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ABSTRACT

A novel optical fibre device is proposed for real-time measurements of near infrared chromatic refractive index signature
of a liquid medium in the 1100-1700 nm range. This inline optical fibre chromatic refractive index 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 across the entire wavelength range.
This fibre device is tested on a series of chemical compounds associated with wines. The results for each compound yielded
distinctive chromatic responses. The limits of detection for this fibre devices ranged from 1x107 to 6x10”° mol/L for the
compounds associated with wines. This demonstrates a potential usefulness of such an optical fibre sensor capable of
monitoring in real-time effective chromatic refractive index signatures that is not offered by any current technology.

Keywords: optical fibre sensor, refractive index, chromatic dispersion, long period gratings, real-time monitoring, wine
fingerprinting and traceability

1. INTRODUCTION

Long period gratings (LPGs) inscribed in optical fibres have been routinely used to measure the changes in refractive index
(RI) of countless liquids surrounding the bare cladding of the fibre, by monitoring the wavelength shift and amplitude
changes in one attenuation bands of the transmission spectrum. This has been realized using a number of configurations
over the last couple of decades, from simple uniform LPGs to specific thin-film coated LPGs to yield index changes with
chemical specificity!?. LPG refractive index modifications typically have periods ranging from 100 to 500 um. They
behave as a dispersive optical element, that couples core guided modes and guided cladding modes. This results in deep
notches in the wavelength-based transmission spectrum of an optical fibre that contains the said LPG, and the global
transmission spectrum is characterised by several attenuation bands®. LPGs are therefore an attractive form of optical fibre
sensor, due to an inherent sensitivity to strain, temperature, R, bending and load/compression*>. The central wavelength
Ay of an attenuation band is specified by the phase-matching condition:

6neffv.A:Av (1)

where 6n, ¢, = [nd5(A, &, T,R,ny,n, ) — gt (4,6, T, R, ny,ny,n)], where ny; is the effective index of the core mode, ngy
the effective index of the v" 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 n2 the refractive index of
the cladding and the wavelength 1. Moreover, nY} is a function of the RI of the surrounding medium, ns. A is the LPG
period, T the temperature and ¢ the strain (compression in this situation) experienced by the fibre along with R the
curvature’. The quantity 8n,p,is defined as the differential effective index between the core and cladding modes. The
superscripts with respect to the core mode denote the LPo1 mode and in the case of the cladding modes refers to the
HE1y axially symmetric cladding modes. As the grating is assumed to have a circular symmetry, the only non-zero coupling
coefTicients between the core mode and the cladding modes involve cladding modes of azimuthal order 1.7
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There are other configurations of fibre devices based on LPG technology 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®. These strategies have been
employed to measure the RI 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 they can
be used to estimate the chromatic RI properties of the medium into which they are submerged. Implementing specially
developed LPG such a way would have a great advantage, as compared to usual ellipsometry technics in free space
configuration.

For the first time, to the authors’ knowledge, we use a series of attenuation bands from a LPG double structure inscribed
into a singlemode fibre (Bi-LPG) to simultaneously measure the RI of a liquid at different wavelengths. The femtosecond
inscribed LPG is designed to couple the core mode to different centro symetric cladding modes associated with each
attenuation band'?, to yield independent measurements, to arrive at the chromatic RI curve of the material in the near
infrared spectral region. The first “full potential” implementation of the Bi-LPG fibre device concept is achieved by
multiplexing several independent measurements at the same spatial location, simultaneously. To test the potential of the
Bi-LPG device to do sampled measurements of RI chromatic signatures, we considered an interesting real-world
application, that is the detection versus concentration, in solution, of chemical compounds found in commercial drinks,
such as wine, to determine the limit of detection (LOD) of the said compounds.

2. EXPERIMENTAL AND METHOD
Fibre device fabrication and characterization

The Bi-LPG structure consists of two LPGs written adjacent to each other (side by side) in the core of a type G.652 single
mode fibre, using a femtosecond laser inscription scheme, with periods of 339 and 525 pm, respectively, and 50/50 duty
cycle. The LPG lengths are 31.866 and 26.26 mm long, respectively. The LPGs have been annealed after laser inscription.
The Bi-LPG fibre was positioned in a flat metallic V-groove, placed on a granite optical table, which acted as a heat
sink to help maintain a constant temperature throughout the experiments. Their transmission was calibrated in function of
temperature and RI using calibrated index fluids (Cargille Labs) that have a quoted accuracy of £0.0002. The transmitted
spectrum from a fibre connected tungsten lamp (Ando AQ4305) across the Bi-LPG fibre was collected by an optical
spectrum analyser (OSA, Yokogawa, AQ6370D, minimal resolution 0.05 nm). This Bi-LPG yields 9 attenuation bands
from 1134 to 1644 nm (Figure 1). All bands, except the 2", had a monotonic wavelength shift vs. RI. Therefore, in the
following, the device was characterized and used using 8 attenuation bands.
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Figure 1. The transmission spectrum of the Bi-LPG sensors with periods of 339 um and 525 pm, for a 50 % duty cycle in air and
at a temperature of 23.5 °C.

A 0.2-ml drop of a liquid, or solution containing a specific compound (see below), was set on the Bi-LPG, and the
wavelength shift of each attenuation band was recorded vs. the compound concentration in this solution. Between two
measurements, the Bi-LPG was rinsed in ethanol until all bands had 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 temperature
slow drifts. The central wavelengths of each band was its centroid calculated by geometric decomposition'!. Ultimately,



the minimal detectable wavelength shift was 6 pm, limited by the OSA and the number of data points per scan. The
associated error was estimated thanks to a stability measurement : the transmission spectra of the Bi-LPG sensors were
taken over a 40 mins intervals? The observed spectral noise had a standard deviation of AAeror = 16 pm in wavelenght and
2.2 mdB errors in intensity, associated with the centroid measurement approach and measurement resolution of 6 pm. The
error was estimated calculating the standard deviation from the measured mean of 3 consecutive measurements for the
wavelength and the optical strength combined at the specific wavelength, divided by the root of the number of data points.
This yields an error of +2 pm. The spectral index sensitivity of the attenuation bands ranges from -117 to +179 nm/RIU
with an average of 52 nm/RIU; whereas their temperature sensitivity ranges from ~0 to +0.1 nm/°C.

Analyte solutions preparation.

The base of all the synthetic solutions was a mixture of pure water, tartric acid (5 g/L), ethanol (12%), and was adjusted at
pH= 3.5 with NaOH. The analytes tested were selected from compounds representative of the main compounds present in
wine, with a large typical concentration difference between the most concentrated (such as malic acid) and the least
concentrated (such as malvidin). The selected compounds are : malic acid, lactic acid, acetic acid, ethyl-4 phenol acid,
methional, sotolon, acetaldehyde, catechin and malvidin. For each compound, a mother solution was sequentially diluted
10 times to span the concentrations on typical ranges 0.001 to 100 g/L (e.g. malic acid) downto 107 to 1 g/L (e.g. malvidin),
on logarithmic scales. For each compound, the mid-range concentrations correspond to the typical content in a large variety
of wines, i.e. the lowest concentrations in each series was implemented to test whether the LOD was lower than the
expected concentration in a “real” wine.

3. RESULTS

The RI changes in function of the solution concentrations for each compound series are displayed in Figure 2(a). The two
important parameters that can be deduced are the resolution, defined as Adewor/SAs, Where Siz = AA/Ans is the bulk RI
sensitivity, and the LOD.
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Figure 2(a) The RI 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 RI changes.



The LOD is dependent on the interrogation scheme, the light source spectral width, and the noise bandwidth of the
measurement system. It can be expressed in terms of standard deviation of noise of the sensor output Aleror, the bulk
sensitivity ;s and the bandwidth of the spectral transmission feature of the attenuation bands AAfeature. AAteature is the FWHM
of the resonance for each attenuation band (Figure 1). Each band is described by N = 120 discrete spectral data points per
spectral scan on the OSA across the resonant peak. The limit of detection is expressed as :!2

LOD = \/(Z(Alfeature + AAETTOT)/N)/SAB (2)

Thus, the individual attenuation band will yield different index resolutions varying from 1.85x107 RIU to 8.34x107 RIU.
In practice, the LOD are estimated by using polynomial regressions to data points that have gradients with adjacent data
with different concentrations and using the A/eror at the limit to distinguish individual measurements. The estimated LOD
for the compounds used are shown in Figure 2(b) and are consistent with experimental results for the different chemicals.
Whilst the smallest changes in RI are shown in Figure 2(a), in practical experiments, the temperature was monitored with
an accuracy of 0.1 °C. The smallest RI changes would be dominated by the random variations in temperature of 0.05 °C
that would lead to 1.3 pm fluctuations in wavelength, a value that is the equivalent of approximately 3x10- RIU. Thus,
detection of lower concentrations is not possible. Considering the application of Bi-LPG to investigate model wines, it was
found that the LOD of almost all compounds is well below the known concentrations found in many wines. The exceptions
concern sotolon, ethyl-4 phenol acid and methional, of which the found LOD overlaps the bottom of the expected range in
some types of wines where these compounds are in low concentrations.
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Figure 3: Wavelength shift of the Bi-LPG attenuation bands at various molar concentrations (in the legend: mol/L) of (a)
methional and (b) sotolon chemical compounds. Error bars are (+1.3pm), size of the markers. The straight lines are guides for
the eye.

Two examples of measurements of the wavelength shift across all canals, versus the compound concentration are shown
in Figure 3, in the case of low-concentrated compounds, methional and sotolon. In these graphs, the base-line (0-nm shift)
corresponds to the signal obtained from the base model wine, i.e. containing none of the compounds studied here. Although
the wavelength shifts are small (a few 10s of pm), it is seen that the wavelength shift relationship vs concentration yields
distinctively dissimilar chromatic responses between compounds. The data displayed in Figure 3 are typical results;
dissimilar chromatic signatures were obtained from the other chemicals used in this investigation. This would suggest that
the Bi-LPG fibre device has spectral functionality to potentially identify different chemicals within a given solution via
the chromatic RI measurement.



The changes in optical strength of the attenuation bands is not reported here, because these remained reasonably constant
throughout the experiments. This is expected due to the small changes in the RI and the lesser optical strength spectral
sensitivity.

4. CONCLUSIONS

The flexibility associated with the femtosecond laser inscription allows fabrication of Bi-LPGs with periods that generate
the attenuation bands distributed within the spectral range 1100 nm to 1690 nm, with the 1% attenuation band at 1134.4 nm
and the 9™ one at 1644 nm. Each transmission feature is associated with a different HE1v cladding mode. This yields
independent refractive index (RI) measurements at the same spatial location, producing a sampled measurement of the
chromatic RI variations and any associated change with its surroundings.

Excepted for 3 analytes studied, the obtained LOD are below the expected concentrations in most wines. This is an
encourageing result. For analytes found at very low concentration in wines (such as the 3 studied: sotolon, ethyl-4 phenol
acide and methional), some engineering to improve the LPG and fibre designs is possible. Overall, these results show the
potential of such a RI chromatic signature LPG fibre device.

It is not possible to compare such an in-situ device with other sensors because the reported ones only measure at a single
wavelength, thus measuring a single retractive index and not chromatic index or dispersion curve of the surrounding
medium. Moreover, we have shown that the Bi-LPG device produces individual distinctive chromatic RI curves for a given
solution. This offers an additional way to investigate and characterise a complex liquid product as an entity.This first
demonstration illustrates the potential usefulness of the Bi-LPG fibre device as a new analytical tool for monitoring in real-
time in-line fabrication processes of various products such as wine. 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 in the near-infrared spectral range (attenuation bands, associated with different cladding modes) at the same
spatial location at the same time.
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