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Abstract: We demonstrate an all-fiber Tm**-doped silica fiber laser
operating at a wide selectable wavelength range by using different fiber
Bragg gratings (FBGs) as wavelength selection elements. With a
specifically designed high reflective (HR) FBG and the fiber end as an
output coupler, the lasing in the range from 1975 nm to 2150 nm with slope
efficiency of >30% can be achieved. By employing a low reflective (LR)
FBG as the output coupler, the obtainable wavelengths were extended to the
range between 1925 nm and 2200 nm which is the reported longest
wavelength from the Tm®'-doped silica fiber lasers. Furthermore, by
employing a FBG array in the laser cavity and inducing bend loss between
adjacent FBGs in the array, six switchable lasing wavelengths were
achieved.
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1. Introduction

Laser sources locating at eye-safe 2 um region, especially for operation wavelengths in the
atmospheric transmission window between 2.05 pum and 2.3 pum, have many significant
applications in atmospheric lidar measurement [1], remote sensing [2], medical surgery [3-5],
etc. Compared to conventional solid state lasers, fiber lasers have advantages of high
operation efficiency, excellent heat-dissipating capability, good beam quality and compact
structure. Currently, the most common fiber laser technology for realizing emission beyond
2 um is based on the direct energy level transitions °F,—°Hs from Tm®* doped
fibers and °l; —°lg from Ho®* doped fibers. A number of Tm*'-doped, Ho**-doped and
Tm**/Ho**-codoped silica and fluoride fiber lasers have been reported [6-11].

For Tm*'-doped silica fiber lasers, the reports of an amplified spontaneous emission
(ASE) source with a ~230 nm spectrum coverage spanning from ~1900 nm to ~2130 nm [12],
a broadband ASE fiber source delivering a ~450 nm spectrum covering from ~1650 nm to
~2100 nm [13] and a superfluorescent source emitting from 1930 nm to 2100 nm with a 170
nm spectrum coverage [14] have demonstrated their potential lasing capability beyond 2 pm
region. By using an external diffraction grating, Clarkson et al demonstrated a tunable Tm*3-
doped silica fiber laser, pumped by 787 nm diode bars, operating at a wide spectrum from
~1860 nm to ~2090 nm but with a very low efficiency of less than 3% at 2090 nm [15].
Similarly, Guo et al reported a tunable Tm*-doped silica fiber laser, pumped by two 791 nm
diodes, with the extended wavelength to ~2109 nm and maximum power of approximately 10
W [16]. By using a fiberized grating-based tunable filter, Li et al reported a tunable Tm®*'-
doped fiber laser, core pumped by 1550 nm diodes, operating at a wide spectrum from
1820 nm to 2075 nm with a maximum power of 30 mW and slope efficiency of 27% at
1930 nm [17]. Tokurakawa et al demonstrated an ultra broadband wavelength swept Tm**
doped fiber laser operating from 1750 nm to 2080 nm by using two diffraction gratings and a
rotating pol3ygon mirror [18]. Sacks et al employed a diffraction grating to demonstrate a
tunable Tm>*-doped double clad silica fiber laser, also pumped by two 790 nm diodes, with
the reported longest edge at ~2188 nm from Tm**-doped silica fiber laser, however, the slope
efficiency at 2188 nm was less than 6% [19].

For Tm**/Ho**-codoped or Ho*'-doped silica fiber lasers, S. D. Jackson et al employed a
Tm**/Ho**-codoped silica fiber to demonstrate a 793 nm diode pumped high power fiber laser
operating at wavelength near 2105 nm with a slope efficiency of 42% [8]. Then they
demonstrated an 1150 nm diode pumped high-power Ho**-doped silica fiber laser with the
emission wavelength extended to 2120 nm at a slope efficiency of 51% [20]. Hemming et al
reported a 790 nm diode pumped tunable Tm**/Ho**-codoped aluminosilicate fiber laser by
using a diffraction grating, which achieved a wide spectrum operation from ~1850 nm to
~2150 nm with a maximum slope efficiency of 25% at 2040 nm [21]. Similarly, Simakov et
al demonstrated a 1950 nm Tm**-doped fiber laser pumped tunable Ho*"-doped silica fiber
laser operating from 2043 to 2171 nm at an average power of >15 W [22]. Antipov et al
demonstrated a 1125 nm Yb**-doped fiber laser pumped Ho**-doped silica fiber laser emitting
at the longest reported wavelength of 2.21 um from silica-based fiber, however, the maximum
output power and slope efficiency were only 130 mW and ~4%, respectively [23].

For Tm**-doped fluoride fiber lasers, *F, —°Hs and *H, —>Hs transitions can operate at
1900 nm and 2300 nm band, respectively [10, 24-27]. Based on °F, —°H; transition, a
790 nm diode pumped Tm*'-doped ZBLAN fiber laser centered at 1900 nm with a slope
efficiency of 33% has been reported [10]. Based on *H, —°Hs transition, EI-Agmy et al
reported a 1064 nm Nd:YAG laser pumped Tm**-doped ZBLAN fiber laser centered around
2300 nm but with only a maximum power of 150 mW and a slope efficiency of 7.8% due to
the transition self-terminating and excited state absorption [27]. For Tm*/Ho**-codoped
fluoride fiber lasers, a 806 nm diode pumped Tm*/Ho**-codoped ZBLAN fiber laser
operating at 2056 nm with a slope efficiency of 36% was demonstrated [9]. For Ho**-doped
fluoride fiber lasers, 1150 nm or 2 pm band lasers are required to be the pump source.
Sumiyoshi et al demonstrated a Ho**-doped ZBLAN fiber laser operating at 2 pm pumped by
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a 1150 nm Raman fiber laser with a slope efficiency of 33% [28]. Jackson et al reported a
Ho**-doped fiber laser pumped by a 2051 nm Tm*"-doped silicate glass fiber laser operating
at 2080 nm at a slope efficiency of 72% [29]. Recently, we demonstrated a 1940 nm diode
pumped Ho**-doped ZBLAN fiber laser operating at 2080 nm with a slope efficiency of 78%
and a maximum output power 516 mw [11].

Compared to Ho**-doped fiber, the availability of commercial high power pump diode at
793 nm and the positive “two for one” cross relaxation process between Tm** ions enable
efficiently laser generation from the Tm**-doped fiber. On the other hand, the fabrication of
fluoride fiber is not mature currently and also there are lack of commercial fluoride fiber
based components. Therefore, silica fiber based Tm**-doped lasers are the current best
candidate to achieve laser beyond 2 um with all-fiber structure.

Additionally, multi-wavelength switchable fiber lasers are also desirable because of their
applications in photonics true time delay beamforming [30], Dense Wavelength Division
Multiplexing (DWDM) [31], fiber sensors [32], etc. The multi-wavelength switchable fiber
lasers operating at 1 pm and 1.55 pm bands have been extensively investigated [33-36]. In
2 pm band, only one switchable dual-wavelength Tm**-doped laser operating at either
~1941.52 nm or ~1942.33 nm was demonstrated recently by employing two high-
birefringence FBGs [37].

In this paper, we report the demonstration of a broadband Tm**-doped silica fiber ASE
source with up to ~520 nm spanning from ~1700 nm to ~2220 nm. Based on the ultra-broad
ASE spectrum, an all-fiber Tm*"-doped laser was built utilizing either an HR FBG-Fiber end
based cavity or an HR FBG-LR FBG based cavity. For this laser, the wavelength selectable
range for lasing, the relative thresholds, efficiencies and line width of the laser were
investigated. Finally, a six wavelengths switchable laser from 1925 nm and 2200 nm was
achieved by employing an FBG array in the cavity.

2. Experiment setup and results
2.1 ASE source

The schematic diagrams of the all-fiber backward and forward ASE sources are shown in
Figs. 1(a) and 1(b), respectively. The active fiber used is a double-clad Tm**-doped fiber
(Nufern, SM-TDF-10P/130-HE) with an octagonal shaped pump core with a diameter of
130 um across the circular cross-section and a numerical aperture (NA) of 0.46. The fiber has
a 10-um core diameter with a reduced NA of 0.15 by a specific pedestal around the core. The
Tm** dopant concentration in the fiber core is about 5 wt. % and the measured absorption
coefficient at 793 nm is ~3.0 dB/m. In general, the fiber length is chosen for efficient pump
absorption of 15 dB to 20 dB, and thus the length from 5.0 m to 7.0 m should be sufficiently
long. However, it has been proved that laser wavelength red-shifts with increasing fiber
length induced by re-absorption process at 1.064 um [38], 1.55 pm [394 and 2.9 um [28]
bands. In order to achieve lasing at longer wavelength, 11.0 m long Tm**-doped fiber was
chosen to strength the re-absorption. Two 793 nm diode lasers (Lumics, German) with
105/125 um core and cladding parameter multimode fiber pigtail were used as the pump
source and the light was coupled into the double-clad Tm**-doped fiber through a (2 + 1) x 1
pump combiner (ITF, USA). The maximum launched pump power was 8 W. In order to
suppress laser oscillation at high power level, one fiber end was angle-cleaved at ~8° to
achieve very low feedback while the other fiber end was also angle cleaved at ~5° by using
LDC-400 cleaver (Vytran, Germany) instead of 0° to further increase the laser threshold
owing to its low reflectivity of ~0.18%. Under this condition, the single-end output for
backward ASE or forward ASE can still be realized as a result of the much higher reflectivity
from ~5° angle cleaved fiber end compared to that from ~8° angle cleaved fiber end [13]. At
the output side, a Germanium window was employed to remove the residual pump light.
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Fig. 1. Experimental setup of the all-fiber Tm**-doped ASE sources based on (a) backward and
(b) forward output.

Figure 2(a) shows the backward and forward ASE spectra measured using an optical
spectrum analyzer (Yokogawa AQ 6375) at the launched pump power of 2 W, 4 W, 6 W and
8 W, respectively, and the measured emission and absorption cross-sections between 1700 nm
and 2100 nm extracted from Ref. [19] were also given. It is observed that the apophysis
region of both backward and forward ASE envelopes increased with raised pump power, but
the peak remained essentially unchanged at the regime around 2000 nm. The sharp fall of
ASE envelope towards the short wavelength direction can be attributed to the strengthened
ground state re-absorption induced by the increased absorption cross-section at shorter
wavelength range. The similar fall of ASE envelopes towards the long wavelength direction
was observed as well, resulting from the reduced emission cross-section and increased
background loss with increasing wavelength. On the other hand, the optical spectrum without
a spike at high launched pump power of 8 W suggests that the laser operation mode was
successfully suppressed with efficient angle cleaving at the fiber end. The backward ASE
spectrum of over 520 nm span from ~1700 nm to ~2220 nm with a FWHM bandwidth of
~60 nm was achieved at the maximum launched pump power of 8 W, which is the reported
longest wavelength edge from the ASE of Tm**-doped fibers. Note that there were noticeable
increases in the ASE spectra around 1650 nm, which were clarified as ghost spectra induced
by stray light of monchromator usually occurring at the shorter wavelength side of 400 nm
away from the original spectra in the spectrum analyser AQ6375 (this has been confirmed by
Yokogawa). The stray light has no impact on the original signal and can be ignored. Besides,
absorption lines caused by water vapor in the wavelength range from ~1800 nm to ~1950 nm
could be clearly seen in the spectrum. Compared to the backward ASE, the forward ASE had
a similar long wavelength edge of ~2200 nm but exhibited a narrower spectrum range
spanning from ~1945 nm to ~2220 nm with a FWHM of ~35 nm at the launched pump power
of 8 W as a result of its stronger re-absorption at un-pumping end [40, 41]. The red-shifted of
long wavelength edge in our work can be ascribed to the comparatively long active fiber
(~11 m) and large rare earth ions concentration (~5 wt. %). Larger Tm®" concentration may
enable more ground state ions to be involved in the re-absorption process per unit length, and
thus stronger total re-absorption can be achieved by using longer fiber. As shown in Fig. 2(b),
the populations on the ground manifold were excited to the comparative high Stark levels of
laser upper manifold corresponding to the different energy positions by re-absorption of
comparative short-wavelength laser. These excited populations were then released to the
lower Stark level in a short time via thermal phonon interactions induced energy loss.
Originating from the lower Stark level of the upper manifold, longer wavelength emission
will be generated. Then the long wavelength emission will act as pump source for the next re-
absorption process to produce longer wavelength. Figure 2(c) shows the output powers of
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backward and forward ASE as a function of launched pump power. It is observed that their
slope efficiencies were both significant low when the launched pump power was below 4 W
and then increased quickly with increasing pump power. Maximum output power of 555 mW
and 396 mW were achieved at slope efficiencies of 19.4% and 15.8% in the pump power
range from 5.5 W to 8 W for the backward and forward ASE, respectively. The output powers
from the perpendicular end for both backward and forward ASE were measured to be below
5.0 mW at maximum launched pump power of 8 W indicating the system was essentially
operated at single-end output. The better performance of backward ASE compared to forward
ASE has been also verified in another quasi-three-level systems [42, 43]. Therefore, the
backward ASE was chosen as the broad band source for in situ monitoring of the FBGs in the
fabrication. In order to investigate the influence of fiber length on the ASE spectrum, we also
measured the backward ASE spectrum using shorter fiber lengths of 5.0 m and 8.0 m and
longer fiber of 13.0 m in the system, respectively at the maximum launched pump power of
8 W, as show in Fig. 2(d). Compared to the system using 11.0 m fiber, the shorted fiber
system exhibited shorter center wavelength and slight narrower FWHM bandwidth for both
backward and forward ASE. For the system using 5.0 m fiber, the center wavelength blue
shifted by 13.2 nm and 23.8 nm for the backward and forward ASE, respectively. However,
the ASE center wavelength and FWHM bandwidth of the system using 13.0 m fiber were
almost unchanged compared to the system using 11.0 m fiber. This suggests that the fiber
length of 11.0 m was enough to realize the ASE with the longest edge around 2.2 um region.
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Fig. 2. (a) Measured backward and forward ASE emission spectra at different launched pump
powers, and the absorption and emission cross-sections of Tm3*-doped fiber extracted from
Ref. [19] are also given; (b) Energy-level re-absorption process of Tm*-doped fiber laser;
(c) Output powers of backward and forward ASE as a function of launched pump power;
(d) Backward ASE spectra at different fiber lengths of 13.0 m, 11.0 m, 8.0 m and 5.0 m under
launched pump power of 8 W.

2.2 Fabrication of FBGs

All FBGs used in the Tm**-doped fiber laser system have been fabricated by a 244 nm UV
source from a frequency doubled Ar" laser using the two-beam holographic technique [44].
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The two-beam holographic technique for writing grating structure from the side of fiber is a
flexible technique allowing inscribing FBGs with arbitrary wavelengths ranging from 750 nm
to 2300 nm in our laboratory. For mid-IR fiber laser applications, we have UV-inscribed
FBGs with centered wavelengths in the range from 1800 nm to 2225 nm, which coincides
with the ASE wavelength range of Tm*"-doped fiber. The ASE generated from Tm**-doped
fiber was also employed as a broadband light source for in situ monitoring of the FBGs in the
fabrication.

We have attempted to UV-inscribe FBGs on Corning SM28 and Thorlabs SM2000 fibers
to compare their characteristics. Note, before the FBG inscription, the SM28 and SM2000
fibers were hydrogen loaded under high-temperature (80°C) and high-pressure (150 bar) for
2 days to increase their UV-photosensitivity. However, a great quantity of hydroxide ions that
were contained in hydrogen loaded fiber strongly absorbing the light in the wavelength range
from 1800 nm to 1900 nm and beyond 2200 nm [45]. Therefore, the spectra of FBGs with
Bragg resonances in these two wavelength ranges were not be possibly monitored in the
fabrication and were measured after the annealing treatment, which out-gas the hydrogen
from the fiber. All FBGs have been annealed at 80 °C for 48 hours to improve their long term
stability. Figure 3 shows the measured transmission spectra of six FBGs inscribed on the
SM28 and SM2000 fibers centered at ~1800 nm, ~2050 nm and ~2225 nm, respectively.
From Fig. 3 we can see that after annealing, the transmission loss peaks of the six FBGs
reached around 16-20 dB, corresponding to a reflectivity of 96-99%; the 3 dB bandwidths
(FWHMs) were all less than 0.4 nm. It also can be observed that the FBGs UV-inscribed in
SM28 fiber are stronger with slightly high reflectivity and broad bandwidth in comparison
with the FBGs made in SM2000 fiber.
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Fig. 3. Measured transmission spectra of the FBGs inscribed in SM28 and SM2000
fibers, respectively.

2.3 Wavelength selectable range based on FBGs

Concerning the large spanning of the ASE towards longer wavelength range that may provide
the possibility of laser operation at wavelength beyond 2150 nm, the investigation on
wavelength extension range of Tm*"-doped fiber laser has been performed. Figures 4(a) and
4(b) show two Tm*'-doped silica laser systems exploiting low reflectivity (LR) FBG and
cleaved fiber end as the output couplers, respectively. In order to compare with previous ASE
measurement while identify the lasing wavelength limit beyond 2150 nm, we used 11.0 m
Tm**-doped fiber in this case. At the output end, either the fiber end facet (~3.5% Fresnel
reflection) [Fig. 4(a)] or LR FBG [Fig. 4(b)] was employed to provide laser feedback and also
act as the output coupler. A number of FBGs were UV-inscribed with the Bragg reflection
wavelengths between 1900 nm and 2200 nm at a span of ~25 nm for the investigation. The
HR FBG was designed with receptivity of > 95% and a spectral FWHM of <0.4 nm, and the
LR FBG was designed with receptivity of ~50% and a spectral FWHM of <0.4 nm. Because
the threshold for Fresnel-reflection-based cavity might be lower than that for the FBG-based
cavity at some wavelengths of small gain, the fiber end at the FBG side was angle cleaved at
8° to reduce the reflection in order to avoid the parasitic lasing.
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Fig. 4. Experimental setup of Tm**-doped silica fiber laser with counter-propagating scheme
employing (a) ~3.5% reflectivity of cleaved fiber end and (b) ~50% low reflective (LR) FBG
as output coupling reflectors.

By using the setup shown in Fig. 4(a), the narrow width CW laser with selectable
wavelength between 1975 nm and 2150 nm was achieved. Figure 5 shows the spectra of
lasers centered at 1974.7 nm, 1997.5 nm, 2026.2 nm, 2056.8 nm, 2074.3 nm, 2102.4 nm,
2125.7 nm and 2151.02 nm at the maximum launched power of 8.0 W measured in a large
spectrum range of 400 nm. It is observed that the laser was significantly stronger than ASE,
especially at the regions of 2025 nm~2075 nm where the suppression of ASE was more than
60 dB. Though the ASE was strengthened as further deviation of laser wavelength from this
region, the ASE suppressions of ~42 dB and ~35 dB were also achieved at 1974.7 nm and
2150.02 nm, respectively.

Intensity (dB)

1850 1900 1950 2000 2050 2100 2150 2200 2250
Wavelength (nm)

Fig. 5. Output spectra of Tm*'-doped fiber lasers at 400 nm spectrum range for cavity
constructed by perpendicular cleaved fiber end and HR FBGs. From left to right these center
wavelengths were1974.7 nm, 1997.5 nm, 2026.2 nm, 2056.8 nm, 2074.3 nm, 2102.4 nm,
2125.7 nm, and 2151.02 nm, respectively. The scanning resolution was 0.5 nm.

The spectra of the lasers were also measured in a 1.0 nm range with a resolution of
0.02 nm to investigate their spectrum characteristics, as shown in Fig. 6. It is observed that
the FWHM of laser lines were all narrower than 0.3 nm suggesting the efficient spectral
confining ability of the HR FBGs. Note that the spectrum gradually tended to be compressed
and smoothed with increasing output wavelength owing to the weakened ground state re-
absorption process at longer wavelength region. At the shorter wavelength emission region,
especially below ~2000 nm, the spectrum was broader and exhibited more amplitude
fluctuation as a result of strong ground state re-absorption and re-emission processes. After
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the center wavelength exceeding ~2100 nm, the spectrum width was essentially unchanged
suggesting that the laser was almost not influenced by the re-absorption owing to the fairly
low absorption cross-section of less than 0.1 x 10?°m?. The measured output powers as a
function of the launched pump power relevant to different emission wavelengths are shown in
Fig. 7. Note that the laser thresholds were accurately measured according to the spectra and
the output laser power was calculated by subtracting the ASE power at laser threshold from
the total output power. A maximum output power of >2.1 W can be obtained at the range
from ~1997 nm to ~2100 nm with a slope efficiency of >42%. According to the varied
thresholds with respect to different emission wavelengths, we can observe that the firstly
resonant wavelength here is located at the regime around ~2074 nm.
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Fig. 6. Output spectra of Tm*'-doped fiber laser for cavity constructed by perpendicularly
cleaved fiber end and HR FBGs with different center wavelengths. The scanning range and
resolution were 1 nm and 0.02 nm, respectively.
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Fig. 7. Output laser power as a function of launched pump power with different center
wavelengths of 1974.7 nm, 1997.5 nm, 2026.2 nm, 2056.8 nm, 2074.3 nm, 2102.4 nm,
2125.7 nm, and 2151.02 nm.

In order to investigate the laser wavelength operation limit of our Tm**-doped silica fiber,
higher feedback was added by employing LR FBG to replace the previously cleaved fiber end
as the output coupler, as shown in Fig. 4(b). The short and long wavelength edges were then
extended to 1925.6 nm and 2198.4 nm respectively. Figure 8 shows the measured spectra
across 400 nm spectrum range at the maximum launched power of 8.0 W. Though the
fraction of ASE in the output was raised with increased wavelength deviation from the region
around 2050 nm, the laser at 1925.6 nm and 2198.4 nm still gave an ASE suppression of
~45 dB and ~33 dB, respectively.
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Fig. 8. Output spectra of Tm*-doped fiber laser at 400 nm spectrum range for cavity
constructed by LR FBG and HR FBG. From left to right these center wavelength were
1925.6 nm, 1951.2 nm, 2174.9 nm, and 2198.4, respectively. The scanning resolution was set
at 0.5 nm.

The spectra of the lasers under each LR FBG at a narrow scanning range of 1.0 nm were
also measured at the maximum launched ump power of 8 W to exhibit the detailed spectrum
characteristics as shown in Fig. 9 with center wavelengths of 1925.6 nm, 1951.2 nm,
2174.9 nm and 2198.4 nm, respectively. The operation wavelength of 2198.4 nm is also the
longest wavelength produced from 3F,—°Hs transition of Tm®" ions so far being
demonstrated. Similar to the results as shown in Fig. 6, the laser at 1925. 6 nm and 1951.2 nm
still exhibited spectrum fluctuation and broadening, whereas the laser at 2174.9 nm and
2198.4 nm showed fixed spectrum width of 0.8 nm and relatively smooth and narrow
spectrum. Figure 10 displays the measured output power as a function of the launched pump
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power relevant to different emission wavelengths. It is observed that the laser emitting at
2198.4 nm can still operate at a comparatively high slope efficiency of 17.82% with a low
threshold of 4.78 W and a maximum output power of 0.55 W, which can be ascribed to the
high feedback provided by the pair of FBGs and strengthened re-absorption induced by long
active fiber and large ions concentrations.
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Fig. 9. Output spectra of Tm*"-doped fiber laser for cavity constructed by LR FBGs and HR
FBGs with different center wavelengths. The scanning range and resolution were 1 nm and
0.02 nm, respectively.
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Fig. 10. Output laser power as a function of launched pump power with different center
wavelengths of 1925.6 nm, 1951.2 nm, 2174.9 nm and 2198.4 nm.

Figure 11 shows the slope efficiency and threshold as a function of the launched pump
power employing either cleaved fiber end or LR FBG as the output coupler. It is observed
that the slope efficiency increased to the maximum at the region around 2020 nm and then
decreased near linearly with wavelength resulting from the significant decreasing emission
cross-section and increasing background loss. The minimum threshold was achieved at the
region around 2060 nm where the absorption cross-section was near zero and thus the cavity
loss caused by re-absorption is negligible. Note that the threshold at wavelength above
~2060 nm increased quickly with wavelength as a result of the weakened gain and increasing
background loss. A Stokes efficiency limit given by Apump/Aaser @ @ function of laser
wavelength was also added to Fig. 8. We can clearly see that the emission modes ranging
from ~1974.7 nm to ~2125.7 nm can be operated at slope efficiencies exceeding the Stokes
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limits. A maximum slope efficiency of 51.42% with respect to launched pump power at
~2026.2 nm indicated that at least 31.37% of the Tm** ions participated in the “two for one”
cross relaxation process producing two laser photons when the ground state ion was excited to
the upper H, level. Although the slope efficiency was decreased to 17.82% at 2198.4 nm as a
result of fast increasing background loss and decreasing emission cross-section with
wavelength, it still exhibited good stability and spectra confining ability.
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Fig. 11. Dependence of laser slope efficiency and threshold on center wavelength by
employing perpendicularly cleaved fiber end and LR FBG as output coupler, respectively.

2.4 Wavelength switchable operation based on an FBG array
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Fig. 12. Experimental setup of multi-wavelength switchable Tm**-doped silica fiber laser.

It is well known that there are many methods of tuning or switching the wavelength of a fiber
laser such as strain tuning an FBG, fiber etalons, external diffraction grating, fiber coupled
acousto optic tunable filters and so on, all of which have their own advantages and
drawbacks. For strain tuning an FBG, it is of low insertion loss and compact structure, but its
tuning range is less than 3 nm in general case. The external diffraction grating can cover a
large tunning range but needs a free space structure. The fiber etalons and fiber coupled
acousto optic tunable filters are absolutely favourite components to tune the wavelength in a
continuous range with higher speed, but their current insertion losses at 2 pum are still
comparatively large and there are no such commercial products at 2 pm currently. In our
work, we have mainly focused on switching the laser in a large spectrum range based on our
in-house fabricated FBGs. An FBGs array with different centre wavelengths were employed
to demonstrate a large switchable wavelength range in our Tm**-doped fibre laser although it
was not continuous switching. This method can cover larger switching range while maintain
the advantage of all-fibre structure and low insertion loss. The experimental setup of a multi-
wavelength switchable Tm**-doped fiber laser is shown in Fig. 12. The signal input end of the
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pump combiner was perpendicularly cleaved to provide Fresnel reflection for all wavelengths
while acting as the output coupler. Its output end was spliced to 11 m Tm**-doped double-
clad fiber, as the same configuration shown in Fig. 4. The other end of the Tm**-doped fiber
was spliced to a specifically designed FBG array consisting of six HR FBGs. According to
the measured thresholds in section 2.3, we fabricated these FBGs with center wavelengths as
the order of decreasing thresholds, i.e., FBG1 (~1997 nm), FBG2 (~2125 nm), FBG3
(~2025 nm), FBG4 (~2103 nm), FBG5 (~2075 nm) and FBG6 (~2057 nm), of which the FBG
array transmission spectrum is shown in Fig. 13(a). The pigtails between adjacent FBGs in
the array were looped around two tubular mounts at a radius of 5 cm. With this setup, the
wavelength can be switched freely by increasing the distance between the two tubular mounts
after the selected FBG to induce the bend loss for the suppression on all other laser modes
relevant to the FBGs after the selected FBG. Through mode competition, the laser mode
relevant to the selected FBG can win owing to its lower threshold, of which the measured
spectra from output side are shown in Fig. 13(b).
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Fig. 13. (a) Transmission spectrum of the FBG array and (b) output spectra of the multi-
wavelength switchable Tm**-doped fiber laser.

4, Conclusion

In this paper, an all-fiber Tm**-doped fiber laser whose wavelength can be selected from
1925.6 nm to 2198.4 nm by using specifically designed FBGs with different center
wavelengths as the cavity HR reflectors and LR output couplers. The wavelength of
2198.4 nm is also the longest wavelength so far reported from the Tm**-doped fiber laser
based on the *F,—Hj transition. Additionally, a six wavelengths switchable Tm**-doped
fiber laser based on an FBG array has been presented. It can be concluded that long fiber
length and large ions concentration have benefited wavelength extension of both ASE and
laser spectrum in Tm>*-doped fiber lasers. However, further large-scale extending of
wavelength through this method mi%ht be difficult due to the limitation of the intrinsic
maximum energy difference between °F, and ®Hg and the significantly increased background
loss beyond 2.2 um in silica fiber. Efficient laser generation from 2.2 um to 2.6 um could be
achieved by considering new dopant ions or cascade Raman laser based on low phonon
energy materials such as fluoride-, chacogenide- and telluride-based fibers.
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