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Sixty activation cross sections have been measured in the neutron energy between 13.4 and 14.9
MeV using intense D-T neutrons source (Fusion Neutronics Source, FNS) at JAERL The following
reactions are included in this work: (1) 32 reactions mainly for lanthanide isotopes, (2) 19 reactions for
short-lived products (the half-lives are from 1 s to 20 min) and (3) 9 (n, no) reactions. The experimental
results were compared with the data reported previously and the evaluated data of ENDF/B-VI Rev.4,
JENDL-3.2 and FENDL/A-2.0. The present data for the (n, p) and (n, o) reactions were compared with
the values estimated by using the empirical formulae proposed by our group in order to validate the
systematics for the reactions for the lanthanide isotopes. Systematic trend of (n, no) reactions were

discussed based on the present data.
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1. Introduction

Neutron activation cross section data around 14 MeV are a physical constant that is required for
the design of a fusion reactor. For calculation of the induced activities in the structural materials of a
fusion reactor, a complete set of evaluation of the cross section data is needed. Those data are also
important for neutron dosimetry of fusion environments. Although plenty of experimental data for
various elements have been reported, there are often inconsistencies among the experimental data. Some
of these discrepancies can be explained in terms of the different experimental technique, different neutron
sources, different decay data used in deducing the cross sections, and so on. Most of them still can not be
explained. In the evaluations, therefore, judgement of quality of experimental data is critical.  Practically,
the evaluation of the cross sections is made using statistical process of the selected experimental data, an
empirical formula and nuclear reaction theory. Some evaluation data set, ENDF/B-VI b JENDL-3.2 ¥
and FENDL/A-2.0 ¥ etc., are available. In order to keep the reliability of the data set, the evaluation
should be regularly consider the latest experimental data.

The cross sections by 14 MeV neutrons have been systematically measured by using D-T neutron
source by using FNS (Fusion Neutronics Source) facility at JAERI since 1984.  More than 250 reactions
for 50 elements have been already reported at 1988 and 1994 *7. In the measurement, the cross sections
in the neutron energy range from 13.4 to 14.9 MeV were obtained. The first report published in 1988
described the measuring technique and data reduction process in detail, and the activation cross sections of
the 110 reactions for fusion structural materials were reported. The second report published in 1993
compiled 89 measured reaction cross sections not only for fusion structural materials but also for other
elements in the viewpoint of the systematic study. The experimental data set has been used as one of the
most reliable standard in the evaluations. In the meantime, we proposed the empirical formula for the
(n, p) and (n, o) reaction cross sections and the slope of the excitation curve at 14.0 MeV on the basis of the

experimental data. 3°

Since 1995 we have been focused on the cross sections which are classified into three categories
as follows: (1) the cross sections mainly for lanthanide isotopes, (2) the cross sections for the short-lived
products and (3) the (n, nor) reaction cross sections. For category (1), the 32 reactions mainly for the
lanthanide isotopes were systematically measured. These new data are very useful to check the validity of
the empirical formula® * in the region of the lanthanide isotopes. ~As for category (2), the cross sections
for 19 reactions, which produce the short-lived activities with the half-lives from 1s to 20 min, were
measured for the elements of boron, magnesium, silicon, sulfur, titanium, iron, copper, zinc, germanium,
strontium, zirconium, ruthenium, tin, barium and hafnium. For category (3), the cross sections for 9
(n, no) reactions were measured.

In this paper, we report the results of the cross sections measured for the above-mentioned 60
reactions. The measured reactions are summarized in Table 1 with the associated nuclear data taken form
Table of Isotopes'”. The present data were compared with the data in the literature and the evaluated data
of JENDL-3.2, ENDF/B-VI Rev.4 and FENDL/A-2. For the (n,p) and (n, o) reactions, the cross section
curves estimated by using the empirical formula are compared with the experimental data to check the
validity of the formula for the lanthanide nuclei. Systematics of the (n, nar) reactions are discussed on the

basis of the present experimental data.
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2. Experiment

2.1 Neutron Source

D-T neutrons were produced via the *T(d, n)*He reaction by bombarding d* beams with a tritium-
target using the FNS (Fusion Neutronics Source) facility. The d* beam current and energy were 2 mA and
350 keV, respectively. Normal neutron yield was about 3 x 10" /s.

2.2 Samples

Separated isotopes were used whenever they were available, in order to distinguish contribution
of reactions that produce the same nucleus. Natural materials were used when separated isotopes were not
obtained. The samples in powder form were wrapped with a thin cartridge paper. The effective area of
these samples was 10x10 mm? and nominal thickness was 1 mm. The chemical compositions, weights,

thickness and abundance of samples are summarized in Table 2.

2.3 Irradiation

The samples were placed at a distance of 100 mm from the D-T neutron source. They were set
at various angles of 0°, 45°, 70°, 95° 120° and 155° with respect to the d* beam in order to cover the
neutron energies ranging from 13.4 to 14.9 MeV.

A pneumatic sample transport system was used for the irradiation of samples when we measured
short-lived products. Pneumatic tubes were set at angles of 0°, 45°, 70° 95° 120° and 155°. The
schematic view of the typical setting of the pneumatic is shown in Fig.l. The distance between the
neutron source and the irradiation positions are 10 cm. Typical neutron fluxes at each positions were
2x10% /cm’s.

2.4 Neutron flux moniter

The neutron flux at the sample position was measured with use of the ’Nb(n,2n)**"Nb reactions
for long- lived products. The samples were sandwiched between two niobium foils of 10 mm X 10 mm
and 0.1 mm in thickness. The schematic drawing of the sample and the cartridge are shown in Fig. 2.
The value 464 mb (+4.2%) was adopted as the standard cross section of the *Nb(n,2n)**"Nb reaction with
the neutron energy between 13.3 to 14.9 MeV. This value was measured at FNS using the evaluated cross
section of the YAl(n,0)**Na reaction in ENDF/B-VI as a standard. Recently we absolutely measured the
cross sections of the ’Nb(n,2n)*>"Nb reaction.”  According to the absolute measurement, the adopted
cross section values of the *>Nb(n,2n)"*"Nb reaction are high by 1-2%. The difference between two data
is no large. Therefore, in order to keep the consistency with the previous results, the present experiment
adopted 464 mb as the standard cross section of the *Nb(n,2n)**"Nb reaction.

When we measured the short-lived products with the half-lives less than 30 min, the
2 Al(n,p)*’Mg reaction cross sections were used as a neutron flux monitor. The samples were sandwiched
between two aluminum foils of 10 mmx10 mm and 0.2 mm in thickness. The cross section values were

determined using the standard cross section of the **Nb(n,2n)**"Nb reaction.
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2.5 Gamma-ray measurement

Gamma rays emitted from the irradiated samples were measured with HPGe detectors. The
niobium and aluminum monitor foils were measured separately. A low-energy-photon-spectrometer
(LEPS) with a thin Be-window was also used to measure low-energy gamma-rays below 100 keV. The
cross sections of the %Cu(n,na)*'Co reaction were measured using the LEPS because *'Co emits 67.4 keV
vray. Each detector was covered with 5 mm thick acrylic absorbers in order to reduce B-rays. Absolute
gamma-ray detection efficiency for each detector was calibrated at 5.0 cm from the detector surface using
standard gamma-ray sources. The calibrated detection efficiencies at various gamma-ray energies were
fitted with a numerical function for each detector. The efficiency curve of a detector is shown in Fig. 3.
The accuracy of the fitting function is estimated to be +2%. The irradiated samples were normally put at
5.0 cm from the detector surface (standard position). If the induced activities of the sample were weak,
the samples were put just on the acrylic absorbers at 5 mm from the detector surface (close position). The
efficiency at the close position was calibrated by measuring the same sample at both of the standard and the
close positions. The sample for the calibration was prepared by irradiating at a position close to the DT

neutron source in order to produce higher intensity activity.

2.6 Cross-section determination

The reaction rate, RR, was derived using the following equation,

ACAF

R e (abN, (1™ )e e (1—e¥)

where

decay constant of radioactivity,
gamma-ray count,

atomic weight of target sample,
correction factor,

T@>aw

sample weight,

detector efficiency,

isotopic abundance of target nuclide,
gamma ray brunching ratio,

z v 8o

.o

Avogadro’s number,
irradiation time,

~

~

o

cooling time,

~

measuring time.

All decay data were taken from the Table of Isotopes 19 The correction factor F includes
fluctuations of the neutron flux during the irradiation, self-absorption of gamma ray in the samples,
contribution of low energy neutrons, counting losses due to the coincidence sum effects and deviation in
the measuring position coming from the difference thickness of each sample.

The average of reaction rates for the two monitor foils at front and back of the sample was
adopted as that at the sample position. The difference between the reaction rate of the two monitor foils
was 2-3% due to the difference of the distances from the neutron source to the monitor foils.

The cross section for the reactions of interest was obtained from the following equation,

RR
o=—-0,
RRI"
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where,
RR : reaction rate of the reaction under investigation,
RR,, : averaged reaction rate of the monitor reactions,
o, : cross section of the monitor reaction.

In a case where two different reactions produce the same activity in one sample, two samples
with different isotopic abundance were irradiated, and the contributions from these reactions were resolved.

Whenever a meta-stable state nucleus decayed to ground state nucleus by an isomeric transition
during the gamma ray measurement, the contribution of that meta-stable state was subtracted in deducing
the reaction cross section corresponding to production of the ground state nuclei.

The effective reaction energy of the incident neutrons was determined by using the measured
cross section curve and neutron spectrum calculated with the Monte Carlo code, MORSE-DD '”.  The
details of this procedure are described in Ref 4. In our previous work, the effective reaction energy was
determined by considering a cross section curve for each measurement. In this work effective neutron
energy was fixed for each irradiation angle because some of the cross section data were not measured at
enough data points to estimate the cross section curve. The fixed values are 14.94, 14.68, 14.37, 14.02,
13.68 and 13.36 MeV which correspond to the irradiation angles of 0°, 45°, 70°, 95° 120° and 155°,
respectively.  The error of the fixed effective neutron energy was estimated to be less than £50 keV by

considering an extreme case of the cross section curve.

2.7 Error estimation

The sources and typical values of the experimental errors are summarized in Table 3. The
dominant error sources were due to gamma ray detector efficiency, counting statistics and the standard
cross sections for the neutron flux monitor. For some reactions, the errors of the gamma ray branching

ratios were larger than 10%.
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3. Results and Discussion

All of the measured cross sections are shown in Figs. 4.1 to 4.60 together with corresponding
values from the literature and results from the comprehensive evaluation ENDF/B-VI Rev.4 ", JENDL-3.2
2 and FENDL/A-2.0 ¥. (Below we use ENDF/B-VI, JENDL-3 and FENDL/A-2 instead of ENDF/B-VI
Rev.4, JENDL-3.2 and FENDL/A-2.0, respectively) Numerical values for the measured cross sections
are given in Table 4 along with the experimental errors. Discussion concerning each reaction is given

below.
31 1B (n, p)"'Be (Fig.4.1)

The present data agree with the previous data within the uncertainties. The JENDL-3 evaluation
is more consistent with the present data than the ENDF/B-VI evaluation. The FENDL/A-2 evaluation
adopted the same values as the ENDF/B-VI evaluation.

32 »Mg(n, p)**Na (Fig. 4.2)

The JENDL-3 evaluation is higher by 10-20% than the present data. The FENDL/A-2
evaluation adopted the same values as the JENDL-3 evaluation.

33 39Gi(n, p)* Al (Fig. 4.3)

The present data is consistent with the data measured by Satoh et al. '> The ENDF/B-VI
evaluation is consistent with the present data within the uncertainty. The JENDL-3 evaluation is lower by
50% than the present data. The FENDL/A-2 evaluation, which adopted the experimental data measured
by Schantl'?, is much higher than the present data by a factor of more than 2.

34 ¥S(n, p)*'P (Fig. 4.4)

The JENDL-3 and FENDL/A-2 evaluation are consistent with the present data within the

uncertainties thought the errors of the present data are so large.
35 *Ti(n, p)**"Sc (Fig. 4.5)

The cross sections were measured using the samples enriched with the *°Ti isotope. The
contribution of the *'Ti(n, np)**Sc reaction was taken into account by using the enriched samples with the
41T1 isotope.

The present data agree with the recent experimental data obtained by Viennot'?, Ribansky'® and
Molla'® within the experimental errors.  All of the previous data were obtained at one neutron energy
point. The present data show for the first time that the excitation function around 14 MeV has decreasing
trend with increasing the neutron energy. The FENDL/A-2 evaluation has also decreasing trend around
14 MeV though the cross section is lager than the present data by 10-20%.

3.6 “Ti(n, np)*™Sc (Fig. 4.6)

The contribution of the **Ti(n, p)**™Sc reaction was taken into account using the *Ti-enriched
samples. The present data are the first experimental data for this reaction.

5
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Sum of the (n, np) and (n, d) cross sections in the FENDL/A-2 file are plotted in the figure. In
the 14 MeV region, the FENDL/A-2 evaluation are larger than the present experimental data by more than a
factor of 2. The present data shows that the excitation function rises up about 13 MeV though the
evaluated excitation function are rising up at 12 MeV.

37 SV (n, no)V’Sc (Fig. 4.7)

A sample with natural abundance was used to measure this reaction cross section. The natural
sample includes >’V isotope with abundance of 0.25%. 48¢ is produced via the *'V(n, no)*’Sc and
50V(n, o)*’Sc reaction. Though the natural abundance of *°V is very small, the cross section of the (n, na)
reaction is much smaller than that of the (n, o) reaction by a factor of more than 100. Therefore the
contribution of the *V(n, &0)*’Sc reaction to the production of *’Sc have to be considered to deduce the
Sty(n, no))V’Sc reaction. There are no available experimental data of the *°V(n, &)"’Sc reaction. In this
work, the cross sections calculated using the empirical formula® are used. The error of the estimated
(n, or) cross section is estimated to be #30%. As a result, the upper limit of the (n, noy) Cross section was
obtained by subtracting the contribution of the (n, &) reaction.

Both of the cross sections reported by Qaim et al. '” and Pepelnik et al. '® are higher than the
upper limit obtained in this work. It is possibly to say that their data were not properly taken the
contribution of the (n,no) reaction into account. We regard that the JENDL-3 and FENDL/A-2

evaluation is consistent with our data because the value of the evaluation is lower than the upper limit.
38 *"Fe(n, p)*’Mn (Fig. 4.8)

The present data are good agreement with the data of Molla and Qaim'®. However this
agreement may be an accident, because the decay data used in this work are much different from the data
used by Molla and Qaim. They used 87.9% as the 122 keV gamma-ray intensities with the decay of *’Mn
while we used 14%.

Viennot et al.'* ' measured the cross section data at 7 neutron energy points between 13.8 and
14.8 MeV. The data are much larger than our data.

The ENDF/B-VI evaluation data shows agreement in our data. The evaluation curve of the
ENDF/B-VI has a peak at 14.5 MeV, though our data shows that the cross section values are slightly
decrease as increase of the neutron energy in the energy range from 13.4 to 15.0 MeV. The JENDL-3
evaluation, which seems to be based on the data of Singh?”, is much smaller than our data. A re-
evaluation is required for the evaluation. The FENDL/A-2 evaluation is much larger than the present data

by 40%.
39 %Cu(n, 2n)*Cu (Fig. 4.9)

In this measurement, we paid special attention to determination of the activities of “Cu?”  We
measured annihilation y-rays converted from the B*-rays, which is emitted with the decay of ’Cu because
the gamma-ray branching ratios are very small. The Cu-sample was covered with a lead capsule with the
thickness of 0.8 mm to stop all positrons in a restricted region. By covering the samples, we could avoid
the annihilation events far form the samples. The mean position of the sample for the Ge detectors was
slightly different. The annihilation y-rays were absorbed in the lead cover. The cross sections were
deduced by taking such kinds of effects into consideration.

There are many experimental data available for the reaction. (In the figure, the data obtained
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after 1965 are plotted.) However there are considerably large scattering. At 14.5 MeV, the largest data is
about 600 mb and the smallest one is 400 mb. Our data are close to the smallest one. The evaluation
seemed to be performed by statistical process; averaging all available data, for example. In conclusion,
we recommended re-evaluating the cross section for this reaction.

3.10 Cu(n, na)®'Co (Fig. 4.10)

A low-energy-photon-spectrometer (LEPS) was used to detect 67.4 keV gamma-ray associated
with the decay ot ®'Co.

Santry et al.>? obtained the cross sections at 14.74, 14.50, 14.25 and 13.58 MeV. Their data are
consistent with our data except the data at 14.74 MeV, which is smaller by 20% than our data.

The evaluations of ENDF/B-VI and JENDL-3 are consistent with our data. Note that
FENDL/A-2 is just same as ENDF/B-VL

3.11 %Zn(n, p)*®Cu (Fig.4.11)

There are several kinds of multi-point data in the energy range from 13.4 and 15.0 MeV. Our
data shows good agreement with the data of Kasugai et al.”>, which were measured by using DT neutron
source at Osaka University in Japan. It is very important that the almost same values of the cross sections
were obtained by using a different neutron source, different germanium detectors and different samples.

The data of Viennot et al.'¥ are smaller by 20% than our data. The data of Kielan et al.”* are
30% smaller at 13.4 MeV and 50% smaller at 14.9 MeV than our data. This means that the increasing trend
shown by Kielan’s data is not as steep as our data. The data of Ghorai et al.”, which was reported most
recently, is in agreement within the errors with our data.

The FENDL/A-2 evaluation is systematically lager than our data by about 1 mb in the region
from 13.4 and 15.0 MeV.

3.12 "'Ga(n, no))”Cu (Fig. 4.12)

Qaim '” and Bramlitt et al. * measured the cross section at one neutron energy of 14.7 MeV.
Those are consistent with our data. JENDL-3 and FENDL/A-2 are almost consistent with our data.

3.13 "Ge(n, p)"*™*¢Ga (Fig. 4.13)

All experimental data reported previously agree with our data within the uncertainties except the
data which is obtained by Hoang et al.?” at 15.0 MeV. The JENDL-3 evaluation shows good agreement
with our data.  The excitation function of the FENDL/A-2 evaluation has a peak at the neutron energy at
14.5MeV. The present data do not support the evaluated excitation function. The present data support
the JENDL-3 evaluation whose excitation function shows the increasing trend in the energy range between
13.3 and 15.0 MeV.

3.14 %Ge(n, p)’*Ga (Fig. 4.14)
Previously only one data exist at 14.7 MeV. The data measured by Rieppo et al.”® is in good
agreement with our data though the error of their data is large.

The cross section curve of the JENDL-3 evaluation has an increasing trend, and the curve is

-7 -
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passing just through Rieppos’ data. In the neutron energy region between 13.4 and 14.1 MeV, JENDL-3
is in good agreement with our data. In the energy region higher than 14.5 MeV, however, the curve shows
smaller than our data. The present experimental data shows a rather steep slope of the cross section curve

around 14.5 MeV.
The present experimental data do not support the the FENDL/A-2 evaluation whose excitation

function has a peak at 15.5 MeV.
3.15 *Ge(n, 2n)""Ge (Fig. 4.15)

Our data agree with the data of Okumura et al.”” within the uncertainties. The data of Borman
et al3® are 10-20% larger than our data. The errors of our data are the smallest among the existing data.
The slope of the FENDL/A-2 cross section curve is rather flat in the energy region between 13.5 and

15 MeV in comparison with the experimental data.
3.16 Ge(n, no)*Zn (Fig. 4.16)

The data measured by Qaim et al.*" is much higher than our data by a factor of about 100.
FENDL/A-2 evaluation adopted the data of Qaim et al. The present cross section value, however, is close
to the curve of the JENDL-3 evaluation.

3.17 $Rb(n, no)*Br (Fig. 4.17)

The cross section is measured for the first time in this work. The present values are higher than
the values of ENDF/B-VI, JENDL-3 and FENDL/A-2 by a factor more than 10.

3.18 #Sr(n, p)**Rb (Fig. 4.18)

19 previously. The data is 20% larger than

There is only one data measured by Molla and Qaim
our data. In this work we obtained the first multi-point data, which shows the decreasing trend of the
excitation function with the neutron energy. The cross section curve of FENDL/A-2 is systematically

higher than the present data by 10 mb.
3.19 *'Zr(n, no)*™Sr (Fig. 4.19)

The cross section for this reaction was measured for the first time. The FENDL/A-2 is smaller

by a factor 2~3 than the present results.
3.20 #Zr(n, np)*°Y (Fig. 4.20)

No data exists previously for the reaction. In this work the cross section data were obtained at
only 14.9 MeV, but for the first time. The statistics of y-ray peak counts were very poor (105 counts), so
the statistical error was 50%. The JENDL-3 evaluation is much smaller than our data. Based on the
present data, the excitation curve of the JENDL-3 evaluation is needed to be shifted by about -1 MeV.
The FENDL/A-2 evaluation is much larger than the present data by a factor more than 2.
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3.21 %Zr(n, no)’’Sr (Fig. 4.21)

The cross section for this reaction was measured for the first time. The evaluated curve of
JENDL-3 is higher than our data by a factor of 3. FENDL/A-2 shows lower values than the present data
by a factor more than 10.

3.22 “Nb(n, na)*™Y (Fig. 4.22)

Previously three data obtained at one point of neutron energy were reported by Kim et al®? |
Pepelnik et al.'"® and Brammilitt et al.”® In this work the cross section at multiple energy points were
obtained. The previous data are consistent with our data. FENDL/A-2 agrees with the present data.

3.23 1Ru(n, p)'"Tc (Fig. 4.23)

It has been difficult to measure activities of the product of '®Tc due to the short half-life of 15.8 s.
Previously only one data was given by Prasad*. The data is smaller by 50% in comparison with our data.
The JENDL-3 evaluation was also smaller than our data. The evaluated cross section curve of FENDL/A-
2 shows relatively better agreement with the present data.

3.24 1¥Ag(n, no)!®™*2Rh (Fig. 4.24)

The cross section for this reaction was measured for the first time. The value of JENDL-3 is
higher by a factor of 3 in comparison with our data. ENDF/B-VI curve is relatively in better agreement

with the present results.
3.25 " Cd(n, p)'"'"™8Ag (Fig. 4.25)

The activity of '""#Ag (T,,=7.45 d) was measured after cooling the samples for more than one
day. The short-lived isotope of ''"™Ag almost decayed out to the ground state by isomeric transition; the
isomeric transition ratio is 99.7%. By measuring the '''®Ag activity after enough cooling-time, we
obtained the total cross section for the products of ''"™Ag and ''8Ag.

Bayhurst et al.>® obtained the cross section data in the neutron energy range between 7 and 20
MeV. The data of Grallert et al.*®, which was reported recently, support Bayhursts® data. The evaluation
curve of ENDF/B-VI was drawn using those experimental data as bases. Those data are larger by 20~30%

compared with our data.
The data obtained by Pepelnik et al.*®, which was adopted in the evaluations of JENDL-3 and

FENDL/A-2, were higher by a factor of 2 than our data.
3.26 3Cd(n, p)'"™tAg (Fig. 4.26)

The activity of '"*#Ag (T,,=5.37 d) was measured after cooling the samples for more than one
hour. The short-lived isomer '"™Ag decayed out during the measurement. The decay mode of the
isomer is isomeric transition and B-decay; the isomeric transition ratio is 64%. The cross sections for
0.640,,+0, were obtained in this work, where ,, and G, are the cross sections for the ''""Ag and '*¢Ag
production, respectively.

The cross section data of Yu et al.’”” and Levkovskiy et al.’® were deduced without considering

existence of isomeric state.
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Grallert et al.>® measured a cross section for the production of the isomer and the ground state,
separately. Their data for 6, is almost equal to our data for 0.646,+0,. This shows 6,=0.640,,+0,, if
Grallerts’ data is correct. Then we could estimate that the isomer ratio 6,,/0, is 2.8.

The ENDF/B-VI and JENDL-3 evaluation curves for ¢,+0, are drawn in the figure. To
compare our data for 0.640,+0, with the evaluations, the value of G,+C, was estimated by using the
isomer ratio 6,/C,~ 2.8.  As a result, the estimated cross section for 6,,+0, at 14.95 MeV is about 22 mb.
(The estimated value of ©,+0, is 30% as large as our cross section data for 0.646,+0,.) This
estimation for 6,+0, is very rough and has larger uncertainties including the error of the experimentally
determined values for 0.646,,+0, and 6,/G,. Even if the large uncertainties are taken into account, both of
the evaluations are underestimated as a result. '

In the evaluated data-file of FENDL/A-2, the values of both 6, and 6, were compiled. In the
figure, the values of 0.640,,+C, were plotted. The evaluated cross section curve is almost consistent with
the measured value in the energy range between 13.7 and 15 MeV. However, the evaluated cross section
values are not compiled in the energy range between 15 and 20 MeV. Therefore, in the figure, the data-
point at 15.0 MeV and 20.0 MeV was connected with a line.

327  'Sn(n, np)"**In (Fig. 4.27)

There exist an isomer of ''“®In with the half-life of 18.0 min. The isomer has a branch of
isomeric transition; the isomeric transition rate is 5.6%. In this work, we measured the activity of the
ground state (''°In) by detecting 763.1 keV y-rays. To check the contribution of the isomeric transition to
the activity of '"*8In, we follow the decay process by detecting the y-rays at several of cooling times. As a
result of the measurement, the half-life of 763.1 keV y-ray is almost equal to that of ''*®In. We concluded
that the contribution of the isomer was negligibly small.

This cross section is measured for the first experimental data for this reaction. The evaluated
values of FENDL/A-2 are much higher than the present data by a factor of more than ten.

3.28 32Ba(n, 2n)'*'™Ba (Fig. 4.28)

The natural abundance of '**Ba is very low as 0.101%. The data of Rurartz et al.”” agree with
our data within the uncertainty though the errors of there data are large. The excitation function of the
FENDL/A-2 evaluation shows the increasing trend around the 14 MeV region. Our data, which is
obtained at the neutron energies of 14.94, 14.68 and 13.68 MeV, show the decreasing trend for the neutron
energy in the energy region between 13.4 and 15.0 MeV.

3.29 3Ba(n, n")*"™Ba (Fig. 4.29)

The samples enriched with 'YBa by 64% were used. The samples also contain '*Ba by 34%.
The contribution of the “**Ba(n,2n)'’™Ba reaction to the production of """™Ba was estimated using the
experimental cross section data of lkeda et al.”’ As a result of the estimation, the 13¥Ba(n,2n)"*""Ba
reactions contributed by 50% to the *’"Ba production.

In the 14 MeV region, two kinds of data were previously reported by Pepelnik et al.*” and
Rurartz et al.*’ Pepelniks’ data shows good agreement with our data. Rurartzs' data is larger by 50%
than our data. The ENDE/B-VI excitation function, which is supposed to be evaluated on the basis of the
data reported by Hannapel et al.*”, shows extremely large values in comparison with the present data. The
evaluated cross sections of JENDL-3 are also larger than the present data by about 300 mb.
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3.30 ¥La(n, p)'¥Ba (Fig. 4.30)

Previously, Achour et al.*¥ reported multi-point data for the reaction cross section, and others are
one-point data as shown in Fig 4.30. The data of Achor et al. is 20~30% smaller than our data. JENDL-
3 evaluation shows relatively a good agreement with our data though the slope of the excitation curve of
the evaluation is slightly steeper than that of our data. The cross section curve of FENDL/A-2 is also in

good agreement.
331 $La(n, t)"*"Ba (Fig. 4.31)

A well-type Ge detector with a high efficiency was used to detect the activity of the products
137mBa because the *"™Ba activity was expected to be small. The efficiency of the detector for 661 keV y-
ray emitted from ''™Ba was calibrated using a '*’Ba-enriched sample. Strong activities of '""Ba were
obtained via the '“"Ba(n, n’)"*’™Ba reaction. After the irradiation, the 661 keV y-rays were counted with
the standard detector and the well-type detector. The measurement time was 1 min for each detector, and
the efficiency ratio for the y-ray was obtained. The detection efficiency for the well-type detector could be
obtained by multiplying the ratio by the standard detector efficiency.

Previously one-point data were reported by Woo et al.** and Qaim et al.*> Those data show an
agreement with our data at 14.68 MeV. FENDL/A-2 is extremely low in comparison with all the

experimental data.
332 140Ce(n, 2n)"™Ce (Fig. 4.32)

Bormann et al.*® reported cross section data for the reaction in the wide energy range. Their
data shows a different trend of the excitation curve from our data; our data shows an increasing trend, and
on the other hand their data shows a decreasing trend with the neutron energy. Qaims’ data*” shows a
good agreement with our data. The agreement between the present data and FENDL/A-2 is also good.

333 149Ce(n, 2n)"*™2Ce (Fig. 4.33)

Considerable number of data were reported. Our data is in agreement with the previous data
except the data of Eapen et al.*® and Cuzzocrea et al.*” JENDL-3 is 10% larger than our data, and
FENDL/A-2 shows a good agreement with the present data.

3.34 4Ce(n, p)'“La (Fig. 4.34)

50)

The data reported by Teng Dan’” et al. show an excellent agreement with the present data. The

JENDL-3 and FENDL/A-2 are also in agreement with our data, though the slope of both evaluation curves
is slightly gradual compared with the curve expressed by the present multi-points data, and the present data

of 13.36 MeV is slightly higher than the evaluation curves.
335 19Ce(n, )""™Ba (Fig. 4.35)

The data reported by Bormann et al.*" are quite different from our data. The data of Havlik et
al.* shows an agreement with our data.  FENDL/A-2 curve shows a good agreement with the present

data.
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3.36 12Ce(n, 2n)'*'Ce (Fig. 4.36)

The data obtained by Teng Dan” et al. at multiple energy points almost agree with our data.
The evaluation curves of JENDL-3 and FENDL/A-2 is almost same in the neutron energy region less than
13.4 MeV, and those evaluations agree with our data at 13.4MeV. The decreasing tendency of the
FENDL/A-2 curve at energies more than 13.5 MeV is more rapid than that of JENDL-3. Compared with
our data, the decreasing trend of FENDL/A-2 is too steep.

3.37 41pr(n, 2n)'*Pr (Fig. 4.37)

The present data are lower than the evaluated curves of ENDF-B/VI, JENDL-3 and FENDL/A-2
by 20-30%. Those data are based mainly on the experimental data repored by Rayburn et al. ¥ and
Koehler et al. . The data of Sigg et al. >, Valkonen et al. > and Aramininowicz et al. *” agree with the

present data.
3.38 141py(n, p)'*'Ce (Fig. 4.38)

All the one-energy-point data reported previously are consistent within the uncertainties except
one. The JENDL-3 and FENDL/A-2 evaluations are slightly smaller than our data by 10%. The
evaluation curve of ENDF-B/VI is smaller by 40% than our data.

339 2Nd(n, 2n)'*'™&Nd (Fig. 4.39)

The data obtained by Jong Do et al.’® at multiple energy points are lower by 20% in comparison
with our data. The present data are consistent with other experimental data of Frehaut et al. *”, Kumabe et
al. *, Qaim et al. ®?, etc. JENDL-3 almost agrees with the present data. FENDL/A-2, which is supposed
to be evaluated based on the experimental data reported by Jong Do et al.’®, shows lower values by 15-20%

than the present data.
340 14Nd(n, o)'*'Ce (Fig. 4.40)

There exist three data reported by Grallert et al.®», Gmuca et al.* and Prasad et al.*Y  The data
of Prasad et al. are extremely large in comparison with others. The others are larger by a factor of 1.2-1.5
than our data. The data of Grallert et al. and Gumuca et al. were adopted for the FENDL/A-2.  The
excitation curve of FENDL/A-2 data starts at 8 MeV and gradually increases. However the present data at
three neutron energy points indicate that the excitation function effectively starts at 13-14 MeV and rapidly

increases.
341 145Nd(n, p)!*Pr (Fig. 4.41)

Only one experimental data of Gmuca et al. * was reported previously. Their data agree with
our data. JENDL-3 and FENDL/A-2 show good agreements with our data. ENDF/B-VI is smaller by

50% than our data at 14.94 MeV.
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342 H46Nd(n, p)'*“Pr (Fig. 4.42)

Our data agree with the data of Gmuca et al. ®” and Qaim et al. ®  The data of Bari et al. % is
smaller by 50% than our data. JENDL-3 and FENDL/A-2 are in agreement within the errors with our data.
ENDF/B-VI is much smaller in comparison with all the experimental data.

343 1¥Nd(n, p)'®"Pr (Fig. 4.43)

The isomer '*™Pr has no branch of isomeric transition; that decays only with B-decay. The
isomer '®™Pr decays with the gamma-rays of 301 and 450 keV with the intensities of 95% and 50%,
respectively. '**#Pr also emit the gamma-rays of 301 and 450 keV. For the decay of **¢Pr, the intensities
of the 450 keV gamma-ray is very weak; the intensities of 301 and 450 keV are 61% and 3%, respectively.
This means that almost all counts of the 450 keV gamma-rays came from the decay of '**"Pr.

Previously only one data are obtained by Gmuca et al. ® The excitation curve of FENDL/A-2

is in good agreement with the present data.
3.4 18Nd(n, 0)'**Ce (Fig. 4.44)

Our data agree well with the data of Gmuca et al. ®® and that of Majeddin et al.®”

JENDL-3 is in good agreement with our data. ENDF/B-VI is smaller in comparison with the
experimental data at around 14.8 MeV. The slope of the excitation curve given by our data is steeper than
the ENDF/B-VI evaluation curve. FENDL/A-2, which was evaluated using the data of Wille et al. *®, is
much higher than our data.

345 150Nd(n, 2n)'Nd (Fig. 4.45)
Many experimental data were reported previously, and almost all the data show good agreements
with our data. Our data shows a decreasing trend with increase of the neutron energy. ENDF/B-VI is

just same as FENDL/A-2. The evaluation curves show also a decreasing trend, but the slope of the curve
is much steeper in comparison with our data.

346 14Sm(n, 2n)'*™Sm (Fig. 4.46)

Our data shows an excellent agreement with the data of Murahira et al. ®, Jong Do et al. *®
obtained the cross section data at several neutron energy points, though the data are systematically lower in
comparison with our data. FENDL/A-2 shows an excellent agreement with the present data.

347 Sm(n, o)**"™*eNd (Fig. 4.47)

Previously only one data were reported by Alford et al.’®  Their data shows a good agreement
with our data. JENDL-3 and FENDL/A-2 are slightly lower than our data.
348 159Gd(n, 2n)'"Gd (Fig. 4.48)

The data of Weigel et al. ’" are quite lower than the present data. The data reported by Qaim et
al.®» and Dilg et al. " are consistent with our data though Dilgs' data is slightly small.
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JENDL-3 and ENDF-B/VI are just same. The excitation curve shows an agreement with our
data. FENDL/A-2 is slightly smaller than the present data in the 14 MeV region because the cross section
data of Dilg et al. ’® was adopted for the evaluation..

349  '8Gd(n, p)'*"Eu (Fig. 4.49)

The cross section is measured for the first time in this work. FENDL/A-2 is much larger than
the present values by a factor more than ten.

3.50 19Gd(n, 2n)'*Gd (Fig. 4.50)

Errors of the present data are large. The errors of the present data encompass almost all the
other experimental data and the evaluations of ENDF/B-VI and FENDL/A-2. The data of Bari ™ and Paul
et al. ”¥ locate out of the region covered by the error bars of the present data.

3.51 12Dy (n, p)'®Tb (Fig. 4.51)

The previous data of Antov’ and Qaim ® show an excellent agreement with the present data.
FENDL/A-2 shows an excellent agreement with the present data.

3.52 'Dy(n, 0)'*Gd (Fig. 4.52)

The present data agree with the value of Bari et al. ° and Qaim et al. ™ The data reported by
Coleman et al.”” is lager by a factor of 1.5-2 than our data.
FENDL/A-2 is in good agreement with the present results.

353 !'%py(n, p)'*Tb (Fig. 4.53)

] 65)

Previously only one data was reported by Qaim et a Their data is consistent with out data.

FENDL/A-2 shows an agreement with the present data.
3.54 %Dy(n, np)!®Tb (Fig. 4.54)

The present data are for the first time. Contribution of the '®Dy(n, p)'®Tb reactions to the
production of '®Tb was considered. For estimating the contribution, the '®Dy(n, p)'*Tb reaction cross
sections were estimated using the empirical formula®. The estimated values were 2.6 mb, 2.1 mb, 2.0 mb,
1.3 mb, 1.1 mb and 0.8 mb at 14.94, 14.68, 14.37, 14.02, 13.68 and 13.36 MeV, respectively. The
uncertainties of the estimated values are estimated to be £30%. As a result, the rates of the contribution to
the total production of '®*Tb were 10-20%. The statistics of the gamma-ray counts were poor, so the
errors of the present data are large.

The curve of the FENDL/A-2 is lower than the present data. The result suggests that the curve
should be sifted by -2 ~ -3 MeV along the horizontal axis of the neutron energy.

3.55 ¥Dy(n, )'*'Gd (Fig. 4.55)

There are four data reported previously. The data reported by Havlik et al. ¥, Khurana et al. 7,
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and Wille et al. * are consistent each other. The values of these data are ranging from 4 to 6 mb at the
neutron energy at about 14.8 MeV. Though present data are considerable smaller than the three data, the
data of Oms et al.*", which is adopted in the FENDL/A-2 evaluation as a basis, is relatively close to our
data.

3.56 Er(n, p)'“Ho (Fig. 4.56)

The present data shows that the cross sections increase with the neutron energy.  The cross
section values reported by Liljavirta et al. *?, Prasad et al. *¥ and Wille et al. * are consistent with the
present data. The data of Lakshmana Das et al.’¥ is lower than the present data by 30%. FENDL/A-2
shows an agreement with the present results.

357 18Er(n, p)'®*™tHo (Fig. 4.57)

The existence of the isomer '®™Ho is reported in 1990.*Y The half-life of the isomer is 132 s,
and the decay mode is only isomeric transition. It is very difficult to detect the 59 keV gamma-ray
associated with the isomeric transition because the gamma-ray intensity is weak. We follow the decay of
741 keV gamma-ray associated with the decay of the ground state to check the contribution of the isomer

production.
All the previous data, which were obtained without considering the contribution of the isomer,

were systematically low in comparison with the present data. ~ FENDL/A-2 shows an agreement with the

present result.
358 176Yb(n, np)'*Tm (Fig. 4.58)

The cross section is measured for the first time in this work. We obtained the cross section
data at three points for the neutron energies. FENDL/A-2 is lower than the present results.

3.59 176Yb(n, o) “Er (Fig. 4.59)

l 75)

Previously only one data is reported by Antov et a The data is consistent with our data.

FENDL/A-2 agrees well with our data.
3.60 19Hf(n, p)'*Lu (Fig. 4.60)

No previous experimental data existed. Significant deviations among ENDEF/B-VI, JENDL-3
and FENDL/A-2 evaluation are seen. All of the evaluations are not consistent with our data.
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4. Systematics of the reaction cross sections

In this chapter, we discuss the systematics of the (n, p), (n, &) and (n, na) reactons based on the
present experimental data.

As for the (n,p) and (n, &) reactions, considerable many different systematcs, including the
empirical formulae, have been proposed. Nevertheless, the systematics proposed previously by our group®
» has been unique because partial excitation functions in the neutron energy region between 13.4 and
15.0 MeV can be estimated by using the empirical formula we proposed. (A brief summary of our
systematics was given in an Appendix.) The empirical formulae were deduced based on our experimental
data. Some of the experimental data reported here were already referred for deducing the systematics; the
referred data were the ’Fe(n, p)*’Mn, %Ge(n, p)”*"Ge, '™Ru(n, p)'®Tc and '"*Hf(n, p)'*’Lu reactions. The
empirical formulae, however, have not been validated yet thoroughly for the target nuclei around
lanthanide isotopes. In the present data, (n, p) and (n, ) reactions for the target nuclei around lanthanide
isotopes were included. By comparing with the experimental data, the empirical formulae can be
validated for the target nuclei around lanthanide isotopes.

For the (n, p) reactions, the experimental data for the '''Cd(n, p)'''"™®Ag, '*La(n, p)'”Ba,
140Ce(n, p)ld()La, "“Pr(n, p)mCe, 14N d(n, p)”sPr, m’Nd(n, p)mPr, '62Dy(n, p)lﬁsz’ ‘“Dy(n, p)l“Tb and
167Er(n, p)'’Ho reactions were compared with the calculated partial excitation functions. In Fig. 5.1, the
present experimental results and the estimated partial excitation functions are plotted. Though, for the
167Er(n,p)'’Ho reaction, the estimated excitation function deviated from the experimental data by about
1 mb in the region from 13.4 and 14.7 MeV, the agreement for other reactions are satisfactory. Therefore
it is demomstrated that the empirical formulae for the (n,p) reaction are effective for the target nuclei
around lanthanide isotopes.

As for the (n,00) reactions, we employed the following data to validate the empirical formulae;
MNd(n,0)'*Ce,  '®Nd(n, 0)'Ce, '“Sm(n, 0)'*™tCe, '“Dy(n, )'*Gd, '*Dy(n, ®)'%'Gd  and
176Yh(n, ot)!®Er. The present experimental results and the estimated partial excitation functions are
plotted in Fig.5.2. The calculated curves for the 144Nd(n, o)'*'Ce, '**Nd(n, o0)'*Ce, “*Sm(n, o)'*'™*Nd and
18Dy (n, 0)'®'Gd reactions dose not agree with the experimental data. The disagreement implies that the
proposed empirical formulas should be improved to obtain a better agreement.

For the (n, not) reactions, there has been no effective systematics proposed. The reaction with
charged particle emission as (n, p), (n, &), etc., in general, have a trend that the cross section value decrease
as a function of (N-Z)/A, where N, Z and A are neutron, proton and mass number of target nuclei for the
reaction. In Fig. 5.3, the present data of the (n, not) reactions are plotted as a function of (N-Z)/A. (The
data for the **Mo(n, no)®*Zr reaction were taken from Ref. 85.) In addition, as a trial, the (n, not) cross
section data are plotted as a function of the threshold energy in Fig.5.4. In the figures, however, no
distinct correlation like other (n, charged particle reaction) can be seen. At present, we conclude that
more experimental data and further discussion will be required to establish the systematics of the (n, not)

reaction.
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5. Conclusion

Neutron activation cross sections have been measured in the energy range between 13.3 and14.9
MeV for 60 reactions, which include 32 reactions mainly for the lanthanide isotopes, 19 reactions for the
short-lived products and 9 reactions of (n, no) reactions. The cross section measurement has been done
using the intense neutron source (FNS) facility.

The cross section of the following reactions were obtained for the first time in this work:
1Ti(n, np)**™Sc, **Zr(n, np)**Y, 'PSn(n, np)'"%In, '**Gd(n, p)"** Eu, '“Dy(n, np)'*Tb, "*Yb(n, np)'”™Tm,
"Hf(n, p)'®Lu,  ¥Rb(n, ncy®Br, °'Zr(n, no)*"™Sr, *Zr(n, na)*’Sr and '®Ag(n, no)’”Rh.  For the
following reactions, where only one point data had been reported previously, the present experimental data
covers the relatively wide energy range with multiple data points: “°Ti(n, p)**"Sc, "*Ge(n, p)’°Ga,
84Sr(n’ p)84mRb’ l()()Ru(n’ p)‘mTc, mBa(n, 2n)m'"Ba, '37Ba(n, n’)l37mBa, MlPr(n, p)”lCe, 'MNd(n, Ot)l‘“Ce,
'“Nd(n, p)l48pr’ MgNd(ﬂ, a)MSCC, lMSm(n’ a)l4lm+gNd’ 154Gd(n, 2n)'53Gd, K'ZDy(n, (I)ISQGd, '“Dy(n, p)lMTb,
'Er(n, p)'*"Ho, '®*Ho(n, p)'®Ho, "'Ga(n, na)*’Cu and **Nb(n, na)*™Y. These results provide new input
data for consideration in the next versions of evaluated nuclear data files and for updating the activation

cross section data library.
The present data were compared with the evaluated nuclear data of ENDF-B/VI and JENDL-3

along with FENDL/A-2 library data. As a result of the comparison, we recommended the reevaluation for
some reactions.

The present experimental cross section data of the (n,p) and (n, o) reactions for lanthanide
isotopes were compared with the excitation curve calculated using the empirical formula that we proposed
in order to validate them in the lanthanide region. For the (n, p) reactions, the deduced curves were in
good agreement with the experimental data. However, for (n, o) reactions, the deduced curves of the
MNd(n,00)'*'Ce, *Nd(n,0))'**Ce, "“Sm(n,0)'*'™*#Nd and '*Dy(n,0)'*'Gd reactions did not agree with the
experimental data. This implies that the proposed empirical formulas should be improved to obtain a
better agreement. For the (n, not) reaction, no distinct trends could be found using the present data.
More experimental data accumulation and further discussion are required to establish the more realistic
systematics of the (n, no) reactions.
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Table 1  List of measured reactions and associated decay data

Target  Natural Reaction™ Product Half-life Gamma-ray  Branching Q-value™
Nucleus  Abundance Energy [keV] Ratio (%) [MeV]
ug* 80.1 (n, p) e 138 s 2124.5 35.5+1.8 -10.72
Mg 11.01 (n, p) *Na 1.07 s 1808.6 99.0+0.4 -8.53
05 3.10 (n, p) Al 3.60 s 22352 65+1 =776
Hs* 4.21 (n, p) Hp 1245 21275 1542 -4.59
Ty 8.0 (n, p) domg . 18.75 s 142.6 62+2 -1.58
11 7.3 (n,np)  “"Sc 18.75 s 142.6 622 -10.46
sty 99.750 (n,ne)y  “'Sc 3.345d 159.4 67.9+1.5 -10.29
STge” 22 (n, p) S"Mn 87.2s 122.1 14+5 -1.91
3Cu 69.17 (n,2n)  *Cu 9.74 m 511.0 195.6 -10.85
Cu 30.83 (n,noy  *'Co 1.650 h 67.4 84.7+0.4 -6.79
87n’ 18.8 (n, p) 8mCy 375m 5259 70.6+0.8 -3.66
"'Ga" 39.9 (n,no)  “Cu 61.83h 184.6 48.7+0.3 -5.26
"Ge' 36.5 (n, p) TamiEGa 8.12m 595.9 91.4+0.4 -4.58
%Ge" 7.8 (n, p) %Ga 326s 562.9 663 -5.99
%Ge’ 7.8 (n,2n)  7"Ge 477 s 139.7 38.8+0.8 -9.43
%Ge” 7.8 (n,not)y  *Zn 46.5h 144.7 82.9+0.2 -7.50
¥Rb 27.835 (n,na)  *¥Br 240 h 529.6 1.2+0.5 -8.01
r” 0.56 (n, p) $mRb 20.26 m 248.0 60.2+0.8 -0.11
oz 11.22 (n,not)  ¥™Sr 2.803 h 388.5 82.1x0.5 -5.44
sz 2.80 (n,np) Y 103 m 954.0 15.8+0.7 -11.52
7r" 2.80 (n,no)  *°Sr 271 h 1383.9 90.0+5.7 -491
*Nb 100 (n,no)  ¥MY 16.06s 909.1 99.14+0.03 -1.93
'WRy" 12.6 (n, p) 1001 1585 539.5 7.0x1.2 242
®Ag 48.461 (n,noy  '®™ERR 35.36h 318.9 19.2+0.4 -3.29
g 12.80 (n, p) Himep o 745d 342.1 6.7£0.3 -0.25
Bed” 12.22 (n, p) 3migp o 537h 298.6 10 -1.23
12080 32.59 (n,np)  "*%In 24m 763.1 99.2+0.2 -1.55
3R, 0.101 (n,2n)  "'™Ba 14.6 m 108.1 554 -9.08
3'Ba’ 11.23 (n, n) 137mBa 2.552m 661.7 90.11+0.06 -6.38
¥La 99.91 (n, p) 1¥Ba 83.06 m 165.9 24+4 -1.53
"¥La 99.91 (n, t) 37mBa 2.552m 661.7 90.11+0.06 -6.38
Ce 88.48 (n, 2n) 1¥mCe 54.8s 754.3 92.45 -9.19
10Ce 88.48 (n,2n)  '*™¥Ce  137.640d 165.9 79.899+0.001 -9.19
e 88.48 (n, p) S 7 1.6781d 1596.2 95.40+0.08 -2.98
0Ce 88.48 (n, o) 13mB4 2.552m 661.7 90.11+0.06 5.30
2Ce 11.08 (n, 2n) e 32.501d 1454 48.2+0.3 -7.17
4pr 100 (n, 2n) 140pr 3.39m 306.9 0.151+£0.019 -9.40
lipy 100 (n, p) e 32.501d 145.4 48.2+03 . 0.20
INd 27.13 (n,2n)  'm™eENd 249h 1126.9 0.80+0.03 -9.82
N 23.80 (n, o) BlCe 32.501 d 1454 48.2+0.3 7.34
Nd” 8.30 (n, p) 145py 5984 h 748.3 0.525+0.009 -1.02
14Nd 17.19 (n, p) 16py 24.15m 4539 48+3 -3.38
HNg” 5.76 (n, p) 148mpy 20m 450.6 50.0+0.05 -4.18
18N 5.76 (n, &) 15Ce 3.0t m 7243 99+7 5.33
SING” 5.64 (n,2n)  '¥Nd 1.73h 211.3 25.9+1.4 -7.38
* Separated isotopes was used.

** (n,np) means (n,np)+(n,pn)+(n,d)

#xx  (Q-value for the (n,np) reactions were calculated for (n,np) reactions. Q-value for the (n,d) reactions are
calculated as follows: Q(n,d)=Q(n,np)+2.225 MeV, where Q-values of (n,np) and (n,d) are Q(n,d) and

Q(n,np), respectively.
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Table 1 List of measured reactions and associated decay data (continued)
Target  Natural Reaction™ Product Half-life Gamma-ray  Branching Q-value™
Nucleus  Abundance Energy [keV] Ratio (%) [MeV]
14sm’ 3.1 (n, 2n) 143mgm 66s 754.0 90+3 -10.52
1#“Sm" 3.1 (n, o) lameNg 2.49h 1126.9 0.80+0.03 0.23
*Gd” 2.18 (n, 2n) Gd 241.6d 103.2 214 -8.90
MG 2.18 (n, p) 134mEy 46.3 m 100.9 2744 -1.19
19Gd 21.86 (n, 2n) ¥Gd 18.479 h 363.5 11+3 -7.45
2py" 255 (n, p) 192Th 7.60 m 260.1 80+5 -1.75
2y 255 (n, o) ¥Gd 18479 h 363.6 113 6.03
1Dy 28.2 (n, p) 1¢Tb 30m 168.8 2649 -3.08
1“Dy" 282 (n, np) 1%Th 19.5m 351.1 26+3 -8.58
“pDy" 282 (n, @) 1Gd 3.66 m 360.9 60.1£1.5 5.18
19Er” 22.95 (n, p) 'Ho 3.1h 346.5 56+12 -0.23
18Er" 26.8 (n, p) 188m+eH o 299 m 7413 36.6+1.0 -1.94
Yb’ 12.7 (n,np)  "Tm 152 m 514.9 65+7 -8.45
yb" 12.7 (n, o) 'BEr 1.4m 199.2 48x2 592
18OH£" 35.1 (n, p) Ly 5.7m 408.0 431 -2.32
* Separated isotopes was used.

*ok (n,np) means (n,np)+(n,pn)+(n,d)
**k+  ()-value for the (n,np) reactions were calculated for (n,np) reactions. Q-value for the (n,d) reactions are
calculated as follows: Q(n,d)=Q(n,np)+2.225 MeV, where Q-values of (n,np) and (n,d) are Q(n,d) and

Q(n,np), respectively.
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Table 2 List of chemical properties, weights and abundance of samples

Target Chemical Weight  Abundance

Nucleus Form [mg] [%]

B B 200 %Be: 0.0S, "'Be: 99.5,

Mg Mg 80 Natural [*Mg: 78.99 , ®Mg: 10.00, **Mg: 11.01]

s Si 200 Natural [Si: 92.23 , Si: 4.67, *Si: 3.10]

g S 23 325:5.53,%38: 0.11, *S: 94.33, %6S: 0.03

Ty TiO, 50 Ti: 81.20, *'Ti: 2.10, **Ti: 14.50, **Ti: 1.10, *°Ti: 1.10

a4 TiO, 50 T 3.00, *'Ti: 68.50, **Ti: 25.00, ““Ti: 1.80, °Ti: 1.60

Sty v 100 Natural [*°V: 0.250, °'V: 99.750]

Fe Fe 40 3Fe: 0.12, *Fe: 6.52, “'Fe: 93.31, **Fe: 0.05

Cu Cu 350 Natural [**Cu: 69.17, %*Cu: 30.83]

Cu Cu 350 Natural [**Cu: 69.17, ®*Cu: 30.83]

%Zn Zn0O 40 847n: 0.32, %Zn: 0.21, ¥Zn: 0.10, **Zn: 99.36, "°Zn: 0.01

Ga Ga,0, 100 %Ga: 0.41, "'Ga: 99.59

"Ge GeO, 40 Ge: 1.47, *Ge: 2.13, ’Ge: 0.54, "*Ge: 95.20, "°Ge: 0.66

%Ge GeO, 65 "Ge: 1.30, *Ge: 2.00, *Ge: 0.63, "*Ge: 3.25, °Ge: 92.82

8Rb RbCl 200 Natural [**Rb: 72.165, ¥’Rb: 27.835]

sigy $rCO, 10 *Sr:75.35, %Sr: 4.13, V'Sr: 2.06, **Sr: 18.47

NZr ZrO2 30 7r:3.24,°'Zr: 94.59, 9*Zr: 1.63, **Zr: 0.46, **Zr: 0.08

%7y 710, 85 07Zr: 1.54, °'Zr: 0.40, **Zr: 0.73, °**Zr: 1.70, °*Zr: 95.63

Nb Nb 200 Natural [**Nb: 100]

1%Ru Ru 40 %Ru: 0.04, **Ru: 0.05, *Ru: 0.47, '“Ru: 97.42, '*'Ru: 1.09, *Ru: 0.75
1¥Ru: 0.18

1®Ag Ag 200 Natural ['"Ag: 51.839, '®Ag: 48.161]

Hicd CdO 60 10¢d: 0.63, M'Cd: 96.44, '2Cd: 1.82, '3Cd: 0.43, *Cd: 0.59, '°Cd: 0.10

Bcd CdoO 60 10¢d: 0.19, "''Cd: 0.33, ''*Cd: 1.43, '3Cd: 95.10, Cd: 2.75, ''8Cd: 0.20

1208 SnO, 50 165n: 0.13, '7Sn: 0.11, *8Sn: 0.61, "°Sn: 0.66, 'Sn: 98.05, '2Sn: 0.34,
1248n: 0.10

B, BaCO, 25 "Ba: 0.10, *Ba: 8.20, '"“Ba: 10.80, '*Ba: 11.00, '“Ba: 8.60, '"Ba: 9.60
3¥Ba: 51.70

3Ba BaCO, 95 130Ba: 0.02, '*2Ba: 0.02, '**Ba: 0.06, ¥*Ba: 0.23, '*Ba: 1.55, *’Ba: 64.04
1%Ba: 34.12

191 a La,0, 100 Natural (**La: 0.09, **La: 99.91)

140Ce CeO, 100 Natural (**Ce: 0.19, '3*Ce: 0.25, "Ce: 88.48, '“*Ce: 11.08)

42Ce CeO, 100 Natural (1**Ce: 0.19, ¥8Ce: 0.25, '“Ce: 88.48, 1*?Ce: 11.08)

Hlpr Pr,0,, 100 Natural (*'Pr: 100)

12Nd Nd,0, 100 Natural ("*Nd: 27.13, '¥Nd: 12.18, "*Nd: 23.80, '“Nd: 8.30, "“Nd: 17.19
18Nd: 5.76, '°Nd: 5.64)

Nd  Nd,O, 45 12Nd: 0.58, “Nd: 0.55, "“Nd: 97.35, “Nd: 0.70, Nd: 0.66, "*Nd: 0.09
1UNd: 0.06

NG Nd,O, S0 'ONd: 0.93, '“Nd: 0.64, *Nd: 2.74, “*Nd: 91.58, “Nd: 3.7, “*Nd: 0.28
%Nd: 0.14

146Nd Nd,0, 100 Natural ("*Nd: 27.13, '*Nd: 12.18, "“Nd: 23.80, '*Nd: 8.30, '“Nd: 17.19,
8N d: 5.76, "°Nd: 5.64)

¥Nd Nd,0, 65 12Nd: 1.25, "*Nd: 0.6, 'Nd: 1.27, '*Nd: 0.59, Nd: 2.17, '¥Nd: 93.11,
ONd: 1.03

ONd Nd,O, 65 H2Ng: 1.45, “ONd: 1.02, "Nd: 1.50, "“Nd: 0.92, "SNd: 1.52, “*Nd: 1.07,
"Nd: 92.53

14Sm Sm,0, 60 '%Sm: 85.91, '’Sm: 3.88, "**Sm: 2.18, '*Sm: 2.19, '°Sm: 1.02, '**Sm: 2.80
%Sm: 2.02

Gd Gd,0, 55 1%Gd: 98.27, '¥Gd: 1.18, '**Gd: 0.29, ¥'Gd: 0.11, 'Gd: 0.1, '*Gd: 0.05

9Gd G40, 100 Natural (‘?Gd: 0.20, '%Gd: 2.18, '%Gd: 14.80, 'Gd: 20.47, ''Gd: 15.65,

8Gd: 24.84, '“Gd: 21.86)
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Table 2  List of chemical properties, weights and abundance of samples (continued)

Chemical Weight  Abundance

Form [mg] [%]

Dy,0; 50 ¥Dy: 0.02, '®Dy: 0.12, ''Dy: 3.06, '%Dy: 92.43, '“Dy: 3.31, '*“Dy: 1.06
Dy,0, 55 161Dy: 0.40, '“Dy: 1.34, '®Dy: 5.55, '“Dy: 92.71

Er,0, 60 164Er: 0.05, 'Er: 2.81, 'Er: 91.77, "®Er: 5.05, "Er: 0.32

Er,0; 50 182Er- 0,01, 'Er: 0.05, 'Er: 1.43, 'Y'Er: 2.47, 'Er: 95.44, "Er: 0.61
Yb,0, 50 M0y 0.05, '"'Yb: 0.28, '2Yb: 0.51, 1*Yb: 0.53, "*Yb: 1.59, '7°Yb: 97.04
HfO, 50 I4H¥. 0.0, *HF: 0.20, 'THF: 0.50, '™*Hf: 2.00, 'Hf: 1.10, "Hf: 96.20

Table 3  Parameters needed to deduce the cross sections and their estimated errors

Items

Estimated error(%)

i~ B S

—_ O

Statistics of gamma-ray counts

Detector efficiency

Sample weight

Irradiation, cooling and measuring time
Self-absorption of gamma-ray in a sample
Half-life (Decay constant)

Gamma-ray branching ratio

Correction factor for mean source position
Correction factor due to fluctuation of neutron flux during irradiation
Correction factor due to sum-peak of gamma-ray
Standard reaction cross section

+0.3-50
+2.0
< 0.1
<+0.1
<10.5
<+0.1-3
+0.1-20
< 0.1
<+0.1
<30.1
+4.8
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Table 4 Numerical values for the measured cross sections

”B(n, p)]]Be
Neutron Energy Cross Section Error
(MeV] [mb] [mb]
14.94 5.2 0.4

*Mg(n, p)**Na

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 31 4

%Si(n, p)*°Al

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 34 5

34s(n, p)34P

Neutron Energy Cross Section Error

[MeV] [mb] [mb]
14.94 100 22
14.68 88 19
14.37 88 20
14.02 90 20
13.68 82 20
13.36 88 22

“Ti(n, p)**™Sc

Neutron Energy Cross Section Error

[MeV] [mb] [mb]
14.94 51 3
14.68 51 3
14.37 51 3
14.02 54 4
13.68 58 4
13.36 59 4
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“ITi(n, np)**™Sc

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 10.6 09
14.68 7.6 0.7
14.37 50 0.6
13.68 2.8 0.6
13.36 1.8 0.4

Sty (n, not)*’Sc

Neutron Energy Cross Section Error
[MeV] [mb} [mb]
14.94 0.048"
" Upper limit

Fe(n, p)’’Mn

Neutron Energy Cross Section Error

[MeV] [mb] [mb]
14.94 53 4
14.68 55 4
14.37 59 4
14.02 59 4
13.68 60 4
13.36 63 7

3Cu (n, 2n) *Cu

Neutron Energy Cross Section Error

[MeV] [mb] [mb]
14.94 518 22
14.68 464 20
14.37 430 18
14.02 370 16
13.68 350 15
13.36 299 13

%Cu(n, no)®'Co

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.68 2.37 0.11
14.37 1.62 0.13
14.02 0.71 0.10
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7n(n, p)**"Cu

Neutron Energy Cross Section Error
[MeV] [mb] {mb]
14.94 6.3 0.3

14.68 4.9 0.4

14.37 5.0 04

14.02 39 0.4

13.68 4.3 04

13.36 3.5 0.4

"'Ga(n, no)®'Cu

Neutron Energy Cross Section Error
[MeV] [mb] {mb]

14.94 3.29 0.30

14.68 2.66 0.24

14.37 1.49 0.19

14.02 1.37 0.18

13.68 091 0.08

13.36 0.86 0.19

74Ge(n, p)74m+gGa

Neutron Energy Cross Section Error
[MeV] [mb} [mb]
14.94 12.1 0.6

14.68 11.8 0.6

14.37 12.1 0.6

14.02 10.7 0.5

13.68 9.1 0.5

13.36 8.1 04

%Ge(n, p)"°Ga

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 54 0.8
14.68 3.7 0.6
14.02 25 0.6
13.68 2.1 0.7
13.36 1.7 0.5
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Ge(n, 2n)""Ge

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 960 50
14.68 910 50
14.37 830 40
14.02 790 40
13.68 800 40
*Ge(n, no)’*Zn
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 0.011 0.003
8"Rb(n, not)**Br
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 1.6 0.7
84Sr(n, p)SAmRb
Neutron Energy Cross Section Error
(MeV] [mb] [mb]
14.68 315 1.9
14.37 33.0 1.2
14.02 359 1.5
13.68 347 1.6
13.36 393 1.9
17Zr(n, not)*™Sr
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 0.102 0.014
14.68 0.086 0.008
14.37 0.066 0.009
#%Zr(n, np)”Y
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 0.52 0.21
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%Zr(n, no)”’Sr

Neutron Energy Cross Section Error
[MeV] [mb} [mb]
14.94 0.047 0.007
»Nb(n, no)*™Y
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 24 0.5
14.69 2.1 04
14.37 14 0.3
14.02 1.2 03
13.68 0.8 03
13.36 0.9 0.3
WRu(n, p)'®Tc
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 35 8
14.68 33 8
14.37 26 7
14.02 18 6
13.68 22 8
lwAg(n, na) l()Sm+th
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 0.44 0.12
lllCd (n’p)lllmé-gAg
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 21 7
14.37 18 3
IBCd(n, p)113m+gAg
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 17 4
14.68 13 3
14.37 15 3
13.68 9 3
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lZOSn (n, np)ll9gln

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 0.121 0.019
]32Ba(n, 2n)131mBa
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 640 20
14.68 650 21
14.37 629 20
13.68 666 22
]37Ba(n, n)]37mBa
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 225 27
14.68 192 27
14.37 342 29
14.02 180 27
13.68 229 28
13.36 211 27
139La(n ,p)]39Ba
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 4.5 0.4
14.68 42 0.3
14.37 4.1 0.3
14.02 3.8 03
13.68 35 03
13.36 3.0 0.3
139La(n, t)137mBa
Neutron Energy Cross Section Error
MeV] [ub] [ub]
14.94 62 23
14.68 16 11
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140Ce(n, 2n)"*™Ce

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.95 1020 40
14.37 840 40
14.02 870 40
13.68 770 30
13.36 640 30

M‘)Ce(n, 2n)l39m+gce

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 1690 120
14.68 1630 90
14.37 1690 90
14.02 1650 80
13.68 1580 100
13.36 1560 90

Ce(n, p)'“La

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.68 7.5 0.4
14.37 6.5 04
14.02 6.5 03
13.68 5.5 03
13.36 53 0.3

lee(n’ a)]37mBa

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 2.2 0.5
14.68 2.2 0.5
14.37 1.2 04
14.02 2.0 0.5
13.68 1.3 04
13.36 1.5 0.4
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12Ce(n, 2n)'*'Ce

Neutron Energy Cross Section Error

[MeV] [mb] [mb]
14.94 1750 90
14.68 1760 80
14.37 1880 90
14.02 1870 80
13.68 1840 80
13.36 1890 80

41pr(n, 2n)'“Pr

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 1420 60
14.68 1450 70
14.37 1360 : 60
14.02 1320 50
13.68 1300 60
mPr(n, p)mCe
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 12.0 0.8
14.68 11.5 0.9
14.37 9.9 1.0
13.68 9.7 0.8
13.36 9.0 0.7

MZNd(n, 2n)141m+gNd

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 1740 120
14.68 1680 110
14.37 1690 100
14.02 1690 100
13.68 1580 100
13.36 1500 110
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Nd(n, o)'*'Ce

Neutron Energy Cross Section Error
[MeV] [mb] {mb]
14.94 3.6 0.5
14.68 22 04
14.37 1.3 0.6

145Nd(n, p)l45Pr

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 7.3 1.2

13.36 35 2.0

146Nd(n, p)]%Pr

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 7.6 1.4
14.68 52 1.0

148Nd(n, p)l48mPr

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 22 0.3
14.68 2.0 03
14.37 2.0 0.3
14.02 1.4 02

13.68 0.8 0.2
13.36 0.7 0.2

MBNd(n, a)MSCe

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 27 0.5
14.68 23 0.5
14.37 29 0.6

14.02 1.9 0.4
13.68 14 04
13.36 1.5 0.3
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ONd(n, 2n)!*Nd

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 1430 100
14.68 1520 100
14.37 1690 110
14.02 1720 110
13.68 1790 120
13.36 1790 120
S m(n,2n)'*mSm
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 608 20
14.68 592 20
14.37 526 17
14.02 457 16
13.68 378 13
13.36 352 12
lMSm(n, a)l4lm+gNd
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 12.6 1.0
14.68 143 1.1
14.02 11.5 0.9
'Gd(n, 2n)**Gd
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 2140 210
14.37 2110 180
13.68 2170 200
mGd(n, p)'54"‘Eu
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 0.13 0.05
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'“Gd(n, 2n)"*Gd

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 2000 500
14.68 2100 500
14.37 2100 500
14.02 2000 500
13.68 2200 500
13.36 1900 500
mDy(n, p)I(JZTb
Neutron Energy Cross Section Error
[MeV] [mb] {mb]
14.94 4.2 04
14.68 44 0.4
14.37 34 0.3
14.02 29 0.3
13.68 22 0.2
13.36 1.8 0.2
mDy(n, a)lSQGd
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 1.2 0.5
14.68 1.8 0.8
13.68 1.3 0.6
mDy(n, p)lﬁdvrb
Neutron Energy Cross Section Error
[MeV] [mb] {mb]
14.94 2.8 0.6
14.68 2.1 1.0
14.02 2.1 0.5
164Dy(n’ np)l“Tb
Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 0.7 03
14.68 0.7 0.3
14.37 03 0.2
14.02 0.5 0.2
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lMDy(n, a)lmGd

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 0.60 0.14

lé?Er(n, p)167H0

Neutron Energy Cross Section Error
[MeV] [mb] [mb]

14.94 5.0 1.1

14.68 28 0.6

14.37 2.6 0.6

14.02 1.7 04

13.36 1.5 04

’63Er(n, p)168m+gHO

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 35 0.7
14.68 42 0.8
14.37 33 0.7
14.02 23 0.5
13.68 2.8 0.5
13.36 22 04

176Yb(n, np)'“Tm

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 0.34 0.11

14.68 0.27 0.09

14.37 0.16 0.06

176Yb(n, a)l?SEr

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 1.1 0.3
14.02 0.8 0.3
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"®Hf(n, p)'*Lu

Neutron Energy Cross Section Error
[MeV] [mb] [mb]
14.94 32 0.6
14.68 2.5 0.5
14.37 2.1 04
14.02 2.0 04
13.68 1.4 0.3
13.36 0.9 0.2
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Fig. 2 A schematic drawing of the sample and the cartridge.
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Fig. 3 Efficiency curve of the 75% HPGe detector. The dots show the data measured by
using standard gamma-ray sources and the line show the fitting function.
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Fig. 4.54 Cross section data for '*Dy(n,np)'“Tb
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Comparison between the present experimental data of the (n,p) reactions and the
excitation function estimated by using the empirical formula. The closed circles
show the experimental data, and the lines show the excitation function estimated
by using the empirical formulae.
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show the experimental data, and the lines show the excitation function estimated
by using the empirical formulae. (continued)
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Fig. 5.2 Comparison between the present experimental data of the (n,o) reactions and the
excitation function estimated by using the empirical formula. The closed circles
show the experimental data, and the lines show the excitation function estimated
by using the empirical formulae.
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Appendix Summary of the systematics for (n,p) and (n,0) partial excitation functions in the

neutron energy between 13.4 and 15.0 MeV

The systematics for (n,p) and (n,ot) partial excitation functions in the neutron energy between
13.3 and 15.0 MeV are summarized. The details were described in Refs. 8 and 9.
The cross section curves in the energy range from 13.3 and 15.0 MeV are approximately

represented by the linear function as
o =a(E, -14.0)+0,,

where,
(o} : cross sections [mb]
. : neutron energy [MeV]
a : slope of excitation curve [mb/MeV]
O : cross section at 14.0 MeV [mb].

A relative slope, S, is defined as
S=afo,.
For the (n,p) reaction, the empirical formulas of ¢ and oy, are described as

N-Z+1
0,=1830(N-Z+ l)exp(—50.7——A—),
N-Z N-ZY
S=-0.271+0.811 + 14.57( ) +0.037E,

where

N : neutron number of the target

Zz : proton number

A : mass number

E, : threshold energy of the reaction [MeV].
For the (n,0) reactions, the empirical formulas of ¢ and 0, are described as

O, = 434.8exp(—33.4N—;Z),

§=-1.076 + 0.0788(E,, + V,)

where V, is a coulomb barrier for an o-particle emission from a compound nucleus. N, Z, A and E,, are
the same as for the (n,p) reaction. The value of V, is calculated by using the following equation:

“ A,”3
where
A, - mass number of a residual nucleus (= A —3)
Z, : proton number of a residual nucleus (= Z - 2)
e : elementary charge (¢’=1.4 MeV+fm)

Iy : a constant value (=1.4 fm).
The value of roAl/ 3corresponds to a radius of a residual nucleus, and “2” in the equation corresponds to

charge of o-particle.
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