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基于Terfenol-D材料和光纤光栅法布里珀罗腔的
磁场传感器

马瑞1,2,张文涛1,2,王兆刚1,2,黄稳柱1,2,李芳1,2

(1中国科学院半导体研究所 传感技术国家重点实验室,北京100083)

(2中国科学院大学 材料科学与光电技术学院,北京100049)

摘 要:基于Terfenol-D磁致伸缩材料和光纤光栅法布里珀罗腔,提出了一种用于微弱静态磁场测量的

光纤磁场传感器.为了提高传感器的分辨率,采用钕铁硼永磁体提供偏置磁场,同时,采用 Monel-400合

金与光纤光栅法布里珀罗腔耦合的方式,作为参考元件,对传感器进行温度补偿.实验测得传感器的磁

场灵敏度为1.7×10-3pm/μT,磁场分辨率为3.0μT。实验结果表明,本传感器对于静态磁场响应具有

良好的线性度和指向性,可用于微弱磁场测量.
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Abstract:Afiberopticmagneticsensorforthemeasurementofweakstaticmagneticfield,basedon
Terfenol-D materialsand Fiber Bragg Grating Fabry-Perot (FBG-FP)cavity,isproposed and
demonstrated.Inordertoimprovethesensitivityofthesensor,aNdFeBmagnetisusedtoapplybias
magneticfield.Tocompensatetheenvironmentaltemperature,anotherFBG-FPcoupledwithMonel-400
isusedasareference.Themeasurementsensitivityofthesensoris1.7×10-3pm/μT,whichresultsina
magneticinductionresolutionof3.0μT.Theexperimentalresultsshowthatthesensorexhibitsexcellent
linearityanddirectivityinresponsetostaticmagneticfield.
Keywords:Fiberopticsensors;Fiber Bragg grating;Fiber Bragg grating Fabry-Perotcavity;
Magnetostrictivematerial;Magneticfield;Temperature
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0 Introduction
Fiberopticmagneticfieldsensorshaveattractedincreasingattentionbecauseoftheiradvantagessuch

asanti-electromagneticinterference,lightweight,smallsizeandsoon[1].Moreover,fiberopticmagnetic
fieldsensorscanbeusedforawiderangeofapplications,suchasbiomedicalfields,hazardforecast,
currentmeasurement[2-3].Basedondifferentmeasurementprinciples,fiberopticmagneticsensorscanbe
classifiedintoseveraltypes.AccordingtoFaradayeffect,fiberopticsensorscandetectmagneticfield
directlybymeasuringtheFaradayrotationangleofthelightpolarization[4].Anothertypeoffibermagnetic
sensorsisbasedon Ampere'sforce[5].Thedisadvantageofthiskindofsensorsistheessentialof
stimulationcurrent.Inaddition,fibermagneticsensorsusingMagneticFluid(MF)ascladdingorfilling
MFintophotoniccrystalfiberarehotspotsinrecentyears[6-7].Fiberopticmagneticfieldsensorswith
magnetostrictivematerialshavebeenproposedfordecades[8].Thefundamentalprincipleofthistypeof
sensorsisthatthelongitudinalstrainofmagnetostrictivematerialsinducedbymagneticfieldscanbe
transferredtofiberopticstrainsensors,whichcanbebasedonaMichelsoninterferometer[9],Fabry-Perot
interferometer[10],fiber-gratinglaser[11],phase-shiftedfiberBragggrating[12],fiberBragggratings[13],
longperiodgratings[14].Amongallthemagnetostrictivematerials,Terfenol-D (Tb0.3Dy0.7Fe1.92)has
becomethemostfrequentlyusedgiantmagnetostrictivematerialbecauseofitslargemagnetostrictive
coefficient,highreliability,fastresponsespeed,widetemperaturerangeandsoon[15].

FormagneticfieldsensorsbasedonTerfenol-DandFBG,themagnetostrictionofTerfenol-Dleadsto
theBraggwavelengthshiftofFBG.ThereflectionspectrumbandwidthofFBGiscriticaltothewavelength
resolution.ComparedtoFBG,thereflectspectrumbandwidthofFiberBraggGratingFabry-Perot(FBG-
FP)cavityismuchnarrower[16].Inthismanuscript,weproposeaspecialsensordesignusingaFBG-FP
bondedwithTerfenol-Dtoachievehigherstaticresolutionofmagneticfield.

1 Structuremodel
  Theproposedfiberopticmagneticsensoris
showninFig.1.TheTerfenol-Drod,inasizeof
Φ5mm×35mm,isfixedintheframe.Thetwo
supportsarefixedatbothendsoftheTerfenol-D
rod.FBG-FP is installed between the two
supports,usingepoxyresin.Toavoidbending,a
pre-strainisappliedontheFBG-FPduringthe
assemblingprocess.TheNdFeBmagnetisakind
ofpermanent magnet,whichisin a size of
Φ8mm×3mm.Themagneticfieldintensityonits

Fig.1 Schematicofthefibermagneticfieldsensor

surfaceis50mT.TheNdFeBmagnetwillapplyabiasmagneticfieldalongwiththeTerfenol-Drod,which
meanstheTerfenol-Drodwillfurtherelongatewhenapositivemagneticfieldisappliedandwillcontract
whenanegativemagneticfieldisapplied.ThespringisfixedbetweentheNdFeBmagnetandtheframe.It
willbecompressedwhentheTerfenol-Drodelongates.Toeliminatetheeffectofthemagneticfield,allthe
componentsaremadeofnon-magneticaluminumexcepttheNdFeBmagnetandtheTerfenol-Drod.

FBG-FPusedinthesensorisformedbywritingtwoidenticalFBGs14mmdistantinasinglemode
fiber.TheparametersoftheFBG-FPas:nominalBraggwavelengthis1549.650nm,bandwidthis
0.22nmandpeakreflectivityis99.5%.TheFreeSpectralRange(FSR)andthebandwidthoftheFBG-FPs
are60pmand0.9MHz,respectively.

2 Sensingprinciple
TheTerfenol-Drodwillexhibitlongitudinalextension whentheexternalmagneticfieldorthe

temperaturechanges.TherelationshipbetweenthestrainofTerfenol-DrodεTandtheexternalmagnetic
fieldHisgivenby
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εT=
ΔL
L =CfH2 (1)

whereΔListhechangeinlengthimposedbyTerfenol-D,ListhelengthofTerfenol-Drod,Cfisthe
magnetostrictivecoefficient.

Thetwosupportswillmovewiththechangeoftherodlengthsimultaneously.Thedeformationwill
leadtowavelengthshiftofFBG-FPas

Δλ1=[(1-pe)ε0+α1T]λc (2)
wherepeistheeffectiveelastic-opticcoefficientofthefiber,whichis0.22,ε0isthestrainoftheFBG-FP,α1isthe
thermalexpansioncoefficientofTerfenol-D,λcisthepeakwavelengthofFBG-FP,whichis1549.650nm.

Tocompensatethetemperatureeffect,anotherFBG-FPfixedona Monel-400rodisusedasa
reference.Monel-400isakindofnon-magneticalloyswhichhassimilarthermalexpansioncoefficientwith
Terfenol-D.TherelationshipofthepeakwavelengthshiftofFBG-FPandtemperaturecanbeexpressedas

Δλ2=α2Tλc (3)
whereα2isthethermalexpansioncoefficientofMonel-400.Thethermalexpansioncoefficientbetween
Terfenol-DandMonel-400issimilar,soα1=α2=α.SubtractingEq.(3)fromEq.(2),weget

Δλ=(1-pe)ε0λc (4)
  Ideally,ε0=εT=ε.WecanobtaintherelationshipbetweentheshiftinthepeakwavelengthofFBG-
FPandtheexternalmagneticfield

Δλ=Cf(1-pe)λcH2 (5)
  Thus,thesensitivityofthissensorcanbeexpressedas

SH=
dΔλ
dH =2Cf(1-pe)λcH (6)

  TheTerfenol-Drodwillreachitsmaximumvalueof1×10-3εwhenthemagneticfieldisover100mT
(providedbyHuizhouSouthRareEarthFunctionalMaterialInstituteCo.).Inaweakmagneticfield,we
supposethatthestrainofTerfenol-Drodisproportionaltothemagneticfield.AccordingtoEq.(4),we
assumethatthewavelengthvariationofFBG-FPisproportionaltothemagneticfield.Andwehavealready
knownthattheeffectiveelastic-opticcoefficientis0.22andthepeakwavelengthofFBG-FPis1549.650
nm.Hence,theapproximatetheoreticalmagneticfieldsensitivityofthesensoriscalculatedtobe1.2×
10-2pm/μT.Additionally,accordingtoEq.(6),whenabiasmagnetisapplied,thesensitivityofthe
sensorwillbeincreasedsignificantly.

3 Experimentalsetup
Inordertodetectthewavelengthshift,theschematicofthedemodulationsystemisproposedasis

showninFig.2.Thebeamfromthetunablefiberlaser(NKTLaserE15,wavelengthrangeis1535-
1580nm,maximumoutputpoweris40mW,linewidthis100Hz)isspiltintoapairofFBG-FPs,which
isusedasthesensingelementandthereferencingelement,respectively.ThereflectionspectraofFBG-FPs
aredetectedbyphotodiodes (KG-BPR-200 M,spectralresponserangeis850nm-1650nm,3dB
bandwidthis200M).Thereflectionspectraareprocessedbythecross-correlationmethod,andthestrain
ofthesensingFBG-FPcanbedemodulated[16].

Fig.2 Schematicofthedemodulationsystem
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  ThemeasurementprincipleofthissystemisusingthetunablefiberlasertoscanFBG-FP.Wecan
obtainΔλbycalculatingthewavelengthdifferenceofthepeakpositionsoftwoFBG-FPs.Thelinear
scanningrangeofthetunablefiberlaseris60pm.Inlastchapter,thetheoreticalmagneticfieldsensitivity
iscalculatedtobe1.2×10-2pm/μT,whichmeansthatthemagneticfieldmeasurementrangeis-50mT
to50mT.

TheexperimentsetupisshowninFig.3.Themagneticshieldingroomiswrappedwithtwolayersof
highpurityaluminumandeightlayersofpermalloy,whichisusedtoshieldthegeomagneticfield.The
residualmagneticfieldinthemagneticshieldingroomislessthan20nT.TheHelmholtzcoilisusedto
produceauniformstaticmagneticfield.Thediameterofthecoilis60cm,andthediameteroftheuniform
regionis40cm.Thehigh-precisionconstantcurrentsourceisusedtocontrolthemagnitudeanddirection
ofthecurrent.Itcanprovideamagneticfieldfrom-100μTto100μT.Themagneticfieldsensorisplaced
intheuniformregionoftheHelmholtzcoil.

Fig.3 Schematicofthetestsystem

4 Resultsanddiscussions
  Theeffectoftemperaturecompensationis
testedbeforethemeasurementofmagneticfield.
Werecordthepeakwavelengthdifferencebetween
twoFBG-FPsintheabsenceofexternalmagnetic
field.Fig.4showstheresultwithin60s.The
measurementaccuracyofthissensorisabout5×
10-3pmaftertemperaturecompensationinthis
environment.Thisvalueisfivetimeslowerthan
thepreviousmeasuredvalue[16].Thisisbecause
thethermalexpansioncoefficientofTerfenol-Dand
Monel-400isnotexactlythesame.Therefore,this
method cannotfully compensatetheeffectof
temperature.

In Fig.5,the real-time response ofthe
magneticfieldsensorisobservedandobtainedwith
thedemodulationsystem shownin Fig.2.The
staticmagneticfieldisvariedfrom -100μTto
100μT.The magneticfieldincreasesby50μT
every30s.Astheresultofthebiasmagneticfield
providedbythepermanentmagnetic,responseof
theTerfenol-Dtopositiveandnegativemagnetic
fieldsisdifferent.TheTerfenol-Drodelongatesor
shortens when the direction of the external

Fig.4 Peakwavelengthdifferencewithin60s

Fig.5 Sensorresponsetomagneticfieldchanges

magneticchanges.InFig.5,itisshownthatthepeakwavelengthdifferencebetweentwoFBG-FPschanges
immediatelyastheexternalmagneticfieldchanges,whichmeansthatthissensorhasfastresponsespeed
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totheappliedmagneticfield.
  InFig.6,wecomparetheresponseofthis
sensortotheexternal magneticfield with or
without the permanent magnet. The peak
wavelength difference between two FBG-FPs
changeswiththeincreaseofstaticmagneticfield
from -100μTto100μT.Thesteplengthis
10μT.Thesensitivityresponsesofthemagnetic
fieldsensorfornon-magneticbiasand magnetic
biasare5.0×10-4pm/μTand1.7×10-3pm/μT,
respectively.It can be concluded that the
sensitivityofsensorundermagneticbiasisabout
3.4timeshigherthanthesensitivityofsensor

Fig.6 Schematicofthefibermagneticfieldsensor

withoutmagneticbias.Astandarddeviationerrorineachstepispresent,buttheyaretoosmalltobe
observedintheplot.

AccordingtoEq.(6),thesensitivityofthissensorisrelatedtothevalueofmagneticfield.Thus,the
slopeofthecurvewillincreaseifabiasmagneticfieldisapplied.Asissaidbefore,themeasurement
accuracyofthissensorisabout5×10-3pm,so,itcanbecalculatedthatthismagneticfieldsenorwith
magneticbiashasaresolutionof3.0μT.Itisalsothedetectionlimitofthissensor.

Themeasuredsensitivityislowerthanthetheoreticalsensitivity.That'sprobablybecauseofthe
bondingbetweenfiberandTerfenol-Drod.ThestrainoftheTerfenol-Drodcan'tleadtothepeak
wavelengthshiftofFBG-FPcompletely.Inaddition,thetheoreticalcalculationofthesensitivityofsensor
issimplified.AccordingtoEq.(6),thesensitivityofsensorisrelatedtothevalueofmagneticfield.
Therefore,thesensitivitywillbelowerthanexpectedwhentheexternalmagneticisweak.

Becauseofthenarrow-bandwidthnotchofthereflectionspectrumofFBG-FP,theresolutionofthis
sensoraremuchhigherthansensorsbasedonPhase-ShiftedFiberBraggGrating(PS-FBG)[12],FBG[13],
LongPeriodGratings(LPG)[14].Additionally,theresolutioncanbefurtherimprovedinseveralways,
suchasamelioratingthetemperaturecompensateeffect,enhancingthemagneticfieldintensityofthe
permanentmagnet,narrowingthebandwidthofthespectrumnotchofFBG-FP.

Table1 Magneticfieldsensitivityandresolutionofdifferentmethods

Methods FBG-FP PS-FBG[12] FBG[13] LPG[14]

Resolution/μT 3 23 60 200

  Directivityisalsoimportanttomagneticsensors.Inordertotestthedirectivityofthesensormore
precisely,weremovetheNdFeBmagnetofthesensor.Therelationshipbetweentheresponseofthesensor
andeachrotationanglecanbeexpressedas

Δλθ =Δλmax·cosθ (7)
where Δλθ is the peak wavelength difference
betweentwoFBG-FPsduetotheexteralmagnetic
field,Δλmax isthe peak wavelength difference
betweentwoFBG-FPsiftheexternalmagnetic
fieldisparalleltotheTerfenol-Drod,andθisthe
anglebetweentheexteralmagneticfieldandthe
axialdirectionoftheTerfenol-Drod.

AsisshowninFig.7,thedirectivitytestcan
beimplementedbyputtingthesenoronarotating
stageatthecenterofHelmholtzcoilandrotatingit
atvariousangles.Themagnitudeofmagneticfield
issetto100μT.Themagneticfieldisappliedon
thesensorwithrotatingthesensorfrom0°to360°
inastepof10°.

Fig.7 Measurementofthedirectivityofthesensor
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  Fig.8showsthevariationoftheresponsivity
atdifferentangles.0dBmeansthesensorreaches
itsmaximumsensitivitywhentheTerfenol-Drod
isparalleltothedirectionofthemagneticfield.
Thesensorexhibitsitsminimumresponsewhen
theTerfenol-Drodandtheexternalmagneticfield
arevertical.AsisshowninFig.8,themeasured
value matches wellwiththetheoreticalvalue,
whichisdrawnfrom Eq.(7).Theimperfect
symmetryexists,which may resultfrom the
hysteresiseffectofTerfenol-Dmaterial.Hysteresis
effectwillmaketheelongationoftheTerfenol-D
rodvaryeveninthesymmetricaldirection.In
addition,theerrorsoftherotatingstagecannotbe
ignored.

Fig.8 Variationofthepeakwavelengthdifferencebetween
twoFBG-FPs

5 Conclusion
Inconclusion,acompactfiberopticsensorbasedon FBG-FPandTerfenol-Disproposedand

demonstratedforweakstaticmagneticfielddetection.Itisprovedthatthe methodoftemperature
compensationiseffectiveandcanbemoreefficientbychoosingmaterialwhichhasthesamethermal
expansioncoefficientwithTerfenol-D.Thereal-timeresponseofsensorshowsthatithasfastresponse
speed.Apermanentmagnetisusedtoapplymagneticbiasandthesensitivityofsensorwithmagneticbias
isabout3.4timeshigherthanthesensitivitywithoutmagneticbias.Asaresultoftheextremelynarrow
notchofFBG-FP,thesensorexhibitsasensitivityof1.7×10-3pm/μT.Theresolutionofthissensoris
3μT,whichismuchhigherthansensorsbasedonPS-FBG,FBG,LPG.Inaddition,thesensitivityand
resolutionofsensorcanbeimprovedbyusinganotherbiasmagnetwhichhasalargermagneticfield.This
sensoralsopresentsorientation-dependenceofmagnetostriction,whichhasapotentialtobefabricatedasa
tri-axialsensor.
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