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Abstract: The high loss due to the presence of strong phonon resonances makes silica fibers
unfit for applications in the mid-infrared spectral range. This has led to the development of
specialty optical fibers, based on novel materials and manufacturing techniques. In some cases,
the characterization of these new fibers by means of standard techniques may be challenging.
Fiber manufacturers would strongly benefit from a tool, which is capable of checking the
geometrical and optical properties of fibers (either after fiber drawing, or even in real-time, during
the drawing process). Here, we propose and demonstrate that absorption contrast X-ray computed
microtomography is a non-destructive technique, capable of characterizing both geometrical and
optical properties of specialty optical fibers. We experimentally verified that the tomographic
intensity profile in the fiber core has the same shape as the refractive index profile, which we
determined via energy-dispersed X-ray spectroscopy. We tested step- and graded-index soft
glass fibers, both purchased and made in-house. Owing to the presence of high atomic number
elements, which provide higher X-ray cross-section, soft glasses were more suitable than silica
for their characterization via X-ray computed microtomography.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Nowadays, the use of optical fiber-based technologies is widely adopted in a variety of applications,
ranging from optical communication networks, material processing and micro-machining, to
biomedical imaging. The waveguiding properties of optical fibers, i.e., their capability of tightly
confining light along the directions orthogonal to the fiber axis, are mainly due to the different
refractive indexes of their core and cladding. The most effective manufacturing technique of
standard fibers, i.e., made of silica, is chemical vapor deposition (CVD) [1]. CVD allows for
finely tuning the chemical composition of the fiber core and cladding, which can be doped with
different elements and concentrations. For instance, commercially available fibers are either made
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of pure silica core and fluorine-doped cladding, or of pure silica cladding and germanium-doped
core. As a matter of fact, fluorine (germanium) doping produces a decrease (increase) of the
refractive index (n) of silica [2]. Therefore, one may retrieve the refractive index profile by tracing
the content of the dopant via energy-dispersed X-ray spectroscopy (EDX), i.e., by analyzing
the characteristic X-ray emission which is produced by the absorption of electrons having the
energy of the order of a few keV. As a matter of fact, electron spectroscopes, such as EDX, are
particularly effective when dealing with low atomic number (Z) materials, such as silica.

CVD permits a fine-tuning of the chemical composition of the fiber component materials, so
that one may obtain arbitrary shapes of the refractive index. Indeed, besides abrupt variations of
the chemical composition of the core and cladding, which give rise to the so-called step-index
refractive index profile, one may obtain smooth variations of the chemical composition at the
core/cladding interface. For instance, the so-called graded-index (GRIN) fibers have a parabolic
refractive index profile inside the fiber core, which may even be continuous at the core/cladding
interface. Thanks to their parabolic shape of the refractive index, GRIN fibers have unique optical
properties, e.g., the mitigation of modal dispersion, and equal spacing of the mode propagation
constants, which leads to the phenomenon of spatial self-imaging [3]. The latter represents an
outstanding resource for many applications, e.g., it leads to frequency conversion via geometric
parametric instability [4] and it strongly facilitates the so-called spatial beam self-cleaning effect
[5].

Silica optical fibers permit to operate in a relatively wide range of the electromagnetic spectrum,
depending on their OH content. In particular, silica can be treated to have either high (i.e., of
about several hundred ppm) or low (i.e., less than a few ppm) OH content. In the former case, the
material is transparent in the ultraviolet spectral range, and it may exhibit solarization-resistant
properties [6], whereas, in the latter, silica fibers are used for near-infrared (IR) applications, e.g.,
for telecommunications [7].

At even longer wavelengths, i.e., when operating in the mid-IR spectral range, silica is
characterized by a strong linear absorption [7], owing to its pronounced phonon resonances. As
such, regardless of the manufacturing technique, silica fibers are intrinsically unfit for applications
at mid-IR frequencies, e.g., for gas monitoring [8], molecular fingerprinting [9], and biomedicine
[10], to cite a few. In this spectral range, non-silica materials with negligible optical losses are
commonly used [11]. It is mainly for this reason that non-silica fibers have been targeted for
broadband spectrum applications, such as those based on supercontinuum generation mechanisms
[12].

Non-silica fibers are often referred to as specialty optical fibers. Generally speaking, the
materials for mid-IR fiber optics are soft glasses, mostly fluoride, and germanate glasses doped
with high Z elements, such as lead, bismuth, and rare-earths. However, at variance with silica,
soft glasses are less resistant to mechanical stresses and break more easily.

To date, virtually all commercial soft glass fibers have step-index profiles. However, recent
studies have proposed the use of the stack and draw method for engineering the optical properties
of soft glasses, thus making it possible to manufacture GRIN specialty optical fibers [13]. In
this context, it is worth mentioning that such GRIN specialty fibers have been used for the
experimental demonstration of different nonlinear phenomena, such as quasi-periodic pulse
breathing [14] and spatial beam self-cleaning [15], which provide indirect proofs of the presence
of a parabolic refractive index profile.

To the contrary, direct measurements of the refractive index profile of nanostructured non-silica
glass fibers remain a non-trivial task. As a matter of fact, soft glass fibers are manufactured with
quite small variations of the doping concentration between core and cladding, which are poorly
detectable with standard techniques, such as EDX spectroscopy. Moreover, being the stack and
draw technique at the frontier of the manufacturing of specialty optical fibers, achieving complete
control of fiber material properties during fiber drawing might be burdensome. Therefore, one
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naturally wonders how to characterize soft glass GRIN fibers, and whether there is a way to
measure the refractive index along the fiber axis after fiber drawing.

Such a task, which might sound rather challenging when using standard techniques (for
instance, EDX spectroscopy only provides information in the vicinity of the fiber facet), may
become feasible by recurring to X-ray computed microtomography (µCT). At variance with
electron spectroscopy, µCT exploits the X-ray absorption contrast of the different constituents
of a given sample. This allows for obtaining a full 3D map of the material density, which is
determined by the doping concentration, that is proportional to the material refractive index [16].
Therefore, the µCT intensity (Iµ) at X-ray frequencies takes the shape of n at optical frequencies,
i.e.,

Iµ ∝ n. (1)
For instance, µCT enables us to determine the convexity factor of parabolic GRIN fibers, as
discussed in [16] for standard silica fibers. We underline that (1) strictly holds in the absence of
effects such as X-ray refraction and diffraction, i.e., when Iµ is purely determined by the material
absorption [17]. This is, indeed, the case of optical fibers, as long as one limits the analysis of
µCT images to the region close to the fiber axis, i.e., far from the core/cladding interface.

Interestingly, the X-ray cross-section scales nonlinearly with Z [18]. As a result, it follows
that µCT is much more effective for materials made with heavy elements, such as soft glass
materials. Unlike EDX spectroscopy, µCT is unaffected by fiber bending or coating, and it does
not require an in-vacuum environment to work. Furthermore, µCT can be applied to optical
fibers even in the presence of a plastic jacket, which, instead, has to be removed when using
optical reflectometry and optical tomography [19,20]. The catch is that µCT is much slower than
conventional techniques, such as EDX spectroscopy.

To date, µCT analyses have only been performed for silica fibers. In particular, µCT analyses
of photonic crystal, standard multimode fibers, and their preforms have been reported [16,21,22].
Moreover, in a recent work, µCT was applied to visualize the shape of laser-induced damages in
multimode optical fibers [23].

In this work, we report, we believe for the first time, the applicability and effectiveness of µCT
to specialty optical fibers. In particular, we focus our attention on soft glass optical fibers with
step-index and GRIN profiles. Our results demonstrate that µCT permits to obtain a 3D map of
the refractive index profile of the fiber core. We found that soft glass fibers are more suitable than
silica fibers for µCT, e.g., they require shorter acquisition times, owing to their higher absorption
by high Z chemical elements. In the case of GRIN fibers, we retrieved the parabolic profile of the
refractive index even for samples with such a low doping concentration that their EDX traces
remained flat. Our results prove that µCT may provide a powerful tool for quality control and
characterization of soft glass fibers.

2. Methods and materials

Our µCT facility is composed of a microfocus source (Hamamatsu L12161-07, having focal spot
size of 5 µm), a motorized sample holder, and a flat panel detector (Hamamatsu C7942SK-05,
whose pixel size is 50 µm). A conical polychromatic X-ray beam was emitted with an aperture
angle of 43◦, and a focal spot of 5 µm. The beam power was 10 W, and the X-ray tube voltage
was set to 60 kV. The µCT images were reconstructed by means of the Feldkamp-Davis-Kress
back-projection algorithm [24]. All of the images reported in this work are produced by means
of both Fiji and Avizo software for image analysis and visualization [25]. In all experiments, the
distance between the source and the sample was 7 cm; whereas the distance between source and
detector was 77 cm. The demagnified pixel was, thus, about 5 µm, i.e., very close to the focal
spot size.

The measurement time (which was of the order of 10 hours per sample as we collected a
radiography every 0.1◦ over 3600◦) corresponded to a dose of exposition of the fibers of about 2
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kGy. As such, we did not observe any reduction of the fiber transmission after exposure. As
a matter of fact, a dose of 2 kGy is about one order of magnitude smaller than the value that
is required for inducing X-ray absorption-induced attenuation of the fiber optical transmission
[26,27]. In this sense, µCT provides a non-destructive tool for the characterization of optical
fibers. However, we emphasize that whenever gamma-rays are used, a dose as high as 2 kGy may
induce modifications of the fiber material structure [28]. The soft glass fiber samples investigated
in this work were also subjected to EDX measurements. In order to increase the resolution and
stability of the images, the fiber samples were first coated by using a manual sputterer (Agar
Scientific AGB7340). The continuous conductive layer used for the coating consisted of 7 nm of
gold. After this step, the samples were inserted into a desktop scanning electron microscope
(Thermo Scientific Phenom ProX). The EDX data was gathered using a backscattered electron
detector at 20 kV.

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 two
spans of in-house made soft glass GRIN fibers (samples C and D). Finally, we used standard
fibers (samples E, F, and G), in order to compare silica and non-silica fibers. We underline that
samples E-G are the same fibers that were used in Ref. [16]. However, we did not use the data of
that work. Indeed, in order to make a fair comparison, we repeated the µCT measurements of
samples E-G within the same experimental conditions of samples A-D.

Table 1. List of optical fiber samples used in this work.

Sample Type Preform manufacture Manufacturer Description Label [Ref.]

A STEP CVD Thorlabs ZrF4 ZBLAN 100/190 [29]

B STEP CVD Verre Fluoré ZBLAN ZFG 90/150 [30]

C GRIN Stack and draw University of Warsaw Boron-silicate NC34/NC42 [31,32]

D GRIN Stack and draw University of Warsaw Lead-bismuth-gallate PBG [15]

E STEP CVD Thorlabs Pure silica core FG050LGA [33]

F GRIN CVD Alcatel Ge-doped silica core BI-MMF 50/125 [34]

G GRIN CVD Thorlabs Ge-doped silica core GIF50E [35]

3. Results

Let us now illustrate the experimental results. First, we report on fiber characterization using
EDX spectroscopy. Then, we show and analyze the µCT images of soft glass fibers. Finally, we
compare the results of µCT for both silica and non-silica fibers.

3.1. Energy disperse X-ray spectroscopy

We carried out EDX measurements on all samples of Table 1, except for sample E. Here, however,
we limit ourselves to showing the results for non-silica fibers. The EDX traces of standard fibers
can be readily found elsewhere in the literature (see, for instance, Ref. [36]). In Fig. 1(a-d) we
show the scanning electron microscope (SEM) images from samples A-D. As can be seen, the
two step-index fibers (samples A and B) are made with different materials. Specifically, in sample
A the concentrations of fluorine, lanthanum, and zirconium are practically identical between core
and cladding (see the EDX trace in Fig. 1(a1)); the higher refractive index of the core with respect
to the cladding is obtained by using a different concentration of barium and lead (see Fig. 1(a2)).
On the other hand, in sample B the difference between core and cladding is due to a variation
in the concentration of barium, zirconium, and hafnium, respectively. In both cases, a clear
step-index profile can be identified. Whereas, as far as sample C is concerned, we may clearly
see in Fig. 1(c1-c3) the parabolic profile of the concentration of elements such as oxygen, barium,
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lead, and potassium: such a parabolic doping distribution is the fingerprint of a GRIN fiber. On
the other hand, the GRIN refractive index profile of sample D is not evident from the EDX traces
in Fig. 1(d1-d3). Indeed, besides cadmium and zinc, which are the elements with the lowest
concentration (cfr. Figure 1(d3)), the parabolic profile of all other components is not evident
from Fig. 1(d1-d2). Nevertheless, we should mention that the fiber spans, that were cleaved from
the same spool of sample D, have previously been used for demonstrating beam self-cleaning
(see Ref. [15]). This effect is greatly facilitated by the presence of a parabolic refractive index
profile, which enhances mode mixing via quasi-phase-matched four-photon processes [37].

Fig. 1. (a-d) Scanning electron microscope images of samples A-D, respectively. (a1-d3)
EDX traces taken along the red lines in (a-d). The white bars in (a-d) are 50 µm long.

3.2. Tomographic images of soft glass fibers

The 3D renderings of µCT images of samples A-D are shown in Fig. 2(a-d). Here we used
a red (blue) color scale for step-index (GRIN) fibers. The peculiarities of samples A-D can
be visually appreciated from their single tomographic slices, which are shown in Figs. 2(e-h),
respectively. Note that, although the samples are nominally translationally invariant, we avoided
averaging over the fiber axis, since this operation may be affected by possible inhomogeneities
of the detector sensitivity. The µCT intensity profiles, Iµ(x), taken along the diameters of the
slices in Fig. 2(e-h) are shown in Fig. 2(i-l), respectively. As it can be seen, for step-index fibers
Iµ(x) remains nearly flat near the center of the fiber core, i.e., |x| ≃ 0. Whereas, far from the
fiber axis one observes a pronounced variation of Iµ(x), which we label as ∆. This variation is
associated with the density difference between core and cladding (hence, with their refractive
index difference). We emphasize such variations in the insets of Fig. 2(i,j). On the other hand, Iµ
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has a parabolic profile in the vicinity of the axis of GRIN fibers, as indicated by the parabolic fit
in the inset of Fig. 2(k-l).

Fig. 2. Results of µCT measurements on soft glass fibers. (a-d) 3D rendering of the µCT
intensity Iµ for samples A-D, respectively. (e-f) Single slices of (a-d). (i-l) Iµ profile
extracted along the diameter of (e-h). The insets show the details of the core/cladding
interface (i,j) and the core center (k,l). On the bottom of (d) the reference system is illustrated,
whose origin is on the fiber axis, which is parallel to the z-direction for all fibers. The black
bar at the bottom of (h) is 50 µm long and is the reference for (e-h).

Now, it should be clarified that only the shape of Iµ reflects the profile of n, because of the
relationship of linear proportionality between these two quantities [cfr Eq. (1)]. Therefore, Iµ
might either increase or decrease when approaching the fiber axis, i.e., where n always has its
maximum. These two opposite cases are represented in Fig. 2(k and l), respectively. In any case,
Iµ maintains the same parabolic shape of n inside the fiber core. Analogously, in the case of
step-index fibers, one may find that the cladding is associated with either a lower or a higher
value of Iµ with respect to its value in the core, regardless of the fact that the core refractive
index is always higher in the core than in the cladding. The former case is that of Fig. 2(i), where
Iµ mimics the expected profile of n, i.e., it is higher in the core and lower in the cladding (cfr.
the detail of the core/cladding interface in the inset of Fig. 2(i)). On the other hand, Fig. 2(j)
shows that the variation of Iµ at the core/cladding interface has an opposite trend with respect to
n: namely, Iµ turns out to be higher in the cladding than in the core (see the inset of Fig. 2(j)).

The different behavior of Iµ (i.e., whether it increases or decreases in the same way as n when
one moves away from the fiber axis) depends on the fiber manufacturing process, i.e., on the core
and cladding materials. Samples A and B provide relevant examples. In the former, the higher
refractive index of the core with respect to the cladding is obtained by replacing barium (Z =
56) with lead (Z = 82), as indicated in Fig. 1(a2). Since the X-ray cross section grows larger
with Z, it is straightforward to understand that Iµ, which is somehow a measurement of the X-ray
absorption, will be higher in the core than in the cladding in this case (Fig. 2(i)). On the other
hand, in sample B the core/cladding refractive index difference is produced by replacing hafnium
(Z = 72) with zirconium (Z = 40), as it can be seen in Fig. 1(b2). As a consequence, in the core Iµ
is lower than in the cladding (Fig. 2(j)). A similar situation occurs for samples D and C. However,
in the former, the link between Iµ and the chemical composition is not as easy to determine as in
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other samples. This is because, as previously mentioned, in sample D the chemical composition
variation between core and cladding is relatively tiny. Nonetheless, our µCT facility was still
capable of capturing the parabolic shape of Iµ (and thus of n) in the core. In this sense, µCT
turns out to be more effective than EDX in retrieving the refractive index profile of the fiber core.

In the last part of this section, we will return to the crucial aspect of the relationship between
Iµ and Z, when comparing the effectiveness of µCT when applied to soft glasses and silica
fibers. Now, we just take a little step back, in order to verify the reliability of our µCT facility by
quantitatively analyzing the results of Fig. 2.

3.3. Analysis of the µCT images

As we have seen in the previous subsection, the shape of the µCT traces in Fig. 2(i-l) qualitatively
corresponds to the expected refractive index profile. This constitutes the major finding of this
work. Before continuing with our analysis, it is appropriate to discuss the limitations of our
µCT facility, with the purpose of assessing the reliability of our measurements. The main issue
of µCT, when applied to optical fibers, is its limited spatial resolution, which is determined
by the focal spot size of the X-ray source. Although cutting-edge synchrotron beamlines and
nanotomography facilities may allow for resolving sub-micrometric spatial features, so that one
may characterize singlemode fibers, our present spatial resolution is about 5 µm. This means
that, when applied to a standard fiber with a 50 µm core diameter, we are limited to measuring
up to ten data points in the Iµ profile (cfr. the insets of Fig. 2(k,l)). Therefore, one may naturally
wonder whether our µCT facility can properly resolve the spatial (and thus the "optical") features
of our fibers. In order to verify this issue, we compared the diameters of the fibers’ core and
cladding, as measured with SEM, with those retrieved by µCT. The result is shown in Table 2,
where we report the values of the diameters provided by the manufacturer (nominal values), those
measured by SEM, and by µCT, respectively. As can be seen, we found a quite good agreement
among nominal and measured values: the values of the diameters retrieved by µCT differ by less
than twice the spatial resolution from the nominal and SEM/EDX-measured values (note that the
experimental values of SEM/EDX and µCT are approximated to 1 µm for easier comparison).
We emphasize that the agreement with the nominal and the SEM/EDX-measured values of the
fiber core and cladding diameters proves that the parabolic shape of Iµ of GRIN fibers is not due
to beam hardening effects.

Table 2. Comparison of the core/cladding
diameters measured by µCT, with the values

provided by the manufacturer (nominal), and the
values retrieved by the SEM/EDX. In the case of

sample C, we report three values, since that fiber
has a double cladding structure (cfr. Figure 1(c)).

Diameters (µm)

Sample Nominal SEM/EDX µCT

A 100±2 / 190±2.5 101/193 94/192

B 90/150 92/150 88/151

C / 28/90/160 22/102/154

D / 80/125 68/118

E 50 ±1 / 125±2 / 47/120

F 50±2.5 / 125±2 47/125 42/120

G 50±2.5 / 125±1 51/120 42/120

The procedure for determining the core and cladding diameters from µCT is illustrated in
Fig. 3. Here we show the case of one of the step-index fibers, i.e., of sample B, (Fig. 3(a-c)) and
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of one of the GRIN fibers, i.e., sample D, (Fig. 3(d-f)). The curves in Fig. 3(a,d) are the same as
those in Fig. 2(j,l), respectively, besides their normalization to the maximum of intensity. The
curves in Fig. 3(b,e and c,f) represent the trend of the first and the second derivative of Iµ with
respect to x, which we dub as I ′µ and I ′′µ , respectively.

Fig. 3. Analysis of the µCT intensity profile of sample B (a-c) and D (d-f), for the
determination of the core and cladding diameters.

Specifically, in Fig. 3(c,f) we show the absolute value of I ′′µ : we use a logarithmic scale in
order to emphasize the inflection points of the curves in Fig. 3(a,d). The latter indicates the
presence of an interface between two different materials. Indeed, for each curve, we found
four inflection points, which are highlighted by vertical dashed lines in the figures. These
inflections are due to the core/cladding and the cladding/air interfaces, whose measured distances
provide the values of the fiber core and cladding that we reported in Table 3. As a side note,
we emphasize that the inflection points of Iµ correspond to either maxima or minima of I ′µ, i.e.,
to zeros of I ′′µ . Now, when analyzing the µCT profiles, we found that I ′′µ has several "zeros"
(cfr., the minima in Fig. 3(c,f) at |x| ≃ 0). However, some of them, e.g., those providing values
of |I ′′µ |/max(Iµ)<10−4 in Fig. 3(c), are ascribable to experimental measurement errors, which
introduce small fluctuations in the µCT intensity.

3.4. Comparison with silica fibers

The previously discussed estimation of the core and cladding diameters only takes into account
the relative µCT intensities. In other words, in Fig. 3 we considered the profiles of Iµ which are
normalized to their maximum value. Nevertheless, one may notice in Fig. 2(i-l) that the µCT
intensity values are lower for sample C than for all other samples. This is because sample C
contains elements such as boron, which are lighter than the elements of the other soft glasses that
we used in this work (cfr. Figure 1).

In this last section, we discuss the experimental measurements of Iµ for the different fibers,
with the aim of comparing the effectiveness of µCT when applied to either soft glass fibers
(samples A-D) or to standard silica fibers (samples E-G). The easiest way to compare our samples
in terms of their response to µCT, is to consider the values of Iµ on the fiber axis, i.e., at x = y = 0.
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It is also convenient to define an effective value of the atomic number (Zeff) as follows

Zeff(x) =
∑︂

i
Zi · [Xi] (x), (2)

where the index i runs over the elements which compose the fiber core material. Each element
has an x-dependent concentration [Xi] (x), which can be retrieved from the EDX traces in Fig. 1.

The measured values of Iµ on the axis of all fibers are shown in a log-log plot vs. Zeff in
Fig. 4(a). Owing to the presence of high Z elements, the µCT intensity associated with soft
glasses is higher than in silica. The log-log plot, in particular, allows for spotting an empirical
relationship between Iµ and Zeff . As can be seen in Fig. 4(a), the experimental points appear to
be aligned: the corresponding dot-dashed black curve is the fitting curve law

Iµ = αZN
eff , (3)

where α is a constant, and N takes into account the nonlinearity of the relationship between Iµ
and Zeff . We found that the slope of the dot-dashed line in Fig. 4(a) is N ≃ 2.

Fig. 4. Comparison between soft glass and silica fibers in terms of their µCT response.
(a,b) µCT intensity on the fiber axis (a) and averaged over the fiber core (b) vs. the effective
atomic number Zeff . (c) Values of the second derivative of the µCT intensity for silica fibers,
sorted by Zeff . (d) Same as (c) for non-silica fibers.

In order to test the validity of the empiric relationship (3), we used this equation to fit the
values of Iµ and Zeff , averaged over the fiber core: ⟨Iµ⟩ and ⟨Zeff⟩. Here the averaging ⟨· · · ⟩ is
defined as

⟨ξ⟩ =
1

2xc

∫ xc

−xc

ξ(x)dx, (4)

where ξ a function of x, and xc is the radius of the fiber core. Interestingly, even in this case, we
obtained N ≃ 2. Indeed, the fitting lines in both Fig. 4(a) and (b) are parallel. This result indicates
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that a quadratic-like relationship holds between Iµ and Zeff . In order words, if two samples have a
ratio of Zeff equal to 2, the fiber composed with heavier elements would require about 1/4 of time
in order to provide the same value of µCT intensity as the other one. This aspect, which might
seem trivial at first sight, turns out to be rather important. One has to remember that, within our
experimental setup, each silica sample required as much as 10 hours of acquisition time. Saving
acquisition time permits, on the one hand, reducing the degradation of the X-ray detector and, on
the other hand, decreasing the cost of a single tomography. Clearly, both aspects are crucial for
the possible application of µCT to the characterization of optical fibers at the industrial level.

Finally, let us compare the values of I ′′µ that were measured in the core of our samples. The
second derivative of the µCT intensity is particularly interesting for GRIN fibers since its value
on the fiber axis is proportional to the core/cladding refractive index difference [16]. In the case
of step-index fibers, instead, I ′′µ is expected to be close to zero across the entire fiber core, since
their refractive index profile is ideally flat. Consistently, in the case of GRIN silica fibers, I ′′µ is
about ten times higher than in step-index silica fibers (see Fig. 4(c)). Note that we kept the same
color code (red and blue colors associated with step-index and GRIN fibers, respectively) as in
Fig. 2 and 3. On the other hand, in the case of soft glasses, the difference between step-index and
GRIN fibers is not so pronounced (see Fig. 4(d)). For instance, I ′′µ on the axis of sample C is
even lower than in step-index fibers (cfr. empty bars in Fig. 4(c)). This discrepancy is ascribable
to the low resolution of our µCT facility (the core diameter of fiber C is only about 25 µm as
reported in Table 2). In the case of sample D, instead, we found that ⟨I ′′µ ⟩ has practically the same
value as in step-index fibers, although it is a GRIN fiber (cfr. full bars in Fig. 4(d)). However,
the value of I ′′µ on the fiber axis is twice that of step-index soft glass fibers (cfr. empty bars in
Fig. 4(d)). Once again, this indicates that µCT is capable of detecting the graded shape of the
refractive index of sample D, whose core and cladding materials only differ by a small variation
of the doping concentration (cfr. Figure 1(d1-d3)).

4. Conclusion

In this work, we have introduced the µCT technique for the characterization of specialty optical
fibers. We experimentally demonstrated that µCT is able to resolve the shape of the refractive
index of soft glass optical fibers. Specifically, we successfully characterized both commercially
available and in-house-made specialty optical fibers for mid-infrared applications. We have
successfully verified the accuracy of our µCT measurements: in spite of a low spatial resolution
µCT facility, the geometrical features of all fibers were accurately determined. We found an
excellent agreement between the values of core and cladding diameters measured via µCT, those
measured by means of SEM and EDX spectroscopy, and the fiber manufacturer specifications.

When compared with standard silica fibers, the presence of high atomic number elements in
soft glasses makes specialty fibers comparatively more suitable for their characterization via µCT.
Indeed, high-atomic-number elements are responsible for higher X-ray absorption. This allows
to save energy and time, as well as to increase the detector lifetime. In particular, we empirically
found that the intensity of µCT images (which is inversely proportional to the acquisition time)
scales quadratically with the effective atomic number of the core material. In this regard, our
results pave the way for the application of µCT to efficiently characterize novel types of optical
fibers, whose refractive index profile remains otherwise challenging to determine when using
standard techniques.
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