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To determine relative intensities of gamma rays in the

region of 280 to 2750 keV, Ge(Li) detectors were calibrated

with standard sources and cascade gamma-ray sources. Decay

rates of the standard sources were determined by means of

the 4TT3"Y or 4TTX-Y coincidence method. Experimental condi-

tions were improved and spectra were carefully analyzed.

Relative gamma-ray intensities of 56Co, 8 8Y, 1 1 O mAg, 1 3 3Ba,

1 3 4Cs, 152Eu, 1 5 4Eu, 192Ir and 207Bi were determined within

the accuracy of about 0.5 % for strong gamma rays. Inten-

sities per decays were obtained from the relative intensi-

ties for most of the nuclides.
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Summary

Precision measurements of gamma-ray intensities have been requested for the non-destructive

nuclear fuel investigation. Recently Debertin et al. , Gehrke et al. and Meyer have

performed precision measurements of relative intensities. Purpose of our experiments is to

determine relative gamma-ray intensities of various nuclides with errors less than 1 % in the

energy region 2 80~2 7 50 keV. Standard sources were prepared at Electrotechnical Laboratory in

Tokyo, and gamma-ray measurements were performed at Hiroshima University and Nagoya

University.

Calibration sources . Standard sources were made from eight nuclides aNa, ^Sc, MMn, 60Co,
85Sr, 88Y, 134Cs and 303Hg, and cascade gamma-ray sources were from four nuclides 24Na, 52Mn,
90Nb and 108mAg. These calibration sources are listed in Table 1. Ten standard sources were

made for each nuclide, and cascade/gamma-ray sources of 1~4 were also made. All the samples

of about 1 pCi were mounted on plastic capsules and covered by plastic sheets of 0. 5 mm thickness

shown in Fig, 1 . The standard sources were made from solution (20~30 pCi/g), and density of

solution was determined by means of the 4irB -y or 4TTX-J coincidence method. Four parts of

solution were diluted by 3~4 times and about 10 samples were made from each diluted solution.

These samples were measured with the coincidence system of a box type 4n counter and two

3"x3" Nal(Tl) detectors at Electrotechnical Laboratory. The reliability of this system is already
8)

established by the international intercomparison measurement . Examples of coincidence

absorption curves and sample concentrations are shown in Figs.2 and 3. An example of error

estimation for the standard source are shown in Table 2. Errors of all the standard sources are

listed in Table 3.

Evaluated values of intensities per decays for the calibration sources are listed in Table 1.

These values were obtained from decay schemes, internal conversion coefficients and relative

intensities of weak gamma rays

and others are more than 80 % .

intensities of weak gamma rays ' . Most of these gamma rays are more than 99 % per decay,

Gamma-ray measurements. In Hiroshima and also in Nagoya, measurements were performed

with Ge(Li) spectrometers of which specifications and block diagrams are shown in Table 4 and

Figs. 4 and 5, respectively. The distance from the detector case to the source was always 2 0 cm.

The detector was shielded by lead in Nagoya, and the most of measurements were done without

shield in Hiroshima.

Following points were taken care of for measurements:

a) Absorption effect. Absorption of the plastic cover of the source capsule is about 0.8 % for

2 79 keV gamma rays and covers of the detectors are thicker. But the same capsules were used

for gamma-ray sources and the measurements were done under the same condition. Therefore,

the absorption effect is included in the detector efficiency.

b) Source position effect. In our efficiency measurements four sources (three for one case)

were used at the same time. Sources were placed at 3 cm (Hiroshima) or 2 cm (Nagoya) from
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the detector axis on a plastic plate which was at 20 cm from the surface of the detector case as

shown in Fig. 6. Really counting rates were different for source positions on the plate. The

maximum difference was about 0.7 % as shown in Fig. 7. Since the source positions were

changed by cyclic order, this effect was canceled in our measurements .

c) Source to detector distance. Accuracy of the distance is within 0.2 mm, and ambiguity of

the average position of source mater ia l in the capsule is also within 0.2 mm. Therefore, e r r o r

of the counting rate originated from ambiguity of the distance is within 0.2 %.

d) Dead time and counting loss . To compensate this effect, four sources were measured at

the same t ime. Two or three common gamma rays were measured for different energy range.

Integrated peak counts were normalized by integrated peak counts of these common gamma rays .

Then, the pulser technique was not used for the dead time correct ion. Since pulse shapes

are probably a little different for pulses with different energies, we were afraid that the dead

time and the counting loss depend a little on the gamma-ray energy. Ratios of the counting rates

of 46Sc gamma rays to 60Co ones were measured together with a strong 54IVin source and without

this source . This effect is negligible (<0 .3 %) as shown in Table 5.

The detector efficiencies were measured by using 12 kinds of the calibration sources in

Hiroshima and by 9 kinds of ones in Nagoya. For each measurement four sources (three for

some cases) were placed at four source positions, and combinations of sources are shown in

Table 6. Spectra were taken three times in Hiroshima and once in Nagoya in the same condition.

The sources were changed by cyclic order for four positions and five standard sources were used

for each nuclide. Therefore, measurements of one kind of spectrum were 60 t imes in Hiroshima

and 20 times in Nagoya. Total integrated peak counts were about 6x10 in Hiroshima and 2x10

in Nagoya. Examples of the spectra are shown in F igs . 8 and 9.

Relative gamma-ray intensities of 88Y and 207Bi were measured in Hiroshima and Nagoya.

Those of "Co, l l o m Ag, 1!JBa, 134Cs, l w Eu, 154Eu and 192Ir were also determined in Hiroshima.

Source combinations and the number of measurements are listed in Table 7.

' linn., -ray spectr t .vere analyzed by PDP 11/05 in Hiroshima and spectra taken in Nagoya

were analyzed by a electronic computer FACOM 230-25 at Rikkyo University. Data analyses

were performed as follows:

a) Background subtraction. F i r s t , several gamma-ray peaks with low background were

.3ure ' .nd ratios of tail heights to the peak height, k and k were determined at 12 keV and

t. keVr lower than the peak center, respectively (see Fig. 10). Energy dependences of k and k

re obtained from these measurements (see Fig. 11). Background subtraction was done by a

straight line or a quadratic curve and the shape of the response function was reproduced by using

values of k and k .

b) Subtraction of close-lying peak. Weaker gamma-ray peak was subtracted by using the

.shape of a stronger close-lying gamma-ray peak (see an example in Fig . 12).

c) Integration of peak a rea . After background subtraction, channel counts higher than 1/50

of the peak center counts were integrated. The peak center counts were determined by Gaussian

iv
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fitting. To examine whether fluctuation of integral counts is statistical or not and also to see

correlation between the integral counts and integrals of the fitted Gaussian functions, ratios of

the integrated counts of the 1332 keV peak to those of the 1173 keV peak of 60Co vs ratios of the

Gaussian integrals were plotted in Fig. 13. Points of 63 % are in the standard deviation a .

But only 55 % data are in the standard deviation for the fitted Gaussian integrals. Therefore, we

adopted the integral counts instead of the Gaussian integral.

d) Sum effect. Though the source to detector distance was 20 cm, the sum effect was not

negligibly small as shown in Fig. 14. To correct this effect, the spectra of single gamma rays
54Mn, 85Sr and 203Hg were measured and total spectra were integrated. In Fig. 15 solid circles

shows total efficiency and the curve indicates the total absorption coefficient normalized at

experimental points. Integral of total spectrum of two gamma rays of 60Co minus the value at

1173 keV on the curve is plotted at 1332 keV. Similarly, the value of 24Na is obtained at 2754 keV.

Since these values are in good agreement with the curve, this curve was used for correction of

the sum effect. The angular correlation effect is small, but it is also corrected with the

attenuation factor . The sum effect of cascade gamma rays were corrected for the cross over

gamma rays. In addition, the sum effect with X rays was tested. For 108rnAg the sum peak with

the X rays was not observed at the source to detector distance of 20 cm, but-the sum peak was

observed at about 1 cm as shown in Fig. 14. For l33Ba the sum peak with the X rays was observed

at 20 cm (see Fig. 16). Therefore the correction is necessary to heavier elements.

Efficiency curves. Observed detector efficiencies are listed in Table 8 and plotted in Fig. 17.

An example of error estimate is shown in Table 9. Ratios of efficiencies in Hiroshima to those in

Nagoya are almost constant except 203Hg (Table 8). Efficiency times energy is plotted in Fig. 18.

These curves are zig zag type, but deviations from the average are only within ±3 %. Many

efficiency curves have been proposed . However these curves (Eqs. (1)~(6) in text) are not

satisfactory for precision measurement. Curves given by polynomials (Eqs. (7)~(10)) are also

examined (see Fig. 19), and the efficiencies divided into three parts are fitted by Eq. (5). To

prove validity of the efficiency curve, x was calculated as shown in Table 10. The best fitted

curve is Eqs , (9) and (10). Curves fitted by Eq. (10) are shown by broken curves in Figs . 20 and 2 1

The final efficiency curves in Figs. 2 0 and 21 are obtained from Eq. (10) and graphical correc-

tions. Though the high energy part looks a strange shape in the figure, the curve is smoothly

interpolated in the semi-logarithmic scale as illustrated in Fig. 22. The detector efficiencies

were determined with the errors of less than 0.5% shown in Fig. 23. Our efficiency curves are

compared with other efficiency curves in Fig. 24.

Experimental results. Experimental results of relative intensity measurements for 88Y and 207Bi

are listed in Table 11 and 12, respectively. Both values of Hiroshima and Nagoya agree within

experimental errors . An example of error estimate is shown in Table 13. The average values

are obtained from the weighted mean, where the weights are given by the number of measurements.

In addition, relative intensities of **Co, n o mAg, 133Ba, 134Cs, 1KEu, l54Eu and "2Ir were measured
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in Hiroshima. Observed gamma-ray spectra are shown in Figs. 25~31, and experimental results

are listed in Tables 14~2 0.

Intensity balances between feeding transitions and outgoing transitions were calculated for five

levels as shown in Table 21, in order to examine reliability of our measurements. The largest

deviation is 0.6 % and the average is 0.32 %. Therefore our errors are reasonable.

Our results are compared with previous measurements in the tables and also in Figs 32~3 6.

Values in figures are normalized with the sums of several strong gamma-ray intensities. Deviations

are seen at 1038 keV and 2599 keV in 56Co, at 1038 keV in 134Cs and at 411 keV and 1086 keV in
152Eu. However, our results agree with the most of values of Debertin et al. and Gehrke et al.

within their experimental errors .

Gamma-ray intensities per decay are evaluated from our results of relative intensities and

internal conversion coefficients ' by using the well established decay schemes. These values

are shown in Table 22.

In conclusion we succeeded in determining relative intensities with errors of about 0.5% for

strong gamma rays.

Vi
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Figure captions

Fig. 1 . Capsule used for the gamma-ray source.

Fig. 2. Coincidence absorption curve of 134Cs.

Fig. 3. Concentration determination of 60Co solution used for standard source

preparation. Nine or ten sources were made from each deluted solution.

Fig. 4. Block diagram of the detector system used in Hiroshima.

Fig. 5. Block diagram of the detector system used in Nagoya.

Fig. 6. Source holder and Ge(Li) detector. Source positions are six at Hiroshima

as shown in this figure and four at Nagoya.

Fig. 7. Counting rate dependence on the source position.

Fig. 8. Gamma-ray spectrum of standard sources observed in Hiroshima.

Fig. 9. Gamma-ray spectrum of standard sources observed in Nagoya.

Fig. 10. Peak shape of 22Na 1275 keV gamma rays.

Fig. 11 . Tail parameters k and k of the gamma-ray peak observed in Hiroshima.

Fig. 12. Subtraction of 134Cs 802 keV gamma rays.

Fig. 13. Ratios of peak areas of 1332 keV gamma rays to those of 1173 keV gamma

rays. Plots indicate correlation between integrated channel counts and

fitted Gaussian integral.

Fig. 14. Sum spectrum of three l08mAg gamma rays, and sum of 72 3 keV gamma

rays and X-rays (corner). The source to detector distance is 20 cm for

the former and about 1 cm for the latter.

Fig. 15. Total efficiency curve measured in Hiroshima.

Fig. 16. Sum of 356 keV gamma rays and X rays in 133Ba.

Fig. 17. Efficiency curves in the logarithmic scale.

Fig. 18. Efficiencies times energy curve.

Fig. 19. Efficiency curve fitted by various empirical curves, a. Three logarithmic

functions, Eq. (5). b. Linear combination of three exponential functions,

Eq. (9). c Exponential function, Eq.(8).

ix
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Fig. ZO. Final efficiency curve in Hiroshima.

Fig. 21. Final efficiency curve inNagoya.

Fig. 22 . High energy part of the final efficiency curve of Hiroshima in semi-

logarithmic scale.

Fig. 23. Errors of efficiency curves.

Fig. 24. Comparison between efficiency curves.

Fig. 25. Gamma-ray spectrum of 56Co.

Fig. 26. Gamma-ray spectrum of l l omAg.

Fig. 27. Gamma-ray spectrum of 133Ba.

Fig. 28. Gamma-ray spectrum of 134Cs.

Fig. 29. Gamma-ray spectrum of 152Eu.

Fig. 30. Gamma-ray spectrum of 154Eu.

Fig. 31. Gamma-ray spectrum of 192Ir.

Fig. 32 . Comparison between relative intensity measurements for 56Co.

Fig. 33. Comparison between relative intensity measurements for u o mAg.

Fig. 34. Comparison between relative intensity measurements for 133Ba.

Fig. 35. Comparison between relative intensity measurements for 134Cs .

Fig. 36. Comparison between relative intensity measurements for 152Eu.
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McNelles and Campell 1 9 )fcj ; Zf Singh20)
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Lt *>

t k2<Dm£. t r -

. * « ©

i08m A g _ 5 2 M n > 90 N b t 24 N a ( i + g ^ t ^ S ^ ^ J6 ,, * n ^ ' n 6 1 4 , 9 3 6 , 1129 , 1369

2 0 3 H g ^ - ^ < ^ ^ l i 1.17 76 ±0.006 4

2 0 3 Hg

«E

= a E ' 1

1 0 0 ^ 7 / - m ^ ^ n i C i ^ L T P S o C (DC tit log - log

fco C

T- .

« = a o + a i E + a 2 E 2 + a 3 E 3 + a 4 E 4 (7)

e =aoexp (ai E + a 2 E 2 + a 3 E 3 + a 4 E 4 ) (8)

« = a i exp (bi E) + a2exp Cb2E) +a3exp (b3E) (9)

a-i
+ a o + a i ( E - b ) ) (10)

E - b

(8)

19 t c^ - r «fc*9«c 2 0 3 H g
88Y

18©
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S - £ 6 S # £ 2 8 0 ~ 5 00 keV, 5 0 0 - 14O0keV. 1 4 00 ~ 2 740 keV© 3

Z'tiZ (5) £.•?'&•&tz0 * © & S £ g ] 19JC?pLfco *©te*ttifcKtt<fcOo

c n £ © f i l » < f c « ! l £ t e © - f t © ^ & £ * - 5 * : * K : X2 £#a&fco 5̂  ( 5 ) , (8 ) . (9) , (10)

t 3#S>J©5$; (5) IC«fc 9 » & £ & * £ £ # © I2 && l

4 6 S c © 8 8 9 k e V fflfI#-mT^<E>c i i ^SMIc/ j : Ĉ  90Nb

A (9 ) . (10) t 3#S>]Lfc5£ (5)

( i400keV « . (10)

«*>. 1400

> tH 2 2 » c ^

fco 0 20 "Pli 46Sc ©889keVi 22 Na © I 2 75

. BJ 2 1 t ( i , 46Sc CD 11 2 1 keV*iT(ci*n, PI

c 9

01

ai

i f ^o

, ao , ai

(i

-i ,ao.

. i

nia 23 fc^

6 )

52

tub it . m 24 ICfcfT Debertin et al .2)

Gehrke et al .6)© fc©iit^ Ltzo Debertin et a l . iGehrke et al .© fc©li i <
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5. £!*£&& I

8 8 Y £ 207Bi

O*y)^f©^Ji LT 207Bi ©569keV ify

TFbtz 60Co

8 8 Y t H Schotzig et al.1

Ardisson et al .21) © f f i l i ^ ^ l \ 207BiT(i Rao et al .22)

5 6 C o , 1 1 O m A g . 1 3 3 B a . 1 3 4 C s , 1 5 2 E u . 1 5 4 E u . 1 9 2 I r O

0 tti,

, 5 6 C o © 8 4 7keV ^ v ^ l f t T 0.34 % . 2 27 6 keV T - 5.3 % , 1 5 2Eu 0 I 4 0 8keV

T?0.23% ©ffiE^ffo^o 56Co <D2276keVifv?»®titS.i>i$l(D

Z>o tits. 1 5 2 E u i 1 5 4 E u T l i

o fllx-tf, ^ © A # ^ ( i . 1 5 2 E u © 1408 keV *-y

T O . 1 2 % , 1 5 4 E u © 1274 k e V * ' w * 6 T - 0.03 % t * o / : 0

5 6 Co. 1 1 0 m Ag, 1 3 4 C s * ^ « L / ; 5 6Fe , 1 1 0 Cd. 1 3 4Ba © 5

2

110Cd © 6 58keV

/ i » . 5 6 C o , 1 1 O mAg. 1 3 3 B a . 1 3 4 C s . 1 5 2Eu

100

- 15 -
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14

Hautala et al .25)

?>r)0 Gehrke t>©ffiJig| 3 2

(C , 3*©tf yv$Tftf"frTM;£*£#l£l |-£@X.T-fnTI^3o Meyer

• £ 9 — & L T I ^ A O 0 0 3 2 t ( i , 103 8keV£ 2 59 9keV lefcOT . ftft £ £{;f 9 # * #

1038keV(in y / h y©Ji(t£>0 , '<-, 9 tr ? <y v K©£3l#fro*» L < . 2035keVi

18 36 keVi 24 Na © 27

9»Nb ffl 23 1 9
56Co ICoi^TIi Debertin b

s b ft ft ftn ©ffi £ ifc&T- # U l ô

g 15© liOmAgTIi. fttlftn©ffl(i Gehrke t»6) CDffli ^^cDJEfflT? X < —SSc

Debertin b26) ©fitili 8 85 keV £ 1 3 84 keV I C f c ^ t f t l A s ^ ^ n S , , t fc . Meyer

g| 33 Tr(i Debertin t>®

1 384keV , Meyer © 1 505 keV £•(&£ , <£.<-& L T t , ^ o
1 3 3Ba©^^^Sch6tziget al.5), Gehrke et al ?} ©fft£ifcKt"n{f , * 16 < t ^ j ; - p i c

i£#fi«fc< - I S c L T ^ S , Meyer 7)fflfit(5(*^^©«5ffl(C*So [3 34 (Cfcc^T fc . Schbtzig

et a l . ( P T B ) ©ffiJi , ftnftn©ffi£ «t < -|fe L T l ^ 0 ftfe©Gehrke t> £ Meyer

^ 1 7 © 134Cs ©li-g-, 10 38 keV #V7*g£|Sfc# Debertin et al .4)

^ o 1038keV©Trft(2, ^SA^g^fcfejc^fe 1; fc^lT'ii/iP^£Bftn-So Meyer 7)fflffl

Hise et al.27) £l

5 ^ i f t - S J; 9(^ , 134Cs © 1000 keV

168keV £ 1365keV(Cfc^Sf n ( i , * ^ >T - Y ii'

T ' * 5 o te© 3

, c©twit

f i ^ 18 ^,j<^ct-)<c Debertin et al .3) ££fig#cT J; < — Sc U P 5 o Gehrke

ct al.6) £J.tK^ftfi', ffl^^S^ 20% W F « H © T ! i f n ^ ! i i T i 5 o Debertin28) ©ffl

(t , Debertin et al.3) £< ^^^^As/ jx^o^s , ftnftn©ffi£ ®-fc<i J;

iO 20 a*^fca*4€-fi?UL. fgiJSL/ifea^ Debertin #ffi

Meyer7) ©fflfc*^ 0 «t < - iScLTl^i^o ft&©[3 3 6 © 1 5 2 Eul i , 4 1 1 keV£ 1 0 86 keV

^ ^ , J; < —SScbT^5o lOSekeVO^bfi'Ofi, ^ ©i5 < (C 1 0 9 OkeVAs & 0 , ^©^61

o
 56Co © 1038keV£ 134Cs© 1038keV £ £ fcjc 152 Eu ©

£^7T<LTC^-?lo L*̂  L . 4 1 lkeV £ 1086 keV T ( i £ fc(Cftnftn©ffl£ Debertin et
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al. —S
1 5 4 Eu et al .2

154 Eu

20 © 1 9 2 I rT(2 , Gehrke3 0^ 485keV W30 *, 489keV

tfc.PKsad et al.3

Idaho© Gehrke b i 56 Co, 11OmAg, 133Ba, 152Eu

, PTB©Debertin t><tJi 88Y, 11OmAg. 133Ba , 134Cs , 152

. Gehrke £ ©ft £ 56Co © 3

Debertin b©ffi i ( i , 8 8Y©898keV

©444keV © 4 #£F&# , ^
1 5 2Eu©444 keVfi, g] 36

, Debertin c,

© 1 384keV. 134Cs © 1 038 keV. i52Eu

^ o
 88Y <D?tilt 4 ^ 5

^ ^ l 18 T

^ f o Gehrke

28 * .

•tir -6 ct o JC L . ^ f f l M S S l ^ ^ t ^ ^ * J 6 ^ O t>n *on ©fit i Gehrke b

Z2 = 9.45 (B*K 20) «:, Debertin b f f l l i © i t ( i z2 - 5.87

Gehrke b f c i ; ^ Debertin

. 5«Co, 88Y, 11OmAg, 133Ba,134Cs .

22
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D . no

279 keV

tz7

. 5 o 2 7 9 k e V W T l 0 0

. lOOkeV J i l T i 2 7 54 keViil
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Nuclide

*Na

9 0Nb

"Mn

6 0 Co

" N a

4 6 Sc

5 4Mn

l 3 4 C s

1 0 8 mAg

85Sr

203Hg

Table 1.

Half- life

15.03 h

14.6 h

106.61±0.02 d

5.67 d

5.2721±0.0024 y

2.602±0.002 y

83.82 ±0 .03 d

312.38 ±0.18 d

2.062±0.005 y

127 y

64.93 ±0.15 d

46.68 ±0.11 d

Evaluated values of calibration gamma rays
and observed

Gamma-ray
energy
(keV)

2754.0
1368.6

2319.1
1129.1

1836.1

1434.3
935.5

1332.5
1173.2

1274.5

1120.5
889.3

834.8

795.8
604.7

722.9
614.3
434.0

514.0

279.2

strengthes of standard

Intensity
per decay

(%)

99.8758±
99.9922 ±

81.76 ±
94.19 ±

99.24 ±

99.9931 ±
94.89 ±

99.9813 ±
99.89 ±

99.94 ±

99.9875±
99.9829±

99.976 ±

85.52 ±
97.64 ±

100.00 a '
99.88 ±
99.36 ±

98.4 ±

81.48 ±

0.0034
0.0010

0.21
0.09

0.07

t

0.0007
0.03

0.0015
0.02

0.02

0.0011
0.0017

0.003

0.05
0.06

0. 04 a

0.09

0 . 4

0.08

1 sources;.

Source strength
(Bq)

Hiroshima

31752
41411
37253
39497
36765

22609
30177
2 9421
2 5987
24854

27339
2 9762
25365
24604
2 6700

41170
31368
35518
30016
34223

42775
46615
44768
39062
43702

46702
51438
40178
4842 6
51495

26097
30776
27522
27737
28595

48333
45764
45817
44611
47 628

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

109
138
126
133
124

49
64
62
55
53

68
74
63
61
66

93
73
82
71
79

152
163
158
141
154

240
2 63
207
248
2 64

131
154
138
139
143

161
154
154
151
159

Nagoya

27745
34977
34910
39595
39414

20391
26510
26258
34555
32140

26996
27450
27891
23047
21679

28552
32752
31189
36387
2 9984

58861
45680
33877
37223
45331

57309
52879
41720
54808
44433

31740
31883
29751
28253
29778

56661
4542 0
44632
3 62 76
45945

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

97
119
118
133
132

45
56
56
72
67

67
68
69
58
54

68
76
73
83
71

201
160
125
135
159

293
271
215
281
228

159
160
149
142
149

185
153
151
128
155

a) Relative intensity.
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Table 2. Error estimate for decay rates of 60Co standard sources

Item

Systematic error
Radioactive impurity
Coincidence timing
Measurement of solution
Background
After pulse
Gamma efficiency of beta counter
Total systematic error

Statistical error
Activity of original solution
Measurement of solution

Source no. 1
Source no. 2
Source no. 3
Source no. 4
Source no. 5
Average

Total statistical error

Error
(%)

Hiroshima

±0
±0
±0
±0
±0
±0
±0

.073

.054

.056

.063

.066

.028

.042

+0.1
±0.03
±0.04
±0.007
+ 0.05
±0.01
±0.201

±0.031

Nagoya

±0
±0
±0
±0
±0
±0
±0

.080

.062

.062

.047

.051

.02 8

.042

- 22 -
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Table 3. Errors of the standard sources

Nuclide

22Na

46Sc

54Mn

60Co

85Sr

88y

134Cs

203Hg

Systematic error

0.246

0.214

0.324

0.201

0.496

0.315

0.481

0.307

Statistical

Hiroshima

0.021

0.042

0.070

0.042

0.046

0.084

0.168

0.065

error

Nagoya

0.021

0.044

0.072

0.042

0.045

0.085

0.168

0.067

Table 4. Specifications of Ge(Li) detectors

Item

Type

Size Diameter

Length

Active volume

Diffusion depth

Capacitance

Bias voltage

FWHM at 1332 keV

Peak/Compton ratio
for 1332 keV 7 rays

Efficiency compared
with 76mm #X 76mm Nal(Tl)

Hiroshima

True coaxial

41 .8 mm

48. 1 mm

57.4 cm3

1.0 mm

24 pF

+4800 V

2 .0 keV

37/1

10.4%

Nagoya

Closed-end coaxial

43. 5 mm

37.5 mm

55 cm3

0. 5 mm

2 2 pF

+3000 V

2 . 0 keV

35/1

10.1 %

- 2 3 -



Table 5. Test of counting loss. Ratio of counting rates of 889 keV to 1332 keV

peaks with and without strong 835 keV gamma-ray counting rates.

Gamma- ray
source

True time Live time
of MCA

(s) (s)

54Mn
834.8 keV

Peak areas
46Sc

889.3 keV

60Co
1332.5 keV

Area ratio

889.3/1332.5

7200

7200

7122

7032

30078 ± 84 27471 ± 75

322390 ± 2 5 5 29734 ± 83 27146 ± 75

1 .095 ± 0.004

1.095 ± 0.004

>m

i

2
00



Table 6. Combination of sources and number of measurements for efficiency calibration.

CO

Place of
measurement

Hiroshima

Nagoya

Source nuclide

54Mn, 108mAg, 203Hg
54Mn, 85Sr, 108mAg
46Sc, HMn, 85Sr, 134Cs

"Na, 46Sc, HMn, 60Co
52Mn
22Na, 60Co, 88Y
90Nb
24Na, 60Co

203Hg, 85Sr, 54Mn
85Sr, 54Mn, 46Sc, 60Co
46Sc, 88Y, " N a , 60Co
46Sc, 88Y, 22Na, 60Co
85Sr, 46Sc, 88Y, 60Co
85Sr, 46Sc, 88Y, 60Co
134Cs, HMn (

 88Y, 60Co
24Na

Energy range

(keV)

250 ~ 850

400 ~ 850

500 ~ 1150

800 ~ 1350

700 ~ 1 5 0 0

1150 ~ 1 8 5 0

800 ~ 2 4 0 0

1300 ~2800

250 ~ 900

500 ~1350

500 ~1350

1100 ~1850

500 ~ 1350

1100 ~1850

500 ~ 1350

1300 ~2800

Number of
source sets

5

5

5

5

4

5

4

2

1

1

2

4

4

1

5

4

Number of
source
positions

4

4

4

4

4

3

4

4

4

4

4

4

4

4

4

4

Number
of runs

60

60

60

60

12

45

12

32

4

4

8

16

16

4

20

16

Period
for each

r u n

2 h

2 h

2 h

2 h

2 h

2 h

2 h

1 h

2 h

2 h

2 h

2 h

2 h

2 h

2 h

2 h

JA
E

1

S
oo
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Table 7. Combination of sources and number of measurements for relative intensities.

Place of
measurement

Source nuclide Energy range

(keV)

Number of
source sets

Number of
source

position

Number
of runs

Period
for each

run

Hiroshima

Nagoya

Hiroshima

" C o

" C o

" C o
88Y, b0Co, MMn
207Bi, 46Sc, 85Sr

"Co, "Co

"Co, 60Co

"Co, 60Co

"Co, 60Co
88Y, 46Sc, "Na, 60Co
88Y, 85Sr, 46Sc, 60Co
88Y, 1 3 4 Cs, 54lVin, 60Co
2 0 7Bi, '"Co

n o m A g

n o m A g

n o m A g

' " B a
134Cs
1 3 4Cs
I 5 2Eu
152Eu
152 Eu
1 M Eu
154Eu
154Eu
I 9 2 I r
19ij

0 ~ 1850

1000 ~2700

2000 ~ 3650

800 ~1850

500 ~1150

600 ~1500

1100 ~2100

1700 ~2700

2 500 ~ 3500

500 ~ 1350

500 ~1350

500 ~1350

500 ~1350

o ~ i o o o

800 ~1800

1000 ~2000

0 ~ 600

500 - 1200

700 ~1400

100 - 900

400 ~1200

800 ~1600

100~ 900

400 ~1200

800 ~1600

0 ~ 700

550 ~1400

1

1

1

5

1, 5 a )

1

1

1

1

2

4

5

1

2

2

2

4

5

5

1

1

1

1

1

1

1

1

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

36

36

36

60

60

4

4

4

4

8

16

20

4

48

48

48

12

60

24

36

36

36

36

36

36

48

96

2 h
2 h

2 h

2 h

2 h

20000 s

20000 s

20000 s

20000 s

2 h

2 h

2 h

13 h

2 h

2 h

2 h

2 h

2 h

2 h

2 h

2 h

2 h

2 h

2 h

2 h

2 h

2 h

a) One source for 207Bi while five sources for 46Sc and also for 85Sr.
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Table 8. Detector efficiencies measured with standard s o u r c e s .

Nuclide

^ a
90Nb

say

52Mn

" C o

"Na.
60Co
46Sc
46Sc
54Mn
134Cs
i 0 8 m A g

134Cs
85Sr
1 0 8 mAg
203Hg

G a m m a - r a y

energy
(keV)

2754.0

2319.1

1836.1

1434.3

1332.5

1274.5

1173.2

1120.5

889.3

834.8

795.8

722.9

604.7

514.0

434.0

279.2

Efficiencies X 104

Hiroshima

0.8438

1.028

1.296

1 .659

1 .787

1 .859

2.015

2.098

2.599

2.732

2.862

3.135

3.733

4.391

5.280

8.54

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

0.0028

0.005

0.005

0.006

0.005

0.005

0.005

0.006

0.007

0.010

0.015

0.013

0.020

0.029

0.024

0.03

Nagoya

0.7103

1.099

1.517

1.583

1.707

1 .769

2.203

2.324

2.437

3.182

3.771

7.42

± 0.0024

± 0.005

± 0.005

± 0.005

± 0.005

± 0.005

± 0.010

± 0.009

± 0.013

± 0.018

± 0.027

± 0.08

Efficiency ratio

Hiroshima/Nagoya

1.188 ±

1.179 ±

1.178 ±

1.174 ±

1.181 ±

1.186 ±

1.180 ±

1.176 ±

1.174 ±

1.173 ±

1.165 ±

1 .150 ±

0.003

0.004

0.003

0.003

0.003

0.003

0.005

0.003

0.004

0.004

0.008

0.013

- 2 7 -
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Table 9. Error estimate of 60Co 1332 keV gamma rays

Item

Source Systematic

Statistical

Evaluated gamma-ray intensity

Half-life

Peak area Tail k , k

Counts

Background shape

Source-detector distance

Sum correction Total efficiency

Angular correlation
a)

Normalization of counts

Total

Errors
(%)

Hiroshima

0.201

0.042

0.002

0.002

0.02

0.045 ~ 0.116

0.01 ~0.04 0

0.14

0.005

0.001

0.030

0.261

Nagoya

0.201

0.042

0.002

0.002

0.02

0.073

.01 ~0.04

0.14

0.013

0.002

0.154

0.303

a) Normalization of integrated peak counts for different energy
range spectra.

Table 10. \ * for various efficiency curves. y means the reduced

X2 value, x 2=X2/V- where v is freedom. The last

expression shows the final efficiency curve, where A

means the graphical correction.

Efficiency curve

exp(ao4a,E+a2E
2+a3E

3+a4E
4)

b.E b2E b3Ea,e +a2e +a3e

a.E~bi (i=l,2,3)

exp(a-i/(E-b)+ao+a,(E-b))

exp(a_i/(E-b)+ao+al(E-b))+A 9.2

Hiroshima

x2

362

358

9.0

21

26

i 9.2

26

33

0

2

2

2

.9

. 1

.2

Nagoya

x2

212

55

7.2

5.1

13

2 . 8

Xv2

21

7 . 9

1.2

0 . 9

1 .7

- 28 -
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Table 11 . Relative intensities of 88Y gamma rays

Gamma-ray

energy
(keV)

898.0

1836.1

Hiroshima

94.3 i 0.3

100.0 ± 0.3

Present

N agoya

94.5 ± 0

100.0 ± 0

.4

. 5

Relative intensities

Average

9 4 . 3 7 ± 0 . 2 6

1 0 0 . 0 0 ± 0 . 2 6

(%)

Schotzig

e t a l . 1 '

94.9 ± 0.5

100

Ardisson
21)

et a l .

92 . 0 ± 0.7 a^

100

a) Obtained from intensities per decay

Table 12. Relative intensities of M7Bi gamma rays

Gamma-ray

energy

(keV)

569.7

897.3

1063.6

Hiroshima

100.

0.

75.

.0

.122

79
-H

 
-H

 
-H

0

0

0

.4

.013

.25

Present

Nagoya

100.0 ± 0

75.51 ± 0

Relative intensities

Average

.4 100.0 ± 0

0.122 ± 0

.26 75.72 ± 0,

.3

.013

.20

(%)

Rao

100

0.

78.

et a l .

150 ±

7 ±

22)

0.015

4.0

Jardine

100

0. 14 ±

75.5 ±

23)

0.02

2.3

Table 13. Example of error estimate for relative intensity

measurement of 207Bi 569 keV gamma rays

Item

Efficiency curve

Peak area Tail k , k

Counts

Background shape

Sum correction Total efficiency

Angular correlation

X-ray efficiency

Total

Hiroshima

0.366

0.024

0.038

0.05

0.005

0.001

0.003

0.372

Errors

(%)

Nagoya

0.435

0.02

0.06

0.05

0.01

0.002

0.006

0.443

- 2 9 -
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Table 14. Relative intensities of ^Co gamma rays

Gamma-ray

energy
(keV)

486
733
787
846
896

977.
996,

1037,
1089
1140.

1160.
1175.
1198.
1238.
1272.

1335.
1360.
1442 .
1462.
1640.

1771.
1810.
1963.
2015.
2034.

2113.
2213.
2276.
2373.
2 523.

2 598.
it "7.

. 5

. 6

.8

.8

.6

.4

.9

.8

.1
,3

,0
1
8

.3
0

5
2
7
3
4

4
7
8
4
9

3
0
1
5
8

6
4

Present

0.061
0.193
0.305

100.0
0.095

1.435
0.129

14.14
0.05
0.131

0.095
2.241
0.051

66.06
0.02 5

0.130
4.2 65
0.172
0.084
0.070

15.48
0.656
0.708
3.029
7.775

0.3 64
0. 389
0.124
0.083
0.068

16.96
0.021

±
±
±
±
±

±
±
±
±
±

±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0

0
0

0
0

.010

.012

.013

.3

.018

.016

.014

. 05

.03

.021

.014

.012

.009

.21

.008

.006

.017

.007

.006

.011

. 05

.02 3

.011

.014

.02 8

.007

.008

.007

.011

.011

.06

.006

Katou

0.219 ±
0.311 ±

100
0.089 ±

1 .386 i

13.922 ±

0.107 ±

0.095 ±
2.180 ±

66.366 ±

0.120 ±
4.189 ±
0.172 ±
0.078 ±
0.062 ±

15.369 ±
0.665 ±
0.667 ±
3.02 5 ±
7.694 ±

0.375 ±
0.387 ±
0.146 ±

16.642 ±

Relative intensities (%)

24)

0.007
0.012

0.011

0.015

0.116

0.003

0.006
0.024

0.742

0.003
0.052
0.004
0.003
0.003

0.241
0.023
0.021
0.072
0.146

0.017
0.018
0.007

0.220

(

100

1

14

2

66

4,

15.
0.
0.
3 .
7.

0.
0.

17.

Sehrke 6 )

et a l .

.0

.426

.04

.28

.4

.24

65
650
724
09
95

387
406

34

±

±

±

±

±

±

±
±

±
±

±
±

±

1 .0

0.015

0.14

0.02

0 . 7

0.04

0.16
0.007
0.008
0.05
0.12

0.008
0.009

0.26

Hautala

0.
0.

100
0.

1.
0 .

1 3 .
0.
0 .

0 .
2 .
0.

65 .
0 .

0.
4 .
0.

0 .

15 .
0 .
0 .
2 .
7 .

0 .
0.
0 .
0 .
0.

17 .
0 .

143
34

077

38
17
5
06
117

08
11
044
1
0 3 5

12
24
195

050

26
59
70
97
64

34
39
15
050
084

19
02 9

et

±
±

±

±
±
±
±
t

±
±
-t
±
±

±
±
±

±

±

±
±
±

±
±
±
±
±

±
±

a l

0.
0 .

0 .

0 .
0 .
0 .
0 .
0 .

0 .
0 .
0 .
0 .
0 .

0 .
0 .
0 .

0 .

0 .
0 .
0 .
0 .
0 .

0 .
0 .
0 .
0 .
0 .

0 .
0 .

25)

013
03

010

04
014
2
02
013

010
10
008
4
0 0 4

02
15
010

010

15
03
02
03
06

02
02
02
006
009

15
004

Meyer

0.055
0.200
0.310

100
0.070

1 .440
0.112

14.00
0.050
0.150

0.100
2.280
0.050

67.6
0 .020

0.125
4.33
0.2 00
0.077
0.060

15.70
0.640
0.720
3.08
7.89

0.385
0.350
0.110
0.080
0 .060

16.90

±
±

±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
t

±

7)

0 .
0 .
0 .

0 .

0 .
0 .
0 .
0 .
0 .

0 .
0 .
0 .
0 .
0 .

0 .
0 .
0 .
0 .
0 .

0 .
0 .
0 .
0 .

0 .

0 .
0 .
0 .

0 .
0 .

0 .

0 0 5
0 1 0
0 1 0

0 0 5

0 1 5
006
010
010
010

010
020
010
7
002

005
04
010
005
010

15
010
015
03
07

005
010
005
010
005

15

- 30 -
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Table 15. Relative intensities of l l o mAg gamma rays

Gamma-ray
energy
(keV)

365.4
387.1
396.9
446.8
620.4

626.3
657.8
676. 6
677.6
687.0

706.7
708.3
744.3
763.9
818.0

884.7
937.5
997.2

1085.4
1117.5

1125.7
1163.2
1164.9
1251 .0
1300.0

1334.4
1384.3
1 421 . 0
1475.8
1505.0

1562.3
1592 . 6
1629.7
1775.4
1783.4

1903.5

Present

0.091
0.08
0.06
3.955
2.965

0.228
100.0

} 1 1 . 0 9

6.80

] 17.66

5.000
23.55

7.76

76.76
36.31

0.142
0.066
0.041

0.038

\ 0.079

0.02 4
0.02 5

0.149
2 5.66

0.039
4.220

13.77

1.085
0.0221
0.0061
0.0067
0.0103

0.0158

±
±
±
±
±

±
i

±

±

±

±
±
±

±
±
±
±
±

±

±

±
±

±
±
±
±
±

±
±
±
±
±

±

0.019
0.04
0.03
0.028
0.019

0.014
0 . 4

0.08

0.06

0.10

0.027
0.09
0.04

0.26
0.12
0.005
0.012
0.006

0.008

0.012

0.007
0.008

0.006
0.08
0.003
0.017
0.05

0.007
0.0013
0.0011
0.0011
0.0011

0.0015

Relative

Debertin

t

100.0 ±

17. 5 ±

23.7 ±

77.5 ±
36.6 ±

26.1 ±

13.9 ±

et al

0 . 7
•

0 . 1

0 . 2

0 . 5
0 . 3

0 .2

0 . 1

intensities
2 6)

Gehrke <

3.862
2.927

100.0

11.31
6.85

17.67

4.92
23.60

7.73

76.9
36.22

25.70

4.21
13.84

1.250

±
±

±

±
±

±

±
±
±

±
±

±

±
±

±

')

0.039
0.030

1.0

0.11
0.07

0.18

0.05
0.24
0.08

0 . 8
0.36

0.26

0.04
0.14

0.013

Meyer

0.102
0.055
0.043
3.89
2.94

0.248
100,

0.15
11.2

6.83

17.28
0.29
4.93

23.6
7.71

77.1
36.3

0.132
0.071
0.052

0.030
0.079
0.050
0.02 6
0.021

0.149
26.1

4.24
14.01

1.26
0.022
0.0046
0.0063
0.0092

0.016

±
±
±
±
±

±

±
±
±

±
±
±
±
±

±
±
±
±
±

±
±
±
±
±

±
±

±
±

±
±
±
±
±

±

7)

0.008
0.001
0.001
0.04
0.05

0.004

0.01
0 .1
0.05

0.15
0.02
0.08
0 .2
0.05

0 . 6
0 . 3
0.004
0.002
0.001

0.002
0.007
0.005
0.001
0.001

0.005
0 . 5

0.08
0.12

0.02
0.001
0.0005
0.0004
0.0003

0.001

- 3 1 -
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Table 16. Relative intensities of I33Ba gamma rays

Gamma-ray
energy
(keV)

Relative intensities (%)

Present Schotzig et al. ' Gehrke et al. Meyer 7'

2 7 6 . 4

3 0 2 . 8

3 5 6 . 0

3 8 3 . 8

1 1 . 5 3 ± 0 . 0 6

2 9 . 4 8 ± 0 . 1 4

1 0 0 . 0 ± 0 . 4

1 4 . 3 9 ± 0 . 0 6

1 1 . 4 1 ± 0 . 1 4

2 9 . 4 3 ± 0 . 3 3

1 0 0 . 0 ± 0 . 9

1 4 . 3 3 ± 0 . 1 3

1 1 . 7 ± 0 . 4 1 1 . 3 ± 0 . 2

2 9 . 7 6 ± 0 . 3 0 2 9 . 2 ± 0 . 3

100.0 ± 1 . 0 100.0 ± 0.3

14.36 ± 0.14 14.5 ± 0.2

Table 17. Relative intensit ies of U 4Cs gamma rays

Gamma- ray

energy
(keV)

563.1

569.2

604.7

795.8

801 .8

1038.4

1167.7

1365.0

Presen t

8.57

15.78

100.0

87.5

*.89

1 .008

1.82 7

3.074

±

±

±

±

±

±

±

±

0.03

0.06

0 . 4

0 . 3

0.03

0.005

0.008

0.013

Relative

Hise et

8.59

15.82

100.00

87.58

8.95

1 .03

1 .850

3.12

intensities (%)

a

±

±

±

±

±

±

±

±

1 2 7 ) a )

0.05

0.11

0.33

0.39

0.04

0.01

0.027

0.04

4)
Debertin et a l .

8.55

15.76

100.0

87.4

8.85

1 .023

1 .844

3.09

±

±

±

±

±

±

±

0.12

0.23

0 . 9

0.12

0.013

0.020

0.03

a) ,
Meyer

8.59

15.8

100.0

87.5

8.95

1.02

1.85

3.11

±

±

±

±

±

±

±

±

7)

0.09

0.2

0 . 3

0 . 8

0.09

0.02

0.03

0.04

a) Obtained from intensit ies per decay

- 32
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Table 18. Relative intensities of 1KEu gamma rays

Gamma-ray

energy
(keV)

295.9
329.4
344.3
367.8
411 .1

.443 .9
488.7
503.5
564.0
566.6

586.3
656.5
674.6
678.6
688.6

719.3
7 64.8
778.8
8 1 0 . 4
8 4 1 . 5

8 6 7 . 3
901.2
9 1 9 . 3
926.2
9 3 0 . 5

9 6 3 . 3 1
9 6 4 . 0 J

1005.1
1085 .8
1089 .7

1108 .9
1112 .0
1212 .9
1 2 4 9 . 9
12 92 . 7

1299.2
1408 .0
1 4 5 7 . 6
1528.1

Present

2 . 1 4
0 .711

127 .9
4 . 1 6

10 .90

15 .06
2 .031
0 .768
2 . 4 3
0 .64

2 . 1 9
0 .71
0 . 9 4
2 . 2 8
4 . 2 0

1.67
0.95

62.16
1.56
0 .837

2 0 . 3 3
0 . 4 0
2 . 0 8
1 .38
0 .37

7 0 . 1 4

3 .078
4 8 . 1 5

8 .35

1.00
64 .67

6.85
0.875
0 .46

7 .80
100 .0

2.391
1.344

•fc

±
±
±
±

±
-t
±
±
±

±
-t
±
±
±

±
±
±
±
±

±
±
±
±
±

±

±
±
±

±
±
±
±
±

+
±
±
±

0 .04
0 . 0 1 4
0 . 6
0 .04
0 . 0 5

0 . 0 6 ..
0 .015
0 . 0 1 8
0 . 0 4
0 . 0 6

0 .08
0 .05
0 , 0 5
0 . 0 5
0 . 0 4

0 . 0 3
0 . 0 5
0.22
0 .04
0.02 3

0 ,10
0 . 0 5
0 . 0 6
0 . 0 6
0 . 0 6

0 . 2 3

0 . 0 2 4
0 .16
0 .04

0 . 0 5
0 .21
0 . 0 5
0 . 0 2 4
0 . 0 3

0 . 0 5
0 . 3

0 .02 9
0 . 0 1 3

Relative intensities (%)

Debertin et al .

128.3

10.79

14.90

62.0

7 0 . 0

4 8 . 0

64 .8

100 .0

±

±

±

±

±

±

±

1.2

0.16

0 . 1 4

0 . 5

0 . 6

0 . 7

0 . 6

0 . 7

Gehrke

127.2
4.19

10.71

15.00
1.984

2.24

2.2 96
4.12

62.6

2 0 . 5 4

7 0 . 4

3 .57
4 8 . 7

8.26

65.0
6.67

7.76
100.0

2.52

±
±
±

±
±

±

±
±

±

±

±

±
±
i

±
±

±
±
±

et a l .

1 .3
0.04
0.11

0 . 1 5
0 . 0 2 3

0.05

0 . 0 2 8
0 . 0 4

0 . 6

0 .21

0 . 7

0 . 0 7
0 . 5

0 . 0 9

0 . 7
0 . 0 7

0 . 0 8
1 .0
0.09

6) 28)
Debertin

127.5

10.71

14.97

62.16

70.12

4 8 . 73

65 .04

100 .00

+

±

±

±

±

±

±

±

0 . 8

0 . 0 5

0 . 0 7

0 . 2 7

0 . 1 9

0 .17

0 . 1 8

0 . 2 7

a) 7)
Meyer

2 . 1 1
0 . 5 9

1 2 7 . 5
4.05

10.7

14.8
1.95
0 . 7 3
2 . 3 6
0 .62

2 . 2 0
0 . 6 9
0 . 8 9
2 . 2 1
4 . 0 0

1.56
0 . 8 4

6 1 . 9
1.52
0 . 7 8

1 9 . 9
0 . 4 4
2 . 0 9
1 .27
0 . 3 5

69.2

3 .10
4 6 . 5

8.2

0 . 8 8
6 4 . 9

6 .70
0 . 8 8
0 . 4 9

7 . 8
1 0 0 . 0

2 . 3 3
1.27

±
±
±
±
±

±
t
±
±
±

±
±
±
±
±

t
t
±
±
±

±

±
±
±

±

±
±
±

±
±
±
±
±

±
±
±
±

0 . 0 5
0 .01
1.9
0.08
0 . 1

0 . 2
0 .02
0 .01
0 . 0 5
0 .01

0 . 0 5
0.01
0 . 0 5
0 . 0 4
0 . 0 8

0 . 0 3
0 . 0 4
0 . 8

0 .02
0 .01

0 . 4
0 . 0 3
0 . 0 5
0 . 0 4
0 . 0 4

0 . 9

0. 01
0 . 7
0. 1

0 .02
0 . 9
0 . 0 8
0 . 0 5
0 . 0 3

0 . 1
0 . 3
0 . 0 3
0 . 0 3

a) Obtained from intensities per decay

- 3 3 -
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Table 19. Relative intensities of 154Eu gamma rays

Gamma- ray

energy
(keV)

444.5

591.7

62 5.2

676.5

692.4

723.2

756.8

815.5

845.4

850.7

873.1

892.8

904.1

996.2

1004.7

1140.7

1241.4

1246.2

1274.4

1494.2

1596.7

Relative

P r e s e n t

1.624

14.35

0.92 7

0.47

5.182

58.19

13.18

1.51

1.687

0.692

35.18

1.497

2.62

30.09

52.04

0.671

0.38

2.49

100.0

2.056

5.238

± 0.020

± 0.06

± 0.021

± 0.05

± 0.02 5

± 0.21

± 0 . 0 7

± 0.05

± 0.021

± 0.023

± 0.12

± 0.02 6

± 0.03

± 0.12

± 0.19

± 0.014

± 0.05

± 0 . 0 4

± 0.3

± 0.016

± 0.026

intensi t ies (%)

Riedinger

1.69

14.8

0.89

0.43

4.97

60.1

12.9

1.38

1 .60

0.60

34.8

1 .31

2.42

29.4

50.6

0.69

0.30

2.40

100

1.88

5.15

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

et al . Z9)

0.15

0 . 8

0.12

0.11

0.30

3 .1

0 . 6

0.18

0.22

0.13

1.7

0.10

0.17

1 .5

2 . 5

0.10

0.07

0.22

0.09

0.26

- 34 -
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Table 20. Relative intensities of 192Ir gamma rays

Gamma-ray-

energy
(keV)

283.3

295.9

308.4

316.5

374.5

416.5

42 0.5

468.1

484.6

489.1

588.6

593.4

604.4

612.5

884.5

1061.5

1089.9

1378.0

Relative intensities (%)

Present

0.303

34.62

35.84

100.0

0.861

0.800

0.078

57.50

3.810

0.52 5

5.398

0.052

9.75

6.336

0.3419

0.0631

0.0010

0.0016

± 0.022

± 0.17

± 0.18

± 0.5

± 0.008

± 0.010

± 0.009

± 0.23

± 0.018

± 0.009

± 0.021

± 0.003

± 0 . 0 4

± 0.02 5

± 0.0024

± 0.0011

± 0.0005

± 0.0005

Gehrke

0.320

34.64

35.77

1

0.875

0.802

0.070

58.0

3.81

0.480

5.52

0.045

10.04

6.55

0.364

0.067

0.0020

0.0015

30)

± 0.008

± 0.35

± 0.36

00

± 0.015

± 0.015

± 0.006

± 0.9

± 0.05

± 0.010

± 0.10

± 0.003

± 0.26

± 0.13

± 0.007

± 0.003

± 0.0007

± 0.0007

Prasad

0.39

35.6

37.1

0.79

0.89

59.7

4 . 1

0.36

5.46

0.01

10.9

6 .7

0.45

0.07

0.003

0.002

e t a l . 3 1 )

± 0 . 0 8

± 1.3

± 0 . 0 8

100

± 0 . 0 3

± 0 . 6 4

± 2

± 0.21

± 0.12

± 0.20

± 0.003

± 0.06

± 0.4

± 0.03

± 0.004

± 0.0002

± 0.0004
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Table 2 1 . Intensity balances between feeding and outgoing transitions.
Symbols <i, y and ce indicate intensities of beta, gamma
and internal conversion transitions, respectively.

Feeding transition Outgoing transition

Energy
(keV)

Relative intensity Energy
(keV)

Relative intensity

Total

56F e 8 4 6 . 8 keV leve l

1238 .3

1810 .7
2 1 1 3 . 3
2 2 7 6 . 1
2 523 .8
2 5 9 8 . 6

3009 .7
32 02 .2
3 2 5 3 . 5

3273.2
3451 .4
3548.1
3611 .7

7
c e

7
7
7
7
7
c e

7
7
7
7
7
7
7

66 .06
0 .0076
0. 656

0. 364
0. 124
0 .068

16 .96

0.00051
1.031

3 .269
8 .03
1 .92 2
0 .970

0.202
0.0081

±
-t
±
±
+

±
±

±
±
±
±
±
-k
±

0.21
0 .0008
0.02 3
0 .007
0.007
0.011
0 .06

0 .00005
0.02 5
0.02 1
0 .04
0 .015
0 .010
0 .005
0.0012

99 .67 i 0 .31

846.8 7 100 .00 ± 0 .34

ce 0 .030 ± 0 .003

100 .03 t 0 .34

no,

2235
8 1 8 . 0

8 8 4 . 7

' 2 5 . 7
1421.0
1505 .0

1562 .3

i592 . 6
I62y /
1 7 7 r . 4
I 9 0 J . 5

Z004.7

S
7
ce

7
c e

7
7

c e

7
c e

7
7
.̂

7
7

0 .059
7 .76

0.0141
7 6 . 7 6

0.111
^ 038

0 .039
13 77

0 .0068

1 085
0.00024
••). 0 2 2 1

0.0061
U.OO67
0 .0158
0.0011

±

i-

1-
+

t
+

±

4 -

±
±
+

+

0.04
0.0014
0 .26
0 .006
0 . o n e

0 .003
0. 05
0.0008
0 .007

0.00012
0 .0013
0 . • • 0 1 1

0.0011
0 .0015
0.L0 02

Total

Cd 6 5 7 . 8 keV leve l

6 5 7 . 8

9 9 . 7

7
ce

1 0 0 . 0 ± 0 . 4
0 . 2 7 1 ± 0 . 0 1 0

± 0 , 4 1 0 0 . 3 ± 0 . 4
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Table 21. Continued.

Feeding transition Outgoing transition

Energy
(keV)

Relative intensity Energy
(keV)

Relative intensity
(%

Total

Total

Total

no,'Cd 1475.8 keV level

603.1
687.0

744.3

774.8
957.4
1085.4
1186.7

Y
y
ce

7
ce

7
7
7
7

0.0042
6.80
0.0181
5.000
0.0114
0.002
0.008
0.066
0.0015

±
±
±
±
±
±
±
±
±

0.0009
0.06
0.002 3
0.027
0.0013
0.001
0.001
0.012
0.0005

818.0

1475.8

7
ce

7
ce

11 .91 ± 0.09

no,

620.4

677.6

708.3
937.5

997.2
1018.9
1117.5
1163.2

11 64 . 9
1251 .0
1300.0
1334.4
13 84.3

7
ce

7
ce

7
7
ce

7
7
7

7 J

7
7
7
7
ce

2.965
0.0108

11 .09
0.032
0.29
36.31

0.049
0.142
0.015
0.041

0.079

0.024
0.02 5
0.149

25.66
0.0162

±
-t
±
±
±
±
-t
±
±
±

±

±
±
±
±
±

0.019
0.0015
0.08
0.003
0.02
0.12
0.005
0.005
0.001
0.006

0.012

0.007
0.008
0.006
0.08
0.0018

Cd 1542.4 keV level

884.7 7
ce

76.90 ± 0.30

1454
563.1

795.8

1038.4

1365.0

B
7
ce

7
ce

7
ce

7
ce

< 0
8.57
0.068

87.5
0.2 64
1.008
0.00203
3.074
0.00292

.005
±
±
±
±
±
±
±
±

0.03
0.003
0.3
0.02 6
0.005
0.00012
0,013

0.00029

I34Ba 604.7 keV level

604.7

7.76 ± 0 . 0 4
0.0141 ± 0.0014
4.220 ± 0.017
0.0020 ± 0.0003

11.99 ± 0 . 0 6

76.76
0.111

7
ce

100.5 ± 0.4 100.6

± 0.26
± 0.008

7 6 . 8 7 ± 0 . 2 6

1 0 0 . 0 ± 0 . 4

0 . 5 9 ± 0 . 0 6

± 0.4
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Table 22. Intensities per decays of "Co, 89Y, l l°mAg, [33Ba, U4Cs and 207Bi gamma rays

Nuclide

K8y

" o m A g

Gamma

Energy

(keV)

48 6. 5

733. 6
787.8
846.8
896.6

977.4
996. 9

1037.8
1089.1
1140.3

1160.0
1175.1
1198.8
1238.3
1272.0

1335.5
1360.2
1442.7
1462.3
1640.4

1771 .4
1810.7
1963.8
2015.4
2034.9

2113.3
2213.0
2276.1
2373. 5
2 52 3 . 8

-1598.6
2657.4

898.0
1836.1

365.4
387.1
396.9
446.8
620.4

62 6.3
657.8
676.6 \
677.6 J
687.0

rays

Intensity
pe r decay

(%)

0.061
0.193
0.305

99.920
0.095

1 .434
0.129

14.13
0.05
0.131

0.095
2 .239
0.051

66.0
0.02 5

0. 130
4.2 62
0.172
0.084
0.070

15.47
0.655
0.707
3.027
7.77

0.364
0.389
0.124
0.083
0.068

16.95
0.021

93.7
99.24

0.086
0.07
0.06
3.739
2 .803

0.216
94. 54

10.48

6.43

±
±
±
±
±

±
±
±

±
±
±
±
-t

±
±
±
±
±

±

±
±
±

±
±
±
4 -

±
±

±
±

±
±
i

±
t

±
±

±

±

0.010
0.012
0.013
0.007
0.018

0.016
0.014
0.07
0.03
0.021

0.014
0.014
0.009
0 . 3
0.008

0.006
0.022
0.007
0.006
0.011

0.07
0.02 3
0.011
0.017
0.04

0.007
0.008
0. 007
0.011
0.011

0.08
0.006

0 . 4
0.07

0.018
0.03
0.03
0.027
0.019

0.013
0.20

0.09

0.06

Nuclide

n o m A g

" 3 B a

134Cs

i07Bi

Gamma

Energy

(keV)

706.7 -I
708.3 >
744. 3
763. 9
818.0

884.7
937.5
997.2

1085.4
1117.5

1125.7
1163.2 \
1164.9 J
1251.0
1300.0

1334.4
1384.3
1421.0
1475.8
1505.0

1 5 62 . 3
1592.6
1629.7
1775.4
1783.4

1903.5

276.4
302 .8
356.0
383.8

563. 1
569.2
604.7
795.8
801 .8

1038.4
1167.7
1365.0

569.7
897. 3

1063.6

rays

Intensit)
per decay

(%)

16.70

4.73
22 .26

7.33

72 . 57
34.33

0.134
0.062
0.039

0.036

0.075

0.02 3
0.02 4

0.141
24.25

0.037
3.990

13.02

1 .03
0.0209
0.0058
0.0063
0.0097

0.0149

7.15
18.28
62 .00

8.92

8.37
15.40
97.64
85.52

8.68

0.984
1.783
3.001

97.74
0.119

74.0

±

±
±
±

±
±
±
±
±

±

±

±
±

±
t
±
±
±

±
±
±
±
±

±

±
±
±
±

±
±

±
±

±
±
±

±
±
±

0. 12

0.03
0. 13
0.05

0.41
O.ZO
0.005
0.012
0.005

0.007

0.011

0.007
0.008

0.005
0. 14
0.003
0.024
0.07

0.08
0.0012
0.0010
0.0010
0.0010

0.0014

0.03
0.06
0. 14
0.04

0.05
0.08
0.06
0.05
0.04

0.006
0.010
0.017

0.03
0.012
0 . 3
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Gamma-Ray
Source C a P s u l e

5 mm

|<— 25mm

Fig. 1. Capsule used for the gamma-ray source,
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7-Ray Source
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Fig. 4. Block diagram of the detector system used in Hiroshima.
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Fig. 5. Block diagram of the detector system used in Nagoya.
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Source Holder Ge(Li) Detector

Cryostat

Fig. 6. Source holder and Ge(Li) detector. Source positions are six

at Hiroshima as shown in this figure and four at Nagoya.
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Fig. 7. Counting rate dependence on the source position.
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Fig. 26. Gamma-ray spectrum of n o m A g .

- 5 6 -



I
in

10

- 10
c

I 10'

S. 1 0 3

in

§ 1 0 2

o
o

10

Cs X-ray 81.0

o

i
356.0

302.8
276.4

133Ba Gamma-Ray Spectrum

160.6 223.1
383.8

1 0 0 0

I

2000
Channel Number

3000
1

4000

so
I

00

CD
O5

Fig. 27. Gamma-ray spectrum of ' Ba.



10

en
CO

10 -

10

604.7

569.2

563.1

801.8

134
795.8 Cs Gamma-Ray Spectrum

801.8

; 1038.4

1167.7

00

to

1038.U 1167.7 1365.0

10

I

0 1000 2000

Channel Number

3000 4000

Fig. 28. Gamma-ray spectrum of 134Cs.



en
to

c
c
o

JC

o

10

10

10

10

10

10

152 Eu Gamma-Ray Spectrum

en -* " co

en CN • UJ
?N c*> en lf> (D to *O f*>

c 10

» 10

o
u 10

10

10

10

10 _L

in jxOrM
00 tOO —

o o ^ —

•-T in r-

\ '

vi ;• 6 - ;
us — -J-

• ^ -

-^-" i-—^AAAJ—;^

CTl O> < ^

CM (Nl

W « - - - '• • »

0 1000

F ig . 29.

30002000

Channel Number

Gamma-ray spectrum of 152Eu.

4000

73
I

s



C
C

o

O

o

Eu Gamma-Ray Spectrum

ao

2000
Channel Number

Fig. 30. Gamma-ray spectrum of 154Eu.



0)

c
o
-C

o
0)
Q.

c
o
o

10'

106

105

104

103

102

105

104

in \o •* -*
— od ei »» CN

S in vD >o

0

i ' i ' r
192Ir Gamma-Ray Spectrum

o

S

;• in o
. • ** <r>
' 00 03

*. ««j ^

O

<b ri -j rsi
OOOIQ«-
n m w 10

m
t

1000 2000

Channel Number

3000 4000

70
I—I

I

s
00
CO
(34

Fig. 31. Gamma-ray spectrum of 192Ir.



J A E R I - M 8 1 9 6

1.10

c

I 1.00

0.90 I I I

$ Katou
f Gehrke et al.
\ Hautala et al.
{ Meyer
$ Present

J L

846.8 1037.8 1238.3 1771.4 2034.9 2598.6

EY (keV)

56Fig. 32. Comparison between relative intensity measurements for 56Co

1.10

1.00
Q.

0.90

110m

I l

} Deber t in
A g I Gehrke et a l .

} Meyer
§ Present

657 .8 7 6 3 . 9 8 8 4 7 9 3 7 5 1 3 8 4 . 3 1 5 0 5 - 0

E Y ( k e V )

Fig. 33. Comparison between relative intensity measurements for 110mAg,

- 6 2 -



J A E R I - M 8 1 9 6

c
QJ
I/)

1.05

1.00

0.9 5

133Ba
i
i

Schotzig et al.
Gehrke et al.
Meyer
Present

276.A 302.8 356.8 383.8
EY (keV)

Fig. 34. Comparison between relative intensity measurements for 133Ba.

- 63 -



J A E R I - M 8 1 9 6

1.10

1.05

c
If)

1.00

i—i r
134

1 1

Cs i Hise et al.
i Debertin et al.
i Meyer
i Present

J L

. 0.95

563.1569.2 604.7 795.8 801.8 1038.4 1167.7 1365.0

EY ( keV )

Fig. 35. Comparison between relative intensity measurements for 134Cs

1.10

1.05

c<v
If)
0)

1.00

0.95

I I I
152

I I I I
Eu i Debertin et al.

i Gehrke et al.
\ Debertin
I Meyer
§ Present

-h \ _L

344.3 411.1 443.9 778.8 964.0 1085.8 1112.0 1408.0

EY (keV)

Fig. 36. Comparison between relative intensity measurements for 152Eu.

- 64 -




