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Atoms ionization by the simultancous absorption of multiple photons has found applications in fiber optics,
where it leads to unique nonlincar phenomena. To date, studies of the ionization regime have been limited
to gas-filled hollow-core fibers. Here, we investigate multiphoton ionization of standard optical fibers, where
intensc lascr pulscs ionize the atoms constituting the fiber structure itsclf, instcad of that of the filling gas.
We characterize material modifications produced by optical breakdown. Their formation affects laser beam
dynamics over hours long temporal scales. The damage features arc studied by mcans of optical microscopy
and X-ray microtomography. In the framcwork of glass photonics, our results pave the way for a novel glass

waveguide micromachining technique.
hitps://doi.org/10.1364/PRJ.451417

1. INTRODUCTION

The ionization of atoms has been studied for centuries, and it
has been cxperimentally demonstrated in atomic  gascs.
Analogously, ionization can be achieved in solids, and specifi-
cally diclectrics. ‘The free electrons which result from ionization
generate a plasma, whose ignition produces modifications of
the material, i.c., structural damages [1]. Properly cngincering
these modifications allows for structuring glasses, giving rise to
the field of micromachining [2]. Specifically, modifications
made on the glass surface can result in the removal of the
material, which is referred to as optical ablation [3,4].

Since ionization requires the extraction of electrons from the
matcrial, photons must have cnergies higher than the marcrial
bandgap, which in glasses is of the order of a few electron volts.
Therefore, at first ultraviolet lasers were used for material
ionization [5]. However, the latter can also be obtained when
employing lasers with infrared (IR) wavelengths, by exploiting
nonlincar cffects such as multiphoton absorption (MPA) [6].
Although this requires laser intensities as high as a few
TW /cm?, multiphoton ionization (MPI) provides many ad-
vantages. Notably, MPI permits for reducing the photon energy
which is nceded for achicving structure modifications, thus
reducing their size, and improving the precision of laser-based
micromachining and ablation.

Nevertheless, MPI has also some drawbacks. Notably, when
dealing with high-pcak-power IR lasers, duc to the presence of

thermal cffects, onc may risk not being able to control the
features of the induced damages, ¢.g., their size or rate of for-
mation. In order to overcome this issuc, the usc of femtosecond
lascr pulscs has been proposed. Ultrafast optics allows, in fact,
for avoiding detrimental thermal effeats [7]. Although the MPI
regime has been widely studied in bulk glasses [8,9], studies of
the ionization regime in optical fibers have been limited to the
case of photonic bandgap guiding structures [10,11]. In the
latter, a plasma is generated thanks to the ionization of a gas
that fills the hollow fiber.

As a matter of fact, only few works dealing with standard
optical fibers in the MPI regime have been reported in the lit-
erature. It is well known that MPI enables the fabrication of
fiber Bragg gratings and, when combined with plasma filamen-
tation, may permit the manufacturing of 3D optical memorics
[12]. Furthermore, it has been recently shown that the cylin-
drical geomctry of optical fibers can be exploited, in order to
provide nonstraight shapes to such plasma filaments [13,14].
Nevertheless, to our knowledge, a full characterization of the
effects of laser-induced damages on fiber properties and a de-
uiled study of the damage features have not been reported
so far.

In this work, we fill this lack by investigating the MPI re-
gime in standard multimodc optical fibers (MMFs). ‘The large
core area of the latter makes them more suitable than single-
mode fibers for cxploring extreme nonlincar cffects [15,16).



Spedifically, we study the effects of MPl-induced damages on
the main guiding propertics of MMFs. Remarkably, we found
that the process of multimode supercontinuum generation
(SCG) undergoes a complex evolution on a time scale of several
hours. Such an evolution is irreversible, and it comes along with a
drop of the net optical transmission from the MMF. Numerical
simuhtiompmvidcmd'ul insighlonlhc physical mcchanisms
mundlSpmfor(dmnapplmmmwfmmvwgaled

SCG in this wavelength range. However, in order to emphasize
the role of absorption, which leads to the material damages, we

also carried out experiments at 1 pm, the wavelength of oper-
ation of Yb-based fiber lasers, whose cnergy up-scaling and
mode-locking remains an open challenge [16,17]. Finally, we
analyzed post-mortem samples of MMFs by means of optical
microscopy and computed X-ray microtomography (u-CT).
The latrer has been recently proposed as a ool for imaging op-
tical fibers [18-20). In this framework we demonstrate, we be-
lieve for the first time, that p-CT can be used for studying the
MPI-induced modifications of MMFs.

2. RESULTS

In our experiments, we used graded-index (GRIN) MMFs,
whose lincar refractive index 7 has a parabolic profile inside
the core:

n(x,y) = noll - g + y)). D)
where x and y are transverse coordinates, orthogonal to the fiber
axis, 7g is the valuc of the refractive index at the center of the
fiber core, and g is a parameter dubbed grading index factor.
GRIN fibers are, in fact, best suited for studying the MPI re-
gime, since they require smaller input energies than step-index
MMFs for triggering MPA cffects [21]. The fiber core radius
manufacturer are 7, =25 pm and g =3.29x 107 pm?,
respectively. Qur source consists of an ultrashort laser system,
involving a hybrid optical parametric amplificr (OPA) of white-
light continuum (Light Conversion ORPHEUS-F), pumped
by a femtosccond Yb-based laser (Light Conversion PHAROS-
SP-HP), generating pulses at 100 kHz repetition rate and
2 = 103 pm, with Gaussian beam shape (M? = 1.3). The
OPA allows for converting the laser wavelength o 4=
1.55 pm. The pulse shape was measured by using an autocor-
relator (APE PulseCheck type 2), resulting in a sech temporal
shape with pulse width of 67 fs for the OPA, and 174 fs for the
main source. Our laser system has 2 maximum average power of
4 W, thus allowing for reaching peak powers that are much
higher than the threshold power for MPI processes in silica.

Laser pulses were injected into the MMF by a convex lens,
so that ar the fiber input the beam waist at 1/¢* of peak in-
tensity is approximately 15 pm and 30 pm at 2 = 1.03 pm
and 4 = 1.55 pm, respectively. During material damaging,
the input tip of the fiber is imaged by a digital microscope
(Dinolite-AM31137T), whereas at the fiber output, a microlens
collimates the out-coming beam, which is sent through a cas-
cade of beam splitters to a broadband ile power meter
(Gentee XLP12-3S-VP-INT-DO0) and a real-time muldiple

octave spectrum analyzer (Fastite Mozza) with an operating
wavclength range of 1.0-3.0 pm.

A. Experimental Study of Multimode Solitons

When working with high-peak-power femtosecond pulses in
the anomalous dispersion regime of GRIN MMFs, cg., at
A= 155 pm, multiple fundamental solitons are generated
via the fission of the input multisoliton pulse [22]. These sol-
itons are peculiar solutions of the coupled mode nonlincar
Schrodinger equations, which propagate without distortion
thanks 10 compensation of fiber dispersion by nonlinearity.
As is well known from the single-mode case, fundamental sol-
itons have a sech shape both in the temporal and in the spectral
domains. Morcover, it has been shown that, due to their intrin-
sic multimode nature, these solitons have unique features,
c.g., their pulse width (which is of the order of 100 fs) barcly
depends on their energy when the input pulse energy over-
comes a nonlincar loss regime threshold [22]. Owing to the
Raman effect, the solitons undergo a continuous redshift,
which quadnatically increases with their encrgy, also known
as  Raman-induced soliton  self-frequency shift  (SSFS)
[23,24). However, as the SSFS-induced wavelength shift grows
larger, silica absorption becomes more relevant. As a result, the
soliton wavclength is damped to 2 maximum value, which de-
pends on the fiber length. Specifically, for fiber spans of a few
tens of meters, lincar fiber loss limits the maximum soliton
wavelength 10 4y 2~ 2.1 pm. On the other hand, when em-
ploying centimeter-scale fiber samples, the soliton wavelength
may grow larger beyond 2.2 pm, if enough input pulse energy is
provided. Nevertheless, 4,4 cannot be increased ar will. Above a
certain input pulse encrgy threshold, MPA becomes nonnegli-
gible, thus clamping the maximum output soliton energy and,
consequently, its redshift [22]. Energy dissipated by MPA tums
out to excite material defects, some of which re-emit light in the
form of visible (VIS) luminescence [25). In this regime, the
defects are able to absorb all of the dissipated energy, so that
no permanent damages are produced to the fiber. This becomes
clear by monitoring the evolution of output power versus time.
Whenever the input power is sufficiently low, the output power
remains constant in time [sce the dashed curve in Fig. 1(a),
obtained at P = Py, = 0.66 MW). On the other hand, as
soon as the input power overcomes a ccrain threshold, or
P > Py,, the power transmission of the fiber slowly drops
in time. The output energy is reduced to about 80% of its ini-
tal value after a few hours [sce the curves in Fig. 1(a) at
P > 0.66 MW]. Interestingly, the transmission drop time scale
appears to be largely independent on input power: all of the
solid curves in Fig. 1(a) exhibit the same power damping time
scale. We underline that the power values used in our experi-
ments are smaller than the power value for critical self-focusing
Poc(3 = 1.55 pm) = 11.3 MW, which is calculated as
Pyg = 22 [2mngmy, where ny =23 x10 2 m? W' is the
nonlincar refractive index and ny = 1.47.

The irreversible reduction of the output power from the fi-
ber is the hallmark of damages generation: these are progres-
sively formed and are responsible for a variation of the local
refractive index. AsucanbemmF’g,l(a),dncpowcrmm
mission curve shows scveral fluctuations, before reaching a
steady value after about 2 h. Asannnuoffaa,SCGfrom
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Fig. 1. (a) Time evolution of the outpur beam power from 2 30 cm
long GRIN fiber span, for different values of the input peak power.
respectively. (b) Slow temporal evolution of the output spectrum, for
fixed input pulse peak power P = 1.41 MW (sce Visualization 1).
(¢) Zoom-in of (b), for the first 285 5. (d) Same spectra of (¢) at 7
temporal instants of time.

the GRIN fiber exhibits an irreversible evolution, which is char-
acterized by two different time scales [cfr. Figs. 1(b) and 1(c)).
These cannot be distinguished by the thermal power meter,
because of its slow response. However, onc can casily monitor
variations of the SC spectra at the fiber output. For the sake of
simplicity, we only report in Figs. 1(b) and 1(c) the temporal
dependence of the outpur spectrum, which corresponds to the
red curve in Fig. 1(a). As one can see in Fig. 1(c), SCG exhibits
a slow and continuous reshaping: two distinct speciral lobes,
corresponding to different Raman solitons that arc initially gen-
crated around 2.0 pm and 2.2 pm, respectively, merge into a
single lobe after 50 s, only to split again after about 200 s.
Eventually, Figs. 1(a) and 1(b) show that, over a time scale
of hours, the output power remains stable; correspondingly,
an cquilibrium specral  distribution i reached,  with
Ay =2 2.2 pm, whereas, for times shorter than 100 s, 4y de-
creases quickly from an initial value of 2.5 pm down o about

2.4 pm [see Fig. 1(c)). In order to highlight the SCG evolution
on the shortest time scale, in Fig. 1(d) we report a 2D plot of
the output spectrum at specific (equally spaced) instants of
time. Note that the output spectral peaks evolve over different
time scales in the MPI regime. Indeed, some peaks appear 10
exhibit constant values of intensity and wavelength during the
first 300 s after laser injection [cfr. Figs. 1(c) and 1(d)].
Nevertheless, eventually all spectral lobes vary their intensity
and wavelength over the longer time scales of Fig. 1(a).

B. Numerical Study of Multimode Solitons

The occurrence of a power transmission drop and its associated
stable output spectral distribution are duc to a quenching of the
output beam energy, owing to an increase of cither
fiber absorption or light scattering by the gencrated damages
[26,27]. Indeed, our experimental observations can be qualia-
tively reproduced by numerical simulations based on the
generalized multimode nonlincar  Schrddinger  equartion.
Specifically, our simulations are based on the model described
in Ref. [28]. Here, we took into account chromatic dispersion
up to the fourth order, as well as self-steepening, Kerr, and
Raman nonlincaritics. For a standard GRIN MMF whose core
diameter is 50 pm, we considered a dispersion length of 0.16 m
at 2 = 1.55 pm.

With respect o Ref. [28], we also included the presence of
wavelength-dependent lincar losses: the fiber loss cocfficient in-
creases by 4 orders of magnitude when 4 grows from 1.55 up 1o
2.1 pm [sce Fig. 2(a)]. On the other hand, we did not include
in simulations any nonlincar term for describing the presence
of MPI, since its contribution o the spatiotemporal beam

ics acts over a time scale which is much shorter than
that associated with damages formation [29]. To the contrary,

we could mimic the process of damage gencration by just
decreasing the energy of the input laser pulses. We underline
that the numerical results shown in Fig. 2 refer o simula-
tions which only take into account the presence of the two
radially symmetric lowest-order modes, expressed in the
Lagucrre—Gauss base. In particular, the dispersion param-
eters at A= 1.55pm are f, = 28.188 */mm, f; =
15262 5 /mm, and Sy = 464.17 fs*/mm, for the
fundamental mode, and f, = -28.474 £*/mm, ;=
153.34 5> /mm, and f; = -467.05 s*/mm for the sccond
mode. Iowever, we verified that considering a larger number
of modes leads to the same qualitative behavior for the output
spectrum, as the input pulse encrgy is varied, but much longer
computation time is needed.

As it turns out, this numerical model permits for qualita-
tively retricving the experimentally observed changes of the
output spectra. As it can be scen, simulations reported in
Fig. 2(b) show that muliiple spectral lobes, associated with
the different Raman solitons that are generated at the fiber out-
put, scparate, merge, and then separate again, as the inpur pulse
energy grows smaller. This is similar to the observations of
Fig. 1(b), when we consider that fiber losses progressively grow
larger in time. A detailed study of the process of soliton spectral
merging, whose discussion is beyond the scope of the present
work, reveals that it can be explained by considering the multi-
mode nature of Raman soliton generation in a GRIN fiber
[30]. Here, we provide a way for appreciating the qualitative
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Fig. 2. (a) Wavdength dependence of the lincar loss profile in sim-
ulations. (b) Numerical simulation of output spectrum changes versus
input pulse energy. All parameters are the same as in experiments of
Fig. 1. () Relationship between input pulse energy and long time scale
obuined by fitting the violet curve in Fig. 1(a) with an exponendial
curve. (d) Same spectra of (b) ar 8 wemporal instants of time.

(0] ouay

agreement between experiments and simulations. In particular,
we associate the input pulse energy with the long time scale of
evolution of the power at the fiber output [see Fig. 2(c)]. This is
donc by fitting by an exponential curve the experimental dara
in Fig. 1(a) at 7 = 0.97 MW. In order to more dearly com-
parc numerical simulations with experiments, in Fig. 2(d) we
illustrate a bi-dimensional plot of the output spectrum au differ-
ent instants of time, which can be dircaly compared with
Fig. 1(d). As it can be seen, the Raman-induced SSFS does
not monotonically increase as the input pulse energy grows
larger. As a consequence, the wavelength positions of the out-
put spectral peaks move back and forth at the input pulse en-
crgy increases, both in simulations and in the experiments.
C. Comparison between Normal and Anomalous
Dispersion Regimes

Although we have shown that MPl-associated defects have a
dramaric effect on SCG pumped at 1.55 pm, at this wa

lincar loss has a minimum [see Fig. 2(a)]; hence MPI is
rclatively weak. Therefore, in order to maximize the gencration
of laser-induced damages, we moved the pump pulse wave-
length to 1.03 pm, so thar its propagation occurs in the normal
dispersion  regime. Remarkably, although changing the
dispersion regime at the pump wavelength has profound cffects
on SCG, the fiber transmission drop at 1.03 pm turns out
be similar to (and much more rapid than) at 1.55 pm [cfr.
Fig. 3(a)]. This indicates that most of the pump power is lost
at the beginning of the fiber, i.c., over the first few millimeters.
As a marter of fact, by optical microscopy we could confirm
Furthermore, we verified that by deaving the fiber inpur face
by about 5 mm, we could fully recover the original level of fiber

ransmission.
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Fig. 3. Comparison berween MPI regime established ar 1.03 pm
amll$Spmofwavdungxh (a)u:mumsuoo (b). (©) luminescencs
(d), (¢) damages imaged by optical microscopy. The white bars in
(b) () correspond to 100 pm. The input encrgy and the peak power
are £ = 323 n) and P = 1.64 MW ar 1.03 pm and £ = 125 n] and
P = 1.64 MW at 1.55 pm, respectively. The images in (d), (¢) have
been obtained after 1.5 h of exposure to the laser.

Note that the millimeter scale is much shorter than the non-
linear length associated with other nonlinear effects besides
MPI, such as SSFS and SCG. The occurrence of multiphoton
cffects can be appreciated by looking at Figs. 3(b) and 3(c),
where we compare the MPA-induced luminescence of the fiber
input tip, when using input femtosecond pulses at cither
1.03 pm or 1.55 pm pump wavelengths, respectively. As it
can be scen, the luminescence traces look rather similar, and
no cffects of VIS light emission that is associated with SCG
can be detected. Only slight differences in the luminescence
color arc appreciable: these can be ascribed to the different
nature of the laser-induced defeats [31]. Lumincscence appears
at equally spaced discrete points, owing to spatial sclf-imaging,
a typical property of GRIN fibers [32]: because of the refractive
index grading, the propagating beam periodically reproduces its
spatial profile. As a side note, it is worth mentioning that lu-
mincscence is a priceless ol for micromachining, since it al-
lows for a significant improvement of the laser beam alignment.
This has found applications 1o the inscription of fiber Bragg
gratings [33], to determining the optical fiber cutoff frequency
[34], as well as to tracking the propagation path of skew-
rays [13].

The difference between defect generation by laser pulses
propagating in opposite chromatic dispersion regimes can be
better i by imaging post-mortem samples. In
Figs. 3(d) and 3(c), we show images captured by an optical mi-
croscope (Zeiss Axiolab 5) in a quasi-cross-polarization configu-
ration. As it can be seen, although exactly the same input
oxmdunns(pcakmwcrandbwnwam)mused the fiber

is notably morc damaged when the input wavelength is
I .03 pm [Fig. 3(d)], whereas the fiber appears 1o be barely af-
fected by pump pulses ar 1.55 pm [Fig. 3(c)]. The microscope
image in Fig. 3(d) allows for clearly appreciating the shape of
the damages, which is remarkably similar o that of MPI-
ignited plasma at the sclf-focusing point in bulk glasses
[35,36]. It is worth pointing out that, at variance from the lat-
ter, where damages arc only induced art the self-focusing point,



when the guiding properties of MMFs are exploited (specifi-
cally, the spatial self-imaging cffect), onc is able to simultanc-

ously modify the refractive index of the fiber core along an array
of several (equally spaced) points.

to detect the presence of damages in glasses [37,38). However,
although quantitative information can be extracted about the
absolute value of the refractive index local variation, the sign
of this variation remains unknown. As a marter of fact, power
collected by the microscope scales quadratically with the laser-
induced refractive index change [39).

In this context, we propose 1o exploit the material properties
at X-ray frequencies. Here, p-CT becomes an efficient tool for
gathering additional information about the refractive index
variation. It is worth to highlight that, conventionally, p-CT’
finds applications in different ficlds, c.g., marterial science
[40], geophysics and geology [41], soil science [42], archacol-
ogy and cultural heritage [43,44]. To the best of our knowl-
edge, this is the first time that X-ray microtomography is
used for studying laser-induced damages of optical fibers.

In Fig. 4(a), we report a radiographic image of the tip of the
fiber before any damaging has occurred. This image was ob-
wined by averaging over 100 acquisitions, corresponding o
a total exposure time of 1000 s. We used a microfocus source
(Hamamatsu 112161-07), which emits a conical polychro-
matic, 10 W average power X-ray beam. The maximum encrgy
of the X-photons was of 60 keV. The intensity profile across the
transverse dimension of the fiber, measured by a flat panel
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Fig. 4. X-ray imaging. (a) Radiography of a brand-new GRIN
50/125 fiber. (b) Corresponding intensity profile along the transverse
direction x, averaged over 200 pm in z. (c) 3D rendering of the p-CT
image of a fiber, damaged by the exposure for 1.5 h to a laser pulse
train at 1.03 pm wavelength and with 5.54 MW of peak power. Red,
yellow, and blue zones are obtained by filtering the p-CT intensity, as
illustrated in panel (b). (d) Section of the fiber in the x-y plane.

detector (Hamamatsu C7942SK-05) after averaging over a
longitudinal path z of 200 pm, is shown in Fig. 4(b). From
this figure we can appreciate that X-ray absorption is capable
of distinguishing the core of the fiber from its cdladding, Indeed,
a change of convexity of the dashed curve, which interpolates
the experimental data (void cirdes), suddenly appears when
pamngﬁomthcwmtohcdxkhng()mngtoth:polydim
determine

matic nature of our X-ray source, we cannot
nlmofgﬁmndw:hapcofdtmtmtyproﬁlc.anddnm
we arc limited to a qualitative analysis.

Nevertheless, results in Figs. 4(2) and 4(b) dearly demon-
strate that the presence of index grading in the fiber core is
caprured by X-ray absorption measurements. This indicates
that p-CT can be an appropriate tool for detecting the presence
of fiber refractive index modifications. As a maer of fact, the
absorption contrast p-CT is more sensitive to detecting step-
this reason, we carried out p-CT imaging of a GRIN fiber,
after its exposure to a laser pulse train (with peak power
P = 1.64 MW at 1.03 pm) for a period of 1.5 h. The 3D ren-
dering of the p-CT image reconstruction is shown in Fig. 4(c).
The latter was obtained by means of the software Fiji [45]. The
p-CT intensity has been filtered, in order to highlight the pres-
ence of damages. We applied three different filters o the gray
scale of the raw p-CT rendering. Fach color corresponds to
different intensity intervals, which are shown by horizontal bars
in Fig. 4(b). The red zonc is enclosed inside the fiber core, and
it includes the fiber axis, whereas, the ycllow zone, which is still
fully located inside the core, does not contain the fiber axis.
Finally, the blue zone involves the most peripheral part of
the dadding. In order to better illustrate the three zones, a cross
section of the fiber in the xy plane is shown in Fig. 4(d).

Some interesting features, indicating the presence of dam-
ages, could indeed be detected. In particular, in Fig. 4(c) we
may appreciate that, different from the other two zones, the
miwnccxperiamalodd\rink@mnhiomhipbc—
can be revealed by examining Fig. 5. Here, we show first the
microscope image of the damaged fiber [Fig. 5(a)]. Next, in
Fig. 5(b), we compare the intensity profile of Fig. 5(a) along
the fiber axis (black curve), with the diameter of the p-CT
red zone (red area). As it can be seen, the presence of a damage,
which appears as a hill for the black curve, corresponds to a
steep reduction of the red zone diameter. Specifically, since
p—C'Tunamuvcmmﬁ:cuvcmdcxmmdu.mmmnof
the red curve correspond 10 edges of the damages, i.c., they
arc only visible whenever the black curve has a sufficiendy
abrupt variation. Fmally we highlight that the occurrence of
diameter variations uniquely to the red zone. As men-
tioned above, we found that the yellow and the blue zones have
a nearly constant diameter, in spite of some weak short-scale
fluctuations [see Fig. 5(c)]. Being far from the fiber axis, these
zones arc unaffected by the presence of damages.

In our measurements, we have approached the magnifica-
ton limit of our p-CT system, which is only capable of
detecting refractive index steps with about 7 pm of sparial res-
olution. Furthermore, given the spatial incoherence of our
polychromatic X-ray source, we could not dircaly access
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Fig. 5. Analysis of fiber damages. (a) Optical microscope image.
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information about variations of the real part of the lincar fiber
susceptibility, or refractive index. Nevertheless, our results pro-
vide a proof of concept that X-ray absorption and scattering can
be used for detecting micrometer-size damages in optical fibers,
thus paving the way for their future investigation by means of
phase-contrast measurements.

3. CONCLUSION

In conclusion, we studied the to standard optical fibers
which are induced by MPI of intense femtosecond laser pulses,
that propagate cither in the normal or in the anomalous
dispersion regime. Remarkably, by monitoring the output spec-
trum and the power transmission of the fiber, we observed that
MPI damaging has strong macroscopic cffects, specifially, a
slow temporal reshaping of SCG. Both the transmitted power
and the SC spectra experience an irreversible temporal evolu-
tion toward equilibrium valucs. These are reached within a time
saale of the order of a few hours, during which local modifi-
cations of the refractive index are progressively gencrared.
The latter could be detected by means of optical microscopy
and p-CT. Our results demonstrate that X-ray imaging, cither
based on absorption or scattering, can be a powerful, and pre-
viously uncxploited, tool for detecting micrometer-size features
of glassy structures, such as standard optical fibers. This paves
the way for future investigations, performed by means of co-
herent X-ray sources,
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