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Abstract: We present what we believe to be a novel optical fibre device for real-time measure-
ments of near-infrared chromatic dispersion of a liquid medium from 1100 nm to 1700 nm. This
inline optical fibre chromatic dispersion analyser is based upon collocated fibre long-period
gratings written adjacently in the core by femtosecond laser inscription yielding 8 attenuation
bands associated with different cladding modes, yielding 8 independent measurements. This
fibre device is tested on a series of chemical compounds associated with wines. The results
for each compound yielded distinctive chromatic responses. A machine learning pipeline was
developed that successfully clustered and classified spectral responses of the different chemicals
to illustrate the distinctive responses. The limits of detection for these fibre devices ranged from
1x1073 to 6x107> mol/L for the compounds associated with wines, demonstrating the potential
usefulness of an optical fibre chromatic dispersion analyser is capable of monitoring in real-time
effective chromatic dispersion that is not offered by any current technology.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Fibre long period gratings (LPGs) have been routinely used to measure the changes in refractive
index of countless liquids by monitoring the wavelength shift and amplitude changes in one
of the transmission spectrum attenuation bands. This has been realized using a number of
configurations over the last couple of decades, from simple uniform LPGs to LPGs coated to
yield index changes with chemical specificity [1,2].

LPG refractive index modifications typically have periods ranging from 100 to 500 pm and
behave as a dispersive optical element, resulting in deep notches in the wavelength-based
transmission spectrum of an optical fibre that contains the said LPG [3]. LPGs are therefore
an attractive form of optical fibre sensor, due to an inherent sensitivity to strain, temperature,
refractive index, bending and load/compression [4—6]. The transmission spectrum of the fibre
LPG is characterised by several attenuation bands, with the centre wavelength A, of an attenuation
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band specified by the phase-matching condition:

6nefﬁ,/\ = /lv (1)
where Snepy, = [n%(/l, e, T,R,nyi,np ) — nilv(/l, e, T,R,ny,ny, ng)], where n%
index of the core mode, n;lv the effective index of the vt radial cladding mode, with both indices
identifying the cladding mode order and a dependence on the refractive index and the optical fibre
geometry, n; is the refractive index of the core, and n, the refractive index of the cladding and
the wavelength L. Moreover, nilv is a function of the refractive index of the surrounding medium,
ng. A is the LPG period, T the temperature and € the strain (compression in this situation)
experienced by the fibre along with R the curvature [3]. The quantity on.ys, is defined as the
differential effective index between the core and cladding modes. The superscripts with respect
to the core mode denote the HE|; mode and in the case of the cladding modes refers to the
HE), , axially symmetric cladding modes. This assumes that the grating consists of a circularly
symmetric index perturbation transverse to the fibre axis, so that the only non-zero coupling
coefficients between the core mode and the cladding modes involve cladding modes of azimuthal
order 1 [7].

There are other configurations of fibre LPG devices that utilize the material and waveguide
dispersive properties of the optical fibre to produce dual-peak attenuation band resonance. This
occurs where the phase-matching of the cladding mode to the core mode is at a dispersion turning
point of the optical fibre [8]. These strategies have been employed to measure the refractive
index of the surrounding medium at one or over a very small wavelength range, in fact over
a few nanometers. However, LPGs usually have several attenuations over a very much larger
spectral range, therefore the LPG can be used to estimate the chromatic dispersion relationship
of the medium into which they are submerged. Refractive index measurements are usually
obtained using a refractometer and in-line process refractometers are available commercially.
However, these typically operate only at a specific wavelength [9], and do not produce a chromatic
dispersion relationship. To measure chromatic dispersion, a rainbow or Wedge-cell technique is
used [10,11] or an alternative approach to chromatic dispersion measurement is using liquid-prism
surface plasmon resonance sensor [12]. However, these are based on free space optics, as is the
more conventional method of ellipsometry [13]. In all cases, the analytical tests are performed by
operatives within a controlled laboratory environment. A useful method to estimate chromatic
dispersion would be to use the series of attenuation bands from a LPG structure to simultaneously
measure the refractive index of a liquid at different wavelengths. The LPG would be designed to
couple the core mode to different cladding modes associated with each attenuation band [14], to
yield independent measurements, to arrive at the chromatic dispersion curve of the material in
the near infrared spectral region. This would be the first time “full potential” implementation of
the LPG fibre device concept is achieved by multiplexing several independent measurements at
the same spatial location, simultaneously.

To achieve the aforementioned independent measurements, a fibre device was designed and
fabricated based on two LPGs (“Bi-LPG”) written adjacent to each other (side by side) using a
femtosecond laser inscription scheme in a standard single mode fibre (silica based, type G.652,
numerical aperture of 0.14, core diameter 8.2um, germano-silicate core), with periods of 339 pm
and 525 um, respectively. This Bi-LPG yields 9 attenuation bands associated with 9 different
cladding modes from 1100 nm to 1700 nm. Furthermore, to show the usefulness of this approach
and to evaluate the Bi-LPG fibre device potential as an analytical tool, the fibre device was tested
with a range of solutions containing chemical compounds that are present in many beverages at
various concentrations. In discussion with the France National Research Institute for Agriculture,
Food and Environment (INRAE), it became evident that wine and its associated chemicals would
be a good example to demonstration of the Bi-LPG usefulness analytical tool. The monitoring
of the wine process from must (i.e. unfermented pressed grapes) to final product is necessary

is the effective



Research Article Vol. 32, No. 23/4 Nov 2024 / Optics Express 41028 |
Optics EXPRESS A N \

for better control of the process and the quality. Improving the efficiency of fermentations in
addition to avoiding challenging situations like stuck fermentations or the production of hydrogen
sulfide [15]. Conventional analytical techniques are employed already, such as, mid-infrared
spectroscopy [16,17] but samples are taken to a laboratory environment to be tested, thus not an
inline process and use traditional spectroscopy methods [17]. Creating an additional analytical
tool for inline measurements would be of value to the wine manufacturing industry.

Therefore, a series of chemicals associated with wine production was investigated. By altering
the concentration of the solution of these chemical components over the range found within
commercial beverage, a measurable effect on the chromatic dispersion of those solutions was
observed. Furthermore, these changes in the profile of the chromatic dispersion curves were unique
for each chemical compound, hence offering an additional way to investigate and characterise
the beverage as an entity. This is the first time that the “full near infrared” spectral behaviour of
Bi-LPG has been exploited, that is, multiplexing several independent measurements (attenuation
bands associated with different cladding modes) at the same spatial location over a large section
of the near infrared spectrum (~1100nm to 1700 nm). To separate the distinct spectral responses
of the 8§ attenuation bands, a machine learning pipeline was developed, which involved the
spectral clustering of the signals using a uniform manifold approximation and projection for
dimension reduction (UMAP), followed by cluster classification using a hierarchical clustering
approach (HDBSCAN). The results showed independent spectral characteristics, combined with
the machine learning pipeline that could classify the spectral response of the Bi-LPG for the
chemicals used in the study.

In this paper, to the authors knowledge, the first purposely designed inline optical fibre
chromatic dispersion analyser based upon collocated fibre long period grating (Bi-LPG) is
presented. This is demonstrated by using 8 attenuation bands in the 1100-1700 nm wavelength
range, associated with 8 different cladding modes in the transmission spectrum of the Bi-LPG.
Thanks to the individual calibration of the attenuation bands wavelength shift to refractive index,
their spectral responses to different chemical compounds at different concentrations in solution are
studied. It is shown that the Bi-LPG sensor could distinguish the different chromatic dispersion
relationships for each different chemical solution. Furthermore, using a machine learning pipeline
in conjunction with the Bi-LPG spectral responses could be used to classify/identify chemicals.
The paper is organised as follows. The section ‘“Materials and methods” details the principle,
the fabrication and the calibration of the Bi-LPG device, as well as the preparation of the tested
compound solutions, the so called “model wines”. In the section “Experimental results” are
reported the extracted dispersion curves obtained by testing the individual model wines over
several orders of magnitude in terms of compounds concentration. In the “Discussion”, the
dispersion results are analysed by developing a machine learning pipeline to successfully separate
spectral features in the dataset. Also the limits of detection of each compounds by the presented
Bi-LPG device are presented and discussed.

2. Materials and methods
2.1. Fibre device fabrication

The Bi-LPG were manufactured using femtosecond laser direct inscription in a standard optical
fibre (type G.652, numerical aperture of 0.14, core diameter 8.2 um) using a femtosecond laser
Plane-by-Plane (PI-b-Pl) technique, a highly customized inscription process through the coating,
that provides precise control of the grating period, length, width, and depth of the grating planes
[18,19]. Fibre samples were mounted on two-axis air-bearing translation stages (Aerotech),
allowing for controlled movement during the inscription process. The femtosecond laser system
generated 517 nm pulses of 220 fs duration, which were guided through a long working distance
objective x50 (Mitutoyo) and focused inside the fibre using a third translation stage. The inscribed
planes had a width of ~800 nm, while the other dimensions were adjusted by suitable translation



Research Article Vol. 32, No. 23/4 Nov 2024 / Optics Express 41029 |
Optics EXPRESS A N \

stage motion resulting in a 3-dimensional refractive index change with controlled plane length,
depth, and grating-plane angle. The grating planes for each LPG were inscribed longitudinally
inside the core and along the fibre core axis [20] and parallel with each other, separated by a 2 um
gap, with the same pulse energy of ~100 nJ and with a repetition rate of 5 kHz. To increase the
number of channels within the transmission range 1100-1700 nm, two LPGs were inscribed side
by side in the fibre. The first grating had a period of 525 um and a total length of ~26.26 mm and
the second one had a period of 339 um and total length ~31.9 mm. Both gratings had a 50/50
duty cycle. After inscription, the LPGs have been annealed. The perceived asymmetric nature
of this Bi-LPG that could lead to birefringence and coupling to higher order modes make the
spectral response of the fibre device complicated and unrepeatable with regards to fabrication.
This is not the case for several reasons. Firstly, the inscription is very close to the fibres
central axis, with a 2 um gap between each LPG, hence the structural asymmetry is negligible.
Secondly, the secondary index modification of the femtosecond laser inscription is small because
the Bi-LPG have been annealed, this dramatically reduces birefringence [21]. Thirdly, the
model phase-matching predictions are based upon a radially symmetric step-index fibre. These
predictions show reasonably good agreement with the fabricated Bi-LPGs transmission spectrum,
i.e. the spectral location of the LPGs attenuation bands.

The Bi-LPG device was designed to obtain a maximum number of attenuation bands associated
with different cladding modes, refer to Fig. 1(a). The periods were chosen by solving the
analytical dispersion relationship for the propagation constant for the core and cladding mode
with azimuthal dependence exp(+il¢), for an optical fibre [7]. A transmission spectrum of the
Bi-LPG is shown in Fig. 1(b) for which the measurements were recorded at a temperature of 23.5
°C and in air. Figure 1(a) shows the predicted period versus wavelength phase matching curves
for a standard telecommunication optical fibre (SMF 28/ type G.652), onto which are added the
phase matching conditions for two LPGs having periods of 339 um and 525 pm, respectively.
The crossing points on the graph identify the anticipated spectral location of the LPG attenuation
bands. Figure 1(b) shows the transmission spectrum of the fabricated Bi-LPG (periods 339 um
and 525 um) and the associated HE; y cladding modes of the attenuation band with a typical
insertion loss of 2 dB.

This yields nine attenuation bands over a spectral range from 1100 nm to 1700 nm associated
with different cladding modes, thus yielding nine well identified spectral transmission features for
independent measurements of refractive index, from which a sampled measurement of chromatic
dispersion is obtained. These are the dominant transmission spectral features from the Bi-LPG
device. Furthermore, these spectral transmission features are the HE; , cladding modes that
have the greatest coupling coeflicients between the core to the cladding modes. These HE
cladding modes have less E-field nulls in the core region of the optical fibre and hence have
greater E-field overlap with the fundamental core mode [7]. Inspecting Fig. 1(b), there are other
smaller attenuation bands that match up with the period and phase matching curves in Fig. 1(a).
These other transmission spectral features, predominantly caused by the 525-um period LPG, are
small and are characterized by a poor signal to noise ratio, thus increasing errors associated with
the measurements. Thus they were not chosen for this investigation. Furthermore, inspecting
phase-matching curve Fig. 1(a), there is a possibility of duplication of some attenuation bands
at longer wavelengths by the same cladding modes, this is to be avoided because independent
measurements by each attenuation bands is required.

There is an observable difference between the theory and the measured spectral location of
the attenuation bands. This is likely due to the index modulation caused by the femtosecond
inscription and an effective change in the bulk index of the core of the optical fibre due to the two
separate LPG inscriptions (see Fig. 2(a)). This can shift the attenuation bands [13].
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Fig. 1. (a) The predicted phase-matching curves for the attenuation bands for the cladding
modes associated with a G.652 single mode telecommunication optical fibre. (b) The
transmission spectrum of the fabricated Bi-LPG sensors with periods of 339 um and 525
um, for a 50% duty cycle in air and at a temperature of 23.5 °C

2.2. Fibre sensor characterisation

The general procedure for determining the spectral index sensitivity of each attenuation band
was performed by placing the Bi-LPG fibre sensor into a metallic V-groove machined into a flat
aluminium plate, to minimise bending of the fibre. The V-groove was placed in contact with a
granite optical table that acts as a heat sink and maintains a constant temperature. The optical
fibre device/sensor was then successively immersed into calibrated index matching fluids that
are at the same temperature as the V-groove. The calibrated index matching fluids are from
Cargille laboratories. The calibrated refractive Index Liquids Series used are AAA full set of
liquids 1.300-1.395 and part of AA series of 1.400-1.458 liquids. They have a quoted accuracy
of +£0.0002. The Cauchy coefficients along with the index temperature coefficient for each liquid
are provided by Cargille Labs.

The Bi-LPG fiber sensor was connected to a tungsten lamp (Ando AQ4305) to illuminate the
sensor and to capture its transmission profile of each attenuation band for each index matching
fluid. The LPGs transmission spectrum was collected by an optical spectrum analyser (Yokogawa,
AQ6370D). The optical spectrum analyser has a resolution and accuracy of 0.05 nm. A schematic
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Fig. 2. (a) schematic of apparatus used for spectral wavelength sensitivities of the attenuation
bands of the Bi-LPG fibre device with respect to (b) refractive index (c) temperature, errors
are small compared to measurand.

of the apparatus is shown in Fig. 2(a). A 0.2-ml drop of a index fluid was set on the Bi-LPG, and
the wavelength shift of each LPG band was recorded. Between two measurements, the Bi-LPG
was rinsed in ethanol until all bands have recovered their initial spectral location, both in ethanol
and in air. The temperature was measured at a precision of 0.1 °C to correct the transmitted
spectra from slow temperature drifts from one day to the next. The central wavelengths of
each band was calculated by using the first moment of the power spectrum, i.e. the centroid
by geometric decomposition [14]. The centroid was evaluated with limits corresponding to
the FWHM of the band, leading to approximately 120 data points. The minimal detectable
wavelength shift is 6 pm, limited by the equipment. The associated error with this method was
estimated with a stability measurement of transmission spectra of the Bi-LPG sensors taken
over a 40-min interval. The error was estimated by calculating the standard deviation from the
measured mean of 3 consecutive measurements of the combined wavelength and optical strength
at the specific wavelength, divided by the root of the number of data points. This yields an error
of £2 pm. Using this protocole, an empirical formula for refractive index sensitivity for each
attenuation band has been obtained.

The characterisation of the sensitivity to temperature from 20 to 50°C was performed using
the same apparatus and protocole, except that the sensor was placed on a peltier device. An
empirical formula for wavelength shift (using the centroid method) as a function of temperature
has been obtained.
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The refractive index and temperature sensitivities are shown in Figs. 2(b) and 2(c), respectively.
Following the calibration procedure, it was found that attenuation band 2 did not change
monotonically with respect to temperature or index, hence this attenuation band was neglected
for this demonstration. A possible reason for this spectral behaviour can be given by inspecting
the phase matching curves of Fig. 1(a), for which there are several phase matching conditions for
different cladding modes at this spectral location. We suspect that we observe a combination
of attenuation features associated with different cladding modes, their net effect to yield a
non-monotonic response to temperature and refractive index.

The central wavelengths were calculated by using the first moment of the power spectra; i.e. the
centroid by geometric decomposition [22]. The centroid was evaluated with limits using the full
width at half maximum (FWHM) leading to approximately 120 data points. The optical spectrum
analyser has an accuracy of 0.05 nm. The associated error with this method was estimated with a
stability measurement of transmission spectra of the Bi-LPG sensors taken over a 40mins time
interval, with spectral noise having a standard deviation of Al = 16 pm and 2.2 mdB errors
associated with the centroid measurement approach and measurement resolution of 6 pm. The
attenuation bands spectral index sensitivity ranges from -117 to +179 nm/RIU with an average of
52 nm/RIU and the attenuation bands bandwidth (Algeature) varies for each.

2.3. Analyte solution preparation

The base of all the synthetic solutions was a mixture of pure water, tartric acid (33 mmol/L),
ethanol (12%), and was adjusted at pH = 3.5 with NaOH. A set of chemical compounds were
selected because they may be found in several beverages. The compounds included malic acid,
lactic acid, acetic acid, ethyl-4 phenol acid, methional, sotolon, acetaldehyde, catechin and
malvidin. A mother solution was sequentially diluted to span the concentrations on typical ranges
7.46 umol/L to 0.746 mol/L (e.g. malic acid) down to 30 nmol/L to 3 mmol/L (e.g. malvidin), for
list of chemicals used and concentrations, see Table 1.

Table 1. Chemicals used in the investigation

Compound Molar concentrations (mol/L)
Catechin 345E-02 | 3,45E-03 | 3,45E-04 | 3,45E-05 | 3,45E-06 | 3,45E-07
Malic acid 746E-01 | 7,46E-02 | 7,46E-03 | 7,46E-04 | 7,46E-05 | 7,46E-06
Acetaldehyde | 2,27E-02 | 2,27E-03 | 2,27E-04 | 2,27E-05 | 2,27E-06 | 2,27E-07
Lactic Acid 746E-01 | 7,46E-02 | 7,46E-03 | 7,46E-04 | 7,46E-05 | 7,46E-06
Sotolon 7,80E-03 | 7,80E-04 | 7,80E-05 | 7,80E-06 | 7,80E-07 | 7,80E-08
Methional 9,60E-03 | 9,60E-04 | 9,60E-05 | 9,60E-06 | 9,60E-07 | 9,60E-08
Ethly-4-phenol | 2,46E-02 | 2,46E-03 | 2,46E-04 | 2,46E-05 | 2,46E-06 | 2,46E-07
Acetic Acid 3,33E-01 | 3,33E-02 | 3,33E-03 | 3,33E-04 | 3,33E-05 | 3,33E-06
Malvidin 3,02E-03 | 3,02E-04 | 3,02E-05 | 3,02E-06 | 3,02E-07 | 3,02E-08

3. Experimental results

3.1. Limit of detection

To test the potential of the Bi-LPG fibre device to do a sampled measurement of chromatic
dispersion, we considered an interesting real-world application, that is the detection versus
concentrations, in solution, of chemical compounds found in commercial drinks to determine the
limit of detection (LOD). More importantly we aim to measure the chromatic material dispersion
and determine if the Bi-LPG yields a distinctive spectral response to the chemicals. The analytes
used are those typically found in wines. If successful, it would demonstrate potential as an
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Fig. 3. (a). The estimated refractive index as a function of the chemical concentrations;
(b) the estimated limit of detection of the attenuation bands of the Bi-LPG. All results have
been temperature compensated to ensure the observed wavelength shifts are due to refractive
index changes.

analytical tool for quality control in wine production, with reference to Table 1 and the method
section.

The two important parameters that can be deduced from these results are the resolution,
defined as Ahgror/(refractive index sensitivity; Shg), and the LOD. Note that LOD is dependent
on the interrogation scheme, the light source spectral width, and the noise bandwidth of the
measurement system. The LOD can be expressed in terms of standard deviation of noise of the
sensor output Alerror, bulk sensitivity defined as SAg = AMAng and bandwidth of the spectral
transmission feature of the attenuation bands Alfeaure. The FWHM of the resonance varied for
each attenuation band and was used in determining the LOD. There are 120 discrete spectral
data points per spectral scan across the resonant peak. The limit of detection is expressed as
LOD=+/((2-(A\feature + Aherror))/120YShg [23]. Thus, the individual attenuation band will yield
different index resolutions varying from 1.85 x 1073 RIU to 8.34 x 10~ RIU. The estimated
LODs for the different attenuation bands associated with the various compounds, is shown in
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Fig. 3. The index variation with differing concentrations was determined using the Maxwell
Garnett Mixing Formula [24] and estimating the volume fraction by using the molar volume
and a multiplying factor given by the concentration of the compounds within the solution and
the spectral sensitivities of the attenuation bands, see Fig. 3(a). The estimated LOD for the
compounds used are shown in Fig. 3(b) and are consistent with experimental results for the
different chemicals, as shown later in the paper. Whilst the smallest changes in refractive index are
shown in Fig. 3(a), in practical experiments, the temperature was monitored with an accuracy of
0.1°C. The smallest index changes would be dominated by the random variations in temperature
of 0.05°C that would lead to 1.3 pm fluctuations, a value that is the equivalent of approximately
3% 1075 RIU.

3.2. Sensors experimental performances

The experiments procedure for index and temperature measurements on the model wines uses the
same apparatus and protocole detailed in section 2.1. The Bi-LPG sensor is immersed into one of
the model wine solution, both temperature is recorded and wavelength shift (using the centroid
method) due to the chemical’s refractive are measured. Corrections to compensate possible
temperature drifts are performed using the empirical formula obtained during the calibration
stage. This is done for each attenuation band at the 8 different spectral locations. Before
each measurement is taken, the Bi-LPG is cleaned by washing with ethanol until all bands had
recovered their their initial spectral location, both in ethanol and in air. Therefore, this yields
measurements of refractive index of the chemical at different wavelengths over aforementioned
wavelength range, thus yielding an estimate of the chromatic dispersion of the chemical.

Two examples of the wavelength shift for four attenuation bands are shown for malvidin and two
of the sotolon solutions, see Fig. 4. These results are consistent with spectral characterisation of
the attenuation bands with respect to their index spectral sensitivity and LOD of refractive index
change. The LOD for the Malvidin is 1.8 x 107 mol/L and 1.4 x 10~> mol/L solutions for 7! and
8t attenuation band, respectively, of the Bi-LPG (Fig. 3(b)). Lowering the molar concentration
below theses LOD leads to a plateauing of the wavelength spectral response (Fig. 4(a)). The
wavelength shifts of the attenuation bands with smaller index spectral sensitivity, like bands
3 and 4, yield lower performance, typically a concentration LOD in Malvidin of ~10~*mol/L
(Fig. 4(b)). A similar spectral response is also seen for the sotolon solutions with a concentration
less than ~5 x 107 mol/L, see Fig. 4(c) detection of lower concentrations.

The various chemical species at different concentrations produced dissimilar spectral behaviour
across the eight attenuation bands. Four examples of different chemicals are shown in Fig. 5.
Firstly, the concentrations of the various chemicals are those found in usual beverages, such as
wine. Inspecting the four examples, though the wavelength shifts are small (a few 10s of pm),
there are distinct differences in the spectral responses for each solution. This would suggest
that the Bi-LPG fibre device has spectral functionality to potentially identify different chemicals
within a given solution via the refractive index measurement. Two examples are shown in
Fig. 6, where the chromatic dispersion relationship of the solution as a function of concentration
yields distinctive wavelength changes with refractive index. The lines connecting the points are
polynomial interpolation (splines) of the measured points. The refractive indices are obtained by
the experimental procedure described above.

The data shown in Fig. 6 are typical results obtained from the other chemicals used in this
investigation with this type of fibre optical device. Inspecting Fig. 6(a) and 6(c), they have similar
refractive index as a function of wavelength for lowest concentration, the refractive index yields
a “W-curve” in the chromatic dispersion curve of the buffer solution (tartric acid, ethanol, see
section 2.3 above) which is the same for all analytes and contains the dominant chemicals at the
lowest concentrations.
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various concentrations of the Malvidin solution. (c) The wavelength shifts of the 7t and gt
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Fig. 6. The measured variation of chromatic dispersion as a function of molar concentration
(mol/L) (a and b) of catechin solutions, and (c and d) methional solutions, the connecting
lines are polynomial interpolation (splines) of the measured points. Wavelength error are
(z1.3pm) and refractive index errors 3 X 1075 RIU is size of the markers.

The wavelength shifts are only investigated here because the optical strength of the attenuation
bands remained reasonably constant throughout the experiments, which is expected due to the
small changes in the refractive index and the lesser optical strength spectral sensitivity. The largest
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index change observed is for Malvidin with an index change An ranging from ~3.3 x 1072 to
~3.3 x 107>, whereas the majority of the compounds show a typical index change of approximately
3.3 x 107 and negligible changes in the optical strength.

4. Discussion

The flexibility associated with the femtosecond laser inscription allows fabrication of Bi-LPGs
with periods that generate the attenuation bands located in the spectral range 1100 nm to 1690 nm,
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Fig. 7. The Dimensional reduction and information compression of wavelength shift of the
various chemicals. (a) Machine learning pipeline results using UMAP for dimensionality
reduction and clustering and HDBSCAN cluster classification. (b) The classification map of
the chemical producing from the clustering result.
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with first attenuation band at 1134.4 nm and 9" attenuation band at 1644 nm. Each transmission
feature is associated with a different cladding mode (HE;,), yielding independent refractive
index measurements at the same spatial location, producing a sampled measurement of the fibre’s
chromatic dispersion and any associated change with its surroundings. Figures 5 and 6 show
examples of the wavelength shift response for the chemicals investigated at various concentrations.
They show that “collective wavelength” changes are distinctive from each other and this was also
found in the variation of chromatic dispersion relationship for each chemical.

The distinctiveness of the chemicals spectral behaviour was investigated firstly using Principal
Component Analysis [25] for dimensionality reduction and information compression to observe
the independence of the Bi-LPG spectral response for all chemicals. The Principal Component
Analysis approach was only partially successful at higher concentrations with overlapping at the
lower concentrations. A machine learning pipeline was developed to correctly separate spectral
features in the embedding space of the dataset and classify spectral responses. The embedding
stage consists of clustering the spectral response (in this case a dimensionality reduction of the
dataset onto a 2D manifold). Here we utilized Uniform Manifold Approximation and Projection
(UMAP) [26], which is a topological approach based on manifold learning techniques, where it
constructs a high-dimensional graph representation of the data and optimizes a low-dimensional
graph to be as structurally similar as possible to the high-dimensional graph. The successful
application of UMAP technique yielded distinctive clusters of the various chemicals including
those that are of low concentrations, see Fig. 7(a) insert. The classification of individual
clusters consists of a Hierarchical Density-based Spatial Clustering of Applications with Noise
(HDBSCAN) approach. HDBSCAN [27] is a hierarchical density-based clustering algorithm
that characterizes clusters as areas of high density separated from other clusters by areas of
low density. The algorithm is capable of identifying clusters of varying densities and shapes,
making it a powerful tool for clustering complex datasets. The successful application of cluster
identification and classification is shown in Fig. 7(a). The individual chemicals are grouped
together and separated from each other, thus yielding a strong indicator that the individual
spectral results are distinctive. Secondly, the increasing size of the marker indicates increasing
concentrations, see Fig. 7(a).

The classification map of the embedding space is depicted in Fig. 7(b) and shows the
classification regions associated with specific chemicals. When applying this machine learning
pipeline with new spectral measurements, the measurements are mapped onto the embedding
space in the appropriate classification area of the chemical. The turquoise region in the embedding
space indicates regions where the spectral features cannot be correctly classified, this area is

Table 2. Estimation of the limit of detection for each chemical and each Bi-LPG attenuation band

Attenuation | Catechin | Malic Acetal- Lactic Sotolon | Methional | Ethly-4- | Acetic | Malvidin
band acid dehyde Acid phenol Acid
mol/L
1 2,69E-04 | 3,44E-03 | 5,49E-03 | 3,45E-03 |8,67E-04 | 1,36E-03 | 6,92E-04 | 1,41E-02 | 3,26E-04
3 1,13E-04 | 2,80E-03 | 1,96E-03 | 2,04E-03 |3,10E-04 | 4,84E-04 | 2,50E-04 | 5,07E-03 | 1,16E-04
4 7,17E-05 | 2,63E-03 | 1,04E-03 | 1,67E-03 | 1,64E-04 | 2,56E-04 | 1,35E-04 | 2,70E-03 | 6,16E-05
5 3,61E-04 | 3,83E-03 | 7,57E-03 | 4,28E-03 | 1,20E-03 | 1,87E-03 | 9,53E-04 | 1,95E-02 | 4,49E-04
6 1,22E-04 | 2,83E-03 | 2,17E-03 | 2,12E-03 | 3,43E-04 | 5,36E-04 | 2,77E-04 | 5,61E-03 | 1,29E-04
7 3,94E-05 | 2,49E-03 | 3,08E-04 | 1,38E-03 |4,90E-05 | 7,63E-05 | 4,33E-05 | 8,32E-04 | 1,84E-05
8 3,67E-05 | 2,48E-03 | 2,47E-04 | 1,36E-03 |3,94E-05| 6,13E-05 | 3,57E-05 | 6,76E-04 | 1,48E-05
9 4,54E-05 | 2,52E-03 | 4,43E-04 | 1,44E-03 |7,02E-05 | 1,09E-04 | 6,02E-05 | 1,18E-03 | 2,64E-05
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minimal when compared to the rest of the map, and important in detecting errors in the spectral
measurement.

The LOD are estimated by using polynomial regression to data points that have gradients
with adjacent data with different concentrations and using the Alerror at the limit to distinguish
individual measurements. Considering the application of Bi-LPG to investigate model wines,
it was found that the LOD of the majority of the compounds is below the usual concentrations
found in usual beverages, such as wine. The LOD values are shown in Table 2. These results
show the potential of such a chromatic dispersion LPG fibre device.

5. Conclusion

It is not possible to compare such an in-situ device with other sensors because the in-line/in-situ
devices only measure at a single wavelength, thus measuring a single retractive index and not
chromatic dispersion curve of the surrounding medium. Moreover, we have shown that their
individual specific chromatic dispersion curves for a given solution have the potential to produce
distinctive responses using the above machine learning algorithm that can be used to identify
various chemical components within a solution. This illustrates the usefulness of the Bi-LPG
fibre device as a new analytical tool for monitoring in real-time in-line processes. Furthermore,
this is the first time that the “full near infrared” spectral behaviour of a fibre LPG device has been
exploited, that is, multiplexing several independent measurements (attenuation bands associated
with different cladding modes) at the same spatial location at the same time which is utilizing the
full sensing potential of the LPG sensing device and new sensing paradigm for LPGs.
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