All-fibre dual-wavelength thulium-doped fibre laser based on
spatial filtering effect
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Abstract. We report a room-temperature all-fibre dual-wavelength thulium-doped
fibre laser that operates around 1900 nm and uses a spatial mode-beating filter in a
ring configuration. By pumping the gain medium with an 800 nm laser and
controlling the phase mismatch at the splicing points of a thulium-doped fibre, the
two output lines are obtained at 1844.8 and 1852.0 nm, with the corresponding
signal-to-noise ratios of 30 and 21 dB. The threshold pump power is 109.3 mW. At
the maximum pump power of 131.7 mW, the output powers are 0.297 and 0.038 mW
for the 1844.8 and 1852.0 nm laser lines, respectively.
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1. Introduction

A thulium-doped fibre laser (TDFL) operating near 2 pm has drawn a great interest in the recent
years since it offers a possibility for combining high efficiency and high output power with eye-
safe operation. In addition, it suggests a number of specific applications associated exclusively
with its infrared wavelength, e.g. in the fields of remote sensing and biomedicine [1-4]. As a result
of a so-called cross-relaxation process, the efficient laser operation at 2 um can be achieved by
using the *F, — *Hg pump transition of thulium ions in the vicinity of 800 nm. In this process,
two ground-level thulium ions can be excited to the upper lasing level of the °F4; — *Hj transition
by absorbing a single pumping photon with the energy corresponding to approximately 800 nm.
This suggests that every excited Tm®* ion located at the *Hy level can produce two Tm®" ions at the
upper lasing level °F, [5]. Besides, inexpensive and stable low-power fibre lasers working in all-
fibre configuration in the wavelength region of 1800—2100 nm can have a tremendous potential for
such applications as sensing of toxic gases, due to specific features of infrared absorption of those
gases.

All-fibre dual-wavelength fibre lasers have also gained a great attention of researchers and
technologists due to their potential applications in microwave photonics, fibre sensing systems,
optical instrument testing, and optical signal processing [6—8]. Up to date, various methods have
been suggested and demonstrated to achieve a dual-wavelength lasing. These are the techniques
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that involve a dual-cavity configuration or a twin-peak reflection grating. However, most of the
lasers developed up to now operate in the region of 1.00-1.55 um. For the longer-wavelength
region nearby 2 pum, the fibre components in need are not as readily available as those suitable for
generation at 1.00 um or even 1.55pum. Very recently a solid-state microchip laser on
Tm, Ho:YVO, has been built [9]. It simultaneously operates at 2041.3 and 2054.6 nm in the dual-
wavelength regime. Due to its compactness and robustness, an all-fibre laser able to generate in the
2 pm band is still urgently expected to come in practice.

In an earlier work, Zhou et al. [10] have demonstrated a room-temperature all-fibre dual-
wavelength TDFL based on a cascaded fibre Bragg grating array. In this article, we develop a
room-temperature all-fibre dual-wavelength TDFL operating near 1900 nm, which uses a simpler
approach based on a spatial filter generated due to mismatch at the splicing points of a thulium-
doped fibre (TDF).

2. Configuration

A scheme of our dual-wavelength TDFL is shown in Fig. 1. The laser is constructed using a
simple ring cavity, in which a 2 m long TDF is used as an active medium. The TDF used by us has
the core and cladding diameters of 9 pm and 125 pm respectively, the cut-off wavelength of
1750 nm, and the numerical aperture of 0.15. The absorption of thulium ions in this fibre has a
peak at 793 nm (27 dB/m). The TDF is pumped by an 800 nm laser diode via an 800/2000 nm
wavelength division multiplexer. The operating wavelength of our TDFL is determined by a
spatial filter, which is formed by controlling the phase mismatch at the splicing points of the TDF.
The mismatch creates oscillations within the TDF. The output of the dual-wavelength laser is
tapped from a 10 dB output coupler, allowing for 90 per cent of the light to remain in the cavity.
The output spectrum and the power of the laser are measured with an optical spectrum analyser.
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Fig. 1. Experimental setup of our dual-wavelength TDFL: crosses correspond to splicing
points of the TDF (see the text).

Fig. 2 shows the transmission spectrum of the spatial filter. In our experiments, a broadband
1550 nm source of amplified spontaneous emission is launched into the setup from the input port
of the wavelength division multiplexer coupler, and the output spectrum is measured after a 10 dB
coupler, using an optical spectrum analyser. As we control precise details of the splicing between
the single-mode fibre and the TDF, the power oscillations occur within the TDF, thus producing
some wavelength-dependent losses. As a result of specific transmission function of the spatial
mode-beating filter, the spectrum at the output signal has a comb-type structure shown in Fig. 2.
As seen from Fig. 2, the spacing between the two neighbouring peaks is measured to be around
1.8 nm.
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3. Results and discussion

As the TBF is pumped, an amplified spontaneous emission is generated in the vicinity of 1900 nm
via both spontaneous and stimulated emission processes. The thulium ions are excited to °F, level
as they absorb the pumping photons to create the population inversion between the *Hg and °F,
levels. Then they drop to the ground state (*Hg) and emit light at 1.9 um. The amplified
spontaneous emission oscillates in the ring cavity, resulting in a laser that operates according to the
transmission characteristic of the spatial mode-beating filter. Since the filter has a wide bandwidth,
the regime of dual-wavelength laser output can easily be implemented. Due to the transmission
characteristic of the filter, the signals at two different wavelengths can oscillate in the cavity
whenever the difference of the cavity losses for them are somewhat reduced. By adjusting
polarization state of the light propagating in the laser cavity, one can tune the cavity losses for
these two wavelengths to seek dual-wavelength oscillations with the aid of the TDF, whose gain
broadening behaves inhomogeneously. Fig. 3 shows the output spectrum of the TDFL recorded by
the optical spectrum analyser at different pump powers. As seen from Fig. 3, the dual-wavelength
output lines are obtained at 1844.8 and 1852.0 nm, so that their spacing is equal to 7.2 nm. This
spacing is four times larger than that associated with the spatial filter at 1550 nm. At the pump
power as low as 124.5 mW, the signal-to-noise ratios for the 1844.8 and 1852.0 nm lines are
respectively equal to 30 and 21 dB, with the 3 dB bandwidth being approximately equal to 2.0 nm.
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Fig. 3. Output spectra of our TBFL
at three different pump powers
indicated in the legend.
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The relationships between the pump power and the peak powers of the dual-wavelength

output lines located at 1844.8 nm and 1852.0 nm are shown in Fig. 4. The dual-wavelength laser
starts to lase above the threshold pump power of 109.3 mW. Then the both output-peak powers
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increase linearly with increasing pump power. At the maximum pump power of 131.7 mW dealt
with in the present experiments, the 1844.8 and 1852.0 nm laser lines have the maximum output
powers of 0.297 and 0.038 mW, respectively. Fig. 5 shows the output optical spectrum of our
dual-wavelength laser for the case when the scanning interval is 10 min. In our experiments, the
dual-wavelength operation can be stable for more than two hours if only the temperature variations
and the mechanical vibrations are kept reasonably small, as with standard laboratory facilities. As
seen from Fig. 4, the corresponding difference for each laser wavelength is less than 1 dB, thus
pointing to enough stability of the output. No other lasing modes have been observed inside the
thulium gain band. Since the operating laser wavelengths are determined only by the spatial filter,
they can be tuned by controlling the mismatch between the fibre associated with the wavelength
division multiplexer and the TDF, or by using some other techniques.
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Fig. 5. Output power spectra of our TDFL taken with 10 min periods between frames to
illustrate stability of the laser.

4. Conclusion

Let us summarize the main results of this report. An all-fibre dual-wavelength TDFL operating
near 1900 nm is built. It functions at the room temperature and uses a spatial filter. The filter is
designed for controlling the phase mismatch at the splicing points of the TDF. The laser developed
by us generates the dual-wavelength output lines at 1844.8 and 1852.0 nm, i.e. the wavelength
spacing amounts to 7.2 nm. The corresponding optical signal-to-noise ratios are 30 and 21 dB,
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respectively. The device starts to lase at both of the lines above the threshold pump power of
109.3 mW. When the pump power reaches the maximal value of 131.7 mW studied in our
experiments, the output powers of the laser lines corresponding to 1844.8 and 1852.0 nm are equal
to 0.297 and 0.038 mW, respectively.
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Anomayin. Onucano 060X6UNbOGUL GONOKOHHUU Ja3zep, SKULlL Npayroe 3a  KIMHAMHOL
memMnepamypu Ha 1e208aHOMY MYIIEM ONMUYHOMY BOJOKHI ma eunpominioc nodauzy 1900 um,
BUKOPUCMOBYIOUU NPOCMOpPosull Ginemp Ha Oummi M00 y Kinvyegiti Kougicypayii. Lllisaxom
HACHIMAHHA AKMUBHO2O0 Cepedosuya 3a O00NOMo20t0 1azepa 3 0ogxcunolo xeuni 800 Hm i
Kepy8anHst (ha306UmM Hey3200HCEeHHAM HA TMOUKAX CIMUKI@ B0JIOKHA, 1€208AH020 MYIIEM, 00ePHCAHO
BUXIOHI iHIT sunpoMmintosants 3 dosocunamu xeunv 1844,8 i 1852,0 nm, a i0nogioHi 8ioHoueHHA
cuenan/wiym cmarnogunu 301 21 0b. Ilopoeosa nomyscuicmo nacrnimanus ckraoana 109,3 uBm. 3a
MaxcumanvHoi nomyscnocmi naenimanua 131,7 mBm nomyowcnicme na 6uxooi cmanosuna 0,297 i
0,038 mBm 6ionogiono ons nazeprux niniti 1844,8 i 1852,0 nm.
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