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1. Introduction

The traditional optical fibers are now broadly apglas sensors for measurement of
many physical quantities like mechanical stresesgure, twist, temperature, electric and
magnetic field and others [1]. These quantities lsarmeasured locally or as distributed in
space [2]. So we can distinguish the local fibrecgensors (FOS) or space distributed FOS.
The practical applications of these sensors armg@eently growing mainly due to the high
level parameters and rather low realization costamspared with other types of sensors [3].
Special group of these sensors concerns the measoreof the magnetic field (MF). At
present many approaches to the solution and desk@ MF sensors do exist [1, 4]. The basic
principle of MF FOS consists in the influencingtbé effective refractive index in the core or
in the cladding of the sensing OF and in the detedf that influence by the measurement of
various parameters such as transmission lossfargece dip shifting and several others. One
of the significant approaches how to use the ORHerMF sensing is the use of the suitable
fluids with dispersed magnetic nanopatrticles [$le magnetic fluids (MFL) when coming into
contact with the fibre significantly change theotledynamic properties of core and the
cladding modes. The induced changes by externatamFoe detected by various approaches.
In this contribution we bring some of latest trendsthe utilization of standard OF in
combination with magnetic fluids for the desigritoéd MF FOS.

2. MEFS based on use of the integrated FO-Michelson interferometer with MFL

The OF Michelson interferometer (MI) with severahtimetres length can be easily
fabricated in an SMF by a G@aser with good reproducibility. The advantage®&fMI with
MFL can be exploited to fabricate an alternative 8&Rsor with small size and relatively high
sensitivity. The Ml is shown schematically in Figwhere a micro notch elaborated by a laser
pulse is located on an SMF. When the light bearmpangating in the SMF reaches the air notch,
the mode-field diameter of the fundamental core eniscenlarged and part of light is coupled
to the cladding of SMF. The cladding modes aretegctlue to mode-field mismatch. As a
result the input optical beam is split into twoiogl paths at the notch along the core and the
cladding of the SMF, respectively. After transmidtia distance L it is then reflected by the
end facet of the fiber. The two reflected opticabims recombine and interfere at the notch
leading to regular interference fringe with relatiwhigh contrast. The air notch is the key of
the structure in which the cladding modes are ebggeto be excited and the excited modes can
further propagate in the SMF. Fundamental modg @pagating mainly in the fiber core is
coupled to the cladding at the notch position. Afte deformation region (notch) the mode-
field radius in the Y direction sharply increases that in the X direction remains nearly the
same. Therefore one can expect that the exciteltiiclg modes caused by theymmetric
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structure are the R modes which are different from the symmetricabd-Prode caused by
the tapered input fiber [6].
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Fig. 1 Schematic diagram of the in-fiber MI based on the notch in SMF.

For the structure mentioned before the fundamentale LR is coupled to the asymmetric
LP:1m mode at the micro notch with length of cca 1®0. Moreover, the depth of the micro
notch also affects the characteristics of the fumelstal mode. As the notch depth increases,
the fundamental mode energy declines. The fringénity of the MI can be calculated as
V=(lco—le)(lcotle)). Therefore a reasonable choice of the deformadigpih is essential for
excellent sensor production.

According to the above description the core andditay paths constitute the arms of
the MI whose reflective spectrum can be mathemlticadescribed by I=
lcotlelmt2. (Icol cl,m) °°.COS@m) and®m =(4nAnTexL)/L), Where o and k,m are the intensities of
the core mode and the m-th asymmetric cladding mesleectivelyAn™es is the effective Rl
difference between the core mode and the m-th aggnacladding mode, L is the physical
length of the MI and is the input wavelength in vacuuds, is the phase difference between
the core mode and thesrnasymmetric cladding mode. According to the abaalation the
intensity of the interference signal reaches itsimum value (hin) when®ny becomes an odd
times number of. In this case, the centre wavelength of the ieterfce valley of thexnorder
isAn = (4rAnmerL)/[(2n+1)x]. If the RI surrounding the fiber increases, tiedive RI of the
asymmetric cladding mode increasesshYer , while the effective RI of the core mode stays
almost constant. San™er decreases byn™er. Therefore the center wavelength of the
interference valley of the n» order shiftsto the shorter wavelength by dn. dAn =4onmerL/(2n+1).

It is clear that the interferometer can be usedntmitor the environmental Rl change by
measuring the wavelength shift&fs.

The scheme of the described MF sensor is showigirRF It is based on Ml with the
MFL acting as the modified cladding. An in-line optical fiber MI with interference lgth of
20 mm is first inserted into a 15 mm length glaagiltary with an inner diameter of 1.0 mm.
Then the capillary is filled-in with a MFL to foramMFL cladding layer outside the interference
arm. Two ends of the capillary are sealed with Wdedo prevent the MFL from leaking out.
The external MF is applied perpendicularly to tesor in the region where tNg- is uniform
[7]. The characteristic dependence between the lesagth shift and the variation of the MF
strength is shown in Fig. 2.
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Fig. 2 The relationship between the wavel ength shift and the variation of the MF strength.

It indicates that the wavelength shift linearlyreases with the increment of the MF strength
and the sensitivity is up to 64.9 gnT, which is 20 times higher than that of 126 diameter.
The sensor’s sensitivity and measurement rangdeamproved by optimizing the magnetic
fluid characteristics since the MFL Rl is in retatiwith the surfactant, the solvent, the solute,
and their quality [7].

The performance of the described configurationtheexperimental results show that the fiber
MF sensor with different interference arm diamdtas generally different sensitivity. It
depends on the MF value which is changing from @20 mT. The MF sensor with the
interference arm’s diameter of pn is most sensitive to the external MF and theiseitg
approaches 64.9 pmT, which is 20 times higher than that achievedvaitm diameter 125
wm.

3. MFS based on the use of the SM-S structureand MFL

Different from the above-mentioned sensing schenogdical sensors based on
"singlemode—multimode—singlemode"” (SMS) fiber dwue have the advantage of low cost
and ease of fabrication [8]. The analysed experiale3MS fiber structure consists of a piece
of 12-mm-long MMF whose two ends are spliced todimgle mode fibers (SMF). The core
and cladding diameters of the MMF are 105 andifisrespectively. The SMS fiber structure
is corroded by 10% HF acid for a few tens of misutedecrease the cladding diameter of the
MMF. Experimental samples are obtained by immergivegcorroded SMS fiber structures in
the MFL. The diameter of the magnetic nanopartidesound 10 nm. The experimental MFLs
have a moderate magnetic nanoparticle concentréta@@nl.87 % in volume fraction).
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Fig. 3The block scheme of the experimental setup for investigation of the SM-Sstructure
MF sensor
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Light from the broadband optical source OS is cedghto the SMS fiber structure. The
transmission spectrum is measured and analyzed bptecal spectrum analyzer OSA, Fig. 3.
The resolution of the OSA is 0.01 nm. The senstngcture is placed in a uniform Mk&ith
non-uniformity of less than 0.1% in the MMF regidrhe strength of the MF can be adjusted
to the required value. The MF direction is perpeunldir to the OF axis. The source light is not
polarized so polarization issues are negligible ewhght of fundamental mode bRwithin
the SMF comes to the MMF the high-order modeg; afe excited within the MMF and
interference between these modes occurs. The trssism spectrum is monitored with the
OSA and can be described as [9]

[(A) =2,N) niz Jdo(A) + 2 i% mim;- lo(A)- cos(ZAnL /1), Q)

here } is the intensity of the fundamental moderLid the SMF and N is the total number of
excited modes in the MMHR; andn; are the coupling coefficients of thed.Bnd the L mode,
respectivelyAn is the difference between the effective RI oftthie modes and L is the length
of the MMF. The effective RIs of different modes will change differently when the RI outside

the MMF varies. It will result in the variation of transmission spectrum according to Eq. (1).

As MFLs have unigue MF-dependent properties offiey/tcan be used as the cladding of the
corroded SMS fiber structures to sense the MF. Ating to Eq. (1), the visibility of the
interference dip is maximal when the intensitieghaf involved modes are equal. The SMS
fiber structures are corroded for 1620, 1650, a88®8D1s. The exact values of the wavelength
dips are obtained through fitting the experimetr@hsmission spectra to Eq. (Herein the
relative shift is defined as the shift of the dip wavelength under a certain MF with respect to

that under (120x80) A/m. For the long-time corroded MMF more evanescezit foutside the
fiber can be influenced by the MF. This will leadet greater shift of the transmission spectrum
under the same MF strength. The sensitivity ofgpectrum-shift-based magnetic sensor is
defined as BdH, wherel is the dip wavelength of the spectrum. Fig. 4 catks that the dip
wavelength varies almost linearly with the exterhd#t strength at low field regime [H <
(325x80) A/m]. By linear fitting of the experimehtdata in the almost linear regions the
sensitivities
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Fig. 4 Wavelength shift as a function of the magnetic field strength for SVISfiber structures
corroded for different times.
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of sensing system are obtained to-h295, —11.88, and —16.86)/80 pm/AA/m), corresponding

to the structures corroded for (1620, 1652, andOL&8 respectively. Taking the 1680 s
corroded SMS fiber structure as an example theitsgtysof the proposed magnetic field
sensor is 7 times higher than that using a MFbasktadding of the PCF (~2.367/80)/f4im)

[9] and more than twice larger than that based amcaofiber Ml (~6,49/80 pn{fA/m) [10].
The sensitivity of the experimental structure (oded for 1680 s) used for magnetic field
sensing can reach16.86/80) pm/A/m). The interference dip may not be distinguishable if
the SMS fiber structure is corroded for a very ldinge. Theoptimum corrosion time is 1620
s. The proposed sensor is cost effective. The tgagenmay possess the potential of being
applied to several promising applications.

4. Conclusion

Due to high sensitivity, measurement range andivelst small dimensions and also
low realization cost as compared with traditioreisors FOS are growing rapidly worldwide.
Also the MF FOS utilizing standard OF with speahépe modifications and in combination
with the interacting MFL are very attractive ansignificant effort to their analysis and design
is devoted. We have brought a brief analysis anunsary description of two special
approaches to the solution of the MF OFS baseti®@nge of:

1. SMF with a notch in the cladding which splite firincipal mode field in the core into two
parts — one remaining in the core and the otheefpating into the cladding and in such a way
creating two arms of the MI. End reflected backpagating modes along the core and the
cladding which is exposed to the influence of MHhterfere at the notch again and the
wavelength shift of the interference minimum in tiedlection spectrum is measured as a
function of the external MF. Sensitivity of cca 84m/mT can be achieved by this approach.
2. SMS structure where the MMF section is exposdti¢ external MFL and the wavelength
shift of the minimum in transmission spectrum & gensor is measured as a function of the
external MF. The measurement sensitivity of ccag8a80) pm/(A/m) was achieved. The
sensitivity strongly depends on the MMF diameter.

Finally — both above described approaches carutbeeir optimized by adjusting of
several parameters of the particular structurerdisea lot of possibilities for further perfection
of this kind of MF FOS mainly by the tuning of MRtomposition, by optimization of the
geometrical parameters of OF used and also tbyntlenting and finding of new structures
and basic ideas.
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