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PREFACE  

When the NationalInstitute for EnvironmentalStudies commenced research  

activitiesin1974，ithad beendiscussedmostseriously whatresearchprqJeCtSShouldbe  

initiatedin the newly－eStablishedinstitute．Thesimultaneousmultielernent analysisfield  

wasoneofthoseselectedbythe ChemistryandPhysics Division oftheinstitllte．The  

reasonforthechoiceisbrieflydescribedirLthefollowingこ  

1．Atomic absorptionspectrometry whichhasbeen developedsince1955，isasensitive  

method ofanalyses fora11metallic elements，butoneofthemaJOrdrawbacksisthat  

Oniy one element can be determined at a time as the techrLique requires thelight  

SOurCe Of the specific element ofinterest，Consequently，SCientific efforts were  

directed at attainingmethodshavinghigh sensitivity butatthe sametimeproviding  

thesimultaneousmultielementcapability．  

2．ln the environmentalfield，the demand on analyticaltechniques was naturally  

coincidental．Namely，the methodforindividualinorganicelementssuchasmercury，  

Cadmium or chromium was more orless satisfied by atomic absorption，but the   

inability to provide multielernentinformation waslackir［g，The situation wasquite  

Simi1ar to totalorganic rnaterials，Which wereratherconvenientlyexpressedbysuch  

termsasCODorBODinsteadofidentifyingandquantifyir［geaChspecificpollutant，  

3，Not onlyin the environmentalfield but alsoin other scientific areas such as  

rnedicine，agrlCulture andindustry，a Simultaneous multielement capabilityis  

required．  

The project was undertaken from the first fiscalyear，1974，by members of the  

division，Drs．N．Otsuki，H．Haraguchiand N．Furuta．Multielement atomic absorption  

With a continuouslight source such as a Xenonlarnp was firstinvestigated with a  

chemicalname as the atomisationsource，The method wasfound usefulforten totwelve  

elements withmoderate sensitivity．While the work was carried out，aSiliconintensified  

target（SIT）together with an opticalrnultichannelanalyzer（OMA）was builtinto the  

SyStem，ar［dthisenabledfurtherdevelopmentstobepossible．  

Meanwhi］einstrumentation forinductively coupled plasma（1CP）emission spectro－  

metrymaderernarkablepfOgreSSinboththe U、S．A．and EurQPe，andithasreachedthe  

Stage Where the emissionsensitivltyOfmany elementsis almostequalto orbetterthan  

that ofatomic absorption．Wehave，therefore，adapted thenewplasmalightsourcefor  

multielement analyses，The rnain part of this report deals with the results foT plasma  

emlSSlOn．  

At present，COmmerCially availablelCP systems of polychrometer design have  

bect⊃me POp11lar and have been replacing atomic absorption spectrometryin various  

－Ⅴ－   
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fieldsincludingtheenvironmer）talsciences．lnourinstitute，thecomputerizedJarrell－Ash  

lCPwasintroduced ayearago，andisbeingfu11yutilizedrorthesimultaneousdetermina－  

tion of15－20elements on a routine basis．The system reported here，however，has  

the unique characteristic of simultaneous wavelength coveragein contrast to the  

Photomultiplier－based polychrorneteT，and allows us toinvestigate the spectra of both  

the signaland background，and to check for erroneous valtleS Which are sometimes  

inevitablewithcommercialapparatuspresentlyavailable．  

At the occasion ofthepublicatiort ofthispilrticularissue，lmustexpressmysincere  

appreciation to forrrlerand presentdirectorsoftheinstitute，Drs，Y．Oyarna，M．Sasaand  

J．Kondo for Lhejr七orI血ued erICOuragemen亡and urlljmjted suppor【rorけ1e prdec［．  

Thanks are also due to co11eages of theinstitute，Particularly those ofthe Chemistry  

and Physics Division for their valuable contributions．Iwish toexpress mygratitude  

for the efforts displaycd by persons of the Information and Administration divisions 

Whorrladethepublicationoftheissuepossible．  

KeiichiroFUWA，D．Sc．  

Dfrecねr，  

Chemistry andPhysics  

Division  

March 19ROO 
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ABSTRACT  

The report descnbes analytlCalstudies which are concerned with multielement  

analysis by atomicspectoscopicmethods．Theintroductorychapteroutlinesth：esignifi．  

CanCe Ofmultielement analysis，andincludesclassificationoftheanalyticaltechniques，  

the excitatiorlSOurCeS and the measurement system．Chapter2provides detailsofthe  

developedinstrument whose photographisshown onthefirstpageofthisreport．The  

instrument consists of anICP source，PrOgrammable monochromator，and SIT－OMA  

detector．InChapter3，theanalyticalperformanceoftheSIT－OMAdetectorisconsidered  

Whencombinedwiththeprograrnmablemonochromatorbyusingnitrousoxide－aCetylene  

flameasanexcitationsource・TheanalyticalperformancewasimprovedinChapter4by  

replacing the nitrous oxide－aCetylene flamewith anICP source．ICPemission spectro－  

metryisamostpromisingmethodformultielementanalysis，Althoughtheinterferenceis  

Very Smallin comparison to other techniques，maJOrCOnStituentsofsamplescancause  

backgroundshifts whichresultinanalyticalerrors．ThedevelopedinstrumentCanCOrreCt  

forsuchbackgroundchanges，  

l】l   



CHAPTER 1 Generallntroductionn 

ノート弛勅触m須甘m潮抽肋刑旬両面  

The present environmental laws Bdopt a specific concentration range for each 
element（metals and nonmetals）as a criterion ofpo11ution，and appropriateanalytical  
me［hodsforeachelementareestabLIShedJ．Ifwemeasureeachelementbyadifferent  
PrOCedure（flame photometric method，atOmic absorptionspectrophotometricmethod，  

gravimetricrnethod，COlo∫一metrlCmethod，flamelessatomicabsorptionmethod，electrode  
method，and so on）as proposedin the regulaticrns，itis timecorlSurningandisrather  

laborlOuSL Therefore，there has beeninthelastdecadesanincreasingdemand forrapid  
multielement analysIS Of environmentalsamples，Where simultar［eOuSinformation ona  
large number of elementsis desired．The demandis given not only from the environ－  
menf8】fje】d，buta】sofrorれOtわerfle】dg，ぶuCわaざiJldustry，geOlogy，a訂icu】亡ure，medicine，  

andecology．  
When edibleplantsweregrownonasoilwhichcontainedmuniclpalsewagesludge，  

wherelargeamountsoftraceelementsaccumulated2▼4，thefollowingtwelveelements，B，  
Br，Ca，Cd，Cu，Fe，Mg，Mn，Na，Ni，Se，andZnwerefoundathighconcentrationsinthe  
plantsas comparedtothecontro15．TheamountofFeandCdthataplanttakesupis  
dependent on the P concentrationin thesoi16．phosphoruscompeteswithFeinthe  
uptakeprocess，andphosphoruSdeficiencyil】tlle50i］jsoftenapromjnentsymptom of  
Altoxicity7．Interestingly，Whencadmiumreachesaveryhighconcentrationinaplant，  
乙incis atso highin concentrationin theplantS・6・8．zincisknowntohave arnarked  
protectiveeffectoncadmiumtoxicity9・10▲Iftheplantgrownonthesludge－SOilwasfed  
to guinea plgS，eteVated concentrations of severalelernents foundin the plantalso  
appeared at higherlevelsirLCertainoftheanirnaltissuesll．Theseincludedantimonyin  
adrenal，Cadmiumin kidney，manganeSeinliver tissue and tinin kidneY，rnuSCle，and  
SPleen、Although，aSmentioned above，the zinc content wasvery highinplantrnatefials  

inwhichappreciablelevelsofcadmiumwerepresent，elevatedlevelsofzincintheanimal  
tissues were not found，Thisis not surprising since zincis absorbed poorly from the  

gastrointestinaltractinhumansandvariablyinanimalsll   
InterelerneJlt Synerg】Sm arId an亡agonjsm duringp】alltand animalabsorptioniscom－  

plex，and knowledgeislimited to only a fewsubstances．Otherexamplesareselenium  
against the toxicity ofcadmium12andmercury13．15．Atpresentsuchaninterelernent  
irLteraCtionis known to play anirnportant rolein environmentaland biologlCal  
prQblemsI占．Therefore，tlleneedfoTm111tklementanlysISisstTikinglyclear．  

ノー2」刀〃レ／J〟JJgc加東〟g∫ノ∂′刑〟／JゴビJg楢g〃J〟〃〟恒∫∫  

Analyticaltechniques for multielement analysissuchasneutron activationanalysIS  
（NAA），SPark sourcemassspectrometry（SSMS），anOdicstrippingvoltarnmetry（ASV），  
X－ray fluorescence spectroscQPy（XRF）and opticalspectroscopy（OS）have been  
employed．ThissectionpresentsabriefsuTnmaryOfeachanalyticaltechniqueandcom－  
pares their features．As each technique has unique advantages and disadvantages，the  
choice of the techniqueis based on the requirement of the analysis．So far，Bushand  

2－   



Morrison have compared these techniques with regard to scope，analysis time，Sample  
type，andprecision17．Also Dulkaand Risbyhavesummarizedthedetectionlimitsfor  
suchtechniques16．winefordnerhasalsosummarizedmultielementtechniquesinatheo－  
reticalpresentation18．   

ノー2・上州朝川m㍍血血川即両面り凡拍ノ   

NAA（neutron activated gamma－ray SpeCtOmetry）offersexcellent s？nSitivity for  
manyelementsasshowninTablel－116，butitisoftennecessarytocarfyOutaSeparation  
step afterirradiation because ofinterferencesfrom elements suchassodium，Chlorine，  
and bromine．Lead cannot be routinely determined by NAA nor can elements with  
atomic numberslessthanll．Recently，thepromptradiationmethod（αParticle－induced  
prompt gamma－raySPeCtOmetry）hasbeendevelopingformeasuringelementsofatomic  
numbersless thanll19．Multichannelanalyzersandminicomputersareusuallyusedfor  
datareduction and spectralinterpretation．Thebigdrawbackisthattheinstrumentation  
cost rorNAÅisv引γCXpCnSiYじ，andplleCisiollO川IellletllOdisl10tSOgGOd（5－10ワ乙）・  
ThereforeitappearsthatNAAwillbelimitedtotheuseintheuniversitiesorbiglabora－  
tories．  

Tablel－1SensitivitiesforelementsbyNeutronActivationAnalysIS  
（CitedrromRef．16）  

Semsitjvity，g  Elements  

10‾】3－1012   Dy，Eu  

lO‾1ユー10‾‖  Au，In，Mn  

10‾．］rlO‾10   Hf，Ho，lr，La，Re，Rh，Sm，V  

lO‾■○－10‾9  Ag，Al，As，Ba，Co，Cu，Er，Ga，Hg，Lu，Na，Pd，Pr，Sb，Sc，U，W，Yb  

lOクー10▲8  Cd，Ce，Cs，Gd，Gc，Mo，Nd，Os，Pt，Ru，ST，Ta，Tb，Th，Tm  

lO▲8－10‾7  Bi，Ca，Cr，Mg，Ni，Rb，Se，Te，Ti，Tl，Zn，Zr  

lO▼つ10■  pb  

lO‾‘10‾‡  Fe  

SensitivitybasedonirradiationperiodofO・5Tl／20rlOh；Whichcvcrislessatafluxof  
lO■3neutTOnSC7Tl▲ユsJl．ActivitymeasuredbyNaI（Ti）gammaspectrometry．  

ノー2－2 ∫pαrた∫0〟′Cemd∫∫岬eC汀OmeJヴ「∫ぶ〃∫ノ  

A spark sourceisrequired fortheionization sourceofsolid sample．Theelemental  
spectrafromamassspectrometerarerelativelysample，andmoreoverthismethodhasthe  
feasibility to measureisotope ratios．The detectionlimits ofthismethod are shownin  
TablelL220．when SSMSisapplied，however，tOliquids，thesamplepreparationtimeis  
lengthy because of the need for evaporation todryness and subsequentpreparation of  
the sarnple electrodes．The big disadvantageis that precision of this methodisnot so  
good（5－25％％），Recentlyamassspectrometricmethodcolnbinedwithaplasmasource  
has been developed21．Theliquid sampleisnebulizeddirectlylntOtlleplasmawithout  
Pretreatment．Thisprocedureismuch faster，andfurthermoremostmolecularspeciesare  
COmpletely dissociated andinterferenceis very small．The plasma source willimprove  
theprecisioninthenearfuture．  

－3－   



Tablel－2 Detectionlimits（ng）for elements by Spark Source Mass  

Spectrometry（CitedfromRef．20）  

Ag O．2  

AJ O．02  

As O．05  

Au O．2  

Ba O．2  

Be O．008  

Bi O．2  

Ca O．03  

Cd O．3  

Ce O．・1  

Co O．05  

Cr O．05  

Cs O．1  

Cu O．08  

Dy O．5  

E1  0．5  

Eu O．2  

Fe O．05  

Ga O．09  

Gd O．5  

Hg O．6  

昆0  0．1  

In O．1  

Ir O．3  

K O．03  

La O．1  

Li O，0006  

Lu O．1  

Mg O．03  

Mn O．05  

Mo O．3  

Na O．02  

Nb O．08  

Nd O．4  

0s O．4  

Pb O．3  

Pd O．3  

Pr O，1  

Pt O．5  

Re O．2  
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ノー2－J」〃Odfc∫r′fpp加gリOJね∽椚erワ／A∫り  

ASV has particularly high sensitivity forlcadandcadmium．Thismethodcanonly  
beappliedtoaliquidsample．ASVisatwo－StePprOCeSSinwhichaportionofthemetal  
ionsin solutionis firstdeposited and reducedat a mercury－COntainingelectrode．Inthe  

SeCOndstep，thereducedmetalsintheamalgamarereoxidizedtothecomponentionsby  
applying anincrea5indy positive potentialto the electrode．Preconcentration by elec－  
trode－depositionallowsthedeterminationofmetalsinthelOL9Mrange（Tablel－3）16  
Forthedifferentlalpulseanodicstripping（DPAS）technique22，apulsevoltageissuper－  
imposed upon thelinearlyincreasing voltagein the second step．Sensitivities can thus  
beimproved tolOLlO－10‾11M・DepositiontimesforASVandDPASaregenerallyin  
theorderof5－30andlLlOrninutes，reSPeCtively．Atmaximum，Sixelements（Zn，Cd，  
Tl，Pb，Cu，and Bi）canbedeterminedsimultaneouslyandasamplevolumeofabout10  
mlis usually adequate．Thecost ofsuchinstrumentSismodest．The maindrawbackof  
this methodis that these voltammetric methodseannotdeterminethelargenumber of  

metals that othertechniques carl；thusitwould be expected thatthey wouldbeusedto  
complement other techniques，in paticularforthe determinationoflead and cadmium．  
Therelativestandard deviationofthisnlethodislessthanl％．   

ノー2－〃 ズーrαγβ〟0′g∫Ce〃Ce岬eCけ∂∫C叩γ／ズ尺ダノ  

XRFis wellsuited for solid samples althc）ugh elementswith atomic numbersless  
thanllcannotnormally bedetermined（Tablel－4）23・24．proton－inducedX－rayf］uores－  
cence（PXF）is now being developed for measuringelements withatomicnumbersless  

－4－   



Tablel－3 DetectionlimitswithAnodicStrippingVoltammetry  
（CitedfromRef．16）  

Detection limitn 
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0．25ng／mJ  

l．Ong／mJ  

O，Dlr】g／mJ  

O．005ng／mJ  

O．005ng／mJ  

O．4ng／mJ  

4．OxlO－9M  

O．1ng／mJ  

IxlO‾5M  

O．1g／mJ  

O．01ng／mg  

lxlO‾9M  

O．1ng／mJ  

2．Ong／mJ  

O．01ng／mJ  

O．04ng／mJ  

Tablel－4 Detectionlimits（Jlg）forXrRayFluorescenceSpectroscopy  

（CitedfromRefs23and24）  

Ag l．2  

A1 5．O  

As O．11  

Au O．001／em】  

8a O，12  

Bi O．61  

Ca O．100  

Cd O．40  

Ce O．17  

Co O．05  

CT O．0000（；  

Cs O．15  

Cu O．00002  

Eu O．66  

Fe O，0085  

Ga O．OI  

Hg O．24  

ln l．1   

K O．52  

h O，12  

Mn O．00015  

Mo O．072  

Nd O．30  

Ni O．06  

P O．001  

Pb O．0003  

Rb O．0075  

Rh lO3／mJ  

Sc O．38  

Se O．020／cmユ  

Si170／mJ  

Sm 4．1／mJ  

Sn  3．9／mJ  

Sr O．00007  

m 159／mJ  

Te O．12  

Th＋＋6．5／mJ  

Ti O．001  

U（asUOl）  

0．72  

U O．00002  

Y O．22  

Yb  6．8／mJ  

Zn O．00004  

Zr O．00002  

Notavailablc：Bc，Dy，Er，Gd，Ge，Hf，lr，Li，Lu，Mg，Na，Nb，Np，Os，Pa，Pd，Pr，Pu，Re，Sb，Ta，Tm，  

andW．  
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thanl125．computationaltechniques have been coupled with multichannelanalyzers  

［o minimizeinterelement effects．Sample can oftenbe analyzed withoutpretreatment．  

Themain drawbacktousethisrnethodisthelackofsensitivityforliquidanalysis．The  

deterctjoJl】imit js g印er且11y jれ【わe／ノg／mJraれge．PrecoJICel出ratjon orざample5u仙zjJ】g  

ion－eXChange，eVaPOration，and precipitation techniques has to be performed prior to  

analysis．Precisionofthemethodrarelyexceedsl％．   

ノー2－∫ OpJ血J岬eCrrO∫C叩γ「0∫ノ  

Emissionspectroscopy utilizingArcorSparkhasbeenusedextensively．Thismethod  

has been rather suitable for solid sample．Though sarnple preparation has been time－  

COnSumingand matrixeffectshavesometimesbeentroublesome，theabilitytodetermine  

many elements simultaneously has been a maJOr．The main drawback has been poor  

precision（25％）．When thelnductively Coupled Plasma combined withthe emission  

spectrograph，theinstrumentcandetermineliquidsampledirectlysincetheliquidsample  

is nebulizedinto the plasma．The detectionlirnits are comparable to those by atomic  

absorptlOnaSShowninTablel－526．Theprecisionisalsoimprovedtolessthanl％，and  

Tablel－5 Detectionlimits（Jlg／ml）forInductively Coupled Plasma－  

AtomicEmissionSpectroscopy（CitedfromRef．26）  

Element  Element  

Ag O，004  

Al O．002  

Au O．04  

Ba O．001  

Be O．005  

Bi O．05  

Ca O．00007  

Cd O．002  

Ce O．007  

Co O．003  

Cr O．001  

Cu O，001  

Dy O．004  

Er O．001  

Eu O．001  

Fc O．005  

Ga O．O14  

Gd O．007  

Hr O．01  

Hg O．2  

Ho O．01  

In O．03  

h O．003  

Lu O．008  

ル†g O，0007  

Mn O．0007  

Mo O，005  

Na O．0002  

Nb O．01  

Nd O．05  

Ni O．006－  

Pb O．008  

Pd O．007  

Pr O．0（；  

Pt O．08  

Rh O，003  

Sc O．003  

Sm O．02  

Sn O．3  

Sr O，00002  

Ta O．07  

m O．2  

Th O．003  

Ti O．00：l  

Tl O．2  

Tm O，007  

U O．03  

V O．006  

W O．002  

Y O．002  

Yb O，00009  

Zn O，002  

Zr O．005  
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iIlterelementinterferenceisminimal．  

ノーj 且rc血fわ〃∫OU′Ce∫／or叩JfcαJ岬eCけ0∫C叩ツ  

Excitatio11SOurCeS for opticalspectroscopy can been classifiedinto two types as  

ShowninTablel－6，namelytheelectrlCaldischargeandthermalexcitation．・  

Tableト6 Classificationofexcitationsourcesforopticalspectroscopy  

T↑lermalt：xcilation  Electrical Discharge 

Hollow Cathade 

Electrodelcss Discharge 

Lasers  

Grimm Giow 

Arc  

Spark  

lnductively Coupled Plasma 

MicrowaveFTe（luenCy  

LMD  2．45GHz，  ＜100W  

（Low－WattagCMicrowaveDischafge）  

MTD  2．45GHz， ．200－500W  

（MicrowaveTorchDischarge）   

RadioF－equenCy  

RFICP  4－50MHz，10－0．5KW  

（Radio－FrequencyInquctivclyCouplcdPlasma）  

Combustion Flame   

AトHユ   427－17270c   

Ar－C今Hっ  627－20770c   

AiトHl 1527－2107nC   

AiトCまHl1927－23270c   

N20－C壬Hっ192729270c  

HighTcmperatureFurnaces  

ノーj－JgJec汁fcロJd加如rge  

The first three sourdesindicatedin Tablel－6，Hollow cathode，Electrodeless dis－  

Charge，and Lasers，arC uSually used as excitation sources for atornic absorption and  
fluorescence spectrQmetry，WhiletheGTlmm glow，Arc，Spark，andlnductively Coupled  

Plasma（ICP）areusedforexcitationsourcesforatomicemissionspectrometry．Asmen－  
tionedin sectionl－2－5，emissionspectroscopyutilizingArcorSparkhasbeenused for  
Simultaneous multielement analysis．In particular the D．C．Arc plasma has been used  

extensively becauseitis applicable not only to solid samples but alsoliquid samples．  

AlthoughtheD．C．plasmasustainsahightemperature（10000K），thereiscontamination  
from the carbon ortungstenelectrodes．Precisionisalsopoorerwhencomparedtothe  
ICpsource．  

By definition，plasmas are gasesin which a significant fraction of the atoms（〉r  

molecuIesisionized，SO that rnagneticfieldsmayreadilyinteractwithplasmas．Oneof 一■■！  
theseinteractionsis aninductive coupling of time・Varying magnetic fieldswith the  
plasma・A detailed discussiomofthetheory，formation，andpropertiesofICP，sisglVen  
by Eckert27・ThelCPcanbeclassifiedintoptwotypesaccordingtothefrequencyused，  
i．e・amicrowaveplasmaandaradiofrequencyplasrna．  

Themicrowave plasma has beenproduced atreducedpressureforargonorhelium  
andatatmosphericpfeSSureforonlyargon28sofar．Recentlyitwassuggestedtooperate  
the plasmaatatmosphericpressurewithhelium29．Astheenergytransferofmicrowave  
energy to thehelium plasmagasisefficient，itispossibletoproduceastableplasmaat  
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low power．As the electron temperatureis highand theenergiesofhelium meta－Stable  
StateSarealsoveryhigh（19・73and20・52eV；Cf・Argoりmeta－Stablestates，11・5and  
ll．67eV），themicrowaveplasmaissuitableforexcitationofnonmetals，SuChascarbon，  
hydrogen，Sulphur，fluorine，Chlorine，bromine，andiodine．However，in thecaseofthe  
microwaveplasma，thereareLimi亡atiorlSinけ1eamOuntOfsampJewhichcanbetoleTated．  
Generallyliquidsamplescannotbeaspirateddirectly（microlitersamplescanbeilづected），  
Themicrowaveplasmahasbeenusedasadetectorforgaschromatography鵠，19，Where  
theanalyteisinthegaseousphase．Inthisstudy，theradiofrequemcyplasmawaschosen  
for an excitation source for a variety ofelementswhichenablesmultielementanalysIS  
tobeperfomed（Chapte指2and4）．   

Jn analytlealspectroscopic equipment a typicalRFICP excitation source consists  
Of a quartz tubeinsertedwithin a copper coilto whichisconnected ahigh－frequency  
generatoroperatinginthe450MHzrangewithrespectivegeneratoroutputpowersin  
thelO0・5KWrqnge（inverse relation t）etWeen frequency and power）・When argon  
月ows of tlle prOper COrI薫gura如れarld mag†再ude pa5S蝕rou由比eIube，8れadeql】ate  
Seed of electrorLSisinitial1y provided with a Tesla coil．When the generator poweris  
tumedon，thehigh－frequencyeurTentSflowingintheinductioncoilgenerateoscillating  
magnetic鮎1ds whoselines offorce are axial1y orlentedinside the coil．Theinduced  
axialmagnetic fleldsinduce the seedofelectronsandtheproducedargonionstof10W  
in c】0ざed8nれularpa伽jnsid＝九etube5paCe855hown5C加matjcaユ】yiれFjgureト130  
Thiselectronflowis called theeddycurrent．Asthemagnetic fieldsare timevaryingin  
their direction and strength，the electrons andions are accelerated on each halfcycle  
andJoule heating occurs．The sample aerosoIs，Which are prod11Ced by pneumatic  
nebullZation，traVelupstreaminanarrowaxialchanneloftheeddycurrentasillustrated  
inFigure］L230．Bythetimethesamplespeciesreachtheobservationheightof17mm  
abovethecoil，theyhaveexperiencedaresidencetimeofca．2msattemperaturesranging  
from5000Kto80OOK．Figurel－3showsthedistributionofthetempeTature31．The  

energytransferofargonmeta－Stablestates（11．5andll．67eV）32‾34  
TheinventorofthisICPisBabat．Hediscoveredin1942thatalleddyelectrodeless  

djschaTge，OJICe estab］ished，Can be malntained while thepressureisraised up to atmo－  
sphedcleve135．However，ma5orinterestdevelopedonly afterReedhasshownin1961  
that，With an open tube and streamlnggaS，“lnduction－CoupledPlasmaTorch”canbe  

H  

Fig．1－1Magneticfields（H）andeddycurrents（shaded）邑eneratedbyhigh  
frequencycurrents（l）flowingthroughcoil，（CitedfromRef．30）  
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Fig．1－2Typicalinductivelycoupledplasmaconfiguration（CitedfromRef．  

30）  
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Fig．1－3Schematic diagram of sample flow through the plasma and the  
temperaturesexperienced（CitedfromRef．31）  
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usedasaheatsource36asshowninFigurelL437・Heoperatedtheplasmaatafmospheric ，  
pressユユreOtlargOnaloneormixedwithothergases・ThepowerwaslOKWatafrequency   

珂  M Hz・TheapplicatioTLdemonstrated byReedisthegrowlngofcrystalofrefractory   

materials38・TheuseoftheICPasanexcitationsourceforopticalspectroscopywasfirst  rep去rtedbyGreenneldetal．in196439．sh。rtlyafterwards，WendtandFassel，eP。，ted   
theiriJldependentworksuslngthelCPin196540・Since1964arapidincreasingvolume   
OfpapefS has appeared deallngwithinvestigationsinto thelCP．Initiallythedetection   

㌍ゴ〇＝二ここ完〇rヒこ㍍こ王こ芯ここ己；■㌫戸－〕▲扇J止u山武u㍉ん最＝血町函u□呼eCt∫0餌Opy．  

、ProgfeSSiverefinementsin  

i．theimpedance matchingbetween thehigh frequencygeneratorandtheplasma，  

ii．forwa∫dpowerreguration，  

ili．shapeoftheplasmatorch，  

iv．techniquesforgeneratingaerosoIsofsolutions，and  

／     V．theintroduction efficiency of aerosoIsinto theICP resultedinlowerlng the   
detectionlimits by approximately one orderofmagnetude everytwoyears．Thestriking  

improvementsin thelCPvaluesduringthepast twelveyearsisshown by thedatasum－   

marizedin Tablel－739「埴 compromised conditions for multielement analysis were   
proposedbyFasseletal．41，andBournananddeBoer42．since1974theRFICPcoupled   
with a direct reading spectrometef and having fully automated sequentialsampling，   

expQSuIe，andlead－Out，becamePavailable comrnercially．1CP emission spectrometryhas   
beenappliedtomanyfieldsandithasbeenidentifiedthatthelCPemissionspectrometry   

hasmanyadvantageSformultielementanalysis．ThelCPrnethodmeetstherequirements   

Ofselectivity，SenSitivity，and speed for，the determination ofmultielementsin alarge   

numberofsamplesonaroutinebasis．Underasinglesetofcompromiseplasmaoperating   

COnditions，maJOr，minor，traCe，andultratraceelementscanbemeasuredsimultaneously．  

［ntheICPtheinertargonenvironment，thehightemperatureexperiencedbythesample，   

and the relativeLylong residence time of the samplein the hi各h temperature TeglOnS   

overcome to a high degree the interelement and matrix effects commonly observed in 

〉酬加b仙血Iy  

8†山ⅣM  

一針l†Ll〉me  

Fig．1r4Initialplasma torch produced by Reed（Cited from Ref．37）  
CarboJlrOdi5J】eeded⊂〉n】yror5t∂∫1jng．  
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Tablel－7InductivelycoupledplasmadetectiorLlimits（FLg／ml）  

【19641119651［1965】 l19691【1974】  
Ref，39  Rer．40 Ref．43  Rer．44  Rer．26  

Greenfield Wendt Greenfield Dickinson Fassel   
etal，  Fassel etal．  Fassel Kniseley  

11975－197（〉】  
Refs42，45  

Boumans，de Boer  
OIson，Haas，Fassel＊  

50  3  0．5  0．002  0．002  

25  0．1  0．04  

0．0004】書  

0．002輩  

0．0000001  

0－00007＊  

0，0001＊  

0．00008＊  

0．00004＊  

0．00009  

0．0001  

0．000003  

0．00001＊  

0．0002  

0．015  

0．001奪  

0．003  

0．000003  
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0．2  0．005   －  0．00007  

20  
－  0．03   0－002  

0．2  0．003   0．003  

0．3  －  0，001  0．001  

0．2  0．O1  0．001   

3  0．05  0，005   0．005  

50  
－  0．003   0．003   

2  0．03  0．0007  

1  0．05  0．0007  

1  0．006   0，006  

10  0．＄  0．1  0．04  

0．008   0．008   

3  0．O1  

50  4  0．3  

5
 
0
 
5
 

0
 
 

一
 
 

一
2
 
1
〇
一
一
 
 

q
ノ
 
 n

U
 
 

O
 

1
6
4
〇
一
 

0，00002 0．00002  

0．07  

0．003  

0．006   －  0．0000（i  

O，002   －  0．0008  

0．009   0．002  0．0001♯  

0．005  0．06  

一
〇
．
一
4
一
 
 

COmbu5日o刀nameぎ8刀darcand5parkdi5Clほrge∫．   

ノー∫・2 コm〝仰が巳化血相加  

Whenenergyissupplユedtoagas，thetemperaturerisesproportionallyaslongasall  
theenergyisusedonly toheatthemolecules（at？mSformonotomicgases）・Athigher  
temperaturesin the30006000Krange，mOleculesaredissociatedintoatoms．Further  
energyinputcausesthedissociatedatomstoionize・Therelatiol－Shipbetweentheenergy  
Ofagasandits temperatureisshowninFigureJ－537・The．temperatuTeOfthef］ames，  
Which dependsonthecombustionheatofthefuel，CannOtCOrreSpOndtoahighdegree  
Ofmolecular dissociation・1n fact theflame temperatureis stabilizedatthetoeofthe  
moleculardissociationcurveshowninFigurel－5・InthecaseoffurnaCeS，thetemperature  
is dictated by the electricalcurrent，but3000Kis about the maximum temperature  
Whichcanbeobtained．Thenitrousoxjde－aCetyleneflame  

2N20＋C2H2→2N2＋2CO＋H2＋179Kcal／mole  

hasthehighestheatofreactionforcommonlyusedflames．Thecombustionheatisnot  
enoughto dissociate N2and CO molecules；N2has adissociationenergyof225Kcal／  
mole，CO，257Kcal／mole46．Theflametemperatureisrestrictedbythestabilityofthe  
COmbustionproducts・Astheatomsinaflamearestabilizedbytheformationofoxide，  
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FigLI－5Energy content ofgases as a functfon oftemperature．ChemicaJ  
flamesarelimited tot）elowdissociationtemperatureoftheircom－  
bustionproducts（CitedfromRef，37）   

the reducing atomspherein addition tothetemperatureplaysanimportantroleinthe  
atomization proces5・The temperature and reducing atmosphere vary according to the  
name operating conditions・The optimum conditionsin the flame are usual1y quite  
dirrerentrortheelements．  

Usually the AiトC2H2nameis used foratomic absorption spectrornetry utilizlng  
theHCLorEDLTherespectivemolecularemissionsofHPOandS2inthecoolreducing  
H2flameareusedasthedetectorofthegaschromatography47．someworkershaveused  
N言0－C2〃三田ame a5a刀eXCjt良書joれ50UrCe for ato∫刀jc eJれj55jo刀5peCtrOmeけy48‾51・62  

However，the spreadin the optimum flarr）e Operatingconditions foreachelementcon－  
Stitutes a maJOr prOblemin utilizing the N20－C2H2SOurCe for multielement analysIS  
sinceflXedconditioIISWOuldbedesirableforrapidanalysis（Chapter3）．   

J一夕づ g門出∫gO乃∫PeCけα0∫p払∫椚αα〃dJ払me  

Figurel－6shows the emission spectra for the RFICP，the N20－C2H2，and the  
Air－C2H2flame．The maJOr flame constituents areOH（280－330nm），CH（387－431  
nm），andC2（437r600nm）forAir－C2112andNO（200－280nm），OH（280330nm），  
CH（350－422nm），CIl（3S7－43lnm），aTldC2（437－600nTn）rorN20－C2Hっ．The  
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200  300  400  500  600  700  

200  300  400  500  600  700  

200  300  400  500  600  

Fig．1－6Comparisonofemissionspectraofexcitationsources  

（a）RFICP，（b）N20－C2Hヱname，（c）Air－CユH2name   

ICPmaJOrCOnStituentsareargon，NO（200－280nm），Otl（280r330nm），NH（336nm），  

N2＋andCN（350－430nm）．▲ThetemperatureofthelCPisapproximatelytwicethatof  

theN20．C2H2flameandisaboutthreetimesthatoftheAir－C2H2flarne，andasshown  

inFigurel－るthelCPbackgroundspectrumisverycomplex．  
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J・4 〟g〃∫〟′e∽e乃r卿∫rem∫ノ〃′叩眈αJ∫peCfro∫C（叩グ  

IntheopticalreglOnOftheelectromagneticspectrum，SpeCtralinformationisoften  

required overa wide spectralrange（200L800nm）．A systematic groupingofseveral  

metl10ds used to ol）tain tllisinfomatlonisgⅣeninTableト8．Themetl10dsllaヽFebeen  

Classifiedinto two types，namely a single channeldetector and a muItichanneldetec－  
tor18・52‾舛  

Tablel－8 Classificationofmeasurementsystemforopticalspectroscopy  

SingleChannelDetector  Multichanne‖加tecto－  

Time Domain Flequency Domain 
lrrlageDevice   

Electron Beam   

Imagedissector  

Vidicon  

SIT   

（SiliconlntensifiedTarget）   

SolidStatc   

Phofodiade Array 

Direct Readcr 

Fourier Transfarm 

Spect10metry  

（FTS）  

Hadama∫dTraれSform  

Spectrometry  

（HTS）  

Sequential  

LinearSc且n  

（SLS）  

Sequetlぬt  

Slew Scan 

（SSS）  

J－4－J∫f〃gJec血刀乃eJdeJecror  

Wわeれu血g a如de cllallne】defector抽e5peCtraliJ】form8f拍nis eJ】COded before  
thedetectorandsubsequentlydecodedortransformed55．Themostcommonmethodis  
thatofencodinginthe time－domain，1，e．Only onespectralconponentfa11soIlthedetec－  
tor at any giventime．Forthesequentiallinearscan（SLS）system，aSingleslitspectro－  
meter scans the wavelength reglOn Ofinterest atauniformrate．Johnson，Plankeyand  
Winefurdner applied the SLS to atomic fluorescellCe SpeCtrOmCtry With a continuum  

sourceS6・The authoralsoapplled the SLStoatomicabsorptionspectrometry witha  
continuum source57，This methodis useful，When the elementalcomposition ofthe  
sampleis not known．However，the gratingis continuouslymovlng Whe11themeasure－  
merltis carTied out，SO that theJSenSitivitylS POOr．Furthermore，muChti汀Ieislost，if  
there are spectralreglOnSWherenospectralcomponentsafepreSent．Forthesequential  

slew scan（SSS）system，0nly the speetralelements ofinterest are examined for any  
appreciable period oftime，With the spectrometerrapidly changing（slewing）toanew  
spectralelement，Malmstadt eIal・developed the eomputer－COntrOlled prograrnmable  
monochromator for the SSS typeS8，59Johnson，Plankey，and Winefordnerproposed  
multielementatomic fluorescence spectrometryuslngtheSSSsystem，Whichwasreally  
usefulforanaユysisofmany elementsin ashorttime60．Kawaguchietal．usedtheSSS  
system for emission spectrometry with a microwave induced argon plasma as a light 
sdufCe61．The authoralsoapplied the SSS system foremissionspectrornetryutilizing  
the nitrous oxide－aCetylene flame（Chapter3）62and the radiofrequencyinductively  
coupled plasma（Chapter4）63 as excitation sources．Details of the programmable  
moI10Chrornatorared¢SCribedinsection2－2－l．  

The multipLex methods encode the spectralinfoTmationin the h・equenCy domain．  
In these methods，mOfe than one spectralcomponent may fallonthedetectoratany  
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given time，andthefrequency，withwhichtheyvary，requlreSanapPrOpriatetransform  
togivespectralinformation64．ForFouriertransform spectrometry（FTS），in whicha  
Michelsoninterferometeris used，OPticalslgnals are encoded by a movlng65‾670r  
rotating68mirrorinoneofthearmsoftheinterferometer．AnothertypeofFTSinstruー  
mentincludesthepolarizationinterferometer（amonochromatorisnotneeded）69．The  
encoded multiplex signal is decoded by Fourier transform to retrieve the original 
SpeCtrum．For Hadamard transfomspectrometry（HTS），arnultislitcyclicmask，Which  
is construCted according to Hadamard matrices，is placed at theexitslitofthemono－  

Chromatorto allowcertainspectralcomponentstoeitherreachornotreachthedetector．  
If the detectorreceives a serleS Ofsignals bymovingthemultislitmaskorthegrating，  
itispossiblebymeansofaHadamard transformtodecodetheresultingcomplex array  
ofsignals and to retrievetheoriginalspectrurn7OL72．Themultiplexadvantagecanbe  
realized onlyif the noiseis detectorlimited，and not when thenoiseissourcelimited．  

Examplesin which the noiseis detectorlimitedincludeinfrared，microwave，nuClear  
magnetic resonance，andion cyc10trOn reSOnanCe SpeCtrOSCOpicexperiments．Examples  

in which the noiseis sourcelimitedinclude optical（UV and Vis．）andcharge－particle  
（photoelectron，ESCA，electronimpact）spectroscopy．Therefore，inthecaseofoptical  
（UVandVis．）spectroscopy，themultiplexadvantagecannotbeexpected．   

ノーイー2 〟uJJfc／Ⅰα〃〃ピノdeJecf∂′  

The multichanneldetector5yStem，in which the spectralinformation from more  

than one spectralcomponentis acquired simultaneously andindependently，isdivided  
intotwomethods，namelyanimagedeviceanddirectreadingmethods．．   

Animagedevicelooksatacontinuouswavelengthregionasacamera73，74．Thereare  
two typesofimagedevices，1．e．anelectronbeamtypeandasolidstatetype．Anelectron  
beamtypeincludestheimagedissector75‾79，thevidicon80－82．andtheSiliconIntensified  
Target（SIT）83，84［references afe＿Citedin Chapters3and4］．Examplesofthesolid  
statetypedevicesarethesiliconphotodiodearrays34，85‾91 ，Chargecoupleddevices（CCD）．  
Limitations of the currently availableimage devices are theirlowsensitivityin the UV  

and Vis・region．For example，a high－quality photomultipler tube（PMT）willhave a  
sensitivityin the range oflO8pA／lumen，Silicondiodedeviceshavesensitivitiesinthe  
rangeoflO3tolO4FtA／1umen．ImageirltenSifierscanbeusedtoincreasethesensitivity，  
andtheSITcanyieldasensitivityfrom104FLA／1umenupthroughvalueswhicharecom－  
Parable with photomultipliersin the visible region（2－2－2，3－3－3，and4－3－4）．Recently，  

intensifiedphotodiodearrayshavebeenreported92．  
A direct readerlooks only at selected spectralcomponents，1．e．a pOlychromator  

Witha single entranceslit and amultiple exitslit－detectorcombinationat theexitfocal  
plane93，94．lnstrumentswhichadoptthismethodarecommerciallyavailable．Themethod  
has foundwidespread use on a routine basis．Howevef，theinstrumentis expensive  
becauseindividualphotomultipliertubesarerequiredforeachelement．Moreover，SuCha  
methodlacksnexibility，Sincemeasurementsaregenerallyperformedonlyatfixedwave－  
lengttlSOfthedesiTedelements，lnthisstudY，theStTim鴫edevicewhichwascQmbined  
Withthesequentialslewscanmeasurementsystemwasadopted（Chapter2）．  
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CHAPTER2 Computer－Contro11edlnstrumentation   

2・ノ ノ刀J′∂d〟仁Jわ刀  

Figure2－1showsthetotalsystemwhichcombinestheICPsource，theprogrammable  

monochromatorand theSITdetector．ThemonochromatorwassetonaverticallyadJuSt－  

able table and thc opticalaxis，the Z axis，WaSadjustedwiththe He－Nelaser，instal1ed  

behindICP source，by maximizing thelaserlight which passed through the center of  

themonochromatorentranceandexitslits．TheICPsourcewasimagedontheentrance  

Slit with a magnification ofl／2by setting a sphericallens（diffused quartz，diameter  

26mm，focallengthl18mm），and wasattenuatedwhenevernecessarybyasequentially  

adjustable fltter．At the otherentrance slit amercury penraylamp wasset．Oneofthe  

exit slits was removedand an adaptorwasinserted forsettingthe SITdetector．Atthe  

upper side of the adaptor a plate wasinserted to obstruct a half of thelight which  

reached the SIT detector（2－2－2）．Behind the otherexit slitaphotomultiplierwasposi－  

Fig．2－1Schematicdiagramofcomputer－COntrOlledinstrumentation  

RFICP RadioFrequencytnductivelyCoupledPlasma  
SIT SiliconlntensifiedTargct  
OMA OpticalMultichannelAnalyzer  
CRT CathodeRayTube  
pM f■hotomultiplier  
l／F lnterracerorpeaksensor  
CPU CentralP10CeSSingUnit  

TTY Tc】etype  
MT Magnetic Tape 
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tioned．Between the photomultiplier and the computer a DC amplifier（laboratory－  
construCted）and aninterface wasinstalled to detect mercury atomic emission．The  
interface transmitted Transistor－Transistof Logic（TTL）1evelsignal（＋5V）to the com－  
puter when the photomultiplier”caught＝the slgnalabove thelevelsetin advance・  
1ndependently，thesignalmeasuredbythephotornultiplierwasfedtoarecorderthrough  
the DC ampllfier．Between the monochromator and the computer aninterface was  
installedtocontrolthepositionofthelateralmirrorandtheangleofthegrating．Auto  
sample changerwasequippedtointroducethesampleanddistilledwatertoICPsource  
alternatively，andit wascontrolledby the computer・ThespectraobtainedbytheSIT  
detector were accumulated and memorizedin the OMA and displayed on the oscillo－  
scope．Afteraccumulation（accumulation timeisselected by preset dialsontheOMA  
console）wasflnished，thedigitalizedspectrumwastranSferredtothecomputeranddata  
processirlg WaS performed．The spectra measuredbytheSITweretransferredfrom the  
computertotheXJYrecordeTthTO11dltheD／AconveTter．Altematively，thespectrawere  
alsoi▼巳COfdedI‖allually umtileⅩ－Yrecurder．王IwaゝalゝOpOSSibletostor亡thcdigltaユizcd  
spectra on paper tape orrnagnetictape．Thestoredspectrawereprocessedbythehost  
computerand plotted by the X－Yplotter・Table2－1summarizestheinstrumentalfea－  
tures．  

Table2－11nstrumentalFacnities  

（1）Computer－COntrOlledlnstrumentation  

ICP＄Ou∫Ce（Figurel－2）：   

ShimadzuSeisaku血oLtd．（Japan）   

PlasmageれeIatOr；  

ModelICI－Q－2H  

Plasmatorch；  

Auquartヱ   

InductiYelyCoupledArgonPlasma  

l（〉00Wforwardpow即  

＜3WTeflectedpower  

27．12MHz  

lO．5J／mincoolantArflow  

l．5Z／minplasmaArflow  

l．OJ／minaeIOSOIcarrler  

Ar now 

4．OmL／minsampleuptakerate  PneumaticnebullZerSyStem；  

Tenonandglass   

A11tOSamplechanger：   

ShimadzuSeisakushoLtd．（Japan）   

ModelASC－2   

Monochromator：   

JobinYYOn   

（France）  

ModelHRlOOO  

1－mCzemy－TurnerspeCtrOgraph，  

r5．4；holographicgratiれg，  

2400grooves／mm  

∫eClprOCallinea∫dはperSion  

O，4nm／mmintherhstordeT  

at200mm．  

Sequentially adjuslable filter Filtモー；  

MatsuzakiVacuumEvaporationCorp．  

（Japan）  

RoctangulaISlidetype  

MeICurypenraylamp；  

Ultra－VioletCorp．（U．S．A．）  
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Table2－1（Continued）  

ModelllSC＿1  

Detector：   

SITdetector；   

PrincetonApplledResearchCorp．   

（U．S．A．）  

Model 1 ZOSD 

PMTdetector；   

HamamatsuTVCorp．   

（Japan）   

PowersupplyrorPMT；   

JapanElectronicMeasurlngInstrumentCorp．   

（Japan）  

ModelI）H－7A  

OMA：   

PrlnCetOnApplledRe好打ChCorp．   

（U．S．A，）  

Model1205A  

Realtlmereadout：   

CRT；   

NationalElect10nicMeasurlngInstruments   

（Japan）   

ModelVP－3834A  

X－Yreco∫de∫：   

YokogawaElectricWorks，Ltd．（Japan）  

Mode13078   

Computer：   

HewlettI〉acka∫d   

（U．S．A．）  

Mode12108   

Ⅰ／01nterface12531D；   

Ⅰ／Olnt¢血ce1256（iB；   

UltIadoletsensitized  

SillCOnintensifiedtarget  

Vidicontubeassemblywith  

Optional－01sciIltillatorscl¢en．  

Sensitiveto ultravioletand  

Visibleradiation；  

multi－alkalic且thode．  

PowerO－1500V  

OpticalMultichannelAnalyzer  

With5binaLyCOdeddecimalmemory  

Monitorscope，CathodeRayTube  

Mintcompute【Withl（ibit24K  

WOrdmemory．‘  

SoftwareBasicCoTltrOISystem，  

Input／OutputforTTY  

lnput／O11tputformonochromat？r，  

OMA，autOSamplechanger，  

X・YrecordeI，aれdMT  

rorX－YfeCOJder  8bitD／Aconverter12555B；   

Pe∫ipheraldevices：   

TTY；   

CasioCalculationCorp．   

（Japan）   

Mod¢1501   

MT；   

Hew18ttIIacka∫d（U．S．A．）   

Model12970A  

Teletype  

33．3words／光CpTint  

61words／光Cr¢ad  

30 words／secpunch  

9track5，8001；PIMagneticTape  

32Kbite／secread   
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Table2－1（Continued）  

foraq】uStmentOfopticalaxis  He－NelaseI：   

CoherenりU．S．A．）  

Model CR136 class lllb 

Recordel：   

ShimadzuSeisakushoLtd．（Japan）  

Modd U・125MN  

（2）AdditionalFacilities  

Hostcomputer：   

HitachiSeisakushoLtd．（Japan）  

Model11ITAC8450   

X－Yplotter：   

r叫itsuCorp．（Japan）  

ModelI】02L－9019－BOO2A   

forPMTdetector  

524Kbit8memOry  

2－2 J〃∫什ume〃ねrわ乃  

2－2一ノ ノケog′〟椚椚αムノg研0月∂Cか0概〟Jβ′  

ThismonochromatorhastwoentranCeSlits andtwo exit slitsenablingthemeasure－  

ment of two different sources with two detectors by changing thedirectionoflateral  

mirrors．Itissuitable forusewithanimagedetectorasithasalargecollimatingmirror  

（150mm widthhx130mm height）and forcusing mirror（200mm widthx130mm  

わeight）．hlad正江on，a】argel10lographicgra血g（140mm wid仇xI20mm九eig九t）pro－  

vides avery highluminosity95．Asthe effectivewidthoftheSITdetectoris12．5mm  

（Figure2L6）andthereciprocallineardispersionofthemonochrornatorisO．4nm／mmat  

200nm，aSpeCtralwindowof5nmisachieved．Thereciproca11ineardispersionisbetter  

atlongerwavelengthssothatthespectralwindowdecreasestoabout2．5nmat750nm．  

TheSfTdetectorhas500channels，SOthatIchannelcorrespondstoO．01nmat200nm  

andO．005n叩at750nm．  

To shows the performance of this monochromator，the mercury emissionlines  

（313，183nmand313．155nm）weremeasuredbybothphotomultiplierandSITdetector．  

These twoemissionlineswereresoIvedperfectlybythephotomultiplier（Figure2－2（1）），  

butin thecaseoftheSITtheresolutionwasrelativelyratherpoor（Figure2－2（2））．One  

ChanneloftheSITdetectorisonly25pmwidth，butchannelspreadingresultsinpoorer  

resolution，ln thecaseofthephotomultiplier，theexitslitwidthislOpm．Theresolution  

powermeasured byaphotomultiplieris O．0048nmandthatmeasuredbyaSITdetector  

isO．0325nm，thatisabout7timesworse．  

The grating driveis controlled by the steppLng rnOtOr．Thelinkage ofthemother  

SCreWand thesteppingmotorwasassuredbymeansof2reducers．Highscanning（0．0125  

nm／pulse）andlow scanning（0．0005nm／pulse）are selected by the reducers，Whose  

Clutches are changed byelectromagneticswitches．Oneoftheadvantagesofthismono・  

CllrOJn幻Orj5一九ataremofecoJ由01capabi損y】Sa】50prOVided．WheJ】tlle5teppjngmotoris  

COntrolled by an externalpulse，the maximum frequency forinitiationis200Hz，and  
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Fig．2L2 ResolutionpoweroftheHRlOOOmonochromator  
（1）Photomultiplier bothentranceandexitslitwidthlO〃m，Slitheight5mm  
（2）SITdetector e山一ance  

slitwidthlOJJm，Slitheight2mm，eXitslitwasTemOVed，   

duringmovingthefrequencylSelevatedupto500Hz．Butinthatcaseitisnecessaryto  
generateafrequencyslopefrom200Hzto500Hzinlsecond．  
a．ⅠれterraCe  

Table2－2givesthedirectionsnecessaryforanexternalcontrol．Wavelengthscanning  
is performed by transferring the TTLlevelpulse（＋5V）from bit4oftheCPUtopin  
number80fthemonochroTnatOr．Onthecontrary，theconfirmingsignalreturnsfromthe  
monochromator to the CPU．ThedirectionsareshowniJITable2－3．Table2－3includes  
the connectionofaphotomultiplierand theCPU．Duringthecalibrationprocedurepin  
numberlofthephotomultiplieremitsasignaltobit150ftheCPUwhenit“catches”  
themercuryatomicemissiorl．  
b．Sequentialslewscanmethod   

Itis necessary to slew the monochromatorfromthepresentanalyticalwavelength  
（RNOW）to the next one（RNEXT）in a veryrapidandprecisemanner．Thereforethe  
monochTOmatOrisslewedrapidlybetweerLWaVelengths，anditsslewspeedisreducedas  
itapproachesthedesiredwaYelength・Bythemotorstepselectandfrequencyselectthe  
slewmechanishliscontrolledthroughthreedifferentslewingspeeds，TheseincludeaSlow  
（0，1ムm／s），arnedium（2．5nm／s），andafast（6，25nふ／s）speed．Themotorstepselect  
hasasIowscanningmode（0．0005nm／pulse）andafastscanningmode（0．125nm／pulse）  
andthefreqllenCySelectis2001七and500rk・Thechangeoverfrom200Hzto500HL  
isperformedinlsecondbyusingsoftware，andthatoftheslowandfastscanningmode  

isdoneinabout300msecbychanglngtheelectromagneticclutches．BeforeslewscaIlning  
itis necessary for the computer to calculate how maTly Pulseswi11produce aO・1nm  
wavelengthchange・Forthatpurposeu爪dercomputercontrolthemercuryemissionline  
at253，65nm and thesecond orderlinecorrespondingto507．30nm aresearclledby a  
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Table2－2 CommutatingsignalfromCPUtomonochromator  

pin numb巳rOr  

monochromator  

scanning direction 
increaslngWaYe】ength   
dccrearing wavelengfh 

motDISleps巳IectiDT1   
0▲0005nm／pulse   
O．01二！5nm／pulse  

clockselection   
externalclock   
intcrnal clocL 

control motor forward 
－Validiatingtheclock  
rorward   
StOp  

enternal clock 

（no【used）  

late∫alentranceselection   
lat（・rale†ltranCe  

axial entranCe 

laterale二てitselection   
lateralexit  
axialexit  

（notuscd）  

Table2－3 Confirmingsignalfrommonochromdtorandphotomultiplier  

to CPU 

Pin numt）erOr  

monochroma10r  

SCanningdirection   
increaslngWaVelength   
dccreasing uravelengfh 

moto†StepS巳Iection   
O．0005nm／pu】sc   
O．0125nm／pulse  

indicationorstopposilion  

conlrOlmotorrorwa∫d   
－Vatidiatir唱Iheclock  
rorward  
StOp  

externatclock  

（notused）  

1ateralexitse】ection   
laleralexil  
aXial eXit 

lateral entrance relection 
latera】entratlCe  
axial entrance 

indicationorminimumwaYelcnglh  

indicationormaxjmumwavelength  

（notuSed）  

35  

36  

Pin numbcr（）r  
photomull】pller   

detectio】10†me†Cu†ツ  
atDmiC emiSSion 

－21－  



Photomultiplier，andthecomputercalculatestllepulsecountsformovingO．1nmwave－  

1engthfronltheusedpulses（Calibrationprocedurein2－3）．FromthedifferenceofRNOW  

andRNEXTwavelengthsandthepulsecountsformovingO．1nmwavelength，thepulse  

COuntSWhicharerequiredtoslewbetweentwoanalyticallinesarecalculatedasfollows，  

PCNT；＝（RNEXT－RNOW）［Å］xPulses／Angstrom  

According to the magnitude of PCNT，One Ofthe following three slewing modes are  

cわoseJl．  

（1）PCNT＜25   

（1essthanO．0125nmbetweenwavelengths）  

SlewscanningperformedbyslowscanningmodeO．0005nm／pulseatthefrequency  

Of200Hz．  

（2）1くPCNT／25≦；700   

（1essthan8．75nmbetweenwavelengths）  

Slew scanning perfomed byfastscanningmodeO．0125nm／pulseatthefrequency  

Of200Hz，When the monochromatorc10SeS tO Within O．0125nmofthenextwave－   

】eJ】gtll，tわe remainderj5perfom－ed by510WざCan血】gmOdeO．0005ヱ】m／p山seattlle  

rrequencyor200Hz．  

（3）700＜PCNT／25   

（1argerthan8．75nmbetweenwavelengths）  

SlewscanningisperformedbyfastscanningmodeO．0125nm／pulseatthefrequency  

Of500Hz．When the monochromdtorcloses to within O．0125nm ofthenextwave－   

1ength，the restis performed by slow scanning mode O．0005nm／pulse at thefre－  

quencyof200Hz．  

The nowchartforthese proceduresisshownin Figure2T3．Then themonochromatoris  

5eqlユeJ】亡ia】1y5】ewedtowllafsわ0山dbeexact】yけ1ede封red wave】erIgth．  

N 
，。． 

Fig．2－3MotorspeedcontolbetweenRNOWandRNEXT  

Three different slewlngSPeedsareemployed sothatthewavelength selectionisboth  
rapidandprecisc．  
（1）xl，200Hz；SlewingspeedO・1nm／s  
（2）x25，200Hz；Slewir唱Speed2．5nm／s  

（3）x25，500Hz；Slewingspeed6・25nm／s  

c．Accuraeyofsequentialslewscan  

Tocheck theaccuracy oftheslew mechanism，themercuryatomicemissionlinesof  

a mercury pen raylamp were measured with the photomultiplier and SIT detectors．  
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Fourteen mercury emissionlines at253．65，313．16，313．18，365．02，365．48，366．33，  

404．66，407．78，434－75，435．84，491．60，546．07，576．96，alld579．07nmweresequen－  

tial1y rnonitored by both detectors，The degree ofdeviation was showninFigure2・4・  

DetectingthemercuryemissiorLwithaphotomultiplier，thepeakwassearchedmanually・  

When the monochromator found the peak，the counternumberwasread to check the  

monochromator wavelength accuracy．After that，the emissionline was detected with  

the SIT detector by switching the exitlateralmirror・The mercury emissionline was  

located exactlyatthecentralchannelofthe SITdetectorifthelinepeakwasdetected  

with a photomultipller．This procedure was repeated three times，and the results are  

plottedinFigure24（1）．Theresultsindicatestheerrorofthereadingcounterwaswithin  

O．025nm．   

InputofthemercuryemissionlinesbytheteletypewasperfomedinadvanCe．After  

themonochromatorwascalibrated，th¢errOrOfthecountersetundercomputercontrol  

and the deviation fr。rn theOMAcentralchannel（No■，250）werecheckedduringse－  
quentialslew scanning．Asshownin Figure2－4（2），and ratherlargeerTOrOCCured when  

th亡mOnOChTOmatOT Slewed to the fiTSt me†CuTyemissionlineafteTthecalibTatio¶Lalld  

when the monochromator returned from thelongestmercuryemissionline to thepre－  

viouswavelength．Thiserrorisduetothebacklash ofgearswhen thescanningdirection  

changes．IfonlyforwardscanninglSuSedforanalysis，theaccuracylSwithinO．01nm．If  

both forward and backward scannings are takeninto consideration，WaVelengthsetting  

ispossible withinO．025nm．ThisaccuracyishoweverrlOtenOughforthephotomultiplier  

todetectatomicemissionwitha O．001nmlinewidth．   

Ifthephotomultiplierisusedforthedetectionoftheatomicline，aquartZplateis  

setin the opticalaxis and the deviationis corrected by rotating the plate．H．V．  

Malmstadtandhisco－WOrkersreportedit waspossibletosetatapreselectedwavelength  

（1）Manua1  

0．05  

Error（nm） 0  

－0．05  

OHA Deviat毒on  

∽ComputerCo仙亀2  

Error（nm） 0  

－0．05  

8
‘
0
‘
 
8
へ
‘
6
－
 
 

－
－
．
．
．
－
 
 

OHA Deviation  

Fig．2－4Monochromator wavelength accuracy and deviation from OMA  

Centralchannel（No．250）  

（1）Manual  

（ユ）Compllteて－COntIOl  
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withinanaccuracyofO▲02nmbyusingaDCmotorandanencoder58LRotatingaquartz  

platebyasteppingmotortodetecttheemissionlir［eimprovedthesituationslightlyand  

accuracywaswithinO．017nm59，butiftheSITdetectorisusedinsteadofaphotornulti－  

plier，aCCurate mOnOChfOmatOr WaVelength settingisnotrequired since a5nm spectral  

Windowis obtained．This accuracy（within O．025nm）of the slew scanningwithouta  

quartz plateis enough，In additionitis alaborious process tofind emissionpeaks by  

rotatingaquartzplate．Forthesystembeingdiscussed，ittakesonlylminutetoslewthe  

monochromatorbetween20analyticallines．   

2・2－2 ∫〃打0〃ルけe田舟d乃曙eり∫上れα乃dOpr血J〃油ic加〃〃eJ」円〃けZer「0〃dノ  

Figure2－5（1）illustratesacrosssectionofthe SiliconIntensifiedTarget（SIT）detec－  

tor96．Animageisfocusedonascintillatorandconvertedtovisiblelightiftheradiation  

is ultraviolet．Theincident visiblelight generates photoelectrons at the photocathode．  

The photoelectronsare accelerated tostrikethesilicontargetbyahighvoltage（typically  

－10KV），andion pairs are created on thesurface，typically1500pairsperelectron，The  

surface of the silicon targetis made of a n－type Semiconductor．Althoughlight also  

producesionpalrSOnthetarget，an aCCelera〔edeJectronismuchmoreefEicjent．On the  

reverseside ofthe silicon target，p－tyPeSemiconductorsareburiedasamosaicpatternin  

a silicon dioxideinsulator．When the electron beam scans the pLtype Semiconductors  

from the reverse side and charges them negatively，the positiveions of theion pairs  

Fig，2－5（1）CrosssectionofaSITdetector（Ref．96）  

Fig，2－5（2）SiliconTarget（Ref．96）  
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Fig・2－5（3）Scanningpatternshowinglight－darkcorrection（Ref．96）   

produced prevlOuSly on then－tyPeSemiconductornowtothep－typeSemiconductorto  

neutrahzethenegatlVeCharge．Thiscurrent，WhichisproportlOnaltotheionpairs，isread  

bγt鵬OMAampl汎ersast加Ⅴ捕consl抑㌦苗瑚叩礪  

The sulCOm targetis16mmindiameter，and the effectlVe areaisdividedinto500  

Channels asshownin Figure2－5（2），Tocorrect fofthe darkcurrentoftheSrrdetector，  

each channelis also divldediTltO alight and adarkhalfasshownin Figure2－5（3）．One  

haN of the vidicontarget must be kept dark byinsertlngaplatein frontofthe target．  

Eachchannelscanpatternisdivldedinto twoparts．Thescanfromatobtocreadsdark  

Current，While the scanfrom c to d to e readstheslgnalplusthedark current．Thetwo  

PartS are electronlCally subtracted andintegrated to obtam a voltage propoft10nalto  

exposure．The s損colltarget Canintegrate theion pa山S untilscannlng by the electron  

beam occurs，andmoreovertherepetltlOnOfthescanenablessl卯alstobeaccumulated．  

Thevidicon slgnalobtalnedwith the SIT detectorisdigltallZed by an analog－tOJigltal  

COnVerter and memonzedin the OptlCalMl11tlCharmelAnlyzer（OMA）．The analog to  

digltalconverter counts the charge at about2500electrons per count．The resultlng  

minmlumdetectableslgnalisabout15photons：  

∫m往）＝ ≡ 
bs汀丁往） 

Where  

SsrrOL）isthenumberofphotonspercount  

Ss汀  isthegamoftheintensiflerStage（typica11y1500）  

Qsrr（入）isthequantumefflCiencyfortheintensiflerPhotocathode（17％atpeak）．  

The maxuTlumintegratlOn per One SCannlngis750counts，While accumulatlOn up tO  

lOOOOOcountsispos飢blモーoT¢aChchamel．meOMÅhastwom8mO叩are那forstormg  

SpeCtraObtamedby theSITdetectorrA】and［B］andasubtractedspectrumisobtained  

by use ofthe arlthmetlCloglCintheOMAconsole［ALB］．Itispossibletotransferthe  

memorized［A】and【B］speCtra and thesubtracted［A¶B）spectrumtOCOmputerin  

digltalform，and arealsotodisplaythespectraonthemomtorscopeorrecordonthe  

X－YrecorderbyutillZingtheconverslOnfaculty．  

a． hterrace  

The OMAhasslgnalinputsand outputs available onitsbackpaneltopresentmea－  

Surement datain both analog and digltalform and allowremoteprogrammlngOfmost  

OMAfunctlOnS．Analogoutputslgnalsaredeslgnedtodisplayau500charmelsingraphlC  
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formoncRTdisplaysandX－Yrecorders・Digitaloutputspresentasinglechannelofdata  

with20bjt，5－djBitBjnaTyCodedDecjmaJ（BCD）wo∫d．TabJe2－4showsthedirectjoI】S  

necessary foranexternalcontrol．Forexample，aCCumulationofOMAtA］memoryarea  

StartS by emitting the TTLlevelpulse from bit60fthe CPUtoplnnumber500fthe  

OMA PROGRAM．Afterthat，digitaldataaretransferred from theOMAto the CPU as  

5howJ】inTab】e2－5．Tabユe2－5iJIC】udes【わecoJl汽rmirlgざigrla】wわ1Cllre【urJISfrom【ムeOMA  

totheCpU．  

b．FeaturesofSilieonIntensifiedTargetandOpticalMultichannelAnalyzerforsequen－  

tialslewscanmultielementanalysis  

Thesequen亡IaJmuJtieJemen亡arIalysJSPrOCedure bya rapid slewscanmethodwjtha  

programmablemonochromatorhasbeendevelopedbyotherworkersS8－61・99，100．Theslew  

SCan methodis convenient for rapid sequentialmultielement analysis and has more  

inherentflexibility for multielement detection than the well．established direct reading  

method where only fixed wavelengths of the desired eLements are availabJe．f70WeVer，  

this techniquelacks the necessary precision to measure atomicemission withlinewidth  

O．001nm usimg the conventionalexit slit・based photomultiplierdetectionsystem．The  

precisionofwavelength measurementislimited to O．02nm，eVenifaccuratewavelength  

settingisachieved byasteppingmotor600ral）Cmotorwithanencoder58・．ftheexit  

Slit－based photomultiplieris used forthe detectionofthe atomicline，aquartZPlateis  

necessary to accuratelylocate theatomicline．Afterthe signalis found outbyrotating  

theplate，theintensityofthesignalismeasuredoveracertainperiodoftime．Whenthe  

Signalis buriedinmany shaTp background emissions，itispossible that thebackground  

peak may bemistaken for the signal，Thisissoespecially whemthesignalisweak．To  

discriminate the signalfrom the background，the followingtwoways，Which obtain the  

profllearoundthewavelength，aredesignedsofar．   

（1） The gratingis stopped temporarily before the monochromator arrives at a  

preselected wavelength，and data acquisitionis performedwhilethemonochromatoris  

scanninggraduallynarrowwavelengthregionaroundthewavelength．   

（2）The gratingremains at a preselected wavelength，and aquartzplateillSerted  

intoan opticalpathscansrepctitively narrowwavelengthreglOnarOund thewavelength・  

Dataacquisitionissynchronizedwiththevibrationoftheplate61，100・101・Themaximum  

Table2－4 CommutatingsignalfromCPUtoOMA  

PinrlumbefOfOMA  
OMA PROGRAM OMA OUTPUT BitorCPU  Function   
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Table2－5 Transferring．digitaldataandconfirrnlngSignalfromOMAto  

CPU  

PinnumbcrofOMA  
OMA PROCRAM OMA OUTPUT BitorCPU  Function  
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SCanningspeed toproduce anexacttrace ofaspectrumisequaltothebandpassdivided  

bytheresponsetime．Roughlyfourtimeconstantsarerequiredtoachievea98％response  

forthepeakheightlO之．  

Maximumscanspeed＝bandpass／responsetime  

＝bandpass／（4×timeconstant）  

Forexample，WhenthepeakismeasuredusingabandpassofO．03nmandatimeconstant  

Of2s，the maximum scan speedis O．22nm／rnin．Accordingtotheformer（1）way，it  

Wultake atleast oneminutetomeasuretheprofileofO．22nmwavelengthregion．Asthe  

realtime touse formeasurlngthe signalisveryshort，SenSitivityisalsopoor．Inthecase  

Ofthelatter（2）way，theconsumption oftimegoesdownandsensitivityisimprovedby  

accumulation．However，itis rather difficult to discriminate the signalfrom theback－  

groundbytheinformationofthenarTCWprOfile（maximumO．3nm）．Asthebackground  

SPeCtrumOfICPsourceisverycomplex，thisproblembecomesallthemoresevere・  

【27－   



Evenifthe wavelengthsetting wasattempted as accurately aspossiblebyasmall  
wavelengthchangeofO．0005nmperpulse，anerrOrWithinO・025nmwouldbeinevitable  
（2－2－1c．）．Inthisstudy，tOaVOidtheerroritwasdecidedtoadopttheSITimagedetector  
in the slewing systeminstead ofthePMTdetector・The spectralwindowof5nmis  
obtainedsim油aneous】y．TheappJicatユOnOftheS］Tdetectortothesequentialslewscan  
techniquehasnotbeendoneyet．   

InordertotakeadvantageoftheSITimagedetectorforsimultaneousrrliltielement  
analysIS，relativelylow dispersion monochromators which provide a spectralwindow  
generallygreaterthan20nmhavebeenpreferred（Table2－6）．Asthechannelnumberof  

Table2－6 Comparisonofaspectralwindowandadispersinginstrument  

C’ 

K．M．A．。。uSa）F．L．。ri。keb）二a昌；K．W，，uschd）  
D．G．Mitchell O．Rose，Jr， J．D，Messman N，G．Howell  
K，W，Jackson J．A，CaruSO J．D．Winefordner G．H．Morrison ThisStudy  

Reciprocal Linear 
Dispersion  13．2  

（nm／mm）  

SpectralWin 165  

5．5  3．1  1．6  0．4  

69  39  20  5  

Res 
an。。1）  0■33  0・14  0・08  0・04   0▲01  

Gr 
v。S′mm）  295  590  590   1180   2400  

FocalL叩 
m）  

250  300  350  500  1000   

a）Rer．83，103，104   

b）Rer．105，106   

C）Rer．107   

d）Rer．17，108－113  

the SIT is restricted to 

tion．To get sufficient  

limited to5nmin this  

500channels，enlarglngthespectralwindowsacrificestheresolu－  

resolution for atomic spectroscopy，the speCtralwindow was  

study．Thesignalsobtainedbythe SITdetectorareprocessedin  

theOMA，andare designed tobepresentedinbothanaloganddigitalforms・TheOMA  
has twomemory areas，thatis，【Almemoryand【B］memory．Thespectrumobtained  
by伍e5汀わr血eざamp】ep】u5backgroundjsaccumu】ated8nd5tOredi♪lA】meJnOry・  
Next，the spectrum Obtained by the SITforonly the backgroundisaccumulatedand  
storedin［B］memory．Noise can be reduced byintegration and accumulation．Asis  
showninFigure2－6，Signalovernoiseisimprovedinproportiontothesquarerootofthe  
accumulation times．By subtractingthetwospectramemorizedin［A】and（B】memo－  
ries，thespectrum foronly the sampleisobtairLed・Asthesethreedifferentspectraare  
displayed on an oscilloscope，theinterpretation of the sigTlaland the backgroundis  
possible．Dataindigitalformcanbereadilyprocessedbyacornputer・Sofar，from［A】  
spectrumthatisduetothesarnpleplusbackground，thesignalwasseekedbymeasuring  
theprofile61・100，101．Inthispaperthe backgroundcorrected［A－B】spectrum，thatis  
onlyduetothesample，1SuSedtoperformanalysis・Addingonesteptosubtracttheback－  
groundisextrernelyhelpfultogetthenetsignal・AlthoughahighresolutiorLmOnOChro－  
matorreducesthespectralwindow，SOmeSpeCtrOSCOpicelementlines，Whicharewithin  
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5  10  
Square rooto†＝汀把（s）  
50t252日）知 10（氾 Numbモr Ot S⊂ふn  

Fig，2－6S／Nimprovement by accumulation（integration tirneis fixed to  

32．8ms）   

a5nm range，are Observed simultaneoudy and theirnportantcapabilityofsimultaneous  

multielementanalysISisretaiIled．  

c．comparisonofresponsivityofSiliconlmtensifiedTargetandPhotomultiplierTube  

Col叩arj50110r re5pOllSil′jty betweeれ 抽e5i】icor11れter15ifjed Target（Srr）and抽e  

PhotomultiplierTube（PMT）requiresconversionoftheappropriatemathematicalexpres－  

sionstotheequivalentformatl13．AssumlngthePMTsignalconversionfromamperesto  

COuntSLismad寧bytheOMAcircuit，aneXpreSSionfortheresponsivityofthePMTcanbe  

de血edilldi由talfoTm．ThedigilalrespoT】血ityforapMT（月pMで）iざgive”byニ  

RpMT＝QpMT（入）GpMTeD［1／to） counts／photon  

Where  

QpMT（入）isquantumefficiencyofthepl10tOCathodeofP叫T   

QpMT isthegainofthedynodechain（2．5×106）   

e  isthechargeofelectron（l．6xlO‾19coulombs）   

β  isconversiQnfacto－（8．OxlOlOcounts／ampeTe）  

（（1count／2500electron）x（1electron／1．6xlOr19coulombs）  

x（3．2xlO‾5sforconversion））   

Jo  isthetimeofobservation．  

The time equivalent to avidicon frame scan periodis given as3．28  

xlO‾2s．  

Numericalsubstitutionsforthevariablereducesto：  

月pMT＝epMT（入）×（0．98）  

TheresponsivityforaSIT（RsIT）isgivenby：  

Eq．1   

eslで（入）Gslで  
い。／Jr】 counts／photon  月sIT＝   

2500  

where  

QsIT（入）isquantumefficiencyoftheintensifierphotocathode  
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ハ  

GsIT  isthegainoftlleintensifierstage（Typically1500）   

Je  isexposuretimeof且Channel（3．28×10一之s）   

J．   issignalTeado11ttimefoTaCllanmel（3、ユXlO‾5s）．  

Bysubstitutingthevariables，theSITvidiconresponsivity（RsTT）expressionreducesto：  

月sIT＝esIT（入）x（0．6×103）  Eq．2  

The quantum efficierLCy Of the SITis dependent on the characteristics of the photo－  

Cathode，the fiberoptic faceplate，and the scinti11ator screen．A plotofthe twodigital  

responsivity expressionsEq．1andEq．2vs．wavelengthyieldsthecurvesshowninFigure  

2＿7】】3   

ln the ultraviolet region（below380nm）the quantum efficiency of the PMTis  

better than that of the SIT due to rapid decrease of SIT responsivity with decreasing  

WaVelength．Furtherirnprovementsin SIT UV response may alter the situation．The  

PMT’s quantum efficiency decreasesin the visibLe region where the SITreaches the  

OPtimum spectralresponsivity．The responsivity ofthe SITisnearlyequivalentorbetter  

than that ofthePMToverthevisible wavelengthrange（above380nm）．Itisofcourse  

POSSible to choose a PMT more sensitive tovisible radiation at theexpenseofUVre－  

SpOnSivity．  

2∝）  ）DD ODD   冥：0   ㈹    丁くX〉   粧  

帆叫叫thnm  

Fjg．2－7ThecopIParisonofthespectralresponsivitybetweenPMTandSIT  

detectoTS（Ref．113）  

PMT；PhotomultiplierRCAIP28（ThischaractaristicissimilartoHamamatsu R919，  
w】1ichisusedinthisstudy．）  

SJT；5j】jco刀l両印5jfiedTa噂etPAR1205Dノ01  
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軒  

2－2－j ∫αm〆g玩汁Od打C〟β〝即∫re椚  

Tointroduce a sample automaticallyinto theICPsource，an autOSAmplerwasem－  
ployed．The autosamplerintroducesthesample anddistiユ1edwateralternatively．Inthis  

StudytwQprOCedu・reSforquantitativeanalysiswereselectednamely3pointstatldardiza－  

tion and2pointstandardization．The3point standardized methodisprimary designed  

foraccuratesingleelementanalysis，Whereasthe2pointstandardizedmethodisusedfor  

multielement analysisin conjunction with the slew scan technique．According to the  

quantitativernethod，thesamplesarearrangedinadvance．   

（1） 3pointstandardization  

The setting for3point standardizationisillustratedin Figure2－8．Standard solu－  

tions at three different concentrations are used to construct the analytical curve for 

analysisoftestsamples（n）andblanksamples（k）．Achecksampleissetattheheadof  

the sequence to obtain the desiredlightintensity by the sequentially adjustable filter．  

Standard solutions are arrangedwith the higher concentrated solution coming first．1f  

necessary，blanksolutlOllSfollowthesamples．Analyticalcurvesareobtainedbytheleast  

SquareSmethodforthreedatapoints．Theaverageintensityoftheblanksarnplescanbe  

Subtractedfromtheintensityofthetestsamples．   

（2） 2poirltStandardization  

The setting of samples for2poiIltStandardizationisillustratedinFigure2－9．One  

Standard solutiorland the origin of the coordinated system are used to prepare the  

Calibrationcurve．The test sampleismeasured before the standard solutionin orderto  

Setthesequentia11yadjustablefilteratapositiontoobtainadequateli由Itfordetection．  

The procedure，bywhichtheautosampleralternatesbetweenthesampleanddistilled  

Water，isshowni∫lFigure2－10・Thereare fourchoicesinrinsetime，1・e・3，6，15，and30  

SeCOndsaccordingtosamplerequirements．   

2－2－4 月eco′df〃g∫γ∫Jem  

The analog signaldetected by the SITisconverted to a digitalsignalin the OMA．  

The spectTa memOnZedin the OMA aTe tranSferTed to and averagedin the CPU．The  

Distilled  

Water  

Fig．2－8Autosamplerpositionsforthe3pointstandardizedmethod  
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Fig．2－9Autosamplerpositionsforthe2pointstandardizedmethod  

Autosampler  

Fig．2－10Computerrcontro11edmovementofautosampler   

maximumnumberofOMAspectrathatcanbetransferredis50andthetimerequiredis  
ab。。t200seconds．TheaveragedspectraarerecordedonaX－YrecorderthroughaD／A  
converter．output oftheX－aXisvoltagesentersplnnumbers12and24andoutputof  
theY－aXisvoltageentersplnnumberslOand220ftheX－Yrecorder・Inadditiontothe  
spectrum，thescalefactorisprintedoutontheheadofthespectrum・Penupanddown  
arec。nt．011edbyemittingaTTLlevelsignal（十5V）frombit20ftheCPUtopinnumbers  
land130ftheX－Yrecorder．PaperfeedisalsocontrolledbyemittingaTTLleYelsignal  
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（＋5V）from bitloftheCPUtopin numbers3and150ftheX－Y recorder・Onthe  
contrary，aCOnfirmingslgnalofthepaperfeedendreturnsfrompinnumbers3and150f  
theXLYrecordertobitloftheCPU．   

1fnecessary，thespectrumobtainedbytheSITisrecorderoff1ine，andtheanalog  
signaldetectedbyPMTismonitoredbyarecorderafterDCamplification・   

2－2－∫ β¢Jα∫rOrαge   

【Aland［BIspectra obtained by the SITdetectorarestored on甲pertapeOr  
magnetictape・Parametersarealsostoredforeachpresetwavel¢ngthbeforespectraldata  
areobtained，Realparameterssuchaswavelength，Standardsolutionconcentrations，and  
specifiedintensitylevelareexpressedbytwowordsorfourbites（32bits，Sincelword  
is16bits andlbiteis8bits）．Integralparameters such as the name oftheelement，  
methodく）ftreatmentofdata，andthenumberofsamplesareexpressedbyonewordor  
twobites（16bits）．Aspectraldatumforonechannelisexpressedbytwowords（32bits）  
as a realnumber．Tota1500channels occupylK words or2K bites．AsiA】and［B］  
spectraarerecordedatthesametime，2Kwordsor4Kbitesarenecessaryforonesample  
arLd distiued wateT．One recordis formed by the maximum59words and the record  
lengthisrecorded on the head．Therefore，［A】and【B】spectra consistof34records  
（2000／59＝33．9）．PapertapeispunchedbybinaryformatshowninFigure2－11・Abreak  
oftherecordsisrevealedbyfourfeedholes．  

1 channel 
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Fig．2－11Punch out formatofaspectraldatum foronechannel，ltisex－  
pressedbytwowords（32bits）  

Afterapartofthesoftware formatismodified forreceptionbythehostcomputer，  
di各italizeddatafor500channelsareprintedoutandplotted．SubtractedtA－B】spectral  
data are also printed out and plotted together with［A］and［B7spectraldata．The  
digitalizeddataareusefulforviriousarithmeticcalculations．  

2－J」〝α伊〃cdJproee血′e∫  

FORTRAN（formula translation）and ASSEMBLER are used fortheprogramlan－  
guage．Figure2－12showsthenowchartoftheanalyticali）rOCedure・TherearesixcomL  
mandssuchasCALIBRATE，SET，LIST，RUN（A），RUN（B）andEND・Afte－mOnOChro－  
matorscanningis calibratedusingtheHgemissionlines，VariousparametersareSetand  
confirmed bylistimg．For quantitative analysis two alternative standardized methods  
havebeenprepared．Threepointstandardizedmethod［RUN（A）】requiresthreestandard  
solutionsatdifferentconcentrations．ThismethodisprimarydesignedforsirLgleelement  
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Fig・2－12 Flowchartforanalyticalprocedure   

analysis of many samples，Thismethodrequiresalongertime butismorereliable than  

the two point standardized method，The two pointstandardized method【RUN（B）】is  

more convenient わr Tapid multielement analysisin con）unCtion witllthe slew scan  

technique．  

Beforeinput of a command，Preliminarystepsarenecessary．Samplesarearranged  

in the autosampler as shownin Figures2－8and2－9according to th6quantitative  

method，and theTinse timeisselected（3，6，15and30seconds）by a dial．Thelevelof  

thepeaksensoris set so that thesensorcandetectthe253．65nmrnercuryemissionline  

in the5eCOnd ordeT（507．30nm）1JSjngthePMT．Thejntensityofthesecond oTderline  

is weaker than that ofthe first order．If thelevelissetforthesecondorderline，the  

first orderline can also be detected．Thelevelis used forcalibrationofmonochromator  

SCanning．Afterthelevelisset，themonocllrOmatOrreturnStO arOund253．00nm wave－  

）ength（beLow253．65nm within3nm）andis connected to the CPU．The delay and  

presetswitchesoftheOMAconsoleareselectedtoOand125，reSPeCtively．Thissetting  

provides32，8msintegration and125 times accurnlation．1t takes4．1s to obtain one  

SpeCtrum［（delay十1）x presetx32．8msl、BothXandYiTlputrangeSQftheX－YrecordeT  

arepresetatO・5mV／cm，Thefo1lowingexplainseachcommandbriefly．   

2－j－ノ Cb〃わ和才わ乃0／才力e刑0れOぐんromαrO／WαリeJe月j汀わ∫Cα〃〃f〃g  

Under computer controlthe mereu∫y emjssユOnljne at253．65nm and the second  

orderline corresponding to507．30nm aresearched by aphotomultiplier．Betweenthe  

photomultiplier and the computer aninterfaceisinstalled to rnonitor the mercury  

emissionlines．Theinterface transmits a TTLlevelsignalto the computer when the  

photomul（iplierreceivesthesignalabovetheleveJsetintheinitializationstep，Thecom－  

p11teTCalc11latesthepulsecountsformovingO．1nm wavelengthandprintsoutthepulse  

countsontheteletype．  
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2－∫－2 九仰山mれ舶仰山叶卯相加抽  

After monochromator scanllingis calibrated，the following parameters are set for  

eachwavelengthfromthe［eletype．  

1temlismeasuringnumber：ThemaximumnumberislO，  

Item 2isthenameoftheelement：ThesequenceterminatesbytheinputofENDmark．  

1tem 3is the wavelength atthecentralchanneloftheSITdetecator：Itisvariablefrom  

1500to7000inangstromunit．  

Items4－6are the three different concentrations ofstandard solutionswiththehigher  

COnCentrationcomingfirstfor3pointstandardization．  

Item 4isthesingleconcentratioI10fastandardsolutionfor2pointstandardization．  

Items7－8determine whether theoutputsoftheX－Yrecorderarenecessaryornotfor  

Standardsolutionsandsamplesrespectively＝Itispossibletoselectthefollowlng  

eightparameters．  

OnlyIÅ－B】spectrurn  

【A］and［AB］spectra  

【B】and［A－B】spectra  

【A］，［B］and［ApB］spectra  

O；Withoutspectra  

l；Only【A】spectrum  

2；Only【B】spectrum  

3；【A］and［B】spectra  

Item9 decideswhetherstorageonPT（papertape）orMT（magnetictape）isnecessary  

OrnOt：  

0；Withoutstorage  

4；StOred onPT  

8；StOred onMT  

ItemlO designatesthenumberoftimesspectraobtainedbytheSITaretransferredfrom  

theOMAtotheCPUforaccumulation：Themaximumnumberis50．  

Itemllidentifiestheside background whichcan besubtracted from the peak［A－B］  

Signaltoobtaintherealintensity：  

1；10ngerWaVelengthside  

【fromcentralchannel－14（usually236）tocentralchannel－10（usua11y240）】  

2；Shorterwavelengthside  

【fromcentralchannel十10（usually260）tocentralchannel十14（usually264）］  

3；bothwavelengthsides  

Items12－13arethenumbersoftestandblanksamplesrespectively：Thevariablerangeis  

isfromlto20fortestsampleandfromOto20forblanksample．  

Item14is theminimumintensitylevelused tojudge whetherthepeakinthespectrum  

Obtained by the SIT detectoris registered or notin the CPU：The maximum  

rigureis98000．  

Items15－16designate whether the side background defined byitemlliscorrected or  

notirlCalculatingtheconcentration．  

1；Netintensityisused to calculate theconcentrationwithoutside－background  

COrreCtion．  

2；Realintensityis used to calculate the concentrationwith side－backgfOund  

COrreCtion．  

Inordertoconfirrntheinputofparamterrsacompletelistofparametersispossible．   

2－J－J jpo加rJrα〃dαr（ブfzedmgr力od  

The analyticalprocedure for3pointstandardized methodisshownin Figure2－13．  

Oncetherun（A）“commandRA”isenteredfromtheteletype，themonochromatorslews  
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Fig．2．13 Flowchartforthe3pointstandardizedmethod   

sequentlally topreselectedwavelengths．Theslewscanningcontinuesautomaticallyuntil  

the wavelength setting command reaches END（Parameterofitem2）．When themono－  

chromator stops atacertain preselected wavelength，Onlyparametersat the wavelength  

are stored onpapertape ormagnetic tape（Parameterofitem9）．TheCPUactivatesthe  

realdisplay switch of the OMA and changes the autosampler to a check sample．The  

highestconcentrated standard solutionortestsampleisusedforthechecksample．While  

the check sample’s5peCtrum Obtained by the SITismonitored on the oscilloscope，the  

sequentially adjusrtable filteris set to obtain adequatelight for detection，After the  

adjustmentofthefilteriscompleted，theautosamplerchangestodistilledwaterbyinput  

ofan arbitrary character（ex．GO）ontheteletype．Afterthepresetrinsetimehaspas5ed，  

theautosamplerchangestothe firststandardsolutionand【A］spectrameasuredbythe  

SIT are transferred to and averagedin the CPU（Parameter ofitemlO）．During the  

measurement oscilloscope．Next，the autosampler changes to distilled water and［BI  

spectraaremeasuredin thesameway・Figure2－14showshowtotransfertheSITdatato  

the CPU．The highest concentrated standard solutionin three standard solutionsis  

measured at first tolocate peaksabovethespecifiedlevel（Parameterofitem14）from  

【A－B］spectrum．At this stage channelnumbers tolocate peaks are determined and  

hereafterotherchannelsareignoredeveniflargepeaksareobservedatdifferentchannels．  

Netintensity，Side background and realintensity atthedeterminedchannelarestored  

in the CPU．Netintensityisthe peakvalueinthe［A－BIspeCtrum，andthesideback－  
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Fig，2－J4 FIowchartfortransferofSITdatatoCPU  

groundin the tA－B】spectrumis the average value for5channelslocated oneither  

Sjde of tlle Ceれtraユchanne】．Usually chanIlelJ】Umbers8re23d－240and 2（；0－2（；4．  

Wavelength separation between the centralchannel（250）and channe1236（or260）is  

O．1nmandforchannels236r240（or260－264）isO．05nm．Therealintensityrequires  

さubfractjol】Of抽esidebackg∫OuJ】d froJm比eJletillten5ity．Tl】仁Sjde backgrouJ】d can be  

Selected from thelonger wavelength side，the shorter wavelength side orbothsidesin  

advance（Parameterofitemll）．To savememoryarea，【A］and（B］spectraobtainedby  

the SIT detectorare storedinthesameareaasthepreviousfA】andfB］spectra，andthe  

previous spectra are erased．In ordertopreserve［A］and【B］spectrastorageonpaper  

tape or magnetic tapeis possible as describedin2－2－5（Parameters ofitems7and8）．  

When（A）and【B）spectra are recorded on the X－Y recorder，the fullscale factoris  

alwayslOO，000counts，butthe fullscale factorforthe［A－B］spectrumisdetermined  

by the maximum peak counts of the highest concentrated standard solution，Whichis  

measured at first，in three standard solutions，The scale factorisalsorecorded onthe  

head ofthespectrumin addition to the［A－B］spectrum．Duringoutputofthespectra  

to PT，MT orthe X－Y recorder，the【AB］spectrumisvisualized onthe oscilloscope  

automatically and【Aland【B］spectra can also be displayed by pushing the desired  

button of the OMA console．The measurements of［A］spectrum（sample）and【B］  

SpeCtrum（distilled water）are repeated for three standard sollltions，teSt Samples，and  

blanksamples（Parametersofitems12and13）．Netintensity，Sidebackground，andreal  

intensity are obtained and memorized for each peakchannelnumber．In thiscase，the  

Channelnumber tolocate peaksis determined by the highest concentrated■Standard  

SOlution．The peak channelis chosen from the LA－B］spectrum Within±1channel．  

Arteraユ】samp】esaremeasureda【抽epre5e】ec亡ed wave】ellg抽，旺efoユ】owiJlgC81cu】a臼0耶  

are performed foreachpeakchannel：theconcentrationofthestandardsolutiondivided  

by theintensity，analyticalcurvesobtained by theleastsquaresmethodforthreestan－  

dardsoJutions，andtheaverageintensjIyofbJanksamples．These】ectio∫】OfpeBkil】tenSjty  
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and realintensity during calculatior）is conducted when the parameters are set（Para－  

metersofitems15and16）．ThecorlCentrationofthetestsampleforeachpeakchannel  

is calculated from the arlalyticalcurve byusingthesubtractedintensityoftheaverage  

Value ofthe blanksamples．Allresultsare printed out ofthe teletype alopgwiththe  

memorizeddatain the CPU．  

2－プ－イ 2po加J∫r〝〃d〃′dたどdmeJ力od  

The analyticalprocedure for the2point standardized methodis shownin Figure  

2－15．Oncetherun（B）“commandRB”isenteredfromtheteletype，thernonochrornator  

Slews to preselected wavelengthsand the autosampLerintroducesthe testsample to the  

plasma．While the sample’s spectrum Obtained by the SITismonitored on theoscillo－  

SeOpe，the sequentially adjustable filteris set to obtain adequatelight for detection．  

Afteradjustment ofthe filteriscompleted，themeasurement o‖A】spectrumStartSby  

input of an arbitrary character（ex．GO）on the tel¢type．h the case of the2point  

Standardized method，the test sampleismeasured at firstand doublesasachecksample  

unlikethe3pointstanda∫dizedmethod（2－3－3）．The tA】spectrummeaslユredbytheSIT  

is transferred to and averagedin theCPU（ParameterofitemlO），During the measure－  

Fig．2－15 Flowchartforthe2pointstandardizedmethod  
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mentofthetA】spectrum，thespectrumcanbevisualizedontheoscilloscope．Next，the  
autosampler changes to distilled water and the［B］spectrumis measuredinthesame  
Way・Figure2－14showshowtotransferthe SITdatatotheCPU・Asonlyonestandard  
SOlutionis used formeasuringonetestsample，thetotalnumberofspectraisless than  
that ofthe3pointstandafdizedmethod．Thisenablesthe【A】and［B】spectraforthe  
testsampletobememorizedusingdifferentmemoryareas，Tndependently，StOrageOfthe  
lAlandlBIspモCtra OnpapeT tape OT magnetic tapeis possible asdモSCribedlnユーユー5  
（Parameterofitem9）．TheX－Yrecordercanbeusedforrecordsofthe［A］，【B7，and  
【ArBJspectraasdescribedin2－2－4（Parametersofitems・7and8）．Whenthe【A］alld  
fB］spectra are recorded on the X－Y recordef，the fullscale factorisalwayslOO，000  
COuntS，butthefullscalefactorforthe（A－B】spectrumisdeterminedbythemaximum  
Peakcounts ofthesample∴h thecase ofthe3pointstandardizedmethod，thefullscale  
factorofthe［A－BIspectraforthetestsamplesisdeterrninedbythehighestcoIICen－  
tratedstafldardsolution（1－3－3）・Whereas，inthecaseofthe2pointstandardizedmethod，  
di［fcrenL fullscale factors ofthe（AB］spectraforthetestsampleandthestandard  
SOlution are determined by the maximum peak counts，reSpeCtively．Duringoutputof  
thespectratothePT，MT，OrtheX－Yrecorder，the［A】，【B］，arldIALB］spectracan  
bedisplayedontheoscilloscopeinthesamewayasforthe3pointstandardizedmethod  
（20303）．The measurements of the［Aland［B］spectraarerepeatedforthestandard  
SOlutlOn．From the［AB】spectrum，peaksaboveaspecifiedlevel（Parameterofitem  
14）arelocated．＾t this stagechannelnumbersofthe peaks are determined．The net  
intensity，Sidebackgroundandrealintensityattheappropriatechannelsarestoredinthe  
CPU．OutputofthespectraforthestandardsolutiontothePT，MT，OrtheXLYrecorder  
ispossibleinthesamewayasforthetestsample．The（A］and【B】spectraforthetest  
Sample，Which are storedatdifferentmemoryareas，arereCal1edandthepeakchannels  
arechoserlfromtheIA－BIspectrum（peakchannelwithin±1）．Thenetintensity，the  
Side background and the realintensity at the channels are storedin the CPU．In this  
CaSe，Other peaks，Whoseintensities are greaterthan the specifiedlevel，but were not  
Observedin the standard solution，are also reglSteredin the CPU unlike the3point  
Standardizedmethod（2－3－3）．Thechannelnumber，thenetintensity，thesidebackground  
and the realintensity arealsostored■Afterallsamplesaremeasuredatthepreselected  
WaVelengths，the concentration ofthe test sampleis calc111ated byusingtheanalytical  
CurVe Whichisderivedfromonestandardsolutionand theoriglnOfthecoordinatesys－  
tem．Al1results are prlnted out on the teletype alongwith the memorized datain the  
CPU．Theslewscanningcontinuesautomaticallyuntilthewavelengthcommandreaches  
END（Parameteritem2）．   

2－∫・5 丘恒W血都血行㍑招  

This section shows examples of the analyticalprocedure．Representing the maJOr  
COnStituents of a digested plant sample，a Synthesized solution containlng Ca200，  
K150，Mg60，P20，arLdZnlFLg／mlwasprepared，Thetestsamplewasmeasuredbythe  
3pointstandardizedmethodandthe2pointstandardizedmethod．  
a．3，pointstandardizedmethod  

Figure2－16（1）showsaprintoutofthemultielemeTltanalysisprogram．Capitalletters  
represent theinput command from the teletype，and smallletters the output of the  
COmputer．Theoutput“NEXT？”representstherequestforacorrlmand．CAisthecom－  
mandforcalibration（2－3－1）．ThecomputercalculatesthepulsecountsformovingO．1nm  
andprlntSOutthepulsecountsontheteletype・AsonepulsecorrespondstoO．0005nm，  
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★★★ 班ULで工ELE腫NT ANALYSIS PROGR礼M ★★★  
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NEXワ？  

RA  

Fig．2－16（1）Exampleofthe3pointstandardizedmethod   

thepulse counts formovingO．1nm should be200．Howeverthereareslightdaytoday  

VariafjoJ】S jn軌由cou刀l刀umber．STjstlleCOmmaJ】d fo∫Se‡伽gof班eparameters．Tlle  

ParameterSSetintheexamplesareexplaiJledasfollows（2－3－2）：   

01   isthemeasuringnumber．   

ZN  istheelementsymbol．   
2155．00isthewavelength（Å）atthecentralchanneloftheSITdetector．   

510，5arethethreedifferentconcentrations（〃g／m［）ofthestandardsolutions・   

LILl requeStStheX－Yrecorderoutputforonlythe［A－B］spectrum・   

q  decidesstorageonPT（papertape）．   
2   designates that the data transferfromtheOMAtotheCPUisperformed  

rr5tWice（i，e．numberofaccumulationis2）．  

designates that the side background at both the high and10W WaVelength  

Sideoftheanalyticallineissubtractedfromthenetsignal．   

2  representsthenumberoftestsamples．   

O  correspondstothenumberofblanksamples．   
6000 IftheiJltenSityinthe［A－B］spectrumisabove6，000counts，thepeakis  

reglSteredintheCPU．   

22   designates that the side backgroundis corTeCted forin calculating the  

COmCentration．  

To confirm theinput of parameters，thelist command LImay beused．Once the  

run（A）“cornmand RA”is entered from the teletype，the monochromator slews se－  

quentia11y topreselectedwavelengthsandanalysisisperformed．Figure2－16（2）showsthe  

5peC血recorded on tbeX－Yrecorder・Sta刀dard50】utjo”Saf抽ecoれCentrafior】50f5，1，  

andO・5JJg／m］ZnwereusedtoconstruCttheanalyticalcurveforanalysis 

． 

factor．This factorwasdetermined by themaximum peakcountofthehighest concen－  

trated standard solution（Zn5Jlg／ml）．OnaccountoftheCafarscatterlight，the back－  

groundlevelforthetestsampleincreased・Aftermeasurementwascompleted，theresults  

wereprinted outontheteletypeasshowninFigure2－16（3）．Thedataincludedthepeak  
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525口「  625□1  

ZnO．5ppm  Znlppm  

1  

Fig・2－16（2）Exampleofthe3poir．t 

iIltenSitiesofthe［A］，［B］，and（AB］spectra．The［AB7peaksarereferredtohere  

asthenetintensity．Thesidebackgroundistheaveragevaluefor5channelslocatedon  

either side of the centralchannel（2－3．3）．Therealintensity requires thesubtraction of  

the side background fromthenetintensity．Thenunlbersinthelastcolumncorrespond  

tothegradientofthestraightline whichlinksthe measurementpoint fortheparticular  

concentration with the origin ofthecoordinate system．Thevalueswereusedforcheck．  

inglinearity．Theanalyticalcurve（gradient＝．7926×10L4，intercept＝．3441xlO‾1）is  
obtainedby theleastsquaresmethod，and theconcentrationofthetestsampleiscalcu－  

1ated frorn theanalyticalcurve．BecauseCafarscatterlightcausestheplasmabackground  

leveltoincreaseatthe Zn wavelengththesidebackgroundforthetestsamplewasrather  

high（Test samplel＝4146，Test sample2＝4099），and analyticalresultswould bein  

errorifcorrectionwasnotperformed．Correction fortheside backgroundincrease may  

enal〕1eaccurateanalyticalresultstobeobtained．  

b．2pointstandardizedmethod  

Figure2－17（1）showsaprintoutofthemultielementanalysisprogram．Theformatis  

almost thesaTne aSthe3pointstandardized method．However，in thiscaseasinglestan－  

dardsolutionisrequired（2－3－2）．Figure2－17（2）showsthespectrarecordedontheX－Y  

recorder．Thestandardsolutionattheconcentrationoflpg／m］Znwasusedforanalysis  

ofZnin the test sample（2－3L4）．The figure recorded ontheheadofthespectrumre－  

presents the fullscale factor．The factors ofthetestsampleandthestandard solution  

were determined by the maximum peak counts，reSpeCtively．After the measurement  

wascompleted，theresultswereprintedoutontheteletypeasshowninFigure2－17（3）．  

One standard solution andtheorlginofthecoordinatesystem wasused topreparethe  

－41－   



NEXT7  

馳  
∝）  

NM（ ZN〉 WAVE（2135．00）LEVEL（6000）SIDE－BAND（3）MODE（2，2）  

SでANDARD SA朗PI－El （5，00000 PpH）  

CHANNEI－ pEAK（A）PEAK（B）PK（A－B）BÅCIく GD 工NTEN A  

218  7628∂ 13780  62507   －121 62629 ．798E－04  

STANDARD SA班PLE 2 （1．00000 Pplq）  

C払NNEL PEAK（A）PEAlく（B）PK（A－B）BACIく GD 工NTEN A  

218  26085  13746  12339  －60  12399 ．798E－04  

STANDARD SAHpI」E 3 （．50000 PPH）  

CllANNEl．PEA】く（A）PEAX（B）PIく（A－8）BACX GD INでEI寸   A  

218  19575  13890   5685  1  5684 ．880E－04  

PEAK COl寸CElqでRAでION EつUAで工ON CONFEN℡RÅT工ON＝A★pEÅⅩ十B  

A  B  

．7926E－04 ．3441E－01  

TEST SAMpLE I  

CHANNEL PEAR（A）PEAIく（B）Ptく（A－B）BAC】く GD 工NTEN でES－BLN CONCEI寸T  

218  30785 15874 16911  4146 127（〉5 12．765 ．105E十01  

でEST SAⅢP工一E 2  

cHANNEL PEAL（（A）PEAX（B）PIく（A－B）BACK GD・［N■rEN TES－BLN COtlCENT  

218  30593  14075  16517   4099  12418  1二≧41王i．102E＋01  

Fig，2－16（3）Exampleofthe3pointstandardizedmethod  
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Fig．2・17（2）Exampleofthe2pointstandardizedmethod  
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Fig，2－17（3）Exampleofthe2pointstandardizedmethod  
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aJlalyticalcunre．Tlle prllltOut format was also tlle Same aS t如3poillt Staれdardized  
method．HoweYer，in this case additionalpeaks due to thepresenceofotherelemeJltS  
in thetestsamplecollldalsDb6mOnitored．Otherpe止satl12，244，and488chann¢ls  
weTeidentifiedasthePaTldCalinesat214．9，213．6，and211．3nm，reSPeCtiveユy・  
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CHAPTER3 StudiesofAtomicEmissionSpectroscopy  
UsingNitrousOxide－AcetyJeneFlame   

J・J」h〝仇九止血川  

The siliconintensified target tube（SIT）coupled withanoptユCaJmu】tlChanne】ana－  
1yser（OMA）hasbeenutilizedasadetectorsysteminemission62，63・105・106・108Ll13 ，absorp－  

tion83・103・104 andfluorescencelO7spectroscoplCStudies■Attractiveanalyticalfeaturesof  

theSITdetectlOnSyStem，WhichhavebeenwelldocumentedinthereportsfromMorrison  
andhisco－WOrkerslO8－113andincludethesimultaneousmultielementanalysiscapability，  
the faciJity to correct for spectraland backgroundinterference and detectionpower  
equivalent to thephotomultipliertube（PMT）in thevisibleregion，althoughdetection  
performanceisrelativelypoorerintheultraviolet．Asiswellknowrf3，74，thestandardSIT  
imagedetectorconsistsofabout5001ightsensitiveelements（channels）withinanareaof  
approxin1ately62．5mm2（1ength12．5rnm，height5mm）sothatwhensituatedina  
dispersinginstrurnent，Simultaneous detection of atomiclinesis possible．Therangeof  
WaVelengthswhicharedetectedsimultaneouslyisdeterminedprimarilybythereciprocal  
linear disperSion（RLD）of themonochromator．1nordertotakeadvantageoftheSITr  
OMAsystem forsimultaneousmultielementanalysIS，relativelylowdispersionmonochro－  
matoTSWhlChprovideaspec［ra】wiLldowgeneraLJygreaterthan20nmhavebeenpreferred  
（2－2L2bL）・Theuse ofthelow－dispersionmonochromator，however，mayreSultinsevere  
SpeCtralinterferenceinatomicemissionspectroscopyinhighternperaturemedia，Particu－  
1arlylninductivelycoupledplasmaemissionspectroscopy．   

1nthepresentstudy，theSIT－OMAsystemhasbeencombinedwithamediumresolu－  
tion monochromator（focallength，1m；RLD，0．4nm／mm）toevaluate detectability  
performance・The use ofthemedium resolution monochromatorreduces the spectral  
regionspatiallydetectedbytheSIT－OMAsystem（5nmforpresentinstrumentation）and  
SaCrificestosomeextentthecapabuityforsimultaneousmultielementanalysis．   

Wehavedeve】opedaprogrammablelmOnOC加oma【orco油0】】ed byaminjcompu亡er，  
Whereaslewscantechniquewasemployedashasbeenreportedbyotherworkers58‾6l・99  
Theprogrammablemonochromatoroftheslewscantypeisconvenientforrapidsequen－  
tialmultielement analysis and has moreinherentflexibilityformultielementdetection  
than the well．established direct reading system where only fixed wavelengthsofthe  
desired elements are aYauable‖4・However，the slewscan techniquesuffersfromthe  
problem ofirreproducibilityin wavelength setting，preCisionbeinglimitedto±0．1nm，  
ashas alreadybeenpointedout60・6l．Toavoidtheerrorcausedbyirreproduciblewave－  
1ength settingln the slit－based spectrometer，1t WaS decided to adopt the SITasthe  
5patユaldetectori刀血es】ew5C8月5yStem・Theimpo∫t且ローCapab肋yof5jmu】一之れeOU5mu】ri－  

elementanalysisisstillretainedprovidedpelementlinesarewithina5nmrangeforthe  
presentinstrumentation（±2．5rLmffOmthecentralOMAchannel）．   

In this study，theanhlyticalperformance of the SIT－OMA detectoris considered  
When combinedwith the programmable monochromator system．The nitrous oxide－  
acetyleneflamewasselectedastheexcitationsourceforinitialstudies．  
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j－2 且叩W油川血  

∫－2－ノ ノ〃∫け以me〃rαJわ〃  

TheexperimentalsystemisshowninFigure3－1．Anitrousoxid¢－aCetyleneflamewas  

SuPPOrtedonabumefaSSernbly（5cmsIotburner）ofacommercianyavailablespectro－  

photometer（Shimadzu AA－650）．The monochromator（Jobin Yvon11RlOOO，focal  

length，1m）has dualentranceand exitslitports and wasequipped with aholographic  

grating（2400grooves／mm）；thedesiredopticalpathwasselectedbymirrorspositioned  

beside the entrance and exit slits．The entrance slits were used toreceiveradiationfrom  

the narne and a rnercury penlamp，reSPeCtively，thelatter being used for wavelength  

Calibration of the monochromator scanning system．The flame focused on the entrance  

Slitwasimaged downafactorof2usingasinglesphericalsilicalens（diameter，60mm；  

focallength，219mrn）．The SIT detector tube（PrincetonÅpplied Research Co．，SIT  

1205D／01）and a standard photomultiplier Hamamatsu TV Co．，R919）sensitive to  

ultraviolet andvi5iblelight were positioned at the exit slit ports．Theslitunit wasre－  

movedin the formercase andaplate wasequipped on the SITadaptortoobstruct50％  

Of theincidentlight to enable dark current correction．Thelaterallength of the SIT  

detecterwas12．5mm forthe monochromator RLD ofO．4nm／mm and a511mSPeCtral  

Window was obtained．Theresolutionpowerforthe SIT，0．032nm，WaS about7times  

POOrerthanthatbyPMT（2－2－1）．The SITsignalaftefprOCeSSingintheOMA（Princeton  

Applled ReseaTCh Co．，OMA1205A）wasdisplayed on the oscilloscope and／orcould be  

recordedbyanextemalX－Yrecorder（YokogawaElectricWorks，Ltd．，3078）．  

For PMT detection，aPre－amPlifier（1at）OratOryCOnStruCted），alight chopperand a  

lock－in－amPlifier（Princeton Applied Research Co．，125A and5203，reSPeCtively）were  

used．  

Fig，3－1Schematic diagram of computer－COntrOlledinstrurnentation for  

multielement analysIS utilizing N20－C2H2 flame as an excitation  

SOurCe  
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Amillicomputer（Ilewlett Packard2108）was employed tocontrolthemonochroL  

mator wavelength by the slew scanning technique．A mercurylamp（Ultra－Violet Co．，  

11SC－1）wasusedforinitialwavelengthcalibration．   

j－2・2 ル0ビedu′e∫  

ForlNaVelengthcalibrationthescarmlngSyStem WaSreferenced to themercurylines  

at253．65and50730nm using the Hg pen－raylamp．This procedure deterrrIined the  

n11mbeTOfsteps／WaYelength（nm）tobeemployedillWaV81engtllSelectiollbythesteppi鴨  

motor when controlling the grating angle．After calibration，the wavelengths of the  

desiredatomiclinescolユIdbesetaTbitTarilybycomma11dfrDmthecompllter．  

The experimental conditions for the measurement of atomic emission using the 

nitrous oxide－aCetylene name were optiomizedin terms ofthenameandslitconditions．  

Once the conditions had been optiomized，a Standard solution was asplrated and the  

accumulated spectrum wasstoredinOMAmemory†A】．Theprocedurewasrepeatedfor  

the blank soiution using melT10ry［B］．The subtracted speetrum［A－B】provided the  

emissionline（s）oftheelement．Theemissionintensitywasobtained bynotingthepeak  

heightandsubtractingtheaveragereadi11gOfthesidebackgrou】ldforlOchannelsaround  

the peak channel．The background noiselevel（【A－B］spectrum for the chanrlelrange  

240－260）was obtained whendistilled waterwas aspirated andsubtraction ofthe（A］  

and【B】memorieswasperformed．ThePMTdetectionsystemwasused fofCOmparison  

Studies．The signaland background noise were mea5ured from thepen deflectiononthe  

Chartrecorderpaper．  

The detectionlimitsin Tables3－1and3－2are defined as the concentratiorlS Which  

represent a signal equivalent to twice the standard deviation of the background noise 

level．The values were obtained from the standard calibration curve for each element  

prepared by theleast squares method．The optimized conditions determined are also  

Summarizedin Table3－1with the wavelengths of analyticallines．The chemicalsused  

WereOfanalyticalreagentgradeanddeioJlizedwaterwasusedastheblanksolution．  

J－J 尺eざuJどぶαnd（～fgcus∫fon  

ターターJ FねmeわαCたgroundcorrec血n  

The atomic emission of22elementsin thenitrous oxide－aCetylene flame wasmea－  

Suredby the SIT－OMAsystern coupledtotheprogrammablemonochromator．Figure3－2  

Shows the N20－C2H2flame emission spectra recorded by the PMT when only distilled  

Water WaSaSPirated．Theuppercurvewasrecorded at ahigh EHT卜695V）toindicate  

the prominent backgfOund constituents ofthename．Backgroundspeciesatapproximate  

WaVelengthsareNO（200L280nm），O11（280L330），NH（336nm）～CN（35（）－422nm），  

CH（387L431nm）andC2（437L600nm）．Theanalyticallinesoftheelementsusedin  

thestudyareindicatedt）ytlledottedlinesonthelowerspectrum．  

Flame emission spectra observed by the SIT－OMAsystem fora5nm spectralwin－  

dowareshowninFigures3－3and3・4forBi，Mo，Pb，Cr，Sr，and Li，reSpeCtively・Since  

theSIT－OMAsystemhas2memories，eaChmemorywasilSed foftheemissionmeasure－  

ments of the sample solution and the blank solution，reSPeCtively．Spectra［A－IHin  

Figures3－3and3－4arethecorrectedspectracalculatedfromthe（A）and【B］memories，  

andsubtractionisautomaticallyperformedintheOMA．ThebackgroundattheBiwave－  

1engthis particularly severe arLd correspDnds to the OH vibrationalfinestructure．The  
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Fig．3－2Emission spectra of N20LC2H2flame observed atdifferentextra  

hightension（EHT）appliedtoaphotomultiplier  

Upperspectrum：p695V  
LowefSpe亡tlⅥm：一273V  

2∝I   3∞  ▲∝〉  500  600  TOO（nm）  

てミ‾‾‾‾ 

＿  

㌣ヾJ丸′・＼j  

Sample  

叫mund血姐  

七仁志  d 壷  
Fig．3－3EmissionspectraobservedbySIT－OMAsystemforBi（306・8rum），  

Mo（390．3nm），andPb（405．8nm）（BilOO〃g／mJ，MolOJJg／mJ，  

Pb50鵬／mり  
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Fig，3・4Emissior［SpeCtraObservedby SIT－OMAsystemforCr（425．4nm），  

Sr（460．7nm），andLi（670，8nm）（CrlJJg／ml，SrO．1Jlg／mL，Li  

O二005〃g／mJ）   

predominant background species at the Mo wavelengthisOHandCH，WhileatthePb  
wavelen各thCNispredominant．ForSTandLithepredominantspeciesisC2，Whileatthe  
Cr wavelength flamebackgroundisnegligible・Sequentialslewscanmeasurementofthe  

above6elementsrequiredapproximately5minutesdisregardingtherecordingtime．   

フープ－2 月れα沙〟c‘7JpeタイorJれα〃CePαrαmere′∫  

TheanalyticalperformancedatasummarizedinTable3－1wereobtainedbyaccumu－  

1ating the signals for4．1s．In the SIT－OMA system，the scanningrateoftheelectron  
beamover500channelswas32．8ms，andthe4．1saccumulationtimecorrespondedto  

125timesaccumulationofthesignalsateachchannelintheSITdetector・Thedynamic  

rangeoftheSIT－OMAsystemislOScountsandthereal－timedynamicrange（real－time  
isasinglescan）isabout750countsforeachchannel．Therefore，theentranceslitwidth  

and slit height were required to beadjustedtoobtaintheappropriatesignalintensities  

whichwerewithinthedynamicrangeoftheSIT－OMAsystem．Beforeadjustmentofthe  

slitconditionsmentionedabove，theflameconditionsandheightabovetheburnerhead  

were optimized foreachelementusingaconstantnitrousoxidenowrateof7．5L／min．  

Optimized conditions forindividualelements are depictedin Figure3－5．The experi－  

mentalresults obtained throughthe above procedures are summarizedin Table3－1，  

alongwith the analyticallines and otherexperimentalconditions．The detectionlimit  

dataaresimilartothoseobtainedbyHowellandMorrisonl13whousedaO・5mmonoL  
chromator－SIT combination．The relative standard deviation（RSD）values forthe con－  

centrationsindicatedin parentheses were generallyin the3％rangealthoughforsome  

elementsoflowsensitivity，e．g，Bi，Pbwhereconcentrationswererelativelyclosertothe  

respectivedetectionlimits，higherRSDvalueswereobtained．  

RegardirLg the flame operating conditions，it can beseenfrom Figure3－5thatthe  
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elementssuchasTi，V，AlandMowereatomisedeffectivelyinthereducingatmosphere  
OftheC2H2－richflameandinthehightemperatureregioncorrespondingtoahighposi－  
tion above the bumerhead・Theseconditionsarerequiredtopreventformationofthe  
refracloryoxidespecies■Incontrast，OPtimumsensitivityforCo，PbandFewasobtained  
in the oxygenatedatmosphereoftheC2H2－1eanflameandatahighpositiorLabovethe  
buTner・and亡ha亡ofNi，Cu and Ag wasol）tainedintheoxygenatedatmosphereorthe  
C2H2－1eanflarneandatalowpositionabove theburnerl15・Jnthjsway，theoptimum  
COnditionsintheN20rC2H2f】ame areverydifferentfortheelerrLentS．Thisspreadinthe  
OptimumvaluesconstitutesarnaJOrpfObleminutilizingtheN20－C2H2SOurCeformulti－  
element analysissince fixed conditions and flame heig71t WOuld be desirable forrapid  
analysis・The otherITLajordrawback，Ofcourse，in the N20－C2H2eXCitation sourceis  
thate1ementswhoseresonancelinesareintheUVregionarenotsufficientlyexcitedto  
ol）SerVea亡0111icemission48‾5】′62   

∫－J－j Cの川戸αr加〃の／∫〃化0れ加e〃∫沼ed乃rgeり∫汀ノα〃dP力∂Jom〟J坤JJerm占e「Al－rノ  

So far，tO eValuate SITdetectorperformance，thedetectionlimilsobtainedbythe  
SIT image detector have been compared with those obtained by the photomultiplier 
tubein separate studieslO3－108・1）0．113 ・Tnthepresentstudy，thedeteetionlimitsof8  
elements were also obtained by a photomultiplier（R919）．Theexperimentalconditions  
［or the SIT detector were‖1e Same aS亡IIOSe Sl10Wnin Tab！e3－1and the cond吊ons［or  

the photomultiplier were independently determined by optimization procedures for 
eachelement．  

Asis shownin Figure2－7the photon quantum yield ofthe SITinthe ultraviolet  
regionisworse byl－20rdersofmagnitude whencomparedtothatofthephotomulti－  
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Table3－1Thedelectionlimitsofvariouselementsobtainedby  

theN20－C2H2rlarneemissionspectrometryusingaSIT  

detectorunderoptlmizedconditions  

Eler［1ent Wavelength C2＝2a）Flameb） slit  Deteetion RSDd）  
nDWTate hei帥t widtllheight LimitC）  

nm  lmin▼1 mnl Llm mm 〟gmL‾L   ％  
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70  3   0，22   3．0（l）  

30  2．8 21   12．6（100）  

165  2   0．0（；6  5．6（l）  

60 1  0．11  2．3（5）  

Mg   285．21  

Bi  306．77  

Cu   324．75  

Ag   328．07  

Co   345．35  

Ni  352，45  

Ti  365．35  

Fe  3Tl．99  

Mo   390．30  

A1  396．15  

Mn   403．08  

K  404．41  

アb  405．78  

Rb   420．19  

Ca   422，67  

CI  425．43  

V  437．92  

In  451．13  

Sr  460．73  

Ba  553．5（i  

Na   589，00  

Li   （；70．78  

0
 
（
U
 
O
 
 

／
．
〇
 
5
 
5
 
 

5   0．21  8，4（1）  

3   0．61  2．包（10）  

6   0．15   3．8（5）  

50  5   0．13   7．2（1）  

50 1  0．17  15．4（1）  

50  0．3  0．32   7．4（0．5）  

00 ′1  0．017  2．1（1）  

50  5   7．5  

70  5   0．95  11．4（10）  

50 1．4  2．2  5，l（50）  

40  0．4  0．002  2．8（0，1）  

20 1．5  0，0028  2．2（0，1）  

25  2   0，018  2．4（0．5）  

30  0．9  0，0092 1．6（0．5）  

20  3   0．0008 1．5（0．05）  

80 1  0．0（i4  3．7（1）  

00  1．5  0．00066   

70  2．3  0．00013 2．1（0．005）  

a）Thenowrateornitrousoxide＼l7aSmeaSuredat7．57min▼l．  

b）Heightabovetheburnerhead，  

C）Seetext．  

d）Relative standarddeviationcalculatedfromlOdeterminations．Valueinparenthesis   

isconcentrationatwhichdeterrninationwasperformed．  

plier，Whileitis almost comparable witllOr better than that ofthephotomultiplierin  

the visible region．Althougha rigorous comparisoh of datais ruled olユt due to funda－  

rnentaldesign differences betwe占n the SIT and the PMT，for standard measurement  

COnditions，1．e．SITaccumulationtimeof4．1sandaPMTtirneconstantof2s，ageneral  

trendintheresultscanbepointedout．PoorSITdetectorperformanceisevidentforMg  

and Agwheredetectionlimits areabout20timespoorerthan the PMTdata．Theexcel－  

1entdetectionpowerinthevisiblereglOnis，however，ClearlyseenfromTable3－2．  
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Table3－2 ComparisonofdetectionlimitswithSITandPMT  

Element  Wavgth  
pg－・  pl  

0．24  0，004  

24  23  

0．20  0．0（〉0  

0．39  0．87  

0．35  0．48  

0．005  0．018  

0．0005  0．000了  

0．00028  0．0022   

285．21  

306．77  

328．07  

390．30  

405．78  

425二44  

4（札73  

670．78  
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CHAPTER4 StudiesofAtomicEmissionSpectroscopy  
UsingRadioFrequencyInductivelyCoupled  
ArgonPlasma（RFICAP）   

イーJJ〃け∂d〟Crわ〃  

lnductively coupled plasma（lCP）emission spectometry hasin recent years been  
extensivelydeve10pedasanewaTlalyticaltechniqueforelementalanalysIS26，30・31・116．118  
ICP emission spectrometry has the advantageous features of high detection limits and 
wide dyna皿IC rangeS（about five orders ofmagnitude）．Furthermore，itis almost free  
from chemical119andionizationl191120interfeTenCeS，alldissuitablefoTmultielem¢nt  
analysis．When adirectreadingsystemisemployed，Simultaneousmultielementanalysis  
iseasilyperformedwiththelCPexcitationsource94．usually，COnVentionalphotomulti－  
pliersareusedasthedetectorsinICPemissiollSpeCtrOmetry．  

A silicoIlintensified target（SIT）tubehasreceivedasaspectroscopicdetectordueto  
thehighdetectionefficiencyandmultielementdetectioncapability83・Actually，theSIT  
detectorhasbeenappliedtonamespectrometryinemission62・63・105・JO6，108‾113，absorp－  
tion83，103・104andfluorescencelO7．Accordingtothestudies，thedetectivityoftheSIT  
isworsebyoneortwoordeTSOfmagnitudeintheUVreg10rLthanthatofaconventiotlal  
photomultipller，However，SimultaneousmultielementanalysISCapabilityandthefacility  
ofbackground correctlOnlO9appeartobeattractivefeatufeSforanalyticalatomicspecL  
trometry．Therefore，it may beinterestingto apply the SIT detectorforlCPemission  
SpeCtrOmetry．  

So far，inflamespectrometry，theSITdetectorhasbeenpreferablyused withrela－  
tivelylow－dispersion monochromatorsinordeftOtakeadvantageofthe SITformulti－  
elementanalysis・Generally，aSpeCtralwindowgreaterthan20nmhasbeenprovidedby  
thosedispersionsystems（Table2－6）．1lowever，ithasbeenpointed outthatthespectral  
lineinterferenceisaseriousprobleminICPemissionspectometry121・Therefore，theuse  
ofthelowLdispersiollmOnOChromatormayresultinspectralinterference．Hence，1n this  
study，the SIT detector has beerL COmbined withamediumイeSOlutionmonochromator  
（1m focallength monochromatorusinga gratingwith2，400grooves／mm；reCiprocal  
lineardispersionofO．4nm／nlm），Whichprovideda5nm spectralwindowon500chan－  
nels ofthe SIT－OMA（opticalmultichannelanalyzer foT datapTOCeSSion）system．The  
use of the SITin such a medium resolutionmonochromator5yStem SaCrificesto sorne  
extent the simultaneous multielement detection capability，but the spectra measured  
bytlle SITdetectorprovideusefulinformationonplasmabackground changeswhichis  
another serious probleminlCP emission spectrometry12l－123．on considering these  
Situations，theanalyticalperfomanceoftheSITimagedetectorinICPemissionspectro－  
metryhasbeeninvestigated．  

〃－2 g叩er血e乃ねJ   

〃－2－j C（）川戸rOm加de叩erime月ねJco〃di血〃∫  

A schematic diagram of the present experimentalsystemis shownin Figure2－1  
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、Dritll  

Fig，4－1ICPtorchandglassconcentricnebulizer   

（Chapter2），anditsphotographisputonthefirstpageofthisreport．Theinstrumenta－  

tionisexplainedin detailin Chapter2．AnlCPsource（Radiofrequencygeneratorand  

lCP torch system），ModelICPQ－2H，WaSpurChased from ShimadzuSeisakusho，Japan．  

Aglassconcentricnebulizerwasusedforthesolutionnebulizatjon．FiguTe4－】showsthe  

lCPtorchassemblywiththenebulizingsystem．ThelCPwasoperatedwiththerfpower  

Ofl．6KWat27，12MHz，feedingargongasatlO．5L／min，1．51／min，andl．Ol／minforthe  

COOla叫p】a5maandcarrjerga5e5，re叩eC蜘ely．TlleSampユeupt∂kerafewa5C乳3．6mJ／miJ】  

at thepresentcarrier argonnowrate．Anobservationheightof17±2mm above therf  

load coilwas used for allexperiments．The slitheight and slit widthofthe monochro－  

m鋸Or WaS uSually Ejxed at2mm andlOOiJm，reSpeCtEveZy．WhelleYerneCeSSary，the  

intensityoftheICPemissionwasattenuatedbyasequential1yadjustablefilter．Theemis－  

Sionsignalswereintegrated for4．1sintheSIT－OMAsystem、Sinceoneelectr〔）nicscan－  

nlngtimeintheSITdetectortook32・8ms，theaccumulationtimeof4．1scorresponded  

to125 machine scanning cycles．This slgnalaccumulation time was set to enable the  

COmParisonofthepresentdatawiththoseobtained bytheflameemission－SITdetector  

SyStem（Chapter3），althougharbitraryaccumulationtimeswerepossibleintheSIT－OMA  

SyStem．   

4－2－2 ノ1乃α少rfcαJpe巾r研α〃CeO／rわe函∫fr〟me〃r  

ThesampleandblankspectrawerestoredinrnemOry［A］andmemory［B］onthe  

SIT－OMA system，reSPeCtively，When the sample solution and the blank sollユtion（de－  

ionized water）were nebulizedindependentlyintothelCPsource．Thesubtractedspec－  

trum［A－B7 provided the emissionline（s）ofthe analytein the sample solution．The  

emjssior】j刀如】5ify was obfajIled byJlO血g tI】e pea九九ej裏Ifand5ub如C血g抽eaverage  

readingofthesidebackgroundforlOchannelsaroundthepeakchannel．Thebackground  

noiselevel（【A－BIspectrumforthechannelrange240－260）wasobtainedwhendistilled  

Waと即W∂g a印加tedand5Ubfractioれ0∫tbeIAJand r別memorieざWa5performed．Tわe  

detectionlimitsin Table4－1were defined as the concentrationswhichrepresented an  

emissionsignalequivalentto twicethestandarddeviationofthebackgroundnoiselevel．  

Thevalueswereobtained from［hestandardcalibrationcurve［oreachelementprepared  

by theleast squaresmethod．Al1thechemicalsused wereofanalyticalreagentgradeand  

deionized waterwasusedastheblanksolution．  
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For comparisonwith a conventionalPMT－based system，anICP emission spectro－  

meter，the PIasma AtomComp，fromJarrellAsh Division，FisherScientificCo．，U．S．A．  

（which employed the direct reading method），WaS uSed for the measurernents of the  

detectionlimits．  

4－2－∫ 〟〃汀fよe〟盲cr  

Forthe study ofmatrixeffects，matrixsolutionswerepreparedbydissoIvingreagent  

grade Ca（NO3）2，Mg（NO3）2，NaNO3，KNO3，andNH4H2PO4in O．1NHNO3（concentra－  

tion200pg／mL）．TheZn，V，Mo，Al，andMnanalytesweredissoIvedineachmatrixsolu－  

tion and adjusted toIpg／m］multielement solution．The multielement solution was  

analyzedbythe3pointstandardizedmethod（2－3－4）．  

Forthe st11dy oftheeffectofvariousconcentrationsofCaonZnanalysis，increasing  

amounts of Ca were added to the Zn solution．ThezincIFLg／mlsolutions，Whichcon－  

tained CaatvariousconcentrationsoflOO，200，300，400，and，500pg／mlwereanalyzed  

tentimesrepeatedlybythe3pointstandardizedmethod，  

4－j 尺郎≠抽＝川dd由日用蕗卯  

イづ一JJC♪み〃Cたgr（川〃dcβrreCJわ〃  

The emission spectrum■ofargon plasmaisshowninFigure4－2．Thespectrum WaS  
Observedattheplasmaheightof17mmabovetherfcoilwithaspiratingdeionizedwater，  
Where aphotomultiplierwasused asthedetector．AscanbeseeninFigufe4－2，theemis－  
Sionspectrumoftheargonplasmaconsistsofemissionlinesofargon，emissionbandsof  
NO（200－J80nm），OH（280二330nm），NH（336nm），N．＋andCN（350－430nm），and  
COntinuum background「emission・According to acarefulsurvey ofthe spectru叫the  
atomiclinesduetocqrgonat193．1and247，9nmandhydrogenfortheBalmerseriesat  
656・3nm（H。），486・1nrrl（Hβ），434・Onm（Hγ），410・2nm（H6），and397LOnm（He）canbe  
identlri¢dinFigure4－2、  

With respect to Zn，Cd，Bi，Cu，Mo，Mn，Cr，In，Sr，Ba，Na，and Li，theemission  
SPeCtra for the sample and blank solutions andthesubtractedspectra，Whichwereob－  
SeてYedt）ytheSITdetectoT，a一色ShowninFigur8S4－3－4」S．Theemissionspectraforthe  
Sample solutionsdetected bythe SITdetectorincluded backgroundline and bandemis－  
Sionscausedbytheplasrnaandanalytespecies，aSisseeninthespectraformemory［Al  
in Figu†e4－3－4－6．FDTt11nately，these backgTO1111dline a11d band emissions co111d be  
Observedin memory［B7，When the blank solution was aspirated．Therefore，in the  
SITLOMAsystem，theemissionsignalswhichoriginated fromonlytheanalytescouldbe  
easily obtainedbysubtractingthebackgroundspectrainrnemory tB］from thespectra  
inmemory［A】．ThisfacilityoftheSIT－OMAsystemisveryusefulfortheidentification  
Ofspectrallines for background correction．The background correction procedure has  
alreadybeendescribedinsectiorL2－2－2b，   

イーj－2 上甑血血加＝ゾ凡蘭bル叩Je〃CγJ〃血c抽eレCo叩Jed」堵0〃アJ鮎川α〟∫〃〃ぬc血－  

Jわ〃∫0〟′CeJor明日JrJeJe∽g〃Jα乃α恒7∫  

The detectionlimits obtained by the preser）t eXperimentalintrumentation are  
Summarizedin Table4－1，Where the detectionlimitsobtainedbytheN20－C2H2flame  
emission－SITdetectionsystem（Chapter3）arealsoIistedforcomparisonoftheexcitation  
efficiency ofthelCPandnitrousoxide－aCetylene flame．Aswasdescribedin Chapter3，  

＿55－   



1
∽
ひ
－
 
 

170  180  190  200  210  220  230  240  250  260  270  280   

Fig■4－2EmissionspectraoflCPsourceobtainedbyphotomultipliertube  

EntranceandExitslitheight5mm，EntranceandExitslitwidthlOJLm．  
PlasmaConditions：Powerl．6KW，Height17mm，Uptakerate3．6nl）／min．  
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Fig・4－3EmissionspectraobservedbySIT－OMAsystemforZn（213．9nm），  

Cd（226・5nm），andBi（306．8nm）（ZnO，5pg／ml，CdO．5pg／ml，  

＄i5〃g／mり  

200  400  600（nm）  

ノU  

．卜．い．  Sample  

‥．し＿   
」  

5ppm  5ppm  

Background  

Sample－ 1  

Background ⊥  
0．1ppm  

Fig．4－4Emission5PeCtraObservedbySIT－OMAsysternforCu（324．8nm），  

Mo（390，3nm），and Mn（403．1nm）（CuO．1〃g／mI，Mo5FLg／ml，  

Mn5J⊥g／mり  
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Fig・4－5EmissionspectraobservedbySIT－OMAsystemforCr（425，4nm），  

In（451・lnm），and Sr（460・7nm）（CrlOpg／ml，InlOFLg／ml，  

Srl〟g／mJ）  

200  ㈱  600（nm）  
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Fig・4－6EmissionspeClraobservedbySIT－OMAsystemforBa（553．6nrn），  
Na（589・O nm），and Li（670．8nm）（Ba5pg／ml，NalJJg／rnl，Li  
O，05／⊥gノmJ）   

the flame emission data were obtained under the sameinstrumentalconditions and  
proceduresasthoseinthepresentwork，i・e・，thesameopticalanddetectionsystem，and  
the same accumulation time．（4．1s）．ln order to showthedifferenceoftheexcitation  
mechanismsin the two sources，for example，the emission spectra（coTreCted）for  
titanium observednear365・4nminthenitrousoxcide－aCetylenenameandthelCPare  
ShowninFigure4－7．Asiswellknown，Onlyatomicemissionlines（TiI）areobservedin  
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Table4－1 ThedetectionlimitsofvariouselementsobtainedbytheICP  

andFlまmeIemissionspectrometryusingaSITdetector  

lonizati。n  ICP b）  RSD C） Flamed）  
EIcmcnta） potential Wavelength Detection ％  Detection  

Limits  Limits  
ev  nm  （〃g／mハ  レg／mり  小g／mり  

Ratio af 
Detection  
Limits  
（Flame／lClり  

0．20  25  

0．041  1  

7，58  328．07  0，008  5．9  
（0．5）   

2．95  
（5．0）  
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308．22  0．12  
396．15  0．03（〉  
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455，40  0．0003  

30（〉，77  0．35  
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Table4．1（Continued）  

RSD C） Flamed）  
％     Detection  

Limits  

レg／mハ  レg／mJ）  

ICP b）  
Wavelength Detcction  

Limits  
nm  山g／mり  

Ratio of 
Detection  
Limits  
（Flame／ICP）  

Ionization  

Potcntial   

eV  

Elementa）  

213．62  0．25  
214．91  0．40  

40S．7S  O，ユ6  

220．35     0．33  

420．19  59  

ユ84．00  0．67  

189．99  1．40  

450．73  0．b13  
407．77  0．00009  

3（〉5．35  0．23  

334．90  0▲002  
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thecase offlameexcitation，Whileionicemissionlines（TiII）aswellas8tOmiclinesare  

Observed inthe case oflCP excitation．ln order to compare the emission sensitivities  

Of atomic andioniclines，the detectionlimits forboth atomic andioniclines are also  

Shownin Table4－l，Whenintenseioniclines are availablein theusualUVandvisible  

region．According tothedetectionlimits summarizedinTable4－1，almostallelements，  

Whoseionization potentialisless than9eV，areionizedintheICP，andioniclines，if  

available，prOVidebetterdetectionlimitsforalltheelementsthanatomiclines．Theratios  

Of the best detectionlimits byICP and flarne emissionspectrometry areshownin the  

finalcolumn of Table4－1．It should be stressed here that the detectionlimits obtained  

With thelCP under a single set of compromised conditions are much better formost  

elements than those obtainedwith the flame under optimised conditions foreach ele－  

ment・Astheexcitationternp 

P，Whose analytica11ines arelocatedin the UV regionandarebarelyexcitedwiththe  

flame，Can berneaSured bylCPemissionspectrometry．Thepoorerdetectionlimits for  

Cr，In，K，Li，Na，and Rbareexceptions，becausethes戸elements（exceptCr）donothave  

intenseionic emission．ln the case ofCr，intense emissionlinesofargon existnear the  

analyticalline（Figure4－5）．The emissionintensity must beattenuated by the filtef tO  

avoid the overflow，SO that the detection pFrformance for Cr becomespoor．Whereas，  

the backgroundofthenitrousoxcide－aCetylene flame around the Crlineisnegligible as  

Can beseenin Figure3－4．These resultsshowthat the TCPis arnoreefficientexcitation  

SOurCe COmpared to thenitrousoxide－aCetylene flame．Consequently，ithasbeen found  

that the’detectlOnlimits at theng／m11evelorbelow can be obtainedevenwith the SIT  

detector，WhentheICPsourceisusedforexcitation．  

Therelativestandard deviation（RSD）values weregenerallyinthe3％ranBeforthe  

concentrationequivalentto50times thedetectionlimits．TheRSDvaluesarealmostthe  

Same aS those obtained by the N20－C2H2flame．Itimplies that the detectornoise to  

SOme eXterIt COntributes to the detectionlimits alongwith the■fluctuation noisein the  

flameandplasmastudies．  

Forthe SITdetectorthereal－time dyrLamicrange（real－timeisasinglescan）isabout  

750counts for each channelaslimited by the analog－tO－digitalconverteroftheOMA  

and thisresultsin adynamicrange ofabout30rders ofmagnit11de．1ftheoutputofthe  

SIT wasconnected with the CPUdirectly，tlledynamicrangewouldbeimprovedtoover  

fourordersofmagnitude124・125   

〃づづ ∫pec仇7J7〃JeJゾerg〃CePr（フ∂Jem∫   

lnthepastfewyearsICPemissionspectrometryhasbeendevelopedforsimultaneous  

multielement analysIS OVer Wide concentration ranges，and applied to various kinds of  

samples（Chapter5）．With the progress of studiesinlCPemission spectrometry，it has  

been found that spectraland physical（nebulization）interferencesare seriousproblems  

in practicalanalysis byICP emission spectometry，While cherr）icalandionizationinter－  

ferencesarenotserious，Thespectralintefferenceisinvestigatedinthissection．  

Theresults ofrnatrix effects are summarizedinTable4－2．The（A）columninTable  

4－2represents the data without side background correction andthe（B）columnrepre－  

sentsthedatawithsidebackgroundcorrectidh．Thedatashou）dbelFLg／ml．Asionization  

and chemicalinterferenceis not so severein theJCP，Na，K，and Pdonoteffectthe  

ana】yticaldata．However，analyticalresults forthesolution which contained Ca（200  

〟g／ml）andsorneresultsfortheMgmatrixarehighifsidebackgroundcorrectionisnot  

performed．Thisisbecauseofthescatteredlight fromcalcium andmagnesiumemission・  

－・（い1   



Table4r2 MatrixeffectsofCa，Mg，Na，K，andl）datawithandwitllOut  

backeround correction 

Matrix  

山g／mJ）  

Ca  
200  

Mg  
ZOO  

Na  
200  

K  
200  

P  

200  

a b  a  b  a b  

1．42 0．97  1．09 1．111．08 0．97 0．99 1．00   3．26 0，90   

0．99 0．95  l．02 0．98 2．011．010，961．98  1．181．02   

0．96 0．93  1．00 0．991．000．99 0．98 0．99．1．10 0．97   

0．96 0．93  1．03 0．99 1．021，0二！0．98 1．00   0．97 1．10   

1．OZ O．99  1．00 0．99 1，00 0、99 0．98 0、99  1．05 l．03  

Matrix  
山g／mり  

Ca  
ユ00  

Mg  
200  

Na  
200  

K  
200  

P  

200  

b  

2．色1 3．69 0．87 l．22   3．47 2．54 2．04 0，62 0．91 0，99   

0，97 0，90 0．98 0．91 1．45 0，98 2．041．00 0．89 1．02   

0．99 0．92 0．99 0．92  1，09 0．93 1．04 0．810．87 1．04   

0．93 0．88 0，94 0，91 1．13 0．85 1．06 0．86 0．82 1，11   

l．01l．01 0．98 0．98  1ユ0 0．97 0．9邑 0．96 0．98 l、05  

（I）ArLalytes（1〟g／m［）arcdissoIvcdinmatrixso］ution（200FLg／mZ）・  
（2）ResultsinJ⊥g／mJ．  

（3）a．（A－B）witl10utSidcbackgroundcorrection  
b，（A－B）－Sidewithsidebackgroundcorrection  

（4）ZnI213．9nm  
VI1311▲1，310．2，309．3nm  
MoI390．コロm  

Al139（i・2，394．4nm  
Mn1403．5，403，3，403．1nm  

The degree ofthe effectis dependent onthe wavelength and thesensitivity ofthe ana－  

1yte．Figure4－8shows an example of the spectralinterference．Thelower caseis the  

interference due to thestraylightcaused by thenearscatterlight ofcalcium：Standard  

SOlutions at th¢COnCentration of5，1，0．5pg／mlAIwereused tomeasure A11FLg／ml  

WhichcontainedCa2001Jg／ml，ln Figure4－8，Onlythe［A－B］spectraareshown．1fside  

background correctionisnotperformed forAl396．2nm and A1394．4nm，bothresults  

becomeapparentlyhigh（2．81鵬／mlfor396、2nmand3．69〃g／mlfor394，4nm）．Sofar，  

Sneuman et al．，Skogerboe et al．，Koirtyohann et al．，and Kawaguchiet al．proposed  

wavelengthscarlningormodulationtechniques6l・126L128utilizingarefractorplatetocor－  

rectthe baseline shiftsin thebackground．However，Whenthebackgroundhassignificant  

structufe，SuChtechniqueswouldhavelirnitations．Addingthefurtherstepofsubtracting  

thelCPbackgroundintheSIT－basedsystemmaybeverypowerfulforthesetechniques，  

Recently some attemptsto reduce thee汀ectortheenormo、1SCaemission havebeen  

→67一   
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Fig．4－8 Spectralinterference  

Uppcr： LineinterferenccfromMgonV．  
Lower＝ StraylightinteTferencefromCaonAl．   

reported．Toreducethecalciumemission，bandrejectionfilters129，1300ranabsorption  

cell131areinstalled between thesourceムnd thespectrometer．lnthecaseofthedirect  

readingsystem，thefittingofbroadbandpassfiltertoindividualPM tubeortheuseof  

solarblindPMtubefortheshorterwavelengthelementscanminimizethestraylight132  
Howeveritisdifficult toeliminate thestrongemissionandthestraylightselectivelyand  

COmpletelywithanydevicessofarused．  

As can be seenin Table4－2，almost allresults for vanadium are good after side  

background correction except the result of the V3（）9．3nmline forthe sample which  

COntained Mg200FLg／ml．Itis due tospectrallineinterference ofthe Mgline at309．30  

nm．The speCtra Obtained by the3pointstandArdized method are shownin Figure4－8  

（upper side），Where only the［A－B】spectra are shown．By selectinganothervanadium  

line，SPeCtrallineinterferenceisavoided．   

InFigure4－9theeffectofincfeaSingCacorlCentrationonZn（1〃g／ml）isillustrated・  

If side background correction was not performed，the analyticalerror would occuras  

Shownin Table4－3．Howeverside background correctionmay achieveaccurateanalysis．  

Analyticalresults and standard deviations were not changed remarkably evenif the  

concentrationofcalciumwasincreased（TabIe4－4）．   

〃－∫－〃 Co爪印r如月∂／∫批0〃J〃fe〃∫研edT七′geJ「∫Jりα〃dPた∂rO椚uJ坤J如ru∂e／ダ〟乃  

These days the dileCtreadingmethodwithPMThasfoundwidespreaduseonacom－  

mercialbasis．In general，the response（usua11y quantum yield）of the SIT detectoris  

alrnOSt thesameasorbetterthanthePMTabove380nmandpoorerthanthePMTbelow  

380nml”（ThesefeaturesoftheSJTandPMTarerepresentedinFigure2－7）．lnorderto  

comparethespectralresponsibityoftheSITandPMT，thedetectionlimitsobtainedwith  

the PMTs which were measured with a commerciallCP direct reader system，are also  

shownin Table4－5．AlthoughtheresultslistedinTable4－5cannotbecompareddirectly  

because the operating conditions are different，the detectionlimits obtained with the  

SITgenerauyrenectthepoorerspectralresponsibity oftheSITin the UVregion・That  

－68－   
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Fig．4－9EffectoffarscatterlightfrornCaEmission  

Table4r3 MatrixeffectofincreasingCaconcentratiorl  

Matrix  
山g／mり  

1．00  1．0（）  

1．29  1．00  

1．49  0．99  

1．67  1．01  

1．87  1．11  

1．83  1．02  

0
（
U
（
U
O
O
＜
U
 
 

C
 

（1）AnalytcZn（1Ilg／mI）isdissoIvedincalciu7T）matrixsolutions   
（0，100，200，300，400，and500〃g／mり．  

（2）Rcsullsin〃g／mJ．  

（3）a．（AB）witl】OutSidebackgroundcorrcction．  
b．（A－13）－Sidewithsidebackgroundcorrection．  

（4）ZnI213．9nm，  
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Table4－4 EffectofcalciummatrixontheintensityandprecisionofZn  

analysIS  

A  B  A－B  Side  （A－B）－Sidc  

11   一刀．03  

17  

2
 
5
 
 ICP orr  

Zn lppm   16900  

Ca oppm  214  

1．27  

6678  1．00  

210  0．031  

3．15  3．12  

10232  6669   

9（i  21（〉   

0．94  3．24  

Zn lppm  23900  

Ca lOOppm  292  

1，22  

12822  11078   

202  355  

1．57  3．20  

8398  0．97  

350  0．041  

4．16  4．19  

10986  11457  4390  7068  0．97  

183  0．02（i  

2，59  2．65  

Zn lppm  22443  

Ca  200ppm  302  229  18＄  

1．35  2．09  1．64  

5629  7457  1．00  

260  0．03（；  

3，48  3．64  

Zn lppm  24475  11389   13086  

Ca  300ppm  179  139  279  

0，73  1．22  2．13  

6855  9079  1．10  

293  0，037  

3．48  3．34  

12403  15934  

164  343  

1．32  2．15  

ZT】 1ppm  28337  

Ca  400ppm  437  

1．54  

76年7  8033  0・94  

19（I  O，023  

2，40  2．47  

ZT】 1ppm  ユ8401  

Ca  500ppm  223  

0．79  

1ユ701  15700  

．1（；5  234  

1．30  1．49  

Upper：AverageorlOmeasurements（COuntS）  
Middle：StandarddeviationobtaincdbylOmeasurements（COuntS）  
Lower：RelatiYeStandardDeviati〔〉n（％）   

is，byusingtheSIT，pOOrerdetectionlimitsbyaboutoneorderofmagnitude（maximum）  

Were aChieved fortheelements with theUVlines，When compared to thoseachievedby  

thePMTs，However，SincetheSITgivesthedetectionlimitsatthe11g／mllevelformany  

elernents，aSmentionedin4－3－2，itisquiteusefulasthe detectorforlCPemissionspec－  

trometry．The spectralresponsibity of the SIT may beimproved by usingarnoreeffi－  

Cient UV sensitizer whichisequippedin the frontwindow ofthe SIT（2－2－2）．Further－  

more，the detectionlimits obtainedwith the SIT may beimproved by reducing the  

dark currentand shotnoisesoftheSIT，WhichmayberealizedbycoolingtheSITdetec－  

tor．AIso signalintegration and accumulatiorltimes mayl〕euSed toimprove detection  

limits．  

The SIT detector has excellent facility forsimultarLeOuS multielement detection as  

hasbeenreportedbyrnanyworkers．ThefacilityoftheSITtoperformsidebackground  

correctionisalsohelpfultogetaccurateanalyticaldatabyrrleaSuringtheICPbackground  

subtracted【A－B］spectrum．On consideringtheseadditionalfacilitiesoftheSITdetector  

as wellas high detectionlimits for many elements，the SIT detector performanceis  

usefulinTCPemissionspectrornetry．  
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Table4－5 ComparisonofthedetectionlimitsobtainedwiththeSITand  

PMT in ICP emission spectrometry 

DetectionLimitsb）山gノmり  Rユ1tioor  
DctcctiDn  
Limits  
（SIT／PMT）  

n
 
 
m
 
 

〓
 
 

Wa、7elengtll  

11111   SIT  PトtT  

189．99  1．4  0．021  

193．70  0．63  0．020  

202．03  0，086  0．005  

213．86  0．015  0．001  
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214．91  0．40  

220．35  0．33  

22臥62  0．016  

228．80  0．013  

251，6〔1  0．033  

257．61  0．0004  

259．94  0．003  

2（17，72  0．010  

279．55  0．0002  

Z92．40  0．00（）  

308，22  0．12  

324，75  0．005  

3ユ8．07  0，008  

334．90  0，002  

0．05＊  

0．03  

0．002  

0．001＊  

0．006  

0．000（）＊  

0．002  

0，003  

0．00007  

0．002  

0．012  

0．0008  

0．001  

0．0005  

OpeTatingConditions：  

STT・bascdSystem：Powerl．6KW，Obs．Ht17mrn，SamplcUptakeRate3．6mZ／rrLir）．  

PMT－bascdSystem：Powerl．1KⅥ′，Obs．Ht19mrn，SampleUptakeRatcl．Oml／rrLin．  

a）1Irererstoionicline．  

b）Detcctionlimitdefinition，SeCtCXt．PMTintegTationtime，10s．  

＊ M巳aSuT（：din secondorder．  
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CONCLUSTON  

The advantages and disadvantages ofthe developedinstrument are Summarizedas  

fo1lows：  

【Advantages］  

1．By employing thelCP source，highdetectionlimits attheng／mJlevelscanbeob－  

tained at a single set of compromised operating conditions．The relative standard  

deviationis aboutin the3％range for the concentration equivalent to50times  

thedetectionlimit．  

2．Programmab】emoJ10Cねroma【orortheざ】ew5C8月とypeわa5mOre f】exjbjljtyformuは－  

elernerLt detection than the well－eStablished directreadingsystem whereonly fixed  

wavelengthsofthedesiredelementsareavailable．  

3．Accurate mo110Chromator wavelength settinglS nOt required asir）the case ofthe  

PMT，Since a5nm wavelength rangeis measured simultaneously withthe SIT，SO  

that rapid sequentialslewscanningispossible．1ttakesabout2miiluteStOanalyヱe  

for a few elementsinlspectralwindow so that for the determination ofsaylO  

elementsbytheslewscantechniqueapproxirnately5tolOminutesarerequired．  

4．Simultaneousmultielernent analysisispossibleiftheelementlinesarewithina5nm  

WaVelengthrange．  

5．TheICP background correctionis readily performed and theanalysisprocedureis  

PerformedconvenientlybythebackgroundcorrectedspeCtrum【A－B］．  

6．Background shifts at the analyticalwavelength due to matrix constituents of the  

5amplecanbecorr8Cfedforby5jdebackg∫Ou刀dsubtractiorl．  

【Disadvantages】  

1二 The sequentlalslew scan method requlreS alonger time than the direct reading  

methodformultielementanalysIS，  

2．The quantum efficiency ofthe SITdetectorispoorer than thatofthePMTinthe  

UVrc由on（bピlow380nm）．  

3．The resolution power of the SITispoorerthanthat obtained by thePMT（Figure  

2－2）．  

Detectionlimits formanyelementsarecompared favorablywithPMTvaluesexcept  

inthelowUVregion（＜240nm）wheredeterioration byoneorderofmagnitudecould  

occur．Althoughvariousapproachesmaybeusedtoirnprovedetectionlimits，e．g．，detec－  

tor cooling，increasedintegration and accurnulation time，Or ultrasonic nebulizatiorL，  

the present detection performanceis considered to be satisfactory for trace analysIS・  

The app】jcationofthepreseJ】tSySleJn（ICP－ProgramrnablemonochromatorrSIT－OMA  

detector）to rapid sequentialmultielement analysisisinprogress．Correctionforback－  

groundshifts associated with themaJOrmatrix cornponentsofrealsamplesisan areain  

lCPemissionspeCtrOmetryCurrentlyreceivingmuchinteresting．TheSITimagedetector  

facilitatessuch a background correction．Theresults ofthe study willbereportedirLthe  

nearruture．  
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コンピュータ制御装置を利用したフレームおよび  
誘導結合プラズマ分光法による多元素同時分析  

古 田 直 紀＊  

〔第1章〕   

現在の環境基準では、各元素の濃度を汚染の尺度とし、それぞれの元素に対して検定操作が定め  

られている。その定められた別々の検定操作通りに、元素を一つ一つ分析してゆくと、かなりの時  

間と労力を要する。環境中のサンプルを測定する際、一つの元素を感度良く測定することも必要だ  

が、サンプル中に、どのような元素がどれだけ含まれているかを、同一操作で迅速に測定する必要  

が指摘されてきた。その多元素同時分析に対する要求は、環境分析に限らず、鉱業、地質学、農学、  

薬学、医学、生態学など多方面の分野から要求されている。また、リンの欠乏により、アルミニウ  

ムの毒性が現れたり、カドミニウムの毒性を、亜鉛が無毒化したり、水銀とセレンが共存すると、  

水銀の毒性を弱めるというように、元素間に相互作用があり、その複合的な汚染が問題になってい  

る現在、1回の同時操作によってできるだけ多くの元素を測定し、その相対的な値を議論すること  

が必要になってきている。   

現在、多元素同時分析として、放射化分析、スパーク質量分析、アノードストリッビング電気化  

学分析、けい光X線分析、分光分析などがある。より簡単な装眉で、しかも感度および精度良く、  

溶液試料の多元案分析ができる方法として、分光分析を選んだ。   

光源として、ラジオ波誘導結合プラズマ（RFICP）を用いた。RFICPは、ダイナミックレン  

ジが広く、同一条件で主要元素から微量元素まで同時測定可能であり、不活性なアルゴンガスプラ  

ズマq］で、試料を2msの良い時間、5000Kから8000Kという高温で励起させるので、元素間  

の干渉およびマトリックス効果が少なく、多元素同時分析用光源としてすぐれている。   

測定システムとしては、必要ないくつかの波長のみを逐次掃引し、不必要な波長領域を除いて掃  

引するSeguentialSlew Dcvice方式と、カメラのように受光面に達する光を像として捕える面  

検出Image Device方式とを組み合せた。   

〔第2章〕   

現在、多元素同時分析装置として、必要な元素の数だけ、幾何学的に光電子増倍管を配列する多  

点検出Direct Reading方式が、ルLチン分析用として市販されている。しかし、Direct Rea－  

ding方式は高価であるし、測定する波長が固定してしまっているため、融通性に欠ける。そこで、  

著者はSequentialSlew Scan方式を用いたコンビニL－一夕制部分光器を開発した。パルスモータ  

で駆動する回折格子をコンピュータ制御して、できるだけ正確に波長設定しようとしたが、機械的  

誤差のため±0．025nmの誤差は免れなかった。従来、光路中に挿入した石英板を回転させて、そ  

の波長設定誤差を補正していたが、著者は、光電子増倍管の代わりにSiliconIntensified Tar  
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get（SIT）面検出器で、分析波長の近傍5nm波長領域を同時に測定し、石英板による波長補正  

操作を省き、迅速に逐次掃引できるシステムを開発した。サンプルと蒸留水とが交互に1CP光源  

に自動的に導入されるように、オートサンプラーもコンピュータ制御した。SIT検出器で測定し  

たスペクトル（サンプル、［A］スペクトル＝蒸留水、［B］スペクトル）は、積算されてOptical  

MultichannelAnalyzcr（OMA）に記憶され、オシロスコープ上にディスプレイされる。積算  

が終わると、ディジタル化されたスペクトルは、ミニコンピュータに転送され、データ処理される。  

分析結果はテレタイプに出力される。SIT検出器で得られたスペクトルは、D／Aコンバー タを  

経て、ミニコンピニし－一夕よりXYレコーダに出力できる。また、ディジタル化されたスペクトルは、  

紙テープや磁気テープに蓄積でき、中央計算機でデータ処理したり、XYプロッタでプロットする  

ことができる。   

ソフトウエアは、CAl」IRRATF∴SFT、T．TST、RUN（A）、RUN（B）、ENDの六つのコ  

マンドからなっている。   

CALIBRATE：水汲ペソレイランプの2本の水愚発光線を光電子増倍管で検知して、その間に  

要したパルス数より、ク）光器の波長駆動校正を行う。   

SET：元素名、分析波長、使用する標準溶液の濃度、出力の方法、データ取得方法などを指定  

する。   

LIST：SETしたパラメータを確認する。   

RUN（A）：3点検員法。3種類の標準溶蔵を用いて、最小自乗法により検最線を求める方法で、  

多数サンプルの1元素につき、より正確に分析する際に使用する。   

RUN（B）：2点検員法。1種類の標準溶液と原点を用いて、検量線を求める方法で、多元素を  
Slew Scan方式で、迅速に分析する際に有力である。・   

END：すべての操作終了。   

〔第5，4章〕   

笑気－アセチレンフレームを光源に用いて 

せを評価した。フレームの場合、元素によってフレームの最適条件が大きく異なるので、測定位置  

やガスの流員を、元素どとに変えてやらないと十分な感度が得られなかった。しかし、SIT－OMA  

システムの有用性が明らかになったので、さらに感度を向上させるため、フレームの代わりにICP  

光源を用いた。本システムの利点と欠点を列挙する。   

（利  点）   

1．ICP光源を用いたので、同一一条件のもとで、ng／Inlレベルの高感度が得られた。検出限  

界の50低から100倍の濃度で、変動係数は3％程度であった。   

2．Slew Scan方式のプログラマブル分光器は、Direct Reading方式よりも融通性がある。   

3．SIT面検出器を用いて、5Imの波長領域が同時に測定できるので、光電子増倍管の場合  

のような正確な改良設定が必要ない。そこで、迅速に逐次掃引ができ、5分から10分で10元素が  

定見できる。   

4．5。Inの波長領域に、数元素の分析線が観測されるので、多元素同時タ）析が可能である。  

－83－   



5．ICP光源自身のバックグラウンド補正が可能であり、バックグラウンド補正した［A－B］  

スペクトルを用いると分析操作が容易になる。   

6．［A⊥B］スペクトルを用いて、さらにサイドバックグラウンドを差し引くことにより、サン  

プル中の主要成分による、バックグラウンドの変動を補正することができる。  

（欠  点）  

1・SequentialSlew Scan方式は、多元素分析するのに、Direct Reading方式よりも長い  

時間を要する。   

2．SIT検出器の、紫外領域の光に対する量子効率が、光電子増倍菅に比べ悪い。   

3．SIT検出器の分解能は、出口スリットを用いた光電子増倍管に比べ悪い。  
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