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用卤钨灯对激光诱导击穿光谱探测系统
进行绝对效率标定

费腾1,潘从元2,曾强1,杜学维1,王秋平1

(1中国科学技术大学 国家同步辐射实验室,合肥230029)
(2安徽大学 电气工程与自动化学院,合肥230601)

摘 要:基于辐射度学理论搭建了用于激光诱导击穿光谱探测系统的绝对效率标定装置.用卤钨灯配备

紫外玻璃滤光片和熔融石英漫射片作为标定的标准光源,标定了配备Czerny-Turner型紫外波段光谱

仪的激光诱导等离子体光谱探测系统.测得了系统在310~385nm波长范围内的绝对光谱响应,不确定

度小于7%(在标准偏差为2的条件下).绝对效率标定可为激光诱导击穿光谱探测系统硬件评估提供一

种手段.
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AbsoluteCalibrationofLaser-inducedBreakdownSpectroscopyDetection
SystembyUsingaTungstenHalogenLamp
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Abstract:Anabsolutecalibrationsetupforlaser-inducedbreakdownspectroscopydetectionsystemis
builtbasedontheradiometrytheory.Atungstenhalogenlampequippedwithanultravioletglassfilter
andafusedsilicadiffuserisusedasstandardlightsourceforthecalibration.Absolutecalibrationofa
laser-inducedbreakdownspectroscopydetectionsystem withaCzerny-Turnerspectrometerinthe
ultravioletrangeisperformed.Theabsolutespectralresponseofthesystemintherangeof310~385nm
isobtainedwithanuncertaintylessthan7% by2standarddeviationestimate.Theabsolutespectral
calibrationprovidesawaytoevaluatethehardwareofthelaser-inducedbreakdownspectroscopydetection
system.
Keywords:Laser-inducedbreakdownspectroscopy;Absolutecalibration;Tungstenhalogenlamp;
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0 Introduction
Laser-inducedBreakdownSpectroscopy(LIBS)techniqueisapromisinganalyticalmethodthatcanbe
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usedin manyfields,including metallurgy[1-3],combustion[4],environmental monitoring[5-6],space
exploration[7],etc.LIBSobtainsthecomponentconcentrationsofasamplebyanalyzingthespectrafrom
laserinducedplasma.Intheanalysis,theintensitiesandintensityratiosofspectrallinesareusedfor
plasmacharacterizingorquantitativecalculation,inwhichthespectralresponsecalibrationoftheLIBS
systemisneededatthemeasuredwavelength.InHAHNDW'sreviewofLIBS,severalcalibrationsofthe
detectionsystem weresummarized[8].Mostofthemadoptedrelativecalibrationbyacertifiedstandard
lightorbranchingratios.However,TASCHUK M T,etal.usedaradiometricapproachtocharacterize
theabsolutecalibrationofseverallaser-inducedbreakdownspectroscopydetectionsystemsandobtained
theirabsoluteresponsivities[9].Relativecalibrationnormalizesthespectralresponseofdifferentchannelsof
thedetectionsystem,whileabsolutecalibrationestablishesthenumericalrelationsbetweentheinput
radiometricvaluesandoutputdataofthedetectionsystem.Relativecalibrationissufficientforspectral
intensityratiocalculations,whereasabsolutecalibrationcanwellcharacterizetheentireLIBSdetection
systemthatcouldprovidetheabsoluteemissionintensityofspectrainradiometricunits.InTASCHUKM
T'sopinion,quantitativecomparisonscanbeperformedbetweendifferentexperimentalgroupsorwith
theoreticalpredictionsbyapplyingabsolutecalibrationonLIBS[9].Thus,absolutecalibrationisan
excellenttoolfortheresearchoflaser-inducedplasma.Inthispaper,thestructuralrationalityofthe
absolutecalibrationsetupisinvestigated,andtheuncertaintyoftheabsolutespectralresponseresultsis
estimated.

Fortheabsolutecalibrationsetup,acertifiedquartz-halogen,tungstencoiledfilamentlamp(FEL-
typetungstenhalogenlamp,orFELlamp)isusedasthestandardsource.FELlampswithanominal
electricalpowerof1000Wareusedworldwideasstandardofspectralirradiance[10-12].Theyareusedas
radiometriccalibrationsourcesinoperationsthatcoverthespectralrangefrom250nmto2500nm[13-15]

duetotheirlowcost,availabilityinanyelectronicstores[16],andexcellentstability[13].
AcommonLIBSdetectionsystemisselectedforcalibration,anditconsistsofanopticallens,afiber,

andacommonCzerny-TurnerspectrometerwithanunintensifiedCharge-CoupledDevice(CCD)array.In
termsofpracticalapplication,calibratingtheentiredetectionsystemissimpleandaccurate.Anopticfilter
andadiffuserareused;therefore,theabsolutespectralresponseoftheLIBSdetectionsystemisobtained.
Theuncertaintyoftheabsolutespectralresponseisestimatedbasedontheexperimentalsetupandnoise
characteristicsofthespectrometer.Finally,anexampleisgiventoshowtheapplicationoftheabsolute
spectralresponseinLIBS.

1 Absolutecalibrationtheory
1.1 Absolutespectralresponse

AccordingtoRef.[12]aboutradiometry,whencalibratingtheabsolutespectralresponseofan
instrument,theincidentstandardscouldberadiance(W/(m2·sr)),irradiance(W/m2),orpower(W).
ForaLIBSsystem,powerisselectedasthemeasurementoftheincidentstandard,asitissuitableinLIBS
application.Then,theabsolutespectralresponseofthesystemisabsolutespectralpowerresponse.Fora
singledetector,theabsolutespectralresponseisexpressedas

RΦ=V/Φ (1)
whereΦistheinputpowerfromthestandardsource;Vistheinstrumentoutput,whichisexpressedin
volts,amperes,orotherarbitraryunits;andspectralresponseRΦisthespectralpowerresponse[18].

ForthedetectionsystemequippedwithalinearCCDarray,theabsolutespectralresponseisconverted
totheformulagivenby

RΦ,λ=
Vλ/t

ΦλΔλλ
(2)

wheresubscriptλisthewavelengthcorrespondingtotheCCDpixel.InstrumentoutputVλistheintegrated
intensitythroughintegraltimetbythespectrometer.TheunitofVλisa.u.bythespectrometersoftware,
whichisinsignificantinthecalibration.Inaddition,ΔλλistheCCDpixelresolution;Φλistheinputpower
versusthewavelength,whichisexpressedin W/nm;andRΦ,λisthespectralpowerresponseofthe
detectionsystem.
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1.2 FELlamp
In1975,a1000WtungstenhalogenlampwasconvertedtoaFELlampasacommercialirradiance

standard[12].ThelampusedintheexperimentanditscalibratedstandardvalueareshowninFig.1.The
lampwascalibratedbytheNationalInstituteofMetrology,China,withthecalibrationdistanceof500mm
anduncertaintyof1.1%~2.1% (by2standarddeviationestimate)intherangeof250~400nm.The
calibratedstandardvalueisirradianceatthecalibrationdistance.

Fig.1 FELlampanditsstandardirradianceatthecalibrationdistance

2 LIBSdetectionsystemandthecalibrationmethod
2.1 LIBSdetectionsystemtobecalibrated

TheLIBSdetectionsystemconsistsofacollectionlens,afiber,andaspectrometer.Thecollection
lensisaUV-fusedsilicalens(focallength:35mm).Thefiberisa0.5mlongUVfiberwithacore
diameterof200μm.Thecollectionlensandthefiberarefixedinatube,andtheeffectivelensapertureis
determinedtobe17.5mm.Theseparametersdefineadetectiondistanceof300mm,anobjectsurfacearea
ofΦ1.5mmandanangleof1.5°.ThespectrometerisaCzerny-Turnerspectrometer(AvantesAvaSpec-
ULS2048,300~400nm),whichusesa2048-pixelCCDarrayasadetector.

Fig.2 LIBSDetectionsystem

2.2 InputstandardpowerΦ
AnopticalfilterandadiffuserarerequiredtogeneratethestandardinputpowerΦforthecalibration.

2.2.1 Opticalfilter
Tungsten-halogenlampsarelongwavelengthrich,sosometimesthewell-characterizedspectralfilters

arerequired[20-21].Inourdetectionsystem,thespectrometerhasastraylightlevelof0.04%~0.1%.For
theinputlongwavelengthrichspectraldistributioninFig.1,thewavelengthcomponentsoutofthe
spectralrangeofthespectrometerissostrongthattheoutputresultsareaffected.Therefore,itisdifficult
toobtainashort-passfilteronlywiththetransmissionintherangeofUV,aUVglass(ModelZWB1
accordingtoChinesecolorfilterglassstandardGB15488-2010)isusedasafilter.AtypicalZWB1UVglass
hasamaintransmissionwavelengthrangingfrom250nmto400nmandanothertransmissionwavelength
rangingfrom650nmto850nmwithatransmissionbelow30%.Inourexperiment,thisUVglassfilter
canreducethestraylighttothenoiselevel.
2.2.2 Diffuser

AsmentionedinSection1.1,theinputvalueforthedetectionsystemisexpressedinpower(W).
Thus,thestandardirradiancefromthetungstenhalogenlampmusthaveseveralconversions.Inpractice,
anintegralsphereoradiffuserisusedtoprovideasecondarysourceofstandardpower.Adiffuserischeap
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and operates wellcompared with an integral
sphere[10,19].Inthisinvestigation,a UV-fused
silicadiffuser(ModelDGUV10-220fromThorlabs
Inc.)isplacedatthecalibrationdistanceofthe
lampandontheobjectsurfaceofthecollection
optics.Theincidentirradiancetothediffuseristhe
calibratedvalue,andaportionofemittedlight
fromthediffuseriscollectedbythedetection
system.By measuringthediffusertransmission
versusoutputangledata(Fig.3),theinputpower
forthedetectionsystemcanbecalculatedandthen
usedastheinputstandardforthecalibration. Fig.3 Diffusertransmissionversusoutputangle
2.2.3 InputstandardpowerΦ

InputpowerΦinEq.(2)canbeexpressedbytheformula
Φλ=PλSTλ (3)

wherePisthestandardirradiancevalueatthe
calibrationdistance,whichisprovided bythe
certificateoftheFELlamp.Sistheeffectivearea
ofthesecondarysource,whichisaΦ 1.5 mm
circuitbasedontheopticsofthedetectionsystem
(Fig.2).TransmissionTistheproductofthree
factorsthatcanbe measuredorcalculated:the
spectraltransmissionofthefilter,thespectral
transmissionofthediffuser,andthepowerratioof
collectedinputlighttothetotallightfromthe
secondarysource.Combiningthesefactors,the
inputpowerwhichasafunctionofwavelength
(Φλ)isshownasFig.4.TheuncertaintyofΦλmainly

Fig.4 InputpowerversuswavelengthΦλ

comesfromtheuncertaintyoftheirradianceofthestandardsourceandtheuncertaintyofTλfromthe
filteranddiffuser,anditchangeslittleinthespectralrange,sotheuncertainvalueofΦλrisehigharound
375nmsimultaneouslywiththevalueofΦλ.
2.3 Experimentalsetup

Basedonthemethodsmentionedabove,theabsolutecalibrationsetupisshowninFig.5.Thelamp
equippedwithan8.1A,1000Wcurrentpowersourceisplacedonaposteratacertaindistancefromthe
collectionsystem.Thecollectionsystemisplacedinablackoxideironboxtoavoidthestraylightinthe
room.TheapertureoftheboxisΦ20mm.Thediffuser,filter,andcollectionlensareplacedbehindthe
aperture.Thedistancebetweenthediffuserandlampfilamentcenteris0.5m,whichisthecalibration

Fig.5 Experimentalsetupforthecalibration
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distance.Thespectrometerisalsoplacedinthebox,anditsUSBcable(fordatatransmission)isinserted
throughanotherholeinthebox.

3 Resultsanddiscussion
3.1 Absolutespectralresponseofthedetectionsystem

InstrumentoutputVλis10timesaverageofthespectralintensityobtainedthroughthespectrometer
software(Fig.6),andintegraltimeis3.5s.InFig.6,thelowintensitiesaround400nmprovesthatthe
filterworkswellinreducingthestraylight.Then,theabsolutespectralresponseoftheLIBSdetection
systemisobtainedbyEq.(2)showninFig.7.Thespectralresponseisthediscretevaluescorrespondingto
eachCCDpixel,anditisthecharacteristicsoftheentiredetectionsystem.Theuncertaintyofthespectral
responseincreasedaccordingtotheuncertaintyoftheincidentpowerandtheerrorofthedetected
instrumentoutput.Theloweroutputintensitiesnear300nmand400nmcausedthegreateruncertainty.
Thus,onlythewavelengthrangefrom310nmto385nmisconsidered,withtheRelativeStandard
Deviation(RSD)lessthan3%,whichmeanstheuncertaintyis2.15% (2standarddeviationestimate).In
ordertocalibratetheotherspectralranges,thefiltershouldbereplaced.

Fig.6 InstrumentoutputVλ Fig.7 AbsolutespectralresponseoftheLIBSdetection
systemintherangeof310~385nm

3.2 Uncertaintyoftheabsolutecalibration
TheabsolutespectralresponseoftheLIBSdetectionsystemisobtainedintherangeof310~385nm.

OnthebasisofEqs.(2)and(3),theuncertaintyofabsolutespectralresponseRhasmanysources,in
whichseveralofthemaredifficulttobecalculated.Thus,aroughvalueofuncertaintyisestimatedby
consideringthemainsources.

Firstly,theuncertaintyofinputirradiancePinEq.(3)isobtainedfromtheuncertaintyofthe
certifiedirradiancevalue(1.1%~2.1% mentionedinSection2.2.2)andtheuncertaintyofthealignmentof
theexperimentalsetup,andbasedontheresultsofseveralstudies[13],thelatterissmallandtheformeris
dominant.Secondly,theprimarynoisesourcesaredarkcurrent,readout,andA/Dconverternoisesforan
unintensifiedCCD[9].TheuncertaintyofspectrometeroutputVisobtainedfromthesenoises.Bytaking
thesenoisesasnormaldistribution,the10timesaveragedRSD1%~3%intherange310~385nmresult
inanuncertaintyof0.72%~2.15% (2standarddeviationestimate).Bythesamemethod,therecalibrated
transmissionsofthefilteranddiffuserareestimatedtohaveuncertaintieslessthan2.3% and1%,
respectively(2standarddeviationestimate).Atlast,thediffusertransmissionversusoutputangledata
fromTHORLABSInc.issupposedtobelessthan5%.Combingtheseuncertainties,accordingtoEqs.(2)
and(3),theuncertaintytransferformulashouldbeas

ΔRΦ,λ= (ΔVλ)2+(ΔPλ)2+(ΔTλ)2=

 (2.1%)2+(2.15%)2+[(2.3%)2+(1%)2+(5%)2]=6.35%
(4)

whereΔreferstotheuncertaintyofthefollowingvalue,theothercharactersarethesamewithprevious
equations.Eq.(4)ignoresseveralminorfactors,sotheuncertaintyoftheabsolutespectralresponseisless
than7% (2standarddeviationestimate)foraroughestimation.Totakethediffusertransmissionasa
functionoftheoutputangledataintoconsiderationbyfurtherdeterminations,theuncertaintyvaluecanbe
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improved.However,thenoisefromthespectrometerlimitstheaccuracybothintheabsoluteandrelative
spectralresponse.
3.3 UsingabsolutespectralresponseinLIBS

TheabsolutespectralresponseshowninFig.7isusedtocorrectthespectraldatafromaLIBSsetup.
TheLIBSsetupisshowninFig.8includingthedetectionsystem.Itisoperatedinnormalatmosphere.The
laserpulseisof1064nm,1Hzand12mJ.ThetargetisaFeplate.Atadelaytime0.5μsfromthe
generationofthelaserinducedplasma,thespectrometerbeginsmeasurement.

Fig.8 LIBSsetup

Whenthesetupisoperated,instrumentoutputV'
λisobtained.Theoutputiscorrectedtogetreal

spectraldistributioncollectedbythedetectionsystembyformula

Iλ=
V'

λ

Rλ·Δλλ
μJ/nm( ) (5)

or

Iλ=
V'

λ

Rλ·Δλλ·hνPhotons
/nm( ) (6)

whereIreferstotherealspectraldistributionby
unitofenergyornumberofphotons,Rrefersto
thespectralresponse,Δλreferstothespectral
resolution,hνreferstotheenergyofasingle
photon,andsubscriptλreferstothewavelength
correspondingtotheCCDpixel.Therealspectral
distribution is shown in Fig.9.It is the
characteristicofthelaserinducedplasma,sothat
thedatacanbecomparedbetweenthedifferent
setup.

The absolute spectral response can also
normalizethespectralresponseofthechannelsof
thedetectionsystem (Inthisstudy,achannelis
relatedtoaCCDpixel).Boltzmannplotisusedto

Fig.9 Correctedspectraldata(Realspectral
distributioncollectedbythedetectionsystem)

showthis.Boltzmannplotiscommonlyusedtocomputetheplasmatemperature.Thoughtheintegraltime
oftheunintensifiedCCDinthedetectionsystemisquitelong(atleast2ms),itstillshowsthatthe
temperaturecomputingisgreatlyimprovedbyusingtheabsolutespectralresponse.InFig.10,theplotsare
BoltzmannplotusingFeIlinesidentifiedfromFig.9,Iistheintensityofthespectrallinebynumberof
photons,gkisthedegeneracyoftheupperenergylevelk,AkiisthetransitionprobabilityandEkisthe
upperenergybyunitofeV;thentheslopeofthefittedstraightlineis1/T,whereTistheplasma
temperaturebyunitofeV.AsshowninFig.10,whenusinginstrumentoutputdirectly,thecorrelation
coefficientR2ofthefittedlineisverysmall,butwhenusingspectraldatacorrectedbyabsolutespectral
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response,R2growsquitelarge.ThisprovesthenecessityofspectralcalibrationofLIBSdetectionsystem.

Fig.10 BoltzmannplotmadeusingFeIlines

4 Conclusion
Inthispaper,anabsolutespectralcalibrationsetupisbuilttocalibratetheLIBSdetectionsystem.

TheFELlampequippedwithaUVglassfilterandadiffuserprovidesaneconomicalstandardsource.The
absolutespectralresponseoftheLIBSdetectionsystemisobtainedintherangeof310~385nm,andits
uncertaintyisestimatedtobelessthan7% (2standarddeviationestimate).Theabsolutecalibrationofthe
LIBSdetectionsystemsatisfiesthecalculationsusingthespectralintensityratiosandalsoaidstoobtain
theabsoluteintensitiesinradiometricunits.Therefore,itservesasasignificanttooltothequantitative
analysisofLIBSandalsoprovidesawaytoevaluatethehardwareoftheLIBSdetectionsystem.
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