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Single-frequency fiber lasers have drawn intense attention for their extensive applications from high-resolution
spectroscopy and gravitational wave detection to materials processing due to the outstanding properties of low
noise, narrow linewidth, and the resulting long coherence length. In this paper, the recent advances of single-
frequency fiber oscillators and amplifiers are briefly reviewed in the broad wavelength region of 1-3 pm.
Performance improvements in laser noise and linewidth are addressed with the newly developed physical mech-
anisms. The solution to achieving higher power/energy is also discussed, accompanied by the start-of-the-art
results achieved to date. © 2017 Optical Society of America
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1. INTRODUCTION

Since the first demonstration by Snitzer in 1964 [1], fiber lasers
have experienced extensive research and development over the
past five decades. As a powerful competitor, fiber lasers exhibit
many advantages over bulk solid state lasers, which motivate
the related scientific study and attract great commercial interest
[2]. The unique geometry of the fiber gain medium allows for
efficient heat dissipation due to the large surface area to active
volume ratio. This makes thermal management easily attainable
and benefits the laser power scaling. The confinement of
laser radiation in the fiber waveguide structure ensures excellent
output beam quality. Thermally induced mode distortion,
commonly observed in traditional solid state lasers, can be sig-
nificantly alleviated if accompanied by a specific physical design
of the fiber. The all-fiberized structure design eliminates the
need for complicated alignment of free-space optical compo-
nents and thus simplifies the laser architecture, contributing
to the compactness and ruggedness of the fiber laser. The out-
standing characteristics aforementioned enable a wide range of
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applications of fiber lasers in scientific research, industrial
processing, defense and security, and so on.

Over the past 50 years, especially over the past decade, with
the development of fiber material and drawing technology, fiber
component fabrication, and high-brightness pumping diodes,
the performance of fiber lasers has been improved in various
aspects. A broad selection of emission wavelengths have been
realized in the range from ultraviolet, visible, near-infrared to
mid-infrared [3-7]. In continuous-wave fiber lasers, an output
power of 10 kW with nearly diffraction-limited beam quality
has been achieved from a single large-mode-area (LMA) fiber in
2009 [8]. Pulse energy up to 26 mJ has been obtained from a
single-mode Q-switched nanosecond fiber laser [9]. For ultra-
short pulse fiber technology, few-cycle light with pulse duration
shorter than 10 fs has been produced in fiber lasers [10,11].
All of these achievements enrich the applications for fiber
lasers and drive their practical deployment. On the other hand,
with the demand increase of some practical applications, such
as high-precision metrology, gravitational wave detection, and
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coherent LIDAR, fiber lasers operating with narrow linewidths
are urgently required [12—15]. Therefore, single-frequency fiber
lasers, which means lasers running with single-longitudinal-
mode, have attracted intense attention and have been broadly
researched recently. Low-noise, single-frequency sources with
linewidths as narrow as several kilohertz or even subkilohertz
were developed in different configurations. So far, while some
specific aspects of single-frequency fiber lasers, such as heavily
rare-earth-doped special glass fibers and power scaling of single-
frequency fiber lasers, have been addressed in the literature
[16-18], a formal review on the development of single-
frequency fiber lasers has not yet been conducted.

In this paper, we will review the major significant progress
made to date for single-frequency fiber lasers. The structure of
the paper is arranged as follows. In Section 2, we introduce the
configurations of single-frequency fiber oscillators and current
achievements in different wavelength regimes—as best exem-
plified by progress in single-frequency distributed Bragg reflec-
tor (DBR) fiber lasers, which is the preferred laser configuration
by virtue of its simplicity, compactness, and robustness. In
particular, the new extended wavelengths for single-frequency
lasing are presented with more information. In Section 3, we
summarize the newly developed experimental techniques and
physical mechanisms to realize performance improvement of
single-frequency fiber lasers with respect to ultralow noise and
ultranarrow linewidth. The state-of-the-art results on high-
power single-frequency fiber amplifiers in both continuous-
wave (CW) and pulsed mode are reviewed in Section 4.
Finally, we give a summary to this paper in Section 5.

2. PROGRESS ON SINGLE-FREQUENCY FIBER
OSCILLATORS

As the study on the single-frequency fiber lasers develops,
different configurations have been implemented to demon-
strate single-longitudinal-mode operation. In general, they
can be summarized as distributed feedback (DFB) fiber lasers
[19-21], DBR fiber lasers [22-24], and ring cavity fiber lasers
embedded with narrow-bandwidth filters [25-27]. A DFB fi-
ber laser is composed of a piece of fiber Bragg grating (FBG)
written directly in the active fiber, which introduces a phase
change in the middle of the grating area. The resulting structure
functions as an ultranarrow spectral filter to achieve single-
mode oscillation. Nevertheless, the power a single-frequency
DEFB fiber laser can provide is very limited. In addition to
the short cavity length and low signal gain, the thermal effects
in the phase-shifted FBG-based cavity are serious at high pump
powers, which can change the refractive index and then dephase
the grating [28]. The DBR single-frequency fiber laser is an-
other typical linear cavity design with the structure shown in
Fig. 1. The laser cavity combines a pair of narrowband FBGs
with a short piece of rare-earth-doped fiber, which shows
attractive properties in terms of simplicity and compactness.
For single-frequency operation, the length of the active fiber
is usually limited to several centimeters, requiring that a high
gain coefficient can be provided [29]. To enlarge the active fiber
length for higher laser power, ring cavity fiber lasers embedded
with narrowband filters were developed. Among them, the
FBG-based Fabry—Perot etalon [30], saturable absorber [31],
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Fig. 1. Typical schematic of a single-frequency DBR fiber laser.
HR-FBG, high-reflection FBG; PR-FBG, partial-reflection FBG.

and short subcavity [32] have been proposed as approaches to
obtaining single-frequency lasing in a ring cavity. However, in
each case, additional loss is also introduced to the laser cavity
and the complexity of the laser system has been increased.
Opverall, DBR fiber lasers are preferred in the development of
single-frequency fiber lasers because of their compactness and
robustness. Therefore, in this part, we mainly reviewed the
progress of the single-frequency fiber laser in the DBR scheme.

Although the first single-frequency DBR fiber laser was
demonstrated as early as 1988 [22], the laser output power
was initially limited to several milliwatts. The heart of the fiber
laser—active fiber—is commonly based on the silica host glass,
whose capability to be doped with high concentrations of rare-
earth ions was limited by its intrinsic structure. More recently,
the rare-carth-doped soft glass fibers, such as phosphate glass
fiber [33] and germanate glass fiber [34], were developed. The
properties, such as doping concentration, absorption and emis-
sion cross sections, and gain spectra, have been investigated and
systematically characterized [35-40]. Figure 2 is a summary of
the typical spectra for Er*T, Yb?*, and Tm?* in different host
compositions. Due to the high rare-earth ion solubility in these
hosts, such soft glass fibers exhibit extremely high optical
gain per unit length of generally several decibels per centimeter
[41-44]. This enables efficient operation of short-length single-
frequency fiber lasers, especially compact DBR fiber lasers,
where the output power can be up to hundreds of milliwatts
or even at the watt level. In Table 1, we summarize the output
features of the single-frequency fiber laser demonstrated with
rare-earth-doped soft glass fibers in the regimes of 1, 1.5, and
2 pm [24,28,35,45-57]. Here we list the primary experimental
results on single-frequency fiber lasers demonstrated with dif-
ferent rare-earth-doped soft glass fibers; the table is organized
according to chronological order for different operating regions.

In the 1 pm regime, a high-power single-frequency fiber laser
is generally achieved with Yb?*-doped phosphate glass fibers,
which allow for doping concentrations of > 10 wt.% Yb>*
[58,59]. It is much higher than the concentrations in silica fiber
(of the order of 1-2 wt. %) [60]. For the report in Ref. [46],
up to 15.2 wt. % Yb?T were doped uniformly in the core region
of phosphate glass fiber to achieve a net gain coefficient of
~5.7 dB/cm. The peak absorption coefficient of the fiber core
glass is 10.7 cm™! at 976 nm. Such a large absorption coefficient
allows efficient absorption of the pump light within a few
centimeters and can generate hundreds of milliwatts of output
power without the need for an external optical amplifier. With
only 0.8 cm Yb®>"-doped phosphate fiber, a high-efficiency
single-frequency fiber was achieved with so far the highest output
power of more than 400 mW.
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Fig. 2. Typical absorption and emission spectra of (a) Yb>" in silica and phosphate, (b) Er** in silica and phosphate, and (c) Tm?* in silica,
silicate, and germanate glass. The data of the spectra were based on the published literature [35-40].

Table 1. Progress of Single-Frequency Fiber Oscillators Based on Heavily Rare-Earth-Doped Soft Glass Fibers
Output  Slope Rare-Earth-Doped Laser Gain
Apump Alaser Power  Efficiency Concentration Linewidth Length
Fiber Type [Reference] (nm) (nm) (mW) (%) or Gain Coefficient (kHz) (cm)
Yb3*+-doped phosphate [45] 976 1064  >200 31 2 dB/cm 3 1.5
Yb3*+-doped phosphate [46] 976 1064  >400 72.7 15.2 wt. % Yb3* (5.7 dB/cm) <7 0.8
Yb?*-doped phosphate [35] 915 976 100 25 6 wt. % Yb,0; <3 2
Yb3+-doped phosphate [47] 976 1083 100 29.6 18.3 wt. % Yb*T <2 1.8
Yb3*+-doped phosphate [48] 976 1120 62 17.2 15.2 wt. % Yb>* 5.7 3.1
Er’* /Yb*T-codoped phosphosilicate [28] 980 1535 58 12 — 500 1.5
Er** /Yb**-codoped phosphate [49] 976 1560 200 24.3 5 dB/cm 1.75 2
Er?* /Yb*-codoped phosphate [24] 976 1550 1600 5 1.1 x 10?° EF** /m? and — 5.5
8.6 x 102°Yb>* /m?>
Er** /Yb**-codoped phosphate [50] 976 1535 1900 11 1.1 x 10%° E* /m? and — 10
8.6 x 102 YB3+ /m3
Er?* /Yb*T-codoped phosphate PCF [51] 976 1534 2300 12 1.6 x 102 Er** /m? and — 3.8
8.6 x 1020 Yb*+ /m?
Er?* /Yb**-codoped phosphate [52] 976 1535 306 30.9 5.2 dB/cm 1.6 2
Er** /Yb?*-codoped phosphate [53] 975 1538 550 12 1 wt. % Er,O; and 8 wt. % Yb,0; <60 7
Tm?**-doped germanate [54] 805 1893 50 35 5 wt. % Tm,0O;4 ~3 2
Tm?*-doped silicate [55] 1575 1950 40 20.4 5 wt.% Tm,0;3 <3 2
Tm?*-doped germanate [56] 1568 1950 100 24.7 ~4.5 x 10%0 Tm?* /m? <6 2.1
Ho®"-doped germanate [57] 1950 2053 60 — 3 wt.% Ho, O3 ~10 s 2

In addition to the typical lasing wavelength at 1064 nm,
single-frequency operation at other wavelengths has also been
investigated [35,47,48] since Yb** can generate a broad range
of laser emission from 970 to 1200 nm [61-63]. Narrow-
linewidth laser sources below 1 pm are greatly demanded for
nonlinear wavelength conversion to generate coherent blue
light or even deep ultraviolet coherent sources. However, three-
level lasing for a Yb3*-doped fiber laser system is very difficulc
to achieve, especially for a short DBR fiber laser. For the
Yb?T-doped phosphate glass, a larger difference between the
absorption and emission cross sections at wavelengths shorter
than 1 pm, as shown in Fig. 2, makes it a potential medium for
a laser at 976 nm. With 2 cm long Yb’"-doped phosphate
fiber, more than 100 mW of laser power can be obtained at
976 nm with a signal-to-noise ratio (SNR) of more than 50 dB
[35]. No strong amplified spontanecous emission (ASE) or
spurious lasing at longer wavelengths was observed benefiting
from efficient energy extraction in this short-cavity scheme.

On the other hand, with short-length Yb?*-doped phosphate

fiber, single-frequency operation was also investigated at longer
wavelengths, such as 1083 nm [43] and 1120 nm [44]. Due to
the relatively low emission cross section at these wavelengths,
traditionally several meters of silica gain fiber would be em-
ployed to provide sufficient gain, which cannot be employed
for a short-cavity single-frequency fiber laser. The high doping
concentration of Yb3*-doped phosphate fiber with up to
18.3 wt. % can efficiently compensate the low-emission cross
section at lasing wavelengths. Even at 1120 nm, where a sharp
drop in the emission cross section exists, around 62 mW of
output power was achieved for stable single-longitudinal-mode
lasing. More importantly, by optimizing the reflectivity of the
output FBG and the length of gain fiber, the ASE at short wave-
lengths was well suppressed with an SNR larger than 67 dB.

In the 1.5 pm region, the first 100 mW single-frequency
fiber laser was demonstrated in 2003 with a piece of highly
Er** /Yb?T-codoped phosphate fiber [23]. The core region of
the active fiber was uniformly doped with 3 wt. % of Er’* and
2 wt. % of Yb3* [39]. With Yb?* as the sensitizer, the absorbed
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energy can be efficiently transferred to Er’*, and thus the co-
operative upconversion and pair-induced quenching existing in
high-Er’*-concentration fiber are avoided. A gain coefficient
up to 5 dB/cm was obtained at 1535 nm without ion cluster-
ing, based on which single-frequency operation was achieved
with an output power of more than 120 mW. Further power
scaling to the watt level for a single-frequency fiber laser was
reached with the development of heavily Er>* /Yb?T-codoped
double-cladding phosphate glass fiber and cladding pump
technology. Output powers of 1.6 and 1.9 W were obtained
successively with the short-cavity structure [24] and the
twisted mode technique [50]. Furthermore, by using 3.8 cm
of Er’*/Yb**-codoped phosphate photonics crystal fiber
(PCF) in a cladding pumping scheme [51], a single-mode, sin-
gle-frequency laser with a record output power of 2.3 W was
reported in 2006. However, the microstructured active fiber
employed here made the fabrication process quite complicated
since the laser cavity was composed of a dielectric coating and
an FBG written in silica fiber. Due to the fusion splices and
coupling losses between different fibers, propagation loss of
the laser cavity reached 3.8 dB. In 2013, a monolithic, single-
frequency all-phosphate glass fiber laser was presented to over-
come these shortcomings [53]. The FBG pairs were inscribed
directly into the active fiber with an ultrafast laser. By removing
the fusion splices from the laser cavity in this way, the cavity loss
can be reduced and the robustness can be improved. Moreover,
the whole laser cavity is effective for power amplification. The
lasing threshold was only 200 mW, even under cladding pump-
ing, and the maximum output power of 550 mW was achieved
with a slope efficiency of 12%. Although watt-level output
power can be achieved from these high-gain double-cladding
phosphate fibers, there are still some problems to be further
solved—one is stability, for both the laser power and the
single-longitudinal-mode operation, under high pump power.
The disturbance of temperature in the fiber cavity may lead to
the changes in laser cavity length and correspondingly the
longitudinal-mode spacing [24].

Two micrometer fiber lasers have attracted broad research
attention over the past several years for applications in laser sur-
gery, environmental sensing, and coherent LIDAR [64-66].
Single-frequency fiber lasers in this regime have been imple-
mented with Tm?*-doped fibers [54—56,67-69] and Ho?*-
doped fibers [57,70]. Among them, the Tm?*-doped germa-
nate glass fiber laser exhibits highly efficient 2 pm operation,
which was first investigated to achieve a single-frequency
Tm?"-doped fiber laser in 2007 [54]. A high slope efficiency
of 35% benefitted from the high Tm,O; doping concentration
(5 wt. %) induced efficient cross-relaxation process and
low phonon energy (900 cm™') in germanate glass. In 2015,
Yang ez al. improved the output power to more than 100 mW¥/
[56]. In addition, linearly polarized output was managed
to facilitate its applications in gravitational wave detection,
coherent polarization beam combination, and nonlinear fre-
quency conversion. Recently, Wen ez al. developed a highly
Tm?*-doped barium gallo-germanate (BGG) glass single-
mode fiber with excellent properties of comparatively low pho-
non energy, high rare-earth solubility, and good mechanical
characteristics. The Tm®* doping concentration was improved
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to 7.6 x 10?% ions/cm?, which is the reported highest level in
Tm?"-doped BGG fibers [71]. This can be a promising active
medium for developing a high-power 2 pm single-frequency
fiber laser.

Additionally, some other glass hosts, such as fluoride [72,73]
and chalcogenide glass [74,75], have also been studied for ex-
pansion of the laser operation spectral region because of their
broad transmission windows and low phonon energy. In par-
ticular, for the ZBLAN in fluoride glass, the small thermal
dependence of optical properties and the ease of fiber drawing
motivate its study as a laser medium [76]. One attempt for the
single-frequency fiber laser is with the Ho®"-doped ZBLAN
fiber, which can generate efficient emission at 1.2 pm through
the transition from excited state °I; to ground state 31, as
shown in Fig. 3. The competitive 2.9 pm emission can be self-
terminated due to the shorter lifetime of the 31 state than the
>1, state. For practical applications, the cladding of the ZBLAN
fiber was codoped with terbium to further suppress the 2.9 pm
laser easily obtained in highly Ho’"-doped ZBLAN fibers
[77,78]. Single-frequency operation at 1.2 pm with the laser
output power at about 10 mW was realized from a cavity
composed of 22 mm long Ho?-doped ZBLAN fiber and a
pair of silica-based FBGs [79]. Nevertheless, due to the large
cavity loss as well as strong upconversion and excited-state
absorption in highly Ho**-doped ZBLAN fiber, the efficiency
of the fiber laser is only 3.8%.

The energy-level diagram in the inset of Fig. 3 also reveals
that it can be a candidate for single-frequency lasing at 2.9 pm.
However, an effort should be made to eliminate the potential
self-termination due to the longer lifetime for the lower laser
level °1; for the 3 pm transition compared with the upper laser
level °I5. Hudson et a/. adopted the Ho®*, Pr’"-codoped fiber
approach to efficiently reduce the lower laser lifetime (which
reduces the lower laser level lifetime from 12 to <1 ms) and
thus alleviate self-termination [72,80]. Narrow-linewidth
feedback for the laser cavity was provided by an FBG inscribed
directly in the fluoride fiber using femtosecond pulses and a
point-by-point inscription technique [81]. A maximum output
power of 11 mW was attained with a slope efficiency of 1.4%.
It is a great demonstration to extend the operating wavelength
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Fig. 3. Absorption and emission cross sections of Ho’* ions in
ZBLAN glass. (Inset: energy-level diagram and transitions related
to the 1.2 pm emission.)
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to the mid-IR, whereas the laser system is free-space coupled
due to the fiber devices in the mid-IR wavelength not commer-
cially available, and up to now the linewidth cannot be mea-
sured with the delayed self-heterodyne method as conducted
in near-IR wavelengths because of the high dependence on
specially ZBLAN fiber.

Overall, the heavily doped soft glass fibers significantly
improved the output power and extended the operating wave-
lengths of single-frequency fiber lasers. However, there are still
some limitations with respect to the applications. First, it is the
compatibility between the active specialty fiber and the passive
silica fiber presented in other fiber components of the laser
cavity and in turn the mechanical strength of the splice joints,
owing to the different physical properties of these two glasses.
Second, although fusion splicing between the highly doped
soft glass fiber and silica fiber with low loss can be accomplished
with specialized fusion processes, it is still challenging and
requires careful handling [82—84]. Furthermore, as for these
single-frequency fiber lasers, their dependence on the custom-
made heavily doped fibers goes against the broad proliferation
into a myriad of applications.

On the other hand, some commercial rare-earth-doped silica
fibers can provide high gain coefficients with the development
of fiber fabrication techniques, which enables efficient pump
absorption [85-87]. Associated with the low-loss of all-silica
fiber systems, single-frequency fiber lasers built with these
active silica fibers are much more competitive, especially for
short-cavity schemes. Efficient single-frequency operation cov-
ering three key wavelength bands (the 1, 1.5, and 2 pm region)
has been achieved with commercial active silica fibers [88-92].
For example, a single-frequency fiber laser at 1950 nm demon-
strated with a standard product from Nufern (PM-TDEF-10P/
130) [88] shows that 18 mW single-longitudinal-mode output
can be obtained with 1.9 cm long Tm?"-doped silica fiber.

3. PERFORMANCE IMPROVEMENTS IN LASER
NOISE AND LINEWIDTH OF SINGLE-
FREQUENCY FIBER LASERS

A. Noise Suppression of Single-Frequency Fiber
Lasers

In addition to high output power, operation with low noise is
also required for single-frequency fiber lasers in applications
such as interferometric fiber sensing and laser cooling. For fiber
lasers, the origins of the intensity and frequency noise are gen-
erally given as follows [93-97]: spontaneous emission of the
gain medium, fundamental thermal fluctuations inside the res-
onator, pump efficiency perturbations, and environmental dis-
turbances. To date, many techniques have been developed to
suppress the intensity and frequency noise of single-frequency
fiber lasers. The common methods for noise reduction are elec-
tronic feedback [98-102] and optical feedback [103-106].
Given the advanced status of electronics, electronic feedback
was applied in the early stage of the single-frequency fiber laser
development. In 1993, Ball introduced a feedback circuit to a
single-frequency DBR fiber laser system, and the low-frequency
intensity noise, especially at the relaxation oscillation frequency,
was efficiently decreased from -82.1 to -112.1 dB/Hz with
feedback control [98]. Optoelectronic negative feedback also
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provides a solution for frequency noise suppression. Cranch
presented a technique by phase locking the laser emission to
a reference cavity [107], in which the acquired feedback signal
is transferred to a compensating strain applied to the laser cavity
through a piezoelectric transducer. Thus, the frequency noise
spectral density of the single-longitudinal-mode DFB fiber laser
is reduced by as much as 20 dB over the frequency range of
1 Hz-10 kHz. However, regardless of intensity noise or fre-
quency noise suppression, the inherent bandwidth limitation
of the electronic servo system in the optoelectronic-based feed-
back approach is inevitable. Additionally, extra electronic noise
introduced to the feedback system was observed to weaken the
noise suppression [108].

Optical feedback technology has been developed in recent
years for linewidth narrowing, noise suppression, and other
tasks. In 2012, Zhao er al investigated the effects of self-
injection locking on a DFB fiber laser [105], where a stable
lasing mode was enhanced with other modes inhibited and
the RIN was suppressed by about 16 dB around the relaxation
oscillation frequency. Even so, the resulting RIN was still far
above the shot noise limit with an average noise level of
-120 dB/Hz toward high frequencies due to the noise of
the residual pump power still circulating in the feedback loop.
Compared to that, a passive optical feedback loop was proved
to be more efficient to improve the noise properties of the laser,
where the composite cavity can be obtained with the cavity
mirrors of the DBR fiber laser and feedback loop [106]. With
continuous signal feedback and extended optical path induced
longer photon lifetime, both frequency and intensity noise are
suppressed remarkably. Furthermore, the semiconductor opti-
cal amplifier (SOA) was also introduced to the self-injection
locking configuration [108] since the nonlinear amplification
dynamics of the SOA can achieve a significant RIN reduction
without the broadening of the laser linewidth [109-112].

As shown in Fig. 4, by self-injection locking incorporating
an SOA, the frequency noise of the fiber laser was reduced at
frequencies higher than 500 Hz, and a maximum reduction
was about 25 dB. As for intensity noise, after adding the
SOA into the self-injection system, a total reduction of about
35 dB at the relaxation oscillation peak to -125 dB/Hz was
achieved. However, as shown in Fig. 4(b), the intensity noise
is still well above the shot noise limit, especially at the low fre-
quency. As we stated above, the low-frequency noise caused by
the pump noise and external disturbances, can be eliminated
with an optoelectronic feedback circuit. Therefore, to achieve
the broad-bandwidth near-shot-noise limited-intensity noise
suppression, a combination of an SOA and the optoelectronic
feedback on its drive current was exploited [113]. Eventually, a
maximum noise suppression of 50 dB around the relaxation
oscillation frequencies and a suppression bandwidth of up to
50 MHz were achieved. The relative intensity noise in the fre-
quency range from 0.8 kHz to 50 MHz is suppressed to be
-150 dB/Hz, which is near the shot noise limit.

B. Linewidth Narrowing of Single-Frequency Fiber
Lasers

Single-frequency fiber lasers have marvelous performance in
terms of laser linewidth, which results in ultralong coherence
length. However, as observed in Table 1, after decades of
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Fig. 4. (a) Measured frequency noise spectra and (b) RINs of
the fiber laser at states of free running, self-injection locking, and

self-injection locking with SOA.

development, the linewidth of traditional single-frequency fiber
lasers is still limited to several kilohertz, even though efforts,
such as temperature control to the laser cavity [53] or integra-
tion in an acoustically damped package [46,52], have been
devoted to achieving a laser with narrower linewidth. On the
other hand, the demand to improve detection range and res-
olution for applications including high-precision sensing and
metrology urges the pursuit of further linewidth compression.

1. Virtual-Folded-Ring Cavity

To further compress the linewidth of a short-linear-cavity fiber
laser, a virtual-folded-ring configuration, which combines the
advantages of ring lasers and short-linear-cavity lasers, was pro-
posed by Mo ez al. [114]. As shown in Fig. 5, a piece of polari-
zation-maintaining fiber (PM-F) was used inside the cavity,
acting as an all-fiber quarter-wave plate to achieve polarization
retardation. By retarding the polarization of the travelling
waves, spatial hole burning was diminished and the effective
cavity length was extended to nearly twice its physical length.
As a result, a single-frequency laser output with a linewidth
of less than 820 Hz was obtained from the free-running fiber
laser. Afterwards, an FBG-based Fabry—Perot filter [115,116]
was inserted between the polarization-maintaining fiber and
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Fig. 5. Experimental setup of the folded-ring-cavity fiber laser.
Inset: an exploded view of the cavity structure (not to scale) and an
illustration of one possible case of the states of polarization of the light
waves travelling inside the cavity (green arrows indicate the directions
of the light waves).

gain fiber to introduce a slow light effect to the laser cavity,
in which multiple reflections extended the photon lifetime
of the resonator, allowing more photons to be stored inside
the resonator and thus relatively suppressing the contribution
of phase diffusion due to spontaneous emission. In this way, the
corresponding linewidth of the short-linear-cavity fiber laser
was further compressed to <600 Hz. It should be noted that
although the folded-ring cavity can effectively eliminate the
spatial hole burning and narrow the laser linewidth, manufac-
turing the laser cavity is not easy. For instance, the PM-F, serv-
ing as a quarter-wave plate, should be accurately controlled in
length and fused to other parts of the laser cavity with a bias
angle of 45°. Furthermore, the temperature disturbance in-
duced by the heat dissipation for both the pump and signal
would also affect the function of the PM fiber, which demands
extra temperature control.

2. Rayleigh Scattering

Rayleigh scattering as an important component of the scatter-
ing in fibers has been observed to possess a scattering band-
width of tens of kilohertz [117,118], which was utilized to
develop a new method of linewidth compression—Rayleigh
backscattering (RBS). Since the accumulation of Rayleigh scat-
tering generally needs long optical fiber [119], another effect,
stimulated Brillouin scattering (SBS) can build up quickly due
to the much higher gain coefficient [120]. For practical appli-
cations on the narrow-linewidth fiber laser, some high-RBS
fiber structures, such as nonuniform fiber with continuous
change of core size and dispersion [121] and long fiber with
periodical tapered structure [122], were employed. For in-
stance, Zhu et al. presented a ring cavity structure, where
the RBS in the tapered optical fiber worked as a linewidth
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compression element, accompanied by the self-rejection lock-
ing technique to further suppress the mode hopping and sta-
bilize output [118]. The narrowest laser linewidth of 130 Hz
was achieved with a side-mode suppression ratio up to 75 dB.
Moreover, the RBS has been implemented to generate a dual-
wavelength fiber laser with a linewidth of 100 Hz. Wavelength-
tunable operation was realized without the degradation of laser
linewidch [123,124]. The fiber structures with high RBS coef-
ficients suppressed the SBS effect to some extent, whereas the
laser power was limited to several milliwatts. On the one hand,
the nonuniform fiber with hundred meters in length increased
the system loss. More important is that the SBS restriction was
still limited, especially under high pump power. For the 5.7 km
nonuniform fiber used in [121], the SBS effect occurred just at
the signal power of 25 mW. Furthermore, the long fiber system
makes it susceptible to the fluctuation of the ambient temper-
ature and noise. Overall, to improve the performance of the
RBS-based fiber laser, novel structures with better SBS restric-
tion and short fiber employment should be further considered,
such as specially designed photonic crystal fiber [125].

3. Brillouin Fiber Laser

Even though the SBS is an obstacle for the development of
high-power fiber lasers and amplifiers [126,127], it provides
an effective technical solution on linewidth narrowing of fiber
lasers. Based on the three-wave model of SBS, a study imple-
mented in [128,129] showed that phase noise of the pump laser
is transferred to the emitted Stokes wave after being strongly
reduced and smoothed under the combined influence of
acoustic damping and cavity feedback. The resulting Stokes
linewidth can be several orders of magnitude narrower than that
of the pump laser [130,131]. However, due to the limited
Brillouin gain coefficient, a critically pump-coupled fiber
resonator [132] or high pump threshold power [133,134] is
generally needed for a Brillouin fiber laser. Afterwards, a rare-
earth-doped fiber amplifier was introduced to the Brillouin
ring cavity to provide the gain for both the pump laser and
the generated Stokes light [135,136]. The proposed scheme
compensates the resonator losses and simplifies the laser system.
A typical example is the Brillouin/erbium fiber laser (BEFL),
which has been investigated thoroughly in linewidth narrowing
of the fiber laser [137-139]. The analysis on the linewidth
narrowing effect in BEFL launched by Chen e a/. showed that
the linear gain of active fiber played an important role in the
strong linewidth reduction of BEFL [131]. The resulting
demonstration of BEFL transferred a 20 MHz Brillouin pump
into 950 Hz Brillouin Stokes laser emission, which obtained
over four orders of magnitude of linewidth reduction. In
2015, an ultranarrow linewidth of 40 Hz was presented in a
BEFL scheme with only 45 cm erbium-doped fiber [140].
Compared with the Brillouin pump with a linewidth of
20 MHz, the achieved 40 Hz laser linewidth from BEFL mea-
sured with the heterodyne beat technique is reduced by five
orders of magnitude. The theoretical analysis [131,140] indi-
cated that the strong linewidth reduction was due to the low
cavity loss rate in assistance of the linear gain of the erbium-
doped fiber and large light amplitude feedback.

To ensure a clear format, the noise suppression and
linewidth narrowing for the single-frequency fiber laser were
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respectively reviewed here. However, these two aspects are not
independent, especially for the phase noise to the laser line-
width since the frequency fluctuations of the laser cause a
broadening of its line shape. The relation between laser line-
width and frequency noise spectral density has been addressed
in [97], and the information about the laser linewidth can be
extracted from the frequency noise spectra in geometric ap-
proaches. This relationship was also indicated in our reviewed
papers: when the frequency noise of the single-frequency fiber
laser system was well suppressed, the laser linewidth would be
narrowed correspondingly and vice versa. For example, as in-
troduced in Section 3.A, the all-optical noise suppression was
achieved by virtue of self-injection locking incorporated with
SOA. From Fig. 4(a), about 15 dB of frequency noise reduction
can be observed at frequencies higher than 500 Hz with the
self-injection locking and further reduction of 10 dB was
realized when incorporating SOA into the system. As for the
measured laser linewidth, the 3.5 kHz Lorentz linewidth of
the free-running fiber laser was decreased to 1.1 kHz when
self-injection locked and to 700 Hz when self-injection locked
with SOA. Therefore, to improve the performance of a single-
frequency fiber laser, comprehensive consideration should be
given to all the parameters, including output power, laser line-
width, intensity, and frequency noise.

Furthermore, one should learn that the linewidth of a single-
frequency fiber laser is generally measured with the method
of delayed self-heterodyne or heterodyne, using a narrower-
linewidth laser as the reference signal. The beat note was then
analyzed with a RF spectrum analyzer, and the measurement
time is usually on the millisecond level [141,142]. Accordingly,
the laser linewidth that we mentioned here can be approxi-
mately taken as the instantaneous linewidth [143,144]. As
we know, the laser line shape can be fitted with a Voigt profile,
which is a convolution of a Lorentzian and a Gaussian function.
The Lorentzian part corresponds to the white noise arising
from the spontaneous emission, which is viewed as the intrinsic
linewidth of the laser. The Gaussian part of the Voigt function
corresponds to the 1/f noise, which arises from of the pump
fluctuation and “technical noise,” such as the environment
disturbances. When it comes to the relative linewidth over
time, it can be expected that [145] the Lorentzian linewidth,
which is not sensitive to low-frequency noise, would not change
much. In contrast, the Gaussian part would increase as the in-
creasing 1/f noise contributes to the laser linewidth at longer
observation time. This makes it necessary that a well-handled
temperature control system for the whole laser cavity and an
isolated enclosure to protect from the environmental disturb-
ances are included to the laser system.

4. PROGRESS OF SINGLE-FREQUENCY FIBER
AMPLIFIERS

A. High-Power CW Single-Frequency Fiber
Amplifiers

For higher laser power achievement, single-frequency fiber
sources are generally configured as a high-gain fiber master
oscillation power amplifier (MOPA), which is seeded by a
low-power, single-frequency oscillator and then followed by a
series of amplifier stages to realize power amplification, as
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Fig. 6. Schematic of a typical single-frequency fiber MOPA with

three amplifier stages.

shown in Fig. 6. The configuration provides an excellent means
for power scaling while preserving the characteristics of a single-
frequency seed as much as possible. For such a device, all-fiber
structure is preferable to simplify the configurations with im-
proved compactness and reliability since the free-space compo-
nents need careful beam alignment, resulting in high ASE noise
and a degraded polarization-extinction ratio in a linear polar-
ized system. Although the laser power for the single-mode fiber
laser has reached the 10 kW level [8], the all-fiber single-
frequency amplifiers just obtain an output power of several
hundreds of watts up to now, which is restricted by severe
nonlinear effect due to the narrow linewidth, particularly the
SBS [63,126,146].

The output power evolution of CW single-frequency
amplifiers with all-fiber format operation in the regimes of
1, 1.5, and 2 pm is summarized and shown in Fig. 7. Even for
the most powerful gain fiber material—Yb**-doped fiber—the
maximum output power reported so far is around 414 W at
1064 nm for an all-fiber laser under single-frequency operation
[147-150]. A short, highly Yb3*-doped LMA was utilized in
the power amplifier stage to suppress the nonlinearity, includ-
ing SBS. Step-distributed longitudinal strain is imposed on the
active fiber to broaden its effective SBS gain spectrum and fur-
ther increase the SBS threshold. Furthermore, proper thermal
management of the active fiber under such high gain is required
for steady laser operation, so water cooling should be employed
to the highly Yb**-doped LMA fiber. To alleviate the SBS effect,
other different approaches [151-156], such as co-amplified with
a broad signal [151], acoustically tailored active PCF [152] and
core in-band pump [153], have been proposed successively for
high-power single-frequency amplification. With the acoustic-
and gain-tailored Yb**-doped PCF, C. Robin ez /. achieved a
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Fig. 7. Output power evolution of CW single-frequency amplifiers
in all-fiber format operating in 1, 1.5, and 2 pm regions.
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record single-frequency output power of 811 W with near dif-
fraction-limited beam quality [152]. Distinct transverse acous-
tic regions were created in the core of the Yb’*-doped PCF to
introduce multiple transverse Brillouin frequencies, which sup-
pressed the SBS effectively in conjunction with externally ap-
plied thermal gradient. Moreover, with the development of
heavily rare-earth-doped LMA soft glass fiber, extractable power
within the SBS threshold has been theoretically analyzed
[60,157], which implies a promising path to obtain high power
in a compact fiber system.

In the 1.5 pm region, the Er’™/Yb?*-codoped fiber was
proposed to provide a solution to the concentration quenching
in pure Er’"-doped fiber, and the increased pump absorption
at 976 nm makes the power scaling at 1.5 pm available.
Nevertheless, the Er*™ /Yb?T-codoped fiber amplifiers typically
suffer from severe Yb?T-ASE or even parasitic lasing at 1 pm
and consequently result in an efficiency reduction for the
1.5 pm laser [126,158]. This hinders the demonstration of
high power amplification in this regime [159-162], which
can be found from Fig. 7. Recently, Creeden er al. demon-
strated single-frequency amplification to 207 W average output
power in an Er*™ /Yb?T-codoped LMA fiber [163]. An optical
efficiency of 49.3% (slope efficiency of 50.5%) was achieved in
their demonstration, which is the highest reported efficiency
from a high-power 9xx nm pumped Er** /Yb’"-doped fiber
amplifier. The amplification adopted a pump wavelength of
940 nm instead of 976 nm. By pumping off-peak at 940 nm,
the Yb3* inversion versus length is accordingly decreased and
thus suppresses the 1 pm ASE/lasing at the high-pump-power
level. The bottlenecking problem of the energy transfer from
Yb?T to Er’T was partially solved with the efficiency improve-
ment in the 1.5 pm region.

The cross-relaxation process of Tm** due to the specific
energy-level structure enables its quantum efficiency close to
two [126]. Combined with double-cladding pump technology,
the power scaling of 2 pm fiber lasers has developed rapidly over
the last 10 years. With the intense research interest in this re-
gime, laser power of the single-frequency amplification has
been significantly improved [164—169]. In 2009, Goodno ez 4.
demonstrated a single-frequency Tm-doped fiber amplifier
with an output power of 608 W at 2040 nm. This is up to
now the highest output power for single-frequency fiber
amplifier around 2 pm, even though with a free-space pump
coupling in the power amplifier stage. The laser power was only
limited by the available pump power rather than the SBS effect.
It is estimated that the SBS-free single frequency will be limited
to ~750 W by the passive exit pigtail, where the SBS can be
accumulated dramatically. For the all-fiber MOPA configura-
tion, an output power of 100 W was not realized until 2013
with the development of high-power fiber devices in 2 pm
[166]. Afterwards, the output power was rapidly increased
to 310 W accompanying proper parameters of the gain fibers
and reasonable arrangement of the MOPA system [169].
Furthermore, the heavily Tm?"-doped germanate glass fiber
was examined to be an efficient gain medium for power scaling.
In 2016, Yang ez al. amplified a 350 mW single-frequency laser
at 1.95 pm to 11.7 W with only 31 cm of long, heavily Tm>*-
doped germanate fiber [170]. Such a high gain provided by the
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short active fiber would significantly increase the threshold of
SBS, providing a competitive candidate for the generation of a
2 pm high-power single-frequency fiber amplifier.

Raman fiber devices [171], in which stimulated Raman scat-
tering (SRS) provides gain, can be used to generate high-power
lasers in the spectral regime where rare-earth-doped fiber lasers
cannot cover. A typical single-frequency Raman fiber amplifier
is generally backward pumped to maintain narrow linewidth,
and the pump wavelength is determined by the Raman
shift of the silica fiber. SBS is the main limiting factor in power
scaling of single-frequency Raman fiber amplifiers due to the
two orders of magnitude higher gain coefficient [119]. To
improve the amplifier efficiency, SBS has to be suppressed
effectively. Acoustically tailored optical fibers through the
manipulation of the concentration of dopants in the core were
explored to reduce the Brillouin gain, while maintaining or
even enhancing Raman gain [172,173]. Up to 22 W single-
frequency 1178 nm output was reported in a backward-
pumped two-stage amplifier with an optical efficiency of about
25% [168]. By applying thermal gradients along the gain fiber,
1.5 times improvement of the SBS threshold was achieved in a
single-stage amplifier experiment [174].

Applying longitudinally varied strain according to the power
distribution along the gain fiber was also discussed to suppress
SBS in single-frequency Raman fiber amplifiers [175]. As
shown in Fig. 8, 30 strain steps were employed in a 50 m long
gain fiber and the fiber length for different strain steps varies
significantly. This is very different from the suppression of SBS
in passive delivery fiber, where uniform strain steps are close to
the optimum. With this method, the highest output of 84 W
was demonstrated for single-frequency Raman fiber ampli-
fiers [176].

For a Raman fiber device, the advantage in wavelength
versatility facilitates its operation at any wavelength where the
optical gain fiber is transparent, only if an appropriate pump
laser was provided. Therefore, the developed technology of a
single-frequency Raman fiber amplifier can be applied to many
other applications which require high-power laser at a specific
wavelength not convenient for rare-earth-doped fiber lasers.
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Fig.8. Calculated signal power evolution (dotted, red), the designed
strain distribution (solid, green), and the applied strain distribution

(solid, blue) along the fiber.
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B. High-Power/Energy Pulsed Single-Frequency
Fiber Amplifiers

Some practical applications, such as coherent LIDAR, remote
sensing, and nonlinear frequency conversion, require single-
frequency fiber-laser pulsed operation with high energy or
peak power. However, neither directly Q-switching a DBR
single-frequency fiber laser nor modulating a CW single-
frequency fiber laser with an intensity modulator can provide
enough energy or power for practical applications [126]. A
high-gain MOPA laser system is usually needed to further
scale up the power/energy of the single-frequency pulses. As
we discussed above, the power scaling of the narrow-linewidth
fiber laser is primarily restricted by the SBS effect due to the
limited core diameter. Therefore, different strategies, which
have been employed to enhance the SBS threshold in single-
frequency pulsed MOPA systems, are summarized here, ac-
companied by the progress of single-frequency pulsed MOPA
demonstrations.

(1) Since the threshold of SBS depends strongly on the
fiber core size and fiber length [127], one method is to focus
on the optical fiber itself. LMA active fiber [177,178] and
short heavily rare-earth-doped soft glass fiber [179-183] have
been employed to achieve high-power/energy single-frequency
pulsed fiber lasers. In 2010, a kilowatt-level SBS-threshold
monolithic single-frequency pulsed fiber laser was demon-
strated (shown in Fig. 9) by using short, highly ErT/Yb*-
codoped phosphate fibers in power amplifier stages [180].
With 15 c¢cm long high-gain phosphate fiber, a peak power
of ~1.2 kW for 105 ns pulses was generated at 1530 nm.
Additionally, the highly doped gain fiber also facilitates the
achievement of millijoule-level pulse energy in 2 pm with
the all-fiber single-frequency nanosecond pulsed laser source
[183]. In the final power amplifier of the MOPA configuration,
only a piece of 41 cm long large-core (30 pm) highly
Tm?*-doped germanate glass fiber was used to efficiently boost
the pulse power and energy.

(2)The second is to introduce frequency shift to the SBS
gain spectrum along the fiber with a temperature gradient
[184] or a strain gradient [185-187]. Thus, the SBS light could
not get amplified efficiently in the gain fiber. For the all-fiber
work on single-frequency pulsed amplification at 1540 nm
demonstrated in 2014 [188], longitudinally varied strains were
applied on a 0.8 m long Er’* /Yb®>*-codoped PM fiber with a
core diameter of 10 pm in the power amplifier stage. The
threshold of SBS has been enhanced ~3.4 times. Peak power
of 361 W for 200 ns pulses at a 10 kHz repetition rate was
achieved with transform-limited linewidth and diffraction-
limited beam quality.
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Fig. 9. Schematic of the kilowatt-level SBS-threshold narrow-
linewidth pulsed monolithic fiber laser at 1530 nm.
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(3) Considering that the SBS is an interaction between
photons and phonons in the fiber, the last one is to shorten
the pulse duration. If the applications allow, a pulse duration
shorter than the phonon lifetime, which is around 10 ns in
silica fiber [189], can be adopted to increase the SBS threshold
[190-192]. In 2014, an average output power of 913 W for
3 ns pulses at a repetition rate of 10 MHz was achieved in
a high-power narrow-linewidth nanosecond fiber amplifier at
1064 nm [193]. The absence of a nonlinear increase of
backward power in the main amplifier indicated that SBS
was effectively suppressed for short pulse durations. The maxi-
mum laser power is not limited by the SBS effect but the SRS,
which has a much shorter phonon lifetime of <100 fs.

Furthermore, a combination of different SBS-suppression
approaches was also employed to improve the performance
of single-frequency pulsed fiber amplifiers [194]. In 2012, over
100 kW peak power, single-frequency pulses were demon-
strated by Shi er 4/, using multiple-stage, short, large-core
Er** /Yb®"-codoped phosphate fibers, in which a short pulse
width at a few nanoseconds was employed to further increase
the SBS threshold [195]. The same strategy was also applied in
the 2 pm regime to demonstrate a kilowatt-peak-power, single-
frequency pulsed fiber laser with heavily Tm?*-doped silicate
fiber [196].

5. SUMMARY

Single-frequency fiber lasers were briefly reviewed with recent
progress in this paper, including recent progress. With the de-
velopment of heavily rare-earth-doped soft glass fiber, watt-level
output power has been achieved for single-frequency fiber
oscillators. Performance improvement on laser linewidth and
noise has been continuously pushed forward with the newly
developed physical mechanisms. Efforts to increase the output
power/energy of single-frequency fiber amplifiers have been
made with different strategies on the suppression of the SBS
effect and even mode instability. One should expect substantial
progress in this area with new fiber designs and system archi-
tectures. All of this would further motivate the applications
of single-frequency fiber lasers in broader areas from science,
defense, and industry to our daily life.
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