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Abstract—We investigate an extreme regime of nonlincar prop-
agation in standard multimode oplical fibers, where inlense laser
mmmmmammmmm

solitons which arc formed from the
Mmdlnpoll&rwmlnmhr,nw:m
monotonic Raman wavelength shift over a time scale of several
damages, which are visualized by means of optical microscopy
and X-ray computed microtomography.

Index Terms—Optical fibers, Optical breakdown, Multiphoton
ionization, Multimode fibers

I. INTRODUCTION

Nonlinear optical effects are generally associated with the
reversible variation of the refractive properties of a material, as
a result of the propagation of intense laser beams [1]. However,
nonlinear optics may also involve absorption properties of
materials, which lead to a class of phenomena which are
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known as multiphoton absorption (MPA) effects. MPA is often
neglected in glass materials, such as optical fibers, at variance
with semiconductors. However, because of the need of scaling-
up the power of optical devices, such as fiber lasers, the
contribution of MPA may eventually become significant at
sufficiently high pulse peak powers. Although many studies
have been reported about the MPA propagation regime in bulk
and nanoparticles [2]-[4], first results on the impact of MPA
on the propagation of ultrashort pulscs in multimode optical
fibers (MMFs) have been only recently reported [S].
Generally speaking, the appearance of MPA-related phe-
nomena in glasses requires powers which may lead to damage
the material. These phenomena may be due to different causes,
and may give risc to material modifications. In particular, when
the damages arc caused by thermal cffects, glasses become
fully opaque, thus preventing any light propagation. Clearly, in
this condition no investigation of beam propagation dynamics
is possible. This happens when the duration of the laser
pulses is relatively long, i.e., when operating with picosecond
or quasi-continuous wave sources [6], [7]. Conversely, when
using femtosecond laser pulses, thermal effects can be avoided



[8], thus facilitating the observation of MPA-induced beam
dynamics. Material damages which are not caused by thermal
effects are, instead, due to material ionization. The ionization
phenomena driven by MPA are referred to as multiphoton
ionization (MPI) effects. These lead to irreversible material
modifications, which do not totally hamper its transparency to
light. Although the MPI propagation regime has been widcely
studied in bulk glasscs, studics of thc ionization rcgime in
optical fibers have been mainly limited to the casc of photonic
crystal fibers [9], where supercontinuum generation results
from the ionization of the gas that fills the photonic crystal
structure.

Here we study the propagation dynamics of femtosecond
laser beams in the MPI regime of standard silica MMFs.
The ionization of silica glass produces irreversible material
damages. These are formed over a time scale of a few hours,
thus giving rise to an unique propagation regime. Specifically,
the optical transmission of the MMF is quenched, as long
as the damaging process is on-going, and, only after a few
hours, the light-fiber system reaches an equilibrium condition,
whereby the fiber transmission no longer varies. The slow
transmission drop affects the dynamics of spatiotemporal
solitons, whosc Raman-induced sclf-frequency shift (SSES)
progressively reduces, as the damaging process builds up. Ex-
perimental observations arc in good qualitative agreement with
numerical simulations based on the gencralized multimode
nonlincar Schridinger equation model. Finally, the local mod-
ifications of the refractive index induced by MPI arc analysed
by optical microscopy and X-ray computed microtomography
(pCT). In terms of applications, these results are of interest
for the development of MMF lasers and MMTI-based high-
power devices, as well as for the study of new techniques for
geometrically non-trivial glass micromachining.

II. BEAM DYNAMICS IN THE MPI REGIME
A. Experimental observation

In order to trigger MPI, we use a femtosecond Yb-based
laser (Lightconversion PHAROS-SP-HP), generating pulses of
174 fs at 100 kHz repetition rate and 1.03 pm wavelength, with
Gaussian beam shape. By means of an optical parametric am-
plifier (Lightconversion ORPHEUS-F), the laser wavelength
and the pulse duration are converted to 1.55 pm and 67 fs,
respectively. The beam at the fiber output is characterized
by means of a broadband thermopile power meter (Gentec
XLP12-3S-VP-INT-DO) and a real-time multiple octave spec-
trum analyzer (Fastlitc Mozza). In our cxperiments, we usce
a 30 cm span of standard 50/125 GRIN MMEF (Thorlabs
GIFSOE).

The propagation in GRIN MMFs of high-energy femtosec-
ond pulses of 1.55 pm wavelength leads to the gencration of
multiple spatiotemporal solitons via the fission of the input
pulse [10]. These solitons represent peculiar solutions of the
coupled nonlinear Schridinger equations, which arise from the
compensation of fiber dispersion by nonlinearity. It has been
recently shown that, owing to their intrinsic multimode nature,
these solitons have unique features when carrying power close

to the value which leads to triggering MPIL. For example,
unlike singlemode solitons, the oputut soliton duration barely
depends on their energy [ 10]. Because of the Raman effect, the
solitons undergo SSES, which increases as their energy grown
larger [11]. However, the soliton wavelength cannot keep
increasing indefinitcly. Above a ccrtain input pulsc cnergy
threshold, MPA becomes significant, and clamps the output
soliton cnergy as well as its maximum wavelength, say Aag.
As long as the input pulsc power is insufficient for triggering
MPI, the material is not damaged, and the energy lost by the
beam via MPA is dissipated by material defects [S]. The other
way around, whenever the input power overcomes the MPI
threshold, the material is irreversibly damaged, and the power
transmission of the fiber slowly drops in time [12].

MPI is responsible for local variations of the local refractive
index, that affect the beam dynamics. This is shown in Fig.
la, where we report the measured output spectrum vs. time.
In order to highlight the energy lost because of MPI, we used
a second horizontal axis (placed on the top of the figure)
that accounts for the output energy. We monitored the output
power and spectrum for about 2 hours. As it can be seen
by Fig. la, the beam dynamics exhibits a slow and non-
trivial evolution, which is characterized by two different time
scales. Indeed, a fast spectral variation occurs in the first
500 s, where Ay decreases from 2.4 pum down to 2.2 um;
whereas slow variations take place over a time scale of the
order of one hour, during which Axs oscillates around 2.2
pm. Notc that, although thc most red-shifted solitons scttles
its wavelength after 2000 s, other spectral peaks at lower
wavclengths kecp varying their encrgy for much longer times.
“T'his indicates that, despitc weaker, the MPI-induced damaging
process is still on-going. Eventually, after about 2500 s, the
output power remains stable; correspondingly, an equilibrium
spectral distribution is reached.

B. Numerical simulations

Our experimental observations can be qualitatively repro-
duced by numerical simulations based on the generalized
multimode nonlinear Schrodinger equation [13]. We took into
account the self-steepening effect, Kerr and Raman nonlin-
caritics, as well as chromatic dispersion (up to the fourth-
order). Since SSES pushes the soliton wavelength above 2
pm, where multiphonon absorption is relevant, we also include
wavclength-dependent lincar losses [12]. Indeed, the fiber
loss cocfficient increases by four orders of magnitude when
A grows from 1.55 pm up to 2.1 pm [14]. On the other
hand, we did not include in simulations any nonlincar term
for describing the presence of MPI, since ils contribution o
spatiotemporal beam dynamics acts over a time-scale which is
much shorter than that associated with damages formation. For
this reason, we mimicked the process of damage generation
by just decreasing the energy of the input laser pulses.

The beam dynamics is strongly influenced by the fiber mul-
timodality. Indeed, if in our input condition we consider only
one mode, the Raman-induced SSIS produces a monotonic
red-shift of Aps. This can be seen in Fig. 1b, where we



report the output spectrum vs. the laser pulse input encrgy.
thc Raman-induced SSFS docs not monotonically increasc
as the input pulsc cancrgy grows larger. This is shown in
Fig. lc, where we report the cascs of input conditions such
that only the three radially symmetric lowest-order modes
(cxpressed in the Laguerre-Gauss basc) arc populated. Indeed,
the wavelength positions of the output spectral lobes move
back and forth, as the input pulsc cnergy grows larger, as in
the cxperiments shown in Fig. 1a. Therefore, we may associate
the input pulse encrgy with the experimental long time-scale
of evolution of the output cnergy.

Sull, when comparing g, 1a with I9g. 1¢, one may notice
that the latter shows some macroscopic features which arc
missing in the former, ¢.g., the occurrence of discontinuitics of
difference vamishes when considering non-radially symmetric
maodes. In Fig. 1d, in fact, it can be seen that the soliton SSFS
does not present any discontinuity, when considering the six
lowest-order modes only. In this regard, it is worth to underline
that the non-monotonic trend of the SSKS can lead 1o the
collision of spatiotemporal solitons [15], which is obscrved in
the short time scale of evolution of the output spectrum, ¢.g.,
at 250 s in Fig. la. However, these are not captured by our
numerical model, which provides an almost flat spectrum at
input encrgics above 75 nJ (cfr. Fig. 1d). In order to describe
soliton collision at such high valucs of input cacrgy, it would
be necessary to take into account much more modes, thus
which is beyond the scope of this work.

Finally, onc may noticc that thc input cacrgy range in
Fig. 1b differs from that of Fig. Ic and 1d. This is becausc,
when considering a single-mode excitation, the input cacrgy
is confined in a quitc small portion of the fiber core (the
fundamental mode waist is 8.79 um). Therefore, the local
intensity reaches values so high, that our numerical code
diverges.

I, IMAGING OF THE REFRACTIVE INDEX MODIFICATION

In order to visualize the refractive index modification in-
duced by MPI, we relied on the pCT technique, which has
been recently proposed as a ool for retricving the refractive
index profile of MMFs [16). For this purpose, we used a
microfocus source (Hamamatsu L12161-07), which cmits a
conical polychromatic X-ray bcam of 10 W average power and
a maximum cnecrgy of 60 keV. Whereas, the intensity profile
of the transmitted X-ray beam was measured with a flat pancl
detector (Hamamatsu C7942SK-05).

A reconstructed slice of the fiber scction is shown in Fig.
2a. This was obtaincd by means of the software Fiji and Avizo
[17]. In order to highlight the presence of damages, the pCT
image has been post-processed. Specifically, we applied three
different filters to the image inteasity (soc Fig. 2b). In that
figure, cach color accounts for diffcrent intensity intervals, i.c.,
to different zones nside the fiber volume. In particular, the
yellow zone is enclosed inside the fiber core, and it conlains
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Fz 1. (3) Experimental cutpet spoctrum as a function of time. The horizontal
axis on the top of the figure reproseat the measurcd output caergy. The lascr

pulse imput encrgy is 103 nJ. (b-d) Numenically calculsied output spectra for
difforent input conditions. Spocifically, in (b) only the fumbuncstsl mode s
populscd; in (c) the mode 1, 6, amd 15, which s edially symesctric, hoe »
population of 0.5570, 02578, and 01552, ragucdively; i (d) the population
of the xix lowest order modes is 03847, 01740, 00106, 00220, 0.0000,
04086, rospectively.

the fiber axis; the red zone still belong to the core but it docs
not include the fiber axis; the bluc zonc is fully located inside
the cladding.

Some features, indicating the presence of damages, could be
detected from Fig 2¢, which is a bi-dimensional reconstruction
of the fiber longitudinal profile. Indeed, it can be appreciated
that the red and green zomes have rather flat edges, Whereas
the most inner zone experiences local shnnkages, which arc



associated with the presence of MPl-induced damages. This
is further highlighted in Fig. 2d, where we plot the trend of
the diamcter variation of the three zoncs. Visibly, the ycllow
curve shows more pronounced spikes with respect to the other
curves. This is ascribable to the fact that the red and green
zoncs arc far from the fiber axis, where the damages arc
induced.

The rclationship between the variation of the size of the
#CT zoncs and the damages can be understood by comparing
Fig. 2d and Fig. 2¢c. The latter is an image of the fiber tip
during the damaging process which was capturcd with a digital
microscope (Dinolitc-AM3113T). Indced, onc can sce bright
light spots (whitc and violet) at the sclf-focusing point and
its sclf-image, respectively. The latter is gencrated bocause
of the index-grading of the GRIN MMF [18]. The edges of
the damages, whose position is determined by that of the
luminescent spots in Iag. 2e, corresponds 1o the spikes in
Iag. 2. Indeed, since pCT s seasitive 10 refractive index
mismatches, non-neghgible osaillations of the yellow curve
n I9g. 2d only appear at the edges of the damages,

As a final note, it is important to underline that the results in
Fig. 2d and 2¢ do not refer to the same fiber. Indeed, the former
was obtained when damaging the fiber with the laser source
at 1.03 gm of wavelength, whereas the latter was obtained
by using the laser pulses at 1.55 pm, i.c., those that provide
the dynamics described in the previous section. Still, since
the distance between the sell-focusing point and its rephca
does not depend on the beam wavelength [19], the companison
between Fig. 2d and Fig. 2e is legitimate.

o)

Bz 2. Imaging of the MPl-induced dammages. (a) pCT image of the GRIN
MMEF fiber tramsverse section. (b) Same s (a) afier filering post-process. (c)
#CT mage of the GRIN MMF fiber longitudisal scction. (d) Trend of the
diamcter variation of the throe rones (yellow, red, and green) in (c). (¢) Digital
microscope mmage of the tp of a GRIN MMF during the MPI damaging
Process.

IV. CONCLUSION

We reported the experimental investigation of the nonlincar
evolution of ultrashort pulscs as determined by combining MPI
with the complex dynamics of glass MMFs. We found a non-
trivial evolution of the spectrum at the MMF output, which is
accompamed with an irmeversible loss of the fiber transmission,
The expenmental results found good qualitative agreement

with numerical simulations The fiber damages produced by
thc MPI were imaged by mcans of optical microscopy and
pCT. In perspective, our results will find applications to MMF-
based high-power devices, such as MMF lasers, and to the

development of novel methods for glass micromachining, and
microstructured glass characterization at X-ray frequencics.
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