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A single-frequency distributed Bragg reflector (DBR) fiber laser at 1030 nm has been demonstrated usinga 0.7 cm
long homemade Yb:YAG crystal-derived silica fiber (YCDSF). The absorption and emission cross sections of the
YCDSEF are 4.93 x 102° cm? at 980 nm and 1.1 x 1072° ¢m? at 1030 nm. Using this gain fiber, an over 255 mW
continuous-wave lasing in the constructed laser has been obtained at single transverse and longitudinal mode
operation. The slope efficiency and the pump threshold of the fiber laser were up to ~35% and as low as 25 mW,
respectively. The fiber laser also demonstrated an optical signal-to-noise ratio of 79 dB and a beam quality factor
of 1.016 in two orthogonal directions. Its power fluctuation at 210.5 mW was less than 0.85% of the average
power within 13 h. Moreover, the relative intensity noise and linewidth of the laser are also investigated at the
different pump powers. The results indicate that the single-frequency DBR fiber laser has potential applications in

high-quality seed sources and high-precision optical sensing.
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1. INTRODUCTION

Single-frequency fiber lasers (SFFLs) have attracted consider-
able attention because of their remarkable narrow linewidth,
low noise, high stability, and compact all-fiber configuration.
These merits have inevitably driven the increasing applications
of SFFLs in the generation of optical frequency combs and in
nonlinear frequency conversion, gravitational wave detection,
and coherent beam combining [1-4]. The lasing performance
of SFFLs, such as slope efficiency, maximum output power,
linewidth, and stability, is strongly influenced by the cavity con-
figuration and the properties of the gain fiber. In the cavity de-
sign, various approaches have been utilized to accomplish
single-longitudinal-mode (SLM) operation, such as distributed
Bragg reflectors (DBRs) [5], a distributed feedback (DFB) con-
figuration [6], a long linear cavity [7], and a traveling-wave ring
cavity [8]. In the last two designs, the cavity length on the order
of meters has to be applied, together with a narrow filter, in
order to maintain the SLM operation, whereas the DBR
and DFB configurations have cavity lengths of only several cen-
timeters. Such ultrashort cavity configurations allow them to

2327-9125/21/050649-08 Journal © 2021 Chinese Laser Press

obtain a longitudinal mode interval of up to several gigahertz
(GHz) and achieve a stable SLM operation more easily. In gen-
eral, the DFB cavity is formed by writing a pair of fiber Bragg
gratings (FBGs) on the gain fiber, which necessarily imposes a
high requirement on the grating writing technology. On the
contrary, building the DBR cavity is relatively easy, and the
resultant fiber laser has a more robust, compact structure and
a high slope efficiency [5]. As far as the gain fiber is concerned,
recent decades have witnessed great efforts in developing novel
gain fibers to realize high-efficiency SFFLs, such as highly rare-
earth-doped phosphate fibers, tellurite-based fibers, and crystal-
derived silica fibers [9-14]. Among these gain fibers, yttrium
aluminum garnet (YAG) crystal-derived silica fibers are of great
interest. Because of their excellent physical and chemical prop-
erties, the derived fibers are compatible with commercialized
silica-based fibers and have the capability of doping a high level
of rare-earth ions [15-18]. On the other hand, optical fiber
fabrication technology has progressed rapidly in the recent
two decades, providing an opportunity for the development
of high-quality gain fibers. For instance, the melt-in-tube
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method has contributed greatly to the development of YAG
crystal-derived silica optical fibers [19,20], which can be used
as promising gain fiber materials in single-frequency DBR fiber
lasers.

In 2012, the Yb-doped YAG crystal-derived silica fiber
(YCDSF) was investigated as a heavily doped gain medium
for fiber-amplifier applications [15], and the obtained fibers
showed a higher Yb doping level with a greater uniformity over
conventional Yb-doped aluminosilicates. Moreover, it is also
expected that the YCDSF-based fiber lasers could have a better
performance in output power over the silica-based fiber lasers
due to the increased threshold of the stimulated Brillouin scat-
tering [21]. Since then, a number of studies on high-power fi-
ber lasers and SFFLs have been carried out based on the
developed YCDSFs [13,22-25]. To date, the maximum output
power of the SFFLs can be up to 110 mW, and the associated
slope efficiency is 18.5% [13]. The improvement of the SFFL
performance is deemed to go along with the development of
high-quality gain fibers. Previously, we fabricated a high-gain
YCDSF based on the melt-in-tube method on a CO, laser-
heated drawing tower and built a DBR fiber laser based on
a 1.5 cm long YCDSF [26]. The technique has a much shorter
hot zone compared to the traditional graphite-heated fiber
drawing method [13,26,27], ie., about 13 mm versus
40 mm. As a consequence, it may suppress silica diffusion from
the cladding region into the YAG crystal core, sustaining a high
Yb doping level in the resultant YCDSEF. The fiber laser showed
an optimum performance with a maximum output power of
360 mW and a slope efficiency of 50.5%. However, it did
not operate at a single frequency.

In this work, single transverse and longitudinal mode oper-
ation at 1030 nm has been accomplished through innovatively
incorporating an ultrashort, highly efficient YCDSF into an all-
fiber DBR cavity with the aid of theoretical calculations. A sig-
nificant breakthrough has been made in the maximum output
powers and the slope efficiency through the built DBR laser
cavity containing a 0.7 cm long YCDSF. The absorption
and emission cross sections of the YCDSF are calculated
and analyzed as well as the gain cross section. The lasing char-
acteristics of the SFFL have been systematically investigated in
terms of its longitudinal mode operation, slope efficiency, out-
put spectrum, power stability, beam quality, and noise. The es-
tablished approach could provide insight into the study of a
range of high-efficiency SFFLs doped with other rare-earth ions
at other operating wavelengths.

2. Yb:YAG CRYSTAL-DERIVED SILICA FIBER
AND THE LASER SETUP

The YCDSEFs were fabricated using the melt-in-tube method
on a CO, laser-heated drawing tower, and the used fiber
preform had a YAG crystal core and a silica cladding as sche-
matically illustrated in Fig. 1(a). In this figure, the side and
cross-sectional views of the YCDSFs are also presented as the
inset optical images. In general, no apparent defects, such as
bubbles and cracks, were observed in the fibers. The X-ray dif-
fraction (XRD) analysis of the Yb:YAG crystal rod and the fiber
cores was conducted using a Rigaku D/max-2500 X-ray diffrac-
tometer (Rigaku Co., Japan). As shown in Fig. 1(b), the sharp
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Fig. 1. (a) Schematic diagram of YCDSF fabrication using the pre-
form with a YAG crystal core and a silica cladding, where the insets are
the optical images of the (1) side view and (2) cross-sectional view of
the YCDSF; (b) XRD analysis of the YAG crystal rod and the fiber

cores.

diffraction peaks of the Yb:YAG crystal rod fit well with those
of the YAG crystal (JCPDS 33-0040). No sharp diffraction
peaks can be found on the measurement of fiber cores, and
the exhibited large broad peak centered at 22 deg can be attrib-
uted to amorphous silica. The result indicates the amorphous
nature of the YCDSF cores.

From our previous study [26], it is known that the Yb ion
concentration in the YCDSF is approximately 5.66% (mass frac-
tion), and the fiber has an absorption coefficient of 32 dB/cm at
980 nm. The YCDSF has also a figure of merit of the unsaturated
absorption of 93% and a gain per unit length of 4.4 dB/cm at
1030 nm. More details of the fiber properties can be found in
Ref. [26]. The absorption, emission, and gain cross sections
(Oabs> Oemi and Ogyyy) of the YCDSFs were also investigated,
and the results are depicted in Fig. 2. It is found that the &,
at 980 nm is 4.93 x 1072° cm?, and the §,,,; at 1030 nm is
1.1 x 1072° cm? [Fig. 2(a)]. Based on the &, and &y of
the YCDSF, its g, can be evaluated by the following
equation [28]:

6gain(/1) = P(semi (/1) - (1 - P)éabs (/1)’ (1)

where P is the normalized population of the upper laser level.
The calculated 8, of the YCDSF for P ranging from 0 to 1

gain
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Fig. 2. (a) Absorption and emission cross sections of the YCDSF;
(b) gain cross section of the YCDSF.

with a step of 0.1 are shown in Fig. 2(b). Two prominent gain
peaks are observed whose central wavelengths are at 980 nm and
1030 nm, respectively. According to the calculated results, a pos-
itive gain cross section at 1030 nm can be achieved when the P
value is larger than 0.1. At such conditions, the YCDSF-based
fiber lasers or amplifiers at 1030 nm could have a high conver-
sion efficiency [29]. Based on the obtained absorption and emis-
sion cross-section spectra of the YCDSF, the key parameters
indicating the lasing performance have been evaluated using
the methods in Ref. [30], i.e., the minimum fraction of Yb ions
(Pnin)> the pump saturation (/,,), the minimum absorbed pump
intensity (/,,), and the systematical factor (SF), and the esti-
mated values are 0.027, 8.338 kW /cm?, 0.225 kW /cm?,
and 2.420, correspondingly. This suggests that the laser based
on the fabricated YCDSFs would render a better performance
in comparison with those using aluminosilicate or phosphate
glass fibers [31,32].

Figure 3 illustrates the setup of single-frequency DBR fiber
laser system and its associated measurement system, in which a
backward pump scheme is utilized. The laser system is com-
posed of a single-mode 980/1030 nm wavelength-division mul-
tiplexer (WDM) and a pair of FBGs. The WDM was used to
input the pump light at 980 nm and output the lasing light at
1030 nm simultaneously. A 980 nm laser diode (LD) having
the maximum output power of 965 mW acted as the pump
light source. A short section of the YCDSF (0.7 cm) was
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Fig. 3. Setup of the DBR SFFL based on a 0.7 cm long YCDSF and
the laser measurement system (WDM, wavelength-division multi-
plexer; ISO, isolator; LR-FBG, low-reflectivity fiber Bragg grating;
HR-FBG, high-reflectivity fiber Bragg grating; TC, temperature con-
troller; VOA, variable optical attenuator; OSA, optical spectrum ana-
lyzer; PM, power meter; ESA, electric spectrum analyzer; PD,
photodetector).

integrated with a high-reflectivity FBG (HR-FBG) and a
low-reflectivity FBG (LR-FBG), forming the DBR cavity.
These three components were fusion spliced using a CO, laser
splice machine (LZM-100, AFL Fujikura, Japan). The central
wavelength of the pair of FBGs is at 1029.6 nm. The LR-FBG
and HR-FBG have reflectivity of 70.0% and 99.9% respec-
tively, and their corresponding 3 dB bandwidths are
0.05 nm and 0.35 nm according to the transmission spectra
[Fig. 3(1)]. In order to match the YCDSF geometry as closely
as possible, the FBGs were fabricated using a large-mode-field
double-clad fiber (LM-DCF) (Nufern, Inc., USA) whose core
and cladding diameters are 11.0 pm and 130.0 pm, respec-
tively. The optical image of the fused regions between the
YCDSF and the LM-DCEF is shown in panel (3), Fig. 3, where
no obvious cracks can be observed. In the laser system, the uni-
directional transmission of lasing light was maintained by a fi-
ber isolator (ISO), and a temperature control device was also
deployed in order to achieve stable SLM operation.

In the measurement system, the laser output can be selec-
tively connected to either an optical spectrum analyzer (OSA,
AQ6370, Yokogawa, Japan), power meter (PM, PM100D,
Thorlabs), electrical spectrum analyzer (ESA, Agilent), or
BeamSquared system (SP920, Spiricon) depending upon the
requirement. The OSA was used to characterize the spectral
properties of the output lasing light, and the output power
of the laser was measured by the PM. With a variable optical
attenuator (VOA), the laser output was converted to the elec-
trical signals by a photodetector (PD, 818-BB-51F, Newport),
and subsequently these signals were analyzed by the ESA in
terms of the longitudinal mode and noise characteristics of
the fiber laser. The beam quality of the laser output was also
evaluated by the BeamSquared system.

First, the longitudinal mode spacing (Av) of the fiber laser
has been calculated by the equation ¢/27/, where ¢ is the speed
of light, 7 is the fiber refractive index, and / is the length of
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cavity, i.e., a sum of the effective lengths of two FBGs and the
physical length of the YCDSE. According to the theoretical
work by Barmenkov on a Fabry—Perot FBG cavity [33], the
effective length of the FBG at the working wavelength can
be written as

VR
2atanh(VR)

where L g is the effective length of the FBG, L is the grating
physical length, and R is the reflectivity of the FBG. Figure 4(a)
shows the calculated effective length of the FBG as a function of
reflectivity. Based on the physical lengths of the LR-FBG and
HR-FBG, i.e., 1.0 cm and 1.5 cm, respectively, in this work,
the corresponding effective lengths of the two FBGs are approx-
imately 0.35 cm and 0.25 cm. Consequently, it can be found
that the calculated longitudinal mode spacing gradually de-
creases as the length of the YCDSF inserted into the cavity in-
creases as shown by the red curve in Fig. 4(b).

To ensure the SLM operation, twice the longitudinal mode
interval should be more than the reflection bandwidth (Av) of
the laser. It is known that the reflection bandwidth of the
single-frequency DBR fiber laser is mainly determined by the
LR-FBG instead of the HR-FBG. In the present work, the re-
flection bandwidth of the LR-FBG (0.05 nm) is equivalent to
14.15 GHz [the solid blue line in Fig. 4(b)], half of which is
7.075 GHz as designated by the blue dotted line in Fig. 4(b).
This determines a critical fiber length of 0.7 c¢m, less than
which the DBR cavity will be the SLM operation as shown
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Fig. 4. (a) Calculated effective length of the HR-FBG and LR-FBG
with respect to reflectivity; (b) calculated longitudinal mode spacing as
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Fig. 5. Radio-frequency beating spectra of the built fiber laser with
2 0.7 cm long YCDSF at different pump powers, measured by a de-
layed self-heterodyne measurement system.

in the left inset in Fig. 4(b). Otherwise, the laser would operate
at the multiple longitudinal mode (MLM) state [the right inset
in Fig. 4(b)], i.e., with further extending the fiber length or
increasing the Av value.

3. EVALUATION OF THE SINGLE-FREQUENCY
DBR FIBER LASER

According to the above analysis, a 0.7 cm long YCDSF has thus
been unitized within the DBR cavity as depicted in panel (2),
Fig. 3. The longitudinal mode characteristics of the fiber laser
were assessed by a delayed self-heterodyne measurement sys-
tem. The system was based on the Mach—Zehnder interference,
in which a 200 MHz acoustic optical modulator (AOM) was
used to generate frequency shift, and the applied ESA had a
resolution bandwidth of 10 kHz. Figure 5 presents the mea-
sured radio-frequency (RF) beating spectra of the fiber laser
against the frequency of 0-10 GHz at the different pump
power levels. The results show a prominent beating peak at
200 MHz only, indicating a stable SLM operation obtained
in the fiber laser. This result is in agreement with the theoretical
work stated above.

The output characteristics of the SFFL were further analyzed
as a function of the launched pump power, in terms of the out-
put power, the absorbed pump power, and the optical-to-
optical efficiency. In Fig. 6(a), the inset shows an enlarged view
of the pump power ranging from 0 to 70 mW, from which a
lasing threshold around 25 mW can be derived. In general, the
output power as designated by the blue dot increases approx-
imately linearly with increasing of the pump power after pass-
ing the lasing threshold, corresponding to a lasing slope
efficiency of 28.2%. It reaches the maximum output power
of 258 mW at the launched pump power of 965 mW.
Since no saturation of output power has been observed, it im-
plies that an even higher output power could be achieved if a
higher pump power was available. On the other hand, the slope
efficiency defined by the output power versus the absorbed
pump power is up to 34.9% as designated by the green square
in Fig. 6(a). This suggests that part of pump power was con-
verted to the residual power in the fiber system, due probably to
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Fig. 6. (a) Output power of the SFFL as a function of pump power,
and the inset shows a magnified view of the graph at a pump power
range of 0 to 70 mW; (b) output spectrum of the single-frequency
fiber laser under the maximum output power, and the inset is an en-
larged view at the wavelengths of 1028-1031 nm.

the ultrashort YCDSF [10,34]. Further, an optical-to-optical
efficiency of 48.9% of the fiber laser [the red triangle in
Fig. 6(a)] can be found after removal of the WDM loss.

At the maximum output power, the output spectrum of the
SFFL was scrutinized using an OSA with the resolution of
0.02 nm. The examined spectrum ranges from 900 to
1200 nm as illustrated in Fig. 6(b), where the inset is part
of magnified region of 1028 to 1031 nm. In this figure, a strong
narrow-bandwidth lasing peak centered at 1029.6 nm can be
seen, associated with an optical signal-to-noise ratio (OSNR) of
about 79 dB and an ultranarrow bandwidth of 0.05 nm at 3 dB.
Besides, there is a weak broad peak at 1025 nm, a typical am-
plified stimulated emission (ASE) of Yb>T ions [23,26]. The
highly symmetrical profile of the lasing peak and its associated
ultranarrow bandwidth imply the good confinement accom-
plished within the laser cavity.

The power stability of the SFFL under the output power of
210.5 mW was continuously monitored for every 1 s over 13 h
using a PM as shown in Fig. 7(a). The fluctuation of the output
power (FOP) is less than 0.85% of the average power, indica-
tive of a stable output power. The power variations from
600 min to 720 min are further enlarged, clearly revealing a
weak fluctuation (less than 1.7 mW). The main reason for
the small power instability may come from the fluctuations
in pump laser and ambient temperature. In the case of
high-power pumping and high-power output, the long-term
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Fig.7. (a) Laser stability record within 13 h at 210.5 mW; (b) beam
quality of the fiber laser and its two-dimensional beam

profile.

power stability indicates that the fabricated YCDSF in this
work has no obvious photodarkening effect, and the resultant
suppression effect could be due to the incorporation of Y and Al
elements in the YCDSF [16]. Long-term power stability is a
very important indicator for the SFFLs used for coherent light
beam combining and high-power seed light sources. The beam
quality of the SFFL was recorded using a beam quality analyzer.
The quality factors were calculated by the fitting of Gaussian
function, yielding the same value of 1.016 in both the horizon-
tal and vertical directions [Fig. 7(b)]. The waist widths of the
lasing beam along the x and y axes are 586.56 pm and
584.73 pm, respectively, and their corresponding Rayleigh
lengths are 258.29 mm and 256.65 mm. The inset in
Fig. 7(b) shows the two-dimensional beam profile, whose en-
ergy distribution matches the standard Gaussian distribution.
This confirms that output of the SFFL is a standard single
transverse mode operation.

The performance of the SFFL in this work is compared with
other phosphate- and silica-based all-fiber SFFLs, as shown in
Table 1. First, the phosphate-based fibers [34,35] show a much
higher Yb doping level than silica-based fibers, leading to a
larger fiber gain coefficient and a higher slope efficiency in
the constructed SFFLs. However, they suffer from relatively
poor mechanical strengths over the YCDSFs. Besides, the
SFFLs based on phosphates generally show a larger lasing
threshold, for example, over 40 mW in Refs. [34,35], which
may be accounted for from the mismatch occurring in the splic-
ing between phosphate fibers and silica fibers. Compared with
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Table 1. Summary of the All-Fiber DBR SFFLs Based on Different Gain Fibers

Yb-Doped Yb-Doped Silica Fiber Yb-Doped
Fiber Type Phosphate Glass Fibers (Fibercore, DF1100) Silica Fiber = YCDSF-1 YCDSF
Yb concentration 18.30 15.20 <1.00 <1.00 / 4.80 5.66
(%, mass fraction)
Gain coefficient (dB/cm) / 5.7 at 1064 nm / / 1.7 at 4.4 at
1064 nm 1030 nm
Gain fiber length (cm) 1.8 0.8 1.1 1.9 1.5 1.4 0.7
Slope efficiency (%) 38.6 75.4 27.0 28.0 / 18.5 34.9
Maximum output 100.0 210.7 160.0 126.2 35.0 110.0 258.0
power (mW)
Threshold power (mW) 40 50 1.7 10 / 25
OSNR (dB) 61 65 / 65 80 79
Power stability <0.10% at 8.0 h 0.50% at 1.0 h 1.30% at 1.0 h 0.54% at 0.5 h <0.90% 0.51% at 1.0 h <0.85% at13.0 h
at 17 mW at 34 mW at 80 mW at 67 mW at 2.0 h at 110 mW at 210 mW
Refs. [34] [35] [36] [37] [38] [13] This work
phosphate gain fibers, although the YCDSF has a low gain co-
efficient, the SFFLs built on them present a better performance
in slope efficiency and maximum output power. It has been (a) -80
long time that the Yb-doped silica-based fibers [36-38] %
made by MCVD methods have had limited Yb doping concen- )
trations, resulting in a relatively low gain coefficient. -100+
Consequently, in order to generate a sufficiently high gain, a 1104

much longer gain fiber has to be integrated within the SFFL
cavity to overcome the constraints. However, the longer the
effective cavity of the laser, the smaller the longitudinal mode
spacing [Fig. 4(b)]. As such, the method of utilizing the long
gain fibers would inevitably deteriorate the stable SLM oper-
ation. In addition to this, it is likely that the single-frequency
DBR fiber laser built in this way would also have the disadvant-
age in maximum output power, OSNR, and slope efficiency
because of the low gain per unit length. As already discussed
before, the accomplishment of the YCDSFs made using the
melt-in-tube technique has greatly improved rare-earth ion
doping in the fiber cores. Compared with YCDSF-1 [13],
the YCDSF in this work has an enhancement in the Yb con-
centration, i.e., from 4.80% to 5.66% (mass fraction). As a
consequence, the maximum output power and slope efficiency
of the SFFL in this work are doubled, albeit the utilized length
of YCDSF is only a half that of the YCDSF-1. Besides, the
power fluctuation under long-term high-power conditions is
rather small, due to the suppressed light darkening effect asso-
ciated with the YCDSF. In short, the single-frequency DBR
fiber laser based on the fabricated YCDSFs in this work has
shown a significant improvement in performance.

The relative intensity noise (RIN) was examined at different
pump powers, and in this case the used ESA had a resolution
bandwidth of 30 Hz. As depicted in Fig. 8(a), the RIN spec-
trum at a given pump power is dominated by a sharp peak at
the frequency of relaxation oscillation of the laser. As the pump
power increases, the central frequency of the peak shifts toward
higher frequencies, i.e., from 2 MHz at 310 mW to 3.6 MHz
at 965 mW, whereas the peak intensity decreases from
-98 dB/Hz to -110 dB/Hz correspondingly. At the highest
frequency of 10 MHz, the RIN falls within the range of
-135 dB/Hz to -138.7 dB/Hz under the tested pump power.
To clearly reveal the RIN in the low-frequency region, the RIN
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signal, and (c) linewidth of the SFFL versus the pump power.
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spectrum is plotted in the range of 10 Hz to 100 kHz and is
shown as the inset in Fig. 8(a). In this graph, the RIN spectra
appear as broad humps, all below -123 dB/Hz, within the
range of 1 to 100 kHz, essentially due to the elevation of
the associated relaxation oscillation frequency. A number of
small peaks under 130 dB/Hz are also observed in the range
from 10 Hz to 1 kHz, mainly originating from the ambient
acoustics and vibrations, the power fluctuation of the pump
laser, and the ASE of the Yb3" ions [34]. With the increase
of pump power, the RINs were almost overlapping, suggesting
that the influence of ASE of the Yb** ions was small.

According to the delayed self-heterodyne method, the line-
width of the SFFL was studied, in which a 10 km long single
fiber was used to provide a delay of 0.05 ms and a linewidth
resolution of 15 kHz. During the measurement, a 200 MHz
frequency shift was introduced using the AOM so as to avoid
the interference of low-frequency signals, and the applied ESA
had a sweep time of 0.69 s with a 30 Hz bandwidth resolution.
Figure 8(b) shows these typical heterodyne signals with respect
to the pump power. As can be seen from the figure, the 20 dB
linewidth of the heterodyne signals gradually increases from
0.49 MHz at 242 mW to 1.7 MHz at 722 mW and
3.43 MHz at 965 mW. The linewidth of the laser can be esti-
mated by dividing the 20 dB linewidth of the heterodyne signal
by 20. A clear relationship between the linewidth and the pump
power is also presented in Fig. 8(c). When the launched pump
power rises from 170 to 965 mW, the measured linewidth in-
creases from 20 to 171 kHz. A rapid increase in linewidth after
600 mW is also observed, which might be due to the significant
heat accumulation in the YCDSFs. This is because that part of
the pump light might not contribute to the stimulated transi-
tion process of Yb®>" ions, but rather than would be released in
the form of heat [39]. The generated heat could modulate the
refractive index of the YCDSF, causing linewidth broadening
[40]. In general, the obtained linewidth of the laser in this work
agrees with those of reported silica-based SFFLs [13,36], but it
is broader than those of other phosphate-based SFFLs
[10,34,35]. Further improvement can be realized by self-injec-
tion locking technology with passive optical feedback
loops [41].

4. CONCLUSION

In summary, we have demonstrated an all-fiber DBR SFFL at
1030 nm based on an ultrashort YCDSF highly doped with
5.66% (mass fraction) Yb. The absorption, emission, and gain
cross sections of the fabricated YCDSF are calculated. A stable
single transverse and longitudinal mode operation has been ac-
complished with the DBR cavity based on a 0.7 cm long
YCDSEF. The SFFEL built has a slope efficiency of 35% with
an FOP of 0.85% within the examined duration over 10 h,
showing the maximum output power of up to 258 mW.
The OSNR of the laser is 79 dB with a beam quality of
1.016 in both the x and y axial directions. As the pump power
increases, the measured RINs gradually decreases from -135 to
-138.7 dB/Hz at 10 MHz, while the linewidth gradually in-
creases from 20 to 171 kHz. The study suggests that the high-
performance single-frequency DBR fiber lasers constructed
from high-gain YCDSF could be applied as a seed source

) O Vol. 9, No. 5 / May 2021 / Photonics Research 655
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for a high-power fiber laser and detection source for the optical
sensing.
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