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Abstract
We demonstrate an all-ﬁber high-power Yb-doped 1018 nm ﬁber laser with a Gaussian-shaped output beam proﬁle
based on a mismatched structure, which consists of a pair of single-mode ﬁber Bragg gratings and a section of few-mode
double-cladding gain ﬁber. The output power is up to 107.5 W with an optical-to-optical efﬁciency of 63%, and the 3 dB
band is 0.26 nm at this power level. Such a structure of single-mode–few-mode–single-mode ﬁber oscillator can be used
to generate high-power narrow-linewidth lasing with excellent beam quality in other spectral ranges.
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1. Introduction

showed an efﬁcient, narrow-linewidth, two-stage ﬁber ampliﬁer at 1014.8 nm with 5 W output power based on Ybdoped double-clad ﬁbers[18] . In 2013, Mo et al. exhibited
a 164 mW linearly polarized low-noise single-frequency
ﬁber laser at 1014 nm based on a 5 mm-long Yb-doped
phosphate ﬁber[19] . In the same year, Hu et al. demonstrated
an 8 W continuous-wave linearly polarized single-frequency
1014.8 nm ﬁber ampliﬁer working at room temperature[20] .
Recently, Hu et al. reported a single-frequency 1014.8 nm
YDF ampliﬁer with 19.3 W output power[21] . Beier et al. reported a single-mode continuous-wave ﬁber laser ampliﬁer
emitting 146 W output power at a wavelength of 1009 nm
with bulk optics[22] . However, the net gain of YDF in
the shorter wavelength range, such as 1010–1020 nm, is
relatively smaller than that in the longer wavelength range,
such as 1030–1040 nm, as the absorption cross section of
YDF in the shorter wavelength range is larger than that in the
longer wavelength range. Consequently, shorter wavelength
lasers would act as pump sources to produce ampliﬁed spontaneous emission (ASE) near ∼1030 nm wavelength, which
is the essential challenge to generate high-power good-beamquality lasing in shorter wavelength ranges[9] . In order to
obtain high-power lasing in a short spectrum with proper
active ﬁber length, multimode ﬁbers with large ratios of
core/cladding diameters have been used. The disadvantage
of these gain ﬁbers is that they destroy the condition of
V < 2.405, leading to a degraded beam quality. According
to V = 2π /λ0 × a × NA[23] , in which V is the normalized
frequency V -number of the ﬁber, λ0 is the wavelength of

Yb-doped ﬁber (YDF) has attracted attention in the past
decade due to its excellent capability in high-power output
with good beam quality in a wide spectral range from 0.98
to 1.2 μm theoretically[1, 2] . Researchers have taken more
and more interest in narrow-linewidth YDF lasers (YDFLs)
within the short-wavelength range because they have extensive applications. For example, YDFLs at wavelength
ranges of 1010–1020 nm with narrow bandwidths can not
only be frequency quadrupled to 25× nm for laser-induced
ﬂuorescence, optical refrigeration, semiconductor inspection
and atomic trapping applications[3–7] but can also be used
for tandem-pumping high-power C-band (1.06–1.12 μm)
YDFLs, due to their smaller quantum defect which gives
higher conversion efﬁciency and lower thermal load[8, 9] .
Moreover, as an outstanding pathway for achieving scalable high-power lasers with good beam quality, spectral
beam combining (SBC) combines multiple lasers into a
single beam for maximum output power[10–17] . To date, the
most common wavelength range for SBC is from 1050 to
1080 nm. High-power narrow-linewidth short-wavelength
lasers will broaden out the spectral range of SBC from 1010
to 1080 nm, which is twice as large as it was before.
Several narrow-linewidth YDFLs within short wavelength
ranges have been reported recently. In 2006, Seifert et al.
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Figure 1. Brief schematic diagram of the 1018 nm ﬁber laser. HR, highreﬂectivity; LR, low-reﬂectivity; FM-YDF, few-mode Yb-doped ﬁber.

the light transmitted in vacuum, a is the radius of the ﬁber
core and NA represents the numerical aperture of the ﬁber,
only if V < 2.405 will the lasing in the oscillator maintain
single-mode operation; otherwise high-order modes will
be excited in the oscillator. For some multimode ﬁbers,
core/cladding diameters of 15/130 μm, 20/130 μm or even
30/130 μm are offered to improve the absorption of pump
power; but V < 2.405 means that the NA must be lower
than 0.05 (@ core/cladding diameter of 15/130 μm) for
1010–1020 nm ﬁber lasers. However, due to the fabrication
limits, it is difﬁcult to reduce the NA of a step-index
ﬁber to lower than 0.06[24] . Specially designed photonics
crystal gain ﬁbers also appear to achieve high-power lasing
with good beam quality[25] . However, their splicing with
other kinds of commercial ﬁbers is rather complicated. To
achieve a high-power ﬁber laser while maintaining excellent
beam quality in the shorter wavelength range, we propose
a mismatched structure based on a single-mode–few-mode–
single-mode (SFS) ﬁber conﬁguration. The laser cavity is
formed by a pair of ﬁber Bragg gratings (FBGs) written in
single-mode ﬁbers, and the gain medium employs a section
of few-mode active ﬁber. In such a structure, the fewmode active ﬁber can improve the absorption of pump power,
leading to a higher output power than a single-mode gain
ﬁber, and the pair of single-mode FBGs can limit the output
beam in one mode and guarantee perfect beam quality of the
output laser. This design comes from the all-ﬁber multimode
interference bandpass ﬁlter that was reported in 2006[26] . By
employing a single-mode–multimode–single-mode (SMS)
structure, J. Zhou et al. demonstrated an all-ﬁber Yb-doped
laser operating at 1088 nm with an output power of up to
38.5 W[24] .
By using the SFS mismatched structure design, we demonstrate a high-power narrow-linewidth YDFL in the 1018 nm
wavelength range with a Gaussian-shaped output beam proﬁle. An optical-to-optical efﬁciency of 63% is achieved
at the highest output power of up to 107.5 W, and the
3 dB bandwidth of this short-wavelength ﬁber laser is only
0.26 nm at 100 W lasing output.

2. Experimental setup and results
The experimental setup is shown in Figure 1. The emissions
of four 976 nm laser diodes (LDs) are launched into the
laser cavity through a pump combiner. The linear laser
cavity consists of a pair of FBGs with reﬂectivities of
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Figure 2. Laser output power versus pump power of the SFS-YDFL.

approximately 99.8% and 10%, respectively. Both of the
central wavelengths of these two FBGs are located near
1018 nm with 3 dB bandwidths of approximately 1.3 and
0.7 nm, respectively. A section of optimized length 3.7 m
with core/cladding diameters of 15/130 μm double-cladding
YDF is spliced between the two FBGs recorded in singlemode ﬁbers with core/cladding diameters of 10/125 μm.
The low-reﬂectivity FBG acts as the output coupler (OC),
which is angle cleaved to suppress the backward reﬂection.
Consequently, the SFS mismatched structure is formed.
The cladding absorption coefﬁcient of the 15/130-YDF is
approximately 6 dB/m at 976 nm, which higher than that
of a single-mode YDF (approximately 4 dB/m). Therefore,
one can reduce the length of the active ﬁber to restrain
ASE in the longer wavelength range as well as assuring
sufﬁcient absorption of the pump light and higher power
output of the lasing light. The NA of the YDF is 0.08,
resulting in V = 3.7 (2×a = 15 μm, λ0 = 1018 nm), which
supports the existence of two modes: LP01 and LP11 . On
the other hand, the pair of 10/125 μm single-mode FBGs
will select and ensure the fundamental mode transmission
only. In this experiment, light from the high-reﬂectivity FBG
with a single mode couples into the few-mode active ﬁber,
stimulating two modes, and then transmits to the OC FBG,
back into one mode. Thus, an output laser with perfect beam
quality can be expected.
Figure 2 shows the output power of the 1018 nm SFS
ﬁber laser rising up as a function of the pump power added.
The output power emitted from the laser cavity is up to
107.5 W. It is found that the slope efﬁciency of the power
curve climbs as the pump power increases. This is because in
this experiment, at lower pump current, the pump wavelength
deviates from 976 nm, which is the absorption peak of Yb3+
ions. The diode laser spectrum shifts to ∼976 nm because
the temperature goes up with the pump current enhanced.
Thus, by properly controlling the temperature of the LDs and
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Figure 4. Far-ﬁeld output beam proﬁle of the 1018 nm SFS-YDFL.

Figure 3. Laser output power versus pump power of the 10/125 μm ﬁber
laser.

causing the pump wavelength to be centered at 976 nm, one
can use the advantage of large pump absorption of the fewmode active ﬁber to build up the SFS structure and achieve
high-power output with high efﬁciency.
For comparison, we have also established a ﬁber laser
consisting of perfectly matched ﬁbers. The geometric parameters of the gain ﬁber with core/cladding diameters of
10/125 μm are nearly the same as those of the pigtailed
ﬁber of the FBGs; this makes the laser have a single-mode
output. Its cladding absorption coefﬁcient is approximately
4 dB/m@976 nm. The segment length of this ﬁber is only
2.5 m, which has been optimized for suppressing ASE[27] .
If a longer ﬁber length were employed, it would lead the
oscillator to generate ASE in a longer wavelength range
as well as self-excitation, which could ruin the devices of
the cavity and the pump source. However, the average
slope efﬁciency will be compromised due to the insufﬁcient absorption of pump power. Figure 3 plots the power
properties of this laser. Meanwhile, in the 15/130 μm
double-cladding YDFL experiment, a longer section of YDF
could be employed (3.7 m) as its higher core–cladding ratio
leads to a stronger absorption coefﬁcient than 10/125 μm
YDF. Therefore, a proper length of 15/130 μm YDF with
sufﬁcient absorption at the pump wavelength could ensure
high-power operation and suppress ASE simultaneously. It
is apparent that the SFS mismatched structure ﬁber laser
exhibits better performance in its high efﬁciency and power
scaling ability while maintaining good beam quality.
The output laser beam of the SFS ﬁber laser has a
Gaussian-shaped beam proﬁle with good beam quality, as
shown in Figure 4, M 2 < 1.1. Therefore, such a high-power
high-brightness YDFL within short-wavelength ranges
based on the SFS structure would act as an excellent pump
source for tandem-pumping high-power C-band ﬁber lasers.
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Further power scaling of this short-spectral-range YDFL is
limited by the pump power of the LDs.
Figure 5 plots the output spectral characteristics at
the maximum output power. The peak spectrum is at
1018.26 nm and there is no evident pump power or ASE
in the spectrum, indicating that the parameters of the
YDF are appropriate to absorb the pump power adequately
and suppress ASE at this power level. The spectral
bandwidth extends slightly when the output power increases.
Figure 5(b) shows the spectral shape of this oscillator at
100 W output power in linear coordinates. The 3 dB band at
100 W output power is only 0.26 nm. This type of narrowband YDFL can be used for high-power SBC, because the
narrow bandwidth of the SFS-YDFL is under the nanometer
class, which can meet the demands of SBC[28] . It is indicated
that based on the SFS structure, short-wavelength YDFLs
would expand the spectral range of SBC from the 1050–
1080 nm band to the 1010–1080 nm band, and that shorter
wavelength range combining would be achieved.

3. Conclusion
In this paper, a high-power narrow-linewidth 1018 nm YDFL
with good beam quality based on the SFS mismatched structure is demonstrated. A section of 3.7 m 15/130 μm doublecladding YDF spliced between a pair of FBGs recorded
in single-mode ﬁbers forms the SFS oscillator cavity. A
maximum output laser power of up to 107.5 W with an
optical-to-optical efﬁciency of 63% is obtained, and the 3 dB
band at 100 W output power is 0.26 nm. We proved that the
SFS structure can be used as an effective method to generate
high-power high-brightness short-wavelength YDFLs with
narrow linewidths. The advantages of high power and
good beam quality of this type of YDFL could be used
to tandem-pump high-power C-band ﬁber lasers, and the
narrow-linewidth short-wavelength light source is favorable
for expanding the spectral range of SBC to be twice as wide
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Figure 5. (a) Laser emission spectrum at different output powers, (b) laser
emission spectrum at 100 W output power in linear coordinates.

as before. Furthermore, YDFLs based on the SFS structure
can also be used to generate high-power narrow-band lasing
with excellent beam quality in other spectral ranges.
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