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Sixteen neutron activation cross sections for (n,2n), (n,p), (n,n'p)
and (n,a) reactions producing short-lived nuclei with half-lives between
20 s and 7 min have been measured in the energy range of [3.4 to 14.9 MeV
for F, Mg, Si, Ti, Cr, Ni, Ga, Rb, Sr and Ag.

Seven half-lives of short-lived nuclei produced by 14 MeV or thermal
neutron bombardments were measured with Ge detectors for Siri, 60mgq,
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Keywords: Activation, Cross Sectiom, 14 MeV Neutron, Short-lived

Nucleus, Half-life, Measurement, Ge Detector

This work was performed under the contract between Japan Atomic
Energy Research Institute and Nagoya University.
* Nagoya University

%% Osaka University



JAERT—M 92020

1aMeV ch#EFic & B EEMEAE KBTI ORIE
—F, Mg, Si, Ti, Cr, Ni, Ga, Rb, Sr, Ag—

B AR T gL s T A D
I VI = T 1 N = N 77 S - S i[ ¥
fRE BT e mAE AT

(19524 1 H29H =)

HIRERA0E N & T REOEHEMEERMERORES, PHFIAVF—13. 405149 VeV
D#EFIcPHzD, F. Mg Si, Ti, Cr, Ni, Ga, Rb, Sr, Agloxt L (n, 2n), (n.p), (n,np), (n,
a) UG, 168mEERIE L1,

14 MeVE 72 (2B H: TR THER S N 2 EEMEO LRI OREE, *'Ti,**™ Co, **Rb, *'*Ho,
say  108pp  109mpGy TREREIZOUNVT, GelRHEREVWTANYS PARAFRY =) Y TE-FT
iT9a~72,

FWER I, OABFHHEFRNEEBRAZCEEL TN - iR ERORRTH %,
BAHAAT : TI10- 11 REBIMERENOFFAKZ — 4

* EEHEBKF

o KIRAZE



JAERI—-M 92—020

Contents

1, Introduction ...seeseces cereaseanse fhesearaseaseannons ceeanaens 1
2. Measurement of Activation Cross Sections ........ cesecraanranan 1
2.1 Experimental ......c.cc... cheerrennens veseesseanea Cesresaeasa 2
2.1.1 Neutron Irradiation and Fluence Monitoring ...... cesesan 2
2.1.2 Activity Measurement ....... ceveeeaneana et ressearsaeras 3
2.1.3 Decay Data ....... cesseaeares Cesenaseneens creeaearearvas 4
2.1.4 Corrections ........... e etreierese et s s s 4
2.1.5 Error Estimation .......... Ceres e e rreraaeaaena - 4

2.2 Results ....ve. teveteneeanans et ereearens et iaeneann ceaesas 4
3. Measurement of Half-lives .....ivcvenennens teseerreanaenn cenesee 5
3.1 Experimental ....ivcieaaeen cerarraasenan Ceesesasaraens ceereen 5
3.2 Source Preparation .......... creasnaneans et saerssanes Ceenes 6
3.3 Results .......- i eessaenean e saacanena ceseseerannns ceen 6
4. SUMMATY «eervvoscaraan cetaeraannae e aeecnanna cessaensanea cesen 6
Acknowledgements .......... teseanaar ey Ceeasaaensan Chtes e . 7
References ..evessa. et aneanan Cheraasareene casereana hee s enn 7

Appendix 1 Gamma-ray Spectra of Samples Irradiated by
14.9 MeV Neutrons «ceesecsas ceraaeanan eteraraeees veees 30



JAERI-M 92020

H X
L. J‘% ..................................................................................................................
0. HRGHLEFTIREODIIEE  +vveveererres oo rsien e ssis et
.1 GEERATEE  cvererrecerroreeonee i
9. 1.1 HHPETHRET & BT IR S & —  vrrerrrrserr st
9.1, 0 EEEBETEEDIITE  creoveerrerreemeresnes s s e
00103 HHIET — 4 e
O 1.4 IE eeereerereeeseereeeeei e
9 1.5 HEZEEIRELIR cereeeereererer
D0 HE B eeeeeseesreseeseeie e
G SEIEHIODITE  woeeerrerrrroeeorsseseosm e e
3.1 EEEHE e B R
S0 EEUEODIIEE  coeeeere o
9.3 %I:g: % ......................................................................................................
A, & BD eereereeees e
'ﬁg\j Jé;?_: ..................................................................................................................
Za%—im ...............................................................................................................
HEE 1 149 MeVePIEFTIGIS NP0 Y RN Bl oo



JAERI—M 92—020
1. Introduction

Neutron cross section data around 14 MeV are compiled as the evalu-
ated data for fusion reactor technology, especially for calculations on
radiation damage, nuclear transmutation, induced activity and so on. A
lot of experimental data have been reported, but formation cross sections
of short-lived nuclei have often not been measured in a reasonable accu-
racy and there are no available data for some reactions, because of
difficulty in measuring short-lived nuclei. Moreover, there are often
inconsistencies among the existing experimental data. We started system-—
atic measurements of formation cross sections of short-lived nuclei 4
years ago. Up to now, 31 reactions were measured!-2). In the present
work, 16 cross sections for the (m,2n), (m,p), (n,n'p) and (n,n) re-
actions leading to short-lived nuclei with half-lives between 20 s and
7 min were measured in the energy range of 13.4 to 14.9 MeV by the
activation method.

The half-life is one of the mest fundamental comstants of the radio-
active isotopes. In the activation cross section measurements, the
uncertainty of the half-life brings a strong effect on the results.

Seven half-lives of short-lived nuclei were measured with Ge detectors
in a spectrum multi-scaling mode. Measured reactions and half-lives are

shown in Table 1 and Table 2, respectively.

2. Measurement of Activation Cross Sections

The activation cross section values are obtained by measuring the

radioactivities induced with neutron irradiations as follows:

C=No¢e Ly(l - e ti)e_l feqr - e tmy /2,

where
C : y-ray peak counts,
N : atomic number of target nuclide,
g : activation cross section measured,
¢ : neutron flux at the irradiation position,

¢ : detection efficiency of y-ray peak,

Iy : y-ray emission probability per disintegratiom,
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in a spectrum multi-scaling mode. Measured reactions and half-lives are

shown in Table 1 and Table 2, respectively.
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» : decay constant of induced radioactivity,
ty ¢ irradiation time,

te : cooling time,

tp : measuring time of y-ray,

All cross section values were obtained relative to the standard

reaction cross section of 2771 (n,a)24Na (ENDF/B—V)3).

2.1 Experimental

2.1.1 Neutron Irradiation and Fluence Monitoring

The d-T neutrons were generated by an intense 14 MeV neutron source
facility (OKTAVIAN) at Osaka University. Incident dt beam energy and
intensity were 300 keV and about 5 mA, respectively. A pneumatic sample
transport system as shown in Fig. 1 was used for the irradiation of
samples. The distance between the T-target and the irradiation position
was 15 em. Transfer time was about 2 s. The angles of the irradiation
position to the dT beam were 0°, 50°, 75°, 105°, 125° and 155°, which
covered the neutron energies ranging from 14.9 to 13.4 MeV. Another
pneumatic tube set at -105° was used to examine the arrangement of the
pneumatic tubes. I1f the pneumatic tubes are well symmetrically set with
respect to the incident deuteron beams, the measured neutron energy at
-105° should show good agreement with one at 105° (see Fig. 2). When
strongly induced activities are required, an additional tube set at
-22.5° and at 1.5 cm was used. Typical neutron fluxes at each position
are shown in Fig. 3. The neutron flux at 75° is 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 27Al(n,p)2"Mg (T1/7=9.46 min) reaction, whose cross sections
were determined by referring to the standard 271 (n,a)2"*Na (ENDF/B—V)3).
The samples were sandwiched between two aluminum foils of 10 mm x 10 mm X
0.2 mm thick. The standard cross section of 27A1(n,n) is shown in Table
3. Good statistics for fluence monitoring can be achieved in reasonably
short measuring time by using the 27Al(n,p) reaction instead of 27A1(n, o).
The use of the substandard 2781(n,p) reaction brought only an additional
uncertainty of 0.5% to final results.

The effective reaction energy of incident neutrons at each irradia-
tion position was determined by the ratic of the 90Zr(n,Zn)ngr(3.27d)“)
and 93Nb(n,2n)92mNb(lO.15d)5) cross sections (Zr/Nb methods)). Since
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each position of the pneumatic tubes is mutually arranged in good accu-
racy, the effective dt energy was chosen as a fitting parameter in the
relativistic calculation of the d-T neutron energy. A fitting result
obtained for Eq = 130 keV is shown in Fig. 2. The uncertainty in the
neutron energy is estimated to be % 50 keV.

Samples of separated isotope and natural element were used. Foil
samples were rectangular-shaped 10 mm x 10 mm and 0.1 ~ 0.2 mm thick.
Powder samples were wrapped in powder papers (each sample size: 10 mm x
10 mm and about 1 mm thick, sample masses: 30 ~ 90 mg). The specifica-

tion of the samples used are shown in Table 4 and Table 5.

2.1.2 Activity Measurement

Gamma-rays emitted from the irradiated sample and monitor aluminum
foils were measured with 12% HPGe (1.75 keV FWHM at 1333 keV) and 16%
HPGe (2.00 keV), respectively. Each detector was covered with a 5 mm
thick acrylic absorber in order to reduce B-rays. The peak efficiency
calibration of the detectors at 5 cm was accomplished by using sources
of 2%Na, °fCo, 133Ra, 152y and !°%Eu. Corrections for true coincidence
sums were applied. The errors in the efficiency curves are estimated to
be 1.5% above 300 keV, 3% between 300 and 80 keV, and 5% below 80 keV.
The characteristics of Ge detectors used are shown in Table 6.

To measure efficiently the weakly induced activities, the samples
were put on the absorber surface (source-to—-detector distance is 5 mm) .
To convert the efficiency at 5 mm to the one at 5 cm, calibration mea-
surements were carried out at both distances by using extra samples
irradiated at L.5 cm from the neutron source with rather strong neutron
flux. This method improved the detection efficiency by a factor of about
7. This calibration procedure brought an additional error of 1.0% to
the results.

Peak areas of y-rays are evaluated by summing all recorded counts
in the channel interval {C-3g, C+3c} and subtracting the background
counts (Np), where € is the position of the peak center and ¢ is FWHM.
NB is given by (60c) x (N + Ny)/2, where Ny and Ny are the average counts
of 5 channels in the vicinity of (C-3c) and that in the vicinity of
(C+3a), respectively. This summing method is similar to that by Debertin
and Schatzig7). The uncertainty from the peak area evaluation is esti-

mated to be 0.5%.
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2.1.3 Decay Data
In Table 7, measured reactions and associated decay dataa) of the
half-life (Tl/z), the y-ray energy (Ey) and the absolute intensity in

photons per disintegration (Iy) are listed together with the Q values.

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 thick-
ness of each sample,
6) self-absorption of y-ray in the sample material,
7) interfering-reaction producing activities emitting y-ray with
same energy of interest.

The detailed procedures are described elsewherels2),

2.1.5 Error Estimation
The total errors (&§;) were derived by combining the experimental

error (8g) and the error of nuclear data (8,) in quadratic:
§e2 = 852 + 8,7 .

Estimated major sources of the errors are listed in Table 8. When good
counting statistics were achieved, the experimental error and the total
error were 1.7% and 3.5%, respectively. The main error sources are due
to the y-ray detection efficiency and the standard 2741(n,a)%"*Na reaction
cross section. 1In some cases the errors of the y-ray emission probabili-

ty or the half-life are dominant.

_2.2 Results

Numerical data tables of the cross sections are given in Table 9 and
graphs are given in Fig. 4. In the figures only experimental errors (&g)

are shown.
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Generally speaking, previous data obtained in the wide energy range
of 13-15 MeV show fairly good agreement with the present results, while
some of previous data obtained at one energy point are much different
from the present results. This discrepancy might result from short sam-
ple-to-neutron source distance and large amounts of irradiation samples
of the previous works, because available neutron sources in those works
were weak. JENDL-3 shows agreement with the present data for 5071 (n,p),
SHCr(n,a) and 64N{i(n,0) within 10% and for 23Mg(n,p) ., 2981 (n,p) and
54Cy(n,p) within 30%. The discrepancy shown in Fig. 4.16 for the
107Ag(n,p)107de reaction results from the difference of the definition
of the cross section; JENDL-3 gives the cross section for 107Ag(n,p)
107mtgpgd while the present work gives the ground state formation cross
section.

In our previous work of 26Mg(n,u)23Nez), the 25Mg0 powder sample was
used. Hence there was a possibility that some of induced activity of
23Ne leaked from the irradiated sample. In this work, a natural metal
plate of Mg was used to reduce the possibility of leakage. Present cross
section values are higher by a factor of about 2 in comparison with the
previous omnes.

In appendix 1, the singles y-ray spectra of samples irradiated by

14 MeV meutrons are shown.

3. Measurement of Half-lives

In the procedure to deduce the cross sections, the half-life value
is one of the important decay data. It is therefore required that the
half-life values are precise and reliable. Most of the values previously
published have been obtained with GM counters, ionization chambers,
proportional counters and scintillation counters about 20 vears ago. On
the other hand, works with the Ge detectors having the excellent energy
resolution are very scarce. In order to improve the precision and the

reliability of the half-life values, the Ge detectors were used.

3.1 Experimental

The y-rays were measured with the Ge detector in the spectrum multi-

scaling mode. Decay was followed for about 10 times the half-life at
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Generally speaking, previous data obtained in the wide energy range
of 13-15 MeV show fairly good agreement with the present results, while
some of previous data obtained at one energy point are much different
from the present results. This discrepancy might result from short sam-—
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1075 (n,p)197MPd reaction results from the difference of the definition
of the cross section; JENDL-3 gives the cross section for 107A¢ (n,p)
107m+tgpd while the present work gives the ground state formation cross
section.

In our previous work of 26Mg(n,u)23Ne2), the 25Mg0 powder sample was
used. Hence there was a possibility that some of induced activity of
23Ne leaked from the dirradiated sample. In this work, a natural metal
plate of Mg was used to reduce the possibility of leakage. Present cross
section values are higher by a factor of about 2 in comparison with the
previous omnes.

In appendix 1, the singles y-ray spectra of samples irradiated by

14 MeV neutrons are shown.

3. Measurement of Half-lives

In the procedure to deduce the cross sections, the half-life value
is one of the important decay data. It is therefore required that the
half-life values are precise and reliable. Most of the values previously
published have been obtained with GM counters, icnization chambers,
proportional counters and scintillation counters about 20 vears ago. On
the other hand, works with the Ge detectors having the excellent energy
resolution are very scarce. In order to improve the precision and the

reliability of the half-life values, the Ge detectors were used,

3.1 Experimental

The y-rays were measured with the Ge detector in the spectrum multi-

scaling mode. Decay was followed for about 10 times the half-life at
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equal intervals of 1/3 to 1/6 of the half-life. The 133ga (or 137cs,
1707n) source and a constant-pulser with a rate of 60 cps were simulta-
neously measured together with the short-lived activity for the correc-
tion of the pile-up and the dead time losses (source method, constant-
pulser method). The initjial counting rates were always kept to be less
than 9 x 10° cps. Data points were analyzed by a least squares fitting.

The detailed procedures are described elsewhere?).

3.2 Source Preparation

Sources of 2iTi, 80mgo, 918Mo and MY were produced by 14 MeV neu-
tron bombardments. Sources of Slpi, 60mCo, 88grp, 1OBAg and 199mpg pro-
duced by thermal neutron irradiation at the TRIGA-II reactor of Rikkyo

University (100 kW).

3.3 Results

The results aré summarized in Table 10 together with production
reactions, y-rays followed, reference sources for corrections and pre-
vious workss). As an example, y-ray spectrum and the decay curve in the
decay of 4.3 min 104%Rh are shown in Fig. 5 and Fig. 6, respectively. The
results are shown in Fig. 7 together with previous works taken from ref.
8. 1In Fig. 8, difference of previous half-life values from the present
ones in percent. Previous values shorter than about 10 min are larger
than the present results in general. These might be due to insufficient
corrections. It was likely to start the measurements at too high count-

ing rates in order to get good statistics.

4. Summary

The activation cross sections were measured on 16 reactions pro-
ducing short-lived nuclei in the neutron energy range of 13.4 to 14.9
MeV for F, Mg, Si, Ti, Ni, Ga, Rb, Sr and Ag. Seven half-lives of
" short-lived nuclei were measured by applying both the source and pulser
methods, which showed systematically smaller values than the previous

ones in the range shorter than 10 min as a whole.
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tion of the pile-up and the dead time losses (source method, constant-
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ones in percent. Previous values shorter than about 10 min are larger
than the present results in general. These might be due to insufficient
corrections. It was likely to start the measurements at too high count-

ing rates in order to get good statistics.

4. Summary

The activation cross sections were measured on 16 reactions pro-
ducing short-lived nuclei in the neutron energy range of 13.4 to 14.9
MeV for F, Mg, Si, Ti, Ni, Ga, Rb, S5r and Ag. Seven half-lives of
" short-lived nuclei were measured by applying both the source and pulser
methods, which showed systematically smaller values than the previous

ones in the range shorter than 10 min as a whole.
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Table 1 Measured activation cross sections

Reaction® Ti 2 Reaction® Ty2
"9F(n, p) '°0 26, 91s $1Ni(n, a)®'Fe 5. 98m
25Mg(n, p) °Na 59. Bs 59Ga(n, a)®tCu 5.10m
2%Mg(n, o )?Ne 317. Bs 87Rb(n, 2n)#°™Rb 1.017m
2981(n, p)2°Al 6. 56m (n, a)®*"™Br 6. Om
{n,np) %Al 2. 241m 868r(n, p)®°"Rb 1.017m
50Ti{n, p)°°m**Sc 1. 710m 878r (n, np) ®**"Rb 1. 017m
51Cr{n, p)°*V 49. 8s 07hg(n,p)'°""Pd  21.3s
(n,np)°*V 1.61m

(n, @)°'Ti 5. 76m

2> (p,np) means [(n,d)} + (n,n"p) + (n,pn)].

Table 2 Measured half-lives

Nuclide

51Ti SOmCO SBRb leMO 94Y 108Ag 109mpd
(5. 8m) (10m) (18m) (15m)  (Q9m) (2.4m) (4.7m)

Table 3 Cross section of 27A1(n,a)?%Na reactiond)

En(MeV) Cross section(mb)

14.96 113.42

14.92 113.93

14.84 114.97

14.71 116.65

14,53 118. 97

14,32 121.28

14.10 123.63

13.85 125.02

13.81 125.93

13.68 126.77 3 taken from ENDEF/B-V#’
13,55 127.62 Uncertainty is 3% for all values.
13,33 128.60
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Table 4 Samples of separated isotope

Sample C?gﬁéoal Enr%g&yent We%g&% Reaction Imp%gégy”
25Mg Mg0 98. 814 60 25Mg(n, p) 240, 963), 25(0.223)
2984 Si, g5, 65 60 29SiEn,p) 28(4.12) , 30(0.23)
n, np)
SOT§ Ti0s 96. 75 50 S0Ti{n, p}™** 3@%8.233, &gg8.%gg
550 Cr,0. 96. 78 54 s . ., 5h2(2.2
r r.0s 30 Crgﬁ:%%g gggg_g%g (2.26)
SIN1 Ni 97.92 30 ®7n(n, o) 2%58'8%3 , g%gg.gg;
GgGa Ga203 94, 79 70 SQGB.(H, 0[) 71 (0. 21)
87Rb RbC1 97. 32 90 H7RbEn,2n}: 85(2.68)
n, o
883r SrC0s 97, 02 80 867n(n, p)" g%gg.?%g, 87(0.78)
S50 SrC0s 9126 90 i) BA0-01). 86(0.8)
107 pg Ag 99. 09 70 Lo7Ag(n, p)"  109(0.91)

a7 A(x) means mass nummber A with atomic percent x.

Table 5 Samples of natural abundance

Sample Chemical Purity eight Reaction Ab ce
form (%5 mg% %"]’/ggn

F (CF.)n 99 190 19F%(n, p) 19¢100)

M N 99. 999 330 2%Mg(n, 24(78.99), 25(10.0),
& & } 3 glo, @) 2478593, 25(10.0)

Table 6 Ge detectors used for cross section measurement

Detector olyme Efficienc FWHM Object of
%me %%5 ey (keV) meajigurement
Vertical HPGe 60 12 1.75 short-lived nuclei
Horizontal HPGe 89 16 2.00 Al monitor foil (%'Mg)
Horizontal HPGe 113 23 2. 00 92mNh, #97r for Neutron
Energy
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Table 7 Reactions and decay parametersa)

Reaction®’ T,z Ev (keV) Iv () Q(MeV)
T (n,p)'°0 26.91s 197.1 95.9(21) -4.04
25Mg(n, p) *°Na 59.6¢ 585.0 12.96(71) -3.05
25Mg(n, @) *’Ne 37.6s 439. 9 32.9(10) -5.41
2883 (n, p)*°Al 6. 56m 1273.4 91.3 -2.90

(n,np) %Al 2.241m 1779. 0 100 ~-12.33
50Ti{n,p)*?""*Sc 1.710m 523.8 88.7(18) -6.11
54Cr{(n, p)°*V 49. 8s 834.8 97.1(17) -6.26

(n,np)°°V 1.61m 1006. 2 90(2) -12.37

(n, )®'Ti 5.76m 320.1 93.0(4) -1.56
5'Ni(n, @ )°'Fe 5, 98m 298. 0 22.2(28) -2.53
%9Ga(n, a)*°Cu 5.10m 1039.4 9.12(14)¢ 2.58
87Rb(n, 2n) *®*"Rb <1.017m 556.1 98.19(1) ~-10. 48

(n, a)®*"Br 6.0(m) 424.3 100(10) -1.49
868r(n, p)®°™Rb 1, 017m 556.1 98.19(1) -1.5b
875r(n, np) ®*"Rb 1.017m 5586.1 98.19(1) -9.98
1075g(n, p)'°7"Pd 21.3s 214.9 69.0(20) 0.53
2741 (n, @ )**Na®’ 14.958h 1368.6 99, 994(3) -3.13
27A1(n, py2'Mg"’ 9.46m 843, 8 72.0(4)¢ -1.83

»} taken from ref. 8.
) (n,np) means L(n,d)+(n,n’p)+(n,pn}].

c)

d)

e)

1)

Q(n,n’p) is given here. Q(n,d)=Q(n,n’ p)+2.225MeV.
taken from ref.10,
Standard reaction(ENDF/B-V) used in this work.

Secondary conventional reaction used for short-lived nuclei.
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Table 8 Principal sources of uncertainty in the measured cross sections

Experimetal error (8 e)

Source of error Uncertainty(%)
Counting statistics 0.5 - 40
Sample mass including purity 0.1
Neutron flux fluctuation <0.1 (20% of correction)
Gamma-peak area evaluation 0.5

Detector efficiency

Efficiency
Correction
Correction
Correction
Correction

Correction

calibration at 0.5 and 5 cm

for
for
for
for

for

true coincidence sum
random coincidence sum
sample thickness
self-absorption of < -rays

low energy neutrons

Secondary reference cross section for
27A1(n, p)* Mg

1.5(Ev >300 keV), 3(300 - 80
keV), H(Ev <80 keV)

1.0

<0.3

<0.4
0.2 - 0.8 (20% of correction)
0 - 0.2 (20% of correction)
0 - 5 (30~40% of correction)

0.5 (only statistics)

Error of nuclear data (&r)

Source of error Uncertainty(¥)
Reference cross secticn for
27A1(n, @ ) ?*Na(ENDF/B-V) 3.0
Absolute Y -ray intensity 0 - 13
Half-1life 0 -5
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Table 9(a) Activation cross section of short-lived nuclel

19F(n, p) '°0(26.91s) 25Mg(n, p) 2°Na(59. 63)
Fn(MeV) o(mb) 8.8 5% 1.0 o(mb) .00 5. .00
14,87 17.8 3.6 3.7 5.2 62.6 4.7 6.3 7.9
14.58 18.6 3.6 3.7 5.2 63.7 4.6 6.3 7.8
14.28 19.4 3.7 3.7 5.2 67.3 4.9 6.3 8.0
18.88 19.5 3.6 3.7 5.2 63.3 4.3 6.3 7.7
13.65 20.8 3.6 3.7 5.2 63.4 4.4 6.3 7.7
13.40 22,7 3.6 3.7 5.2 62.0 4,4 6.3 7.7

26Mg(n, ) 2°Ne(37. 63) 298 (n, p)2°Al1(6. 56m)
En(MeV) o(mb) §.(%) §.(B) §.(R) omb) .0 3.0 5.0
14. 87 55.4 3.7 4.3 5.6 130.8 1.9 3.0 3.6
14,58 57.5 3.8 4,3 5.7 131.6 1.9 3.0 3.6
14,28 5.4 - 4.0 4,3 5.8 131.7 2.1 3.0 3.7
18.88 57.4 4,2 4,3 6.0 132.7 1.9 3.0 3.6
13.65 59.8 3.7 4,3 5.7 130.6 2.0 3.0 3.6
13.40 58.3 3.6 4,3 5.6 125,6 1.9 3.0 3.6

29Gi (n, np) A1 (2. 241m) 50T (1, p) 5™ *#Sc(1. 710m)
En(MeV) o(mb) 3.0 &.&) &) o(mb) 5. 6. 8.
14,87 24,7 2.8 3.0 4,2 14.4 4,0 3.6 5.4
14.58 17.9 3.2 3.0 4.4 13.5 4.1 3.6 5.5
14,28 13.2 3.7 3.0 4.8 13.0 4.5 3.6 5.7
18.88 10.3 3.5 3.0 4.6 12.0 4,2 3.6 5.9
13.65 8.6 3.8 3.0 4.8 10.6 4.2 3.6 h.5
13.40 6.0 4,4 3.0 5.0 10.2 4.6 3.6 5.8

* §. : experimental error , &, : error of nuclear data, §.2= 8.2+ 8,2

% Error of neutron energy is estimated as about 50 keV.
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Table 9(b) Activation cross section of short-lived nucledi
54Cr(n, p)°*V(49. 8s) 540r(n, np) ® V(1. 61m)
En(MeV) o (mb) 5.(%) 5. 5.0 o(mb) 5.0 5 §.()

14.87 21.3 5.3 3.6 6.3 3.3 13 3.8 14
14.58 21.6 5.6 3.6 6.6 3.2 14 3.8 15
14.28 20.8 6.9 3.6 7.8 1.5 27 3.8 27
18. 88 17.5 6.0 3.6 7.0 1.4 24 3.8 24
13.65 13.4 6.4 3.6 7.3 0.7 36 3.8 36
13.40 15.0 6.7 3.6 7.6 0.5 43 3.8 43
s4Cp(n, ) ®'Ti(5.76m) 84Ni(n, a)®'Fe(5. 98m)
En(MeV) o (mb) 5.(%) .8 8.(%) omb) 8.3 .(% .8
14,87 13.2 2.6 3.4 4.1 6.0 4,9 13.0 14
14.58 12.8 2.5 3.4 4.2 5.5 5.9 13.0 14
14.28 12.1 - 3.3 3.4 4,7 5.1 9.0 13.0 16
18.88 11.7 2.4 3.4 4.7 4,5 5.5 13.0 14
13.65 11.0 2.6 3.4 4,3 3.7 3.0 13.0 i5
13.40 10.3 2.5 3.4 4,72 3.0 7.4 13.0 15
69¢a (n, & )®®Cu(5.10m) 87Rb(n, 2n) **™Rb(1. 017m)
En(MeV; a (mb) §.(%) 0.0 ¢.(B) olmb) §.(%) &%) 6.()
14,87 2007 5,9 3.4 6.8 527 1.7 3.0 3.5
14.58 21.7 6.3 3.4 7.1 559 1.7 3.0 3.5
14.28 19.6 9.6 3.4 10 508 1.8 3.0 3.5
18.88 23.5 5.6 3.4 6.6 460 1.7 3.0 3.5
13.65 24.1) 6.2 3.4 7.1 478 1.7 3.0 3.5
13.40 22.0 5.3 3.4 8.3 463 1.7 3.0 3.5
+ &. : experimental error , &, : error of nuclear data , §.2= 8.2+ 6.,”

*

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

87Rb(n, @ )**"Br(6. Om)

863r(n, p) ®*™Rb{1. 017m)

En(MeV) o(b) &) 3.(B 1. o(mb) .8 8.()) 8.0
14.87 0.81 9.4 10 14 2.9 3.8 3.0 4.9
14.58 0.69 14 10 17 13.2 4.0 3.0 5.0
14.28 0.717 24 10 26 i2.1 4,9 3.0 5.7
18.88 0.59 13 10 17 2.7 3.6 3.0 4,7
13.65 0.52 18 10 21 1.1 4.0 3.0 0.0
13.40 0.49 14 10 18 10.1 4.1 3.0 9.0

878r(n, np) ®*"Rb(1. 017m)

107p4a(ny, p) 107"Pd(21. 3s)

En(MeV) o {(mb) F.(%) 5% 6.(%) olmb) 6.8 .38 §.(0
14,87 4.3 5.9 3.7 6.6 7.3 9.2 5.2 11
14,58 3.4 7.8 3.7 8.3 7.4 9.9 2.2 11
14,28 2.2 - 9.7 3.7 10 7.9 9.4 5.2 11
18.88 1.8 9.2 3.7 9.7 7.2 8.9 5, 2 10
13.65 1.1 13 3.7 13 7.3 8.0 5.2 9.6
13. 40 0.3 30 3.7 30 7.7 8.3 5.2 10
x &, : experimental error , & . : error of nuclear data , §.2= 8.2+ &§.°

*

Error of neutron energy is estimated as about 50 keV.
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Table. 10 Results of half-life measurement

fuclite Frgdigtion By WD ot terem
5174 2$¥§?ﬁP%') 320.1 2{g8.1) 5. 759(P)m 5.80(3)m

comg 53&{2‘%}}3 13%%2% ‘5?’)(15;(661.7) 10.424(20m  10.47(2)m
85Rb 87Rb(n, v )" 898.0 Eééf??) 17.748(23)m  17.78(11)m
215 Mo °2Mo(n, 2n)*  511(7*) é;gg?o) 15.473(340)m  15.49(m
94y $47r(n, p) 918.8 Eéég?7) 18.50(26)m  18.7()m
Tosp, 0Tpg(n, v)  633.0 Eggsf“o) 2.353(9m  2.37(Lim
tosmpy 108pd(n, v )™ 188.9 Eigg.l) 4.663(1Dm  4.69(1)m

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

®> taken from ref. 8.

°) No source was used. Pulser was only used.
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Appendix 1 Gamma-ray spectra of samples irradiated by 14.9 MeV neutrons
are given in Fig. A.l.1 ~ Z26.

EXPLANATION

Sample: ?°Mg0(98.81%)1 = @
Time: 300s-26s5-180s = @)

®: *°Mg(n,p)*°Na = ®
Det. : 12% HPGe = @
Distance: 0.5cm = ®

(D Sample(enrichment % for separated isotope, nat.:sampie of natural abundance)
@ Irradiation time-cooling time-measurement time

@ Reaction :
@ Detector. Usually Ge detectors are covered with omm acrylic absorber,

® Source-to-detector distance.

* Gamma-ray energies are in KeV. 511~y 511keV annihilation ~y-ray,
S.E.P.: single escape peak, D.E.P.: double escape peak.

Irradiated Page Fig. A.1.X Irradiated Page Fig.l.X
Samples x= Samples X=
(CF,)n(nat.) 1,2 59Ga,03(99.79%) 15,16
25Mg(0(98. 814%) 3,4 87RBbC1(97. 32%) 17,18
Mg(nat.) 5,6 885rC04(97. 02%) 19,20
29610, (95. 63%) 7,8 879rC05 (91, 26%) 21,22
2070, (96. 75%) 9,10 1o7Ag (99, 09%) 23,24
54(Cr,05(96. 78%) 11,12 7r(nat.) 25
64Ni(97.92%) 13,14 Nb(nat. ) 26

]
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