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We demonstrate selective spatial mode amplification in
a few mode, double-clad Yb-doped large mode area
(LMA) fiber, utilizing an all-fiber photonic lantern.
Amplification to multi-watt output power is achieved while
preserving high spatial mode selectivity. We observe gain
values of over 12 dB for all modes: LPy;, LP;;,, and
LP,y;,, when amplified individually. Additionally, we inves-
tigate the simultaneous amplification of LPy; + LP,;, and
LP,;, + LP;y},, and the resultant mode competition. The
proposed architecture allows for the reconfigurable excita-
tion of spatial modes in the LMA fiber amplifiers, and rep-
resents a promising method that could enable dynamic
spatial mode control in high power fiber lasers. © 2016
Optical Society of America

OCIS codes: (060.2320) Fiber optics amplifiers and oscillators;
(060.2340) Fiber optics components.
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The impressive growth experienced by fiber lasers and
amplifiers has been made possible due to their remarkable
power scalability, excellent thermal management, and ability
to be integrated into modular systems [1-3]. As such, systems
with kilowatt average power or megawatt peak power are now
readily available. However, due to the high optical intensity in
the fiber core, both pulsed and continuous wave (CW) laser
systems are limited by nonlinear effects such as four-wave
mixing, self-phase modulation, stimulated Brillouin scattering,
and stimulated Raman scattering [4]. In order to mitigate these
undesirable nonlinear effects, extensive investigations have fo-
cused on developing advanced large mode area (LMA) fibers.
However, as the mode field diameter of LMA fibers increases, it
becomes more difficult to maintain effective single-mode
operation and prevent the excitation of higher order modes.
In the past few years, thermal mode instability (TMI) has been
identified as an additional nonlinear mechanism that ultimately
limits average power scaling in fiber amplifier systems [5,6].
TMI manifests itself as a sudden transition from stable
single-mode operation to a regime in which the output spatial
mode profile fluctuates rapidly due to power coupling between
the fundamental and higher order modes [5-8]. In this regard,
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novel fiber amplifier architectures to overcome TMI are being
investigated. For example, Otto ez a/. incorporated an acousto-
optic deflector to control the spatial-modal content of the
seed at the LMA fiber input to increase the threshold for
TMI [9].

On the other hand, rapid progress has been made in spatial
mode control and the integration of multimode fiber systems
which is driven by ongoing research in spatial mode division
multiplexing for optical communications [10-13]. Within this
context, photonic lanterns have emerged as a powerful technol-
ogy that enable modal control in multimode fiber systems
[14-17]. In a mode selective photonic lantern (MSPL), several
fibers of dissimilar core diameters and/or cladding diameters are
stacked in a lower refractive index capillary and adiabatically
tapered to form a multimode waveguide. In this case, the
modes from any excited input fiber are mapped to the corre-
sponding modes of the multimode waveguide at the lantern
output [16-21].

Recently, a core pumped Er-doped few mode fiber amplifier
with low mode dependent gain was demonstrated by using a six
spatial MSPL [18]. Thus far, all previous demonstrations of
mode selective amplification utilizing a photonic lantern have
been limited to <1 W of output power [18,22].

In this work, for the first time to the best of our knowledge,
we utilize an in-house fabricated MSPL for high power ampli-
fication in a Yb-doped LMA fiber. The photonic lantern pro-
vides efficient mode selective signal coupling into the Yb-doped
fiber while the double-clad LMA active fiber allows amplifica-
tion to the multi-watt power levels. In this work, the dynamics
of the three lowest order modes (LPy;, LP;;,, and LP,;;,) were
investigated. The outlined approach provides an attractive
all-fiber method to achieve spatial mode control during ampli-
fication. This appears very promising as a method to enable
dynamic spatial mode control in high power fiber lasers.

The experimental setup is illustrated in Fig. 1. In order to
analyze the amplifier performance, power meters, an optical
spectrum analyzer (OSA), and a CCD camera were employed.
A narrow-linewidth laser diode at 1064 nm was used as the
seed. The 1064 nm seed wavelength was chosen, as it is spec-
trally distinct from amplified spontaneous emission (ASE)
and self-lasing. The seed was first amplified in a 1 m long

Yb-doped fiber (Nufern PM-YSF-HI), core pumped at 976 nm.
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Schematic of the experimental setup. A 1064 nm narrow-linewidth laser was pre-amplified and then coupled to a three mode selective

photonic lantern (MSPL), which is then free-space coupled to a cladding pumped LMA Yb-doped fiber.

Pre-amplification increased the seed power to 148 mW while
maintaining an optical signal to noise ratio (OSNR) of
~50dB. The pre-amplifier output was then coupled to one of
the input channels of the three mode selective lantern, which
are mapped onto the LPy;, LP;;,, and LP;;, modes at the lantern
output. Figure 2(a) depicts the photonic lantern employed in the
experiment.

The near field mode profiles corresponding to the different
input ports, recorded at the photonic lantern end-facet, are de-
picted in Fig. 2(b). Note that the slight asymmetry seen in the
LP,,, mode can be reduced by optimizing the photonic lantern
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Fig. 2. (a) Illustration of the photonic lantern. (b) LPy;, LP;,,, and
LPyy}, near field mode profiles at the photonic lantern end-facet, (c) at
the FMF output, and (d) amplified mode profiles through 3 m
Yb-doped LMA fiber at ~5 W absorbed pump power.

fabrication process. In order to improve the coupling between
the photonic lantern and the active LMA fiber, an intermediate
few mode fiber (FMF) with a 15/125 pum core/cladding diam-
eter was spliced to the photonic lantern output. The near field
mode profiles after propagation through 1 m of the FMF are
presented in Fig. 2(c). Figures 2(b) and 2(c) clearly demonstrate
that the LPy;, LP;;,, and LP;;, modes can be excited by the
photonic lantern with low modal cross-talk. Subsequently,
the output from the FMF was free-space coupled into the
25/250 pm core/cladding diameter Yb-doped LMA fiber
(Nufern PLMA-YDEFE-25/250-VIII) using two lenses, L1 and
L2, with focal lengths of 2.86 and 4.6 mm, respectively. A di-
chroic mirror (HR for 1020-1080 nm, HT for 976 nm)
coupled the signal into the amplifier and directed the unab-
sorbed pump to a power meter. The amplifier was cladding-
pumped with counter-propagating light from a fiber coupled
976 nm diode with a 105/125 pm core/cladding diameter
and 0.22 NA delivery fiber (nLight element E6). A dichroic
mirror identical to that used at the amplifier input separated
the output signal from the pump. The multimode pump was
coupled to the active fiber using a pair of lenses, L3 and L4, with
focal lengths of 6.24 and 8 mm, respectively. A 10 nm bandpass
filter, centered at 1064 nm, was used to remove residual pump
and ASE for the signal analysis as shown in Fig. 1.

In order to investigate the amplification of the LPy;, LP,,,
and LP;;, modes, each mode was individually excited with 77,
100, and 77 mW, respectively. The fiber amplifier was pumped
with a maximum power of 25 W. Up to an absorbed pump
power of ~5 W, all three modes retained good mode fidelity,
as can be seen from the near field profiles presented in Fig. 2(d).

The output power versus the absorbed power for each mode
is shown in Fig. 3(a). All three modes exhibited similar ampli-
fication efficiency and output signal powers. Specifically at an
absorbed pump power of 4.9 W the respective modal gains
were 14 dB for LPj;, 12 dB for LP;;,, and 13 dB for
LPyyy,. For an absorbed pump power of ~15 W, an output sig-
nal power of 4, 3.8, and 4.2 W was obtained for LPy;, LP1,,
and LPy, respectively.

In addition, the spectral dependence of the output signal on
pump power for the LP;;, mode is presented in Fig. 3(b). The
LPy; and LP;;, modes show a similar evolution of the spectrum
with increased pump power and are not shown. At an absorbed

power of 4.9 W, the OSNR was 16 dB. At this absorbed pump
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Fig. 3. (a) Measured signal output power as a function of the ab-
sorbed pump power for all three spatial modes LPy,;, LP},, and LPyy,
amplified individually, and (b) output spectra for the LP;;, mode
amplification for absorbed pump power levels of 0, 4.9, and

8.2 W. The OSNRs correspond to 29, 16, and 5 dB.

power, the LPy; and LP;;, modes exhibited higher OSRNs
of 24 dB. The OSNR decreased with higher pump powers
as self-lasing occurred at ~1030 nm and competed with the
signal amplification at 1064 nm. Characterization of OSNR
between the signal and ASE/self-lasing is critical in evaluating
the amplifier performance. At around 9 W of absorbed pump
power, the OSNRs were 12.4, 5, and 13 dB for the LPy;, LPy,,,
and LP,;, modes, respectively. The drastic increase of self-
lasing at the absorbed pump powers above 9 W is the result
of gain saturation at the seed (both spectrally and spatially).
While the amplifier performance could be improved to sup-
press self-lasing, this is not critical for this proof of concept
demonstration.

As part of additional experiments, the output of the FMF
was spliced to a 50:50 fiber splitter in which the two outputs
were used to excite two arms of the photonic lantern simulta-
neously. This enabled two cases of bi-modal amplification to be
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Fig. 4. (a) Simultaneous amplification of the modes LPy; with
LPy, (case 1) and LP,y, with LPyy}, (case 2). (b) Three snapshots from
Visualization 1 at different time steps are shown. Visualization 1
presents the near field image of the simultaneously amplified modes,
LPy, and LPy,,, over 4 s. The output mode is oscillating between the
LPy; and LP;;, modes due to mode competition.

investigated: (1) amplification of LP; together with LP;,, and
(2) amplification of LPy, together with LPy. The total power
of both modes launched into the Yb-doped fiber was similar for
both cases (70 mW for case 1 and 98 mW for case 2). The
output power measurements as a function of the absorbed
pump power are shown in Fig. 4(a) for both launching condi-
tions. The overall output efficiency is similar to the individual
mode amplification, shown in Fig. 3(a).

At 5 W absorbed pump power, the total output power was
1.1 W for case 1 and 1.5 W for case 2. At this pump level, the
observed OSNRs were 15.4 and 11.3 dB, respectively. For
higher absorbed pump powers, the OSNRs further decreased
in association with self-lasing near 1030 nm. For an absorbed
pump power of 8.3 W, the OSNRs were 6 dB for case 1 and
4.1 dB for case 2.

In both cases of simultaneous amplification, mode compe-
tition was observed. As an example, three snapshots from
Visualization 1 are shown in Fig. 4(b) at different time steps.
Visualization 1 is a video of the amplified output modal profile
in the near field for case 1 at an absorbed pump power of
100 mW. In this case, the output mode profiles oscillate from
the LPy; to the LP;; mode. Visualization 1 illustrates oscilla-
tion at low Hertz-frequencies. We have separately confirmed
the oscillation frequency by measuring the temporal output;
however, a more detailed analysis of this is beyond the scope
of this work.

In summary, we demonstrate mode selective amplification
to multi-watt level average power using a three mode selective
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lantern to selectively excite the LPy;, LP},, and LP;y, spatial
modes in a LMA Yb-doped fiber. High spatial mode fidelity
and high OSNRs were maintained for output powers of up
to 2 W. With increased pump power, we observe ASE and
self-lasing. Simultaneous amplification of two modes resulted
in competition between the two excited modes. Research is on-
going to investigate mode competition in this amplifier con-
figuration and to modulate the amplitude and phase of the
spatial mode channels to control mode competition. Scaling
to higher average power and improved modal purity can be
achieved by directly splicing the photonic lantern to the active
fiber. Likewise for power scaling, we are working to increase the
number of spatial modes by using a photonic lantern with more
input fibers [23]. Spatial mode amplification based upon pho-
tonic lantern devices coupled to LMA fiber amplifiers may
open new pathways for dynamic modal control in high power
fiber lasers.
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