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An all-fiber single-frequency distributed Bragg reflector (DBR) laser at 1944 nm was demonstrated using a 2-cm-long home-
made Tm-doped yttrium aluminum garnet (YAG)-crystal-derived silica fiber (TYDSF). The laser delivered stable single-
transverse and longitudinal-mode operation with an output power of 226 mW, achieving a slope efficiency of 38.83%,
an optical signal-to-noise ratio of >81 dB, a pump threshold as low as 21 mW, and power fluctuations <0.27% over
10 h. To the best of our knowledge, a beat-frequency technique based on a single-frequency Brillouin/thulium fiber laser
was employed to characterize the 2 μm band laser linewidths for the first time, achieving a narrowed linewidth of 9.25 kHz
via a passive optical feedback loop. These results underscore the laser’s potential as a robust seed source for medical
surgery, atmospheric monitoring, and mid-infrared coherent communications.
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1. Introduction

With the characteristics of eye-safety, low atmospheric trans-
mission loss, narrow linewidth, and low intensity noise, single-
frequency fiber lasers (SFFLs) operating at 2 μm have garnered
significant interest for applications in atmospheric detection,
satellite remote sensing, coherent Doppler lidar, and non-
invasive medicine[1–5]. Diverse cavity configurations, including
a distributed Bragg reflector (DBR)[6], distributed feedback
(DFB)[7] cavities, long linear cavities[8], and traveling-wave ring
cavities[9,10], have been explored to achieve single-longitudinal-
mode (SLM) operation in fiber lasers. In theDBR cavity, a pair of
Bragg gratings is spliced to both ends of the gain fiber, achieving
a compact cavity length of several centimeters with GHz-level
longitudinal mode spacing. This design ensures stable SLM
operation while offering enhanced structural compactness and
superior slope efficiency[11]. But the ultra-short cavity
critically depends on high-gain active fibers to achieve high-
efficiency SFFLs. Recent advances in fiber materials have intro-
duced novel platforms enabling high-concentration doping
of rare-earth ions, including tellurate fibers[12], germanate

fibers[13], and crystal-derived silica fibers[14–18]. Among these,
YAG-crystal-derived silica fibers (YDSFs), featuring yttrium
aluminosilicate glass cores, are promising for linear-cavity fiber
lasers due to their exceptional compatibility with commercial
silica fibers, excellent mechanical properties, thermal stability,
and high-rare-earth-ion doping concentrations[14,15].
In 2023, Wei et al. demonstrated a DBR SFFL based on a Tm:

YAG/Ho: YAG crystal fiber with a slope efficiency of 29.68% and
a linewidth of 23.65 kHz[16]. Later in 2025, the group developed a
1941 nm SFFL based on a Tm: YAG-crystal-derived silica fiber
(TYDSF), achieving a slope efficiency of 50.83%, an optical sig-
nal-to-noise ratio (OSNR) exceeding 66.5 dB, and a linewidth of
40.75 kHz[18]. Both laser linewidth characterizations employed
the delayed self-heterodyne (DSH) method, which exhibits sig-
nificant inaccuracies due to the limited fiber delay line length
caused by the high transmission loss (∼20 dB=km) of 2 μmband
lasers in single-mode fibers (SMFs). Moreover, an imbalanced
Michelson interferometer with a 3 × 3 coupler was utilized to
measure the power spectral density of phase noise for linewidth
determination[19,20]. However, the method requires complex
system configurations and data processing procedures, while
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the stringent environmental stability requirements imposed by
active feedback control further challenge its practical implemen-
tation. A single-frequency Brillouin/thulium fiber laser (BTFL)
exhibits a low Brillouin pump threshold, narrow linewidth, and
a Brillouin frequency shift[21–23], making it an ideal reference
source. The BTFL-based beat-frequency technique is promising
for 2 μm band laser linewidth characterization, offering simpli-
fied implementation with inherent immunity to laser wave-
length variations.
In this work, the TYDSFs were fabricated with a Tm: YAG

crystal rod, and based on the TYDSF, a high-OSNR DBR
SFFL was constructed. The laser characteristics were systemati-
cally analyzed, encompassing transverse and longitudinal mode
behavior, power stability, relative intensity noise (RIN), and so
on. Furthermore, a passive optical feedback loop was used to
narrow the linewidth of the SFFL, and to the best of our knowl-
edge, a BTFL was constructed with the beat-frequency technique
to characterize the linewidth for the first time.

2. Fiber Characterization and Laser Configuration

The TYDSF samples were fabricated via a melt-in-tube method
using a CO2-laser-heating drawing tower at ∼2100°C, with
preforms consisting of 15.0 at. % Tm: YAG crystal rods and
high-purity silica tubes. Cross-sectional energy dispersive
X-ray spectroscopy (EDS, Thermo Scientific, USA) analysis
revealed abrupt elemental transitions at core/cladding interfaces
[see Fig. 1(a)], demonstrating Si diffusion from cladding to core.
The amounts of Y, Al, and Tm in the core are 19.58% (mass frac-
tion), 10.49% (mass fraction), and 2.30% (mass fraction), respec-
tively. The Tm element is uniformly distributed in the fiber core.
The refractive index distribution of the TYDSF, as shown in
Fig. 1(b), was measured by a fiber refractive index analyzer
(S14, Photon Kinetics Inc., USA). The calculated numerical
aperture was approximately 0.35.Microscopic examination con-
firmed a well-defined waveguide structure, exhibiting core/clad-
ding diameters of 14.6/126.0 μm.
The absorption spectrum of the fabricated TYDSF was mea-

sured with a back-cutting method using a broadband source
(BBS, NKT Photonics, Denmark) and an optical spectrum
analyzer (OSA, AQ6375, YOKOGAWA, Japan) as depicted in
Fig. 1(c). The typical absorption peaks of Tm3� ions exist at
786.3, 1210.1, and ∼1610 nm bands, the absorption coefficients
of which are respectively 4.02, 3.27, and 2.00 dB/cm. Figure 1(d)
displays the transmission loss of the TYDSF with a back-cutting
method, which is determined to be 2.708 dB/m at 1310 nm. The
unsaturated absorption characteristic is determined by the prop-
erties of the fiber material, which describes the process in which
pump photons are absorbed[24]. In Fig. 1(e), the saturated and
unsaturated absorption coefficients (αs and αus) are 1.37 and
0.13 dB/cm, respectively, and the calculated figure of merit of
the unsaturated absorption (Ma) is approximately 91.2%, indi-
cating that TYDSF has a relatively high conversion efficiency for
the pump light at 1610 nm.

In order to evaluate the potential of laser performance, the
gain coefficients of the TYDSF were measured using the forward
pump method with a homemade signal laser at 1944 nm under
different 1610 nm pump powers, as presented in Fig. 1(f). The
amplification experimental system employed a 2 cm TYDSF as
the gain medium at three signal powers: −25, −15, and 0 dBm.
With the increase of the signal power, the corresponding gain of
the TYDSF decreased. The maximum gain coefficient reached
1.26 dB/cm, which is of great benefit for single-frequency fiber
lasers with short-cavity configurations.
The experimental setup of the single-frequency fiber laser

(DBR-SFFL) system is illustrated in Fig. 2(a), in which a back-
ward pump scheme was utilized with a 1610 nm pump laser. A
single-mode wavelength division multiplexer (WDM) was used
to input the pump and output the 1944 nm lasing with an iso-
lator (ISO) to protect against backscattered light. The DBR cav-
ity consisted of a low-reflectivity fiber Bragg grating (LR-FBG),
2-cm-long TYDSF, and a high-reflectivity FBG (HR-FBG). The
reflectivities of the LR-FBG andHR-FBGwere 65.0% and 99.8%,
respectively, with a center wavelength of 1944.3 nm [see Fig. 2(c)].
The diagram of the fusion joint between the TYDSF and the FBGs
is shown in Fig. 2(b), where no obvious cracks are observed. The
core diameter of the FBGs’ fiber is 10 μm and the splicing loss of
the SMF and TYDSF wasmeasured to be 0.10 dB using a cut-back
method at 1310 nm.

Fig. 1. (a) Element distribution curve along the diameter of TYDSF. (b) The
refractive index distribution of TYDSF and the inset is the cross-sectional view.
(c) Absorption spectrum. (d) The transmission loss of TYDSF at 1310 nm.
(e) Unsaturated absorption at 1610 nm. (f) The gain efficient at different signal
powers as a function of pump power.
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To achieve SLM operation, it is required that twice the longi-
tudinal mode spacing (νq) is more than the reflection bandwidth
(Δυ). The νq is calculated by the equation c=2nl, where c is the
speed of light, n is the refractive index of the fiber core, and l is
the total length of the resonant cavity. The cavity length consists
of the length of the TYDSF and the effective lengths of the FBGs
(0.87 cm). As shown by the black curve in Fig. 2(d), the νq
decreases inversely with the length of TYDSF. The 3 dB band-
width of the LR-FBG is approximately 0.08 nm, and the corre-
spondingΔυ is 6.59 GHz, half of which is 3.29 GHz as shown by
the blue dotted line. For the 2-cm-long TYDSF, the calculated νq
is 3.49 GHz, which is larger than half of the Δυ, and thus a SLM
laser output at 1944 nm is obtained.
As schematically outlined in the dashed green box in Fig. 2(a),

a passive optical feedback loop (POFL) comprising a 10/90 cou-
pler (OC1) and a 50/50 coupler (OC2) was integrated with the
DBR-SFFL. The extended cavity formed by the HR-FBG and
POFL achieves laser linewidth narrowing through coherent-
feedback-induced phase noise suppression[25]; 90% of the intra-
cavity power from OC1 was routed to OC2 to provide optical
feedback, while the final laser output was extracted from the
10% port of OC1.

3. Performance of the SFFL

The longitudinal mode characteristic of the DBR-SFFL (without
POFL) was measured by the DSH method. The heterodyne sig-
nal was analyzed with a photodetector (PD, 5000F, USA) and an
electrical spectrum analyzer (ESA, Agilent, USA), revealing a
single beating peak at 100 MHz in Fig. 3(a). The absence of
mode-hopping sidebands confirms stable SLM operation under
these conditions.
The output power characteristics of the DBR-SFFL were

investigated with a power meter (PM100D, Thorlabs, USA).
As shown in Fig. 3(b), beyond the lasing threshold of
21 mW, the output power scaled linearly with pump power,

yielding a slope efficiency of 14.30%. A maximum output
power of 226 mW was achieved at a launched pump power
of 1675 mW. However, the 2-cm-long TYDSF exhibits limited
pump absorption efficiency at high power levels. Upon remov-
ing the residual pump, the optical-to-optical conversion effi-
ciency defined as output power versus absorbed pump
power reached 38.83%. The absence of power saturation sug-
gests potential for further power scaling with higher pump
intensities. The output spectrum of the DBR-SFFL is presented
in Fig. 3(c), where the inset shows the enlarged region of 1942.5
to 1946.0 nm. A strong narrow-bandwidth lasing peak is cen-
tered at 1944.3 nm, the OSNR of which was measured to
be 81.5 dB.

Fig. 2. (a) Experimental setup of the DBR-SFFL and POFL. (b) Fusion point with
TYDSF. (c) Transmission spectra of FBG pairs. (d) Calculation for achieving SLM
operation.

Fig. 3. (a) Radio frequency beating intensity of the DBR-SFFL. (b) Output
power of the SFFL as a function of pump power, and the inset is an enlarged
view of the graph for a pump power range of 0 to 100 mW. (c) Output spectrum
of the SFFL under the maximum output power.
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As shown in Fig. 4(a), the power stability was monitored con-
tinuously for every 1 s in 11 h at an output power of ∼183mW,
and the inset shows an enlarged view within 2 h. The fluctuation
of the output power (FOP) is less than 0.27% of the averaged
output power. The fluctuations in the output power are attrib-
uted to the variations of the pump power and the perturbations
of the ambient temperature. The beam quality was characterized
using a beam squared system (SP90405, Spiricon, USA), as
shown in Fig. 4(b). The quality factors of the laser beam were
measured to be 1.033 in the horizontal direction and 1.030 in
the vertical direction. The two-dimensional beam profile, as
illustrated in the inset, exhibits a close resemblance to the stan-
dard Gaussian distribution.
The relative intensity noise (RIN) of the DBR-SFFL was char-

acterized from 10 Hz to 10 MHz with a PD and an ESA at the

maximum output power. Figure 4(c) reveals a relaxation oscil-
lation peak at 2.17 MHz, with RIN stabilizing at −144 dB=Hz
beyond 3 MHz. The inset displays the time-domain character-
istics observed on an oscilloscope, indicating the SFFL operates
in continuous-wave (CW) operation.
The DSH method is unsuitable for characterizing a 1944 nm

laser linewidth due to excessive transmission losses. Instead, the
beat-frequency method was employed by analyzing heterodyne
signals between the BTFL and the SFFL. The pump laser’s phase
noise is significantly suppressed via acoustic damping and cavity
feedback[26], transferring its stabilized noise profile to the Stokes
wave. Consequently, the BTFL frequency closely aligns with the
test laser while exhibiting a substantially narrower linewidth,

Fig. 4. (a) Laser stability recorded in 11 h. (b) Beam quality and its two-dimen-
sional beam profile. (c) Relative intensity noise and the laser output power
dependent on time measured by an oscilloscope.

Fig. 5. Linewidth measurement system based on BTFL.

Fig. 6. (a) RF beating spectra and the inset is the optical spectra of the
Brillouin pump and Stokes lasers. (b) The linewidth characteristics of the
DBR SFFL.
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fulfilling the reference laser criteria for beat-frequency linewidth
measurement[27]. Moreover, the BTFL’s lower Brillouin thresh-
old compared to conventional Brillouin fiber lasers[22] enables
simplified experimental implementation.
Theoretically, the relationship between the linewidth of the

Brillouin laser (ΔυB) and that of the pump laser (ΔυP) can be
characterized by[10,22,26,27]

ΔυB = ΔυP=κ2: (1)

The linewidth compression factor κ can be expressed as

κ = 1� πnLΔυS
−c ln R

, �2�

where ΔυS is the Brillouin gain bandwidth, L is the length of the
laser cavity, and R is the recoupling coefficient of the laser cavity.
As illustrated in Fig. 5, the linewidthmeasurement system uti-

lizes a BTFL. The SFFL was split by a fiber coupler (OC3), with

1% routed as the test laser and 99% serving as the BTFL pump
source. The pump light entered the ring Stokes cavity via port 1
of an optical circulator (CIR). A 0.2-m-long thulium-doped fiber
(TDF) amplified the counter-propagating Brillouin pump and
co-propagating Stokes waves, while an 8-m-long SMF acted
as the Brillouin gain medium. The BTFL output was extracted
from the 1% port of a coupler (OC4). The 11-m-long cavity
yielded a longitudinal mode spacing of 18.7 MHz. Given the
Brillouin gain bandwidth of 15.0MHz[21], the longitudinal mode
spacing exceeded the gain bandwidth, ensuring SLM operation.
The inset displays the Brillouin pump (1944.28 nm) and Stokes
laser (1944.39 nm) spectra, corresponding to a Brillouin fre-
quency shift of 0.11 nm (8.635 GHz).
The BTFL, serving as the reference laser, was combined with

the 1% test laser from OC3 via a coupler, OC5 (50:50), to gen-
erate the required radio frequency (RF), which was subsequently
fed into a PD and an ESA for characterization. The factor κ was
calculated to be 7.9 from Eq. (2), indicating that the linewidth of
the reference laser is approximately 1/62 that of the test laser.
Consequently, the linewidth of the SFFL under test could be
directly determined by analyzing the beat signal.
A single beat signal is observed exclusively at 8.635 GHz in

Fig. 6(a), which provides robust experimental validation of
stable SLM operation in the DBR-SFFL. Figure 6(b) displays
the measured RF spectra and the corresponding Lorentzian fit-
ting curve. The 20 dB bandwidth was 1.38 MHz, meaning that
the linewidth of the DBR-SFFL was 69.14 kHz. The relatively
broad linewidth of the SFFL may be attributed to thermal insta-
bility induced by splicing loss and optical-mode-field mismatch
at the intracavity fusion splice points[25,28].
When a POFL was integrated externally to the SFFL cavity,

the linewidth measurement in Fig. 7 reveals a laser linewidth
of 9.25 kHz, which is significantly narrower than that of the
DBR-SFFL. This linewidth narrowing can be attributed to

Fig. 7. Linewidth characteristics of the POFL-SFFL.

Table 1. Performance of DBR SFFLs Based on Different Tm-Doped Fibers.

Fiber type
Gain fiber
length (cm)

Threshold
(mW)

Slope efficiency
(%)

Maximum
output (mW)

OSNR
(dB)

RIN
(dB/Hz)

Linewidth
(kHz) Ref.

Tm-doped silica fiber 1.9 75 13.40 18 — −150 ∼99.0
a

[29]

1.8 250 9.10 50 65 −150 ∼36.0
a

[30]

Tm-doped germanate fiber 2.1 150 24.70 103 72 −135 ∼1.65
b

/∼6.0
c

[13]

Tm: YAG ceramic fiber 2.0 15 10.20 135 77 −140 ∼4.5
b

[17]

TYDSF-1 1.6 45 50.83 1030 66.5 −139 ∼40.75
a

[18]

TYDSF-2 2.0 21 38.83 226 81 −144 ∼69.14/
∼9.25

d

This
work

aDelayed self-heterodyne method with 10 km SMF.
bDelayed self-heterodyne method with 3 km SMF.
cImbalance Michelson fiber interferometer.
dBTFL-based beating-frequency technique.
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the coherent-feedback-induced phase noise suppression and the
extended photon lifetime enabled by the hybrid cavity design.
Table 1 summarizes the performance of DBR SFFLs for differ-

ent Tm-doped fibers. Compared to silica fibers, the TYDSF
exhibits higher Tm ion doping concentration, enhanced conver-
sion efficiency, and superior output power. However, the DSH
with a 10 km SMF delay line yields an OSNR of only∼1=3 of the
test laser due to excessive losses[29,30], compromising linewidth
accuracy. Tm-doped germanate fiber lasers exhibit higher pump
thresholds, likely attributed to mode-field mismatch with silica
fibers. Reducing the SMF length to 3 km degrades the DSH res-
olution to 66 kHz[13].While TYDSF-1 achieves watt-level output
power and >50% slope efficiency, its OSNR is relatively low; the
pump threshold power reaches 45 mW resulting from the core
mismatch and beam quality being uncharacterized[18]. As
detailed in Table 1, the SFFL in this work demonstrates well-
balanced performance in pump threshold, beam quality,
OSNR, stability, and linewidth, surpassing conventional coun-
terparts. The beat-frequency technique based on the BTFL offers
a robust and accessible method for linewidth characterization of
2 μm band SFFLs.

4. Conclusion

In summary, we fabricated a TYDSF using a melt-in-tube tech-
nique on a CO2-laser-heating drawing tower, with a Tm3� con-
centration of 2.30% (mass fraction) and a gain coefficiency of
1.26 dB/cm. We obtained a stable CW single-transverse and
longitudinal-mode laser operating at 1944 nm with a DBR cav-
ity, delivering an output power of 226 mW using only a 2-cm-
long TYDSF. Pumped by a 1610 nm laser, the SFFL achieved an
optical-to-optical conversion efficiency of nearly 40% with a
remarkably low pump threshold of 21 mW, a high OSNR of
81.5 dB, near-diffraction-limited beam quality, a slight FOP
of < 0.27% in 11 h, and a RIN stabilized at −144 dB=Hz.
Besides, a linewidth measurement system based on a BTFL
was constructed to characterize the linewidth of the SFFL for
the first time, which is wavelength-independent and universally
applicable for measuring narrow-linewidth lasers across the
entire 2 μm spectral region. An optical feedback loop was imple-
mented to narrow the laser linewidth, achieving a reduction
from 69.14 to 9.25 kHz. The SFFL exhibits exceptional perfor-
mance in this work, which is applicable in high-precision medi-
cal surgery, atmospheric gas detection, and other fields.
Furthermore, the BTFL-based beat-frequency technique offers
a robust and simplified solution for linewidth characterization
of 2 μm band lasers.
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