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ABSTRACT   

A 1720-nm thulium-doped all-fiber laser based on a ring-cavity configuration is demonstrated. The long-wavelength 
lasing near the 1.9-μm thulium emission peak was suppressed using a wavelength division multiplexer and single-mode–
multimode–single-mode (SMS) fiber device, which together served as a short-pass filter instead of the grating devices 
usually used in 1.7-μm thulium fiber lasers. A stable hundred-milliwatt-level 1720-nm laser output with a narrow 
spectral linewidth on the order of gigahertz was obtained after optimizing the output coupling, the active fiber length and 
the SMS device.  
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1. INTRODUCTION  
1.7 μm high-performance fiber laser has been drawing intense attention recently for its unique spectral properties, such 
as high absorption of C-H bond and low absorption of water. The applications in methane gas detection [1,2], polymer 
processing [3], optical coherence tomography [4,5], medical surgery [6,7], etc., have been reported. Furthermore, 1.7 μm 
laser can serve as pump source of Dy-doped fiber laser for generating mid-infrared laser [8,9]. At present, there are two 
main approaches to realize 1.7 μm radiation in fiber: nonlinear frequency conversion of 1.5 μm fiber laser and direct 
generation in active fiber. It has been proved that 1.7 μm laser can be obtained by fiber optical parametric oscillator [10] 
and Raman fiber laser based on second-order Raman effect [7]. However, a considerable long fiber is needed as the gain 
medium and the continuous wave (CW) fiber optical parametric oscillator suffers a high threshold. As for directly 
generating 1.7 μm laser in active fiber, thulium-doped fiber (TDF) and bismuth-doped fiber can emit at 1.7 μm. Based on 
bismuth-doped fiber, 1625-1775 nm tuning range [11] and watt-level output power [12] were achieved; however, the 
bismuth-doped fiber is still not commercially available. On the contrary, the TDF, which has been widely used to 
generate 1.8-2 μm radiation, is well commercialized while the emission spectrum of which covers the 1.7 μm region. 

Though the TDF still has obvious fluorescence at 1.7 μm, realize lasing at this region is not straightforward. First, the 
1.65-1.8 μm short wavelength operation of TDF exhibits strong three-level behavior [13], in which high population 
inversion is required to reach laser threshold. Another issue for 1.7 μm operation of TDF is that the stimulated-emission 
cross-section here is much smaller than that at the 1.8-2 μm emission peak of Tm3+ ions [14], therefore proper 
wavelength selection technique is needed to suppress the lasing at the emission peak. The reported approaches on 1.7 μm 
thulium-doped fiber laser mostly rely on gratings for wavelength selection, e.g. volume Bragg grating (VBG) and fiber 
Bragg grating (FBG). In 2006, Shen et al. used a VBG to realize the 1723 nm laser in thulium-doped alumino-silicate 
fiber [15]. In 2015, Daniel et al. reported a 1660-1720 nm tunable fiber laser based on a high reflectivity FBG, which can 
adjust the reflection wavelength when compressed axially [16]. The linear-cavity configurations are capable of 
generating watt-level 1.7 μm output [15-17], while the outputs from ring-cavity configurations, which are more flexible  
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in terms of cavity design, are still limited to tens of miliwatts. To enhance the short-wavelength emission of thulium in 
fiber ring cavity, fiber lasers based on Tm-Tb-doped fiber and Tm/Ho-codoped fiber were investigated [18,19], where 
the codoping of terbium (Tb) and holmium (Ho) absorbed the long-wavelength emission of thulium and drive the net 
gain peak to the short wavelength region. Homemade bandpass filters were utilized in [18] and [19], but the maximum 
output powers of the lasers were no more than 20 mW with the operating wavelength below 1750 nm, which may due to 
the high loss induced by the filters. 

In this paper, we demonstrate a 1.7-μm ring-cavity all-fiber laser based on thulium-doped fiber without using any 
customized 1.7-μm grating device. A wavelength division multiplexing (WDM) was used as a short-pass filter to 
suppress the thulium emission above 1800 nm, and a homemade single-mode-multimode-single-mode (SMS) device, 
which could serve as an all-fiber filter [20-23], was utilized to enable the 1.7-μm oscillation. The grating-free fiber laser 
delivered 121 mW output power at 1720 nm with a narrow linewidth of 2.4 GHz under a launched 1570-nm pump power 
of 2.8 W. Wavelength tuning within 8 nm was achieved by tensioning the SMS device. The wavelength coverage of the 
laser reached 1712-1800 nm via the combination of using different SMS devices and tension tuning, with hundred-
milliwatt-level output power. The output power and slope efficiency of the 1.7-μm laser were further enhanced to 227 
mW and 10.3% by means of cascaded SMS devices. 

2. EXPERIMENTAL SETUP 
A schematic of the fiber ring laser is presented in Figure 1. The active fiber was a commercial TD silica fiber (Nufern, 
SM-TSF-9/125). Although the cut-off wavelength of the active fiber was ~1750 nm, the passive fiber (Corning, SM-28e) 
in the ring forced the laser to operate in a single transverse mode. The pump source was a homemade 1570-nm fiber laser, 
which could deliver a 2.8-W single-mode output. The core-pump scheme and TDF with a low doping concentration 
ensured a high population inversion, beneficial for the short-wavelength operation. A 1550-nm circulator coupled the 
pump into the cavity through port 1. The transmission loss from port 2 to port 3 was measured to be 1.5 dB at 1720 nm, 
leading to a low anticlockwise loss and high clockwise isolation. The anticlockwise laser was extracted from the cavity 
through a coupler.  

 
Figure 1. Schematic of the 1720-nm fiber ring laser. 

To realize the short-wavelength operation at 1.7 μm, a commercial 1570/1950 WDM was used to suppress the long-
wavelength emission of thulium. Upon the laser incidence into port 2 of the WDM, the 1900–2000-nm components are 
transmitted through port 3, while the 1500–1800-nm components are reflected to port 1. Therefore, with port 1 and port 2 
spliced to the TDF and SMS, respectively, the WDM served as a short-pass filter, whose loss was smaller than 0.5 dB for 
wavelengths shorter than 1780 nm and larger than 10 dB for wavelengths longer than 1820 nm. To select a certain 
wavelength in the 1.7-μm region, a homemade SMS device based on the multimode interference effect was employed, 
which contained a multimode fiber (YOFC, SI-105/125) spliced to two parts of a single-mode fiber (Corning, SM-28e). 
After the optimization of the length of the multimode fiber to 15.1 cm, the SMS device exhibited a transmission peak at 
1720 nm with a high loss in the adjacent wavelength region. The coupling efficiency of the WDM and SMS was 
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measured by a supercontinuum source (NKT, SuperK COMPACT) and optical spectrum analyzer (OSA) (Yokogawa, 
AQ6375), as shown in Figure 2. The total transmission loss of the WDM and SMS was 1.6 dB at 1720 nm. The 
secondary transmission peak was around 1758 nm with a loss of 4.1 dB. The total loss increased to 10 dB at 1785 nm 
and further increased to 15 dB at 1820 nm. The WDM and SMS together served as a 1.7-μm BPF, which enabled the 
1720-nm emission of the TDF. A polarization controller (PC) was inserted into the cavity to optimize the laser by 
changing the signal polarization state. 

 
Figure 2. Coupling efficiencies of the WDM (from port 2 to port 1) and SMS. The OSA resolution was set to 0.2 nm. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 
Long active fiber benefits the pump absorption, but will also cause the reabsorption loss in the short wavelength region, 
which might lead to a long-wavelength lasing. Therefore, the optimal active fiber length for 1720 nm power was 
investigated first. Different lengths of TDF were used in the ring cavity respectively, and the output spectra were 
recorded with the fixed incident pump power of 1 W and the fixed coupler feedback of 60%, as shown in Figure 3(a). 
Dual-wavelength operation appeared in the 1.4-m and 1.2-m schemes, and the stable single wavelength of 1720 nm was 
observed when the active fiber length was shortened to 0.8 m. The lasing wavelengths of 1720 nm, 1758 nm, 1783 nm 
and 1805 nm were corresponded to the four peaks on the total transmission spectrum of the WDM and SMS, which 
served as wavelength selective filter as a whole. The lasing wavelength remained unchanged with pump power up to 2.8 
W. Figure 3(b) shows the output power versus active fiber length under the maximum available pump power of 2.8 W. 
The operating wavelengths are also marked. When the TDF length was longer than 0.8 m, long wavelength had a much 
stronger gain than 1720 nm due to the reabsorption effect, and it appeared more likely to oscillate at 1758 nm. The 
output power with 1-m TDF was almost the same as the 0.8-m scheme because the cavity loss at 1758 nm is 2.5 dB 
higher than the loss at 1720 nm. When the TDF length was no more than 0.8 m, the single wavelength oscillation at 1720 
nm was obtained, and the output power with 0.8-m and 0.6-m TDF were 121 mW and 65 mW respectively. Hence, the 
optimal fiber length for 1720 nm oscillation is ~0.8 m. Besides, based on 0.8-m TDF, we have considered the free-
running laser without the SMS device in the ring cavity. The free-running scheme led to a single wavelength output at 
1798 nm, the power of which was about twice the power of 1720 nm, which mainly resulted from the high gain 
coefficient of the active fiber in the long wavelength region. 
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Figure 3. (a) Laser spectra and total transmission spectra of the WDM and SMS device and (b) output powers and laser 
wavelengths obtained with different active fiber lengths. The launched pump powers in (a) and (b) were 1 and 2.8 W, 
respectively. The dashed lines in (b) are shown as visual guides. 

The influences of different output couplings were also considered. Figure 4 shows that a higher coupler feedback led to a 
lower laser threshold. However, when the feedback was 80%, the maximum output power was only 63 mW, while when 
the feedback was smaller than 20%, no laser output was observed because of the high cavity loss. The maximum output 
power was achieved using an output coupler with a feedback of 60%. 

 
Figure 4. Laser thresholds and maximum output powers of the 1720-nm single-wavelength laser at different coupler 
feedbacks (2.8-W launched pump and active fiber length of 0.8 m). The dashed lines are shown as visual guides. 

For the 0.8-m TDF with a cavity feedback of 60%, the total cavity loss at 1720 nm was ~5.3 dB, including the losses of 
the circulator (1.5 dB), WDM (0.4 dB), SMS (1.2 dB), and coupler (2.2 dB). As shown in Figure 5(a), the laser threshold 
was 670 mW (launched 1570-nm pump), the maximum output power was 121 mW, and the slope efficiency with respect 
to the launched pump power was 5.7%. Figure 5(b) presents the output spectrum at the maximum output power. The 
signal-to-noise ratio (SNR) was larger than 60 dB above the amplified spontaneous emission (ASE) background. The 
small subpeak at 1758 nm is attributed to the secondary transmission peak of the SMS device; no lasing was recorded at 
1758 nm during the 10-min observation. The output power and spectrum were rather stable under the maximum pump 
power without any cooling system. The inset demonstrates that the full-width-at-half-maximum (FWHM) linewidth of 
the laser was ~0.05 nm, which is the resolution of the OSA. To further characterize the laser linewidth, a Fabry–Pérot 
interferometer (FPI, Thorlabs SA210-12B) with a free spectral range of 10 GHz and resolution of 67 MHz was used to 
scan the output laser. Figure 5(c) shows the FPI traces at different output powers; the corresponding FWHMs of the 
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single interfered waveform are outlined. The laser linewidth was 0.8 GHz at an output power of 7.5 mW and not larger 
than 2.4 GHz at the maximum output power. The 9-m-long laser cavity yielded a longitudinal mode spacing of ~22 MHz, 
which was beyond the 67-MHz FPI resolution, and hence the scanning FPI trace could not recognize the longitudinal 
modes. Considering that the FWHM bandwidth of the SMS device at 1720 nm was 5 nm, far beyond the longitudinal 
mode spacing, more longitudinal modes were oscillating under the strong pump, thus increasing the laser linewidth.  

 
Figure 5. (a) Power transfer, (b) output spectrum (2.8-W launched pump), and (c) FPI traces of the 1720-nm fiber ring laser. 
Inset: output spectrum in a narrow spectral window (2.8-W launched pump). The active fiber length was 0.8 m, while the 
feedback of the output coupler was 60%. The OSA resolution in (b) was set to 0.05 nm. 

4. CONCULSION 
In conclusion, we presented a 1720-nm thulium-doped fiber laser with all-fiber ring cavity. A WDM and an SMS fiber 
device were used to suppress the emission at longer wavelength hence enabling the 1.7-μm lasing. The approach here 
removed the necessity of customized grating devices in this wavelength region, thus making the laser cost-effective 
while the all-fiber ring cavity brought more flexibility on cavity design. The influence of output coupling, active fiber 
length and SMS device on the power and spectral performance of the 1.7-μm fiber laser were experimentally 
investigated. Hundred-millliwatt-level laser output at 1720 nm with narrow linewidth of no more than 2.4 GHz was 
obtained.  
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