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INTRODUCTION

Absiraci—We inlroduce the concept of beam all-optlical spatial L.

hesum switching in graded-index multimode fibers. This consists of
speding a bell-shaped spatial profile o a laser beam at the owipol
of the liber by exploiting the nonlincar coupling belween the
mades of the two input beams. Remarkably, we demonstrate thai
even a weak-control signal allows for improving the spatial profile
of a highly multimode intense signal. The device proposed herein
will he easily integrated in state-of-the-art optical networks, and
will find application in the Gclds of space-division-multiplexed
telecommundcation and of multimode liber lasers,

Index Termi—Spatial beam self-cleaning., nonlinear optics,
thermodynamic model, oplical switch
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Optical communications based on multimode fiker (MMFs)
started only a decade after the invention of the laser in
1965, In parficular, the infroduction of MMFs was designed
to overcome all of the intrinsic limitations of singlemode
fihcrs (SMEs), eg., their small mode arcs and low damage
threshold. Indeed, the possihility of cxciting and propagating
a multitude of modes unlocks a new degree of freedom (e,
that given by the spatial overlap among the modes), which was
maccessible for SMEs [1] This makes MMFEs the most suol-
able candidaies for apphcations in space-diviston-multiplexed
telecommumications. Whereas, from a fundamental point of
view, MM permit o investigate the [ascinating behavior
of complex systems, whose evolution s governed by the
nonlinear inleractions among muliiple modes (2], Moreover,
the high damage threshold of MMEPs allows for op-scaling both
the pulse energy and the average power from fiber lasers.



Nevertheless, since the beginning of the 80s, SMFs have
been largely preferred for building up optical fiber networks,
owing to their much larger bandwidth (due to the absence of
modal dispersion) and high-quality output beams. As a matter
of fact, the low spatial beam quality resulting from multimode
interference makes it challenging to use MMFs for building
up fiber lasers. As a conscquence, to date, SMFs arc largely
dominant in ncarly all ficlds of application of optical fibers.

Only in recent years, also thanks to the introduction of lascr
sources emitting ultra-short and high-power pulses, rescarch
interest in MMFs has experienced a revival. Indeed, such lasers
allow for discovering novel nonlincar phenomena, such as
supercontinuum generation 2], [3] and multiphoton cffects
[4], [S), which are particularly effective when combined with
complex beam propagation in MMFs.

Among these new phenomena, the most relevant for appli-
cations is probably the so-called spatial beam self-cleaning
(BSC) effect. This consists of the transformation of the beam
profile at the output of a graded-index (GRIN) MMF from
spatially disordered pattern to a bell-shaped beam [6]. Being
driven by the Kerr effect, BSC is obtained whenever the peak
power of a laser beam at the fiber input overcomes a certain
threshold value, say, Py, In Fig. 1a, the occurrence of BSC is
shown when the laser beam is injected parallel to the fiber axis
into the fiber center, i.c., as it is conventionally obtained [7].
However, BSC has been achicved cven with tilted gcometrics
I8].

Morcover, it has been demonstrated that the bell-shape of
the beam corresponds to a spontancous rearrangement of the
mode occupancy during the propagation, according to the
Rayleigh-Jeans (RJ) law [9]. Indeed, BSC can be described as
a phenomenon of classical wave thermalization [9], [10]. This
is depicted in Fig. Ib, where the white histogram that overlaps
with the beam image represents the mode energy distribution.
As it can be seen, at the occurrence of BSC, the fundamental
mode is the most populated one (in agreement with the RJ
distribution). Whereas higher-order modes (HOMs) have a
smaller, albeit nonnegligible, population occupancy. Within the
thermodynamics framework, it is easy to comprehend several
features of BSC that were not fully understood before. For
example, it is possible to explain why the values of Fy,, are
higher when the laser beam is injected with a tilt angle 9,
when compared with threshold power that is needed for an
aligned lascr-fiber coupling gecometry [8]. This is because the
mode distribution at the fiber input is alrcady rather similar to
the RJ law when injecting a Gaussian becam straight on-axis
(roughly onc may notice that a BSC beam is quitc similar to
a Gaussian beam). Thus, beam propagation commences from
a configuration which is already similar to that corresponding
to the equilibrium state. To the contrary, in the presence of a
tilt angle 9, the input mode distribution is not so similar to the
RJ law, as it occurs in the previous case. As a consequence,
either a longer propagation distance (that plays the role of the
"time” that the system needs to thermalize) or a higher power
(that rules the exchange of energy among the modes) is needed
in order to reach thermodynamic equilibrium, i.e. to achieve

BSC.

Therefore, with a slightly tilted geometry, it is possible to
obtain a speckled output beam with the same (or even higher)
power that the value which is needed for triggering BSC in a
straight configuration (see Fig. 1¢). To such an output beam,
corresponds a mode distribution that remains far from the RJ
law, since the fundamental mode is not the most populated
one (scc Fig. 1d).

Starting from this obscrvation, we proposc and cxperimen-
tally demonstrate that a bcam with a bell-shaped spatial profile
at the fiber output may result from the co-propagation of
two beams, only one of which experiences BSC. The latter,
which we dub A beam, is injected straight into the fiber
center (as in Fig. 1a). Whereas, the beam whose standalone
propagation produces speckles is injected within a tilt angle 4
(as in Fig. 1¢). From now on, we will label such a beam with
the letter B. Finally, we will talk about A + I3 beam when
simultancously injecting both A and I3 beams (clr. Fig. le).
At a fixed ratio between the power of the A and B beams,
their combination still leads to a speckled output profile, if
insufficient total power is provided at the fiber input. Whereas,
a cleanup of the output combined beam, i.e., a substantial
increase of its brightness and quality, occurs whenever the
power of A+ B overcomes a certain threshold value (see Fig.
1g). Note that, under this condition, the propagation of the sole
B beam still produces a speckled output beam. Therefore, the
transformation of the A+ B beam output profile from speckles
to a bell-shape is, in fact, induced by the coherent interaction
between A and B beams. In the following, we will refer to
such a transformation as cross-bcam-cleaning (CBC).

Remarkably, we found that CBC occurs even when the
power of the A beam is tenfold smaller than that of the B
beam. Such a result, which is not shown in this abstract,
but can be found in Ref. [11], means that CBC can be used
to demonstrate an efficient all-optical switching mechanism
based on MMFs. Therefore, in the following, we will refer
to the occurrence of CBC as switch-on configuration; analo-
gously, a speckled output of the A4 I3 beam will be indicated
as switch-off configuration.
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Fig. 1. Sketch of the all-optical spatial beam switching cffect in MME
(3) A beam injected straight into the fiber center. (b) Correspoeding output
spatial profile at the occurrence of BSC. The white histogram represents the
occupancy of the modes, and sorted ing Lo thewr )
constants. (c) I3 beam injected in the fiber center within an angle ¥ with
respect o the fiber axis. (d) Corresponding output spatial profile, for an input
power lower than Py, (¢) Sketch of the A | I? beam injection conditions.
(f,g) Corrcspooding output beam profile and associsted mode occupancy
histogram at powers below () and above (g) the threshold for the occ

of CBC.




II. EXPERIMENTAL SETUP

The experimental sctup for the proof-of-principle demon-
stration of CBC is shown in Fig. 2. In particular, we split
the figure into two parts. In Fig. 2a, we show the oplical
components used for reproducing the injection conditions as
in Fig. le. Whereas, in Fig. 2b, we show the analysis system
for determining the mode distribution at the fiber output.

The simultaneous injection of two beams is obtained by
means of an optical system that resembles a Michelson inter-
ferometer. However, with respect to the latter, the beam splitter
is replaced by a polarizing beam splitter (PBS). This difference
means that the two arms are orthogonally polarized, thus
allowing to maximize the input power, since no interference
between the A and B beams occurs.

We used an Yb-laser source (Light Conversion PHAROS-
SP-HP) emitting pulses of 2 ps at 1030 nm, which are linearly
polarized. For this reason, both arms of the interferometer-
like setup are equipped with a quarter waveplate. The latter is
needed, in order to allow the beam to reach the fiber. In fact,
in the absence of these waveplates, light would be reflected
back to the laser source, duc to the polarization-dependent
transmission and reflcction propertics of the PBS. ‘The ratio
between the power of the A and the B beams is fixed by
the oricntation angle of the A/2 waveplate, which is placed
ahcad of the PBS. Whereas the power of the A + I3 beam
is varicd by means of a variable attenuator, which is placed
in front of the laser source. Finally, the mirrors in both arms
can be tilted, in order to vary the coupling conditions between
the laser and the MME. Note that the system must ensure
that both A and I3 beams are injected into the fiber center.
The presence of an offset with respect to the fiber axis, in
fact, will provide the beam with an orbital angular momentum
[10]. The latter is a conserved quantity upon propagation in
cylindrical waveguides, such as MMFs. Thus, the equilibrium
distribution will no longer be the standard RJ law, since an
extra conservation law must be considered when describing
the thermodynamic equilibrium condition [10].

At the fiber output, the beam is collimated by means of
a microlens (L;). In combination with a second lens (L»),
this forms an afocal system which reproduces the field at
the fiber output facet onto the reflecting surface of a spatial
light modulator (SLM, Hamamatsu LCOS- X15213), within
a magnification given by the ratio between the focal lengths
of I, and L,. In between the two lenscs, we placed a
lincar polarizer (LP) and a bandpass filter (BPF at 1030+10
nm), in order to avoid spectral broadening caused by sclf-
phase modulation. As a matter of fact, the SLM requires
to operate with monochromatic waves with a lincar state of
polarization. Finally, we added a half-waveplate (M2, which
allows for maximizing the power that reaches the SI.M. Thus,
during propagation, the beam polarization state has a non-
trivial evolution [12]. The SL.M is used for encoding a phase
mask on the beam, whose Fourier transform (made by the
lens L3) is imaged onto a CCD camera (Gentlec Beamage-
4M-IR). Such a holographic system permits to determine the

mode composition of the beam at the fiber output, following
the procedure described in Ref. [13]. Roughly, our mode
decomposition method can be described as follows. The CCD
camera acquires the pattern emerging from the interference of
the beam at the fiber output with the phase mask introduced
by the SLM. These phase masks arc made in order to encode
information about both the intensity and phasc associated with
cach mode that composes the beam at the fiber output. In this
way, by collecting a sct of images capturcd by the camera, we
are able to fully determine the mode composition of a given
output beam.

1030 nm

G fler SOV12S

Fig. 2. Sketch of the cxperi
of the MMF.

| sctup at the mput (top) and output (bottom)

I1l. RESULTS

‘The demonstration of the all-optical switching cffect in the
MMEF is illustrated in Fig. 3. In particular, in Fig. 3a and
b, we report the results relative to the switch-off and the
switch-on configurations, respectively, when the power ratio
between the A and the I3 beam is equal to 2, and ¥ =~ 2°.
Each sub-figurc shows a comparison between the measured
beam intensity profile at the fiber output (left panel), and its
reconstruction (right panel), which is calculated by starting
from the measurement of the amplitude and phase of the
fiber modes, when injecting the sole A beam (top row), the
sole B beam (mid row), and the combined A + B beam
(bottom row), respectively. As it can be seen, in all cases the
reconstructed beam intensity profiles are remarkably similar
to what is measured by the camera. This proves the validity
of our mode decomposition method.

The measured mode occupancy corresponds Lo the images
in Figs. 3a.b and in Figs. 3c,d. The mode distribution in the
swilch-on and switch-ofl configurations is quite different. In
particular, in the switch-off configuration, some of the HOMs



are more populated than the fundamental mode, for both the
B beam and the A + B beam cases (see cyan and yellow
histograms in Fig. 3¢, respectively). The other way around, the
fundamental mode is the most populated one for the A beam
case, while the occupancy of the HOMs quickly drops down
(dark bluc histogram in Fig. 3c). In particular, the RJ law (solid
red line in Fig. 3¢) fits well the experimental mode distribution,
thus demonstrating the occurrence of beam thermalization.

Note that, as thermal equilibrium is reached, the mode
distribution of the A beam barely changes when going to the
switch-on configuration, i.e., when increasing the input power
(cfr. solid red lines in Figs.3cd). Besides, in the swiltch-on
configuration, the I3 beam has not yel thermalized (the mode
occupancy in the cyan histogram in Fig. 3d does not decrease
monotonically with the increase of the propagation constant).
Finally, although it has acquired a bell-shape, we can see
that even the A + B beam has not yet reached a thermalized
state. As a matter of fact, the third mode group in the yellow
histogram in Fig. 3d is more populated than the second mode
group. Still, the fundamental mode turns out to be the most
populated onc.

Switch off

Switch on
Reconatruceed b)

Reconatructed

Mesaured Measured

A

A+B

C) 3 4:».'|-;-1-‘)‘74'.'I"H"‘
Medu;m-:dhunlust Modes grouped by coastant
propagatios pregagstion

Fig. 3. Experimental results. ab) Mcasured output beam profile (Ieft column)
and its reconstruction by means of the mode decomposition sctup n Fig. 2b
(right column). The ratio between the A and the 7 beam power is equal to
2, whereas the Gt angle is @ =~ 2°. dc) Mode occupancy corresponding 1o
the beam intensity profiles in (ab).

IV. CONCLUSIONS
In conclusion, we introduced and experimentally demon-
straled an all-optical switching effect involving multimode
beams in optical fibers. The operating mechanism of the switch
relies on the nonlinear properties of MMFs, and it is related

to Kerr BSC in GRIN fibers. In this contribution we showed
that the nonlinear interaction among fiber modes makes it
possible to control the spatial profile of a high-power beam
by acting only on a low-power beam, which co-propagates in
a MME Specifically, we observe a CBC effect that consists
of providing a bell-shape to the combined beam at the fiber
output. ‘The latter was analysed by means of holographic mode
decomposition techniques. The experimental results confirm
that, similar to thc the single-bcam sclf-clcaning cffects,
bell-shaped beams obtained via CBC also have a dominant
fundamental mode contribution.

In perspective, CBC will be particularly uscful for designing
MME-based cavities high-power or high-cnergy fiber laser
applications. Finally, in the framework of statistical mechanics
of multimode optical systems, our results may pave the way
for new developments of the thermodynamics description of
beam propagation in MMFs.
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