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1. Introduction

Current sensors exploiting the Faraday Effect itncapfibers [1] have attracted considerable intetecause of
their robustness and configurability, thus complittjonith remote sensing. Yet, in conventional iopt fibers the
minimization of bending losses results in a largessr size (typically in excess of ~10cm). Morepesroptical
fibers exhibit small responsivities to currentsigdengths of fiber have to be deployed in a sisglesor. Since the
sensor response time is related to the light tifflegghit into the sensing device, long lengthsibEf are associated
with response times longer thpa.

Since 2003, when Tong and co-workers demonstratadptical microfibers (OMs) can have low propawat
losses [2] and therefore can be used to manufactedces, OMs have been proposed for a wealthrisg
applications [3]. Because of their reduced size, @\ [4] and coil resonators [5] have found aggglion in
current sensing, with mm size sensors being dematedt In this paper the use of OMs for currenssenis
reviewed, with an analysis of its benefits and ptigé issues.

2. Faraday Effect in OM coails

When linearly polarized light propagates in a mediin an electromagnetic field, its polarization raath
experiences a rotatioél proportional to the Verdet constavitof the material, to the magnetic fieBland to the
distancel over which this interaction occurs. In the casarnfOM coil withN turns wrapped around a current wire,
the polarization azimuth can then be expressed as:

G=BVL=(z4/271)-V-N271=N4V 1)

wherel and y are the current and the medium magnetic permeabii/i, 14, wheregyis the vacuum magnetic
permeability ang4 the medium relative permeability), respectivélys approximated by the microfiber length. Eq.
(1) shows that for givehand fiber (thu&/), high & can be achieved increasing the number of turiisar©OM coil.
Still, this affects the device bandwidth and, mionportantly its response at high frequencies. lasireggN

decreases the maximum measurable frequency.

OM caoils are particularly attractive because thayehthe possibility to measure single current gul$be minimum
current pulse duration measurable by this typesp$er is related to the light time of fligl} in the sensor, which
can be approximated by:

t=L/(c/n)=21rNn/c (2)

wherec is the speed of light in vacuum. A sensor Witt25,r=0.5mm and=1.45 (telecom optical fiber) has
t~0.38ns, thus it can sense current pulses of der af ns. For comparison, current sensors basegtical fibers
usually sense pulses considerably longer then 1

3. A linear sensor

Fig. 1(a) shows the OM sensor head used to measwerrent pulses: linearly polarized light frortaser diode
was injected into the sensor and its polarizattatesat the sensor output was analyzed with aipetan quadrature
and a powermeter. Fig. 1(b) shows the responsedirtiee OM sensor: the optical response followsdireent
temporal evolution to a sub-ns precision.

The sensor minimum detectable current is limitedhigyminimum measurable azimuth rotation and fersét-up
used in these preliminary experiments currente@sak 40 mA could be measured. The measurementailes
currents with the same set-up requires a lagand thud.. Yet, the manufacture and handling of long tapetis
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small diameter (typically of the order of magnituaféhe wavelength propagating in it) is extremaallenging
and from the practical point of view it is limitéd few centimeters.
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Fig. 1 (a) Picture of an OM current sensor madefeocoil with 25 turns. (b) Comparison betweentdmporal evolution of a current pulse
injected in the OM sensor and the sensor opticgaese. Rising time is smaller than 1ns.

4. A resonant sensor

An alternative method to increase the minimum miedse current relies on the sole increase of thieapath
length, achieved by using OM resonators. OM cabrators exploit the evanescent field of the modpamating
inside the OM to couple light between differentdeoBecause of the light recirculation at resonaoaié resonators
effectively increase the optical path without irasiag the overall OM physical length.

The resonant sensor design is more complex thamtree one (Fig. 2): linearly polarized light fraatunable
laser source is launched into a polarization-maitg fiber, where a 45° splice splits power equail two
orthogonal polarizations. Light propagates throtighpolarization-maintaining coupler and a polararacontroller
before reaching the OM coil resonator sensor. Tdraday rotator mirror reflects light propagatingray each axis
via the other axis and it is used to compensatéifotuations in state of polarization along the @bl resonator.
The PM fiber translates the signal into an intgnsibdulation, which is then detected by using apohtion beam-
splitter to separate the two polarizations in the photodiodes of a balanced detector. This is diateéeducing
noise and amplifying the difference between the palarization amplitudes.
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Fig. 2 Schematic of the resonant version of the €@ikent sensor. Light is launched from a tunabdedasource (TLS) into a polarization-
maintaining (PM) fiber. A polarization-maintainirmgupler (PMC) is spliced at 45° to split power begw the two different polarizations. A
polarization controller (PC) is used before thaagtmicrofiber coil resonator (OMCR) and the Fargdotator mirror (FRM). Reflected light is
then split by a polarization beam-splitter (PBS)l &ime two polarizations detected by a balancecct®t¢éPD1 and PD2).

The device response for a 3-turn OM coil resonatanufactured from a |2n diameter OM is presented in fig.
3(a). The OM was 10 mm long and the coil diamet&s d~1 mm (a thin layer of low-refractive-index, \d\urable
polymer was deposited on a 1 mm diameter metaltidyefore the OM was coiled). The sensor showed at
resonance an average responsivity ofigatl/A, which was 3.1 times larger than that obs#fé resonance. Fig.
3(b) shows the calculated responsivity enhanceiaetdr for different resonance strengths. Enhanoéimas a
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nonlinear dependence on the resonance strengtlstnifiger resonances experiencing a consideradihehi
enhancement. For a 10.9 dB resonance strengti2(igpredicts a 3.25 times enhancement, compatalet
observed experimentally.
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Fig. 3 (a) Optical response of the OM coil resorsattsor shown in fig. 2. The current signal was ufated at 7.9 A, 30 Hz. The OM caoll
resonator had 10.9 dB deep resonancas atjum. (b) Optical response enhancement in the resa@®ansor with respect to the linear sensor for
different resonance strengths.

5. Issues and opportunities

Linear birefringence (LB) is present in all mictwdis and because of the device geometry can alwagbserved
in OM coil sensors. Because of the small natufeéanfday rotation in silica, even when present ialsamounts,
LB significantly reduces the effect of Faraday tiota In fact, the Faraday rotation transfers pofs@m one
polarization to the other. If LB is not presenistbontribution increases along the whole sensagtle On the
contrary, when LB is not negligible, the Faradagtdbution between the two axes reverses with agmity of

half of the beat length as the relative phase asge along the propagation distance. In opticatdiissues related
to LB have been overcome by using spun fibersy]ch involve preform spinning during fiber drawitmaverage
LB between fast and slow axes. Spun microfibersabs@ being proposed [7] to reduce this effect M. O

The sensor sensitivity is ultimately determinedhy material used, as the Verdet constant is nahtdependent
and for silica is relatively small (V=0.54 radfT). Optical fibers doped with transition elemerasdrshown a large
increase iV [8,9]. The manufacture of OMs from materials withthV would increase the current sensor
responsivity without compromising its bandwidthfresse time. Sensing of current pulses smaller thawi can be
envisaged.
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