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Abstract: This research investigates the visible upconversion luminescence which is induced by
multiphoton absorption of soft glass fiber defects. The study of this phenomenon has thus far been
restricted to standard silica fibers. We observed the emission of green and cyan light as a consequence
of fiber material ionization. We investigate both the commercial ZBLAN step index and in-house-
made tellurite nanostructured graded-index fibers. For the latter, the analysis of the luminescence
signal permits us to determine the core and cladding refractive index difference. Upconversion
luminescence is a powerful tool for characterizing soft glass fibers and a promising platform for
innovative photonic technologies and mid-IR applications.

Keywords: upconversionluminescence; soft glass fibers; multiphoton absorption; multiphoton
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1. Introduction

Standard optical fibers are made of silica, which has negligible absorption at telecom
wavelengths. Generally speaking, most of the standard optical fiber applications (e.g.,
telecommunication-oriented and those based on nonlinear optical effects), are confined to
the near-infrared (IR) spectral range [1,2]. Aside from that, owing to its strong absorption,
silica is unfit for applications of optical fibers at mid-IR frequencies, such as molecular
fingerprinting [3,4], sensing [5,6], and biomedicine [7,8]. For this spectral range, soft
glass materials are preferred because of their negligible optical losses and high nonlinear
refractive index (). Conventional soft glass materials for fiber optics are ZBLAN or
indate and germanate glasses doped with heavy elements such as lead, bismuth, and rare
earths [9-11].

Most of the commercially available silica fibers are doped with either fluorine or
germanium, as this permits creating a difference between the refractive indices of core and
cladding [12,13]. In particular, fluorine doping is responsible for a decrease in the refractive
index of the host material. Thus, it is conventionally used as the cladding material. On
the contrary, germanium-doped silica is often the fiber core material, since the inclusion
of germanium atoms in the silica lattice produces an increase in its refractive index. The
doping of silica preforms is generally achieved via chemical vapor deposition (CVD) [14],
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which can be used to obtain arbitrary shapes of the core refractive index, the most common
of which are the so-called step index (SI) and graded index (GI) fibers, which correspond to
the flat and parabolic profiles of the core’s refractive index, respectively [15]. The latter is
particularly compelling, since it leads to an equal spacing of the propagation constants of
the fiber modes. As a consequence, an input beam is subject to periodic spatial self-imaging
(SSI) [16,17] (i.e., the spatial equivalent of the Talbot effect). SSI is an enabling factor for
many applications. For instance, SSI is crucial for achieving the so-called spatial beam
self-cleaning effect, whose observation has enabled the demonstration of a new generation
of multimode fiber-based technologies.

In the case of soft glasses, CVD is unfit for manufacturing GI fibers. This is one of
the main reasons why there is no such thing as GI soft glass fibers available in the market
yet. In analogy with the manufacturing of hollow-core photonic crystal fibers [18,19], it
has been proposed to recur to the stack-and-draw method to manufacture GI fibers [20].
When applied to soft glass fibers, the stack-and-draw method allows for engineering
the optical properties of the fiber core at the nanoscale. Interestingly, a direct measure
of the core’s refractive index profile of such nanostructured GI fibers based on X-ray
microtomography was recently reported [21]. In addition, GI soft glass fibers have been
used for the experimental demonstration of different nonlinear effects, such as quasi-
periodic pulse breathing [22] and spatial beam self-cleaning [23], which exploit the parabolic
shape of the core’s refractive index profile.

Both these phenomena belong to the so-called weakly nonlinear regime (i.e., a regime
in which the power of the beam that propagates inside the fiber is several orders of
magnitude lower than the damage threshold power). On the contrary, when the power
of femtosecond near-IR beams is close to the material’s optical breakdown (i.e., in the
strongly nonlinear regime), silica optical fibers are characterized by the emission of visible
upconversion luminescence (UL). This results from the multiphoton absorption (MPA) of
some silica defects like non-bridging oxygen hole centers and oxygen deficiency centers [24].
The emission of visible light is even more spectacular when the beam power is above the
breakdown threshold, as multiphoton ionization (MPI) effects lead to the formation of
bright plasma filaments (PFs) [25,26], which can be curved in a helical fashion by exploiting
the cylindrical geometry of the fiber [27]. Interestingly, aside from fundamental studies,
exploiting UL allows for practical outcomes. For example, analyzing the UL has permitted
determining the cutoff frequency of SMF-28 [28], and the core and cladding refractive index
difference of GI fibers [29]. Remarkably, although soft glass fibers have been targeted for
broadband spectrum applications, such as those based on supercontinuum generation
mechanisms [30], which require high beam powers, only a few groups have studied the
ignition of PFs and the optical breakdown in soft glasses [31-33], whereas to our knowledge,
studies dedicated to the UL of material defects driven by MPA and MPI have not yet been
carried out.

In this work, we fill this gap by investigating visible UL which is induced by the MPI
of soft glass fiber via MPA of its material defects. We investigated both commercial SI and
in-house-made nanostructured GI fibers. We observed the emission of green and cyan light,
depending on the fiber material. Analogous to the case of silica, analyzing the UL of GI soft
glass fibers permits us to estimate their core and cladding refractive index difference. In this
sense, our results pave an innovative way to characterize the optical properties of GI soft
glass fibers. We anticipate that our results will be of value for different technologies based
on soft glass fibers, such as broadband endoscopes and supercontinuum light sources.

2. Materials and Methods

A list of tested fibers is reported in Table 1. We used two spans of commercial soft
glass step index fiber, which were made by different manufacturers (samples A and B), as
well as one span of in-house-made soft glass GI fiber (sample C). For the latter, the value of
the numerical aperture (NA) and n, at a 1064 nm wavelength were measured to be 0.39
and 5.11 x10~ ! m? /W, respectively.
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Table 1. Soft glass fibers used in this work.
Sample Label Type Preform Method Manufacturer Material Core/Cl:nfrﬂ;ng Size Reference
A SI CVD Thorlabs ZBLAN 100/190 [34]
B SI CVD Verre Fluoré ZBLAN 90/150 [35]
C GI Stack and draw University of Warsaw  Tellurite 78/137 [22]

Scanning electron microscope (SEM) images of samples A-C are shown in Figure la—c.
Specifically, images of samples A and B were obtained with a Zeiss crossbeam 550 SEM.
We imaged the facet of sample C with a Thermo Scientific Phenom ProX SEM (Waltham,
MA, USA) . In all cases, the energy of the electron beam was 15 keV. In order to increase
the resolution and stability of the images, sample C was first coated by using a manual
sputterer (Agar Scientific AGB7340 (Essex, UK)). The continuous conductive layer used for
the coating consisted of 7 nm of gold. This process allowed for visualizing the core internal
structure as shown in Figure 1d.

Figure 1. (a—c) SEM images of samples A—C. (d) Zoomed-in image of (c), highlighting the nanostructure
of the core of sample C. The red bars in (a—c) are 50 um long, while that in (d) is 10 um long.

All soft glass fiber samples investigated in this work were also subjected to prior
energy-dispersed X-ray spectroscopy (EDX) measurements using a backscattered electron
detector at 20 kV. The atomic concentrations of the elements detected by EDX are listed in
Table 2.

In our experiments, we used a femtosecond Yb-based laser (Lightconversion PHAROS-
SP-HP) emitting pulses of 174 fs at 1030 nm with a 100 kHz repetition rate and peak power
(Pp) of up to several tens of megawatts. This allowed us to trigger MPI effects. Indeed,
the power levels used in our experiments were well above the threshold for the optical
breakdown of the fiber material. In a first approximation, the latter could be identified
with the power for critical self-focusing Pesr = A% /27tngny, where A is the optical beam
wavelength and ny is the core’s refractive index [36,37]. In the case of soft glasses, whose
typical values of linear and nonlinear refractive indices at A = 1 pm are nyp ~ 2 and
1y ~ 1071 m? /W, respectively, P, >~ 0.1 MW (i.e., up to two orders of magnitude lower
than the power that we used in our experiments).
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Table 2. List of elements and their concentrations (atomic %) detected via EDX for all samples. The
elements are sorted by their atomic numbers (Z).

zZ Element Sample A Sample B Sample C
6 C 16.1 24.7 12.3
8 (@] - - 45.6
9 F 61.8 57.2 -
11 Na 41 22 3.8
13 Al 0.8 0.6 17.7
30 Zn - - 0.4
39 Y - 0.5 -
40 Zr 11.3 59 -
41 Nb - - 0.9
52 Te - - 13.8
56 Ba 4.8 41 -
57 La 1.0 0.8 -
72 Hf 0.1 3.9 -
74 W - - 5.5

The laser beam was injected into the soft glass fibers with a piano-convex lens (see the
sketch of the experimental set-up in Figure 2a) so that the 1/¢? diameter at the fiber input
facet was equal to 11 pm. We used different coupling conditions depending on the type
of fiber. Specifically, we injected the beam straight on the axis of the GI fiber (sample C),
whereas in the case of the SI fibers (samples A and B), we excited UL with a tilted geometry
(the beam direction and the fiber axis formed an angle 6 ~ 2°), focusing the beam at the
core/cladding interface. An illustration of the injection condition is reported in Figure 2b.
Such peculiar injection geometry permitted us to have a better confinement of the light
beam which was guided by the cladding/air interface, as discussed in [27]. Specifically,
the beam was injected in such a way that the transverse component of the wavevector
(k¢) was tangent to the core/cladding interface (see Figure 2b). This led light to a helical
luminescence trace as sketched in Figure 2b. UL from the soft glass fibers was collected
by means of a collecting (positive) lens into either a miniature fiber optics spectrometer
(Avaspec-2048L (Avantes B.V., Apeldoorn, The Netherlands)) or a digital microscope (Dino-
Lite WF4915ZT (Dino-Lite Europe IDCP B.V., Almere, The Netherlands)), which has a
20-220X magnification and uses a CMOS sensor of 1.3 megapixels with a maximum frame
rate of 30 fps. The UL collecting lens was placed over the fiber (see Figure 2a) so that only
one part of the solid angle of UL emission was sent to the spectrometer or microscope.

Microscope/Spectrometer

E- UL Collecting Lens
IR pulsed laser ’ . .
Injection Lens Optical Fiber

a)

Figure 2. Sketch of the experimental set-up. (a) Positioning of the fiber with respect to the laser and
the microscope or spectrometer for UL imaging and characterization. (b) Geometry of the injection
conditions to provide a helically shaped UL trace.
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3. Results

Microscope images of the UL of all samples are shown in Figure 3. Specifically,
Figure 3a,b illustrates sample A with the room light switch on and off, respectively, and
Figure 3¢c,d shows sample B with the same conditions. As can be seen, samples A and B
showed green and cyan UL, respectively. Finally, in Figure 3e,f we show the UL of sample
Cat P, = 0.98 and 5.09 MW, respectively. Similar to sample B, the UL of sample C is
cyan, albeit a little darker. One may notice that the PFs in Figure 3b,d are curved. This is
due to the injection of the laser beam in the cladding, which generated PFs with a helical
shape [27]. On the other hand, the UL in the GI fibers appeared as a discrete array of
dashes (see Figure 3f). Such a peculiar UL shape, which was due to the SSI effect, was
only visible if enough power was injected at the fiber input. Indeed, as shown in Figure 3e,
for P, = 0.98 MW, we only observed a bright spot at the self-focusing point. As soon as
the array was formed, its period did not change when the input power grew larger, in
agreement with the theory of SSI in GI multimode fibers [29,38]. The array represents the
replica of the self-focusing point because of the SSI effect.

[~

’ =

Figure 3. Upconversion luminescence of soft glass fibers. (a,b) Sample A with a room light switch off
and on, respectively. (c,d) Same as (a,b) for sample B. (e,f) UL of sample C at P, = 0.98 and 5.09 MW,
respectively. In all panels, the red bar is 200 um long. The dashed line frame insets are zoomed-in images
of the fibers’ tips, and the zoomed-in zones are indicated by smaller dashed line frames as well.

The spectra of the UL shown in Figure 3 are reported in Figure 4. Specifically, the
spectra associated with samples A—C are shown in Figure 4a—c, respectively. In each panel,
we report the spectral intensity on a linear scale at different values of P,. Samples A and B
had two UL peaks at 435 and 530 nm, respectively (that of sample A at 435 nm is clearly
visible at P, = 1.08 MW in Figure 4a), whereas the UL spectrum of sample C had only one
peak at 480 nm.

(¢
a) 1.08 MW b) ,A/\W_s.og MW...—«—)M
——0.39 MW T 160 MWL e N ——3.92 MW
—0.29 MW —4.90 MW L ™ N —294 MW

Intensity (arb. units)

—0.20 MW —1.96 MW o~ —1.96 MW
—0.10 MW —0.98 MW ™ —0.98 MW
—0.39 MW —0.49 MW
M et Mo, A
400 550 700 850 400 550 700 850 400 550 700 850

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4. Luminescence spectra of fibers for samples A—C (a—c). The values reported in the legend
are those of the laser peak power P,. The spectra show the intensity (on a linear scale) detected by
the spectrometer in arbitrary units. In order to better appreciate the variation in the spectral peak
amplitudes with power, the values of the intensity were not normalized. Moreover, in order to
increase figure readability, we added a fixed vertical offset that avoids the overlap of the curves.
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4. Discussion

Oftentimes, soft glass fibers are doped with rare earths in order to enhance their
luminescence properties, mostly for light source applications [39-42]. Conversely, the UL
of the soft glass fibers considered in this work did not arise from the doping of the material
with fluorescent elements. Here, the visible luminescence was associated with the MPA
of material defects, analogous with our previous studies involving silica fibers [24]. In
the latter, determining the origin of the UL was immediate upon inspection of the spectra
because SiO; is a well-known material whose defects have been largely studied [43]. In
the case of soft glasses, studying the material properties is relatively more complex, owing
to the large number of high-valence chemical elements involved (see Table 2). As such,
a proper material analysis would require further investigations aside from the simple
analysis of the UL spectra.

Still, we found some interesting analogies between the UL spectra measured in this
work and some of the spectral features which have been reported in the literature for
similar materials. Specifically, the occurrence of green luminescence peaked at 530 nm,
as shown in sample A in Figures 3b and 4a and as recently observed by Pietros et al. in
barium fluorosilicate fibers [44,45]. This indicates that the green luminescence of sample
A may be ascribed to BaF,-related defects, which is consistent with the measurement of a
roughly 4% atomic concentration of barium in sample A (see Table 2). Moreover, a peak at
530 nm was also observed in the emission spectrum of sample B, which had comparable
Ba and F concentrations to those of sample A (see Table 2). The comparison between the
UL spectra and element concentration of samples A and B also allowed for shedding light
on the origin of the cyan luminescence of sample B. The UL spectral peak at 435 nm may
be associated with Hf-related defects, analogous with studies carried out on zirconium
fluoride glasses [46]. The fact that the Hf concentration in sample A was as low as 0.1% is
consistent with the low intensity of the 435 nm lobe in the spectrum of sample A. Finally, the
UL peak at 480 nm for sample C may be associated with the presence of WO3-like localized
defects. As a matter of fact, similar emission spectra have been observed in tungsten oxide
quantum dots [47] and thin films [48].

Regardless of the origin of the UL from sample C, the analysis of its peculiar periodic
structure (see Figure 3f) permitted obtaining useful information about the core and cladding
refractive index difference (A). This can be calculated as follows [29]:

<, 1)

2
2551

where 7, is the core’s radius and zgg; is the SSI period. The latter is equal to twice the
period of the UL in GRIN fibers because the UL intensity depends on the beam intensity,
whereas the SSI condition involves both the amplitude and the phase of the electromagnetic
field [27]. The UL period measured from Figure 3f was 467 pm, which returned A = 0.0134
according to Equation (1). This was compatible with the index difference which was
calculated from the NA (i.e., A = NA?/2n3 = 0.0170). The discrepancy between these two
values of A may be ascribed to the relatively low resolution of our digital microscope.
Before concluding, let us provide an estimation of the degree of nonlinearity of the
MPA processes that are responsible for the emission of the UL. As a first approximation,
one may suppose that the intensity of the UL (I ) is related to the laser peak power by a
power law such that
Iy, = aPY, (2)

where N represents the average number of photons involved in the MPA processes that
are responsible for the excitation of the UL, while « is just a proportionality constant.
In Figure 5a—c, we report the values of [ calculated from the integral of the curves in
Figure 4a—c, respectively, over a given spectral range. Specifically, the data represented by
empty squares correspond to the 467-600 nm integration interval, whereas empty circles
are associated with the integral of the spectra between 400 and 467 nm. For samples A and
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C, we calculated a single integral since the spectrum of the latter showed a single peak
(see Figure 4c), while the peak at 435 nm of the former was sufficiently higher than the
spectrometer background noise at P, = 1.08 MW only (see Figure 4a). On the other hand,
sample B showed two pronounced UL peaks (see Figure 4b). Correspondingly, two sets of
data are reported in Figure 5b.

In Figure 5, we chose to plot the logarithm of Ij;; versus the logarithm of P, so that the
fits through Equation (2) were straight lines. As can be seen in Figure 5a—c, all experimental
data were fit well by Equation (2) (solid lines in the figure). Specifically, we found that the
values of N ranged between 1.55 and 2.22, depending on the fiber material and interval
of integration of the UL spectrum. This is the hallmark of the nonlinear nature of the
processes that excite the material defects, which then emit UL. Interestingly, these values
of N are much smaller than those reported with silica fibers at the same laser wavelength,
where N = 5 photons were simultaneously absorbed in order to excite silica luminescent
defects [24]. This indicates that the absorption bands of the luminescent defects of ZBLAN
and tellurite glasses are red-shifted when compared with the case of silica.

12

a) b) o c)

’; 11
! o
ED 10 a o O Exp. data
=} —fit N = 1.55
= O Exp. data o Etxp d’ltaoo O Exp. data
’ fit N = 2.04 Gt N = 1.79 —fit N = 2.22
9
5 5.5 6 5.5 6 6.5 7 75 6 6.2 6.4 6.6
logyo(Fp) logyo(£) logyo(£p)

Figure 5. (a—c) Analysis of the luminescence spectra in Figure 4a—c, respectively. Circles and squares
represent the integral of the UL spectra over 400467 nm and 467-600 nm spectral ranges, respectively.
Solid lines were fit via Equation (2).

5. Conclusions

In this work, we characterized the visible UL of multimode soft glass fibers. At
variance with the study of the luminescence properties of rare earth-doped soft glass fibers,
we investigated the UL which occurs as a consequence of the excitation of material defects
via MPA mechanisms. We observed the appearance of helical PFs in the cladding of SI fibers
and a periodic array of luminescent points in the core of nanostructured in-house-made GI
fibers. The latter was exploited to determine the difference between the refractive index of
the fiber core and cladding. We found that there was good agreement with the value of A,
which one may directly estimate from the measurement of the numerical aperture of the
fiber. We associated the luminescence spectral peaks with material defects. We showed that
in soft glass fibers, a lower number of photons (N ~~ 2) is involved in the MPA process that
produces luminescence when compared with silica fibers (N ~ 5) at about a 1 um excitation
wavelength. In addition, it is worth mentioning that the analysis of UL in single-mode
soft glass fibers permits estimating their cutoff frequency, analogous with standard silica
SME-28 fibers [28]. Our results are of interest for the development of a variety of soft glass
fiber-based technologies, such as broadband lasers and devices for biomedical imaging and
laser spectroscopy.
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