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Abstract An ytterbium-doped double-clad fiber laser
with one-end pumped by four 915 nm laser diodes
(LDs) combined by a homemade multimode fused fiber
bundle combiner is proposed. The combiner, fused by
splicing four fiber pigtails from diodes, exhibits a good
capability of low-loss and a high efficiency of 92.7%.
The fiber laser, which can generate a continuous-wave
(CW) up to 10.3 W output power at 1104 nm with a
homemade D-shape inner cladding ytterbium-doped
fiber, is demonstrated. The slope efficiency is about
65% and the optical-to-optical conversion efficiency
with respect to the pump power is 46% at its maximum
output laser power.

Keywords fiber laser, multimode fiber coupler, double-
clad fiber, pumping

1 Introduction

In recent years, laser diode (LD)-pumped ytterbium
(Yb3+)-doped double-clad (DC) fiber laser has become
increasingly attractive due to its high efficiency, high
power and good beam quality, as well as many potential
applications in machining, telecommunication and
national defense. In the continuous-wave (CW) regime,
the Yb3+-doped double-clad fiber laser has shown extra-
ordinary progress in power scaling [1]. Most high-power
Yb3+-doped DC fiber lasers adopt end pump technology,
which is a conventional method to couple pump lights
into the inner cladding. However, this pump method is
limited by the single laser diode’s power and brightness.
Pumping fiber lasers by combining several laser diodes
using prism mirrors, polarizing beam splitter and cylin-
drical lenses has been demonstrated in Ref. [2]. But these

pump couplers are tabletop demonstrations and require
precise alignment, and also lack compactness and
robustness. Several side-pumped methods have been
developed for launching pump light, such as V-groove
side-coupling combiners [3], angle-polished combiners
[4], embedded-mirror combiners [5], and diffraction
grating combiners [6]. Nevertheless, a side-pumped fiber
laser is limited by the sophisticated fabrication process.
Since a multimode fused fiber bundle combiner could
replace the bulk-optics coupler to combine multiplex
individual laser diodes, it is one of the most important
all-fiber components for a monolithic fiber laser system
and is convenient for fabrication compared with side-
pumped technology.
The multimode fused fiber bundle combiners are used

to combine several multimode fiber pigtails into a large
diameter output fiber. The combiners are fabricated in a
process similar to the fused and tapered fiber coupling by
bundling N parallel multimode optical fibers, and the
fused structure is spliced to the output fiber. Such combi-
ners that can sustain high power up to 200 W have been
reported by Ref. [7]. Benefiting from the multimode fused
fiber bundle combiners, fiber lasers now can generate a
high power up to kilowatt scale.
In China, hectowatt- and even kilowatt-scale high

power Yb3+-doped DC fiber lasers have been realized,
and most of these fiber lasers adopt an end-pumped
method with a single high-power laser diode [8,].
However, side-pumped technology has been reported to
acquire only a few watts with a coupling efficiency of
78.6% by angle-polished method [10]. In this paper, a fiber
laser using homemade Yb3+-doped double-clad fibers is
developed through one-end pumped method by using four
915 nm LDs with a high efficiency homemade multimode
fused fiber bundle combiner. The coupling efficiency of
the combiner is about 92.7% and the maximum output
laser power is up to 10.3 W, which is beneficial to the good
performance of DC fibers.E-mail: lupeixiang@mail.hust.edu.cn
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2 Experiments and analysis

The experimental setup is shown in Fig. 1. Four LDs
operating at 908 to 919 nm related to the diode temper-
ature are used as the pump source, each device is given a
maximum optical power of 7 watts and the full width at
half maximum (FWHM) of the pump light spectrum is
about 3.5 nm. The four fiber pigtails from laser diodes are
connected with a multimode fused fiber bundle combiner
by fusion splicing, which is produced by Fiberhome
Telecom Tech Co Ltd. A multimode fiber with a 200 μm
core carries the pump power of the four diodes through
out of the combiner, whose numerical aperture (NA) is
0.44. The coupling system comprises L1, L2 and dichroic
mirror. L1 and L2 are both aspheric lenses with focal
lengths of 5.5 and 11 mm, and NA are 0.44, 0.22, respec-
tively. The 2 mm thickness dichroic mirror, which is
placed on the focal plane of L2, is attached to the input
facet of the gain fiber. The combiner is tested by driving
each single diode, and the coupling efficiencies are 85.4%,
90%, 93.5% and 98.6%, respectively. The overall coupling
efficiency of the combiner is about 92.7% through experi-
ment, namely the insertion loss is 0.33 dB as shown in
Fig. 2. About 2 watts power is dissipated due to its inser-
tion loss at an input power of 28 W, which can lead to a
detrimental thermal effect. A heat-sink configuration has
been used to cool down the combiner. As illustrated in
Fig. 2, the coupling efficiency of the combiner is stable
even at the maximum input power.
In this laser system, a D-shape inner cladding Yb3+-

doped fiber, also produced by Fiberhome Telecom Tech
Co Ltd, is used as the gain material within the Fabry-
Perot cavity. The fiber which is coiled as a ring with a
diameter of about 40 cm without any special cooling
measures has a D-shape 650/600 μm inner cladding with
an NA of 0.48 and a core diameter of about 40 μm.
Both ends of the fiber are perpendicularly cleaved and
polished to connect the fiber axis. The laser cavity
is formed between the two facets of the fiber. In order
to let the pump light pass through and serve as a
high reflector for laser wavelength, a dichroic mirror
(905–925 nm, T> 95%, 1040–1200 nm, R> 99.5%) is
attached to the input end of the fiber. The other end
of the fiber with a 4% Fresnel reflection is used as the
output mirror.

Figure 3 shows the output power of the high efficiency
Yb3+-doped fiber laser pumped at 915 nm. As predicted
by theory, above the threshold (about 7 W), the output
power grows linearly with launched pump power. A
10.3 W laser power is achieved at the maximum pump

Fig. 1 Schematic diagram of Yb3+-doped fiber laser

Fig. 2 Coupling efficiency of multimode fused fiber bundle
combiner

Fig. 3 Fiber laser output power versus launched pump
power
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power. The output power is almost stable for this fiber
and increases linearly at all scales shown in Fig. 3. The
slope efficiency with respect to the launched pump power
is about 65%. The optical-to-optical conversion efficiency
with respect to the pump power is 46% at the maximum
output laser power.
As illustrated in Fig. 4, the laser spectrum is centered at

1104 nm, and the spectral width is approximately 8 nm,
measured by Ocean Optics USB2000 optical spectro-
meter. There is a small quantity of unabsorbed pump
lights at the 915 nm region in the output radiation. For
this fiber laser system, the fiber length is about 24 m, the
unabsorbed pump power at 915 nm is less than 2% of the
launched pump power, and the optimum fiber length is
around 22 m according to the simulation.

3 Conclusion

In conclusion, an end-pumped Yb3+-doped double-clad
fiber laser with a homemade multimode fused fiber bundle
combiner, which combines four individual multimode
fiber pigtails from four 915 nm LDs, is presented. The
coupling efficiency of the combiner has been demon-
strated up to 92.7%. The output laser power is 10.3 W

at 1104 nm, and the slope efficiency with respect to the
launched pump power is 65%. In the future, high power
(hectowatt and even kilowatt) fiber lasers could be re-
alized by increasing the number of laser diodes.
Furthermore, the insertion loss of combiners can be
reduced to keep away from any detrimental effect by
improving the fabrication technique. Future work thus
will involve high power fiber laser by combining more
pump diodes. In addition, once a fiber grating replaces
the dichroic mirror and lens, and serves the function of
bulk optics coupler and reflector for the laser cavity, an all
fiber-structure fiber laser system could be obtained.
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Fig. 4 Output spectrum of Yb3+-doped fiber laser at a laser
power of 10.3 W
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