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We experimentally demonstrate a fiber laser refractometer based on the use of a multimode interference (MMI) fiber structure. The MMI
filter is constructed with an uncladded fiber segment, which acts as a sensing element to determine the refractive index (RI) of liquid solutions.
The laser emission, generated at ther® waveband, is wavelength shifted in linear proportion to the liquid RI. The proposed fiber laser
refractometer exhibits a high sensibility of 937.81 nm/RIU.
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1. Introduction hibit advantages, compare to other filters, for their use in

laser wavelength tuning due to its low cost, easy construction,
Thulium-doped fiber lasers (TDFLs) have been of great in-and compactness, compared to other filters [19]. Addition-
terest due to their many potential applications. TDFLs op-ally, MMI filters have been used for the generation of mul-
erate in the eye-safe spectral window, from 1.8 tu@, tiple laser wavelengths [20]. The operation principle of an
which makes them attractive for application in non-invasiveMMI filter is based on the self-imaging effect, described by
surgery, remote sensing of atmospheric.Gid HO, LI- Soldano in Ref. [21], for a single-mode-multimode-single-
DAR, free-space communications, and characterization ofmode (SMS) waveguide structure. Because MMI filters ex-
thulium-doped fiber amplifiers [1-5]. Tunable TDFLs have hibit high sensitivity to different physical quantities, they
been reported in optical sensing approaches for remote sensave received attention for their use as sensing element in the
ing and gas detection for different absorption peaks whosdevelopment of fiber-based optical sensors for measurement
absorption wavelengths lies within the emission range of thef temperature [22,23], curvature [24,25], biological mark-
thulium-doped fiber (TDF), used as a gain medium [6-8]. Theers [26], and vibration [27]. In this sense, fiber-based re-
outstanding advantages of using fiber laser systems in opticédactometers have been of great interest in technological and
sensing include real-time measurements, compactness abiblogical areas [28-30]. Their advantages include high sen-
robustness, stability, and electromagnetic immunity, amongitivity, fast response time, immunity to electromagnetic in-
others. terference, and chemical neutrality [30].

In order to obtain wavelength tuning in fiber lasers, spec-  In this paper, we experimentally demonstrate a fiber laser
tral filters such as high-birefringence optical loop mirrorsrefractometer based on a tailored MMI filter as a sensing ele-
[9,10], fiber Bragg gratings (FBG) [11,12], Mach-Zehnder ment inserted within a ring cavity thulium-doped fiber laser.
interferometers [13], fiber tapers [14], polarization variationThe operation of the TDFL in a wavelength range near the
devices [15] are commonly used. In this regard, wavelengtl2 yum wavelength region allows sensing of liquid refractive
filters based on multimodal interference (MMI) [16-18] ex- index (RI) by laser wavelength displacement in an extended
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waveband of around 100 nm. The SMS fiber structure uses an
uncladded fiber (UCF) as multimode fiber (MMF) segment of
the MMl filter, then, when it is submerged into the liquid, the
surrounding medium acts as UCF cladding, which leads to a
wavelength tuning of the laser line, proportional to the RI of
the liquid in a wavelength range from 1957.3 to 1987.3 nm,
for Rl variations in a range from 1.4 to 1.432. The sensibility
of the refractometer is 937.81 nm/RIU.
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793 nm
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combiner

MMI Fiber\
structure

H . . 90/10 Optical Optical isolator
2. Design and construction of the MMl filter omm\\coumer —

The MMI fiber structure consists of a UCF segment spliced

Eﬁtnv(\iﬁjg (?fl\:lffesl\(jlgl]\/lnﬁirl;tesr, :illfelrsizht?z\alvsgtljno?gthé.s-gl}iriz;?go'gleURE 2. Experimental setup of the fiber laser refractometer.
effect. The single mode of light traveling through the input 3 gajn medium. The TDF with a first cladding absorption co-
SMF extends, causing high order modes when reaches thgicient of 3 dB/m at 793 nm, (first cladding diameter and
UCF segment. The multiple modes through the UCF length, merical aperture (NA) of 130m and 0.46; core diameter

interfere with each other, resulting in individual and periodic o 10 pm and core NA of 0.15) is cladding pumped by a 10
images where the UCF behaves as the MMF of the structurgy muitimode laser source at 793 nm througtRat 1) x 1

in which the surrounding medium acts as cladding. The genheam combiner. The MMI filter used as an RI sensing el-
eration of the self-images occurs at specific physical lengthgment is inserted between the TDF and an optical isolator,
of the UCF where the maximum modes of interference is obyhich ensures the unidirectional light propagation. A 90/10
tained [21]. The central wavelength, for the maximum  gptical coupler closes the ring cavity. The%@ort of the
mterf_erence are the self-image which occurs .at the UCF optical coupler is used as the output port. An optical spec-
physical lengthL, depends on the UCF effective Rbicr  trum analyzer (OSA) with maximal resolution of 0.05 nm is
and its diameteDy ¢ r, as follows: connected to the output port to measure the transmitted spec-
trum of the MMI filter and the output laser spectrum; and
(1) an optical power meter for measurement; of the laser output
power.
then, the length. of the UCF is calculated in order to match ~ The MMI fiber structure is mounted on a mechanical de-
the self-image at the fiber structure length where the splic&ice, which allows submersion of the UCF segment under
between the UCF and the output SMF is reached by the trasthe liquid sample to be measured. A couple of holders fixes
eling modes. Thus, for the obtained UCF fiber length, thehe fiber position. The liquid surrounding the UCF acts as
maximum interference peak is exhibited at the convenieneladding whose RI modifies the effective width of the propa-
central wavelength. gated modes. As a consequence, the effective Rl is also mod-
The MMI fiber structure was constructed with a UCF seg-ified, then, the central wavelength of the MMI transmission
ment with Rl of 1.463, a diameter of 1260 and length of peak shifts in proportion to the RI of the liquid, as it can be
~4.5 cm, to obtain the central peak wavelength of the transexpected from Eq. (1) [21].
mission spectrum near 1900 nm wavelength region for the

fourth self-image interference. 4. Results and discussion

2
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The transmission optical spectrum of the MMI filter was
measured by using the amplified spontaneous emission
The fiber laser refractometer is based on the use of a rinéAS_E) of the TDF;IS mEUt S(I)_urcg. For th|shpurpose, the laser
cavity TDFL. The experimental setup is shown in Fig. 2. ?V;]ty was o;l)ene Iatt edsphlcg etwe_en tI %Qmjt;?u:]pogt
The laser cavity includes a 2 m long segment of single—modgortnsir?:rt'CFailgﬁ?;g:)r;nowts ?hlengg:ic?;?ré?)ezzﬁrg otf tie ?r?:)rrl]:
double-clad TDF (Nufern, SM-TDF-10P/130-HE), used as e 1 the optical spectrum of the MMI filter transmission
input single Multimode Output single measured at the output port with the OSA. The measurements
core mode interference core mode were obtained with a pump power level of 1.4 W. The inset of
Fig. 3a) shows the transmission of the MMI filter exposed to
air, obtained as the division of the measured MMI transmit-
ted optical spectrum by the TDF ASE optical spectrum. As it
can be observed, the central transmission wavelength is 1930
FIGURE 1. Schematic of the MMI fiber filter. nm, the full width at half maximum (FWHM) bandwidth is

3. Experimental setup
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FIGURE 3. Characterization of the MMI filter: a) Spectrum of the TDF ASE input source and of the MMI filter transmitted spectrum,
inset: Transmission of the MMI spectrum exposed to air= 1), b) transmission spectra of the MMI filter for RI variations of liquid, c)
comparison of FFT-spatial frequency spectrarfoe 1, n = 1.4, andn = 1.432.

25.27 nm, and the estimated insertion losses-@®%. The the increase of RI of the surrounding medium, near to the RI
transmission spectrum of the MMI filter for different liquid of the UCF. Figure 3c) shows the FFT-spatial frequency spec-
refractive indexes is shown in Fig. 3b). The transmissiontra corresponding to the transmission spectra for the MMI ex-
spectrum of the MMI filter displaces toward longer wave- posed to air = 1) and for the minimum and maximum RI
lengths as the RI of the liquid increases. Besides as thforthe MMIimmersed on the liquid{ = 1.4 andn = 1.432,
transmission spectrum of the MM filter shifts toward longer respectively). From the FFT of the transmission spectra, it
wavelengths, it can be observed an increase of insertion logan be noticed that each transmission spectrum is constructed
which can be attributed to the leak of high order modes due tby the superposition of multiple interfering modes. When the
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FIGURE 4. Characterization of the laser refractometer: (a) Laser efficiency, (b) output laser spectrum for MMI filter at the air, (c) output

laser optical spectra for liquid solutions with different refractive indexes, (d) response of the laser emission wavelength to RI variations of
different liquid solutions.
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refractive index of the surrounding medium increases, some %®7T—————T 7 T T T 1
high-order modes leak to the surrounding medium leading to g
a lower contribution of these modes to the interference. As
it can be observed, the amplitude of the dominant modes de-
creases, whereas the modes with weak contribution vanish
causing the increase of the insertion losses, as is confirmec
by the FFT-spatial frequency spectra.
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As it can be observed in Fig. 3b) when a broadband £ o>
source (ASE of the TDF) is used as an input signal for 1
the MMI fiber structure, the wavelength displacement of the = % oo ooz Lo T w007 |
transmission spectrum due to the RI variations is observable; 006 o *0.0482 -
however, a reference wavelength such as the central wave 1
length of the spectrum is difficult to determine leading to in- " 1305 1400 1405 1410 1415 1420 1495 1430 1435
consistency on the Rl sensing. In this regard, the use of a lase Refractive index (RIU)
source significantly narrows the output spectrum allowing a
more efficient interrogation method by improving the deter- FIGURE 6. Repeatablllty of the refractive index sensing by wave-
mination of a central wavelength that shifts proportionally 'ength displacement of the laser central wavelength.
with the variation of the refractive index of the surrounding
medium. The central wavelength of the maximum transmisestimated efficiency slope is 288 Based on the operation
sion peak of the MMI filter shown in Fig. 3b) determines the principle of the proposed laser refractometer, the determina-
wavelength of the laser emission when the cavity is closed. tion of the liquid refractive index does not require high laser

Figure 4(a) shows the characterization of the laser outoutput power. Then, for the characterization of the fiber laser
put power as a function of the provided pump power. Therefractometer, the pump power was fixed at 1.4 W for the
measurements were obtained by the optical power meter &gtable laser output power 6f110 mW, which, in addition,
the output port with the MMI fiber structure exposed to air. allows to avoid damage of the fiber components and the mea-
The maximum output power of 625.5 mW was obtained withsurement instruments. The output spectrum of the laser emis-
a pump power level of 3 W. The lasing threshold is reachedion is shown in Fig. 4b). The measurements were obtained
with a pump power of 0.8 W.From the obtained results, thewith the OSA at the output port for the MMI filter exposed
to air (n = 1). The laser line exhibits an optical signal-
to-noise ratio (OSNR) of 47.3 dB and -3 dB bandwidth of
0.35 nm. The generated laser line is wavelength displaced
depending on the RI of the MMI filter surrounding media.
Figure 4c) shows the output laser spectra for measurements
of liquid solutions with different RI in contact with the MMI
filter. The RI of the liquids is in a range from 1.4 to 1.432.

nm)

Wavelength error (

-0.08

Scan time (min)

5 d0 20 a5 40 =0 B0 70 ed g0 400 As it can be observed, the laser line is wavelength shifts to-
a5 ] b) R o ward longer wavelengths as the RI of the liquid inc_reases in
£ 10801 § a wavelength range from 1957.3 to 1987.3 nm. Figure 4d)
=] 18 shows the central wavelength of the laser emission as a func-
g’mo_ 18 tion of the RI of the liquid that can be linearly fitted to a
2 ] ceessosons 18 sensitivity of 937.81 nm/RIU.
19601 1] In order to investigate the stability of the laser emission
TSN kualaiiotel for the optical refractometer, a set of ten measurements of the
014 et 1 optical spectrum was recorded for a single measurement ev-
%0-12 1 ery two minutes in a time window of 20 minutes. The proce-
$ 210 12 dure was performed for a different liquid refractive index of
oo AN e 18 1.4,1.41, 1,416, 1,424, and 1.432. The optical spectra of the
go.oef = five measurement sets in linear scale are shown in Fig. 5a).
0.04] perenanan, rrrersrsey | As it can be noticed, no significant amplitude fluctuations are
o 10 20 30 40 s 60 70 8 s 100 observed; however, in order to perform a more detailed anal-
Scan time (min) ysis, the output power for each measurement was simultane-

|+ n=1.4 —e—n=1410 ——n=1.416 —v—n=1.424 —e—n=1.432

ously obtained by using an optical power meter. Figure 5(b)
FIGURE 5. Stability of the refractometer laser emission: a) Optical SNOws the wavelength and optical power stability where the
spectra of the measurement sets for different refractive indexes in £entral WaVek?ngth of the laser emission was Obta_lned from
time window of 20 minutes, b) wavelength and power stability of the measured optical spectrum, whereas the optical power
the measurement sets. from the optical power meter recording. From the results, the
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high wavelength stability of the laser emission is noticed. Theb. Conclusions

maximum wavelength fluctuation of 0.068 nm was observed

for liquid the RI of 1.424. For the output power stability, the In this work, a laser refractometer based on the use of TDF
maximum fluctuation of 4.1 mW, observed for the liquid RI as the gain medium and a MMI filter used as a sensing el-
of 1.410, represents &7d.of the averaged output power. ement was experimentally demonstrated. The laser line is

To investigate the repeatability of the laser wavelengthwavelength shifted proportionally to the RI of the liquid so-
shift by RI variations on the liquid surrounding, a sequentiallution in contact with the UCF of the MMI fiber structure.
set of ten optical spectra measurements from the lower to th€he sensibility of the refractometer is 937.81 nm/RIU. The
higher liquid refractive index were carried out. The repeata-experimental results for Rl measurements were obtained in a
bility of measurement is shown in Fig. 6 as the calculatedange from 1.4 to 1.432, which leads to laser wavelength dis-
mean absolute error (MAE) from the average central waveplacements from 1957.3 to 1987.3 nm. The proposed setup
length for each tuned laser wavelength due to the liquid Rlhas been demonstrated as a reliable and straightforward opti-
For each liquid RI, the MAE is denoted at the correspond-cal system for the determination of Rl in liquid solutions.
ing error bar position. The worst-case error observed over
the testing wavelengths i50.482 nm (near the OSA resolu-
tion), obtained for an average central wavelength of 1965.8cknowledgements
nm corresponding to a surrounding liquid RI of 1.420.
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