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Abstract Pumping combiner is a kernel component of
high power fiber laser (HPFL). We demonstrate two types
of tapered fiber bundle (TFB) end-pumping combiner able
to combining multi-kilowatts of pumping laser. After the
experimental test of coupling performance, the 3x1
coupler is proved to have a power handling capacity of
2.11 kW with a coupling efficiency of 95.1%, and the 7x 1
coupler is capable of handling pumping power of 4.72 kW
with a coupling efficiency of 99.4%. These two coupler
have obtained the ability to be used in laser diodes (LDs)
direct beam combining and the pumping coupling of multi-
kilowatts level fiber lasers.

Keywords high power fiber laser (HPFL), pumping
combiner, tapered fiber bundle (TFB)

1 Introduction

High power fiber laser (HPFL) has achieved extensively
application in fields such as military, industry, medicine
and research, and thus has become a worldwide research
focus. Nowadays, the issues that used to be the Achilles’
heel to HPFL, e.g., mode matching and thermal-induced
effect, has been properly solved. Combined with the
inherent high gain of fiber laser, the transition of pumping
laser into output signal laser in HPFL now can be
accomplished at a relatively high efficiency. Therefore,
the approach to efficiently couple the high power pumping
laser into the inner clad of the active fiber has been the
hotspot in the research of HPFL. To achieve an kilowatt
(kW) level HPFL, multi-kilowatts of pumping laser needs
to be coupled into a inner clad whose diameter is typically
at the level of several hundred micrometers. The difficulty
of pumping coupling is self evident.
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Several techniques have been brought up aiming to
solve that problem, including tapered fiber bundle (TFB)
end coupling, GT-wave technique [1], the embedded lens
side coupling [2], the embedded mirror side coupling [3],
V-groove side coupling [4], the fiber angle polishing
method [5], the diffraction grating side coupling [6], the
all-fiber side coupling [7], etc. Among these techniques,
the coupling plans that employ isolate optical components,
due to issues like precise adjustment and instability, are not
suitable to HPFL. On the other hand, the fine reliability,
simple structure and high power capability have made the
all-fiber pumping couplings the main pumping scheme in
HPFL.

The all-fiber pumping combiners are usually divided
into two genres based on different structures. One is Nx 1
combiner, whose input fibers are made up by N pump
fibers. The other is (N + 1)x1 combiner, whose input
fibers contain N pump fibers and one signal fiber in the
center of the bundle [8]. In this paper, we focus on the
performance of Nx 1 combiner.

Typically Nx 1 end-pumping combiner is manufactured
by bundling up pump fibers, melting and drawing the
bundle into a taper and then fusion splicing it to the output
fiber. Plenty of companies and research institutes have put
numerous effort in researching and developing this
coupling approach, including ITF, OFS, G&H, Light-
Comm and so forth. In 2007, ITF laboratory reported a
7x1 TFB combiner carrying out a kW level laser beam
combining [9]. Xiao et al. in 2011 demonstrated a 7x 1
TFB combiner capable of 1 kW laser combining and 300
W laser splitting [10], and in 2013 demonstrated a 7x1
TFB combiner combining laser power of 3 kW [11]. Zhou
et al. in 2015 reported a 3.8 kW laser beam combining via
7x1 TFB combiner [12].

In this paper, we reported the most recent progress in
developing TFB end-pumping combiner. Through manu-
facturing process refinement and measuring system
upgrade, a 3x1 TFB end-pumping combiner coupling
laser of 2.1 kW and 7x1 TFB end-pumping combiner
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coupling laser of 4.7 kW were achieved, which to the best
of our knowledge represents the highest level of TFB
combiner.

2 TFB combiner manufacturing

The manufacturing process of TFB end-pumping combiner
is carried out through five steps: fiber preparation, fiber
bundle melting and drawing, fiber end treatment, fusion
splicing and packaging, the last four steps of which are
illustrated in Fig. 1. After the fiber preparation, the fibers
are gathered up in a bundle in a certain pattern. Then the
bundle is heated until melted while drawn axially in the
opposite directions into a dual-tapered section, as shown in
Fig. 1(a). The dual-tapered section is then cut off where the
diameter of the section equals that of the output fiber, as
shown in Fig. 1(b). After treatment with the end, the fiber
bundle is fusion spliced with the output fiber, as shown in
Fig. 1(c). Finally, the combiner is packaged, as depicted in
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Fig. 1(d).

Based on the manufacturing process mentioned above,
several types of TFB end-pumping combiner have been
developed, such as 3x1, 7x1, 19x1, 37x1 and 61x1
combiner. Figure 2 are the cross section of the fiber
bundles of the combiners. Among these combiners, there
are two types that are specially designed for the employ-
ment in HPFL. One is 3x 1 TFB end-pumping combiner,
whose input fiber and output fiber have a core and clad
diameter of 200/220 um and 400/440 um, and an identical
core NA of 0.22. The other one is 7x 1 TFB end-pumping
combiner, whose input fiber and output fiber have a core
and clad diameter of 200/220 um and 400/550 um, and a
core NA of 0.22 and 0.46, respectively. Owing to the
common usage in HPFL, considerable researches and
experiments have been done on these two combiners. Via
the refinement of the fixture of fiber bundle, the
temperature control in the melting and drawing process
and the optimization of drawing parameter, the perfor-
mance of the combiners has been significantly improved.

(b)

(d)

Fig. 1 Manufacturing process of TFB end-pumping combiner

Fig. 2 Cross section of the fiber bundles of different combiners
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3 Experimental results
3.1 3x1 TFB end-pumping combiners

Carrying out test of the performance of 3x1 TFB end-
pumping combiners, we started with the coupling
efficiency. As illustrated in Fig. 3, by fusion splicing a
single input fiber with the pigtail of a pumping laser diode
(LD), the laser power at the output fiber was measured.
After cutting off the splice and measuring the input
pumping power at the pigtail of the LD, the coupling
efficiency of that single input fiber was calculated. To
couple the pump laser with full NA, the parameters of
pigtail of the pumping LD was selected to match those of
the input fiber.

port 1

3X 1 TFB combiner power meter

400/440 um
NA=022

200/220 ym  Port3
NA=0.22

Fig. 3 Schematic of the experimental setup for the test of
coupling efficiency

Switching the input fiber, the coupling efficiencies of all
the input were acquired, which are 95.4%, 96.0% and
93.9%, averaged at 95.1%.

Next, we carried on with testing the power handling
capacity with the experiment depicted in Fig. 4. The 3x1
combiner was pumped by three LDs, each with a pump
power of 650 W, a core and inner clad diameter of 200/
220 um and a NA of 0.22. Finally, with the pumping power
launched at 2218 W, an output power of 2110 W and total
coupling efficiency of 95.1% was achieved.

650 WX3

power meter
3X1 TFB combiner

Fig. 4 Schematic of the test of power handling capacity of 3x 1
combiner

The variation of output power of 3 x 1 combiner with the
pumping power is shown in Fig. 5. There is evident no
degeneration of coupling efficiency during the increase of
the pumping power. Hence, it is safe to conclude that the
power handling capacity is more than 2.11 kW.

3.2 7x1 TFB end-pumping combiners

The test of coupling efficiency of 7x1 TFB combiner

303
2000F
(m}
D/
1600} /
a
5 1200F /
g o
o
2 soof /
=
o
400}
a
O_
1 n 1 I 1 1 1 1
0 400 800 1200 1600 2000
input power/W

Fig. 5 Output power of 3 X 1 combiner versus pumping power

followed the same procedure of 3x1 TFB combiner.
Shown in Fig. 6, the coupling efficiency of single input
averages out at 99.41%, with maximum value of 99.6%
and minimum value of 99.1%.

The test of power handling capacity of 7x1 combiner
was performed as illustrated in Fig. 7. Pumped by seven
LDs which share the same parameters with the LDs in the
3x1 test, the 7x1 TFB end-pumping combiner achieved
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Fig. 6 Coupling efficiency of single input of 7x 1 combiner
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Fig. 7 Schematic of the test of power handling capacity of 7x 1
combiner
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In this paper, we have carried out the development and the
performance test of the 3x1 and 7x1 TFB end-pumping
combiner. The results, with the power handling capacity
being 2.11 and 4.72 kW and the average coupling
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