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ABSTRACT  

The present thesis has been completed based on results of   

researches which have been carried out at University of Tsukuba．The   

author is a technical official at Radioisotope Center of the   

University and has investigated radioactivity measurements by   

developing the daily works of radiation monitoring and related   

activities．This thesis contains results of radioactivity measurements   

Of 68co by the sum－peak method．  

The sum－Peak method was originally deve10ped by G．A．Br．inkman   

and co11aborators．The method can be applied to determination of the   

disintegration rate of a radioisotope emitting two or more coincident   

γprayS．With some limitations the sumqpeak method can be applied   

regardless of the type of a detector，a SOurCe－tO－detector geometry   

and an absorber between a radioactive source and a detector．  

At the beginning of this thesis， the effects of   

一．distanceI．，．．displacement1．and．．absorbers‖ between a source and a   

detector are studied on the disintegration rate determined by the   

sum－peak method using a68co point source andlead absorber plates・   

Through these studies the distinguished properties of the sum－peak   

method are demonstrated．  

Itis known that the sum－Peak method gives an underestimated   

disintegration rate when applied to an extended source such as a bulky   

liquid source． This underestimation seems tO be caused by the  

negligence of．・a tacit assumption．．that a detector should be equally  

re＄POnSive to allparts Of a source Whenever the sum－peak methodis  

5   



emp10yed・At the second stage of the studies，the tacit assumptionis   

investigated and the practicalmeaning of this assumptionisinferred   

and proved by experiments using …co bulky sources in bottles．  

Followlng our inference of the practical meaning of the tacit 

assumption，Oderkerk and Brinkman derived equations of error and   

error upper bounds when the sum－peak method was used for an extended   

SOurCe．In the present studies， the equation of erroris proved   

and the equation of error upper boundis corrected by an experiment   

With two …co point sources which were used to simulate a simple   

extended source．  

Furthermore，through a series of the present studies，the method   

Of determination of the photopeak area of a 6BCo spectrum is   

deve10Ped．In this method a22Na spectrumis used to e＝minate a part   

払ttrlbuted to Compton scattering of1332 keV γ－ray under the   

photopeak ofl173 keV γ－ray in the spectrum・The effect of 2日8TII   

Whichi＄ One Of naturally occurring radionuclides，On the sum peak   

＆rea Of a8日co spectrumis also successfullyinvestigated・  
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§1● ＝ntroduction  
The disintegration rate of a sample so11rCe eTnitting γ（X）qrays   

Can be determined by u＄ing a radiation detector，the respon＄e Oゴ   

Whichis adequately known forγ（Ⅹ卜rays．However，in many actualcases   

SuCh a detector is not available and the disintegration rate is   

determined by comparing the γ－ray SpeCtrum Of the sample source with   

that of an adequate standard source，the disintegration rate oiwhich   

is accurately known．Thatis，in the case of an or・dinary method＝，the   

disintegration rate of the sample source is derived under the   

assumption that the photopeak areas of the γ－ray SpeCtra are   

proportionalto the disintegration rates．The sample source and the   

Standard source should have the same or similar dimensions，   

COmpOSitions and nuclides，and both the γ－ray SpeCtra muSt be   

Obtained under the same measuring condition．Adopting the ordinary   

method， the measurement using a standard source usually occupies the   

important position of a radioactivity measurement．In the case of   

the sum－peak method，the disintegration rate caLn be deterrnined by   

analyzing a γ－ray SpeCtrum Of a sample source without using a   

Standard source．  

G．A．Brinkman and collaborators successively published five   

articles with regard to the sum－peak method fromlg63 to19652－6）．In   

their articles the principle and fundamentalproblems of the sum－peak   

method wereinvestigated from various view points． L．G．Suther・1and   

andJ・D・Buchanan also published an article7〉in which the sun－peak   

method was aLpplied to bulky liquid so11rCeS Of 6匂Co and125Iin  
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bottles・According to these previousinvestigations，the sum－peak   

method should give the absolute disintegration rate（Bq）of a   

radioactive source regardless of the type of a detector or the   

geometry between a radioactive source and a detector．However，the   

method can be used only when a radionuclide of a source emits two or   

nore coincident γ－raySin a decay process and when a detector has   

an equalresponse to allparts of the sourceト18）．Furthermore，area   

（numbers of count＄）under the photopeaks，the surn peak and the whole   

SpeCtrum Of γ－rayS emitted from a radionuclide of the sourCe muSt be   

precisely determined．The first conditionis fulfilled in the cases   

of 22Na4），24Na5），46sc2・3），69co2・3），11BmAgll），123I12） and   

125I13‾19） sources which emit two or moreγ－raySin cascade，and the   

SeCOnd conditionis satisfied when a point source or a very srnall   

SOurCe COmpared with dimensions of a detector is used in a   

measurement．  

As mentioned above，Sutherland and Buchanan applied the sum－peak   

method to radioactivity determinations of bulky sources．They   

experimentally showed that the disintegration rates of the bulky   

sources determined by the sum－Peak method decreased as the volumes of   

the sourcesincreased7），and suggested that the sum－peak method   

could be effective for the determination of a disintegration rate   

under．．a tacit assumption＝ that a detector was equally responsive to   

allparts of a＄OurCe・The present studies were started to clarify the  

practic＆1meaning of the tacit assumption8－18），and an equation to  

give an expresSion for the tacit assumption was prOpOSed and  
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experimentally provedin the cases of bulky sources of 6aco solutions   

（10 ～100 m丸）in bottles．Based on ourinvestigations，Oderkerk and   

Brinkman derived two formulas which can provide estimates of an   

error and the upper bound of the error when the sum peak methodis   

applied to extended sources including bulky sources．Through the   

present studies，the distinct features of the sum－peak method expected   

from theoreticalconsiderations were experimenta11y verified by using   

a 6Bco point source．The two form111as derived by Oderkerk and   

Brinkman were experimentally examined by using two68co point sources．   

Fina11y， praCticalproblemsin radioactivity measurements of 6日co   

SOurCeS by the sum－Peak method wereinvestigated and solutions to   

delineate these problems were found．  
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§2． PrJ5 nc：彗ple of the＝ Sum－peak Me七hod   

（ユ） γ－「叩 即eCf「比mαnd「αd王0αCfiuify meqβureme和書  

Detection of a11 nuclear radiations is performed through   

interaction of radiations with a matter，because the radiations are   

not perceivable for persons．In the case of electromagnetic radiations   

as γ－rayS，electrons energized by the radiations are detectedinstead   

Of the primary radiations thernselves．The energizing of electronsis   

mainly based on three types of processes2切‾23），photoelectric effect，   

Compton scattering and pair production，and the detection of the   

energized electrons is based on the processes24）of excitation or   

ionization of atomsin a detector．  

Figurelshows a typicalγ－ray SpeCtrum Of a n11Clide emitting   

Only one γ－ray at eVery disintegration measured by a Na7（Tl）   

detector25）．The spectrumis composed of the peak of almost Gaussian－   

Shape with a narrow energy range and the broad－Spread part with a   

broad continuous energy range．The peak part corresponds to the   

entire energy absorption resulted from photoelectricinteraction and   

multiple Comptoninteractions2J），and called a photopeak（Or a full   

energy peak）．The broad－Spread part reflects recoilelectrons when   

Compton scattered radiations escape ollt Of the detector without any   

further interactions，and called a Compton continuum．The recoil   

electrons have a broad energy range，and Compton scattered   

radiations have also a broad energy range and an angular   

distribution．In Fig．1，the pair productioninteractionisignored，   

because the probability for thisinteractionis very smallcomparing  

12   
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Chc）nnelnumber（enerqy）  

Flg．1 TypIcal spectrum of a nuc11de em圧tlng only one  

Y－ray Obtalned by use of a NaI（Tl）detector．  

with those for the other twointeractions when the energy of a γ－ray   

isless than a few million electron volts26‾28）．  

（2）伽dioαCfiuify 如才8rmi柁qf王0円 抽αn Ordi柁αry me拍od  

Assuming that the disintegration rate of a sample source   

emitting only oneγ－rayis proportionalto areas under the photopeak   

and the whole spectrumIthe following equations can be obtained・  

（1）   A ＝ N x p x e，  
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and  

T ＝ N x p x t，  （2）  

Where A and T stand for the areas representedin count rates under   

the photopeak and the entire spectrurn，reSpeCtively．SymboIs N and p   

are respectively the disintegration rate and the emission probability．   

Then （N x p）is the number of γ－rayS emitted from the sample   

SOurCe．Symboleis the photoelectric efficiency29・3匂），namely the   

probability of the entire energy absorption of a γ－ray by a   

detector，and symbol t is the totalefficiency38），namely the   

PrObability that the detector detects atleast a fraction of energy of   

a γ一ray through any interactions （photoelectric effect，Compton   

SCattering or pair production）．Therefore． e and t are dependent on   

the source－tO－detector geometry and are independent of the   

radioactivity of the source．  

Similarly for a standard source we define the following   

relations，  

Å【9】＝Nl8】×p【s】x e【s】，  （3）  

and   

T【s】＝N【5】×p【slx t【5】 
（4）  

where A（s】and Tl3］ are the areaS repreSentedin count rates under   

the photopeak and the entire spectrum）reSPeCtively，N【s】and p【slare   

respectively the known disintegration rate and the emission   

probability，and et5）and t【5】are the photoelectric and total   

efficiencies，reSpeCtively．When the sample and the sources have the  
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Same nuClide and the same source－tO－detector geometry，then  

e＝e【5】 l t＝t【5】 and p＝p【5】．  
（5）  

Elininating the efficiencies and the emission probability by using   

equations（1）～（5），We Obtain the following relations  

A  

A【＄）I  
N ＝ N【3】x  

（6）  

and   

N＝ N【s】x  
（7）  

Since A，T，A【5】and T（5）can be obtained fr・Om the spectra of the   

Sample and standard sources and since N【5】is known， the   

disintegration rate，N， Of the sample source can be calculated by   

equation（6）or（7）．The disintegration rate of the sample radioactive   

SOurCe Can be determined through the above procedurein the ordinary   

method．  

（ユ）5抽潤一peαたm8fhod  

Some radionuclides emit two or more coincident γ－rayS and those   

γ－rayS are incidentally detected at the same time by a   

detector．   As a res111t，  a Sum peak will appearin a γ－ray   

spectrum3卜35）．Figure2shows schematica11y a spectrum36・37）when the   

nuclide of a sample source emits two coincident γ一rayS（γland γ2）・   

In Fig．2，tWO photopeaks of γ1 andγ2 and the s11m peak of（γ1＋   

γ2）are Observed． Assuming that Al，Å2，A12 and T are the areaS  
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under the photopeak ofγl，the photopeak ofγ2，the s11m peak，and the   

entire spectrum，ileSpeCtively，We have the fol10Wing relations，  

Al ＝ N x p x elX（トt2），  （8）  

A2 ＝ N x p x e2 ×（トtl），  （9）  

A12 ＝ N x p x elX e2，  （10）  

and  

T  ＝ N x p x（tl＋ t2 － tlX t2），   （11）  

S
－
U
⊃
O
U
 
 

ChQnne［number（energy）  

Flg．2 TypIcalspectrum of a nuc11de emlttlng two colncldent  
Y－rayS Obtalned by a NaI（Tl）detector・  
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Where  

p：the emission probability of γ1and γ2 Which  

are emittedin cascade，  

N：the disintegration rate of the sample source，   

el，e2：the photoelectric ef王iciencies of γ1andγ2，  

respectively，  

and  

tl，t2：the totalefficiencies ofγ1andγ2，reSpeCtively．  

Suppose we obtain a spectrum of a proper standard source，Which   

has the same nuclide and the known disintegration rate of NtS］，under   

the same measuring condition as the sample source．Then the photopeak   

area Al【5】in the spectrum of the standard source can be calculated by   

the fol10Wing equation  

Al【5］ ＝N【5】×p X elX（トt2）．  （12）  

Eliminating the photoelectric and totalefficiencies eland t2，and   

the eTnission probability p by using equations（8）and（12），We   

Obtain  

Al  
N＝ N【9】×   （13）  

Al【s】   

Equation（13）has the same form as equations（6）and（7）・N【5】is   

known and the areas of Aland Al【s】can be measured from the spectra   

of the sample and standard sources．Therefore，the disintegration   

rate，N，Of the sample source can be determined by equation（13）・In  
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the ordinary method the disintegration rate of the radioactive   

SOurCe，in which a nuclide emits two coincident γ－rayS，Can be   

determined by using one o王 the photopeak areas，A10r A2，through the   

Same prOCeSS aS that of a nuclide emitting only oneγ－ray．  

In the sum－peak method the disintegration rate can be   

determined by using all the areas，Al， A2， A12 and T，Of the   

SPeCtrum Of the sample sourceinstead of using the two spectra of the   

Sample and standard sources．Equations（8）～（11）yield  

（Å1× Å2）  
＝ N x p x（1－tl）（1－t2）  

A12  

＝ N x p － N x p x（tl＋ t2 － tlX t2）  

＝ N x p － T．  

Hence，  

（AlX A2）  1  

N ＝ エ  
p  

（14）  

where p can be known from conventionaldata books28）・39）・In the case   

of a6匂Co sourCe uSedin the present studies p ＝1，then  

（AIX Å2）  
（15）  N ＝ T ＋   

A12  

Equations（14）and（15）do not contain any efficiencies・and show that   

the disintegration rate can be determined by using only the four   

areaS，Al，A2，A12 and T，Which can be measured from the spectrum   

of the sample source●It must be emphasized thatin the sum－peak   

method the disintegration rate is determined by a calculation of  
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a simple relation given by equation（14）or（15）．The sum－peak method   

Can give the disintegration rate of a radioactive source regardless of   

detector efficiencies and without requiring a standard source．In the   

present studies，equation（15）is examined using 6払Co sources and   

this equationis called the sum－peak formula．  

The sum－Peak formula （15） consists of two parts， T and   

（AIX A2）／A12．In a usualp111se height spectrum，the second part   

COmPOSeS Of the majority of N，and the ratio of the second part to   

the first part increases very rapidly as the totalefficiency（also   

the photoelectric efficiency）decreases．Forinstance，When the total   

efficiencyis 5 ％（See numericaldata at the distance of 20 mmin   

Tablelof §3），the second partis about ten timeslarger than the   

first part，Whereas Tis about 9 and670 timeslarger than Al（Or A2）   

and A12，reSPeCtively．In this case，errOrS OflO ％in Al（Or A2）   

and A12 CauSe an OVer＆11error of ＆bo11t 20 ％in N， Vhile an error of   

lO％in T causes onlyl％ errorin N．Therefore，the uncertainty of N   

is dependent mainly on the accuracy of the photopeak and sum peak   

areas meas11red from a spectr11m（See ＄5）．  

When an absorber is placed between a sample source and a   

detector，equations（8）～（11） are modified to the following   

equations  

（16）  Al ＝ N x p x（alX el）×（1－ β2 × t2），  

（17）  A2 ＝ N x p x（a2 ×e2）×（1－ βlX tl），  

（18）   A12 ＝ N x p x（alX el）×（a2 X e2），  
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and  

T ＝ N x p x（β1X tl＋ β2 × t2 －β1× tlXβ2 X t2），（19）  

Where al and β1are reSpeCtively the attenuation factors of areas   

under the photopeak and the whole spectrum attributed toγ1，and a2   

and β2 are those to γ2．Rearranging the parameters by the following   

definitions  

（αlX el）＝ el，（α2 × e2）＝ e2，  

（βlX tl）＝ Tl  and （β2 × t2）＝ T2，  

We have  

（20）  Al ＝ N x p x 亡I X（1－ T2），  

（21）  A2 ＝ N x p x e2 X（1－ Tl），  

（22）  A12 ＝ N x p x 亡1 × E2，  

and  

（23）  T  ＝ N x p x（Tl＋T2 一 丁IX T2）．  

Equations（20）～（23）have the exactly same forms as equations（8）～   

（11）．Therefore，formulas（14）and（15）can be obtained again through   

the same procedure．This resultindicates that a disintegration rate   

determined by the sum－peak methodis never affected by an absorber   

between a s＆mple source and a detector9・19・38）・From these results   

the sum－peak method might be expected to be the absolute determination   

method of the disintegration rate of a radioactive source regardless  
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Of the geometry between the source and a detector，regardless of the  

Photoelectric and totalefficienciesIand regardless of theinsertion  

Of an absorber between the source and the detector．  

（4）如才e「m痛けio乃Of f加αreα…乃舶r f九8如Ofope油，拍βぶ捉mpe油α乃d  

拍β びゎ8Je ぶpβCナ「比m Ofββco  

The present studies of the sum－Peak method have been carried   

Out through radioactivity measurements of6Bco sources by using a  

NaI（Tl）detector・ A representative measuring arrangement usedis  

Flg．3  Representatlve measurlng arrangement used ln  

a radloactlvlty measurement．  
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Shownin Fig・3・The NaI（Tl）detector was surrounded with a Pb  

Shield of about 50 mm in thickness and was connected to a  

multichannelpulse height analyzer・Figure4shows the decay scheme  

Of6aco39・…）and a typicalspectrum37Jl｝of a6Bco source obtained  

by the measuring arrangement showninFig・3・Reading from thedecay  

SCheme shownin Fig・4，the nuclide6Dco emits two coincidentγ－  

rayS・γ1：1173keV andγ2：1332keV，With the emissionprobability  

OflOO％ at every disintegration（p＝1）・Two photopeaks forγ1and  

γ2， and a sum peak forγ一 ＋γ2（＝2505keV）can be observedin the  

SpeCtrurn・Since the surnpeak can be obtained clearlyI（SeeFig．2．）  
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Chl  Ch2  

Chonnelnumber（energy）  

Ch3  Ch4  

Flg・4 Decay scheme and a typIcalspectrum of a6Dco source  
Obtalned by a NaI（Tl）detector．  
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the disintegration rate of the68co source can be basically calculated   

by the sun－peak formula（15）・HoweverIthe two spectra shownin Figs．   

2 and 4 are Slightly different each other・In Fig．4 the two   

photopeaks overlap noticeably and a part of the area under the   

Compton scattering of γ2 also overlaps under the photopeak of γl．   

Accordingly，We determined the ratio of the area attributed to   

Compton scattering of γ2 under the photopeak ofγ1tO thearea Of γ2   

by using the spectrum of a1275 keV γ－ray emitted from a 22Na   

SOurCe42～45）IWhich must have the same source－tO－detector geometry as   

that of the 68co so11rCe．The spectrum measurement of the22Na sourCe   

does not necessarily require any knowledge of the radioactivityleve1   

0f the source．Furthermore，aSS11ming that Al（area Ofγ1）was equalto   

A2（area of γ2）in e＆Ch of the 88co spectra because the detector was   

responsive almost equally to the γ－rayS Ofl173 and1332 keV，the   

areas．T（area11nder the whole spectrum），Al．A2 and A12（area under   

the sum peak）were calculated by using the following relations  

（24）  T ＝IT － BT，  

（Il＋2 － B8）  
（25）  Å1＝ A2 ＝  

（2 ＋ d）  

and  

1  

A12 ＝I12 － －（Ch4 － Ch3 ＋1）（CJ＋ C3），  

2  

（26）  

Where   

IT and BT ：the area and the background area under the whole  
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SpeCtrum，reSpeCtively，   

：the totalarea under the two photopeaks，γ1andγ2，   

：the background area under the two photopeaks，γ1andγ2一   

：the ratio of thearea attributed to Compton scattering  

Ofγ2 under the photopeak ofγ1tO A2，aS determined  

by using the spectrum of a22Na source，  

I12  ：the totalarea under the sum peak，   

Ch3 and Ch4：the starting channel and the last channelof the  

Sum－peak，reSPeCtively，   

and  

C3 and C4 ：the numbers of the countsin the channels of Ch3 and  

Ch．  

The backgro11nd areas，BT and Bs，Were determined from a spectrum   

measured without radiation sources．  

（5）A deナecfo「， α m比ヱf孟Chαれn81p昆Zβe 九ej如才 αnqZyze「（川d「αdioαCfiue  

β0昆「Ceβ  

In the present studies all the meas11rementS Of γ－ray SpeCtra   

Were Carried out by using a single NaI（Tl）46）scintillation detector   

（Canberra2007p）with a diameter of 50mm and a height of 50mm，and a   

m111tichannelpulse height analyzer（SEIXO EG ＆ G Mode17800） which   

has ＆ meaSurable energy range for γ－rayS from aboutlO keV to 3000   

keV．Point sources and b111ky so11rCeS Of 68co and 22Na were usedin   

spectrum measurements．The spectra of22Na sources were available for  
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the estimation of the values ofl・allin equation（25）．  

Sources of our own making were prepared together with standard   

SOurCeS・The point sources were made of grains ofion－eXChange resin   

With diameters smaller than O・5 mmIand the bulky sourCeS，10 p丸－   

SOlutions of6Bco and22NaIWere prePared by diluting with water of   

fromlO tolOO m丸in bottles with a volume oflOO mA．Disintegration   

rates of the point ＄OurCeS Were determined according to the ordinary   

method described in §2．（2）． A 68co standard source with a   

disintegration rate of l．4 ×105 Bq（± 3 ％）and a 22Na standard   

SOurCe With a disintegration rate of 2．3 ×104 Bq（± 3 ％）supplied   

from the LMRI（Laboratoire de Metrologie des RayonnernentsIonisants，   

France）were used．These standard sources had the shape of ellipses   

Sma11er than 2 mmin width on thin plastic plates，regarded as points   

When compared with the dimensions of the NaI（Tl）detector shownin   

Flg．3．The disintegration rates of the bulky sources wereindirectly   

determined through radioactivity calibrations of point sources made   

by dryinglOll丸－SOlutions of6aco and22Na on thin plastic plates．The   

VOlume of thelO FLA－SOlutions was the same as those used to make the   

bulky sources．In the present radioactivity calibrations，allγ－ray   

SPeCtra Were meaSured by using a Ge（Li） semiconductor garnma   

detector（Princeton Gamma－Thech）．Uncertainties of the radioactivity  

Of these hornenade sources were determined to be about 5 ％ orless．  

Sources prepared by o11rSelves were11Sedin allthe experiments   

except for those of Appendix－1and §5．（1），in which the standard   

SOurCeS Were uSed as point sources．  
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（β）grror ggfimαfio乃  

In the present st11dies，disintegration rates，entire areas under   

SpeCtra， photopeak areas，Sum Peak areas and so forth were determined   

through various experirnents and calculations，and errors associated   

wi th these rates and areas were estimated using standard deviationss 

Which could be determined based on the following formula47・48・49）・                                                                                                                   I  

（卯）2＝（Jx）2は】2・（打リ）2【号】2・（Jz）2ほ】2・……・（27）  

in which．■F一．is a function with variables of x，y，Z，…．（thatis，   

F ＝ F（Ⅹ，y，Z，……），and o’F，0’x，0．リ，0．z， ……‥ are Standard   

deviations of F，Ⅹ，y，Z，……．，reSpeCtively．This formula shows   

how the errors （the standard deviations； qx．0’リ， qZ，…．）of   

determinations  of some parameters （Ⅹ，y， Z， …．） will be   

propagated to the final error（0’F：the standard deviation of the   

finalresult of F）．  

In the case of the sum－peak formula（15）treatedin the present   

Studies， the disintegration rateis a function of count rates of the   

entire area under a spectrum， the photopeak areaS Of γ1and γ2，and   

the sum peak area．Thatis，  

al a2 － X ∵  

S  S  a2  Å1× A2  t  

－  ＋   
t  

－  ＋  N ＝ T ＋  
A12  S  SXa12   S  a12  

S  

＝ N（t，a，a12），  
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in which  

N  ：the disintegration rate determined by the sum－peak  

formula，   

T  ：the count rate of the entire area under a spectrum，   

Al ：the count rate of the photopeak area ofγ1，   

A2 ：the count rate of the photopeak area ofγ2，   

Å12 ：the count rate of the sum peak area，   

S   ：the measuring time of a spectrum，   

t   ：the enLire area under a whole spectrum（＝ T x s），  

al ：the photopeak area ofγ1   

a2 ：the photopeak area ofγ2   

a   ：the photopeak area of γ10r γ2  

（＝ AIX S），  

（＝ A2 × S），   

（＝ al＝ a2），  

and  

a12 ：the sum peak area  （＝ A12 × S）．  

Then formula（27）yields  

（JH）2＝（αt）2ほ】2・（α8）2は】2・（J812）2は】2  

（αt）2【‡】2・（α8）2【芝】2・（裾2）2 【  

Where  
0－N ：the standard deviation of N，   

Ut ：the standard deviation of t，   

qa  ：the standard deviation of a（＝ al＝ a2），  

and  

27   



0’a12：the standard deviation of a12．  

Since  

（机）2 ＝ 七   三包×T，  
）
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】
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（飢12）2 ＝ a12 ＝ S X A12，  ）
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and  

SXA  
（仇）2 ＝   
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0
 
 

3
 
 

（
 
 

（2＋d）  

we have 

（JN）2＝・（J8）2 
【  

（31）  

SXA12  

Where  

A   ：the count rate of the photopeak area of γ10rγ2，  

（A ＝ Al＝ A2）  

a   ：the rat10 0f the area attributed to Compton scattering  

Of γ2 under the photopeaLk of γ1tO A2，   

Cn  ：the area attributed to Compton scattering ofγ2 under  

the photopeak of γ1， Which was practically determined  

from the spectrum of ＆22NaL SOurCe，   

Pn  ：the photopeak area of γ2，Which was practically  

determined from the spectrum of a22Na source．  

In the present studies，the error＄ Of the areas and disintegration   

rates were estimated b＆Sed on equations（28）～（31）．  
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§3． Applica七10n 七06¢co sources  

The sum－peak formulais a simple function of areaS repreSented   

in count rates which can be obtained from a γ－ray SpeCtrum，and   

does not require measurements of the photoelectric and total   

efficiencies of a detector・．Consequently，it is expected that a   

disintegration rate can be derived by a calculation of the sum－Peak   

formula regardless of the source－tO－detector geometry and an absorber   

between a source and the detector8・9・19・38）．on the other hand，there   

is the tacit assumptionin the application of the sumNpeak method that   

the detector must have the same response for the entire part of the   

radioactive source．This assumption holds automatically for a point   

SOurCe but not for an extended source such as a bulky source．In the   

SeCtionlof this chapter，We aSCertain experimentally the distinct   

advantages of independence of the geometry and of no effect due to   

absorbers by measurements with 88co point sources．In the section 2，   

the sum－peak methodis applied to bulky sources of 68co solutionsin   

bottles which are typical examples of extended sources and errors   

CauSed are experimentally and analyticallyinvestigated．  

J● Poi和才 ぶ0乙上rC一望  

（J）gズperime和子αヱ P「OCed址re  

Figure 5 shows schematically measuring arrangements usedin   

three types of experiments・In the arrangement（A），a 68co point   

SOurCe With a disintegration rate of 3．2 ×104 Bq was used and the   

position of the source was varied upward from the surface of the  
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Co sou「C 

（B）   

（A）  

e  

（C）  

Flg．5  Measurlng arrangernents of three types of  

experlments．  

detector along the center axis of the detector at anintervalof 5   

mm．In this arrangement the disintegration rate calculated by the   

Sum－peak formula could be inspected as a function of the vertical   

distance from the source to the detector surface．In（B），a 68co   

POint sourCe With a disintegration rate of 2．2 ×104 Bq was used and  
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the position of the source was varied at every 5 mm within 30 mm   

a10ng either of the twolines parallelto the surface of the detector．   

Oneline was on the detector surface and the other was 50 mm above   

the detector・The calculated disintegration rate could be examined as   

a function of the horizontaldisplacement from the source to the   

Center aXis of the detector．In（C），a60co point sourCe Of3．2×10d   

Bq was placed at the fixed position，20 mm from the detector surface   

at the center axis andlead absorbers with thicknesses of 3 ～12 mm   

Were placed between the source and the detector．The calculated   

disintegration rate could be examined as a function of the absorber   

thickness．In each case，meaSurementS Of γ－ray SpeCtra Were Carried   

Out and the areas under the entire spectrum，the photopeaks and the   

Sum peak were determined by using equations（24），（25）and（26），and   

the sum－peak method was applied to determine the disintegration rates   

Of the point sources．  

（2）βeぶ比Jfg  

（a）Effect of distance  

Table l gives the absolute values of areas under the entire   

SpeCtr11m（T），the photopeak of γ10r γ2（AlOr A2），and the sum peak   

（A12） calculated by equations （24），（25）， and （26），and the   

disintegration rates calculated by the sum－peak formula（15）．In Table   

l， the relative standard deviations of the entire areas（T），the   

photopeak areas（Al Or A2）， the sum peak areas（A12） and the   

disintegration rates are also shown in parentheses， Which are  
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Tablel AreaB under the entire spectrum，the photopeak and the sum  

peak obtained from60co spectra，and disintegration rate  
de亡母rmined．  

Areas  
（CpS）  

Disintegration  
rate  

AIXA2  AlXA2  
Distance（mm）  T  A1 or A2 A12  

7．8xlO3  8．8×102  
（0．04）   （0．07）   

6．OxlO3  6．9×102  
（0．03）   （0．06）   

4．6×103  5．4×102  
（0．03）   （0．07）  

3．7xlO3  4．3×102  
（0．03）   （0．06）  

3．0×103  3．5×102  
（0．03）   （0．07）   

2．5xlO3  2．9×102  
（0．03）   （0．06）   

2．1×103  2．4×102  
（0．03）   （0．06）   

1．5×10き 1．8×102  
（0．03）   （0．05）   

1．2xlO3 1．4×102  
（0．02）  （0．05）  

9．4xlO2 1．1×102  
（0．02）   （0．05）  

7．6×102  8．4×101  
（0．02）   （0．05）   

6．3xlO2  7．0×101  
（0．02）   （0．04）   

5．3xlO2  5．8×101  
（0．02）   （0．04）  

4．6×102  4．9×101  
（0．02）   （0．04）  

2．2×104  3．0×104  
（0．41）   

3．1×104  
（0．42）   

3．0×104  
（0．58）  

3．0×104  
（0．61）   

3．OxlO4  
（0．78）   

2．9xlO4  
（0．74）   

2．9×104  
（0．77）   

2．8xlO4  
（0．88）   

2．7xlO4  
（0．94）   

2．5xlO4  
（1．01）   

2．3×104  
（0．98）   

2．OxlO4  
（0．97）   

1．8xlO4  
（0．98）   

1．5xlO4  
（0．9g）  

3．5×10  
（0．54）   

1．9×10  
（0．51）   

1．1×10  
（0．67）  

7．2  
（0．68）  

4．5  
（0．86）  

3．1  
（0．80）  

2．1  
（0．82）  

1．2  
（0．93）   

7．OxlO‾1  
（0．98）   

4．6×10‾1  
（1．05）   

3．2×10‾l  
（1．01）   

2．5×10‾1  
（1．00）   

2．0×10‾l  
（1．01）  

1．6×10－1  
（1．01）   

2．5xlO4  

2．6×104  

2．6×104  

2．7×10月  

2．7×104  

2．7xlO4  

2．6xlO4  

2．6×104  

2．4×104  

2．2×10d  

l．9×104  

1．7xlO4  

1．5xlO4  

rateis 3．2 ×104 Bq，  
the entire area of the spectrum，  

the photopeak area of γ10rγ2，  

the sum peak area，   

the s11m－peak formula，and   

the relative standard deviation．  

True disintegration  

T  

Al Or A2  

A12  

（AlXA2）  

A12  

（ S．D．，％）  
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Flg．6 Effect of the dhtance on the dlslntegratlon rate  
（calculated wlth the sum－Peak formula）and on the  
Peak areas．relatlve to the data at zero dlstance．  

Clrcle：relatlve dlslntegratlon rate， Square：  

photopeak area Al，trlangle：Sum Peak area A12．  

1ess than O．05％，0．1％，1．1％andl％，reSpeCtively．Figure6 shows   

these areaS and the disintegration rates as a function of the   

distance between the source and the detector． The rates and areas  
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are normalized tolat the distance of O mm． Figure 6 shows that the   

relative disintegration rate calculated by the sum－peak formula   

（15）decreases slightly withincreasing distance up to about 50 mm，   

and decreases rapidly，0Ver 50 mm．The slight decrease at short   

distances can be related to  γl－γ2  directional （angular）   

COrrelation58）， and the rapid falloff is associated with a   

radionuclide o董 288TI vhich is one of naturally occurring   

radionuclides and emits γ－rayS Of 2614 keV．  

The angular distribution of γ－rayS depends on the spin   

Orientation of an exited nucleus．In a usualcase，Since the nuclear   

SPin axisis randomly orientedin space，anisotropic emission of γ－   

raysis observed．In the case of 88co which emits two γ－ra．ySin   

CaSCade，tWOγ－rayS have the following angular correlation；  

W（8）＝1＋ 0．102 × P2（COS8）＋ 0．0091x P4（cos8）＋・■・● ●  

Where O is the angle between the two γ－rayS and P員Is are Legendre   

polynomials5¢），given by  

1  

P2（Ⅹ）＝－（3Ⅹ2－1），  
2  

1  

P4（Ⅹ）＝－（35Ⅹ4－30Ⅹ2＋3），・・・・・  
8  

Thus we have  

W（8）＝ 0．952 ＋ 0．119 x cos28 ＋ 0．040 x eos48 ＋・・・・・  

Using this function W（8），We make an estimate of errors caused by the   

angular correlationin the case of 68co when the sum－peak methodis  
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appliedin the meas11rement Shownin Fig．5（Å）．The effective solid   

angle covered by the detector can be modeled as indicated in the   

figure．Then the angular correlation factor Fis given by  

Source  

Jyよ…n 
W 
（8）2汀（Sin8）d8  

2汀（Sin8）d8  

0．040（1－COS38）＋ 0．008（卜COS5∂）  
＝ 0．952 ＋  

（1－COS8）  

For the detector radius r ＝ 25 mm  

the calculated correlation factor  

as a function of D ＋ D，is given   

in the table． D is the distance  

from the source to the detector  

Surface and D■ the e壬fective depth   

COrreSpOnding to  the detector   

acceptance．It must be noted that   

Anglllar  

COrrelation  

faictor 

1．000  

1．025  

1．062  

1．091  

1．101  

1．105  

1．107   

● ● ● ● ●  

1．111  

0
 
0
 
5
 
0
 
5
 
0
 
5
 
・
 
 

1
 
2
 
5
 
7
 
0
 
2
 
・
の
 
 

1
⊥
 
l
 
 
 
●
 
 

the sum peak area can be overestimated as large as lO％ for   

D ＝100 mm．  

Next，the effect of 288Tlto the sum－peak method willbecome   

significant when the count rate of the sum peak is not so large as 
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Flg．7 Effect of the dlsplacement on the dlslntegratlon ra七e  
（calculated wlth the sum－Peak formula）．Black c汗Cle：  
SOurCe Placed on the detector surface， Whlte clrcle：  

SOurCe Placed at the hlgh posltlon of 50 mm from the  

detector surface．  

COmPared with O．1cps as discussedin §5．2．and 3‥  

In Fig．6，deviations from the true disintegration rate（＝1in  
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the relative value）are reasonably small up to the distance Of   

about 50 mm．On the other hand，the photopeak and sum peak areaS   

decrease significantly as the distanceincreases．  

（b）Effect of displacement  

Figure 7 shows the disintegration rate calculated by the   

Sum－Peak formula as a function of the horizontaldisplacenent from the   

SOurCe tO the center axis of the detector．Black circles correspond to   

the results when the 6Bco point so11rCe WaS On the detector surface   

and white circles to those at the higher position of 50 mrn from   

the detector surface． The standard deviations of all the   

disintegration rates shownin Fig．7 areless thanl．0 ％，and the   

Small di王ferences between the black and white circles m11St be due to  

the directionalcorrelation of two γ－rayS，γ1and γ2．The horizontal   

displacement within 30 mm a10ng both lines affects very little．   

Deviations in the data obtained at O．5，10，15，20，25 and 30 mm   

in displacement from the center axis of the detector are within 5％   

tolerance．  

These results shownin Figs．6 and7 prove that the sum－peak   

rnethod can be a radioactivity standardization technique regardless   

Of the source－tO－detector geometry，beca11Se the sour’Ce－tO－detector   

geometry can be defined by the distance and displacement．  

（C）Effect of absorbers  

Fig11re 8 shows the relative disintegration rate determined  
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Flg．8 Effect of the absorber on the dlslntegratlon rate  
（calculated wlth the sum－Peak formula）and on the  
peak areas，relatlve to the datal両thout the  
absorber．Clrcle：relatlve dlslntegratlon rate′  
square：Photopeak area A一， trlangle：LSum Peak  
area A12．  
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by the sum－peak method as a function of the thickness oflead   

absorbers．In Fig．8， allthe symboIs are usedin the same way asin   

Fig．6．The relative disintegration rate shown is the ratios to the   

true disintegration rate of the 68co point source used，and the   

relative areas are normalized to those obtained vithout absorbers．The  

Standard deviations of the photopeak areas，the sum peak areas and the   

disintegration rates shownin Fig．8 areless than O．1％，1．1％ and   

l．0 ％，reSPeCtively．We can see the results similar to those   

COnCerning the distance．The disintegration rate determined by the   

Sum－peak method is essentially not affected by the absorbers，   

Whereas the areas under the photopeak and the sum peak decrease   

Significantly withincreasing ＆bsorber thickness．  

2．β之上ヱた封 上ぎ0乙上rCe   

（J）古文perim¢柁拍エ アroce血re αnd月eぶu王子ぶ  

The measuring arrangement used for bulky sources is shown   

SChematicallyin Fig．9．A polyethylene bottle used had a diarneter of   

about 50 mm and a height of 55 mm（totalvolume～100m丸）．The volume   

Of a 6Bco solution ofl．1xlOJBq was varied by successive dilution   

fromlO tolOO m丸in the bottle．In Fig．10，Circles show the relative   

disintegration rate calculated by the sum－peak formula as a function   

O董 the volllme Of the 68co solution in the bottle． The relative   

disintegration rate is the ratio of the value determined by the   

Sum－peak method to the true rate of the bulky source．The standard   

deviations of results shown by circles wereless thanl％．These data  
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Flg．g Geometricalarrangement of a NaI（Tl）detector  

and a bulky source（a60co volume source）  

Show that the calculated relative disintegration rate decreases   

proportiona11y with the volume．The reduction rateis about 30％ for   

lOO mlcompared with that forlO m丸．This reduction was substantially   

larger even if taking account of the effect of the   

directionalcorrelation of two γ－rayS and the background radiations oゴ  
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Flg．10 Effect of the volume on the relatlve dlslntegratlon  

rate deterrnlned by the sum－Peak method． Clrcle：  

experlmentalresults， SO11d11ne：Calculated from  

equatlons（37）and（38）， dotted11ne：Calculated  
from equatlon（39）．  

2D8Tl．We concluded that the reduction must be associated with the   

Sum－peak methoditself．These results are similar to those obtained by   

Sutherland and B11Chanan altho11gh the dimensions of the NaI（Tl）   

scintillation detectors and the bottles differ7－8）．  
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（2）上‖sc比gぷior王  

We define Al【○】I A2【0】，A12【e】and TLo】to be the areas under   

the photopeak ofγ1，the photopeak ofγ2，the sum peak and the entire   

SPeCtrum，reSpeCtively，Obtained by a measurement of an extended   

SO11rCe SuCh as the bulky sources・We also define N【e】，el【e】，tl［el，   

e2【e】and t2le】being the disintegration rate of an extended sourCe，   

the photoelectric and totalefficiencies of γland γ2，reSpeCtively．   

Since the emission probability ofγ1andγ2 0f6Bcoisl，We have the   

fo110Wing four equations：  

N【○】×el【○】×（卜t2【○】），  Al【○】  （32）  

N【○】×e2【8】×（1－tl【○】），  A2【○】  （33）  

N［e】×el［e】×e2【e】，  A12【8】  （34）  

and  

N【e】×（tl【e】＋ t2【8】－ tlte】× t2te】），  （35）  T【○】  

where the superscript［e】indicates 一●extended source●●．Equations   

（32）～（35）have the exactly same forms as equations（8）～（11）．   

respectively． ThereforeJa Sum－peak formula for an extended source   

can be obtained through the same procedure usedin deriving the sum－   

peak formula（15）．Namely  

（Al【8】×A2【○】）  
（36）  N【01＝ T【○】＋   

A12【○】   

Equation（36）seems toimply that the sum－peak method should give the  
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true disintegration rate of an extended source regardless of the   

SOurCe VOlume；neVertheless the experimentalresults shownin Fig．10   

indicate clearly strong volume dependence．  

To evaluate the experimentalresultsin Fig．10itis assumed   

that the solutionin the bottle can be dividedinto n very smallparts   

Of an equalvolume and that each contains an activity of N／n（N being   

the true disintegration rate of the primary bulky source）．If allthe   

parts are measured separately and alltheindividualresults obtained   

by the sum－peak method are amalgamated，then the calculated value of   

N＝＝（【A】meaningl．amalgamation．．）is given by；  

n  

N＝】＝∑N【＝，  

i＝l  
（37）  

and   

（Al【ilx A2【i】）  
N【＝ ＝ T【i】十  

（38）  

A12【i】  

where the superscript【iコindicates thei－th part，and Al【i】，A2【＝，   

A12【J］and T仁＝ are the areas tlnder the photopeak ofγ1，the photopeak   

Of γ2， the sum peak and the entire spectrum obtained by the   

meas11rement Of thei－th part．As proved by the experiments with 68co   

POint sources at different ●一distances－1and 一一displacernent‖ over the   

detectorin §3．1，N【i】must be equalto the true disintegration rate，   

N／n，fori＝ 0～ n．Then N【A】＝ N，When the volume of the 卜th part   

Can be regarded as a point．However，in a practicalmeasurement with   

a bulhy source by using an apparatus such as a multichannel pulse 
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height analyzer， the areas，Al［i）I  A2【＝， A12【＝ and T（＝I   

attributed to the 卜th part can not be obtained separately．Only the   

SumS OVer the totalarea containing allthe parts can be nleaSured as   

fo1lows；  

n ∑A2【i】，  
i＝l  

〔  

∑T†i】，  
i三l  

∩ ∑Al【i】，  
i＝l  

n  

∑A12【i】 and  
i＝l  

which correspond to Al【0］，A2【e】，A12【e】and T【e】of equation（36），   

respectively．Therefore，the aLCtualvalue determined for the extended   

SOurCe through the measurement by the sum－peak methodis given by  

nn （∑Al【－】）×（∑Å2【i】）  
；＝1  i；l  

n  

N【8】＝ ∑T【i】＋  
i＝1  

（39）  

n ∑A12【i】  
i＝l   

We presume that equations（37）and（38）give the true disintegration   

rate，Whereas equation（39）gives a practically determined rate when   

the sum－peak methodis applied to an extended source．  

（3）古文pe「王m8柁fαZ ひerけicαfio柁 Of 川βp「βぶumpナion  

In order to demonstrate the above presumption，the areas，   

Al【il，A2ti】，A12【i］and T［i】，attributed to the 卜th part of a   

bulky source were obtained using a＝co point so11rCe Ofl．4×105 Bq   

at 54 positions distributed throughout the whole volurne of the bottle   

as shown in Fig．11． The val11eS Of N【R】and N【e】were calculated   

based on equations（37）and（39）［Appendix－1】．The realdisintegration  
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5mm  

●   Pos＝ions where c）POint sourcelocQ†ed  
for ec）Ch mec［Suremen†  

Flg．11 Flfty four posltlons where a6Dco polnt sourcels  
10Cated for each measurement．  

rate of each 68co sollrCe WaS taken as unity．The relative activity   

and the areas of the point source for the 54 positions were   

Calculated with equations（15），（24），（25）and（26）．  

The solidlinein Fig．10is the relative disintegration rate   

Calculated by using equations（37）and（38）， and the dottedlineis   

that calculated by using equation（39）．The solidlineis almost  
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equal to unity and show＄ Very Srnall effects due to the source   

VOlume・On the other hand，the dottedline reproduces precisely the   

experimentalresults shown by the circles．  

We determined two curves by means of theleast squares fit to Y   

＝A x e（B＝＝（Y：disintegration rate，Ⅹ：VOlume，A and B：COnStant   

Values）using the experimentaldata shown by circles and the results   

from the calculation of equation （39）， reSPeCtively． And the   

disintegration r＆teS at lO ～ 100 m見 Were deter・mined again by   

respective two curves．Both disintegration rates thus obtained at the   

Same VOlumes  coincided with each other within the absolute  

difference of（1．3 ± 0．9）％．Therefore，We Can COnClude that our   

PreSumPtion represented by equations（37）．（38）and（39）has been   

experimentally proved．  

（4）grror e古書imdffoJI  

Based on our presumption，When the sum－peak methodis applied   

for the determination of the disintegration rate of an extended   

SO11rCe，an errOr Can be given by；  

nn （∑Al【‡】）x（∑A2【i】） i＝1         i＝1  （Al【i】×A2【i】）  
．（40）   N － N【○】  

A12【i】  

【 ∑Å12【i】  
i＝l  

If we take the continuunlirnit，equation（40）yields  

JApldvxJAp2dv  （AplX Ap2）  
D（V）  

S 
Åp－2dv  
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According to Oderkerk and Brinkman9），equation（40）can be transformed   

as follows【Append王ズー2】；  

1   

n n  
2A1 2 k m 

N － N。  （41）  

Where  

A2k  

A12kl  
Alk  

A12k，   

A2m  

A12ml  
Xlk ＝  X2k ＝  XIM ＝  

and  

Alm  
X2m＝ 

芯㌃・  

Where an extended sourceis dividedinto．n．parts，eaCh of whichis   

Very Smalland can be regarded as a point，and  

N  ：the realvalue of the absolute disintegration rate  

Of an extended source，  

Nc  ：meaSured disintegration rate by the sum－Peak method，   

Alk and A2k ：the areas11nder the photopeaks of γl and γ2  

referring to the k－th part of an extended source  

（k ＝1，‥．n），   

Aln and A2m ：the ar・eaS under the photopeaks ofγlandγ2 referring  

to the m－th part of an extended source  

（m＝1，‥．n），   

A12k and Å12m：the areaS under the surn peaks referring to the  
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k－th and the m－th parts of an extended source   

（k，m＝1，．‥．n），  

and  

n  

A12＝A12k・（k＝1・…n）・   

Assuming that the k－th and the m－th parts of an68Co extended source   

have disintegration rates of Rk Bq and Rm Bq，reSpeCtively，the   

following equations are obtained；  

Alk ＝ Rk x elk x（lLt2k），  Aln ＝ Rm x eln X（トt2m），  

A2k ＝ Rk x e2k x（トtlk），  A2m ：Rn x e2m X（トtln），  

and A12m ＝ Rn x elm X e2n，  A12k ＝ Rk x elk x e2k，  

Where elk，e2k， tlk and t2k are the photoelectric and total   

efficiencies of both the γ－rayS emitted from the k－th part，and elm，   

e2n，tlm and t2m are those of the m－th part．By these eq11ations，We   

obtain18）・                l  

A2k  （トtlk）× elm  
Xlk ＝  × Xlm，  

A12k  （1－tlm）× elk  

and  

Alk  （卜t2k）x e2m  
X2k ＝  × X2m．  

A12k  （こ卜t2m）× e2k  

Consequently；  

（Xlk － Xlm）＝  －1】xxlm・  
（トtlk）× elm  

（42）   

（1－tlm）× elk  

and  
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ー1】珊・  
（1－t2k）× e2m  

（X2k － X2m）＝  （43）  

（1－t2m）× e2k  

Equations（42）and（43）do notinclude the radioactivities of parts．   

Except for the only case in which the photoelectric and total   

efficiencies are equalat allthe parts，allvalues of（Xlk －Xln）and   

（X2k － X2m）for any combinations of．k－ andlm．are not zero．Hence   

the values of（N － Nc）are positivein generalfor the following   

reason．If（Xlk 〉 xlm），then（X2k 〉 x2m），andif（Xlk く Xlm），then   

（X2k く X2n）owing to the practicaland physicalimaging as discussed   

by Oderkerk and Brinkman．Therefore，the sum－peak formula applied to   

an extended source gives alower disintegration rate than the true   

rate．  

In the only case in whi ch that the detector has an equall 

efficiency for a11parts，We have  

（Xlk － Xlm）＝（X2k －X2m）＝ 0，  

for any combinatlons of －k● and．m－in equations（42）and（43）．Then   

the value of（N q Nc）must beidentically zero regardles＄ Of the   

distribution of the radioactivity．This means that the sum－peak method   

Can give the realvalue of the absolute disintegration rate．  

Equation（41）willexpress theoretically the magnitude of the   

error caused when the suTnqpeak methodis applied for the radioactivity   

measurement of an extended source． However，equation（41）is too   

COmplicated to be practically used to estimate the error，Since   

equation（41）contains a double volumeintegration with respect to k  
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and m ofindividualparts of an extended source．For this reason，   

Oderkerk and Brinkman derived a simple inequality relation from   

equation（41）［＾ppendlx－2】given by  

1  

N－N。 ≦ － A12（Xlm8X － Xlmin）（X2m8X － X2min ），  
2  

（44）  

where xlm8X and xlmin are the maximum and minimum values of xlk or   

xln，and x2maX and x2nin are the maxim11m and minimum values of x2k or   

X2m．Equation（44）can give the upper bounds of the error．According   

to calculations by Oderkerk and Brinkman，the upper bound determined   

based on equation（44）were 6．8 andlO timeslarger than the actual   

errors calculated based on equation（41）forline－Segment，disk－Shaped   

and solid－Sphere sources，reSpeCtively．  
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§4・Model Studies of Two Point Sources  
c＝E（川cく＞  

The sum－peak method gives sometimes an underestimated   

disintegration rate with alarge error for an extended source when   

the taLCit assumptionis not fulfilled7） as shownin §3．2．Oderkerk   

and Brinkman proposed equation（41）by which the magnitude of the   

error caused by applying the sum－Peak method can be estimated8・9）．In   

this chapterI the sum－peak method is applied to determine the   

disintegration rate of various extended sources cornposed of two 88co   

point sources川）・Itis verified that the ＆bsolute disintegration   

rates of the extended sources can be accurately determined when a   

detector has an equal efficiency for both point sources and   

Otherwise they are underestimated．In other words itis confirmed   

that the sum－peak method is valid when the tacit assumptionis   

Strictly fulfilled，and not valid when not fulfilled．The magnitude   

Of errors for the extended sources willbe examined by comparing   

experimentalresults with calculated values based on equation（41）．  

（ヱ）gxp8rime和才α～ Procedl上「8  

Figure12 shows schematically five measuring arrangements（A），   

（B），…‥ and（E）， eaCh of which consisted of two 68co point   

＄OurCeS and a NaI（Tl）detector connected to a multichannelpulse   

height analyzer．In the cases of（A）and（B）， tWO pOint sources had   

almost the same radioactivity （3．8 ×104 Bq and 3．6 xlO4 Bq），   

and different radioactivities （3．8×104 Bq and 9．8×103 Bq），  

51   



ほmm I5mm エー⊥  

ほmm   15mm  

拉  
N（】l一丁l）de†ec†or  

○：3．8x104日q  

◎：3．6xtO4日q  

O：9．8xIO3日q  

（E）  

Flg．12 FIve geometrlcal（measurlng）arrangernents；  
black clrcle：3．8×104 Bq source，double  
clrcle（whlte and smallblack clrcles）：  
3．6 ×104 Bq source， Whlte clrcle：  
9．8×1O3 Bq，D：dlstance．dot－dash－11ne：  
Center aXIs of a detector．  

respectively．They were placed at severalsymmetricalpositions with   

respect to the center axis（15 mmleft and right from the axis）．The   

distance from the detector surface was also varied from O to 50 mm．   

Hence the detector had an equal efficiency for the two ＄OurCeSin  
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these cases．In（C），（D）and（E），One SO11rCe WaS placed at the center   

Of the detector surface，and the second source was placed at several   

POSitions with distances from 5 to 50 mm a10ng the center axis．   

Therefore， the detector had different efficiencies for the two   

SOurCeS， that is， the e董ficiency for the upper source decreases   

Withincreasing distance andis alwaysless than that for the source   

placed at the detector surface（COnStant Val11e）．  

（2）虎8ぶuJfg  

Relative disintegration rates were derived respectively from the   

disintegration rate calculated by the sum－Peak formula（15）．The   

relative disintegration rate was defined as the ratio of the   

disintegration rate determined by the sum－peak method to the true   

rate．  

Figure13 shows the relative disintegration rates determined   

from measurements （A） and（C）， and Fig．14 shows those from（B），   

（D）and（E）．In both figureS，the standard deviations of results are   

less thenl．1％．The disintegration rates shown by squares decrease   

very rapidly with increasing distances and the falloff rate is much 

too large even if taking account of the effect of the directional 

correlation o王γrayS and background radiations owing to2D8Tl．  

It can be concl11ded from Figs．13 and14 that the sum－Peak   

method can give the true disintegration rate regardless of the   

radioactivity and efficiency when the detectoris equally responsive   

for the two point sources，and otherlヾiseit gives an underestimated  
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rate． However，in （E） the relative disintegration rate is not   

appreciably underestimated because the strength of the source   

located at the detector surface is very large（about four   

times larger） compared with that of the other source．  

（3）上目ぷCuぶβior王  

The experimentalresults shownin §3．1proved that the sum－peak   

method was perfectly effective and that the disintegration rate   

Obtained waLS nOtinfluenced by the efficiency of a detector toγ－rayS   

for one point source．In the cases of the extended sources formed by   

the combination of the two point sources，the sum－peak method gives   

the true disintegration rate when a detector is equally responsive   

to both the point sources，but otherwiseit gives an underestimated   

rate．We willtheoretically explain these experimentalfacts below．  

In the present measurements by using the two 68Co pointtt 

SOurCeS， We COuld assume that the two sources formed an   

extended source， Which consisted of two very small parts， and   

the value of －n． must be 2． Rearranging equations （41）and（44）   

by substituting 12● into ．n．， and adopting superscripts ［1］   

and 【2コ  to specify both sources， We Obtain the fo1lowing   

equations［Appendix－3］：  

Å12【1】A12【2】  

（Xl【l】－Xlt2】）2，  （45）   N － N。  
A12   

and  
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A1 2 
（Xl【l】－Xl【2））2 N － N。 ≦  （46）  

Where  

A12 ＝ A12【l】＋A12【2】．   

Equations（45）and（46）were derived under the ass11mPtion that tw   

areas under the photope＆ks of the γ－rayS Ofl173 and1332 keV enitted   

from each 69co point source，Al［klandÅ2【k】（k＝lor 2），Were equal   

because the deteCtOr WaS almost equally sensitive to both γ－rayS．  

Next we define －Max（N － Nc）．and．FR（N － N。）t，When a detector   

does not have an equal response for both parts of the extended   

SOuree，aS fol10WS，  

Å12  

（Xl【l】－Xl＝＝）2，  Max（N － N¢）＝  （47）  

and  

Max（N － N¢）  
FR（N － N。）   

N － N。  

（β ＋1）2  
（48）  

2β  

Where  

A12【1】  

＝ β 〉 0．  （49）  

A12【2】  

Max（N － Nc）is the upper bound of（N － N。），and FR（N － N。）is the   

ratio of the upper bo11nd of（N － Nc）to（N・－ N。）．Equations（45）～   

（49）are effective for the extended source formed by the combination  
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0董 two68co point sources．  

（3・1）Disintegration rate determined by the sum－Peak method   

（3．1．1）Equally responsive detector  

In the case of an extended source which consists of two 68co   

point sources，equations（42）and（43）can be replaced by the   

fo110Wing equ＆tion；  

（1－t；【1】）×ei【2】  
狛【＝ － Xi12】   ×xi‡2】，  （50）  

（1－ti【2】）× ei【l】  

Where the subscript －i．islor 2．When the detectoris equally   

responsive to the two point sources，  

（Xl【1】－Xl＝＝）＝（X2【1】－X2【2】）＝ 0．  

In consequence．the value of（N － N。）given by equation（45）must be   

ZerO regardless of the distribution of radioactivity as expected   

from Figs．13 and 14．  

（3．1．2） Not equally responsive detector  

If equation（45）based on equation（41）is exactly effective for   

the extended source formed by the combination of two 68co point   

SOurCeS， the disintegration rate determined by the sum－Peak rnethod   

Can be expressed by  

A＝＝】A12【2】  
（Xl【l】－Xl【2】）2，  （51）   N。＝ N －  

A12  
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Where  

N ＝R【l】＋ R【21，  A12 ＝A12【1】＋A12【21l  

A2【2】  A2【1】  

and xl【2】   Xl【1】   

A12【l】l  A12【2】  

Figure15 shows the relative disintegration rates calculated by   

equation （51）in the measurements （C），（D）and（E），in which the  
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Table2 Relatlve dlslntegratlon rates determlned agaln  

by theleast－SquareS flt to Y＝A x e（BxX）．  

eXP・：based on the experlments of two polnt  
SOurCeS，and eq．（51）：based on the calculatlons  

Of equatlon（51）  

Relative disintegration rate  

（C）   

exp． eq．（51）  

（D）   

exp． eq．（51）  

（E）   

exp． eq．（51）   

Distance（mm）  

5  0．97  

10  0．93  

15  0．88  

20  0．84  

25  0．80  

30  0．76  

35  0．72  

40  0．69  

45  0．66  

50  0．63  

0．94  

0．90  

0．86  

0．82  

0．78  

0．75  

0．71  

0．68  

0．65  

0．62  

1．03  0．98  

0．g3  0．90  

0．84  0．83  

0．76  0．76  

0．69  0．70  

0．63  0．64  

0．57  0．59  

0．52  0．54  

0．47  0．50  

1．03   0．96  

1．01   0．95  

0．99   0．95  

0．97   0．94  

0．95  0．93  

0．94   0．93  

0．92  0．92  

0．90   0．91  

0．89  0．91  

0．42  0．46  0．87   0．90  

（2．2 ±1．2）％  （2．7 ±1．9）％  Absolute  （1．8 ± 0．6）％  

difference  

detector has different efficiencies to the sources．We determined   

again the disintegr＆tion rates from two diHerent data sets using   

the leasトSquareS fit to Y＝ A X e（BxX）（Y：disintegration rate，X   

：distance，A and B：COnStant Values）・ThenIOne data set was based  
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On the experiments of two point sources（Figs．13 and14），and another   

Set，the calculations of equation（51）（Fig．15）．Thus determined   

disintegration rates are givenin Table 2，in which．Iexp．n and   

‖eq・（51）”correspond to the experiments of two point sources and the   

Calc111ations of equation（51），reSpeCtively．Table 2 shows that the   

absolute differences between both disintegration rates determined   

based on．．exp．‖ ＆nd ●一eq．（51）．t are（1．8 士 0．6）％，（2．2‡1．2）％   

and（2．7 ±1．9）％ for the measurements（C），（D）and（E）in Fig．12，   

respectively．These results indicate that the disintegration rates   

Calculated by equation（51）（Fig．15） arein good agreement with   

those determined by the sum－peak formula（15）（Figs．13 and14）．  

（3．2）Upper bound of error：Max（N － Nc）  

We haveinvestigated the upper bound of the error estimated   

by Max（N － Nc）， by using FR（N － Nc）， When the detector is not   

equa11y responsive for both point sources of the extended sources．  

Differentiating equation（48），FR（N － Nc）．with respect to β，   

We Obtain；  

dFR（N － N¢）  （β －1）（β ＋1）  
（52）  

2β2  dβ  

and   

d2 FR（N － Nc）  1  

〉 0．   

dβ2  

Since the value of β is always positive，the FR（N－ Nc） takes  
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Flg．16  Value of FR（N － Nc）when an extended source consIsts  

Of two polnt sources．Clrcle， Square and trlangle  

：meaSurementS（C），（D）and（E），reSPeCtively．  

the minimum value of 2 when β ＝1．In consequence， the error   

estimated by eq11ation（47），Max（N － Nc），is atleast twice aslarge   

as the true error，（N－ Nc）．Figure16 shows that the values of  
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FR（N － Nc）in the meas11rementS （C），（I）） and（E）as a function of   

the distance of the upper source from the detector surface．Allthe   

experimental values o董 FR（N－ Nc）in Fig．16 are larger than2   

as theoretically expected， although FR（N － Nc） has varlOuS   

Values．  

1n an arbitrary extended source which can be dividedinto   

Very Small－n－ parts， nOticing two very sma11parts，k－th and m－   

th， Of allthe parts and assurning an extended source composed of   

the k－th and m－th partS， equation（41）can be transformed as shown   

below；  

1   

2A12  

（邑■監）A12iA12j（Xli－X，j）（X2i－X2り  
I J  

N － Nc  

A12【klA12【m】  
（Xl【k〕一 Xl【m】）（X21k】－X2【m】）．  

Å12  

In the above transformation of the equation，brackets are used to   

distinguish ‖kI－ and”m‖ standing for the definite two parts from 一●i’’   

and1．j．．．Removing those brackets and adopting a s11perSCript of【k，m］   

meaning the extended source composed of the k－th and m－th parts．we   

have  

A12kA12m  
（N－ N。）【k・m】＝  （Xlk － Xlm）（ズ2k －X2m），  （53）  

Å12k ＋ A12m  

and  

A12k ＋ A12m  
（54）   Max（N－ N。）【k・m】  （Xlk －Xlm）（X2k －X2m），  
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Where（N－Nc）［k・m】and Max（N－Nc）【k・mlare the error and the upper  

bound of the error when the sum－Peak formula（15）is applied to an   

extended source composed of two very smallparts（k－th and m－th partS）   

【Appendix－4I5］・Defining M＆Ⅹ（N－ Nc）arb to be the upper bound of an   

error for the source formed byincluding alltheInt parts，A12arbis   

the totalsum of A12j（j＝1to n）．The superscript．arb．means an   

●arbitrary．extended source．Thus  

A12k ＋A12n ≦A12arb，  

and  

（Xlk －Xlm）（X2k －ズ2m）≦（Xlm8X－ Xlmin）（X2爪8X －X2min）．   

Consequently，  

A128「b  
Max（N － N。）Ik・m】≦   （XlmaX－Xlmin ）（X2maX －X2min ）  

≦ Max（N － N¢）8rb．  

Since FR（N － Nc）≧ 2 when a source consists of two very smallpartS，  

1  1  

．．．   （N－N。）（k・n】≦ －Max（N－N。）【k・m】≦ －Max（N－N。）8rb  
2  2  

（55）  

By using equation（53）andinequality（55），We mOdify equation   

（41）as fo1lows：  

1  n n  

∑∑A12k A12m（Xlk －Xlm）（X2k －X2m）  N － N。＝  
2A12arb k m  
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1  n n A12k A12m  
（xlk －Xlm）（X2k －X2m）（A12k ＋A12爪）  

2A128「b  爪（Å12k＋A12m）  

and substitute equation（53）into the above equation．Then we have  

nn ∑∑（N－N。）【k・ml（A12k ＋ A12m）．  
k m  

N － N¢ ＝  

2A12a「b  

Substitutinginequality（55）， We have  

1  n n  

Max（N － N。）8rb ∑∑（A12k ＋ A12m）  
k m  

N － N。≦  

4A128「b  

Max（N－ N¢）8rb  

Henee  

2（N－ Nc）≦ Max（N － Nc）arb．  

It can be concluded that the upper bound of the error，Max（N－Nc）8rb，   

is at least twice larger than the true errOr，（N － Nc），in an   

arbitrary extended source． Consequently， equation （44） must be   

COrreCted to following relation  

1  

N－N。 ≦ 一 A12（xlm8X－ Xlmin ）（X2naX －X2min ）．  
4  

（56）  

This relation can be effective 王Or any arbitrary extended source of   

6匂Co．  

（3．3）Upper bound of errorin the generalcase  

Relation（56）was proved by usinginequality FR（N － Nc）≧ 2．  
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However，thisineq11ality was derived when the areas under the   

photopeaks of bothγ－rayS Ofl173 and1332keV were equal．In this   

＄eCtionlit willbe proved that equation（56）is effectivein the case   

in which both photopeak areas are not equal．  

Supposing that an extended sourceis composed of two   

point sources noted k and m，equations（53）and（54）are effectivein   

general・Consequently【Appendix－6】，  

Max（N－ N。）【k・m】  
FR（N － N。）【k－m】  

（N－N。）【ktm】  

【A12k ＋ A12爪】2  

2Å12kA12m  

【A12k － Å12m】2  
＝ 2 ＋  

2A12kA12m  

Hence，  

FR（N－N。）【k・m】 〉2，   

and  

Max（N － N。）【k・m）〉2（N－Nc）（k・n】．  

In consequence  

1  

N－N。 く － A12（XlmaX －Xlmin）（X2maX －X2min ）．（57）  
4  

Equation（57） coincides with equation（56）except for the case of β ＝   

1（meaning A12日】＝A12fn】）．When A12【k】is not equalto A12【n】under   

the condition that the photoelectric efficiencies of the two  
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COincident γ－rayS（γ1and γ2） are different，equation（56）mlユSt be   

replaced by equation（57）．  
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§5． S・ヒudies  oだ  Various Prac七ical  
Effects ln the Sum－Peak Methods  

Based on the theory of the sun－peak method，the disintegration   

rate of a 68co point sourceincluding a very smallso11rCe Can be   

determined with a direct calculation of the sum－peak formula（15）and   

an error caused when the sum－peak methodis applied to an extended   

SOurCe SuCh as a bulky sourCe Can be estimated by using equation   

（41）．Nevertheless， there are many cases in which the sum－peak   

method gives an underestimated disintegration rate with alarge   

error even for a point so11rCe and also there are casesin which the   

error causedin an extended source c＆n nOt be estimated by using   

equation（41）．Suchinconsistency seems to be due to some practical   

causes on measurements38・51）．  

In the sum－peak method，the disintegration rate of a sourceis   

determined by the s11m－peak formula using only areas under the   

Photopeaks，the sum peak and the entire spectrum meaSured from a pulse   

height spectrum．The accuraCy Of a determined disintegration rate   

depends on the precise measurements of these areas．In the case of   

68co， the sum－peak formulais given by  

Al X A2  
（15）  N ＝ T ＋   

A12  

where N， T，Å1， A2 aLnd A12 Stand for a disintegration rate，the   

entire area of a spectr11m，the photopeak area of γl（1173 keV），the   

photopeak area of γ2（1332 keV）and the sum peak area（2505 keV），  
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respectively. Since the contribution of T to N is relatively small as 

discussedin §2・（3）（See p・19）and as givenin Tablel，the accuracy   

Of N calculated by formula（15）is dependent dominantly on errors   

associated with AIIA2 and A12・Itis desirable to measure these   

areaS aS aCCurately as possible when the sum－peak methodis applied   

for radioactivity determination．  

In an actua16aco spectrⅦm Obtained using a NaI（Tl）detector，it   

is not easy to determine exact photopeak areaS because of partial   

OVerlapping of two photopeaks・ This overlapping causes an   

underestimate of the photopeak areas when they are determined based on   

the totalpeak area method．Ås a result the sum－peak formula gives an   

underestimated disintegration rate．In sectionlof this chapter，   

this problem is investigated and a precise method to determine the 

photopeak areas is proposed and verified through experiments usinga 

6Bco point source．  

Another problem investigated in this chapter is concerned with 

the sum peak area．In a68co spectr11m，the sum peak appears at 2505   

keV．Unfortunately，a photopeak due to 288TlappearS at 2614 keV   

because 208Tlis one of naturally occ11rring radionuclides in the   

thorium series52〉 and becomes a backgro11nd so11rCe．Therefore，a part   

Of the area attributed to Compton scattering of the γ－ray emitted   

from2B8TIsuperposes on the sum peak area of6匂Co．This superposition   

CauSeS the underestimation oゴ a disintegration rate calculated by   

formula（15）due to an overestimate of the sum peak area．We note，   

however，that the effect due to superposition can be negligible when  
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a count rate of the sum peakis reasonablylarge．In sections 2 and 3   

0f this chapter，uSing bulky sources and point sources of various   

radioactivitylevels， We Willexamine the casesin which the effect   

due to superposition can not be negligible．  

ヱ．．P九o f■Opeαた co乙一円寸言円g rαナeぷ   

‖）ぎよper－imer王fα～ アroce血re  

The sum－peak method used for a point source can not be affected   

by a source－tO－detector geometry．The source－tO－detector geometry is   

Varied by changing the distance between a sourCe and a detector and   

the displacement between the source and the center axis of the   

detector．Therefore，if the sum－peak methodis effective，the tr11e   

disintegration rate can be determinedindependent of the distance and   

displacement．In this section， the effects of the distance and   

displacement on the disintegration rate of a 6Bco point source   

determined by the sum－peak method areinvestigated．It can be shown   

that the sum－Peak methodis perfectly effective for the determination   

Of the disintegration rate of a 68co point source when the photopeak   

areas under the two photopeaks are determined by the precise method．   

ln this method the area attribⅦted to Compton scattering of γ2 under   

that ofγ1is eliminated by using a spectrum of a22Na point source．  

（a）Measuring arrangement  

The arrangement of a measuring systemis shown in Fig．17．   

Measurements of spectra were performed for a 6aco point so11rCe Of  
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1．4 ×105 Bq． With the sourcelocated at severalpositions over the   

NaI（Tl）detector，meaSurementS Of γ－ray SPeCtra Were Carried out．   

Those positions of the source are schematically shownin Figs．18（A）   

and（B）．In the case of（A），the position of the source was varied   

upward from the surface of the NaI（Tl）detector along the center axis  

Flg．17 ＾rrangenent of Y－ray meaSurlng system wlth a NaI（Tl）  
detector and a 6nco polnt source．  

of the detector at an interval of 5 mm. In this arrangement the 

effect of the disintegration r＆te Calculated by the sum－peak formula  

70   



（A）  

60co source  Dis†0nCe  

Flg．18 Sltuatlon between a NaI（Tl）detector and a60co  
POlnt sourceln measurements．  

COuld be studied as a function of the verticallldistancellfrom the  

SOurCe tO the sur．face of the NaI（Tl）detector．In the case of（B），the   

SOurCe pOSition was varied at every 5 mm within 20 rnm along   

either o王 the twolines parallelto the surface of the detector．One   

line was on the sur－face of the detector and the other was at a height   

Of 20 mm．In this case the calculated disintegration rate could be   

examined as a function of the horizontaldisplacement from the source   

to the center axis of the detector．  
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（b）Sum－peak method for a68co sourCe  

A typicalspectr11m Of the68co point sourceis shownin Fig．19．   

In the spectrumI tWO photopeaks oゴ1173 and1332keVγ－rayS from   

the source， and their sum peaks（1173 ＋1332 ＝ 2505 keV） can be   

Observed39・48・41）．If one can measure the exact areas under the whole   

SpeCtrum（T），the photopeaks（AlandÅ2）and the sum peak（A12）by a  
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ChI  Ch2  

Chc］nneI（enerqy）  

Ch3  Ch4  

Flg．19 TypIcalY－ray SPeCtrum Of6Dco as measured wlth a  
NaI（Tl）detector．＾1：the area under the photopeak  
Of Yl， A2：the area under the photopeak of Y2，  

A12：the area under the sum peak，and T：the area  

under the whole spectrum．  
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proper method，the disintegration rate N of the source can be   

Calculated by the sum－Peak formula（15）53）．In the present experiment．   

T was calculated by the following equation  

T ＝IT － BT，  （58）  

WhereIT and BT are the entire a．rea and the background area under the   

Whole spectrum．respectively．Then，aSS11ming that AI WaS equalto Å2   

because the detector was considered to be almost equally sensitive to   

γ－rayS Of bothl173 keV and1332 keV，the areas of Al，A2 and A12 Were   

Calculated by the fol10Wing equations based on the totalpeak area   

method54・55）：  

Al＝A2＝‡（Il・2－†（Ch2－Chl・1）（C2・Cl）ト  
（59）  

and  

1  

A12 ＝I12 － －（ChJ－ Ch3 ＋1）（C4 ＋ C3），  

2   

（60）  

Where  

Il＋2：the total area under the two photopeaks．γ一 and  

γ2（between Chland Ch2in Fig・19），   

Chland Ch2：the starting channelofγland thelast channelofγ2・  

Cland C2：the numbers of countsin channels Ch－ and Ch2，  

l12 ：the total＆rea under the sum peak（between Ch3 and Ch4  

in Fig．19），  
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Ch3 and Ch4：the starting channel and thelast channelof the sum  

peak，  

and  

C3 and C4：the numbers of countsin channels Ch3 and Ch4．  

（2）β85址Jfぶ α門d上目5Ct上ggfo乃  

Figure 20 shows the relative disintegration rate calculated by   

the sum－Peak formula as a function of the distance between the   

SOurCe and the NaI（Tl）detector as denoted by white circles．   

The relative disintegration r，ateis defined by the ratio of the   

Calculated disintegration rate to the true disintegration rate．The   

photopeak area was obtained by using equation（59）．The standard   

deviations of the results were a111ess thanl％．White sq11are pOints   

Will be explained later． The true disintegration rate can be   

described by a horizontalline with a value ofl， a＄ Shown by the   

dotted line in Fig． 20．Figure 20 shows that the relative   

disintegration rate calc111ated by the s11m－peak formula decreased   

Slightly with increasing distance．This seems to be owing to the   

directionalcorrelation of two γ－rayS．However，ignoring the change   

Within O．05 in the relative value，it was considered that the   

disintegration rate was11nderestimated by about O．3in the relative   

Value when compared with the true disintegration rate． The distance   

dependence of the disintegration rates calculated by the sum－Peak   

formula was rather srnall． Figure 21shows the disintegration rates  
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Dis†qnce（mm）  

Flg．20 Effect of the dlstance on the dlslntegratlon rate  

determlned by the sum－Peak method．Clrcle：1n the  

CaSe that the areas under the photopeaks were  

derlved by equatlon（59），and square：1n the case  

that the areas under the photopeaks were derlved  

by equatlon（61）1nstead of（59）．  

as a function of the displace7T）ent，indicated by vhite and black   

Circles just the same asin Fig．20．The photopeak area was obtained   

by using equation（59）． The standard deviations of these results were  
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0   5  10  15  20  

Displqcemen†（mm）  

Flg．21 Effect of the dlsplacement on the dls†ntegratlon rates  
determlned by the sum－Peak method・Whlte and black  
clrcles：1n the case that the areas under the  
photopeaks were der－ved byequatlon（59）for a60co  
polnt source On the detector surface and at hlgh  
posltlon of 20mn from the surface・Wh圧e and black  
squares：1n the case that the areas under the  
photopeaks were derlved by formula（61）1nstead of  
（5g）for a60co polnt source On the detector surface  
and a七hlgh posltlon of20mm from the surface・  
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ChqnneI（enerqy）  

Flg．22 0verlap of both the areas under the photopeaks of Yl  
and Y2，and that of those under photopeak Yland  
Compton scatterlng of Y21n a spectrum of6日co・  

allless thanl％． White and black square points willbe explained   

later． Figure 21 shows that the relative disintegration rates   

calculated by the sum－peak formula are essentia11y constant   

independently of the displacement within 20mm along the twolines，   

but were underestimated by about O．3，aSin the case of Fig．20．These   

threelines of the disintegration rates calculated by the sum－peak   

formula shownin Figs．20 and 21were quite different from the tr’ue   

disintegration rate．  

We presumed that these underestimates of the disintegration  
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rates were caused by the underestimation of the areas under the   

Photopeaks，Al and A2・ Figure 22 shows schematically the two   

expanded photopeaks in the88co spectr11m．In Fig．22，the shaded   

Partis the area under two photopeaks calculated by equation（59），   

Which is definitely smaller than the true area because the   

area calculated by equation（59）does not contain thelower parts of   

the true areas under the photopeaks，γ1and γ2． Consequently，We   

PrOpOSed a precise method of the derivation of the areas under the   

Photopeaks from the spectra of68co．  

In a 68co spectrum obtained by a NaI（Tl）detector，the two   

Photopeaks overlap somewha．t and a part of the area under Compton   

SCattering of γ2 also overlaps under the photopeak ofγ1，aS Shownin   

Fig．22．We determined the ratio of the area attributed to Compton   

SCattering ofγ2 under the photopeak ofγ1tO A2 by using the spectrum   

of a γ－ray（1275 keV）emitted from a 22Na point source42，43）with a   

radioactivity ofl．6 ×104 Bq．Andin this connection，SpeCtra Of   

22Na were obtained under the same neasuring conditions as those of   

68co【Appendix－7］．In the precise methodlthe areaS under photopeaks   

Aland A2 Can be calculated by the following equationA5）instead of   

equation（59）．Thatis，  

Il．2 ＝ Al＋ A2（1＋ d）十 Bs，  

Where   

Il．2：the totalarea under the two photopeaks，γ1andγ2，  

Bs：the background area under the two photopeaks，γ1and γ2，  
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a：the ratio of the area attributed to Compton scattering  

Ofγ2 under the photopeak ofγltO A2．  

Assuming that Alis equalto A2，We have  

Il十2 ＝ Al（2 ＋ α）十 B8  

Or  

＝ A2（2 ＋ d）＋ B5．   

By rearranging either of these equations，We get the following   

equation45）：  

（Il＋2 － Bs）  
Al＝ A2 ＝  （61）  

（2 ＋ α）  

The disintegration rates determined by the sum－peak formula（15）   

With the areas derived by equations（58），（61）and（60）are shown by   

the white squaresin Fig．20，and the vhite and black squaresin   

Fig．21．The standard deviations of these results were allless than   

l％．These squares are found near the bold dottedlines corresponding   

to the true disintegration rate，and show the relative disintegration   

rates of more than O．9．These results suggest that we can obtain more   

exact areas under the photopeaks by equation（61）instead of   

equation（5g）and that the sum－peak methodis perfectly effective   

lor the determination of the disintegration rate of a 6Bco point   

source when the areas under the whole spectrum，the photopeaks and the   

sum peak are determined by equations （58），（61） and（60），   

respectively．  
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The arrangement of a measuring systemis shown in Fig．23．   

Polyethylene bottles used were just the same as those used as bulky   

SOurCeSin §3．2． Three bulky sources with different radioactivities   

Were prepared by pouring solutions oゴ 68co ofl．1×10JBq，1．1×103  

60Co voJume source  

Pb－ShieJd（50mmt）  

Flg．23 Arrangement of a Y－ray rneaSurlng system and a  

bulky source（a60co volume source）．  
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Bq andl．1xlO2 Bqinto three bottles．The volume of the solutionin   

each bottle was varied by successive dilution fromlO tolOO m鼠．The   

disintegration rates of these bulky sources were determined based on   

the sum－Peak method by using the photopeak areas，the sum peak area   

and the entire area obtained by equations（24），（25）and（26）givenin   

§2．（4）．  

（2）月8ぶUJfβ  

Figure 24 shows the relative disintegration rate calculated by   

the sum－peak formula（15）as a function of the volume of the 68co   

SOlutionin the bottle．The relative disintegration rateis defined by   

the ratio of the disintegration rate calculated by the sum－peak   

formula to the true disintegration rate．The standard deviations of   

these res111ts were allsmaller than 2 ％．The relative disintegration   

rate decreases as the vo lume of the 68Co SOlutiOn in the bottlee 

increases．Thelower the true disintegration rates，the smaller the   

relative disintegration rates calculated by the sum－peak formula．   

These experimental results show that the increase of the volume of the 

bulky source and the decrease of the true disintegration rate make   

deviations larger between the calc111ated and true disintegration   

rates．In the c＆Se Of the l．1x lO4 Bq source the relative   

disintegration rateis nearly eq11altolatlO m凰，and decreases to   

about O．7atlOO m丸．In the cases of thel．1xlO3 Bq andl．1×102 Bq   

sources the relative disintegration rates are respectively about O・8   

and O．4 for the volume oflO m凰 and they are substantially lower  
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Flg．24 Effect of volume and radloactlvlty on the  
dlslntegratlon rate of the bulky sources determlned  
by the sum－Peak method；Clrcle：1・1xlO4 Bq source，  
square：1．1×103 Bq source，trlangle：1・1×102  
Bq source， black square：reSults taklng account of  

the effect of Cornpton scatterlng of208Tl．  
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thanl．The reduction rate of the calculated disintegration rate with   

the volume seems to be noticeably higher compared with that of thel．1   

×10JBq source．We think thelarger reductionin the calculated rate   

for the weaker sources seems to be due to the fact that the exact  

areas co111d not be obtained when the count rates decreased．  

（3）上目gclほぶヱ0乃  

If the disintegration rates of extended sources of 68co were   

exactly determined by the sum－peak method，the relative disintegration   

rates determined in the present experiment must be unity（＝1）   

independent of the volume． However， the practica11y determined   

disintegration r＆teS Of the 68co bulky sources，eXCept for thel．1x   

lOJBq source with a smaller voluTne（～10m丸）， deviatelargely from   

the true disintegration rates as shownin Fig．24．One of the causes   

of deviations was already demonstrated in §3 and §4． The   

disintegration rates of point or very sma11 sources are PreCisely   

determined by the sum－peak method．On the other hand those of extended   

sources which could not be regarded as points are not precisely   

determined and deviations from the true rates were calculated from   

equations（40）or（41）．The boldline running through circlesin Fig・   

24 was determined based on eq11ation（39）（COrreSpOnding to the   

second term of equation（40））whichis the same curve shownin Fig・10   

（dotted curVe）．Itis very consistent with the data point of thel・1×   

104 Bq source，but not with those of the two other sources・Itis   

concluded that equations（40）and（41）can explain the deviation of  
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the determined disintegration rates by the sum－peak method from the   

true disintegration rate for thel●1×104Bq source，but not for the   

Other weaker sources．This experimentalfact suggests that equations   

（40）and（41）are not sufficient to explain the underestimation of the   

disintegration rates determined by the sum－peak methodin the cases of   

thel・1×103 Bq and thel●1×102 Bq sources．Apparently there exist   

SOme Other reasons． To clarify the cause，We made a detailed   

investigation of the spectra obtained by the pr・eSent meaSurementS．  

Figure 25 shows the variation of the areas per 1 BQ under the 

photopeak（1173 keV or1332 keV）and that11nder the surn peak as a   

function of the true disintegration rate at each volume．The area   

are normalized to those of thel．1xlO4 Bq source with the volume of   

lO m丸，in which the relative disintegration rate calculated by   

the sun－Peak formula（15） was almost equalto unity as shownin   

Fig．24．We de王ine the normalized areas under the photopeak and sum   

peak，Apn and A5n，reSpeCtively by the following relations；  

（Ap／Ar）  
Apn ＝  （62）  

（Ap8／Ar8）  

and  

（Aき／Ar）  

Asn ＝  （63）  

（As8／Ar8）  

Where，Ap（A5）and Ar are respectively the areas under the photopeak   

（Sum peak） and the true disintegration rate of the68co bulky source，   

Åp8（A58）is the area under the photopeak（Sum Peak）of thel．1×104  
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Flg．25 Effect of volume and radloactlvlty on the areas  

under the photopeak and the sum peak．  
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Bq source with the volume oflO mA，and Ar8isl．1×104 Bq．The   

Standard deviations of the photopeak and sum peak areas perlBq thus   

determined were smaller than2％and3％，reSpeCtively．  

In Fig・25（A）lSix curves are shown for the68co bulky sources   

With different volumes oflO120，40I60180 andlOO mA．The slope   

does not vary appreciably as a function of the true disintegration   

rate．The curves forlarger volumes give smaller relative areas．At   

the respective volume，the standard deviation of three areas perlBq   

for three sources were aboutlO ％ orless．These resultsindicate that   

the areas per l Bq under the photopeaks， Apn．s， are nOt   

Significantly affected by the source radioactivity，and hence the   

areas under the photopeaks are almost proportionalto the magnitudes   

Of the true disintegration ratesif the volumes are fixed．  

Figure 25（B）shows the areas perlBq under the sum peaks，   

A5n．S．The areas are smaller for thelarger volume sources as are   

those under the photopeaks．On the other hand，unlike the case of   

the photopeak the areaS11nder the sum peaks depend strongly upon the   

radioactivitylevel．They are eStimated to be very large at the   

lower disintegration rates．In fact，Fig．25（B）shows that the areas   

perlBq under the sum peaks for thel．1×102 Bq sourceare mOre than   

three times larger when compared with those for the 1.1 x 104 Bq 

SOurCe for each volume．  

We presumed that the overestimation of the areas perlBq   

under the sum peaks might be caused by 2匂8TI whichis one of   

naturally occurring radionuclides in the thorium series52）・The  
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nuclide of 288Tlemits γ－rayS Of 2614keV，Whichis alittlelarger   

than the sum peak energy（1173 keV ＋1332 keV ＝ 2505 keV）． The area   

attributed to Compton scattering of theγ－ray（2614keV）from2B8Tl   

must creepinto under the sum peak in the69co spectrlユrn．We assumed   

that taking account of the effect of 288Tl On th, sum peahs in the 

68co spectra， the area per lBq under the sum peak for thel．1×104   

Bq source sho111d be equal to that for thel．1×103 Bq andl．1x102   

Bq so11rCeS at a given volume．Namely，  

（A3l．∨ － ∈）  （As2．∨ －∈）  
（64）  

Arl  Ar2  

Where，  

Arl＝ 1．1xlO4 Bq，  

and  

Ar2 ＝1．1×103 Bq or l．1×102 Bq，  

Where A，1．vis the are＆perlBq under the sum peak for thel．1×104   

Bq source with the volume．vl，and A52，Vis that of either thel．1×   

103 Bq or thel．1xlO2 Bq source with the same volume．Ⅴ一．Eis the   

area attributed to Compton scattering from 288Tlunder the sum peak．   

Substit11ting the n11mericalvalues of Arland Ar2into equation（64），   

and rearrangingit，the fo1lowing equations can be obtained．In the   

CaSe Of the l．1×103 Bq so11rCe，  

10  
∈＝－×As2．v－×Asl．Y，  

9  9  

（65）   
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andin the case of the l．1×102 Bq source，  

1  

× A32．∨ － －X Asl，∨．  
99  

（66）  

The area attributed to the Compton scattering of 288Tlunder the sum   

peak was determined to be （0．097 ± 0．024）cps by caLIculations of   

equations（65）and（66）by takinginto account allof the areas under   

the sum peaks obtainedin the present meas11rementS． This count rate   

is a few percent of those under the sum peaks of thel．1×104 Bq   

SOurCe，Whereas in the cases of thel．1x lO3 Bq andl．1×102 Bq   

SOurCeS，itis from17 ％ to 45 ％ and from 57％ to 81％，reSpeCtively．  

Takinginto account the background contribution from 2日Tl，   

equation（26）can be modified to the following equation，  

A12＝I12－×（ChJ－Ch3＋1）（CJ＋C3トE．  
2  

（67）  

The smallblack squares shownin Fig．24 are the res111ts for the l．1   

X lO3 Bq source obtained by11Sing equation（67）．They are very   

COnSistent with the data points of the l．1×10JBq source and also   

With the solid curve calculated by equation（39）．Applying theleast－   

SquareS fit to Y＝ A x e＝いり＝（Ⅹ：VOlume，Y：disintegration rate，A   

and B： COnStant Values）， We determined again the relative   

disintegration rates from two different data sets shown by circles   

and black squaresin Fig．24．Two relative disintegration rates thu   

determined at the same volumes（10，20，‥．100 m丸）were consistent   

Within the absolute difference of（2．6 ± 0．8）％．  
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We conclude as follows・If the count rates under the sum peaks   

Of6Bco sources are Sub＄tantiallylarger than O．1cps asin the case   

Of thel・1×104 Bq sourcel the effect of the Compton scattering of   

the2614keVγ－ray from2＝Tlon the sllm peak of68co can beignored．   

On the other hand，in the cases such as thel．1xlO3 Bq and l．1×   

102 Bq sourceslthe count rates under the sum peaks are not so large   

in comparison with O．1cps and the disintegration rates determined by   

the sum－peak method are underestimated without the correction for the   

effect of 2D8Tl．Due to this effect of 288Tl，the data points of   

the l．1 x lO3 Bq and l．1 × 102 Bq sources in Fig．24 are   

Substantially reduced compared with those of thel．1×104 Bq source．  
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The arrangement of a measuring systemis shownin Fig．26．In   

thearrangement，a6Bco point sourCe WaS keptin alead container．We   

used two 68co point sourCeS With radioactivities of 3．0 ×104 Bq   

and3・5xlO5 Bq・Lead containers with severalthicknesses（3．6，9，   

15，21， 27 and 33 mm）were adoptedin the experiment； these were   

made by rolling alead sheet of 3 rnmin thickness，1toll times   

around a source holderin order to simulate solidlead containers． A   

NaI（Tl） detector was placed close to the outside surface of the  

N（】t（Tl）de†ec†or  

Flg・26 ＾rrangement of Y－ray meaSurlng system；a60co polnt  
SOurCe， a lead shleldlng contalner， a NaI（Tl）  

detector and a multlchannelpulse helght analyzer．  
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COntainer as shownin Fig・26・Therefore，the distance between the   

SOurCe and the detector was obtained by adding g mm（the radius of a   

Central hole of the container）to the thickness of the lead   

COntainer・The disintegration rates of these sources were calculated   

by the sum－peak formula with the areaS derived from the spectra by   

equations（24），（25）and（26）in §2．（4）．  

（2）月85uヱfβ  

The disintegration rates and the photopeak areas were   

Calculated by the sum－peak formula （15） and equation （25），   

respectively．Figure 27 shows results for the two 68co point sources   

as ＆ function of the thickness of thelead container．In Fig．27 the   

relative disintegration rates are the ratios of the   

disintegration rates calculated by the sum－peak formula to the true   

disintegration rates，and the relative areas are the ratios of the   

areas under the photopeak calculated by equation （25） to those   

measured without thelead container．When the disintegraLtion rates   

determined by the ＄um－peak method were exactly equal to the true   

disintegration rates， the relative disintegration rates were unity，   

asindicated by the solidlinein Fig．27．The standard deviations of   

the disintegration rates ＆nd the photopeak areas shownin Fig．27were   

less than 2 ％ andless than O．1％，reSpeCtively．  

For the 3．5 xlO5 Bq source，Fig．27 shows that the relative   

disintegration rates calculated by the sum－peak formula were alnost   

equalto unity and did not significantly chaLnge With the thickness  
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Flg．27 Effect of the thlckness of lead of the lmltated  

COntalner on the area under the photopeak and the  

dlslntegra－＝on rates determlned by the sum－Peak method．  

Black trlangle and clrcle ： the areas under the  

photopeaks of the 60co polnt sources wlth  
radloactlv＝‖es of3．O xlO4 Bq and 3．5×105 Bq as  
Calculated by equatlon （25）， Whlte trlangle and  

c圧cle：the dlslntegratlon rates of the＄Dco polnt  
sources wlth radloactlvltles of 3．0×104 Bq and  
3．5×105 Bq as calculated by the sum－Peak formula  
（15）， black square：the dlslntegratlon rates of the  
60co po＝1t SOurCe Wlth radloactlvlty of3．0×104 Bq  
corrected for the contr＝川tlon from 2D8Tl．  
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oflead，although the relative areas under the photopeaks decreased   

StrOngly with increasinglead thickness．  

For the 3．0 ×104 Bq source， Fig．27 shows that the area   

under the photopeaks also decreased with increasing lead thickness 

Similarly as those for the 3．5 ×105 Bq source．The relative   

disintegration rates calculated by the sum－Peak formula were almost   

eq11alto unity and did not significantly change within up to the   

thickness of15 mm，but at thicknesses of 21，27 and 33 m，the   

relative disintegration rates were smaller than unity，and the   

deviations from the true disintegration rate increased with   

increasing thickness． It was concluded that the sum－Peak method was   

effective for the point sourCe Of 3．O x lOJ Bq only with lead   

thicknesses of 15 mm orless．  

（∂）β王ぷC址gぶ王Or王  

If the disintegration rate of a 6匂Co point source keptin the   

lead container was exactly determined by using the sum－Peak method，   

the relative disintegration rate obtainedin the present experiment   

m11St be unityirrespective of the source strength and the absorber   

thickness・ However， the disintegration rate for the 3．O xlO4 Bq   

SOurCe deviated largely from the true disintegration ratein the   

CaSeS Of the thicknesses of 21，27 and 33 mm as shownin Fig．27．   

To exp10re Why the sum－peak method sometimes underestimated the   

disintegration rate for the point source of 3・0 ×104 Bq， We   

COmpared the areas perlBq under the photopeak and the sum peak．  
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Flg．28 Effect of thlckness oflmltatedlead contalners on  
the areas per  l Bq undeYl the photopeak and  
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Figure28 shows the areas perlBq under the photopeak and the   

sum peak which are normalized to those obtained for・the3・5xlO5 Bq   

source without lead container． The standard deviations of the  
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photopeak and the suTn peak areas perlBq shownin Fig．28 wereless   

than O．1％ and 2 ％，reSpeCtively．The areas for both the photopeak   

and the sum peak decrease withincreasing thickness．In the case of   

the photopeak，the thickness dependence of the peak areais totally   

independent of the disintegration rate of sourcesin the thickness   

range of O to 33 mm usedin the present experiment．On the other hand，   

the sum peak distribution shows that the thickness dependence of the   

areais alsoindependent of the disintegration ratein the thickness   

range be10W 21mm，but not above 21mm．The relative areaS perlBq   

under the sum peaks for the 3．0 ×10JBq source arel．7 and 2．8   

timeslarger than those of the 3．5 xlO5 Bq sourcein the cases of   

27 and 33 mmin thickness，reSpeCtively．  

We presume that the overestimation of the areas under the sum   

peaks determined  ゴOr the 3．O x lO4 Bq source in the lead   

COntainers with the thicknesses over 21mm night be ca11Sed by 2a8Tl，   

Which is one of natura11y occurring radionuclides in the thorium   

SerleS52）．Taking account of the effect of 2MTlon the sum－peak of   

6日Co，the area perlBq under the sum－peak for the3．0×10JBq source   

Should be equal to that of the 3．5 ×105 Bq source at a fixed   

thickness of thelead containerin Fig．28．Therefore，  

（Asl．t －∈t）  （Aヨ2．t －∈t）  
（68）  

Rl  R2   

Where Rl＝ 3・5 xlOS BqI R2 ＝ 3・O xlO4 Bq，and A51．t and As2．t are   

theareaS under the sum peaks of the 3・5 ×105 Bq and 3．0 ×104  
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Bq sources・reSPeCtively，keptin a container of thickness・tf．Et  

is the contribution under the sum－peak due to the2614keVγ－ray from  

288Tl・Substituting the numericalvalues of Rland R2into equation   

（68），and rearrangingit，the fol10Wing relation can be obtained，  

35  
∈t ＝   × As2，t －  × Asl．t．  （69）  

35 － 3  35 － 3  

Using equation（69），theγ－ray COntribution from288TIwas determined   

to be14％，42％and69％of the area under the sum peak when the3．0   

x 104 Bq source was kept in the lead container with thicknesses of 

21，27 and 33 mm，reSPeCtively．Takinginto account the background   

COntrib11tion from288Tlthe sum peak＆reais given by  

A12＝I12－×（Ch4－Ch3＋1）（CJ＋C3）－Et．  

2  

（70）  

Black squares shownin Fig．27 represent the corrected disintegration   

rate for the 3．O xlO4 Bq source using eq11ation（70）（in which the   

area due to 288Tlis s11btracted from the s11m peak area）．The corrected   

rate is very consistent with the true disintegration rate of the   

SOurCe aS Seen ln Fig．27．Using the least－SquareS method，We   

determined again the relative disintegration rates from two   

different data sets of the 3．0 ×104 Bq and the 3．5 ×105 Bq sources   

（COrreCted data were used at 21，27，33 mm for the 3．0 ×104 Bq   

SOurCe） shownin Fig．27． As res111ts，the absolute differences   

between both relative disintegration rates at the same  
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thicknesses（3，6，9，15，21，27 and 33 mm） were（5．9 ± 0．6）％．It   

Showed that the surn－Peak method can be effectively used for the   

determination of the disintegration rates of both the3．O xlO4 Bq and   

the3・5xlO5 Bq sources when taking acco11nt Of the effect of2B8Tl．  
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§6．Results and Z）iscussion  

Aγ－ray SpeCtrum reflects characteristics of a radionuclide and   

the radioactivity of a radioactive source．The disintegration rate of   

the source can be determined by usinginformation obtained from the   

SpeCtrum．In an ordinary method，the magnitude of radioactivity of a   

Sample source can be determined using a photopeak area provided that   

the detector response is known or a proper standard source with a   

known radioactivityis available．Therefore，the ordinary methodis   

not applicable without a detector whose response to γ－raySis   

adeq11ately known or without a standard source which has the   

dimension，COmpOSition and nuclideidenticalor closely similar to   

those of the sa7T）Ple sourCe．In the case of a sample source of a   

radionuclide emitting two or more coincident γ－rayS the sum－peak   

method can be applicable to determine the radioactivity．It does not   

require any standard source nor theinformation of detector response．   

The sum－peak methodis not affected by a source－tO－detector geometry   

nor by an absorber between a source and a detector according to   

theoreticalconsiderations．These are the ＆dvantageous features of the   

Sum－Peak method which are distinguished from others．  

In the present studies，the distinguished features of the sum－   

peak method were examined by experiments using 68co point sources and   

68co bulky sources．As results，these featureS Were COnfirmed for the   

point sources，b11t nOt for the bulky sources．Sutherland and Buchanan   

had pointed out already that the sum－peak method were not effective   

for extended sourCeS SuCh as bulky sources and suggested that the  
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Sum－peak method should be applied for the determination of a   

disintegration rate keeping in mind．一a tacit assumption一● that a   

detector must be equally responsive to a11parts of a radioactive   

SOurCe．This assumptionis strictly fulfilled in the case of point   

SOurCeS．  

We proposed an equation which explained why the sum－peak method   

COuld not retainits validity for bulky sources，and provedit by   

experiments using the b111ky sources of 6日co solutionsin bottles and   

the 6aco point source10Cated at 54 different positions．Those   

POSitions were distributed throughout the whole volume of the so11rCe   

bottle on the detector．Transforming our eq11ation，Oderkerk and   

Brinkman derived two equations；One tO be used for estimation of an   

exact error（the equation of error）and the other for the upper bound   

Of the error caused by the sum－peak methodin an extended source（the   

equation of upper bound）．Analyzing the error equation．it could be   

understood that the sum－Peak formula should give an underestimated   

disintegration rate except for the only case in which the   

photoelectric and total efficiencies were independent of parts of a 

radioactive sourCe．Theimplication of this resultis nothing but that   

Of the tacit assumption．  

Subsequently，the modelstudies using two point so11rCeS Of68co   

Were Performed to examine the above two equations，the equation of   

error and the equation of upper bound．In the modelstudies，Various   

Simple extended sources were composed of two point sources．The   

disintegration rates of the simple extended so11rCeS Were  
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experimentally determined by the sum－peak methodIand compared with   

theoreticalrates based on the equation of error・As results，both the   

disintegration rates obtained experimentally and theoretically were   

COnSistent with each other． These results indicated that the   

disintegration rates determined by the sum－peak method were   

approximately accurate without appreciable errors when a detector was   

equally responsive to two point sourCeS・However，the sum－peak method   

gave significantly underestimated disintegration rates when a detector   

WaS nOt equally responsive，and the magnitude of error could be   

estimated theoretically by using the equation of error．Subsequently，   

the11pper bound of the error was examined，and it was found that the   

error estimated by the equation of 11pper bound was atleast twice as   

large aS the true error，Which was decisively verified by experimental   

data・Owing to these re＄ults，the equation of upper bound was   

COrreCted．The corrected equation was twice more precise than that of   

Oderkerk and Brinkman． The results were applied for an arbitrary   

extended source and were found to be effective in general．We   

COnClude that allthe resultsin the modelstudies basically support   

equations offered by Oderkerk and Br－inkman，although the equation of   

upper bound must be corrected．  

According to the results shown above， the true disintegration   

rate of a point source can be obtained by the sum－Peak method，and an   

error caused when the sum－peak method is applied for an extended   

SOurCe Can be estimated by calculation of the equation of error．   

Nevertheless there are many casesin which the sum－peak method gives  

100   



underestimated disintegration rates for point sources，and also the   

CaSeS in which errors actually caused for extended sources are   

evidentlylarger than those expected from the equation of error．These   

PrOblems seem to be caused with some practicalsituations associated   

With measurements．In the present studies practicaleffectsin the   

Sum－Peak method were examinedin three cases．  

In the first case，the sum－peak method was applied to the   

determination of disintegration rate of a 68co point source for   

SeVeral source－tO－detector geometries．In these measurements， the   

areas under the photopeaks and the sum peak were derived based on ‖the   

totalpeak area method一一 from each spectrum，and the disintegration   

rates thus determined were11nderestimated by about O．3in relative   

disintegration rate．We presuned that underestimates were caused by   

the underestimation of photopeak areas，and proposed the precise   

method of determination of the photopeak areas．In the proposed   

method， SpeCtra Of a 22Na point source were used to subtract the   

area attributed to Compton scattering of γ2（1332 keV）fr．om the area   

under the photopeak o王 γ1（1173 keV）in each spectrum of …co．The   

disintegration rates determined using the photopeak are＆S derived by   

the proposed method instead of the total peak area method were more 

than O．9in relative disintegration rate．These results proved the   

effectiveness of the proposed method for the derivation of the areas   

under the photopeaks（γ1andγ2）from the6日co spectrum．  

In the second case，the sum－peak method was applied to determine   

the disintegration rates of 68co bulky sources with disintegration  
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rates ofl．1×104 Bq．1．1×103 Bq andl．1xlO2 Bq．The data   

Obtained in the measurements of the l．1×103 Bq andl．1×102 Bq   

SOurCeS Were Substantia11y deviated from those estimated based on the   

equation of error，Whereas those of thel．1×104 Bq source were not   

Significantly different from the calculated ones．Byinvestigating the   

reason why the equation o董 error was not effective 壬Or the l．1xlO3   

Bq and l．1x lO2 Bq bulky sources，it was presumed and proved   

experimentally that Compton scattering of γ－rayS（2614 keV）emitted   

from a naturally occurring radionuclide288TIcaused overestimates of   

the areas under the sum peaks． Thus the disintegration rates   

determined by the sum－peak method were underestimated．  

In the third．case，the disintegration rates of 68co point   

sources with 3．O xlO4 Bq and 3．5 ×105】〕q keptinlead containers   

with severalthicknesses（3 ～ 33 mm）were determined by the sum－Peak   

method．As results，the disintegration rates obta．ined were almost   

equalto the true rate for the 3・5×105 Bq source regardless of the   

container thickness，but underestimated for the3・0×104 Bq sourCein   

the containers with lead thicknesses of 21mm or larger．This   

experimental fact contradicted the theoretical expectation on the 

effect of absorbers between a source and a detector．It was presumed   

and verified experimentally that overestimates of the suTn peak areas   

caused by 2B8TIwere the main reason of the underestimation of   

radioactivity for the3．0×10JBq so11rCe in thelead container with   

the thickness of 21mrn orlarger just the same asin the second case・  

From the results of the second and third eases it is concluded 

102   



that the area attributed to Compton scattering of 288Tlmust be   

Subtracted from the sum－peak regionin a68co spectrum when the sum－   

peak methodis applied to the determination of the disintegration   

rates of 68co sources withlower radioactivities．  
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＄7．Conclusion  

The conclusions of the present studies can be summarized as   

follows；  

（1）Based on theoreticalinvestigations， the sum－Peak method should  

give the true disintegration rate of a point source regardless of  

the source－tO－detector geometry and alsoirrespective of absorbers  

between a source and a detector． These distinguished features of  

the sum－Peak method was confirmed by experiments using6Bco point  

sources．These experimental facts are the evidence that the  

Sum－Peak rnethodis effective 王Or radioactivity standardization of  

radioisotopes which emit two or more coincidentγ－rayS．  

（2） The sum－peak method underestimated the disintegration rates of  

68co bulky sources with comparativelylarger volumes．This r－eSult  

Showed that the sum－Peak method should be applied keepingin mind  

the tacit assumption that a detector must have an equalresponse  

for allparts of a sample source．  

（3） We proposed an equation formulated from the practicalmeaning of  

the tacit assumption．The equation could be proved by experiments  

using a 6Bco point source located at 54different positions．  

Subsequently， Oderkerk and Brinkman derived the equation of error  

and the equation of upper bound which could estirnate the error  

CauSed when the sum－Peak method was applied to an extended source．  

（4） Through modelstudies using two6Qco point sources，the equation  
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Of error was verified and the equation of upper bound was   

COrreCted．The corrected equation could estimate the upper bound   

With a10Werlimit by a factor of 2 compared with that without the   

COrreCtion．  

（5） Various practicaleffectsin the radioactivity measurement of  

68co sources by the s11m－Peak method wereinvestigated．Two problems  

associated with the determination of the areas under the two  

photopeaks and the sum peak from a6匂Co spectrum wereidentified．  

（a） One problem related to the estirnation of photopeak areas was  

CauSed by the overlapping of the photopeak ofγ1（1173 keV）and  

Compton scattering of γ2（1332 keV）．This problem could be  

a11eviated by the precise method of determination of the  

Photopeak areas by using a22Na spectrum．  

（b） The other problem was caused by Compton scattering of γ－ray  

（2614keV） emitted from a naturally occurring radionuclide  

208Tl，Which brought about the significant overestimation of  

the sum peak area for a6日co source withlower radioactivity．  

It was found that the sum－Peak method could be effective by  

elimination of the area attributed to Compton scattering of  

288Tlfrom the s11m－peak regionin a6Bco spectrum．  
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仁App8柁d孟JC－ヱコ  

To illustrate the method of the practical calculations based on 

equations（37）and（39），We Willdescribe only the division of the   

first lO mm layer of the bottle（50 mm in diameter），With a volume   
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bOttle）where a60co polnt sourcelocated for  
each measurement．  

112   



V8 ＝19・6mR・Thislayeris dividedinto12sub－1ayers（portionsin   

Fig・29），eaCh with a depth of 5 mm：2 disk were numberedlandl・   

andlO rings numbered2I21through 6，6一，aS Shownin Fig．29．The   

disks and the rings have the following volumes that are proportional   

to the disintegration rate of the6日Co so11rCe：  

diskl（portionl）：7r X（2．5 × 2．5）x5   

diskl●（portionl－）：汀×（2．5 × 2．5）x5  

ring 2 （portion 2）：7T X（7．5 × 7．5 － 2．5 × 2．5）× 5 ＝ V2   

ring 2●（portion 2．）：7T X（7．5 × 7．5 － 2．5 × 2．5）× 5 ＝ V2’  

…＝…＝＝＝●●＝…＝…＝…＝＝＝●＝＝●●   

ring 6 （portion 6）：町X（25 × 25 － 22．5 ×22．5）x 5 ＝ V6   

ring 6●（portion 6．）：7T X（25 × 25 － 22．5 ×22．5）× 5 ＝ V6’  

Because of the relatively small volumes of the portions it was assumed 

that the detector had anidenticalsensitivity to allthe regions of   

each disk or ring．  

A val11e Of N［A）for the disintegration rate can be calculated by   

Summing all theindivid11aldisintegration rates of parts calculated   

With the sum－peak method：  

n 12n■  
N【∩】＝ ∑N‖＝ ＝ ∑ ∑D【「・P】，  

iニl  「＝l p   

Where，  

n ：the number of partsin the vol11me SOurCe，   

12 ：the number of portionsin the volume source，  
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nl：the number of partsin portions，  

1：PartS Of the volume source，  

r：One Of the disks or rings（portion r），  

P：PartSin a portion r，   

【r，p】：a part pin a portion r，   

N【il：a disintegration rate of a parti（proportional  

to that of the point source usedin experiment），  

and  

I）tr・P］：a disintegration rate of a part p of a portion r．   

Since the detector has the same sensitivity to a11parts of a portion   

r，it can be stated that：  

∩●  

∑Dい・P】＝p「×Vr，  

P  

in which Dr is the disintegration rate of a representative part of a   

portion r（D［r・P】＝ Dr）and vris the number of partsin a portion r   

（proportional to the volume of portion r）・The values ofI）r were   

Obtained by measurements．Finally：  

12  

N【A】＝ ∑（D「×Ⅴ「）．  
r＝l  

（71）  

Equation（37）was taken the place of equation（71）at practical   

Calculation．  

A value of N【e】for the disintegration rate of the volume source   

can be calculation via another method・Following the precedent  
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notations：  

n12n●    ∑Al【i】＝ ∑ ∑Alい・Pl，  
i＝l  「＝l p  

12∩，  

∑ ∑A2【r・P】，  
「＝l p  

n  

∑A2【i】＝  
i＝l  

n12nI ∑A12【i】＝ ∑ ∑A12［r・P］， and  
i＝1  r＝l p  

12   ∩●  

∑ ∑Tい・P】  
「＝l p  

∩  
∑T【il  

i＝l  

Assuming again that the detector has the same sensitivity to a11parts   

Of the portion r，it can be stated that：  

nl  
∑Al【r・P】  

P  

【■  
∑Å2【「・P】＝A2「×Ⅴ「，  

P  

Al「× Ⅴ「，  

n■  

∑A12【r・P】＝A12r X v「，and  

P  

n■  

∑Tい・P】＝Tl「×Ⅴ「●  
P  

therefore，  

n12 ∑Al【；】＝ ∑（Al「×Ⅴ「），  
iニ1  「＝l  

n 12  
∑A2【i】＝ ∑（A2「×Ⅴ「），  
i＝l  r＝1  

n 12  
∑A12【i】＝ ∑（A12「×Ⅴ「），and  
i三I  r言1  

n 12  

∑T【i】 ＝ ∑（Tl「× Ⅴ「）．  
i；l  r＝l  

Consequently，equation（39）can be rewritten as follows；  

12  12  

∑（Alr X V「） x  ∑（A2r X V「）  
「芸l  r芸l  

12  

∑（Tlr X V「）＋  
「＝l  

N【○】  （72）  

12  

∑（A12「× Vr）  
「ニl   

The values of Al「，A2r， A12r and Tlr Were Obtained by experiments，in   

Which a68co point source ofl．4 xlO5 Bq and a 22Na point source of  
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2．3 X lO4 Bq were used for the spectrum measurementS and the   

estimation of the values of ●．a．．，and practical calculations were   

Perforrned by use of equation（72）instead of（39）．  
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仁Appe柁d孟JC－2コ  

According to Oderkerk and Brinkman，equation （41）can be   

Obtained as shown under．I）efining a f11nCtion，En，aS follows；  

n  

En ＝（N － Nc）× ∑ A12i  
l  

nn ∑ Å1ix ∑A2－  
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1  

＋  ∑  
A12i  A12∩  

n－1  【－1  

－（Aln ＋ ∑Ali）×（A2〔＋ ∑Å2i）  
I  

l  

n－1Ålix A2i  Åln X A2n  

＝ A12n X  ＋ A12∩ × ∑  
l  A12－   

∩－1  n－1Alix A2i  Aln X A2n  ∩－1  

＋ ∑A12ix  
l  

∑A12ix ∑   
t  

－  A12i  

n－1 n－1 ∩－1  

∑Alix A2n － ∑Alix∑A2i  

A12n  

n－l  

－ Aln  X Å2n  － Aln X ∑ A2i－  

n＿1Alix A2‡   n＿1  Aln X A2∩  
＋ ∑ A121×  ＝ A12n X ∑  

A12i  一   

∩一1 n－1  

－ Aln X ∑A2i－ ∑Alix A2∩              l l  

A12n  

n－1  。－1Alix A2i n－1   n＿l  

＋ ∑ A12ix ∑  ー∑Alix∑A2㌧  
A12i  l  

l  

（＝ En－り  
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hence  

At n X A2∩  n－1Alix A2i  n－1  

＋ ∑ A12ix  
l  

En － En－1  A12n X ∑  
A12i  A12n  

∩－l  n－1  
－ Al【x ∑ A2i － ∑ Alix A2∩  

l  
l  

Alix A2i  Aln X A2∩  
＋ A12ix  

A12∩  

ー Aln X Å2i － Alix Å2n  

AliA2i  Aln A2∩  n－1  

＝ ∑A12n A12i  
l  A12i Alei A12∩ Å12n  

Aln A2i  AliA2n  

A12n Å12i  A12n A12i  

n－l  
＝ ∑A12n A12i  

I  

X2ixli＋X2【xln － X2n Xli－ Xln X2i  

Where  

Ali  

A12iI  

Å2i  Xll＝・  ズ21＝  

A2n  

A12nl   
and x2n ＝  Xln ＝  

Consequently，  

∩－1  

En － En－1＝ ∑A12n A12i（X2i－X2n）（Xll－ Xln）．  
I  
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Then，  

n ∑（Em － Em＿1）＝（E2 － El）＋（E3 － E2）＋ ……‥ ＋（En － En－1）  
m＝2  

＝ － El＋ En．  

Since ElmeanS an errOr When the sum－peak method was applied to an   

extended source composed of only one point source，El＝ 0，hence；  

n  

∑（Em － Em－1）＝ En．  
m買2  

therefore  

n   

∑（E爪 － Em－1）  
mニ2  

En  

nm－l  

＝∑ ∑A12m A12i（X2i－ X2m）（ズIi－Xl爪）．  れ三2 i  

Assuming  

F（m，i）＝A12m A12i（X2i－X2M）（Xli－Xlm），  

then  

F（m．m）＝ F（i，i）＝ 0， and  F（m，i）＝ F（i，m），  

hence，  

n ln－1  

E【 ＝ ∑ ∑ F（m，i）  
m＝2 i  

【m章一F（m・i）】  
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】  2  3  n－l  

＝ ∑F（2，i）＋ ∑F（3，i）＋ ∑F（4，i）十 …．＋ ∑F（n，i）  
i I i 

1  

＝ F（2，1）＋  

F（3，1）＋ F（3，2）＋  

F（4，1）＋ F（4，2）＋ F（4，3）＋  

F（n，1）＋ F（n，2）＋ F（n，3）＋ …‥ ＋ F（n，n－1）  

Since F（1，1）＝F（2，2）＝F（3，3）＝ …‥ ＝ F（n，n）＝ 0，  

【F（1・1）・   

F（2，1）＋ F（2，2）十  

F（3，1）＋ F（3，2）＋ F（3，3）＋  

F（4，1）＋ F（4，2）十 F（4，3）十 F（4，4）＋  

En  

F（n，1）＋ F（n，2）十 ………‥ ＋F（n，n－1）十F（n，n）  

［【F（1・1）・  

穀蕗謙さ◆；＋F（2，2）＋蜘携縮搾櫛形   

擬柘彊＋彬＋F（3，3）＋F（4，3）・…‥ ＋F（n，3）  

十傑彬彬＋ア（4，3）＋F（4，4）＋ …‥ ＋F（n，4）  

＋聯＋  ＋ F（n，n－1）十 F（n，n）   
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Since F（m，i）＝ F（i，m），  

F（1．1）＋  En   

＋F（2，2）＋樹形彬物聯   

・物・F（3，3）・F（3，4）＋…‥＋F（3，n）   

・梯形彬＋F（4，3）・F（4，4）＋…‥＋F（4，n）  

軽硫滴一 ＋彬聯＋ …………・F（n，n－1）・F（n，n）  

ン【草F（1・i）・草F（2，i）・草F（3・i）・……・草F（n・i） 】  

1  n n  
一  ∑ ∑ F（m，i）  

2  mi  

n【  

∑∑A12n A12i（X2i－ X2m）（Xl一 －Xlm）．  
m l  

Consequently，the error made when the sum－peak methodis applied to an   

extended sourceis given by：  

n n 

∑∑A12m A12i（X2i－X2m）（Xli－Xlm），  
m l  

N － N¢ ＝  
2A1 2 

and  

n  

A12 ＝ ∑A12i  
l  

Thisis equation（41）．  
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And since  

（X2i－X2m）（Xli－Xlm）く（X2m8× －X2min ）（ズl＝X 一対両n），  

Xlm8× and xlnin：the maximum and minimum values of  

Xlk or xlm，and   

X2maX and x2nin：the maximum and minimum values of  

X2k or x2m．  

then  

n n 

∑∑A12腔 A12i（X2maX －X2min）（XlnaX － Xlmin 
）  N － N¢ ≦  

2A1 2 

）（XlmaX － Xlmin）  
nn ∑A12m ∑A12i（X2＝X －X2Min   m l  

2A】2  

1  

≦ －  A12（X2m8X － X2min ）（ズl＝X － Xlmin 
2  

）．  

Thisisineq11ality（44）．  
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仁Appだ門diJC－gコ  

In the case of an extended source composed of two point sources，   

equation（45）can be derived from both equations（41）and（40）as   

follows；  

（J）軸 址S王ng eq・Mけ＝川（41）  

1  2 2  
∑∑A12iA12j（Xli－ Xlj）（X2i－ X2j）  

2A12 －J  
N － Nc  

1   2  

∑ A12；  A12【1】（Xli－Xl【l】）（X2i－X2【l】）  

2A12   

十 A12【2】（Xl；－Xl【2】）（X2i－X2【2】）  

1【l】）（  
2【1】－  

A12【l】Å12【l】（  1日‖ －  

＋A12tl】A12【2】（Xl【1】－Xl【2】）（X2tl】－X2【21）  

＋A12t2】A12【1】（Xl【2】－Xl【11）（X2【2】－X2【l】）  

2【2】－  
l【2】）（   

l【2】－  ＋ A12【2】A12【21（  

A12【l】A12【2】  
（Xl【l】－Xl【2】）（X2卜＝ －X2t2】）・  

A12  

Concerning6Bco source，  

Al［一】＝A2【1】  and Al【2】＝A2【2】，  

then，  
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XI【1】ニX2【l】 and xl－2】＝X2f2】，  

therefore，  

A12fl】Å12【2】  

（Xl＝＝ －Xl【2】）2．   
A12  

Thisis equation（45）．  

（2）軸 ug王柁g eq址αナi川（40）  

We assume that N［1】and Nt2】are disintegration rate of two  

POint sources，reSPeCtively・Since the sum－Peak methodis effective  

for each point source，  

Al【1】x A2【1】  Al【2】x A212】  
N＝＝ ＝ T【l】＋  and N【2J＝T【2I十  

A12【1I  A12【2】  

Where【1コ and E2コ mean one point sourCe and another point source．   

Consequently；  

Al【1】×A2【1】   Al【21×A2【2】  
N＝ N（1】＋N【2】＝T＝＝ ＋TE2】＋   

A12【l】  Å12【2】  

（Al【1】＋Al 【2】）x（A2【l】＋Å2【2】）  
N¢ ＝ T【1】＋ T【2】＋  

hence  

（A12【l】＋A12【2】）  

Al【1】×A2【1J  Al【2）x A2r2】  

N － Ne ＝  
A＝f＝  A12f2】  

（Al＝】＋A】【2】）×（A2【－I＋A2【2】）  

（A12【l】十A12【2】）  
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A12［2】Al【11A2tl】＋A12【1］Al【2】A2【2】  

A1211】A12＝‖  

（Al【1】A2【1】＋Al＝＝A2【1】）＋（Al【l】A2【2）＋ Al12】A2【2】）  

（A12【1】＋ A12【2】）  

A12【l】A12＝＝（A12【1】＋ Å12【2））  

A12【2】Al【1】A2【1】（A12【11＋ Å12【2】）  

＋ A12巨＝Å1（2】A2【2】（A12【11＋ A12【2〕）  

ー A12［1】A12【2】（Al【1】A2【l】＋Ål【2】A2【1】）  

－ A12【l】A12＝＝（Al【1】A2【2】＋ Al【21A2【2））  

A12【1】A12【2】（A12【1】＋ Å12＝＝）  

A12【2】Al（1】A2【1】A12fl】＋ A12【2〕AIEl】A2【l】A12（2】  

＋ A12【11A7【2】A2【2】A12［1】＋ A12t＝Al【2】A2［2］A1212】  

－ A12【1】A12【2】Al【11Å2【l】－ A12【l】A12【2】Al【2】A2【l】  

－A12【l】A12【2】Al＝＝A2【21－む出ii卿  

1  

A12【1IA12r2】（A12【l】＋ A12【21）  

A12【2】Al【l】A2【l】A12【2】＋A12【1】Al［21A2【2】A12tl】  

一 A12【1】A12【2】Al＝＝A2【1】－A12【＝Å12【2】Al【l】A2＝＝  

125   



A12【l】A12【2】  

（A12【l】＋ A12t21）  

A12【2】Al【l】A2【11A12【2】   A12【l】Al【21A2【2】A1211】  

（A12【l】A12【2】）2  （Å12【l】A12【2】）2  

A12【1］A12【2】Al【2】A211】   Å12【1】A12【2】Alい＝Å2【21  

（A12【1】A1212】）2  （A12【l】A12【2】）2  

Å12【l】A12【2】  

（A12（1J＋ A12【2】）  

Al【l】A2【l】   Al【2】A2【2】  

A12【l】A12【11  A12【2】Å12【2】  

Al【2】A2【1I  Al【】】A2【2】  

A12【l】A12【2】  A】2（1】A12【2】  

Å12【1】A12【2】  

（Å12【1】＋ A12【21）  

［御   A2【l】  A2【2】  

A12【l】  A12【2l  

A2＝】   ［二ふ呵  A212】  

A12【1】  A12【2】  

A12【l】A12【2】  

（A12【l】＋ A12【2】）  

A2【1】  Å2【2】  

A12【l】  A12【1】  A12【2】  

A2【2】  A2【l】  

A12【2】  A12【2】  Å12【1】  
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A12rl】A12r2】  

（A＝‖】＋ん2【2】）  

A2fl】  A2【2】  Al【l】  Al【2J  

A12工1】   A12【2】  A12【1】   A12【2】  

Definingズー＝，X2【リ x2f2j andxlr2Jas fo‖ows；  

A2【l】  Al【l】  

＝Xl＝㌧  ＝X2【1】，  

A12【l】  A12＝＝  

A2【21  Al＝＝  

三Xl121，and  ＝X2【2】，  

A12＝＝  A12r2】  

then，  

A12【1】A12【2】  

N － N¢   （れ【＝ －Xl【2】）（x2【l】－X2【2】）．  
（At2Il】＋A12【2】）  

In the case of68co，  

ん2【＝A】2t2】  
N － N。   （Xl【11－Xl【2】）2．   

（A12【l】＋A12【2】）  

Thisis equation（45）．  
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仁Appe柁d王JC－4コ  

1 （k．m）  
∑∑A12iA12j（Xli－Xlj）（Ⅹ2；一 X2j）  

2A12 －J  
N － Nc  

1 くk．m）  
∑ A12；  2tk】（Xli－Xl【k】）（x2i－X2【k】）  

2A12   

＋ A12【m】（Xli－Xl【m】）（X2i－X2【m】）  

A12【klA12＝‖（  l【k】－  1tk】）（  
2【k】）  2【k】－   

＋A121k】A12【m】（Xl【k】－Xl【m】）（加【k】－X2【m】）  

＋A12【m】A12【k】（Xl【m】－XlIk】）（X2【m】－X2【k】）  

＋ A12【m】A12【m】（  l【m】－  
1【m】）（  

2【m】－  2【m】）  

A12【k】A12【ml  
（Xl【k】－Xl【m】）（ズ2【k】－ ズ2【爪】）．  

A12  

Thislead to equation（53）．  
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仁Appe柁d孟JC－5コ  

A12kA12爪  
（N－ N。）【k川】＝  （Xlk － Xlm）（X2k － X2m）  

Å12k ＋ A12m  

2A12kA12m  
（Xlk －Xlm）（X2k －ズ2爪）  

2（A12k ＋ A12m）  

2A12kA12n＋（A12k）2＋（A12n）2  
（Xlk －Xlm）（X2k － X2m）  

2（A12k ＋ A12m）  

（A12k ＋ ん2m）2  
（Xlk －Xlm）（X2k －X2m）  

2（A12k ＋ A12m）  

A12k ＋ A12m  
（xlk － Xlm）（X2k －X2m）．  

And  

A12k 十 A12爪  
Max（N－ N。）【k・爪】＝  （Xlk － Xl爪）（x2k － X2m）．   

Thisis equation（54）．  
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仁Appe門d王JC－βコ  

Max（N － N¢）【k・m】  
FR（N－ N。）【k・m】＝  

（N － Nc）【k，m】  

［A12k ＋A12m］2  

2A12kA12m  

2A12kA12n ＋［A12k］2 ＋【A12n】2  

2A12kA12m  

4A12kA12n ＋［A12k］2 ＋【A12n】2 －2A12kA12n  

2Å12kA12m  

【A12k － A12mコ2  
＝ 2 ＋  

2A12kA12m  
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⊂Aガタe柁d王JC－アコ  

アrαC子吉cαヱ（ゴeナe rm孟門αチ王O n O f エフαヱ王上eぶ  

O f ”（r”  

川りJn 拍8 Cαge Of αββco poi乃f ぶOurCe  

Figures 30（A）～（D）show the spectrum of a68co point source，   

the background spectrum for the 6aco spectrum，the spectrum of a   

22Na point source and the background spectr11Tn for the22Na spectrum．   

Figures 30 （B） and （D） are actually the same each other．In   

experiments，allthe spectrain Fig．30 were obtained under an equal   

measuring condition referring to a source－tO－detector geometry and   

absorbers between a source and a detector，however，alittle channel   

drift probably occurred because those spectra were obtained by a   

NaI（Tl）scintillation detector．The drift was corrected by use of the   

peak channels of ＝Ⅹ which was one of naturally occurring   

radionuclides and emitted1461keV γ－rayS．  

［＾1．1］ Meaning of symboIs used in the68co spectrum of Fig．30（A）  

is as shown under；  

Il，Ⅰ2：the areaS under the photopeaks of thel173 keVγ－ray  

and the1332 keVγ－r＆y，   

Pl，P2：the peak channelnumbers of the photopeaks of the  

l173 keVγ－ray and the1332 keVγ疇ray，   

CHL（1）：the starting channelnumber of the photopeak of the  

l173 keV γ－ray，  
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CHR（1）；thelast channelnumber of the photopeak of thel173  

keVγ－ray，   

CHL（2）：the starting channelnumber of the photopeak of the  

1332 keVγ－ray，   

CHR（2）：thelast channelnumber of the photopeak of the1332  

keV γ－ray，  

and  

PX40：the peak channelnumber of the photopeak of the1461  

keVγ－ray emitted from‖Ⅷ，   

in which a11values of the symboIs can be usually read off frorn the   

68co spectrum except for that of PX40，because the photopeak of川Ⅹis   

too small to recognize in the spectrum of 68co．consequently a   

numericalvalue of PX40 was calculated by a following equation；  

1461－1332  
PX40 ＝ P2 ＋  ×（P2 － Pl），  

1332 －1173  

in which， the numericalnumbers ofl173，1332 and1461are the values   

Of energies（keV）of the two γ－rayS emitted from 68co and that from   

J8Ⅸ，reSpeCtively．  

［＾1．2］ Meaning of symboIs used in the background spectrum of  

Fig．30（B）is as shown under；  

BCHL（1）：the channel number corresponding to the starting  

Channelnunber（CHL（1））of the photopeak of thel173  

keVγ－ray Of the6aco spectrum，  
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BCHR（1）：the channelnumber corresponding to thelaLSt Channel  

nuThber（CHR（1）） of the photopeak of thel173 keV  

γ－ray Of the6日co spectrum，   

BCHL（2）：the channel number corresponding to the starting  

Channelnumber（CHL（2））of the photopeak of the1332  

keVγ－ray Of the68co spectrum，   

BCHR（2）：the channelnumber corresponding to thelast channel  

number（CHR（2））of the photopeak o王 the 1332 keV  

γ－ray Of the 6qco spectrum，  

IBl：the background area between BCHL（1）and BCHR（1），  

IB2：the background area between BCHL（2）and BCHR（2），  

and  

BPI（40：the peak channelnumber of the photopeak of1461keV  

γ－ray emitted from…Ⅹ，   

in which the numericalvalue of BPX40 can be directly read off from   

the baLCkground（BXG）spectrum，and the others were calc111ated by   

following equations；  

BCHL（1）＝ BPX40 －（PX40 － CHL（1）），  

BCHR（1）＝ BPK40 －（PX40 － CHR（1）），  

BCHL（2）＝ BPK40 －（PX40 － CHL（2）），  

and   

BCHR（2）＝ BPX40 －（PX40 － CHR（2）），  
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therefore，in case that the channeldrift does not occur as compared   

the background spectrum With the 68co spectrum，BCHL（1）＝ CHL（1），   

BCHR（1）＝ CHR（1），BCHL（2）＝ CHL（2）and BCHR（2）＝ CHR（2）because PX40 ＝   

BPX40．  

［＾1．3］Meaning of the symboIs used in the 22Na spectrum of  

Fig．30（C）is as shown under；  

PNÅ：the channel number of the peak of the1275 keV  

γ－ray Of 22Na，   

BOTTOM：the channel number of the border of Compton  

SCattering region and the peak region，   

NCHL（1）：the channel number corresponding to the starting  

channelnumber（CHL（1））of the photopeak of thel173  

keVγ－ray Of the6Bco spectrumin（A），   

NCHR（1）：＝ BOTTOM，   

NCHL（2）：＝ BOTTOM ＋1，   

NCHR（2）：the channelnumber corresponding to thelast channel  

number（CHR（2）） of the photopeak of the1332 keV  

γ－ray Of the6Dco spectr11min（A），  

INC：the area attrib11ted to Compton scattering of the  

1275keVγ－ray emitted from22Na，Which is assumed  

to be equivalent to that of the1332 kevγ－ray under  

the area of the photopeak of thel173 keVγ－ray from  

6匂Co，  

INp：the area under the photopeak of the1275keVγ－ray  
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emitted from 22Na， Which is assumed to be   

equivalent to that of the1332 keVγ－ray fromモ川Co，  

and  

PX40NA：the peak channelnumber of the photopeak of the1461  

keVγ－ray emitted from40x，   

in which the numericalvalues of PNA and BOTTOM can be directly read   

Off from the 22Na spectrum，and the others were deterrnined by the   

following calculations．  

NCHL（1）＝ PNA－（P2 － CHL（1）），  

NCHR（2）＝ PNA ＋（CHR（2）－ P2），  

and  

（1461－1275）  
×（P2 － Pl），   PX40NA ＝ PNA ＋  

（1332 －1173）  

in which，P2 and Plare from the 88co spectrumin（A）．The numerical   

val11eS OfINC andINp Can be read off from the22Na spectrum by use of   

NCHL（1），NCHR（1）， NCHL（2）and NCHR（2）determined above．  

［Al．4］ Meaning of the symboIs used in the backgro11nd spectrum of  

Fig．30（D）is as shown under；  

BNCHL（1）：the channelnumber equivalent to theleft channel  

number（NCHL（1））of Compton region of the1275 keV  

γ－ray，COrreSpOnding to the starting channeln11mber  

of thel173keVγ－rayin the88co spectrumin（Å）．  
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BNCHR（1）：the channelnumber eq11ivalent to the right channel  

number（NCHR（1）＝ BOTTOM）of Compton region of the  

1275 keVγ－rayin（C），   

BNCHL（2）：the channel number equivalent to the starting  

Channel number （NCHL（2）    BOTTOM ＋1） of the  

photopeak of the1275 keVγ蠣rayin（C），   

BNCHR（2）：the channelnumber equivalent to thelast channelof  

the photopeak of the1275 keVγ一ray，COrreSpOnding  

to thel＆St Channelnumber of the 1332 keV γ－ray  

in the6匂Co spectrumin（A），  

IBC：the background area between BNCHL（1）and BNCHR（1），  

Whichis a part ofINcin（C），  

IBN：the backgro11nd area between BNCHL（2）and】ヨNCHR（2），  

Whichis a part oflNpin（C），  

and  

BPX40：the peak channelnumber of the photopeak of the1461  

keVγ－ray emitted from＝   

in which the numericalvalue of BPX40 can be directly read off from   

the spectrum，aLnd the others were calculated by following equations；  

BNCHL（1）＝ BPX40 －（PX40NA － NCHL（1）），  

BNCHR（1）＝ BPX40 －（PX40NA － NCHR（1）），  

BNCHL（2）＝ BNCHL（1）＋1，  

and   
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BNCHR（2）＝ BPX40 －（PK40NA－ NCHR（2）），  

therefore，in case that the channeldrift does not occur as compared   

the background spectrum with the 22Na spectrum，BNCHL（1）＝ NCHL（1），   

BNCHR（1）＝ NCHR（1），BNCHL（2）＝ NCHL（2）and BNCHR（2）＝ NCHR（2）beca11Se   

BPX40 ＝ PX40NA．The areas of IBC andI8N Can be determined from the   

SpeCtrum Of Fig．30（D）by11Se Of the channelnumbers of BNCHL（1），   

BNCHR（1），BNCHL（2）and BNCHR（2）．  

Consequently，the value of1．al†is calculated by equation（73）；  

INC －IBC  
（73）  

INp  －IBN   

in which the numerical values of INC and lNP Were determined in   

［Al．31， thenl8C andIBN，in［＾1．41．Therefore，the photopeak areas   

Of Aland A2 are Calculated by eq11ation（74）；  

（Il＋2 － Bs）  （Il＋Ⅰ2）－（IBl＋Ⅰ82）  
（74）  Al＝ A2 ＝  

INC －Ⅰ8C  2 ＋ α  

IHp －Ⅰ8N   

We could practically determine the photopeak areas for 68co point   

SO11rCeS by calculation of equation（74），and those for 68co bulky   

SOurCeS，through the same process by use of the spectra of 22Na   

bulky sources with the same dimension as those of the 8Bco bulky   

SOurCeSin the present studies．  

138   



rA2JJ門川βCα£80fα柁8Xfe柁加dぶ0址rCe CO叩0ぶed of fぴ0βgco po‖け  

ぷOl上rCeg  

The method for determination of val11e Of ●．a．．in the case of a   

68co point source was shownin［Al］．Following shows how to determine   

Values of．．a●●in the case of an extended source composed of two 8Bco   

point ＄OurCeS．In explanation shown under，effects of ●一background   

COunting．．of measuring system used are abridged for convenience sake．  

Four measuring arrangements are shownin Fig．31．In Fig．31（A）  

（A）  （B）  

source IR1 

j  
SOUrCe回  

＼、 （so8 
s 

SOurCelL】   

＼  
In（A））  

N（】llTII  

de†8C†or  
N（】l一丁II  

d8†octor  

（C）  

SOC8t8’  

（som8POS川on   

of sourc8lRI  

in（A））  

N（コl（Tl）  

d8t8C†0「  
N（】llTII  

de†8C†0「  

Fig．31Four measurlng arrangementS uSed for determlnat10n  
of value ofl．c（＝1n the case of an extended source  
composed of two80co polnt sourceS・  
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two 68Co point sources（a source【L］and a source【Rコ）arelocated，   

in（B） a source【B】 at the same position of the source［Lコin（A），   

in（C）a source【B】at the same position of the source【R】in（Å），and   

in（D）one of sources［L］，【R】and［B］at a definite position．  

On condition that the two point sources of Fig．31（Å）form an   

extended source，if a measuring ar－rangement equivalent to that of   

Fig．31（A）can be realized bylユSing two22Na point sources，in which   

the ratio of both radioactivities is equal to those of both the 68Co 

SOurCeS，the value of 一一a＝  can be determined through the same process   

Shownin［Al］．Howeveritis usually difficult to provide such pair of   

22Na point sources．Therefore，We determinedindirectly the value of   

‖α＝ as follows．  

Assuming that I【L＋R】 stands for the are＆ under the two   

photopeaks（1173 and1332 kevγ－r＆yS）of a68Co spectrum Obtained by   

the measuring arrangement（A）in Fig．31，  

Ⅰ【L＋R】＝Ⅰ【L】＋ Ⅰ【R】，  

Ⅰ【L）＝ Al【Ll＋A2【し】（1＋ a【L】），  

and  

Ⅰ【R】＝Al＝＝ ＋Å2【Rl（1＋α【R】），  

Where   

Ⅰ【L】0十＝＝   ：the totalarea under both the photopeaks of  

thel173 and1332 keV γ－rayS attributed to  

the sources【L］or［R】in（Å），  

140  



Al【L】orLR】，A2（し】or［R］：the areas under the photopeaks of thel173  

and 1332 keV γ－rayS attributed to the  

SOurCeS［L】or【R】， Which can not be  

determined directly through the measurement  

（A），   

and  

a【L】or（R】：the ratio of the area attributed to Compton  

SCattering of the1332keVγ－ray under the  

Photopeak of thel173keVγ－ray tO the area  

under the1332keV γ－ray With respect to the  

SOurCeS【L］or［R】．  

Consequently，  

Ⅰ【L＋R］＝ Alfし】＋ A2EL】（1＋ afL】）＋ AlrR】＋A2川】（1＋αtR】）  

（Al（L】＋AltR】）＋（A2【L】＋A2 【R】）（1＋a［L＋R】），  

Where  

（A2【し】×α【L】）＋（A2【R】×d【R】）  
α【L＋R】＝  （75）  

（A2【L】＋A2【R】）   

Since（Al【L】＋ Al（R】） and（A2［L］＋ A2【R】）are the areas under the   

photopeaks thel173 keV and the1332 keVγ－raySI a（L＋R】means the   

ratio of the area attributed to Compton scattering of the1332 keVγ一   

ray under the photopeak of thel173 keVγ－ray tO the area under the   

1332 keV γ－rayin the spectr11m Of an extended source composed of the   

two68co sources【L］and【R】．If the values of Al【L】，Å一IR7，A2＝」I   

A2【R】，atL］and a【R】are ObtainedIthe value of a（L＋R）can be  
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Calculated by equation（75）．  

Considering that the value of（AILL】＋ Al［R】）is equalto that   

of（A2【L】＋ A2【R】）in the case of the68co spectrum，  

l【し十R】  

（Al【L］＋ Al【R】）＝（A2【し】＋ A2【R】）＝   
，  （76）  

（2 ＋ d【し＋R】）  

Which gives the areas under the photopeaks（thel173 and1332 keVγ－   

rays）in the spectrum of the extended source．However，eXCePt for   

I【L＋R］，nOne Of the values（Ål【L】，Al［R】，A2【L】l A2【RIIa＝」and   

atR］）can be directly determined from the spectrum，therefore the   

values of a【L＋R］．（Al【L］＋ Al（R】）and（A2【L】＋ A2【R］） are also   

unknown．Those values can be obtained based on the measurernents of   

Figs．31（B），（C）and（D）．  

Assuming thatI【BL】andI【BR】are the totalareas under both the   

Photopeaks of spectra obtained by the measurements（B）and（C），   

respectively，  

I18し】＝AllBし1＋A2 【BL】（1＋d【BL】），  

and  

Ⅰ【BR】＝Al【8RI＋A2 【8R】（1＋α川R】），   

Al（BL】，A2（BL】：the areas11nder the photopeaks（thel173and1332  

keV γ－rayS） of the spectrum obtained by the  

measurement（B），   

Al【BR］，A2【BR】：theareaS under the photopeaks（thel173 and1332  

keVγ－rayS） of the spectrum obtained by the  

measurement（C），  
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atBLl ：the ratio of the area attributed to Compton  

scattering of the1332 keV γ－ray under the  

photopeak of thel173keVγ－ray tO A2【BL】in the  

SpeCtrⅦm Obtained by the meas11rement（B），   

and  

a（BR】  ：the ratio of the area attributed to Compton  

SCattering o王 the 1332 keV γ－ray under the  

photopeak of thel173keVγ－ray tO A2（BR］in the  

SPeCtrum Obtained by the measurement（C），   

therefore，  

Ⅰ【8し】  

Al【BL】＝ A2【BLl＝  
（2 ＋ d【BL】）  

and  

Ⅰ＝＝＝  

Al【8Rl＝ A2【8Rl＝  
（2 ＋ d【8R】）   

Since only one point sourceis treated at the measurements（B）and   

（C），the values o董 a【Bし1and atBR】can t）e deter・mined by the same   

procedure with a 22Na sourCe aS Shownin［Al］．Besides the values of   

I【BL】andI＝＝＝ are read oゴf from the spectra obtained by the   

measurements（B）and（C）．Consequently，allthe photopeak areas can be   

determined．The source［B］in the measurement（B）islocated at the   

Same POSition of that of the source〔L】in the measureTnent（A），and   

the source【B】in the meas11rement（C）， that of the source【R］in the   

TneaSurement（A），therefore，  

a【BL］＝ a【L】，  and  a（8R】＝ C（（R］  
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The values of a（L］ and a（RI can be determined through the   

measurements（B）and（C）．  

Assuming thatI【LD］，Ⅰ【RD】andI【BDlare the totalareas under   

both the photopeaks of spectra of the sources［L］，［R】and［B】   

Obtained by the measurement（D），reSpeCtively，  

Ⅰ【しDl＝Al【LD】＋A2 tしD】（1＋ α【LDl），  

Ⅰ【RD】＝ Al【RD】＋ A2【RD】（1＋ α【RD】）．  

and  

Ⅰ【βロ】＝ Al【BD】＋ A2【8D】（1＋ α【BD】），   

Al［LD】，A2【LD】：the areas under the photopeaks（thel173and1332  

keVγ－rayS） of the spectrum of the source［L】in  

the measurement（D），   

Al【RD］，A2【RD】：the areas under the photopeaks（thel173 and1332  

keVγ－rayS） of the spectrum Df the source【R］in  

the measurement（D），   

Al【BD］，A2【RD】：the areas11nder the photopeaks（thel173 and1332  

keVγ－rayS） of the spectrum of the source［B】in  

the measurement（D），  

a［LD】 ：the ratio of the area attributed to Compton  

SCattering of the 1332  keV γ一ray under the  

photopeak o王 thel173keVγ－ray tO A2tLD】in the  

SPeCtrum Obtained by the measurement（D），  

a［RDl  ：the ratio of the area attributed to Compton  

SCattering of the 1332  keV  γ－ray under the  
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photopeak of the l173keVγ－ray tO A2【RD】in the   

SpeCtrum Obtained by the measurement（D），  

and  

a【8D】  ：the ratio of the ＆rea attributed to Compton  

SCattering of the 1332 keV γ－ray under the  

photopeak of thel173keVγ－ray tO A2【8D）in the  

SpeCtrum Obtained by the measurement（D），  

therefore，  

Ⅰ【LD】  

AltLD】＝ A2【しD】＝  

（2 ＋ d【LD】）  

Ⅰ【RD】  

Al【RD〕＝A2tRD】＝  
（2＋α【RD】）I  

and  

Ⅰ＝＝＝  

Al【8Dl＝ A2【BD】＝  

（2 ＋ αtBD】）  

Since the spectrumis obtained for each of the sources［L】，［R】and   

【B】placed at the definite positionin（D）．  

d【LD】＝ α【Rp】＝ α18D】  

The ratios of the radioactivities of the sources【L】and【Rコ to that   

Of the source［B］were；  

Al【LD］  A2【しD】  Ⅰ【LD】  

r【し】  

Al【BD】  Å2【8ロ1  Ⅰ＝＝＝  

and  
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Al【RD】  A21Rp】  IIRD】  

r【R】  

Al【BD】  A2【8D】  Ⅰ【BD】  

Consequently  

Al【L］＝A2【L】＝ r【L］x Al 【BL］＝ r（し】×A2【BL】，  

and  

AltR】＝A21R】＝ r［R】×Al 【8R】＝ r【R］×A2【BR】．  

In consequence，equations（75）can be rewritten as follows；  

（r【L］x A2【BL】x a［し】）＋（r【RIx A2（BR】× a【R】）  

α【し＋R】＝  （77）  

（r【L】× A2【8し】）＋（r【RIx A2【8R）   

Referring to equations（76）and（77），the numerical valⅦe OfI【L＋R】   

Can be determined by the measurement（A），those of A2【BL】，A2【BR】，   

a［L］and a【R】，by the measurenents（B）and（C），and those of r（L】and   

rtR】，by the measurement（D）．Ås results，the photopeak areas of the   

extended sourCein Fig．31（A）．which are denoted by（AllL】＋ AltR】）   

and（Å2（し〕＋ A2LR］），Can be calc111ated by equations（76）and（77）．   

Practical calculation in experiments was performed taking account of 

effects of’．backgro11nd counting●● on the photopeak areas．  
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