™ |

Check for
updates

Research Article Vol. 32, No. 17/12 Aug 2024/ Optics Express 29957 |

Optics EXPRESS , NN

SESAM Q-switched Dy-doped fluoride fiber laser
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Abstract: We report on a passive Q-switching laser operation of an in-band pumped Dy-doped
zirconium fluoride fiber using a commercially available semiconductor saturable absorber mirror
(SESAM). Stable Q-switching pulse trains with minimum pulse duration of 460 ns, highest
repetition frequency of 206 kHz, and pulse energy up to 1.7 uJ are demonstrated.
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1. Introduction

Mid-infrared (MIR) fiber lasers with tunable emission in the wavelength range around 3 pm
have attracted increasing attention for their potential in diverse areas of fundamental science
and industrial applications [1,2]. Indeed, compared to the visible and near-IR spectral regions,
the 3 wm wavelength range is characterized by the presence of fundamental transitions of CH,
NH and OH stretching vibration bonds characterizing many inorganic and organic molecules.
These include notorious greenhouse gases and air pollutants, making this spectral region of
extreme interest for remote sensing of atmosphere [3] and trace gas analysis [4], high-sensitivity
spectroscopic investigations and quantitative analysis of agricultural produce [5] and industrial
wastes [6,7]. In addition, laser sources in this wavelength range find application in bio-medical
sensing [8] and laser surgery [9]. The Q-switching regime has shown to be extremely useful to
generate optical pulses with proper energies and duration for a large variety of the applications
reported above [10].

Among the several rare-earth doped fibers suitable for MIR emission at around 3 um, the
Dy-doped fluoride fiber showed great potential for high-efficiency and broadband laser emission
both in continuous-wave (CW) and pulsed regimes [11,12]. The main advantages offered by
this medium are: i) broad emission bandwidth wider than 300 nm at -3 dB (10 % of the peak
emission wavelength); ii) low quantum defect using in-band pumping configuration at 2.83 um
(quantum efficiency as large as 0.93); iii) extremely low excited state absorption channels. With
specific regard to the generation of laser pulses, in recent years Dy-doped fluoride fiber lasers
have been operated both in Q-switching and mode-locking regimes using active and passive
configurations [13,14]. In particular, with the nonlinear polarization evolution mode-locking
technique, the generation of sub-picosecond pulses has been demonstrated [15], whereas using
the active Q-switching method pulse energies in excess of 15 pJ have been obtained [16].

In this paper, we report on a stable passive Q-switching operation of an in-band pumped
Dy:fluoride fiber using commercially available semiconductor saturable absorber mirrors
(SESAMs). Output energies as large as 1.7 pnJ have been demonstrated with pulse repeti-
tion frequencies up to 206 kHz and pulse duration as short as 460 ns. In comparison to
previous demonstrations of Dy-doped fluoride passive Q-switched fiber lasers based on different
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saturable absorption devices [17-21], the setup in this work provides the shortest pulse duration
and the largest pulse repetition frequencies. In addition, under proper cavity configuration,
single-frequency operation of the Q-switched Dy-doped fluoride laser is also demonstrated.

2. Experimental setup

The Dy**:fluoride active fiber (Le Verre Fluoré) is in-band pumped by a continuous wave
diode-pumped Er**:ZBLAN fiber laser emitting at 2825 nm (bandwidth < 0.3 nm) with a
maximum output power of 10 W, a beam quality M? = 1.1, and a collimated beam diameter
of 2.5 mm (laser prototype developed at the Center for Optics, Photonics and Lasers, COPL,
University of Laval, Canada). The fiber has a core (cladding) diameter of 12.5 um (125 wm),
a numerical aperture of 0.16 (cutoff wavelength 2.5 um), and is doped with a nominal Dy>*
ions concentration of 3.63 x 10> m™ (2000 mol ppm). The 1.82-m-long active Dy fiber is
pumped from both fiber ends through dichroic mirrors (transmission larger than 70% at 2.83 um
and reflectivity higher than 97% in the wavelength range from 2.95 to 3.3 um) and aspherical
lenses with 12.7 mm focal length antireflection coated at around 3 um. The dual-end pumping
configuration allows to increase the maximum absorbed pump power by approximately a factor of
two with respect to a single-end pumping scheme, significantly reducing the thermal degradation
of fiber tips. An overall coupling efficiency of 75% is obtained with respect to the incident pump
power. Figure 1 shows the pumping scheme together with the linear resonator design used to
achieve passive Q-switching operation. One end of the linear resonator is closed by a plane output
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Fig. 1. Linear resonator design for passive Q-switching operation. BS: beam splitter; GM:
gold mirror; DM: dichroic mirror; OC: output coupler; SESAM: semiconductor saturable
absorber mirror. The length of the Dy-doped fiber is 1.82 m.

Table 1. Nominal specifications of the SESAMs

SAM-2900 SAM-3000
Design wavelength [um] 29 3
High reflection band [um] 245-3 2.8-32
Modulation depth [%] 4 18
Non-saturable loss [%] 5 15
Relaxation time [ps] ~ 10 ~ 10

Saturation fluence [uJ/cm’z] 150 70
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coupler whereas the other cavity end consists of an AR coated plano-convex lens with a focal
length of 20 mm and a SESAM placed in the focal point of the lens. Two different commercially
available SESAMs (Batop) operating at design wavelengths around 2.9 um (SAM-2900) and 3
um (SAM-3000) were exploited. The SAM-2900 is characterized by a saturable absorption of 4%
whereas the SAM-3000 presents a larger saturable absorption of 18%. Table 1 summarizes the
main SESAM specifications. For both SESAMs a stable Q-switching regime has been observed
for different values of the output coupling in the range from 10% to 50%. The Q-switching
regime was monitored by a liquid nitrogen cooled amplified HgCdTe photodetector (Kolmar
Technologies) with a -3 dB electrical bandwidth of 200 MHz and a response time shorter than 1
ns. The photodetector signal is then sent to a fast 12-bit digital oscilloscope to monitor the pulse
shape and the repetition frequency.

3. Q-switching laser characterization

Figure 2 summarizes the main laser performance in Q-switching regime, in terms of output
average power, output pulse energy, pulse duration (full width at half maximum, FWHM), and
pulse repetition frequency as a function of the incident pump power (the total pump power
incident on the fiber tips) and for different values of the output coupler transmission. Panels (a)
and (b) refer to passive Q-switching with the SAM-2900 saturable absorber, whereas panels (c)
and (d) deal with the SAM-3000 device. In particular, Figs. 2(a) and 2(c) report the measured
average output power together with the calculated pulse energy, whereas Figs. 2(b) and 2(d)
show the measured pulse width and repetition frequency. In terms of average output power and
pulse energy, the configuration based on the SAM-2900 device provided in general better results
independently from the output coupling, due to the lower intracavity losses. A maximum pulse
energy of 1.7 uJ is obtained at an incident pump power of 1 W and for 50% output coupling.
The average output power increases almost linearly with the pump power with a slope efficiency
of 16.0% (corresponding to an efficiency of 22.0% with respect to the coupled pump power).
A further increase in pump power does not result in higher output pulse energies due to a step
increase of the pulse repetition frequency and pulse duration (see Fig. 2(b)). The longer pulse
duration is ascribed to the strong saturation regime of the SAM-2900 device: assuming a Dy-fiber
mode field diameter of 15.2 um (1/¢? intensity level at 3 um wavelength) the estimated intracavity
fluence at the SESAM is 850mJ cm~2. At the maximum output energy of 1.7 uJ a pulse repetition
frequency of 65 kHz and a pulse duration of 520 ns were measured, leading to a maximum pulse
peak power of 3 W. Concerning the pulse duration, the SAM-3000 configuration allowed the
shortest duration of 460 ns. Figures 2(b) and 2(d) show the pulse repetition frequency and pulse
duration for the SAM-2900 and SAM-3000 configurations, respectively. For both configurations,
increasing the pump power the pulse duration decreases with a trend inversely proportional
to the intracavity power whereas the pulse repetition frequency increases nearly proportional
to the square root of the above-threshold pump power. For a given pump power level, to a
higher repetition frequency corresponds a lower pulse energy, thus the saturable absorption effect
decreases, increasing the pulse width. However, the performance of the saturable absorber is
limited by its modulation depth, therefore it does not change considerably once the pump power
is high enough, especially for the SAM-2900 configuration. Lastly, when the transmission of the
output coupler is increased the pulses are characterized by a shorter duration, since the lifetime
of the photon density inside of the laser cavity decreases. For the SAM-3000 configuration, in
the case of 30% and 50% output couplings, two different Q-switching pulse repetition frequency
regimes were observed corresponding to different longitudinal positions of the SESAM: a low
frequency regime at around 50-100 kHz and a high-frequency (HF) with a maximum repetition
frequency of 206 kHz. The different longitudinal positions correspond to different positions of
the beam waist with respect to the surface of the absorber. This changes the beam size on the
SESAM and on the active fiber (for the reflected beam), thus changing the saturable losses (due
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to the different fluence) and the coupling losses (due to the different overlap of the beam with the
fiber core), respectively.
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Fig. 2. Passive Q-switching performance as a function of the incident pump power, for
output couplers with different transmission values. (a) and (b) SAM-2900. (c) and (d)
SAM-3000. HF identifies an higher frequency Q-switching regime. Dashed lines are
described by the left axes, solid lines by the right axes.

Table 2 summarizes and compares our results with those of recent demonstrations of passive
Q-switching of Dy:fluoride fiber laser at around 3 wm. In comparison to previous demonstrations,
this implementation provides the shortest pulse duration, the highest pulse energy and the largest
pulse repetition frequency.

Table 2. Summary of recent demonstrations of passively Q-switched fiber lasers emitting around 3
um using as active medium Dy3* ions. SA: saturable absorber; 1: central emission wavelength; fg:
pulse repetition frequency; 7p: pulse duration; Ep: pulse energy. BP: black phosphorus

SA A [wm] Jfr [kHz] 7p (W] Ep (W] Reference
PbS 2.71-3.08 166.8 0.795 1.51 [18]
Fe304 2.81-3.03 123 1.25 0.9 [17]
BP 3.04 86 0.74 1.0 [19]
SAM-3000 3.0 103 0.58 0.3 [20]

SAM-2900 3.0 102 0.52 1.69 This work

SAM-3000 3.0 206 0.46 0.78 This work
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A better understanding of the Q-switching regime can be obtained by analyzing the Q-switching
pulse trains with the fast HgCdTe photodetector connected to the 12-bit digital oscilloscope.
Figure 3(a-d) shows the temporal traces of the Q-switching pulse trains and their spectral traces
computed by Fast Fourier Transform algorithm (rectangular window). The reported measurements
correspond to the maximum pulse energy generated in the case of the SAM-2900 configuration
(a-b) and to the minimum pulse duration in the case of SAM-3000 configuration (c-d). For both
configurations the recorded pulse trains show a good intensity stability (a pulse-to-pulse stability
better than 0.5%) and the pulse shapes are well fitted with Gaussian profiles. A pulse duration of
460 ns (full width at half maximum, FWHM) is shown for the SAM-3000 in the inset of Fig. 3(c),
whereas a longer duration of 520 ns is observed for the SAM-2900 configuration and shown in
the inset of Fig. 3(a). The corresponding computed spectra are reported in Fig. 3(d) and (b),
respectively. At the maximum pulse energy, Fig. 3(b), the spectrum shows a single peak at 103.4
kHz with a signal-to-noise ratio of 36 dB in a resolution bandwidth of 200 Hz, indicating a high
pulse-to-pulse stability and low timing jitter. Figure 3(d) shows the pulse spectrum corresponding
to the minimum pulse duration, recorded with a wider frequency resolution and span to better
highlight the multi-longitudinal mode operation of the Q-switched Dy:fiber laser. Apart from
the main peaks located at the pulse repetition frequency of 200 kHz and at its harmonics (see
inset), the spectrum presents a peak at around 42 MHz and a second one at double the frequency,
corresponding to the laser cavity free spectral range and its second harmonic. This spectrum
therefore is a clear representation of the mode beating between three adjacent longitudinal
modes with a measured relative intensity of the order of 2 x 1073. In the case of the SAM-3000
configuration, by adjusting the SESAM position looking at the pulse spectrum we were able to
obtain single-longitudinal mode selection of the Q-switched regime with the second strongest
mode being significantly frequency separated from the primary one at a relative intensity level
8 x 1073 with respect to the main oscillating mode. Figure 3(e) and (f) report the pulse train
and its computed spectrum, respectively, for 50% output coupling at 1-W incident pump power.
The spectrum shows only a mode-beating peak at around 625 MHz, corresponding to 15 times
the cavity free-spectral range, with a relative intensity of 107>, Taking into account the finite
photodetector bandwidth of 200 MHz, the optical power in the second mode turns out to be
8 x 1073 times the power of the main longitudinal mode. Based on the finite bandwidth of the
photodetector and its noise floor level, this RF spectral analysis allows to evaluate longitudinal
modes with relative intensities greater than 102 with a maximum frequency difference of 2 GHz.
The absence of multiple longitudinal modes for frequency separation larger than 2 GHz has been
verified using optical spectrum analyzer with a frequency resolution of 10 GHz. The selection of
a nearly single-mode laser action is ascribed by the slow growth of the laser intensity in passive
Q-switching regime [22,23]. This means that a large number of round-trips are required for
the laser pulse to reach its peak, which means that even a very small difference in gain or loss
between two modes will result in a large discrimination between their intensities. This results in
a natural selection of single cavity modes.
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Fig. 3. Temporal and computed spectral traces of the Q-switching pulse trains: (a) and (b)
SAM-2900, (c-f) SAM-3000. The insets in the temporal traces represent a detailed view of
the pulse profiles. The dashed orange lines show the Gaussian fit of the pulses.
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4. Conclusion

In this work we have deeply investigated the SESAM Q-switched laser performance of an in-band
pumped Dy-doped fluorozirconate fiber emitting pulse trains at around 3 um, demonstrating a
minimum pulse duration of 464 ns, a highest repetition frequency of 206 kHz and peak pulse
powers up to 3 W. We believe that combining the dual pump configuration scheme presented here
with conventional pump-power scaling methods of the Dy-fiber (such as fiber end capping and
cladding pump mode stripper) a further significant improvement in the performance of SESAM
Q-switched Dy:fluoride fiber laser is achievable, making this 3-um-fiber-laser technology ready
for industrial use as well as for medical applications. In addition, our results are promising for the
generation of ultrashort pulses in the 3 wm spectral region. Indeed, starting from the experimental
results obtained in the Q-switching regime we have been able to identify some steps which could
bring the laser to operate in passive mode-locking regime, namely an increase of the laser gain
and the use of higher-performance saturable absorbers. These first clues could open the way for
the synthesis of novel fiber frequency combs in the mid-infrared spectral region around 3 pm,
suitable for high-precision broadband spectroscopy.
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