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bstract. An optical pumping device consisting of pigtailed
iode lasers and a paraboloidal mirror is presented. The pig-

ailed diode lasers are mounted on a circular plate in radial
osition in front of the mirror, and the reflected beams are

hen launched into a 200-�m-diam undoped silica fiber with
ilicone cladding, with up to 75% coupling efficiency. The
mplementation of the device is simple and can be used to
cale the power in fiber laser systems. © 2008 Society of Photo-
ptical Instrumentation Engineers.
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Introduction

he pumping scheme is one of the most critical elements in
asers and a particularly important issue in fiber lasers. The
apability of scaling optical output power depends consid-
rably on this element.1–5. Many techniques have been pro-
osed so far, and these may be classified as incoherent
eam combinations �also called spectral beam combining
SBC�� and wavelength spectrally coherent beam combina-
ions �CBC� of pumping laser beams.6 Klingebiel et al.7

ecently reported a SBC with combining efficiencies of
5% and with no degradation of beam quality. However,
hese systems are often difficult to manipulate and are also
ery complex. On the other hand, CBC techniques are usu-
lly simpler. An example consists of fiber-pigtailed pumps
used to a rare-earth-doped fiber.8 Although these pump
ombiners can handle high levels of power and require no
lignment, the maximum power coupled is usually smaller
han that reached by simple free-space end coupling. For
xample, a commercial n-pump combiner shows a typical
oupling efficiency up to 90% with a maximum multimode
ransmission of 100 W,9 whereas in free-space end cou-
ling, the launching power is many times larger than that.
otwithstanding, the latter method is limited only by the

hermal fracture limit of the host material, which is typi-
ally 1150 W /m on the facet fiber.10 In our technique, we
xplore a very simple spatial combination of diode lasers,
n which there is no need to improve the beam quality, as
here is a low coherent addition, and which permits ad-

091-3286/2008/$25.00 © 2008 SPIE
ptical Engineering 020502-
equate manipulation of the beams. Rather than focusing on
reaching the highest possible power, the main interest of
our work is to design and test both theoretically and experi-
mentally a system that enables us to investigate the consid-
erations to scale the optical pump power for double-clad
fiber lasers with acceptable coupling efficiency. The signifi-
cance of this device is that it can be easily manufactured
and effectively implemented in cladding-pumped fiber la-
sers.

2 Optical Design

Figure 1 shows the scheme of the pump combiner proposed
in this work. This consists of a laser system composed of
two or more pumping lasers and a paraboloidal mirror. The
SubMiniature version A �SMA� connectors are mounted ra-
dially in a circular plate, in whose central part is placed a
commercial SMA901 connector before a focus lens. The
SMA connectors mounted radially have a collimator lens
included,11 which can be aligned. The central SMA901
connector allows fixing a double-cladding rare-earth-doped
fiber or an undoped silica fiber with silicone cladding as our
current case �collector fiber�. The mirror has a diameter of
100 mm, an aperture of 65 mm, and a focal distance of
100 mm, with a thin golden film.

3 Simulation of the Optical Design

A simulation was performed using the optical design soft-
ware OSLO. By computing the position of the focus of the
mirror using ray traces, the real position of the central hole
is found �where the collector fiber is located�. This compo-
nent needs to be aligned with the optical axis of the mirror.
The collimated light beams from the diode lasers are ad-
justed in a parallel way to the optical axis of the paraboloi-
dal mirror, the output beam of the pigtailed diodes are di-
rected to the mirror, and these are retroreflected in a
position where the silica fiber is located, as shown in Fig.
2�a�. The concentrated beam then does not have spherical
aberration because we assumed that the mirror is perfectly
paraboloidal and compensates for that aberration. For the
same reason, the off-axis aberrations like comma and astig-
matism are not present. Since a mirror is used to concen-
trate the light, there is no chromatic aberration either. From
the simulations of a previous investigation,12 we found that
at distances of 1 mm from the mirror focus, the size of the
spot is smaller than 100 �m, which results in certain toler-
ance in the defocusing of the rays toward the fiber, as
shown in Fig. 2�b�. Furthermore, the numerical aperture of
the mirror has a value of 0.325, which is smaller to one of

Fig. 1 Pump combiner scheme.
February 2008/Vol. 47�2�1
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he receiving double-clad optical fibers �NA�0.4�, which
lso guarantees good coupling efficiency. In the implemen-
ation of this device, there are some features that directly
ffect the efficiency of the system. The first factor is related
o the height of the pumping sources at the plate. We varied
his parameter from 10 to 30 mm through simulations and
e found that, unlike using a paraboloidal mirror, this does
ot affect the beam position at the fiber. The second case
onsists of the angle at which the laser diode ray reaches
he paraboloidal mirror surface. Small variations of the in-
ident ray angle significantly affect the reflected ray posi-
ion. The third case is related to the tilt of the mirror itself,
hich affects the deviation of the focused beams from the
ptical axis.

Experimental Setup and Results

igure 3 shows the experimental setup of the combiner sys-
em. We worked with three 5-W pigtailed laser diodes at
15 nm, with 100-�m aperture and 0.2 NA. These beams
ere collimated with a fiber collimator F220SMA, and all

he beams retroreflected by the paraboloidal mirror were

ig. 2 Simulation of the focused beams: �a� at the mirror and �b� at
he focal point.

ig. 3 Experimental combiner setup: �a� set of the pump diodes, �b�
ront view of the paraboloidal mirror, and �c� front view of the circular
late.
ptical Engineering 020502-
focused to the collector silica fiber using a fiber collimator
F240SMA from Thorlabs.13 The experimental coupling ef-
ficiency results of the undoped silica fiber were 75% for
5 W �one pump diode�, 73% for 10 W �two pump diodes�,
and 72% for 15 W �three pump diodes�. Two important
requirements were very decisive in the selection process of
such a device. The first one corresponds to the ability to
scale as many diode lasers as possible. The number of
pump modules can be increased as long as the dimension of
the special mirror and the size of the circular plate also
increases. The second factor in the design was to determine
the effective numerical aperture of the special mirror,
which we considered to have a value of less than 0.4, which
corresponds to the numerical aperture of our collector
silicone-cladding fiber. With these parameters under con-
trol, we expected the system to work well. Moreover, an
increase in the reflectivity of the mirror would improve the
efficiency in our system. In our results, a decrease in the
coupling efficiency was observed when the quantity of laser
diodes is increased. This may be the result of absorption
losses caused by the mirror and some technical problems in
the adjusted mechanical screws.

5 Conclusions

We design, construct, and test the performance of a novel
pump combiner system for cladding-pumped fiber lasers.
The device consists of a simple scheme for a spatial com-
bination of several pigtailed pump diodes and utilizes a
paraboloidal mirror to couple beams into an undoped silica
fiber with silicone cladding. Since the mirror is capable of
handling great amounts of power, the maximum input
power that can be coupled through this device is only lim-
ited by the diode lasers. Parameters such as alignment were
tested both numerically and experimentally, giving results
with matched values. Among the advantages of this system
is its ease, in scaling the input power of a general laser
system. The experimental coupling efficiency achieved in
this work was 75 and 72% for one and three laser diodes,
respectively, in an undoped 200-�m silica fiber. This pump
efficiency reduction can be attributed to the mirror absorp-
tion as well as optical misalignment; however, another al-
ternative to increase the coupled pump power can be done
by the deposition of thin films of higher reflectivity on the
mirror. The performance of this pump combiner shows that
it can be effectively implemented in high power systems.
Additionally, if we consider the size of the paraboloidal
mirror and the dimension of the circular plate that holds the
SMA connectors of the n-number of pigtailed diode lasers,
the maximum number of diodes estimated is 8. Then, with
this design, the estimated highest pump power for our cou-
pling efficiency of 72% is roughly 28.8 W. However, by
using the same operation principle, this pump power can be
increased as long as the diameter of the paraboloidal mirror
and the dimension of the circular plate increase. We then
conclude that the power scaling can be extrapolated with
good results in practical double-clad fiber lasers.
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