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Abstract: Coherent propagation of supermodes in a multicore fiber is promising for power scaling
of fiber laser systems, eliminating the need for the active feedback system to maintain the phases
between the channels. We studied the propagation of broadband pulsed radiation at a central
wavelength of 1030 nm in a multicore fiber with coupled cores arranged in a square array. We
designed and fabricated a silica multicore fiber with a 5 x 5 array of cores. For controllable excitation
of a desired supermode, we developed a beam-forming system based on a spatial light modulator.
We experimentally measured intensity and phase distributions of the supermodes, in particular, the
in-phase and out-of-phase supermodes, which matched well the numerically calculated profiles. We
obtained selective excitation and coherent propagation of broadband radiation with the content of the
out-of-phase supermode of up to 90% maintained without active feedback. Using three-dimensional
numerical modeling with allowance for a refractive index profile similar to those of the developed
fiber, we demonstrated stable propagation of the out-of-phase supermode and collapse of the in-phase
supermode at a high signal power.

Keywords: multicore fiber; supermode; nonlinear light propagation; spatial light modulator

1. Introduction

The spatial degree of freedom has recently attracted much attention in fiber optics
for increasing the capacity of fiber links [1] and increasing the optical power of laser sys-
tems. Spatial multiplexing for high-bit-rate data transmission in multimode fibers was
proposed [2] and demonstrated in various fibers [3], including active fibers [4] (see also [1]
and references therein). In high-power laser systems, multimode fibers are used to reduce
nonlinearity, however, to attain good beam quality, single-mode propagation is desirable,
which can be achieved in several fiber designs: step-index fibers with a microstructured
cladding for suppressing high-order modes [5], leakage channel fibers [6], helical-core
fibers [7], chirally coupled core fibers [8], photonic bandgap fibers [9], and fibers intention-
ally operated in high-order mode [10]. Multicore fibers (MCF) are promising for coherent
transportation and amplification of high average and peak power signals. Active and
passive multicore fibers with weakly interacting cores are actively studied in the context
of high-speed telecommunications [11-14], including quantum key distribution [15,16],
high-power beam delivery and amplification [17-19], as well as synthesis of complex beam
structures by coherent combining of the MCF output radiation [20]. However, in order to
coherently combine light from noninteracting cores, an active feedback system is required
to compensate for phase fluctuations in different cores [17,18]. In contrast, multicore fibers
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with sufficiently coupled cores [21] support the propagation of the supermodes in which
the coherency between the light in the cores can be maintained without the need for any
feedback system. Moreover, the MCFs with coupled cores are attractive for exploration
of many nonlinear and laser phenomena, including selective mode amplification [22],
Raman lasing [23,24], spatiotemporal pulse compression [25,26], light bullet and soliton
formation [27-29], supercontinuum generation [30], radiation trapping, and pulse clean-
ing [31,32]. Recent studies have shown that in the MCFs with coupled cores there are
regimes of light propagation that are stable at high power and maintain coherency be-
tween the channels [33-36]. Such regimes are promising for designing novel high-power
laser systems.

It was predicted theoretically [33-37] and then shown in an experiment that in the
MCFs with N cores arranged in a ring close to each other, the light with transversal structure
of the out-of-phase supermode can propagate and be amplified [38]. In this supermode the
intensity is equal in all cores, whereas the phase of the light in neighboring cores differs by
7. This structure is stable with respect to different fluctuations and does not suffer from
discrete self-focusing [39] up to the peak power N times greater than the self-focusing limit
in a single-core fiber [33]. Unfortunately, the size of such MCFs grows fast with increasing
number of cores, and it becomes difficult to fabricate them.

Better scaling of the number of cores with the linear size of the fiber is achieved in
MCFs with a square array of cores. Recently, it was predicted theoretically and numerically
that with such an arrangement of cores there exists an out-of-phase supermode, too, where
the light phase in the cores is 0 and 7 following the chessboard pattern [36]. It was
shown theoretically that, in principle, the power carried in this mode can be N times
higher than the limiting power of a single core. According to the theory, the intensity
distribution is nonuniform at low powers (it is higher in the central core and lower at the
peripheral), however, it equalizes with increasing power [36]. Besides, it was shown in
a recent work [40] that radiation with a transverse structure of such a supermode can be
easily coherently combined with high efficiency. Until now, to the best of our knowledge,
active and passive MCFs with a square array of uncoupled cores have only been studied
in terms of spatial-multiplexed data transfer [41-43], optical amplification [18,44], and
demonstration of coherent combining using an in-phase pattern [19]. The possibility
of selective supermode excitation in an MCF with a square array of coupled cores, in
particular, the out-of-phase supermode (the most interesting for power scaling), has not
been studied in experiment.

In the presented work, we fabricated a silica MCF with 25 cores arranged close to each
other in a 5 x 5 square lattice. The individual cores were single-mode at the operating
wavelength of 1030 nm and were placed close enough to provide sufficient coupling. We
demonstrated the possibility of selective excitation and coherent propagation of broadband
radiation in this MCF with a transverse structure corresponding to the MCF supermodes.
For the first time, to our knowledge, we demonstrated the excitation and propagation
of the out-of-phase supermode in an MCF with a square array of cores. We developed
an experimental setup that allows changing the content of different supermodes in the
signal, in particular, selectively exciting a certain supermode. We showed the possibility of
selective excitation of the out-of-phase supermode so that it contains 90% of the power at
the output of the MCF. Using three-dimensional numerical modeling with allowance for the
real geometrical structure of the MCF cores, we demonstrated stability of the out-of-phase
supermode at high power levels.

The remainder of the manuscript is structured as follows. In Section 2, we briefly
review some important facts from the theory of light propagation in MCFs with a square
array of cores. In Section 3, we provide the information about the MCF fabrication tech-
nology and the geometry of the MCF. In Section 4, we show the results of a numerical
computation of supermodes and their properties in the fabricated MCEF. In Section 5, we
describe the experimental setup for studying the light propagation in the MCF and demon-
strate the obtained results. In Section 6, we demonstrate the results of numerical simulation
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of high-power light propagation in our MCF. In Section 7, we discuss the next steps in
studying MCFs of similar design. Finally, we summarize the obtained results in Section 8.

2. Theoretical Background

In this section, we recall the theoretical background of light propagation in MCFs,
paying special attention to the stability of high-power light propagation. In an MCF
with single-mode cores, the light propagation can be described by a discrete set of one-
dimensional nonlinear coupled Schrodinger equations. For a square array of N x N cores
with allowance for coupling of each core with its four nearest neighbors, we obtain [36]

Oum
i

oz + X(@n—1,m + Gns1m + w1 + Gmr1) + 7anm|anm|2 =0. @

Here, a,,, is the field amplitude in (1, m) core, n,m = 1...N, x > 0 is the coupling
coefficient, and « > 0 is the nonlinear coefficient. The boundary conditions for a square
N x N array of cores can be easily formulated by adding virtual rows of cores at the
boundaries (n = N+ 1,n =0, m = N + 1, m = 0) and setting zero amplitudes in these
cores. We note that coupled nonlinear Schrodinger equations are widely used to describe
various nonlinear phenomena, including solitons and breathers, in arrays of optically and
optomechanically coupled devices [45,46]. At low nonlinearity (ya < 1), the standard
procedure of finding eigen solutions of Equation (1) results in N?> supermodes. Two
supermodes—the lowest one having the same phases in all cores (in-phase supermode)
and the highest one having 0 and 7 phases following the chessboard pattern (out-of-
phase supermode)—are important for our study. It is known that at high powers the
in-phase supermode is subject to discrete modulation instability. However, the out-of-
phase supermode is stable at high powers up to the limit of self-focusing in each core [36].
The origin of this effect can be easily illustrated for large arrays. Using the ansatz

Anm = g(”rm)(*l)wrm )

and assuming smoothness of the function g(n, m) we can approximate the discrete coupling
terms in Equation (1) by continuous derivatives and obtain.
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This equation resembles the equation describing nonlinear diffraction in a homo-
geneous medium, with an important difference in the sign of the diffraction term. This
combination of diffraction and nonlinearity leads to defocusing dynamics; hence, the
system is not subject to the transverse modulation instability. At low power (7| g|2 <1,
the mode envelope can be approximated by the lowest mode of a rectangular waveguide:

o sin T sin o 4)

8 N+1 N+1)
In a nonlinear regime, the mode envelope cannot be found analytically, but the
numerical modeling shows that with increasing power the profile becomes flatter so that
the light is redistributed more evenly over all the cores. We introduce new variables

X=n/(N+1),Y=m/(N+1),Z=zx/(N+1)%and G = g(N +1)/7/x and rewrite
Equation (3) in dimensionless form

OG(XY) PG(X,Y) PG(X,Y)

o7 e Nzt G|G]2=o. (5)

For all N, the zero boundary conditions are now setat X,Y = 0O and X,Y = 1. The
numerical modeling of the rescaled equation shows that the profile of the out-of-phase
supermode becomes more or less flat (the amplitude is above 0.8 of its maximum for
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80% of the total area) at the peak amplitude G, ~ 20. Returning to the dimensional
variables, we obtain the scaling law for the peak power required to equalize the out-of-

phase mode profile:
2

xG
2~ P ©6)

y(N+1)%
To transport signals with large peak power, the nonlinear coefficient should be kept
small, although it is not easy to decrease 7 significantly. Typical values for all-solid

silica fibers are of the order of 1/W/km. It is noteworthy that achieving mode profile
equalization is easier for the fiber with large number of cores; however, the total power

|a

combined in all cores proportional to |a|*N? remains the same. The coupling coefficient
can be varied in a broad range by adjusting the core-to-core distance. This can be used
to adjust the MCF properties for the required signal power. Great care should be taken
if low coupling coefficients are chosen. Although the out-of-phase supermode is stable
against perturbations, such as fiber bending and gain in active fibers [35], the characteristic
length at which the supermode adjusts its properties to compensate for the perturbation is
proportional to the effective coupling length 1/ x and must be short enough. Bearing the
above considerations in mind, we designed and fabricated an MCF with a 5 x 5 array of
sufficiently coupled cores.

3. MCF Fabrication

For maintaining stable supermode propagation, especially in the presence of imper-
fections and high nonlinearity, the cores must be coupled well enough [36]. For this, the
modes of neighboring cores should overlap significantly. Besides, each individual core
should be single-mode at the working wavelengths. These two factors require the distance
between the cores in the MCF and the refractive index difference of each core to be small,
therefore, it is not easy to assemble such an MCF using several standard single-core pre-
forms or homogeneous rods. We used a two-step process, shown schematically in Figure 1,
to fabricate our MCF. At the first step, we assembled a preform for individual cores with
a large cladding-to-core diameter ratio using a large number of silica rods with smaller
Ge-doped cores inserted into a thin-walled silica tube (see Figure 1a). When the preform
was drawn, the typical scale of this structure became much smaller than the wavelength,
and thus we were able to form the required effective refractive index for the individual
cores. The diameter of the core in this single-core preform was about 0.7 of the diameter
of the cladding. At the second step, we used these single-core preforms to assemble a
multicore preform (Figure 1b). The assembled preform was then consolidated and a fiber
of the required diameter was drawn. The image of the manufactured MCF’s end face is
shown in Figure 1c. The cladding diameter of the MCF is 200 pm, the core-to-core distance
is about 8.4 um, and the diameter of the cores is about 6 um. The refractive index difference
is about 0.005, and the numerical aperture of the individual core is NA~0.12. The optical
losses estimated using relatively short (a few tens of meters) fiber pieces are <10 dB/km.

N
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009009,
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Figure 1. Fabrication of the MCF: (a) preform for individual core, (b) multicore preform, (c¢) mi-
crophotography of the manufactured MCF. Dimensions in (a,b) are given in mm.
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4. Supermodes in the Fabricated MCF

Using the transversal structure of the refractive index in the fabricated MCE, we
calculated the supermodes, their effective refractive indexes, and group velocities. We
used the finite-element model in the COMSOL package for these computations. The
central wavelength was assumed to be 1030 nm; each individual core is single-mode at this
wavelength. The refractive index profiles in the cores were approximated by step-profiles
with the sizes shown in the inset in Figure 2.
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Figure 2. Numerically calculated (blue crosses) effective refractive indexes and group indexes of
supermodes of the fabricated MCF. Group indexes of the 1st, 2nd, 11th, and 25th supermodes (grey
dashed lines) measured in the experimental scheme shown in Figure 3. The numbers mark the
1st (in-phase), 2nd, 11th, and 25th (out-of-phase) supermodes shown in Figure 4. Experimentally
measured (grey dashed lines) group indexes of the 1st, 2nd, 11th, and 25th supermodes. The inset
shows the size and location of cores in the MCF used for modeling.
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Figure 3. Schematic of experimental setup for studying supermodes propagation in MCF. L1-
L8—lenses; D—a diaphragm; BS1, BS2—50/50 beamsplitters. Insets: (a) phase mask on the SLM;
(b) intensity distribution image at the input face of the MCF; (c) intensity distribution image at the
output face of the MCF; (d) interference picture when group delays of the reference beam and the out-
of-phase supermode are matched. All insets correspond to the out-of-phase supermode excitation.
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Figure 4. Measured (upper panels in each subplot) and numerically calculated (lower panels)
intensity (left panels) and phase (right panels) distributions of supermodes 25 (out-of-phase; (a)),
11 (b), 2 (¢), and 1 (in-phase; (d)).

In the case of a perfect MCF structure, there are a total of 25 supermodes (50 con-
sidering the polarization degeneracy); most of them are degenerate due to the structure
symmetry. The degeneracy is removed for the nonideal structure of the fabricated MCF,
however, there are groups of modes with close parameters. The calculated effective re-
fractive indexes and group indexes are shown in Figure 2. The magnitude and phase
profiles of several supermodes, including the in-phase and the out-of-phase supermodes
(calculated and measured according to our experimental scheme depicted in Figure 3, see
detailed discussion below), are shown in Figure 4. We estimated the beat length between
neighboring cores to be 2.7 mm, confirming relatively strong coupling. We could also see
significant overlapping of neighboring core modes on the magnitude profiles. Strong cou-
pling of the cores and a small beat length are required for stable propagation considering
manufacturing errors in the strongly nonlinear regime.

5. Experimental Study of Supermodes Propagation in MCF

We studied the possibility of selective excitation of supermodes in the fabricated MCF
using a low-power laser source. The experimental setup for studying light propagation
in the fabricated MCF is shown in Figure 3. The radiation source was a homemade
laser system consisting of a master laser [47], a fiber stretcher, and a two-stage ytterbium
amplifier [48]. The system generated 50-ps chirped pulses at a central wavelength of
1030 nm with a spectral width corresponding to a Fourier-transform-limited duration of
~220 fs. A specially designed scheme was developed to deliver the pulses to the MCF.

We used a liquid crystal spatial phase light modulator (SLM, Hamamatsu, 1024 x 1200 pixels)
to form the required spatial beam pattern at the input face of the MCE. The radiation
outcoming from the seed system was collimated using lens L1 (focal length 40 mm) and
directed to the SLM, where it had an almost flat phase distribution. Then we introduced
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the required phase shift at each transversal point of the reflected beam using the SLM
and imaged the SLM plane to the input face of the fiber using a three-lens telescope
(lenses L2, L3, and L4 with focal lengths 200 mm, 40 mm, and 6.24 mm, respectively). The
telescope produced 98.6 x demagnification. In order to form the intensity modulation, we
discarded some parts of the input beam by creating a strong phase gradient and filtering
out these parts with the diaphragm D installed in the Fourier plane of the telescope. In our
scheme, the required beam profile was synthesized in the near field with respect to the
SLM, contrary to the often-used approach in which the required profile was formed in the
far field [17,38]. The near-field approach allows a more precise control of the amplitude and
phase in the forming beamlets when the number of beamlets is large. To excite supermodes
in the MCE, we formed a beam consisting of 25 square beamlets arranged ina 5 x 5 array.
The required phase mask for the SLM and the intensity distribution of the synthesized
beam (imaged with a 60 x magnification lens by an auxiliary telescope) are shown in the
insets in Figure 3a,b. We can see 25 beamlets in a 5 x 5 array. The central beamlets had a
higher intensity because the intensity of the initial beam was higher in the center.

Each beamlet was directed to the corresponding core of the MCF. We detected the
locations on the SLM image corresponding to each core of the MCF using the following
approach. We switched off all the squares on the SLM except one, and then started moving
this square on the SLM while measuring the coupling efficiency of the beam to the MCF.
Afterward, we placed the squares on the SLM at the spots corresponding to the maximum
coupling efficiency. The resulting scheme allowed us to couple the light with controlled
intensity and phase to an arbitrary set of cores in the MCF. To change the phase of a single
beamlet we had to change the phase of the corresponding square on the SLM, and to
change the power in the beamlet we needed to change the size of the square (and thus the
size of the beamlet itself).

The length of the used MCF was 0.67 m, which is much longer than the character-
istic coupling length, so the supermodes formed at the very beginning of the fiber. For
studying the output radiation from the MCEF, the output face of the MCF was imaged with
60 x magnification using lenses L5 and L6 onto a CCD camera. The intensity distribution
at the output face of the MCF when the out-of-phase supermode was launched is shown
in Figure 3c. To obtain intensity and phase profiles of individual supermodes, as well as
to estimate the content of each excited supermode, we used an interference setup similar
to the one we used in [38]. A reference beam with a flat spatial phase was split off the
main beam before the SLM via beamsplitter BS1, then transmitted through lenses L7 and
L8 and the adjustable delay line to the camera, recombining with the studied beam at
the beamsplitter BS2 at a small angle. The supermodes in the MCF had different group
velocities, so by adjusting the reference beam delay line we were able to match the group
delay of the reference beam with the group delay of different supermodes. In each mea-
surement, a set of interference pictures with different reference delays was recorded and
processed. A strong interference pattern from a particular supermode was only visible
when the difference between its group delay and the group delay of the reference beam
was within the coherency time of the source laser system (250 fs). The difference between
group delays of the highest (out-of-phase) and the lowest (in-phase) supermodes was about
4.8 ps in our case and allowed the supermodes to be distinguished. Confirming this, the
peaks of visibility of the interference pattern were clearly visible when we were changing
the reference delay. An example of an interference pattern with the reference group delay
matching the out-of-phase mode group delay is shown in Figure 3d.

The intensity and phase distributions of supermodes were retrieved by Fourier filter-
ing the interference image. The intensity and phase distributions of several supermodes,
including the lowest (#1, in-phase), the highest (#25, out-of-phase), and two intermediate
(#2, #11) supermodes are shown in Figure 4 along with numerically calculated profiles
(the mode numbering is in the order of decreasing effective index values). We can see
that the measured distributions match numerical predictions well. The input power in
this experiment was 10 MW, corresponding to the pulse energy of 0.4 nJ] and the peak
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power of 7 W, so a linear propagation regime was realized. The retrieved mode profiles did
not change with the variations of the input power, which was still too low to observe the
nonlinear effects. The group delay of the in-phase supermode was the smallest, whereas
the group delay of the out-of-phase supermode was the largest in a good agreement with
the numerical calculations. Besides, the interference visibility maxima for particular super-
modes were well separated from the others, indicating that there was no continuous energy
transfer between the supermodes. Otherwise, the interference would be visible at any
delay of the reference signal. The visibility amplitudes at different peaks were proportional
to the content of the corresponding supermodes in the pulse. The group refractive index
differences between four supermodes, shown in Figure 4, were retrieved. Taking the group
index of the in-phase supermode as a reference, we plotted the retrieved group indexes
in Figure 2. Measured values agree well with the calculated ones. Although we did not
test longer fiber pieces, we believe that observed supermodes can propagate steadily in
long fibers since we did not observe significant energy transfer between the modes. Note
that our technology of MCF fabrication allows drawing of kilometer lengths of continuous
fiber [49].

For a more detailed study of the supermode properties, and for transmitting high-
power radiation through an MCEF, the light must be coupled into a certain supermode
without exciting the other supermodes. In order to ideally excite a single supermode the
beam profile at the input face of the MCF must match the magnitude and phase profile
of this supermode. It is difficult to form such a beam for several reasons, including the
limitations of the system that synthesizes the beam, phase distortions by different optical
elements, the angle of the fiber input face, and the fiber input face non-flatness. In our input
system, the power and phase in each beamlet corresponding to a single core of the MCF
can be changed independently, and this gives us enough degrees of freedom to minimize
excitation of undesirable supermodes. In order to optimize the fraction of the power
contained in a specific supermode, we changed the phase mask on the SLM, adjusting the
power and phase in the 25 synthesized beamlets. We implemented a numerical algorithm
based on a stochastic gradient descent to search the optimal phase mask. The algorithm
used the supermodes content analysis system described above as the feedback source,
calculating the content of the desired supermode after each change. The algorithm started
from the equal powers in each beamlet; for the in-phase supermode, the algorithm chose a
flat phase distribution, whereas for the out-of-phase supermode it started from opposite
phases in the neighboring cores. To speed up the process, only two types of changes were
applied at the first stage of the algorithm: a linear phase gradient common for all cores
and a symmetrical decrease of beamlet sizes of the outer cores. At the second stage, the
algorithm applied arbitrary changes to phases and sizes of each individual beamlet. After
each change, the algorithm measured the content of the desired supermode and reverted
the change if the content of the desired supermode did not increase.

We were primarily interested in the possibility of selective excitation of the out-of-
phase supermode as the most promising one for transmitting high power. After optimiza-
tion, 88% of the pulse power was contained in the out-of-phase supermode. This number is
limited by the capabilities of the system that synthesizes the beam using the SLM. The beam
outcoming from the output of the fiber when the out-of-phase supermode is selectively
excited is shown in Figure 3c. We can see that it corresponds to the calculated intensity
distribution of this supermode very well. The spectrum of the radiation from the MCF
when the out-of-phase supermode is selectively excited is shown in Figure 5 in comparison
with the spectrum of the seed source. We can see small-amplitude interference fringes in
the spectrum, indicating the presence of more than one supermode in the signal. However,
the small amplitude of the interference proves that the desired supermode contains much
more power than the other modes. Apart from small modulation, the spectrum coincides
with the seed spectrum.
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Figure 5. Spectrum of radiation passed through the MCF when the out-of-phase supermode was
selectively excited (solid red line). Spectrum of seed radiation (dashed blue line).

It is important to note that we did not need any permanent active feedback system to
selectively excite a supermode in the MCEF. After the initial adjustment of the phase mask
on the SLM was done, the coupling efficiency of a supermode could decrease only due to
mechanical drifts, and we only needed to readjust relative positions of the elements to bring
high coupling efficiency back. In our experimental setup, we used the same phase mask on
the SLM for several weeks to excite the out-of-phase supermode with equal efficiency. To
compensate for drifts, we slightly readjusted (by ~1-2 pm) the position of the input face of
the MCF mounted on a three-axis translation stage.

6. Numerical Modeling of Nonlinear Light Propagation

To study the nonlinear regime of light propagation, we performed three-dimensional
numerical modeling with allowance for the real geometric structure and refractive index
profile of the MCF. The beam propagation modeling was done for continuous-wave light on
the basis of a scalar unidirectional wave equation taking into account the refractive index
profile and Kerr nonlinearity [36,50]. To achieve the out-of-phase supermode equalization
at a reasonable power level, we modeled the MCF with slightly upscaled (by 1.08) sizes
of the cores and core-to-core distances. Such a fiber can be manufactured from the same
preform by changing the fiber drawing speed. A larger core-to-core spacing leads to a
lower coupling coefficient and a lower power required to observe nonlinear mode re-
shaping, according to Equation (6). In the modeled structure, the individual cores are
still single-mode at a wavelength of 1 um. We modeled the propagation of the in-phase
and the out-of-phase supermodes with different peak powers over a 20 cm distance. We
started our simulations with a low power and used the supermode profiles calculated in
the linear regime as initial conditions. We then slowly increased the power and used the
output of the previous calculation as an input for the next one. The output profiles of the
launched in-phase and out-of-phase supermodes at different power levels are compared
in Figure 6. The obtained results clearly show that the in-phase supermode experiences
discrete self-focusing and finally collapses into one core. According to the theoretical
predictions, the out-of-phase supermode profile at the same power level becomes even
flatter. At higher powers, the intensities in all cores become almost equal. No signs of
transverse instability were observed for the out-of-phase supermode, which proves its
usefulness for high-power light transportation.
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Figure 6. Numerical simulation of the out-of-phase supermode (upper row) and the in-phase
supermode (lower row) propagation at different total power levels.

7. Discussion

The obtained results confirm that in the designed MCF it is possible to selectively
excite steadily propagating supermodes, including the out-of-phase supermode. Selective
supermode excitation is achieved by using the SLM. The highest out-of-phase supermode
is stable and, in principle, can be used for transmitting high power signals, as demonstrated
in 3D modeling, whereas the lowest in-phase supermode is unstable and collapses at high
powers. These experimental and theoretical studies have demonstrated the great potential
of MCFs with coupled cores located at the nodes of a square array for building advanced
laser systems.

We did not observe nonlinear mode reshaping in the experiment because our un-
compressed pulse laser source did not provide sufficient peak power. The peak power
re-quired to observe the out-of-phase mode flattening in the tested MCF estimated on
the basis of Equation (6) is above 10 MW, and the corresponding peak intensity is above
the material damage threshold. However, we experimentally verified the possibility of
selective excitation of supermodes and obtained a good agreement between the measured
and numerically calculated mode profiles and group propagation indexes.

The peak power required to observe the supermode profile equalization in the up-
scaled fiber in numerical modeling is quite large and may be difficult to achieve in the
experiment. However, according to the scaling rule (Equation (6)), in a similar fiber
with all the cores separated by a greater distance, the required regime can be observed at
significantly lower power levels. Since the evanescent coupling between the cores decreases
exponentially with increasing separation between the cores, a 10 times lower coupling
coefficient can be achieved by moving the cores farther by only several micrometers. The
updated design will be implemented in the next iteration of the MCF manufacturing and
experimental testing. We also note that in the telecommunication range at the wavelength
of 1.5 um the fiber with a larger diameter of up to ~330 um, which can be drawn from
the manufactured preform, will have single-mode cores (with a diameter ~10 um) and a
several times lower coupling coefficient.

8. Conclusions

In this work, we designed and fabricated a silica MCF with 25 coupled cores arranged
ina5 x 5square array. We studied the propagation of broadband pulses in this MCE. We
created the beam forming system that allowed us to control the power and phase of the
signal directed to each core of the MCEF. Using this system and an optimization algorithm,
we demonstrated the possibility of selective supermode excitation in the fabricated MCE,
in particular, the excitation of the in-phase and out-of-phase supermodes. For the first
time, we demonstrated coherent propagation of pulses with the content of the out-of-phase
supermode reaching 90% in the MCF with a square array of cores. Measured with an inter-
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ference method, the phase and intensity distributions of the excited supermodes matched
the distributions predicted numerically using the MCF structure. Three-dimensional nu-
merical modeling of nonlinear propagation with allowance for the real geometric structure
and refractive index profile of the MCF that can be drawn from the manufactured preform
demonstrated stable propagation of the out-of-phase supermode and equalization of the
intensities in the cores at high power, as predicted by the theory.

The obtained results confirm that in the designed MCF, where coupled cores are
arranged in a square array, it is possible to selectively excite the steadily propagating
out-of-phase supermode, which is stable at high power levels. The reported work is an
important step toward experimental testing of the possibility of coherent transportation of
high-power radiation in multicore fibers.
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