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To provide accurate experimental data of double differential neutron
emission cross sections at 14.1 MeV which are required for the fusion
reactor technology, measurements using‘the neutron TOF spectrometer at
OKTAVIAN have been carried out in these three years under the Research-
in-Trust of JAERI. This report describes the results in the third year,
for Ti, Mo and S5n.

Data were obtained at 15-16 angle-points in the LAB system for each
element and angle-integrated neutron emission spectra were deduced. Angle
-differential cross sections were also deduced for elastic and resolved
discrete inelastic scatterings. Graphs are given for double differential
neutron emission cross sections. Graphs and tables are given for angle-
integrated neutron emission spectra and angle-differential cross sections.

Results for Ti and Mo are comparewd with the JENDL-3 data, and
disagreements in the 7-13 MeV region are pointed out. Results for Sn are

compared with the ENDL-75 data.

This report is written by summarizing the study implemented under the
Research-in-Trust in 1989 fiscal year from the Japan Atomic Energy
Research Institute.

+ Department of Reactor Engineering

* QOsaka University
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1. Introduction

The data base of double differential neutron emission cross sections is
useful to assess theoretical nuclear models currently being used in evaluation
works of fusion nuclear data, which are required for the nuclear design of
Tokamak devices like ITER. Ti and Sn are constituents of super conductors like
NbTi and NbsSn. Mo is considered to be used as coating material of diverters.
Double differential neutron emission data at 14.1 MeV for these elements are
of interest for the estimation of the displacement damages and the Kerma
factors.

Using the high resolution neutron TOF spectrometer at OKTAVIAN, double
differential neutron emission cross sections at 14.1 MeV have been measured
for many elements'~® since 1983. Under the support of JAERI, the autors have
carried out experiments for B-10, B-11, Bi-209, Ca, Mn, Co and ¥2:2. In the
present report, results are given for Ti, Mo and Sn.

2., Experimental

The experimental method is described in detail elsewhere®. A brief descri-
ption is given in the following.

The D-T neutron source facility (OGKTAVIAN) was operated in pulse mode. The
pulse width was 1.8 ns at FWHM and the repetition frequency was 1 Miz. The
neutron TOF spectrometer was set along the 85 degree line to the OKTAVIAN beanm
line and had 8.3 m long flight path. An NE213 detector of 25 cm diameter and
10 cm thickness was set inside & heavy shield at the end of the flight path.
The double gain n-gamma discrimination circuit was applied to cover a recoil
proton dynamic range of 0.5 MeV to 15 MeV.

The scattering sample (Ti, Mo or Sn) was set along the arc, radially
distant by 17 cm from the tritium target. To change the scattering angle, we
moved the sample along the arc. Variation of incident neutron energy accord-
ing to the change of scattering angle was so smwall that the source energy was
regarded as monochromatic (14.1%0.2 MeV). Samples were made of cylindrical
‘metal rods (3 cm in diameter and 7 cm long).

To obtain absolute values of double differential cross sections, a poly-
ethylene sample of 1.5 cm diameter and 5 cm length was used as a reference
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distant by 17 cm from the tritium target. To change the scattering angle, we
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scatterer to measure elastically scattered neutron peaks by the H(n,n) reac-
tion at 5 angles from 20 to 50 degree. Absolute efiiciency of the NE213 detec-
tor was calibrated using these polyethylene data and the differential H(n,n)
cross sections of ENDF/B-V. The low energy part (less than 7 MeV) of the
efficiency curve was obtained by the TOF experiment using Cf-252 neutron
source. Two efficiency curves were normalized in the 5-7 MeY region.

The method of data processing is described in detail elsewhere”.To make
corrections for multiple scatterings and attenuations, the MUSCC3 code® was
used by adopting JENDL-3 data® for Ti and Mo, and ENDL-75 data
for Sn’.

3. Results
3.1 DDX (double differential cross section)

Obtained double differential neutron emission cross sections for Ti are
shown in Fig.T-1 through Fig.T-15, compared with JENDL-3 data. Data for Mo are
shown in Fig.M-1 through Fig.M-18, compared with JENDL-3 data. Data for Sn are
shown in Fig.S-1 through Fig.S$-16, compared with ENDL-75 data.

Numerical data tables of these data will be published in OKTAVIAN Report.

3.2 EDX (angle-integrated neutron emission spectrum)

Measured DDX data at the laboratory angles were converted to those at the
center-of-mass system, which were integrated over the CMS angle to deduce
EDX data. EDX data in the LAB system were also derived.

Results for Ti are shown in Figs.T-16 and T-17, and in Table 4. Results for
Mo are shown in Figs.M-17 and M-18, and in Table 5. Results for Sn are shown
in Figs.$-17 and $-18, and in Table 6.

3.3 ADX (angle-differential cross section)

Nemerical data sre presented for elastic and some resolved angular distrib-
utions in Table 1,2 and 3. Resolved data for Ti are for elastic scattering
(Fig.T-18), discrete inelastic scattering within a level bin of 0.16-1.794 MeV
(Fig.T-19, upper), discrete inelastic scattering of 2.01-2.733 MeV level
(Fig.T-19, lower) and discrete inelastic scattering of 3.508-4.18 MeV level
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Measured DDX data at the laboratory angles were converted to those at the
center-of-mass system, which were integrated over the CMS angle to deduce
EDX data. EDX date in the LAB system were also derived.

Results for Ti are shown in Figs.T-168 and T-17, and in Table 4. Results for
Mo are shown in Figs.M-17 and M-18, and in Table 5. Results for Sn are shown
in Figs.5-17 and $-18, and in Table 8.

3.3 ADX (angle-differential cross section)

Nemerical data sre presented for elastic and some resolved angular distrib-
utions in Table 1,2 and 3. Resolved data for Ti are for elastic scattering
(Fig.T-18), discrete inelastic scattering within a level bin of 0.16-1.7394 MeV
(Fig.T-19, upper), discrete inelastic scattering of 2.01-2.733 MeV level
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(Fig.T-20).

ADX data for Mo are obtained for elastic scattering (Fig.¥-19),
discrete inelastic scattering of 1.4-3.4 MeV level (Fig.M-20, upper) and
(n,2n) reaction (Fig.M-20, lower).

ADX data for Sn are obtained for elastic scattering (Fig.S$-19) and
discrete inelastic scattering of 1.8-3.1 MeV level (Fig.S$-20).

Discussions

From comparisons of DDX data for Ti between the present measurements and
the JENDL-3 data, we can say that disagreements are seen in the 3-15 MeV
region. In the 1-8 MeV region of Ex {excitation energy), the experiment shows
structures probably due to the direct processes and the JENDL-3 data do not
reproduce the DDX spectra. Discussions should be similar to the case of Mo.

Comparing all the data of DDX, EDX and ADX for Mo, between the present
measurement and the JENDL-3 data, we can say the following;

1) The JENDL-3 evaluation is good in the secondary energy region less than
3 MeV. Almost complete agreements are seen in EDX,

2) JENDL-3 overestimates differential elastic scattering cross sections in
the scattering angle region larger than 40 degree, while good agreements
are obtained in forward angles less than 40 degree.

8) Though the evaluation is made for the discrete inelastic scattering cross
sections of Ex = 3-4 MeV, JENDL-8 gives several orders of magnitude smaller
values.

4) Neutron emission cross sections of JENDL-3 in the 4-13 MeY region are very
underestimated. Choice of calculational parameters for the pre-equilibrium
process should be reconsidered, and the use of DWUCK-4 code® for many
discrete levels of direct processes is needed. The combinational use of
EGNASH®, DWUCK-4 code and the Kalbach-Mann systematics'® is desired to re-
produce the measured DDX spectra.

' 5) Measured angle-differential cross sections of (n,2n) reaction show slight

forward enhancement. Probably due to this fact, the JENDL-3 data slightly

overestimate the measured data in the backward angles.
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ADX data for Mo are obtained for elastic scattering (Fig.¥-19),
discrete inelastic scattering of 1.4-3.4 MeV level (Fig.M-20, upper) and
(n,2n) reaction (Fig.M-20, lower).

ADX data for Sn are obtained for elastic scattering (Fig.S5-19) and
discrete inelastic scattering of 1.9-3.1 MeV level (Fig.$-20).

Discussions

From comparisons of DDX data for Ti hetween the present measurements and
the JENDL-3 data, we can say that disagreements are seen in the 3-15 MeV
region. In the 1-6 MeV region of Ex (excitation energy), the experiment shows
structures probably due to the direct processes and the JENDL-3 data do not
reproduce the DDX spectra. Discussions should be similar to the case of Mo.

Comparing all the data of DDX, EDX and ADX for Mo, between the present
peasurement and the JENDL-3 data, we can say the following;

1) The JENDL-3 evaluation is good in the secondary energy region less than
3 MeV. Almost complete agreements are seen in EDX.

2) JENDL-3 overestimates differential elastic scattering cross sections in
the scattering angle region larger than 40 degree, while good agreements
are obtained in forward angles less than 40 degree.

3) Though the evaluation is made for the discrete inelastic scattering cross
sections of Ex = 3-4 MeV, JENDL-3 gives several orders of magnitude smaller
values,

4) Neutron emission cross sections of JENDL-3 in the 4-13 Me¥ region are very
underestimated. Choice of calculational parameters for the pre-equilibrium
process should be reconsidered, and the use of DWUCK-4 code® for many
discrete levels of direct processes is needed. The combinational use of
EGNASH®, DWUCK-4 code and the Kalbach-Mann systematics'® is desired to re-
produce the measured DDX spectra.

5) Measured angle-differential cross sections of (n,2n) reaction show slight

forward enhancement. Probably due to this fact, the JENDL-3 data slightly

overestimate the measured data in the backward angles.
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No evaluations are given for Sn, in JENDL-3. The presently measured data
are compared with the ENDL-75 data, which show overall fairly good agreement
except the energy region where the measured data show "structures”.

In future evaluation works for JENDL-upgrade, the combinational use of DWUCK4,
EGNASH and the Kalbach-Mann systematics is recommended.
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Table 4 Angle-integrated neutron emission spectra for Ti
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_Table 5 Angle-integrated neutron emission spectra for Mo
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Table 6 Angle-integrated neutron emission spectra for 5n
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