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Abstract

Subject of study. A fluid metal ion detection device is designed to solve the issue of heavy metal
water quality detection in real life, which is used by a fusion of a side-throw fiber-assisted fluid
structure and a long-period fiber grating coated with a metal chelator film. The aim of the work
is to design of a fiber-optic fluid system for the simultaneous qualitative and quantitative analysis of
metal ions in a liquid. Method. The refractive index bands of common contaminated water sources are
selected for the numerical simulation of metal ion species and concentration sensing characteristics.
Main results. The results show that the interference wavelength is red-shifted with the increase
of the filled fluid concentration. Its refractive index sensing sensitivity is calculated to be about
3343.33 nm/RIU. Meanwhile, when the refractive index of long-period fiber grating film layer
increases from 1.2 to 1.44, the loss peak decreases by a total of 6.011 dB, and thus the ion species can
be identified. Practical significance. Therefore, this sensing system offers the possibility of real-time
detection of fluid ion orientation.
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Annorannug

IIpenmeT uccaemoBaHUA. ¥ CTPONCTBO MJIA O0HAPY:KEHUA W M3MEPEHUA KOHIIEHTPAIIUU MOHOB TKe-
JIBIX METAJLIIOB B JKUIKOCTHU IIPU KOHTPOJIE KauecTBa BOJBI, COCTOAIEE M3 CTPYKTYPHI, B3AUMOAEHCTBYIO-
e ¢ JKUIKOCTHIO B BU/IEe BOJIOKHA ¢ 60KOBOM MOJIUPOBKOM, U NJIMHHOIEPUOIHON BOJOKOHHOM pPEIeTKH,
TIOKPBITOH XeJaTUPOBAHHOM MeTaLIMUeCKoii reHKoii. Ilens padorsl. PazpaboTKa BOJIOKOHHO-OIITUYECK O
PKHIKOCTHOM CHCTEMBI JJIsI OMHOBPEMEHHOI0 KaUueCTBEHHOI'0 ¥ KOJIMUYEeCTBEHHOr0 aHAJIN3a NOHOB METAJLIOB
B pactBope. Merox. KoMibroTepHOE MOZEINPOBaHIE 3aBUCHMOCTH II0KA3aTe s IPeJIOMJICHNS BOALI IIPHK Ha-
JIUYMY 3aTPASHEHUA OT KOHITEHTPAIIUY MOHOB U BUA METAJLIA C ITOCJIeIYIOITM MaKeTUPOBAHUEM CEeHCOPa.
OcHOBHBIE Pe3yJbTAThI. ¥ CTAHOBJIEHO CMeIleHNe INHBI BOJHBI UHTEP(EPeHITNY, BOSHUKAIOIIEeH B BOJIO-
KOHHBIX dJIEMEHTaX CeHCopa B AJMHHOBOJIHOBYIO 00JIACTH CIIEKTPA IIPU YBEJINUYEHUUW KOHIIEHTPAIIUU IPU-
Meceil B Bozie. IIpu 9ToM pacueTHas YYBCTBUTEIHLHOCTL CEHCOPA K M3MEHEHUIO MOKA3aTess IIPeIOMICHIS
KOHTDOJIIPYeMOii cpeasl cocTaisier 3343,33 um/RIUL, uro mosBosisieT n3MepATh KOHIIEHTPALIAIO IIPHMe-
cu. JlokasaHa BOBMOKHOCTD UAeHTU(GUKAIINY BUa NOHOB IIPUMECH II0 YMEHBIIIEHUIO [I0TePh U3JIyUeHn s,
JocTurarmiieMy B obiieit ciaoxkHocTu 6,011 1B mpu maMeHeHMN HOKAasaTe s IPEeJIOMJICHHUS IIJIEHOUHOTO
TIOKPBITUA AJINHHOIIEPHUOAHOM BOJIOKOHHOM PeIlleTKY ceHcopa B mHTepBase ot 1,2 mo 1,44. IlpakTuueckas
3HAUYMMOCTD. [[0Ka3aHa BO3MOYKHOCTh PeaTnu3aIliy BLICOKOTOYHOTO BOJIOKOHHOTO CeHCopa IJIs OIlepaTUBHO-
T'0 KOHTPOJIA 3aTrPA3HEeHNSA BOALI MOHAMU TAXKEJIbIX METAJLJIOB B PeaJIbHOM BPEMEHMU.

KaroueBsie cioBa: OIITUKO-KUIKOCTHas Crucrema, ONITOBOJIOKOHHBI1 CEHCOP, MUKPOCTPYKTYPHPO-
BaHHOE€ OIITHUYEeCKOe BOJIOKHO, 06Hapy>KeHI/1e MOHOB MeTaJLiIa

BaaromapHocTh: B (pMHAHCUPOBAHUY IIPOBEIEHUA pabOThl yuacTBOBau HalinoHalbHBINH (GOHJ ecTe-
cTBeHHBIX HayK Kuraa (61705027, 62005033 u 52175531), IIpoekT hyHAaAMEHTATBHBIX MCCIEIOBAHUII
YyunuHCcKo# Komuccuu o HayKe u TexHoaoruaM (CSTC-2020jcyj-msxm0603), [Iporpamma HayudHO-TEX-
HUYECKUX HccefoBaHuit MyHUITUTIATBHON KoMuccuu 1Mo obpaszoBanuio UYynmuua (KJQN202000609).
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INTRODUCTION

As issues with water pollution worsen, it is cru-
cial to develop techniques for detecting the
heavy metal content of the water. Atomic spec-
tral absorption [1], anodic dissolution voltam-
metry [2], chemical sensing [3], optical fiber
sensing [4, 5], etc. are currently the most popu-
lar detection techniques for metal contaminants
in solution. The optical fiber sensor has its own
intrinsic features of simple structure, stability,
corrosion resistance, and high sensitivity, when
utilized for water pollution detection [6—9].
Therefore, studying a new kind of sensor for re-
al-time and directional fluid ion detection is
extremely important for both academic research
and practical applications.

Many ion detection techniques based on fiber
optic sensors have been reported in recent years.
In 2020, Cai S. et al. made a highly sensitive
plasma light probe based on a gold-plated tilted
fiber Bragg grating capable of selectively de-
tecting Cd2* concentrations down to 1 ppb [10].
In 2021, Kavitha et al. used a functionalized
fiber Bragg grating to make an ion probe that
can specifically identify Hg2" ions among ma-
ny ions containing Pb2*, Cu2t, Na2t, Cd2t, etc.
with a detection limit of 100 nm [11]. In 2022,
Li G. et al. spliced a hydrogel-coated few-mode
fiber between two coreless fibers and used the
hydrogel’s specificity in conjunction with the
modal interference fiber sensing principle to de-
tect the presence of Pb2* in water with a sensing
sensitivity of 8.155x10° nm/(mol/L) [12]. In con-
clusion, the optical fiber solution detection tech-
nique is effective in designing fluid sensors with
high sensitivity and novel sensing principles.
However, the above structures can typically
only detect one type of ion, and the ion fiber op-
tic sensors cannot concurrently identify the spe-
cies and concentration of ions in low refractive
index contaminated fluid.

This paper provides a photonic crystal fiber
optic fluid sensing structure based on a coated
long-period fiber grating (LPFG) and a side-
polished fiber-assisted opening. Since changes
of the filling refractive index leads to changes
of the birefringence, the birefringence theory
is utilized to detect metal ion concentrations in
photonic crystal fiber. Changes in the external
environment or the film layer of the coated fiber
grating will change the grating mode coupling,
so the chelation reaction can be utilized to iden-

tify specific metal ion species. Additionally, the
length and depth of the side-polished fiber can
be controlled, and its large open liquid channel
can realize the operation of changing and mix-
ing the liquid to be measured. This system pro-
vides the possibility of real-time monitoring of
heavy metal ion contamination. This structure
can be used for heavy ion water contamination
detection, which allows the concentration and
type of ions to be detected, while maintaining
the fluidity of the solution.

The aim of the work is to design of a fiber-
optic fluid system for the simultaneous qualita-
tive and quantitative analysis of metal ions in
a liquid.

SYSTEM ARCHITECTURE DESIGN

In order to achieve the detection of heavy met-
al ion contamination in fluids, the system struc-
ture provided in this paper is depicted in Fig. 1.
It’s made up of a fiber grating structure, a pho-
tonic crystal fiber optic fluid structure, a light
source, a spectrometer, a 3dB coupler, and a po-
larizer. Real-time monitoring of the metal ion
concentration in the fluid can be measured us-
ing a photonic crystal fiber optic fluid system
with birefringence effect and huge open chan-
nel. The concentration sensing sensitivity can
be ensured by combining this structure with

Fig. 1. Schematic diagram of the new optofluidic

control system. (I) Light source (laser),

(2) spectrometer, (3) long period fiber grating

coated with chelated metal film, (4) 3dB coupler,
(5) polarization controller, (6) fluid systems

Puc. 1. IlpunnmunuanbHas cxXemMa HOBOH OITHKO-

JKUIKOCTHOI CHCTeMbI KOHTPOJsA. VICTOUHUK cBeTa

(n1azep) — 1, cuekTpoMeTp — 2, IJINHHONEPUOIHASI

BOJIOKOHHAS PeIeTKa, MOKPhITAsd XeJaTUPOBAHHON

MeTaJJINYecKol IIJIEHKON — 3, oTBeTBUTEIb 3 1B —

4, KOHTPOJLIEP IOJAPU3AIUU — 5, KUIKOCTHBIE
cucTeMbl — 6
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the Sagnac interferometer. The chelation reac-
tion of the coated fiber grating can assist us in
identifying the metal ion species present in the
fluid. As a result, this technology presents a vi-
able approach to achieving the directional detec-
tion of fluid ions.

In the fluid systems, side-polished fibers (SPF)
are used to assist photonic crystal fiber (PCF)
to form fluid sensors with SPF—PCF-SPF struc-
ture. This operation not only increases the flu-
id inlet, but also enables the replacement and
mixing of the material to be measured. Sagnac
interferometer is used in conjunction with
SPF-PCF-SPF structure since the refrac-
tive index of contaminated water in real life is
typically lower than the refractive index of the
substrate material of optical fiber, and Sagnac
interferometer has high sensitivity for low re-
fractive index sensing. The SM-28 fiber from
Wuhan Changfei Company is used as the refer-
ence model for the side-polished fiber with the

Fig. 2. Simulation result of side-polished fiber

Puc. 2. PesyabTaThl MOJeIUPOBAHUA KOHCTPYKIIUU
OIITUYECKOT'0 BOJIOKHA C OOKOBOI ITOJMPOBKOT

Pressure devices

Solution to be measured
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cladding and core diameters of 125 and 9 pm re-
spectively. Light-guiding characteristics of pol-
ished fibers are simulated using COMSOL soft-
ware. Figure 2 displays the simulation results.
From the graph we can see the optical signal is
well contained within the core at this polishing
depth. The photonic crystal fiber model refers to
PCF-125-03 from Wuhan Changfei with a clad-
ding diameter of 135 pum. Cladding air pores
with a diameter of 35 um are regularly arranged
in a square hexagonal shape. The air hole pitch
is 4.9 nm. The SPF-PCF-SPF simulation model
is shown in Fig. 3, the polishing depth of the
side-polished fiber is 57 pum to ensure that the
PCF just exposes the 5 layers of air holes.
Figure 4 depicts the completed SPF-PCF-SPF
fiber optic fluid sensing system. The two sections

Fig. 3. Simulation model of SPF-PCF-SPF

Puc. 3. PesynbTaThl MOAEINPOBAHUS KOHCTPYKIIUN

CTPYKTYPBI «OINTUYECKOE BOJOKHO ¢ OOKOBOI

MMOJIMPOBKOM — ONTHUYECKOE BOJOKHO C I[€HTPAIbHOMN

MMOJUPOBKON — OITHUYECKOE BOJIOKHO C OOKOBOI
TIOJILPOBKOM »

eow P T
®

----------

Side-polished fiber

Microstructured fiber

Fig. 4. Scheme of the structure of SPF-PCF-SPF

Puc. 4. Cxema 0011[elil CTPYKTYPBLI «OIITHUYECKOE BOJOKHO ¢ OOKOBOI IIOJMPOBKOM — ONTHYECKOE BOJOKHO
C IIeHTPAaJILHO ITOJUPOBKOI — ONTHUUYECKOE BOJIOKHO C 00KOBOI ITOJIUPOBKOI »
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of the polished optical fiber are fused to the two
ends of the photonic crystal fiber to ensure the
same number of layers of air holes exposed at the
fused end face. A pressure booster is attached
to the vertical end of the tee tube, which is in-
serted in the fiber polishing area, and it is used
to fill and replace the measurement liquid. This
structure realizes the channel with large open-
ing and solves the problem that some optoflu-
idic systems are difficult to fill due to the small
opening. Meanwhile, the double-sided opening
structure allows for fluid material replacement
and real-time monitoring of fluid sensing.

The above SPF-PCF-SPF structure allows
the filling of part of the air holes of the photonic
crystal fiber, introducing a large asymmetry, so
that the refractive index of the filled fluid can be
detected based on the principle of birefringence.
The relationship between ion concentration ¢ and
refractive index n can be described according
to Lorenz's law and the Beer—Lambert theoreti-
cal model as follows: The relationship between ¢
and n can be roughly calculated as when the in-
cident light frequency is fixed. That is, the fluid
sensing structure can monitor fluid material
concentration in real time.

The above content only realizes the detection
of fluid ion concentration, and then the specific
recognition functions of fluid ion species is stud-
ied. Figure 5 depicts the structure of the coated
LPFG. Directional recognition of ionic species is
accomplished by the chelation reaction of coated
LPFG with metal ions.

The film material can have specific chelat-
ing reactions with the metal ions to be detected.

Fig. 5. The structure of coated LPFG. (1) Core,
(2) cladding, (3) coating layer, (4) LPFG
Puc. 5. CrpykTypa JINHHOTIEPUOIHON BOJOKOHHOM
pelIeTKY, HOKPHITOM XeJIaTUPOBAHHON MeTaJLINIeCKOol
IJIEHKOU. I — cepAlieBuHA, 2 — 000J0UKa, 3 — CJIOK
MMOKPBITUSA, 4 — [AJIUHHOIEPHOAHAS BOJIOKOHHAS
periieTka

The reaction between the film and the ion to be
measured results in the formation of a corre-
sponding chelate attached to the film layer, caus-
ing changes in the refractive index of the film.
Changes in the refractive index of the film and
the environment cause regular changes in the
resonant wavelength and loss peak amplitude.
In other words, recognition of metal ion species
can be achieved with the aid of coated LPFG.

In conclusion, this paper proposes a system
for fusing a coated fiber grating sensing struc-
ture with a photonic crystal fiber optic fluidic
structure. This structure can detect ion con-
centration using the birefringence phenomenon
generated by the SPF-PCF-SPF structure, while
the coated fiber grating structure can identify
ions. Therefore, the system has a directional de-
tection function for fluid ion characteristics.

THEORETICAL MODELLING

AND NUMERICAL SIMULATION ANALYSIS
The viability of the system structure is exam-
ined in this research using theoretical and nu-
merical simulations. To achieve real-time de-
tection of fluid ion concentration, a theoretical
model of photonic crystal fiber fluid structure
based on Sagnac interferometry and photonic
crystal fiber birefringence phenomenon is pre-
sented. Meanwhile, a thorough investigation is
made into the birefringence phenomenon caused
by the asymmetric fluid filling of the photonic
crystal fiber.

The Sagnac interferometer is often used in
all-optical devices due to its simple structure
and high sensitivity [18—15]. In the numerical
simulations of this structure, the ensuing equa-
tions are applied: the transmission spectrum ex-
pression of Sagnac is shown in Egs. (1) and (2),
and the birefringence is shown in Eq. (3)

T = [1—cos((p)]/2, (1)
9=2mB() /1, @
B(A) = Re|nfs; ()~ ndie (1) @)

Here, ¢ is the phase differences, [ is the flu-
id fill length, A is the wavelength in vacuum,
Re represents the real part, n¥e()) and nZe())
are the effective refractive indexes of the core
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in the x-polarization and y-polarization respec-
tively. From the above equations it can be con-
cluded that as the refractive index of the filled
solution changes, the birefringence changes,
and ultimately leads to a change in the Sagnac
interference spectrum.

This paper combines the water solubility of
heavy metal ions, as well as the fact that the
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Fig. 6. Variation curve of birefringence with refractive
index of filled liquid. Wavelength 1300 nm
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refractive index of the polluted water source
in life is generally lower than the refractive in-
dex of the optical fiber substrate material. The
fluid material with a refractive index range
of 1.333 to 1.351 is chosen to be filled into the
SPF-PCF-SPF structure. The simulation is
performed with COMSOL, and the structure
parameters are established in accordance with
the PM-PCF-125-10 fiber from Wuhan Changfei
Company. Figure 6 illustrates the mode bire-
fringence at 1300 nm in the common commu-
nication band, and the calculation results show
that when the refractive index of the filled liquid
increases, the birefringence becomes higher.
Thus, this system can produce an effective bi-
refringence effect by filling the liquid asym-
metrically.

The transmission spectrum of Sagnac inter-
ferometer filled with different fluid refractive
indices is obtained, as shown in Fig. 7a.

As seen in the Fig. 7a, the wavelength of
the resonant peak is red-shifted as the refrac-
tive index of the filled liquid increases. The
highest point on the resonant peak waveform
is chosen as the data observation point, and
the wavelength variation curve with refrac-
tive index at that point is obtained, as shown
in Fig. 7b. The wavelength of the observation
point shifts by a total of 60.18 from 1300.41
to 1362.59 nm, when the refractive index rises
from 1.333 to 1.351. The calculated refractive

(b)
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Fig. 7. (a) Transmission spectra of liquid-filled fiber Sagnac interferometer (in the inset of Fig. 7a, the
refractive indices corresponding to the curves) and (b) refractive index fitting curves

Puc. 7. CnekTpbl IpoIycKaHUA BOJIOKOHHOTO mHTepdepomerpa CaHbska (a), 3alOJHEHHOTO MXHUIKOCTBHIO,
u rpadUKu OTKJIOHEHUS IOKasareis mpejomiaeHus :Kupkoctu (b). Ha BcraBke puc. 7a COOTBETCTBYIOIIVE
KPUBBIM IIOKa3aTeJIu IPeJOMICHUA
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Puc. 8. Pacupepeenue Kos(ppuiimeHTa IpeOMISHNA.
IlosicHeHUA B TEKCTE

index sensing sensitivity of the system is about
3343.33 nm/RIU2. Resonant wavelength fluc-
tuation vs refractive index variation is linearly
fitted with a 99.94% fit. It is demonstrated that
the method can be utilized to identify fluids
with low refractive index.

In order to realize the function of directional
identification of fluid ion species, theoretical as-
pects of coated LPFG sensing are investigated.
The impact of external and film layer refractive
index changes on the coupling of coated LPFG
modes are examined. The refractive index dis-
tribution of the coated LPFG is shown in Fig. 8,
where ny, ng, ng, and ny are the refractive indi-
ces of the core, cladding, coating layer, and ex-
ternal environment respectively. a; is the radius
of the core layer, as is the radius of the cladding
layer, and ag is the radius of the coating layer, so
the coating thickness satisfies h = ag — ag and
the refractive index satisfies ng > ny > no.

According to the coupling theory of fiber
grating, it can be concluded that LPFG satisfies
the following phase conditions

7‘res = (ngqu - ng}’f A, 4)

where L. is the resonant wavelength, nggy is
the effective refractive index of the core, ngss
is the effective refractive index of the cladding
mode, and A is the period of the fiber grating.
When the external environment, such as tem-
perature, strain, environmental refractive in-
dex changes, the grating period, length and re-
fractive index of the fiber core and cladding lay-
er will change. These changes will also change

2 Refractive index unit.
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Fig. 9. (a) HE g cladding pattern effective refractive
index wvariation curve, (b) resonant wavelength
variation curve
Puc. 9. I'paduk nsmeHenns s)(peKTUBHOIO MIOKa3aTe s

npesomnerusa obonouku HE;g (a), pesoHanc mpu
M3MeHeHU JINHBI BOJHEI (b)

the LPFG mode coupling, which will lead to
changes in the grating transmission spectrum,
and ultimately manifest as changes in resonant
wavelength and loss peak amplitude.

MATLAB is utilized for the numerical analy-
sis in this paper, and only the value of n4 is al-
tered to find the values of n% and nS}; for each
order of 1 under various ambient refractive in-
dices. Take HE g cladding mode as an example
for analysis, the result is shown in Fig. 9a. The
influence curve of the ambient refractive index
on the resonant wavelength is then obtained by
substituting the data into Eq. (4), as illustrated
in Fig. 9b.

According to Fig. 9a, ngéf rises as ny rises.
When n, is very close to the nll¢, nlhchanges
dramatically, rising quickly, falling quickly,
and then slowly increasing again. As shown
in Fig. 9b, as n4 increases, A.qg first drifts in the
short-wave direction, and the closer n4 is to ng%f ,
the larger this drift is, and near ngy = ngss, Apeg
jumps, and then followed by a slow drift towards
the shortwave direction with increasing n4, but
is always greater than the resonant wavelength
at ng = 1.

The change in the resonant peak waveform of
the coated LPFG is also simulated by changing
only the value of ng for the case ngy = 1. The out-
comes are displayed in Fig. 10.

As can be seen from Fig. 10, when the re-
fractive index of the film layer increases, the
wavelength of the resonant peak is slightly blue-
shifted, while the amplitude of the loss peak
decreases significantly. The depth of the loss
peak reduced from —21.062 to —15.051 dB as the
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Fig. 10. Plated LPFG resonance peak variation
curve

Puc. 10. Pesonanc npu U3MeHEHUU [JIUHBI BOJIHBI
IIUHHOIEPUOLHOM BOJIOKOHHOM pellleTKY, TOKPBITOM
XeJIATUPOBAHHOM MeTalInueCKoi IIIIeHKOM’

refractive index of the film layer rose from 1.2
to 1.44, with a total reduction of 6.011 dB. It can
be seen that the change in refractive index of
the film layer has a certain influence on the loss
peak amplitude, which proves that the structure
can distinguish between different metal ion
species.

In conclusion, numerical simulations of the
SPF-PCF-SPF structure and the coated LPFG
structure are performed in this paper. The re-
sults demonstrate that the chelation reaction can
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