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1. Introduction 

Neutron activation cross section data around 14 M e V have become important 

from the viewpoint of fusion reactor technology, especially for calculations on 

radiation damage, nuclear transmutation, induced activity and so on. 

In recent years formation cross sections of long-lived nuclei were measured 

systematically in a good accuracy*). However there remain many shcrt-Mved nuclei 

whose cross sections have not been measured yet or have not been measured in 

a reasonable accuracy because of difficulty in measurement for short-lived nuclei. 

A measuring program tor activation cross sections of short-lived nuclei around 

14 M e V neutrons has been carried out at the intense 14 M e V neutron source 

facility ( O K T A V I A N ) of Osaka University since 1988. U p to now, w e have 

measured 47 cross sections for the (n, 2n), (n, p), (n, n'p) and (n, a) reactions 

leading to short-lived nuclei in a qualified experimental condition^"*). 

In this work 18 cross sections producing short lived nuclei ( T ^ = 21 s - 22 

min) were measured in the energy range from 13.4 M e V to 14.9 M e V for Ru, Pd, 

Cd and Sn. Measured reactions are shown in Table 1. 

Half-life of three short-lived nuclei was measured with G e detectors in the 

spectrum multi-scaling mode. These values are needed for the cross section 

determination. The measured half-lives are shown in Table 2. 

2. Measurement of activation cross sections 

The activation cross section values were obtained by measuring the 

radioactivities induced with neutron irradiation as follows: 

C = No4)E^lY(l-exp(-Xt;))exp(-XtJ(l-exp(-XtJ)A 

where 

C : y-ray peak counts, 

N : atomic number of target nuclide, 

o : activation cross section measured, 

(ft : neutron flux at the irradiation position, 
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€f : full energy peak detection efficiency of y-ray, 

Iy : y-ray emission probability per disintegration, 

X : decay constant of induced radioactivity, 

t; : irradiation time, 

tg : cooling time, 

t^: measuring time of y-ray. 

All cross section values were obtained relative to the standard reaction cross 

section of ̂ Al(n, ctf N a (ENDF/B-V)9. 

2.1 Experimental 

2.1.1 Neutron irradiation and fluence monitoring 

The d-T neutrons were generated by an intense 14 M e V neutron source facility 

( O K T A V I A N ) of Osaka University. Incident d+ beam energy and intensity were 

300 keV and about 5 m A , respectively. A pneumatic sample transport system as 

shown in Fig. 1 was used for the irradiation of samples. The angles of the 

irradiation position to the d+ beam were 0", 50°, 75", 105", 125" and 155", which 

covered the neutron energies ranging from 14.9 to 13.4 M e V . Another pneumatic 

tube was also set at -105°. The distance between the T-target and the irradiation 

position was 15 cm. W h e n high neutron flux was required, an additional tube set 

at 0° and at 1.5 cm was used. Typical neutron fluxes at each position are shown 

in Fig. 2. The neutron flux at 75° was a little low owing to neutron scattering 

with the rotating T-target assembly. 

The neutron flux at the sample position was measured with use of the 

substandard ^Al(n, p ) ^Mg ( T ^ = 9.46 min) reaction, whose cross sections were 

determined by referring to the standard ^Al(n, a)^Na (ENDF/B-V). The samples 

were sandwiched between two aluminum foils of 10 m m x 10 m m x 0.2 m m thick. 

The standard cross section of ̂ Al(n, a) is shown in Table 3. Good statistics for 

fluence monitoring could be achieved in reasonably short measuring time by using 

the ^Al(n, p) reaction instead of ̂ Al(n, a). The use of the substandard ^Al(n, 

p) reaction brought only an additional statistical uncertainty of 0.5% to final results. 

The effective energy of incident neutrons at each irradiation position was 

determined by the ratio of the °°Zr(n, 2n)^Zr(3.27 d)9 and ̂ Nb(n, 2n)^"*Nb (10.15 
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d ) ^ cross sections (Zr/Nb method^). Since each position of the pneumatic tubes 

was mutually arranged in a good accuracy, the effective d* energy was chosen as 

a fitting parameter in the relativistic calculation of d-T neutron energy. A fitting 

result obtained for E^ = 130 keV is shown in Fig. 3. The uncertainty in the 

neutron energy was estimated to be 50 keV. 

Mass separated isotopes from the Oak Ridge National Laboratory were used 

as samples. Powder samples were wrapped in powder papers (each sample size: 

10 m m x 10 m m and about 1 m m thick, sample masses: 20-70 mg). The isotopic 

compositions of samples used are shown in Table 4. 

2.1.2 Activity measurement 

Gamma-rays emitted from the irradiated samples and monitor aluminum foils 

were measured with 1 2 % and 4 % H P G e detectors, and a 1 6 % H P G e detector, 

respectively. Foils of Nb and Zr for neutron energy determination were measured 

with a 2 2 % H P G e detector. The Ge detectors used are shown in Table 5. Each 

detector was covered with a 5 m m thick acrylic absorber in order to reduce P-rays. 

The peak efficiency calibration at 5 cm was accomplished by using sources of 

^Na, ^ C o , *^Ba, *^Eu and *^*Eu. Corrections for true coincidence sums were 

applied. The errors in the efficiency curves were estimated to be 1.5% above 300 

keV, 3 % between 300 and 80 keV, and 5 % below 80 keV. 

To measure the weak activities efficiently, the samples were put on the 

absorber surface (source-to-detector distance is 5 m m ) . To convert the efficiency 

at 5 m m to the one at 5 cm, calibration measurements were carried out at both 

distances by using extra samples irradiated with rather strong neutron flux through 

the pneumatic tube set at 1.5 cm. This method improved the detection efficiency 

by a factor of about 7. The calibration procedure brought an additional error of 

1.0% to the results. 

Peak areas of the y-rays were evaluated by summing all recorded counts in 

the channel interval {C-3o, C+3o} and subtracting the background counts (Ng), 

where C is the position of the peak center and o is F W H M . Ng is given by (6o) 

x (N^ + Nn)/2, where N ^ and N ^ are the average counts of 5 channels in the 

vicinity of (C-3a) and (C+3o), respectively. In Fig. 4, the peak area evaluation 

of the 215 keV y-ray emitted by * " ? " % produced by *°Spd(n, 2n)*°7"Td reaction 

is shown as an example. This summing method is similar to that by Debertin and 
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Schotziĝ . The uncertainty from the peak area evaluation was estimated to be 

0.5%. 

2.1.3 Decay data 

In Table 6, measured reactions and associated decay data*") of the half-life 

(T^, the y-ray energy (Ey) and the absolute intensity in photons per disintegration 

(Iy) are listed together with the Q values. The half-life of *^"*Rh, i^In and 

I20m2m was determined in this work. 

2.1.4 Corrections 

The following principal corrections in deducing cross sections were made: 

1) fluctuation of the neutron flux during the irradiation, 

2) contribution of scattered low energy neutrons, 

3) true coincidence sum, 

4) random coincidence sum, 

5) deviation in the measuring position coming from different thickness of each 

sample, 

6) self-absorption of the y-ray in the sample material, 

7) interfering reaction producing activities emitting the y-ray with the same energy 

of interest. 

The detailed procedures are described elsewhere^). 

2.1.5 Error Estimation 

The total errors (6J were derived by combining the experimental error (5̂ ) and 

the error of nuclear data (6J in quadratic: 8^ = 5^ + 6^. Estimated major sources 

of the error are listed in Table 7. When good counting statistics were achieved, 

the experimental and total errors were 2.4 and 6.0%, respectively. The main error 

sources are due to the y-ray detection efficiency and the standard ̂ A!(n, ct)̂ *Na 

reaction cross section. In some cases the errors of the y-ray emission probability 

or the half-life were dominant. When the error of nuclear data is reduced, the total 

error will be much improved. 

2.2 Results and discussion 

Numerical data tables of the cross sections are given in Table 8 and the 
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measured data are compared to other data in Fig.5. In the figures the total errors 

are shown. 

For the Hollowing four reactions the cross sections were measured for the first 

time: *^Ru(n, np)""Tc, "*Pd(n, np)^"*Rh, "*Pd(n, np)^"*Rh and *^Cd(n, 

^i09mp^ ^ previous works on these reactions might be made due to too small 

cross sections (!ess than 5 mb). The previous cross section data of *"*Ru(n, 

p)ioi-Tcii), "*Pd(n, np)""Rh*9, "'Cd(n, p)"^Ag^) a.d "^Sn(n, p)"^,.") ^ 

discrepant with the present values by a factor of more than 2. In particular the 

cross section of ****Ru(n, p) reaction measured by Paul and d a r k e n s discrepant 

with the present values by a factor of more than 10. In Fig. 5.1 the present cross 

section data of *°*Ru(n, p) are shown together with the previous and estimated 

values based on the systematics proposed by us*^. The systematics is expressed 

by the following formula: 

o^,(m&)=(6.0xl0^)A^(0.585)^'^exp{-33(Af-Z)/A+6} 

0 (6-6 %37g6f BHC&HS) 

5= +0.15 (<?-<?) 

-0.15 (o-6) 

where N, Z and A are neutron, proton and the mass number of the target nuclei. 

The present values of this reaction cross section are consistent with our systematics. 

The cross section data of *°2Ru(n, p)^^Tc, "*Ru(n, p)"Mrc and ^Ru(n, 

a)*°*Mo by Gray et al.*^ agree with the present data within the uncertainties, but 

his data show systematically low values compared with the present data. The 

induced radioactivities produced by these reactions emit cascade y-rays. in our 

measurement the true coincidence-sum corrections ranged between 1 5 % and 30 % 

at 5 m m . His lower values might result from insufficient corrections. 

For *2&"In produced by the reaction ^°Sn(n, p)^°^in the existence of two 

isomers with similar half-lives was recognized*^. In this work the formation cross 

sections of two isomers, I20mi,2j,̂  ̂ g ^ separately measured. The previous values 

of the ^°Sn(n,p)^°"*In cross sections were measured without the separation of the 

decay of two isomers ^omjR. ^he previous values of ̂ Pd(n,2n)*°^Pd^'^ cross 

section agree well with the present value. 

In appendix 1, the singles y*ray spectra of the samples irradiated by 14 M e V 
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neutrons are shown. 

3. Measurement of ha!f-!ives 

The half-life value is one of the important decay data for cross section 

measurement. It is therefore required that the half-life values are precise and 

reliable. The error of the *^"*Rh half-life previously reported^ was not evaluated. 

It had been considered *^°In had one isomer with a half-life of 44.4 s*">. Cheung 

et al. found *20"*in had turn components*^. It was determined by them that one 

half-life (^""^In) was 47.3(5) s and another (*^°^In) 46.2(8) s. 

W e measured the half-lives of *^"*Rh and of two isomers of *^m. These 

values are needed for cross section determination. The y-rays were measured with 

the G e detector in the spectrum multi-scaling mode. The measurement was made 

at equal interval of 1/3 to 1/6 of the half-life for about 10 times the half-life. The 

i^Cs, i7"Tm and ̂ **Am sources and a pulsg generator with a rate of 60 cps were 

simultaneously measured together with the short-lived activity for the correction of 

the pile-up and the dead time losses (source method, constant-pulser method). The 

initial counting rates were always kept to be less than 9 x 10^ cps. Data points 

were analyzed by the least squares fitting. The detailed procedures are described 

elsewhere^). 

The results are summarized in Table 9 together with the production reactions, 

followed y-rays, reference sources for corrections and previous data. The results 

are shown in Fig. 6 together with the previous works. A s an example, singles 

y-ray spectrum and the decay curve of *^"*Rh are shown in Fig. 7 and Fig. 8, 

respectively. 

Previous values of these half-lives are longer by 6 - 4 % than the present 

values. This might be due to insufficient corrections of the pile-up and the dead 

time losses. 

4. S u m m a r y 

The activation cross sections were measured on the 18 reactions producing the 
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short-!ived nuclei in the neutron energy range of 13.4 to 14.9 M e V for Ru, Pd, Cd 

and Sn by the activation method. The haif-iife of M ^ ' h , iR^In and ^"*Rh was 

measured by applying both the source and pu!ser methods. 
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Table 1 Measured reactions 

Reaction9' 

101Ru(n,p)101Tc 
102Ru(n,p)102mTc 

(n,np)101Tc 
104Ru(n,p)104Tc 

(n,ct)101Mo 
104Pd(n,p)104mRh 
105Pd(n,p)105mRh 

(n,np)104mRh 
106Pd(n,np)105mRh 

Tl/2 

14.2 

4-35 

14.2 

18.3 

14.6 

4.34 

42.4 

4.34 

42.4 

min 

min 

min 

min 

min 

min 

sb> 

min 

s 

Reaction 

108Pd(n,2n) 
107mRd (n,p)1089Rh 

(n,np)107Rh 
112Cd(n,ct)109mPd 
116Cd(n,p)1169Ag 
119Sn(n,p)1199ln 

119mIn 
120Sn(n,p)120mlInc> 

120m2Inc) 

Tl/2 

21.3 s 

6.0 min 

21.7 min 

4.69 min 

2.68 min 

2.4 min 

18.0 min 

43.5 sb> 

45.6 sb> 

a) (n,np) means [(n,d)+(n,n'p)+(n,pn)]. 

"' Measurd in the present work. 
c^ It was shown that 120In had two isomers in ref. 17. 120"»lin 

is a low-spin isomer (3+, 4+, 5 +), and 120m21 

high-spin isomer (8~). 
'In i s a 

Table 2 Measured h a l f - l i v e s 

N u c l i d e 

( h a l f - l i f e ) 

105mR h 

( 4 2 s ) 

1 2 0 m l I n 

(44 s ) 

120m2In 

(46 s ) 
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Table 3 Cross section of 2?Al(n,a) 2**Na reaction^^ 

En(MeV) Cross section(mb) 

14.96 

14.92 

14.84 

14.71 

14.53 

14.32 

14.10 

13.95 

13.81 

13.68 

13.55 

13.33 

113.42 

113.93 

114.97 

116.65 

118.97 

121.28 

123.63 

125.02 

125.93 

126.77 

127.62 

128.60 

a) Taken from ENDF/B-V. Uncertainty is ±3% for all values. 
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a) Table 4 Samples of enriched isotopes ' 

Sample Chemical Enrichment Weight 
form (%) (mg) 

Reaction Isotopic composition 
Mass Number(atomic percent) 

101 

102 

104 

104 

105 

106 

108 

112 

Ru 

!Ru 

lRu 

lPd 

Pd 

Pd 

Pd 

Cd 

Ru 

Ru 

Ru 

Pd 

Pd 

Pd 

Pd 

CdO 

96.03 

98.95 

99.05 

96.02 

96.58 

97.51 

98.79 

97.26 

1 1 6Cd CdO 94.97 

1 1 9Sn Sn0 2 84.48 

1 2 0Sn Sn0 2 98.05 

60 101Ru(n,p) 

47 1 0 2Ru(n,p) m 

(n,np) 

37 104Ru(n,p) 
(n,a) 

16 1 0 4Pd(n,p) m 

30 1 0 5Pd(n,p) m 

(n,np)m 

38 1 0 6Pd(n,np) m 

38 1 0 8Pd(n,2n) m 

(n,p)9,(n,np) 
58 1 1 2Cd(n,a) m 

43 116Cd(n,p)9 

65 119Sn(n,p)m'9 

70 1 2 0Sn(n,p) m 1' 2 

99(0 
102(2 
99(0 

101(0 
99(0 
101(0 
105(4 
108(0 
104(0. 
108(0. 
104(0. 
108(0. 

104(0. 
106(0. 
106(0 
110(0. 
113(0. 
116(0. 

106(0. 
110(0. 
112(0. 
114(2. 
116(0. 
118(3. 
122(0. 
116(0. 
118(0. 
122(0. 

• 24), 
.73), 
.12), 
.37), 
.10), 
.23), 
.48), 
.79), 
.41), 
46), 
24), 
72), 
15), 
39), 
.02), 
26), 
88), 
08) 
07), 
24), 
74), 
65) 
40), 
63), 
44), 
13), 
61), 
34), 

54) 
36) 
15) 
41) 
13) 
49) 
15) 
56) 

1 0 0 ( 0 
1 0 4 ( 0 
1 0 0 ( 0 
1 0 4 ( 0 
1 0 0 ( 0 
1 0 2 ( 0 
1 0 6 ( 1 
1 1 0 ( 0 
1 0 6 ( 2 . 3 5 ) 
1 1 0 ( 0 . 2 0 ) 
1 0 5 ( 1 . 0 0 ) 
1 1 0 ( 0 . 5 3 ) 
1 0 5 ( 0 . 3 1 ) 
1 1 0 ( 0 . 3 6 ) 
1 0 8 ( 0 . 0 2 ) 
1 1 1 ( 0 . 6 3 ) 
1 1 4 ( 0 . 8 5 ) 

1 0 8 ( 0 . 0 2 ) 
1 1 1 ( 0 . 5 8 ) 
1 1 3 ( 0 . 7 3 ) 

1 1 7 ( 0 . 8 5 ) 
1 2 0 ( 9 . 9 8 ) 
1 2 4 ( 0 . 2 0 ) 
1 1 7 ( 0 . 1 1 ) 
1 1 9 ( 0 . 6 6 ) 
1 2 4 ( 0 . 1 0 ) 

a ) E n r i c h e d i s o t o p e s were o b t a i n e d from t h e Oak R i d g e 
N a t i o n a l L a b o r a t o r y . 

Table 5 Ge detectors used for cross section measurement 

Detector Volume Efficiency FWHMa) Object of measurement 
(cm3) (%) (keV) 

p-type HPGe 
n-type HPGe 
n-type HPGe 
p-type HPGe 

60 
30 
89 
102 

12 
4 
16 
22 

1.75 
0.61b> 
2.00 
1.65 

Short-lived nuclei 
Short-lived nuclei 
Al monitor foil(27Mg) 
Neutron energy calibration 
(Nb, Zr foils) 

a) at 1333 keV 
b) at 122 keV 
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Table 6 Measured reac t ions and decay parameters 3 ' 

Reaction15) 

101Ru(n,p)101Tc 
1 0 2Ru(n,p) 1 0 2 mTc 

(n,np)101Tc 
104Ru(n,p)104Tc 

(n,a)101Mo 
1 0 4Pd(n,p) 1 0 4 mRh 
1 0 5Pd(n,p) 1 0 5 mRh 

(n,np)104mRh 
1 0 6Pd(n,np) 1 0 5 mRh 
108Pd(n,2n)107inPd 

(n,p)1089Rh 

(n,np)107Rh 
1 1 2Cd(n,a) 1 0 9 mPd 
116Cd(n,p)1169Ag 
119Sn(n,p)1199ln 

119mIn 

1 2 0Sn(n,p) 1 2 0 m lIn e 

120m2Ine 

27Al(n.a)24Na f> 
27Al(n,p)27Mg 9> 

Tl/2 

14.2(1) min 

4.35(7) min 

14.2(1) min 

18.3(3) min 

14.6(1) min 

4.34(5) min 

42.4(5) s d ) 

4.34(5) min 

42.4(5) sd> 

21.3(5) s 

6.0(3) min 

21.7(4) min 

4.69(1) min 

2.68(1) min 

2.4(1) min 

18.0(3) min 

>43.5(8) s d ) : 

>48.4(4) s d ) 

14.959 h 

9.46 min 

Ey(keV) ly(%) 

306.8 

475.1 

306.8 

358.0 

191.9 

51.4 

129.6 

51.4 

129.6 

214.9 

581.0 

302.8 

188.9 

513.5 

763.1 

311.4 

L171.3 

197.1 

1368.6 

843.8 

88(4) 

85.3(20) 

88(4) 

79(10) 

18.8(10) 

48.3(5) 

20.0(4) 

48.3(5) 

20.0(4) 

69.0(29) 

59(12) 

66(5) 

55.8(7) 

76(4) 

99.08(15) 

0.99(20) 

96.1(10) 

80.6(31) 

99.994(3) 

72.0(4) 

Q(MeV)c> 

-0.84 

-3.74 

-10.1 

-4.83 

1.06 

-1.79 

0.086 

-8.88 

-9.35 

-9.43 

-3.65 

-9.95 

2.48 

-5.21 

-1.55 

-1.86 

-4.52 

-4.52 

-3.13 

-1.83 

a)Taken from r e f . 1 0 . 
b ) ( n , n p ) means [ (n ,d )+(n ,n 'p )+(n ,pn) ] 
c ^Q(n ,n 'p ) i s given here . Q(n,d)=Q(n,n'p)+2.225 MeV. 
d^Measured in t h i s work. 
e ) S e e re f . 17. 
f'Standard reaction(ENDF/B-V) used in this work. 

9'Secondary standard reaction used for short-lived nuclei. 

-12-
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Table 7 Principal sources of uncertainty in the measured 
cross sections 

Experimental e r r o r (6 e) 

Source of e r r o r Uncertainty(%) 

Counting s t a t i s t i c s 
Sample mass including pu r i t y 
Neutron flux f luc tua t ion 
Gamma-peak area evaluat ion 
Detector e f f ic iency 

Efficiency c a l i b r a t i o n a t 0.5 and 5 cm 

0 
0. 
0. 
0. 
1. 

.5 

.1 

.1 

.5 

.5 
3 

5 

- 29 

(20% of correction) 

(Ey> 
(300-

(Ey < 

300keV) 
•80 keV) 

80 keV) 

2.0 

Correction for 
true coincidence sum 
random coincidence sum 
sample thickness 

< 17 
< 0.4 

0.6-1.4 (20% of correction) 

self-absorption of y-rays 0-2.6 (20% of correction) 
low energy neutrons 0.7 (30-40% of correction) 

Secondary reference cross section for 
27Al(n,p)27Mg 0.5(Only statistics) 

Error of nuclear data(5r) 

Source of error Uncertainty(%) 

Reference cross section 
27Al(n,a)24Na (ENDF/B-V) 
Absolute y-ray intensity 
Half-life 

3.0 
0-20 
0-5 

-13-
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Table 8(a) Activation cross section of short-lived nuclei 

l°lRu(n,p)l°i-rc 
En(MeV) 

14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

102 

En(MeV) 

14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

104] 

En(MeV) 

14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

o(mb) 

25.1 
25.0 
22.5 
20.5 
19.3 
18.3 

Set*) 

2.4 
2.4 
2.5 
2.4 
2.5 
2.4 

Ru(n,np)10lTc 
o(mb) 

2.95 
2.21 
1.47 
0.94 
0.71 
0.58 

Ru(n,ct] 
o(mb) 

3.1 
3.5 
2.8 
2.4 
1.8 
1.7 

Re'*) 

4.0 
4.3 
5.6 
5.9 
7.6 
8.4 

ilOlno 

3e<*) 

10 
13 
14 
11 
25 
14 

; (14.2 min) 

6r<*) 

5.5 
5.5 
5.5 
5.5 
5.5 
5.5 

(14.2 
6r<%) 

5.5 
5.5 
5.5 
5.5 
5.5 
5.5 

(14.6 
5r(%) 

( .2 
6.2 
6.2 
6.2 
6.2 
6.2 

l°5pd(n,p)I05mRh(42.4 s 
En(MeV) 

14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

o(mb) 

15.7 
12.9 
14.3 
13.5 
12.7 
10.7 

^e(%) 

8.5 
9.2 
9.6 
8.9 
9.1 
10 

&„(*) 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 

6t(** 

6.0 
6.0 
6.1 
6.0 
6.0 
6.0 

! min) 
6t(%) 

6.8 
7.0 
7.9 
8.1 
9.4 
10 

min) 
3t(%) 

12 
14 
15 
12 
26 
15 

) 
5t(%) 

9.3 
9.9 
10 
9.7 
9.8 
10 

l°2Ru(n,p)i°2mTc (4 
o(mb) 

9.5 
8.8 
7.5 
7.1 
6.3 
5.6 

104m,( 
cr(mb) 

8.3 
8.0 
6.8 
5.6 
5.1 
4.3 

I°4pd(n, 
o(mb) 

19.2 
19.6 
19.0 
17.2 
16.4 
15.3 

l°5pd(n, 
or(mb) 

4.91 
3.74 
2.59 
1.80 
1.44 
0.81 

6̂ (%) 

8.6 
8.7 
8.8 
8.6 
8.8 
8.7 

6,,(*) 

4.1 
4.1 
4.1 
4.1 
4.1 
4.1 

.35 min) 

8t<%) 

9.5 
9.6 
9.7 
9.5 
9.7 
9.6 

n.p)l°4Tc (is.3 min) 

&e(%) 

5.1 
5.5 
5.6 
5.3 
6.9 
5.7 

6r<%) 

11 
11 
11 
11 
11 
11 

8t<*) 

12 
12 
12 
12 
12 
12 

p)I°4*"Rh (4.34 min) 

6e(%) 

5.9 
5.6 
5.7 
5.5 
5.5 
5.6 

np)104n 

Se(%) 

6.3 
6.6 
7.0 
7.1 
7.3 
9.4 

8r<*> 

3.4 
3.4 
3.4 
3.4 
3.4 
3.4 

St<*) 

6.8 
6.5 
6.6 
6.4 
6.5 
6.5 

'Rh(4.34 min) 

5r<*> 

3.4 
3.4 
3.4 
3.4 
3.4 
3.4 

^t(%) 

7.2 
7.4 
7.8 
7.9 
8.0 
10 

* 5^:experimental error, 8-:error of nuclear data, 

* Error of neutron energy was estimated as about 50 keV. 
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Table 8(b) Activation cross section of short-lived nuclei 

i°6pd(n,np)105" 
En(MeV) 

14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

108 

En(MeV) 

14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

112, 

En(MeV) 

14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

o(mb) 

1.21 
1.40 
0.90 
0.47 

Pd(n,p) 
o(mb) 

4.7 
4.0 
2.8 
2.6 
1.8 
2.8 

3d(n,a) 
o(mb) 

0.61 
0.59 
0.52 
0.52 
0.37 
0.38 

6g(%) 

25 
35 
42 
35 

iOSgRh 

6e<3) 

16 
17 
19 
17 
17 
18 

109ntpg 

6e(*> 

30 
27 
23 
19 
28 
25 

Rh (42 
6r(*) 

3.8 
3.8 
3.8 
3.8 

(6.0 
6r<*) 

21 
21 
21 
21 
21 
21 

(4.69 
6r(*) 

3.3 
3.3 
3.3 
3.3 
3.3 
3.3 

!.4 s) 

6t(*) 

26 
35 
42 
36 

min) 

6t(%) 

26 
26 
28 
26 
26 
27 

min) 
6t(%) 

30 
27 
23 
20 
28 
25 

119sn(n,p)H9gin(2.4 min) 
En(MeV) 

14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

o(mb) 

6.25 
5.36 
5.12 
4.08 

3.00 

6e<*> 

5.3 
6.3 
6.7 
6.3 

7.1 

5r<*) 

5.1 
5.1 
5.1 
5.1 

5.1 

8t<%) 

7.4 
8.2 
8.4 
8.1 

8.7 

108pd(n 
a(mb) 

472 
474 
455 
435 
473 
431 

108Rd(n 
0*(mb) 

1.80 
1.14 
0.87 
0.54 
0.30 
0.32 

i!6cd(n 
o*(mb) 

2.30 
1.69 
1.48 
1.33 
0.90 
0.78 

H9gn(n, 
or(mb) 

4.69 

,2n)̂ '̂ '"Pd (21.3 s) 
3g(%) 6^(%) 5^^) 

3.6 4.8 6.0 
3.6 4.8 6.0 
3.7 4.8 6.0 
3.4 4.8 5.9 
4.3 4.8 6.4 
3.6 4.8 6.0 

,np)l°?Rh (21.7 min) 

6e(%) 6r<*) St<*> 

6.2 8.3 10 
8.6 8.3 12 
12.2 8.3 15 
12.5 8.3 15 
19.6 8.3 21 
18.8 8.3 21 

,p)li6gag (2.68 min) 
5g(%) 8r(%) 8t(%) 

10 6.1 12 
9.8 6.1 12 
11 6.1 13 
10 6.1 12 
13 6.1 14 
13 6.1 14 

,p)H9min(18.0 min) 
3e(%) 8r<*> &t(%) 

10 20 23 

* 6^:experimental error, 5̂ .:error of nuclear data , 
8i.2=6r2+gg,2 

* Error of neutron energy was estimated as about 50 keV. 
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Table 8(c) Activation cross section of short-lived nuclei 

12°Sn(n,p 
En(MeV) 

14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

o(mb) 

4.8 
4.0 
3.4 
2.6 
2.8 
1.9 

)120ml 

5g(%) 

12 
16 
17 
17 
16 
18 

In (43 

6r(%) 

11 
11 
11 
11 
11 
11 

.5 s) 

6t(%) 

16 
18 
20 
20 
19 
20 

i20gn(n 
o(mb) 

0.95 
0.85 
0.59 
0.48 
0.46 
0.43 

p)120m2m 

6e<%) 

19 
29 
34 
32 
32 
32 

6r(%) 

5.1 
5.1 
5.1 
5.1 
5.1 
5.1 

(45.6 s) 
6t(%) 

20 
24 
34 
32 
32 
32 

* 5^:experimental error, 5-:error of nuclear data, 
5̂ 2=6̂ .2+3̂ 2 

* Error of neutron energy was estimated as about 50 keV. 

Table 9 Results of half-life measurement 

Nuclide Production Ey Reference") Hatf-life 
reaction (keV) (EyinkeV) Present Reference 

l°5MRh l°5pd(n,p) 129.6 170-rn, 42.4(5) s 45 s°) 
(84.3) 

120mlm 120gn(n,p) 863.3 ^ ^ g 43.5(8) s 46.2(8) s*=) 
(661.7) 

120m2j^ 120gn(n,p) 197.3 241^, 45.6(7) s 47.3(5) s°) 
(59.5) 

^)These sources were used for corrections of dead-time and 
pile-up losses. 

*3) Taken from ref. 10. 
°)Taken from ref. 17. 
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105° 75° 

1 Pneumatic sample transport system at 
OKTAVIAN. The distance between T-target 
and the irradiation position was 15 cm. 
The additional tube is set at -22.5° and 
1.5 cm. The neutron flux at 1.5 cm is 
50 times as high as at 15 cm. 
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0 
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• 

• 
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• 

at 15cm 

180 
Angle(degree) v 

Fig. 2 Neutron flux at. 15 cm. 
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Fig. 3 Angular dependences of d-T neutron 
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(effective d+ energy) is 130 keV. 
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Fig. 4 Peak area evaluation of 214.9 keV Y-rav 
in the decay of 107mpd. 
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1 Cross section of 101Ru(n,p)101Tc. The 
double circle shows an estimated value 
based on our systematics. 
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Fig. 5.2 Cross section of 102Ru(n,p)102mTc. 
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Fig. 7 Gamma-ray spectrum in the decay of 
105mRh, Gamma-rays from ^CRn and 
the pulser were simultaneously mea­
sured for the correction of pile-up 
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obtained from the least squares 
fitting analysis. 
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Appendix 1 Gamma-ray spectra of sample irradiated by 14.9 M e V neutrons 

Gamma-ray spectra of sample irradiated by 14.9 M e V neutrons are given in 

Fig.A.1.1 - 22. The ]egend which appears in the figures is explained below. 

Sample: ^°^Ru(96.03%) 
Time: 900s-40s-900s 
#: -*-°lRu(n,p)10lTc( 14.2m) 
Det.: 12% HPGe 
Distance: 0.5 cm 

- (1) 
-* (2) 
- (3) 
- (4) 
i (5) 

(1) Sample (enrichment % for separated isotopes) 

(2) Irradiation time, cooling time, measurement time 

(3) Reaction 

(4) Detector. Usually Ge detectors are covered with 5 m m acrylic absorber. 

(5) Source-to-detector distance. 

* Gamma-ray energies are given in keV. 511y ; 511 keV annihilation y-ray. 

Irradiated sa 

l°lRu(96 
l°2Ru(98 
l°4Ru(99 

I°4p<3(96 
l°5pd(96 

3°6pd(97 

mples 

.03%) 

.95%), 

.05%) 

02%), 
.58%), 

51%), 

Fig.A.l.X 

X 

- 1, 
- 3, 

5, 
7, 
9, 

11, 

2 
4 
6 
8 
10 
12 

Irradiated samples 

10Spd(9g.79%) ; 

H2cdO(97. 

H6cdO(94. 

H9sn02(84 
12°Sn02(98 

26%) ; 

97%) ; 

.48%); 

.05%); 

Fig.A.l.X 

13, 
15, 
17, 
19, 
21, 

14 
16 
18 
20 
22 
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tX ri(nll:«'H{».J m n i H g 4 ^ 2 < f l * f 3 ' l 

- K \ f t t l ' 4 , 
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/J N( = 10sdyn) 

1 

9.80665 

4.44822 

kgf 

0.101972 

1 

0.453592 

Ibf 

0.224809 

2.20462 

1 

fri Iffi 1 Pa-s(N.s /m 2 )=10P(*TX-)(g/ (cm-s)) 

iHitt/K lm 2 / s=10 , St (x I - - 7 x ) ( c m 2 / s ) 
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h 

MPa(=10bar) 

1 

0.0980665 

0.101325 

1.33322 x lO"' 

6.89476 x 10"' 

kgf/cm' 

10.1972 

1 

1.03323 

1.35951 x 10"3 

7.03070 xlO"2 

atm 

9.86923 

0.967841 

1 

1.31579 x 10"' 

6.80460 x 10-; 

mmHg(Torr) 

7.50062 x 10J 

735.559 
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51.7149 

Ibf/in-'(psi) 
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14.2233 

14.6959 

1.93368x10--
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*" 
1 

ft: 

lit 

Jf=10'erg) 
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9.80665 

3.6x10" 
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0.101972 

1 
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eV 
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rad 
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R 
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Sv 

1 

0.01 
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1 

( 8 6 J p l 2 ^ 2 6 H S f f i ) 


