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Abstract  

Inordertodevelopacontinuousandnon山destructivetechniquetoanalyzechemica王constituents  
inice，We have applied LIBS（LaserInduced Breakdown Spectroscopy）toice．We have detected  
emission of Cain artificialice when focusedlaser pulses areirradiated．The（一bsel・ved sample  
eoIISumptionwこISOnlyaboutlnlmi！ldiaI11eterandl111111indeLPth．Theoptimumconditionsforlaser  
irradiation；lndtimingofspeぐtraldeteLC【ionwereexamined．Undertheoptimumconditionsstudied，We  
foundalinearrelationshipbetweenemissionintensityこIndCaconcentrationintheranget－fコ．コー2OFLg  
g．l．Tlledeteぐtionlimitwasestinlatedt〔一be2．3JJgg．l．TheseresultsindicatビthatLIBSeanbeused  
toanalyzeCainicecoresfromlowandmidlatitudes，WhereCaconcentrationsarerelativelyhigh，  
Thjs shows the potentialof LIBS as a contimlOUS，high spatialreso】utiいn a11d nonrdestruCtive  
techniqtleinanaiyzlnglCe（：OreS．  

l．lntroduction  

Variations of chemieal〔・OTIStituen【sillice cores  
reflectpastenvironme11tal；111dclitllaticehanges（t，．g．  
OeschgerこInd Langway，1錮9）．To reeoIIStruet these  
Changesonaglobalscale．ict，亡OreShavebe円Idrilled  
in】owこIndmidlatitudes．aswellasinpolarregions．  
Theyhavebeenanalyzedforvariouschemicalspecie＄  
and have provided new insights into our understand- 
ing ofthe ciimatic and environmentalchanges（e．必  
Oeschgerandl．angway、1989；Thompson（1t（Zl．，1995；  
DeAngeiis et aL，1997）．Ithasbeenrecognizedthat  
COntinuousanalyseswithhighsamplingresolutionare  
desirable to extrこICt mOre detailedinf（1rmation from  
the chemicalこ1nalyses ofiee c（つrt！SamPles．Conven－  
ti（一nalchemicalanal）lSis techniquesT Sueh asion  
ぐhromatし）graPhy，atOmieabsorptiollSpeCtrOSCOP）TIlnd  
inductivelycoupledplasma－maSSSpeCtrOmetryけCI－  
NMS），arenOtSuitableforcontinuoushigh－reSOllユtion  
anall－SeS．becallSetlleSeteChniqlleSCallnOtbeapplied  
direぐtlytosolidicealldrequireliquidsamples．Touse  
血e紀teCbniques，Wegenera！lyneedto訊止icecore＄，   

removethesamplesurfacefordecontamination，and  
meltthedecontaminatedsamplesinpre…CleanedbotT  
tIes．ThispretreatnleLntPrOCeduremakesitdifficulttl）  
Obtain a samplillg reS（一Iution ofle・SS thanlcnl．In  
additioIl．thislaboriousandtime－COnSumiIlgPretreat－  
mentprocedurelil11itsthenleaStlrablenumbert）fsam－  
ples，；1nd thusleads to the reduction of sampling  
resolution．Althoughafewattemptshavebeenmade  
tosoIvetheseprobl円11S（Hammer．1錮O：MoorelT（（T／．．  
1989；Moore，1993；Sigg g≠超ぇ，1994），nOne Of血e  
previou＄teChniquesbavesucceededtoanalyzecねemi－  
Calconstituentsinicerapidlyandcontinuouslywitha  
highsamplingresolution．  

Wehavebeentryingtodevelopsuchatechnique，  
OurfiIlalgoalis roestablish a rapid andcontiIluOuS  
method to aIlこ11〉▼Ze different ehemicalspet：iesiniee  
eoreswithaI11mSamPlitlgreSOltltion．Inthispaper，We  
reportourfirstattempttoappl）TLaserInduceLdBreak－  
downSpectroscopy（L王BS），OneOftbeia＄erSpeCtrOS・  
eopyteeh‖iques．toieesampl亡・Sandshowthepotビntial  
Ofthistet：hniquetoreaehourgoal．LIBShasalready  
beenusedtodeterminechemicalconst主tuentsinsolid，  
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1iquid and gas samples（Kagawa and Yokoi，1982；  
Cremers and Radziemski，1983；Radziemskig才α乙，  
1983；Cremerseial．，1984；Kitamorieta乙，1989；Iida，  
1990；Kagawa et al．，1995；王toeta乙，1995；Nakamura  
etal．，1996），buthasnotbeenappliedtoicesamplesso  
fat∴  

The principle of LIBSis as follows：When a  
＄ampleisirradiatedwith a focusedla＄er pulsewith  
highpeakpower，abrightplasmaisproducedatthe  
irradiatedpoint．Theplasmaincludesasmal1amount  
Ofatomizedsampleandcorl＄tituentatomsaild／orio‡1S  
tわat radiateiuminescence．Eiements areidentified  
fromtbeircharacteristicemissionlinesinthelllmines－  
cence spectrum and their coIlcentrations are deter- 
mined fromtheir peakintensities．If we know the  
relationbetweenconcentrationofa specificelement  
anditsemissionintensity，itsunknownconcentration  
Canbedeterminedfrommeasuredintensity（Radziem－  
SkiandCremers，1989）．Inprinciple，Chemicalconstitu・  
entsinicecanbedeterminedwithlittlesamplecon－  
SumptionusingLIBS．   

1好hile our finalgoalwas mentioIled above，tbe  
foilowingprocedureisnecessarybeforeweappiy払is  
tecbniquetorealicecores：（1）Preparationofstandard  
Samplescontaininggivenconcentrationsofacbemical  
SpeCies，Whichhavehomogeneousdistributionwithin  
thesamples；（2）detectionofthe characteristicemis－  
SionspectrumCOrreSpOndingto thechemicalspecies  
fromlaserinducedbreakdownplasma；（3）investiga－  
tionofoptimumconditionsforlaserirradiation and  
SpeCtralmeasurement；（4）investigationoftherelation－  
Shipbetweenemissionintensityandconcentrationof  
Chemicalspeciesinstandardicesamples；（5）applica－  
tionto differentcbemicalconstittlentS．  

Soねrvebavecarriedoutprocesses（1）－く4）vi払  
artificialice samples containi喝 Caici11m（Ca）or  
SOdium（Na），andinvestigatedthepossibilityofdeter・  
miningtheirconcentrationsbyuBS．Wehavechosen  
CaandNainourfirstapproach，SinceCaandNaare  
major chemical species originated from continental 
dust and sea salt，reSpeCtively；both areimportant  
indicators of climatic changes．Their emissions are  
alsoexpectedtoberelativelystrong．Inthispaperwe  
focusonprocesses（2）to（4），uSingtheresultsforCa．  
Process（1）and the reslllts for Na wi11be written  
t？lsewhere（Takat；1Llf EI／．．in pr叩aration）．  

2．亡xperiment  

Figurelshowsaschematicdrawingoftheexperi－   

Fig．1．Schematicdrawingofexperimentalsetup．  

mentalseトup．Theice sample was mounted on a  
COpperblockinacoolingchamberwherethetempera－  
turewaskeptataboutL50C．Artificialicesamples，  
vbicbwerepreslimedto壬IaVebomogeneousdistribu－  
tionofCa，WerepreparedfromCasoiutionsofknovn  
COnCerlもrationusingCaCO3，HClandultrapurewater  
（Takata et aL，in preparation）．A QNSwitched Nd：  
YAGlaser（DCR，3G，Spectra PhysicsInc．）of8ns  
puise width was operated atits fundamentalwave－  
1ength（1064nm）at5Hz．Thelaserpulsewasfocused  
byalens（focallength200mm）placedabout200mm  
fromthe sample surface．The spot size ofthelaser  
pulseatthesamplesurfacewasaboutlmmindiame－  
ter．  

Luminescence from a sparkignited on theice  
S11rfacebyaねctlSedlaserptllsewaspickedupbya  
Singまecoreopticai重beranditsspectrumvasrecorded  
by a mtllticIlannelpbotodetector（SMA，PriTICetOn  
Inc．）mountedona32－CmpOlychromatorwitba1200  
groovesmmMlgrating．Thenominalwavelengthreso－  
1utionofthesystemwaslnm．TheSMAwasoperated  
inagatemodeanddatawereaccumulatedfor20to  
lOOOlaserpulses．Thespectrawereanalyzedusinga  
data－prOCeSSingprogramdevelopedpreviously（Itoet  
al．，1995；Nakamura et al．，1996）．The program was  
Capableofdeterminingemissionpeakintensityinboth  
height and area above the background signal，The  
Signaltonoise（S／N）ratio，WhereSistbepeakbeigbt  
above払et〉aCkgroundandNisnoiselevel，VaSuSed  
in optimizing the measurement conditions，and the  
peakareawasusedindeterminationofCaconcentra－  
tion，   
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3．Result and discussion  

Figure2shows the emission spectrum from a  
iaserindⅥCedplasmaattbesudaceoficecontaini‡lg  
500βgg－10fCa．批wastakenなoi℃580to3500nsa氏er  
thelaserpulses，andaccumulatedforlOOpulses．Laser  
energyvas300mJp111se‾1．1野ecouldidentifypeaksat  
393nm and396nm．The393nm and396nm peaks  
COincidewithion emissions of Cain a published  
vavelenがねtabie of ele‡nentS（Reader and Corliss，  
1987）．Weusedthe393nmpeak，thcstrongestemission  
OfCa（ReaderandCorliss，1987），tOeValuateitsemis－  
SioIlinte11Sit）▼and the S．j：N ratio for optimizこItion of  
the experlmentalconditions．The observed sample  
COllSuIllPtion aftermeasuri11gthe spectrum＼＼’aS Onl〉T  
aboutlmmindiameter；111dl111mindeptll．  

COntaining500〃gg〉…1C乱Tbelaserwasoperatedaも  
400mJpulse，1and data were accumulated for150  
1aserpulses．Fi払3ashowsS／N asafunctionoftbe  
deはy time，The optimum deiay time，Wbere S／N  
Showedthelargestvaiue，WaSdeterminedtobe600ns．  
Thenwevariedthegatewidth from500to34OO ns  
Wit壬Itbeoptimumdelaytimeof600ns（Fiざ、3b）．T壬Ie  
Optimumgatewidthwasdeterminedtobe2500ns．  
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Fig．2．LⅧminescencespectrljmObtainedfor500ダg宮山1Ca  

illice．  

Åiaserinduced plasma c壬IangeS Very quickiy  
afterlaserirradiation：the plasma expands outinto  
也esurro11ndinggas，forminga sbockⅥraVe，andits  
temperaturevarieswit壬lもimeandposition（ぞ．爵Raふ  
Ziemskiet al”1983；Cremers eiaL，198礼Therefore，  
luminescencefrom払eplasmaalsocbangeswi払tiIne，  
andtim主ngofspectralmeasurement王Ieedstobestud－  
ied．Optimumconditionsofdelaytimeandgatewidth  
mtlStbedeterminedsoastoobtairlhighS／Nspectra．  
Here，delaytimemeanstbeintervalbetweentbelaser  
pulse and opening of the multichannel photometer 
gate，arldgatewidthmeansthespectrummeasuring  
time．Thusthespectrummeasurementstartedatthe  
delaytimeafterthelaserpulseandcontinuedduring  
洩egatewidtb．Tbeywerecontroliedbyt‡leSMAgate  
COntrOま1erandmonitoredbyadigitaloscilloscope．  

Fir＄t，VeVariedtbe（王eiaytimefrom200to2500ns  
W抽afixedgatewidtilOf2000ns11SinglCeSamples  

0  1000  2000  3000  
Gatewidth（ns）   

Fig．3▲ Temporalchangesof血eS／Nratioat393nmus主ng  
Casamp】es．（a）cbangesbydeiaytimeand（b）cbanges  
bygaもewidぬ．  

Tbelaser－inducedplasmaandt払eemissionたom  
thcpiasmafluctuate，Sincelaserpulseintensityfluctu・  
ate＄Significantly andlaserinduced breakdownis a  
highl）’nO什一1ineaT－phenomen（1n．ThereLfore．sp仁でt】■llm  
qualityshouldbecomemorestableasthenumberof  
accumulatedlaserplユ1sesincreases，‡nadditionサfltlCtu－  
ationsoftheもackgrolユndemissioIl，WbicbcoIltribute   
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tonoise，OCCurrandomlyandwillbesmoothedoutas  
accumulatedla父rpulsesincrease，Wbiletherealsig－  
naiaccumulates and adds up．Tbis means tbat the  
largerthepulsenumber，thebettertheS／Nratioand  
thelowerthedetectionlimit．Ontheotherhand，Since  
thelaserinducedbreakdovnatthesurねceoftheice  
CauSeSaSmallamotlntOfal）iationof仇eice，aiarger  
numberofpulsesmayconsumetheicenearthefocal  
point．Thisleadstoade（：reaSeOfemissionintensity．  
Therefore，WeShouldseekout払eoptimumnumberof  
laserpulses．  

Figures4a and b show the S／N ratio and the  
emissionintensity（peakarea）againstthenumberof  
accumulatediaser ptllses，reSpeCtively．Tbelaser  
e王1ergyWaSlユO mJp11ise州1．Tbeirradiated area was  
aboutlmmindiameterandthustheenergyfluence  
EFatthesampまesurfacewasestimatedtobe13J（cm2  
pⅥ1seト1．Tbis EF was jlまSt enOligb to ge‡1erate a  
pla＄ma．When the EF waslarger than 26J（cm2  
pulse）‾i，thesampie sometimes cracked after a few  
laser pulses．Tile eXperiment was carried otlt uSing  
Sa‡nples contai†血g20βgg仙1Ca，Witb tbe optimum  
delay time and gatewidth of600ns and2500ns，  

respectively．Emissionintensityincreasedwithaccu一  
肌laとぬn ofまaser pui㌍S tlp tO250w300pui艶S and  
Showedlittle cbange a決ervard、Tbe S／N rati（〉  
Sぬowed a bigb value up to250－300pdses and de－  
CrCaSedwithincreasingnumber ofpulses．Theopti→  
mumnlimもerofacclユmulatedlaserpulsesvasdeter－  
minedtobe250－300，Wherebotbtbeintensityandthe  
S／Nratioirldicatedlargevalues．  
TherelationbetweenCaconcentratio‡landemis－  

SionintensitywasexaminedusinglCeSamplesⅥFith  
tbefolioⅥ7ingCaco王1Centrations：1．0βgg‾1，2．5βgg‾1，  
5．0／Jgg‾1，7・5〟gg－1，1仇0〟gg‾1，12，5／噌g‾1，15．0／棺gγ1  
and20，OJLgg≠1．Experimentswerecarriedoutunder  
払e optimum conditions discussed ab（〉Ve：Tbelaser  
WaS Operated atllO mJpui紀▲1，汰eirradiated area  
WaSaboutlmmindiameter，thedelaytimewas600  
ns，the gatewidth was2500ns，and data were ac－  
Cumulatedfor300pulses．  
Figure5showstheemissionintensity（peakarea）  

Of Caions at 393 nm u．s．Ca coIICentration．We  
measuredmoretban5samp王esforeacbconcentration．  
FilleLd dots〔k110te data fol’indi＼▼idu；llsamp］es and  
Opendotsrepresentaveragesatthesameconcentra－  
tions．Thestraightlinerepresentstheresultoflinear  
蛮性i将byt壬Ie王eastmeansquaremetbod．Co汀elation  
WaSlinear，arldtbecorreiatioIiCOefficie‡1tbetween払e  
averagedvalueandtheconcentrationwasO．99．The  
emissionintensityofCaat393nmwasdetectablefor  
allsamples of Ca concentrationslarger tban 2．5  
JLgg‾”i，WhileitwasnotdetectableforthosewithCal  
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jLgg「1，Toevaiuatethedetectionlimit，Wehavecalcu－  
1atedthestandarddeviation（0・）ofemissionintensities  
（peak area）at2．5and5pgg‾1with respect to the  
fittediine．Thedetectionlimitwasestimatedtobe2．  
2βgg‾1鉦om也e2♂．Ål軌0喝b al‡igh co汀elation  
coefficient between the average emission intensities 
andconcentrationwasobtained，intensitiesfordiffer・  
entsamplesaとthesameconce‡1trationⅥ㌻ereSCattered，  
Tbese ratberscattered results couldt〉e attribuとedto  
the nor卜uniform distribution of Cainice sa王nples，  
unevenness ofice densityin theirradiated area or  
uneliminable fluctuation of emissionintensity．We  
COnSideredinhomogeneous distribution of Cainice  
Samplesandunevennessoficedensitytobethemajor  
CaliSeSOfthescattering，becalユSefluctuationofeach  
measurementpointaroundtheaveragevaltleSSeemS  
tobelargerthanthatforthecaseofsoIutionsamples  
（Ito gfα£，1995；Nakamura 留吉α£，199軋and aiso  
because preparation of standard ice samples with 
unifomimp11rity distribtltion and densityis ratber  
difficulと（Reideg拐乙，1992），Iftbisscatterisattril）uted  
tothesamples，WeCanapplyuBStothehigh－reSOiup  
tion analysis ofCa distributioninice cores usinga  
regression curve Whichis obtainedwith averaged  
Values，Sincethehighcorrelationcoefficientbetween  
averaged emission intensity and Ca concentration 
StlggeStSthat severalmeasurements average out the  
Ca11SeSOffluctuation＄uChasinhomogeneotlSCadistri－  
butionandunevennessofdensity．We，however，need  
toimprovethemethodtopreparestandardicesanト  
piesbyusipgatecIlniqtleStlChasmorerapidqlユenC壬l血  
i喝Ofliqtlidsampies．う好eaiso王Ieedmoreinvestigatio‡1  
0fthereasonforthedatafluctlユation．  

Figure 5 indicates that we can determine Ca 
COnCentrationin the range of2．2－20J噌g叫1inice  
Samples by LIBS．This concentration range for Ca  
COrreSpOnds tothatinice cores fromlow and mid  
htitudes（Jenkinsggαgリ1987；Ⅵrakeggα£，1990，1992；  
Zba喝，1996）．   

4．Conc暮usions  

EmissionofCainicesampieswasdeもectedbytbe  
LIBStecbIliquefor払efirsttime．う河e王IaVeinvestigat－  
edthe optimumconditions forlaserirradiationand  
timing ofspectralmeasurement to obtainhighS／N  
ratioandlowdetectionlimit．Theoptimumdeiaytime  
andgatewidthforCameasurementswere600nsand  
2500ns，reSpeCtively．Westudiedtherelationbetween  
emissioni鵬ensityandco‡1CentrationofCainice，and   

foundalinearrelationshipintheconcentrationrange  
Of2・2→20Jlgg～1withthedetectionlimitof2・2JLgg－1．  
Thus our results，though preliminary，indicate that  
uBScanbeused to determine Ca concentrationir1  
loⅥ7arldmid王atiもudeicecorescoiぬini喝relativeiy  
highconcentrationofCa．LIBShasagTeatpOtential  
as a contirluOtlS and non－destructive anaiysis tecIl・  
niqueforicecorechemistry．MoreⅥ70rk，hoⅥreVer，is  
n既eSSaryin order to analyze po王arice cores tbat  
CO雨a主nlowerconcentrationsofcbemicalconstitue‡ltS．  
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