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ABSTRACT: In this work, we present a quantitative (statistical) 3D morphological

characterization of optical fibers used in electric field sensing. The
characterization technique employs propagation-based X-ray phase-contrast
microcomputedgytomography  (micro-CT). Particularly, we investigate
specialty opticald fibers that contain microstructured holes that are
electroopticallyimodified by thermal poling to induce second-order nonlinear
effects (SONE). The efficiency of SONE is reflected in the characterization
parameter,V,, which is highly dependent on the dimensions of the fiber. The
fiber microstructures must be uniform to allow the fabrication of reproducible
devices: The results obtained using the micro-CT technique showed that an
uncertainty of +1.7% arises in the determination of the expected value of the
voltage that causes a change in the phase of the electromagnetic wave equal
to  rad (V,), showing a great advantage when it is compared with other
techniques e.g. SEM, which would need at least 1000 images of the cross-
section of the optical fiber taken in different points making the process more
expensive and time consuming.
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1. Introduction

Microstructured fused silica optical fibers can be used in pulse selection systems,
electric field sensors, and phase-modulators, through the crgation of an effective second-
order nonlinearity by thermal poling. Inthis electrooptical modification of optical fibers
process, the features of the microstructures of the fibers play an important role in the final
value of the second-order susceptibility and, ¢onsequently, in the final value of Vr, that
is the voltage that shall be applied to the fiber to achieve the optical commutation. Thus,
the geometrical parameters of the optical fiber, e.g., size, shape, and distances among the
microstructures must not have}rge fluctuation [1-8].

There are some very well-known techniques as AFM (Atomic Force Microscope)
and SEM (Scanning »Electron Microscopy) that can be used to measure these
microstructures with. good accuracy but only for the cross-section of the fiber. In these
cases, to analyze a longer piece of fiber one needs to repeat several times all imaging

processes as well as the preparation of the fiber in the attempt to estimate the fluctuation
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in the geometrical parameters of the fiber. It makes the process very expensive and time-
consuming [9, 10].

Among the techniques that can be applied in microstructured optical, fiber
characterization using 3D analysis, the most promising one is the microcomputed
tomography (micro-CT), since it is non-destructive, easy to prepare for.scanning and can
provide for sub-micrometric pixel size. In the last years, micro-CT has been used as the
main technique to 3D analysis applied in different research areas,\including as a
metrology tool. The main use of this technique as a qualitative toolis for visualization of
internal structures of the sample and its changes, in any direction; either in their natural
state or previously treated. As quantitative tool the micro-CT provides dimensional
measurements of radius, distances and shapes, for exampletl 1-16].

X-ray micro-CT with submicrometrie, pixel size has already been applied to
characterize a hollow-core photonie,bandgap. fiber and preforms, as well as the bond
quality at the joint between two fusion-spliced hollow-core fibers [17]. Another recent
work has used micro-CT to investigate the feasibility of using embedded optical fibers in
polymer matrix composite lam.igates, to characterize delamination caused by low-velocity
impact [18].

Synchrotron radiation micro-CT (SR micro-CT) technique offers significant
advantages, such as a wide energy range, high flux, small source size and beam
divergence anddt provides short acquisition times with high signal-to-noise ratios at high
spatial'resolution: Moreover, the high degree of spatial coherence allows one to carry out

a sean increasing the phase-contrast effect [19-22].
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The aim of this work is, through the SR micro-CT technique, to study the
uniformity of a microstructured optical fiber used for poling and to simulate possible
abnormalities of geometrical parameters (size, shape, and distances among the
microstructures) along the fiber. Moreover, the fluctuation of the electrical potential

recorded on the fiber after poling was estimated.

2. Materials and Methods

~

2.1 Thermal poling process in the optical fiber and COMSOL simulation

In general, glasses are centrosymmetric. Because‘of this symmetry of inversion,
second-order nonlinear effects are forbidden, since the second-order susceptibility x® is
identically zero. In order to create an effective second-ordei nonlinear coefficient (y®efr)
thermal poling can be used, a techniqueswhich consists of creating a permanent strong
electric field (~GV/m) in the glass by the application of high voltage (~kV) at high
temperature [23].

The optical fiber used in this work (model FO51007-1C, single mode at 1.55 pm,
produced by RISE Acreo, Sweden) 18 made with fused silica glass, which contains Na*
and Li" ions that are uniforml?distributed in its matrix. Furthermore, the fiber has two
holes, located close/to the.fibéer core, that will be filled, after the characterization
processes, with BiSn (52%j48% respectively) to be used as electrodes to apply a high
voltage (~5kV,).in the presence of high temperature in the thermal poling process.

A 'description of 'thermal poling of fibers is found in [23-27]. The voltage
necessary forfswitching the poled fiber in an interferometric system is given by V, =

d'Any/ xPe-L, where d is the distance between the holes, A is the wavelength of the light
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source, ny is the refractive index of the core of the fiber and L is the length of the fiber.

In order to analyze the role of the distance between the holes of the fiber in the final.value

of ¥@fr , and, consequently the value of V,, simulations of thermal poling process [23]

were performed in two different situations: 1) changing the radius of the holes with.a fixed

center-to-center distance (holes to core of the fiber) and ii) varying the distance between

the center of the holes. In both situations, the variation was £+ 2.5 um in steps of 0.5 pm,
~

starting from the original values of FO51007-1C fiber. The geometrical parameters used

to perform the simulations of ¥®.¢ are shown in table 1.

Table 1: Geometrical parameters used in the simulations measured using an optical microscope

image of the cross-section of the optical fiber. IS

Parameter Input data
Fiber diameter 125 pm
Core diameter 5 um
Holes diameters 27 um
Distance between corgrand hole 1 centers 24.2 um
Distance between core\and hole 2 centers 29.2 um
Separation between holes (edge-to-edge), d 28.4 um

The solutions given by this model are based on the COMSOL Multiphysics
solution of thertransport of diluted species problem (TDSP) when it is influenced by the

application of an external DC electric field for the i-th ion, given by equation 1.

6c,-
5+ V- (=D;Ve;—zpuF ¢;VV) =R, (1)



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MST-111499

where c 1s the concentration of the diluted species, D is the diffusivity, z is the charge,,u
is the ionic mobility, F is Faradays constant, V' the electric potential and Ruthe
consumption or production rate. The electric potential distribution and electric field were

obtained from Maxwell’s equations in the electrostatics regime.

2.2 Scanning Electron Microscopy (SEM)

An emission scanning electron microscopy (SEM) was used for the
morphological characterization of the cross-section of FO051007-1C fiber. As it gives
high-resolution 2D images, a 3 cm section of fiber was cut in eight pieces to determine
the average diameters of the fiber and the holes for each pieee with a 600x magnification
in order to estimate the homogeneity of the size and shape of the microstructure for a
whole section. The results were used as a reference,to compare them with the micro-CT
images since on the one hand, SEM achieves higher magnification while on the other

hand micro-CT gives 3D images.of a whole section of the optical fiber.

The microscope usei in this work was a JEOL model JSM-6510LV. The
equipment is located in the Labotatory of Scanning Electron Microscopy at the Institute

of Chemistry of the Rie de Janeiro State University.

2.3 Synchrotron'micro-CT image at IMX Beamline

The sample was imaged at the IMX beamline, at LNLS (National Synchrotron
Light Source), Campinas, Brazil. This beamline has an electron source size of 391 um x

97.um and beam divergence of 808 prad x 26 prad. Synchrotron radiation is extracted
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from bending magnet D6, which has a magnetic field of 1.67 T and a bending radius ef
2.736 m. This beamline can operate in either a white beam or a monochromatic beam.
The sample is mounted on a high precision stage with 6 degrees of freedom including two
linear stages with less than 1 um resolution for positioning the sample in the detector field
of view. Undesirable low energy X-rays can be blocked by applying.a.combination of
silicon filters available. The process of sample alignment is done semi-automatically by
an automated script that precisely aligns (within one pixel of precision)\the sample onto
the rotation axis provided that the sample’s region of interest is mside the field-of-view
under 180 degrees of rotation. [28].

The scan was carried out in white beam mode with an energy spectrum ranging
from 5 keV to 20 keV with a photon flux at the sample p(’sition of approximately 10'°
photons/s. The sample was imaged by the acquisition of 1000 equally spaced projections
over 180 degrees rotation of the sample with'an exposure time of 0.650 s per projection.
For this measurement, a delay time was added between the end of each rotation step and
the opening of the shutter to aveid sample movement effects. The total scan duration was
approximately 15 minutes. ~

Propagation-based X-ray phase-contrast computed tomography was implemented
using a 10 cm sample=detector distance to increase the phase-contrast effect, making
possible the use of a phase retrieval algorithm [29]. The beamline setup (Figure 1) is
composed/of a 14-bit ¢ooled high-resolution CCD camera attached to a microscope. This
camera has a sensor size of 2048 x 2048 pixels, with an isotropic pixel size of 7.4 pm. A
10x.0bjective lens was used, yielding a field of view of 1.7 mm x 1.7 mm, with a final

pixel size of 0.82 um. Precision motors allow for a precise positioning of the sample in
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the beam, as well as for the alignment of the sample and the rotation for the projection
acquisitions. The setup is also composed of an automatic sample exchanger, allowingfor
exchanging up to 20 samples without the need for manual handling of the samples:

All projection images were stacked into a single HDF5 format. A,conventional
filtered back-projection reconstruction algorithm was used with PYRAFT software

developed by the LNLS team [30,31].

~
CCD Camera
Optical
microscope
X-rays

Automatic sample
exchanger

“Positioning / rotation
motors

Figure 1: Setup of the expe{mental hutch at IMX beamline.

2.4 Rendering process and virtual measurements

Avizo 9.4 software(https://www.fei.com/sofware/avizo-for-materials-science/) was
used for 3Drrendering-and analysis. An important step before structure segmentation is
the reduction‘of noise in the reconstructed images. Different filters were tested to obtain
better images and preserve borders between holes and the fiber matrix. For this purpose,

a non-local means filter was applied to all the data sets.
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Afterwards, the 3D volume was segmented by applying a watershed segmentation

oNOYTULT D WN =

tool, where gradient images were created to delimitate borders between the exteriorand
the interior of the fiber and also between the hollow structures (hole 1 and hole 2) and the
13 fiber matrix to separate them as different objects [32].

15 After checking the results of the generated objects, each one was, analyzed. The
extracted information for each slice was: the equivalent diameter, the eccentricity, the
19 ~

20 Feret diameter, and the barycenter coordinates; the later one was used to obtain the values

22 for the distance between the borders of the holes to the center of the.fiber.
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3. Results

3.1 Optical fiber structure analysis

The fiber and the holes diameters were measured in two directions in,a set of pieces
of F051007-1C using a SEM. An example of these measurements is shown by thewyellow
lines in figure 2. The statistical analysis of the SEM measurements in«the fiber results is
a mean diameter of 125.1 um and a standard deviation (SD) of 1.4spm (n = 16). For the

~
diameter of hole 1, the mean value is 24.6 pm with SD of 0.5 um and for hole 2, the mean
value is 24.4 um with SD of 0.7 um (n = 32). The resolution of the SEM is about 10 nm
and the statistical error about 1 um for the fiber and 05 pm for the holes. The coefficient
of variation (CV) for each measurement (the ratio-of the standard deviation to the mean
&

value) allows quantifying and comparing the data dispersion in relation to the mean value.

The CV’s are 1.2%, 2.3% and 3.0% for the fiberdiameter, hole 1 and hole 2, respectively.

. x600 20U — e DR coo 20y —
0023 08 Jul 2019 0023 08 Jul 2018

Figure 2: Examplerof micrographs with measurements of the diameter of the fiber (left) and the holes (right)
made in the vertical and horizontal axes (yellow lines). For this piece of fiber, the obtained values for the
fiber diameter were 125.86 pmrin the horizontal axis and 125.36 um in the vertical axis. The diameters of
the uppershole were 26.24 pm and 25.10 um and in the lower hole were 24.50 pm and 24.14 pum in
horizontal and vertical axes respectively.
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For SR micro-CT experiment, a piece of optical fiber was scanned, and the length

oNOYTULT D WN =

of 0.820 mm was used to perform the analyses (1000 slices). With sample-to-deteetor
distance fixed at 10 cm, the filtered back-projection (FBP) reconstruction of the datasets
13 showed apparent high magnitudes of the phase effect (figure 3a) and allowed good phase
15 retrieval results (figure 3b). The core of the fiber is not easy to identify since it has a
similar density, absorption and refractive index compared to the fiber matrix. Without
20 phase retrieval, the core was not clearly revealed even by adjusting the\threshold of the
22 image. However, after the phase retrieval processing and using,a colormap, it was
possible to visualize the core, indicated in the figure 3b by the yellow arrow and in the
57 figure 3c by the black arrow. Due to the small size of the core compared to pixel size it

29 was not possible apply segmentation process to'accurately aeﬁne its shape.

25 pm

44 Figure 3. Slice of FBP#econstruction (a) without phase retrieval, (b) with phase retrieval and (c) phase
45 retrieval and a colored label. The red line shows the intensity gray level profile and the arrows indicate
46 the core.

An important step before making the image segmentation was to test the different
53 image filters to get the best border definition without loss of the real information. For this

55 work, the best results were found using non-local means filter implemented by Avizo
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software. In figure 4 one can compare the fiber slices images without (fig. 4a) an

(fig. 4b) application of the non-local means image filter. The result is a “denoised” i

with well-defined borders.

Page 12 of 25



Page 13 of 25 AUTHOR SUBMITTED MANUSCRIPT - MST-111499

oNOYTULT D WN =

32 Figure 5.Views of (a) fiber matrix external surface and (b) translucent fiber matrix, hole 1 (red) and hole
33 2 (blue). Scale bar: 100 pm.

The Avizo Label Analysis module allows the computation of a set of
39 measurements for each object and when meaningful, for each slice. The information
41 obtained on the fiber geometryswas.the Feret’s diameter (FD), equivalent diameter and
43 eccentricity of each ebject! The equivalent diameter is a parameter calculated from the
surface area treated,as an_ellipse with semi-major axis (a) semi-minor axis (b) and
48 correspondent b/a ratios. FD is a measurement used to obtain maximum and minimum
50 values of the diameter for each direction. Using a step-size of one degree, 180 values of

diameters were obtained [33].
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The largest FD for the fiber matrix is 129.29 um and the smallest is 125.46 um.
The global average for the fiber matrix is 128 um with a SD of 1 pm, resulting ina€V
of 0.46 %. Hole 1 is the smallest of the two holes with the average of its equivalent
diameter calculated by the area surface equals to 23.88 um, SD of 0.06 um and CV of
0.25%, while the average value of the b/a ratio and the SD of the ratio are.0.971 and
0.007, respectively. FD ranges from 22.96 pm to 25.51 pm. Figure 6 shows graphically

~
the results of the equivalent diameter and the b/a ratio per slice of the hole 1.
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Figure 6. Equivalent diameter (left) and b/a ratio (right) for hole 1 along the length of the fiber. Black line
crossing each graphicaepresents the average value.

The largest Feret's diameter for hole 2 is 27.50 um and the smallest is 23.77 um.
Hole 2 hasan equivalent diameter of 24.88 pm with SD of 0.09 pum, resulting in a CV of
0.36%..The value of the b/a ratio and the respective SD are 0.957 and 0.012. Figure 7

presents the distribution of the equivalent diameter and the b/a ratio for hole 2.
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crossing each graphic represents the average value.

L 4

31 A critical geometric parameter iS the distanceé’between the borders of the holes
33 and the center of the fiber since it influences the time for the creation of the second-order
nonlinearity. To determine the distance from the border of the hole to the center of the
38 fiber, we subtracted the coordinates.of the borders (closest fiber matrix centroid) from the
40 fiber centroid position for each\slice. Figure 8 shows the distribution of the distance from
the border of the holes to the center of the fiber. The average distance from hole 1 to the
45 center of fiber is 16.44um with SD of 0.10 um and CV of 0.6%. The border of hole 1 to
47 the center of the fiber distances range from 16.19 um to 16.67 um with an amplitude of
0.48 um, €., less than a pixel size. The average distance from hole 2 to the fiber center
55 18 9.29 pumy with SD of 0.26 pm and CV of 2.8% indicating less uniformity for this distance
54 when compared with hole 1, ranging from 8.32 um to 9.79 pum, resulting in amplitude

56 variation of 1.47 um.
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Figure 8. Distribution of the distance from hole 1 (left) and’hole 2 (right) borders to the center of the

fiber. Black lines are the/average valugs.

The periodic sawtooth-like profile observed in figure 8 is a direct effect of the

segmentation process. The segmentation process uses the threshold gradient between the

object to be segmented and the other parts. The software selects, based on the gradient

image, where the border is located. In our case, after approximately 50 slices, the software

corrects the border to half pixel<down. The profile is evident just because the fiber has a

very regular structureswith well-defined borders.

3.3. COMSOL Simulation

The TSP was chosen to perform the simulation due to the low concentration of

Na*, Li"and H" in the fiber matrix (approximately 1 ppm). In the thermal poling process,

thenions' will move along the fiber matrix due to the diffusion caused by the high
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temperature (265 °C). As the movement of the ions is, in principle, aleatory, the ions are
drifted by an external electric field generated from the application of high voltage«(~5
kV) in the fiber electrodes. COMSOL Multiphysics solve all problems using ‘the. finite
elements method. Thus, to achieve accurate results, a dense mesh needs to be established
over the whole cross-section of the fiber. The model will solve the equation (1) for each

subdivision of the geometry and then sum all to give the results that are shown in Figure

~
1.
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Figure 9: (a) Dependence of @, on the variation of the radius of the holes when the center-to-center

(holes to core of the fiber) distances are fixed at 24.2um and 29.2 um, respectively. (b) Dependence of ¥
N

on the variation of the distance from hole 1 surface to the core fiber. The black dots represent the maximum
P simulated, the reddine represents the linear fitting of the simulated data. In both graphs, the blue

dashed lines show the original values of F051007-1C fiber.

Analyzing figure 9a’onecan note that the value of y?). varies approximately 0.023 pm/V
per wm, which means dependence of 12.3% per um. Analyzing figure 9b and taking into
aecount thatdn the original position the value of y®.= 0.18 pm/V [6], the variation of

Y@ty dug the fluctuations of the distance between the hole’s surfaces to the core of the
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fiber is estimated to be (0.02 pm/V)/um, which means a variation of approximately 10.5
per um. This critical dependence shows the importance of have all sizes, shap

distances among the microstructures uniform.
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4. Discussion

By using the three-dimensional analysis provided by SR micro-CT technique one
can achieve much more representative results despite the slightly poorer resolution, since
many more slices can be quantified for each sample. Bidimensional SEM images were
obtained from eight serial sections of a 3 cm length sample. After SEM analysis, another
sample of the same fiber with length of 0.820 mm was randomly selected for micro-CT
scanning. Through the 3D volume of the sample imaged, 1000 cross-sectional images
(virtual slices) were analyzed. The results obtained to the fiber F051007-1C showed that
the distance of the hole to the core of this fiber varies with a SD equal to 0.6% and the
radii of the holes have a variation equal to 0.3%, both below the limit imposed by the
pixel size (1 pixel = 0.82 um). Now, with,the statistics of the measured values, it is
possible to estimate the fluctuation of the value of V,; (and, consequently, the fluctuation
of the obtained nonlinear susceptibility %?).s+ ) of the poled components. In the case of the
fiber used in this work, due to the linear dependence of V, and y®.¢, the fluctuation of
the value of V is = 1.71%. Kiowing how much the value of V; fluctuates, give us not
only the perspective to improve the poling process but also to improve the geometry and
the fabrication process,of the microstructures of the specialty optical fiber. It also makes
it possible to estimate the degree of repeatability that a commercial product could
withhold.

It should be stressed that the 3D imaging technique is not capable of providing alone

the information needed to estimate the reproducibility of the second-order nonlinearity

induced in poled fibers. A sequence of image processing techniques was also required for
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data analysis and retrieval of information. We showed that phase-contrast followed by
phase retrieval allowed for the precise location of the core of the fiber and the borders,of
the holes. Likewise, the denoising of the images lead to accurate segmentationand thus
accurate quantification. Finally, the possibility of quantification of the different diameters
throughout the fiber length in slices with thicknesses smaller than. I pm allowed
evaluating the effect of the geometrical features of the microstructures present in the
specialty fibers. All these contribute to evaluating the variability of perf(;mance of poled
fibers due to the geometric variation, impacting on the performance parameter Vr. A
comparison of the diameters measured by the conventional SEMand our micro-CT are

statistically compatible and validate the latter technique.
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5. Conclusion

As an alternative to conventional characterization methods of the specialty. fiber
optics, in this work we proposed the use of X-ray phase-contrast synchrotron micro-CT
to perform a 3D high-resolution qualitative assessment of the fiber microstructure. This
results in detailed knowledge about its important morphometric parameters, in a non-
destructive fashion. The three-dimensional analysis is one of the main ad\\/antages of this
work when compared with the most common techniques such as scanning electron
microscopy and visible light microscopy.

This technique showed the possibility to unveilmicrostructural changes induced
by the manufacture of the fibers, which can lead ‘to .signiﬁcant alteration in its
performance in electrooptical applications. The distance from the core of the fibers to the
borders of the holes could be precisely.measured, as well as the diameters of the fiber and
its holes. In addition, it was also possibleto.establish the variation of the above-mentioned
measurements throughout the fibery with a virtual slicing down to 820 nanometers with
subsequent quantification of thg parameters. In the particular case of the fiber F051007-
1C, the 3D analysis of the microstructures of the fiber showed that the fluctuation of the
value of V, is + 1.71%.The fact that the fluctuation of the value of V, can be measured
from a singlesdataset acquisition represents a great advantage of micro-CT technique
when it is'compared e:g. with SEM technique. To obtain the same statistical result, it

wouldmeed atleast 1000 images of the cross-section of the optical fiber taken in different

points making the process expensivier and time consuming.
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Our results helps estimating the behavior of the nonlinear susceptibility x@ls of
the fiber in a precise and fast manner. This information can help the manufacturer improve
the quality of the fibers and establish quality control. Although the cost of the use of
synchrotron sources is still high when compared with other techniques, new generations
of desktop (nano)micro-CT are already available, providing very reliable results in a

considerably lower cost.
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