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A realisation of a Q-switched Tm**-doped fibre laser operating at 1.96 pum wavelength is
reported. The Tm?**-doped fibre was fabricated using a novel multi-ring modified chemical
vapour deposition-chelate doping technique (MCVD-CDT) technology. The developed laser
emits pulses at a repetition rate of 3 kHz with an energy of 84 uJ and a duration of 272 ns,
which corresponds to a peak power of 309 W. The experimental results confirm that the
fabricated Tm?'-doped multi-ring, large mode area fibre is a promising candidate for
developing high-energy Q-switched lasers operating near 2 um wavelength.

1. Introduction

Tm3*-doped fibre sources with an operating wavelength of
2 um have recently attracted considerable attention [1—4].
The main reason for this is the growing number of
applications for 2 um lasers. Furthermore, pulsed doped
fibre lasers are preferred for many of these applications.
Currently, the lasers operating at a 2 um wavelength are
used in medicine, optical sensing, microprocessing of
polymer materials, spectroscopy, and remote optical
communications [2, 5]. Due to the overlap of the 2 pm
wavelength with H,O absorption in biological tissue, 2 pm
lasers are used in various medical fields, such as urology or
to fragment kidney stones [2, 6, 7]. For example, high-
energy pulsed 2 um lasers with good beam quality are
especially suitable for the development of differential
absorption lidar (DIAL) systems for remote detection of
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water vapour [8]. For DIAL applications, Q-switched lasers
are preferred because they can produce energies above
50 pJ with short pulse durations, which reduce the thermal
background, while also providing good pulse-to-pulse
stability. 2 pm lasers are also used for cutting, splicing, and
marking polymer materials [9, 10] and can be employed for
detecting greenhouse gases like CO,, which have strong
absorption in this spectral region [11, 12]. Moreover, 2 pm
lasers are often used as optical pumps to generate mid-
infrared (MIR) radiation [13, 14]. For example, 2 pm lasers
can pump nonlinear crystals in optical parametric oscillator
(OPO) systems for generating a spectrum spanning
between 3 and 5 um [13]. Additionally, a broadband MIR
supercontinuum source can be achieved by pumping
heavy-metal fluoride glass fibre with a pulsed Tm?* fibre
laser [14]. Recently, 2 um lasers were also used to pump
Tb**-doped chalcogenide glass fibres that operate at
wavelengths exceeding 5 um [15].
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Tm?* fibre lasers based on silica glass are well-developed
and can provide hundreds of watts of output power in
a continuous-wave (CW) operation [3, 4]. Tm3" lasers can
be pumped by 793 nm high-output power laser diodes.
Due to the cross-relaxation mechanism under 793 nm
pumping, these lasers can operate with a theoretical slope
efficiency of around 70%, exceeding the Stokes limit [3, 4].
In pulsed operation, by using active Q-switching or gain-
switching, these lasers can produce millijjoule output
energy and peak powers in the hundreds of kW [16].
Another Q-switching technique that is commonly studied
in the literature is based on the use of saturable absorbers
as passive Q-switch modulators. The main advantage is that
a Q-switched laser cavity has a simple construction.
However, passively Q-switched fibre lasers generate only
a few uJ of output energy, with pulse durations in the range
of'a few microseconds and peak powers of only a few watts
[17]. Moreover, the repetition rate generated by a passively
Q-switched 2 pm fibre laser varies with pump power. It
should be pointed out that for the Q-switched operation,
large-core-diameter fibres are preferred because higher
energy can be extracted from such a laser system.
Thus, significant attention has been paid to developing
Tm3*-doped large-core-area fibres that can operate in
a transverse single mode whilst delivering high-energy,
high-peak-power pulses. The commercially available
large-mode-area (LMA) Tm**-doped silica fibres have core
diameters ranging from 16 um to 25 um, core numerical
apertures (NA) between 0.09 and 0.16, and first cladding
NA values greater than 0.46 [18]. In LMA, the core is
enlarged, and the NA is reduced to maintain the single-
mode operation of a Tm**-doped silica fibre. Commercially
available LMA fibres are mostly fabricated using the
solution doping method; however, this method offers
minimal possibilities for shaping the refractive index
profile of rare-earth-doped preforms. Q-switched fibre
lasers based on these Tm>*"-doped fibres can deliver output
energies of up to 0.3 mJ, with peak powers reaching several
of kilowatts [19]. Another approach to developing
Tm?**-doped large-core-area fibres is to utilize the photonic
crystal fibre (PCF) technology. The PCF structure enables
the design of large-mode-area fibres operating in
a transverse single mode [20]. PCF technology provides
great flexibility in shaping the refractive index profile of
rare-earth-doped preforms. However, it should be men-
tioned that the fabrication of PCF glass preforms is
a complicated and time-consuming process. Recently,
much attention has been devoted to developing photonic
crystal LMA Tm*'-doped fibres for a Q-switched laser
operation. For example, in [21], a Tm3*-doped PCF with
a mode-field area above 1000 um? was used to realise an
actively Q-switched fibre laser. The developed Tm**-doped
PCF Q-switched laser emitted 8.9 kW peak power pulses
with an energy of 435 pJ and a duration of 49 ns, at
a 10 kHz repetition rate and an operating wavelength of
2 um. Also, in [20], an actively Q-switched Tm-doped PCF
fibre laser emitting pulses with an energy of 2.4 m]
was demonstrated. The Q-switched oscillator employed
a Tm*"-doped PCF featuring a core diameter of 81 um and
a cladding of 260 um diameter for clad pumping [22]. It
should be pointed out that the Tm**-doped PCF had to be
kept straight, which negatively affected the compatibility

of this Q-switched laser system. Recently, a Q-switched
Tm3* fibre laser relying on a flexible PCF with a core
diameter of 50 um was reported [23]. This laser produced
pulses with pulse energies of 1.9 mJ, a pulse width of
116 ns, and a peak power of 15.4 kW [23]. An alternative
approach to fabricating a Tm3*-doped fibre with an LMA
consists of using a multi-ring structure [22]. The multi-ring
structure reduces the doped core effective refractive index,
thus enabling a single-mode operation with a relatively
large beam diameter. This approach allows greater control
over shaping the refractive index profile of rare-earth-
doped preforms compared to the solution doping method,
while still being far less effort-consuming than fabricating
a PCF preform. Such a fibre is simpler to realise than PCF
because the multi-ring preform can be made employing
a well-established modified chemical vapour deposition-
chelate doping technique (MCVD-CDT) technology [24].
Even though MCVD-CDT Tm?*'-doped multi-ring fibres
are well known, their performance as a lasing medium of
a Q-switched fibre laser has not been studied much in the
literature. Thus, in this contribution, the performance of
anew construction Tm*"-doped MCVD-CDT multi-ring
fibre is investigated in a Q-switched laser configuration.

The manuscript is organised into four sections.
Section 1 presents the introduction; section 2 demonstrates
the experimental setup. In section 3, the results for the
Q-switched Tm3*-doped multi-ring fibre laser are presented
and discussed. Finally, in section 4, the conclusions are
presented.

2.  Experimental methods

The Tm3*-doped multi-ring double-clad fibre was
fabricated at Bialystok University of Technology using
MCVD-CDT. This technique involves doping with rare-
earth elements in the form of evaporated chelate
compounds and embedding them into the structure of the
doped core directly during the silica deposition process.
This technology is an extension of the well-known solution
doping method, where the porous structure of the core layer
is impregnated with an alcohol solution of chelates and then
sintered in a glass form during the subsequent MCVD
process. An undeniable advantage of the solution doping
method is the ability to introduce higher concentrations of
active dopants, which is why it is still frequently used to
produce preforms for laser fibres. Unfortunately, this
method also has drawbacks, such as typically higher
attenuation levels due to the need for the solution and
relatively small core sizes resulting from the limited
impregnability of the soot layer. Thus, this technology is
typically used to fabricate step-index fibre types. The fibre
refractive index profile determines the propagating beam
profile. In many applications, a Gaussian beam profile in
the fibre is highly desired due to the ability to precisely
process it with optical systems (precision beam control,
e.g., minimal focal point). To achieve this, we propose the
novel construction of a fibre in which the core consists of
alternating layers of active Tm*"-doped ions and undoped
silica (presented in Fig. 1). This structure allows for the
profiling of the beam shape propagated in the optical fibre.
The active layers were additionally doped with Al>Os,
which is used for better coordination of lanthanide ions
(Tm?*) within the silica glass host structure.
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Fig. 1. The refractive index profile and map (inset) of a Tm3*
multi-ring preform.

The central layer had the highest concentration of
Tm,0s3 at 0.56 wt%, with AlLO; concentration equal to
5.2 wt%. As a result, An was 9x1073. A single-mode
double-clad fibre (17/240 pm core/cladding diameter) was
drawn from the preform. The detailed construction,
technology, and characterisation of the fibre preform
[including lifetime measurements, electron probe micro-
analysis using wavelength dispersive X-ray spectrometry
(EPMA-WDS), and SEM images)], as well as the refractive
index profile of the fibre and optical beam profile
(M%=1.10, M?,=1.23), were presented in our previous
work [25] in which the construction and characterisation of
a CW all-fibre laser with generation at a wavelength of
1938.8 nm (excited at 790 nm), an FWHM of 0.17 nm, and
output power of 1.68 W are presented. Table 1 presents the
detailed parameters of the home-made Tm**-doped multi-
ring double-clad fibre in comparison with commercially
available Tm**-doped double-clad fibres.

Figure 2 illustrates the laboratory setup of the
Q-switched Tm*'-doped multi-ring fibre laser. In the
experiment, 10 m of Tm**-doped multi-ring double-clad
fibre was used. To pump the Tm3*'-doped fibre, a laser
diode at 793 nm was used. The diode produced 15 W of
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Fig. 2. The experimental layout of the Q -switched Tm?*-doped
multi-ring fibre laser.

output power and was coupled to a multimode fibre with
a 105 pm core diameter. The pump light at 793 nm was
collimated using a fibre collimator and directed onto
a dichroic optical mirror positioned at a 45-degree angle
inside the laser cavity. The dichroic mirror was designed to
reflect the pump wavelength (793 nm) while transmitting
the signal wavelength around 2 um. Efficient coupling of
light into the Tm3"-doped fibre was achieved by employing
an aspherical CaF; lens with f=20 mm. To form the laser
cavity, the fibre end labelled “A” in Fig.2 was
perpendicularly cleaved and served as an output mirror
with a 4% reflectivity. The second mirror, used to complete
the laser cavity, was a gold mirror with a high reflectivity
above 95% at 2 pm. To minimise Fresnel reflections, the
fibre end labelled “B” was angle cleaved. To efficiently
collect and collimate the light emerging from fibre end “B,”
a sapphire ball lens with f=6 mm was used inside the laser
cavity. The acousto-optic modulator (Q-switch) was made
from TeO, (QS041-172 1.5C2P-4-MN4 Gooch&Housego),
which is transparent at 2 pm wavelengths, and was placed
inside the cavity. The Q-switch had a rise time of 153 ns.
The pulses generated by the laser were monitored using
afast MIR detector with a time constant below 1.5 ns
(PVMI-10.6, Vigo System, Poland). The detector was
connected to an oscilloscope with a 500 MHz bandwidth.
Laser output power was monitored by a power sensor
(S415C Thorlabs). To record the spectrum emitted by the
pulsed laser operating at a2 um wavelength, an optical
monochromator combined with a ruled diffraction grating
with 150 lines per mm and a sensitive MCT detector
was used.

Table 1.
Comparison of the parameters of active, double-clad optical fibres.

IXF-2CF- Tm1900-16/250DC
This work, = LMA-TDF-25P/250-M LMA-TDF-25P250-M
Parameter multi-ring, Tm3* (Nufern) Tm-0-20-250 (Coherent) (-PM)
g (iXblue) (LIEKKI®)
Core diameter 17 pm 24 ym=+ 1.5 pm 20 um£1 pm 24 um 16.0+1.5
Cladding diameter 240 pm 395.0+15.0 pm 250 pm £ 5 pm 250 pm 250+5
Core NA max. 0.16 0.090+0.010 0.09+0.01 0.09 0.090+£0.010
First cladding NA 0.482 >0.46 >0.46 0.46 0.48
Operating wavelength 1.8-2.0 um 2 um - 1.9-2.1 um -
Mode-field diameter 20.74 um 22.4 pm - B
Clad absorption Cladding absorption
Cladding attenuation 20 dB/km @ <15 dB/km @ @1180 nm> 0.6 dB/m <15 dB/km at at 789 nm
1310 nm 860 nm 860 nm
8.5+2.5dB/m
RI profile Double clad Double clad Double clad Double clad Double clad
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3.  Experimental results

The performance of the Q-switched Tm?**-doped fibre laser
was investigated at different repetition rates and pump
powers. First, the Q-switched fibre laser characteristics at
a repetition rate of 7.5 kHz was tested. Figure 3(a) presents
the output energy dependence in relation to pump power.
The maximum output energy at the repetition rate was
46 pJ. The output energy varies linearly with respect to
pump power. The available pump power limited further
energy scaling. Figure 3(b) depicts the dependence of pulse
duration with respect to pump power. It can be noted that
an increase in pump power results in a decrease in pulse
duration. This is a common observation in Q-switched fibre
lasers [26, 27]. The increase in pump power results in
a higher population inversion, which leads to a shorter
pulse duration generated by the Q-switched fibre laser
[26,27]. The minimum pulse duration of 413 ns was
measured at the maximum pump power of 14 W, available
at 793 nm. Thus, the measured pulse duration corresponds
to approximately four round-trip times. Figure 3(c)
illustrates the peak power as a function of pump power.
These results confirm that the maximum peak power
achieved at a repetition rate of 7.5 kHz was 111 W. Finally,
Figure 3(d) shows the measured pulse shape at the
maximum available pump power and a repetition rate of
7.5 kHz. The measured pulse shape was fairly well fitted
with a Gaussian function though a noticeable deviation
from the Gaussian pulse shape at the trailing edge can be
observed.
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Fig. 3. (a) Pulse energy. (b) Pulse duration. (c) Peak power as a
function of pump power. (d) The shortest pulse shape
was measured at 7.5 kHz.

Figure 4(a) demonstrates the output energy as a func-
tion of pump power, measured at a repetition rate of 5 kHz.
The maximum recorded pulse energy was 58 pl.
Figure 4(b) depicts the evolution of pulse duration vs.
pump power, where the shortest pulse duration of 318 ns
was measured at 5 kHz with a pump power of 14 W.
Figure 4(c) presents the peak power in relation to pump
power, whereby the maximum peak power of 183 W was
achieved. The measured shortest pulse shape is shown in
Fig. 4(d). It can be observed that at a repetition rate of
5kHz, the maximum output energy and peak power
increased when compared with the results measured at
apulse repetition frequency of 7.5 kHz (Fig.3). This
phenomenon can be understood considering that a higher
population inversion builds up at a lower repetition rate,
leading to an increase in output energy and a decrease in
pulse duration [26, 27].

Further investigation of the Q-switched Tm**-doped
multi-ring fibre laser operation was conducted at a repeti-
tion rate of 4 kHz. Figure 5(a) illustrates the output energy
as a function of pump power, measured at a repetition rate
of 4 kHz. The maximum output pulse energy achieved
at this repetition rate is 65 pJ. Further, Figure 5(b)
demonstrates the pulse duration dependence on pump
power. These results show that the shortest recorded pulse
duration was 277 ns. Figure 5(c) presents the evolution of
peak power with respect to pump power. At a pump power
of 14 W, a peak power of 235 W was achieved. Finally, the
measured pulse shape with the shortest pulse duration of
277 ns at arepetition rate of 4 kHz is presented in Fig. 5(d).
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Fig. 4. (a) Pulse energy. (b) Pulse duration. (c) Peak power as a
function of pump power. (d) The shortest pulse shape
measured at 5 kHz.
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Fig. 5. (a) Pulse energy. (b) Pulse duration. (c) Peak power as
a function of pump power. (d) The shortest pulse shape
was measured at 4 kHz.

Figure 6(a) presents the output energy as a function of
pump power, recorded at a repetition rate of 3 kHz. These
results demonstrate that the laser output pulse achieved the
maximum energy of 84 pJ. Figure 6(b) illustrates in turn,
the dependence of pump power on pulse duration, measured
at 3 kHz. From these results it can be noted that the shortest
recorded pulse duration at this repetition rate of 3 kHz was
272 ns, corresponding to approximately three cavity round-
trip times. Figure 6(c) illustrates the peak power evolution
with respect to pump power. These results show that at
a 3 kHz repetition rate, the utmost peak power of 309 W can
be achieved with a 14 W pump power. Finally, Figure 6(d)
shows the measured shortest pulse shape of 272 ns. As
expected, the highest output energy and shortest pulse
duration were recorded at a repetition rate of 3 kHz.

Table 2 summarises the highest results achieved at
various repetition rates. Figure 7 shows the measured
experimental pulse train at a repetition rate of 5 kHz for an
incident pump power of 10.82 W. As shown in Fig. 7, the
Q-switched laser operates stably.

Figure 8 shows the measured laser spectrum produced
by the Tm3**-doped Q-switched multi-ring fibre laser. The
spectrum was measured at a pulse repetition frequency of
5 kHz and an incident pump power of 10.82 W. The laser
emitted light at a wavelength of approximately 1.966 pm
with a 3 dB spectral bandwidth of 12 nm. The Q-switched
laser operates in a free-running regime without any spectral
selective elements, such as a fibre Bragg grating (FBG) or
a bulk diffraction grating.
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Fig. 6. (a) Pulse energy. (b) Pulse duration. (c) Peak power as a
function of pump power. (d) The shortest pulse shape
was measured at 3 kHz.

Table 2.
Parameters of Q-switched Tm3**-doped multi-ring fibre laser.

Experiment Repetition Maximum Shortest Maximum
rate pulse pulse  peak power

|kHz] energy [nJ] duration [W]

[ns]

1 7.5 46 413 111

2 58 318 183

3 4 65 277 235

4 84 272 309

repetition rate 5 kHz|

0.02

0.014

Signal [a.u]

600 -400 200 O 200 400 600

Time [us]

Fig. 7. Recorded typical pulse train at a pulse repetition
frequency of 5 kHz, measured for an incident pump
power of 10.82 W.
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Fig. 8. Measured laser spectrum generated by the Q-switched
Tm?**-doped multi-ring fibre laser. The spectrum was
recorded at a pulse repetition frequency of 5 kHz and
an incident pump power of 10.82 W.

4.  Conclusions

This paper presents a practical realisation of an actively
Q-switched fibre laser with an operating wavelength of
1.96 um. The laser has been realised using a novel
Tm?"-doped multi-ring fibre fabricated using the MCVD-
CDT technology. The Q-switched laser dynamics was
investigated at selected repetition rates and pump powers.
The results show that the developed laser emitted pulses
with an output energy of 84 uJ and a duration of 272 ns
(corresponding to a peak power of 309 W) at a repetition
rate of 3 kHz. The presented results show that the designed
and fabricated Tm?*"-doped multi-ring fibre is a promising
solution for generating high-output pulse energy and high-
peak-power pulses near a 2 um wavelength. Further work
will focus on increasing the doping level of the Tm3**-doped
multi-ring fibre, which should result in a shorter cavity
length, generating shorter pulse durations and higher peak
powers.
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