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Abstract  

WehavedevelopedacontinuousandnonMdestructivetechniquetoanalyzechemicalconstituents  
inicethatuseslaser－inducedbreakdownspectroscopy（LIBS）．Inanearlierpaper，WeShowedthatthis  
methodcandeterminethecalciumconcentrationsinice．Inthispaper，Weapplythesametechnique  
todeterminesodiumconcentratioIISinice，First，VequenCbedsprayedthiniayersofstandardsodium  
SOlutionsinsuccessiontob11ildupthickicesamplescontainingknownconcentrationsofNa．Then，the  
emissionofNaaroundawavelengthof589nmwasmeasuredwhentheicesampleswereirradiated  
Withfocusedlaserpulses．Thevolumeoficeconsumedforeachmeasurementwasonlyaboutlmm  
inbothdiameteranddepth．Undernearlyoptimalconditions，theemissionintensitywasproportional  
tosodiumconcentrationwhenthelatterwerelO－20OjLgg鵬ユ．Wealsofoundalinearrelationshipin  
tbebigbconce‡ltratio王iramge（10－1080〆gg－1）．Thedetectior11imitwasestimatedtobe17βgg【1．  
TheseresultsindicatethatuBScanbeusedtoanalyzesodiuminseaice，althoughamuchlower  
detectionlimitisneededtoanalyzeicecores．  

1．Introduction  

Variations of chemicalspeciesinice cores and  
Seaiceprovideinformationonthehistoryofenvironq  
mentalchangesandseaicegrowth，reSpeCtively（e．g．  
Oes王1egerandLangvay，1989；1野eeksandÅckly，1982）．  
Conventionalchemicalanalysis techniques，SuCh as  
ionchromatography，atOmicabsorptionspectroscopy，  
andinductively－COupled plasma mass spectrometry  
（ICPMMS），requireliquid samples．These techniques  
usuallyrequirecuttingtheicesamples，remOVingthe  
Samplestlrfacefordecontamination，andmeltingthe  
decontaminatedsamplesincleanedbottles．Thissam－  
ple preparation proccdureis very time－COnSumlng，  
Whichlimitsthenumberofsamplesmeasured；hence，  
thi＄method makesit difficult to analyze chemical  
SpeCies with high spatialresol11tion．To soIve this  
problem，Siggggαg．（1994）developedamet壬10dcalled  
COntinuous flow analysis（CFA）that can determine  
H202，HCHO，NH∴andCa2＋at asamplingresolu－  
tion ofl－3cmwithout cutting theice samples．  
ImprovedCFAcandeterminateeightchemicalcom－  
ponentswitbapproximatelylcmresolution（R6払1is－  
berger et al．，2000）．The CFA，however，uSeSlarge  
Sarnple volumes and cannot determine the chemical   

COnStitue鵬Sin thin cbaracteristiclayers，SuCb as  
Cioudy bands（e．g．Meese et al．，1997），because the  
uncertaintyofmeasurementlocationinthesampleis  
approximately±1cm．Thepurposeofourresearchis  
to develop a chemical analysis technique that can 
determirle Various chemicalspeciesinice samples  
W主thspatialresoltltionandpositioningaccuracyofl岬  
2mm．  

Todeterminechemicalelementsinsolidicesam－  
ples at mmqresolution without melting the samples，  
Wehave madethe first application oflaserinduced  
breakdownspectroscopy（LIBSラtoice．（ぎorprevio11S  
WOrkwithuBS，SeeRadziemskiandCremers，1989；  
Kagawa and Yokoi，1982；Cremers and Radziemski，  
1983；Radziemskiet alリ1983；Cremers et al．，1984；  
Kitamoriet al．，1989；Iida，1990；Kagawa etal．，1995；  
Ito g才αgり1995；Nakamura ggβg，，1996．）Before we  
applythistechniquetoreaiicecoreandseaicesam〟  
ples，thefo1lowingprocedureisnecessary（Takataet  
al．，2000）：（1）preparehomogeneous，Standardicesam－  
ples containingkn0wnCOnCentrations of a chemical  
SpeCies，（2）detect the characteristic emission spec－  
trumcorrespondingtotbec壬1emicalspeciesfroInlaser  
－induced breakdownplasma，（3）find the optimal  
COnditionsoflaserirradiationandspectralmeasure－  
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men晦（4）deterIⅥi王1e the relationsbipl〕etⅥ7een e王nis－  
Sionintensityalldconcentrationofcbe王nicalspeciesi王I  
Standardice samples，and（5）apply the method to  
Variouschemicalspecies．Sofarwehavecarriedout  
StepS（1）－（4）with artificialice samples containing  
either calcium（Ca）or sodium（Na）．Previously，We  
reported on steps（2）－（4），uSing the results for Ca  
（Takata et al．，2000），Here we report the results of  
StepS（1）－（4）forNa．   

2・Preparation ofstandardicesamples  

Å豆ificialicesamplescorltairlirlgknown，bomoge－  
neousconcentrationsoぎNaarereqt最redtoinvestigate  
the reiation between the Na concentration and the  
emissionintensity from Na．Standardice sampIe  
preparationtechniquesfor xMray analysis havebeen  
reported（Wyness et al．，1987；Reid et al．，1992）．  
However they were thin（thicknessless thanlmm）  
andhighconcentration（102刷104JLgg－1）samples．In  
thisstudy，Wedevelopedthefo1lowingsampleprepa－  
rationmethodtomakesamp】estbatarethickerand  
bavelowerco王1Centrationsthantboseofl野ynessg才αg．  
（1987）andReidg才αg．（1992）：（i）Å1000〆gg‾isoltltion  
OfNawaspreparedfromreagentgrade，99．9％pure，  
NaClandultra purewater of18Mn resistance．（ii）  
Solutions at lower concentrations were prepared by 
dilutingthelOOO〟g g‾1solution．（iii）A solution of  
designatedconcentrationwascooledtoaboutODC．（iv）  
Copperplatesofdimension20×20×2mmwerefirst  
Cleanedwithacetoneandultrapurewaterof18  
resistanceandthencooledto w200r－500C．（v）The  
COOled solution was sprayed on the cooled copper  
plates11Singanatomizerto払matI血1ayerofice，  
1ess tぬnlmm tbick．Tlle Sprayed solution froze  
immediatelyuponcontactandformedathinlayer（see  
Fig．1）．（vi）Thecopperplateswiththethinicelayers  
WereCOOledagainto－200rM50OC．（vii）Steps（v）and  
（vi）wererepeatedmorethanlOtimessothatthefinal  

icetbicknesswasabotltlOmm・Thesampledensity  
WaSabotltO・88xlO3kgm‾3，andcrossed－pOlaroids  
measurementsonthinseetionsshowedthatthegrain  
SizeofthesampleswasaboutO．5mm．   

3、Equipment  

Figure2providesaschematicrepresentation of  
theexperimentalseトup，Whichisbasicallythesame  
as that described by Takata et al．（2000）．Anice  
Sampletobeanalyzedwasmountedinachamberthat  
VaSkeptatabout－50C．1野eusedaQ】SwitcbedNd：  
YÅGiaserくSpectrumP壬IySicrnodelDCR－3G）of8ns  
puisewidthtbathadaⅥ7aVelen離hoflO64nmanda  
frequency of5Hz．Transmissivity of the chamber  
windowwas76％atthislaser州pu】sewavelength．The  
laserpulsewasfocusedbyalensoffocallength200  
mm．The spot size of thelaser pulse at the sample  
Surfacewasaboutl－1．5mmindiameter．Thispulse  
formedaluminescentplasmaontheicesurface，and  
thisluminescence was picked up by a single－COre  
Optical蔦ber．Tbeluminescencespectrumwasrecord－  
edbyamulticbannelp壬10tOdetector（Princetonmodel  
SMÅ）．Tbe spectra vere analyzed tlSi喝the data  
触prOCeSSing program of‡to ef al．（1995）and Naka－  
mura gJαg．（1996）．  

Fig．2．Schematicoftheexperimentalsetup．  

4．Results and discussion  

Figure3showsanemissionspectrumfromalaser  
－ind11Cedp王asmaattileStlrねceoficecoIぬiI血glOOO  
ガgg≠10fNa．Tbisspectrumistぬe acclユm111ation of  
100pulsesmeasuredfrom500to3500nsafterthelaser  
pulses．Thelaser energy was600mJpulseLl．We  
identifiedthepeaksnear568and589nm．Althoughthe  
589nm peak consists ofthe wellknownDIandDII  
linesof Na at589．5924nm and588．9950nm（Reader  
andCorliss，1987），thesetwolineswerenotresoIvedby  
Our detection system．We usedthe peak around589  
nm，the strongest emissionline of Na（Reader and  
Corliss，1987），tO eVaiuateits emissionintensity arld  
S／NratioforoptimizationoftbeexperimentalcoIldi－  
tions．Theobservedvolumeofsampleusedtomeastlre   

Solution of 
dcsigned  
COnCentration  

lcelayers丘om  
SuCCCSSivesprays  CopperPlate  

Fig．1．Methodofsamp】epreparation．  
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Fig，3．Lum主nescence革peCtrtimObtainedforanまcesaヱnpie  
WitklOOOβgg→lN乱  

thespectrumwasonlyaboutlmmacrossandlmm  
deep，Laserpuisesofourlasersystemwereinvisible  
becausetbewavelen離hvasintheirlfraredradiation  
range．Butthereiswidespreadu＄eOfimprovedlaser  
SyStemSthatmixvisibleandinfraredlaserpulsesso  
tbat払elaserirradiationpointatthesamplebecomes  
Visible．1町iththeuseofsucbanimprovedlasersystem，  
WeShouldbeabletoincreasethepositioningaccuracy  
andspatialresoluもiorltOl－2mm．  
AlaserMinduced plasrna changes very quickly  

afterlaserpulseirradiation；theplasmaexpandsout  
intothesurroundinggas，thusformingashockwave，  
ariditste汀iperatl汀eVarieswithti汀Ieandpositionくe†g．  
Radziemskig才αgリ1983；Cremers，ggαg．，1984）．There－  
fore，theluminescence signalfrom a plasma aiso  
CbangesⅥritbtime，andtbustbeoptimaltimingoftile  
SpeCモralmeasurement needsto be determined．Opti・  
malconditionsofdelaytimeandgatewidthforice  
Samples containing Na were determined so as to  
ObtairlbigbS／Nspectra，aSVeredoneforicesamples  
COntainingCa（Takataetal．，2000）．Here，delaytime  
meanstheintervalbetweenthelaserpulseandstartof  
thespectralmeasurement，andthegatewidthmeans  
tbespectrummeastlrl喝ti王Ⅵe，  
First，WeVariedthedelaytimefromlOO to1800  

nswithafixedgatewidthof2000nsusingicesamples  
COntainil唱1000〆ggⅥ1Na．TbeiaserⅥ7aSOperatedat  
3（）OmJpuise仙1andtbeぬtawereaccumulatedfor200  
laserpulses．F短ure4ashowstheresultingS／Nratio  
as a軋InCtio王10f tbe deiay time．The optimaldelay  
timebavingthelargestSガヾwas600・・－1200ns．Tben，  
WeVariedthegatewidthfrom800to3500nswiththe  
fixedoptimaldelaytimeof1200nsusingicesamples  
COntaininglOO pg g…10f Na（Fig．4b）．Thelaser  
Operation and七重Ie data accumulatioIln11mber were  
Samewiththeexperimerlt Ofthedelaytimevaried．  
TIleOptimalgatewidtbwas2000－3000rlS．  
Tbelaserminducedplas壬naa‡1dtbeemissionfrom  

theplasmafluctuatedbecatlSethelaserpulseintensity  
fluctuatedsignificantlyandlaserjnducedbreakdown  
is bigぬiy noniiIlear．HoⅥreVer，the spectrum qtはiity  

1000  
t）ビ1aさ、tlnletnSl  

●  
●  ●  
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GaleⅥ－idthtns）   

Fig．4★ TemporaIchangeofS／Nratioaround589nm払r  
ice containing Na．（a）Dependence on delay time．㈲  
DependeilCeOngateⅥridtb、  

should become more stable as the number of ac－  
Cumulatedlaserpuisesincreases．‡naddition，fiuctua－  
tionsinthebackgrotlndemission，VbicbcontriblユteStO  
noise，OCCurrandomlyandwi11besmoothedoutwith  
increasingnumberofaccumulatedlaserpulses，Where・  
astherealsignalaccumulatesandaddsup．Hence，the  
larger theL numberofpulses．thebettertheS．！：N rこ1tio  
andthelowerthedetectionlimit．Ontheotherhand，  
because thelaser breakdown at the surface ofice  
CauSeS SOIneice ablatiorl，tOOIⅥa王1y pt】1ses would  
COnSume theice near tbe focaipoint，Vhic王IWOtlid  
decrease theemissionintensity．Therefore，the num－  
ber oflaser pulses that maximizes S／N shou王d be  
found．IntbepreviousstlユdyくTakataβオαg．，2000），Ve  
Obtainedtheoptimalpulsenumberof250ィ▲・・▲300fora  
lowenergyfluenceEFof13Jcm2pulse…1，Whichwas  
justenoughtogenerateaplasma（Takataetal．，2000）．  
Intbisstudy，魚elaserwasoperatedat600mJpulse■1  
and theirradiated area at the sample surface was  
aboutl．5mmacross；therefore，theEFwasabout26  
JcIn】2ptllse‾l．1VhentheEFwaslarger，thesampies  
SOmetimescrackedafterafewpulses．Figure5shows  
theS／Nratioversusthenumberofaccumulatedlaser  
pulses．T壬1e eXperiment ⅥraS done using samples   
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017   50  100  150  200  
Concentration（Pgg－1）   

Fig．6．Correlationbetweenpeakintensityaround589nm  
andNaconcentrationfortheconcentrationrangeofl  
200JLg gql．Filled dots represent result80n Single  

samples and open dots represent averages over a11  
Sampleswiththesameconcentrations．Thestraightline  
representstheresultoflinearfittingbythe王eastmean  
鱒uare metbod based ontbe average dat臥Seven or  
eig如弧mplesweremeasuredforlO，25，100，三50and200  
βgg≠l，andfifteensampleswere王neaSlばedfor50〟gg【1・  

0．99．Naemissionaround589nmwasdetectedforall  
sampleswithNaconcentrationslargerthanlOJLgg‾1，  
butitwasnotdetectedforsampleswithNaconcenT  
trationoflJLggPl．Toevaluatethedetectionlimit，We  
calculated the standard deviation o・Of the emission  
intensities（peakarea）atlOand25JLgg‾1withrespect  
tothefittedline．ThedetectionIimitisapproximately  
17〆gg－1basedontbevalueof2す，Å1thougbabigh  
correlationcoefficientl〕etWeentbeaverageemission  
intensityandconcentrationwasobtained，atagiven  
concentration，there was significant scatterin the  
intensitiesfromdifferentsamples．Thescattercanbe  
due to a nonuniform distribution ofionsinice sam・  
ples，uneVenneSSOficedensityintheirradiatedarea，  
orinherentfluctuationsofemissionintensity（Takata  
eial．，2000）．The major source of scatterin these  
experimentswasmostlikely anonuniform distribu・  
tionofionsintheicesamples，andtoalesserdegree，  
‰ct11ationsin sample density．Tbisisl）eCauSe tbe  
localsampledensitycanvaryeventboughthebulk  
densitydoesnotvarysignificantly．We checkedthe  
relationbetweenthemeasuredemissionintensityand  
sampledensityforafixedNaconcentration；qualita－  
tively，theintensitydecreasedasdensitydecreased．In  
spiteofthesignificantscatterinthedata，OurreSults  
suggest that several measurements average out the 
inhomogeneousdistributionofionsandthefluctuation  
ofsampledensity，andthuswecanobtainareason－  
ableregressioncurve11Singaverageva王uesofseveral  
Samples．   
Figure6indicatesthatwecandetermineNain  

therangeoflO－200pggJlinicesamplesbyLIBS・  
WealsoinvestigatedtheuseofLIBSonicesamples   

200  100  
Accumulatedlaserpulse（number）   

Fig．5．DependenceofS／N ratio onthenumber oflaser   
pulses．Laserpowerwas600mJpulseJandtheirradiat－   
edspotontheicesamplewasl．5mmindiameter．The   
Curve repreSentS the result of secondary parabolic   
approximationbytheleastmeansquaremethodbased  
oni‡1dividtlaiぬta．  

COntaini喝50βgg」∵Nawitbtheoptimaldelaytime  
oflOOOnsandoptimalgatewidthof2500ns．TheS／N  
ratioincreaseswiththeaccumulationoflaserpulseup  
to140pulses and decreases with additionalpulses・  
The optimalnumber of accumulatedlaser pulsesis  
140underthislaseroperation．  
Wenowdiscusstheoptimalnumberoflaserpulse  

accumulationbycomparingourresultsfortwoenergy  
fluences，The totalintegrated energy per unit area  
＼＼－aS3コ3日．T mllr：fいrこInEFof13．lcnl二pulse▼11aIld  
was36Jmm柵2foranEFof26Jcm－2pulse‾1．Tbese  
valuesareclosetoeacbotber，Wもicbsug宮eStStbatthe  
Optimalnumberoflaserpulsescanbeestimatedsoas  
togivethe optimaltotalintegratedencrgyper unit  
area of30q40JmmL2．  

TherelationbetweenNaconcentrationandemis－  
sionintensity wasexaminedusingice sampleswith  
thefoilowingNaconcentrations：1jLgg…1，10jLgg．l，  
25耳gg一肌l，50βgg‾1，100〃gg‾l，150〟gg榊1，and200  
jLgg肌1．Experiments were done under the optimal  
conditionsdiscussedabove：thelaserwasoperatedat  
300mJpulse▲1，tbeirradiationareawasabotltl．5mm  
across，thedelaytimewas1200ns，thegatewidthwas  
2500ns，and data were accumulated for2001aser  
pulses．Thenumber oflaserpulses wasclosetothe  
optimalnumberbecausethe totalintegratedenergy  
perunitareawas26Jmm‾2，Whichwasclosetothe  
optimalvalueof30L40Jmm‾2．  
Figure6showstheemissionintensity（peakarea）  

of Naions around589nm versus Na concentration．  
Wemeasuredmorethan7samplesforeachconcentra－  
tion．Fi11eddotsaredataforindividualsamples and  
Opendotsareaveragesatafixedconcentration・The  
correlationislinear，and the correlation coefficient  
betweentheaveragedpeakareasandconcentrationis  
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With higber concentrations（10れ1000声g g‾り．The  
resultsaisosbowedlinearrelationbetweent壬Ieemis・  
SioninterlSityandNaco‡1Centra貞onねrthera‡唱eOf  
lO岬1000＃gg州1（㌻＝0．99）assbowninFig．7．Tbis  
SuggeStSthatwecanapplytheuBStechniquetosea  
ice samples，Which contain high Na concentrations．  
HoweverブWemu＄tmeaSuretbeO．ユー1βgg‾1concenナ  
tration range for determination of Nainice cores  
fromcoastalregions（e思MuivaneyandlⅣ01ff，19銅；  
う野atanabe ggαg．，2081），and poまarinlandice cores  
containlO AlO2timesless Na than tho＄ein coastal  
reglOnS．  

eoncelltrationsillSeaicビ．Althし1ughtheetlrrentdetec－  
tionlimitis presentユy too high to analyzeice core  
Samples，uBShasgreatpotentiaiasanon叫destrue・  
tivetec‡lniquewithveryhiめsamp！irlgreSOh曳ionof  
theorderofmmbecausethesamplevolumethatwas  
COnStlmedwasonlylmminbothdiameteranddepth．  
As a future sもudy，We p王an to develop a method to  
prepalでmOrehomogenousstalldardieesamplesthat  
wiilreducethedatascatter．Wealsoneedtodecrease  
洩edetect主onlimittoanalyzeicecoresampまes．   
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ぎ王宮、7、Correla如nもetweenpeakinter主SityaroⅥnd589nm  
andNaconcentrationfor払econcentrationrange（）flO  
叩】、000βgg－1．Nota如noまfilieddo晦Opendotsarま8tbe  
StT－aight＝nビ；1rtLthビSこInle aSthatin Fig．ti．  

To analyzeice core samples，a mOre SenSitive  
detectionmethodthanthesimpletime－・reSOIvedemis－  
Sionspectrometryemployedhereshouidbedeveloped  
forice saIl叩Ies．Possible111ethodsinL：ltlde the doublp  
LIBS method（Nakamura et al．，1996），laserinduced  
fluorometrytec壬Inique，and‡naSS＄peCtrOSCOpy，   

5．Conclusions  

Wedevelopedanewmethodtoprepareartificial  
ice samples containing glVen COnCentrations of Na，  
a王Id applied tbe L‡BS tecbnique to determine Na  
CO王1Centrationsin soまidice sampies．Tbe optimum  
COnditionsねrlaserirradiationandtimir！gOfspectrai  
measurement to obtain a high S／N rario andlow  
detectionlimit were examined．The optimumdelay  
time；lndgatel＼うdthwercL60O－12uOIISand却伽ト3O州  
ns，reSpe（：t圭vely．Tbeoptまmaltota王integratedenergy  
perunitarea＼＼▼こISeStinlatedtobe3O－iOJmnTご．We  
foundalineこIrrelatiⅢ1Shipbet＼＼TeenNac（1nCentration  
and mean emissionintensityin the concentration  
ra喝eSfromlOto200鵬g‾1andlOtolOOOβgg‾1．  
T壬1edetectionlimitwas17βgg岬ユ．Tbus，OurreSul短  
indicate that LIBS ca11be used to determille Na  
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