers have been demonstrated and
commercialised in the last decade, extending the available
range of laser pulse parameters in the short MIR wavelength
range [1], [2]. Among these laser systems, Er-doped fluoride
fibre lasers provide the highest average output powers [6]
and are currently the most promising candidates for further
scaling of output powers and pulse repetition rates. Q-switched
Er-doped fluoride fibre lasers provide average output powers
of more than 10 W, repetition rates of 100 kHz, and pulse
durations of few tens of nanoseconds [7]. Simultaneously,
the use of single-mode Er-doped fibres results in diffraction
limited beam-profiles [8], enabling laser applications with high
spatial resolution. However, the long fibre lengths and Q-
switch dynamics, which create a dependency between pulse
durations and repetition rates, introduce significant limitations
on achievable pulse durations. At repetition rates of few kHz,
the shortest achievable pulse durations are limited to several
10 ns. Increasing the repetition rate above 100 kHz, leads to
longer pulse durations of more than 100 ns [7].

An alternative approach for the design of high-power, ns-
pulsed Er-doped fluoride fibre laser sources is the use of a
master-oscillator power-amplifier (MOPA) configuration. In a
MOPA setup, a seed laser with short pulse durations and high
repetition rates is amplified in a high-gain Er-doped fluoride
fibre amplifier for power scaling. Using this approach, the
pulse parameters of different seed lasers—e.g. short pulse
durations for OPO-systems—can be combined with the high
average powers and diffraction limited beam-profiles of single-
mode Er-fluoride fibre lasers. Although MOPA fibre laser
systems are well established in the NIR, only few publications
have investigated this approach in the MIR. Gauthier et al. [9]
have demonstrated the amplification of an optical paramater
generator (OPG) laser source with pulse durations of 400 ps
and a repetition rate of 2 kHz in a single-mode Er-fluoride

22 at 12:23:21 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Photonics Technology Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LPT.2022.3182149

S

(&

~
Unabsorbed Pump diode
_ _ pump light at 976 nm
Actively Q-switched
Nd:YAG laser Isolator L1
‘ for 27|00 nm ‘
A= == 11 -
‘ ~ |
| D|I\/I . ‘ L2 DM
PPLN OPO 4° cleave Amplifier
Erbium fluoride AlF3 endcap output
fibre amplifier 13° cleave
J

Fig. 1. Experimental setup consisting of Nd:YAG pump laser, PPLN-based OPO, and Er-doped fluoride fibre amplifier (from left to right). L1: CaF2 lens,
f = 25 mm; L2: CaFg lens, f = 20 mm; DM: Dichroic mirror HT at 2800 nm and HR at 980 nm.

fibre amplifier. The ps-pulses were amplified to 39 uJ (limited
by the onset of self-lasing in the amplifier), which resulted in
the generation of a broad supercontinuum. The demonstrated
supercontinuum source is of major interest for applications
in metrology and spectroscopy (as intended by the authors),
but the broad wavelength range and nonlinear pulse dynamics
would not be suitable for material processing applications. To
investigate linear amplification of ps-pulses, i.e. without non-
linear spectral broadening, the same research group developed
a multimode fluoride fibre amplifier [10]. Using a multistage
amplifier with Er- and Ho-doped fibres, they demonstrated
output pulses with durations of 357 ps and pulse energies of up
to 122 pJ at a repetition rate of 20 kHz. The use of multimode
fibres, however, resulted in a poor beam profile with an M?2
of 4.2—four times higher that single-mode fibres (M? < 1.1)
and not suitable for many high precision material processing
applications. Du et al. [11] have demonstrated a multimode Er-
fluoride fibre amplifier with output pulse energies of 670 puJ
and pulse durations of 10 ns at a low repetition rate of 10 Hz.
Most recently, Aydin et al. [12] have demonstrated a dual-
stage, multimode MOPA system with output pulse energies of
1 mJ, 5 kHz repetition rate, and pulse durations of 1 ns.

In this letter, we investigate the amplification of ns-pulses
in a single-mode Er-fluoride fibre amplifier. To the best of
our knowledge, this is the first time that the amplification
of ns-pulses in a single-mode Er-fluoride fibre amplifier is
demonstrated. The experimental setup of the MOPA system
is illustrated in Fig. 1. The input for the fibre amplifier was
obtained from the idler of a custom-made PPLN-based OPO
[13], which was pumped by a Q-switched Nd:YAG laser. The
seed pulses at a wavelength of 2790 nm had a pulse energy
of 0.5 uJ, average power of 5.3 mW, and pulse durations of
5.2 ns (measured with photodiode rise-time of 3.5 ns) at a
repetition rate of 10 kHz. The seed pulses passed through
an optical isolator (Thorlabs 12700Y4, tunable isolator set
to 2750 nm) and a dichroic mirror (transmission > 97 % at
2800 nm, reflection > 99.5 % at 980 nm), which were used
to suppress back-reflections and back-propagating pump light
from the fibre amplifier. Afterwards, the seed pulses were
coupled with an uncoated CaF; lens (focal length of 25 mm)
into the fibre amplifier. An overall coupling efficiency of
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30 % was obtained, corresponding to a seed power of 1.6 mW
inside the fibre amplifier (measured at the output). The fibre
section consisted of 2.2 m of double-clad Er-doped fluoride
fibre with a doping concentration of 7 mol%. We used a
commercial single-mode fibre provided by Le Verre Fluoré,
the same fibre as in references [6], [9]. The fibre had a
core diameter of 15.5 um with a numerical aperture (NA) of
0.125, corresponding to a cut-off wavelength of 2.5 um for
single-mode operation and an M2-value of 1.03 at 2790 nm
[8]. The D-shaped pump cladding had a diameter of 260 pm
with parallel flats separated by 240 uym and a NA of 0.46. A
fluoroaluminate (AlF3) end-cap with a length of 700 um was
spliced to the output end of the fibre section to prevent fibre
damages and degradation from O-H diffusion. The input end
was left without end-cap, since the seed power of 5.3 mW was
well below typically reported damage thresholds for fluoride
fibres. To suppress back-reflections and self-lasing in the fibre
section, the input and output facets were cleaved at 4°and 13°,
respectively—the difference in angles was due to tolerances
in the cleave process. The amplifier output was collimated
with another uncoated CaF; lens (focal length of 20 mm) and
passed through a second dichroic mirror.

The fibre section was pumped in counter propagating direc-
tion, using a fibre-coupled multimode pump diode (Coherent),
operating at a wavelength of 978 nm with a bandwidth of
5 nm. The pump light was delivered in a multimode fibre with
a core diameter of 200 um and NA of 0.22, collimated with
an AR-coated lens (focal length 20 mm), and coupled into the
output end of the fibre section through the same CaF; lens that
was used for collimation of the amplifier output.

The temporal pulse profile of the amplified laser pulses
was characterised with a fast HgCdTe photodetector (Thorlabs,
PDAVI]10) with a response bandwidth of 100 MHz (at -3 dB),
corresponding to a theoretical rise-time of 3.5 ns. The pulse
spectra were measured with a Horiba iHR550 monochromator
and an amplified PbSe-detector in combination with a lock-
in amplifier. The spectra were recorded with a wavelength
increment of 0.05 nm and a theoretical resolution of less than
0.2 nm, calculated for a monochromator slit size of 40 pum.
All spectra were recorded over the wavelength range from
2710 nm to 2870 nm with a signal-to-noise ratio of more

Authorized licensed use limited to: ASTON UNIVERSITY. Downloaded on June 16,2822 at 12:23:21 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Photonics Technology Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LPT.2022.3182149

than 30 dB to ensure the absence of amplified spontaneous
emission (ASE) and self-lasing in the fibre section.

Fig. 2 shows the measured output power from the amplifier
at different pump powers. The threshold for amplifier gain was
at a pump power of 0.5 W. Above this threshold, the output
power increased linearly with a slope efficiency of 10.3 %. The
maximum output power of 527 mW was reached at a pump
power of 5.8 W and corresponded to a pulse energy of 52.7 uJ.
We obtained a single-pass optical gain of 20 dB for the
complete amplifier system (i.e. including coupling losses) and
25 dB for the fibre amplifier section without coupling losses.
The optical-to-optical efficiency reached a value of 9 %—
this included Fresnel reflection losses of approximately 10 %
at the uncoated AlF3 end-cap facet and the uncoated CaF,
collimating lens. This efficiency value is in good agreement
with previously reported results [9], [12].

The evolution of the amplified laser spectra at different
pump powers is plotted in Fig. 3. The seed laser spectrum
from the OPO was centred at 2790 nm and had a bandwidth of
9.9 nm (full-width at 1/e?)—the full-width at half-maximum
(FWHM) had a value of 5.4 nm. The spectrum had extended,
slowly decreasing side lobes (Lorentz-like shape)—3.8 %
(-14 dB) of the total power was contained at wavelengths
outside the main interval of 2780-2800 nm. At the output
power of 40 mW, the amplified pulse spectrum was almost
identical to the spectrum of the seed pulses from the OPO
system with minor differences and a slightly larger bandwidth
of 11.9 nm. The differences in both spectra are attributed
to the fibre coupling—no nonlinear effects or ASE were
observed in the amplifier at this output power level. As the
output power was increased by almost one order of magnitude
to 305 mW, the amplified laser spectrum began to exhibit
significant changes due to nonlinearities. While the overall
shape of the spectrum was preserved, the bandwidth increased
to 16.0 nm and the power content of the side lobes grew to
9.6 %. Finally, Fig. 4 shows the amplified laser spectrum at
the maximum output power of 527 mW. The spectrum had
a bandwidth of 21.9 nm (FWHM of 7.9 nm) and 20 % (-
7.0 dB) of the power was contained in the wings of the
spectrum at wavelengths outside the 2780-2800 nm interval.
On the logarithmic scale, we observe that the wings of the
spectrum extend symmetrically over the whole wavelength
range from 2690 nm to 2910 nm. The broadening of the laser
spectrum and power transfer to spectral components at shorter
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Fig. 2. Amplified output power versus launched pump power: measured values
(blue) and linear regression above 1 W (red).
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Fig. 3. Evolution of the laser spectrum during amplification: seed laser
spectrum and amplified laser spectrum at output powers of 40 mW and
305 mW (from left to right).

and longer wavelengths can be attributed to nonlinear self-
phase modulation (SPM) in the fibre section at peak powers
of multiple kW [14]. The impact of nonlinearities can still be
tolerated at the demonstrated power levels, but further power
scaling, will require the investigation of mitigation measures,
for example larger core diameters.

The logarithmic spectrum at the maximum output power of
527 mW showed no signs of amplified spontaneous emission
or parasitic lasing (self-lasing) in the fibre section. To test
for potential ASE, the fibre amplifier was operated without
seed (seed laser blocked) at low pump powers. Even in this
configuration, no ASE could be observed. Instead, self-lasing
in the fibre section started at a pump power threshold of
approximately 0.9 W (see inset of Fig. 4). This suggests that
the onset of self-lasing suppresses the build-up of ASE and
that self-lasing would be appear before the onset of ASE—
similar to the self-lasing observed in reference [9].

The temporal pulse profile and the output pulse train over 40
periods at the maximum output power of 527 mW are plotted
in Fig. 5. The pulse shape and width remained almost constant
during the amplification in the fibre section. We observed only
minor saturation effects in the amplified pulse shape—the tail
of the pulse experienced less gain than the leading part of the
pulse. The measured temporal pulse profile had a full-width at
half-maximum of 5.2 ns. The maximum output pulse energy
of 52.7 pJ corresponded to a peak power of 8.2 kW, calculated
by normalisation of the measured pulse profile. From the
oscilloscope trace of the pulse train over 40 periods, we
calculate a relative pulse energy fluctuation of 5.2 % (standard
deviation). These fluctuations resulted from comparable pulse
energy fluctuations (5.4 %) of the seed pulses generated by
the OPO laser systems.

Long term stability of the presented laser system was not
investigated. To avoid degradation of the fibre components,
the laser system was operated only for intervals of up to
30 minutes at the maximum output power—corresponding
to the time required for a full set of measurements and
the recording of the optical spectrum over a span of up
to 240 nm. The experiments were performed over a period
of two weeks—the presented set of results was recorded
at the end of this period. During that time no degradation
of the laser performance or damages to fibre components
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Fig. 4. Laser spectrum at the maximum output power of 527 mW, correspond-
ing to a pulse energy of 52.7 uJ. Inset shows the amplified laser spectrum on
logarithmic scale (red) and the self-lasing spectrum at 0.9 W (black).
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Fig. 5. Output pulse shape (HgCdTe photodiode response) at the maximum
output power of 527 mW: single pulse (blue) and series of 40 successive
pulses (inset, blue). Input signal from OPO: pulse shape (black, dashed) and
series of 40 pulses (inset, black).

were observed. Further power-scaling beyond 52.7 uJ was
also not investigated. Nonlinear effects (SPM) have already a
significant impact on the output spectrum at this power level
and would result in further spectral broadening at higher output
powers. Additionally, the single-pass gain of the fibre amplifier
of 25 dB (i.e. without coupling-losses) was approaching the
threshold for self-lasing—based on reflectivity estimates for
the AlF3 end-cap and the threshold observed in reference [9].
The output power was not further increased, to avoid the onset
of self-lasing and related fibre damages, i.e. the burning of the
unprotected fibre facet from pulsed self-lasing.

In summary, we have demonstrated the amplification of
ns-pulses in a single-mode Er-doped fluoride fibre amplifier
operating at 2790 nm. We obtained output pulses with energies
up to 52.7 pJ, pulse durations of 5.2 ns, and peak powers of
8.2 kW at a repetition rate of 10 kHz. To the best of our
knowledge, this is the first demonstration of ns-pulse amplifi-
cation in a single-mode Er-doped fluoride fibre amplifier. The
use of single-mode fibres and nanosecond pulse durations en-
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abled the generation of significantly higher average intensities,
than have been achieved with previous Er-doped fluoride fibre
amplifier systems. Comparing the output power per fibre core
area with previously published setups shows an increase of
almost one order of magnitude. We have achieved a value
of 279 kW/cm?2 versus values of 41 kW/cm?2, 32 kW/cm?2,
and 49 kW/cm? in references [9], [11], and [12], respectively.
Building upon these results, further work will focus on power
scaling, addition of amplifier stages, and improvements of
amplifier efficiency. Finally, the developed Er-doped fluoride
fibre amplifier can be used for the amplification of other seed
laser sources in the mid-infrared, such as Cr:ZnSe lasers [2]
and GaSb-based diode lasers [15], with the potential to further
extend the range of laser parameters and performance of mid-
infrared laser sources.
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