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Abstract: The impact of (N +1) x 1 coupler pump arm numbers on the pump coupling efficiency was numerically
studied firstly. It is shown that pump coupling efficiency decreases with more pump arms built on the coupler, yet
in a slightly decreasing manner. According to the simulation results, side-pumped (1 +1) x1 and (2 +1) x1 cou-
plers were made. The total output power of the (2 +1) x1 coupler is about 681 W, almost two times that of the
(1 +1) x1 coupler, enhancing the pump light injection capacity of the fiber laser system significantly.
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Introduction

High power all-fiber lasers and amplifiers play an
important role in industry and gradually replace the tradi-
tional mechanical equipment. For high power laser sys-
tems, pump couplers are very important components that
determine the pump light injection capacity. Currently
there are mainly two pumping structures developed for fi-
ber lasers and amplifiers, namely, the tapered fiber bun-
dles (TFB) end pumped geometries''’ and the side
pumped geometries.
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For a TFB end pumped coupler, individual fibers
are bundled together in a close-packed formation, heated
to melting temperature, drawn into a taper and then fu-
sion spliced to the cladding-pumped fiber. For a side
pumped coupler, each pumping fiber is heated to melting
temperature, drawn into a taper and then fusion spliced
to the side of the cladding-pumped main fiber. Side
pumped couplers are all (N +1) x1 couplers, which are
particularly suitable for amplifier systems where N X 1
couplers cannot be directly used. Furthermore, with
side-pumped configurations, not only longer fiber could
be used to ensure relatively uniform distribution of popu-
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lation inversion, but also the thermal problem could be
better managed as well than with TFB end configura-
tions. A lot of side-pumped methods have been demon-
strated. Non-all-fibered side-coupling configurations in-
clude the prim-fiber coupler'®’, the V-groove side cou-
pling technique'®’ | the enhanced evanescent field cou-
pling method'*’ | and the embedded mirror method'”.
For the monolithic all-fibered coupling systems, there are
the angle polished side coupler'®’ | the side grating cou-
pler!”’ | the etched silicon capillary side coupler®®’ | the
GT-Wave coupler'”) | and the direct fusion side cou-
pler' ") The monolithic all-fibered systems are more
stable and efficient than non-all-fibered configurations.

At present, commercial (N +1) x1 pump couplers
can realize the coupling of more than 200 W pump power
by one pump arm and a total pump power of 2.2 kW. In-
ternational fiber laser company IPG has realized the
10 kW class laser output in an all-fiber configuration''”.
However, the manufacturing techniques of its pump cou-
plers remain unknown to the outside. ITF Labs who pro-
vides a lot of fiber-coupled devices for the upstream fiber
laser companies has achieved the total output power of
1.2 kW from a (6 + 1) x 1 pump coupler'™®'. Many
arms were used to achieve kW-class power coupling in
their couplers. Here we used only two arms to achieve
this coupled power with very high efficiency.

(N +1) x1 couplers have N pump arms to provide
pump power for laser systems. The number of pump arms
N is limited by brightness conservation principle and fab-
rication technique. Obviously more pump arms allow
more pump power to be injected into the pump coupler.
However, the coupling efficiency of (N +1) X1 couplers
with respect to N remains to be investigated. Optical de-
sign and analysis 3D-beam propagating method is used to
simulate side-pumped (1 +1) x1 and (2 +1) x1 cou-
plers. Other parameters are set the same except the
pump arm numbers. It can be shown that pump coupling
efficiency decreases with the number of pump arms built
on the coupler increase, yet in a slightly decreasing man-
ner. In experiment, a side-pumped (1 +1) x1 and a
side-pumped (2 +1) x 1 coupler were made. The former
had a slight higher coupling efficiency than the latter in
good agreement with the simulation results. The total out-
put power of the (2 +1) x 1 coupler is about 681 W, al-
most two times that of the (1 +1) x 1 coupler, enhan-
cing the pump light injection capacity of the fiber laser
system significantly.
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Fig.1 Schematic side view of a side-pumped system com-
posed of a DC fiber and a MM fiber with silica clad doped
with fluorine.
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The schematic side view of a side-pumped coupler

that consists of a double-clad (DC) fiber, a multi-mode
(MM) pump fiber with silica clad doped with fluorine
and a tapered section is shown in Fig. 1. The silica clad
doped with fluorine (region C in Fig. 1) is between the
core (region B in Fig. 1) of MM pump fiber and the in-
ner-clad (region A in Fig. 1) of DC fiber. The indexes
of A and B regions are 1.448. The index of silica clad
doped with fluorine is slightly smaller than that of MM fi-
ber core and DC fiber inner-clad. For example, the in-
dex of region C is 1.4402 when the MM pump fiber of
105/125 pm (NA =0.15) is used. The index difference
between region A (B) and region C is 0. 0078, so the
cladding of MM pump fiber forms a refractive index val-
ley (RIV) between the core of MM pump fiber and the
inner-clad of DC fiber. The tapered MM pump fiber
gradually converges and fits on the inner-clad of DC fi-
ber, forming the coupling region. For side-pumped (N +
1) x1 couplers, all the tapered pump arms converge and
fit on the main fiber at positions distributed symmetrically
and periodically around the body of the main fiber.

In the following simulations, it is assumed that MM
pump fibers are fused to a DC fiber perfectly. Pump light
has a wavelength of 975 nm. Pump coupling efficiency is
defined throughout this paper as the ratio of pump power
coupled in the DC fiber to the total pump power provided
by the MM pump fibers.

By 3D-beam propagating method, a side-pumped
(2+1) x1 coupler model (pump arms: 220/242 pm
and NA = 0.22; main fiber; 30/250 pm and NA = 0.
46) was built. Without loss of generality and for compu-
tation time consideration, this side-pumped coupler was
simulated in a 2D scalar model. The following aspects
were investigated numerically: (1) The coupling effi-
ciencies of (1 +1) x1 and (2 +1) x 1 were studied and
compared under the same tapered length and the same
input mode field; (2) The coupling efficiencies of (2 +
1) x 1 couplers were studied and compared under the
same input mode field and the different tapered lengths;
(3) The coupling efficiencies of (2 + 1) X 1 couplers
were studied and compared under the same tapered
length and the different input mode fields.

1 Physical and mathematical model

The coupling efficiencies of (1 +1) x1 and (2 +
1) x 1 couplers were studied and compared under the
same tapered length and the same input mode field. All
the 220/242 um pump arms have a tapered length of 8
cm. Forthe (2 +1) X1 coupler, two tapered pump arms
fit on the two sides of the 30/250 wm main fiber symmet-
rically. All the pump arms have a Gaussian mode field
input. Simulation results show that the coupling efficien-
cy i8 90.35% for (1 +1) x 1 coupler and 89.66% for
(2 +1) x1 coupler under configurations mentioned a-
bove. Relative intensity distributions in the couplers are
shown by color map in Fig.2 (a) and (b). The corre-
spondences between colors and relative intensities are
given by the rightmost color bars. The white patterns on
the relative intensity color maps are due to intensity satu-
ration (relative intensity >1). Green line and red line
represent optical power evolutions in each pump arm,
and light blue line represents optical power evolution in
the main fiber along the longitudinal distance z. Deep
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Fig.2 Relative intensity distributions and power evolutions
inside the couplers. For power evolutions along the longitudi-
nal distance z, green and red lines represent the optical power
in each pump arm, light blue line represents the optical power
in the main fiber, and deep blue line represents the total opti-
cal power in the arms and main fiber. (a) (1 +1) x1 cou-
pler with tapered length of 8 cm, resulting in a coupling effi-
ciency of 90.35% , (b) (2 +1) x 1 coupler with tapered
length of 8 cm, resulting in a coupling efficiency of 89.66% .
The input mode fields are the same for both (1 +1) x1 and
(2 +1) x1 couplers
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blue line represents the evolution of the total optical pow-
er in the pump arms and main fiber. The simulation
shows that the coupling efficiency of the (1 +1) X1 cou-
pler is higher than that of the (2 +1) X1 coupler under
the same tapered length and the same input mode field.
It implies that large number of pump arms could have ad-
verse impact on the total coupling efficiency. However,
large number of pump arms will enhance power injection
capacity significantly. Therefore, it is challenging but
worthwhile to make a high-efficiency multi-pump-arm
side-pumped coupler.

2 Experimental validation and discus-
sion

According to the simulation results, number of
pump arms, tapered lengths and input mode fields are
key factors that determine the coupling efficiency of side-
pumped (N +1) x 1 couplers. Among them, a long ta-
pered length is pretty crucial for fabricating a (1 +1) x1
coupler. In experiment, we made it to be approximately
8 cm realized by a homemade fused taper machine. The
schematic diagram of the (1 +1) X1 coupler is shown in
Fig. 3. It is composed of one Nufern 400/440 pm NA =
0.22 fibers as its pump arms and one Nufern 20/400 pm
NA =0.06/0. 46 fiber as the main fiber.

Fig.3 The schematic diagram of a (1 +1) x 1 coupler
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The coupling performance of the (1 +1) x1 coupler
was tested. As shown in Fig. 4, one LD each with output
power of about 350 W was spliced with the input arms of
the (1 +1) x 1 coupler with total splice loss less than
2% . A total output power of this (1 +1) X1 coupler is a-
bout 330 W, corresponding to a coupling efficiency as
high as 96.3% . Compared with the simulation results by
3D-beam propagating method, an impressively higher cou-
pling efficiency was achieved thanks to a much longer ta-
pered length fabricated, thus higher-order modes of pump
light being coupled into the main fiber efficiently.

Fig.4 Schematic diagram of the experimental setup for tes-
ting the pump light coupling performance of the (1 +1) x 1
coupler
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The schematic diagram of the (2 +1) x 1 coupler is
shown in Fig. 5. The statement about (2 +1) X1 cou-
pler is the same as (1 +1) x1 coupler(Fig.3).

Fig.5 The schematic diagram of a (2 +1) x 1 coupler
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The coupling performance of the (2 +1) x 1 cou-
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pler was tested. As shown in Fig. 6, a total output power
of the (2 +1) x1 coupler is about 681 W, correspond-
ing to a coupling efficiency as high as 95.7%.

Fig.6 Schematic diagram of the experimental setup for testing
the pump light coupling performance of the (2 +1) x 1 coupler
6 (2+1) x 1 FlG didid 75 A S5 Rl 25 250 oR =

The signal loss of this (2 +1) X1 coupler was test-
ed. An all-fiber oscillator was used as the signal source
as shown in Fig. 7. Yb-doped fiber was end pumped by 3
LDs through a 3 x 1 coupler. Laser oscillations formed
via a pair of fiber Brag gratings. The laser output power
from the oscillator was measured to be 395 W with opti-
cal-optical efficiency of 65. 8% . The output end of the
oscillator was then spliced with the input end of the (2 +
1) x1 coupler. The measured signal power from the oth-
er end of the (2 +1) X1 coupler is about 390 W. In or-
der to exclude the signal loss caused by the splicing point
connecting the oscillator and the (2 +1) x 1 coupler,
just behind this splicing point the fiber was cut at a right
angle and the output signal was measured again. The
measured signal power is 391.5 W, corresponding to a
signal loss of this (2 +1) X1 coupler less than 0.4% .

Fig.7 Schematic diagram of the experimental setup for
testing signal loss of the (2 +1) x 1 coupler
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3 Conclusion

(N+1) x1 coupler model of two side-pumped (1
+1) x1 coupler and (2 +1) x1 were built by 3D-beam
propagating method The influences of pump arms on the
pump coupling efficiency were analyzed. It can be shown
that pump coupling efficiency decreases with the number
of pump arms built on the coupler, yet in a slightly de-
creasing manner. In experiment, side-pumped (1 +1)
x1 and (2 +1) x1 couplers were made. The total cou-
pled pump power of the (1 +1) x 1 coupler is 330 W,
corresponding to a coupling efficiency as high as 96.
3% . The total coupled pump power of the (2 +1) x1
coupler is 681 W, corresponding to a coupling efficiency
of 95.7% . The (2 +1) x 1 coupler has almost two times
pump injection power of the (1 +1) x1 coupler with on-
ly a little bit sacrificing of coupling efficiency. Fabrica-
ting more pump arms around the main fiber can further
scale the coupler’ s power injection capacity while main-
tain acceptable coupling efficiency. Such high coupling
efficiency and low signal light loss couplers are suitable

and beneficial for fiber laser systems.
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