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Abstract: In this study, different configurations based on linear fiber lasers were proposed and experi-
mentally demonstrated to measure the concentration of liquid solutions. Samples of paracetamol
liquid solutions with different concentrations, in the range from 52.61 to 201.33 g/kg, were used
as a case-study. The optical gain was provided by a commercial bidirectional Erbium-Doped Fiber
Amplifier (EDFA) and the linear cavity was obtained using two commercial Fiber Bragg Gratings
(FBGs). The main difference of each configuration was the coupling ratio of the optical coupler used
to extract the system signal. The sensing head corresponded to a Single-Mode Fiber (SMF) tip that
worked as an intensity sensor. The results reveal that, despite the optical coupler used (50:50, 60:40,

::lrl])e;gtfgsr 70:30 or 80:20), all the configurations reached the laser condition, however, the concentration sensing
Citation: Soares, L.; Perez-Herrera, was only possible using a laser drive current near to the threshold value. The configurations using a
R.A.; Novais, S; Ferreira, A; Silva, S.; 70:30 and an 80:20 optical coupler allowed paracetamol concentration measurements with a higher
Frazao, O. Linear Fiber Laser sensitivity of (—3.00 + 0.24) pW/(g/kg) to be performed. In terms of resolution, the highest value
Configurations for Optical obtained was 1.75 g/kg, when it was extracted at 20% of the output power to the linear cavity fiber
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Since the discovery of laser technology in 1960 by T. H. Maiman, optical fiber sensors
were introduced and developed for detecting critical parameters in the processing indus-
tries, such as, temperature, refractive index, concentration and strain [1-4]. Moreover, in
the last decades, fiber laser sensors with different configurations have been revealed as a
versatile sensing tool for applications in different fields [5].

The development of Erbium-Doped Fiber Amplifiers (EDFA) marked a milestone in
conditions of the Creative Commons _ tHis type of sensing technology, as well as the discovery of a wide variety of gain medium
Attribution (CC BY) license (https://  €lements [6,7], offering an operating wavelength range from the visible to the near-infrared.
creativecommons.org/ licenses /by / Studies revealed that fiber laser sensors also have great characteristics, such as high resolu-
40/). tion and sensitivity and a good optical signal-to-noise ratio (OSNR) [1]. Together with the
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well-known characteristics of fiber optic sensors, namely, reduced dimensions, low weight,
flexibility, low losses, no electromagnetic interference, multiplexing capacity, and remote
monitoring at specific spatial points (as a probe) or even in large areas (through multiple
detection regions along the optical fiber) [8], fiber laser sensors have been considered a
technology with great potential for many optical sensing applications. However, the perfor-
mance of this technology also depends on the type of optical cavity—linear or ring cavities.
In linear cavities the light propagates back and forth between two end mirrors, generally
Fiber Bragg Gratings (FBGs) or fiber loop mirrors. On the other hand, in ring cavities or
ring resonators, the light can propagate in two different directions. It was found that linear
cavity lasers, compared with ring configurations, easily reach the saturation state and also
have a large tuning range, low threshold pump power and high slope efficiency [9].

In relation to operating mechanisms, there are different configurations of fiber laser
sensors [1]. A common configuration of this type of fiber laser sensor uses an erbium-doped
optical fiber and two FBGs, as reflectors. In this way, a 1550 nm laser system of this type is
formed by the gain obtained by the erbium-doped fiber and the reflections of the mirrors,
formed by the FBGs. The FBGs cause an oscillation of the cavity and laser action. This
output is monitored in reflection or transmission mode [1,10,11].

In this study, different configurations of linear fiber laser sensors using an erbium-
doped optical fiber as gain medium and two FBGs as reflectors, were proposed and
experimentally demonstrated. Through these it was possible to implement a refractometric
sensor, modulated in intensity, to perform concentration measurements of liquid solutions.
The obtained results confirmed the potential of the technology proposed for optimizing
production in processing industries. Though this, it is possible to measure the concentration
of liquid reagents in situ and in a non-invasive and non-destructive way. Another advantage
of the technology proposed is the possibility of multiplexing more than one sensor placed
at different measurement sites without changing the interrogation system in a simple and
low-cost way compared to other process technologies. To test the technology proposed,
paracetamol liquid samples were used in a case-study.

2. Experimental Setup
2.1. Laser Gain

In the proposed configurations, the laser gain was provided by a commercial bi-
directional EDFA. This device consists of two three-port optical circulators and two con-
ventional EDFAs, as illustrated in Figure 1. Each one of these pumps is independently
controlled and in this work an appropriate pump power level was chosen to ensure laser
stability. Also, the bidirectional EDFA used was fixed in a stable position to minimize the
effects of bending and polarization losses.
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Figure 1. Schematic of the bidirectional erbium-doped fiber amplifier.

2.2. Sensing Head and Its Operation Mechanism

As previously stated, the sensing head of this experiment corresponded to a fiber tip,
that worked as a refractometric sensor that was modulated in intensity. Figure 2 shows
its structure.



Photonics 2024, 11, 393

30f9

Fiber-to-liquid interface

;i ne

Fresnel
—  Reflection

Single-Mode Fiber (SMF 28e) Tip

Figure 2. Schematic of the sensing head.

The operating mechanisms of this sensor, as illustrated in Figure 2, relied on Fresnel
reflection at the fiber-to-liquid solution interface. According to the Refractive Index (RI) of
the liquid solution, the intensity of the light guided by the optical fiber and then reflected at
the fiber-to-liquid interface changed linearly. These measurand-induced intensity variations
were monitored to determine the optical concentration of liquid solutions.

It is possible calculate the ration between the light reflected at the fiber-to-liquid
interface and the incident light (light guided by the fiber), i.e., Reflectance, R, through
Equation (1). This equation corresponds to the Fresnel equation for a reflection at a normal
incidence, where, in this case #; is related to the RI of the liquid solution and #; is related to
the fiber optic core RI (n; = 1.468 RIU) [12]:

R= (ny —n;/ny + i’li)z (1)

As the RI of the fiber optic core is higher than the RI of liquid solutions (1; > 1.360
RIU), less than 0.15% of the light guided by the fiber is reflected at the fiber-to-liquid
interface monitored.

2.3. Experimental Configuration

The experimental setup used in this study is shown in Figure 3. The linear cavity
included two 8 mm length commercial FBG reflectors (FBG; and FBG,), with a reflectivity
of 99% and centered at 1560 nm, located at both ends of the linear cavity. To ensure the
Fresnel reflection and simultaneously create an increase in the Amplified Spontaneous
Emission (ASE) [13], both optical fiber ends were cleaved as can be seen in Figure 3 (cleaved
tip (1) and cleaved tip (2)). Located between these two reflectors was a 2 x 2 optical coupler
and the bidirectional EDFA. Finally, at the same fiber end of the optical coupler where the
FBG; was connected, the optical sensing head based on a standard SMF (SMF 28e) tip was
placed. This setup also presented a laser optical path length of ~2.93 m.

Power meter OSA
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Bidirectional
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Sensing head/g
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| Cleaved tip
@)

Optical coupler
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Figure 3. Experimental setup of the fiber laser systems proposed for concentration measurements of
liquid solutions. (*) represents the optical coupler used in each fiber laser configuration.

Different optical couplers with different coupling ratios were employed to extract
the part of the reflected optical signal to be measured. In the measurements performed,
percentages of 50%, 40%, 30% or 20% of optical power were extracted and evaluated by
using a power meter (model Agilent 8163B) and an Optical Spectrum Analyzer (OSA)
(YOKOGAWA, model AQ6370D, Tokyo, Japan).
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2.4. Optical Characterization of Liquid Solutions

The liquid solutions measured in this study corresponded to standard paracetamol
liquid samples prepared in a controlled laboratory environment. Seeds of paracetamol
(CAS number 103-90-02, min. 99% purity, supplied by Sigma-Aldrich, St. Louis, MI,
USA) were dissolved in a solvent mixture of 40% (v/v) ethanol/water. This produced
paracetamol liquid samples with a concentration range of 52.61 to 201.33 g paracetamol/kg
solvent, which corresponded to a Rl range of 1.3626 to 1.3846 RIU.

The characterization of the paracetamol liquid samples was performed using an Abbe
refractometer (ATAGO, DR-A1, Tokyo, Japan).

It is possible to see in Figure 4, with the increase in paracetamol concentration, the
samples become optically denser, causing a linear increase in the RI (correlation factor
of 0.991).
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Figure 4. Characterization of paracetamol liquid samples. Concentration of paracetamol in solution
as a function of RI.

3. Results and Discussion
3.1. Fiber Laser System Characterization

As has been previously pointed out, the fiber laser system characterization (recall
Figure 3) was performed using both an optical power meter and an OSA.

In Figure 5a it is possible to see the output spectra of the fiber laser systems, obtained
through OSA, when it was used a laser diode drive current of 250 mA. All the spectra had
a spectral width of ~125 pm.

The relation between the measured optical output power and laser drive current for
each fiber laser system proposed, acquired using the power meter, is shown in Figure 5b,c.

Figure 5 allows the conclusion that all the configurations proposed reached the laser
condition, with the presence of both laser effects—ASE and stimulated emission. A thresh-
old current of 150 mA was obtained for all the fiber laser systems (Figure 5c), except for the
fiber laser system using a 50:50 optical coupler (Figure 5b), which had a threshold current
of 155 mA. This occurs because the 50:50 optical coupler generates higher internal losses,
compared to the other optical couplers used (60:40, 70:30 and 80:20).

According to the output spectrum of all configurations (Figure 5a), a single emission
line centered at 1560 nm with an output power level higher than —5 dBm and with an
OSNR of about 60 dB was measured.
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Figure 5. Fiber laser system characterization. (a) Output spectrum of each fiber laser system, using
different optical couplers. Optical output power as a function of the laser diode drive current for the
fiber laser system using the optical couplers: (b) 50:50; (c) 60:40, 70:30 and 80:20.

3.2. Fiber Laser Systems for Concentration Sensing

The sensitivity of the fiber laser systems proposed to the variation in concentration
was performed by measuring each sample of paracetamol liquid solution. For this purpose,
the sensing head was vertically immersed in each sample and the output power level
was obtained using the power meter. The obtained values can be seen in Figure 6. It is
important to note that, after each sample, the sensing head was cleaned with alcohol to
avoid contamination.

In all these measurements, the experimentally obtained threshold current was used
for each proposed configuration (recall Figure 5). Above the threshold current, all the fiber
laser systems became insensitive to paracetamol concentration variations.

Figure 6 confirms that all the configurations proposed show a linear sensitivity to the
variation in paracetamol concentration, with ranges from 52.61 to 219.25 g/kg. The fiber
laser configurations using coupling ratios of 50:50 and 60:40 had similar sensitivities, with
values of (—2.004+0.16) pW/(g/kg) and (—2.00 & 0.15) pW/(g/kg), respectively. The
other two configurations, using coupling ratios of 70:30 and an 80:20, were revealed to have
the same sensitivity of (—3.00 = 0.24) pW/(g/kg).
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Figure 6. Optical output power as a function of paracetamol concentration for each fiber laser system,
using different optical couplers: (a) 50:50; (b) 60:40; (c) 70:30; (d) 80:20.

The resolution of the proposed systems were determined using the method of two
consecutive measures [14]. For this, two samples of paracetamol with consecutives val-
ues of concentration, namely, 52.61 g/kg, and 69.21 g/kg, were measured by vertically
immersing the sensing head in the chosen samples. The measurements were performed
in a consecutive way and the sensor responses were obtained through the power meter.
Figure 7 shows the results achieved, for each configuration proposed.

The resolution, i.e., minimum value of concentration (J;) that the sensor could discrim-
inate through the sensor response shown in Figure 7 for each fiber laser system proposed,
was calculated using Equation (2) [14]:

(2)

0p is the maximum standard deviation of the output power for both values of concentration
(52.61 g/kg and 69.21 g/kg), Ac is the variation of concentration (16.6 g/kg) and AP is the
mean displacement of output response between the two steps.

The variable values used in the calculation of the resolution for each system proposed
and its result are presented in Table 1.

Se=2 (0pAc/AP)
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Figure 7. Resolution of fiber laser systems proposed, using different optical couplers: (a) 50:50;
(b) 60:40; (c) 70:30; (d) 80:20.

Table 1. Determination of the fiber laser system resolutions.

Variable Unit 50:50 60:40 70:30 80:20
ap nW 0.04 0.01 0.01 0.01

Ac g/kg 16.6 16.6 16.6 16.6

AP nW 0.21 0.05 0.12 0.19
Resolution g/kg 6.32 6.64 2.77 1.75

As it is possible to see in Table 1, the fiber laser systems proposed achieved different
resolutions. The fiber laser systems using a 50:50 and a 60:40 optical coupler obtained close
values of resolution, namely, 6.32 g/kg and 6.64 g/kg, in that order. The other fiber laser
systems, using a 70:30 and an 80:20 optical coupler, obtained resolutions of 2.77 g/kg and
1.75 g/kg, respectively. It is important to note that these values were also influenced by the
spectral resolution of the equipment used for data acquisition.

The characterization of the fiber laser systems proposed allowed the conclusion that
all the systems achieved the laser conditions and were revealed to have sensitivity to
the variations of paracetamol concentration, as long as a laser drive current near to the
threshold current was used. Table 2 reviews the principal characteristics of the fiber laser
systems proposed.
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Table 2. Characterization of the linear Fiber laser sensors proposed.

Optical Coupler 50:50 60:40 70:30 80:20
Lasing 4 4 4 4
Sensitivity
—2.00£0.16 —2.00+0.15 —3.00£0.24 —3.00+0.24
PW/g/kgl ) ) ) :
Resolution
6.32 6.64 2.77 1.75
(g/kg)

As is possible to see in Table 2, the configurations proposed have similar sensitivities
to the variations in paracetamol concentration. However, as expected, this sensitivity value
is higher when the coupling ratio used only extracts 20% or 30% of the optical power to be
measured, i.e., when using 70:30 or 80:20 optical couplers.

On the other hand, working near to the threshold value results in a higher ASE effect,
which influences the results.

In relation to resolution, the configuration using an optical coupler with a coupling
ratio of 80:20, obtained the best resolution value, 1.75 g/kg, due to the fact that, in this case,
the amount of light that propagates inside this laser cavity is the highest one causing an
increase in ASE effect.

4. Conclusions

This work proposed several fiber laser systems based on linear cavities to perform
measurements of paracetamol concentration in liquid solutions where the sensing head
corresponded to a cleaved single-mode fiber tip, that worked as an intensity sensor.

The experimental results revealed that all the configurations reached the laser condi-
tions, with a presence of both laser effects, amplified spontaneous emission and stimulated
emission. Also, the optical power response of all systems proposed varied linearly with the
concentration of paracetamol within the range of 52.61 to 201.33 g/kg, yielding a highest
sensitivity and resolution of (—3.00 +0.24) pW/(g/kg) and 1.75 g/kg, respectively.

The optical concentration sensor, implemented through the fiber laser configurations
proposed, corresponds to a simple and robust technology, that can be used to performed
in-line measurements in several processing industries to contribute to the quality control of
the final products.
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