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Abstract: Spatial self-imaging, consisting of the periodic replication of the optical transverse
beam profile along the propagation direction, can be achieved in guided wave systems when all
excited modes interfere in phase. We exploited material defects photoluminescence for directly
visualizing self-imaging in a few-mode, nominal singlemode SMF-28 optical fiber. Visible
luminescence was excited by intense femtosecond infrared pulses via multiphoton absorption
processes. Our method permits us to determine the mode propagation constants and the cuto 1
wavelength of transverse fiber modes.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Spatial self imaging (SSI) is a physical phenomenon consisting of the periodic replication, along
the propagation distance, of the transverse spatial distribution of an electromagnetic field in the
presence of di [rattion. SSI was firstly observed in 1836 by Talbot, who showed that the image
formed by the incidence of a plane wave on a di [rattion grating is periodically replicated in
free-space propagation [1]. More than one century later, SSI was conceived and demonstrated in
slab waveguides [2,3], where the electromagnetic field is confined due to total internal reflection,
and di [rattion competes with index guiding, leading to guided modes. These results paved the
way for the use of SSI in integrated optics, e.g., for developing highly e Ccieht planar waveguide
couplers [4].

SSI in waveguides results from the interference among their guided modes and, for this reason,
it has been extensively investigated in multimode (MM) systems. When a given electromagnetic
field is injected into a MM waveguide, it can be decomposed into a specific set of excited modes.
Each mode propagates independently with its own propagation constant, and it interferes with
other modes. Therefore, a replica of the input field can be obtained at specific positions along the
waveguide, where all modes are in-phase. Mathematically, this is always possible, although the
distance of the first self-imaging point grows larger as the number of excited modes increases.

This observation is independent of the system geometry, and it also applies to cylindrical
waveguides, e.g. optical fibers. The first observation of SSI in multimode fibers (MMFs) was
reported by Allison in 1994 [5]. Since then, many studies have been carried out, proposing
MMFs for the development of sensing devices based on SSI. A basic structure of such devices
consists of splicing singlemode — multimode — singlemode fibers [6,7]: depending on an external
parameter, e.g. temperature, the beam at the interface between the input singlemode fiber (SMF)
and the MMF may be imaged at the MMF output thanks to multimode interference. Besides
sensors, SSI in MMFs has been proposed for many other applications, ranging from bandpass
filters [8] to fiber lenses [9], fiber lasers, and amplifiers [10-12].
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Although SSI in waveguides is a well-known linear propagation e [eck, only recently SSI could
be directly measured, thanks to the presence of nonlinear e [ecks induced by high peak-power
ultrashort laser pulses. Specifically, by exploiting doped silica photoluminescence (PL), it has
been shown that multiple photons can be simultaneously absorbed by an optical fiber, which
produces a periodic array of visible side-scattered light spots at points of peak intensity [13-15].

As illustrated by these experiments [14], there is a significant di Lerence between SSI in
step-index (SI) and graded-index (GRIN) MMFs. In Sl fibers, the mode propagation constants
are not equispaced in the spatial frequency domain: as a result, the SSI distance is about a
few centimeters long [10]. Conversely, for GRIN MMFs with a parabolic index profile, the
propagation constants of nondegenerate mode groups are equally spaced. Therefore, in these
fibers, the SSI length is as short as a few hundred microns [13,16].

In this work, we exploit the fiber defects PL in order to directly visualize the spatial intensity
profiles resulting from the modal interference in a particular, and relevant for optical communi-
cations, type of Sl fiber. Specifically, we consider an SMF-28 fiber operating in the few-mode
regime, which permits to combine the presence of a core-cladding index discontinuity with a
relatively short SSI distance.

As B is well known, the fiber cuto [Wavelength [17] is defined as the wavelength
2 an. 2 2¢2.405, where n; is the core refractive index, is the core-cladding relative
refractive index di [&rknce and a is the core radius [18]. For wavelengths > 1, only the
fundamental mode is guided by the fiber. Whereas, when operating at < I, it is possible to
propagate several modes in an SMF-28. Nevertheless, in practical deployment conditions of
an SMF-28 fiber, and particularly for telecom applications, such fiber e [ectively behaves as
singlemode over an extended wavelength range, that is, for wavelengths above an e [eckive cuto (]
(or nominal cuto [value provided by the fiber manufacturer) wavelength, say, or< . This
is because environmental conditions such as cabling and micro- and macro-bending introduce
higher losses for higher-order modes than for the fundamental, so that they are eventually lost.

On the other hand, perhaps less appreciated is the fact that, when very short (e.g., of the other
of 1 cm) fiber samples are involved, also when > I higher-order leaky modes can be excited at
the fiber input, and still be revealed at its output. This is simply because the fiber length is shorter
than their attenuation distance [19]. Here, by employing a fiber sample which is shorter than the
attenuation distance of the LP1; mode, we experimentally measure a cuto Cwlavelength, say, ¢
which is even larger than . Note also that, by properly acting on both the position and angle
of incidence, the measured cuto [CWavelength can be tuned, possibly widening the few-mode
propagation regime of a SMF-28 [17]. Notably, by controlling the input coupling conditions one
may excite meridional and skew rays [20,21], which enables the observation of SSI.

In our experiments, we report the observation of SSI at wavelengths up to 200 nm longer than
the SMF-28 . —value, when only a few microns o [Set of the input beam position is introduced.
The SSI period is found to be independent of the input conditions such as the laser power and the
coupling geometry. In this sense, our results provide a way to estimate the propagation constant
of the modes, as well as a method to experimentally determine, by a proper adjustment of its
length, the cuto [wlavelength . of a fiber. Measuring the mode propagation constants and
is of utmost importance in telecom applications, in particular those involving few-mode fibers
for spatial division multiplexing (SDM) transmissions [19,22-24]. Our method can also be
applied to the study of modal noise in optical communication systems. In fact, a leaky LP1;
mode can be first excited in a fiber pigtail, and then coupled back to the fundamental LPo; mode
at a subsequent splice, leading to modal noise and performance degradation [19].

2. Theory

When considering linear beam propagation in an optical fiber, with no loss of generality, any
electromagnetic field F, confined inside the core, can be decomposed as a superposition of guided
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modes ' |ntr, #°, as sketched in Fig. 1(a):
0 .
Fir,#,2°=  Cm' mlr, #% ! ™%, 1)
I,m

where the sums run over all the I, m° guided modes with propagation constant |, and the series
expansion coe Lciehts fcjmgcan be determined starting from the incident beam as follows [17]:

Fir,#,z2= 0% | tr, #°rdrd#
Cim = == 2
j'imtr, #o2rdrd#

The SSI condition can be found by imposing Fir, #, zs5 © = F1r, #, 0°, with zss) being the SSI
distance. This reads:

Yot m®Zsst =2 im 8l,m 3)

where |, are integer numbers. Clearly, the number of constraints expressed by (3), which are
necessary to make all modes simultaneously interfering in-phase, increases with the variety of the
involved | values. Remarkable is the case of GRIN fibers, where the constructive interference
condition for all modes is the same. Analogously, whenever the SMF-28 guides first two modes,
the SSI condition boils downto! o1 11°ss = 2 . In general, few-mode excitation can be
obtained by introducing a small misalignment of the input beam with respect to the fiber axis.

Fig. 1. a) Sketch of the spatial profile of the first 12 SMF-28 guided modes; b,c) Modal
power distributions of an 8.3 m wide Gaussian beam at the wavelength = 1030 nm, vs.
position o [Set or tilt angle, as depicted in the inset; d,e) Propagation constant di [erence with
respect to the fundamental mode, and corresponding SSI period values vs. input wavelength,
calculated as in Eq. (3).

This can be seen in Figs. 1(b) and (c), where we illustrate how the mode power fraction jcjmj?
is a [ecked when varying either the input position o [Set r, or the tilt angle , respectively, for
an input Gaussian beam. Here the input beam at = 1030 nm has an 8.3 m diameter at 1+¢?
of peak intensity, and the fiber core diameter is 8.8 m. Figures 1(b) and (c) shows that, if the
input beam is perfectly aligned with the fiber axis, only radial modes (i.e. with | = 0) are excited.
Conversely, when a symmetry-breaking misalignment is progressively introduced, additional
modes emerge inside the core, and their power fraction tends to become uniform. If a relatively
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small position o [Set is introduced between the input beam and the center of the SMF-28 core,
only the 1l = 0, m = 1° mode has a non-negligible power fraction. It must be noted that, for r >
0.8 m, the beam partially propagates inside the cladding, and the mode decomposition (1) no
longer holds. One can always ideally compute the modal decomposition, as in Figs. 1(b) and (c),
but in practical cases, only the two lowest modes survive during propagation.

A numerical mode solver was used to compute the propagation constants, as described in
Ref. [25]. In Figs. 1(d) and (e) we show the wavelength dependence of = 1 |y and zsg),
respectively. As it can be seen, an SSI period of 456 m owing to LPg;-LP1; mode interference
is expected, for wavelengths shorter than 1100 nm (blue curve). For a perfect alignment of the
input beam, a second period smaller than 400 m should also be observed (red curve) because
of LPp1-LPo2 mode beating. However, as we shall see, this condition was never reached in our
experiments: only the LPg;1-LP11; mode beating was detected.

3. Experimental results

The experimental setup used for the demonstration of SSI-induced PL in a few-mode fiber consists
of an ultra-short pulse laser system, involving a hybrid optical parametric amplifier (OPA) of
white-light continuum (Lightconversion Orpheus-F), pumped by a femtosecond Yhb-based laser
(Lightconversion Pharos-SP-HP). We set the laser wavelength at 2030 nm (when using Pharos
pulses directly), or between 1200 nm and 1500 nm (when using idler pulses from the OPA). The
laser beam was focused by a 19 mm lens into a 1 cm sample of 8.8/125 m SMF-28 with a beam
diameter of 8.3 m at 1+e? of peak intensity. The SMF-28 has a core refractive index of n.=1.467,

=0.003 at 1030 nm, and " = 1305 nm. The output beam was collected by a micro-lens of 8

m focal distance, and sent to the analysis devices. Near- and far-field images of the output beam
were measured with a calibrated and automated optical system (Gentec Beamage M4-IR); the
beam power was measured by a thermopile power meter (GENTEC XLP12-3S-VP-INT-DO0),
spectra by a miniature fiber optics spectrometer (Ocean Optics USB2000+) with 170-1150 nm
spectral range and an optical spectrum analyzer (OSA) (Yokogawa AQ6370D) with wavelength
ranges of 700-1700 nm, respectively.

Our numerical model for simulating the SSI of ultrashort, high peak power pulses in few-
mode fibers was based on solving the 13D + 1° generalized nonlinear Schréedinger equation,
involving a single field for each polarization, including all frequencies and modes. The nonlinear
contributions taken into account in the model are: Kerr and Raman e [edts, self-steepening,
third-harmonic generation, and an e [eckive two-photon absorption to take into account losses due
to the PL. The values of the second- and third-order dispersion parameters, the linear absorption
coe [cieht and the nonlinear refractive index are , = 19.01 ps?/km and 3 = 0.038 ps®/km,

=37 10 *1/m,andny = 2.7 10 2° m?/W respectively. Further details and a full list of the
parameters used in the simulation can be found in [26].

In our experiments, we exploited the PL of silica defects in order to directly measure SSI in a
SMF-28. PL was generated by the multiphoton absorption of high peak power ultrashort infrared
(IR) pulses [13,14]. We injected 60 fs pulses with 4.15 MW peak power and 100 kHz repetition
rate at the 1300 nm carrier wavelength, which is above the e [ective cuto [value ¢ —provided by
the manufacturer (1260 nm). We injected the laser beam into the fiber with a position o [set r =
2 m: the beam peak intensity at the SSI self-focusing points was high enough ( 10?Wecm?)
to excite PL but not so high to damage the fiber, being the fluence damage threshold of the order
of 1013 Wecm? in the infrared range [27]. Note that the length scale for the decay of the leaky
11 = 1, m = 1°mode that is excited by femtosecond pulses at telecom wavelengths is of the order
of a few tens of centimeters [19], which is much longer than our sample length.

By means of a digital microscope, we captured images of light side-scattered out of the fiber.
Figures 2(a) and (b) show the periodic PL trace, with room light switched on and o [ rkspectively.
We analyzed the Fourier content of the spatial evolution of the PL intensity profile, as shown in
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Fig. 2(c). The fundamental harmonic, which covers more than 90% of the signal, has a periodicity
Zp. = 246 m. The solid line in Fig. 2(c) represents the sum of the first three harmonics that,
besides the white scattering spots generated by fiber surface imperfections, fits well experimental
data. In Fig. 2(d) we compare the periodic PL intensity evolution with the oscillating behavior
of the simulated e [Cective area of the beam. As it can be visually appreciated, there is a rather
good agreement between experiments and simulations: the estimated periodicities di Lerlby less
than 1 m. The PL periodicity (246 m) is in good agreement with the theoretical expectation:
half of the theoretical zss; (492 m), since the PL depends on the beam intensity, while the SSI
condition is on the electric field. So if one imposes the condition jFir, #, 7559 = jFr, #, 09,
two classes of solutions emerge: even and odd. Therefore, the PL appearance condition is
1o 11%2pL = (where is an integer number), which di Ler¥, as expected, by a factor 2
from the value given by Eq. (3).

Fig. 2. a) Microscope image of a 1 cm long SMF-28, where SSI is visualized via defects
PL. b) same image as a), with room light o [Cc) Analysis of PL intensity evolution along
the fiber. d) Evolution of numerically calculated e [ective area along the fiber. ) Zoom of
b). f,g) Measured output near- and far-field transverse intensity profiles. h,i) Numerically
calculated near- and far-field intensities.

Figure 2(e) is a zoom-in of Fig. 2(b), which makes appreciable the parity di Lerence between
Zss) and zp. Finally, Figs. 2(f) and (g) shows experimental output near- and far-field intensity
profiles, which are in good qualitative agreement with simulations, see Figs. 2(h) and (i). The
fiber length used in the numerical simulations was determined through the digital microscope.
We highlight that, despite nonlinear processes such as the multiphoton absorption are involved,
the SSI periodicity is not impacted by nonlinear e [ects. We experimentally verified that the
SSI period is not a [ecked by beam intensity. In Fig. 3(a), we show PL images for several input
peak powers. Here we traced vertical red dashed lines, in order to underline the constancy of
the SSI period. Similarly, in Fig. 3(b) we report numerical simulations for a 5 mm long fiber,
showing that the periodic oscillation of the beam e [ective area is barely modified by the input
power. Nonlinear terms do play a role in the beam dynamics and consequently in the PL intensity.
However, their contribution only acts on the field amplitude, without a [ecting SSI periodicity
[13].



Research Article Vol. 29, No. 8/12 April 2021/ Optics Express 12630 |

Optics EXPRESS

Fig. 3. a) Microscope image of PL from a 5 mm long SMF-28, when varying the input
peak power. b) Numerical e [ective area modulation along propagation for di Lerent input
peak powers. Curves are vertically o [Set, in order to make their di Cerence more visible.

In order to further investigate SSI in the SMF-28, we varied the input beam misalignment
when injecting 170 fs pulses with 1.35 MW peak power at a wavelength of 1030 nhm. At such
wavelength, the theoretically predicted value of the PL periodicity is 228 m. In Fig. 4(a), we
show that periodic PL emission along the entire SMF-28 sample length is generated for up to 5

m of the input position o [Set, i.e., as long as the beam center is coupled inside the fiber core.
On the other hand, the PL intensity becomes irregular when the beam mostly propagates in the
cladding, and eventually only the first self-focusing point remains visible.

Fig. 4. a) Images of PL emission for di Lerént input beam o [Sets r; b) Corresponding

near-field profiles; c) Same as a) and b), for a perfectly aligned beam with a diameter of 1.4
m at 1.72 MW peak power; d) PL period vs. o [Set r. The standard deviation, identified by

the blue boxes, was calculated starting from the distance between each couple of consecutive

PL spots, while the red line represents the median. e) Output spectra for di Cerent values of
r.

The output near-field beam intensity profiles corresponding to Fig. 4(a) are reported in Fig. 4(b),
showing the excitation of higher-order modes, similarly to Figs. 2(f) and (h). For comparison,
we also show in Fig. 4(c) the case of a perfectly aligned, and narrower (i.e., with input beam
diameter of 1.4 m) input beam: in this case, the output near-field has a Gaussian profile, and
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PL only appears from a single emitting spot, due to the initial beam self-focusing. With such
input beam conditions, it is apparent that only the fundamental mode propagates after 1 cm of
fiber. We underline that obtaining such single-point PL emission is very sensitive to the input
beam alignment: a little input position o [Set results in the same PL emission as in Fig. 4(a).
PL periodicity values measured from the latter are reported in Fig. 4(d). This shows that the
SSI period remains constant even when the position of the incoming beam is varied, meaning
that only LPgy; and LP1; mode beating contributes to SSl in all cases. Finally, in Fig. 4(e) we
display the dependence of the output pulse spectra on input position o [Set, showing that nonlinear
spectral broadening is mitigated as the fraction of power in the core is reduced.

Finally, we compared the theoretical (as given by Eq. (3)) and experimental wavelength
dependence of the SSI periodicity, when the source wavelength was varied between 1030 nm
and 1500 nm. We injected the laser beam into the fiber with a positiono[set r =4 m. All
measurements were performed at 30 mW of average input power at 100 kHz of repetition rate
(the pulse duration for the di Cerknt wavelengths was 170 fs at 1030 nm and about 60 fs for the
other wavelengths). The corresponding PL emission images are shown in Fig. 5(a), revealing that
the PL color changes as the source wavelength is varied, because of the excitation of di [erent
types of material defects. Specifically, a contribution from Oxygen-Deficiency-Centers provides
blue/violet colored emission; whereas Non-Bridging-Oxygen-Hole-Centres are responsible for
the emission of red PL [14,28]. In Fig. 5(a), we underline the position of the PL intensity peaks at
1030 nm by drawing vertical white dashed lines. As it can be seen, when the wavelength reaches
a threshold value, above 1450 nm, PL appears as a single point, similarly to the case in Fig. 4(c).
This is the hallmark of pure singlemode propagation, that defines the cuto Cwlavelength ¢*®.

Fig. 5. a) Microscope images of silica defects PL when varying the input pulses wavelength.
Dashed vertical white lines mark the PL periodicity at 1030 nm. b) and ¢) Comparison
between experimental and theoretical valuesof = (1 11 and of the SSI period (same
as in the blue curve in Fig. 1(d) and Fig. 1(e)), respectively. The parameters are the same as
in Fig. 2, but the input peak power is set to 1.72 MW.

In Figs. 5(b) and (c) we draw the comparison between measured and theoretical values of

= o1 11 and of the SSI period, respectively. The dashed vertical line indicates the
manufacturer provided e [eckive cuto Cwlavelength <1260 nm, which is about 200 nm shorter
than our experimentally determined cuto [Wavelength ¢®=1450 nm. This value is 145 nm
higher than the theoretical value ( ;=1305 nm). As previously discussed, for the used short fiber
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