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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 82Co by the sum-peak method.

The sum-peak method was originally developed by G. A. Brinkman
and collaborators. The method can be applied to determination of the
disintegration rate of a radioisotope emitting two or more coincident
v-rays. With some limitations the sum-peak 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
"distance", "displacement" and "absorbers" between a source and a
detector are studied on the disintegration rate determined by the
sum-peak method using a ®2Co point source and lead absorber plates.
Through these studies the distinguished properties of the sum-peak
method are demonstrated.

It is 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

responsive to all parts of a source whenever the sum-peak method is



employed. At the second stage of the studies, the tacit assumption is
investigated and the practical meaning of this assumption is inferred
and proved by experiments using %%Co bulky sources in bottles.

Following 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 error is proved
and the equation of error upper bound is 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 62Co spectrum is
developed. In this method a 22Na spectrum is used to eliminate a part
attributed to Compton scattering of 1332 keV +vy-ray under the
photopeak of 1173 keV y-ray in the spectrum. The effect of 2°8Tl],
which 1s one of naturally occurring radionuclides, on the sum peak

area of a 8°Co spectrum is also successfully investigated.
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RADIOACTIVITY MEASUREMENTS

BY THE SUM-PEAK METHOD



g§1. Introduction

The disintegration rate of a sample source emitting y(X)-rays
can be determined by using a radiation detector, the response of
which is adequately known for y(X)-rays. However, in many actual cases
such a detector is not available and the disintegration rate is
determined by comparing the vy-ray spectrum of the sample source with
that of an adequate standard source, the disintegration rate of which
is accurately known. That is, in the case of an ordinary method!’, the
disintegration rate of the sample source 1is derived under the
assumption that the photopeak areas of the y-ray spectra are
proportional to the disintegration rates. The sample source and the
standard source should have the same or similar dimensions,
compositions and nuclides, and both the +vy-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 radiocactivity measurement. In the case of
the sum-peak method, the disintegration rate can be determined by
analyzing a y-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 from 1963 to 19652-6’, In
their articles the principle and fundamental problems of the sum-peak
method were investigated from various view points. L. G. Sutherland
and J. D. Buchanan also published an article?’’ in which the sum-peak

method was applied to bulky liquid sources of 6°Co and '251 in



bottles. According to these previous investigations, the sum-peak
method should give the absolute disintegration rate (Bg) 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
more coincident y-rays in a decay process and when a detector has
an equal response to all parts of the source”™ !'?’ ., Furthermore, areas
(numbers of counts) under the photopeaks, the sum peak and the whole
spectrum of v-rays emitted from a radionuclide of the source must be
precisely determined. The first condition is fulfilled 1in the cases
of 22Na%), 24Ngb), 46Gg2.3)  68(Cg2.3)  11Bmpgit)  123]12) and
125713-19)  gources which emit two or more y-rays in cascade, and the
second condition is satisfied when a point source or a very small
source compared with dimensions of a detector is wused in a
measurement.

As mentioned above, Sutherliand 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 sources increased”’, 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
all parts of a source. The present studies were started to clarify the
practical meaning of the tacit assumption®-!®’, and an equation to

give an expression for the tacit assumption was proposed and
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experimentally proved in the cases of bulky sources of 58Co solutions
(10 ~ 100 mf) in bottles. Based on our investigations, Oderkerk and
Brinkman derived two formulas which can provide estimates of an
error and the upper bound of the error when the sum peak method is
applied to extended sources including bulky sources. Through the
present studies, the distinct features of the sum-peak method expected
from theoretical considerations were experimentally verified by using
a ®%2Co point source. The two formulas derived by Oderkerk and
Brinkman were experimentally examined by using two ®®Co point sources.
Finally, practical problems in radioactivity measurements of 62Co
sources by the sum-peak method were investigated and solutions to

delineate these problems were found.
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§2. Principle of the Sum—peak Method
(1) v-ray spectrum and radioactivity measurement

Detection of all nuclear radiations 1is performed through
interaction of radiations with a matter, because the radiations are
not perceivable for persons. In the case of electromagnetic radiations
as T-rays, electrons energized by the radiations are detected instead
of the primary radiations themselves. The energizing of electrons is
mainly based on three types of processes??-23)  photoelectric effect,
Compton scattering and pair production, and the detection of the
energized electrons is based on the processes®?’ of excitation or
ionization of atoms in a detector.

Figure 1 shows a typical y-ray spectrum of a nuclide emitting
only one vy-ray at every disintegration measured by a Nal(Tl)
detector25’, The spectrum is 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 photoelectric interaction and
multiple Compton interactions?4’, and called a photopeak (or a full
energy peak). The broad-spread part reflects recoil electrons when
Compton scattered radiations escape out 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 production interaction is ignored,

because the probability for this interaction is very small comparing

12



Photopeak

Counts

Compton continuum

Channel number (enerqy)

Fig. 1 Typical spectrum of a nuclide emitting only one
vy-ray obtained by use of a NaI{T1) detector.

with those for the other two interactions when the energy of a y-ray

is less than a few million electron volts26-28)

(2) Radioactivity determination by an ordinary method
Assuming that the disintegration rate of a sample source
emitting only one y-ray is proportional to areas under the photopeak

and the whole spectrum, the following equations can be obtained,

A=NXxXpXxe, (n
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and

T=Nxpxt, (2)

where A and T stand for the areas represented in count rates under
the photopeak and the entire spectrum, respectively. Symbols N and p
are respectively the disintegration rate and the emission probability.
Then (N x p) is the number of v-rays emitted from the sample
source. Symbol e is the photoelectric efficiency?? %2, namely the
probability of the entire energy absorption of a y-ray by a
detector, and symbol t is the total efficiency3?’, namely the
probability that the detector detects at least a fraction of energy of
a 7v-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
radicactivity of the source.

Similarly for a standard source we define the following
relations,

Alsl

Nisl x p[sl % elsl, (3)
and

Tls]

Nis) x p[s] x tlsl , (4)

where Als! and T!'®! are the areas represented in count rates under
the photopeak and the entire spectrum, respectively, N!'s! and p's! are
respectively the Kknown disintegration rate and the emission
probability, and els) and t{s) 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 = elsl t = tis) and p = pls!, (5)

Eliminating the efficiencies and the emission probability by using

equations (1) ~ (5), we obtain the following relations

_N[S] b'e

=
1

Als) ? (6)
and

T
Tls]

_N[S] X

=
!

(7

Since A, T, Afs) and T!s! can be obtained from the spectra of the
sample and standard sources and since N!s! 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 procedure in the ordinary

method.

(3) Sum-peak method

Some radionuclides emit two or more coincident y-rays and those
vy-rays are incidentally detected at the same time Dby a
detector. As a result, a sum peak will appear in a y-ray
spectrum3!-3%), Figure 2 shows schematically a spectrum®®:37) when the
nuclide of a sample source emits two coincident v-rays (y: and rz2).
In Fig. 2, two photopeaks of ¥1 and 72 and the sum peak of (7v1 +

v2) are observed. Assuming that Ai, A2, A1z and T are the areas

15



under the photopeak of 71, the photopeak of vz,

the sum peak, and the

entire spectrum, respectively, we have the following relations,

At = N xpxe X (1-t2),
A2 = Nxpxe x (1-t1),
Atz = N XpXxe Xez,
and
T = N X px (t; + tz2 - t1
(—\ :

2

c

=3

o Al

@)

A2

sum peak

yt + yea)

A2

Channel number (energy)

Fig. 2 Typical spectrum of a nuclide emitting two coincident

y-rays obtained by a NaI(T1) detector.
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where
P : the emission probability of ¥: and 72 which
are emitted in cascade,
N : the disintegration rate of the sample source,
er, e2 : the photoelectric efficiencies of v¥1 and 72,
respectively,
and

ti, t2 : the total efficiencies of v1 and 72, respectively.

Suppose we obtain a spectrum of a proper standard source, which
has the same nuclide and the known disintegration rate of N!'s!, under
the same measuring condition as the sample source. Then the photopeak
area A1!sl in the spectrum of the standard source can be calculated by

the following equation
Arls) = Nlsl x p x er x (1-t2). (12)

Eliminating the photoelectric and total efficiencies eir and tz, and
the emission probability p by using equations (8) and (12), we
obtain

N = NSl x —AL (13)
A1[5] ¢

Equation (13) has the same form as equations (6) and (7). Nis! is
kKnown and the areas of A; and A1{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

17



the ordinary method the disintegration rate of the radioactive
source, in which a nuclide emits two coincident v-rays, can be
determined by using one of the photopeak areas, Ai1 or A2, through the
same process as that of a nuclide emitting only one y-ray.

In the sum-peak method the disintegration rate can be
determined by using all the areas, A1, A2, A2 and T, of the
spectrum of the sample source instead of using the two spectra of the

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

(A1 X A2)
——— = N x p x (1-t1)(1-t2)
A2
= Nxp-Nxpx (ty + t2 - t1 x t2)
= Nxp-~-T.
Hence,
(A X A2)
Nz — |T + —— |, (14)
P A2

where p can be known from conventional data books2®’:3%), In the case

of a 2Co source used in the present studies p = 1, then

(A1 X A2)
N=T+ ———';——“"—. (15)
12

Equations (14) and (15) do not contain any efficiencies, and show that
the disintegration rate can be determined by using only the four
areas, A1, A2, Aiz and T, which can be measured from the spectrum
of the sample source. It must be emphasized that in the sum-peak

method the disintegration rate 1is determined by a calculation of

18



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 9Co sources and
this equation is called the sum-peak formula.

The sum-peak formula (15) consists of +two parts, T and
(At x A2)/Ar2. In a usual pulse 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 total efficiency (also
the photoelectric efficiency) decreases. For instance, when the total
efficiency is 5 % (see numerical data at the distance of 20 mm in
Table 1 of §3), the second part is about ten times larger than the
first part, whereas T is about 9 and 670 times larger than A1 (or A2)
and Ai2, respectively. In this case, errors of 10 % in A1 (or Az)
and Ar2 cause an overall error of about 20 % in N, while an error of
10 % in T causes only 1 % error in N. Therefore, the uncertainty of N
is dependent mainly on the accuracy of the photopeak and sum peak
areas measured from a spectrum (see §5).

When an absorber is placed between a sample source and a

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

equations
At = Nxpx (a1 xej) x (1 - B2 X t2), (16)
A = N Xpx (a2 X e2) X (1 - 81 x t1), (17
At2 = N xp x (a1 x e1) X (a2 X e2), (18)

19



and

T = NXxXpx (f1 x t1r + B2 x {2 =B xt1 x B2 x t2), (19)

where a1 and B1 are respectively the attenuation factors of areas
under the photopeak and the whole spectrum attributed to yi, and a2
and B2 are those to 7y2. Rearranging the parameters by the following

definitions

(a1 x e1) = €1, (a2 X e2) = g2,
(B1 x t1) = 7 and (B2 x to) = T2,
we have
At = NXxXpxeg x (1 - 712), (20)
Az = NxpXxe€ x(1-m1), 21
Atz = N X p X g X g, 22
and
T =NxpXx(T1 +T - T X T2). (23)

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 result indicates that a disintegration rate
determined by the sum-peak method is never affected by an absorber
between a sample source and a detector®:1%: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

20



of the geometry between the source and a detector, regardless of the
photoelectric and total efficiencies, and regardless of the insertion

of an absorber between the source and the detector.

(4) Determination of the areas under the photopeak, the sum peak and
the whole spectrum of ¢4Co

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

out through radioactivity measurements of 52Co sources by using a

Nal(T1) detector. A representative measuring arrangement used is

50mm 50mm

60Co source

thin
plastic : Nal(T1)
plate T |~ detector

spectrum of 8¢co _

Pb shield N, Y

sum peak

Multichannel
pulse helght analyzer

Fig. 3 Representative measuring arrangement wused in
a radioactivity measurement.
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shown in Fig. 3. The Nal(Tl) detector was surrounded with a Pb
shield of about 50 mm in thickness and was connected to a
multichannel pulse height analyzer. Figure 4 shows the decay scheme
of 62Co 39.42) and a typical spectrumd’-41) of a 68Co source obtained
by the measuring arrangement shown in Fig. 3. Reading from the decay
scheme shown in Fig. 4, the nuclide %2Co emits two coincident 7v-
rays, 71 + 1173 keV and vz : 1332 keV, with the emission probability
of 100 % at every disintegration (p = 1). Two photopeaks for v: and

e, and a sum peak for vi + y2 (= 2505 keV) can be observed in the

spectrum. Since the sum peak can be obtained clearly, (See Fig. 2.)

60Co

N

Y1 (11 T3keV)
Y1 (1173keV)
Y2 (1332keV)
Y2 1332keV)

(2] me————

60N {
S Ni
(e}
© k
o sum pea
o

RSN (1173keV+1332keV)

Ch\ Ch2 Ch3 Ch4

Channe!l number (energy)

Fig. 4 Decay scheme and a typical spectrum of a 80Co source
obtained by a NaI(T1) detector.
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the disintegration rate of the ®2Co source can be basically calculated
by the sum-peak formula (15). However, the two spectra shown in 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 v2 also overlaps under the photopeak of 7¥i.
Accordingly, we determined the ratio of the area attributed to
Compton scattering of 72 under the photopeak of y1 to the area of 72
by using the spectrum of a 1275 keV r-ray emitted from a 22Na
source42~45) . which must have the same source-to-detector geometry as
that of the ®2Co source. The spectrum measurement of the 22Na source
does not necessarily require any knowledge of the radioactivity level
of the source. Furthermore, assuming that Ar (area of y1) was equal to
A> (area of v2) in each of the %2Co spectra because the detector was
responsive almost equally to the y-rays of 1173 and 1332 keV, the
areas, T (area under the whole spectrum), A1, A2 and Az (area under

the sum peak) were calculated by using the following relations

T = Ir - Br, (24)
In+2 - B
Al = A2 = ez 2 , (25)
(2 + a)
and
1
At = T12 - “{(Cha - Chs + 1)(Cs + C3), (26)
where
It and Br : the area and the background area under the whole

23



spectrum, respectively,

Ti+2 ¢ the total area under the two photopeaks, vi and 72,
Bs : the background area under the two photopeaks, 71 and vz,
a ¢ the ratio of the area attributed to Compton scattering

of y2 under the photopeak of 71 to A2, as determined
by using the spectrum of a 22Na source,
Ii2 : the total area under the sum peak,
Chs and Chs : the starting channel and the last channel of the
sum-peak, respectively,

and

Cs and C4+ : the numbers of the counts in the channels of Chs and

Chs .

The background areas, Br and Bs, were determined from a spectrum

measured without radiation sources.

(5) A detector, a multichannel pulse height analyzer and radioactive
sources

In the present studies all the measurements of vy-ray spectra
were carried out by using a single Nal(T1)46) scintillation detector
(Canberra 2007p) with a diameter of 50 mm and a height of 50 mm, and a
muil tichannel pulse height analyzer (SEIKO EG & G Model 7800) which
has a measurable energy range for y-rays from about 10 keV to 3000
keV. Point sources and bulky sources of ®®Co and 22Na were used in

spectrum measurements. The spectra of 22Na sources were available for

24



the estimation of the values of "a" in equation (25).

Sources of our own making were prepared together with standard
sources. The point sources were made of grains of ion-exchange resin
with diameters smaller than 0.5 mm, and the bulky sources, 10 u®-
solutions of %2Co and 22Na, were prepared by diluting with water of
from 10 to 100 mf in bottles with a volume of 100 m&. Disintegration
rates of the point sources were determined according to the ordinary
method described in §2.(2). A ©82Co standard source with a
disintegration rate of 1.4 x 105 Bq (¥ 3 %) and a 22Na standard
source with a disintegration rate of 2.3 x 104 Bq (* 3 %) supplied
from the LMRI (Laboratoire de Metrologie des Rayonnements lonisants,
France) were used. These standard sources had the shape of ellipses
smaller than 2 mm in width on thin plastic plates, regarded as points
when compared with the dimensions of the NalI(Tl) detector shown in
Fig. 3. The disintegration rates of the bulky sources were indirectly
determined through radioactivity calibrations of point sources made
by drying 10 uf-solutions of ®2Co and 22Na on thin plastic plates. The
volume of the 10 uf-solutions was the same as those used to make the
bulky sources. In the present radioactivity calibrations, all y-ray
spectra were measured by using a Ge(Li) semiconductor gamma
detector (Princeton Gamma-Thech). Uncertainties of the radioactivity
of these homemade sources were determined to be about 5 % or less.

Sources prepared by ourselves were used in all the experiments
except for those of Appendix-1 and §5.(I), in which the standard

sources were used as point sources.
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(6) Error Estimation

In the present studies, disintegration rates, entire areas under
spectra, photopeak areas, sum peak areas and so forth were determined
through various experiments and calculations, and errors associated
with these rates and areas were estimated using standard deviations
which could be determined based on the following formulat7: 48.49);

oF |2 9F |2 3F |2
(oF)2 = (UX)Q[.és: ] + (0y)2 [7;-‘] + (0z2)% [7;—'] Fovneeen 27
Yy VA

in which "F" is a function with variables of x, y, 2z, .... (that is,
F = F&x,v,2,......), and 0OF, Ox, Oy, Oz, ceceeues are standard
deviations of F, x, v, 2, ....... , respectively. This formula shows
how the errors (the standard deviations; ox, oy, 0z, ....) of
determinations of some parameters x, vy, 2, ....) will be
propagated to the final error (or : the standard deviation of the
final result of F).

In the case of the sum-peak formula (15) treated in the present
studies, the disintegration rate is a function of count rates of the
entire area under a spectrum, the photopeak areas of y1 and 72, and

the sum peak area. That is,

At x Az t t
N=T+ ———— =2 — 4 —m—— = —
Atz S S

N(t, a, a12),

26



in which

N ¢ the disintegration rate determined by the sum-peak
formula,
T : the count rate of the entire area under a spectrum,

At : the count rate of the photopeak area of 71,
Az : the count rate of the photopeak area of 7z,

Atz : the count rate of the sum peak area,

[ : the measuring time of a spectrum,

1 : the enlire area under a whole spectrum (= T x s),

ai : the photopeak area of 7i (= A1 x 8),

az : the photopeak area of 72 (= A2 x 8),

a : the photopeak area of 71 or 7e (= a = a),
and

at2 : the sum peak area (= A2 x 8).

Then formula (27) yields

aN )2 2 2
(on)2 = (ot)? '—'—] + (ga)2|— | + (0s12)%
2t da dar2
1 2 2 a2 2
= (o) | — ] + (05)2 + (ga12)e | ——
s sXag 2 sxapp?
where
ON : the standard deviation of N,
Ot : the standard deviation of t,
Ca : the standard deviation of a (= a1 = a2),

and

27



Cat2 the standard deviation of aiz.
Since
(o) =t =8 %xT, (28)
(0a12)2 = at2 =8 X A1z, (29)
and
( y2 SXA . [Cn Cn2 ] » { sXA 2 (30)
o} ]
) (2+a) Pa2  Pp3 (2+a)
we have
2xpA )2 Al
(on)2 = — + (0a)° + | 31
SXAj1 2 SXAq1 23
where

A : the count rate of the photopeak area of 71 or 72,
(A= At = A)

a ¢ the ratio of the area attributed to Compton scattering
of v2 under the photopeak of 71 to A2,

Cn the area attributed to Compton scattering of v under
the photopeak of y1, which was practically determined
from the spectrum of a 22Na source,

Pn the photopeak area of <72, which was practically

determined from the

In the present studies, the errors

spectrum of a 22Na source.

of the areas and disintegration

rates were estimated based on equations (28) ~ (31).
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§3. Aprplication to %Co Scources

The sum-peak formula is a simple function of areas represented
in count rates which can be obtained from a y-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 detector®:9:19.38)  On the other hand, there
is the tacit assumption in the application of the sum-peak 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
section I of this chapter, we ascertain experimentally the distinct
advantages of independence of the geometry and of no effect due to
absorbers by measurements with 82Co point sources. In the section 2,
the sum-peak method is applied to bulky sources of 68Co solutions in
bottles which are typical examples of extended sources and errors

caused are experimentally and analytically investigated.

1. Point source
(1) Experimental Procedure

Figure 5 shows schematically measuring arrangements used in
three types of experiments. In the arrangement (A), a 82Co point
source with a disintegration rate of 3.2 x 104 Bq was used and the

position of the source was varied upward from the surface of the
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Fig. 5 Measuring arrangements of three types of
experiments.
detector along the center axis of the detector at an interval of 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 %2Co

point source with a disintegration rate of 2.2 x 104 Bq was used and
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the position of the source was varied at every 5 mm within 30 mm
along either of the two lines parallel to the surface of the detector.
One line 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 horizontal displacement from the source to the
center axis of the detector. In (C), a ®%Co point source of 3.2 x 104
Bq was placed at the fixed position, 20 mm from the detector surface
at the center axis and lead 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 y-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) Results
(a) Effect of distance

Table 1 gives the absolute values of areas under the entire
spectrum (T), the photopeak of 71 or 72 (A1 or 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
1, the relative standard deviations of the entire areas (T), the
photopeak areas (A1 or A2), the sum peak areas (Ai12) and the

disintegration rates are also shown in parentheses, which are

31



Table 1

Areas under the entire spectrum, the photopeak and the sum

peak obtained

from 8%Co spectra, and disintegration rate

determined.
Areas Disintegration
(cps) rate
A1 xA2 A1 XAz
Distance (mm) T A1 or A Ag2 _— T + —
A2 Ai2
0 7.8%x103 8.8x102 3.5x10 2.2x104 3.0%x104
(0.04) (0.07) (0.54) (0.41)
5 6.0x103 6.9%102 1.9x10 2.5%104 3.1x104
(0.03) (0.06) (0.51) (0.42)
10 4.6x108 5.4x102 1.1x10 2.6%104 3.0x104
(0.03) (0.07) (0.67) (0.58)
156 3.7x103 4.3x102 7.2 2.6x104 3.0x104
(0.03) (0.06) (0.68) (0.61)
20 3.0x103 3.5x102 4.5 2.7%x104 3.0x104
(0.03) (0.07) (0.86) (0.78)
25 2.5x103 2.9%102 3.1 2.7x104 2.9%x104
(0.03) (0.06) (0.80) (0.74)
30 2.1x103 2.4x102 2.1 2.7x104 2.9x104
(0.03) (0.06) (0.82) 0.77)
40 1.5%x103 1.8x102 1.2 2.6x104 2.8x10¢
(0.03) (0.05) (0.93) (0.88)
50 1.2x103 1.4x102 7.0x10"1 2.6x104 2.7x104
(0.02) (0.05) (0.98) (0.94)
60 9.4x102 1.1%x102 4.6x10°1! 2.4x104 2.5x104
(0.02) (0.05) (1.05) (1.01)
70 7.6%x102 8.4x10! 3.2x10°! 2.2x104 2.3x104
(0.02) (0.05) (1.01) (0.98)
80 6.3x1072 7.0x10! 2.5x10°1 1.9%x104 2.0x104
(0.02) (0.04) (1.00) (0.97)
90 5.3x102 5.8x10! 2.0x10"1 1,7x%104 1.8x104
(0.02) (0.04) (1.0 (0.98)
100 4.6x102 4.,9%x10! 1.6x10°1! 1.5%x104 1,5x%104
(0.02) (0.04) (1.0 (0.99)
True disintegration rate is 3.2 x104 Bq,
T : the entire area of the spectrum,
A1 or Ae the photopeak area of 71 or vz,
A1 2 the sum peak area,
(A1 XA2)
T + ——-;———-— : the sum-peak formula, and
12
( 8.D. , %) the relative standard deviation.
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Fig. 6 Effect of the distance on the disintegration rate
(calculated with the sum-peak formula) and on the
peak areas, relative to the data at zero distance.
Circle : relative disintegration rate, square :
photopeak area A;, triangle : sum peak area A12.
less than 0.06 %, 0.1 %, 1.1 % and 1 %, respectively. Figure 6 shows

these areas and the disintegration rates as a function of the

distance Dbetween the source and the detector. The rates and areas
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are normalized to 1 at the distance of 0 mm. Figure 6 shows that the
relative disintegration rate calculated by the sum-peak formula
(15) decreases slightly with increasing distance up to about 50 mm,
and decreases rapidly, over 50 mm. The slight decrease at short
distances can be related to Y1 =72 directional (angular)
correlation®’, and the rapid falloff 1is associated with a
radionuclide of 2%8T] which is one of naturally occurring
radionuclides and emits y-rays of 2614 keV.

The angular distribution of v-rays depends on the spin
orientation of an exited nucleus. In a usual case, since the nuclear
spin axis is randomly oriented in space, an isotropic emission of v-
rays is observed. In the case of ®2Co which emits two y-rays in

cascade, two y-rays have the following angular correlation;

W(6) =1+ 0.102 x P2(cosf) + 0.0091 x Ps(cosf) + =« = =+ « -

where 6 1is the angle between the two y-rays and Pu.'s are Legendre

polynomials5®), given by

1 1
Pe(x)=~5-(3x2—1), PA(X)=‘g'(35X4-30X2+3), ot

Thus we have
W) = 0.952 + 0.119 x cos28 + 0.040 x cos49 + « « « + -
Using this function W(8), we make an estimate of errors caused by the

angular correlation in the case of ®%Co when the sum-peak method is
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applied in the measurement shown in Fig. 5 (A). The effective solid
angle covered by the detector can be modeled as indicated in the

figure. Then the angular correlation factor F is given by

Source
JW(O)dQ J;(e>2 (si ? D
¥ ! w{sinf)dé \\iL
F = =
] D'
JdQ JZw(sine)do
AQ Q
r
Detector
0.040(1-cos36) + 0.008(1-cos%4)
= 0.952 +
(l1-cos®)
For the detector radius r = 25 mm
Distance Angular
the calculated correlation factor D+D! correlation
(mm) factor
as a function of D + D' is given
0 1.000
in the table. D is the distance 10 1.025
25 1.062
from the source to the detector 50 1.091
75 1.101
surface and D' the effective depth 100 1.105
125 1.107
corresponding to the detector e e
© 1.111

acceptance. It must be noted that
the sum peak area can be overestimated as large as 10 % for
D = 100 mm.

Next, the effect of 298T]1 to the sum-peak method will become

significant when the count rate of the sum peak 1is not so large as
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compared with 0.1 cps as discussed in §5. 2. and 3..

In Fig. 6, deviations from the true disintegration rate (= 1 in
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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 distance increases.

(b) Effect of displacement

Figure 7 shows the disintegration rate calculated by the
sum-peak formula as a function of the horizontal displacement from the
source to the center axis of the detector. Black circles correspond to
the results when the ®2Co point source was on the detector surface
and white circles to those at the higher position of 50 mm from
the detector surface, The standard deviations of all the
disintegration rates shown in Fig. 7 are less than 1.0 %, and the
small differences beiween the black and white circles must be due to
the directional correlation of two y-rays, 7vi1 and 72. The horizontal
displacement within 30 mm along both lines affects very little.
Deviations in the data obtained at 0, 5, 10, 15, 20, 25 and 30 mm
in displacement from the center axis of the detector are within 5%
tolerance.

These results shown in Figs. 6 and 7 prove that the sum-peak
method can be a radioactivity standardization technique regardless
of the source-to-detector geometry, because the source-to-detector

geometry can be defined by the distance and displacement,

(c) Effect of absorbers

Figure 8 shows the relative disintegration rate determined
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by the sum-peak method as a function of the thickness of lead
absorbers. In Fig. 8, all the symbols are used in the same way as in
Fig. 6. The relative disintegration rate shown 1is the ratios to the
true disintegration rate of the ®2Co point source used, and the
relative areas are normalized to those obtained without absorbers. The
standard deviations of the photopeak areas, the sum peak areas and the
disintegration rates shown in Fig. 8 are less than 0.1 %, 1.1 % and
1.0 %, respectively. We can see the results similar to those
concerning the distance. The disintegration rate determined by the
sum-peak method 1is essentially not affected by the absorbers,
whereas the areas under the photopeak and the sum peak decrease

significantly with increasing absorber thickness.

2. Bulky source
(1) Experimental Procedure and Results

The measuring arrangement used for bulky sources is shown
schematically in Fig. 9. A polyethylene bottle used had a diameter of
about 50 mm and a height of 55 mm (total volume ~ 100 ml). The volume
of a 62Co solution of 1.1 x 10 Bq was varied by successive dilution
from 10 to 100 m2 in the bottle. In Fig. 10, circles show the relative
disintegration rate calculated by the sum-peak formula as a function
of the volume of the ©6%Co solution in the bottle. The relative
disintegration rate 1is 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 were less than 1 %. These data
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Coe pulse height
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Fig. 9 Geometrical arrangement of a NaI(Tl) detector
and a bulky source (a ®%Co volume source)

show that the calculated relative disintegration rate decreases
proportionally with the volume. The reduction rate is about 30 % for
100 ml compared with that for 10 m&. This reduction was substantially
larger even if taking account of the effect of the

directional correlation of two y-rays and the background radiations of
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Fig. 10 Effect of the volume on the relative disintegration
rate determined by the sum-peak method. Circle :
experimental results, solid 1ine : calculated from
equations (37) and (38), dotted Tine : calculated
from equation (39).
288T], We concluded that the reduction must be associated with the
sum-peak method itself. These results are similar to those obtained by

Sutherland and Buchanan although the dimensions of the Nal(Tl)

scintillation detectors and the bottles differ”:8’,
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(2) Discussion

We define Arflel, Aplel Arplel apnd Tle) to be the areas under
the photopeak of 71, the photopeak of v2, the sum peak and the entire
spectrum, respectively, obtained by a measurement of an extended
source such as the bulky sources. We also define Nfel), g lel ylel
e2l®! and tz2!¢! being the disintegration rate of an extended source,
the photoelectric and total efficiencies of y: and 72, respectively.
Since the emission probability of v1 and v2 of 68Co is 1, we have the

following four equations:

Arte) = Nlel x gqlel x (1-tplel), (32)
Aetel = Nlel x gplel x (1-tylel), (33)
Ajalel = Nlel x glel x gplel, (34)
and
Tlel = Ntel x (tifel + tplel - tylel x tplel), (35)

where the superscript [e] indicates "extended source", Equations
(32) ~ (35) have the exactly same forms as equations (8) ~ (11),
respectively. Therefore, a sum-peak formula for an extended source
can be obtained through the same procedure used in deriving the sum-

peak formula (15). Namely

(o] (o]
Nlel = Tlel 4 (A1 xAe °) (36)

A12[°]

Equation (36) seems to imply 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 experimental results shown in Fig. 10
indicate clearly strong volume dependence.

To evaluate the experimental results in Fig. 10 it is assumed
that the solution in the bottle can be divided into n very small parts
of an equal volume and that each contains an activity of N/n (N being
the true disintegration rate of the primary bulky source). If all the
parts are measured separately and all the individual results obtained
by the sum-peak method are amalgamated, then the calculated value of

NLAT ([A]l meaning "amalgamation') is given by;

NEA) =i§1Nli], (37)
and
where the superscript [i] indicates the i-th part, and Ajli), Alil,

A12011 and T!i] are the areas under the photopeak of vi, the photopeak
of v2, the sum peak and the entire spectrum obtained by the
measurement of the i-th part. As proved by the experiments with 6%Co
point sources at different "distances" and "displacement" over the
detector in §3.I, N!il must be equal to the true disintegration rate,
N/n, for i = 0 ~ n. Then NIA! = N, when the volume of the i-th part
can be regarded as a point. However, in a practical measurement with

a bulky source by using an apparatus such as a multichannel pulse
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height analyzer, the areas, Ailil, pli), A0l and THID,
attributed to the i-th part can not be obtained separately. Only the

sums over the total area containing all the parts can be measured as

follows;

[N E
=
llM:
>
o
np s
=
n
fo]
3
jo N
YL

Tli]’

1 i=1

which correspond to  Ailel, Axlel  Aqplel and Tie! of equation (36),
respectively. Therefore, the actual value determined for the extended

source through the measurement by the sum-peak method is given by

A1[i]) X .(ilziAa[”)
Ntel = 3 TLil + . (39)

Aret)

LN O ]

We presume that equations (37) and (38) give the true disintegration
rate, whereas equation (39) gives a practically determined rate when

the sum-peak method is appiied to an extended source.

(8) Experimental verification of the presumption

In order to demonstrate the above presumption, the areas,
Artil ) Aplid o Agptil and TLiIY,  attributed to the i-th part of a
bulky source were obtained wusing a ®2Co point source of 1.4 x10° Bg
at 54 positions distributed throughout the whole volume of the bottle
as shown in Fig. 11. The values of NI®) and N} were calculated

based on equations (37) and (39) [Appendix-1]. The real disintegration
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Fig. 11 Fifty four positions where a 80Co point source is
Tocated for each measurement.
rate of each %2Co source 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 solid line in Fig. 10 is the relative disintegration rate
calculated by using equations (37) and (38), and the dotted line is

that calculated by using equation (39). The solid line is almost
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equal to unity and shows very small effects due to the source
volume. On the other hand, the dotted line reproduces precisely the
experimental results shown by the circles.

We determined two curves by means of the least squares fit to Y
= A x e'8xX) (Y : disintegration rate, X : volume, A and B : constant
values) using the experimental data shown by circles and the results
from the calculation of equation (39), vrespectively. And the
disintegration rates at 10 ~ 100 m% were determined 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) Error estimation
Based on our presumption, when the sum-peak method is applied
for the determination of the disintegration rate of an extended

source, an error can be given by;

n n
CE AT x (F heli)

N - Nlel = (40)

LN

(A1[” X Az[”)
1 INLRR B

n
_21A12“)
g

If we take the continuum limit, equation (40) yields

D(v) =

JA;MdV X JAp2dV ]
JAoi2dV

‘ (Ap1 X Ap2)
Ap12

o |
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According to Oderkerk and Brinkman®’, equation (40) can be transformed

as follows [Appendix-21;

nn
N-N = S 2 A2k A" (1% - x1i™) ( x2k - x2™), (41)
2A12 Kk om
where
" Az k o Ao ) Ark
1 = 1 - =
IXTLE IYPLEN Xz Ay
and
Yo A"
2 =
Ar2"

where an extended source is divided into 'n' parts, each of which is

very small and can be regarded as a point, and

N ¢+ the real value of the absolute disintegration rate
of an extended source,
Ne ¢ measured disintegration rate by the sum-peak method,
At* and A2 : the areas under the photopeaks of 1 and 72
referring to the k-th part of an extended source
k=1, ... n),
At™ and A2™ : the areas under the photopeaks of 7+ and vz referring
to the m-th part of an extended source
m=1, ... n),

A2k and Ai2™ : the areas under the sum peaks referring to the
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k-th and the m-th parts of an extended source
(k, m=1, .... n),

and

Are =

L E
=
~
ES
~
=
L]
—
-
=
—

Assuming that the k-th and the m-th parts of an 82Co extended source
have disintegration rates of Rk Bg and R" Bg, respectively, the

following equations are obtained;

Atk = Rk x etk x (1-t2k), Ai™ = R" x g™ x (1-t2™),
Ask = Rk x epk x (1-t1k), A2® = RM x ex? x (1-t1"),
Ar2k = Rk x erk x exk, and Af2™ = R"™ x e1™ X e2",

where eik, ez2k, ti¥ and tek are the ©photoelectric and total
efficiencies of both the y-rays emitted from the Xk-th part, and e:®,
ea™, ti®™ and t2" are those of the m-th part. By these equations, we

obtain!®’ ;

) Ask (1-t1%) x e1® X x1®
= = [N
Xt Atk (1-t1™) x ek
and
) Atk (1-t2%) x ez Y xon
— — 2
xe At2* (1-t2") X ez*
Consequently;
(1-t1%) x e1™
(xi1k¥ - x1") = -1 1 xxim, (42)
(1-t1m) x erk
and
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(1-t2k) x epnm
(xek - x2™) = -1 | x xo". (43)
(1-taM™) X epk

Equations (42) and (43) do not include the radioactivities of parts.
Except for the only case in which the photoelectric and total
efficiencies are equal at all the parts, all values of (x1* - x1") and
(x2¥ - x2™) for any combinations of 'k' and 'm' are not zero. Hence
the values of (N - Nc) are positive in general for the following
reason. If (xa¥ > x1"), then (x2* > x2"™), and if (x1¥ < x1"), then
(x2¥ < xe2™) owing to the practical and physical imaging as discussed
by Oderkerk and Brinkman. Therefore, the sum-peak formula applied to
an extended source gives a lower disintegration rate than the true
rate.

In the only case in which that the detector has an equal

efficiency for all parts, we have

(x1% = x1") = (xe% = x2™) = 0,

for any combinations of 'k' and 'm' in equations (42) and (43). Then
the value of (N - Ne¢) must be identically zero regardless of the
distribution of the radioactivity. This means that the sum-peak method
can give the real value of the absolute disintegration rate,.

Equation (41) will express theoretically the magnitude of the
error caused when the sum-peak method is 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 volume integration with respect to k
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and m of individual parts of an extended source. For this reason,
Oderkerk and Brinkman derived a simple inequality relation from

equation (41) [Appendix-21 given by
1 , .
N - N ¢ —2" Ao (uMax = xq1™in) ( x2M8x - xaMin), (44)

where x1"@x and xi1"'" are the maximum and minimum values of xi* or
xi™, and x2"®* and xe"i" are the maximum and minimum values of x2* or
x2". 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 and 10 times larger than the actual
errors calculated based on equation (41) for line-segment, disk-shaped

and solid-sphere sources, respectively.
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§4. Model Studies of Two Point Sources

of 'Co

The sum-peak method gives sometimes an  underestimated
disintegration rate with a large error for an extended source when
the tacit assumption is not fulfilled”’ as shown in §3.2. Oderkerk
and Brinkman proposed equation (41) by which the magnitude of the
error caused by applying the sum-peak method can be estimated®:9'. In
this chapter, the sum-peak method is applied to determine the
disintegration rate of various extended sources composed of two 82Co
point sources!®’. It is verified that the absolute 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 it is confirmed
that the sum-peak method is valid when the tacit assumption is
strictly fulfilled, and not valid when not fulfilled. The magnitude
of errors for the extended sources will be examined by comparing

experimental results with calculated values based on equation (41).

(1) Experimental Procedure

Figure 12 shows schematically five measuring arrangements (A),
®, ..... and (E), each of which consisted of two ©62Co point
sources and a Nal(Tl) detector connected to a multichannel pulse
height analyzer. In the cases of (A) and (B), two point sources had
almost the same radioactivity (3.8 x 104 Bq and 3.6 x 10 Bq),

and different radioactivities (3.8 x 104 Bg and 9.8 x 10° Bq),
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these cases. In (C), (D) and (E), one source 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 along the center axis.
Therefore, the detector had different efficiencies for the two
sources, that is, the efficiency for the upper source decreases
with increasing distance and is always less than that for the source

placed at the detector surface (constant value).

(2) Results

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.

Figure 13 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 then 1.1 %. 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 of v rays and background radiations owing to 288T],

It can be concluded from Figs. 13 and 14 that the sum-peak
method can give the true disintegration rate regardless of the
radioactivity and efficiency when the detector is equally responsive

for the two point sources, and otherwise it gives an underestimated
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Fig. 13 Retlative disintegration rate determined by the sum-
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Fig. 14 Relative disintegration rate determined by the sum-
peak method with the measurements (B), (D) and (E).
Circle, square and triangle : measurements (B), (D)
and (E), respectively.

54



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) Discussion

The experimental results shown in §3. I proved that the sum-peak
method was perfectly effective and that the disintegration rate
obtained was not influenced by the efficiency of a detector to y-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 otherwise it gives an underestimated
rate, We will theoretically explain these experimental facts below.

In the present measurements by using the two ©2Co point
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 '2' into 'n', and adopting superscripts [1]
and [2] to specify both sources, we obtain the following

equations [Appendix-31:

A [1]A (2]
N - No = —o - L2 (1111 xit21)e, (45)
12

and
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A

where

Atz = Arpl1) + Agpled,

Equations (45) and (46) were derived under the assumption that two
areas under the photopeaks of the y-rays of 1173 and 1332 keV emitted
from each 82Co point source, Ai'k! and A2{k!1(k = 1 or 2), were equal
because the detector was almost equally sensitive to both r-rays.
Next we define 'Max(N - N¢)' and 'Fr(N - N¢)', when a detector
does not have an equal response for both parts of the extended

source, as follows,

A
Max(N - No) = 122 (i E11= xtelye, (47)
and
Max(N - N¢)
FR(N - Ne¢) =
N - Ne
( +1 )2
= RSLILLIRAS , (48)
28
where
A1)
7;;7;7' =8 > 0. (49)

Max(N - Ne¢) is the upper bound of (N - Ne¢), and Fr(N - N¢) is the
ratio of the upper bound of (N - Ne) to (N - N¢). Equations (45) ~

(49) are effective for the extended source formed by the combination
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of two %2Co 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 8%Co
point sources, equations (42) and (43) can be replaced by the

following -equation;

(1t 011) x gjle]
011 oy f2) o - x yil2]
X Xi (1-t;f21) x g 1] ! X ’ (0)

where the subscript 'i' is 1 or 2. When the detector is equally

responsive to the two point sources,

(X1“]" 70[2]) - (XZ[”" xglel) = 0.

In consequence, the value of (N - Ne) 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 ®2Co point
sources, the disintegration rate determined by the sum-peak method

can be expressed by

Aral1 pgpl2)
Ne = N - _in_x__lf___. (xi!11- xit2)ye, (51)
12
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where

N = Rit1 + Ri21 Atz = Ar2l1] 4 Agpl2],
A L1 Arl2]
1) = —— 2l = ———
X1 = and X1 =
Arpt1l’ Ar2!?!

Figure 15 shows the relative disintegration rates calculated by

equation (51) in the measurements (C), (D) and (E), in which the

1.0 I— fa
_ B8 4 & A A A A & &
2 o}
° i 8 o
- O
?S ° o o
SRS | O : measurement (C) D
© o O O
D:ff 0.5 O: measurement (D) 0
[y
- N /A: measurement (E)
=
03 | | | 1 | ] l 1 | 1 |
0 10 20 30 40 50

Distance [mm]

Fig. 15 Relative disintegration rate determined by the
calculation of equation (51) with the measurements
(C), (D) and (E). Circle, square and triangle :
measurements (C), (D) and (E), respectively.
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Table 2 Relative disintegration rates determined again
by the least-squares fit to Y = A x e(BxX),
exp. ¢ based on the experiments of two point

sources, and eq.(51) : based on the calculations
of equation (51)

Relative disintegration rate

©) M (E)
exp. eq.(bl) exp. eq.(51) exp. eq. (51)
Distance(mm)

5 0.97 0.94 1.03 0.98 1.03 0.96

10 0.93 0.90 0.93 0.90 1.01 0.95

15 0.88 0.86 0.84 0.83 0.99 0.95

20 0.84 0.82 0.76 0.76 0.97 0.94

25 0.80 0.78 0.69 0.70 0.95 0.93

30 0.76 0.75 0.63 0.64 0.94 0.93

35 0.72 0.71 0.57 0.59 0.92 0.92

40 0.69 0.68 0.52 0.54 0.90 0.91

45 0.66 0.65 0.47 0.50 0.89 0.91

50 0.63 0.62 0.42 0.46 0.87 0.90
Absolute (1.8 £ 0.6) % (2.2 +1.2) % (2.7 %1 1.9 %

difference

detector has different efficiencies to the sources. We determined
again the disintegration rates from two different data sets using
the least-squares fit to Y = A x e!8*¥) (Y : disintegration rate, X

: distance, A and B : constant values). Then, one data set was based
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on the experiments of two point sources (Figs. 13 and 14), and another
set, the calculations of equation (51) (Fig. 15). Thus determined
disintegration rates are given in Table 2, in which "exp." and
"eq.(51)" correspond to the experiments of two point sources and the
calculations of equation (51), respectively. Table 2 shows that the
absolute differences between both disintegration rates determined
based on "exp." and '"eq.(51)" are (1.8 % 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) are in good agreement with

those determined by the sum-peak formula (15) (Figs. 13 and 14).

(3.2) Upper bound of error : Max(N - Nc)

We have investigated the upper bound of the error estimated
by Max(N - N¢), by wusing Fr(N - Ne¢), when the detector 1is not
equally responsive for both point sources of the extended sources.

Differentiating equation (48), Fr(N - N¢), with respect to 8,

we obtain;

dFrR (N - N¢) = B - 1)+ 1) ' (52)
dg 242

and

d2 FR(N = No)
dge 83

> 0.

Since the value of B8 is always positive, the Fr(N - No) takes
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Fig. 16 Value of FR(N - N¢) when an extended source consists
of two point sources. Circle, square and triangle
: measurements (C), (D) and (E), respectively.
the minimum wvalue of 2 when 8 = 1. In consequence, the error

estimated by equation (47), Max(N - Nc¢), is at least twice as large

as the true error, (N - N¢). Figure 16 shows that the values of
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FR(N - Ne¢) in the measurements (C), (D) and (E) as a function of
the distance of the wupper source from the detector surface. All the
experimental values of Fr(N - Ne) 1in Fig. 16 are larger than 2
as theoretically expected, although FrR(N - N¢) has various
values.,

In an arbitrary extended source which can be divided into
very small 'n' parts, noticing two very small parts, k-th and m-
th, of all the parts and assuming an extended source composed of
the k-th and m-th parts, equation (41) can be transformed as shown

below;

1 (E.m) , . , ) . ,
% 2 Are' Ared (' - xid) (Cxe' - oxel)
2A12 U

N"Nc

[kl [m]
= A12 AAla i (xl[k] —xi[m])(lek] _x2lm])'
12

In the above transformation of the equation, brackets are used to
distinguish "k" and "m" standing for the definite two parts from "i"
and "j". Removing those brackets and adopting a superscript of [k,m]

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

have
Ar2kAr2m
- [k,m] = kK - m k - ny, (53)
FN Ne ) A2k + Ara? (X1 x1™)( xe X2
and
Atz2% + Agan
Max(N - No)lk:nl = ik o= M xek - xe™), (54)

2
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where (N - Nc)lk.m) and Max(N = Nc)!k:m) are 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 small parts (k-th and m-th parts)
[Appendix-4, 5]1. Defining Max(N - N¢)2'® to be the upper bound of an
error for the source formed by including all the 'n' parts, Ai22"® is

the total sum of Ai2J (j=1 to n). The superscript 'arb' means an

tarbitrary' extended source. Thus
A2k + A" < Ajedchd,
and
(X1 % = x1m)( xa% = xe™) € (x1"ex= x Min)(x2"iX - xo"in),
Consequently,

b
Max(N - Ne)lk.m) g -2’’’

A

(ximax_ xlmin)(x2max - X2"'i")

IA

Max(N - N¢)arb,

Since FrR(N - Ne) 2 2 when a source consists of two very small parts,
1 1 b
(N - Ne)tk.ml ¢ -E-Max(N - Ne)lkoml ¢ -E-Max(N - Nedare, (55)

By using equation (53) and inequality (55), we modify equation

(41) as follows:

N-Ne = —— % % Atk Ar2™ (Quk - xim) (xe* - xe")
n
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n n A12k A12m
= T3 (x1% = x1")(xe% = x2™)(Ar2% + Ar2™)
kom(Arok+A12m)

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

1 0 on
N=-Ne = — 23 (N~ NedkomI (Agpk + Agpm),
2A12‘”b k m

Substituting inequality (55), we have

1 non
N - Ne ¢ Max(N - Nc)erb 3 % (Arak + Aq2M)
4A12arb Kk m
‘ Max(N - Nc)arb
- 2
Hence

2(N - Ne¢) & Max(N - Ne)arb,

1t can be concluded that the upper bound of the error, Max(N - Ng)arb,
is at least twice larger than the true error, (N - N¢), in an
arbitrary extended source. Consequently, equation (44) must be

corrected to following relation

1
N - Ne & — Aga(ximax— xymin)( xghax - xpniny, (56)
4

This relation can be effective for any arbitrary extended source of

68Cop.

(3.3) Upper bound of error in the general case

Relation (56) was proved by using inequality Fr(N - N¢) 2 2.
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However, this inequality was derived when the areas under the
photopeaks of both y-rays of 1173 and 1332 keV were equal. In this
section, it will be proved that equation (56) is effective in the case
in which both photopeak areas are not equal.

Supposing that an extended source is composed of two
point sources noted k and m, equations (53) and (54) are effective in
general. Consequently [Appendix-61,

Max(N - N¢)lk.nl
(N - Nc)[k‘m]

FR (N = Ne)lik.nmI

[Ag2% + Agam]?
2A12% A

[Aj2k - Aram]2
2A12K A em

n
0o

Hence,
FR(N - Ne)tkeml 5 2,
and
Max(N - Ne)fk:ml > 2(N = No)lkeml,

In consequence
1 , )
N - Ne (< j;‘ Ao (xymax = xymin)( x2M8x - xoMmif), (57

Equation (57) coincides with equation (56) except for the case of B =
1 (meaning Ai2!'¥) = A;2i")), When Ar2'%) is not equal to Ai2!™' under

the condition that the photoelectric efficiencies of the two
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coincident v-rays (v1 and 72) are different, equation (56) must be

replaced by equation (57).
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§5. Studies of Various Practical
Effects in the Sum—peak Methods
Based on the theory of the sum-peak method, the disintegration
rate of a %8Co point source including a very small source can be
determined with a direct calculation of the sum-peak formula (15) and
an error caused when the sum-peak method is applied to an extended
source such as a bulky source can be estimated by using equation
(41). Nevertheless, there are many cases 1in which the sum-peak
method gives an underestimated disintegration rate with a large
error even for a point source and also there are cases in which the
error caused in an extended source can not be estimated by using
equation (41). Such inconsistency seems to be due to some practical
causes on measurements3®. 517,

In the sum-peak method, the disintegration rate of a source is
determined by the sum-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 formula is given by

At X Az
N=T + —, (15)
Are

where N, T, A1, A2 and Aiz stand for a disintegration rate, the
entire area of a spectrum, the photopeak area of y1 (1173 keV), the

photopeak area of vy2 (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
discussed in §2.(3) (see p.19) and as given in Table 1, the accuracy
of N calculated by formula (15) is dependent dominantly on errors
associated with A1, A2 and Ai2. It is desirable to measure these
areas as accurately as possible when the sum-peak method is applied
for radioactivity determination.

In an actual ®2Co spectrum obtained using a Nal(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 total peak area method. As a result the sum-peak formula gives an
underestimated disintegration rate. In section 1 of this chapter,
this problem is investigated and a precise method to determine the
photopeak areas is proposed and verified through experiments using a
88Co point source.

Another problem investigated in this chapter is concerned with
the sum peak area. In a %2Co spectrum, the sum peak appears at 2505
keV. Unfortunately, a photopeak due to 228T]1 appears at 2614 KkeV
because 288T1 is one of naturally occurring radionuclides in the
thorium series®2’ and becomes a background source. Therefore, a part
of the area attributed to Compton scattering of the y-ray emitted
from 228T] gsuperposes on the sum peak area of %2Co. This superposition
causes the underestimation of 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 peak is reasonably large. In sections 2 and 3
of this chapter, using bulky sources and point sources of various
radioactivity levels, we will examine the cases in which the effect

due to superposition can not be negligible.

I. Photopeak counting rates
(1) Experimental Procedure

The sum-peak method used for a point source can not be affected
by a source-to-detector geometry. The source-to-detector geometry 1is
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 method is effective, the {irue
disintegration rate can be determined independent of the distance and
displacement. In this section, the effects of the distance and
displacement on the disintegration rate of a ®2Co point source
determined by the sum-peak method are investigated. It can be shown
that the sum-peak method is perfectly effective for the determination
of the disintegration rate of a ®2Co point source when the photopeak
areas under the two photopeaks are determined by the precise method.
In this method the area attributed to Compton scattering of y2 under

that of ¥1 is eliminated by using a spectrum of a 22Na point source.

(a) Measuring arrangement

The arrangement of a measuring system is shown in Fig. 17.

Measurements of spectra were performed for a 52Co point source of
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1.4 x10% Bq. With the source located at several positions over the
Nal(T1) detector, measurements of fy-ray spectra were carried out.
Those positions of the source are schematically shown in Figs. 18(A)
and (B). In the case of (A), the position of the source was varied

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

50mm 50mm

$9Co source
thin
plastic : Nal(T 1)

plate i ‘:::>K</// detector

Pb shield

N
]

Multichannel
pulse height
analyzer

Fig. 17 Arrangement of y-ray measuring system with a NaI{T1)
detector and a 50Co point source.

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

effect of the disintegration rate calculated by the sum-peak formula
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/

Distance 89Co source 89Co source
Center

axis

20mm

\s
LN 1

Nal(Tl) Nal(T 1)
detector detector

Fig. 18 Situation between a NaI(T1) detector and a 60cCo
point source in measurements.
could be studied as a function of the wvertical "distance" from the
source to the surface of the Nal(Tl) detector. In the case of (B), the
source position was varied at every 5 mm within 20 mm along
either of the two lines parallel to the surface of the detector. One
line was on the surface 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 horizontal displacement from the source

to the center axis of the detector.
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(b) Sum-peak method for a ®2Co source

A typical spectrum of the 2Co point source is shown in Fig. 19.
In the spectrum, two photopeaks of 1173 and 1332 keV y-rays from
the source, and their sum peaks (1173 + 1332 = 2505 keV) can be
observed®9.48.41) | Tf gne can measure the exact areas under the whole

spectrum (T), the photopeaks (A1 and A2) and the sum peak (Ai12) by a

Y, (1173keV)
Y2 (1332keV)

sum peak
{(1173keV + 1332keV)

log count

h
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Channel (enerqgy)

Fig. 19 Typical y-ray spectrum of 60Co as measured with a
NaI(T1) detector. A; : the area under the photopeak
of yi, A2 : the area under the photopeak of vz,
At2 : 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)%3), In the present experiment,

T was calculated by the following equation
T = It - Br, (58)

where It and Br are the entire area and the background area under the
whole spectrum, respectively. Then, assuming that A: was equal to Az
because the detector was considered to be almost equally sensitive to
v-rays of both 1173 keV and 1332 keV, the areas of A1, Az and Atz were
calculated by the following equations based on the total peak area

method54.55) ;

1 1
Al = A2 = 'E‘ It+2 - 'E“(Che - Chy + 1)(C2 + Ci) |, (59)
and
1
Atz = T12 - 'E'(Chd - Chs + 1)(Csy + C3), (60)

where

Ii+2 : the total area under the two photopeaks, 7v1 and
v2 (between Ch; and Chz in Fig. 19),
Chi and Chz : the starting channel of y1 and the last channel of r2,
C; and Ce : the numbers of counts in channels Chy; and Che,
I12 : the total area under the sum peak (between Chs and Cha

in Fig. 19,
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Chs and Chs : the starting channel and the last channel of the sum

peak,

and

Cs and Cs4 : the numbers of counts in channels Chs and Chs.

(2) Results and Discussion

Figure 20 shows the relative disintegration rate calculated by
the sum-peak formula as a function of the distance between the
source and the Nal(Tl) detector as denoted by white circles.
The relative disintegration rate is 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 all less than 1 %. White square points
will be explained later. The true disintegration rate can be
described by a horizontal line with a value of 1, as shown by the
dotted line in Fig. 20. Figure 20 shows that the relative
disintegration rate calculated by the sum-peak formula decreased
slightly with 1increasing distance. This seems to be owing to the
directional correlation of two v-rays. However, ignoring the change
within 0.05 in the relative value, it was considered that the
disintegration rate was underestimated by about 0.3 in 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 small. Figure 21 shows the disintegration rates
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Fig. 20 Effect of the distance on the disintegration rate
determined by the sum-peak method. Circle : in the
case that +the areas wunder the photopeaks were
derived by equation (59), and square : in the case
that the areas under the photopeaks were derived
by equation (61) instead of (59).

as a function of the displacement, indicated by white and black
circles just the same as in Fig. 20. The photopeak area was obtained

by using equation (59). The standard deviations of these results were
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Fig.

Relative disintegration rate
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Effect of the displacement on the disintegration rates
determined by the sum-peak method. White and black
circles : in the case that the areas under the
photopeaks were derived by equation (59) for a 80Co
point source on the detector surface and at high
position of 20 mm from the surface, white and black
squares : in the <case that the areas under the
photopeaks were derived by formula (61) instead of
(59) for a 60Co point source on the detector surface
and at high position of 20 mm from the surface.
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log count
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Fig. 22 Overlap of both the areas under the photopeaks of vi
and Y2, and that of those under photopeak yi1 and
Compton scattering of y2 1in a spectrum of 60Co.
all less than 1 %. White and black square points will be explained
later. Figure 21 shows that the relative disintegration rates
calculated by the sum-peak formula are essentially constant
independently of the displacement within 20 mm along the two lines,
but were underestimated by about 0.3, as in the case of Fig. 20. These
three lines of the disintegration rates calculated by the sum-peak
formula shown in Figs. 20 and 21 were quite different from the true
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, A1 and A-. Figure 22 shows schematically the two
expanded photopeaks in the 82Co spectrum. In Fig. 22, the shaded
part is 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 the lower parts of
the true areas under the photopeaks, 71 and r2. Consequently, we
proposed a precise method of the derivation of the areas under the
photopeaks from the spectra of 85%Co.

In a 62Cp spectrum obtained by a Nal(Tl) detector, the two
photopeaks overlap somewhat and a part of the area under Compton
scattering of y2 also overlaps under the photopeak of yt1, as shown in
Fig. 22. We determined the ratio of the area attributed to Compton
scattering of y2 under the photopeak of 71 to A2 by using the spectrum
of a v-ray (1275 keV) emitted from a 22Na point source??:43’ with a
radioactivity of 1.6 x 104 Bg. And in this connection, spectra of
22Na were obtained under the same measuring conditions as those of
68Co [Appendix-7]1. In the precise method, the areas under photopeaks
A; and A2 can be calculated by the following equation®s’ instead of

equation (59). That is,
I1+2 = At + A2 (1 + a) + Bs,

where
I1+2 : the total area under the two photopeaks, 71 and 7z,

Bs : the background area under the two photopeaks, 71 and 72,
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a ¢ the ratio of the area attributed to Compton scattering

of y2 under the photopeak of v1 to Az.

Assuming that A1 is equal to A2, we have

A1 (2 + o) + Bs

I1+2

or

A2 (2 + a) + Bs.

By rearranging either of these equations, we get the following

equation4s’

(I1+2 = Bs)
At = A2 = . (61)
(2 + a)

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 sgquares in Fig. 20, and the white and black squares in
Fig. 21. The standard deviations of these results were all less than
1 %. These squares are found near the bold dotted lines corresponding
to the true disintegration rate, and show the relative disintegration
rates of more than 0.9. These results suggest that we can obtain more
exact areas under the photopeaks by equation (61) instead of
equation (59) and that the sum-peak method is perfectly effective
for the determination of the disintegration rate of a ®%Co 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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2. Source intensi ity
(1) Experimental Procedure

The arrangement of a measuring system is shown in Fig. 28.
Polyethylene bottles used were just the same as those used as bulky
sources in 83.2. Three bulky sources with different radioactivities

were prepared by pouring solutions of %9Co of 1.1 x 104 Bg, 1.1 x 103

60Co volume source

Pb-shield {(50mm?)

’
a

PM tube

% %

HV power supply
and
Multichannel
pulse helght
analyzer

Fig. 23 Arrangement of a y-ray measuring system and a
bulky source (a 60Co volume source).
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Bq and 1.1 x 102 Bq into three bottles. The volume of the solution in
each bottle was varied by successive dilution from 10 to 100 mf. 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) given in

§2.(4).

(2) Results

Figure 24 shows the relative disintegration rate calculated by
the sum-peak formula (15) as a function of the volume of the 88Co
solution in the bottle. The relative disintegration rate is defined by
the ratio of the disintegration rate calculated by the sum-peak
formula to the true disintegration rate. The standard deviations of
these results were all smaller than 2 %. The relative disintegration
rate decreases as the volume of the 52Co solution in the bottle
increases. The lower 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 calculated and true disintegration
rates. In the case of the 1.1 x 104 Bgq source the relative
disintegration rate is nearly equal to 1 at 10 m%, and decreases to
about 0.7 at 100 m&. In the cases of the 1.1 x 10° Bq and 1.1 x 102 Bq
sources the relative disintegration rates are respectively about 0.8

and 0.4 for the volume of 10 m@ and they are substantially lower
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than 1. The reduction rate of the calculated disintegration rate with
the volume seems to be noticeably higher compared with that of the 1.1
x 104 Bq source. We think the larger reduction in the calculated rate
for the weaker sources seems to be due to the fact that the exact

areas could not be obtained when the count rates decreased.

(3) Discussion

If the disintegration rates of extended sources of 88Co 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 practically determined
disintegration rates of the 62Co bulky sources, except for the 1.1 x
104 Bq source with a smaller volume (~10 m®), deviate largely f{from
the true disintegration rates as shown in Fig. 24, One of the causes
of deviations was already demonstrated in §3 and §4. The
disintegration rates of point or very small 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 bold line running through circles in Fig.
24 was determined based on equation (39) (corresponding to the
second term of equation (40)) which is the same curve shown in Fig. 10
(dotted curve). It is very consistent with the data point of the 1.1 x
10* Bq source, but not with those of the two other sources. It is

concluded that equations (40) and (41) can explain the deviation of

83



the determined disintegration rates by the sum-peak method from the
true disintegration rate for the 1.1 x 10 Bq source, but not for the
other weaker sources. This experimental fact suggests that equations
(40) and (41) are not sufficient to explain the underestimation of the
disintegration rates determined by the sum-peak method in the cases of
the 1.1 x 10® Bq and the 1.1 x 102 Bq sources. Apparently there exist
some other reasons. To clarify the cause, we made a detailed
investigation of the spectra obtained by the present measurements.
Figure 25 shows the variation of the areas per 1 Bq under the
photopeak (1173 keV or 1332 keV) and that under the sum peak as a
function of the true disintegration rate at each volume. The areas
are normalized to those of the 1.1 x 10Y Bq source with the volume of
10 m, 1in which the relative disintegration rate calculated by
the sum-peak formula (15) was almost equal to wunity as shown in
Fig. 24. We define the normalized areas under the photopeak and sum

peak, Apn and Asn, respectively by the following relations;

(Ao /Ar)
A = s (62)
Pe (ApB/ArB)
and
(As /Ar)
A = s (63)
°" (Asﬁ/ArB)

where, Ap (As) and Ar are respectively the areas under the photopeak
(sum peak) and the true disintegration rate of the ¢2Co bulky source,

Ape (Ase) is the area under the photopeak (sum peak) of the 1.1 x 104
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Bq source with the volume of 10 m&, and Are is 1.1 x 104 Bq. The
standard deviations of the photopeak and sum peak areas per 1Bq thus
determined were smaller than 2 % and 3 %, respectively.

In Fig. 25(A), six curves are shown for the 82Co bulky sources
with different volumes of 10, 20, 40, 60, 80 and 100 m&. The slope
does not vary appreciably as a function of the true disintegration
rate. The curves for larger volumes give smaller relative areas. At
the respective volume, the standard deviation of three areas per 1 Bq
for three sources were about 10 % or less. These results indicate that
the areas per 1 Bag wunder the photopeaks, Apn's, are not
significantly affected by the source radioactivity, and hence the
areas under the photopeaks are almost proportional to the magnitudes
of the true disintegration rates if the volumes are fixed.

Figure 25(B) shows the areas per 1 Bq under the sum peaks,
Asn's. The areas are smaller for the larger volume sources as are
those under the photopeaks. On the other hand, unlike the case of
the photopeak the areas under the sum peaks depend strongly upon the
radioactivity level. They are estimated to be very large at the
lower disintegration rates. In fact, Fig. 25(B) shows that the areas
per 1 Bq under the sum peaks for the 1.1 x 102 Bq source are more than
three times larger when compared with those for the 1.1 x 10* Bq
source for each volume.

We presumed that the overestimation of the areas per 1 Bg
under the sum peaks might be caused by 228T1 which is one of

naturally occurring radionuclides in the thorium series®2’. The
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nuclide of 288Tl emits vy-rays of 2614 keV, which is a little larger
than the sum peak energy (1173 keV + 1332 keV = 2505 keV). The area
attributed to Compton scattering of the y-ray (2614 keV) from 288T]
must creep into under the sum peak in the 8%Co spectrum. We assumed
that taking account of the effect of 298T] on the sum peaks in the
68Co spectra, the area per 1 Bq under the sum peak for the 1.1 x 10%
Bq source should be equal to that for the 1.1 x 10% Bq and 1.1 x 10?2

Bg sources at a given volume. Namely,

Ast.,v - As2,v -
( sl,v S) - ( 2,v 5) , (54)

Ar 1 Ar2

where,

Es
1

1.1 x 104 Bq,
and

Ar2 1.1 x 103 Bq or 1.1 x 102 Bq,

i

where Asi,v is the area per 1 Bg under the sum peak for the 1.1 x 104
Bq source with the volume 'v', and Asz,v is that of either the 1.1 x
10° Bg or the 1.1 x 102 Bq source with the same volume 'v'. £ is the
area attributed to Compton scattering from 2%8T] under the sum peak.
Substituting the numerical values of Ary and Ar2 into equation (64),
and rearranging it, the following equations can be obtained. In the

case of the 1.1 x 10%® Bq source,

¢ = JQXA L X A (65)
= 9 s2.,v 9 sl .,vy
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and in the case of the 1.1 x 102 Bq source,

100
99

1
X As2,v - "g’g'x Ast,v. (66)

The area attributed to the Compton scattering of 228T]1 under the sum
peak was determined to be (0.097 % 0.024) cps by calculations of
equations (65) and (66) by taking into account all of the areas under
the sum peaks obtained in the present measurements. This count rate
is a few percent of those under the sum peaks of the 1.1 x 104 Bq
source, whereas in the cases of the 1.1 x 103 Bq and 1.1 x 10? Bg
sources, it is from 17 % to 45 % and from 57 % to 81 %, respectively.
Taking into account the background contribution from 298Tl,

equation (26) can be modified to the following equation,
1
Atz = T12 - 'E‘ X (Chs - Chs + 1)(Cs + C3) - E. (67)

The small black squares shown in Fig. 24 are the results for the 1.1
x 10° Bq source obtained by using equation (67). They are very
consistent with the data points of the 1.1 x 104 Bq source and also
with the solid curve calculated by equation (39). Applying the least-
squares fit to Y = A x ef8*X) (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 squares in Fig. 24, Two relative disintegration rates thus
determined at the same volumes (10, 20, ... 100 mi) were consistent

within the absolute difference of (2.6 * 0.8) %.

88



We conclude as follows. If the count rates under the sum peaks
of ®2Co sources are substantially larger than 0.1 cps as in the case
of the 1.1 x 104 Bq source, the effect of the Compton scattering of
the 2614 keV y-ray from 228T] on the sum peak of 88Co can be ignored.
On the other hand, 1in the cases such as the 1.1 x 10% Bq and 1.1 X
102 Bq sources, the count rates under the sum peaks are not so large
in comparison with 0.1 cps and the disintegration rates determined by
the sum-peak method are underestimated without the correction for the
effect of 298T], Due to this effect of 2%8Tl, the data points of
the 1.1 x 103 Bgq and 1.1 x 102 Bqg sources in Fig. 24 are

substantially reduced compared with those of the 1.1 x 10* Bq source.
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J. Absorber thickness
(1) Experimental Procedure

The arrangement of a measuring system is shown in Fig. 26. In
the arrangement, a %2Co point source was kept in a lead container. We
used two ©2Co point sources with radioactivities of 3.0 x 10 Bg
and 3.5 x 105 Bq. Lead containers with several thicknesses (3, 6, 9,
15, 21, 27 and 33 mm) were adopted in the experiment; these were
made by rolling a lead sheet of 3 mm in thickness, 1 to 11 times
around a source holder in order to simulate solid lead containers. A

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

I8mm

lead shield (50mmft)

Imitated
lead container

source i34k
holder ~F——J4:f"

60Co source

spectrum of €0Cyp
Y

Y2

sum peak

Multichannel
pulse height analyzer

Nal(T1) detector

Fig. 26 Arrangement of y-ray measuring system; a 60Co point
source, a lead shielding container, a NaI(T1)
detector and a multichannel pulse height analyzer.
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container as shown in Fig., 26. Therefore, the distance between the
source and the detector was obtained by adding 9 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) Results
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 ®2Co point sources
as a function of the thickness of the lead 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 the lead container. When the disintegration rates
determined by the sum-peak method were exactly equal to the true
disintegration rates, the relative disintegration rates were unity,
as indicated by the solid line in Fig. 27. The standard deviations of
the disintegration rates and the photopeak areas shown in Fig. 27 were
less than 2 % and less than 0.1 %, respectively.
For the 3.5 x 10° Bq source, Fig. 27 shows that the relative
disintegration rates calculated by the sum-peak formula were almost

equal to unity and did not significantly change with the thickness
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of lead, although the relative areas under the photopeaks decreased
strongly with increasing lead thickness.

For the 3.0 x 104 Bq source, Fig. 27 shows that the areas
under the photopeaks also decreased with increasing lead thickness
similarly as those for the 3.5 x 105 Baq source. The relative
disintegration rates calculated by the sum-peak formula were almost
equal to unity and did not significantly change within up to the
thickness of 15 mm, but at thicknesses of 21, 27 and 33 mm, 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 3.0 x 10* Bg only with lead

thicknesses of 15 mm or less.

(3) Discussion

If the disintegration rate of a %2Co point source kept in the
lead container was exactly determined by using the sum-peak method,
the relative disintegration rate obtained in the present experiment
must be unity irrespective of the source strength and the absorber
thickness. However, the disintegration rate for the 3.0 x 104 Bgq
source deviated largely from the true disintegration rate in the
cases of the thicknesses of 21, 27 and 33 mm as shown in Fig. 27.
To explore why the sum-peak method sometimes underestimated the
disintegration rate for the point source of 3.0 x 104 Bq, we

compared the areas per 1 Bq under the photopeak and the sum peak.
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Figure 28 shows the areas per 1 Bg under the photopeak and the
sum peak which are normalized to those obtained for the 3.5 x 105 Bq

source without 1lead container. The standard deviations of the
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photopeak and the sum peak areas per 1 Bg shown in Fig. 28 were less
than 0.1 % and 2 %, respectively. The areas for both the photopeak
and the sum peak decrease with increasing thickness. In the case of
the photopeak, the thickness dependence of the peak area is totally
independent of the disintegration rate of sources in the thickness
range of 0 to 33 mm used in the present experiment. On the other hand,
the sum peak distribution shows that the thickness dependence of the
area is also independent of the disintegration rate in the thickness
range below 21 mm, but not above 21 mm. The relative areas per 1 Bq
under the sum peaks for the 3.0 x 104 Bq source are 1.7 and 2.8
times larger than those of the 3.5 x 10° Bq source in the cases of
27 and 33 mm in thickness, respectively.

We presume that the overestimation of the areas under the sum
peaks determined for the 3.0 x 10 Bgq source in the lead
containers with the thicknesses over 21lmm might be caused by 2928T],
which is one of naturally occurring radionuclides in the thorium
series®2) ., Taking account of the effect of 2%8T] on the sum-peak of
62Co, the area per 1 Bq under the sum-peak for the 3.0 x 10 Bgq source
should be equal to that of the 3.5 x 10°% Bq source at a fixed

thickness of the lead container in Fig. 28. Therefore,

(As1,t - &t) (As2.,t - &)
- , (68)
R1 Rz

where Rt = 3.5 x 10% Bq, Re = 3.0 x 104 Bq, and Asi.t and As2.t are

the areas wunder the sum peaks of the 3.5 x 105 Bg and 3.0 x 104
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Bq sources, respectively, kept in a container of thickness 't'. £t
is the contribution under the sum-peak due to the 2614 keV v-ray from
288T], Substituting the numerical values of Ri and R: into equation
(68), and rearranging it, the following relation can be obtained,

35 3

——— XA , - e )
35 - 3 s2,t 25 - 3 X Ast,t (69)

e
-
H

Using equation (69), the y-ray contribution from 228T] was determined
to be 14 %, 42 % and 69 % of the area under the sum peak when the 3.0
x 104 Bq source was kept in the lead container with thicknesses of
21, 27 and 33 mm, respectively. Taking into account the background

contribution from 228T] the sum peak area is given by

1
At = 112 - -E— X (Chgy - Chs + 1)(Cs + C3) - &t (70)

Black squares shown in Fig. 27 represent the corrected disintegration
rate for the 3.0 x 104 Bq source using equation (70) (in which the
area due to 2%8T] is subtracted from the sum peak area). The corrected
rate is very consistent with the true disintegration rate of the
source as seen in Fig. 27. Using the least-squares method, we
determined again the relative disintegration rates from two
different data sets of the 3.0 x 104 Bq and the 3.5 x 10% Bq sources
(corrected data were used at 21, 27, 33 mm for the 3.0 x 10* Bq
source) shown in Fig. 27. As results, 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 t 0.6) %. It

showed that the sum-peak method can be effectively used for the
determination of the disintegration rates of both the 3.0 x 104 Bq and

the 3.5 x 105 Bq sources when taking account of the effect of 228T],
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§6. Results and Discussion

A rv-ray spectrum reflects characteristics of a radionuclide and
the radioactivity of a radicactive source. The disintegration rate of
the source can be determined by using information 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 1is known or a proper standard source with a
known radioactivity is available. Therefore, the ordinary method is
not applicable without a detector whose response to y-rays is
adequately known or without a standard source which has the
dimension, composition and nuclide identical or closely similar to
those of the sample source. In the case of a sample source of a
radionuclide emitting two or more coincident y-rays the sum-peak
method can be applicable to determine the radioactivity. It does not
require any standard source nor the information of detector response.
The sum-peak method is not affected by a source-to-detector geometry
nor by an absorber between a source and a detector according. to
theoretical considerations. These are the advantageous 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 ©%Co point sources and
68Co bulky sources. As results, these features were confirmed for the
point sources, but 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 Kkeeping in mind "a tacit assumption" that a
detector must be equally responsive to all parts of a radioactive
source. This assumption is strictly fulfilled in the case of point
sources.

We proposed an equation which explained why the sum-peak method
could not retain its validity for bulky sources, and proved it by
experiments using the bulky sources of ®8Co solutions in bottles and
the ©%Co point source located at 54 different positions. Those
positions were distributed throughout the whole volume of the source
bottle on the detector. Transforming our equation, 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 method in 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. The implication of this result is nothing but that
of the tacit assumption.

Subsequently, the model studies using two point sources of 62Co
were performed to examine the above two equations, the equation of
error and the equation of upper bound. In the model studies, various
simple extended sources were composed of two point sources. The

disintegration rates of the simple extended sources were
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experimentally determined by the sum-peak method, and compared with
theoretical rates 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,
the upper bound of the error was examined, and it was found that the
error estimated by the equation of upper bound was at least twice as
large as the true error, which was decisively verified by experimental
data. Owing to these results, 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 all the results in the model studies basically support
equations offered by Oderkerk and Brinkman, 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 cases in which the sum-peak method gives
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underestimated disintegration rates for point sources, and also the
cases in which errors actually caused for extended sources are
evidently larger than those expected from the equation of error. These
problems seem to be caused with some practical situations associated
with measurements. In the present studies practical effects in the
sum-peak method were examined in three cases.

In the first case, the sum-peak method was applied to the
determination of disintegration rate of a ®2Co 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
total peak area method" from each spectrum, and the disintegration
rates thus determined were underestimated by about 0.3 in relative
disintegration rate. We presumed 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 y2 (1332 keV) from the area
under the photopeak of ¥1 (1173 keV) in each spectrum of 68Co. The
disintegration rates determined using the photopeak areas derived by
the proposed method instead of the total peak area method were more
than 0.9 in relative disintegration rate. These results proved the
effectiveness of the proposed method for the derivation of the areas
under the photopeaks (v1 and y2) from the 82Co spectrum.

In the second case, the sum-peak method was applied to determine

the disintegration rates of %2Co bulky sources with disintegration
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rates of 1.1 x 104 Baq, 1.1 x 10% Bg and 1.1 x 102 Bq. The data
obtained in the measurements of the 1.1 x 10% Bq and 1.1 x 102 Bq
sources were substantially deviated from those estimated based on the
equation of error, whereas those of the 1.1 x 104 Bq source were not
significantly different from the calculated ones. By investigating the
reason why the equation of error was not effective for the 1.1 x 103
Bq and 1.1 x 102 Bg bulky sources, it was presumed and proved
experimentally that Compton scattering of y-rays (2614 keV) emitted
from a naturally occurring radionuclide 228T] caused 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 °©®%Co point
sources with 3.0 x 104 Bg and 3.5 x 10% Bq kept in lead containers
with several thicknesses (3 ~ 33 mm) were determined by the sum-peak
method. As results, the disintegration rates obtained were almost
equal to the true rate for the 3.5 x 10% Bq source regardless of the
container thickness, but underestimated for the 3.0 x 10* Bq source in
the containers with lead thicknesses of 21 mm 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 sum peak areas
caused by 28T] were the main reason of the underestimation of
radioactivity for the 3.0 x 104 Bq source in the lead container with
the thickness of 21 mm or larger just the same as in the second case.

From the results of the second and third cases it is concluded
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that the area attributed to Compton scattering of 2%8Tl1 must be
subtracted from the sum-peak region in a ®2Co spectrum when the sum-
peak method is applied to the determination of the disintegration

rates of ®%Co sources with lower radioactivities.
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§7. Conclusion
The conclusions of the present studies can be summarized as

follows;

(1) Based on theoretical investigations, the sum-peak method should
give the true disintegration rate of a point source regardless of
the source-to-detector geometry and also irrespective of absorbers
between a source and a detector. These distinguished features of
the sum-peak method was confirmed by experiments using 82Co point
sources. These experimental facts are the evidence that the
sum-peak method is effective for radioactivity standardization of

radioisotopes which emit two or more coincident y-rays.

(2) The sum-peak method underestimated the disintegration rates of
82Co bulky sources with comparatively larger volumes. This result
showed that the sum-peak method should be applied keeping in mind
the tacit assumption that a detector must have an equal response

for all parts of a sample source.

(3) We proposed an equation formulated from the practical meaning of
the tacit assumption. The equation could be proved by experiments
using a ©®8Co point source located at 54 different positions.
Subsequently, Oderkerk and Brinkman derived the equation of error
and the equation of upper bound which could estimate the error

caused when the sum-peak method was applied to an extended source.

(4) Through model studies using two 82Co 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 a lower limit by a factor of 2 compared with that without the

correction.

(5) Various practical effects in the radioactivity measurement of
82Co sources by the sum-peak method were investigated. Two problems
associated with the determination of the areas under the two
photopeaks and the sum peak from a ®2Co spectrum were identified.

(a) One problem related to the estimation of photopeak areas was
caused by the overlapping of the photopeak of 1 (1173 keV) and
Compton scattering of <72 (1332 keV). This problem could be
alleviated by the precise method of determination of the
photopeak areas by using a 22Na spectrum.

(b) The other problem was caused by Compton scattering of v-ray
(2614 keV) emitted from a naturally occurring radionuclide
208T], which brought about the significant overestimation of
the sum peak area for a ®2Co source with lower radioactivity.
It was found that the sum-peak method could be effective by
elimination of the area attributed to Compton scattering of

228T] from the sum-peak region in a 82Co spectrum.
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CAppendix—1_]1

To illustrate the method of the practical calculations based on

equations (37) and

(39), we will describe only the division of the

first 10 mm layer of the bottle (50 mm 1in diameter), with a volume

portion
portion
portion
portion
portion
portion

portion
portion
portion
portion
portion
portion

25mm
R 20mm
a 15mm
; . ; 10mm
3 ] /E/.- 5mm
4 .
S :
6 ]
' Ez%;;; 5mm
6'
5'
4’ 12.5mm
g: / [7.5mm
II
2.5mm J%‘ 22.5mm
7.5mm SR . 25mm
portion |, I’ : disks
portion 2, 2'....... 6, 6" : rings

Positions where a point source located
for each measurement

Fig. 29 Twelve positions (first 10 mm layer of the
bottle) where a 60Co point source located for
each measurement.
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Vo = 19.6 m2. This layer is divided into 12 sub-layers (portions in
Fig. 29), each with a depth of 5 mm: 2 disk were numbered 1 and 1°
and 10 rings numbered 2, 2' through 6, 6', as shown in Fig. 29. The
disks and the rings have the following volumes that are proportional

to the disintegration rate of the 62Co source:

disk 1 (portion 1) : 7 x (2.5 x 2.5) x § = vl
disk 1' (portion 1') : w x (2.5 x 2.5) x § =y’

ring 2 (portion 2) : w x (7.5 x 7.5 - 2,5 x 2,5) x §5 = y?

ring 2' (portion 2') : w x (7.5 x 7.5 - 2.5 x 2,5) x 5 = vy
ring 6 (portion 6) : w x (25 x 25 - 22,5 x 22,5) x § = vyb
ring 6' (portion 6') : w7 x (256 x 25 - 22.5 x 22.5) x 5 = vb&'

Because of the relatively small volumes of the portions it was assumed
that the detector had an identical sensitivity to all the regions of
each disk or ring.

A value of NIR! for the disintegration rate can be calculated by
summing all the individual disintegration rates of parts calculated

with the sum-peak method:

|IM;

N{AY = Dlr.pl,

NETD =

1 r

I|M:
'UM:

i 1

where,

n : the number of parts in the volume source,

12 : the number of portions in the volume source,

113



n' ¢ the number of parts in portions,
i : parts of the volume source,
r : one of the disks or rings (portion r),
p : parts in a portion r,
[r,pl : a part p in a portion r,
NUi? ¢ a disintegration rate of a part i (proportional

to that of the point source used in experiment),

and
Dir.»pl: a disintegration rate of a part p of a portion r.

Since the detector has the same sensitivity to all parts of a portion

r, it can be stated that :
ot
S Direpl = Dr X T,
p

in which D' is the disintegration rate of a representative part of a
portion r (D!r.p! = Dr) and v' is the number of parts in a portion r
(proportional to the volume of portion r). The values of D" were
obtained by measurements. Finally:

' 12
NEAY = 2 (DF x v'). (71

r=1

Equation (37) was taken the place of equation (71) at practical

calculation.

A value of N'el for the disintegration rate of the volume source

can be calculation via another method. Following the precedent
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notations:

12 ' n 12 ,
T ALY = 2 2 A tlrer] T ALl = 3 % Alrerl
i=1 r=1 p i=1 r=1 p
n . 12 n n . 12 n'
T Ar2lil= 2 % Agelrerl,  and T Tt = = T oTireel
i=1 r=1 p i=1 r=1 p

Assuming again that the detector has the same sensitivity to all parts

of the portion r, it can be stated that:

"zm“'vl = AT X v, ‘nZAa[r-p] = A2t X VT,
p p
n' n'
T Ar2lrep)l = Ajp" x vt, and L Tlrep) = Tyr x v',
p p
therefore,
n 12 n . 12
zmh) = ¥ (AT x v, ertnl = 3 (A2F xX Vv'),
i=1 r=1 i=1 r=1
n _ 12 n . 12
.21A12[']= El(Alz' x yvr), and 'Z‘T['] = 21(T1r X V).
= r= i = r=

Consequently, equation (39) can be rewritten as follows;

12 1
Z (AT xvr) x
r=1 r

t2
Ntel = 2 (Ty7 x vi) + . (72)

r=1

2
?1 (A2" x v©)

12
Z (Ar127 X v7)

r=1

The values of A1", A27, Ai2" and T1" were obtained by experiments, in

which a 8?Co point source of 1.4 x 10° Bq and a 22Na point source of
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2.3 x 10 Bq were used for the spectrum measurements and the
estimation of the values of "a", and practical calculations were

performed by use of equation (72) instead of (39).
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CaAppendix—21

According to Oderkerk and Brinkman, equation (41) can

obtained as shown under. Defining a function, En, as follows;

n
En =(N - No) X Z Atz

n Arl X Agl i i
i Aol

n ) n Al X Agi n ) n _
2 A2t xT ——— - Z A X Z A
i i A12' i i

n-1 At ox A" n-1 Arlox Agl
(Aj2" + 2 Aref) x (————— + X ————)
! A" ' Are!

1l

n-1 n-1
- (A" o+ 2 AT) X (A" + T Ael)

AN X A" n-1 A1loxX Al
= Alg" X ——————  + Ajp" X E ————
Aia" ' Az’

n-1 ) A1 X A" n-1 ) n-1 At X Agi
+ X A2 X + T Al X T
1 A12n ! | A]El

n-1 n

-1 n-1
~ A" X A" - A" X E At - 2 AX At - 2 AT X
] 1 1

n

n-1 Ariox Agf -t Ar" X AP
= A" x T ———— 4+ Z Ae! X —
! Arz! ' Aren

n-1 ) n-1 )
..Ain szal_ .EAIIXAEn

n- 1 n-1 Al X A2t o n-t

be

-1
z Al

+ % A2l x T =S Al xZ A
1 1 t

i Arp]

(z En-1)
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hence

n-1 A1l x Al n-1 _ At ox A"
En - Bo-1 = Ag2" x & ————— + X Ai2! X ——
1 A12| | Al?_n
n-1 . n-1 .
- A" x 2 Al - T ATX AT
| ]
n-1 Arh o x Agl ‘ At X A"
= I (A" X ———— * Al X ——
i A2l Aren
- A" X Api - Arix Ae"]
n-1 _ Al Ael Arn Apn
= 2 At2" Are! : -+
i Arz2l Are! Ar2" A12"
A Agl Al A"
Ar2" Arel A" Azl
n-1 ) . . \ .
= 3 Are" Al [xe! xat o+ xe" xit -oxe" xi' - oxatoxe!
where
" A xo! Al
1 = R 2! = K]
Arz! Are!
. A2 " d o Arn
= an =
X Ar2n ' ? Apa"
Consequently,

n-1

En - En-1 = Z Ar2" Are! C xel - x2"™) 1t = x1").
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Then,

SYE]
~~
=
B

1
xi
s
1
St
1

- Ei + En.

Since E: means an error when the sum-peak method was applied to

extended source composed of only one point source, Ei = 0, hence;
n
?(Em ~ Bn-1) = En.

therefore

Assuming
F(m,i) = Ar2™ Ar2i ( x2f = x2™)(x1! - x1™),
then
F(m,m) = F{i,i) = 0, and F(m,i) = F(i,m),
hence,
n m-1
En = T Z F(m,i)
m=2 i
n m-1
= z 2 F(m,i) ]
m=2 i
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= (B2 - E1) + (B3 - E2) + (..o + (En = En-1)

an



1 2 3 n-1
T F(2,i)+ £ F(3,i)+ 2 F(4,id+ .... + 2 F(n,i)

F(2,1)

+

u

F(3,1) + F(3,2) +

F(4,1) + F(4,2) + F(4,3) +

ooooooooooooooooooooooooooooooooo

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,

En = F(1,1) +

F(2,1) + F(2,2) +
F(3,1) + F(3,2) + F(3,3) +

F(4,1)

+

F(4,2) + F(4,3) + F(4,4) +

------------------------------------------

v F(2,2) + BRIy
+ YW + F(3,3) + F(4,3) + ..... + F(n,3)

» WIS + F(4,3) + Fl4,4) + ... + F(n,4)

ooooooooooooooooooooooooooooooooooooooooooooooooooo

+ F(n,n-1) + F(n,n)
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Since F(m,i) = F¢i,m,

1
En = T F(1,1) + E

i+ F(2,2) + TR sy,

+ WY + F(3,3) + F(3,4) + ..... + F(3,n)

-« WG+ F(4,3) + F(4,4) + ..... + F(4,n)

---------------------------------------------------

+ F(n,n)
1 n n n n
= — Z F(l,i) + & F(2,i) + 2 F(3,i) + ...... + Z F(n,1)
2 | 1 i |
1 n n
= — % Z F(m, 1)
2 moi
1 n n s . .
= —— T 2 Ar2™ A2t (xe! - xe™)(x1' - xi™).
2 m i

Consequently, the error made when the sum-peak method is applied to an

extended source is given by:

1 . .
N - No = 5E At Azl (xel - xe™ i - xi%),
2A12 L
and
n
Atz = I Ar2!
|

This is equation (41).
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And since
(X2l = x2™)(x1! = x1™) < (xe"2x = xaMin)(ximeax - x1"in),

x1"®*x and x1"i" : the maximum and minimum values of
Xi¥ or xa", and
x2"2* and x2™" : the maximum and minimum values of

Xz* or xz".

then

nn
N - Ne § EZA12"’ A2l (xeMmax — yxpPin)(ygsmax - Ximhin)
2A1 2 moi
1 n n _ . _
3 Z Are™ T Ar2!' (xeMX = xe™'M)(aMEX - x1"'0)
2A12 " :

| 7o

1
-—2—_. A12 (x2max - xgmin)(X1max - X1min).

This is inequality (44).
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CAppendix—-3]

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;

(1) By using equation (41)

1 2 2 . _ .
N-N = 22 A2t Ar2d (x1t - x19) (xet = xel)
2412 )
1 2 . ‘ '
= S A2t A2tV - xa U Cxet o= xet D)
2A12 ¢
+ Aref2)l (xif - x1121)( x2t - x2'21)
1
= A12“]A12[”(X1[” ‘XJ[”)(XE[” ..2(2[11)
2A12 =0 =0

+ A12“]A12[2](X1[” - Xlte})(XZH] - x2[2])

+ A12(2]A12[”(X1[2) - X1[1])(X2[2] ‘Xa“])

+ A12[2]A12[2](?(1[2]_'UX1[2))(XZ[Z]_‘OX2[2])

[1144,02)
o e - 12 (i 11 = xit21) (et - xel21),
12

Concerning 62Co source,

A1[” =A2“] and Alta] =A2[2],

then,
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xI[il =X2[1] and X1[2] :xE{QJ,

therefore,

A12[1}A12[2)
Are

This is equation (45).

(2) By using equation (40)
We assume that N!!) and N!2! are disintegration rate of two
point sources, respectively. Since the sum-peak method is effective

for each point source,

A.][l] XAEHl A1l2] xA2[2]
NH] = TH1) & and Nf21 = Tl21 4
At} Ay212]

where [1] and [2] mean one point source and another point source.

Consequently;
Arl1) x A1l At 2l x pApt2]
N:N{1] +N[2) =TI1] +T[2) + +
A12[1] A12(2}
(ArT1) + Arf20) X (Ap11) 4 ppl2))
Ne = TL1Y 4+ Tl2) 4
(Ar2t1) &+ Agpl2l)
hence
A L1 x Aplt] Agl2] x pple}
N - N = +
¢ A12“] A12‘27

(A1 4 A T2y x (A 11 4 ppl2)) ]

(Ar2011 + Appl2])
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A12[2]A1[”A2“] + A12[11A1[2]A2I21

A12“] A12[2]

(A1[”A2[”+ A1{2]A2“]) + (A1“]A2[2] + A1[2]A2[2])

(Ar201) + Arpl2))

1

A2 U171 A202) (A f1) + Ag2(2D)

x| Ar2t2Y ATV T A ETY (Arelt) w A1)

+ Aol 1T A 120 Ao 020 (A1) 4 Apf2))
'-A12[”A12[2](A1[”A2[”+ A1[2]A2“])
- A12“]A12[2](A1[”A2'2] + A1[2]A2[2))

1

A2 A202) (A1) + Ar2(2])

X A12[23A1[”A2“]A12“] + A12[2]A1[”A2H)A12{21

+ A12“]A1[2]A2[2]A12[” + A12[”A1[2]A2(2]A12{2]

- A12[”A12[2’A1[”A2“] - A12[”A12[2]A1[2]A2“]

- A12[”A12[2]A1“]A2[2] - A12“]A12[2]A1[2]A2l2]

1

A2 U1 A12020 (A2 ft] + Ar2l2h)

% A12[2]A1“]A2“]A12[2! + A12[1]A1[2}A2[2]A12[1]

- A12[”A12(2]A1[21A2“] - A12(1]A12(2]A1[”A2[2]
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u

A12(1]A12[21

(A1201] + Agpi2])

Aral21Ag 1112110 o020 Aol 1l Ay (20 A 020 Ay, 1]
X +
(Ar2011A1212))2 (Ar2l1 1 A1p02))2
A12[1]A12[2]A1[21A2“] A12“]A12[21A1“]A2[2]
(Ar2l11pgpl20)2 (Ar2f11 A p121)2

Ar2(11 A 202)

(Ar1201T + Aypf2])

(11 [1) {21 [2]
At Az Ay Az

x +
Atz PV ARl YD Argl2lArpl2)
(21 p, (1) [11p,02)
Ay Az A1 Az
Ar2l11Ar202) Ara 11 A2 02)

Arol 11 Aot 2]

(Ar2011 + A12(2]1)

pott) pot2)
X +
S AT SAR LArptel
Apt2]

Az !2]

i

Aral1) A2}

(A12l1] + Aqpl2))

AIH] Az“l Az(e]
x - ———
A1) A1) Ay2l2)
A1(2] Azle) Ae“l
+ -
Ajzl2) Agel?2) Agp 1)
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Arel11 A 02)

(Ar2011 + Aqpl2l)

A1) Ay 2]

[1] {21
Ate Are

Aslt] Apl2) ]

INPARR Ayal2l

Defining xi1!t}, xo2li1,] x2!'2)  and x1'2) as follows;

Ap (1] AgL1)
————— - [1]} P — - [1]
= 1 = 2
Agp 1! X ' A2tV X '
A2[2} A1[2]
———————— - [2) S . (21
= X1 and = Xe
Aypt2l ' Appl2] !

Arp 1T A1p02]
N - N = (x1'1) ‘)(1[2])(7(2[” - x2l2)),
(Ar2lt) + Appl2])

In the case of ¢2Co,

A12[“A12[2]
N-Ne = (x1 111 - xatelye,
(A12011 + Agpl2])

This is equation (45).
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CAppendix—«4]]

1 (
2A12

)

N - Ne

1 (kom)
= Z Are!
2A12

Ao t¥) (11 = x

k.m
22 A2t A2l (it - x1d) (xel - xed)
tJ

1[k])( in - Xz[k])

+ At (xpi = xiImd)( xet - xelnmd)

2A12

+ Axa[k]Aia["']()u[“

+ A12["‘]A12[k]()(1[’“]

+ Ale["']AlZ["']()(l['"]

1
= [A12[HA12[“(K1["]

0 =0

- X1““)(X2“" - Xe['“])

- X1Ik])(X2["'] - ngkl)

_xl[m])(X2[m] -x2[m])
Iy =0

Aralklpgplnd

= (X1[k] ‘x![m])(xE[k] _X2[Iﬂ]).

Ar2

This lead to equation (53).
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CAppendix—57]

AtoKAgen
(N - Ne)ltkom] = M2k + Aian (X1% = x1"™)(C x2% - x2")

_ 2A12KAg2m - 2 ( xak "
2(A12% + Ar2™) X X xe xe

y 2A12K A1 2™+ (A12K )2+ (A12m)2 (s ¥ "y ) 0
2(A12% + A12M) X Xi X2 Xe

) (Ar12% + Ajem)2 (x1 ¥ ") ( xok 0
2(A12% + Are™) Xt Xt xe xe

Ar2k + Agpn®
< ) (x1% = x1™)( xe* - x2™).

And

A2k + Agpm
Max(N - Ne)lkeml = . (x1% = x1™)( xe* - x2™).

This is equation (54).
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Max(N - Ng)lx.ml
(N = Ne)lkom)

Fr (N - Ng)lk.m

[A12% + Ag2m]2
2A1 2% A"

2A12%A12™ + [A12%12 + [A12"]2
2A12KApom

4A12KA12™ + [A12%12 + [A12"12 - 2A12KA12™

2A12K A1

[A12% - Ar2m]2
2A12K A"

1
[\

> 2.
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CAppendix—7_]
Practical determination of values

O.f !’a"’

[Al] In the case of a ¢9Co point source

Figures 30 (A) ~ (D) show the spectrum of a 2Co point source,
the background spectrum for the ®8Co spectrum, the spectrum of a
22Na point source and the background spectrum for the 22Na spectrum.
Figures 30 (B) and (D) are actually the same each other. In
experiments, all the spectra in 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, a little 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 42K which was one of naturally occurring

radionuclides and emitted 1461 keV ry-rays.

[Al.1] Meaning of symbols used in the ®%Co spectrum of Fig. 30 (A)

is as shown under;

I1, I2 : the areas under the photopeaks of the 1173 keV y-ray
and the 1332 keV 7-ray,

Pi, P2 : the peak channel numbers of the photopeaks of the
1173 keV y-ray and the 1332 keV r-ray,

CHL(1): the starting channel number of the photopeak of the

1173 keV y-ray,
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CHR(1): the last channel number of the photopeak of the 1173
keV r-ray,
CHL(2): the starting channel number of the photopeak of the
1332 keV v-ray,
CHR(2): the last channel number of the photopeak of the 1332
keV r-ray,
and
PK40 : the peak channel number of the photopeak of the 1461

keV v-ray emitted from 492K,

in which all values of the symbols can be usually read off from the
58Co spectrum except for that of PK40, because the photopeak of *2K is
too small to recognize in the spectrum of %2Co. Consequently a

numerical value of PK40 was calculated by a following equation;

1461 - 1332
PK40 = P2 + x (P2 - P1),
1332 - 1173

in which, the numerical numbers of 1173, 1332 and 1461 are the values
of energies (keV) of the two y-rays emitted from 62Co and that from

18K respectively.

[A1.2] Meaning of symbols used in the background spectrum of

Fig. 30 (B) is as shown under;

BCHL(1): the channel number corresponding to the starting
channel number (CHL(1)) of the photopeak of the 1173

keV y-ray of the ®2Co spectrum,
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BCHR(1):

BCHL(2):

BCHR(2):

Is1

Ig2

and

BPK40 :

the channel number corresponding to the last channel
number (CHR(1)) of the photopeak of the 1173 keV
v-ray of the %2Co spectrum,

the channel number corresponding to the starting
channel number (CHL(2)) of the photopeak of the 1332
keV v-ray of the 8®Co spectrum,

the channel number corresponding to the last channel
number (CHR(2)) of the photopeak of the 1332 keV
v-ray of the 68Co spectrum,

the background area between BCHL(1) and BCHR(1),

the background area between BCHL(2) and BCHR(2),

the peak channel number of the photopeak of 1461 KeV

v-ray emitted from ‘%K,

in which the numerical value of BPK40 can be directly read off from

the background (BKG) spectrum, and the others were calculated by

following equations;

BCHL(1) = BPK40 - (PK40 - CHL(1)),

BCHR(1) = BPK40 - (PK40 - CHR(1)),

BCHL(2) = BPK40 - (PK40 - CHL(2)),
and

BCHR(2) = BPK40 - (PK40 - CHR(2)),

134



therefore, in case that the channel drift does not occur as compared
the background spectrum with the %%Co spectrum, BCHL(1) = CHL(1l),
BCHR(1) = CHR(1), BCHL(2) = CHL(2) and BCHR(2) = CHR(2) because PK40 =

BPK40.

[A1.3] Meaning of the symbols used in the 22Na spectrum of

Fig. 30 (C) is as shown under;

PNA : the channel number of the peak of the 1275 keV
v-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
channel number (CHL(1)) of the photopeak of the 1173
keV y-ray of the 5%Co spectrum in (A),

NCHR(1):

BOTTOM,

NCHL(2): BOTTOM + 1,

NCHR(2): the channel number corresponding to the last channel
number (CHR(2)) of the photopeak of the 1332 keV
v-ray of the 89Co spectrum in (A),

Inc : the area attributed to Compton scattering of the
1275 keV v-ray emitted from 22Na, which 1is assumed
to be equivalent to that of the 1332 kev y-ray under
the area of the photopeak of the 1173 keV ry-ray from
68Co,

Inp : the area under the photopeak of the 1275 keV y-ray
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and

PK40NA :

emitted from 22Na, which 1is assumed to be

equivalent to that of the 1332 keV y-ray from 82Co,

the peak channel number of the photopeak of the 1461

keV v-ray emitted from 4°X,

in which the numerical values of PNA and BOTTOM can be directly read

off from the 22Na spectrum, and the others were determined by the

following calculat

NCHL (1

NCHR (2

and

PK40NA

ions.

) = PNA - (P2 - CHL(1)),

1

> = PNA + (CHR(2) - P2),

(1461 - 1275)
PNA + x (P2 - P1),
(1332 - 1173)

in which, P> and Py are from the 88Co spectrum in (A). The numerical

values of Inc and

NCHL(1), NCHR(1),

[Al1.4]1 Meaning of

Fig. 30 (D)

BNCHL(1):

INp can be read off from the 22Na spectrum by use of

NCHL(2) and NCHR(2) determined above.

the symbols wused in the background spectrum of

is as shown under;

the channel number equivalent to the left channel

number (NCHL(1)) of Compton region of the 1275 keV

v-ray, corresponding to the starting channel number

of the 1173 keV y-ray in the 82Co spectrum in (A),
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BNCHR(1):

BNCHL(2):

BNCHR(2):

Isc

Isen

and

BPK40

the channel number equivalent to the right channel
number (NCHR(1) = BOTTOM) of Compton region of the
1275 keV y-ray in (C),

the channel number  equivalent to the starting
channel number (NCHL(2) =  BOTTOM + 1) of the
photopeak of the 1275 keV y-ray in (C),

the channel number equivalent to the last channel of
the photopeak of the 1275 keV y-ray, corresponding
to the last channel number of the 1332 keV <v-ray
in the 52Co spectrum in (A),

the background area between BNCHL(1) and BNCHR(1),
which is a part of Inc in (C),

the background area between BNCHL(2) and BNCHR(2),

which is a part of Inp in (C),

the peak channel number of the photopeak of the 1461

keV y-ray emitted from 49K,

in which the numerical value of BPK40 can be directly read off from

the spectrum, and the others were calculated by following equations;

BNCHL(1) = BPK40 - (PK40NA - NCHL(1)),
BNCHR(1) = BPK40 - (PK40NA - NCHR(1)),
BNCHL(2) = BNCHL(1) + 1,

and
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BNCHR(2) = BPK40 - (PK40NA - NCHR(2)),

therefore, in case that the channel drift 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) because
BPK40 = PK40NA. The areas of Isc and Isn can be determined from the
spectrum of Fig. 30 (D) by use of the channel numbers of BNCHL(1),
BNCHR(1), BNCHL(2) and BNCHR(2).

Consequently, the value of "a" is calculated by equation (73);

Inc - IBc
a = , (73)
Inp - Isn

in which the numerical values of Inc and Inp were determined in
[A1.37, then Isc and Ien, in [Al.4]. Therefore, the photopeak areas

of A1 and A2 are calculated by equation (74);

(It+2 - Bs) (It + I2) - (Ig1 + lg2)
At = Az = = . (74)
2 + a Inc - Isc
2 +
Inp - Isn

We could practically determine the photopeak areas for ©60Co point
sources by calculation of equation (74), and those for 6%Co bulky
sources, through the same process by use of the spectra of 22Na
bulky sources with the same dimension as those of the 82Co bulky

sources in the present studies.
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[A2] In the case of an extended source composed of two ¢#Co point
sources
The method for determination of wvalue of "a" in the case of a
52Co point source was shown in [Al]. Following shows how to determine
values of "a" in the case of an extended source composed of two 82Co
point sources. In explanation shown under, effects of "background
counting" of measuring system used are abridged for convenience sake.

Four measuring arrangements are shown in Fig. 31. In Fig. 31 (A)

(A) (B)

source |R]

source |L] I source [B]

\ (same position

of source (L]

in (A))

NallTh

detector

(C)

source [B]

(same position
of source [R]

in (A))

NallTl

detector

NallT1)

detector

(D)

source [L], [R] or [B]

Nal(T1)

detector

Fig. 31 Four measuring arrangements used for determination
of value of "a" in the case of an extended source

composed of two 60Co point sources.



two 68Co point sources (a source [L] and a source [R]) are located,
in (B) a source [B] at the same position of the source [L] in (A),
in (C) a source [B] at the same position of the source [R] in (A), and
in (D) one of sources [Ll, [R] and [B] at a definite position.

On condition that the two point sources of Fig. 31 (A) form an
extended source, if a measuring arrangement equivalent to that of
Fig. 31 (A) can be realized by using two 22Na point sources, in which
the ratio of both radioactivities is equal to those of both the 62Co
sources, the value of "a" can be determined through the same process
shown in [Al]. However it is usually difficult to provide such pair of
22Na point sources. Therefore, we determined indirectly the value of
"a" as follows.

Assuming that I!L*R)  gstands for the area under the two
photopeaks (1173 and 1332 kev y-rays) of a %2Co spectrum obtained by

the measuring arrangement (A) in Fig. 31,

[LL+RY = pLLD 4 I[Rl’

I(L]

Ay Ll 4+ AILT (1 + a[L]),

and

TERY = Ay IRYT & AR (1 + a[Rl)’

where
[{Llor(R] ¢ the total area under both the photopeaks of

the 1173 and 1332 keV y-rays attributed to

the sources [L] or [R]l in (A),
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AptLlor(RY A LtTor(R) '+ the areas under the photopeaks of the 1173
and 1332 keV y-rays attributed to the
sources [L]l or ([R], which can not be

determined directly through the measurement

(A),

and

gtLtlorlR] : the ratio of the area attributed to Compton

scattering of the 1332 keV y-ray under the
photopeak of the 1173 keV y-ray to the area
under the 1332 keV +vy-ray with respect to the
sources [L] or [R].

Consequently,

[EL+RT = A ILY & A LU (] 4+ gfL)) & A[[R) 4 A IRI(] & gfR))
= (AU 4 AJERD) 4 (Asll) 4 pApIRIN(] 4 glL*R1y,
where

. (Ao (L1 x gll1) + (AlRIx glRI) 753
+ -
a - (AalL) 4+ Ap[RID) '

Since (Aifl! + AjIR}) and (A2!l] + A2(R1) are the areas under the
photopeaks the 1173 keV and the 1332 keV v-rays, all*R) means the
ratio of the area attributed to Compton scattering of the 1332 keV 7v-
ray under the photopeak of the 1173 keV y-ray to the area under the
1332 keV y-ray in the spectrum of an extended source composed of the
two 62Co sources [L] and [R]. If the values of Ai{t], AjIR}, Apll),

; R)
A2RY . oltl  and alR) are obtained, the value of a'* can be
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calculated by equation (75).
Considering that the value of (Ai!l! + A([R1I) is equal to that

of (A2{l') + A2fR}) in the case of the 82Co spectrum,

I[L+R]

(ArTL) & AIRT Y = (AplL] 4 AplR) Yy = , (76)
(2 + qll*R1)

which gives the areas under the photopeaks (the 1173 and 1332 keV v-
rays) in the spectrum of the extended source. However, except for
[[L*R) | none of the values (AilL), AIRI - aAlL1 0 A [RE O 4lLT ang
a'R1) can be directly determined from the spectrum, therefore the
values of a''*R1, (ATt + AUTRD) and (A2fHT + A tRT) are also
unknown. Those values can be obtained based on the measurements of
Figs. 31 (B), (C) and (D).

Assuming that I!BL] and I{BR] are the total areas under both the
photopeaks of spectra obtained by the measurements (B) and (C),

respectively,

1t8Ll

A TBLY 4 A lBLY (] + a[BL])’
and

I[BR] = A1[BR} + A218R1(1 + a[BR)),

At!BL) | Ap[BL) : the areas under the photopeaks (the 1173 and 1332
keV vy-rays) of the spectrum obtained by the
measurement (B),

At IBR) A, LBR] : the areas under the photopeaks (the 1173 and 1332
keV v-rays) of the spectrum obtained by the

measurement (C),
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alBL) : the ratio of the area attributed to Compton
scattering of the 1332 keV y-ray under the
photopeak of the 1173 keV y-ray to A2!BL! in the

spectrum obtained by the measurement (B),

and
alBR] : the ratio of the area attributed +to Compton
scattering of the 1332 keV y-ray under the
photopeak of the 1173 keV y-ray to Az2!BR1 in the
spectrum obtained by the measurement (C),
therefore,
[teLl
AjlBLT = A lBL] = G o
and
JEBR)
Aj(BRY = A (BRI = TWWPIIIE

Since only one point source is treated at the measurements (B) and
(C), the values of a'Bl? and «'BR!) can be determined by the same
procedure with a 22Na source as shown in [Al]. Besides the values of
I8L] and I!BR] are read off from the spectra obtained by the
measurements (B) and (C). Consequently, all the photopeak areas can be
determined. The source [B] in the measurement (B) is located at the
same position of that of the source [L] in the measurement (A), and
the source [B] in the measurement (C), that of the source [R] in the

measurement (A), therefore,
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The values of a!t! and alR! can be determined through the
measurements (B) and (C).

Assuming that I0tD), JIRD} apnd [IBD] are the total areas under
both the photopeaks of spectra of the sources [LI, [R] and [BI]

obtained by the measurement (D), respectively,

JULDY = A LEDY 4 A DD (1 & alLD})’

JLRDY = A IRD} 4 A [RD) (] + a[RD])'
and

118D1 = A({BD] 4 A, IBD) (] + d[BD]),

AgtLDY | ApULD) ¢ the areas under the photopeaks (the 1173 and 1332
keV y-rays) of the spectrum of the source [L] in
the measurement (D),

Ay IRDI A, [RDI » the areas under the photopeaks (the 1173 and 1332
keV y-rays) of the spectrum of the source [R] in
the measurement (D),

A1!BD], Ap[RD] : the areas under the photopeaks (the 1173 and 1332
keV y-rays) of the spectrum of the source [Bl in
the measurement (D),

ol LD : the ratio of the area attributed to Compton
scattering of the 1332 keV <vy-ray under the
photopeak of the 1173 keV y-ray to A2!'D} in the
spectrum obtained by the measurement (D),

ol RDI : the ratio of the area attributed to Compton

scattering of the 1332 keV v-ray under the
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photopeak of the 1173 keV y-ray to Ap(RD!

spectrum obtained by the measurement (D),

and
ql 8P} : the ratio of the area attributed
scattering of the 1332 KkeV
photopeak of the 1173 keV y-ray to
spectrum obtained by the measurement (D),
therefore,
el
AgLLD) = pAplLD] = TIITIEN
1(RD)
A1[RD] = A2[RD] = Ty a[RD}) s
and

]t8pl

A([BD] = A, [BD) =

(2 + alBD))

Since the spectrum is obtained for each of the sources [L],

[Bl placed at the definite position in (D),

alld) = g(RD] = 408D}

in the

Compton

v-ray under the

in the

[R] and

The ratios of the radioactivities of the sources [L] and [R] to that

of the source [BJ] were;

A LLD) Ap[LD)
T

AglBD) T Ap [BD]

and
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Ay LRD) Ap [RD] 1ERD)

PRl = — z ——— =
Al[BD] AalBD] I[BD]
Consequently
A1“~l = Ag“l = rlllx AllBL] = r“]x Aa[BL],
and
ArIR] = A IR1 = yIRIx A{[BR) = pIR)x A, [BR]

In consequence, equations (75) can be rewritten as follows;

+R = .
a (r[L]x AQ[BL]) + (r[R]X Azlak)

Referring to equations (76) and (77), the numerical value of [!L*R]
can be determined by the measurement (A), those of Az[BL)  AplBRI
alt) and «'Rf?, by the measurements (B) and (C), and those of rf!) and
rtR) . by the measurement (D). As results, the photopeak areas of the
extended source in Fig. 31 (A), which are denoted by (Ai!tl + A{lRD)
and (A2!'t) + ApIRI)  can be calculated by equations (76) and (77).
Practical calculation in experiments was performed taking account of

effects of "background counting" on the photopeak areas.
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