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In this Letter, a watt-level single-frequency fiber oscillator
at 2050 nm was demonstrated for the first time, to the best
of our knowlegde, in a linear laser cavity with a piece of an
un-pumped Tm?**/Ho** co-doped fiber serving as a saturable
absorber. With delicate optimization of mode filtering effect
of the dynamic gratings formed in the saturable absorber, a
maximum single-frequency laser output power of 1.2 W was
achieved under a total bidirectional pump power of 5.8 W at
1570 nm, and the corresponding optical efficiency is 20.7 %.
This is, to the best of our knowledge, the highest power of
a single-frequency fiber oscillator at the wavelength above 2
pm.  © 2023 Optica Publishing Group

https://doi.org/10.1364/0L.502554

Single-frequency fiber lasers operating at the wavelength region
above 2 pm have attracted lots of attention due to their
widespread applications on free-space optical communication,
high-resolution spectroscopy, and coherent Doppler LIDAR
[1-3]. Tm**-doped fiber (TDF) has been widely used to achieve
single-frequency laser operation around 2.0 um [4-10], and a
maximum output power of 0.9 W at 1978.6 nm has been demon-
strated from a ring cavity with a silica prolate microresonator
as an ultranarrow bandwidth filter [4]. However, the dimin-
ished emission cross section of Tm** at a longer wavelength
restrains the power level of single-frequency Tm**-doped fiber
lasers above 2 um [8,9]. Up to now, the highest single-frequency
laser power of 215 mW at 2050 nm was demonstrated by Zhang
et al. in 2022, where a ring laser cavity was employed with 5 m
of TDF as the gain media [10].

Actually, in this wavelength regime, Ho**-doped fiber (HDF)
exhibits a broad emission spectrum from 1.95 pm to 2.2 um,
and the emission peak locates around 2050 nm, which facil-
itates laser operation at a longer wavelength compared with
TDF [11,12]. However, the two main absorption peaks of Ho’*,
at 1.15 pm and 1.95 pm, respectively [13,14], cannot be cov-
ered by commercial high-power laser diodes that Ho**-doped
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fiber lasers are generally pumped by Yb**- or Tm**-doped fiber
lasers. In 2009, Wu et al. reported a single-frequency distributed
Bragg reflection (DBR) Ho?*-doped fiber laser [15], in which
2-cm-long heavily Ho**-doped germanate fiber (3 wt.% Ho,O5
doping concentration) was in-band pumped by a 1950 nm Tm?*-
doped fiber laser. A maximum output power of 60 mW was
achieved at 2053 nm with a pump power of 800 mW. In 2019,
Wolf et al. presented a single-frequency distributed feedback
(DFB) Ho**-doped fiber laser, in which 42-mm-long 7t-phase-
shifted grating was directly inscribed in the Ho**-doped silica
fiber and pumped by a 1125nm Yb**-doped fiber laser [16].
Due to the low pump absorption coefficient of the active fiber at
1125 nm (about 45 dB/m), only 53 mW single-frequency laser
output at 2070 nm was obtained under a pump power of 5.2 W. In
singly Ho**-doped fiber, clustering-associated inhomogeneous
energy transfer upconversion and cross relaxation significantly
constrain the laser efficiency [17]. Moreover, the short laser
cavity with a DBR and DFB structure also limits the single-
frequency Ho’*-doped fiber laser to a power level of tens of
milliwatt.

The Tm**/Ho>* co-doped fiber (THDF) has been developed
as another gain medium to achieve fiber lasers above 2 um [18],
where Tm** serves as a sensitizer and the energy transfer from
level °F, of Tm** to level °I; of Ho** allows for lasing above 2 um
through the transition °I;—°I of Ho**. Thanks to the introduc-
tion of Tm*", the Tm*/Ho* co-doped fiber laser can be pumped
by a fiber laser at 1570 nm or high-power diode laser at 793 nm
[19-21], by which a hundred-watt laser output above 2 pm has
beenrealized [22,23]. In this paper, a watt-level single-frequency
fiber laser at 2048.7 nm was demonstrated with a linear cavity
structure. Two pieces of THDFs were used in the laser cavity, in
which one of them served as the gain medium and was bidirec-
tionally pumped by two 1570 nm fiber lasers and the other one
functioned as a saturable absorber (SA) for longitudinal-mode
selection.

Generally, in a linear cavity, a spatial hole burning (SHB)
effect imposes a restriction on single-longitudinal-mode (SLM)
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Fig. 1. Schematic of the watt-level 2050 nm single-frequency
Tm3*/Ho’* co-doped fiber laser. FBG, fiber Bragg grating; FWDM,
filter-type wavelength-division multiplexer; SA, saturable absorber.

laser operation. In addition, limited by the Ho** ion doping
capability in silica glass, long THDF needed for sufficient laser
gain increases the linear cavity length and thus decreases the
longitudinal-mode spacing, which exacerbates the difficulty on
the realization of single-frequency laser. This Letter demon-
strates the feasibility of utilizing a linear cavity for high-power
single-frequency fiber laser generation with proper selection
of the rare-earth-doped fiber-based SA. A maximum single-
frequency power of 1.2 W was obtained at 2048.7 nm with a
launched 1570 nm pump power of 5.8 W, which is, to the best
of our knowledge, the highest power of a single-frequency fiber
oscillator above 2 um. The dynamics of optical spectra and
longitudinal mode were also investigated and analyzed for this
bidirectionally pumped fiber laser.

The experimental setup of the single-frequency Tm?*/Ho**
co-doped fiber laser is shown in Fig. 1. A 4.6-m single-mode
THDF (Coractive, TH512, absorption coefficient at 793 nm is
202 dB/m), which exhibits an absorption coefficient of 43 dB/m
at 1570nm, was used as a gain fiber for laser generation at
2050 nm. The THDF fiber was bidirectionally core-pumped by
two 1570 nm fiber lasers. The backward pump source (marked
as Pumpl) and the forward pump source (marked as Pump?2)
can provide a maximum output power of 3.1 W and 2.7W,
respectively. The pump lasers were coupled into the gain
fiber through the common port of two 1570/2000 nm filter-
type wavelength-division multiplexers (named as FWDM1 and
FWDM2), respectively. A pair of homemade fiber Bragg grat-
ings (FBGs) was connected to the signal port of these two
FWDMs to serve as cavity mirrors. The high-reflectivity (HR)
FBG centered at 2048.8 nm has a reflectivity of >99.5% and a
3-dB bandwidth of 0.35 nm, while the partial-reflectivity (PR)
FBG centered at 2048.7nm has a reflectivity of 39.7% and
a 3-dB bandwidth of 0.07 nm. To achieve a single-frequency
laser operation, another piece of un-pumped THDF was spliced
between HR FBG and FWDM2 to work as an SA-based mode
selector [24,25]. The length of SA was optimized for stable
SLM operation at a high power level. Due to the existence of
Ho™, efficient signal absorption in the THDF-based SA facil-
itates the formation of a self-tracking dynamic grating that
its superior capability on longitudinal-mode selection guar-
antees stable single-frequency laser operation under a high
output power. The total insertion loss of this cavity was around
1.8dB.

The laser output power of the 2050 nm linear cavity fiber
laser was measured as a function of pump power and is shown in
Fig.2. The Pumpl in a backward direction was first launched into
the laser through FWDM1, and a laser threshold of 0.7 W was
obtained. The laser power increased linearly with a slope effi-
ciency of 18.1%, and an output power of 455 mW was achieved
at a maximum pump power of 3.1 W. Then, Pump2 in a for-
ward direction was employed for further laser power increment.
An increased slope efficiency of 27.6% resulted in a maximum
output power of 1.2 W obtained at the forward pump power of
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Fig. 2. Measured output power of the 2050 nm THDF laser as a
function of 1570 nm pump power.
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Fig. 3. (a)Optical spectrum evolution of the Tm**/Ho%* co-doped
fiber laser as a function of pump power measured in a wave-
length range of 1700-2100 nm. (b) Measured optical spectra at
the maximum output power of 1.2 W in 20 min.

2.7W (total pump power of 5.8 W). The corresponding optical
efficiency was around 20.7%.

The laser spectra under different pump power were measured
by an optical spectrum analyzer (OSA, Yokogawa, AQ6375)
with a resolution of 0.05nm and are shown in Fig. 3(a). At
a threshold pump power of 0.7 W, severe amplified sponta-
neous emission (ASE) ranging from 1770 nm to 2000 nm can
be observed, which corresponds to the emission spectrum of
Tm?** through energy-level transition from °F, to *Hy. It indi-
cates that insufficient energy transfer from °F, of Tm*" to °I,
of Ho™ occurs at a low pump power [26], resulting in a low
optical signal-to-noise ratio (OSNR) of 38 dB. With the power
increase of Pump1, improved energy transfer from Tm** to Ho*
can be obtained due to the accumulation of population at *F, of
Tm?**, which induces the intensity decrease of ASE. When the
launched power of Pump1 increased to 3.1 W, the ASE intensity
at 1850 nm decreased around 9.3 dB, while the ASE ranging
from 1950 nm to 2000 nm, which is generated through energy
transfer from 31; to °Iy of Ho**, was detected.

At a maximum pump power, the dominant ASE component
stems from Ho*, and the ASE originating from Tm** is barely
observed that results in an OSNR of 60 dB. This phenomenon
manifests that most of the population at *F, of Tm?* is transferred
to°I; of Ho** instead of *Hg of Tm?*, and thus the slope efficiency
of laser power increases from 18.1% to 27.6% as shown in
Fig. 2. Figure 3(b) shows the laser spectra at a maximum output
power of 1.2 W in 20 min, which were measured with an OSA
resolution of 0.05nm in a wavelength range from 2046 nm to
2052 nm. An OSNR of 75dB can be obtained, and the laser
central wavelength can be maintained well within the resolution
of OSA. A laser with such high OSNR can be further achieved
with a long-pass filter to remove the ASE part at the shorter
wavelength region.

The longitudinal-mode characteristics of the 2050 nm fiber
laser were analyzed by measuring the RF spectrum with an
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Fig. 4. Measured RF spectra and transmission spectra of scanning
FPI of the 2050 nm fiber laser with 11.3 m THDF-based SA at a
total pump power of (a) 3.1 W, (b) 3.8 W, and (c) 5.8 W, with 1.5 m
TDF-based SA at a total pump power of (d) 3.1 W and (e) 5.8 W.

electrical spectrum analyzer (ESA, Agilent, PXA N9030A) and
oscilloscope trace of a scanning Fabry—Perot interferometer
(FPI) (Thorlabs, SA210-12B). Figures 4(a) and 4(b) show the
measured RF spectra of the laser at a pump power of 3.1 W
and 5.8 W, respectively. The resolution bandwidth (RBW) of
the ESA was set as 10 kHz. While a longer SA brings a nar-
rower bandwidth of the self-tracking dynamic grating, which is
favorable for SLM operation, it also increases the overall length
of the laser cavity and reduces the free spectral range (FSR).
To achieve high SLM laser output power, the length of THDF-
based SA was optimized to 11.3 m experimentally, and thus
the cavity length is around 18 m, corresponding to an FSR of
5.7MHz. Figure 4(a) shows the measured RF spectrum (rang-
ing from 0 MHz to 500 MHz) at 3.1 W of Pumpl power. Beat
frequency peaks can be observed from the RF spectrum with a
frequency interval corresponding to the FSR of the laser cavity.
The oscilloscope trace of FPI, as shown in the inset of Fig. 4(a),
also confirms that multi-longitudinal-mode lasing was achieved
at this power level. Once the Pump2 power was launched into the
gain fiber, the intensity of beat frequency peaks was decreased,
and the frequency interval in RF spectrum was enlarged, which
indicates that the oscillating longitudinal modes were gradually
suppressed with the introduction of Pump2. Finally, SLM oper-
ation was achieved as the power of Pump?2 increased to 0.7 W,
where the laser output power was 620 mW. No beat frequency
signal was observed from the measured RF spectrum, as shown
in Fig. 4(b). Stable SLM operation can be well maintained as the
further increase of pump power; eventually, the single-frequency
laser with an output power of 1.2 W was obtained at 2050 nm
with the measured RF spectrum properties shown in Fig. 4(c),
and SLM operation was further confirmed by the scanning
FPL

The achievement of SLM operation of the laser demonstrated
in this Letter is attributed to the employment of SA, where a
narrow bandwidth self-tracking dynamic grating was built up
through the SHB effect. The dynamic grating is constituted by
a refractive index grating (phase grating, RIG) and an absorp-
tion grating (amplitude grating) [27,28]. Since the bandwidth
of RIG, decided by the length of SA, should be narrower than
that of the FSR of the laser cavity for SLM laser operation, the
length of SA was optimized in experiment to achieve a high-
power single-frequency laser. The theoretical bandwidth of RIG
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Fig. 5. Theoretical bandwidth of RIG in SA and FSR of laser
cavity in relationship with SA length (the experimental results on

the maximum achievable SLM laser power at different SA lengths
are marked in gold).

[29] and laser cavity FSR are calculated and shown in Fig. 5.
Although the SA length allowing for SLM operation can be
adjusted in a range of 1.5 m to 35.7 m theoretically, single-
frequency laser cannot be obtained in experiment until the SA
length was increased to 8.7 m. As shown in Fig. 3(a), severe
ASE was generated at a low pump power, which disrupts the
refractive index modulation in the SA. As a result, the RIG
cannot function well for longitudinal-mode selection, especially
for a short piece of SA. With the ASE intensity decrease and
laser power increment at a high pump power, the SHB effect
for the signal was significantly enhanced in SA, which is ben-
eficial for the formation of a self-tracking dynamic grating and
the achievement of single-frequency laser operation. However,
it should be noted that too high laser power would wash out the
dynamic grating in SA due to the absorption saturation effect
[30], especially at the position close to the gain fiber in our
experimental setup. Thus the effective length of the dynamic
grating would be decreased significantly that deteriorates the
bandwidth of the RIG. Therefore, increasing the SA length is
necessary to realize high-power SLM laser operation. In our
experiment, the achievable single-frequency laser power grad-
ually increased from 0.7 W to 1.2 W when the length of the
THDF-based SA increased from 8.7 m to 11.3 m. However,
further increase of the SA length to 12.6 m only achieved a
single-frequency laser power of 0.8 W. The decreased SLM
laser power is mainly attributed to that higher signal absorption
in longer SA results in amplitude reduction of the self-tracking
dynamic grating, and in turn, the mode-selection capability is
weakened. Therefore, the SA length should be properly opti-
mized in consideration of the optical spectrum purity and the
signal absorption strength for high-power single-frequency laser
generation.

On the other hand, in order to clarify the specific effect
of Ho** in the THDF-based SA on longitudinal-mode selec-
tion of the demonstrated 2050 nm single-frequency fiber laser,
1.5 m TDF (Coherent, SM-TDF-10/130-M) was also used as
a replaced SA in the experimental setup to characterize the
laser longitudinal-mode properties for comparison. It should be
pointed out that the length of the TDF was selected to possess
the same pump absorption at 1570 nm with that of THDF-based
SA. In the controlled experiment, single-frequency laser oper-
ation can be only obtained at the laser power below 115 mW,
where the pump power was around 1 W. Further increase of
pump power induced the instability of single-longitudinal-mode
laser operation, and beat frequency peaks can be observed in
RF spectrum as shown in Fig. 4(c). RF beat frequencies with an
interval of 12 MHz, which corresponds to the cavity FSR, can
be found in Fig. 4(d), indicating multi-longitudinal-mode lasing
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Fig. 6. (a) Measured RIN of the 2050 nm single-frequency fiber
laser in a frequency range of 0-5 MHz at the maximum output
power of 1.2W. (b) Measured laser linewidth using the delayed
self-heterodyne method and fitted with Lorentzian line shape.

at a maximum pump power of 5.8 W. Therefore, introducing
Ho** to the SA in our demonstration enhances the intensity of
the dynamic grating in SA and improves the mode selection
capability for higher laser power with single-longitudinal-mode
operation [31], owing to the higher absorption cross section of
Ho® at a signal wavelength of 2050 nm.

The relative intensity noise (RIN) of the demonstrated single-
frequency laser at a maximum output power of 1.2 W was
measured using a photodetector (EOT, ET-5000F) and an ESA
with an RBW of 1kHz, and the result in a frequency range of
0-5MHz is shown in Fig. 6(a). A relaxation oscillation peak can
be observed at 0.12 MHz with an intensity of —110dB/Hz. As
the frequency increases, the RIN intensity decreases rapidly
and is stabilized to a level of —152dB/Hz at the frequency
above 1 MHz. It should be noted that the intensity peaks
around 0.7 MHz as shown in Fig. 6(a) mainly originate from
the electrical noise of DC power supply in the measurement
system. The spectral linewidth of the 1.2 W single-frequency
laser was measured via a delayed self-heterodyne system with
a resolution of 5kHz and is shown in Fig. 6(b) with a fitted
Lorentzian line shape. The measured —20 dB spectral linewidth
was found to be 160kHz, corresponding to a laser linewidth
of 8 kHz.

In conclusion, a 1.2W single-frequency fiber oscillator at
2050 nm was realized with a linear cavity structure, which is, to
the best of our knowledge, the first demonstration of a watt-level
single-frequency fiber laser at the wavelength above 2 um. At the
maximum laser output power, the laser OSNR was higher than
60 dB considering the ASE component, and the laser linewidth
is measured to be around 8 kHz. Our experiment demonstrates
that the narrowband filtering effect of the active fiber-based SA
is strongly affected by laser optical spectrum purity and signal
absorption intensity in SA, which manifests the importance of
proper selection of the parameters of the SA, such as signal
absorption coefficient, fiber length, etc., for high-power single-
frequency laser generation.
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