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Thulium-doped optical fibers for fiber lasers operating at around 2 pm
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Abstract. The paper deals with spectral and lasing characteristics of thulium-doped optical fibers fabricated by means of two doping techniques,
i.e. via a conventional solution-doping method and via a nanoparticle-doping method. The difference in fabrication was the application of
a suspension of aluminum oxide nanoparticles of defined size instead of a conventional chloride-containing solution. Samples of thulium-doped
silica fibers having nearly identical chemical composition and waveguiding properties were fabricated. The sample fabricated by means of
the nanoparticle-doping method exhibited longer lifetime, reflecting other observations and the trend already observed with the fibers doped
with erbium and aluminum nanoparticles. The fiber fabricated by means of the nanoparticle-doping method exhibited a lower lasing threshold
(by ~20%) and higher slope efficiency (by ~ 5% rel.). All these observed differences are not extensive and deserve more in-depth research;
they may imply a positive influence of the nanoparticle approach on properties of rare-earth-doped fibers for fiber lasers.
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1. Introduction

Fiber lasers constitute one of the most spectacular achievements
of modern science and engineering. They are frequently used
both in applications requiring delicate operation, including med-
icine and metrology, as well as in high-power applications, such
as metal machining, splicing and welding. Following the seminal
demonstration of a fiber laser based on neodymium-doped glass
fiber [1], and later after the successful demonstration of fiber
amplifiers based on erbium-doped silica optical fiber [2-3], there
have been a number of developments in the field. High-power
fiber lasers have been typically based on erbium- or ytterbi-
um-doped silica fibers [4], and recently, also on thulium-doped
silica fibers operating in the 2 pm “eye-safe” spectral region.
Thulium fiber lasers are intensively investigated for a wide
range of applications in medicine, defense, wireless commu-
nications, spectroscopy and material processing [5—11]. Laser
physicists have conducted intensive research, achieving devel-
opment in many aspects of fiber lasers, including flexibility of
operating wavelength, growth of laser efficiency, increase of
output power, and decrease of lasing threshold. Novel “dou-
ble-clad” fiber structures have been shown to allow signifi-
cant increases in laser output power [12]. Another approach
to increasing the fiber laser output power has been through
the use of novel compositions of glass matrices, specifically
via increasing the concentration of rare-earth elements (RE) in
a silica matrix. Examples of this can be seen in the co-doping of
silica fibers with RE dissolving modifiers, including phospho-
rus pentoxide (in the case of ytterbium-doped fibers [13—17])
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and aluminum oxide [18—19]. The doping of fiber cores with
both nanoparticles and RE has been proposed to enhance laser
efficiency [20-22]. There have been several comprehensive
surveys on this topic [23-24].

In this paper, we study spectral and lasing characteristics of
thulium-doped optical fibers fabricated (a) via a conventional
solution-doping method, and (b) via a nanoparticle-doping
method. This study does not aim at achieving maximum out-
put power of a thulium fiber laser but at evaluation of potential
influence of the nanoparticle-doping fabrication method devel-
oped on fiber and laser properties.

2. Experimental

2.1. Preform and fiber fabrication. Thulium-doped optical
fibers were drawn from preforms fabricated by the modified
chemical vapor deposition (MCVD) method [25], and then
extended with either the conventional solution-doping method
(SD) [26], or a developed “nanoparticle-doping” method (NP)
[20-21]. We used a 500 mm long F300 silica substrate tube with
18 mm outer diameter and 1.4 mm wall thickness (Heraeus). We
first deposited several buffer layers of pure SiO, as optical clad-
ding, after which we deposited a thin porous core layer of SiO,
submicron particles along the full length of the substrate tube.
The variation of deposition temperature was kept carefully within
+5°C. The tube was then halved into two sections, with one half
processed via the SD protocol, and the second processed via the
NP protocol, in order to compare the properties of fibers prepared
by each method in a fair manner. Subsequent drying, sintering
and collapsing protocols were similar for both substrates.

In the conventional SD method, the core layer was pene-
trated by a solution containing both aluminum chloride and RE
ions. Specifically, we used ethanolic solutions (ethanol absolute,
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99.9%, VWR) containing thulium (III) chloride hexahydrate
(TmCl;.6H,0, 99.99%, Aldrich) of 0.03 mol/l concentration
and aluminum chloride (AlCl; anhydrous, 99.99%, Aldrich) of
0.3 mol/l concentration. Dipping time was 60 min. The resting
liquid was then drained out, the solvent evaporated, and the
layer was slowly dried and sintered. Finally, the deposited tube
was collapsed into the rod. i.e. the preform.

In the NP method, a suspension of aluminum oxide nanopar-
ticles of <50 nm in size (y-Al,03, 99.9%, Aldrich) together
with thulium (III) chloride hexahydrate (TmCl;.6H,0, 99.99%,
Aldrich) was dispersed in ethanol (absolute, 99.9%, VWR).
A freshly ultrasonicated suspension was applied in the substrate
tube. After penetration of the suspension into the porous layer
(counted in seconds), the remaining liquid was drained out and
the solvent from the wet layer was evaporated. The suspension
was mixed immediately before its application (to avoid poten-
tial aggregation of dispersed alumina) and total dipping time
was ~2 min. The doped layer was slowly sintered into a glassy
state and the deposited tube was collapsed into the preform.

The chlorine-containing atmosphere generated by oxidation
of gaseous germanium tetrachloride was applied during dry-
ing and sintering steps in both our experiments. Preforms were
drawn to optical fibers having 125 um in diameter under the
same conditions. An in-house constructed drawing tower was
used for the fiber drawing. The tower is equipped with a graph-
ite resistance furnace (Centorr, US), Accuscan 5010 diameter
gauges (Beta LaserMike, Belgium), coating die (Sancliff, US),
UV curing furnace (Fusion Systems, US), take-up (Heathway,
UK) and control system (ID-Lab, CR). We used a drawing tem-
perature of 1950°C and feeding speed of 3.5 mm/min; the delay
of the preforms in the hot zone of the furnace was approxi-
mately 3 minutes. Fibers were coated with UV-curable DeSolite
3471-3—14 coating during the drawing.

2.2. Preform and optical fiber characterization. Local chem-
ical compositions of the preforms were determined by means
of electron microprobe analysis (EPMA) with an integrated
scanning electron microscope using a Cameca-SX100 electron
probe microanalyzer. The samples were sputtered with a thin

layer of graphite and inspected by a 2 um beam at an energy of
20 keV. The EPMA limit of detection for the analyzed elements
was 0.06 mol% of Al, 0.2 mol% of Ge and 0.1 mol% of Tm.

Refractive-index profiles of the prepared preforms were
determined using a A2600 profiler (Photon Kinetics). Profiles
were measured at different longitudinal positions and under
several angles with a radial resolution of 0.005 mm. Averaged
profiles were calculated from individual profiles determined at
different angles.

Spectral attenuation of drawn fibers was determined by com-
paring the transmission properties of the reference and pigtailed
tested fibers. A tungsten halogen lamp was used for excitation.
Since there is no fiber spectral analyzer operating from 600
to 2100 nm available in our laboratory, spectra were obtained
by compilation of data obtained from both an ANDO AQ1425
analyzer (spectral range of 600-1030 nm) and a Nicolet 8700
FTIR spectrometer (spectral range of 1030-2100 nm). Taking
account of the dynamic range of these setups, the background
losses of the fibers were determined by comparing sections with
a length difference counted in hundreds of meters. Absorption
bands of OH were determined by comparing sections with
a length difference counted in meters. The concentration of OH
was calculated on the basis of attenuation at 1383 nm according
to [27]. Absorption bands of thulium ions were determined by
measurements of fiber sections with a length counted in cen-
timeters. Concentration of thulium ions was calculated on the
basis of absorption peak at 1640 nm and compared to the data
obtained by the EPMA. Details of attenuation measurements
are given in [19].

2.3. Luminescence and laser characterization. Luminescence
lifetime was evaluated from luminescence decay curves recorded
by detecting luminescence emitted from the side perpendicular
to the stripped optical fiber, i.e. the side detection setup. Details
of determination of the lifetimes from single exponential decay
curves and lasing characteristics are described in [19].

Laser characteristics were determined using a ring-laser setup
shown in Fig. 1. A laser diode emitting at 1570 nm and ampli-
fied using EDFA was used for excitation and the output power

Tm-doped fiber
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P
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1600nm Coupler
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Fig. 1. Ring fiber laser setup used for characterization
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Fig. 2. Refractive-index and concentration profiles of preforms prepared by means of a) the conventional SD method, b) the NP method

of the laser was measured at 1950 nm. Wavelength division
multiplexers (WDMs), with branches optimized for 1600 and
2000 nm, were used for launching the input pump and remov-
ing the unabsorbed pump radiation from the ring configuration
[29]. The real pump power launched into the ring was measured
using 1 monitor and then recalculated with respect to the trans-
mission properties of the couplers at 1570 nm. Laser output was
measured using ~82% of the output coupler branch, while the
remaining radiation was passing in the ring. All splices between
fiber components had negligible insertion losses.

3. Results and discussion

3.1. Refractive-index profiles and chemical composition of
preforms. We fabricated transparent 9.2 mm diameter preforms
without any visible inhomogeneity (phase separation) for fiber
drawing. Their refractive-index and concentration profiles can
be seen in Fig. 2. The maximum refractive-index difference
between the core and the cladding (taken from averaged pro-
files) was 0.008 in the sample fabricated by means of the con-
ventional SD method and 0.007 in the sample fabricated by
means of the NP method. These values correspond to numeri-
cal apertures of 0.15 and of 0.14, respectively. The difference
between these values was very close, and the mode field diame-
ter of both fibers was also the same (~9.7 um), thus the cut-off
wavelengths calculated according to [28] stood at 1900 nm and
1770 nm, respectively.

The shape of the refractive-index profiles corresponds to
the distribution of dopants in each preform; in both preforms,
a small drop of refractive index around the central axis can be
observed. This corresponds to depletion of germanium diox-
ide evaporated during preform collapsing [25]. The maximum
content of Al,O; was found near the axis of both preforms
(with no observed dips near the axis). The distribution of thu-
lium concentration exhibited a similar profile and so a bond-
ing between these two components can be deduced, however,
no phase separation in microscopic scale was observed. The

Bull. Pol. Ac.: Tech. 67(5) 2019

results of the EPMA chemical analyses are summarized in
Table 1. As the analyzed values were rounded off according
to the limit of detection of the EPMA, it can be concluded that
chemical compositions of the fabricated preforms were nearly
identical.

Table 1
Chemical composition of preforms determined by the EPMA
sample ALO; (max) | GeO, (max) | Tm*" (average)
[mol%] [mol%] [mol%]
SD 1.4 3.1 0.2
NP 1.3 34 0.2

3.2. Spectral attenuation of optical fibers. The spectral atten-
uation of drawn fibers within a range of 550 to 2100 nm can be
seen in Fig. 3. Typical absorption bands corresponding to Tm**
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Fig. 3. Spectral attenuation of thulium-doped fibers drawn from preforms
fabricated by both the conventional SD method and the NP method
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Fig. 4. Attenuation of fibers fabricated by both the conventional SD
method and by the NP method in the spectral region corresponding
to OH  absorption

were centered around 682 nm, 787 nm, 1180-1210 nm and
1640 nm. Since the attenuation of fibers was high at these wave-
lengths, only short fiber sections were characterized (12 cm of
fiber fabricated by the SD method, and 14 cm of fiber fabricated
by the NP method). It can be seen that absorption bands of
the sample fabricated by the NP method are less intense when
compared to the sample fabricated by the SD method. Estimated
Tm?" concentrations calculated from absorption at 1640 nm
were 2500 ppm in the fiber prepared by the SD method, and
1800 ppm in the fiber prepared by the NP method [19]. Taking
account of the accuracy of the described method and homoge-
neity of the samples (typically within 10 rel%), these results
reflect the EPMA results (Table 1) to a large extent.

Absorptions of OH™ centered at around 1383 nm (Fig. 4)
were of ~0.49 dB/m in the fiber fabricated by the SD method
(measured length difference of 8 m) and of ~0.98 dB/m in the
fiber fabricated by the NP method (measured length difference
of 4 m). Taking account of the absorption coefficient [27], we
calculated an OH content of 7 ppm and 14 ppm for the two
preforms, respectively.

Hence, the drying process of the porous core layer can
be considered to be quite effective and roughly comparable
between both fabrication processes. No significant influence of
OH' absorption on minimum background losses at the wave-
length of excitation of fiber laser (1570 nm) can be deduced
from these results.

Minimum background losses (measured with length differ-
ence of 148 m of the fiber fabricated by the NP method and
364 m of the fiber fabricated by the SD method) observed
around 550 nm or around 1050 nm were of the same level of
~0.03 dB/m.

Cut-off wavelengths calculated at 1900 nm and 1770 nm
could not be experimentally determined because they were
masked by the tail of the intensive absorption band of Tm**
centered at 1640 nm (Fig. 3).
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3.3. Luminesce properties of optical fibers. Fluorescence
lifetimes of *F, levels (Fig. 5) were determined to be 430 ps in
the fiber prepared by the conventional SD method and 575 us
in the fiber prepared by the NP method. The longer observed
lifetime of thulium ions embedded into the fiber core by means
of the NP method reflected previous results [19]. The lifetimes
of fibers fabricated by the NP method were slightly longer in
comparison to those fabricated by the SD method. Since the
key parameters influencing the lifetime of thulium ions (Al,O4
content in the fiber core and the Tm‘”/ Al,Oj3 ratio) and thermal
processing of the fibers were nearly the same, the increase of
lifetime of fiber prepared by the NP method can be attributed
to a difference of local vicinity of thulium ions in the glass
matrix. However, interpretation of the local structure of fiber
cores in nanoscale is extremely difficult and exceeds the scope
of this paper.
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Fig. 5. 3F, lifetime of fibers fabricated by the conventional SD method
and the NP method

3.4. Lasing characteristics. Fibers prepared via both meth-
ods and characterized by Figs. 2—5 were pumped at 1570 nm
(Fig. 3). Laser lines shifted with both increasing pump power
and active fiber length. The characteristics of each fiber laser
having optimized fiber length are shown in Fig. 6. The optimized
length of the fiber prepared by the SD method was of 1.16 m
and that of the fiber prepared by the NP method was 1.58 m.

Using the same laser setup, lasing thresholds were deter-
mined as 405 mW for the fiber prepared by the NP method and
493 mW for the fiber prepared by the conventional SD method.
The slope efficiencies (determined using the same laser setup)
were 29.8% for the fiber fabricated by the conventional SD
method and 31.3% for the fiber fabricated by the NP method.
This trend reflected the measured lifetimes of the fibers (Fig. 5)
relating to local structure of the glass and partly to homogene-
ity of the fibers. This trend also reflects the results achieved
using fibers doped with erbium aluminum nanoparticles [24],
[29-30].
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Fig. 6. Ring laser output characteristics measured from fibers fabri-
cated by both the conventional SD method and the NP method

The observed trends in laser threshold and slope efficiency
match the theoretical models [31-32]. In the case of a two-level
laser system of a fiber laser, both the laser rate and propaga-
tion equations can be solved analytically and the formulae for
the laser threshold and slope efficiency are known [33]. In such
a fiber laser, the threshold depends on the fluorescence lifetime
of the upper laser level, but the laser slope does not. Although the
thulium-doped fiber laser with multiple energy levels cannot be
described by a simple two-level model, the trends should be sim-
ilar, for example, as was found in the case of thulium-doped fiber
lasers [34]. The lower laser threshold of fiber prepared by the NP
method can partly be explained also by better homogeneity of the
fiber core in micro-scale, described in a general manner in [22].

The slope efficiencies achieved herein were not high when
compared to a Fabry-Perot fiber laser setup, where slope effi-
ciencies of about 55% have been routinely achieved; the lower
efficiencies measured here are inevitable due to the high num-
ber of splices and optical components used in the ring laser.
Nevertheless, the laser configuration presented in this paper
made it possible to provide proper characterization of doped
fibers, as it eliminates a risk of longitudinal mode instability
and self-pulsing [27].

4. Conclusions

We have demonstrated spectral and lasing properties of opti-
cal fibers doped with Al,O5, GeO, and Tm>" fabricated by the
conventional SD method as well as the NP method developed
herein. When similarly characterized in the same ring laser
setup, we observed that the chemical composition and wave-
guiding properties of these fibers were nearly identical. The
sample fabricated by the NP method exhibited longer lifetime,
reflecting other observations [19] and the trend already observed
with the fibers doped with erbium and aluminum nanoparticles
[22]. The fiber fabricated by the described NP method exhib-
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ited lower lasing threshold (by ~20%) and higher slope effi-
ciency (by ~5% rel.). All these differences observed herein are
not extensive and deserve more in-depth research; they may
imply a positive influence of the NP approach on properties
of RE-doped fibers for fiber lasers. Another study should be
feasible because of the robustness of the developed NP tech-
nique demonstrated in the similarity of several characteristic
properties (when compared to the conventional SD method),
including chemical composition, refractive-index profile and
cut-off wavelength.
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