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Abstract

We constructed a new coincidence apparatus with a live-timed bi-dimen-
sional data acquisition system to the coincidence counting using a 45/ pres-
surised proportional counter and a high purity germanium gamma-ray detector.
This apparatus allowed plural gamma-gate sets in coincidence counting and
simultaneous measurement of gamma-ray intensity. Therefore, the disintegra-
tion rates of usual sources could be determined quickly and accurately;
furthermore, the standardisations of '’Eu and ’Ba which were difficult by
coincidence counting could be attained by two-dimensional efficiency extra-
polation.

The apparatus was applied to the measurement of gamma-ray emission
probability by utilising the effectiveness in simultaneous measurements of dis-
integration rate and gamma-ray intensity. Gamma-ray emission probability for
**Fe was measured to demonstrate the effectiveness and then the emission
probabilities of gamma-rays for **Rb, "”Ru and *’K were measured. The cer-
tainty of the results came up to our expectations.
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1. Introduction

The probability of gamma-rays with particular energy emitted per one decay of a radio-
Isotope, or gamma-ray emission probability, is an important factor in the research field of nu-
clear-reaction products or radioisotope application. The term, gamma-ray intensity, used till
the 1970’s ordinarily meant the relative intensity of gamma-rays emitted by the decay. At
that time, the term, absolute gamma-ray intensity, was specifically used as the same meaning
as the gamma-ray emission probability used at present. The users of these data usually re-
quired not only relative gamma-ray intensity but also the emission probability. The relative
gamma-ray intensity could be measured without much difficulty, but the emission probability
could not be determined with ease. In this context, the relative gamma-ray intensity was
measured mainly in the field of nuclear physics. Extremely speaking, the measurement of dis-
integration rate has belonged to the field different from the gamma-ray measurement, then it
has been difficult to carry out simultaneously both measurements.

The relative gamma-ray intensity can be measured with considerably high accuracy after
the development of gamma-ray semiconductor detector with high energy-resolution, and it
has been measured for the nuclides with various half-lives. Among the results measured in
earlier time, some data are not confident and lose propriety in designation of certainty. In
beta-decay nuclides, the probability of beta transition to the ground state is significantly im-
portant to calculate the gamma-ray emission probability from the relative gamma-ray intens-
ity. This situation is similar to electron capture-decay nuclides and alpha-decay ones. In the
case of no direct decay to the ground state, gamma-ray emission probability can be deter-
mined by calculating the income and outgo of each energy level from the relative gamma-ray
intensities and internal conversion coefficients. However in the case that the probability of di-
rect decay to the ground level is not zero, the gamma-ray emission probability cannot be
determined from only the relative gamma-ray intensity without beta transition data.

Calibration of gamma-ray detection efficiency is required also for the measurement of
relative gamma-ray intensity; therefore, the standard sources with the accurately determined
disintegration rates are inevitably required. The certainty of easily obtainable standard sour-
ces ranges from 2% to 5%, then on the calibration of gamma-ray detection efficiency with
high certainty we must use the standard sources of which the disintegration rates are deter-
mined by ourselves or by metrologist, as for example Schotzig et al.”, Gehrke et al.? and
Yoshizawa et al.”’ did. Measurement of disintegration rate with high certainty is usually car-
ried out by efficiency extrapolation method for the coincidence efficiency function obtained
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from 4zf3-y coincidence counting for beta-decay and electron capture-decay nuclides. The
47f counter detects beta-rays or Auger electrons and X-rays. A conventional automatic
measurement requires about one day for one source, and the disintegration rates of plural
sources for calibration of gamma-ray detection efficiency took a long time and could not be
measured without much efforts. In such a situation, it is very difficult work to measure the
disintegration rates of these sources every time.

We have reported that the application of bi-dimensional data acquisition system to the
47~y coincidence counting brings the quick measurement of coincidence efficiency function
and then the determination of the disintegration rate”. Basically, the whole points of the
coincidence function in this method can be obtained from the measured data correspond to
one point of that in conventional method, by using computer discrimination method”. Then
the equivalent result to conventional one is attained in shorter time less than one tenth of
conventional counting time. This method allows plural gate sets for optional gamma-rays
after finishing the measurement; therefore, the disintegration rate of the source can be deter-
mined simply, quickly and accurately. Furthermore, we can simultaneously obtain gamma-ray
spectrum by this system. A Nal(Tl) scintillator was used as the gamma-ray detector in the ex-
periment reported before”, because the subject in that experiment was only the measurement
of disintegration rate. A gamma-ray semiconductor detector must be used to attain high-
resolution energy spectrum of gamma-rays. The combination of a 4z8(ppc)-y(HPGe) coin-
cidence apparatus and a live-timed bi-dimensional data acquisition system makes it possible
to measure simultaneously both the disintegration rates and gamma-ray spectra of standard
sources for calibration of detection efficiency of the HPGe detector. Simultaneous measure-
ments of disintegration rate and gamma-ray spectrum of a sample nuclide for which it was
difficult to determine precisely the gamma-ray emission probability so far bring the possibility
of the precise determination.

A 47B(ppc)-y(HPGe) coincidence apparatus was manufactured and incorporated with
the live-timed bi-dimensional data acquisition system for the determination of precise
gamma-ray emission probability. This system required not only the substitution of an HPGe
detector for the Nal(Tl) scintillation detector in 478(ppc)-y(Nal(Tl)) coincidence apparatus
using a live-timed bi-dimensional data acquisition system, but also the construction of a new
47 pressurised proportional counter (4mfB(ppc)) under consideration of gamma-ray
measurement and a stand to fix relative geometrical position of both detectors. Coincidence
counting requires an amplifier with short time constant. On the contrary high energy-resolu-
tion gamma-ray measurement using the HPGe detector requires one with relatively long time
constant; therefore, it necessitates more complex electronic system than that used in the
47 B(ppc)-y(Nal(Tl)) coincidence apparatus using the live-timed bi-dimensional data acquisi-
tion system.

Manufacturing the whole equipment, we first measured the disintegration rates of some
nuclides with simple decay schemes and established the new method to be reliable for the
measurement of the disintegration rate by comparing the results with those obtained from
conventional counting. The disintegration rates for "’Eu and '’Ba which are useful multi-
gamma sources for calibration of detector could be measured by utilising the characteristics
of this system that the computer discrimination method was able to be applied for the plural
gamma-ray gates. These nuclides decay by electron capture process and emit large amounts
of internal conversion electrons, and 32By is the nuclide that is difficult to measure its ac-
tivity by the 4nf-y coincidence counting and "Ba is the one that the extrapolated values
obtained from the 4nf-y coincidence counting changes for different gamma-ray gates.
Therefore, the precise measurement of the disintegration rates of these sources is especially
desired for the detection efficiency calibration of HPGe detectors.

After the measurements of detection efficiencies using the sources with simple decay
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schemes and the above described multi-gamma sources, gamma-ray emission probabilities
were measured for some nuclides. The emission probabilities for principal gamma-rays of

*’Fe were measured to demonstrate the effectiveness of this system because this nuclide had
small direct beta decay to the ground state. The probability of beta decay to the ground state
calculated from the results showed the appropriateness and certainty of this method. The
gamma-ray emission probability of * °Rb which has 90% direct beta decays to the ground
state was measured as an object to make the most of the characteristics of this system and to
examine the limit of it. '’Ru decays to the ground level or the 40 keV metastable level with
half life of 56 min and the most of the transition from the 40 keV level are internally con-
verted. There were then many problems m the measurements of disintegration rate and
gamma-ray emission probability. Although *’K decays with short half life of about 12 h, the
gamma-ray emission probability could be determined precisely by this system owing to the
simultaneous measurement of disintegration rate and gamma-ray spectrum.

2. Experimental equipment

An equipment is composed of a 4xf pressurised proportional counter (4xf(ppc)), a
high purity germanium (HPGe) detector and coincidence apparatus using a live-timed bi-
dimensional data acquisition system. The HPGe detector is the horizontal type of 14% effi-
ciency (44.6mm dia and 50.0mm length) or 23% efficiency (56.4mm dia and 48.0 mm
length). Thus the gamma-ray detector is exchangeable without bringing any inconvenience,
because the detector is calibrated in every measurement of gamma-ray emission probability.

The 47fB(ppc) was manufactured under the following condition. High count rate of
gamma-rays is desired from the statistical standpoint for precise measurement using the
HPGe detector, but cascade summing effect increases when high efficiency is obtained by de-
creasing the distance between source and detector. Usually, the source is positioned apart
more than 10 cm from the detector and there is minimum amount of substance to interact
with gamma-rays between them. High count rate of gamma-rays is desirable for precise
determination of the disintegration rate with 4s5-y coincidence counting. The distance had
to be determined by compromising between them and the absorption due to the wall of
47f(ppc) had to be decreased reasonably. The two 278 counters used in the 473(ppc)-

y(Nal(Tl)) comcxdence counting system” were made of brass with sensitive volume of 40 X
20 X 40 mm’ and operated at 1.3 MPa, whereas the counters in the new system were made
of aluminum to decrease the absorption of gamma-rays.

The source-detector distance was compromised with 7 cm for the detector with 14% ef-
ficiency and with 9 cm for the one with 23% efficiency, and the distance restrained the cas-
cade summing correction to be within 2% and the uncertainty to be within 0.1%. It was satis-
fied that the uncertainty of final result was within 1%. The relatively large distance allowed to
manufacture a large 4zf3(ppc) composed of aluminum and to operate at relatively low gas
pressure (0.5 to 0.7 MPa), because high energy beta-rays deposited enough energy in the gas.
Furthermore, to decrease absorption of gamma-rays the counter wall in the path from the
source to the detector was made thinner (5 mm) than the other part (10 mm).

Fig. 2-1 shows the sketch of the 47f(ppc). Both 22 counters had sensitive volumes of
80 X 40 X 80 mm’ and a source was put between them. Since the reproducibility of source
position affects the accuracy of gamma-ray detection efficiency, no space was planed between
source mounts and metal ring to support the source. The anodes were stainless steel wire
of 22 um dia. The counter was operated at 0.6 to 0.7 MPa of a 90% argon-10% methane
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Fig. 2-1. A schematic diagram of a 43 pressurised proportional counter.
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Fig. 2-2. Arrangement of a 473(ppc) and an HPGe detector and a stand to fix.
When an HPGe detector with relative detection efficiency of 23% is
used, it is fixed further about 2 cm compared with 14% detector.

mixture (P-10 gas). The high voltage of 3.5 and 3.8 kV must be applied to obtain gas amplifi-
cation of a few hundreds at 0.6 and 0.7 MPa, respectively®.

The 4nf(ppc) must be fixed against the HPGe detector with geometrically good repro-
ducibility. As the HPGe detectors were the horizontal type, the source was measured in verti-
cal position. However, the source must be placed horizontally when it is mounted in the
counter. Fig. 2-2 shows the fixing stand together with both detectors. After the source was set
horizontally in the counter, the counter was raised and fixed to the stand composed of brass
for the measurement. The HPGe detector was also fixed to the stand by using acrylic resin
board. The whole detection system was shielded by lead blocks with 5 cm thickness.

Sources had the same form as that used for ordinary 4z counting; a VYNS (co-
polymer of vinyl acetate and vinyl chloride) film stretched on a brass mount with 39 mm
outer diameter, 15 mm inner diameter and 0.3 mm thickness was metallised by evaporation of
gold-palladium and a source was prepared on it by aluminum treatment method”.
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Fig. 2-3. A block diagram of the electronics for the live-timed bi-dimensional data
acquisition system composed of the 4z5(ppc) and the HPGe detector.

Fig. 2-3 shows the block diagram of the electronics. Basic function of the electronics was
to record pulse heights and relative time relation of beta and gamma signals from both detec-
tors on a magnetic tape. The live time was simultaneously measured for the important correc-
tion in computer analysis. When a Nal(Tl) scintillator was used as the gamma-ray detector, it
was enough to use amplifiers with single-channel pulse-height analyser in both channels. An
HPGe detector, however, required usually the amplifier with long time constant to attain
high-resolution gamma-ray measurement, then the peak in pulse shape was appeared at late
time and variation of the time was relatively large. The amplifier was not fundamentally fit
for coincidence counting which required precise time relation; therefore, the electronics
shown in the figure was necessary.

Signals from each detector through preamplifier are amplified and discriminated by
Ortec 490B amplifier to judge the coincidence relation, and the digital outputs go to a home-
made coincidence controller. The coincidence controller determines single or coincident
event within the resolving time for all signals. If the signal is judged to be a single event, it
outputs a pulse delayed by the resolving time to the anticoincidence gate of another channel’s
ADC (Ortec 800) and stops the function of the ADC. If the signals are judged to be coinci-
dent events, it outputs no pulse and each ADC analyses the pulse height of each analog
input.

An ADC controller (SEIKO DS1010HL) has functions to judge coincidence or anti-
coincidence and to output informations of channel, pulse height and time relation to a micro-
computer (NEC PC-9801E). After the data of 2'? events are stored on a dynamic random-
access memory (DRAM) in the computer, the data are written on a magnetic tape and fol-
lowing data are stored in another DRAM. Precise resolving time, however, cannot be set in
the ADC controller and the judgement of coincidence for the signals from the amplifier with
long time constant brings uncertainty; therefore, the resolving time is set long enough and the
coincidence controller works predominantly for the judgement of coincidence. When signals
are detected simultaneously in beta and gamma channels, the analog and the digital signals in
both channels must reach the coincidence controller and both ADCs at the same time. The
analog signal from the second amplifier (Ortec 575) which is used for high-resolution
gamma-ray spectrometry in the gamma channel reaches its peak at the time delayed from
other signals by about 3 us. The analog signal in the beta channel is delayed 2.75 us by a
delay amplifier (Ortec 427A) and the digital signals in both channels are delayed by origin-
ally-made pulse processors. Good adjustment for the timing of both digital signals is import-
ant to minimise Gandy effect®. Timing adjustment between the peak of analog signal and
digital signal is difficult. However, precise coincidence is not necessary for bi-dimensional
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data acquisition system, but it is necessary that the peak of analog signal appears always
within a constant time from the digital signal. A busy signal from the ADC during the pulse
height analysis closes the input gate of the coincidence controller not to accept the digital sig-
nals of both channels.

The coincidence controller has the function to measure live time. It contains a pulser to
generate 10 kHz pulses and outputs the pulses to a live-time scaler only during the time in
which both ADCs are not operating (no busy signal from both ADCs). The live time
measured by the scaler, therefore, means the time that both ADCs are live, then it is slightly
different from live time of each channel. The live time of each channel is calculated from the
live time measured and it will be described in detail at the section of data treatment.

3. Measurement of disintegration rate

The method to determine the disintegration rate of a source from measured data is the
same as that in the conventional counting, but the coincidence efficiency function for each
source can be determined by the computer discrimination method. The problem different
from the conventional coincidence counting is the treatments of long dead time. These treat-
ments are described in this chapter.

3. 1. Principle of measurement

When conventional 4sf8-y coincidence counting is applied to a nuclide which emits
gamma-rays and internal conversion electrons (coefficient o) following beta decay, the fol-
. . . ¢
lowing equations are obtained”.

Cae,t g,
nﬂ= Ry 8/3"}' (1 - Sﬁ)—_lr&‘ﬁl] (3"1)
&
n=n| T3 4 ] (3-2)
&g €,
n,= ng 1[-31— ix +(1—¢) eCC] (3-3)

where n, is the disintegration rate, ng, n,, n, are the beta, the gamma, the coincidence count
rates, ¢;, ¢, are the beta, the gamma detection efficiencies, ¢,,, 5, are the detection efficien-
cies of beta counter for the internal conversion electrons and gamma-rays, and &, is the prob-
ability of y-y coincidence. When the gamma gate is set on the photopeak, the following rela-
tion is derived by neglecting ¢,,.

ng n, I—ep(ae,t g )
LTI R : (2] (3-4)

If &, and ¢, are constant, Eq. (3-4) changes linearly with (1—¢4)/e5 and &5 ~ 1 yields
ngn./n. = n,. Therefore, a series of 473~y coincidence countings under the different beta ef-
ficiencies gives the practical relation shown in Eq. (3-4) (coincidence efficiency function) and
the disintegration rate is determined by the extrapolation (1—¢4)/e5 = 0.
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The 4x5-y coincidence counting can be applied to the measurement of nuclides with

complex decay scheme, then the individual channel count rates are expressed as the summing

of each branch by the followingm),

ng=ny) a| g+ (1= eg) (%ﬁﬁ )k] | (3-5)

n,=ng), a &y ( "i——_-l}:-a- )k (3-6)

n.=ny) a [ Epk Epi ( _ITI-L—&— )k + (1 — ep) e ] (3-7)

B[ 14 ! ;ﬁgﬁu ~Ya G- (a2 ‘iffagﬁ’f)k]}] (3-8)
where

the suffix k and a, show the k-th beta branch and the fractional intensity, and ¢, is neglected
in Eq. (3-8) on the above consideration. The ez means the detection efficiency for the beta
branch followed by gamma-rays of which the photopeak is selected to set the gate. If ¢, ¢,
and Cj are constant, the coincidence efficiency function is obtained from the measurements
with different beta efficiencies around 1 of ¢4 and the linear extrapolation yields the disinte-
gration rate ny.

A pulse height discrimination method is one of those to measure the coincidence effi-
ciency function and gives the results with different beta efficiencies by changing the discrimi-
nation level of beta channel. In the pulse height discrimination method, the proportionality
between beta-ray energy and the pulse height is required to keep C, constant'", a 47B(ppce)
is therefore usually used to keep the proportionality between them. To obtain the coincidence
efficiency function sufficient to extrapolate, several tens measurements must be repeated
under the condition of different discrimination levels. On a computer discrimination
method®), the beta spectrum and the coincident one are stored by using a multi-channel pulse
height analyser instead of the pulse height discriminator. After the measurement the pulse
height discrimination process by changing the discrimination level with computer program
gives many results of coincidence counting with different beta efficiencies and the disintegra-
tion rate is determined by the extrapolation.

A 4xp(ppc)-y(Nal(Tl)) coincidence apparatus using a live-timed bi-dimensional data
acquisition system is an extension of this principle and have already reported®. The ordinary
computer discrimination method measures the beta spectrum and the one coincident with
gated gamma signals. The utilisation of bi-dimensional data acquisition system is, on the
other hand, able to measure three-dimensional spectrum with both axes of gamma-ray spec-
trum and beta-ray spectrum. This method allows many gamma gates against one or two gates
in the ordinary method. The equipment described in section 2 is used for the measurement of
three dimensional spectrum where an HPGe detector is fabricated as a gamma detector and
the simultaneous measurements of coincidence counting and gamma-ray intensity is possible.
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3. 2. Data treatment

The following is the procedure for calculating the disintegration rate from the data on a
magnetic tape.

1. Determining the lower and upper channels for some gamma gates.

2. Reading out the data from the magnetic tape and accumulating beta and gamma spectra
and the spectra of beta signals which coincide with all gamma signals and with gamma sig-
nals in the gates determined in procedure 1.

3. Calculating live times to obtain the count rate in each spectrum.

4. Correcting the chance coincidence.

5. Determining the background spectra and subtracting them from the above spectra.

6. Calculating gamma-ray count rate contained in the gate channels from the gamma-ray
spectrum (n,).

7. Summing the count rates above i-th channel in the beta spectrum and the one in beta sig-
nals coincided with gamma signals within the gate (g, 7).

8. Calculating beta-ray detection efficiency (eg=n./n,) and apparent disintegration rate
(ngin,/ng).

9. Repeating the procedures 7 and 8 under the different conditions with different starting
channels (i) for the determination of coincidence efficiency function and disintegration
rate (n,) by efficiency extrapolation.

Each procedure is described in detail as follows; the gamma gate channels to select arbi-
trary photopeaks in procedure 1 are determined from the gamma spectrum obtained from a
part of the data stored on the magnetic tape. About 2X10 events stored on a 732m mag-
netic tape are analysed in procedure 2 and plural beta spectra coincided with gamma signals
in the gates are obtained in the case of plural gate setting.

In the coincidence controller, a digital pulse of one channel arrived first inhibits to pass
the following pulse of the channel and the pulse of the other channel after the resolving time
(T%), then the counts of live-time scaler (7,) show the time to be live in both ADCs. There-
fore, the total live time of each channel (7,4, T;,, T, ) is calculated as following.

TLﬁ = TL + TR (N:/a - N;”) (3"9)
TL«/ =T, + Ty (N’ﬂa - N;a) ) (3-10)
TLC= TL (3"‘11)

where Ng,, N,, and N, are the total counts of beta, gamma and coincidence which are ob-
tained by summing the beta, gamma spectra and beta spectrum coincided with all gamma sig-
nals, and a symbol (") means the counts including background.

Principally, a coincidence efficiency function is calculated from two spectra of beta and
coincident beta signals and the total counts of gamma signals selected. However, the correc-
tion for accidental coincidence is required for all beta signals and all gamma signals. The
well-known correction formula® for accidental coincidence is

ni —2Trny (3-12)
e =a——F 771 -
¢ 1= Tr(nz+ ny)
where n is coincidence count rate corrected for background. Procedure 4 for the case of bi-
dimensional coincidence must be executed for each site of i-th beta channel and j-th gamma
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channel. Therefore, the correction formula is

I’lf}l - 2 TR nﬁanya n;,lf'l‘,gl
1= Tr(npe + 150) | e,

(3-13)

= gk —
Ry = Ny Aeg

The procedures 5 to 9 are simple operations and it is easy to put previously the repeti-
tion of procedures 7 and 8 in the calculation program. The results are the similar ones ob-
tained from conventional coincidence counting, then the disintegration rate is determined
from the efficiency function by extrapolation.

4. Gamma-ray measurement

The gamma-ray spectrum can be obtained from the data treatment described in section
3.2 together with the coincidence efficiency function. The spectrum gives gamma-ray inten-
sities which determine the detection efficiencies of the HPGe detector and gamma-ray
emission probabilities. Though the data treatment and the calculation method are not differ-
ent from ordinary gamma-ray measurement, the procedure used in this experiment is de-
scribed in the following.

4. 1. Calculation of peak area

An HPGe detector shows high energy-resolution in gamma-ray measurement, then a
sharp peak is observed at the position of total energy loss. Therefore, it is less serious prob-
lem for the spectrum from the HPGe detector than for that from the Nal(Tl) detector to esti-
mate the continuous spectrum under the peak for calculation of peak area. The continuous
component, however, affects largely the uncertainty of peak area, then serious consideration
on the component is necessary to determine precisely the gamma-ray intensity.

It is widely used that the measured data in the region of a peak are fitted with an analyti-
cal function assumed for the calculation of the peak area. The function is composed of the
sum of a Gaussian function representing the peak and 1st or 2nd linear function representing
the continuum. Practically, to represent the peak shape containing low-energy tail and com-
plex continuum, non-linear fitting using more complex function is required. Dojo'” obtained
good result by using an exponential tail for lower-energy side and an error function for the
step of continuum. The complex peak function, however, requires tedious calculation, then
an integral method is sometimes used instead of non-linear fitting. The spectral analysis de-
scribed by Helmer'® was introduced in this study.

The first approximation value S, of peak area is calculated from the assumed continuum
of line b(x) connecting both edge points A and B of a peak, shown in Fig. 4-1.

S= [ 130 = b)) ax (4-1)

The value of continuum B(x) at channel x is approximated by using the above result.

[ = b(z) dz
B(x) = A ()(B) — J(A)} + %(4) (4-2)
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In the second approximation the peak area .S is obtained as follows.

s= [f{y(x) — B(v) dx (4-3)

y(x) ~a
k)
o
o=
o
=
o
g /B0
2 |
s 1
3 :b(x)/
O
Fig. 4-1. A typical peak fitting by sum- i T
mation method. The curves of ! i
b(x) and B(x) show a first and ! !
a second approximated contin- A - X Bl
uous components, respectively. Pulse height (channel number)

If the exponential tail contributes little and the peak is composed of the sum of a Gaussian,
an error function and a constant, this method is nearly equal to Dojo’s non-linear fitting. Fur-
thermore, the calculation by computer is simple and gives converged value through only a
few repetitions. Five time repetition process is adopted in the practical calculation.

A systematic uncertainty of peak area due to this method depends largely on the deter-
mination of the peak-edge channels. When peak areas were calculated by increasing inten-
tionally the peak-edge channels for a practical spectrum, the variations among them were
about 0.1% of the area. However, the contribution of low-energy tail increased gradually in
the case of no continuum, then the systematic uncertainty of this method may be estimated to
be about 0.3%.

4. 2. Measurement of gamma-ray detection efficiency curve

The gamma-ray intensity emitted from a source can be determined from the peak area
decided by the method described in the previous section, when the peak efficiency of the de-
tector is already known. Therefore, the efficiency function giving the relation between
gamma-tay energy and detection efficiency must be measured. When 475~y coincidence
counting using the live-timed bi-dimensional data acquisition system is carried out for the nu-
clides with well-known gamma-ray emission probabilities, the detection efficiency for a
gamma-ray energy is easily obtained from the determined disintegration rate and the peak
area. If some detection efficiencies obtained at suitable energy intervals by using a few kinds
of nuclides are functionalised, the efficiency function gives the detection efficiency and the
expected uncertainty at desired gamma-ray energy.

Sources of *°Se, *'Co, “Co, %y, Ba, **Cs and '"*Eu were used for the calibration of
the detection efficiency of the HPGe detector. Sources of **Mn, *’Co, *Co and "*'Cs were
used for the measurement of the total detection efficiency that was required for cascade
summing correction described in the latter. The disintegration rates of these nuclides were
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measured partly by the method described in section 3 and partly by that described in section
5. Cascade summing correction that is necessary for the determination of the detection ef-
ficiency from the peak area is discussed here. When the gamma-rays emitted in cascade are
detected simultaneously, the energy information of each gamma-ray disappears and the spec-
trum is obtained as if the gamma-ray with the sum energy is detected. Therefore, the dis-
torted peak area must be corrected.

/9|\
Bg\ N

Fig. 4-2. A schematic decay scheme to B 3 \
consider the cascade summing
effect.

The principle of this correction may be illustrated by considering the simple decay
scheme of Fig. 4-2. When y, and y; simultaneously deposit their full energy in the detector,
they contribute to the peak of y; and must be subtracted from the recorded peak area n'(y).
The corrections for the peaks of y, and y; are of another type. The recorded peak areas
n'(y2) and a'(y;) are smaller than they should be. Since each y, is followed by y; in coin-
cidence, detection of both gamma-rays leads to a single pulse. If the energy of v, is totally
absorbed and that of y; is partially absorbed, the event is lost from the peak of y,. The situ-
ation for the peak of y; is somewhat different, because y; is not always preceded by v, like as
depicted in Fig. 4-2. If it is assumed that there is no angular correlation between them, here
we get

W(y))=ngPre;+ ngPyeye5=n(y,) + n(y,) & (4-4)

W (y:) =ngPye;— ng Pyey e5 = n(y,) — n(y,) &5 (4-5)

n'(ys) = ng Pse;— ny Py EJ“P“Z g = n(ys) — n(y;) £ gzt (4'6)
P3 - P3

where n(y;) is the expected true peak count rate of y,, P; is the emission probability of v, ¢ is
the full-energy peak efficiency and superscript # shows the total efficiency. The correction fac-
tor for each gamma-ray is obtained from Egs. (4-4) to (4-6).

n(y1) 1
Gr= n'(yr) TIF Pye,e;/P g (4~7)
n(yz) 1
= =
C,= n(ys) _ 1 (4-9)

_n'()I])_I—"P_)Szt/Pj
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Generally, the correction factor for the nuclide emitting multi-gamma rays is following'®.

_ n(y:) _ 1
n'(y) 11—} K; 8,-‘+Z Py & e,/ Py g

G (4-10)

where K; is the relative intensity of j-th gamma-rays which are coincident with i-th gamma-
rays and Py is the emission probability of j- and k-th gamma-rays that both gamma-rays are
the cascade relation and sum of both energies is equivalent to the energy of i-th gamma-rays.

Thus, the important factor for cascade-summing correction is the total detection ef-
ficiency. As the correction for cascade summing is smaller than 2% in this system, the total
detection efficiency must be determined within the uncertainty of 5% to suppress the uncer-
tainty of the correction of cascade summing for peak efficiency within 0.1%. Therefore, the
following method was used for the determination of total detection efficiency. The peak ef-
ficiencies and the total efficiencies were measured for the mean energies of ’Co and *’Co.
The peak-to-total ratios were measured for **Mn and '*’Cs. The total efficiencies for them
were calculated from those ratios and the tentative peak efficiencies obtained by using the
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Fig. 4-3. An example of detection efficiency (a) and deviation (b) from the fitting function. The solid
lines in (b) show the expected standard deviation.
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peak efficiency function without correction of cascade summing. The total efficiency function
was determined by fitting these tentatively calculated values to the relative total efficiency
function calculated using only the absorption coefficients. Then, by using the total efficiency
function the peak efficiency function corrected for cascade summing was determined. Repeti-
tion of these procedures gave the converged reliable total detection efficiency function and
the correction factor for cascade summing could be correctly calculated. Then the true detec-
tion efficiencies were determined by multiplying the apparent detection efficiencies and the
correction factors for cascade summing. The true detection efficiencies with standard devia-
tions must be fitted on a particular function. The standard deviation used for calculation was
sum of the statistical uncertainties and the systematic uncertainties mentioned as following.
The uncertainty due to the geometrical arrangement was 0.3% under the estimation of the
reproducibility of source position to be 0.1 mm, that due to the evaluation of peak area
10.3%, that due to the neglect of the chance coincidence 0.1%, that dependent on the uncer-
tainty of time measurement of live-time 0.1%, and that due to the correction for cascade
summing was estimated to be 5% of the correction. The fourth-order polynomial function of
both logarithmic scales was used for fitting the detection efficiencies of the standard sources
by the method of least squares using a covariance matrix described by Brandt'”. An example
of the result is shown in Fig. 4-3 with the deviation of the measured data from the fitting
function. The solid lines show the estimated standard deviation accompanied with the detec-
tion efficiency derived from the fitting function.

5. Results of measurement

The previous sections dealt with general articles of disintegration rate measurement and
gamma-ray measurement. In this section, the disintegration rate measurement of individual
isotopes and the results of gamma-ray emission probabilities for particular nuclides will be
described.

5. 1. Measurement of disintegration rate for nuclide with simple decay scheme

Measurement of disintegration rate for *’Co is important for all utilisation. “co scarcely
emits internal conversion electrons, then the 47f(ppc) detects only the gamma-rays of “Co
with efficiency of about 10~ except for beta-rays. Therefore, the coincidence efficiency func-
tion corresponding to Eq. (3-4) should be nearly straight line with slope of 107, when the
gamma gate is set on the full-energy peak of 1333 keV gamma-rays. Actually measured beta
spectrum and that coincident with 1333 keV gamma-rays are shown in Fig. 5-1 and the coin-
cidence efficiency function is shown in Fig. 5-2. The continuous spectrum below 40 keV
shown in Fig. 5-1 gives nearly constant distribution and beta-rays deposited much energy in
the gas form the peak positioned at right edge. The coincidence efficiency function showed
small slope as expected, and it was natural from considering the standard deviation that nega-
tive slope was occasionally observed. As the best detection efficiency was about 0.95 for
%Co, the correction of extrapolation was calculated to be about 0.03%. Therefore, the calcu-
lated result without extrapolation showed only the systematic uncertainty less than 0.05%.
Fig. 5-3 shows the comparison of the results measured by this system and by ordinary system
using a Nal(Tl) scintillator. The mean value of the results by this method agrees with the re-
sult obtained from the ordinary counting within the standard deviation.

The coincidence efficiency function of Co shows no significant slope because of one
beta branch and because of no conversion electron. On the contrary, 34Cs which has main
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Fig. 5-4. Coincidence efficiency functions of *Cs measured by the present method. Extrapolations
were carried out using data points from 0 to 0.22, 0.22 and 0.80 in the abscissa for curves ob-
tained by the gate sets of the 605, 796 and 1365 keV y-rays, respectively.

Table 5-1. Comparison of the disintegration rates of a '>*Cs source obtained
from the present and the conventional methods.

Disintegration rate (Bq)

4ng(ppc)-y(Nal) 4w (ppc) -y (HPGe)

ordinary method bi-dimensional method
Gate 605 keV 796 keV 605 keV 796 keV
1 15217 £ 10 15163 =12 15146 = 30 15090 = 33

2 15150 = 24 15193 £ 12 15249 £ 21 15161 £ 25

3 15174 =29 15146 = 35 15262 = 21 15213 £ 24

4 15192 +16 15200 x 22 15185 £ 25
Mean 15204 = 9 15180 7 15224 £ 11 15172 £ 13
Mean 15190 = 6 15202 =9

two beta branches gives different results in spite of no conversion electron. Fig. 5-4 shows the
coincidence efficiency functions obtained for the gate sets of the 563 and 605keV gamma-
rays, the 796 and 802 keV gamma-rays and the weak 1365 keV gamma-rays. The result for
the gate set of the 1365 keV gamma-rays gave large slope and low beta-ray detection effi-
ciency because the beta-rays with low maximum energy of 89 keV was measured related with
the gamma-ray coincidence. Furthermore, the small emission probability (3%) of the
1365 keV gamma-rays introduced large uncertainty, then the use of the 1365keV gamma-
rays was impractical. On the other hand, the results in the other two cases showed high detec-
tion efficiencies and small slope because of the beta-rays with high maximum energy of
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658 keV in the related beta branch. The comparison between these results and those by ordi-
nary counting is shown in Table 5-1, and the weighted mean agreed each other similarly to
the case of “’Co. The measurement time by this method was about 50 min, whereas that by
the ordinary method was about 12 h.

L STco 272d
=8
O o
36 0«
14 , 3
O A 4
57Fe

Fig. 5-5. A relevant decay scheme of *TCo.

'Co which decays by electron capture (EC) emits internal conversion electrons and
Auger electrons/X-rays with high probability, and these radiations cannot be distinguished
from those associated with EC. The decay scheme shown in Fig. 5-5 is sufficient for the view
point of disintegration measurement, and it must be considered that the detection efficiency
for the internal conversion electrons is not kept to be constant when the efficiency of the
47fB(ppce) is changed. Smith and Stuart'” proposed two-dimensional extrapolation method to
resolve the above problem. Roughly describing the outline, two gates are set on the photo-
peaks of the 122 and 136 keV gamma-rays and coincidence counting is carried out between
signals from 4zf(ppc) and each gamma channels (ng, n,;, neys 1,2, ;). The detection effi-
ciency for the Auger electrons/X-rays is ¢, and one for the 14 keV internal conversion elec-
trons is ¢,, then each count rate is expressed as

ng=noY @ e+ (1—e) Fi+ b (1—e) (1— Gy e, (5-1)
n,=nga; by (1— Gy) ey, (5-2)
n,=nga;(1—5b))(1— Hj)ep (3-3)
ng=n,le+(1—¢)e) (5-4)
R ™= My & (5-5)

where g; is the i-th EC branching ratio, b; is the fraction of the decay passing through the
14 keV level. The term F; is the probability of any transition except for the 14 keV transition
from the i-th branch whose events are detected by the 478(ppc), and F; can be written as a
sum of a contribution G, from a fraction b; passing through the 14 keV level and a contribu-
tion H, from the remainder.
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The detection efficiencies of the beta counter are given for the gates of the 122 and
136 keV gamma-rays by:

nC

81=*ﬁ;j—= et (I—¢) e, (5-6)
nC

£ = n; =g, (5-7)

Dividing Eq. (5-1) by Eq. (5-6) or (5-7), the following coincidence equations are obtained:

n 1—e 1

| 1+ e (La - g e Dab(1- G) | (58)
n 1—e¢

—Ef—=n0{1+‘““_82 Z{ZaiFi-{—Zaibi(l—G,-)ey}] (5-9)

Since ¢, changes with ¢, and e, it is difficult to extrapolate correctly. Then, the substitution
of ¢, from Egs. (5-6) and (5-7) into Eq. (5-8) gives

1""81 Ey
3 Za,.F,.+(1-—6—;)

" _
"‘S—I‘—no[l-{-

(5-10)
{ZaiFi"' 1 +Zaibi(1 - Gy))

The disintegration rate n, can be determined by simultaneous linear extrapolation of the effi-
ciency function as (1-¢;)/¢; and (1-g,/¢;) fall to zero. The coincidence efficiency functions
obeyed by Egs. (5-8) and (5-9) are shown in Figs. 5-6 and 5-7. Fig. 5-6 shows a clear curved
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Fig. 5-6. A coincidence efficiency function of >'Co derived by the computer
discrimination method for the gate set of the 122 keV y-rays.
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Two dimensional extrapolation of >’Co. The gates 1 and 2 were
set on the peaks of the 122 and the 136 keV y-rays, respectively.

efficiency function. Curved efficiency function is not clear in Fig. 5-7 because of large scale
of longitudinal axis. Though, the dependency of the extrapolated value on the fitting region
shows that the efficiency function is not straight, but curved.

Fig. 5-8 shows the result of two-dimensional extrapolation based on Eq. (5-10). In the

figure the third term of right hand side in Eq. (5-10) is transferred to left hand side:
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IZSIA)
! (5-11)
A=) aF, B=A—1+) ab(l— G)

Y -
e (=) ngB=ny(1+

Therefore, constant A need not to calculate, because the slope of the linear function gives the
value of A. On the other hand, calculation of constant B is not expected to give sufficient
certainty, but the most probable value of n,B which is recognised as a constant gives a linear
extrapolation function in actual procedure (Fig. 5-8). The disintegration rate is determined by
the extrapolation of linear function.
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Fig. 5-9. A coincidence efficiency function of >'Co derived by the computer discrimination
method for the gate set of both the 122 and 136 keV y-rays.
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and the 136 keV y-rays.
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In the coincidence counting using a Nal(Tl) detector the separation of the 122 ‘and
136 keV gamma-rays is difficult, then disintegration rate is approximately determined from
the ordinary coincidence counting using the gate of both gamma-rays. Numerical analysis
predicted that the disintegration rate determined by the gate set was smaller than the true by
0.1%'?, and it is consistent with the result shown in Fig. 5-9 that was measured by gate set of
both gamma-rays using this system. The 478(ppc) spectra of TCo obtained simply and coin-
cident with each gate are shown in Fig. 5-10.

5. 2. Measurement of disintegration rate of 2By

'32Eu has well established gamma-ray emission probabil-

ities , and is a preferred radionuclide for the efficiency calibration of high-resolution de-
tectors. This radionuclide decays via  -particle emission (27%) and electron capture (EC,
73%) accompanied by a substantial fraction of conversion electrons, which complicates activ-
ity measurement by 475~y coincidence counting.

Large 4y scintillation detectors have been used to standardise , and uncer-
tainties are in the range 0.2 to 0.6%. 47~y spectroscopic coincidence method with an uncer-
tainty of approximately 0.6% can also be used?” by monitoring the single gamma spectrum
and the gamma spectrum coincident with the pulses from the 4zf-counter. Both methods
have uncertainties that are affected by the decay scheme. The current studies involve the
standardisation of "*’Eu using this system and adopting the method of two-dimensional effi-
ciency extrapolation. The identical data were also analysed by conventional efficiency extra-
polation and 47~y spectroscopic coincidence method.

The multi gamma-ray emitter
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Fig. 5-11. A relevant decay scheme of 1280,

Fig. 5-11 shows the decay scheme of ""?Eu without the weak transitions. Inefficiencies
must remain linearly related as they increase in order for the efficiency extrapolation to be
valid. However, 2By emits a significant fraction of internal conversion electrons from the
122 keV transitions following EC decay, with variable inefficiencies that are not proportional
to the measured inefficiencies. Extending Eq. (5-1), the beta-detector count rate (ng) has to
be expressed as
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ng = ny Z afe.+(1—¢)F+ bi(1—¢) (1=6Gy) 8y} (5—12)
+Zdi{6ﬂi+(1—gﬁi) Ji}

where d; is the i-th beta branching ratio, & represents the efficiency of the 478(ppc) to beta-
rays and J; is the probability of any transition from the i-th beta branch counted by the beta
detector. The other notations were described in section 5.1, whereas the objective transition
here changes from the 14 keV to the 122keV.

When the gate is set to detect gamma-rays following the beta transitions, the gamma and
coincidence count rates (n,,, n,,) are given by:

n./b = Ry Z d,-m,» 8),[7 (5"13)
., = Hy Z dim,- 8),[, gﬂi (5"14)
where m; represents the relative i-th branching ratio for the gamma-ray emissions. The mean

beta detection efficiency (&4) for the above conditions is defined from Eqgs. (5-13) and (5-14)
as

= Tl 5-15
8/3 n}’b ‘ ( )
The coincidence equation is therefore:
g 1 — g
—g—==n0 1+ [I"Zdlcb,(l*‘.f,)
s (5-16)
—ZaiCc{ 1= F—=b(1—-G)el]
where
1— ¢y 11—
o % = e

==l—eﬂ’ © 1-¢g”

It G, C, J;, F, G;and e, are constant, the efficiency function given by Eq. (5-16) is linear.
However, C, is not constant if ¢, changes largely. Furthermore at high values of &4, ¢, may
change with a small change in ¢ because of the increased detection efficiency of Auger elec-
trons and X-rays.

When the gate is set to detect gamma-rays following EC decays (other than those associ-
ated with the 122 keV level), the gamma and coincidence count rates (n,,;, 1,,,) are given by:

Ryer = no}: A N Epe (5'17)
Heop = My &, 5-18
¥
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where #, is the relative branching ratio for the gamma-ray emissions. The detection efficiency
for EC decay (Auger electrons and X-rays) can be derived from Eqs. (5-17) and (5-18):

g =2l e g, (5-19)

nye]

Then the coincidence equation is given by

1—e
B 1+ —21=Y d, Cy(1 = T)

& & (5-20)
—La{1=F—b(1—G)e)]

where

1"8‘5,'

Cdi= 1_‘86.

If the terms Cy, J;, F;, G;and ¢, are constant, Eq. (5-20) gives a linear function, although e
may change slightly with ¢..
When the gate is set to admit gamma-rays followed by the 122 keV transitions,

y

Ry = n()Z a; b; 11— Gi) Epe2 (5'21)

Reer = nyeZ{ & + (1 - ‘80) gy} (5‘22)
nC(:‘

£2= ny; =e+(l—e)e, (5-23)

nﬁ 1—c¢

it B 2[1—261,.0,1,(1—./,.)138

y

(5-24)
—La{l—F—=b(1-G) &=

It is very important that ¢, suffers no change with any change in the counting efficiency.
Thus, the substitution of ¢, from Eq. (5-23) into Eq. (5-16) gives:

, 1
Am D =)= 14— (1= A= B+ O)), (5-25)

€p
where
A=ZdiCbi(1_Ji)a B=ZaiCc(1—F})
C=Zalbl(1—01)(cc'_1), D=Za,bl(1_G!).
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This equation is a similar form to Eq. (5-11). Therefore, after measurements at the different
efficiencies of ¢; and &5, the disintegration rate n, can be determined by simultaneous linear
extrapolation of the efficiency function as (1-¢4)/e4 and (1-£,/¢;) fall to zero.
The substitution of Eq. (5-23) into Eq. (5-20) gives
nﬁ -
86

|
+ D=2y =ny(1+—(1— &' = B} (5-26)

&

where
A=YdCy,(1—1), B=Ya(l-F).

The disintegration rate n, can also be obtained by two-dimensional extrapolation.

Fig. 5-12 (a) shows the efficiency function obtained with the gate set on the photopeak
of the 779keV gamma-rays (Eq. (5-16)). The linear fit to the data is considerably smaller
than the extrapolation range, resulting in a large uncertainty in the disintegration rate. The ef-
ficiency functions for the 1086 and the 964 keV gamma-rays are shown in Figs. 5-12 (b) and
5-12 (c) respectively (Eqgs. (5-20) and (5-24)). Extrapolated disintegration rates are shown in
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Fig. 5-12. Coincidence efficiency functions of 2Ry derived by the computer discrimination method.
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Fig. 5-14. An example of two dimensional extrapolation of ~““Eu. The most probable value
of n,D derived by iteration shows a linear function over extended range.

Fig. 5-13 for ten principal gamma-rays. Although the standard deviation is usually small for
the conventional extrapolation procedure, all gamma count rates were low and resulted in
relatively large statistical uncertainties.
While it is difficult to calculate the constant D from Eq. (5-25) when working with
2By, it is only necessary to determine n,D and the reliability of the data can be estimated
from the efficiency function. Fig. 5-14 shows an example of two-dimensional extrapolation
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when the gates are set for the 344 and 245keV gamma-rays (Eq. (5-25)). Small and large
values of n,D result in curved efficiency functions, even though the results from these data
suggest a reasonably accurate disintegration rate. The most probable value of n,D, however,
can be derived by iteration, and leads to a linear function over an extended range.

When the gates are set on the 1408 keV gamma-rays (that is followed by the 122 keV
transition) and the 1086 keV gamma-ray (that is not followed by the 122 keV transition), the
resulting efficiency function represented by Eq. (5-26) is produced as shown in Fig. 5-15.
Changes in the value of n,D resulted in no clear difference because of the extended longi-
tudinal scale, although the minimum of variance generated the most appropriate n,D to cal-
culate the disintegration rate. An equation similar to Eq. (5-25) or (5-26) can be derived
with &4 or ¢, replaced by &,. An example is Fig. 5-16 where & is replaced by ¢, for the same
gamma gates as shown in Fig. 5-14. However, as shown in Fig. 5-12 (c), the fitting range is
smaller than before because the value of ¢, hardly decreases in spite of the change of ..

There are about 30 combinations of gates that can be used to obtain the counts with ade-
quate intensities. Table 5-2 lists a selection of these combinations in which “conventional
ony” refers to the sum of uncertainties due to the fitting procedure and the counting statistics,
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Fig. 5-15. An example of two dimensional extrapolation of "’Bu in which
the gates were set on the y-rays following electron capture
decay. The gradient is smaller than that of Fig. 5-12(b).
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Fig. 5-16. An example of two dimensional extrapolation of "’Eu in which
(1-&,)/ e, is chosen as the horizontal axis.
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Table 5-2. Selected results of two dimensional extrapolation of '**Eu.
“all on,” includes the uncertainty due to the efficiency variable.

Gate (keV) ong (Bq)
-1 Fitting range n, (Bq)

1 2 Conventional All
245 344 0.36 0.80 17178 46 47
344 245 0.05 0.26 17173 40 41

1408 1086 0.38 0.60 16792 86 113
1086 1408 1.22 5.00 17239 283 284
1408 779 0.37 0.85 17218 71 73
779 1408 0.07 0.35 17221 61 63
964 122 0.38 0.80 16995 82 139
122 964 1.19 5.00 17079 62 68

Table 5-3. Comparison of the disintegration rates of a '"“Eu source obtained with various
analytical methods when referred to a common reference time. Results for the
two dimensional extrapolation are the mean of four results (344keV —245,
964, 1112, 1408 keV).

Disintegration rate (Bq)
Elapsed time (d)
Method — Mean
0 22 92
Conventional
1408 keV 14416%62 1452565 14419240 1445333
Two-dimensional 1444330 1446931 14443£19 1445216
344 YEC
4ng-y spectroscopic
coincidence 14625+172 14218%75 14195+74 1434667
Spectrometrical
analysis 14375+£140 14535+£140 14340+140 1441781

2

and “all on,” takes account of the uncertainty contribution of the efficiency parameters
shown along the X-axis in addition to the above sum. The results obtained for the 1086 keV
gamma-rays were particularly uncertain because of the very narrow gate set to avoid the con-
tribution from the 1090 keV gamma-rays.

Conventional efficiency extrapolation resulted in large uncertainties (Figs. 5-12 (a) and
5-13) when the gates were used to count the gamma-rays following 8~ decay because of the
small fitting ranges. The largest deviations occurred for gate set involving high energy 8~
emissions because the discrimination against these particles also caused an uncertain decrease
in the detection efficiency for the conversion electrons. However, the gates for the gamma-
rays following EC decay appeared to give reasonably good results, although the scatter of
these results was rather large except for the gate set on the 1408 keV gamma-rays. It should
be noted that none of the Compton background following beta-decay affected the result for
the 1408 keV gamma-rays.
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There are many combinations of two-gamma gating when using two-dimensional extra-
polation. The intensities, statistical stabilities and widths of fitting range must be considered
when selecting the gate. Hence, one gate should include only the 344 keV gamma-rays, while
the other gate for the gamma-rays accompanied by conversion electrons can be chosen from
the 245, 964, 1112 or 1408 keV photopeak.

The validity of these results was confirmed by analysing the identical data by the 475-y
spectroscopic coincidence method® and by spectrometric analysis. The single and coin-
cidence gamma-ray spectra were obtained from the stored data, while the spectrometric ana-
lysis was undertaken by comparing the gamma-ray detection efficiency function of **Eu with
that of “°Co as determined by coincidence counting. The results for the four different meth-
ods are listed in Table 5-3 and are in good agreement. Although conventional efficiency
extrapolation has not been used to standardise "°“Eu so far, reasonably satisfactory data were
obtained using computer discrimination™ with the gate set to admit only the 1408 keV
gamma-rays. The measurements based on independent data were less certain because of the
small ratio between the extrapolation distance and fitting range. On the other hand, standard-
isation by two-dimensional efficiency extrapolation gave more satisfactory results, with the
gate set on the 344keV gamma-rays following beta-decay and the gamma-rays that are
followed by the 122 keV transition. The ratio of the fitting range to the extrapolation distance
was about five. It can be assumed that good results will also be obtained when using the con-
ventional discrimination method without computer control and manipulation.

5. 3. Measurement of disintegration rate of *Ba

The multi gamma-ray emitter "*°Ba has also well established gamma-ray emission prob-
abilities"**?, and is a preferred radionuclide for the efficiency calibration of high resolution
detectors at several hundredskeV. There is, however, a problem in disintegration rate
measurement by the 473-y coincidence counting, since this nuclide emits a large amount of
internal conversion electrons with low energies. Actually, the results obtained from the inter-
national comparison of **Ba™ suggested that the extrapolated disintegration rate depended
on the gamma-gate setting. Therefore, the coincidence counting has been carried out by gate
set on the photopeaks above, at least, 200 keV.
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Fig. 5-17. A relevant decay scheme of '**Ba.
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Fig. 5-17 shows the decay scheme of '*Ba in which the transitions of the 80 and 81keV
are largely internally-converted. The situation is further complicated by the fact that the
53keV transition from the 437 keV to the 384 keV level is also internally-converted. Con-
sidering the above condition, the count rate of the beta detector (7;) has to be expressed as

nﬂ=n08C+n0(1_Ec)a1 FI+(1—b]—'C])(1_G11)8y1

+ b] (1 - G12) (Syl + 8y2 - 8y1 8)’2) + CI (1 - G]3)
(5-27)
X (&34 (1= £,5) ba (6,0 + €= &1 2,2) ) ]

F g (1= &) ay| Fot by (1= Guo) (0 F £, — 2,1 6,) ]

where the notation is the same as in the case of >’ Co, the first of the double suffixes indicates
the EC branch and the second number shows the 81, 80 or 53 keV transitions, and ¢, is the
detection efficiency for i-th transition with internal conversions.

Considering a simple approximation that G;= G and ¢,; = ¢, = ¢, Eq. (5-27) is

nﬂznogc"‘ no(l_Ec)(a]F1+a2F2)

+nypa,(1—e)(A1—G)|(A—b,—c)) ¢
(5-28)
+bre,(2—g)t et (1—e3) bag (27 ¢))

+mpa,(1—e)(1—G)e, (2—¢).

When the gamma gate is set on one of the photopeaks of the 384, 356, 303, 276 or 80 plus
81keV gamma-rays, the ordinary coincidence equation is obtained. A typical equation in the
case of gate set on the 384 keV gamma-rays is following:

ng + 1—g 1
P (] o ) —
& &7 (al CJ+a2) a; ¢; 8}’3

—da; € &y

+(a1 C1+a2)(a1 F1+a2F2)+a1(a1 C]+a2) (1'— G)
(5-29)
X (1= b= ) e,+ bye,(2— &)+ c; 6,5+ ¢, (1= &5) by,

X2—¢g)ta(agt+a)(l—G)e(2—¢)|.

If ¢, and ¢,; are constant for changing ¢,, Eq. (5-29) is approximated to be linear. Mak-
ing the change in &; without changing &,; can be realised only by the discrimination of L
Auger electrons in the spectrum from the beta counter shown in Fig. 5-18. Therefore, the re-
gion of linear fitting is shorter than that of extrapolation, and it is difficult to extrapolate even
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by the computer discrimination method. All results gave the similar tendency regardless of
the selection of gamma gate; therefore, an example obtained by gate set of the 356 keV
gamma-rays is shown in Fig. 5-19.
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Fig. 5-18. A spectrum of *’Ba obtained from the 47p(ppc). Three peaks correspond

to L auger electrons, K conversion electrons for 53keV and those for 80
and 81keV transitions.
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Fig. 5-19. A coincidence efficiency function of '"Ba derived by the computer dis-

crimination method for the gate set of the 356 keV y-rays.

The reason why the data deviated from a linear line was that internal conversion elec-
trons of the 53 keV ftransition (about 17 keV) were discriminated to change ¢,; by raising dis-
crimination level. Then, the similar two-dimensional extrapolation method to that for By
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was applied to the determination of e,;. The following is described in the case of gate set on
the photopeaks of the 384 and the 356 keV gamma-rays. The following equations are ob-
tained from count rates of gamma and coincidence:

n.(384) a;¢;(1—e)

n (384) = & T4 e Fa, 9T A (5-30)
n. (356)

’7};—(?36—5 =g + (1 - Ec) & = & (5*31)

¢,; obtained from these equations is substituted to Eq. (5-29), then

ng & nyk, K,

_ 1—'8]
”g;“(l‘"g]“)l_ey—”o{l“" e (K1+1——ey)} (5-32)

Ki=1—=(aq¢ta)(1—G)+(a,¢,+a)(1—G)bye, (2~ ¢)
Kiy=—(a,c;+ra)(l—a,Fi—aF)ta(1-—G) (1—b—qc)e
tab(ac+a)(1—G)e, (2—¢)
t(a, g+ a) (1= G)+a e by(a,0+ a) (1— G e, (2— &)
—(ajc+a) bye,(2— )+ ay(1—G)(a,¢,+ ay) e,(2— &) .
The result measured in this combination gave wide region for linear fitting shown in Fig.

5-20, although the standard deviation of final result was relatively large because of low in-
tensity of the 384 keV gamma-rays.
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Fig. 5-20. An example of two dimensional extrapolation of **Ba.
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Table 5-4. Results of *’Ba obtained from the two dimensional extrapolation in all combinations of y

gates. The upper values show fitting range and the lower extrapolated disintegration rates
(Bq). The symbols o and x show suitable and unsuitable combination from consideration of

analytical calculation.

axis (gate 2)

Y ray
(keV) 384 356 303 276 81
=~ 00.583.50 0.58~0.90 0.58~3.00 40.58~3.50
| 384 1506185 15187119 15298%116 1506186
o 50.33~0.55 50:33~0.53 0.33~0.54 50.33~0.52
201356 15036221 15101%21 16398%228 1499839
" x0:17~0.23  10.17~0.40 00:17~0.40  0.17~0.40
w1303 15202%20 15098%25 15357£50 15052%23
@ 50.18~0.28 x0.18~0.26 0.18~0.26 00.18~0.26
%1276 15294+31 16468%123 15357£34 1434589
00.98~3.00  50.98~3.00 0.98~3.00 0.98~3.00
81 15047%51 15057+73 15082%48 14651189

Table 5-4 shows the results obtained from various combinations, where symbols, o and
X, in the table indicate suitable and unsuitable combination, respectively, judging from the
calculated equation. The values in column show the region capable of fitting linearly and the
extrapolated disintegration rate with the standard deviation. Among the results excluding
those with the symbol x, the values using the gate set on the 276 keV gamma-rays differed
from others. The Compton components of high-energy gamma-rays are largely contained
under the photopeak of the 276 keV gamma-rays, then it is incorrect to assume that the coin-
cidences with the 276 keV gamma-rays would not be influenced by the conversion electrons
of the 53 keV transition. Judging from the results, five combinations, 384-356, 384-81, 81-
384, 81-356 and 81-303, are suitable for practical measurement.
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Fig. 5-21. A coincidence efficiency function of **Ba derived by the computer discrimination

method for the gate set of the y-rays from the 276 to the 384 keV.
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When a wide gate was set on the peaks from the 276 to the 384 keV gamma-rays like
the case of a Nal(Tl) scintillation detector”, a small bend in the efficiency function was seen
at about 0.5 of (1-¢4)/es as shown in Fig. 5-21. It may be difficult to recognise the bend on
the data measured by the other methods without the computer discrimination method. The
fitting using the data points between 0.3 and 0.42 of (1-g5)/¢; gave the result to agree well
with that by two-dimensional extrapolation, but the fitting using the data points between 0.3
and 2.7 gave considerably smaller value. When the gate was set on energy region from the 70
to 400 keV, this tendency was remarkable. However, the result obtained from the fitting of
the narrow region agreed with that from the two-dimensional extrapolation. The fitting using
only the data with high efficiencies means the pulse height discrimination of I Auger elec-
trons; therefore, this satisfies the condition to determine n,in Eq. (5-29).
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Fig. 5-22. Extrapolated disintegration rates of a "*’Ba source obtained from the computer
discrimination method for various y gate sets and two dimensional extrapolation.

Fig. 5-22 shows the results by two-dimensional and conventional extrapolations. The
gate set on a peak of single gamma-rays in conventional coincidence counting gave narrow
fitting region, then only the computer discrimination method gave these results. The results
measured for gate set on the 276 and the 303 keV gamma-rays which gave negative slope of
efficiency function were larger than the average and the other results obtained from that with
positive slope were smaller. Besides, the fact that result for the 276 keV gamma-rays con-
siderably differed from the other values caused the scattering of the results obtained from the
combinations using the gate set of the 276 keV gamma-rays in two-dimensional extrapola-
tion.

For the measurement of coincidence efficiency function o Ba by the conventional
extrapolation method, the computer discrimination method must be used on the gate set of
the energy region from the 70 to 400keV or from the 250 to 400 keV, otherwise narrow fit-
ting region causes large uncertainty in final result or the fitting using ordinary wide region
gives systematically small value by about 0.5%. This is the main reason that in the measure-
ment of gamma-ray emission probability by Schotzig et al.” the total intensity to transit to the
ground state of '*Cs is larger than the total disintegration rate of '**Ba by about 1.2% when
the new data of conversion coefficients’” is used. If the disintegration rate was larger than its

133
f
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value by 0.5% estimated from the present measurement, then the difference was only 0.4%.
On the other hand, five combinations in two-dimensional extrapolation, 384-356, 384-81,
81-384, 81-356 and 81-303, give the fitting region more than two times of extrapolation re-
gion, and good result is probably obtained even by the method without the computer dis-
crimination.

5. 4. Measurement of the emission probabilities for the 1099 and 1292 keV gamma-rays of
59
Fe

For the demonstration of the effectiveness of our method, the emission probabilities for
the principal gamma-rays of *’Fe were measured. Considering that the beta-ray branch to the
ground state of *Co is only 0.18%") and that the intensity of the 1481 keV gamma-rays is
less than 0.1%, the sum of the intensities for the 1099 and the 1292 keV gamma-rays is esti-
mated to be about 99.7%. However, the reported uncertainties of the emission probabilities
are from 2 to 3%.

Since *’Fe is a nuclide having relatively simple decay, the disintegration rate was
measured by the method described in section 5.1 and the mean value of the results obtained
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Fig. 5-23. Coincidence efficiency functions of *’Fe derived by the computer discrimination method
of the gate sets of the 1292 keV y-rays and both the 1099 and the 1292 keV y-rays.

Table 5-5. Emission probabilities for the principal y-rays of > Fe.

Emission probabilities (XlO_Z)
Run number 142.6 192.4 335.0 1099.2 1291.6
- () 0.929%0.020 2.836%0.040 0.258%0.020 56.47%0.38 42.82%0.31
1-(2) 0.940%0.020 2.821£0.039 0.25920.019 56.62£0.37 42.73£0.30
2 0.062£0.020 2.835%0.037 0.246%0.023 56.5650.38 43.20%0.31
3 0.987%0.024 2.898+0.038 0.284%0.024 56.92:0.37 43.32£0.30
Mean 0.955%0.011 2.848%0.010 0.262£0.000 56.65£0.19 43.02£0.15
Legrand et al. (27) 0.98+0.04 2.95%0.08 0.24x0.04 §55.5%1.7 44.1%1.2
Pancholi et al. (28) | 1.02%0.04  3.08%0.10  0.27%0.01  56.5#1.5  43.2¢1.1
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from gate set on the photopeaks of the 1099 and the 1292 keV gamma-rays (Fig. 5-23) was
adopted as the disintegration rate. The presence of > Fe which had the possibility to be con-
tained in *’Fe as an impurity was examined carefully by the method described before®®, but
the amount was less than 0.1% at that time. The results are summarised in Table 5-5 where
the uncertainties are again expressed at the level of one standard deviation. The gamma-ray
detection efficiency function described in section 4.2 was measured with 3¢, “Co, **Cs and
'*?Eu at each of three runs for *Fe. Two > Fe sources at first run and one source at the other
runs were measured. The reference values” ¥, although not recent, are still used by evalu-
ators (see e.g. NCRP report No. 58 2nd editionw)). The fact that the sum of the intensities
for the 1099 and the 1292 keV gamma-rays is almost equal to unity (0.9967 £0.0024) shows
that the values and the method are reasonable. However, the results for low-energy gamma-
rays are uncertain, because only ""’Eu was used as calibration source at low energy region.
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Fig. 5-24. A decay scheme for *’Fe calculated from the present data
for emission probabilities of the principal y-rays.

A tentative decay scheme can be calculated for *Fe on the basis of this result and the re-
sults by Pancholi et al.”® for the other gamma-rays and the resulting decay scheme is shown
in Fig. 5-24. Considering that the sum of all beta branches except for the branch to the
ground state is 0.9973£0.0022 and the beta branch to the ground state is reported to be
0.0018 +0.0004°?, these results are satisfactory. Therefore, it is reasonable that the emission
probabilities for the 1099 and the 1292keV gamma-rays are 0.5665:+0.0019 and
0.4302 £ 0.0015, respectively.
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5. 5. Measurement of the emission probability for the 1077 keV gamma-rays of %Rb

*Fe described in the previous section scarcely decays to the ground state, and the
gamma-tay emission probability for such nuclide can be determined from the relative
gamma-ray intensity without measurement of disintegration rate, because the beta-branching
ratios are calculated from the amount of gamma transition at each level. However, when a
nuclide decays directly to the ground state, the relative beta-branching ratio in addition to the
relative gamma-ray intensity is required for the determination of gamma-ray emission prob-
ability. The uncertainty in beta-branching ratio is usually large and affects the determination
of gamma-ray emission probability. Therefore, the emission probability must be determined
from the measurements of disintegration rate and gamma-rays. Usefulness of this apparatus
for these measurements was shown in section 5.4 for > Fe as an example. In this section the
result for **Rb which has large beta branch to the ground state is shown.

%Rb transits directly to the ground state of *°Sr with probability of about 0.9 after
emission of beta-rays with maximum energy of 1780keV. The 1077 keV gamma-rays with
the emission probability of about 0.1 are emitted following the emission of beta-rays with
maximum energy of 700 keV. The coincidence efficiency function of **Rb was measured by
gate set on the photopeak of the 1077 keV gamma-rays to determine the disintegration rate.
Fig. 5-25 shows an example of the results and there is a problem to choose linear function or
polynomial one for fitting. Two kinds of fitting shown in the figure are linear fitting using
narrow region and third-order polynomial fitting (without a second-order term)30) using wide
region.
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Fig. 5-25. An example of coincidence efficiency function of 8Rb derived by the computer
discrimination method for the gate set of the 1077 keV y-rays.
The detail is shown in the text.

In the linear fitting the extrapolated value increased with the extension of upper limit of
fitting region, but did not change in the third-order polynomial fitting. The extrapolation by
second-order polynomial fitting gave extremely small disintegration rate and also the degree
of fitting was visuall;r not good (not shown in the figure). These results proved correctness of
the previous report”™” to recommend the third-order polynomial function without second-
order term for curved efficiency function. Table 5-6 shows the emission probabilities calcu-
lated from the disintegration rates obtained by two kinds of extrapolation.
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Table 5-6. Emission probability for the 1077 keV y-rays of "°Rb. The first two runs have been carried
out using the HPGe detector with relative detection efficiency of 14% and the others using
that with relative detection efficiency of 23%.

Emission prob{illzﬁility Fitting range
(x10 7
Run -3
lst 3rd lst 3rd EY(XIO )
1 8.826+0.061 8.906%0.061 0.035~0.11 0.035~0.13 1.5711x0.0089
2 8.805+0.058 8.857x0.059 0.045~0.080 0.045~0.14 1.5688+0.0088
3 8.864x0.051 8.891+0.052 0.035~0.065 0.035~0.13 1.7615+0.0096
4 8.8442+0.056 8.882:+0.056 0.030~0.050 0.030~0.11 1.7576+0.0095
Mean | 8.835:0.028 8.884:0.029 |

Table 5-7. Emission probability of the 1077 keV y-rays
of ¥Rb compared with published results.

Emission
Author Probability (x107%)
Campion et al. (31) 8.66 £0.15
Brandhorst et al. (32) 8.79 £0.09
Gupta et al. (33) 8.920.3
Present work 8.884 +0.029

Four times of measurements were carried out and the gamma-ray detection efficiency
function described in section 4.2 was measured at each run using sources, 60Co, 34Cs and
"’Eu. Three sources of *°Rb of which disintegration rates were determined from two
measurements were used for each run. The emission probability shown in the table is mean of
three sources and the fitting region is a typical mean value. The emission probabilities ob-
tained from the linear fitting are smaller than those obtained from the third-order fitting by
0.2% to 0.9%. Particularly, when wide fitting region was used in the linear fitting, the dif-
ference in the final result was large even though good fitting was obtained. Then, the adopted
result was obtained from the extrapolation by using the third-order fitting, because it filled
the requirement that the function changed linearly near unity of detection efficiency and also
because it fitted well with the experimental points. The former and the latter two runs were
carried out using the HPGe detectors with relative efficiencies of 14% and 23%, respectively,
but there was no difference.

Table 5-7 lists various measurements of the emission probability for the 1077 keV
gamma-rays, including the result from the present work. Campion et al.’” measured the
gamma-ray intensity by ionisation chamber, Brandhorst et al.’® determined the disintegration
rate by use of a proportional counter and the result by Gupta et al.>> had large uncertainty.
Considering these points, the present value agrees with other works, but only it has an im-
proved certainty.
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5.6. Measurement of the emission probabilities for the 497, 557 and 610 keV gamma-rays
103
of ""Ru

A large part of the transition from '"Ru goes through the 40keV metastable level of
Rh that has half-life of 56 min and the transition from it has a large internal conversion
coefficient. Kocher™ evaluated that the beta branch to the 40 keV level was 6.4%, the decay
scheme by Harmatz>> showed that beta branch of 3.5% went to the 40 keV or ground level
and Frenne et al.’® evaluated no beta transition to the 40 keV level and only 0.87% of beta
transition to the ground level. These variations depend on the large internal conversion coef-
ficient for the 40 keV transition and no accurate data concerned with beta-ray measurement;
therefore, the emission probability of gamma-rays could not be determined from the relative
gamma-ray intensity. The result of beta-ray measurement by Pettersson et al.”” was only one
significant data before 1982, but since then the value measured using beta-ray spectrometer
by Ohshima et al.*® has been treated as a leading data. On the other hand, relative gamma-
ray intensities by Macias et al.*” has also been fundamental data in evaluation.

It is difficult to determine the disintegration rate in the case that the internal conversion
electrons are emitted from the metastable state. The count rate of the 478 counter at detec-
tion efficiency of unity becomes larger than the disintegration rate by emission probability of
the internal conversion electrons, since it detects both beta-ray and conversion electron per
decay. If the decay scheme is known, the correction is easy. However, when the beta branch
to the ground state is not clear like this case, the emission probability for the internal conver-
sion electrons is not clearly determined. Then, the disintegration rate is determined from the
assumed decay scheme and the new decay scheme is calculated from the gamma-ray emission
probabilities determined from the disintegration rate and gamma-ray measurement. The re-
sult must agree with the assumed one; therefore, disagreement requires repeated calculation
till convergence. .

When the gate is set on the photopeak of the 497 keV gamma-rays to obtain the coin-
cidence efficiency function of '“*Ru, the detection efficiency for beta-rays with maximum en-
ergy of the 226 keV becomes standard efficiency. On the other hand, gate setting on the
photopeak of the 557 or the 610keV gamma-rays brings the efficiency of beta-rays with
maximum energy of the 113 keV to be the standard. In the latter gate, low-energy of beta-
rays and weak intensity of gamma-rays introduced uncertain result, then only the former gate
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Fig. 5-26. An example of coincidence efficiency function of "Ru derived by the computer

discrimination method for the gate set of the 497 keV y-rays. The linear extra-
polations (a) and (b) are obtained from the fitting using the data in narrow and
wide region, respectively.
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was used. Fig. 5-26 shows an example of the coincidence efficiency function for "PRu. It is

an important problem to choose an appropriate region of the data for the fitting. When the
coincidence efficiency function was measured by using the sources with different self-absorp-
tions, the shape of the function was difficult to recognise because of the scattering of data
points within the standard deviation. However, a swelling was clearly recognised at near 0.2
of (1-£4)/¢; in the result by computer discrimination method. Two fittings over wide region
and narrow region of the data brought about 2% difference in disintegration rate. Therefore,
we had to consider the reason why the swelling appeared. The reason was estimated from the
spectrum measured by the 47z8(ppc) shown in Fig. 5-27.
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Fig. 5-27. A spectrum of "®Ru obtained from the 47f3(ppc) and that gated by the 497keV y-rays.
The lower energy peak corresponds to the K conversion electrons, and the higher peak
to the L conversion electrons and the K conversion plus K Auger electrons.

First of all, considering the coincidence efficiency function, the following equation is ob-
tained by applying Eq. (3-8) to "“Ru.

nﬁ ‘n, 1-— Eﬁ ae, + 8[3),
= 1+ Pt Pt : [1=Yaa(l— (55"

TP (1= Co)+ P (1— ()] (5-33)
CK 1_81( _1_81.,

T GT T,

where Py is the probability that K internal conversion electron with energy of about 17 keV
and non-detected K X-ray are emitted, and P, is the probability that L internal conversion
electron with energy of about 37 keV or K internal conversion electron and the successive K
Auger-electron are emitted. ey and ¢, are the probabilities to detect above each phenomenon
and other notations are the same as before. If Cyx and C, are constant or smaller enough than
unity, the coincidence efficiency function is linear. At high ez region ex and ¢, are nearly
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Fig. 5-28. A coincidence efficiency function of a "Ru source prepared by electrospraying method.

The source showed the highest detection efficiency of about 94%.

Table 5-8. Emission probabilities for the 497 keV y-rays of ' Ru, calculated from the disintegration
rates obtained under the assumption of three kinds of decay scheme.

Y-ray n,/ng (X10'3) Y-ray emission
detection Y probability
Run| efficiency | Source Ref. 36
(x10~3) Mean Ref.36 Ref.35 Ref.34
1 3.1628 (150)*
1 3.4393 2 3.1360 (150) 3.1380{0.9124 0.9170 0.9186
(194) 3 3.1400 (150) (106) (58) (58) (58)
4 3.1126 (150)
2 3.4163 5 3.1379 (150) 3.1282 |0.9157 0.9203 0.9219
(196) 6 3.1280 (150) (90) (59) (59) (59)
7 3.1195 (150) ]
3 3.4327 8 3.1147 (150) 3.11910.9086 0.9132 0.9147
(196) 9 3.1230 (150) (90) (58) (58) (58)
10 3.1106 (150)
4 3.4212 11 3.1186 (131) 3.1157|0.9107 0.9153 0.9169
(194) 12 3.1180 (150) (90) (57) (57) (57)
: . 0.9119 0.9165 0.9180
* This data was omitted. Mean (299 29) (29)

Table 5-9.

The final result for the emission probabilities of the 497, 557 and 610keV y-rays.

The relative intensities agree with the values reported in reference 36.

Run 497 keV 557 keV 610 keV
1 0.9152 (58) 0.008398 (130) 0.05800 (453
2 0.9185 (59) 0.008460 (123) 0.05838 (53)
3 0.9114 (58) 0.008744 (110) 0.05800 (49)
4 0.9135 (57) 0.008519 (109) 0.05781 (44)
Mean | 0.9147 (29) 0.008530 (59) 0.05805 (24&)
Relative
intensity 1000 9.33 63.5
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unity, then Cy and C; are zero and the slope is constant. When the discrimination level, how-
ever, rises above 10keV as seen in the spectrum shown in Fig. 5-27, ¢ decreases and large
Cy introduces small slope. When the discrimination level rises further, (1-¢4) approaches to
unity and small change of (1-&5) brings Cy to be constant. When the discrimination level rises
above 20keV, ¢; begins to decrease and the increase of C; leads to decrease in the slope.
These change gives the coincidence efficiency function shown in Fig. 5-26.

In order to obtain reliable extrapolation the shape in the region which has not been
measured seems to be important. Although the slope of coincidence efficiency function was
considered to be probably constant from the above discussion, the slope was actually exam-
ined using the source with small self-absorption prepared by electrospraying method*”. From
the result shown in Fig. 5-28 the disintegration rate can be determined by extrapolation of
the fitting function at the region from 0.1 to 0.2 along horizontal axis. This is supported by
the smooth change of spectrum shown in Fig. 5-27. In conventional coincidence counting
thus undulate efficiency function had not been recognised because of statistical error and the
superficial-gentle slope perhaps had given systematically larger disintegration rate than true
one similar to the case in wide fitting shown in Fig. 5-26. Therefore, the disintegration rates
were determined by narrow fitting.

Table 5-8 shows the emission probability for the 497 keV gamma-rays calculated under
the assumptions of three kinds of decay scheme evaluated in the Nuclear Data Sheets®*%.
No beta transition to the ground state was assumed for the decay scheme evaluated in the
Nuclear Data Sheets of 1979°”. The calculated probability agreed considerably with the value
described in the Nuclear Data Sheets of 1985, but there were some inconsistency in it.
Namely, beta-ray transition to the ground state was calculated to be 0.0134 from gamma-ray
intensities, and this value differed from 0.0087 given in the Nuclear Data Sheets by 0.0047.
Then the 497 keV transition probability was determined to be 0.9167 from the 497 keV
gamma-ray emission probability of 0.9119 by calculation using the internal conversion coeffi-
cient of 0.00526. This procedure gave the value of beta-ray transition probability to the
ground state to be 0.0103. The difference between this value and assumed one was 0.0031.

*5_5  &ES
22010000 LD
103 88028000%8
Ru 3935d OOO"’OOOOQQ,“NQ
] % 200morm, “CRRG
11, 0092 8FEShadnodo0 651.8
113 664 \pr 00N~V 0 650.1
T e
[ PO oo 6077
235388
[e]e]e]
226 92.28 938 536.9
0
NS g
NN
w
e § 3574
468, 0.26 l‘“ 295.0
O _®
=59
o2
Mo g
B
5931
A 1™ 397 56min
763 072 {1 0
1035,

Fig. 5-29. A decay scheme of '**Ru calculated from the present data for the 497 keV y-rays and
the data reported by Macias et al.* for the relative y-ray emission probabilities.
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When the calculation was repeated till the result agreed with assumed one, the emission
probability for the 497keV gamma-rays was 0.9147+0.0058 and the beta-ray transition
probability to the ground state was calculated to be 0.0072 %+ 0.0062. The accompanied large
uncertainty was due to the mutual influence in the determinations of disintegration rate and
gamma-ray emission probability. On the other hand, when the calculation was repeated
under the assumptions that there was no beta transition to the ground state and some to the
40 keV metastable level, the final value of beta transition to the 40keV level was negative.
These results showed that beta-ray transition is not to the 40 keV metastable state but to the
ground state.

The emission probabilities for the 497, 557 and 610keV gamma-rays calculated using
this value are shown in Table 5-9. The relative intensities agreed very well with the reported
values®®. Then, Fig. 5-29 is the proposed decay scheme of Ru calculated from the present
data for the 497 keV gamma-rays and the data reported by Macias et al.”” for the relative
gamma-ray emission probabilities. In the present decay scheme, the important points are that
beta transition to the 40 keV metastable state is nothing and that the present value of beta-
transition to the ground state is obtained self-consistently.

5. 7. Measurement of the emission probability for the 1525 keV gamma-rays of *’K

A feature of this apparatus is the capability of simultaneous measurements of the disinte-
gration rate and the gamma-rays of a source. In customary method of determining emission
probability for gamma-rays, the chsmtegratlon rate and gamma-ray intensity has been
measured by using different apparatuses'™, therefore, the nuclides must have relatively long
half-lives. With this apparatus, on the other hand, it is possible to determine the emission
probability even for the nuclide which has not so long half-life, because the apparatus allows
to measure simultaneously both values, the gamma-ray 1nten31ty and the disintegration rate.
The emission probability for the 1525 keV gamma-rays of * ’K (T;, = 12.3h) was investi-
gated.

A generator is now available with which *’K can be “milked” from “*Ar (T,,= 33y),
free from radionuclidic impurities and with a yield of around 140 kBq per day. This activity
level is safe and sufficient for many applications which would be brouOht on account of the
effective half-life of 33 y. The generator mode of production of “’K ensures ‘radionuclidic
purity, whereas reactor-produced *’K contains almost invariably some *‘Na whlch has a
longer half-life (15 h) and emits more intense and higher-energy gamma—rays The *K gener-
ator was developed at the Technical University of Munich, FRG'"; the system used in the
current experiments was given to Japan Radioisotope Association by Professor Morinaga,
and functioned satisfactorily throughout these studies.

A charged-particle accelerator was used to produce “Ar by means of the 'Ar C °H, P)
reaction, and this radionuclide was stored with “’Ar in a stainless steel vessel*". The gener-
ator contained approximately 180 kBq of activity, which permitted the extraction of about
140kBq of the daughter activity ( K) per day. This extraction process involved the electro-
static collection of potassium ions onto a stainless steel electrode held at —90 V. The elec-
trode was removed from the generator without affecting the argon, so that the **K could be
dissolved in distilled water with about 100 x/ and dispersed onto the metallised VYNS films
used for 473 proportional counting. The bi-dimensional mode was initially adopted to obtain
the source activity, followed by the gamma-ray counts. These two types of measurement were
repeated 40 times, with a 1000 s counting time for each measurement.

Fig. 5-30 shows a typical activity measurement obtained by changing the discrimination
level, in which the apparent disintegration rate is seen to decrease when (1- -e5)/e5> 0.03.
This is almost certainly due to the contributions from bremsstrahlung, and restricts the range
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Fig. 5-30. An example of coincidence efficiency function of *’K derived by the computer
discrimination method for the gate set of the 1525 keV y-rays.

Table 5-10. Emission probability for the 1525keV y-rays of K.

Run Disintegration Peak area Detection Emission
number Tate (Bq) (cps) efficiency(xlO'S) probability
1 13068+10 2.7900£0.0128 1.1842+0.0073 0.18029+0.00139
2 16986+12 3.6402:0.0151 1.1880£0.0072 0.18039£0.00134
3 23021x18 4.824020.0120 1.1622x0.0071 0.18030£0.00120
4 9574.2+7.9 2.0360£0.0072 1.167420.0071 0.18216+0.00128
Mean 0.18079x0.00087

of linear fitting of the data as shown. The 2K gamma-ray data were accumulated over about
4x10"s, and bremsstrahlung effects were only noted below 300 keV.

Table 5-10 lists the data used to determine emission probability for the 1525keV
gamma-rays of “’K; the uncertainties in the detection efficiencies were calculated from the
statistical uncertainties related with other factors and the systematic uncertainties as estimated
for the calculation of the areas of the pulse height peaks. The systematic uncertainties were
described in section 4.2. The four sets of measurements produced data with sufficiently good
agreement each other and gave a recommendable emission probability of 0.1808 £ 0.0009
calculated as their arithmetic mean.

Table 5-11 lists the result from the present work and the various reference values of the
emission probability of the 1525 keV gamma-rays (the most recent reference one is old more
than 28 years ). The data in the table agree within their spec1fled uncertainties, but only the
present result has an uncertainty that is small enough to use “K as a suitable source for ac-
curate detector calibrations. Although a single most important reason for achieving this im-
provement was the availability of “K free from **Na, the present procedure of employing
coincidence counting with live-timed bi-dimensional data acquisition also contributed to
bring the greater accuracy.
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Table 5-11. The final result for the emission probability of the 1525 keV y-rays
compared with published results. Mackin and Love reported their
uncertainties at the 3o confidence level, and their value has been

divided by three.
Emission
Author Probability
Emery et al. (42) 0.178%0.009
Mackin et al. (43) 0.184+*0.005
Persson (44) 0.179%0.005
Present work 0.1808+0.0009

A tentative decay scheme can be calculated for “*K on the basis of the emission prob-
ability of the 1525 keV gamma-rays and the relative gamma-ray branching ratios quoted by
Kawade et al.*” The resulting decay scheme is shown in Fig. 5-31, where the Q; value was
obtained from the Table of Isotopes'®, and the half-life was the data by Kawade®". Both the
energy of the 2753 keV nuclear level and the gamma-ray intensities associated with this level
were not accurately determined.
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Fig. 5-31. A decay scheme of “’K calculated from the present data for the 1525 keV y-rays
and the data reported by Kawade et al.*®
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6. Conclusion

The operation of a 4z8(ppc)-y(HPGe) coincidence counting apparatus using the live-
timed bi-dimensional data acquisition system can bring acceptably accurate measurement of
gamma-ray emission probability. In the customary method, the disintegration rates and
gamma-ray intensities of standard sources and sample sources were measured at separate
places in different times by different plural researchers. However, it is required for achieve-
ment of high-accuracy measurement that the same investigators measure them at the same la-
boratory in the same time and remeasure for questionable sources immediately. This is the
very system to satisfy these requirements.

Easy application of computer discrimination method makes it possible to determine the
disintegration rate from short-time measurement; furthermore, application of the HPGe de-
tector as a gamma-ray detector makes it possible to obtain the coincidence with gamma-rays
having arbitrary many different energies. Therefore, two-dimensional extrapolation method
developed by Smith and Stuart is simply applied for °’Co which emits many low-energy con-
version electrons. The disintegration rate of "*’Eu which is difficult to measure can be deter-
mined by developing this method. Also the disintegration rate of '>’Ba can be obtained easily
and it was proved that the gamma-gate set carried out customarily in the 4775-y coincidence
counting gave smaller disintegration rate by 0.5% with the maximum.

The result of emission probability for “Fe gamma-rays, obtained to verify the propriety
of the measuring method, proved that the gamma-ray emission probability could be deter-
mined with uncertainty of about 0.5% from several measurements. The emission probabilities
for the 1099 and the 1292keV gamma-rays of ~Fe were 0.5665+0.0022 and
0.4302 £ 0.0029, respectively. Since the beta branching ratio to the ground state is as small as
0.2%, there was few advantages to use this system. However, usefulness of this system has
been supremely exhibited for the nuclides transiting directly to the metastable or the ground
state.

About 90% of **Rb transit to the ground state and the remainder emit the 1077 keV
gamma-rays following beta decay. The measured result of the emission probability for the
gamma-rays was 0.0887 & 0.0003 which was more accurate than the reported values.

The 40keV level of 'Rh followed by beta transition of '’Ru is metastable and the
transition from it mostly appeared in a form of internal conversion electron; therefore, it is
difficult to determine the disintegration rate. Another problem is that the existence of beta
transition to the metastable state or the ground state is not clear. The present result suggested
the existence of the beta transition only to the ground state. The emission probabilities for the
principal 497, 557 and 610 keV gamma-rays were 0.9147 £ 0.0058, 0.0085+0.0001 and
0.0581 = 0.0005, respectively.

Lastly, the emission probability for the 1525 keV gamma-rays of *K which decays with
half-life of about 12h was measured, and it was 0.1808 £ 0.0009. This **K can be milked
from “*Ar with half-life of 33 y and has no impurity, then it will be expected to apply to vari-
ous fields containing calibration of gamma-ray detector.

This system stores the data on a magnetic tape because of small size of the memory
available in the micro-computer, but it is important that faster accumulation and calculation
is introduced by direct storage of data in a large-memory computer. If fast ADCs are used,
the source with high disintegration rate can be measured at the large distance between source
and gamma-ray detector and this fact results in the decreases of cascade-summing effect and
of uncertainty due to geometrical reproducibility.
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