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Hollow-Micropillared Glass Fabricated on Hollow Joe Pye
Weed-Inspired Tubes for Detecting Molecular Signatures

Anastasia L. Novikova, Aviad Katiyi, Uzziel Sheintop, Meng Zhang, Pengfei Wang,

and Alina Karabchevsky*

A rational design and fabrication approach is proposed for suspended
multicore fibers, resulting in the creation of dual-core and triple-core
suspended fibers with different diameters and one-side cladding. These fibers
are tailored for near-infrared spectroscopy applications. The
multicore-suspended fibers offer an amplified electromagnetic field effect due
to the exposure of the core to the analyte, leading to a significant 16 dB drop
in transmittance at the fingerprint absorption line of the analyte. Numerical
models indicate that the suspended core with a diameter of 3.52 pm exhibits
a superior evanescent field in the boundary between the core and the contact
point with the cladding, in comparison to the tested cores with diameters of
3.99 and 12.06 pm. The successful fabrication of these multicore-suspended
fibers represents a promising advancement toward achieving highly sensitive

molecular signature detection capabilities.

1. Introduction

In the past few years, the global community has faced the press-
ing challenge of declining air, soil, and water quality. The root
cause of these issues can be traced back to human activities, no-
tably industrial operations,!!! transportation, domestic pollution,
and the environmental disasters resulting from these issues.[?]
The main pollutants in water are heavy metals, radioactive ele-
ments, oil products, biogenic elements, medical-biological ele-
ments, and microplastics.>>! Air pollution primarily consists of
heavy metals, CO,, sulfur dioxide, nitrogen, slurry, and methane,
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serving as the main pollutants.l®’] These
pollutants have the potential to induce a
range of health issues affecting the vas-
cular, respiratory, circulatory, central, and
peripheral nervous systems. To identify
the presence of these substances in air
and water, diverse techniques are avail-
able, including physical, chemical, and
mechanical tests. Nevertheless, not all of
these methods are suitable for detecting
the wide array of substances that may
act as pollutants in air or water. More-
over, their inability to provide real-time
sensing poses a limitation. To address
intricate pollution challenges effectively,
spectroscopic methods offer a viable
solution.®* The common spectro-
scopic methods are presented in Table 1.

Molecular absorption spectroscopy stands out as one of the
most efficient approaches for pollutant sensing. Widely adopted
and esteemed in the field of spectroscopy, this technique com-
prises a group of methods unified by the core principle of
measuring the absorption of radiation by a sample as a func-
tion of frequency or wavelength. As the radiation traverses the
sample, its molecules selectively absorb photons, resulting in
an absorption band, which serves as a unique fingerprint of
the sample. The versatility of absorption spectroscopy allows
for measurements across the entire electromagnetic spectrum,
enabling the examination of multiple pollutants of diverse types.
Moreover, this method accommodates the analysis of substances
in various states of aggregation, thereby offering valuable
insights into the chemical nature of the substance under
investigation.[3%3]

Optical guided wave structures, such as optical fibers and
waveguides, offer promising platforms for molecular spec-
troscopy. Among these, optical fibers have emerged as promi-
nent tools for detecting low-concentration substances in both
air and water, owing to their user-friendly nature and compact
dimensions.[**2] A wide range of fiber configurations and com-
positions are available, providing researchers with the flexibility
to cater to specific research objectives and analyze diverse mate-
rials and their individual concentrations effectively.[***! For in-
stance, tapering commercial optical fibers to microfiber enables
the attainment of high sensitivity, making them valuable for ap-
plications as chemical and biological sensors.[>4¢] However, in
scenarios where research is conducted in natural environments
or hazardous settings, the demand for compact and robust sens-
ing devices becomes crucial.
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Table 1. Spectroscopic methods for determining substances in air and water.
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Method Pollutions Applications Ref
Molecular absorption 0,, CO,, H,0, HCl, NH;, NO, industrial pollution, breath analysis 19,15-18]
spectroscopy heavy metals, CO,, sulfur dioxide, soil, analysis and control of chemical
reactions, atmosphere, water
Nephelometric and viruses, cells, low molecular Biological fluids, water [19-23]
turbidimetric spectroscopy weight compounds, amino acids,
proteins, macromolecules, bacteria
Luminescent analysis Organic pollutants, heavy metals, food quality control, biological [24-28]
inorganic pollutant, bio objects monitoring, chemical threat detection,
and chemical sensing for environmental
analysis
Magnetic resonance viruses, bacteria, cells, bio object living tissues, fluids [29-32]
spectroscopy
X-ray spectroscopy Organic pollutants, heavy metals, environmental, chemical and biological 133-37]

inorganic pollutant, bio objects

monitoring

Hollow multicores fiber

Figure 1. Illustration of the experimental setup of multi-core fiber sensor.
The inset shows a zoom-in of the hollow-core fiber.

A promising optical fiber configuration that holds great poten-
tial for sensing applications is the use of multi-core suspended
fibers. Hollow multi-core fibers have the advantage of operating
within liquid or gas volumes, amplifying signals through multi-
ple cores without requiring size or surface modifications. These
fibers incorporate several cores within a single fiber cladding,
enabling parallel transmission paths through distinct spatial
cores in a single fiber, thereby significantly enhancing sensitiv-
ity. While the number of cores in a multi-core fiber is limited to
avoid potential interactions between them, various structural so-
lutions are implemented to address this limitation. For instance,
employing cores with identical parameters allows for simultane-
ous signal transmission. Each core within the multi-core fiber be-
haves like a conventional single-mode fiber, supporting various
information transmission technologies. As a result, multi-core
fibers find application in diverse fields, including sensing,[“—>!]
telecommunication,®>%] and laser technologies.!>*?]

Here, we report the design, fabrication, and proof-of-concept
demonstrations of dual-core and triple-core (type I and type II)
suspended hollow fibers for absorption spectroscopy, as depicted
in Figure 1. These environmentally safe fibers enable real-time

operation and user-friendly detection of chemical, medical, and
biological entities. The inspiration for developing such multi-
core fibers stems from the plant named Eutrochium fistulosum,
commonly known as Hollow Joe Pye Weed.[**%!] The plant’s hol-
low stem is naturally lined with fibers that serve a sealing func-
tion. However, in nature, these fibers remain confined within
the plant tissues and do not connect with other fibers. In our
research, we harnessed the concept of multi-core fibers to iden-
tify the absorption of N-methylaniline (C;H;NH(CH,)) in a hex-
ane mixture. N-methylaniline is a highly toxic substance classi-
fied under hazard class 2.1 Our findings indicate that both
type I and type II triple-core fibers demonstrate high sensitivity
to gases. Through numerical simulations, all fiber types exhibited
remarkable sensitivity in detecting N-methylaniline at a concen-
tration ratio of 1:3 to hexane. Notably, triple-core fiber type I with
test strands demonstrated the highest sensitivity among all con-
figurations.

2. Results and Discussion

2.1. Numerical Simulation

To understand the interaction of light with molecules in multi-
core suspended fibers, we performed a numerical simulation
using Lumerical MODE, when the medium around a core cor-
responds to the complex refractive index of N-Methylaniline.
Specifically, we studied the excitation modes in hollow multi-core
fibers ata wavelength of 1.5 pm, which corresponds to the absorp-
tion of the first overtone of the N-H bond of N-methylaniline.['!]
Figure 2 shows the numerical simulation results for three differ-
ent multi-core suspended fibers architectures: dual-core, triple-
core type I, and triple-core type Il in air. The dual-core fibers are
suspended fibers with two equidistant cores of 12.06 pm in diam-
eter, a hole diameter of 85.56 pm, a cladding diameter of 127.94
pm and confinement factor of I' = 0. The triple-core fiber type
I is a hollow fiber with three equidistant cores of diameters of
3.99 pm, an air hole diameter of 76.84 ym, a cladding diameter
of 128.96 um, and I' = 0. The triple-core suspended fiber type
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Figure 2. Calculated electric field at a wavelength of 1.5 pm for three types of multi-core fibers, a) dual-core, d) triple-core type I, and g) triple-core type
I1, in air - and the cross-sections at x =0 (b, e, h) and y = 0 (c, f, i) are shown in columns, respectively.

IT has three equidistant cores of 3.52 um, an air hole diameter
of 93.43 pm, a cladding diameter of 123.52 pm, and I = 0. We
can see that for all types of fibers, I' = 0, which means that the
diameter of the cores is large.

Figure 3 shows the results of numerical simulations for three
fiber designs of dual-core, triple-core type I, and triple-core type
I1, in a mixture of N-methylaniline in hexane(!!l - for the same
parameters of the fiber described above. The considered wave-
length is 1.496 pum, and the refractive index of N-methylaniline
in hexene mixture is n = 1.429. One can see, from the subplots
in Figure 3d,g, a large evanescent field in the medium, extending
beyond the fiber core. From the calculations of the confinement
factor, we learn that the values of T are as follows: for dual-core I"
=0.1136, for triple-core type I I' = 0.0338, and for triple-core type
IIT =0.0201.

2.2. Fibers Composition

Figure 4a-c shows images of hollow multi-core fibers for dual-
core fiber, triple-core, fiber type I and triple-core fiber type II,
respectively. We investigated the composition of the fibers us-
ing a scanning electron microscope (SEM). Figure 4e-g shows
the scanning electron micrographs of the hollow multi-core
fibers surfaces.

The fibers were placed perpendicular to the stage so that the
cores were imaged (from left to right triple-core fiber type I,
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dual-core fiber, triple-core fiber type II), as shown in Figure 4d.
Figure 4e shows part of the triple-core fiber type I with cladding
and one core. It can be seen that it is in slight contact with
the cladding, and a small illumination is visible on the surface.
This indicates that there are several substances on the surface
of the core, which were studied using energy-dispersive X-ray
spectroscopy (EDS). Figure 4f shows the dual-core fiber. The lo-
cation of the cores is clearly visible, and the cores are parallel and
equidistant from each other. Figure 4g shows part of a triple-core
fiber type II with one core. The cores are also equidistant from
each other.

Next, the elemental composition of the fibers was determined
using EDS. For this, we conducted elemental composition stud-
ies for dual-core fiber. The data for dual-core hollow fiber are pre-
sented in Table 2.

We examined two areas in the fiber - the surface of the fiber
and its core. Table 2 shows that two-core hollow fibers are com-
posed of SiO, dopped with 3.5% germanium. The concentration
of oxygen is 32.525% and silicon 63.925%. The cladding has an
oxygen concentration of 32.21% and silicon 67.78%. The main
part of the fiber is silicon.

Next, we perform a compositional study for the triple-core fiber
type 1. The data are presented in Table 3.

In our investigation, we focused on two regions within the
fiber: the cladding and the core. Table 3 provides the compo-
sition details of the triple-core hollow fibers type I, which are
composed of SiO, with 3.025% germanium. The core contains

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

95U8017 SUOWIWOD SA 181D 3 [dedt dde au Ag peusenob a1e seoiie VO ‘88N JO S9N 1oy AeIq1T8UIIUO /8|1 UO (SUOTHPUOD-PUE-SLUIB)/WOY™A8| 1M Afe.d joulU0//SdNL) SUONIPUOD Pue SwiS 1 81 88S *[£202/2T/20] Uo AriqiTauluo A8 ]I ‘AisieAlun uoLns eg Ag GyZT0EZ0Z WPe/Z00T 0T/I0P/W00 A8 |1 Ale.q1puluoy/:sdny Wwolj papeo|umod ‘0 ‘X60.S9EZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

[E| (V/m) (b)

www.advmattechnol.de

y=-37.2 ym

-35

y um)

= 40

1
0.8
0.6
0.4
0.2
-45 0

21 <16 -11 -6 -44
(d) X (um)

-40 -36 -32 -28 -20 -15 -10 -5

X (um)
y=-42 ym

y (um)
=-13.8 ym ()

IE| (V1/m) (e)

0.8
0.6
0.4
0.2

0

-42 -40 -38 17 -15 -13 -1

X (um)

x=-14.1 pm @ y=-42.4 ym

02 02
0

0.8
0.6
0.4
0.2

0

\ 0
A7 15 13 -1 a4
X (um)

-42 -40 -38 17 -15 -13 -1

y (um) X (um)

Figure 3. Calculated electric fields (normalized to the maximum) at a wavelength of 1.496 pm for three types of multi-core fibers, a) dual-core, d) triple-
core type |, and g) triple-core type I, in a mixture of N-methylaniline in hexane 1:3. Respective cross-sections at x=0 (b, e, h) and y =0 (c, f, i) are shown

in columns.

Table 2. Elemental composition of dual-core fiber.

Core Cladding
Element Atomic concentration Weight concentration Element Atomic concentration Weight concentration
%] (%] 1%l (%]
(¢} 32.525 20.220 0] 322M 21.300
Si 63.925 69.770 Si 67.789 78.700
Ge 3.549 10.010

a higher concentration of oxygen (67.15%) and silicon (29.825%)
compared to the dual-core fiber. In contrast, the cladding com-
prises 39.70% oxygen and 60.63% silicon. This disparity in oxy-
gen content between the core and cladding is observed in the
triple-core fiber configuration.

The composition of a triple-core fiber of type II is shown in
Table 4.

In our study, we investigated two specific regions: the cladding
and the core. Table 4 outlines the composition of the triple-core
hollow fibers of type II, which consist of SiO, with an additional
2.8% germanium, a lower percentage compared to the previ-
ous fibers. The core exhibits a higher concentration of oxygen
(67.567%) and silicon (31.613%) relative to the dual-core fiber.
However, the ratio of oxygen content in the core compared to the
cladding is similar to that of the triple-core type I fiber. Mean-

Adv. Mater. Technol. 2023, 2301245 2301245 (4 0f9)

while, the cladding contains 55.973% oxygen and 44.027% sili-
con.

2.3. Experimental Results

To test the suspended fibers in a molecular medium, we con-
structed the experimental setup illustrated in Figure 5a. Initially,
a broadband laser source was coupled into a single-mode fiber
using an objective lens. The coupling was optimized to achieve
the best signal output, and the single-mode fiber was then con-
nected to an optical spectrum analyzer for signal measurement.
Subsequently, a silver reflective collimator was used to collimate
the beam from the fiber, which was directed back to the fibers
through a long working distance objective with a magnification
of x100. The sensing multi-core fiber was positioned on a Teflon
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Figure 4. Images of hollow multi-core fibers for a) dual-core fiber, b) triple-core fiber type | and c) triple-core fiber type Il. Scanning electron micrographs
(SEM): d) A photograph of hollow multi-core fibers in SEM setup with a dashed box surrounding fiber fixed in the holder. €) Zoomed-in image of
triple-core fiber type I. f) Dual-core fiber. g) Zoomed-in image of triple-core fiber type II.

Table 3. Elemental composition of triple-core fiber type I.

Core Cladding
Element Atomic concentration Weight concentration Element Atomic concentration Weight concentration
1%l (%] [%] [%]
o 67.150 50.400 (¢} 39.370 27.000
Si 29.825 39.300 Si 60.630 73.000
Ge 3.025 10.300

Adv. Mater. Technol. 2023, 2301245

2301245 (5 of 9)
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Table 4. Elemental composition of triple-core fiber type II.
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Core Cladding
Element Atomic concentration Weight concentration Element Atomic concentration Weight concentration
[%] [%] [%] [%]
o 67.567 49.000 (@] 55.973 42.000
Si 31.631 41.500 Si 44.027 58.000
Ge 2.802 9.500
(a) (b)
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Figure 5. a) Experimental setup constructed for the hollow multi-core fibers experiment. b) Zoom in on the fiber sensing structure with the sample on
the Teflon spacer. Measured transmittance spectra in air (red curve) and in a mixture of N-methylaniline in hexane (blue curve) with a concentration of
1:3 (NMA/hexane) at wavelength range of 1.4-1.6 pm for c) dual-core fiber, d) triple-core fiber type | and e) triple-core fiber type Il. The photos of the
output for clean (left) and NMA with hexane mixture (right) are shown under the graphs.

spacer placed on a three-axis linear stage with two-axis rotation,
situated between the coupling and collection setups, as depicted
in Figure 5b.

For signal collection, an aspheric lens was utilized to gather the
output of the fiber. The output signal was divided into two parts
by a beam splitter: the first part was directed to a camera for facet
and mode imaging studies. Once the setup was aligned, the sig-
nal was collected using a spectrum analyzer. The spectrum was
measured within a wavelength range of 1400-1600 nm, suitable

Adv. Mater. Technol. 2023, 2301245 2301245 (6 Of9)

for capturing the absorption of the first overtone of the N-H bond
of N-methylaniline (NMA) at 1.496 um.[**] The study involved in-
vestigating a mixture of N-methylaniline in hexane with a con-
centration ratio of 1:3 (NMA:hexane). This mixture possesses a
refractive index of 1.429, enabling efficient guiding in the silica
(n = 1.445) core of the multi-core fibers under examination.

To obtain a reference spectrum, we measured the transmission
of fibers in air. Next, we measured the transmission of the fibers
with the N-methylaniline in hexane mixture. The fibers were im-
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mersed in a solution of N-methylaniline with hexane for 30 min,
and placed back on the Teflon spacer. The experimental results
for the three types of fibers are shown in Figure 5c-e.

Figure 5c shows measurements of a clean dual-core fiber with
N-methylaniline with hexane in the near-IR ranges of 1400-1600
nm. The N-methylaniline absorption is shown at 1500 nm with
a value of 12 dBm. Figure 5d shows measurements of a clean
triple-core fiber type I with N-methylaniline with hexane. The
N-methylaniline absorption is shown at 1496 nm with 16 dBm.
The dip is sharper and the peak shoulder smaller, compared to
triple-core fibers. We can also see that, upon application of liquid,
the signal from the fiber itself gets stronger. Figure 5e shows
measurements of a clean triple-core fiber type II; and with N-
methylaniline with hexane. The absorption of N-methylaniline,
as well as other types of fibers, is shown at 1496 nm with a
value of 6 dBm. Its dip is wider, and the shoulder of the peak
is longer than the rest of the dual-core and triple-core type I
fibers.

In conjunction with the spectral measurements, we con-
ducted investigations on the intensity distributions of the modes
throughout the entire fiber using a VIS-SWIR camera. The re-
sults are presented in Figure 5. Figure 5c (bottom) displays the
field intensity distributions at the output facet of the dual-core
fiber, both before and after the addition of NMA. In the absence
of NMA, the cores and cladding are clearly visible in the mode
of the dual-core fiber. However, upon introducing NMA, only the
cladding is visible due to the presence of the liquid being studied
inside the fiber. As the liquid dries, the core reappears.

Similarly, Figure 5d (bottom) depicts the intensity distribu-
tions for a triple-core fiber type I, before and after the addition of
NMA. Without NMA, the cores are not visible, but the cladding
ring is distinctly expressed in the mode of the triple-core fiber
type I. Upon adding NMA, both the cladding and some portions
of the core become visible. Notably, there is an increase in the vis-
ibility of the mode, as confirmed by experimental observations.

Furthermore, Figure 5e (bottom) exhibits the output of a triple-
core fiber type II before and after the addition of NMA. In the
absence of NMA, the cores are not visible due to their smaller
diameter compared to a dual-core fiber, leaving only the cladding
visible. However, when the liquid is present in the fiber, the visi-
bility of the cladding is reduced, similar to the effect observed in
the dual-core fiber configuration.

3. Conclusion

In conclusion, our research involved the fabrication and compre-
hensive testing of various types of hollow multi-core fibers for de-
tecting substances and their concentrations in air and water, em-
ploying both numerical simulations and experimental investiga-
tions. The results revealed that triple-core fibers of type I and type
IT exhibited the highest sensitivity when compared to dual-core
fibers, making them promising candidates for detecting gases
and pollutants in the air, especially considering the similar re-
fractive indices of gases.

For the identification of N-methylaniline absorption with a
concentration of 1:3 to hexane, all types of fibers showed high
sensitivity in numerical simulations. However, in practical exper-
iments, the triple-core fiber type I demonstrated the highest sen-
sitivity, manifesting a smoother, improved signal with a larger
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peak compared to other fiber types. The unique advantages of
this type of fiber include its mechanical stability, composition of
environmentally friendly silicon oxide allowing easy recycling, ex-
tended operational capability, immediate signal reception, and
the potential for increased peak intensity as the sample dries
within the fiber.

Hollow multi-core fibers with various core configurations hold
significant potential for diverse applications in different indus-
tries. They can facilitate substance detection and monitoring
in environmental protection efforts, encompassing water, soil,
and air pollution control. Additionally, these fibers find utility
in medicine for detecting viruses, bacteria, cells, low molecular
weight compounds, amino acids, proteins, and macromolecules.
Pharmacology can benefit from these fibers by studying new sub-
stances, ensuring product quality, and determining concentra-
tions of essential drugs in preparations. Moreover, their deploy-
ment in hazardous industries and disaster areas allows for the
precise determination of low concentrations of substances, aid-
ing in safety measures and response strategies.

4. Experimental Section

Materials: Hexane (CgHq4, >95%) and N-methylaniline (CgHsNH
(CH3), >98%) were purchased from Sigma-Aldrich.

Fabrication of the Hollow Multi-Core Fiber: The fabrication technology
of the embedded core hollow fiber included two steps: preform prepara-
tion and fiber drawing, as the traditional commercial optical fiber. The core
fiber preform was fabricated by using a modified “suspended core-in-tube
technique”. First, the core rod was manufactured by modified-chemical-
vapor-deposition (MCVD) and etching method and then inserted into the
silica tube placed horizontally. As a result, the core rod would be parallel
with the silica tube axially because of the core rod gravity. Next, in order
to make the core rod more tightly fixed on the inwall of the silica tube,
the core rod and the tube were moved horizontally and heated by an oxy-
hydrogen torch and then melted together for a period of time. Finally, the
preform was tapered in one end to form a cone shape to avoid introducing
carbon dust or other impurities into the silica tube during the fiber drawing
process. The silica tube became the cladding when the assembled preform
was drawn into fiber. For a fiber drawing tower, to avoid collapsing the silica
tube at a higher drawing temperature, it was necessary to attach a pressure
controller to provide positive pressure. During the fiber drawing process,
the air pressure in the silica tube and the drawing temperature were both
important for controlling the shape and size of the suspended core. After
a series of experiment parameters tests, it successfully prepared tens of
meters of suspended dual-core and triple-core hollow fiber, respectively as
shown in Figures 4 and 5.

Fabrication of the Sensing Device: Dual-core and triple-core (type | and
type I1) suspended fibers were used as sensing devices. In the first stage, it
cut off 6 cm of each fiber and removed the polymer coating by placing the
fiber in acetone for 1 h and drying under a temperature of 25°C. Then, 2
cm were cut from the clean fibers and the fibers were attached to a Teflon
slide with transparent double-sided tape.

Obtaining Composite Materials:  To obtain N-methylaniline suitable for
research in fiber, it mixed N-methylaniline with hexane in glass flasks with
a capacity of 5 ml in proportions of 1 to 3, where 1 was the number of
portions of N-methylaniline, 3 was the proportion of hexane and 1 portion
was 200 pl. The solutions were stored at room temperature in a laminar
flow device.

Application of the Composite Material to the Surface of the Fiber: 2 cm
of the fiber were cut from the cleaned fibers and placed in a solution of
N-methylaniline with hexane for 30 min. The samples were removed from
the solutions, and dried at a temperature of 25°C for 10 min, and the fibers
were attached to a Teflon glass slide using transparent double-sided adhe-
sive tape.

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Experiment Optical Set-Up: A broadband laser source (Fianium WL-
SC-400-8-PP), with a wavelength range from 400 to 2400 nm, was coupled
into a single mode fiber using Olympus plan achromat objective with NA
0.25 and magpnification x10. The fiber was connected to a silver reflective
collimator with a beam diameter of 2 mm, creating a collimated beam. The
collimated beam was focused on the fiber input facet using a long working
distance microscope objective with a magnification of X100, a numerical
aperture of 0.55 and a working distance of 13 mm. The input coupling
setup was aligned to the fiber using a three-axis stage (three-Axis NanoMax
Stage). The fiber was placed on a Teflon spacer using double-sided tape.
The Teflon spacer was placed on a three-axis stage (MicroBlock MBT616D)
with a two-axis rotation stage for a precise angle alignment. The output
collection setup was built using a cage system for verifying an alignment
with accurate angles between the optical components. The output beam
was collected using an aspheric lens with a focal distance of 11 mm. The
beam was split using a beam splitter. Half of the beam was focused with a
lens on a VIS-SWIR camera (Ninox-640) for monitoring the output beam
to verify a precise alignment for both input and output. The second half
of the output beam was coupled into a single mode fiber using Olympus
plan achromat objective with NA 0.25 and magnification x10. The output
collection setup was placed on a three-axis stage. The fiber was connected
to an optical spectrum analyzer (Yokogawa 6370D) with a resolution of
2 nm.

Signal Smoothing: To improve the quality of the data by reducing the
noise, a Butterworth filter was applied using Python for smoothing the
signals. By applying the Butterworth filter to the sample, the noise was ef-
fectively smoothed, resulting in a cleaner and more reliable representation
of the transmission. This was achieved by minimizing both the ripple in
the passband and the transition bandwidth.
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