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1. Introduction

Neutron activation cross section data around 14 MeV have become
important from the viewpoint of fusion reactor technology, egpecially
for calculations on radiation damage, nuclear transmutation, induced
activity and so on. A lot of experimental data have been reported and
great efforts have been given to compilations and evaluations, but there
are often unexplained inconsistencies among the existing experimental
data.

Recently activation cross sections have been measured systematically
and in good accuracy for 110 reactions on 26 elements by lkeda et a1.l)
to provide more reliable data. However, formation cross sections of
short-lived nuclei have often not been measured in a reasonable accuracy
or there are no available data on some reactions, because of difficulty
in measuring short-lived nuclei. In the present work, l6 cross sections
for the (n,2n), (n,p), (n,n'p), (n,t) and (n,a) reactions leading to
short-lived nuclei with half-lives between 0.5 and 20 m were measured at
neutron energies of 13.4 to 14.9 MeV by the activation method.

The half-life is one of the most fundamental constants of the radio-
active isotopes. In the activation cross section measurements, the un-
certainty of the half-life brings a strong effect on the results. Five
half-lives of short-lived nuclei were measured with Ge detectors in the
spectrum multi-scaling mode. Measured reactions and half-lives are shown

in Table 1 and Table 2, respectively.

2. Measurement of Activation Cross Sections

2.1 Experimental

2.1.1 Neutron irradiation and fluence monitoring

The d-T neutrons were generated by an intemse 14 MeV neutron source
facility (OKTAVIAN) at Osaka University. Incident d+ beam energy and
~intensity were 300 keV and about 5 mA, respectively. A pneumatic sample
transport system was used for the irradiation of samples. Transfer time
was about 2 s. The angle of the irradiation position to the d+ beam were
0°, 45°, 75°, 95°, 120° and 155°, which covered the neutron energies
ranging from 14.9 to 13.4 MeV, Another pneumatic tube was also set at

-95° to examine the arrangement of the pneumatic tubes. The distance
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in Table 1 and Table 2, respectively.

2. Measurement of Activation Cross Sections
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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 d+ beam energy and
_intensity were 300 keV and about 5 mA, respectively. A pneumatic sample
transport system was used for the irradiation of samples. Transfer time
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between the T-target and the irradiation position was 15 cm. The typical
neutron flux was about 5x107 n/cm?ss at the irradiation position. The
sample cartrige and the preumatic sample transport system are shown in
Fig. 1. When strongly induced activities are required, an additional
tube set at 22.5° and at 5 cm from the neutron source was used. In
Appendix 1, the neutron flux is shown as a function of T-target-to-sample
distance.

The neutron flux at the sample position was measured with use of the
27Al(n,p)27Mg(T1/2=9.46 n) reaction, whose crogs sections were determined
by referring to the standard 27Al1(n,a)?“Na reaction (ENDF/B-V).2) The
samples were sandwiched between two aluminum foils of I0 mm x 10 mm x 0.2
mm thick. The standard cross section of 27A1¢(n,e) is shown in Table 3.
Good statistics for fluence monitoring could be achieved in reasonably
short measuring time by using 27A1(n,p) reaction instead of 2741 (n,a) .
The use of the (n,p) reaction brought an additional statistical uncer-—
tainty of 0.5% to final results.

The effective reaction energy of incident neutrons at each irradia-
tion position was determined by the ratio of the 9OZr(n,2n)8921(3.27d)3)
and 93Nb(n,2n)92mNb(10.15&)”) cross sections (Zr/Nb methods)). Since each
position of the pneumatic tubes is mutually arranged in goed accuracy,
the effective d+ energy was chosen as a fitting parameter in the rela-
tivistic calculation of d-T neutron energy. A fitting result obtained
for E4=130 keV is shown in Fig. 2. The uncertainty in the neutron energy
is estimated to be 50 keV.

Separated isotopes and samples of matural abundance were used. Foil
samples were rectangular-shaped 10 mmxl0 mm and 0.1~0.2 mm thick. Powder
samples were wrapped in powder papers (each sample size : 10 mmx10 mm
and about 1 mm thick, sample masses : 10~70 mg). The abundance of the
separated isotopes and the purity of natural abundance samples used are

shown in Table 4 and Table 5, respectively.

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 at 5 ¢m was accomplished by using sources of 24Na, %%co,

133Ba, 1525y and !3%Fu. Corrections for true coincidence sums were
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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
germanium detectors used are shown in Table 6. The full-energy-peak
detection efficiency of the 12% Ge detector is shown in Fig. 3.

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 measure-
ments were carried out at both distances by using extra samples irradiated
with rather strong neutron flux. The ratios of the efficiencies at 5 mm
and 5 cm are shown in Fig. 4. S$ingle y-ray emitters (open circle) are on
a smooth curve, while cascade y-ray emitters (closed circle) are below
the curve owing to a sum effect. 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.

Radial dependence of the detection efficiency of the off-axis dis-
tance on the absorber surface was examined by using a source of 855y
(514 keV). It was shown that an uncertainty of #0.3 mm in the sample
position brought an error less than 0.3%.

The B+ activities of radionuclides emitting almost neo y-rays were
measured by detecting 511 keV annihilation y-rays. The irradiated sample
was set between two 10 mm thick acrylic plates. The efficiencies for the
511 keV y-rays arising from annihilations in the acrylic plates were mea-—
sured as a function of thickness of the rear acrylic plate. Beta-rays
with energies less than about 3.4 MeV were fully stopped by the 10 mm
thick plate. Effect of diffused annihilation positions of gt particles
in the absorber on the detection efficiencies was observed to be negli-
gible with an accuracy of 1.0%. Namely, the S+ sources with maximum
energies up to about 3.4 MeV can be regarded as 511 keV point y sources,
if the sources are set between two 10 mm thick acrylic plates.

Peak areas of y-rays are evaluated by summing all recorded counts
in the channel interval {C-3c, G+3c} and subtracting the background
counts {(Np), where C is the position of the peak center and ¢ is FWHM.

Ng is given by (60)x(Np+Ny)/2, where Ny, and Ny are the average count of 5
-channels in the vicity of C-3c and that in the vicinity of C+30, respec-—
tively. This summing method i1s similar to that by Debertin and Schﬁtzigs).

The uncertainty from the peak area evaluation is estimated to be 0.5%.

e
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2.1.3 Decay data

In Table 7, measured reactions and associated decay data7) of the
half-life (Tj/p), the y-ray energy (Ey), the absolute intensity in pho-
tons per disintegration (IY) are listéd together with the Q values (MeV)
and the fractiomal contribution of low energy neutrons (FC) discussed

later.

2.1.4 Corrections

The following principle corrections in deducing cross sections were
made :

1) fluctuation of the neutron flux,

2) fractional contribution of low energy meutrons,

3) sum effect,

4) thickness of sample,

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

6) interfering reaction.

Details of the corrections are given below.

(1) Fluctuation of the neutron flux

A multi-channel scaling measurement (MCS) was carried out at inter-
vals of 3 s or 6 s with a fission counter to monitor the fluctuation of
the neutron flux. As seen in Fig. 5, the corrections for activities
with half-lives of about 10 m almost cancelled out, since the reaction
of 27Al(n,p)27Mg (T1/2=9.46 m) was used as the flux monitor.

(2) Fractional contribution of low energy neutrons

The incident neutron spectrum is not monoenergetic, but it shows
low energy components below the d-T neutron peak owing to scattering as
shown in Fig. 6. The spectrum was taken at 70° with respect to d* beam
direction by two crystal method (2¢(n,n') peak was removed in the
spectrum) .

To determine the cross sections around 14 MeV accurately, contribu-
tions of the low energy neutrons should be taken into account. Especial-
1y (n,p) or (n,a) cross sections are strongly affected, because such
reactions have low Q values. A cut—off energy (E¢) was set on 10 MeV.
The low-energy components were about 15%. The fractional contribution

of low energy neutrons to total reaction rates (FC) was calculated by

EC EC
FC = L ¢(Eg)ec(Ep/{ T ¢(Ej)-o(Ep) + by P}
E;=0 E;=0

A~
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where ¢(E{) and ¢, are neutron flux at Ej and Ey, respectively and o(Es)
and 04 are cross sections at Ej and Ey. Here we assumed that neutrons
above E; are nearly monoenergetic with an energy Ey. A correction factor
(fg) for the FC is given by

fg = {1-FC(n,x)}/{1-FC(n,a)} ,
where FC(n,x) and FG(n,a) are FCs for the (n,x) reaction of interest and
the standard 27Al(n,a)24Na reaction, respectively. The FCs were calcu-
lated by using excitation functions of JENDL-38) and Yamamuro's calcula-
tions.?) The results are listed in Table 7 and are shown in Fig. 7 as a
function of Q-values. The FCs are greatly scattered. Then they were
plotted as a function of the slope of the excitation function at 14 MeV
([Ao/AE) /o] at 14 MeV) for the Q-values. They are reasonably on a smooth
curve as seen in Fig. 8. Hence, this curve serves to estimate FC when
the excitation function is not known.

(3) Sum effect

When activities decay by emitting y-rays, true coincidence summing
may happen. The total efficiency at 5 cm was measured by using calibrated
sources of 5”Mn,»57Co, 657n and !37Cs. The sum effeét is still of order
of 1 to 2%.

When counting rate is over 103 s~!, pile-up losses due to random
coincidence summing are not negligible. Since the counting rates are
usually less than 103 s~1, the corrections are small. 7
(4) Thickness of sample

When a sample has a thickness of t(mm), the correctien factor (fy)
is given by

fq = (4.904+0.5t+x,)2/(4.90+x)%
where 4.90 is the accurate thickness of the 5 mm thick absorber and x,
{mm) is an effective lengthlo) determined from the ratic of the efficien-
cies at 0.5 cm and 5 cm. Here, it is assumed that the detector efficiency
is inversely proportional to the square of the distance. In Fig. 9 the
effective interaction depth (x,) for single-line nuclides is shown.

(5) Self-absorption of y-ray in the sample material

Since the source-to-detector distance is 5 cm, and the thickness of
the sample is usually less than 100 mg/cm?, the one-dimensional treatment
is reasonably accepted. The correction factor (f5) is given by

f4 = 1/{(1-0.5put)
where p is the density (g/cm3) of the sample, t is the thickness (cm) of

the sample and u is the mass absorption coefficient (cmz/g)ll).

-
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(6) Interfering reaction

When the same activity is produced in the sample by two different
reactions or more than two activities emitting y-rays of the same energy
are produced, the interfering contribution should be removed.

In the case of the 1 activity measurement by detecting the 511 keV
annihilation y-rays, another attention should be paid. If there are some
other activities emitting y-rays of energies greater than the electron-
positron-pair production energy (1.022 MeV) in the 8t source, the photons
produce the electron-positron pairs in the surrounding materials around
the Ge detector and consequently the annihilation y-rays are emitted. To
estimate these contributions, detection efficiencies of the annihilation
y-rays were measured in the shielding box by using 60Co, 88Y and 2%Na
sources. The y-sources were sét between the absorber just as the gY ac-
tivity measurements. Obtained efficiency curves shown in Fig. 10 are
roughly fitted by pair preduction cross section for iromn (in arbitrary
units)ll). Since the efficiencies depend on the source position, detec-—
tor volume and shielding, those should be measured for individual detec-—
tor arrangements. Since the powder paper (about 40 mg) used for powder
samples contains a small amount of nitrogen (0.1%2) as an impurity, the
contribution of 81 annihilation from “*N(m,2n)!3N (T;/2=9.96 m) should
be subtracted (see Fig. ll).

The corrected cross sections can be cbtalned by multiplying these

correction factors.

2.1.5 Error estimation

The total errors (8;) were derived by combining the experimental
error (§,) and the error of nuclear data (§¢) in quadratic :

§p2 = 82 + 8.2 .
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 2.0% and 3.6%, respectively.

2.2 Results

Numerical data tables of cross sections are given in Table 9 and
graphs are given in Fig. 12. In the figures experimental errors (8e)
are only shown. In Appendix 3, the singles y-ray spectra of samples

irradiated by 14 MeV neutrons are shown.
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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 required that the half-life
values are precise and reliable. Most of the values previously published o
have been obtained with GM counters, ionization chambers, proportional
counters and scintillation counters. Recently the Ge detectors have been
widely used for measuring the intensity and energy of y-rays because of
their excellent energy resolution. However during last 10 years works

with the Ge detectors are 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
equal intervals of 1/3 to 1/6 of the half-life. The 33Ba (or !37Cs,
170Tm) source was simultaneously measured together with the short-lived
activity for the correction of the pile-up loss and the dead time {(source
method). A constant-pulser with a rate of 60 cps was also connected to
the preamplifier (constant-pulser method). During the measuring time the
counting rate greatly changes. For the correction of the pile-up loss
and the dead time the source method seems most reliable. But statistical
fluctuations of the reference source happen and the peak area evaluation
might be affected by the decaying Compton backgrounds. On the other hand
the constant-pulser method gives good statistics and no effect to the y-
ray spectrum. However the peak shape of the pulser is different from
that of the y-radiation and the constant-pulser produces no random pile-
up pulse by itself. Hence there might be some difference between both
the methods at the high counting rates. The variation of the peak inten-
sity ratios of the 133Ba (or 137Cs, 170Tm) and the pulser was examined.
If both the methods are reasonable, the ratios should be constant. In
the high counting rate region they showed a clear deviation. When the
initial counting rates were less than 9_><lO3 cps, no deviation was always
observed. Data points in the constant ratio region were only used in

the least-squares analysis.

3.2 Source Preparation

Sources of 8%mZr, 9lmMo and ?7mNb were produced by 14 MeV neutron

_7_
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bombardments. Sources of 88Cu and 0%MRh were produced by thermal neu-

tron irradiation at the TRIGA-II reactor of Rikkyo University (100 kW).

3.3 Results

The results are summarized in Table 10 together with production re-
actions, y-rays followed, reference sources for corrections and previous
works?). As am examplg, singles y-ray spectrum and the decay curve in
the decay of 4.3 m 10%Rh are shown in Fig. 13 and Fig. 14, respectively.
The results are shown in Fig. 15 togehter with previous works taken from

ref. 7. Present results show somewhat shorter half-lives in general.

4. Summary

The activation cross sections were measured on 16 reactions produc-—
ing short-lived nuclei in the neutron energy range of 13.4 to 14.9 MeV
for Mg, Si, §, Cl, Cr, Zn, Ga, Y and In. The reliability and precesion
of the data were improved. The new estimation method of corrections for
low energy neutrons was proposed. Five half-lives of short-lived nuclei
were measured by applying both the source and pulser methods, which showed

somewhat smaller values than the previous ones as a whole.
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Table 1 Measured activation cross sections

Reaction®’ T e Reaction®’ Tise

25Me(n, a ) **Ne 37.8s S8Cr(n, p)®°%V 1.81m

{n,np)%°Na 59. Bs (n, np)° 2V 3.75m
288i(n,p)%%Al 2.241m 557n{n, p)®°Cu 5.10m
3081 (n, a )" Mg 9, 46m 577Zn{n, np)%Cu 5. 10m

(n,np)%°Al * B.56m 587n(n, np)°%"Cu 3. T5m
3258(n, £)3°P 2. 50m "Galn, @) Cu 3. Tom
3701(n,p)*"S 5.05m #9Y(n, a)®%"Rb 1.017m
S2Cr(n, p) %%V 3.75m 113n(n, 2n) 2% In  14.4m
*) (n,np) means [ (n,d) + (n,n"p) + (n,pn) .

Table 2 Measured half-lives

Nucl ide
EiﬁCu SQMZI_ SlmMO EJTmNb 104mRh
(5. 1m) (4.2m) (85s) (60s) (4.3m)
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Table 3 Cross section of
27A1(n,a)%"Na
reaction?

En(MeV) Cross secticn{mb) e
' 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
13.81 125.83
13.68 126.77 ") taken from ENDF/B-V*
13,55 127.62 Uncertainty is 3% for all values,
13.33 128. 50
Table 4 Samples of separated isotope
Sample Chemical Enrichment Weight Reaction Impyrity®’
form %"23] %mg) %%)
25Mg Mgl 99, bh 20 ZGMgEn.ag 24(0.35) , 25(0.10)
n, op
3084 510, 95, 28 49 3OSiEn, a% 28(4.40) , 28(0.32)
n, op
73¢ Cr.QC. 8. 23 53 L027), 52(1.
r r20s 9 50 CrEg g%) 2228 8 73 52(1.665)
8¢7n Zn0 98. 41 80 557n(n, p) 684(0. 86 657(0. 20
’ 3400580 - 0%
677, Zn0 94. 60 577n(n, . 4]
. . 60 aloop) - G403 149, 7% i2h
tiagg Ip 89. 76 10 NSIndn, 2n)¢ 115(10. 24)

) A(x) means mass nummber A with atomic percent x.
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Table 5 Samples of natural abundance
Sample Chemical Purity cight Reaction Ab nce
P form (%i ?%% %{’12?
S1 S1 99,99 70 #8Si(n, p) 28(92, 23), 29(4.87),
3053. 103i )
S S 99, 599 100 28{n, ¢ b s .
\ (6 P 540 38
Cl C.HaCl 99. 89 50 7C1(n, p) 35(75.77),37(24. 23)
C C 99. 89 5 22Cr(n, .35), 3 s
o 5 e G, S
7 Z 99.99 370 f87n(n, p)™  64(48, 66(27.9
. ’ n(n, ) E 9) 68%18 83 70(0.62)
Ga Gaq0s 99, 99 220 "'Galn, @)™ 69(60.1), 71(39.9)
Y Y204 99.999 210 B9Y(n, @)™ 89(100)
Table 6 Ge detectors used for cross section measurement
Detect I Effici FWHM Object of
erector ¥8 qg‘e (}ygﬁency (keV) meé{gﬁregent
Vertical HPGe 80 12 1.75  short-lived nuclei
Horizontal HPGe &9 18 2. 00 Al monitor foil (*"Mg)
Horizontal HPGe 113 23 2. 00 92mNh 8%7r for En
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Table 7 Reactions and decay parameters
Reaction® Tive By (keV) I1(%) QM) FCe
26Mg(n, a }**Ne 37.6s8 439.9 32.9(10) -5, 41 2.1
(n,np)>°Na 59. 6s 389.7 12.65(22)  -14.144 0
285i(n, p)?°Al 2.241m 1779. 0 160 -3.86 4.4
308i(n, @)?"Mg -G, 46m 843.8 73(1) -4, 20 1.9
(n,np) 2°Al €. 56m 1273.4 91.3 -13.51 0
%28(n, t)%°P Z.50m 511 200 -12, 687 0
#7C1(n, p)*7S 5. 05m 3104.0  94.2(8) -4.08 3.2
22Cr(n, p)°2V 3, 7om 1434.1 100 -3.19 3.2
53Cr(n, p)°°V 1.61m 1006.2 90(2) -2.65 0.8
(n,np)°2V 3.79m 1434.1 100 -11.13 0
667n(n, p)¢°Cu 5.10m 1039.4 7.4(1.8) -1.86 3.0
877n{n, np) **Cu 5.20m 1039.4 7.4(1.8)  -8.81 0
*7n(n,np)®*"Cu  3.75m 525.7  75(15) -4.56 0.2
"Galn, a)*"Cu 3.75m 525.7 75(15) 1. 065
%5Y(n, o )®®"Rb 1.017m 586.1 98.19(10) (. 688
Y937n(n, 2n) ' 12FIn 14, 4m 5114 44 -9, 44
274] (n, o) ®*Na®’ 14, 95%h 1368.6 99. 994(3) -3.13 .1
27Al(n, p)2"Mg" 9. 46m 843. 8 73(1) -1.33 L2

* (n,np) means [(n,d)} + (n,n"p) + (n,pn) .

9 Qfn,n’p) is given here. Q(n,d) = Q(n,n' p) + 2.225 MeV,
*} Fractional contribution of low energy neutrons ,see the text.

¢) Annihilation v -ray from B87.

¢} Standard reaction (ENDF/B-V) used for cross section measurements.

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

Experimental error (89)

Source of error Uncertainty (%)
Counting statistics 0.3 ~ 40
Sample mass including purity 0.1
Neutron flux fluctuation < 0.1
Gamma-peak area evaluation 0.5
Detector efficiency 1.5(Ey>300 kev), 3(300

~ 80 keV), 5(Ey:80<keV}
Efficiency calibration at 0.5 and 5 cm 1.0
Correction for true coincidence sum < 0.3
Correction for random coincidence sum < 0.4
Correction for sample thickness 0.2 ~ 0.6
Correction for self-absorption of ¥-rays 0~ 0.2
Correction for low energy neutrons g0 ~5

Secondary reference cross section for

27Al(n,p)27Mg 0.5 (only statistics)

Error of nuclear data (5})

Source of error Uncertainty (%)

Reference cross section for

2771 (n, ) 24 Na (ENDF/B-V) 3.0
Abseolute ¥-ray intensity 0 ~ 20
Half-life 0 ~5
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Activation cross section of short-lived nuclei

25Meg(n, a ) **Ne(37.6s)

25Mg(n, np) *°Na(5S. 6S)

En{MeV) o (mb) 5.0k 5.(%) §.(%) a{mb) 5.(%) &) §.(B)
14.87 29.17 6.5 4.3 7.8 3.9 27 3.5 27
14.64 32.6 9.7 4.3 11

14. 35 32.2 8.0 4.3 10

14.02 29,72 6,0 4.3 7.4

13.70 26,7 12.0 4,3 13

13. 40 32.7 7.1 4,3 8.3

2881 (n, p)2°%A1(2. 241m) 3981 (n, 2)2°Na(9. 46m)
En{MeV) o(mb) §.(%)y §.(%) (B o(mb) §.(%) . 1.(%
14.87 219 4.5 3.0 5.4 63.6 2.5 3.3 4.1
14.64 229 4.3 3.0 5.2 68,4 3.8 3.3 4.9
14.35 229 4.2 3.0 5.2 64, 3 3.3 3.3 4,7
14,02 254 4.2 3.0 h.2 60.2 4.0 3.3 5.2
13.70 265 4.4 3.0 5.3 80.0 3.5 3.3 4,8
13.40 254 3.9 3.0 4.9 66. 4 2.3 3.3 4,0
3081 (n,np) 2°A1(6.56m) 3701(n, py*"S(5. 05m)

En(MeV) g(mb) f.(%) 3.(%0) .0 glmb) 8.(%) 5.(%) §.(%)
14.87 6.1 6.7 3.1 7.4 24,8 8.4 3.0 8.9
14.64 5.8 10.9 3.1 11 22.3 8.3 3.0 8.8
14.35 4.9 9.7 3.1 10 22.4 7.9 3.0 8.5
14.027 3.8 13.8 3.1 14 24,9 11.4 3.0 12
13.70 0.8 43 3.1 43 25.9 10.2 3.0 11

3. 40 0.4 52 3.1 52 25.6 7.7 3.0 8.3
* §. @ experimental error , & . ! error of nuclear data , §.%2=08.2+868.°2

* Error of neutron energy is estimated as about 50 keV.
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Table 9(b) Activation cross section of short-lived nuclei

52Cr{n, & )”*V(3. Tom) 530r(n, p)**V(l. 81m)
En{MeV) o {mb) 5.(%) 8. (%) 5. o(mb) .08 &% .08
14,87 74.4 3.8 3.0 4.8 42.8 4.6 3.7 5.9
14,64 73.8 3.6 3.0 4.7 45.6 6.2 3.7 7.2
14,35 79.1 3.4 3.0 4.5 44, 4 8.4 3.7 7.4
14,02 &0.4 3.4 3.0 4.5 41,2 6.7 3.7 7.7
13.70 78.3 3.6 3.0 4.7 44,95 7.2 3.7 8.1
13.40 85.6 3.2 3.1 4,4 39,4 3.7 3.7 5.2
53Cr{n,np) *2V(3. 75m) 857n(n, p) ¢ Cu(5. 10m)
En(MeV) o (mb) F.(8) §.C0 8. (B clmb) §.(%) .(%) s.(B)
14,87 13.2 7.3 3.0 7.9 73.9 9,2 24.2 26
14.64 9.5 12.5 3.0 13 70,1 8.4 24.2 26
14,35 6.8 14.9 3.0 15 87.1 7.8 24.2 25
14.02 4.9 19. 4 3.0 20 72.0 7.7 24.2 25
13.70 3.7 25 3.0 25 62,0 9.4 24.2 30
13.40 2.7 13.7 3.0 14 74,0 .4 24,2 25
¢77n{(n,np) *¢Cu(5. 10m) &87n(n, p) **"Cu(3. 75m)
En(MeV) g (mb) 5.8 5.8 5B o(mb) 5.0 5. §.(B)
14, 87 35.9 7.5 24.2 25 5.5 12,0 20.2 24
14,64 30.9 13.0  24.2 28 4.6 &5 20.2 22
14. 35 24,9 12.6 24.2 27 4,9 7.5 20,2 22
14.02 19.0 9.9 24.2 26 4.2 8.0 20.2 22
13.70 12.9 22 24,2 33 4.2 8.4 20.2 22
13,40 11.5 14.6 24.2 28 3.0 12.0  20.2 24
* &. : experimental error , O r‘: error of nuclear data , 8.2 = 8.2+ &§.7

* FBrror of neutron energy is estimated as about 50 keV,
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Table 9{c) Activation cross section of
short-lived nuclei

i3 n(n, 2n) 12 FIn{14. 4m)
En(MeV) o (mb) 0.8 () 8 (R

14.87 278 13.5 3.0 14
14.64 293 11.2 3.0 12
14.35 275 9.0 3.0 9.5
14.02 297 10.9 3.0 11
13.70 286 9.8 3.0 10
13. 40 293 9.9 3.0 10

¥ §. : experimental error ,8§.% = 6.2+ §.°
§ . 1 error of nuclear data

¥ [Error of neutron energy is estimated
as,about 50 keV.

Table 9{(d) Activation cross section of shert-lived nuclei

329(n, £)3°Cu{2, 50m) Galn, a)®®"Cu(3. 75m)
En(MeV) o(mb)  5.(0 6.5 1% omb) .8 &) .
14.8% 0.016 50 3.0 50 1.5 21 20 29

89y(n, @ )®"Rb(1.017m)
En(MeV) o (mb) §.0%) 5.0 8.

14.8% 1.8 21 3.0 22

) Irradiations were done at 5cm by using
the calibration tube at 22.5°. The error
of neutron energy is estimated as about
0.2 MeV.
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Table 10 Results of half-life measurement

fuclide nggg%}égn (%éV) Egegﬁnﬁ3§3 Preseg%lf_lifgeference“
5Cu 85Culn, vy)  1039.4 Eg{?§7) 5.063(20)m  5.10(2)m
BamZr QOZr(n,Zn)m‘ 587.8 Egggéﬂ) 4.148(20)m 4.18(Lm
#mHo °“Mo(n, 2n)" 652. § &;;Eéo) 63.5(10)s 65.2(8)s
g7mNh "Mo(n, p)" ?43.4 ES;E??) 52.7(18)s 60(8)s
1O4mRh LO8Rh(n, v )"  555.8 &éi?g) 4.256(20)m 4,34(5)m

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

“> taken from ref.7.
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Fig. 5 An example of correction for
the fluctuation of the neutron
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crystal method.
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Fig. 7 Fractional contributions (FC) of
low energy neutrons as a function
of reaction Q-values. FCs were
calculated by using excitation
‘functions from JENDL-38) and
Yamamuro's calculations®’.
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Fig. 8 Fractional contributions (FC) of
low energy neutrons as a function
of the slope [(Ac/AE)/o] of
excitation functions at 14 MeV.
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Fig. 9 Effective interaction depth x5 versus
, y-ray energy for 12% HPGe detector.
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Fig. 11 Effective cross section of a wrapping
powder paper (about 40mg) producing
511 keV annihilation y-ray through
13N(n,2n) }?N reaction.
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Fig. 13 Gamma-ray spectrum in the decay of 104mpy,

Gamma-rays from 170Tm and pulses were

4000

simultaneously measured for the correction

of pile-up losses.

104nuqh

T2=4.256(13)
min

Counts
S
|
1

Residuals
(4]
7
1

8 16 24 32
Time { min )

Fig. 14 Decay curve of 4.3m 184Rh and
residuals obtained from a least
quares fitting analysis.
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~Neutron Flux as a Function of Target-to-Sample Distance

Appendix 1

sample distance at

ion of T-target-to-

Neutron flux as a funect

OKTAVIAN

foil of 10mmx10mm

Fluxes were measured by using Al

Calculations as a parameter of

,0)2%Na reaction.

27A1(n

via

dt-beam diameter are shown.

1010
10°
10°

(YW S ", wo/u) Xxnj4 U0AINaN

Distance {mm)
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Appendix 2 Detection Efficiency of Ge Detector

Full-energy-peak detection efficiency of 12% BPGe detector

with 10mm acrylic absorber at Scm.

Fitting functien
(1) 50 ~ 340 keV region ;
F, = A, + Ap-{l-exp(-8;-F) Jexp(-As-E) + As-exp(-A¢-E)
A= -0.101071, A,= 0,105648,  As= 28.7187
A.= 0.0205795,  As= 0.030281,  As= 6.43981
(2) 340 ~ 3000 keV region ;
Fo = A, + Ap-exp(—As-E) + As-exp(-As-E) +As-exp(-A7-F)
A, =4.97202x107%, A.=3.86987x107%, A5=0,798341 ,
A.=2.82847x107 2%, 5=8,62519 , Ag=T. 4166x10°°
A;=3,4T7737

Gamma-ray energy(E) in MeV ,Efficiency(F) in % .
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Appendix 3 Gamma-ray Spectra of Samples Irradiated by 14.9 MeV Neutrons

Gamma-ray spectra of samples irradiated by 14.9 MeV neutrons

are given in Figs. A.3.1 ~30.

EXPLANATION
Sample: %®Mg((99.55%) = @
Time: 180s-28s-180s = 2
@®: *“°Mg(n, a)**Ne = @
Det. : 12% HPGe =
Distance: 0. 5cm = @

(D) Sample(enrichment % for separated isotope, nat.:sample of natural abundance)
(@ Irradiation time, cocling time, measuremeni time

(3 Reaction
@ Detector. Usually Ge detectors are covered with bmm acrylic absorber,

@ Source-to—detector distance.

* Gamma-ray energies are in keV, 511y ; 511keV annihilation v -ray,

S.E.P.; single escape peak, D.E.P.; double escape peak.

Irradiated Samples Page Fig.A.d. Irradiated Samples Page Fig.A.3.

2°Mg0(99.55%) ----—- 4131 S77n0(94. 60%) —----~- 563 16,17
Si(nat.) --=rmrmmmmmm- 425 2,3 Zn(nat.) =-------—-- 58 ;18,19
9510, (95. 28%) ~-—--- 445 4,5 Ga:0s(nat.) ------- 60 ; 20,21
G 46 5 6,7 89Y,04(nat. ) ---—=-r 62 5 22
C:H:Cl(nat.) -----—-- 48 ;8,9 11311(89, 78) —--———- 63 ; 23,24
Cr(nat.) ====w==--m- 505 10,11 SSTITC T QE— 65 ; 25~28
*3Cr,0.(98.23%) -—- 523 12,13 Wrapping cartridge
GSZ“O(QS-M%) """" 545 14,15 paper{3 pieces) - 693 29,30
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