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We investigate mode area scaling by means of supermode
operation in an all-solid multicore fiber. To obtain a large
mode area, we designed and fabricated an active double-
clad multicore fiber, where each Ytterbium-doped core is
19 pm in diameter and has a numerical aperture of 0.067,
comparable to the core of the largest available
commercial large-mode-area (LMA) fibers. Such six large
cores are stacked tightly in a ring structure to enable
phase locking of the core fields and supermode operation.
The fiber laser performance was investigated in a linear
laser cavity with an external Talbot resonator for mode
selection. The highest output power achieved was 115 W
with an overall 61% slope efficiency corresponding to the
pump power. The measured M2 was 1.43 for the central
lobe with nearly 70% of the total power. © 2015 Optical
Society of America

OCIS codes: (140.3510) Lasers, fiber; (140.3290) Laser arrays; (060.2280)
Fiber design and fabrication

A large mode area fiber is a key component in high power fiber
lasers, helping mitigatevarious unwanted effects, e.g. nonlinear
effects and transverse mode instability (TMI) [1-3] . Itis viewed that
an effective area of the fundamental mode (FM) is limited to about
1000 pm? since the effective-index difference between the FM and
higher-order modes (HOMs) becomes smaller as the mode area
increases. Various specialty LMA fiber designs are reported to
overcome the challenge, through selective doping [4], or mode-
differentiated losses, e.g, chirally-coupled core (CCC) fibers [5],
leaky channel fibers (LCFs) [6], large-pitch photonic-crystal fibers
(LPFs) [7], multi-trench fibers (MTFs) [8], or asymmetric core fibers
[9, 10]. Recently, multi-core fibers (MCFs) have been investigated as
a platform of the spatial division multiplexing for increasing optical

communication bandwidth [11, 12]. Individual cores in the MCF are
separated enough to prevent cross-talk. Alternatively, the cores can
be place closely in an attempt to achieve phase locking and coherent
beam combing (CBC). The CBC of fiber lasers has been intensively
investigated over the past since it is a promising approach to
overcome these limitations and allow further scaling of output
power or energy [13,14]. The MCFs with closely packed cores can
be used as a platform for CBC of beams from separate cores, due to
the common environment (heat, gain) among the cores that
inherently reduces possible phase fluctuation. When multiple cores
are close enough, supermodes are formed through evanescent field
coupling between adjacent cores. Usually the in-phase supermode
is intentionally selected to lase since it has a central bright lobe in
the far field, and the beam quality of the central lobe is nearly
diffraction-limited, better than that of other supermodes. Various
methods have been proposed and demonstrated for the selection of
the in-phase mode, e.g, with a Talbot mirror as a laser cavity mirror
[15-18], through selective injection [19, 20] or by placing an
aperture inside the laser cavity [21]22. However, most of the work
done with large-mode-area (LMA) cores [16], [18], [21] were based
on multi-core photonic crystal fibers (PCF), which are relatively
complex and costly to fabricate, and challenging in terms of
handling (cleaving and splicing). On the other hand, for those MCFs
with all-solid structures, the core sizes were relatively small, hence
offering limited mode area scaling [15], [17],[19], [20], [22]

In this paper, we introduce an alternative all-solid MCF design
with large nearly single-mode core size, ie, 19 um core diameter
and 0.067 core numerical aperture (NA), which was in-house
fabricated. To the best of our knowledge, this is the largest active
LMA core in a multicore fiber with all-solid structure ever reported.
Our MCF has six cores aligned in a ring shape. The performance of
the fabricated MCF is investigated in a linear laser cavity with an
external Talbot mirror to select the in-phase mode. At full pump
power, the signal output power was 115 W with the slope efficiency
of 61% with respect to the pump power. The measured M2 of the



output signal beam, with or without filtering out the pedestal, was
1.34 and 3.34, respectively.

The fiber was fabricated with the standard stack and draw
method. We etched the cladding layer of an Yb-doped fiber preform
made by a conventional modified chemical vapor deposition
(MCVD) process with a rare-earth vapor delivery system, cut it into
six pieces, and placed them in a ring configuration at the center of
the multi-core fiber preform. Theoretically, MCFs with hexagonal
ring structure has best performance in terms of power handling and
good output beam quality compared to that of MCFs with hexagonal
structure or squared array [23]. The fiber preform was then drawn
into an all-solid fiber with a low index polymer jacket. The image of
the center cross-section of the MCF measured by a microscope is
shown in Fig. 1(a). Each core diameter is ~19 um. Figure 1(b) shows
the measured refractive index profile (RIP) of the MCF along the
diagonal. The measured NA is about 0.067 (very similar to the
available commercial LMA fibers). Each core is slightly multimoded
at ~1 um. The cladding diameter is ~235 pm with NA of 0.45. The
measured small signal absorption is about 4 dB/m at the 976 nm
absorption peak.
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Fig. 1. (a) Image of the Yb-doped MCF, (b) Refractive index profile of the
MCF along the diagonal.
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Fig. 2. Mode distributions at near field (row 1) and far field with z = 50
mm (row 3) and phase distributions (row 2): (a) in-phase mode; (b)
out-of-phase mode; (c) one example of higher-order modes.

We used the commercial software COMSOL to simulate the mode
distribution. In the first row of Fig. 2, it shows mode distributions of
three examples, i.e., fundamental in-phase mode, fundamental out-
of-phase mode and a higher order supermode. The calculated
effective mode area of the fundamental in-phase mode is 1571 pm?2,
which is corresponding to the mode field diameter (MFD) of
~45 pm in a step-index fiber. Since the field distribution of each
mode in the fiber has been calculated, the corresponding far field
intensity distribution after a propagation distance can be obtained
by numerically solving the Fresnel diffraction integral using a
standard fast Fourier transform (FFT) method [24]. The intensity
distributions of these three modes at far field with z=50 mm are
shown in the third row of Fig. 2. The far-field pattern of the
fundamental in-phase mode has a dominant central lobe, different
from its near-filed distribution. The calculated power in the central
lobe is 684% of the total in-phase mode power. The mode
distribution of the out-of-phase remains almost same along the
propagation. The phase distribution of three modes are shown in
the second row of Fig. 2. The phase remains same in separate cores
for in-phase mode while the phase difference changes 1 between
two adjacent cores for the out-of-phase mode. With the mode
distribution along z the beam qualities of three mode can be
calculated as M2 = 2.8, 5.4, and 6.6, respectively for the fundamental
in-phase mode, out-of-phase mode and the HOM through the
second-moment beam width [25]. The reason why we gave the
example of the HOM here will be explained in the discussion of the
experimental results.

A 3.5 m long Yb-doped MCF was investigated in a linear laser
cavity with a bending diameter of ~25 cm. Figure 3 shows the
schematics of the experimental setup. The MCF was cladding-
pumped by a fiber-coupled laser diode at 976 nm (not wavelength
stabilized) through the flat-cleaved end via lenses and dichroic
mirrors (DMs). A high reflection (HR) mirror was placed close to the
other fiber end as a Talbot mirror. The excited supermodes can be
selected by moving the HR mirror backward and forward. The
output beam profile of the fiber laser at the far field was recorded
with a camera which was directly placed 50 mm from the fiber end,
behind the HR mirror.
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Fig. 3. The schematic diagram of the experimental setup. DM: dichroic
mirror; HR Mirror: high reflection mirror; MCF: multi-core fiber.

The far-field intensity beam distributions captured by the camera
were compared to the calculated ones as shown in Fig. 4. The
calculated beam distributions of the fundamental in-phase mode
and out-of-phase mode are given in Fig. 4(a) and Fig. 4(c),
respectively, assuming that the beam propagates 50 mm from the
fiber end. Fig. 4(b) and Fig. 4(d) show the measured beam
distribution with the distances between HR mirror and fiber end of



~2 mm and <1 mm, respectively. When the distance between the
HR mirror and fiber end is 2 mm, the measured beam distribution
is very similar to the beam profile of the fundamental in-phase
mode indicating that the in-phase mode was excited and dominated
the lasing in this case. The measured power in the central lobe is
about 72% of the total power, very close to the calculated central
lobe power ratio of the fundamental in-phase mode, i.e, 68.4%. By
moving the HR mirror closer to the fiber end, ie, <1 mm, the
measured beam profile became donut shaped, as shown in Fig. 4(d).
As evident, it is different from the calculated beam profile of the
fundamental output-of-phase supermode, indicating that the out-
of-phase mode didn't dominate the lasing.
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Fig. 4. Calculated (ac) and measured (bd) far-field intensity
distributions. (a, b) are the in-phase supermode; (c) is the calculated out-
of-phase mode; and (d) is the measured far field when the HR mirror is
<1 mm from the fiber end.
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Fig. 5. Laser output power vs. pump power.

The position of the HR mirror was fixed at ~2 mm away from the
fiber end for the selection of the fundamental in-phase mode. The
measured output power as a function of the pump power is shown
in Fig. 5. The measured data is given in black dots while the red
dashed line is the fitting curve. The laser started to lase with output
power of 0.88 W at 9 W pump power. The highest output signal is
115 W at pump power of 198.6 W. The output power is limited by
the available pump power. The overall slope efficiency with respect
to the laser diode pump power is ~61.4%. We measured the beam
quality of the output signal at full pump power. The measured M2is
~3.34, which is comparable to the theoretical M? value of the
fundamental in-phase mode, i.e, 2.8. An adjustable aperture was
then placed at the output to carefully filter out the pedestal as shown
in Fig. 4(a) by monitoring the beam distribution on the camera. The
measured M? without pedestal is given in Fig. 6. The blue crosses
and black squares are the measured results for along x and y axis,
respectively. The red dashed line and straight line are
corresponding fitting curves. By filtering out the pedestal, the
measured M2 is ~1.43, close to the beam quality of the diffraction
limited beam.
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Fig. 6. Beam quality measured at full pump power.

To better understand the experimental results, we calculated the
amplitude coupling coefficients of different supermodes in the
Talbot resonator. The calculated results are given in Fig. 7. All the
solid curves present the coupling coefficient of each mode to couple
back into itself after it propagates between the fiber end and HR
mirror and returns back to the fiber end. The red dashed line plots
the amplitude coupling coefficient of the fundamental mode
coupling into the higher order mode given in Fig. 2(c). Note that the
coupling losses at distances larger than 0.2mm are relatively large
due to diffraction. The results are very similar to those reported in
the literature, e.g. [26]. We also have three regimes for mode
selection due to Talbot effect. When the distance between the HR
mirror and the fiber is longer than ~0.7 mm, the amplitude coupling
coefficient of the fundamental in-phase mode given in solid black
curve is highest among all modes. This is expected since the
diffraction angle of the fundamental in-phase mode is lowest. It also
can explain that in our experiment, the fundamental in-phase mode
was excited and dominated the lasing when the HR mirror was put
at the position of 2 mm away from the fiber end. However, since
each Yb-doped core is slightly multimoded, there exist higher order
modes. By calculations, we notice that in this regime, the



fundamental in-phase mode can be strongly coupled into the higher
order supermode given in the red dashed line in Fig. 2(c). We
attribute this to the degradation of the output beam quality as the
measured beam quality of the output signal is slightly worse than
the theoretical number. To eliminate the coupling coefficient from
the fundamental in-phase supermode into such higher order mode,
we should make sure that each core in the fiber is truly single-
moded. When the fiber-HR mirror distance is shorter than 0.3 mm,
the amplitude coupling coefficients of all modes coupled into
themselves are close. The coupling efficient of the in-phase mode is
only slightly higher than the others. When the fiber-HR distance is
between 0.3 mm and 0.7 mm, another higher order supermode has
a slightly higher coupling coefficient than the other modes. This can
explain the multimode operation we observed in this case as shown
in Fig. 4(d). The measured mode distribution is different from the
calculated mode profile of the out-of-phase supermode.

In conclusion, we investigated mode area scaling via an all-solid
MCF with Yb-doped LMA cores fabricated in-house. The effective
area of the fundamental in-phase mode can be as large as 1571 um?,
corresponding to ~45 um MFD of a conventional step-index fiber.
The fabricated MCF was then investigated in a linear cavity with
Talbot effects. The output beam quality of central lobe is nearly
diffraction limited with measured M2 of 1.43. The maximum output
power obtained was 115 W, limited by available pump power. By
calculation of the amplitude coupling coefficients of the various
supermodes, we observe that the fundamental in-phase mode has
lower couplinglosses than other modes when the distance between
the HR mirror and the fiber end is larger than 0.7mm. In the future,
we will try to introduce additional external means to try and
operate the laser with the out-of-phase mode. Besides, we will
fabricate MCFs with LMA and single-moded cores.
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Fig. 7. Amplitude coupling coefficients of different supermodes as a
function of the fiber-HR mirror distance.
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