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Single-frequency Tm-doped fiber laser with 215 mW
at 2.05 um based on a Tm/Ho-codoped fiber

saturable absorber
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We demonstrate an efficient single-frequency Tm-doped
fiber laser at 2050 nm. A ring cavity scheme is employed
to boost the net gain at the wavelength. A piece of Tm/Ho-
codoped fiber with an absorption coefficient at 2050 nm
higher than that of a Tm-doped fiber is used to establish
the dynamic Bragg grating for enhancing the frequency
selection capability. A single-frequency output of 215 mW
is obtained under 2 W of 1570-nm pump power, with the
slope efficiency being 22%. To the best of our knowledge,
this is the highest single-frequency all-fiber laser oscillator
output power above 2 pum. © 2022 Optica Publishing Group

https://doi.org/10.1364/0L.463202

Single-frequency fiber laser sources operating in the wave-
length region of 2.05 um, where CO, has a strong absorption,
are widely used in coherent Doppler LIDAR and differential
absorption LIDAR, atmospheric analysis, and spectral sens-
ing [1-3]. Over the past decades, several schemes have been
employed to realize single-frequency operation in fiber lasers,
such as the short linear cavity fiber lasers with distributed feed-
back (DFB) and distributed Bragg reflector (DBR) structure.
The output power and efficiency of the 2-um single-frequency
fiber lasers have been improved rapidly by using a heavily Tm-
doped germanate fiber [4]. However, the laser wavelengths of
the previous reports are usually below 2000 nm and achieving
an efficient single-frequency fiber laser at longer wavelength
is still challenging [5]. The combination of the diminishing
emission cross section of Tm** above 2 pum and the lim-
ited laser gain provided by the short Tm-doped fiber means
the conventional DBR or DFB Tm-doped fiber lasers are not
applicable in this wavelength region. To the best of our knowl-
edge, to date, the maximum single-frequency oscillator output
power at 2.05 pum is only 65mW, which was obtained from
a DFB Tm-doped fiber laser demonstrated in 2021 [6]. The
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slope efficiency with respect to the 1550-nm pump power is
only 8.5%.

An alternative is the ring cavity fiber lasers. This scheme
allows the optimization of the active fiber length to improve the
pump absorption and laser gain for a higher output power [7-9].
By further incorporating a piece of rare-earth-doped fiber based
saturable absorber (SA) as well as a high reflectivity mirror or
fiber Bragg grating (FBG), a narrow bandwidth dynamic Bragg
grating would be established inside the SA based on the standing-
wave interference effect, forcing the intracavity laser to operate
in a single longitudinal mode scheme. In addition, the saturable
absorption process in the SA would introduce a frequency-
dependent loss. The weak longitudinal modes, which deviate
the center frequency, would undergo a larger absorption loss
and can be effectively suppressed owing to the mode competi-
tion [10]. It has been demonstrated that using a highly absorptive
fiber SA would enhance the strength of the dynamic Bragg grat-
ing and the absorption loss [11], resulting in a strong mode
selection capability. This could be achieved by using a heavily
doped fiber. However, the bandwidth of the induced dynamic
Bragg grating would become broader as the doping concentra-
tion increases, which will result in severe mode-hopping [12].
In contrast, using a low/moderate dopant fiber, the doped rare-
earth ions, which have a large absorption cross section at the
signal wavelength, would induce a strong dynamic Bragg grat-
ing with narrower bandwidth, and thus is more beneficial for
stable and powerful single-frequency operation. However, in the
previous demonstrations of single-frequency fiber lasers above
2 um with such a scheme, all the SAs used are Tm-doped fibers
[13-15]. Limited by the weak mode selection resulting from
the low absorption of Tm*" ions in this wavelength region, the
maximum single-frequency power is only 40 mW [16].

Here, we propose an alternative approach that uses a Tm/Ho-
codoped fiber as the SA to achieve single-frequency operation
at 2.05 um. The absorption cross section (@ 2050nm) of
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Fig. 1. Schematic of the 2.05-um single-frequency Tm-doped
fiber ring laser. PC, polarization controller.

Ho* ions is approximately 0.6 x 107 m? [17], and is much
larger than that of the Tm?* ions (<0.1 x 107 m?). Therefore,
compared with the singly Tm-doped fiber SA, the introduction
of Ho** ions would enhance the saturable absorption process
and lead to a stronger dynamic Bragg grating. By optimizing
the length of Tm/Ho-codoped fiber SA, over 200 mW of stable
single-frequency laser at 2.05 um is obtained. Furthermore, a
comparative experiment that uses a single Tm-doped fiber as
the SA is also conducted. The results highlight the significant
improvement of single-frequency output power resulting from
the Ho* ions.

The experimental setup of the 2.05-um single-frequency Tm-
doped fiber laser is depicted in Fig. 1. The pump source is a
1570-nm Er/Yb-codoped fiber laser providing a maximum out-
put power of approximately 8 W. The gain medium is a piece of
Tm-doped silica fiber (Nufern, SM-TSF-9/125) with an absorp-
tion coefficient at 1570 nm of 6 dB/m. Due to the reabsorption
loss at 2050 nm in the Tm-doped fiber being neglectable, a 5-m
Tm-doped fiber is used to ensure a sufficient pump absorption.
Two 1570/2050-nm filtered wavelength division multiplexers
(FWDMs) are used to couple the pump power into the Tm-
doped fiber and remove the residual pump power. A fused fiber
coupler is spliced after the WDM to serve as the output element.
The previous calculation shows that a large output coupling
is beneficial for an efficient laser output. However, this would
decrease the stability of the single-frequency laser due to only a
small part of the intracavity lasing being able to return to the SA
and the consequent weak dynamic Bragg grating. Therefore, a
moderate output coupling of ~60% is employed to balance the
trade-off between the high output power and laser stability. A
circulator is used to force the intracavity laser to be unidirec-
tional traveling. The central laser wavelength is determined by a
2050-nm high-reflectivity FBG (R > 99.5%) with a 3-dB band-
width of 0.2 nm. The FBG is written in a standard single-mode
fiber (Corning, SMF-28e). The end-faces of the FBG fiber and
WDM fiber are cleaved at an angle of 8° to reduce the Fresnel
reflection feedback.

Without the Tm/Ho-codoped fiber SA, the 2050-nm output
power as a function of the launched 1570-nm pump power was
first measured and is shown in Fig. 2(a). The laser threshold was
approximately 0.9 W. As the pump power increased, the 2050-
nm output power exhibited a linear rise with a slope efficiency
of 25.6%. When the launched 1570-nm pump power was 7.5
W, a maximum output power of 1.72 W was obtained. The
low efficiency and output power are attributed to the limited
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Fig. 2. (a) Measured 2050-nm output power as a function of the
launched 1570-nm pump power, (b) laser spectrum at a maximum
output power of 1.72 W. Inset shows the zoomed-in spectrum. The
green dashed line in panel (a) is shown as a visual guide.

laser gain of the Tm-doped fiber at 2.05 um as well as the
high background transmission loss of the silica fiber above 2
um. The residual pump power is also shown in Fig. 2(a). Due
to the usage of a relatively long Tm-doped fiber, the residual
pump power was below 60mW at the maximum pump power,
indicating a sufficient pump absorption above 20 dB. The laser
spectrum at the maximum output power was recorded by the
optical spectrum analyzer (OSA, AQ6375) with a resolution
of 50 pm. As shown in Fig. 2(b), the center wavelength, full
width at half maximum (FWHM), and optical signal-to-noise
ratio (OSNR) of the output laser was 2049.62 nm, 75 pm, and
65 dB, respectively. Due to the sufficient pump absorption and
the usage of a filtered-type WDM, there was very little of the
1570-nm pump in the output laser.

Then, a 4-m Tm/Ho-codoped fiber (Coractive, TH512) serv-
ing as the SA was inserted between the circulator and FBG for
a fine longitudinal mode selection. The core absorption coeffi-
cient at 2050 nm was experimentally measured as approximately
0.97 dB/m with the cut-back method at the launched 2050-nm
power of 80 mW. To enhance the intensity of the dynamic Bragg
grating, a polarization controller (PC) was placed before the
circulator to adjust the polarization state of the laser launched
into the SA for a strong interference. The total cavity length
was approximately 21 m, corresponding to a longitudinal mode
spacing of 9.8 MHz. The longitudinal mode characteristics of
the output laser were measured synchronously by a scanning
Fabry—Perot interferometer (FPI) (Thorlabs, SA210-12B) and
an electrical spectrum analyzer (Agilent Inc., PXA N9030A).
The resolution and free spectra range of FPI were 67 MHz
and 10 GHz, respectively. The radio frequency (RF) spectrum
and oscilloscope trace at different pump powers are shown in
Fig. 3. At lower pump power, there was only one longitudinal
mode within a scanning cycle and no beat signal was observed
in the RF spectrum within a frequency range of 0-100 MHz,
indicating that the laser was operating in a stable and mode-
hopping-free single-frequency scheme. By carefully adjusting
the PC, a maximum single-frequency output power of 215 mW
was obtained at 2.02-W pump power. As the pump power was
further increased, more longitudinal modes started oscillating,
weakening the standing-wave interference in the SA. In turn,
this would wash out the dynamic Bragg grating. As a result, the
single longitudinal mode trace turned to a broad envelope with a
FWHM of approximately 3 GHz (~42 pm @ 2050 nm) [see inset
in Fig. 3(b)]. Due to the beating of dense longitudinal modes,
a periodic beat signal was observed in the RF spectrum. The
frequency spacing of the neighboring beat signal was 9.6 MHz,
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Fig. 3. RF spectrum and oscilloscope trace of the FP interfer-
ometer at launched 1570-nm pump powers of (a) 2.02 W and (b)
22W.

agreeing well with the longitudinal mode spacing of the ring
cavity.

Note that the length of the SA is an important parameter
determining its mode selection capability. Since the bandwidth
of dynamic Bragg grating is inversely proportional to its length,
a longer SA generally has a narrow bandwidth and thus is more
beneficial for stable single longitudinal mode operation. Here,
the power behavior of a 2050-nm single-frequency laser with
different Tm/Ho-codoped fiber SA length is investigated and
the results are shown in Fig. 4(a). Since the SA induced an
additional absorption loss, the slope efficiency decreased while
the laser threshold increased. Such deterioration would become
more severe with a longer SA due to an increasing cavity loss.
When the SA length was 2 m, the single-frequency operation
could be realized at a pump power of no more than 1.6 W. The
maximum single-frequency output power was approximately
160 mW with a slope efficiency of 24%. As the SA length was
increased to 4 m, the maximum single-frequency output power
was scaled up to 215 mW at a pump power of 2.02 W, corre-
sponding to a slope efficiency of 22%. As the SA length was
further increased to 6 m, the maximum pump power allowing
single-frequency operation increased to 2.2 W. It was found that
a longer SA allowed single-frequency oscillation at a higher
pump power. However, the maximum single-frequency power
decreased to 180 mW due to the drop of the slope efficiency. In
addition, a longer SA will enlarge the cavity length and reduce
the longitudinal mode spacing, which also hinders the stable
single longitudinal mode operation. Therefore, for the single-
frequency fiber lasers based on a SA, a trade-off between high
laser efficiency and strong frequency selection requires care-
ful consideration, i.e., optimizing the SA length, for a powerful
and stable single-frequency output. In the current experiment,
the optimal Tm/Ho-codoped fiber length is approximately 4 m
and the following laser characteristics were measured under this
condition.

Figure 4(b) shows the laser spectrum at an output power of
215 mW, and the output spectrum without SA at the same pump
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Fig. 5. (a) RIN of the 2050-nm single-frequency fiber laser at

different pump powers, (b) power stability over one hour. Inset
shows the zoomed-in RIN.

level is also given for comparison. A severe amplified spon-
taneous emission (ASE) envelope in the range of 1800-2000
nm was observed after the introduction of the SA. This can be
explained as follows. The introduction of the SA decreases the
intracavity signal power, which induces the generation of short-
wavelength ASE and thus decreases the OSNR to 56 dB. Higher
cavity feedback can be used to further improve the OSNR. The
inset shows the zoomed-in spectrum of the 2050-nm single-
frequency laser. Limited by the resolution of the OSA, the
FWHM was measured to be approximately 0.05 nm.

The relative intensity noise (RIN) of the 2050-nm single-
frequency fiber laser was measured by the electrical spectrum
analyzer with a bandwidth resolution of 1 kHz. The power of
the 2050-nm single-frequency laser launched into the photoelec-
tric detector was attenuated to 1 mW, corresponding to a shot
noise limit of —157.1 dB/Hz. The measured RIN at different
pump powers are shown in Fig. 5(a). Compared with the conven-
tional DFB or DBR short-cavity single-frequency fiber lasers,
the demonstrated fiber ring laser has a much lower relaxation
oscillation frequency (ROF). As the pump power was increased
from 1.3 W to 1.95 W (output power increasing from 60 mW to
200 mW), the ROF moved to a higher frequency from 23.5 kHz
to 58.5 kHz, and the intensity decreased from —109.3 dB/Hz
to —112.3dB/Hz. The inset shows the zoomed-in RIN in the
range of 0-0.2 MHz. In addition to the relaxation oscillation
peak, it is noticed that there is also a broad peak at approx-
imately 0.1 MHz. The center frequency of this broad peak is
constant. Actually, in our previous work (the pump source used
is the same one), a similar peak was also observed at the same
frequency. Hence, we conjecture that this broad peak was also
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Table 1. Single-frequency Laser Power at 2050 nm
(and the Corresponding Pump Power) with Different SA
Lengths

2m 4m 6m
Tm-doped fiber 0] 60 mW 93 mW
(1.23 W) (1.4W)
Tm/Ho-codoped 160 mW 215 mW 180 mW
fiber (1.65W) (2.02W) 22W)

noise from the 1570-nm pump source [12,17]. At a higher fre-
quency beyond the ROF, the RIN intensity dropped dramatically
and became stable at approximately —150 dB/Hz. The low noise
intensity resulted from the high-brightness core-pump scheme
and high-performance pump source with a high stability for
power and wavelength. To characterize the power stability of
the 2050-nm single-frequency fiber laser, the output power was
monitored over one hour by a thermal power meter at an out-
put of 215 mW. As shown in Fig. 5(b), the root mean square
(rms) for the output power was approximately 0.1%, confirming
a stable single-frequency operation.

To study the difference in mode selection capabilities of the
Tm-doped fiber and Tm/Ho-codoped fiber in the 2.05-um wave-
length region, the output laser characteristics using a Tm-doped
fiber as the SA were also experimentally investigated. Here, the
Tm-doped fiber used was chosen as same as the gain fiber. The
absorption coeflicient at 2050 nm was measured to be approxi-
mately 0.22 dB/m for an 80-mW incidence power level, which is
much lower than that of the Tm/Ho-codoped fiber. Since these
two fibers have a comparable Tm*" doping concentration, the
2050-nm laser energy in the Tm/Ho-codoped fiber SA is mainly
absorbed by the Ho**. The maximum 2050-nm single-frequency
laser power (and the corresponding pump power) with differ-
ent SA lengths are summarized in Table 1. The experimental
results using the same length of Tm/Ho-codoped fiber SA are
also present for comparison. Using a Tm-doped fiber SA shorter
than 2 m, stable single-frequency lasing was not possible and
severe mode hopping was observed due to the weak dynamic
Bragg grating . When the SA was extended to 4 m, the maxi-
mum single-frequency output power was 60 mW and improved
to 93 mW as the length of the SA was further increased to 6
m. Compared with the aforementioned results where a Tm/Ho-
codoped fiber was used as the SA, the single-frequency output
power when using the same length of Tm-doped fiber exhibited
an obvious drop. This behavior verified that the Tm/Ho-codoped
fiber or Ho-doped fiber are more preferable choices of the SA
to enhance the output power for a single-frequency fiber laser
above 2 um.

Finally, it is worth discussing the influence of the energy
transfer between Tm** and Ho** on the induced grating. The
properties of the grating depend on the strength and period
of the refractive index change along the SA, which originates
from the different absorbance at nodes and antinodes. Since
the overall absorption of the Tm/Ho-codoped fiber at 2050 nm
is mainly contributed by the Ho*, the energy transfer from
Tm?* to Ho** is relatively weak. The formation of the dynamic
Bragg grating mainly resulted from the Ho** ions and the energy
transfer between Tm?* and Ho®" has a minor influence on the
induced grating.
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In conclusion, we have proposed and demonstrated a single-
frequency Tm-doped fiber ring laser at 2050 nm by using a
piece of Tm/Ho-codoped fiber as the SA. Compared with the
Tm?* ions, the Ho* ions exhibit a higher absorption at 2050 nm,
enabling a stronger dynamic Bragg grating and mode selection
capability. In experiment, the influence of the SA length on the
single-frequency output was investigated in detail. The maxi-
mum single-frequency laser power was 215 mW with a slope
efficiency in terms of launched pump power of 22%. This work
paves a new way for a high-power single-frequency fiber oscil-
lator operating in the wavelength region deviating from the gain
peak of the active fiber.
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