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Nd3+-doped fiber lasers at around 900 nm based on the 4F3/2 → 4I9/2 transition have obtained much research at-
tention since they can be used as the laser sources for generating pure blue fiber lasers through the frequency
doubling. Here, an all-fiber laser at 915 nm was realized by polarization-maintaining Nd3+-doped silica fiber. A
net gain per unit length of up to 1.0 dB/cm at 915 nm was obtained from a 4.5 cm fiber, which to our best
knowledge is the highest gain coefficient reported in this kind of silica fiber. The optical-to-optical conversion
efficiency varies with the active fiber length and the reflectivity of the output fiber Bragg grating (FBG), pre-
senting an optimal value of 5.3% at 5.1 cm fiber length and 70% reflectivity of the low reflection FBG.
Additionally, the linear distributed Bragg reflector short cavity was constructed to explore its potential in
realizing single-frequency 915 nm fiber laser. The measurement result of longitudinal-mode properties shows
it is still multi-longitudinal mode laser operation with 40 mm laser cavity. These results indicate that the
Nd3+-doped silica fiber could be used to realize all-fiber laser at 915 nm, which presents potential to be the seed
source of high-power fiber laser.
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Blue lasers have been attracting much attention due to
their potential application in laser display, underwater
communication, and the next-generation laser driven solid
lighting[1–5]. Currently, the blue laser devices are princi-
pally based on commercial semiconductor laser diodes
(LDs) that suffer from poor beam quality[5,6]. In order to
obtain high performance blue laser sources, blue fiber la-
sers have obtained a lot of research attention because of
their advantages in terms of the linewidth, noise, stability,
beam quality, and compactness of device[3,7,8]. The current
effective approach of realizing blue fiber lasers is through
the nonlinear frequency doubling by efficient near-infrared
(NIR) Yb3þ-doped fiber lasers. Yet, only blue-green fiber
lasers at around 490 nm can be achieved by 980 nm Yb3þ-
doped fiber due to the f-f transition nature of rare earth
energy levels[7,9–13]. From the perspective of application,
for instance, in the field of laser lighting, to match the ab-
sorption of the Ce:YAG converter and improve
efficiency, fiber lasers in the pure blue region (450 nm)
are required, which need a shorter NIR fiber laser[14,15].
For that sake, Nd3þ-doped fiber lasers based on three-level
4F3∕2 → 4I9∕2 transition near 900 nm appear as a more
ideal choice[16–22]. The main issue of this three-level laser
operation is the serious competition with the four-level
4F3∕2 → 4I11∕2 transition when pumped at 808 nm. The

J-O theory analysis shows that this band is at a disadvant-
age in competition because its branching ratio (0.3) is
lower than that (0.5) of the four-level transition[23,24].
Up to now, several strategies have been proposed to sup-
press the strong competition between these two transi-
tions, such as cooling active fiber by liquid nitrogen,
using the specially designed fiber or photonic crystal fiber
(PCF)[16,17,25,26]. Although the output power and conversion
efficiency are desirable by these strategies, the great
preparation difficulties originating from such fiber struc-
tures hamper the development of such fibers and fiber
lasers. Moreover, the low compactness and integration
of these setups is another limiting factor in practical
applications.

As is well known, all-fiber lasers have unique superior-
ities in terms of compact structure and excellent laser
performance, which greatly promoted their commercial
applications. Additionally, they can simultaneously be
utilized as the seed source of high-power laser by
master-oscillator power-amplifier (MOPA). Recently,
Shi et al. realized a single-frequency fiber laser at 930 nm
based on a Nd3þ-doped fiber, which is expected to be the
seed source of high-power narrow-linewidth laser for gen-
erating blue fiber laser[8]. In this Letter, to investigate
whether it can realize an all-fiber laser at shorter
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wavelengths (<920 nm) for obtaining fiber laser in the
pure blue area, a fiber laser at 915 nm was further explored
based on polarization-maintaining (PM) Nd3þ-doped
silica fiber. The corresponding optical elements at
915 nm, such as fiber Bragg grating (FBG) and wave-
length division multiplexer (WDM), were specially
customized.
The fiber is a single-mode PM Nd3þ-doped silica fiber

(Nufern, Inc.). The diameter of the core and cladding is
5/125 μm. Chemical analyses were performed through
wavelength-dispersive X-ray fluorescence spectroscopy
(WDS) on an electron probe microanalyzer (EPMA-1600,
Shimadzu). The output power was measured by a power
meter (Ophir NoraII). The laser spectrum was measured
by an optical spectrum analyzer (AQ6370C, Yokogawa).
The longitudinal-mode properties of the 915 nm fiber laser
were measured by using a scanning Fabry–Pérot interfer-
ometer (FPI) with a free spectral range (FSR) of 1.5 GHz,
a finesse of 200, and a resolution of about 7.5 MHz. All the
measurements were performed at room temperature.
The gain coefficient of an active fiber largely determines

the laser performance including laser output power and
conversion efficiency. To investigate the gain property
at 0.9 μm of this silica fiber, the net gain coefficient
was measured by the setup illustrated in Fig. 1(a). A
915 nm and an 808 nm LD were chosen as the signal
and pump source, which were directly fusion spliced with
an 808/900 WDM. The gain fiber length is 4.5 cm and a
915 nm isolator (ISO) was selected to prevent returning
light. Another 808/900 WDM was selected to split the
signal and residual pump. The net gains versus the pump
powers for different signal powers (2.6, 5.6, and 7.8 mW)
are depicted in Fig. 1(b). The net gain per unit length

of this Nd3þ-doped silica fiber was calculated to be
1.0 dB/cm at 915 nm, which to our best knowledge is
the highest gain coefficient reported in this kind of silica
fiber. This gain value may be attained by the high doping
concentration of Nd3þ, which is up to 2.51 wt.% with co-
doping the dispersant Al2O3, as measured by the WDS.
The high gain coefficient is conducive to achieve a high
output power and conversion efficiency.

As shown in Fig. 2(a), we further constructed the exper-
imental setup of 915 nm fiber laser. The laser cavity
consists of one high-reflection FBG (HR-FBG) and one
low-reflection FBG (LR-FBG), which was fused spliced
to Nd3þ-doped silica fiber. The HR-FBG was imprinted
in Hi-780 fiber with a 3 dB linewidth of 0.7 nm and >99%
reflectivity at 915 nm. The LR-FBG was fabricated in
PM-780 fiber with a 3 dB linewidth of 0.06 nm and 70%
reflectivity. Owing to the birefringence of the PM fiber,
the reflection spectrum can be created with two different
reflection peaks corresponding to two linear polarizations.
Only the LR peak along the slow axis overlaps with the

Fig. 1 (a) Setup of the gain coefficient measurement at 915 nm of
the Nd3þ-doped silica fiber. (b) Net gains versus pump powers of
a 4.5 cm Nd3þ-doped silica fiber for different signal powers (Ps).

Fig. 2. (a) The experimental setup of 915 nm Nd3þ-doped silica
fiber laser. (b) 915 nm laser spectrum of Nd3þ-doped silica fiber.
The inset is the energy level of Nd3þ. (c) The laser output
power with different lengths of gain fiber versus pump power
(CE: optical-to-optical conversion efficiency).

COL 18(1), 011401(2020) CHINESE OPTICS LETTERS January 2020

011401-2



HR peak. A PM-WDM was used to split the residual
pump and linearly polarized 915 nm laser output.
Figure 2(b) illustrates the 915 nm laser spectrum under

5.1 cm long silica fiber. Clearly, the 915 nm laser signal can
be observed, and there are also strong amplified spontane-
ous emissions (ASEs) at 1.06 μm and 1.1 μm, which stem
from the four-level 4F3∕2 → 4I11∕2 transition. Figure 2(c)
illustrates the laser conversion efficiency under different
fiber lengths. Since there is no power saturation phenome-
non with the increasing pump power, the output power
could be further increased. The optical-to-optical effi-
ciency varies with fiber length and presents an optimal
value of 5.3% under a 5.1 cm fiber length. This undesirable
conversion efficiency is primarily caused by the strong
ASE from the four-level transition, which could extract
much pump power[27]. Generally, increasing the reflectivity
of the output FBG is a feasible method to suppress the
strong ASE, yet it also impacts the laser conversion
efficiency.
To find the balance between conversion efficiency and

the suppression of ASE, the reflectivity of the output FBG
with a higher reflectivity of the LR-FBG (83%, 90%) at
915 nm was further selected. Figure 3 depicts the conver-
sion efficiency at a 5.1 cm active fiber length with different
LR-FBGs. As is shown, the conversion efficiency decreases
significantly from 5.3% to 1.9% with the increasing reflec-
tivity of the FBG to 90%. Thus, for the requirement of
high conversion efficiency, the LR-FBG with 70% reflec-
tivity is the best choice of this Nd3þ-doped silica fiber in
realizing 915 nm all-fiber laser.
Single-frequency fiber lasers have advantages of narrow

linewidth, low noise, and large coherence length , present-
ing wide applications in extensive fields[8,10,27]. Here, we es-
tablished a distributed Bragg reflector (DBR) structure
short cavity to explore the possibility in realizing single-
frequency 915 nm fiber laser based on this silica fiber.
Considering that the 915 nm laser oscillation cannot be
formed due to lack of sufficient gain when the gain fiber

length is less than 25 mm, this active fiber length was uti-
lized in the DBR cavity. The HR-FBG and LR-FBG
cleaved very close to the grating area are directly spliced
to Nd3þ-doped silica fiber. At this case, the total length of
the DBR cavity is approximately 40 mm considering
the effective grating length of HR-FBG and LR-FBG.
Figure 4(a) illustrates the laser spectrum with a 0.02 nm
optical spectrum analyzer (OSA) resolution, and the exact
laser wavelength is 915.34 nm. The inset is the output
laser power versus the launched power; the optical-to-
optical conversion efficiency is only 0.6% owing to the
short gain fiber length. Further, we measured the
longitudinal-mode properties by FPI. As illustrated in
Fig. 4(b), there are still 6 longitudinal modes in the
present cavity. According to the mechanism of single-
frequency by a DBR short cavity structure, to meet the
requirement of single-frequency operation, the spacing
of two adjacent longitudinal modes (Δνq) must be larger
than half of the FWHM of the gain curve(ΔνFWHM)

[10,27]:

Δνq > 1∕2 × ΔνFWHM:

At the present cavity length, theΔνq is determined to be
2.5 GHz by the equation of Δνq ¼ c∕2nL, where c is the
speed of light, n is the refractive index of the core, and
L is the length of the cavity. Additionally, the ΔνFWHM

of the gain curve can be determined to be 21 GHz by
the equation of ΔνFWHM ¼ cΔλ∕λ2, where Δλ is the band-
width of LR-FBG and λ is the laser central wavelength.
Obviously, the present conditions still cannot satisfy
the single-frequency operation.

The effective approach to reduce the number of longi-
tudinal modes is to shorten the length of the cavity and
decrease the ΔνFWHM of LR-FBG. Considering the unit
gain coefficient of this fiber at 915 nm, further shortening
the length of gain fiber would lead to no laser oscillation.
In order to achieve a single-frequency 915 nm laser output,

Fig. 3. Dependence of optical-to-optical conversion efficiency on
the reflectivity of LR-FBG (70%, 83%, 90%) with a 5.1 cm fiber
length.

Fig. 4. (a) Laser spectrum with a 0.02 nm OSA resolution. The
inset is the output laser power versus the launched pump power.
(b) The longitudinal-mode properties of DBR 915 nm fiber
laser measured by FPI. (c) A brief schematic diagram of reducing
the number of longitudinal modes in the DBR cavity.
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if the imprinted overall effective grating length of HR-
FBG and LR-FBG can be further shortened to less than
5 mm, the length of the cavity will be reduced to less than
30 mm. As shown in Fig. 4(c), the spacing of adjacent
longitudinal modes would increase to more than 3.5 GHz.
Meanwhile, if the bandwidth of LR-FBG can be shortened
to 0.02 nm, meaning the ΔνFWHM is 7 GHz, it completely
meets the condition of single-frequency operation and
could realize the single-frequency 915 nm laser oscillation.
In conclusion, the three-level all-fiber laser at 915 nm

based on Nd3þ-doped silica fiber under different fiber
lengths was realized. The net gain coefficient at 915 nm
was measured and calculated to be 1.0 dB/cm . The opti-
cal-to-optical conversion efficiency varies with active fiber
length and the reflectivity of the output FBG, presenting
an optimal value of 5.3% at 5.1 cm fiber length and 70%
reflectivity of LR-FBG. In addition, there are still multi-
longitudinal modes of laser oscillation under short 40 mm
DBR laser cavity. Through further shortening the effec-
tive grating length of the pair of silica FBG and decreasing
the reflective bandwidth of the LR-FBG, the single-
frequency 915 nm laser may be realized. Our results indi-
cate that the PM Nd3þ-doped silica fiber could achieve a
915 nm all-fiber laser output, which presents the potential
to realize single-frequency 915 nm fiber laser and could be
the seed source of high-power fiber laser for realizing pure
blue fiber laser.
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