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一种小型化的低能量、高重频激光诱导击穿光谱
系统用于铅元素分析

冯佳琛,徐德刚,王与烨,张贵忠,李吉宁,严德贤,贺奕焮,姚建铨
(天津大学 光电信息技术重点实验室(教育部),精密仪器与光电子工程学院 激光与光电子学研究所,天津300072)

摘 要:研制了一款小型化的激光诱导击穿光谱系统.光源采用低能量、高重频的二极管泵浦固体 Nd:

YAG激光器,分析了激光重频和激光能量对光谱信号的影响.激光器工作在重频4kHz、单脉冲能量为

745μJ、脉宽为17ns时,得到了7条铅元素的特征谱线.与单脉冲激光诱导击穿光谱系统相比,不仅特征

谱线数量增加,光谱的信噪比也提高了73%。简化的系统设置和低的激光能量使得激光诱导击穿光谱

技术能够应用于更多领域.
关键词:光谱学;激光诱导击穿光谱;等离子体;重金属;光谱强度
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CompactLow-energyHigh-repetitionRateLaser-inducedBreakdown
SpectroscopyforLeadElementDetection
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Abstract:Acompactlaser-inducedbreakdownspectroscopyusingalow-energy,high-repetitionrateNd:
YAGDPSSlaserasexcitationsourcehasbeendeveloped.Theinfluencesoflaserrepetitionrateandlaser
poweronLIBSsignalwereanalyzed.Whenthelaseroperatedat4kHz,pulseenergyof745μJandpulse
widthof17ns,thesevenemissionlinesofLead(Pb)wasobtained.Comparedwiththetraditionalsingle
pulseLIBS,thenumberofemissionlinesisincrease,alsothesignal-to-noiseratioisimprovedbyalmost
73%.Based on simplified setup andlow energy,high-repetition ratelaser-induced breakdown
spectroscopywillbeappliedinmoreemergingfields.
Keywords:Spectroscopy;Laser-inducedbreakdownspectroscopy;Plasma;Heavy metal;Spectral
intensity
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0 Introduction
Inrecentyears,Laser-InducedBreakdownSpectroscopy (LIBS),withthedevelopmentsoflaser
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technologyandspectralinstruments,hasbeenestablishedasapopular methodinapplicationslike
environmentalmonitoring,bio-chemicalorexplosiveagentdetection[1-2]ormedicaldiagnosis[3].LIBShas
manyadvantagesasreal-time,on-line,non-contactandmultipleelementdetection.Especiallyitssamples
basicallyneednopretreatment[4-7].Itisworthnotingthatinthedetectionoflow-ZelementsLIBS
performanceisfarbetterthanotherhandhelddeviceslikeX-RayFluorescence(XRF)[8].Forthefuture
development,improvingperformanceandachievingminiaturizationofLIBSdeviceshavebeenthefirst
targetsforspectralworkers.

Currently,themostsetupsofLIBSforresearchandapplicationarebasedonhighenergyQ-switched
Nd:YAGlasers,whichdeliverpulseswithlowrepetitionrateandsinglepulseenergyofhundreds
millijoules.ThiskindofLIBSsystemusesonesinglelaserpulsetoexcitetheplasma,calledSinglePulse
LIBS(SPLIBS).Chen,etal.[9]usedtheSPLIBSsystembasedonnanosecondlasertodetectsoil.By
usingtheplanemirrordevicetoconstraintheplasma,theyobtainedemissionspectralintensityofelement
Mg,Al,FeandBaincreasedby93%~160%andspectralSignal-to-NoiseRatio(SNR)rose17%~40%.
ButtherearesomeproblemsinthequantitativeanalysisofSPLIBS.ThemeasurementdeviationoftheSP
LIBSisusuallyinthe5%~10%.Thedeviationisduetothepoorstabilityofthelaserpulse,thenoise
signalofdetectorandtheinterferenceofmatrixeffectfromsample.

ForimprovingtheperformanceofLIBSsystem,theDoublePulseLIBS(DPLIBS)wasinvented.
Spectralworkersusetwosinglelaserpulsestoexciteandstrengthenplasma.Theplasmaabsorbsthe
secondlaserpulseandwillexcitestrongeremissionspectrum.Gustavoetal.[10]usedDPLIBSsystemasa
potentialtoolfortheanalysisofcontaminantsandmacro/micronutrientsinorganicmineralfertilizers.The
LimitOfDetection(LOD)valuesobtainedbyDPLIBSincreaseduptoseventimesascomparedtoSP
LIBS.TheenhancementofelementalemissionlineintensityandLODvalueswasattributedmainlytothe
largeremittingvolumeandincreasedmassablated.However,highpowerlaserpulseswillcausedamageof
thesample.Theobviousthermaleffectwillleadmoleculestobedecomposedintoatomsandionsinstantly.
Itisimpossibletoobtainemissionlineofmolecules.Besides,thecomplexityandlargesizeoftheDPLIBS
lasersystemwillhindertheminiaturizationprogressoftheLIBSinstrument.

InordertopromotetheminiaturizationprogressofLIBSsystemandreducetheenergyofexcitation,
someresearchofLIBSwithlow-energy,high-repetitionratelaserhavebeendemonstrated.Gabriele
Cristoforettietal.[11]analyzedthealuminumalloysbyahigh-repetitionrateLIBS.Adiode-pumpedmini-
laserat8kHzhasbeentestedaslasersourceintheLIBSsetup.TheLODofthehigh-repetitionrateLIBS
wereintherangeoftensofppm,comparablewithtypicalvaluesobtainedwithtraditionalLIBSsetups.In
addition,ChristianWagneretal.[12]usedalow-energy,high-repetitionrateNd:YAGlaserat3kHzas
excitationsource.Elementalanalyses were performed on various samplesincluding non-metallic
compoundsandmetalalloys.Theentiresetupfittedwellinaboxwithdimensionsof30×30×20cm.It
canbesuppliedbyastandard12Vcarbattery.Thepresentedworkshowsthatacompactlowpulseenergy
andhigh-repetitionratelasercanbeusedasexcitationsourceofLIBSsystem.Buttheeffectofrepetition
rateonexperimentalresultshasnotbeenexplored.Thehigh-repetitionrateLIBSstillneedalargenumber
ofexperimentstoresearchtherelationshipbetweenLIBSperformanceandlaserparametersettings.

Inthisstudy,theexcitationsourceofLIBSsystemisacompactlow-energy,high-repetitionratelaser.
TheLIBSperformancewithdifferentlaserpowerandrepetitionratewasexplored.Theelementanalysis
wascarriedoutonsamplesofheavymetalLead(Pb).Whenthelaseroperatedat4kHz,pulseenergyof
745μJandapulsewidthof17ns,sevenemissionlinesofLead(Pb)wasobtained.AsinglepulseLIBS
system withhighenergy,low-repetitionratelaserwasbuiltasreferencetofurtherillustratethe
performanceofhigh-repetitionrateLIBS.Bycomparingthespectraofthetwosystemwefoundtheusing
high-repetitionlasercausemoreemissionlinesandsignal-to-noiseratioimprovedbyalmost73%.Finally,
wesummarizedthesignificanceofusingthehighrepetitionratelaserforLIBSdevelopment.

1 Experimentalsetup
TheexperimentalarrangementisshowninFig.1ThesetupofLIBSincludesahigh-repetitionrate

lasersource,sampletestsystem (reflectingmirror,focusingmirrorandrotatingdisk)andacompact
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spectrometer.Thelasersourceisadiodepumped
Nd:YAG Q-switched laser emitting at the
fundamental wavelength of 1064nm. The
maximumaveragepoweris8 W.Therepetition
ratecanbeadjustedfrom1kHzto25kHzwith
pulse width atrange oftens nanoseconds.A
compact UV spectrometer (Ocean Optics
HR4000)wasusedforreceivingspectra.Itis
workingatwavelengthrangefrom200nmto428
nm.

Thesamplewasplacedonarotatingdisk,
whichdrivenbyacomputercontrolledmicrometric
translationstage.Therotatingdiskrotatedatan
angularvelocityofabout5Hz,for whichthe

Fig.1 Thearrangementdiagram ofhighrepetitionrate
LIBSsystem

singlecratersareclearlyseparated.Themoveofthesamplewasnecessarytosustaintheplasmaformation.
Infact,therewillbethousandsoflaserpulsesfallingwithinonesecond.Alargenumberoflaserpulses
focusingonthesamespotleadstoadeepcrater,whichwillcausethedisappearanceoftheplasma.The
causeofplasmadisappearanceisintheprogressivede-focusingofthelaserpulseatthecraterbottom
duringtheconsecutiveablationsandintheopticalmaskingofthebeambythesidesofthecrater.

ThecratersdrilledbylaserablationontheLead(Pb)wereobservedbyopticalmicroscope.InFig.2
theimageofacraterobtainedbyfocusingthe6kHzlaserbeaminthesamepointfor1sisshown.InFig.
3thecratersobtainedbyrotatingthetargetatanangularvelocityofabout5Hz(forwhichthesingleholes
areclearlyseparated)areshown.

Fig.2 Craterobtainedbyirradiatingabout6000lasershots
onthesamespot

Fig.3 Seriesofsingleshotcratersobtainedbyrotatingthe
targetat5Hzduringirradiation

  ThelaserbeamwasfocusedonthesamplesurfacebyafocusingmirrorM1(f=100mm),Another
focusingmirrorM2(f=25mm),inconsiderationoftheopticalmaskingbythesidesofthecraterand
dangerofbeinglaserburned,placedat45°withrespecttothebeamaxis,collectedtheemissionlightof
plasmaintoanopticalfiber.Theexportoftheopticalfiberwasconnectedwiththeentranceofthecompact
UVspectrometer.Thecomputerisusedtodisplayandanalyzespectra.Consideringthattheplasma
producedbythenanosecondlaserlastingseveralmilliseconds,theintegrationtimeofthespectrometerwas
setat10milliseconds.

2 Resultsanddiscussion
Fig.4showsthehigh-repetitionrateLIBSspectraofLead(Pb)obtainedatdifferentaveragepower

from1.538Wto5.15W.
Itcanbeconcludedthat,withgrowinglaserpower,theintensityoftheLIBSsignalisalsoincreased.

Thehigherlaserpowerwillexcitebiggerplasmawithhighertemperature.Thosetwofactorswillcause
plasmainspiringhigherintensityemissionlinesinthecoolingstate[13].Butexcessivelaserpowerwill
rapidlycausedeepcrateronsamplesurface,whichwilllimitplasmaexpansionandinterruptemission
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lines.Thelowestpowerthatcanexciteplasmaintheexperimentswas1.393W.Foroptimizinghighsignal
intensityandlowexcitationenergysimultaneously,2.98 W waschosenaslaserpowerforthehigh-
repetitionexperiments.
  Withafixedpumppower,laserpulsewidth
andpulseenergyareentirelydependentonthe
repetitionrateoflaser.Wetestedperformanceof
thehigh-repetitionrateLIBSatdifferentrepetition
rateasshowninFig.5.Thelaseraveragepower
wassetat2.98 W.In Fig.6,peakvaluesat
368.3nm(thehighestpeakineveryspectrum)were
selectedascharacterization ofintensity ofeach
spectrum.FromFig.5andFig.6wecanfindthat
themostpowerfulLIBSsignalwillbeobtainedat
therepetitionrateof4kHz.Thisphenomenonhas
greatagreementwiththetheoreticalanalysisof
GabrieleCristoforettietal[11] .Thepulseenergy

Fig.4 High-repetitionrateLIBSspectraofLead (Pb)
obtainedatdifferentaveragepower

andFWHMdependontherepetitionratearenotlinear.ThetrendofFWHMisdownfirst,thenrise,and
thelowestinthe4KHz.ContrarytotheFWHM,energyreachedthehighestpointat4kHz.Thewide
FWHMwillleadtotheplasmabarriereffect,whichwillreducethespectralintensity.So,thestrongest
spectrumwasobtainedat4kHz.Basedonthisfinding,therepetitionrateof4kHzwaschosenasthe
optimaloperatingpointofthehigh-repetitionratelaser.Whenthehigh-repetitionratelaserisworkingat
2.98Wand4kHz,thepulsewidthis17nsandsinglepulseenergyis745μJ.

Fig.5 LIBSspectraatdifferentrepetitionrate Fig.6 Relationshipbetween LIBSsignalintensityand
repetitionrate

  Itisworthnotingthatwhenthelaserrepetition
ratereachedmorethan10kHz,thewaveformof
LIBSspectralwillchange,asshowninFig.7.The
spectraat15kHz,20kHzand25kHzaredifferent
fromtheotherseveralspectraatrepetitionrate
lowerthan10kHz.Theexcessiverepetitionrate
causedlosingofemissionlinesbetween200nmand
350nm.TheLIBSspectraincludeatomicspectra
andmolecularspectra.Generally,thelaserpulse
withnarrowpulsewidthandlowenergywillreduce
thethermaleffectonthesamplesurface.Thenon-
thermal processes dominating ionization keeps

Fig.7 Excessiverepetitionratecausedlosingofemission
linesbetween200nmand350nm

themolecularstructureofthesample.Buttheexcessiverepetitionratebringstoomuchlaserpulsesacting
onplasma.Laserpulsewidthalsowillbewidenedsincetheexcessiverepetitionrate.Thesetwofactors
causethermaleffectmoreremarkableintheprocessofplasmaexcitation.Underpowerfulthermaleffect,
thechemicalbondsofsamplecomponentswillbebroken.Therefore,theLIBSspectrawillmissthe
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emissionlinesofmolecular.
AlloftheemissionlinesofneutralLead(Pb)elementandcorrespondingrelativeintensityareshowed

inTable1[14].Ingeneral,thewavelengthof405.8nmisthemostfrequentlyusedemissionlinetodetectthe
Lead(Pb)element.ItisalsooneofthemosteasilyobtainedemissionlinesofLead(Pb)[15].Fig.8isa
completeemissionspectrumofLead(Pb)withthehigh-repetitionratelaseroperatingat4kHz,single
pulseenergyof745μJandpulsewidthof17ns.IntheFig.8,wecanseesevenclearemissionlinesofLead
(Pb)element.Theirwavelengthwasmarkedout.ByreferringtoTable1wefindthatexceptforfivehigh
relativeintensitylines,therearetwoweakerrelativeintensitylinesat374nmand364nm.Thedistribution
ofemissionlinesisrelativelydispersed.Theseresultswillensurethereliabilityofdetectionthroughthe
methodofmultispectrallinessyntheticanalysis.Besides,theintensityofemissionlinesismuchhigher
thannoise,whichconditionshowshigh-repetitionrateLIBSwillhaveagoodSNR.Inshort,thehigh-
repetitionrateLIBSsystemhasenoughabilitytoidentifyLead(Pb)elements.

Table1 TheemissionlinesofneutralLead(Pb)atomsandcorrespondingrelativeintensity
Relativeintensity Wavelength Relativeintensity Wavelength Relativeintensity Wavelength

200
200
150
50

202.2nm
205.3nm
217nm
239.4nm

200
300
300
150

261.4nm
280.2nm
283.3nm
364nm

400
80
1000
15

368.3nm
374nm
405.8nm
406.2nm

  AsinglepulseLIBSsystembasedonahigh-power,low-repetitionratelaserwasbuilt.Thelaserwas
workingat1Hzwithsinglepulseenergyof182.2mJandpulsewidthof10ns.Experimentswerecarried
outontheLead(Pb)inthesameenvironment.InFig.9,thehigh-repetitionrateLIBSspectrumandthe
SPLIBSspectrumwereputtogethertomakeacomparison.DetailsareshowninFig.10.

Fig.8 CompleteemissionspectrumofLead(Pb)withthe
high-repetitionrateLIBS

Fig.9 Comparisonbetweenhigh-repetitionrateLIBSand
SPLIBS

  Asweallknow,higherlaserenergy will
inspirehighertemperatureand more powerful
plasma,in whichconditionthestronger LIBS
signalwillbeobtained.Thesinglepulseenergyof
high-repetitionratelaserwasonly745μJ,whichis
farbelowenergyoftheSPLIBSof182.2 mJ.
However,the signal intensity of the high-
repetitionrateLIBSisalmost4timeshigherthan
theSPLIBS.Theirsignal-to-noiseratio(SNR)are
9.08dBforSP LIBSand15.64dBforhigh-
repetitionrateLIBS[SNR=20∙Log(Vs/Vn)].
TheSNRofhigh-repetitionrateLIBSisimproved

Fig.10 detailsfrom350nmto410nm

byalmost73%.Theverystrongperformanceofthehigh-repetitionrateLIBSisduetoitsverygoodbeam
qualityandhighertemperatureshort-livedcontinuumplasma.Thehigh-qualitybeam willcausehigher
irradianceandenergydensityvalues.Thehigh-repetitionratelaserpulseswillcreatehighertemperature
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short-livedcontinuumplasma,whichimprovestheSNRatthedetectorlevel[11,16].Besides,evenifthe
pulsewidthwasonly10ns,thehighlaserenergywillgreatlyenhancethethermaleffectintheprocessof
plasmaexcitation.Therefore,theSPLIBSspectrumlostanumberofemissionlinesatwavelengthrangeof
250nmto35nm.Bycomparing,thehigh-repetitionrateLIBShashigherSNRandmoreemissionlines.

Butalargenumberofcontinuumbackgroundspectraarealsoincludedinthespectraofhigh-repetition
rateLIBS.Atthebeginningoftheformationoftheplasma,highintensitycontinuumbackgroundspectra
areproducednearthesurfaceofthesample.Thisradiationofplasmaissimilartoblack-bodyradiation.
However,astheplasmaexpandsandleavesthesamplesurface,theplasmaentersthecoolingstate.At
thispoint,thelinespectraplayamajorrole[17].Becauseoftheshort-livedcontinuumplasma,twoperiods
ofcoolingandformationwillcoexist.Therefore,thelinespectraarealwaysaccompaniedbycontinuum
backgroundspectra.Thereisnowaytocollectlinespectraonlybytime-resolvedmethod.However,the
degreesofpolarizationoflinespectraandcontinuumbackgroundspectraaredifferent.Thus,maybethis
situationcanbesolvedtoacertainextentwithpolarization-resolvedmethod[18].Forthesamereason,non-
gateddetectorswerealloweduseinthiswork,whichgreatlysimplifythedetectorrequirementsandreduce
systemcost.

3 Conclusion
AdiodepumpedNd:YAG Q-switchedlaseremittingatlow-energy,high-repetitionratehasbeen

treatedaslasersourceinaLIBSsystem.ThesevenemissionlineswereobtainedwiththesampleofLead
(Pb).Thegooddetectioncapabilityofthehigh-repetitionrateLIBSsystemwasproven.Inaddition,the
influencesoflaserenergyandrepetitionrateontheLIBSsignalintensitywerediscussedindetail.Wealso
analyzedthereasonforlosingemissionlinesathighrepetitionrate.Bycomparingwiththetraditional
singlepulseLIBS(SPLIBS),thesignalintensityincreasedby4timesandmoreemissionlineswere
obtained.Thelowerenergy(745μJ)andnarrowpulsewidth(17ns)willimprovetheshortcomingof
missingemissionlines.Itisnoteworthythattheusingofthehigh-repetitionratelasercausestheLIBS
devicesmallerandsimpler.Thediode-pumpingandtheair-coolingarecontributedtothereductionofthe
volumeoftheLIBSsystem.Theusingofnon-gateddetectorsgreatlysimplifythedetectorrequirements
andreducesystemcost.Thehigh-repetitionrateLIBSsystemisclosertothegoalofminiaturization.
Therefore,itissurethatthehigh-repetitionrateLIBSwillbewidelyusedinthefuture.
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