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Abstract: We report a comprehensive characterization of tunable continuous-wave (CW) and
passive Q-switching laser performance of Dy-doped zirconium fluoride fiber emitting around
3 um. The in-band pumped CW laser operation is investigated for pump wavelengths varying
from 2.7 um to 2.825 um, for fiber lengths ranging from 0.4 m to 2 m, and for output coupling
efficiency from 10% to 50%, leading to a maximum laser slope efficiency of 44% and a tuning
range larger than 300 nm. With Findlay-Clay analysis and Rigrod analyses, optimal cavity
parameters are retrieved, paving the way for further optimizations in performance. The passively
Q-switched laser operation of Dy-doped fluoride fiber is achieved employing a semiconductor
saturable absorber mirror for the first time, demonstrating a stable operation with a minimum
pulse duration of 580 ns, a highest repetition frequency of 103 kHz and a pulse energy up to 300
nJ.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In the last decade, middle infrared (Mid-IR) lasers have attracted increasing attention and
endeavors for their potential in diverse areas of fundamental science and industrial applications,
including precision spectroscopy [1], trace-gas sensing [2], material processing [3] and medicine
[4]. Compared to the visible and near-IR spectral regions, the mid-IR region from 3 to 15
um is characterized by the presence of fundamental vibrational transitions of many inorganic
and organic molecules, including notorious greenhouse gases and air pollutants [5], making
mid-IR region of extreme interest for high-sensitivity spectroscopic investigations and quantitative
analysis of agricultural and industrial wastes aiding in their reduction and recycling [6]. Moreover,
when assisted by direct-comb spectroscopy and comb-assisted spectroscopy methods, mid-IR
broadband and tunable lasers find also interesting applications in precision molecular spectroscopy
and fundamental physics [7]. For these reasons, the development of coherent broad-band mid-IR
laser sources, both in CW and pulsed regimes, is a technological cornerstone for not only
fundamental science, but also for social and industrial innovation.

Extending the emission wavelength of high-performance laser sources further into the mid-IR
spectral region is one of the frontiers of photonics research. Devices based on different working
principles are under active investigation, both in tunable CW operation and pulsed operation
regimes, including solid-state lasers [8], fiber lasers [9], quantum-cascade semiconductor lasers
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[10] and optical parametric amplifiers and oscillators [11]. Compared to other technologies, fiber
laser sources can be potentially more robust and compact, therefore suitable for more diverse
application scenarios as already demonstrated in the last decades by near-IR Yb- and Er-doped
silica fiber lasers.

Among the several rare-earth doped fibers suitable for mid-IR emission, the Dy-doped fluoride
fiber shows great potentials for high-efficiency and broadband laser emission both in continuous-
wave (CW) and pulsed regimes [12—14]. Characterized by a broad emission cross-section of
nearly 300 nm in 3-dB bandwidth, Dy-based active medium promises a wider wavelength tuning
range in CW and shorter pulses in mode-locked laser operation. In recent years, Dy-doped
fluoride fiber lasers demonstrated CW operation emitting output powers higher than 10 W [15],
slope efficiency reaching 91% [16], tuning range wider than 600 nm [17], and single-frequency
operation with emission linewidth narrower than 100 kHz [18]. The pulsed laser operation is
numerically studied [19] and demonstrated in gain-switching [20,21], Q-switching [22-24] and
mode-locking regimes [25,26]. In particular, with the nonlinear pulse evolution mode-locking
technique, the generation of sub-picosecond pulses has also been demonstrated [26]. Although
several experimental demonstrations have been obtained with the Dy:ZBLAN fiber, a full
characterization of this laser material has not been performed yet with specific attention to fiber
propagation losses and optimum pump wavelength.

In this article, we present a comprehensive study on the laser performance of Dy-doped
fluoride fiber in both continuous-wave and passive Q-switching regimes to better investigate the
potential of this mid-IR laser source. The dependence of laser performance on several parameters
including pump wavelength, fiber length, resonator configuration and output coupling has been
investigated. With a semiconductor absorber mirror (SESAM), stable passive Q-switching
operation has been achieved with repetition frequency up to 103 kHz and pulse energies reaching
300 nJ. In comparison to previous demonstrations of Dy-doped fluoride fiber laser switching
based on different saturable absorption devices, the setup in this work provides the shortest pulse
duration of 580 ns.

2. Characterization of Dy-doped fluoride fibers

The Dy-doped fluoride fibers (Le Verre Fluor€) used in this experiment has a glass composition
based on zirconium fluoride (ZrF4). The fiber structure has a step-index design with a core
diameter of 12.5 um, a cladding diameter of 125 um and a numerical aperture of 0.16. The
fiber core is doped with Dy** ions with a concentration of 0.2 mol% (or 3.63 x 10> m~3). To
characterize the absorption coefficient of the fiber, pump absorption measurements at the peak
Dy absorption wavelength of 2.825 um have been performed with the cutback technique at three
different fiber lengths. The pump beam is steered by a couple of gold mirrors and coupled into
the fiber using an aspheric lens with a focal length of 12.7 mm. The fiber is mounted on a steel
grove placed on a precision five-axis stage to ensure high mechanical stability and fine alignment.
The measured unabsorbed pump powers at the output of the active fiber for three fiber lengths of
34 cm, 63 cm and 93 cm are shown in Fig. 1(a). From these measurements both the coupling
efficiency and the fiber absorption cross section can be retrieved. Indeed, the unabsorbed pump
intensity at position z along the fiber I can be written in relation to the propagation distance z as:

dl Qo

where «a( is unsaturated absorption coefficient, yq is the additional fiber loss not related to
Dy-doping (0.01 dB/m) and I; is the saturation intensity. This differential equation is solved
numerically assuming an unsaturated absorption coefficient of 13.79 m~! (-=59.89 dB/m) in
accordance with the nominal doping concentration. The saturation intensity is estimated to be
2.89 x 108 W/m?, considering an absorption cross-section of 3.8 x 107>m? at 2825 nm, an upper
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state lifetime of 0.632 us [27], and an effective mode-field area of 165.7 um?. The unabsorbed
pump power at the end of the active fiber is calculated and shown in Fig. 1(a) as dashed lines for

the three different fiber lengths. From the fitting results we retrieve a pump coupling efficiency
n¢ of 78%.
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Fig. 1. (a) Measured residual pump power versus incident pump power at 2825 nm for fiber
lengths of 34, 63 and 93 cm (with corresponding fitting curves shown in dashed lines) and
(b) calculated unsaturated gain profile pumped at 2825 nm (2700 nm for the dashed lines) at
1 W of Dy-doped fluoride fibers with 30, 80 and 140 cm lengths.

Subsequently, using these parameters the unsaturated gain profiles of Dy-doped fluoride fibers
with lengths of 30, 80 and 140 cm, at 2700 nm and 2825 nm pump wavelengths can be calculated
[28], as shown in Fig. 1(b). Using a pump wavelength of 2700 nm, the maxiumum unsaturated
gain is slightly lower compared to the pump wavelength of 2825 nm. At a pump power of 1 W,
using a fiber length of 1.4 m, the small signal gain is larger than 10 dB at 3000 nm with a 3-dB
bandwidth of approximately 150 nm.

3. Tunable CW laser performance
3.1.

The characterization of the CW laser performance is carried out with two different pump sources
for the investigation of optimal pump wavelength. A home-made CW tunable Cr?*:ZnSe laser
with output powers up to 2 W is used as a pump source between 2.65 um and 2.75 pm. An
Er-doped fluoride fiber laser (LumIR) with output power up to 10 W is used for pumping at 2.825
um. Active fibers of different lengths have been used, ranging from 40 cm to 140 cm.

The CW laser resonator configurations used in the experiment are illustrated in Fig. 2. For the
characterization of CW laser performance, linear laser resonators are implemented according to
the pump sources and the laser operation regime. When the Cr**:ZnSe laser is used as the pump
source (see Fig. 2(a)), the polarization state of the pump beam is optimized by a half-wave plate
(HWP) before it is reflected by a polarizing beam splitter (PBS). The PBS is implemented with
0.3-mm-thick Ge plate placed at Brewster’s angle. For its high refractive index around 4 (for
both pump and laser wavelengths), the s-polarized pump beam is reflected with a R (reflectance)
~ 78% while the p-polarized laser beam is transmitted with T (transmittance) > 99%. The
pump Gaussian beam is coupled to the fiber fundamental mode (LPy;) by an aspheric lens
(Thorlabs AL72512-E) with a focal length of 12.7 mm. A dielectric high reflectivity (HR) mirror
is butt-coupled to the other fiber tip to close the cavity together with the output coupler (OC).
Three different partial reflectors are used as OCs in this experiment, with nominal reflectance of
50%, 80% and 90% at 2.94 um (Layertec). When the Er-doped fluoride fiber laser is used as
the pump source (see Fig. 2(b)), the PBS is substituted with a dichroic mirror (DM) with partial
transmission at 2.825 wm (T=41%) and high reflectivity at 3 um (R>99%).

Experimental setup
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Fig. 2. Tllustrative schematics of the resonator configurations: (a) laser resonator setup
pumped with Cr2*:ZnSe laser, (b) laser resonator setup pumped with Er-doped fluoride fiber
laser, (c) resonator setup with Littrow Type-I configuration for wavelength tuning (in dashed
square) and (d) resonator setup with Littrow Type-II configuration for wavelength tuning
(in dashed square). HWP, half-wave plate. PBS, polarizing beam splitter. DM, dichroic
mirror. OC, output coupler. L, aspheric lens. HR, high-reflectivity dielectric mirror. G,
blazed diffraction grating. Py, output laser beam.

For the Dy laser wavelength tuning experiment, two different setups are adopted. For the setup
with the Cr?*:ZnSe pump laser, a blazed diffraction grating (Richardson Gratings 53004BK01-
736R) replaces the output coupler to close the cavity, forming a Type-I Littrow configuration.
The zero-th order reflection of the grating is used as the output and the first-order diffraction
is reflected back to form the resonator, as shown in Fig. 2(c). With the Er-doped fluoride fiber
pump laser, a blazed diffraction grating and an aspheric lens are set in a Littrow configuration to
replace the HR mirror for closing the cavity, as shown in Fig. 2(d). The pump power and the laser
output power are measured with a thermopile power meter (Coherent LM-3). The output laser
spectrum is characterized with a Fourier-transform infrared spectrometer (JASCO FT/IR-6000).

3.2. Results

With the Cr>*:ZnSe CW pump laser, the laser operation is first investigated using an active fiber
with a length of 140 cm. The CW laser emission is first characterized for different output coupler
transmittances (Toc) at a fixed pump wavelength of 2.7 um (Fig. 3(a)). With a Toc of 50%, the
threshold pump power (injected power) is around 188 mW. The laser operation remains stable
when increasing the pump power up to 1 W, emitting up to 121 mW output power at 3.05 um
with a slope efficiency of roughly 17%. Reducing the Toc to 20%, the threshold pump power
remains unchanged, while the slope efficiency decreases to 10%. Further reducing the Toc to
10%, the threshold decreases to about 100 mW and the slope efficiency reduces to 4.8%. At
higher pump powers around 1 W, the saturation of output powers can be observed. Because of the
clear saturation of laser output power, we have discarded the data with pump powers higher than
900 mW in the linear regression fitting. Under the free-running CW operation conditions, using
a monochromator we observed that the laser emission wavelength varies from 2980 nm to 3050
nm. The emission of the CW free-running laser is multimode and its wavelength depends on the
laser intracavity loss (alignment of the laser resonator), pump power and also the fiber length.
The same characterization is repeated for a fiber length of 47 cm (Fig. 3(b)). With the shorter
fiber, the threshold pump power increased to around 390 mW. The slope efficiency almost doubled
using the longer fiber, reaching 9%, 10.2% and 34% with output coupling efficiencies of 10%,
20% and 50%, respectively (here, we only used data with pump power lower than 700 mW for
the linear fitting). However, the saturation of laser emission at higher pump powers is also more
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Fig. 3. CW laser performance characterization. Measurement results (symbols) and linear
fittings (dashed lines) of laser output power versus injected pump power: (a) setup with
a fiber length of 47 cm and pump wavelength of 2.7 um, (b) setup with a fiber length of
140 cm and pump wavelength of 2.7 um, (c)setup with a fiber length of 140 cm and pump
wavelength of 2.825 um, (d) setup with a fiber length of 200 cm and pump wavelength of
2.825 um, (e) for the setup with a fiber length of 140 cm and pump wavelength varying from
2.65 pm to 2.825 um with Toc=20%, (f) wavelength tuning curves using Littrow Type-I
configuration at a pump wavelength of 2.7 um and using Type-II configuration pumped at

2.825 pm.

prominent. For the case with Toc=10%, the output power starts to decrease for a pump power
higher than 600 mW. The highest output power close to 90 mW is reached with Toc=50% at a
pump power of 800 mW.

Then the effect of different pump wavelengths on the laser performance is investigated with
a 140-cm-long fiber and a Toc=20% (Fig. 3(e)). With increasing pump wavelengths of 2.65
um, 2.7 um, 2.75 pm to 2.825 um, the laser slope efficiency using a 20%-OC increases from
10%, 12%, 14% to 26.3%, respectively. The dependence of the slope efficiency on the pump
wavelength reflects the increasing pump absorption cross-section in this wavelength region [27].
When pumped by the Cr>*:ZnSe laser, the threshold pump power is around 167 mW, similar to
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the results obtained when varying the output coupler transmittance. The threshold pump power
is around 182 mW using the pump laser at 2.825 wm, which might be due to slightly higher
intracavity losses in the different setup configuration. Further increasing the fiber length to 2 m,
a higher slope efficiency reaching 44% is achieved with a OC of 50% and a pump wavelength
of 2825 nm (Fig. 3(d)). From these results, we experimentally observe that the highest laser
efficiency with respect to the pump wavelength can be achieved at 2825 um, which is closer to
the peak of absorption of Dy>* ions.

Along with the comprehensive characterization of laser performance with different fiber
lengths, we also performed a laser loss analysis analogous to the Findlay-Clay analysis [29]. The
laser slope efficiency 17 can be expressed as n = ngy2/(y1 + y2 + 2y;), where 1 is the maximum
laser efficiency, y; is the logarithmic reflectivity to the HR mirror (thus y; =~ 0), y; is the
logarithmic output coupling ratio, and v; is the logarithmic single-pass intracavity loss [30]. By
fitting the slope efficiencies obtained with different output coupling percentage to this analytical
model, for the 2-m-long fiber, we obtain a maximum efficiency of 52.8% and a total single-pass
logarithmic loss y; of 0.45. For the 1.4-m-long fiber, the maximum efficiency is calculated to be
46% with an total single-pass intracavity loss y; of 0.38. In the resonator configuration employed
in this experiment, the known fixed intracavity losses include the coupling efficiency at the laser
wavelength, the imperfect coating of the aspheric lens and the dichroic mirror. From these data
of two different fiber lengths, we can retrieve a propagation loss depending on the fiber length of
0.12 dB/m (higher than the nominal fiber losses according to the fiber supplier for single-mode
fiber of 0.025 dB/m) and a fixed single-pass logarithmic loss term of 0.22 dB (a percentage loss
of around 4.8%).

From these results, we also performed the Rigrod analysis to retrieve the optimum output
coupling ratio [31]. From the expression for the threshold pump power:

RS Ry 4
Yit g5+ 3

P th = P thm (2)

%"F%

where Py, is the threshold pump power, Py, is the minimum threshold pump power (for a output
coupling of 0%), we can obtain the minimum threshold pump power for the 2-m-long fiber
resonator to be 149 mW (83.3 mW for the 1.4-m-long fiber resonator). The optimum output
coupling ratio Sqp be expressed as [30]

: [
Sopt = = -1 3
opt yl T '% Pthm ( )

which is the value of S that maximizes the expression for the laser output power:

Pout = [Abls (y,»+ %)] s [(Pt;/%) - 1]. &)

Considering a pump power 10 times of the minimum threshold pump power, we find Sop, = 2.16,
which gives an optimum output coupling for the 2-m-long fiber laser of Toc = 64% (which means
an mirror reflectivity Roc = 36%). The same procedure for the 1.4 m fiber leads to an optimum
output coupling of Toc = 69% (Roc = 31%). From these results the laser performance can be
further improved by employing the optimal output coupling ratio, to achieve a slope efficiency
near to the theoretical maximum of 53.8%, using the same experimental setup.

The continuous tuning of laser emission wavelength is investigated by replacing either the output
coupler or the HR mirror with a diffraction grating in type-I or type-II Littrow configurations, as
shown in Fig. 2(c) and (d). The type-II Littrow configuration introduces higher losses into the
resonator because of the imperfect coupling of back-reflected beam with the fiber. As a result,
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with type-I Littrow configuration, a broader tuning range can be achieved from 3 um to 3.25
um, covering a range of 250 nm (Fig. 3(d)), limited on the longer wavelength edge most likely
by the performance of the diffraction grating. While with Type-II configuration the range of
tunability is limited to about 190 nm, from 2.98 um to 3.19 um, limited most probably by the
higher intracavity losses due to the addition of extra components in stead of the butt-coupled HR
mirror. Although the achieved tuning range is narrower than previously reported demonstration of
tunable laser emission mainly because of the limited range of operation of cavity components and
higher intracavity losses, we can conclude that a Littrow Type-I configuration is comparatively
favorable for achieving broader tuning range, at the cost of an varying output beam path.

4. Passive Q-switching laser performance
4.1. Experimental setup

To achieve passively Q-switched operation of the Dy-doped fluoride fiber laser, the CW resonator
setup is modified to incorporate the semiconductor saturable absorber mirror (SESAM) in the
laser cavity (as shown in Fig. 4). The SESAM (Batop) has a designed working wavelength of
3000 nm, an absorbance of 33%, a modulation depth of 18%, a saturation fluence of 70 uJ/cmz,
a relaxation time constant of 10 ps and a non-saturable loss of 15%.

Pout
——1 OC
L
Er Pump % <}
Dy:ZBLAN

DM SESAM

Fig. 4. Passive Q-switching resonator setup with SESAM. DM, dichroic mirror. OC, output
coupler. L, aspheric lens. Pqy, output laser beam.

The linear resonator design is relatively simple and compact. The Er-doped fluoride fiber pump
laser is transmitted through a dichroic mirror and coupled into the 1.4-m long Dy-doped fiber by
an aspheric lens. The SESAM is butt-coupled to the other end of the fiber to enclose the cavity,
reflecting back the fundamental mode of the fiber. The relatively small mode field diameter
of 15.2 um (1/¢? intensity level at 3 um) ensures a sufficient peak power for the saturation of
the SESAM. The dichroic mirror reflects the laser beam towards the 20% output coupler which
closes the cavity.

4.2. Results

Figure 5 summarizes the performance of the Dy:ZBLAN laser in passive Q-switching operation
as a function of the pump power in terms of average output power, pulse energy, pulse repetition
rate, and pulse duration. The Q-switched operation has a threshold pump power around 420 mW
and a slope efficiency of around 9.7%. The maximum average output power reaches 30 mW for
700 mW pump power. The output pulse train is monitored by a liquid nitrogen cooled amplified
HgCdTe photodetector (Kolmar Technologies) with 200 MHz bandwidth. The photodetector
signal is then send to an oscilloscope to monitor the pulse shape and to a radio-frequency
electrical spectrum analyzer (ESA) to measure the repetition frequency. The dependence of
pulse repetition frequency and pulse duration on the pump power is shown in Fig. 5(b). With
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increasing pump power, the pulse duration decreases until nearly saturates to the minimum value
of 580 ns whereas the pulse repetition increase from the minimum value of 37 to 103 kHz.
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Fig. 5. Q-switched laser performance: (a) Measured average output power (red) and pulse
energy (blue) as a function of the pump power, and (b) the measured pulse duration (red) and
repetition frequency (blue) as functions of the pump power. Characterization of passively
Q-switched pulse train: (c) the oscilloscope trace of a single Q-switched pulse of 580
ns duration (inset: the stability of Q-switched pulse train, (d) the corresponding optical
spectrum measured by an Fourier-transform infrared spectrometer (resolution bandwidth 0.3
nm)

A single pulse trace with a full width at half maximum (FWHM) duration of 580 ns is shown
in Fig. 5(c). The pulse train shows a good intensity stability, as shown in the inset of the same
figure. The output beam is then sent to a Fourier-transform infrared spectrometer to measure its
optical spectrum which is shown in Fig. 5(d). The optical spectrum of the Q-switched pulses at
700 mW pump power is centered at 3003 nm, with a full-width at half maximum (FWHM) of 3.6
nm. At this pump level, the pulse repetition frequency spectrum measured by the ESA shows
a single peak at 103.4 kHz with a signal-to-noise ratio of 36 dB, indicating a high operation
stability and low timing jitter. Taking into account the measured pulse duration and repetition
frequency at different pump powers, the pulse energy can be calculated (shown in Fig. 5(a)). Ata
pump power of 700 mW, the pulse energy reaches 300 nJ.

In Table 1, recent results of passively Q-switched Dy-, Er- and Ho-doped fluoride fiber lasers
emitting at 3 um are listed. In comparison to previous demonstrations with Dy- and Ho-doped
fluoride fiber at 3 wm, the setup in this work provides the shortest pulse duration of 580 ns even
at a moderate pulse energy level. Demonstrations of Q-switching based on Er-doped fibers show
better performance in terms of pulse duration and repetition rate, but their emission wavelength is
limited to around 2.8 um. Compared to the nanomaterials used in several other works, SESAMs
have advantages in their mature fabrication technologies and excellent long-term stability. We
believe that following our demonstration of Q-switching with SESAM for Dy-doped fluoride
fiber lasers, with further optimizations in efficiency and power scaling with all-fiber resonator
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designs, stable and high-performance passively Q-switched fiber laser sources at 3 um should be
on the verge of reaching industrial applications.

Table 1. Summary of recent demonstrations of passively Q-switched fiber lasers emitting around 3
um. SA, saturable absorber. 1, emission center wavelength. fg, pulse repetition frequency. 7p, pulse
duration. Ep, pulse energy. BP, black phosphorus.

Active element SA A (um) fr (kHz) 7p (Us) E, (W) Reference
Er3* Fe304 2.8 161 0.37 2.0 [32]
Er3* SESAM 2.79 146.3 0.31 6.9 [33]
Ho3* SESAM 2.979 47.6 1.68 6.65 [34]
Ho3* Biy Tes 2.979 81.96 1.37 3.99 [35]
Dy3+ PbS 2.71-3.08 166.8 0.795 1.51 [22]
Dy3* Fe30, 2.81-3.03 123 1.25 0.9 [23]
Dy3* BP 3.04 86 0.74 1.0 [24]
Dy3’r SESAM 3.0 103 0.58 0.3 This Work

5. Conclusions

In conclusion, we have reported a comprehensive and systematic characterization of the tunable
CW and passive Q-switching laser performance of Dy-doped zirconium fluoride fibers. Using
different fiber lengths, output coupling efficiencies and pump wavelengths we have reached a laser
slope efficiency of 44% which is limited by the intracavity losses as compared to the reported
all-fiber resonators. The passive Q-switching of Dy-doped fluoride fiber laser is demonstrated
with a SESAM for the first time, to the best of our knowledge, providing pulses with minimum
duration of 580 ns, highest peak power of 0.52 W, pulse energy up to 300 nJ and repetition
frequency of 103 kHz. These experimental results form a direct comparison of laser performances
among different cavity configurations, providing insights for further improvement of Dy-doped
fluoride fiber laser design in terms of pump wavelength, fiber length and output coupling ratio,
that can be of significant value also for the generation of femtosecond pulses and the synthesis of
optical frequency combs in the mid-IR spectral region around 3 um.
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