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1. Introduction

The 2002 symposium on nuclear data was held at Tokai Research Establishment, J apan
Atomic Energy Research Institute (JAERI), on 21st and 22nd of November 2002, with about
150 participants. Japanese Nuclear Data Committee and Nuclear Data Center, JAERI
organized the symposium.

The program of the symposium is listed below. In the oral sessions, presented were
18 papers on topics of release of JENDL-3.3, requests from users, status of FP nuclear data,
international activities and other subjects. In the poster session, presented were 33 papers
concerning experiments, evaluations, benchmark tests and on-line database on nuclear data.

Those presented papers are compiled in the proceedings.

Program of 2002 Symposium on Nuclear Data

Nov. 21 (Thu.)

10:00-10:05

1. Opening Address H. Nakajima (JAERI)
10:10-11:50

2. Release of JENDL-3.3 Chairman: T. Yoshida (Musashi Tech.)
2.1 Outline of Evaluations for JENDL-3.3 [25+5] K. Shibata (JAERI)

2.2 Integral Test of JENDL-3.3 in Thermal Reactors [30+10] K. Okumura (JAERI)

2.3 Integral Test of JENDL-3.3 for Fast Reactors [30+10] G. Chiba (JNC)

12:00-12:10  Taking Photo
12:10-13:00  Lunch

13:00-13:45
2. Release of JENDL-3.3 Chairman: T. Yoshida (Musashi Tech.)
2.4 Integral Test of JENDL-3.3 with Shielding Benchmarks [30+10]

‘ N. Yamano (SAE)

13:45-16:00
3. Poster Presentation (Odd Numbers)
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16:00-17:55
4. Topics Chairman: K. Oyamatsu (Aichi Shukutoku U.)
4.1 New Development of Neutrino Physics [40+10] K. Niwa (NagoyaU.)

4.2 Nuclear Mass Formula and its Application for Astrophysics [30+10]
H. Koura (RIKEN)
43F ragjment Mass Distribution of 239Pu(d,pf) Reaction at the Super-deformed
B-vibrational Resonance [20+5] K. Nishio (JAERI)

18:20-20:00 Reception (Akogi-ga-ura Club)

Nov. 22 (Fri.)
9:30-12:00
5. Request about Domestic Nuclear Data Library from the Industrial Circles
Chairman: T. Matsumura (CRIEPI)

5.1 Requests on Domestic Nuclear Data Library from BWR Design [15+10]

H. Maruyama (GNF-J)
5.2 Proposals for Nuclear Data Activities from PWR Core Design [15+10]

Y. Tahara (MHI)
5.3 Requests on Nuclear Data in the Backend Field through PIE Analysis [15+10]

Y. Ando (Toshiba)
5.4 Analysis of MISTRAL Experiments with JENDL-3.2 [15+10] T. Umano (NUPEC)
5.5 Request from Radiation Damage Evaluation in Materials [15+10]

K. Fukuya (INSS)

12:00-13:00 Lunch

13:00-14:00
6. Poster Presentation (Even Numbers)

14:00-15:00
7. International Session Chairman: T. Fukahori (JAERI)
*2Th Reaction Cross Sections [15+5]
Y. Han (CIAE)
7.2 Progress in the KAERI High Energy Nuclear Data Library -
Proton-induced Neutron Emission Spectra [15+5] Y.-O. Lee (KAERI)
7.3 Benchmark Tests of JENDL-3.3 and ENDF/B-VI Data Files using Monte Carlo

7.1 Calculation and Analysis of n+
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Simulation of the SMW TRIGA MARK II Research Reactor [15+5]
M.Q. Huda (INST)

15:00-15:15 Coffee Break

15:15-16:25
8. Present Status and Future of Evaluation of JENDL FP Nuclear Data
' Chairman: K. Kobayashi (KUR)
8.1 History of FP Nuclear Data Evaluation [15+5] M. Kawai (KEK)
8.2 Recent Experimental Data [20+5] M. Igashira (TIT)
8.3 Present Status and Plans of JENDL FP Data Evaluation Project [20+5]
T. Kawano (Kyushu U.)

16:25-16:30 ‘
9. Poster Award and Closing Address T. Ohsawa (Kinki U.)

Poster Presentations
Nov. 21 (Thu.) 13:45-16:00 (Odd Numbers)
Nov. 21 (Fri.) 13:00-14:00 (Even Numbers)

P.1 Neutron Capture Cross Section Measurement of Pr in the Energy Region
from 0.003 eV to 140 keV by Linac Time-of-Flight Method
K. Kobayashi (KUR)
P.2 Measurement of Cross Sections of the 2!°Po Production Reaction by ‘
keV-Neutron Capture of 2Bj ' K. Saito (TIT)
P.3  Measurement of Activation Cross Sections Producing Short-lived Nuclei
in the Energy Range of 2-3 MeV with Pulsed Neutron Beam
T. Shimizu (Nagoya U.)
P.4 Measurement of (n,2n) Reaction Cross Section Using a 14MeV Pencil Beam Source
M. Mitsuda (Osaka U.)
P.5 Neutron Production by 0.8 and 1.5 GeV Protons on Fe and Pb Targets at
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2.1 Outline of Evaluations for JENDIL-3.3

Keiichi SHIBATA
Nuclear Data Center, Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-1195
e-mail: shibata@ndc.tokai.jaeri.go.jp

Evaluation for JENDL-3.3 was performed by considering the accumulated feedback
information and various benchmark tests of the previous library JENDL-3.2. The major
problems of JENDL-3.2 were solved with the new library. This paper describes what was
done for JENDL-3.3.

1. Imtroduction

The JENDL-3.2 data [1] have been used in various application fields since the library
was released in 1994. However, some drawbacks of the library were pointed out by
comparing with differential and integral measurements. The evaluation work for JENDL-3.3
started in 1997 in order to remove the drawbacks. The compilation of the new library was
finished in March 2002, and then it was officially released in May 2002 as JENDL-3.3, which
provides the neutron-induced reaction data for 337 nuclides in the incident energy region from
10° eV to 20 MeV.

This paper briefly describes the data for light & medium-heavy nuclides, heavy
nuclides, and minor actinides, together with covariances.

2. Summary of the Problems in JENDL-3.2
The major problems of JENDL-3.2 are summarized as follows:

(1) There exists a large difference in the criticalities of light water reactors between the
JENDL-3.1 [2] and -3.2 calculations. The JENDL-3.2 values are by 0.3-1.1% larger
than those of JENDL-3.1 for thermal reactors.

(2) It was found that the JENDL-3.2 calculations yield by 0.7-1.3% larger criticalities for
fast cores which contain 2*U.

(3) Energy distributions of secondary neutrons were found to be incorrect for several heavy
nuclei.

(4) There is inconsistency between elemental and isotopic data for medium-heavy nuclides.

(5) In the MeV region, capture cross sections of many nuclei decrease rapidly with incident
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energy, which is not likely to occur.

(6) Covariances are needed for several important nuclei.

3. Evaluation
3.1 Light and Medium-heavy Nuclide Data
(1) Resolved Resonance Parameters

Resolved resonance parameters were revised for V, 46,48,49,507y  50.52.33.34¢ . 436pe, 3N,
Co, ®Ru, and **W by examining experimental data. The resolved resonance parameters
of **Fe were taken from JEF-2.2 [3] with the Reich-Moore formalism. As for 185W, it was
pointed out that the capture resonance integral of JENDL-3.2 (347.0 b) is too small as
compared with the value of 485.0+15.0 b recommended by Mughabghab [4]. In the
JENDL-3.3 evaluation, the parameters at the 18.8-eV resonance were modified and a negative
resonance was deleted. As a result, the resonance integral led to a larger value of 528 b,
being consistent with a value of 510.74+24.3 b measured by Kobayashi et al. [5]
(2) Total Cross Sections

Elemental data files were not produced in order to avoid the inconsistency between the
elemental and isotopic data seen in JENDL-3.2. However, there are a lot of measured total
cross-section data on natural elements in the MeV region. These measurements were taken
into account in the present evaluation. In principle, a weighted sum of the evaluated cross
section of an isotope should reflect the measured total cross section of the element. For
instance, in the MeV region, the total cross sections of 575%Re were obtained from the optical
model calculations, while that of **Fe was derived from the measurements [6,7]. The total
cross section of elemental iron was evaluated on the basis of the experimental data [8-10] in
the energy region from 700 keV to 20 MeV. Then, the total cross section of %Fe was
obtained by subtracting the contributions of $457:38Fe from the cross section of elemental iron.
(3) Reaction Cross Sections

The cross sections of '6%164166I6TIBIT0R, wore evaluated mainly by nuclear model
calculations. The optical model parameters were obtained so as to reproduce the measured
total cross sections of elemental erbium. The capture cross sections of 65167105170,
measured by the Tokyo Institute of Technology group [11-13] were taken into account in the
present evaluation.
(4) Gamma-ray Production and Double-differential Neutron Emission Cross Sections

In JENDL-3.2, gamma-ray production data were included for 66 nuclides. However,
no isotopic data were available for 9 elements: Mg, S, K, Ti, Cr, Mo, Cd, Eu, and W. The
gamma-ray production cross sections and emitted gamma-ray spectra for the isotopes of these
elements were calculated by using the SINCROS code system [14] for JENDL-3.3.

Double-differential neutron emission cross sections, i.e., angle-dependent neutron
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emission spectra, were not contained in JENDL-3.2. In the present work, the double
differential cross sections were included for 60 nuclides; most of them were taken from
JENDL/F-99 [15].
(5) Cross Sections of Light Nuclei

Minor modification was made for the cross sections of 1'B, C, 14’ISN, and '°0.
According to the preliminary benchmark analyses of the thermal critical assemblies (STACY
and TRACY) with uranyl nitrate solution, the (n,p) cross section of "“N was found to be too
small at the thermal energy.  The JENDL-3.3 evaluation adopted Mughabghab’s
recommendation [16], which led to an improvement of criticality values for the STACY and
TRACY cores. As for the 15N(n,'y) reaction that is important for s-process nucleosynthesis,
the p-wave capture contributes to cross sections predominantly above 10 eV, although the
JENDL-3.2 cross sections exhibit an inverse of velocity behavior up to 10 keV, We adopted
the cross-section formula obtained by Meissner et al. [17] for JENDL-3.3.
3.2 Heavy Nuclide Data
(1) Resonance Parameters and Prompt Fission Neutron Spectra for 2°U

The overestimation of kg is the biggest problem concerning JENDL-3.2 when the
library is applied to thermal fission reactors. In order to solve this problem, we re-evaluated
the resonance parameters of >°U and the prompt fission neutron spectra from 2°U. The
resonance parameters were replaced with those obtained by Leal et al. [18] The fission
neutron spectra were re-evaluated by Ohsawa [19] with a multi-modal fission analysis.
(2) Simultaneous Evaluation of Fission Cross Sections

Fission cross sections above the resonance region are also important for reactor
calculations. We adopted a simultaneous evaluation [20] to obtain the fission cross sections
of major actinides above 30 keV. The experimental data on **U were included in the
present evaluation, while the »°U data were evaluated separately from the simultaneous
evaluation for JENDL-3.2. The fission cross sections of 23U obtained for JENDL-3.3 are
lower than those for JENDL-3.2 in the energy range above several hundred keV.
(3) Secondary Neutron Spectra

Secondary neutron spectra for the (n,n’), (n,2n), and (n,3n) reactions compiled in
JENDL-3.2 have been criticized for a long time. We performed spectrum calculation with
the GNASH code [21] and the results were processed with GAMFIL code [22]. With this
procedure, the crucial problems concerning the energy distributions of secondary neutrons
were obviously solved.
(4) Direct/Semi-direct Capture

In the JENDL-3.2 evaluation, the capture cross sections at higher energies were often
ignored, because these cross sections became extremely small when the Hauser-Feshbach
statistical model was used to calculate them. It is known that the direct/semi-direct (DSD)
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capture model should be applied to calculate capture cross sections in this energy region. In
the present work, we took account of the DSD contributions.
(5) Delayed Neutrons

The number of delayed neutrons per fission for 2°U and »*U were re-evaluated on the
basis of available experimental data.. It was found that the re-evaluated results are
consistent with the values obtained by Sakurai and Okajima [23] considering the integral
measurements at FCA, TCA, and MASURCA. The delayed neutron spectra were taken
from the summation calculation results obtained by Brady and England [24] for six temporal
groups.
3.3 Minor Actinide Data
1) 2Np

The resonance parameters were revised on the basis of the new experimental data
obtained at CEA Saclay [25]. As a result, the upper boundary of the resolved resonance
region was extended from 130 eV to 500 eV. In the energy range above the resonance region,
the total, inelastic scattering, capture and (n,3n) reaction cross sections were replaced with the
new evaluation by Ignatyuk er al. [26] The fission cross section was obtained by
least-squares fitting to experimental data. The (n,2n) reaction cross section is the same as
that given in JENDL-3.2.
?) Am

The resonance parameters of Maslov ef al. [27] were modified so as to reproduce
slightly larger thermal cross sections. The present evaluation gives a capture cross section of
639.47 b at 0.0253 eV which is 6.6% larger than JENDL-3.2. The fission cross section
above 100 keV was obtained by fitting to experimental data. The evaluation of Maslov et al.
was adopted for the capture, (n,2n), (n,3n) and inelastic scattering cross sections. For the
capture cross section, the isomeric ratio was evaluated from experimental data and the
GNASH calculations, as seen in Fig. 1.
3.4 Covariance Data

The previous library JENDL-3.2 contains covariance data only for *Mn, although we
were requested to prepare covariances for the nuclides which were required to evaluate the
characteristics of fast reactors. In order to meet the needs, covariance data were evaluated
for selected nuclides in JENDL-3.2, and they were made available as the JENDL-3.2
Covariance File [28]. These covariance data were obtained from measurements or nuclear
model calculations which the evaluated mean data were based on. Most of the covariance
data were also adopted in JENDL-3.3 with a slight modification.

The simultaneous evaluation yielded the covariance matrices for the fission cross
sections of 2*#>23*(J and #*2%2*1py in the energy region above several tens of keV. The

matrices represent not only the correlation of individual fission cross sections between
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different incident energies but also that of a fission cross section with another fission cross
section.

In JENDL-3.3, covariances are included for 20 nuclides. The covariances for **Ti, V,
and *Co were newly evaluated for JENDL-3.3.

4. Conclusiens

Evaluation and compilation were performed for JENDL-3.3. Only the significant
changes from JENDI.-3.2 were described in this report, although data for more than a hundred
nuclides were revised. The major problems of JENDL-3.2 were solved with the present
library.
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2.2  Integral Test of JENDIL-3.3 for Thermal Reactors

Keisuke OKUMURA and Takamasa MORI
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Tokai-mura, Naka-gun, Ibaraki-ken 319-1195

e-mail: okumura@mike.tokai.jaeri.go.jp, mori@mike.tokai.jaeri.go.jp

Criticality benchmark testing was carried out for 59 experiments in various thermal reactors using a
continues-energy Monte Carlo code MVP and its different libraries generated from JENDL-3.2, JENDL-3.3,
JEF-2.2 and ENDF/B-VI (R8). From the benchmark results, we can say JENDL-3.3 generally gives better k.
values compared with other nuclear data libraries. However, further modification of JENDL-3.3 is expected
to solve the following problems: 1) systematic underestimation of ko depending on 25U enrichment for the
cores with low (less than 3wt.%) enriched uranium fueled cores, 2) dependence of C/E value of k4 on
neutron spectrum and plutonium composition for MOX fueled cores. These are common problems for all of

the nuclear data libraries used in this study.

1. INTRODUCTION

The latest version of Japanese Evaluated Nuclear Data Library (JENDL-3.3) [1] was released in May,
2002. When it was completed, a criticality benchmark testing [1] of JENDL-3.3 had bee carried out for
various types of fast and thermal reactors by Reactor Integral Test Working Group in JNDC. As far as
thermal reactors, however, further test is necessary, because the previous benchmark calculation was made
only for 13 experiments carried out in JAERI facilities TCA, STACY, TRACY and JRR4. Especially for UQ,
or MOX fueled thermal-neutron cores, the test was done only for TCA experiments. Although the lattice
pitches and loading patterns can be varied in TCA, fuels are limited to 2.6wt.% enriched UO, and 3.0wt.%
MOX. Thus integral test covering more cores with different fuel specifications are required. In the present
study, results of the extended integral test of JENDL-3.3 by using a continuous-energy Monte Carlo code are
shown for totally 59 experiments in various thermal reactors including the previous benchmark cores. Results

with JENDL-3.2[2], JEF-2.2 [3], and ENDF/B-VI (R8) [4] are also shown for comparison.

2. BENCHMARK CORES
Table 1 shows the benchmark cores selected in this study. Most of them are light water moderated UO,
or MOX fueled uniform lattices at room temperature. Exceptions are as follows:
- Fuel material of TRX is metal uranium (Al clad cylindrical rod),

- Temperature of KRITTZ-2 in hot condition is about 245°C,
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- Fuels of STACY and TRACY are homogeneous uranyl nitrate solutions,

- JRR4 is a light water moderated research reactor which uses MTR type fuel elements. In 1998, the
fuel material of JRR4 was changed from 93% enriched U-Al alloy to 20% enriched U;Si;-Al

dispersed alloy. Two minimum critical cores (JRR4-U93 and JRR4-U20) at room temperature with the

above different fuels are selected in this study,

Except for JRR4, TRACY and MISTRAL, the benchmark problems are taken from public international

benchmark literatures, in which details of experimental procedures, material compositions, calculation

modeling and evaluated benchmark uncertainties are described. See the literatures given in Table 1 for

details.
Table I Benchmark cores
Lattice names H/HM Fuel (Enrichment) Remarks Ref.
TRX-1 33 Metal-U (1.3 % Triangular pitch=1.806cm, 764 rods 5]
TRX-2 5.6 235U) , Al cladding | Triangular pitch=2.174cm, 578 rods
. Pitch=1.485cm, 44x44 rods, Temp.=19.7°C,
KRITZ2:1 Cold 34 Boron: 218ppm, Hc=65.28cm
. Pitch=1.485cm, 44x44 rods, Temp.=248.5°C,
KRITZ2:1 Hot 28 U0, (1.86% >°U) | Boron: 26ppm, Hc=105.5cm (6]
) Zry-2 cladding Pitch=1.635cm, 40x40 rods, 22.1°C, [71
KRITZ2:13 Cold 50 Boron: 452ppm, Hc=96.17cm
Pitch=1.635c¢m, 40x40 rods, 243.0°C,
KRITZ2:13 Hot 41 Boron: 280ppm, He=110.9cm
U0, (2.5% 2°U) | LEU-COMP-THERM-008-001*
B&W-Core XI 34 Al cladding 4961 rods, Boron: 1511ppm i8]
TCA-1.50U 43 LEU-COMP-THERM-006-001~003*
(3 cases) ) Pitch=1.849¢cm, 19x19,20x20,21x21 rods
TCA-1.83U 53 LEU-COMP-THERM-006-004~-008*
(5 cases) | U0, (2.6% °U) | Pitch=1.956cm, 17x17,18x18,19x19,20x20,21x21 i8]
TCA-2.48U 79 Al cladding LEU-COMP-THERM-006-009~013*
(5 cases) ) Pitch=2.150cm, 16x16,17x17,18x18,19x,19,20x20
TCA-3.00U 36 LEU-COMP-THERM-006-014~018*
(5 cases) ) Pitch=2.293cm, 15x15,16x16,17x17,18x18,19x19
DIMPLE3 3.0 U0, (3.0% *°U) | LEU-COMP-THERM-048-001* [8]
MISTRAL Core 1 5.1 U0, 3.7% %%y | Borom: 300ppm [29(}]
LEU-COMP-THERM-018*
o 235
DIMPLE7 B4 U02 (1.0% ™0) | pigep= 32cm, 376 rods, He=53.9cm 81
uranv nitrate LEU-SOL-THERM-005-001 ~007*
STACY from 73 so}llution 7 cases of solution fueled cores with different (8]
(7 cases) to 103 (10% %U) uranium concentrations from 225 to 310 gU/liter in
’ a water reflected 60cmé cylindrical tank
uranyl nitrate Solution fuele in a 50cmé cylindrical tank with a
TRACY 52 solution channel for a transient rod (out of core} [11]
(10% 2°0) Run-64, Temp.=27.8C, 430gU/1, Hc=45.3cm
JRRA-U20 ) U;Sis-Al dlslz);asrsed Minimum critical core with 12 MTR type fuel
alloy (20% “°U) elements [12]
JRRA-U93 U-Al alloy Minimum critical core with 12 MTR type fuel
(93% 2°U) elements
KRITZ2:19 Cold 10.4 MOX Pitch=1.80cm, 25x24 rods, Temp.=21.1°C,
(1.5% Pu-t) Boron: 4.8ppm, Hc=66.56cm 6]
) itch=1. .=235.9° 7
KRITZ2:19 Hot 8.5 29p/Pu=0.914 Pitch=1.80cm, 25x24 rods, Temp.=235.9°C, [71

Boron: 5.2ppm, He=104.2cm

16 —
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TCA-2.42PU 12.0 MIX-COMP-THERM-004-001 ~003*
(3 cases) ) Pitch=1.825cm, 23x23 rods, Date:1972-1974
TCA-2.98PU 148 MOX MIX-COMP-THERM-004-004 ~006*
(3 cases) ) (3.0% Pu-t) Pitch=1.956cm, 21x2! rods, Date:1972-1975 8]
TCA-4.28PU 011 Pufics /°Pu~ 0.75 | MIX-COMP-THERM-004-007~009*
(3 cases) ) ’ ) Pitch=2.225¢m, 20x20 rods, Date:1972-1974
TCA-5.50PU 76 MIX-COMP-THERM-004-010~011*
(2 cases) ) Pitch=2.474cm, 21x21 rods, Date:1972-1973
MIX-COMP-THERM-003-001*
CRX-Case 1 4.9 Pitch=1.3208cm, 23x22 rods, He=82.90cm
MIX-COMP-THERM-003-002*
CRX-Case 2 64 Pitch=1.4224cm, 19x19 rods, He=81.295¢cm
I ! | N E 3 . .
CRX.Case 3 64 MOX MIX-COMP THFRM-003-003* (Boron:337ppm)
. (6.6% Pu-t) Pitch=1.4224cm, 21x21 rods, He=88.06cm 8]
2390 MIX-COMP-THERM-003-004*
’ . Pu/Pu=0.906
CRX-Case 4 (138 v Pitch=1.8679cm, 13x13 rods, Ho=68.41cm
MIX-COMP-THERM-003-005*
CRX-Case 5 167 Pitch=2.01158cm, 12x12 rods, He=76.76cm
MIX-COMP-THERM-003-006*
CRX-Case 6 31.6 Pitch=2.6416cm, 11x11 rods, He=79.50cm
MISTRAL Core 2 5.1 Pitch=1.32cm, Boron: Oppm 9]
MOX (7.0% Pu-t
MISTRAL Core 3 6.0 (7.0% Pu-t Pitch=1.39cm, Boron: 230ppm [10]

* Benchmark identification numbers in the “Handbook of International Criticality Safety Benchmark Evaluation Project
(ICSBEP)[8],

H/HM: ratio of atomic number densities of hydrogen and all heavy metal nuclides in fuel, Pitch: rectangular lattice pitch,
NxN: loading pattern of fuel rods in rectangular lattice, Hec: critical water height, Date: measurement date in Pu core,
Temp: system temperature, Boron: boron concentration in water moderator if any

3. MVP CALCULATION

A series of benchmark calculations was performed by using a continuous-energy Monte Carlo code
MVP [13, 14] and its four different nuclear data libraries generated from JENDL-3.2, JENDL-3.3, JEF-2.2
and ENDF/B-VI(RS8). The library generation was performed with the LICEM code system [15, 16]. The
thermal scattering law data S(o,B) for the JENDL-3.3 and ENDEF/B-VI(R8) libraries were taken from
ENDEF/B-VI, while the data for the other libraries were taken from ENDF/B-III. The resonance shielding
effects in unresolved resonance region was treated by the probability table.

In each of the MVP calculations, the first 30 cycles were skipped, followed by 1,000 active cycles, each
with 10,000 particles per cycle. Statistical errors (1) of kg values are within the range from 0.00015 to
0.00025.

As far as the MISTRAL cores are concerned, MVP results are referred from the literatures {9, 10]
published by NUPEC members, because detailed information to construct 3D modeling of the MISTRAL
cores are not opened. The JENDL-3.3 result for the MISTRAL cores has not been reported yet.

4. RESULTS AND DISSCUSSIONS
(1) Uranium fueled cores

Figure 1 shows the C/E values of k. for the uranium fueled benchmark cores. In this figure, the values
for the TCA cores (TCA1.50U, TCA-1.83U, TCA-2.48U and TCA3.00U) are the averages for the three or

five experiments in which fuel loading patterns (See in Table 1) are different but the lattice pitches are the
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same. The averaging was done because meaningful differences or systematic tendency were not observed for

the C/E values among the experiments. The value for the STACY core is also averaged one for the seven

experiments in which uranium concentration are different in the range specified in Table 1. In Fig.1,

benchmark cores are lined up in the order of **°U enrichment and in the order of H/HM values for the cores

with the same enrichment.
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Fig.1 C/E values of k. for uranium fueled benchmark cores

From Fig.1, the followings are observed:

The calculated k4 values are larger in the order of the JENDL-3.2, JEF-2.2, JENDL-3.3 and
ENDE/B-VI (R8) results.

JENDL-3.2 overestimates criticality by about 0.5%Ak or more for the core in which 2°U enrichment
i1s higher than 3.0wt.% (e.g. MISTRAL-C1, DIMPLE-3/-7, STACY, TRACY, JRR4), whereas it
underestimates criticality of the core in which the enrichment is lower than 2.0 wt.% (e.g. TRX-1/-2,
KRITZ2:1, KRITZ2:13).

In the JENDL-3.3 results, the overestimations observed in the JENDL-3.2 results are improved. This
is mainly due to the modification [1] of thermal cross section data of *°U. For the STACY and
TRACY results, modification of thermal cross section of “N(n,p) is also contributing to the
improvement by about 0.2%Ak. [17]

For the cores with relatively lower 2°U enriched fuels, all nuclear data libraries give underestimated
results. It is significant especially for ENDF/B-VI (R8) which gives lower k.45 compared with other
libraries. The underestimation depends on ***U enrichment systematically.

The KRITZZ benchmark gives information on the prediction accuracy for total temperature coefficient.
From the difference of the C/E values among hot and cold conditions in KRITZ2:1 and KRITZ2:13,
JENDL-3.2 gives the most accuracy result.

(2) MOX fueled cores




JAERI-Conf 2003-006

Table 2 shows the plutonium compositions of the MOX fueled benchmark cores. For the MISTRAL
cores, it is reported that the plutonium fuel has regular plutonium composition. The KRITZ2:19 and CRX
benchmarks are useful to test cross section data of **Pu, because °Pu contents in these cores are more than
90wt.% and the reactivity contribution of higher-order plutonium isotopes and **'Am is small. In addition,
the two experiments in KRITZ2:19 and six experiments in CRX were performed within four and three
months, respectively. Therefore, plutonium aging effects, which is reactivity loss due to decay from 2*'Pu to
! Am with half-life of 14.4 years, can be neglected in these benchmarks. On the other hand, the TCA-MOX
and MISTRAL benchmarks are important because their fuel compositions are similar to those of MOX fueled

LWRs. In these cores, plutonium aging effects should be taken into account.

Table 2 Composition of Pu composition (wt.% including Am241)

Lattice name Pu238 Pu239 Pu240 Pu241 Pu242 | Am241
KRITZ2:19 - 91.4 7.9 04 0.03 0.3
CRX - 90.5 8.6 0.8 0.04 0.1
TCA-4.24PU* 0.5 68.1 22.0 7.1 20 0.3
TCA-2.98PU** 0.5 68.1 22.0 6.1 2.0 1.3

*oldest (13, Apr., 1972) and ** latest (21, May, 1975) experiments in the TCA-MOX benchmark -

At first, time dependence of the C/E values was investigated for eleven experiments in the TCA-MOX
benchmark. The MVP results with JENDL-3.2 and JENDL-3.3 are shown in Fig. 2. In the JENDL-3.2 results,
the C/E values have a tendency to increase slightly as time passes. It was improved in the JENDL-3.3 results

due to the modification [1] of 2! Am capture cross section in JENDL-3.3.

~0—2.42PU

1000 SENDL-3.2 . —|-=208PU| 1000 SENDL-3.3 ] .
0.989 : ! -4 4.24PU} 0.gpg ' :
0.298 L--3 —+—5.56PU| g,99g
S 09907 - SR RRRE R 0.897
0898 [ - -~ Co®T T T o - oo - -1 0.986
0.985 il 0.995
0.984 ! : . : 0.994
Dec-T1 Dec-72 Dec-73 Dec-74 Dec-75 Deo-71 Dec-72 Deo-73 Dec-74 Dec~75
Date Date

Fig.2 Time dependence of C/E values (k.5) for MOX fueled TCA cores

Figure 3 shows the C/E values of k4 for all of the MOX fueled benchmark cores. In this figure, the
values for the TCA cores (2.42PU, 2.98PU, 4.28PU, 5.50PU) are not averaged ones but values for the 4
experiments measured within 24 days. This is for excluding the plutonium aging effect. From Fig.3, the
followings are observed:

- Remarkable differences are not observed between the kg values of JENDL-3.2 and JENDL-3.3 results.
The k5 values obtained with JEF-2.2 and ENDF/B-VI(rev.8) are smaller than those with JENDL-3.2
and JENDL-3.3.
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- From the results for the TCA and CRX cores, where H/HM values varied from about 5.0 to 30.0, it is
said that the C/E values depend on neutron spectra in MOX fueled cores. The dependency seems to be
attributed to °Pu cross section data, because the dependency is observed in CRX, where
contributions of higher-order plutonium isotopes and **' Am are small in CRX.

- From the comparison between the KRITZ2:19 and CRX results, significant dependency of the C/E
values on plutonium enrichment is not observed in the MOX cores with high 2%py content. On the
other hand, the C/E values are quite different between the results for TCA and MISTRAL, in which
MOX  fuels have more contents of higher-order plutonium and **'Am, compared with KRITZ2 and
CRX cores.

- In the KRITZ2 results, difference of the C/E values between hot and cold conditions is almost
equivalent to those in the UQ, fueled KRITZ2 cores. The differences are almost same among the

results with the different nuclear data libraries.
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KRITZ2:19Cold

Fig.3 C/E values of k4 for MOX fueled benchmark cores

5. CONCLUSIONS

Criticality benchmark testing of JENDL-3.3 was performed for 59 experiments in various thermal
reactors. From the benchmark results, we can say JENDL-3.3 generally gives better k. values, compared
with JENDL-3.2, JEF-2.2 and ENDF/B-VI (R8). However, further modification of JENDL-3.3 is expected to
solve the following problems: 1) systematic underestimation of k. depending on 25 enrichment for the
cores with low (less than 3wt.%) enriched uranium fueled cores, 2) dependence of C/E value for k.5 on
neutron spectrum and plutonium composition for MOX fueled cores. These are common problems for all of

the nuclear data libraries used in this study.
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2.3 Integral test of JENDL-3.3 for fast reactors

Gou Chiba
Japan Nuclear Cycle Development institute
Qarai-machi, Ibaraki-ken 311-1311
e-mail:go_chiba@oec.jnc.go.jp

An integral test of JENDL-3.3 was performed for fast reactors. Various types of fast
reactors were analyzed. Calculation values of the nuclear characteristics were greatly
especially affected by the revisions of the cross sections of U-235 capture and elastic
scattering reactions. The C/E values were improved for ZPPR cores where plutonium is
mainly fueled, but not for BFS cores where uranium is mainly fueled.

1. Introduction

The updated version of JENDL-3 nuclear data library, JENDL-3.3, was released. It is
important to validate an application of JENDL-3.3 to the fast reactor analysis because a
revision of nuclear data library affects accuracy of calculation values greatly.

This integral test was performed in several fast cores. These are ZPPR, FCA, JOYO,
MOZART and BFS. Features of these cores are different to each other.

Analyzed nuclear characteristics are effective multiplication factor(k-eff), reaction rate
distribution, reactivity of sodium void, Doppler and control rod insertion, and so on. The
calculations were performed both with JENDL-3.3 and JENDI.-3.2 and effects of the revision
were evaluated.

2. Tested cores and its characteristics

Features of tested cores are summarized in Table 1. ZPPR cores are categorized into four
“JUPITER” experiments. Many types of cores were used in this test. Small or large cores,
uranium or plutonium fueled cores are there.

3. Calculation method
JUPITER standard calculation schemell] was adopted. The scheme has been used in
many analyses of fast reactors. Figure 1 shows an outline of the scheme.

JFS-3-J3.3 was used as an application library to fast reactor analysis. JFS-3-J3.3 is the
Bondarenko type library with 70-group structure. liffective cell-averaged cross sections are
calculated by the cell calculation and condensed to smaller (18 or 7) energy groups. The
condensed cross sections are used in the core calculation based on the diffusion or transport
theory. After that, the value of the nuclear characteristics can be obtained.

In addition to the standard calculation scheme, the new group constant system was used.
The system has been developed to improve an insufficient treatment of resonance self
shielding effects[2]. Correction factors for the improvement were evaluated based on
JENDL-3.2 and applied to some nuclear characteristics.
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Table 1 Features of tested cores

: Core size Feature Fuel Outer regior®
JUPITER-I Homogeneous Pu
JUPITER-II Large, Radial haterogeneous Pu Blanket
JUPITER-IIT Medium Axial heterogeneous Pu
JUPITER-Io Homogeneous Pu,U
BFS-62-1 : U Blanket
BFS-62-2 Medium Homogeneous U Reflector, Blanket
BFS-62-3A g U,Pu Reflector, Blanket
BFS-62-4 U,Pu Blanket
JOYO MK-I Blanket
JOYO MK-TI Small Homogeneous U,Pu Reflector
FCAX-1
FCA XVII-1 Small Homogeneous U,Pu Blanket
MOZART MZA .
MOZART MZB(1) Medium Homogeneous Pu Blanket
*”Outer region” means the region adjacent to the fuel region.
4. Results
Figure 2 shows
results of k-eff in ZPPR JFS-3-43.3
cores. kreff increases Cell calculation - Collision probability method
about 0.2%dk/k by the - Tone’s method for treating cell
revision and - v - heterogeneity effect
d timati Effective cross section
underestimations were in 70 groups
slightly improved
except for ZPPR-18, -19 Group condensation - Using neutron flux obtained
:n which . ; by diffusion calculation
cores, I which uranium [ egovive cross section in simplified model.
is fueled partly. C/E in 18 or 7 groups
values become similar Core calculation - transport or diffusion theOl’y
to each other. Figure 3 ‘ - reactivity obtained
shows results of keff by perturbation calculation
sensitivity  analyses. Reactivity
The revision of U-235 Flux distribution

capture cross section Fig.1 Outline of the JUPTIER standard calculation scheme

causes the difference of _
the k-eff change. The revision of Fe capture cross section mainly contributes to the
improvement of the underestimations.

Figure 4 shows results in other cores. It can be seen that C/E values become worse in BFS
cores while MOZART cores have better results. The changes of k-eff in BFS cores were caused
by the revision of U-235 capture cross section. Improvements in MOZART cores were mainly
contributed by the revision of Fe capture and elastic scattering cross sections.

It can be said in general, improvements were observed in k-eff of most of the tested cores
when JENDL-3.3 was used. However, k-eff of all cores were still underestimated.

Control rod worth was affected by the revision only in uranium fueled cores. Figure 5
shows results of ZPPR-18, -19 cores. Decreases were observed in control rod worth for
uranium fueled regions. As the result, discrepancy of C/E values becomes smaller. This is due
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Fig.2 Results of k-eff in ZPPR cores

to the revision of U-235 capture cross section.
However, in BFS cores, C/E values are not
improved by the revision. The results are
shown in Fig. 6.

Small sample worth analysis was also
performed in ZPPR-9 cores. A significant
effect was observed when sample is a
stainless steel. The result is shown in Fig. 7.
The average of C/E values changed from
1.095 to 1.046. Overestimations were
improved about 5% by using JENDL-3.3. It
is due to the revision of Fe capture cross

Pu-240 capture
Pu-239 fission
U-238 inelastic
U-238 capture
U-235 capture

Fe
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Fig. 4 Results of k-eff in other cores
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ZPPR-13C. In this experiment,

1.00 ' : the  ordinary  fuel(Pu-240
o JENDL=3.20 | o ichment s 12%) was
© 0.90 |-ceecee- - o —:_f"—'JENDL_?’s substituted to high Pu-240
= fuel(enrichment is 26%) and the
u>.1 \_f/,_,. reactivity  was  measured.
S>0.80 F----- TR R e E e R R Underestimation was improved
) T S @ by the revision of Pu-240
capture cross section.
0.70 Figure 9 shows results of
Step 1 Step 2 Step 3 sodium void reactivity analysis
m ZPPR cores. C/E values
Fig.8 Results of high Pu-240 substitution decrease and were not improved
reactivity by the revision. Figure 10 shows
1.10
---©--- JENDL-3.2
1.05 —s— JENDL-3.3] |
9 1.00 —- ~.l : :
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Fig.9 Results of sodium void reactivity in ZPPR cores
o 1O0E5 results of sensitivity analysis. The
= revision of Pu-240 and sodium cross
‘i 0.0E+0 | section made the C/E values smaller.
5 The revision of Fe affects a little
5 because a cancel of effects was
“g‘ -1.0E-5 occurred between the leakage term
%“  Leakage and the non-leakage term. Figure 11
S ,ops (LEnonLeakage shows C/E values in BFS cores. The
revision of U-235 capture cross
P S R t inly contributed to th
NP AGE G 'qibq% o section mainly contribu <'e ? e
s changes of C/E values, which did not
lead to an improvement.
Fig.10 Result of sensitivity analysis of Overestimation was observed in

sodium void reactivity (ZPPR-9 void step 5)

Pu-239 fission reaction rate
distribution on the reflector region in
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Fig.11 Results of sodium void reactivity in BFS cores

BFS cores when
JENDL-3.2 was used. It
have been pointed out by
many researchers that
the overestimation was
originated from an error
of the nuclear data
because Monte Carlo
methods can not improve
the problem. Figure 12
shows results obtained by
using JENDL-3.3. There
is no improvement.

5. Conclusion

An integral test of JENDL-3.3 was performed for fast reactors. The nuclear characteristics
were mainly affected by the revision of U-2385 capture cross section, Fe capture cross section,
Fe elastic scattering cross section and Pu-240 capture cross section. In ZPPR cores, C/E
values of many characteristics were improved by using JENDL-3.3. However, C/E values
deteriorate in BFS cores which have strong sensitivity to U-235 cross section.
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2.4  Integral Test of JENDL-3.3 with Shielding Benchmarks

Naoki YAMANO'! .

* Shielding Integral Test Working Group, Japanese Nuclear Data Committee
Y Department of Nuclear Design, Sumitomo Atomic Energy Industries, Ltd.,
2-10-14 Ryogoku, Sumida-ku, Tokyo 130-0026, Japan

: e-mail: yamano@sae.co.jp

Integral tests of neutron and gamma-ray production data for cross-section libraries based
on the Japanese Evaluated Nuclear Data Library, Version 3.3 (JENDL-3.3) have been
performed by using shielding benchmarks. An evaluation scheme for shielding benchmark
analysis established in Japanese Nuclear Data Committee (JNDC) was applied to the integral
test for medinm-heavy nuclei such as Oxygen, Sodium, Aluminum, Silicon, Titanium,
Vanadium, Chromium, Iron, Cobalt, Nickel, Copper, Zirconium, Niobium, Molybdenum,
Tungsten and Mercury. Calculations were made based on a continuous-energy Monte Carlo
code MCNP4C and multi-group discrete ordinates codes ANISN, DORT and TORT.
Calculations with JENDL-3.2, ENDF/B-VI, EFF-2, FENDL-1 and FENDL-2 were also
made for comparison. The results of JENDL-3.3 were generally satisfactory and the
cross-section libraries generated with JENDL-3.3 were verified to shielding applications for
fission and fusion reactors.

1. Imtreduction

The latest Japanese Evaluated Nuclear Data Library, Version 3.3 (JENDL-3.3) was released on May 2002.
The Shielding Integral Test Working Group in the Japanese Nuclear Data Committee (JNDC) has been in charge
of verification work for JENDL-3.3 through shielding benchmark tests. Recently, a point-wise cross-section
library, FSXLIB-J33, and a multi-group library, MATXS-J33 were produced by Japan Atomic Energy Research
Institute (JAERI) and Sumitomo Atomic Energy (SAE).” In order to verify the cross-section libraries based on
JENDL-3.3, integral tests with shielding benchmarks have been performed for medium-heavy nuclei such as
Oxygen, Sodium, Aluminum, Silicon, Titanium, Vanadium, Chromium, Iron, Cobalt, Nickel, Copper, Zirconium,
Niobium, Molybdenum, Tungsten and Mercury. An evaluation scheme? established in INDC was adopted in
the present study.

2. Evaluation Scheme

For the integral test of cross sections by using shielding benchmarks, we should select appropriate integral
measurements of different types. In the present study, we selected a number of spectrum measurements listed in
Table 1 that were characterized as having high sensitivity to the nuclear data of interest. For calculation, we used
a continuous-energy Monte Carlo code MCNP4C? and multi-group discrete ordinates codes ANISN?, DORT?
and TORT®. A systematic analysis procedure was introduced to specify the accuracy and definite problems for
typical reactions of nuclear data when discrepancy was found between calculation result and measurement.
Calculations with JENDL-3.2”, ENDEF/B-VI®, EFF-2°, FENDL-1'” and FENDL-2'"" were also made for
comparison.
3. Results and Discussions
1. Oxygen '

A JAERI-FNS benchmark result for liquid oxygen measured at 0 degree from 20 cm penetration is shown in
Fig. 1. The neutron spectrum calculated with JENDL-3.3 shows a good agreement with experiment, and it is
improved compared with JENDL-3.2. Gamma-ray spectrum measurement at FNS for LiAlO; is shown in Fig. 2.

The gamma-ray peaks from discrete inelastic reactions are well reproduced with JENDL-3.3, while a peak
around at 6 MeV is missing in JENDL-3.2.

* C. Ichihara (KURRI), K. Ueki (NMRI), Y. Matsumoto (MES), F. Maekawa (JAERI), C. Konno (JAERI),
Y. Hoshiai (CRC), K. Sasaki (ARTECH), M. Takemura (KHI), T. Nishitani (JAERI), O. Sato (JAERI),
S. Maeda (JNC), M. Kawai (KEK), A. Hasegawa (JAERI)
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2. Sodium

For thick neutron penetration problems, JASPER IVFS-IC/Pb.9 and IHX-IB/Pb benchmarks are shown in
Figs. 3 and 4, respectively. The results with JENDL-3.3 indicate a good agreement with both measurements,
while results with ENDF/B-VI show overestimation compared with experiments in the energy range below 1.5
MeV. The difference is attributed to inelastic reactions based on the sensitivity analysis.

3. Iron

For relatively thin neutron transmission benchmarks, we selected KfK and NIST experiments from iron
spheres with a ’Cf source in the center. The result is shown in Fig. 5 for the KfK iron sphere of 40 cm in
diameter. Neutron spectrum calculated with MCNP4C shows good agreement except for resonance minima
below 400 keV, but a good agreement is generally obtained between calculation and measurement. Figure 6
shows the result of the NIST iron sphere of 50.7 cm in diameter. The result with JENDL-3.3 is similar to that
with JENDL-3.2, however JENDL-3.3 indicates slightly larger than that of ENDE/B-VI in the energy range
between 1.6 and 2 MeV. This tendency also appears in the KfK benchmark.

For relatively thick neutron penetration benchmarks, we adopted ASPIS and FNS experiments. Figure 7
shows comparison between calculated results and the ASPIS measurement at 113.98-cm depth of iron slabs.
Figure 8 indicates comparisons between calculated results with MCNP4C/DORT and the FNS measarement at
81-cm depth of large iron cylinder. In these benchmarks, neutron fluxes calculated with JENDL-3.3 in the energy
range between 0.7 and 1 MeV are slightly underestimated compared with experiments. On the contrary, results
with ENDF/B-VI are much better in this energy region. Two calculation results with DORT and MCNP4C show
the same flux profile, so that we recommend improvement should be made in the energy range. For lower energy
region below the 24 keV s-wave resonance, JENDL-3.3 slightly indicates overestimation compared with
measurement as shown in Fig. 8. The calculation to experimental (C/E) ratio integrated over between 1 and 1000
eV is relatively large for JENDL-3.3, whereas the C/E deviations with JENDL-3.3 at each measured position are
relatively smaller than those with another libraries.

For gamma-ray production benchmarks, we employed KfK and FNS measurements. The results with
JENDL-3.3 indicate good agreement with measurements as shown in Fi igs. 9 and 10, and the results are better
than those with JENDL-3.2.

3. Vanadium

Figures 11 and 12 show neutron and gamma ray benchmarks performed by FNS, respectively. Neutron flux
calculated with JENDL-3.3 shows underestimation below 1 keV, while it makes better compared with
JENDL-3.2 as shown in Fig. 11. In the energy region above 20 keV, a good agreement is generally obtained
except between 0.1 and 1 MeV. For gamma-ray production data, JENDL-3.3 is improved from JENDL-3.2 as
shown in Fig. 12.
4. Tungsten

Neutron flux measurements of FNS and OKTAVIAN are shown in Figs. 13 and 14, respectively. Neutron
spectrum above 150 keV is slightly underestimated compared with the FNS experiment. For leakage gamma-ray
measurements of FNS and OKTAVIAN, the profile of photon flux is generally acceptable compared with
JENDL-3.2 as shown in Figs. 15 and 16.

5. Mercury

Neutron flux measurement of FNS is shown in Fig. 17. Neutron spectra at thickness of 7 and 14 cm are
generally acceptable while the calculated values slightly show underestimation. Gamma-ray heating rate
measurement of FNS indicates underestimation as shown in Fig. 18.

6. Titanium and Niobium

Neutron flux measurements of OKATVIAN for Titanium and Niobium are shown in Figs. 19 and 20,
respectively. Neutron spectra show overestimation below 1 MeV. Gamma-ray spectra for Titanium and Niobium
are generally acceptable as shown in Figs. 21 and 22, respectively.

7. Aluminum, Silicon, Chromium, Cobalt, Nickel, Copper, Zirconium and Molybdenum

Figures 23 and 24 show the comparisons between calculation and measurement for FNS and OKTAVIAN
Copper experiments, respectively. The results of JENDL-3.3 are in good agreement with experiments except
below 1 keV for the FNS benchmark. Comparisons of neutron fluxes between calculations and measurements for
Aluminum, Silicon, Chromium, Cobalt, Nickel, Zirconium and Molybdenum are similar results to those of
JENDL-3.2.

4. Conclusion
Integral tests with the FSXLIB-J33 and the MATXS-J33 libraries based on JENDL-3.3 have been performed
for Oxygen, Sodium, Aluminum, Silicon, Titanium, Vanadium, Chromium, Iron, Cobalt, Nickel, Copper,
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Zirconium, Niobium, Molybdenum, Tungsten and Mercury for various shielding benchmarks. The results were
generally satisfactory and the new libraries would be acceptable for shielding applications for fission and fusion
reactors. However, some problems in JENDL-3.3 remained, and the improvement should be made in the next
release of JENDL.
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Table I Shielding Benchmark Experiments for Integral Test of JENDL-3.3*

Nuclide Benchmark Experiments
Oxygen FNS
Sodium SDT4, SDT12, JASPER (IVFS-IC/Pb.9, IHX-IB/Pb)
Aluminum OKTAVIAN, IPPE
Silicon OKTAVIAN
Titanium OKTAVIAN
Vanadium FNS
Chromium OKTAVIAN
Iron SDT1, SDT11, FNS, ASPIS, KfK, NIST
Cobalt-59 OKTAVIAN
Nickel (include SS) IPPE, ORNL, FNS
Copper OKTAVIAN, FNS
Zirconium OKTAVIAN
Niobium OKTAVIAN
Molybdenum OTRAVIAN
Tungsten OKTAVIAN, FNS
Mercury FNS

* Benchmarks adopted in this study are referred in elsewhere.'?
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2.5 Nuclear Mass Formulas and its application for Astrophysics
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Some nuclear mass formulas are reviewed and applied for the calculation of the rapid neutron-capture-process
(r-process) nucleosynthesis. A new mass formula composed of the gross term, the even-odd term, and the shell
term is also presented. The new mass formula is a revised version of the spherical basis mass formula published
in 2000, that is, the even-odd term is treated more carefully, and a considerable improvement is brought about.
The root-mean-square deviation of the new formula from experimental masses is 641 keV for Z > 8 and N > 8.
Properties on systematic of the neutron-separation energy is compared with some mass formulas. The calculated
abundances of the r-process from different mass formulas are compared with use of a simple reaction model, and
the relation between the calculated abundances and the corresponding masses are discussed. Furthermore, fission
barriers for the superheavy and neutron-rich nuclei are also applied for the endpoint of the r-process.

1 Introduction

Nuclear masses are important quantities to determine the ground-state properties and reactions. Since
the Weizsdcker-Bethe nuclear mass formula [1, 2], many mass predictions were presented. At the present
time, the main purpose of the study on mass formulas is not only to give more precise mass values
of known nuclides but also to predict reliable masses of unknown nuclides, especially the superheavy
nuclides and neutron-rich nuclides. As related to the latter, the mass predictions are required in the
study of the abundance of the rapid-neutron-capture-process (r-process) nucleosynthesis because there
are few experimental masses of neutron-rich nuclei related to the r-process.

In this report, we briefly review some mass formulas and outline our mass formula. The calculated
r-process abundances with a simple reaction model from different mass formulas are compared. In our
method of obtaining shell energies, fission barriers for the heavy and superheavy nuclei can be estimated.
The application of these fission barriers for the r-process is also discussed.

2 Mass formula

One of the way to reproduce the known nuclear mass values is to use the mass systematics. For examples,
the mass formulas by Comay et al. and Janecke et al. [4] are based on the Garvey-Kelson-like systematics
[3], and the root-mean-square (RMS) deviations from then current experimental masses are 350-450 keV.
There is also the mass formula by Tachibana et al. [5] (TUYY formula) composed of a gross term with
the Coulomb energy treated elaborately, an even-odd term, and an empirical shell term. The RMS
deviation of it is about 550 keV. These phenomenological mass formulas are usable to reproduce known
masses and unknown ones in the vicinity of known nuclei, however, these cannot be extrapolated to the
region of superheavy nuclei where no empirical data are available: the above-mentioned mass formulas
can be applied only for NV < 157-160. These formulas may also be difficult to predict the possibility of
increasing or decreasing the strength of magicity far from the $-stability line. Moreover, no predictions
of the nuclear shapes are available.

On the other hand, some approaches considering the nuclear force and the nuclear deformation have
been done based on the models, or kinds of assumptions. The mass formula by Myers et al. [6] is the
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early study of the liquid-drop model, which is composed of the macroscopic liquid-drop part and the
microscopic shell part. (This early version were still in the similar problem to the above-mentioned
systematics without the nuclear shapes). As examples of assumptions, we mention only two methods:
the Skyrme-Hartree-Fock calculation and the relativistic mean-field calculation.

In the last decade, some mass predictions designed for the wide nuclidic regions were presented. We
mention three mass predictions. One is the Finite-range droplet model (FRDM, 1995) formula, which is
composed of the macroscopic droplet term and microscopic shell term [7). The shell term is calculated
from the folded-Yukawa. single-particle potential. Other is the Hartree-Fock plus the BCS-type pairing
method with the MSk7 Skyrme force (HFBCS-1, 2001) [8]. The last one is the mass formula by our
groups published in 2000 [9], namely KUTY00. This formula is composed of the gross term, the even-odd
term, and the shell term, and the first two terms are almost the same as those of TUYY formula. The
method of obtaining the shell term is based on the spherical basis, and we solve some problems on the
TUYY formula. These three methods can predict the nuclear shapes. The RMS deviations of these
three predicted masses are about 600-800 keV in a current status. The differences of properties of these
formulas will be discussed in the next section.

We now construct a new mass formula as a revised version of the KUTYO00, that is, the even-odd
term is treated more carefully, and a considerable improvement is brought about [11]. In the following,
we give a brief explanation of the method of obtaining the shell energy and of the improved even-odd
term.

Spherical basis mass formula with an improved even-odd term

Shell energy on a spherical basis

We first calculate shell energies for neutron groups and for proton groups in spherical nuclei using a
spherical single-particle potential [10]. The potential parameters are assumed to be smooth functions
of Z and N with the consideration of the charge symmetry, and this potential reproduces fairly well
the single-particle levels of double-magic or magic-submagic nuclei in a wide nuclidic region. With this
spherical potential, spherical shell energies can be obtained. For a spherical nucleus the nuclear shell
energy is simply the sum of the refined spherical neutron and proton shell energies. The shell energy
of a deformed nucleus is expressed as the sum of the intrinsic shell energy and the average deformation
energy. The key point of the method to obtain the intrinsic shell energy is to treat the deformed nucleus
as a particular superposition of spherical nuclei [9].

Improved even-odd term

The even-odd term of the new and the previous ones is expressed as

Meo(Z, N) = Moaan (Z, N)dodan + Modan (Z, N)Sodan ~ Moo(Z, N)Sodandoddz (1)
with
0 for even-i
Ooddi = { 1 for odd-i, i=N and Z. ¥

In the previous mass formula [5, 9], the construction of the even-odd term was insufficient mainly
in two points. One is the functional form of Mygqg z(Z,N) and Moaan(Z,N). Considering the charge
symmetry ‘of the nuclear force, we also take the functional form of the charge symmetry for odd-N and
odd-Z terms as treaied generally. The charge symmetry requires that the magnitudes of Myqqz(Z, N) and
Moaan (Z, N) between mirror nuclei are equal to each other. When we have compared the “experimental”
M387(Z,N) and M55 (Z,N) between mirror nuclei, however, the result is different. There are 45
pairs of mirror nuclei in the experimental data and almost all of M3y (a,b) — MSE(b,a) (a: even,
b: odd) is positive, and the average is about 100 keV. This means that the even-odd term for a proton
is somewhat smaller than that for a neutron. Undoubtedly, the main reason for this is the Coulomb
repulsive force between protons. (More precise discussion, see Ref. [11}]). Considering the above features
of “experimental” even-odd term, we make the functional form of the even-odd term. The other point
is the odd-odd term Myo(Z, N). In the previous formula, Moo(Z,N) is a function independent on
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Moaaz(Z,N) and Mogan(Z,N). Moo(Z,N) is caused by the interaction between the last odd-neutron
and the last odd-proton. This interaction seems to be weaker than the pairing interaction, and Myo(Z, N)
should be smaller than either of Mogaz(Z, N) and Moygan(Z, N). In the new formula, we impose this
constraint on the form of Mye(Z, N).

3 Properties of recent mass formulas

The root-mean-square (RMS) deviation is given in Table 1. The RMS deviation of our present formula,
we refer to as KTUY02, is 657.7 keV for 1835 experimental masses [12], which is smaller than that of
the KUYTO00 mass formula {9], 680.2 keV. In Table 1, we also list the RMS deviations of two other
recent mass formulas, FRDM [7] and HFBCS-1 [8]. Among them, our mass formula has the smallest
RMS deviation. Although there is not much difference in the RMS deviations among these three mass
formulas, there still remain fairly large differences of the estimated masses for some individual nuclides.
The RMS deviation of the separation energies of KTUY02 mass formula is listed in Table 2 together with
those of the two others. Our RMS deviation is significantly smaller than those of the others.

Figure 1 shows the two-neutron separation energies Sa, for even-N, the experimental data in (a), our
results in (b), ones of FRDM in (¢), and HFBCS in (d). We connect the nuclei with the same N by
solid lines. In such a figure, magicities are seen as large gaps between two lines. In the panel {(a), we
see large gaps between N=8 and 10 (abbreviated as “at N=8"), and at N=20, 28, 50, 82, 126 except
for the region with very small values of S,. Similar gaps are seen in the other panels without ones at
N=8 and N=20. On the very neuron-rich region, which corresponds to the region near the S5,=0 line,
the large gaps of S2, for (b) at N=20, 28, 50.decrease , and the gaps at N =16, 32 (or 34), 58 become
larger compared with the neighboring ones. On the other hand, in the panel (¢) the decreasing the magic
gaps are not so clear, and unreasonable crossing of the solid lines are shown in the region of the very
neutron-rich nuclei. In the panel (d), the similar tendencies on increasing the gaps seem to be seen at
N=16 and 34, but the gap at N=20 and 28 is not so clear compared with those of experimental data
and ours, and some unreasonable zigzag lines are seen in the region of heavy and neutron-rich nuclei.

4 Application for astrophysics

4.1 R-process abundances

It is considered that about half of the stable nuclides heavier than iron observed in nature are synthesized
by the rapid neutron-capture process (r-process). We estimate the nuclidic abundances produced in the
r-process nucleosynthesis in the canonical model with the waiting point approximation [13]. For each
N, the most abundant isotope has an even neutron number N, and its two-neutron separation energies
Son(Z, N) satisfies the constraints [14]

Son(Z,N +2)/2 < 8% = (34.075 — log N, + 1.5log Ty) x To/5.04 < Son(Z,N)/2, (3)

where N, is the neutron number density in cm™2 and Ty is the temperature in 10° K. The r-process path
in the N-Z plane is defined as the ensemble of the nuclides satisfying the above equation. The equation
of the time evolution is written as
Q,%(—Q = ~AzYz(t) + Az_1Yz_1(t), (4)
where Yz is the sum of abundance Y (Z, N) and Az is the sum of the decay constant A with the same Z.
We take the Ss, from some mass formulas, and the values of A are estimated from theoretical f-decay
half-lives [16] with Qg of mass formulas, and N, Ts, T are chosen so as to reproduce the abundance peak
at A = 130. Figure 2 shows the r-process abundances for three mass formulas. Focused o the abundance
around A = 130, the lack of the abundances is seen at A =110 for those of KUTY, and the deeper dips are
seen for those of FRDM. These results could be explained with the tendencies of the neutron-separation
energies. Figure 3 shows two-neutron separation energies S2, connected with isotopes. In the panels of
TUYY and KUTY, the isotope lines of Sa,; go regularly, In the right panel of FRDM, however, the lines of
Z=36-40 and some neighboring ones have the dips around N=40-44 and N=70-80. Because experimental
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San of the nuclei around Z=38 and N=40 exist and no corresponding dips are seen, the dips of FRDM
around N=40-44 seem to be incorrect. On the other hand, there are no experimental data corresponding
nuclei with the dips of FRDM around N=70-80, but the both TUYY and KUTY formulas have no
corresponding dips. The dips around N=70-80 correspond to A4 =110 on the r-process abundances. If
the isotope lines have the dips and these values satisfy the condition of Eq. (3), the calculated abundances
diffuse into the nuclei with the different NV, and consequently there are fewer abundances compared with
the neighboring ones. The dips around N=70-80 of FRDM also cause the lack of the abundances at
A =~110. It is noted that the predicted nuclear shapes by FRDM change from the prolate shapes to the
oblate ones in the two regions. As for the lack of abundances around A = 110 of KUT'Y, the isotope lines
with Z=36-40 of KUTY have gentler slopes in the corresponding region compared with those of TUYY.
The difference of steepness causes less abundances of KUTY than those of TUYY, although more than
those of FRDM. Figure 2 also shows the decreasing of the abundances in the region of 4 > 150 for KUTY
and FRDM. These differences are caused by the different mass surfaces. These results are not so critical,
at present, because we take a simple reaction model in which such a bulk feature cannot be considered.
If we take more realistic reaction model, the situation seems to change, but the problem related to the
dips on the above-mentioned So, systematics is still remaining.

4.2 TFission-barrier height relevant to r-process

After the end of the rapid neutron capture, the synthesized nuclei go to the beta-stable region by the
beta-decay. However, if the fission barrier Bgss of a daughter nucleus is lower than the beta-decay Q-
value Qs of a parent mucleus, such a nucleus is not expected to reach the beta-stable nuclei because of
the fission. Now, we estimate the beta-decay Q-values from the present mass formula, KTUY02, and
the fission-barrier heights with use of the method of obtaining the spherical basis shell term [15]. Figure
4 shows the region with Qg — Bges > 0. The r-process paths obtained the previous subsection are also
seen. This figure shows the existence of the nuclei with Qg — Bges > 0 in the region with nuclei around
Z ~106 and N ~192. These nuclei are located between the r-process path and the S-stability line. This
indicates that superheavy nucleus 298[114] 154 is not expected to be synthesized from the I-process.
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Table 1: RMS deviations of mass formulas from Table 2: RMS deviations of separation energies from
experimental data in keV. The values in the experimental data for their mass formulas in keV. The
parentheses are the numbers of nuclei. values in the parentheses are the numbers of nuclei.

nuclidic region Mass formula, neutron proton

Mass formula ZN>2| Z,N>8 Sh Son Sp Sop
(1835) (1768) Z,N>2 (1648) | (1572) | (1592) | (1483)

KTUY02 (this work) 657.7 640.8 KTUY02 361.7 | 466.0 | 403.1 | 542.0
KUTY00 680.2 656.1 Z,N>8 (1585) | (1515) | (1527) | (1424)
FRDM - 678.3 KTUY02 319.1 | 3919 | 3444 | 465.8
HFBCS-1 - 718.0 FRDM 416.7 | 551.6 | 409.0 { 514.2
HFBCS-1 464.6 | 506.1 | 483.3 | 529.0
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Figure 1: Two-neutron separation energies San for even-N. The solid lines connect the nuclei with the same N,
and dashed line comments the proton-drip nuclei for fixed N’s. (a): experimental data, (b): KTUYO02 (present
formula), (c}: FRDM, (d): HFBCS.
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2.6 Fragment Mass Distribution of the 2pu(d, pf) Reaction

at the Super-deformed f -vibrational Resonance

K. Nishio', H. Ikezoe', Y. Nagame', S. Mitsuoka', 1. Nishinaka', L. Duan®, K. Satou', M. Asai', H.
Haba', K. Tsukada', N. Shinohara’, S. Ichikawa', T. Ohsawa’
1. Advanced Science Research Center, Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki
319-1195, Japan
2. Institute of Modern Physics, Chinese Academy of Sciences, 730000 Lanzhou, China
3. Department of Electrical & Electronic Engineering, School of Science & Engineering,
Kinki University, Osaka 577-8502, Japan

We measured, for the first time, the mass distribution of ***Pu fission fragments following the B
-vibrational resonance, whose level is formed on the second minimum of the double-humped fission
barrier. The distribution shows an asymmetric mass distribution similar to the one observed for
thermal neutron-induced fission of ***Pu and isomeric fission of ***Pu. This indicates that the **’Pu
system following the f -vibrational resonance descends into a fission valley which is identical to the
fission valley of the ***Pu-isomer and 2%Pu(ng,f).

1. Introduction

For neutron-induced fission of *°Pu, there is an old investigation on the mass division following
the neutron capture resonance [1,2]. The results [2] show, in the abundance of %Mo and '°Cd, that
fission through the J* = 1 state enhances the relative abundance of mass-asymmetric fission products
(*®Mo) compared to fission through the the J™= 0" state. This was interpreted in [3] as an effect of the
collective motion at the saddle point that the octupole vibration of K* = 1" with mirror asymmetry
results in the enhanced mass asymmetry compared to the ground state of K™ = 0%, namely the
vibrational motion at the saddie point drives the system to the asymmetric fission mode (path).
Supporting this interpretation, it would be natural to presume that when the B -vibration with K™ =
0" ispopulated at the middle siage of the fission process the resulting fission may have a symmetric
fission component larger than the thermal neutron-induced fission due to vibrational motion with
mirror symmetry. We can find the S -vibrational state on the second minimum of the double-humped
fission barrier (super-deformed minimum : SD). This state is observed below the threshold energy in
the form of an enhanced fission cross section due to resonance tunneling induced when the excitation
energy ( E. ) of the compound nucleus matches the level [4,5,6,7].

We are interested in resonance fission through the § -vibrational state of K* = 0" built on the
SD which has a mass symmetric shape [8]. We expect for this specific case that near-symmetric
fission would be enhanced. In this paper we measured the mass distribution of fission fragments by
gating on the J -vibrational resonance. Our choice for this study was 2%py populated by 5%py(d,p)
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reaction. Plutonium-240 is one of the nuclei for which the properties of the  -vibrational state were
extensively investigated. We have determined the excitation energy of *°Pu by measuring protons
using silicon detectors as in [4].

2. Experimental Methods

The experimental setup is shown schematically in Fig. 1. The reaction 239Pu(d,pf) was used
to study resonance fission of **°Pu. The 13.5 MeV deuteron beam was supplied by the JAERI-tandem
accelerator, and the typical beam current was S nA. The *°Pu target was made by electrodeposition of
2’PuO,(NOs), ona 90 1 g/em? thick nickel foil, and the target thickness was 35 1 g/em?.

The outgoing protons resulting from the (d,p) reaction were detected by a AE-E telescope
which consisted of 300 x m (AE) and 1500 1 m (E) thick silicon detectors. The telescope was set at
135° relative to the beam direction with a solid angle of 45 msr. The protons were easily distinguished
from deuterons and tritons on the A -E map, allowing the selection of neutron transfer events.

Two fission fragments were coincidentally detected by two silicon PIN diodes, which were
equipped on both sides of the target with a similar aperture. The center of the PIN diodes were set at
90° to the beam direction. The diodes which have an active area of 1000 mm?, each, were masked by
plates having a circular hole of 31.9 mm diameter, and each diode was viewed by the target at a solid
angle of 1.25 sr.

3. Data Analysis

The energy resolutio AE-E telescope, namely the energy resoh;tion for protons, was 55
keV(FWHM), which was determined by the elastic peak of the deuteron. The resolution includes the
energy spread of about 30 keV arising from the kinetic effect. The proton energy was transformed to
the excitation energy of **Pu using the mass table of Ref. [9] ( The Q-value for the ground state
nuclear transfer in 2*Pu(d,p)**°Pu is 4.31 MeV).

The calibration of the fission detectors is made by using the Schmidt formula [10] as follows.
First, we constructed a pulse height spectrum, S(X), by selecting the events in 6.0 < E., < 7.0 MeV as
in Fig.2. This spectrum is close to that for the thermal neutron-induced fission of *°Pu, whose
compound nucleus **°Pu has an excitation energy of 6.53 MeV. The solid curve in Fig.2 is the result of
decomposing the experimental data to two Gaussian distributions having the same area. The centroid
of two Gaussian components, P, and Py, obtained in the fitting process were used to determine the
calibration constants in the Schmidt formula,

EX,my=(a+am)X+b+bm, (1)
a = o /(PL— Pg), 2)
a = ¢ [(PL— Py), €)
b = d — aPy, ©)
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b = d, — aPy. 5
where £ and m are the fragment kinetic energy and mass. We used the parameters (ci, ¢, di, dy) =
(27.6654, 0.04106, 89.0064, 0.1362) for the 2*Pu(ng,f) given by Neiler et al. [11].

Fission fragment masses, m; and m,, were determined from the pulse height of both
fragments, X; and X;, by following the mass and momentum conservation law. An iteration procedure
was used to numerically determine the mass number of the fission fragment. In this analysis, we
determined the primary fragment mass, i.e. mass before neutron evaporation. This needs a number of
neutron emission as a function of fragment mass, v (m), for which data of Tsuchiya et al. [12] were
used.

4. Experimental Results and Discussions

Figure 3 shows the proton-fission coincidence events plotted as a function of excitation
energy of *"Pu. The energy bin is set at 50 keV corresponding to the present resolution. The
resonance peak is observed at 5.05 MeV. For excitation energies below the neutron binding energy
(6.53 MeV), where neutron emission is energetically hindered and the v -ray emission is the only
decay mode competing with fission in the decay channel, the spectrum in Fig.3 is related to the
'fission probability' multiplied by the 'population probability' of the compound nucleus in the transfer
reaction **Pu(d, p)**Pu. The resonance energy of 5.05 MeV obtained in this work is close to that
measured by Glassel ef al. [6] and Hunyadi et al [7].

By measuring the Z°Pu(d,pf) reaction, fission events resulting from excitation energies near
the first fission barrier height ( Ex=5.80 MeV [4]) could be obtained. We show firstly in Fig.4(A) the
mass yield curve following the excited compound nucleus of 6.0 > E., > 5.3 MeV. The yield is
normalized such that the sum of the yields becomes 200 %. The mass bin is set at 2.0 amu to gain
statistics. This spectrum agrees with that for thermal neutron-induced fission of 2*°Pu by Wagemans et
al. ( Ex= 6.53 MeV ) [13] shown by the solid curve. The data of [13] were obtained by measuring the
kinetic energies of both fragments ( 2E method ) by using silicon detectors similar to our experimental
method.

Fission events through the vibrational resonance being characterized by their excitation
energy between 4.78 < E., < 5.30 MeV (see Fig.3) result in the mass yield in Fig.4 (B). We set the
mass bin as 5 amu. Although the mass yield curve constructed by using only about 80 events has a
large uncertainty, the asymmetric fission character is evident, and the yield agrees with that for
29pu(ng,f) as well as the gross trend that the sharp rise in the near symmetric region when going from
the heavy fragment mass my =125 amu to 135 amu and the gradual decrease in the far asymmétric
region from my= 140 amu to 160 amu. The yield reaches the maximum at around myg = 135 amu for
all spectra shown in Fig.4. We have determined the average value of the heavy fragment mass as
<my> = 140.2£2.8 amu, where the error comes from the binning and the uncertainty arising from the
energy calibration process. This agrees with the value 139.8=1.1 amu obtained from the spectra in
Fig.4(A) within the error and with the value 139.7 amu for **Pu(ng, f) [13]. The present data then
lead to the conclusion that fission through the f -vibrational resonance does not show any significant
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enhancement in the symmetric mass division within the error.

We want to show in Fig.4(C) the mass yield for the fission of shape isomer in 2*°Pu [14]
(balf-life is 3.8 ns [15]). This is localized in the SD of the double-humped fission barrier (2.25 MeV
above the ground state) [7], and has the (J*, K) value of (0", 0). Isomeric fission forms a good
reference in the sense that the nuclear shape' is the same as that experienced by the f -vibirational
fission. Isomeric fission forms a mass distribution similar to that for *’Pu(n,f) and hence to the 8
-vibrational fission in Fig.4(B).

5. Conclusions

Motivated by the speculation that the J -vibration on the SD of the double-humped fission barrier
would result in an enhancement of the symmetric mass components, the mass distribution of >*°Pu
following the resonance tunneling originating from this level was measured for the first time. The
obtained distribution shows an asymmetric mass division similar to the one for the thermal
neutron-induced fission of **Pu and the isomeric fission of ?*Pu. This indicates that the system
through S -vibrational resonance comes out in the asymmetric fission valley that the *°Pu-isomer
and Z*Pu(ny, f) descend.
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Fig. 1 Experimental setup for the fission fragment mass distribution in the 239Pu(d,pt) reaction.
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Fig. 2 Pulse height spectrum S(X) of fission fragment obtained in the silicon PIN diode.

Curve is the result of the fitting of the spectrum to two Gaussian distributions with equal areas.
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2.7 Requests on Domestic Nuclear Data Library from BWR Design

Hiromi MARUYAMA
Global Nuclear Fuel - Japan Co., Ltd.
3-1, Uchikawa 2-Chome, Yokosuka-Shi, Kanagawa-Ken 239-0836

E-mail: Hiromi.Maruyama@gnf.com

Requests on the domestic nuclear data library JENDL and activities of the Nuclear Data
Center have been presented from the perspective of BWR design and design code development.
The requests include a standard multi-group cross section library, technical supports, and

clarification of advantage of JENDL as well as requests from physical aspects.

1 Introduction

The domestic nuclear data library JENDL3.3 [1] was released in May 2002. In order
that the efforts made for the domestic nuclear data library development may not end up being
a waste, it is important to prepare a way for use of the domestic nuclear data library in design
works. User’s opinions will be informative for this purpose. This paper summarizes requests
on the domestic nuclear data library and activities of the Nuclear Data Center from various
viewpoints.of BWR design; requests from the viewpoint of physical aspects in BWR fuel/core
designs are described in Chapter 2, those from the standpoint of design code development in
Chapter 3, and those from the angle of the domestic nuclear data library utilization in
Chapter 4.

2 Physical Aspects in BWR Fuel and Core Design

2.1 Improvement of Current BWR

Recent BWR core designs are characterized with

®  high burn-up,

®  plutonium utilization in thermal reactors,

® long-cycle operation, and

@ up-rate of reactor power
in the extension of a current BWR design.

High burn-up design is effective for reducing the amount of spent fuel disposal and fuel
cycle cost. High burn-up BWR fuel designs [2] are proceeding step by step; a target discharge
exposure of conventional 8x8 fuel was 28GWd/t, and those of high burn-up fuels Step-l,
Step-II, Step-III were 33GWd/t, 39.5GWd/t, and 45GWd/t, respectively, as shown in Fig.1.

From Step-I to Step-III fuel, various items such as reliability and thermal margin were

— AR —
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improved so as to keep fuel integrity. The fuel cycle cost of Step-III was reduced by 30%

compared with conventional 8x8 fuel.

>

Reduction of
Linear Heat Rate

X
= Improvement of
8 Criti
= ritical Power
S (Spacer)
8
3
§ Reliability
° | (Zr Liner)
" Step-I Fuel E 33
10 20 30(%)

Improvement in Economy }
3 S

Fig.1 High Burn-Up Fuels Used in BWR

Figure 2 shows the FP contribution to total absorption rate in a fuel rod as a function of

discharge exposure. The FP absorption contribution increases with exposure; for example, the

FP contribution increases by 50% when discharge exposure increases from 30GWd/t to

60GWd/t. Therefore, accurate evaluation of the FP absorption contribution is important for

the high burn-up designs.

Relative Absorption (%)

16

12

FP Contribution to Total Neutron Absarpz_“tbn/

Increase of
FP contribution

Discharge Exp.

30GWd/t

30 40 50 60 70
Exposure (GWd/t)

Fig. 2 FP Contribution to Total Neutron Absorption in UQ: Fuel

In the plutonium utilization in thermal reactors (Pu thermal utilization), the higher

actinide contribution to the total absorption rate increases as shown in Fig. 3. This figure

shows that this contribution is more significant in MOX fuel than in UO3 fuel. Hence, more

attention should be paid to the accuracy of higher actinide cross sections in MOX fuel design
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than in UQO2 fuel design.

Contribution to Total Neutron Absorption of
Actinides heavier than Am242

.| Higher actinide contribution increases in MOX

w

MOX Fuel

-t
T

Relative Absorption (%)
N

UO, Fuel

0 10 20 30 40 50 60 70
Exposure (GWd/t)

Fig. 3 Higher Actinide Contribution to Total Neutron Absorption

Long-cycle operation improves the plant utilization factor. In this operation, a control of
excess reactivity is a key technique, and new kinds of burnable absorber might be adopted in
place of gadolinia. Therefore, the cross section of various absorber materials must be prepared
for the long-cycle operation design. Accurate thermal margin evaluation is important for
up-rate of reactor power. For this purpose, every type of cross sections must be prepared with

sufficient accuracy as basic data of the design works.

2.2 Next Generation BWR

New core concepts for next generation BWR [3] areA investigated these days in order to
maintain stable energy supply in the future. Some of these designs improve a conversion ratio
up to 1.0 or more, using tight-pitch lattices with low H/HM ratios. Others [4] aim at an
effective use of Pu for saving uranium resources, in which design high moderation MOX core
is used. Further refinement in resonance treatment is required for evaluations of core
performances such as conversion (or breeding) ratio in the former design. In the latter design,
higher actinide and FP contributions are important as in Pu thermal utilization. These new

designs also require various cross-sections and chain data for a sufficient number of nuclides.

3 Design Code Development

We are concerned about the decreasing number of nuclear data specialists in the BWR
fuel/plant makers. The fact that very few nuclear data specialists are in the analysis method
development staff makes it difficult to get various kinds of information on nuclear data and to
investigate group constants processing methods. The design codes use the processed group

constants, instead of nuclear data themselves given in the nuclear data library such as
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JENDL. Therefore, even if the nuclear data were accurate and elaborate, the group constants
processed incorrectly from the nuclear data library would result in poor design codes.
Accuracy of nuclear data library strongly links with group constant processing methods in
design use.
We request that the nuclear data center should provide the following technical supports

in this field:

@® To provide nuclear data information,

® To provide a standard multi-group cross-section library, and

@ To provide handling techniques for effective cross-sections and kinetic parameters.
It is desirable that the standard multi-group cross-section library with 200 or more energy
groups is commonly used for fast and thermal reactors. Standardization of the cross-section
library and its handling technique makes open environments and make it easy to accumulate

experience of nuclear data library usage, leading to a highly accurate nuclear data Library.

4 Domestic Nuclear Data Library Utilization

A merit of maintaining the domestic nuclear data library is that it can reflect our design
activities such as critical experiments and reactor operation tracking. A good example is
Am241 absorption cross section reflected in JENDL3.3, which was thought to be a primary
cause of a critical eigenvalue overprediction in the MISTRAL full MOX critical experiments
conducted by NUPEC. In the future, when Japan must select its original reactor such as the
next generation BWR described above in its particular resource situation, the domestic
nuclear data library will play a more important role than now.

However, the fact is that very few design codes adopt JENDL in the official design
procedures even in Japan. Why?

Japanese design codes have something to do with foreign companies as their developers
or users. Moreover, chances to collaborate in design work or method development with foreign
companies are increasing recently. In these collaborations, common nuclear data such as
cross-sections, nuclide chain data and kinetic data are required, because differences in such
fundamental data make essential discussion difficult. However, the choice of nuclear data
library is not so easy because the accuracy of the nuclear data library is not clear. As a result,
we are apt to select a well-known nuclear data library such as ENDF.

The request on the use of the domestic nuclear data library is that the advantage of
JENDL should be clarified compared with other libraries such as ENDF and JEF through
international benchmark analysis, including operating reactor cases, for nuclear data Library
comparison. It is more preferable that the domestic nuclear data library provides
cross-sections, nuclide chain data, and kinetic parameters consistent with those of other

libraries.
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5 Conclusion
The requests on the domestic nuclear data library from the standpoint of BWR design and
design method development are summarized as follows:
(1) To provide the neutron and photon cross-sections for a sufficient number of higher
actinides, FP nuclides and burnable absorbers with sufficient accuracy,
(2) To provide technical support related to nuclear data use, such as standard multi-group
cross-section libraries and their handling methods, and
(3) To clarify the advantage of JENDL nuclear data compared with other nuclear data files
such as ENDF and JEF, or to provide cross-sections, kinetic-related data and nuclide

chain data consistent with those files.
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2.8 Proposals for Nuclear Data Activities from PWR Core Design
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A direction of nuclear data activities and requirements are discussed in this paper. The

discussions suggest actual guides to promote utilization of nuclear data.

1. Introduction and discussions
A nuclear data file of JENDL-3.3 was opened this year[1]. This is good news to those
relating to atomic energy in Japan. But, I remember that Dr. Kimura pointed out that the
Japanese evaluated nuclear data are seldom adopted in safety design and safety evalua-
tion of light water reactors and hardly found in related safety regulatory guidelines and
standards except the decay heat [2].

Originally, nuclear data libraries

Electric Power were imported from U.S. with core

Company

It Core Design design codes. However, Japan has
Application for Permission (Attachment 8) already its own evaluated nuclear

for Establishunent of )
Nuclear Reactor Safety Evaluation data. Although even the important
nt (Attachment 10) nuclear data such as 235U and 238U
gﬁiﬁfﬁﬁ;ﬁgm of are still being reevaluated and
| | may be revised in future, now is
Thermal Power | | Control Capability Sub-criticality the best time to begin using
Calculation Calculation Evaluation in NFR/SFP J apanese nuclear data. Plant 1i-

Fig. 1 Plant licensing application flow in Japan censing application flow is shown

in Fig.1. Nuclear data are used in
Core Desigh (Attachment 8), Control Capability Calculation and Sub-criticality Evaluation in
New Fuel Rack (NFR)/ Spent Fuel Pit (SFP). Decay heat is used in Safety Evaluation (At-
tachment 10). It takes long time to validate nuclear data in core design and nuclear data can
hardly changed from viewpoint of licensing. Hdwever, once Japanese nuclear data are used,
the utilization will be accelerated and they will be widely used in reactor core design calcula-
tions and safety analyses. Therefore, Japanese nuclear data must be used first in plant Ii-

censing application to promote its use. To achieve this, I think the followings are needed: (a)
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tablish a user support system; (b) Clarify the core parameter prediction uncertainty due to

nuclear data uncertainties; (c) Assure activity of nuclear data evaluation and user support.

2. Proposals

I propose the following practical guides to reflect the above discussions.

(1) Nuclear data should be opened with its processing code

The flow of neutronics calculation is shown

Q Nuclear Data Library in Fig.2. Multigroup library for assembly
y

transport calculation code is generated using

&)

NJOY code. However, a lot of troubles have

Nuclear Data Processing Code : NJOY . .
1T occurred in processing JENDL-3.3 nuclear
Multi-group Library: Group Constants data with the NJOY code. So, nuclear data
L processing code should be opened and main-

Assembly Calculation |PHOENIX-P code
Il

Two Group Cross-section sets

tained with nuclear data.

(2) Benchmark problems with detailed

iy specifications and information should

Core Calculation | ANC code be opened
Il To verify the adequacy of nuclear data,
Core Characteristics Benchmark calculations were per-

formed using TCA, TRX critical ex-
Fig. 2 Flow of Neutronics Calculation . )

periments. However, recalculation and
confirmation of adequacy of nuclear data were never done and reported by any plant
makers or software companies because the details of the benchmark calculations were
not opened. To promote use of Japanese nuclear data, confirmation is needed and bench-
mark problems and reference solutions should be opened with detailed input lists for the
codes used in the reference calculations.

Moreover, the benchmark calculations were done at cold conditions (20°C), but

commercial reactor cores are operating at higher temperatures, therefore, benchmark
analyses should be done using high temperature experiments for instance KRITZ .per-
formed at 20°C to 245°C.
Such analyses are beneficial to evaluation of Doppler effect from cold to hot conditions. In
addition to critical experiments, PIE analyses and Core analyses should be performed to
verify nuclear data of higher actinides and fission products during fuel depletion. These
tasks should be shared in nuclear data commitiee and done by working groups. The re-
sults should be integrated and opened as an evaluation result of nuclear data.

Establish a user support system

To avoid the difficulties as described above (1), users are hoping that a user support sys-
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tem will be established in Nuclear Data Center. They will feel rather strongly that the
nuclear data is reliable and that they are supported if the benchmark problems described

above (2) are discussed and communication with the support center is maintained.

(4) Uncertainty should be evaluated using benchmark problems

The relation of core parameters and

&)

)

Nuclides Core Parameters . .
nuclides that affect them are shown in
Heavy Nuclides

Fig.3. In actual core design, critical

235U238U ‘ Doppler Effect | & g
239Pu241Pu238Pu240Pu242Pu24! Am boron concentration is one of the most
Fission Products Critioal Borom important parameters from safety and
1498m,1528m,155Gd 157Gd Concentration economical efficiency viewpoint. That
is, the core reactivity with fuel deple-
Light Nuclides Moderator " tion must be predicted accurately.

151 16 Temperature Effect .

H,°0 Therefore, uncertainty of keff due to
Intermediate Nuclides Control Rod Worth—l nuclear data uncertainty should be
Ag, In, Cd,10B Boron Worth | evaluated and opened with nuclear data.
Fig. 3 Nuclides affecting core parameters For this purpose, benchmark problems

should be established first. Nuclear
parameters to be evaluated (keff, Doppler effect etc.) should be also determined. These benchmark
problems may be critical experiments, unit pin cell calculation, unit assembly calculation or core cal-
culation.
Standard nuclear data libraries should be prepared for common use
When developing or comparing calculation methods, and clarify the calculation accuracy, standard or
common libraries will play a very important role and produce useful and beneficial results. Multigroup
libraries and continuous energy libraries should be prepared based on the same nuclear data. For mult-
group libraries, energy shielding methods of F-table method (SRAC type library) and resonance inte-
gral table method (WIMS type library) should be prepared for extended use of the libraries. ORIGEN
is widely used for simple and extensive study. So, ORIGEN libraries should be also prepared.
Assure activity of nuclear data evaluation and user support
Nuclear data are basis of neutronics calculations and used in plant licensing applications. Therefore
they must be reliable and valid and maintained for some period. In order to continue to improve nu-
clear data quality and keep user support, activity of nuclear data must be assured to Nuclear Data Cen-

ter.
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1. Introduction

The working group on evaluation of nuclide generation and depletion is active in
response to requests from the industry group in the backend field.

Accurate evaluations of fuel composition, neutron/gamma production, radioactivity
and decay heat for spent fuel are requested in the backend field. The ORIGENZ2 code is
widely used to evaluate these guantities in the industry. This WG, therefore, prepares
ORIGEN? libraries for LWR and FBR based on JENDL-3.2 reflecting user requests[1].
Fuel compositions for spent fuels are basic quantities to be used in the criticality
safety analysis and radiation shielding. So, the accuracy of fuel compositions for LWR
and FBR spent fuels have been investigated through PIE analysis using
recent nuclear data such as JENDL-3.2.

Hereafter, the present status of fuel composition analysis for LWR and FBR (fast
reactor spent fuel) and the requests for nuclear data are described. After that, the
reason of discrepancies between measured and calculated values will be studied by
the sensitivity analysis.

2. Present status of fuel composition analysis for LWR and fast reactor spent fuels

2.1 Fuel composition analysis for LWR spent fuels

In JAERI, spent fuel composition irradiated in commercial PWR and BWR have
been measured and analyzed by burn-up codel2].

Irradiation data on measured fuels are shown in Table 1 and measured nuclides are
shown in Table 2.

Results of fuel composition analyses by burn-up code SWAT (SRAC-ORIGEN?) are
shown in Fig. 1, in which nuclear data are JENDL-3.2+JNDC-V2 and unit-cell models
mock-up the sample rods considering actual irradiation histories are used.

Accuracy of analyses for U and Pu isotopes are quite good (] C/E-1]1< 5%). But,
errors for Am-241 are +10~20% and those for major neutron production nuclide
(Cm-242 and Cm-244) are large (-15~50% for Cm-242, -23~26% for Cm-244).

On the other hand, accuracy of analyses for fission products are good (| C/E-1|<
10%) except Sm-152.
From the above results, we have the following remarks..

- It is possible to reduce large margin assumed in the present criticality analysis

for spent fuels based on the burnup code considering actual irradiation histories

- It is desired that the insufficient accuracy for Cm242 and Cm244 will be improved

2.2 Fuel composition analysis for fast reactor spent fuel
Post irradiation examination (PIE) analysis of for the fast reactor JOYO mixed
oxide spent fuel has been carried out. The outline of the measured spent fuel is shown
in Table 3. It has been originally irradiated at the 204 row and it was later moved to the
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4h row and irradiation has been continued until the fuel burn-up reached
approximately 58.2GWd/Mt. The irradiation position of the measured spent fuel and
PIE positions are shown in Fig. 2. The PIE has been carried out for three fuel pins
(No.7, 76, C1). Axial positions examined are the core center height, as well as the upper
and lower ends of the fuel region.

Burn-up composition is calculated using ORIGEN?2 code. One-group cross-section
was collapsed from the 73 group constant set based on JENDL-3.2, using the neutron
spectrum of each PIE position, which was calculated using CITATION. The neutron
flux used as an input to the ORIGEN2 was calculated by the JOYO core management
code system. '

The comparison between the calculated and measured burn-up composition is shown
in Fig. 8. Calculated results of U, Pu and 148Nd agree well with measured values. Am
isotopes, 242Cm and 244Cm are overestimated, and 23"Np and 243Cm are underestimated.

The reason for the disagreement is understood to be that the capture cross-section of
Am isotopes are underestimated, and that of 237Np and 243Cm are overestimated.

3. Studied on capture cross sections for TRUs

Large errors for TRUs capture cross section on JEF2.2 were indicated from the
CEA experiment mock-up thermal and epi-thermal reactor[3]

Discrepancies for capture cross sections of heavy nuclides between APOLLO-1
calculations using JEF-2.2 and experiments are shown in Table 4.

The comparison for capture cross section of TRUs between JENDL-3.2 and JEF-2.9
is shown in Table 5.

Errors for capture cross sections of TRUs in JENDIL-3.2 assumed from the
combination of Table 4 and 5 are shown in Table 6.

We study through PIE analysis with cross section considering assumed error for
Am-241 capture cross section shown in Table 5. The analysis by burn-up code
MCNP-ORIGEN2[4] has been performed for the one of BWR sample rods shown in
Table 1, in which JENDL-3.2+JNDC-V2 is used and analytical model is BWR assembly
model with reflective boundary condition shown in Fig.4.

To investigate the effect of error on Am-241 capture cross section, we perform the
calculation with +25% correction for Am-241 capture cross section at all burnup steps
in addition to the no correction calculation.

The results of comparison for actinide compositions between two calculations are
shown in Fig.5 for U-isotopes, Fig. 6 for Np and Pu-isotopes and Fig.7 for Am and
Cm-isotopes.

The effect to actinide compositions caused by the correction of Am-241 capture cross
section are

U-234~238:very small (<0.3%)

*Np-237:small(~39%)

-Pu- 238~242 :small (<1%)

*Am-241:large (-15%)

*Am-242,242m :large (+7%)

-Cm-242:large (+9%)

-Cm-244:small (+0.1%)

Accuracy of TRUs compositions in the analysis for LWR spent fuels considering the
above effects are summarized as follows.

The overestimation of Am-241(10~20%) is well solved, but the underestimations of
Cm--242 (-15~50%) and Cm244 (-23~26%) are solved partly in the analysis using the
+256% correction for Am241 capture cross section in JENDL-3.9.

We, therefore, wish that the improvement of cross sections for actinides beyond Pu
are very important to improve the accuracy of PIE analysis.
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4. Conclusion
From studies on nuclear data related to the backend field based on activities of our
WG, we have the following remarks..

The burnup codes used in our WG such as SRAC, SWAT and ORIGEN with
cross sections considering actual neutron spectrum has been verified through PIE
analysis based on JENDL-3.2

-It is possible to reduce large margin assumed in the present criticality analysis for
spent fuels using the verified burnup codes

Tt is desired that the nuclear data files for Cm-242 and Cm-244 will be revised to
improve the accuracy of PIE analysis

Our wishes is to use improved nuclear data to be solved the problems in our studies.
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Table.1 Irradiation Data on Measured LWR Fuels

Reactor Type BWR PWR
Irradiation Plant Fukushima-2 Takahama-3
Burnup (GWd/Mt) 4~44 8~48
Void History (%) 0~173 —
No, of Data 17 16

Table.2 Measured Nuclides for LWR Fuels

Actinide (18 Nuclides) Fission Product (17 Nuclides)
Element | Nuclides Element | Nuclides
U U234,0235,1236,0 238 Cs Cs134, Cs137

Np Np237 Ce Celd4

Pu Pu238,Pu239,Pu240,Pu241, Nd Nd143,Nd144,Nd145,Nd146,Nd148,
Pu242 Nd150

Am Am241,Am242m,Am243 Eu Eulb54

Cm Cm242,Cm243,Cm244,Cm245, Sm Sm147,Sm148,Sm149,Sm150,Sm151
Cm246 ,Sm152,Sm154
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Table 3 Outline of the Measured Spent Fuel

MOX Fuel Content

U-235 Enrichment : 18.6wt%

Pu Content : 28.5wt%

Irradiation Condition

Core Resident Period : Dec. 14, 1990~ Sep. 24, 1997

Address : 2nd Row(2B1)
Irradiation Days:171
Drotal - 3.3 % 10n/cm?2s
(Subassembly Averaged)

Address: 4tk Row(4D1)
Irradiation Days:285
@rtoar © 2.1 X 1015n/cm2s
(Subassembly Averaged)

®iotal (Subassembly) Averaged

9.9

X 1022n/ecm?

Burn-up (Subassembly Averaged)

58.2GWd/Mt

Table 4 %-(C/E-1) for capture cross sections of heavy nuclides

between APOLLO-1 calculations using JEF-2.2 and experiments

Nuclide SHERWOOD ICARE/S
U238 +1.1£1.8 +5.3+2.5
Pu238 — +16.0+12.0
Pu239 +2.6+1.6 +1.0%8.0
Pu240 +1.941.6 +0.1+3.2
Pu241 +5.61+10.0 -4.7£6.1
Pu242 -0.3%3.2 -12.3+6.4
Am241 -20.0£15.0 -20.0+11.0
Am243 -22.4%5.0 -
Cm244 +7.9%£12.3 —

Value : (C/E-1)+2 ¢

in %

SHERWOOD : Square lattice experiment mock-up thermal reactor

ICARE/S

. Tight lattice experiment mock-up epi-thermal reactor

Table 5 Comparison for TRUs capture cross section between JENDL-3.2 and JEF2.2

Thermal (2200m/sec) Resonace Integral
Nuclide | JENDL-3.2 | JEF-2.2 | JENDL/JEF | JENDL-3.2 | JEF-2.2 | JENDL/JEF
Am241 600.4 616 0.97 1305 1450 0.90
Am243 78.50 75.94 1.03 1823 1810 1.01
Cm244 15.10 14.41 1.05 660 634 1.04

Where, cross sections are in barns
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assumed from the combination of Table 3 and 4

%-errors for capture cross sections of TRUs in JENDL-3.2

Nuclide Thermal Epi-ithermal
Am241 -23.0£15.0 -30.0%+11.0
Am243 -21.7+5.0 -
Cm244 +8.3+12.3 —
(oo
aPwWR
bao ] R
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Aotinide

Fig.1 Results of SWAT Analyses for LWR Spent Fuels based on JENDL-.3.2
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Fig.2 Irradiation Position and PIE Position of JOYO MK-II Measured Fuel
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Fig.3 Comparison of Calculated and PIE Results of JOYO MK-IT Spent Fuel
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Fig.4 Analytical Model in MCNP-ORIGEN Burnup Calculation for BWR sample rod
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2.10  Analysis of MISTRAL Experiments with JENDL-3.2

Takuya UMANO
Nuclear Power Engineering Corporation NUPEC)
FUJITA KANKO TORANOMON BLDG,, 5F 17-1, 3-CHOME TORANOMON,
MINATO-KU, TOKYO 105-0001 Japan
E-mail: umano@nupec.or.jp

Toru YAMAMOTO, Ryoji KANDA, Masaru SASAGAWA (NUPEQ)
Taro KAN (MHD), Kazuya ISHII (Hitachi), Yoshihira ANDO (Toshiba),
Masahiro TATSUMI (NFID)

NUPEC and CEA have launched an extensive experimental program called
MISTRAL to study highly moderated MOX cores for the advanced LWRs. The analyses
using the SRAC system and the MVP code with the JENDL-3.2 library are in progress
on the experiments of the MISTRAL program and also the EPICURE program that
was carried out by CEA before the MISTRAL program. Various comparisons have been
made between the calculation results and the measurement values.

1. Introduction

Nuclear Power Engineering Corporation (NUPEC), French Atomic Commission
(CEA) and CEA’s industrial partners have launched an extensive experimental
program called MISTRAL (MOX: Investigation of Systems Technically Relevant of
Advanced Light water reactors) [1,2,3,4,5] in order to obtain the basic core physical
parameters of the highly moderated MOX cores that will be used to validate and
improve core analysis methods. This experimental program was conducted in the
EOLE facility at the Cadarache center and successfully completed in July 2000. As a
part of the MISTRAL program, NUPEC also obtained some of the experimental data of
the EPICURE program that CEA had conducted for 30% MOX loading in PWRs.

2. EOLE critical facility

The experiments have been performed in the EOLE facility that is a tank type
critical facility. A cylindrical Aluminum vessel (diameter = 2.3 m, height = 3m) is
installed with a cylindrical core tank (diameter = 1.0 m, height = 1.0 m) and stainless
steel over structures. Fuel pins used in the facility are a standard PWR type and the
active length of the pins is about 80 cm. Four types of enrichment are prepared for
MOX pins and one type for UOz pins. The reactivity of the core is mainly controlled
with the boron (boric acid) concentration in water and the core size. Core excess
reactivity is determined through the in-hour equation with measuring the doubling
time after the withdrawal of the pilot rod.

3. Core configurations and measurements in the MISTRAL program

The core configuration of MISTRAL-1 is shown in Figure 1. It consisted of about
750 regular enriched UOz (3.7% in 235U) fuel pins in a lattice pitch of 1.32 ¢cm and was
designed as a reference for the highly moderated MOX cores. The core configuration of
MISTRAL-2 is shown in Figure 2. This is a highly moderated full-MOX core consisting
of about 1600 MOX (7% enrichment) fuel pins with the same lattice pitch of
MISTRAL-1. Figure 3 shows the core configuration of MISTRAL-4 which is a PWR
mock-up configuration. The UO2-Reference configuration in MISTRAL-4 is shown in
Figure 4. In this configuration the 17X 17 type of UOz zone was installed at the center



JAERI-Conf 2003-006

of the core, and on account of the large reactivity of UOz pins, the core size was smaller
than that of the full-MOX cores. Measurement items were carefully selected from the
followings :
(1) Critical mass and boron concentration (2) Boron worth
(8) Buckling measurement using reaction rate distribution measurements
(4) Spectrum indices  (5) Modified conversion factor : 238U capture/total fission
(6) Isothermal temperature coefficients
(7) Reactivity worth and associated reaction rate distribution of a single absorber
(Natural B4C, enriched B4C, Ag-In-Cd alloy, and UO2-Gd203) at the center of the
core )
(8) Reactivity worth and associated reaction rate distribution of a cluster absorber
(9) Reactivity worth and associated reaction rate distribution of the substitution of
9 central fuel pins by water holes / Void coefficient
(10) peff

4. Experimental methods

The number of fuel pins, the core temperature, the boron concentration and the
doubling time were measured to determine the core critical mass. The neutron source
multiplication method (the sub-critical method) was utilized for the reactivity
measurement. The integral gamma scanning method was applied to determine the
fission distributions of the fuel pins. The miniature fission chambers of several kinds of
isotopes were adopted for the determination of energy dependent neutron flux and also
for the spectrum index measurements. The effective delayed neutron fraction of the
core (B eff ) was measured using of the core noise method which had been utilized in
the international benchmark of 3 eff’s at the MASURCA and the FCA facilities.

5. Calculation methods

The analysis has been performed using the SRAC system and the MVP code that
have been developed at Japan Atomic Energy Research Institute (JAERI) with the
JENDL-3.2 library. The SRAC system consists of deterministic codes. A processed
nuclear data library with 107-energy group structure is prepared for it. MVP is a
continuous energy Monte Carlo code that is utilized to obtain reference calculation
results for the SRAC system such as core eigen-values. In the SRAC system, the
collision probability method is applied for generating the 16-group collapsed and
homogenized unit cell cross sections. The neutron energy spectrum affected by the
neutron leakage is calculated with the B1 approximation taking into account the
measured geometrical buckling. The resonance absorption of Pu isotopes should be
precisely evaluated in epi-thermal and thermal ranges for MOX fuels. Thereby an ultra
fine group resonance reaction calculation module, PEACO, is utilized throughout for
the effective cross section calculation. The thermal cut-off energy was carefully chosen
and determined to be 1.855eV through a sensitivity study. After generating 16-group
cell cross sections (fast range - 8 groups and thermal range - 8 groups) , core
calculations in 1/4 symmetry configuration were performed using the CITATION
and/or TWOTRAN modules of the SRAC system. In two-dimensional calculation model,
axial leakage is implicitly taken into account using the measured axial buckling.

6. Calculation results and discussion

Varieties of comparisons between the calculations and the measurements have been
carried out for MH1.2 (which is devoted to study on basic characteristics of a 30% MOX
core in the EPICURE program), MISTRAL-1, -2 -3 and -4. The critical keff for 4 core
reference configurations is shown in Table 1. The calculation results of MVP with
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JENDL-3.2 overestimated all the critical keff both for the UQs core and the MOX cores.
For MISTRAL:-1, the overestimation is about 0.5%. On the other hand, the calculation
results of SRAC for MISTRAL-1 underestimated the critical keff because of the
calculation errors for such a very small core. Among the MOX cores, a small trend of
increasing of the critical keff with the experiment date is observed. This increase is
considered to be related with the change of the atomic number densities of the
materials in MOX pins (the Pu aging effect). After the additional study, the
underestimation of the neutron capture cross section of 241Am of JENDL-3.2 would be a
main reason. Among the 7 core configurations of MISTRAL-4 experiments, the partial
UO:z configurations are of much interest because they provide the UO2 and MOX
combined critical mass and complicated radial power distributions. The critical keff for
the 7 configurations of MISTRAL-4 is shown in Table 2. For the full MOX core
configuration, the calculation results of MVP agree very well each other and the
overestimation of the critical keff is always about 0.9%. Compared with this, the
calculation result for the UO2zReference configuration is smaller. Because the
UOz-zone is installed at the center of the core hence the overestimation was little
reduced by the features of the UOq core with JENDL-3.2. In the UOs-B4C configuration
the ratio of the outer MOX-zone was increased and the character of a UOz core was
diminished. Thereby it showed almost the same critical keff of MOX cores in
MISTRAL-4. The root-mean-square (R.M.S) differences of the radial power distribution
is shown in Table 3. The differences are as much as the uncertainty of measurement.
Further studies both for the critical keff and the power distribution are required and
still ongoing.
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Table.1 Critical keff for 4 Core Reference Configurations
PROGRAM EPICURE MISTRAL
CORE NAME MH 1.2 CORE 1 CORE 2 CORE 3 CORE 4 (MOX-Ref)
FEATURE Partial MOX Uranium CORE Full MOX Full MOX PWR Mock-up
FUEL PIN 3.7%U02 + 7% MOX 3.7% UO2 7% MOX (Mainly) 7% MOX 7% MOX
LATTICE PITCH 1.26 cm 1.32 cm 1.32 cm 1.39 cm 1.32 cm
H/HM 3.7 5.1 5.1 6.2 5.8
CORE DIAMETER 69 cm 41 cm 60 cm 59 cm 62 cm
EXPERIMENT DATE June 1996 -— April 1997 August 1998 August 1999
MVP 1.0027 1.0048 ' 1.0070 1.0077 1.0093
+002%(10) +003%{10) +0.02%(10) +002%(10) +0.02%(10)
SRAC (Pij + TWOTRAN ) 1.0013 0.9981 1.0041 1.0042 1.0074
Table. 2 Critical keff of 7 Core Configurations in MISTRAL-4
Core Configuration Calculation Method
SRAC (Pij + CITATION ) | SRAC (Pjj + TWOTRAN ) MVP
MOX - Reference 1.0074 1.0074 10093 £ 002%(10)
MOX - SUS 1.0074 1.0072 1.0093 + 0.02%(10)
Full-MOX MOX — Hf * 1.0054 1.0072 1.0091 + 002%(10)
MOX-AIC * 1.0054 1.0073 1.0094 = 002%(10)
MOX -B,C * 1.0049 1.0092 1.0098 £ 002%(10)
Partial UO, UO, — Reference 0.9990 1.0024 1.0060 = 002%(10)
(UO, + MOX) uo, - B,C 1.0017 1.0071 1.0089 + 002%(10)
* UQ, pins were put in the outer part of the core
Table. 3 R.M.S Differences of Radial Power Distribution between
Calculation and Measurement for each Experimental Core
PROGRAM EPICURE MISTRAL
CORE NAME MH 1.2 CORE 1 CORE 2 CORE 3 CORE 4
FEATURE Partial MOX Uranium CORE Fult MOX Full MOX PWR Mock-up
MvP 12% 17% 1.7% 14% 13 %
SRAC (Pijj + CITATION ) 09 % 20% 1.1% 13 % 10%
Measurement uncertainty UO,rod ~1.0% MOXrod ~ 15% (10)
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2.11 Request from Radiation Damage Evaluation in Materials

Koji FUKUYA and Itsuro KIMURA
Institute of Nuclear Safety System
64 Sata, Mihama-cho, Mikata-gun, Fukui 919-0125, Japan
e-mail: fukuya@inss.co.jp, kimura@inss.co.jp

Radiation transport calculations in a PWR using cross-section data sets based on
JENDL3.2 showed that the calculated neutron fluence agreed well with the dosimeter
measurements and that the fast neutron flux and dpa rate differed within 10% from to those
calculated using ENDF/B-IV and ENDF/B-VI based data sets. Calculations of helium
generation in structural materials in the PWR using ENDF/B-VI showed that the dominant
source of helium is the (n, o) reaction of **Ni and that the calculated helium content agreed
with the measurements. For accurate estimation of radiation field from a material viewpoint,
it is desirable to construct proper cross-section libraries, which have a proper energy group
structure and contain sufficient elements including *Ni as an indispensable element.

1. Introduction

Accurate characterization of radiation field is essential for precise life prediction of
structural materials and understanding of material degradation mechanisms in nuclear reactors.
Nuclear cross-section data (nuclear data) are used for evaluating fluxes and spectra of neutron
and gamma ray in near-core components such as reactor vessels, for measuring radiation
fields using dosimeters and for modeling microstructural evolution based on radiation damage
parameters such as cascade formation and gas generation.

Material property changes under radiation field are determined by parameters such as
radiation fluence, flux, temperature, stress and material composition. Fast neutron fluence
with the energy higher than 1MeV or 0.1MeV is widely used as a traditional exposure for
prediction of material properties in various reactors. Displacement per atom (dpa) is also used
as an exposure parameter. Procedures of dpa calculation and dpa cross-section of iron under
neutron irradiation have been standardized in ASTM E693. This standard has been derived
from ENDF/B and widely used in nuclear industry. The dpa induced by gamma rays is
evaluated for structural materials in which the gamma ray flux is expected much higher than
neutron flux." Nuclear transmutation reactions cause a gradual change in material .
composition. Although the change in material composition is negligible for major metallic
elements in structural materials, the production of helium and hydrogen through (n, o) and
(n,p) reactions is known to have a strong effect on material property change such as swelling
and creep. Recently it has been demonstrated that the helium generation has a detrimental
influence on weldability of irradiated materials.”> The weldability of irradiated stainless steels
is degraded by the existence of 0.1 - 1 appm helium. The accurate estimation of helium
generation is important to assess applicability of welding to irradiated structural materials.
Recent experiments showed that swelling initiation is sensitive to material temperature during
irradiation and that an increase of 10 °C resulted in a larger swelling.” The temperature of
structural materials during reactor operation is estimated using heat transfer calculations
considering gamma heating and coolant flow distribution. The accuracy of gamma heating is
a key factor for the accuracy of temperature estimation.
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As mentioned above, the accuracy of parameters that determined material behaviors
under reactor radiation environment depends on accuracy of nuclear data and calculation
modeling. In this paper, results of radiation transport calculations and dpa calculations inside
the reactor vessel of a two-loop pressurized water reactor (PWR) using JNEDL data are
presented and compared with those using ENDF/B data. Estimation of helium generation in
core materials of the PWR is also presented. Finally requests for domestic nuclear data are
summarized from the viewpoint of material evaluation under radiation field.

2. Neutron flux and dpa calculated using JENDL3.2

The transport- calculations in a two-loop PWR (1456MWth) were carried out using
DORT code with three cross-section libraries (JSSTDL®, BUGLE-96% and JSD-100%), TORT
code with BUGLE-96 and MCNP with JENDL3.2. The JSSTDL library is generated from
JENDL3.2 and has a 100-neutron and 40-gamma group structure. The JSD-100 data set was
generated from the JSD-100 library (100-neutron and 40-gamma group, based on
ENDF/B-1V) and has a 21-neutron and 13-gamma group structure collapsed using the
spectrum calculated with the one-dimensional ANISN code for the PWR. This data set has
been used for fluence evaluation in PWRs in Japan for almost two decades. In this paper it is
simply designated as JSD-100. The BUGLE-96 is generated from ENDF/B-VI and has a
47-neutron and 20-gamma group structure. The one-eighth horizontal geometry model is
shown in Fig.1. The detailed calculation procedure was described elsewhere.” Figure 2 shows
the spectra of neutrons and gamma rays at the inner surface of the reactor vessel. The spectra
calculated with various code and libraries are well coincident with each other. Table 1 shows
the C/M ratios for the surveillance dosimeters (Fe, Ni, Cu, ***U and 239Np) installed at the
outer surface of the thermal shield. The three libraries used in the calculation gave almost the
same average C/M ratio (0.98 — 1.05) for the surveillance dosimeters, indicating that these
libraries gave sufficiently precise estimation of neutron flux at almost the same level. The fast
neutron fluxes at the surveillance position and the reactor vessel calculated with JSSTDL
agreed within 10% with those calculated with BUGLE-96 and JSD-100.
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Fig.1 One-eighth horizontal geometry of a two-loop PWR
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Fig.2 Spectra of neutrons (upper) and gamma rays (lower) at the inner surface of
reactor vessel calculated using various codes and libraries.

Table 1 C/M ratios for surveillance dosimetry

Fe ¥Ni &Cu B8y BNp Average

Code and data set (n, p) (n p) (na) (n, np (Standard
>Mn *Co 8Co BiCs BiCs Deviation)
TORT BUGLE-96 0.94 1.12 091 0.96 1.12 1.01 (0.10)
JSD-100 0.90 1.04 1.19 0.92 1.19 1.05 (0.14)
DORT BUGLE-96 0.94 1.13 0.95 0.96 1.14 1.03 (0.10)
JSSTDL 0.91 1.09 0.96 0.92 1.04 0.98 (0.08)
MCNP1 JENDL3.2 0.90 1.05 0.96 0.76 0.80 0.89 €.12)
MCNP2 JENDL3.2 0.88 1.04 0.96 0.79 0.83 0.90 4.10)
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Fig. 3 Dpa cross-sections in iron

The neutron induced dpa in structural materials inside the reactor vessel was
calculated using dpa cross-sections in iron derived from the three nuclear data. The dpa
cross-section from JENDL3.2 was calculated using NPRIM code.® The dpa cross-sections
tabulated in the ASTM E693 standard (E693-94 and E693-01) were used for those from
ENDEF/B-IV and ENDF/B-VI, respectively. Fig. 3 compares the energy dependence of dpa
cross-sections in iron. A small difference was observed in the energies from keV to 10keV.
The gamma ray induced dpa cross-section in iron has not been standardized while several dpa
cross-sections were proposed.”* !9 In this study a gamma ray induced dpa cross-section was
calculated taking into account Compton scattering, photoelectric effect and pair production,
using the McKinley-Feshbach approximation for the electron and positron displacement
cross-section, the NRT model'? for the displacement function and 40eV for the displacement
threshold energy. Both neutron-induced dpa and gamma-induced dpa at the surveillance
position and the reactor vessel based on JEDNL3.2 agreed within 15% with those based on
ENDE/B-IV and ENDF/B-VI.

The results described above indicate that JENDL3.2 gives sufficiently accurate fluxes of
neutrons and gamma rays and dpa inside the reactor vessel of PWRs for engineering purpose.
JENDL3.2 gives almost the same estimations of neutron fluence and dpa as ENDF/B
currently used for PWR application.

3. Helium generation

The amount of helium generation through (n, o) reactions in stainless steel components
in the PWR was estimated using cross-section data in ENDEF/B-VI and neutron fluxes
calculated with BUGLE-96. The ENDF/B-VI alone includes cross-section data of **Ni isotope.
Fig.4 shows the relative contribution of the isotopes to the total helium generation at a baffle
plate. The composition of the plate was assumed Fe - 18Cr - 8Ni - 0.06N - 0.0009B in wt %.
At the beginning of irradiation up to ten years the 1OB(n,oc) reaction is the main source of
helium. After ten years the **Ni (n, p) *Ni (n, ) **Fe reaction becomes dominant and its
contribution reaches to 90% of the total helium generation. Fig.5 shows the comparison of
calculated helium generation and measured helium content in a thimble tube made of type 316
stainless steel. The detailed data was described elsewhere.'? The thimble tube was installed in
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a fuel bundle for 13 effective full power years. The calculated values were in good agreement
with the measurements for the sample B, C, D and E. However no good agreement was
observed for the samples A, G and H, which were located near the thermal flux peak positions
outside the active fuel length. Precise estimation of helium generation needs accurate thermal
neutron flux and cross-sections of **Ni isotope.
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Fig.4 Relative contribution of isotopes to the total helium generation
in in-core structural material.
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Fig.5 Comparison of measured helium content and calculated helium generation in in-core
structural material (right) and specimen positions along the core height (left).
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4. Summary and requests to JENDL

The present calculations using JSSTDL and JENDL3.2 demonstrated that JENDL gives
sufficiently accurate estimation of neutron flux and dpa rate in PWR. However JENDL is not
suitable for calculations of helium generation because of the lack of *Ni cross-section data.
Requests to JENDL can be summarized as follows for accurate estimation of radiation field
from a material viewpoint. First it is desirable to construct proper cross-section libraries that
have an energy group structure suitable to material evaluation. The thermal region should
contain several groups to improve the accuracy of thermal flux. The libraries examined in this
paper contain one group (in JSSTDL and JSD-100) or two groups (in BUGLE-96). This
probably is one of the reasons for a large difference in thermal flux between the three libraries.
For the fast region the group division at 1 and 0.1 MeV is desirable. The division in JSSTDL
and BUGLE-96 is 0.111 MeV and in JSD-100 is 0.1 MeV. Although the difference in fast flux
between divisions at 0.1 MeV and 0.111 MeV may be small, factors causing data scattering in
database analyses should be minimized. Secondly for evaluating generation of helium and
hydrogen the cross-section data of **Ni must be included as an indispensable element. Finally
standard dpa cross-sections in iron and stainless steels derived from JENDL should be
prepared, as the ASTM E693 has been standardized from ENDF/B.
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2.12
Calculation of n+>>Th Reaction Cross Sections in the En<20 MeV Energy Range

Han Yinlu
China Institute of Atomic Energy, P.O. Box 275(41), Beijing 102413, China
* e-mail: han@jiris.ciae.ac.cn

Consistent calculation and analysis of neutron scattering data of Z2Th with optical model,
semiclassical model includes both the Hauser-Feshbach theory and the exciton model, and the coupled
channel theory is carried out in the En<20 MeV energy range based on the experimental data of total,
nonelastic-scattering, fission, and other reaction cross section and elastic-scattering angular
distributions. Especially, the analysis includes the elastic and inelastic scattering angular distribution,
the inelastic scattering cross sections of discrete levels, the prompt fission neutron spectra, the double
differential cross section and the angle-integrated spectra for neutron emission. Theoretical calculations

are compared with recent experimental data and other evaluated data from ENDF/B6 and JENDL-3.

LIntroduction

The neutron interactions cross sections and prompt fission neutron spectrum in the energy range
below 20 MeV are of fundamental importance for fission and accelerator-driven reactors because they
dominate the neutron transport and neutron regeneration, respectively. Therefore, precise nuclear
reaction data are required for the nuclear and shielding design of fission reactors and accelerator-based
system such as accelerator-driven transmutation system. On the other hand, a careful analysis of certain
nuclear cross section data file reveals either that various kinds of errors (even clerical ones) are indeed
present in the evaluations for B2Th, or that these evaluations are not fully consistent with the most
recent and accurate experimental data and results.

To meet needs, accurate nuclear reaction data of common cross sections, number of neutron per
fission, the prompt fission neutron spectra, the angle-integrated spectra for neutron emission,
neutron-induced double differential cross sections, y-ray production cross sections andy-ray production
energy spectra for n+-2Th reaction are calculated in this work using recent experimental data, various
models and methods for the neutron energy region E ;<20 MeV. The calculated results are analyzed and
compared with experimental data and other evaluated data from ENDF/B6 and JENDL-3.

II.Theoretical Model and Parameters

The latest version of the UNF code?, which calculates nuclear reaction cross sections at incident
neutron energies below 20 MeV, is based on the optical model and the semi-classical model of
multistep nuclear reaction processes, including the introduction of formation factors of composite
particle in calculations of pick-up type composite particle emissions. Direct inelastic scattering to
low-lying levels is calculated using the distorted wave Born approximation and it is included as input
into the UNF calculations. The GNASH® code does not have angular momentum conservation in the
exciton component, and it uses a semiempirical method for calculating angular distributions in double
differential cross sections.

The optical model is used to describe measured total, reaction, elastic scattering cross sections and
elastic scattering angular distributions, and to calculate the transmission coefﬁcjent of the compound

nucleus and the pre-equilibrium emission process. The optical potentials considered here are
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Woods-Saxon® form for the real part; Woods-Saxon and derivative Woods-Saxon form for the
imaginary parts corresponding to the volume and surface absorptions respectively, and the Thomas
form for the spin-orbit part. In order to obtain a set of neutron optical potential parameters for 2*2Th, the
optical model code APOM® was used in this work. In this code the best neutron optical potential
parameters are searched automatically to fit with the relevant experimental data of total cross sections,
nonelastic-scattering cross sections, elastic-scattering cross sections, and elastic-scattering angular
distributions. The adjustment of optical potential parameters is performed to minimize a quantity called
*’» which represents the deviation of the theoretical calculated results from the experimental values.

The energy dependencies of potential depths and optimum neutron optical potential parameters of
Th are expressed as follows:

V=51.0445-0.3125E,+0.008986E,’-24.0Vs(N-Z)/A.

W=7.2421+0.1119E,-12.0(N-Z)/A.

U;,=6.2

r.=1.2386 r;=1.2499, r,,=1.2386,

a,=0.5932, a,=0.7548, a,,=0.5932.

Where Z, N and 4 are charge, neutron and mass numbers of target, respectively, E, is incident
neutron energy. The units of the potential ¥, W, W,, U, are in MeV, the lengths r,, r,, 1y, a, a, a,, are
in fermi units and energies E, is in MeV.

The calculated results of neutron total, nonelastic, elastic scattering cross sections and elastic
scattering angular distribution are compared with experimental data for n+?*’Th reaction. The
calculated results of total cross sections are in good agreement with recent experimental data measured
at Los Alamos” in Fig.1, and elastic scattering angular distribution are in agreement with experimental
data, while the calculated results of nonelastic cross sections and elastic scattering cross sections pass
through existing experimental data in Fig.2. Based on the above fitting, this set of neutron optical
potential parameters is determined for n+***Th reaction.

The direct inelastic scattering cross sections to low-lying states are important in nuclear data
theoretical calculations. The code ECIS® with a distorted wave Bomn approximation is used. The
discrete levels of 2*Th are taken into account from ground (0.0 0%) up to the twenty-third (1.0787 0)
excited state. Levels above 1.0787 MeV are assumed to be overlapping and level density formalism to
be used. The direct inelastic scattering cross sections and angular distributions of the first four excited
levels are calculated. The coupled channel optical model parameters and deformation parameters
(B2=0.1950, B4= 0.0820) used in ECIS are taken from Ref.7).

The semiclassical model of multistep nuclear reaction processes, in which the discrete level effect
in multiparticle emissions is included as well as the preequilibrium phenomenon combining parity
conservation and angular momentum conservation, is used to describe the nuclear reaction
preequilibrium and equilibrium decay processes.

This semiclassical model® includes both the Hauser-Feshbach theory and the exciton model®'?,
and the exact Pauli exclusion effect in the exciton state densities'” is taken into account. The pick-up
mechanism'? is used to describe the composite particle emission processes. Based on the leading
particle model, the double differential cross section for all kinds of particles is obtained. In order to
keep energy conservation for the whole reaction process, the recoil effect is taken into account in the
UNF code.

The fission cross section is an important in n+**Th reactions. Fission is included as a decay

channel in the UNF code, that is, a fission competitive width can be estimated at every step of the
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cascades. Three uncoupled fission barriers are used to represent the fission system. At each barrier a
series of transition states characterized by excitation energy above the barrier, spin and parity can be
constructed. At higher energies the discrete transition states are replaced by a continuum of such states,
using the Gilbert-Cameron level density prescription and appropriate level density enhancement factors.
The Bohr-Wheeler theory'? is used in transmission coefficients computed at each barrier. According to
the experimental data of fission cross sections, the adjustment of the height parameters, Vi, the
curvature parameters, 7 m, of fission barriers, and the saddle level density factors, K,, is performed to
minimize a quantity called y?, which represents the deviation of the theoretical calculated fission cross
sections from the experimental values. The fission parameters obtained, exciton model parameter K

and level density parameters are given in Ref.14).

IfI.Theoretical Results and Analysis

The comparisons of calculated results of (n,y) reaction cross sections with experimental data are
given in Fig.3. The calculated results are in good agreement with experimental data taken from
Refs.15-20) in the entire energy region. The calculated results of (n, y) reaction cross sections are
contributions of compound nuclear reaction below 6 MeV, and the direct reaction above 6 MeV. The
cross sections of (n, p), (n, d), (n, t) and (n, o) reactions are less than 12 mb, and have no
experimental data.

The calculated results of inelastic scattering cross sections and inelastic scattering angular
distributions for the first and second excited level are compared with experimental data in Figs.4 to 6.
The figures show the compound nuclear reaction is domination for energy below 1.5 MeV, and the
direct reaction is domination above 1.5 MeV. The calculated results of inelastic scattering cross
sections, and inelastic scattering angular distributions of the first excited level are in good agreement
with experimental data”*. The calculated results of inelastic scattering angular distributions of the
second excited level are in basically agreement with experimental data. The calculated results of
inelastic scattering angular distributions and inelastic scattering cross sections for the first and second
excited level are lower than the experimental data at energy 3.4 MeV, and since the experimental data
of inelastic scattering angular distribution are high for small angular, the experimental data of inelastic
scattering cross section deviates from the tendency of all experimental data.

Since the first, second and third excited state of 2**Th are 0.0492, 0.1621 and 0.3332 MeV, it is
difficult to distinguish between the elastic scattering and inelastic scattering in experimentally. The
experimental data of angular distribution inclusion elastic scattering and inelastic scattering of the first,
second and third excited stated were given in Refs.23,24), respectively. The calculated results of elastic,
inelastic scattering angular distribution of the first and second excited stated as well as total angular
distribution at energy 2.4 MeV and 5.7 MeV are given in Fig.7, the results show the contribution of
inelastic scattering are important in total angular distribution. The calculated results are in good
agreement with experimental data taken from Ref.23). Fig.8 give the comparisons of calculated results
with experimental data for elastic, inelastic scattering angular distribution of the first, second and third
excited states in energy from 4.5 to 10 MeV, the calculated results fit experimental data very well for
all energy.

Fig.9 gives the comparisons of calculated results with experimental data for (u, n’) reaction. The
calculated curves pass through the experimental data within error bars. The calculated results for (n, 2n)
reaction cross sections are in good agreement with the experimental data taken from Refs.25-29). There

is a single experimental datum®” for the (n, 3n) reaction at E,=14 MeV, the calculated results are

— 74 —
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basically in agreement with the experimental data as shown in Fig.10. The fission cross section
obtained from theoretical calculations as shown in Fig.11 and the number of neutrons per fission
obtained from the systematic formulism which is obtained according to the experimental data of fission
cross sections are modified slightly to better agree with the experimental data. The present results of
fission cross section are in good agreement with experimental data®”.

9 of reaction cross sections for all channels

The present calculated results and our earlier data
are similar to the evaluated results in ENDF/B6 and JENDL-3 in curve shapes, but fit the new
experimental data much better, especially the total cross sections, (n, n’), (n, f) and (n, 2n) reaction
cross sections. Based on the agreement of calculated results with. experimental data for all reaction
cross section, the energy spectrum, double differential cross section, y-ray production cross sections
andy-ray production energy spectrum are calculated.

The fission neutron spectra are compared with experimental data at 1.5, 2.0, 2.9, 4.1 and 14.7
MeV, the Figl2. shows the theoretical calculated results are in good agreement with experimental
data®®>? for all energy point.

The neutron-induced double differential emission spectra measurement is that of Baba et al.>®
for 1.2, 2.03, 4.25, 6.1, 14.05 MeV incident neutrons. Additionally, Matsuyama et al.>” gave
measurement results at 18.0 MeV. Calculated results and experimental data for neutron double
differential emission spectra at 1.2 MeV are shown in Fig.13. Agreement is good over the whole
emission energy range. Figure 13 shows some fluctuations in the calculated results, which are from
discrete level contribution in the region of 0.15 to 1.1 MeV. The calcuiated results are the contribution
of the fission channel above neutron emission energy 1.35 MeV.

The calculated results have been analyzed and compared to the double differential experiment
data in energy 2.03, 4.25, 6.1, 14.05 and 18.0 MeV at Ref.14).

The experimental data and calculated results of angle-integrated neutron emission spectra are
compared for incident energy E,=2.03, 2.6, 4.25, 6.1, 14.05 and 18.0 MeV, respectively. Our results are

in excellent agreement with experimental data®®

of angle-integrated neutron emission spectra at 2.03,
4.25 and 14.05 MeV incident energies, and in reasonable agreement with the spectra at 6.1 MeV
incident energies. The experimental data of the spectra at 2.6 MeV were also given in Ref.38), Fig.14 is
the comparison of calculated results with experimental data at incident energy 2.03 and 2.6 MeV, the
calculated resuits at energy 2.03 MeV are in good agreement with experimental data taken from Ref.36)
for the position and height of the peak, and at energy 2.6 MeV, there are some difference between the
calculated results and the experimental data taken from Ref.38) for the peak position. The comparison
of calculated results with experimental data for energy E,=4.25 and 6.1 MeV are given in Fig.15.
Figs.13 to 15 also show the calculated results are from the contribution of fission spectra above
emission neutron energy 2.2, 3.0, 4.5 and 6.4 MeV, the experimental data taken from Ref.36) are in
good agreement with calculated results. The comparison of calculated results with experimental data is
‘given in Fig.16 at incident energy 14.05 and 18 MeV. The calculated results are not in agreement with
experimental data for E,>5 MeV and E,<14 MeV, where the calculated results are from the
contribution of inelastic scattering and (n, 2n) reaction cross sections. Fig.17 gives the contribution of
inelastic scattering, (n, 2n), (n, 3n), (n, f) reaction cross sections to spectra, and the values of reaction
cross sections are given in table 1 at energy 18 MeV, the cross sections of (n, n’), (n, 3n) and (n, f)
reactions are larger than these of (n, 2n) reaction. The calculated spectra for energy 5.0 to 11.0 MeV is
reasonable. Figs. 15 and 16 show experimental data of double differential cross sections is inconsistent

with those of angle-integrated neutron emission spectra around the elastic peak.
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Because emission spectra experimental data of Baba et al. included prompt fission and scattering
neutrons, Figs.13 to 16 also demonstrate that calculated results of fission neutron spectra are
reasonable.

Since neutron emission spectra and double differential cross sections provide a complementary
information on inelastic scattering for discrete and continuum levels, (n, 2n), (n, 3n) reaction and
neutron fission reaction of target nucleus, the agreement of neutron emission spectra and double
differential cross sections between calculated results and experimental data also shows present
calculated results of reaction cross sections are reasonable.

The double differential cross sections for proton, deuteron, triton and alpha emission, y-ray
production cross sections andy-ray production energy spectrum are also calculated and analyzed at
incident neutron energies below 20 MeV. The calculated results are given in our evaluation data file.

All our calculated results have been put into ENDF/B6 format and are saved in the Chinese
Evaluated Nuclear Data Library, CENDL.

IV. Conclusion

Based on experimental data of total, nonelastic, elastic scattering cross sections and elastic
scattering angular distribution of >*?Th, a set of optimal neutron optical potential parameter is obtained
by code APOM. All cross sections of neutron induced reactions, angular distributions, double
differential cross sections, the angle-integrated spectra, the prompt fission neutron spectra, y-ray
production cross sections andy-ray production energy spectra are calculated using theoretical models
for n+ *Th at incident neutron energies from 0.05 to 20 MeV, and theoretical calculated results are in
good agreement with recent experimental data. The calculated results are given in ENDEF/B6 format.
The evaluated data of JENDL-3 are recommended for energy En<0.05 MeV.
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Table 1 The calculated reaction cross sections at E,=18 MeV

(o) | (@20) | (0 3n) (n, f)
049035 | 0.27165 | 1.72164 | 0.50407

9.0

8.0

7.0

present

------ ENDF/B6
— — —  JENDL-3

Cross Section (b)

6.0

5.0

o ARERRRERNRR

10 20
En (MeV)

Fig.1 Calculated neutron total cross sections compared with experimental data.
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Fig.2 Calculated neutron elastic scattering cross section compared with experimental data.
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Fig.3 Calculated neutron captures cross section compared with experimental data.
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Fig.7 Calculated neutron elastic and inelastic scattering angular distribution of the first and
second excited levels compared with experimental data at energy 2.4 and 5.7 MeV.
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10" 232
Th (n, £)
10
En=1.5 MeV
10"
102 |
B, 20
S 0
2
0
2 q00 :
g w0 z 29
X10
§ . s
10
% N X100
10° |- \\4
o \4 F
107 147 X10000
10
X100000
10° -
o 10 20
En’ (MeV)

Fig.12 Calculated neutron fission spectra compared with experimental data at 1.5, 2.0, 29,4.1
and 14.7 MeV incident neutron energy.



JAERI-Conf 2003-006

232
10 Th(n, xn) 4 En=1.2 MeV

&

10" % Deg=60
or[f

10 %

o ©

i0™

10°°

Cross Section (b/sr.MeV)

10°°

107

107 1

2.0
En' (MeV)

Fig. 13 Calculated double differential neutron emission spectra compared with experimental
data at 1.2 MeV incident energy.

232 [
10" Th(n, xn) [}
+0
_10 En=2.03 MeV
% 10"
2
-3
[
S
g8 107*
[72]
g En=2.6 MaV
o )
10~ '
X1000
10"
10“"lI|IIIllIIlllllllllllllllllllllllll 141
0.0 1.0 20 3.0 4.0

En' (MeV)
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10

2321y (n, xn)

En=14.05 MeV
107k

En=18.0 MeV

Cross Section (b/MeV)
S
3

10° L

10" -

10% NP BT P

0 10 20
En' (MeV)

Fig.16 Calculated angle-integrated neutron emission spectra compared with experimental data
at 14.05 and 18.0 MeV incident energy.

10

Cross Section (b/MeV)
=3

0.01

P T T A ST ST T
0.0 5.0 10.0 15.0

En’ (MeV)

Fig.17 Calculated angle-integrated neutron emission spectra at 18.0 MeV incident energy.
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Progress in the KAERI High Energy Nuclear Data Library :
Proton-induced Neutron Emission Spectra

Young-Ouk Lee and Jonghwa Chang

Korea Atomic Energy Research Institute, Korea
P.0. Bozx 105 Yusong, Taejon 305-600, Korea
e-mail: yolee@kaeri.re.kr

Proton-induced neutron yields and emission spectra up to a few hundreds MeV are
important nuclear data in the particle transport of the accelerator-driven system (ADS)
and in the space shielding for trapped protons and solar energetic particle events. Within
the framework of KAERI high energy nuclear data library evaluation, energy-angle spec-
tra of secondary neutrons produced from the proton-induced neutron production reac-
tion, (p,xn), of C-12, Al-27, Fe-56, and Pb-208 for energies below 400 MeV are evaluated
based upon model calculations, guided and benchmarked by existing experimental data.
Theoretical calculations were performed with the optical model analysis for the direct
reactions and transmission coefficients, Hauser-Feshbach model for the equilibrium emis-
sion, and the exciton model for the preequilibrium emission, using the ECIS-GNASH
code system.

1. Introduction

In the particle transport analysis of the target system of ADS, proton-induced nuclear
data, especially neutron yields and neutron emission spectra, play a key role [1}.

Calculation of space system shielding is complicated due to the production of sec-
ondary products. A large fraction of the neutrons produced through the whole shield
may be transported to the dose point. Thus, neutron contribution is an important
component of the secondary radiation field, especially for astronauts protected by thick
shielding on lunar or Martian bases.

The present work extends previous proton-nucleus non-elastic cross sections [2].
Energy-angle spectra of secondary neutrons produced from the proton-induced neutron
production reaction of C-12 Al-27, Fe-56 and Pb-208 for energies below 400 MeV are
evaluated based upon model calculations guided and benchmarked by existing experi-
mental data. Since nuclear interactions are more sensitive to specific details of nuclear
structure along with quantum effects for energies below few hundred MeV, our theoret-
ical evaluation uses the optical model for the direct reactions, Hauser-Feshbach model
for the equilibrium emission, and the exciton model for the preequilibrium emission.

2. Reference Measurements

Most of the measurements for energies below 150 MeV referenced in the LA150 library
evaluation were also adopted in the present evaluation, and details are found in {3, 2].
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Table 1: Reference measurements of neutron double-differential emission spectra, for
incident proton energy above 100 MeV

Reaction  Principal Author E, [MeV] Emission Angles [deg] EXFOR entry

2C(p, zn) Meier (1989) 113.0 " 7.5, 30, 60, 150 00100
Meier (1992) 256.0 7.5, 30, 60, 150 C0168

2T Al(p, zn) Meier (1989) 113.0 7.5, 30, 60, 150 00100
Scobel (1990) 160.3 0 - 145 (14 angles) 00181

Stamer (1993) 256.0 7.5, 30, 60, 150 Co0511

 Meier (1992) 256.0 7.5, 30, 60, 150 - C0168

5Fe(p,zn)  Meier (1989) 113.0 7.5, 30, 60, 150 00100
Meier (1992) 256.0 7.5, 30, 60, 150 C0168

208Pb(p,zn)  Scobel (1990) 120.0 0 - 145 (14 angles) 00181
Scobel (1990) 160.3 0 - 145 (14 angles) 00181

Stamer (1993) 256.0 7.5, 30, 60, 150 Co0511

natPh(p,zn)  Meier (1992) 256.0 7.5, 30, 60, 150 C0168

Additionally, important measurements of neutron emission spectra above 100 MeV of
incident proton energy are referenced in Meier [4, 5], Scobel [6], and Stamer [7]. These
four sets of measurements, listed in Table 1, provided important guidances in evaluating
energy-angle spectra of emitted neutron for energies above 150 MeV.

3. Theoretical Models

3.1 Optical Models

The optical model supplies not only the non-elastic cross section and the angular dis-
tribution of elastic scattering, but also the particle transmission coefficients for emission
model calculations, such as equilibrium and preequilibrium decay models. In this work,
the energy dependent potential wells for neutrons and protons were adopted from the
previous work of Korea Atomic Energy Research Institute (KAERI) high energy library
evaluation task [3, 2] for particle energies up to 400 MeV.

3.2 Emission Models

For the emission reaction the latest version of the GNASH code [8] has been used.
Several models and parameters are needed such as optical model transmission coefficients,
gamma-ray transmission coefficients, level density models, preequilibrium components
and direct reaction effects.

The GNASH code has the exciton model in combination with the Kalbach angular-
distribution systematics [9] to describe the processes of preequilibrium emission, and
damping to equilibrium, during the evolution of the reaction. In the GNASH code, a
simplified preequilibrium expression based upon the exciton model has been used for
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Figure 1: Evaluated angle-integrated neutron emission spectra for proton-induced rac-
tions

correct reaction and level-excitation cross sections as well as spectra for preequilibrium

effects : P o .
o Oinv(€)meoy I 9

() i SO/Ey o+ 1 =), 0
where E¥ and U are the excitation energies of the compound and residual nuclei, re-
spectively; o is the incident particle non-elastic cross section; m, €, and oy, (€) are the
mass, kinetic energy, and inverse cross section for the outgoing particle; g is the average
single-particle level spacing from the Fermi-gas model; and n is the number of particles
and holes (n = p+h) in the compound nucleus. The sum extends from the initial exciton
number 3 to (n), the limiting value attained when equilibrium is reached. To achieve
a global agreement with the emission spectra measurements, the absolute square of the
damping matrix |M|? has been tuned as a phenomenological fudge factor.

The pion production channel opens at its production threshold energy (around 150
MeV), but the present model calculation does not include the pion channel, because its
emission fraction to that of neutrons is at most 1 % at the higher emission energies for
the energy range of our interest (see [10]).

4. Results and Comparisons

In order to give an overview of our evaluation results, Fig. 1 provides 3-dimensional
plots of the angle-integrated emission spectra information of neutrons.
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4.1 2C

For 113 MeV of incident proton, The first row of Fig. 2 compares our evaluation
of double-differential neutron emission spectra at 7.5, 30, 60, and 150 degrees with the
measurements of Meier et al. [4], together with the LA150 evaluation. Evaluated energy-
angle spectra of emitted neutrons for 256 MeV of incident proton are compared with the
Meier et al.’s data measured in 1992 [5], giving overall agreements.

4.2 ZTAl

The second row of Fig. 2 shows a comparison of our evaluation, the LA150 library,
and the measurements of Meier [4] for double-differential neutron emission spectra at
7.4, 30, 60 and 150 degrees for incident protons of 113 MeV. Agreement is fairly good
over the whole range of emission energies and angles except for slight overestimations
for neutron energies below 20 MeV.

For incident proton energies above 150 MeV, our evaluations are compared with the
measurements of Scobel [6] for 160.3 MeV and with the measurements of Stamer [7] for
256 MeV. Good agreements are shown for the 160.3 MeV case except at 145 degree,
where our model calculations underestimate the measured neutron spectra. However,
these discrepancies do not appear to be systematic in our model calculations since we
have good agreements at 150 degree of 113 MeV and 256 MeV protons.

The 256 MeV case gives reasonable agreements except for slight overestimations at
higher emission energies (preequilibrium emission) at 7.5 degree. The magnitude of
the calculated preequilibrium emission spectra is determined by the Kalbach angular-
distribution systematics in the GNASH code, and its accuracy is within that of of the
Kalbach systematics.

4.3 5Fe

For 113 MeV of incident proton, the third row of Fig. 2 shows excellent agreements
among our evaluation, LA150, and the measurements [4] for double-differential neutron
emission spectra at 7.5, 30, 60, and 150 degrees. Evaluated energy-angle spectra of emit-
ted neutrons for 256 MeV of incident proton are compared with the measurements [5],
providing quite good agreements for the entire energies and angles of emitting neutrons.

4.4 208pp

The last row of Fig. 2 shows a comparison of our evaluation, the LA150 library, and
the measurements of Scobel. [4] for double-differential neutron emission spectra at 11,
45, 95 and 145 degrees for incident protons of 120 MeV. Agreement is fairly good over the
whole emission energies and angles except at 145 degree, where our model calculations as
well as the LA150 library are smaller than the measured data. Again, these discrepancies
do not appear to be systematic in our model calculations since we have good agreements
at 145 degree of 160 MeV and at 150 degree of 256 MeV protons.

For incident proton energies above 150 MeV, our evaluations are compared with the
measurements of Scobel [6] for 160.3 MeV, and in Fig. 2 with the measurements of
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Meier [5] and Stamer [7] for 256 MeV. While good agreements are shown for the 160.3
MeV case, the 256 MeV case gives reasonable agreements except for slight overestima-
tions at emission energies between 15 and 50 MeV, which is due to the limitation of
Kalbach angular-distribution systematics.

5. Conclusion

Below 150 MeV of incident protons, no significant differences are noticed between our
evaluation and the LA150 library, giving a good consistency with the measurements. This
is mainly because the reference measurements, theoretical models, and model parameters
are nearly the same for our evaluation and the LA150 library except the transmission
coefficients of neutrons and protons, whose effects are minimal in the inclusive emission
spectra.

For energies between 150 and 400 MeV, our evaluations are made on the same reaction
models as the LA150 library, but with

e utilization of the optical model parameters of neutrons and protons validated for
incident energies up to 400 MeV,

e benchmark with appropriate reference measurements for energies above 150 MeV,
and

e adjustment of absolute square of the damping matrix to have a global agreement
with emission spectra. .

As aresult, fairly good agreement has been achieved in the neutron double differential
emission spectra for the entire emission energy and angle range. Slight discrepancies are
-observed at the preequilibrium emission energies between 15 and 50 MeV for 256 MeV
protons incident on 2®Pb, which come from the limitation of the Kalbach angular-
distribution systematics.
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Figure 2: Evaluated double-differential neutron emission spectra compared with experi-
mental data and the LA150 library
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2.14

BENCHMARK TESTS OF JENDL-3.3 AND ENDF/B-VI DATA FILES USING MONTE
CARLO SIMULATION OF THE 3 MW TRIGA MARK IIRESEARCH REACTOR

M.Q. Huda, T.K. Chakrobortty, M.J.H. Khan and M.M. Sarker

Institute of Nuclear Science & Technology
Atomic Energy Research Establishment
Ganakbari, Savar, GPO Box 3787
Dhaka-1000, Bangladesh.
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The three-dimensional continuous-energy Monte Carlo code MCNP4C was used to develop a
versatile and accurate full-core model of the 3 MW TRIGA MARK II research reactor at Atomic
Energy Research Establishment, Savar, Dhaka, Bangladesh. The model represents in detail all
components of the core with literally no physical approximation. All fresh fuel and control elements as
well as the vicinity of the core were precisely described. Validation of the newly generated continuous
energy cross section data from JENDL-3.3 was performed against some well-known benchmark
lattices using MCNP4C and the results were found to be in very good agreement with the experiment
and other evaluations. For TRIGA analysis continuous energy cross section data from JENDL-3.3 and
ENDF/B-VI in combination with the JENDL-3.2 and ENDF/B-V data files (for "“Zr, "*Mo, "Cr, "Fe,
"aN, "Si, and "“Mg) at 300K evaluations were used. Full S(o,B) scattering functions from ENDF/B-V
for Zr in ZrH, H in ZrH and water molecule, and for graphite were used in both cases. The validation
of the model was performed against the criticality and reactivity benchmark experiments of the reactor.
The MCNP calculated values for effective multiplication factor k. underestimated 0.0250%Ak/k and
0.2510%Ak/k for control rods critical positions and overestimated 0.2098%Ak/k and 0.0966%Ak/k for
all control rods withdrawn positions using JENDL-3.3 and ENDF/B-VI, respectively. The core
multiplication factor differs appreciably (~3.3%) between the no S(o,f) (when temperature
representation for free gas treatment is about 300K) and 300K S(c.,B) case. However, there is ~20.0%
decrease of thermal neutron flux occurs when the thermal library is removed. Effect of erbium isotope
that is present in the TRIGA fuel over the criticality analysis of the reactor was also studied. In
addition to the kg values, the well known integral parameters: 8 %%, %, p?, and C" were calculated

and compared for both JENDL3.3 and ENDF/B-VI libraries using the Monte Carlo simulation of the
TRIGA reactor and found very close agreement among the two libraries. Results are also reported for
most of the analyses performed by JENDL-3.2 and ENDF/B-V data libraries.

1. Introduction

A 3 MW TRIGA MARK II research reactor was commissioned at the Atomic Energy
Research Establishment, Savar, Dhaka in 1986 and it went critical on 14 September, 1986. The
diffusion theory model using multigroup cross section libraries analyzed some of the reactor
experimental data. ' In most cases, it was not possible to make valid comparisons due to various
geometric and analytical approximations (e.g. homogenization, multigroup cross seciion treatment,
etc.) commonly associated with these codes. So, applications of these codes for reactor analysis require
qualification from other independent codes, which to some extent are free from the above- mentioned
shortcomings. Because of this need for independent assessment, the Monte Carlo technique can be
beneficial. For the purpose of modeling the TRIGA MARK 11 reactor, the general-purpose 3-D Monte
Carlo N-Particle code MCNP4C ? was chosen because of its general geometry modeling capability,
correct representation of transport effects. The MCNP has the advantage of using a continuous energy
cross section treatment as opposed to a multigroup approach thereby eliminating the errors in
formulating few group cross sections. Continuous energy cross-section data from JENDL-3.3 and
ENDF/B-VI in combination with JENDL-3.2 and ENDF/B-V data libraries (for "“Zr, "*Mo, "“Cr, ""Fe,
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"Ni, "“Si, and ""Mg) at 300K evaluations were used. Full S(c,B) scattering functions from the
ENDEF/B-V library were used in both cases. An essential aspect of developing an accurate reactor
physics model is validation. The accuracy of both the neutron transport physics as represented in
MCNP and the user-defined model must be assessed. However, even though MCNP has been proven
to simulate the physical interactions correctly, that does not mean that the model of TRIGA will
provide accurate answers. Therefore, to build confidence, all the neutronic parameters including
effective multiplication factor, in-core and ex-core neutron flux and benchmarking of reactivity
experiments were performed for the fresh core to supplement and compare MCNP predicted values
with the experiments. It may be mentioned that this benchmarking of Monte Carlo simulation of
TRIGA reactor is one of very few low-enrichment benchmarks available.

2. MCNP Modeling of TRIGA

The TRIGA core consists of 100 fuel elements arranged in a concentric hexagonal array
within the core shroud. The reactor is a light water cooled, graphite-reflected one, designed for
continuous operation at a steady-state power level of 3000 kW (thermal). Figure 1 shows the cross
sectional view of the present core arrangement of the reactor. The spaces between the rods are filled
with waters that act as coolant and moderator. The repeated structure capability of MCNP was used to
create a full core, three-dimensional model of TRIGA. 2 The fuel elements were modeled explicitly
specifying the detailed structure of the rod to eliminate any homogenization effects. All the control
rods were explicitly modeled along the active length with the exception of the drive mechanism. The
central thimble was considered to be filled with water in the model and the pneumatic tube was
assumed to be void. The graphite dummy elements are of the same general dimensions and construction
as the fuel-moderator elements, except these elements are filled entirely with graphite. The model was
extended up to ~100 cm radially containing the graphite reflector and lead shield and ~ 110 ¢cm above
and below the core centerline, which was more than sufficient to account for the neutron returning
from the H,O coolant above and below the core. An annular well on the inside diameter in the top of the
graphite reflector that provides for the rotary specimen rack Lazy Susan was also modeled along with the
radial and tangential beam ports. Thus, it has been possible to describe the geometry of the TRIGA
reactor explicitly without resorting to any approximation at all. The MCNP4C input was prepared in
such a way that a very quick setup of any desired core configuration with an adequate position of all
control rods is possible. A summary of the principal design parameters, material composition data and
details of the modeling of the reactor can be found in Ref. 3. All geometric and material data are taken
from the fabrication and shipment documentation, provided by the reactor vendor General Atomics.

3. Generation of Cross Section Library

Continuous energy cross-section data for all the materials present in the Monte Carlo
simulation of the TRIGA reactor were generated from JENDL-3.3 using the NJOY nuclear data
processing system. The Japanese Evaluated Nuclear Data Libraries (JENDL) has progressed through a
number of versions; the latest version JENDL-3.3 has been tentatively released to test the validation in
early 2000. * The cross section set at 300K was generated using NJOY99.0, ° the latest version of
NJOY, which constructs, broadens and formats the data into the appropriate form for MCNP. For
heavier isotopes, resonance cross section formulae are used to calculate the elastic, capture, and fission
cross sections over a defined “resonance range.” Comparison of resonance integrals and thermal cross
sections for *°U and **U from JENDL and ENDF data libraries is shown in Table I At higher
energies in heavier nuclei, the resonances get so close together that they cannot be given separately.
Instead of giving individual resonances with their energies and characteristic widths, ENDF-format
evaluations give average values for the resonance spacing and the various characteristic widths,
together with the probability distributions needed to describe the quantities. The self-shielded cross
sections are computed by UNRESR and the probability tables are computed by PURR. The probability
tables from PURR are usually processed by the ACER module and made available to the Monte Carlo
code MCNP. Some modifications are required in MODER module of NJOY99.0 to process JENDL-
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3.3 data of 2*U nuclei comprised of covariance data. ® Comparison of resolved and unresolved
resonance energy regions for 2°U and **U isotopes from JENDL and ENDF is tabulated in Table II.

Validation of the newly generated continuous energy cross section data from JENDL-3.3 was
performed against some well-known benchmark lattices using MCNP4C code and the results were
found to be very good agreement with the experiment and other evaluations. Small fast reactor cores
like GODIVA with hard neutron spectrum and thermal reactor core like TRX with water-moderated
lattice of uranium fuel were selected. ' Results are also reported from the analyses of these benchmark
lattices based on JENDL-3.2, ENDF/B-V and ENDF/B-VI data libraries. Calculated lattice parameters
are obtained from reaction rates edited for the central, asymptotic portion of the lattice. These are (with
a thermal-cut energy of 0.625 eV):

& = ratio of **U fissions to 2°U fissions.

& =ratio of epithermal-to-thermal *U fissions.
= ratio of epithermal-to-thermal ***U captures.
C* = ratio of **U captures to >°U fissions.

These lattices directly test the 2*U resonance fission integral and thermal fission cross section.
They also test 2*U shielded resonance capture and the thermal capture cross section. The integral
parameters after leakage corrections for different lattices along with the & values are summarized in
Table III. ” The eigenvalue predictions by MCNP4C using different versions of JENDL and ENDF
libraries for all three lattices are excellent. For TRX-1, the &° and p* values for JENDL-3.3 are
slightly overpredicting the experimental values, but much more closely than those of ENDF/B-VL
Excellent agreement are observed for 6" and C* values for both the libraries. In case of TRX-2, once
again, all the integral parameters are in good agreement with the experiment. TRX-2 is a more thermal
system than TRX-1 and, as a rule, evaluations agree better with the experiment, reflecting the slight
overprediction of 2*U resonance capture. Comparing the calculated integral parameters based on the
latest version of JENDL-3.3 with the measured values and results from other evaluations for three light
water benchmark lattices, it can be concluded that the performance of the newly generated continuous
energy cross section library from JENDL-3.3 is quite satisfactory and offers a significant improvement
compared to the other libraries. Almost all the parameters are within the experimental uncertainty
limits of the measurements. So the generated continuous energy cross section data files from JENDL-
3.3 library can be used for the TRIGA benchmark analysis with confidant.

4. Results and Discussions

The neutronic analysis of the 3 MW TRIGA MARK II benchmark experiments at AERE,
Savar was performed by the three-dimensional Monte Carlo code MCNP4C using the JENDL-3.3 and
ENDF/B-VI data libraries and the results are summarized in the following sections.

A. Effective Multiplication Factor

The calculation of effective multiplication factor k.; was performed for the core both with and
without control rods. The control rods in the former were in the critical positions and in the latter were
completely withdrawn positions. The initial critical core configuration (k.y equal to 1.0) was obtained
with critical rod height of all control rod bank positions to 37.1309% equivalent to a length of
14.146875 cm, i.e., all control rods were 23.953125 cm inserted to the active core. The estimated
statistical error (16) was reduced below 0.03% upon 3000 cycles of iteration on a nominal source size
of 3,000 particles per cycle. The comparison between the MCNP calculated k.4 and the experimental
one is shown in Table IV. The MCNP calculated values of k. underestimated 0.0250%Ak/k and
0.2510%Ak/k for control rods critical positions and overestimated 0.2098%Ak/k and 0.0966%Ak/k for
all control rods withdrawn positions using JENDL-3.3 and ENDF/B-VI data libraries, respectively.
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B. Neutron Flux Analysis

A comparison was made between the experimentally measured peak neutron flux at the water
filled central thimble (CT) and at the rotary specimen rack Lazy Susan (LS) of the reactor with the
MCNP calculations and tabulated in Table V. The neutron flux, normalized to 3 MW (thermal), was
calculated in MCNP that tallied the integrated neutron flux above the appropriate energy in the
irradiated volume. The thermal energy range was chosen from 0 to 0.41 eV and epithermal energy
range was 0.41 eV to 9.118 keV. The peak thermal neutron flux calculated by MCNP is under
predicting the experimental one by ~8.46% and ~11.3% for JENDL-3.3 and ENDF/B-VI, respectively.
It is also found that the MCNP predicted values for the epithermal neutron flux agree more closely
with experimental values. '

C. Power Distribution and Peaking Factor

The total power produced within the fuel and fuel-follower elements of the core was
calculated through MCNP4C using JENDL-3.3 and ENDF/B-VI and is shown in Fig. 2. The fuel and
fuel-follower element numbers are such that the fuel number 1 in the Fig. 2 represents the C1 fuel
element of TRIGA core arrangement (Fig. 1) and similarly 2 & 3 represents C2 & C4 fuel elements
and so on. The maximum power production of 5.6791 x 10* kW and 5.5619 x 10*kW are observed for
JENDL-3.3 and ENDF/B-VI, respectively, within the fuel element designated by C4 (Fig. 2) and is
assumed to be the hottest rod in the TRIGA core. Now the hot-rod factor is determined in MCNP using
the following component values:

[ P, B Average Power Produced in the hottest Fuel Element

P, J mex Average Power in the Core

= 1.8930 [obtained with JENDL-3.3]
1.8540 [obtained with ENDF/B-VI]

This value for C4 fuel element (hot rod) is found to be in very good agreement with the
calculated value of 1.8746 obtained from CITATION calculation.’

D. Effect of S(a.,3) Library

The initial critical eigenvalne predicted by the model were 0.99975 and 0.99749 for JENDL-
3.3 and ENDF/B-VI, respectively and compared well with the measured value of 1.00. For a few low-z
materials, thermal scattering S(o,B) cross sections at certain temperatures are available that account for
the effects of chemical binding and crystalline structure and is used in order to accurately model the
neutron interactions at energies below ~ 4¢V. Results of the effects of thermal library for Zr/H, H/Zr,
light water and graphite are given in Table VI. The core multiplication factor differs appreciably
(~3.3%) between the no S(c,B) (when temperature representation for free gas treatment is about 300K)
and 300K S(o.,B) case using both JENDL-3.3 and ENDEF/B-VI libraries. However, there is ~20.0%
decrease of thermal neutron flux occurs when the thermal library is removed, but no significant
changes occur in case of epithermal neutron flux.

E. Effect of Erbium Isotope over TRIGA LEU fuel

In the U-ZrH TRIGA fuel, the temperature-hardened spectrum is used to decrease reactivity
through its interaction with a low energy-resonance material. Thus, erbium, with its double resonance at
~0.5 eV, is used in the TRIGA LEU fuel as both a burnable poison and a material to enhance the prompt
negative temperature coefficient. When the fuel-moderator material is heated, the neutron spectrum is
hardened, and the neutrons have an increasing probability of being captured by the low-energy
resonances in erbium. This increased parasitic absorption with temperature causes the reactivity to
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decrease as the fuel temperature increases. The neutron spectrum shift, pushing more of the thermal
neutrons into the '’Er resonance as the fuel temperature increases, is illustrated in Fig. 3, where cold and
hot neutron spectra are plotted along with the energy-dependent absorption cross section for 17Er form
JENDL-3.3 and ENDF/B-VL It may be mentioned that the isotopes of erbium have been incorporated for
the first time in both JENDL-3.3 and ENDF/B-VI1 library. A study has also been performed regarding the
effectiveness of 'Er and '*’Er isotopes over the criticality calculation of TRIGA reactor using JENDL-
3.3 and ENDF/B-VI and is summarized in Table VII. The MCNP calculated k.4 value overestimated
9.48%Ak/k and 9.58%Ak/k for JENDL-3.3 and ENDF/B-VI, respectively, when erbium is absent in the
TRIGA LEU fuel; whereas ~99.05% and ~96.66% of this increment is because of '*’Er.

F. Study of Integral Parameters

The eigenvalue predictions by MCNP4C using different versions of JENDL and ENDF
libraries for TRIGA reactor are excellent. Calculation has also been performed to study the integral
parameters using the Monte Carlo Simulation of TRIGA reactor based on JENDL and ENDF data
libraries and tabulated in Table VIII. All the integral parameters are found to be very close.

G. Control Rod Worth

Adequate treatment of control rods is very important in the simulation of any specific core
configuration. Even small deviations of the model could eventually lead to large systematic errors of
the calculated %5 Detailed methods and formulations used to calculate the control rod worths can be
found in Ref. 3. Total control rod worths together with the experimental data are summarized in Table
IX. The agreement between the MCNP predicted values and the experimentally determined values are
consistent within the estimated experimental error of 10%. >

5. Conclusions

MCNP has been used to develop a versatile and accurate reactor physics model of the TRIGA
MARK II research reactor. To minimize errors due to an inexact geometry model, the reactor was very
thoroughly modeled. Validation of the newly generated continuous energy cross section data from
JENDL-3.3 using NJOY99.0 data processing system was performed against some well-known
benchmark lattices using MCNP4C code and the resulits were found to be in very good agreement with
the experiment and other evaluations. The consistency and accuracy of the MCNP4C model of the
TRIGA reactor core was established by comparing calculations to the experimental results of the
benchmark experiments and found to be in good agreement.
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Table I: Comparison of resonance integrals and thermal cross sections in JENDL and ENDF (barn)

Material Library Resonance Integrals Thermal Cross sections at 2200 m/s
Fission Capture Fission capture
U JENDL3.3 585.1 98.69 276 141
ENDF/B-V1 584.88 98.66 276.04 140.49
JENDL3.2 584.4 98.81 279 134
U JENDL3.3 11.8E-06 2.717 1.72 277
ENDF/B-V] 6.46E-05 2.72 1.7E-03 278
JENDL3.2 11.8E-06 2.717 1.72 277
Table IT: Comparison of resolved and unresolved resonance energy regions in JENDL and ENDF (eV)
Material Library Resolved Resonance Region Unresolved Resonance Region
“u JENDL3.3 <2250 2250 — 30000
ENDF/B-V1 <2250 < 100000
JENDL3.2 <500 500 — 30000
ENDEF/B-V <82 82 —25000
“u JENDL3.3 1.0B-05 — 10000 10000 - 150000
ENDF/B-VI 1.0E-05 - 10000 10000 — 149000
JENDL3.2 1.0E-05 —10000 10000 — 150000
ENDF/B-V 1.0E-05 — 4000 4000 -~ 149000

Table III: Summary of the MCNP4C results to the reference one for selected benchmark lattice analysis

Lattice

Methods

kg

628

(?5

P

C*

GODIVA

Experiment

1.00000 (20.30)

JENDL3.3

1.00329 (+0.33)

ENDF/B-VI

0.99669 (-0.33)

JENDL3.2

1.00156 (+0.16)

ENDF/B-V

0.99814 (-0.19)

Experiment

1.00000 (£0.20)

0.0946 (£0.41)

0.0987 (+0.10)

1.320 (+2.10)

0.797 (0.80)

JENDL3.3

1.00134 (+0.13)

0.09688 (+2.41)

0.09835 (-0.35)

1.352 (+2.42)

0.790 (-0.88)

ENDE/B-VI

0.99930 (-0.07)

0.09874 (+4.38)

0.09943 (+0.74)

1.382 (+4.70)

0.796 (-0.13)

JENDL3.2

1.00262 (+0.26)

0.09464 (+0.04)

0.09857 (-0.13)

1.355 (+2.65)

0.858 (+7.65)

ENDF/B-V

1.00071 (+0.07)

0.09835 (43.96)

0.10006 (+3.96)

1.379 (+4.47)

0.796 (-0.13)

TRX-2

Experiment

1.00000 (+0.20)

0.0693 (£0.35)

0.0614 (+:0.08)

0.837 (£1.60)

0.647 (£0.60)

JENDL3.3

1.00095 (+0.10)

0.06915 (-0.22)

0.06037 (-0.22)

0.842 (+0.60)

0.639 (-1.24)

ENDF/B-VI

0.99887 (-0.11)

0.06968 (+0.55)

0.06092 (+-0.55)

0.857 (+2.39)

0.642 (-0.77)

JENDL3.2

1.00169 (+0.17)

0.06726 (-2.94)

0.06054 (-2.94)

0.846 (+1.08)

0.638(-1.39)

ENDF/B-V

1.00007 (+0.007)

0.06965 (+0.51)

0.06168 (+0.51)

0.858 (+2.51)

0.642 (0.77)

Table IV: Comparison of criticality calculations to the experiment at different control rod positions

Control Rods Positions Method Core Multiplication Factor k.4 C/E

Critical Experiment 1.00000 -

JENDL3.3 0.99975 + 0.00027 0.999

ENDEF/B-VI 0.99749 £ 0.00029 0.997

JENDL3.2 1.00457 + 0.00027 1.004

ENDF/B-V 0.99599 + 0.00027 0.995
Withdrawn Experiment 1.077459 -

JENDL3.3 1.07972 £+ 0.00028 1.002

ENDF/B-VI 1.07850 + 0.00028 1.000

JENDL3.2 1.08072 + 0.00028 1.003

ENDF/B-V 1.07646 + 0.00029 0.999
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Table V: Comparison of the MCNP4C TRIGA reactor peak neutron flux calculations to the experiment

Method Peak Neutron Flux C/E
(x 10" n/em’.s)
CT LS CT : LS
Thermal |Epithermal | Thermal |Epithermal| Thermal |Epithermal| Thermal | Epithermal

Experiment | 8.3034 | 1.8842 0.7721 0.2132 - - - -
JENDL3.3 | 7.6007 | 1.8489 0.6277 0.2626 0915 0.981 0.812 1.231
ENDF/B-VI | 7.3631 1.8278 0.6285 0.2593 0.886 0.970 0.814 1.216
JENDL3.2 | 7.5127 | 1.8835 0.6202 0.2607 0.904 0.999 0.803 1.222
ENDF/B-V | 7.3978 | 1.7937 0.6287 0.2606 0.890 0.951 0.814 1.222

Table VI: Effect of thermal library (Z1/H, H/Zr, lwtr & grph) over the criticality and peak neutron flux
calculation at different positions of the TRIGA reactor through MCNP4C using JENDL and ENDF

Condition Library Core Peak Neutron Flux (x 10" n/cm®.s)
Multiplication CT LS
Factor k. Thermal | Epithermal | Thermal | Epithermal
300K JENDL3.3 | 0.99975 £ 0.00027 | 7.6007 1.8489 0.6277 0.2626
S(o,B) ENDF/B-VI | 0.99749 +0.00029 | 7.3631 1.8278 0.6285 0.2623
No JENDL3.3 | 1.03259 +0.00030 | 6.0971 1.7652 0.6325 0.2601
S(o,B) ENDF/B-VI | 1.03125+0.00027 | 5.8799 1.8194 0.6218 0.2653

Table VII: Effect of Erbium Isotope over the criticality calculation of the TRIGA reactor through MCNP4C
using JENDL-3.3 and ENDF/B-VI data libraries

Condition Library Core Multiplication Factor .z % Ak/k
With "°Er & ""Er | JENDL3.3 1.07972 % 0.00028 -
ENDEF/B-VI 1.07850 + 0.00028 -
Without '“Er & 'Er | JENDL3.3 1.18209 + 0.00029 9.48
ENDF/B-VI 1.18186 + 0.00027 9.58
Without "*’Er JENDL3.3 1.18109 % 0.00030 9.39
ENDE/B-VI 1.17836 + 0.00027 9.26
Table VIII: Study of integral parameters using Monte Carlo simulation of TRIGA reactor based on JENDL
and ENDF data libraries
Library ke & & P c*
JENDL3.3 0.99975 7.50564E-03 0.13892 6.53831 0.13415
ENDEF/B-VI 0.99749 7.60809E-03 0.14099 6.66915 0.13548
JENDL3.2 1.00457 7.28454E-03 0.13967 6.57643 0.13388
ENDF/B-V 0.99599 7.59845E-03 0.14272 6.55506 0.13366

Table IX: Comparison between the MCNP calculated control rod worths of TRIGA. to the experiment

Control Rod Worth | Experiment JENDL3.3 ENDF/B-VI
(&) (E) C C/E C C/E

SAFETY 2.73+£0.10 2.6324 +0.0541 0.9642 2.6163 £0.0530 | 0.9584
SHIM I 3.06 £0.10 2.8519 4 0.0537 0.9320 2.8031 £0.0521 | 0.9160
SHIM II 2.82+£0.10 2.7634 +0.0530 0.9799 2.7455 +0.0536 | 0.9736
SHIM I 3.12+0.10 2.8941 +0.0528 0.9276 2.8684 £ 0.0526 | 0.9194
REGULATING 2.78 £0.10 2.6821 +£0.0539 0.9648 2.6738 4 0.0536 | 0.9618
TRANSIENT 2.24+0.10 2.2832 +£0.0543 1.0193 2.3145 = 0.0545 1.0333
TOTAL WORTH 16.75 16.1071 0.9616 16.0216 0.9565




JAERI-Conf 2003-006

Giﬁj F15/
15 F \P{Q ‘{13

(’“)({‘j T |

ity EEGULATING SHIN 410
Kee? SNFETERODE

@ ADNBTABLE TRANSIERY ROD

P
S 7
Q GRAPHITE DUMICY ELELCENTS

(D) rmmsem
{| CENTRAL THIMBLE
@w) !

®
C b PREIASTIS TREMSER TUBE

I]'

) Ll
.D AT ‘/F\i

reactor.

- Fig. 1. Final core
. configuration
the 3 MW TRIGA
MARK II research

of

C @ Caes
@;g@%

{5} SOURCELOCXTION
\3)

& 00—

— DICHP4C (JENDL-3 3}

e BACIIDA ¢

= 00e—d

3.00e—4

Total Pomrer vt

2 L0e—t

1004

SRR A R Rl e

[ U R R R
1 4 7T 10 13 16 19 22 26 28 31 314 37 4C 43 45 4O

Fuel Flom ez2 Muamber
1-5(C). 6-22 (D}, 2346 (E), 47-76 {F}, 77-100 ()

FHDF/B-71)

G2 55 S8 £ B4 67 TG T3 TE 7O B2 85 88 o1 4 o7 160G

Fig. 2. Power Distribution withinthe Fuel and Fuel-foll ower Elemerts of TRIGA Reactor at 3 MW

10000 10D
ca - 197 Er {ENDF /8- W)
« on- 1R (FENDL3.3)
Fuael Temepratre = 23°C
Whater Temperatre = 23°C
—_——
_,_,J"’f - e
= 7 N
= ul ~
.g 1000 | P . L 10
E 7 N
s Y
- \
g -~ Fuel Temperabxe = FO0PC ~
|~ Water Temperbre = 700°C ~
™
100 T T 1
129 1=3 1e-7 1=-G
Exer gy (e

Fig. 3. Thermal neutron spectra wers us fuel te mperat.re relative to e wersus energy for 187 Er.

OfF)(Rebtine)



LT

JP0350325
JAERI-Conf 2003-006

2.15 History of P Nuclear Data Evaluation
Masayoshi Kawai
High Energy Accelerator Research Organization,
1-1 Oho, Tsukuba-shi, 305-0801, Japan
e-mail: masayoshi.kawai@kek.jp

Abstract

The fission product (FP) nuclear data of the JENDL library has been evaluaied by FP Nuclear
Data Working Group of INDC for 172 nuclides from As-75 (Z=35) to Tb-159 (Z=65) for about 30
years since 1971. The working group was organized by total 29 members and initially lead by late Dr.
Shungo lijima. The fission product data were updated in the following sequence: JENDL-1 (28
nuclides) in 1975, JENDL-1.5 (34 nuclides) in 1977 (not released), JENDL-2 (100 nuclides) in 1985,
JENDL-3.1 (172 nuclides) in 1990, JENDL-3.2 (172 nuclides) in 1995. The latest version JENDL-3.3
was released in 2002 contains total 337 nuclides. The 172 FP nuclides among them were evaluated by
the Working Group with an assistance of the Nuclear Data Center of JAERI, The working group made a
validation of the evaluated cross sections through integral tests for the STEK reactivity worth
experiments, the CFRMF and EBR-II experiments for capiure reactions in standard spectra. We have
also participated in the international aciivities on fission product nuclear data of NEANSC/WPEC:
SG-10, 17 and 21.

Introduection

Fission product (FP) nuclear data are important to evaluate a nuclear reactor burn-up performance,
reactor dosimetry, nuclear transmutanon in fusion reaciors and asirophysics research. The evaluation
work of FP nuclear data has been made by FP Nuclear Data Working Group? together with validation
of the evaluated data by analyzing the iniegral experimenis performed in reactor core spectra. The latest
JENDL library, JENDL-3.3/1/ contains the data for 172 FP nuclides from As-75 to Tb-159. The brief
history of the FP nuclear data of JENDL is summarized as follows:

FPND WG was organized (1971),

28 FP nuclides for JENDI -1 FP (completed in 1975) ,

Additional 34 FP nuchides for JENDL-1.5 FP (1977) (not released),

100 FP nuclides for JENDL-2 (1985),

172 FP nuclides for JENDL-3.1 (1990) ,

172 FP nuclides for JENDL-3.2 (1994) .
In each stage, the integral tests were made to validate the evaluated data.

N.B.a) Members of Fission Product Nuclear Data (29 members)

JAERL: S. Igarasi, Y. Kikuchi, T. Sugi, K. Tasaka, S. Tanaka, T. Nakagawa, MHI (MAPI): M. Sasaki, A. Hotta
Y. Nakajima K. Nishimura, H. Nishimura, J..Matsumoto Fuji Electric:  T. Aok, I. Otake, H. Nakamura
T oshiba (NAIG): S. Eijima, M. Kawai, T. Murata Univ. Tokyo:  T. Obata
T. Yoshida HoseiUniv:: R Nakasima
Hitachi: A. Zukeran, K. Maki Osaka Univ.. T Nishigori
SAEL H. Matsunobu NEL: T. Kawamoto
KHI: T. Watanabe Kyushu Univ.: T. Kawano, Y. Watanabe

— 100 —



JAERI-Conf 2003-006

History of Evaluation of FP Nuclear Data for JENDL

Evaluation of FP nuclear data for JENDL-1 was started for 27 nuclides important to fast breeder
reactor burn up calculations in 1971. They contribute 80% of capture by FP nuclides in a fast breeder
reactor. The number of nuclides was increased to 28 soon after. Initially, we had nuclear model codes:
statistical model code, RACY/2/, optical model codes: FLIESE-3/3/ and TOTAL. At that time,
evaluated data were available only for capture cross sections by Benzi et al/4/ in Ttaly and AAEC
library/5/ in Australia. We aimed at giving all quantities needed for evaluated data file. Accordingly,
systematics of nuclear model parameters such as optical mode!l parameiers, level density parameters,
gamma-ray strength functions were investigated together with level scheme data for the 28 nuclides.
The preliminary data for 28 FP were evaluaied in the energy range between 100 eV and 15 MeV in
1972/6/. lmmediately after a new statistical model code CASTHY was developed by Igarasi/7/,
reevaluation was made in the wide energy range from 107 ¢V and 20 MeV for the 28 nuclides: Sr-90,
7r-93, Mo-95, Mo-97, Tc-99, Ru-101, Ru-102, Rh-103, Ru-104, Pd-105, Ru-106, Pd-107, Ag-109,
1-129, Xe-131, Cs-133, Cs-135, Cs-137, Nd-143, Ce-144, Nd-144, Nd-145, Pm-147, Sm-147, Sm-149,
Sm-151, Eu-153, Eu-155. Resonance parameters were taken from the BNL-325 third edition. The
results were compiled into JENDL-1 FP data file/8, 9/ in 1975 prior to release of JENDI-1/10/ in 1977.
Figure 1 compares the JENDL-1 data with other evaluations and experimental data for Tc-99 and
Ag-109.

Since the 28 nuclides were not enough to compose mixed samples used for integral tests,
additively the data of 34 nuclides were evaluated. The integral test results/11/ showed large
discrepancies between the calculated and measured reaction rates and reactivity worth for several
nuclides.

On the other hand, ENDF/B-V was released in 1979. They contained about 200 FP nuclides from
Ge-72 to Dy-163/12/. In the Netherlands, RCN-2 files were developed by Gruppelaar/13/. We
considered that such a number of FP nuclides as about 200 were not always necessary to analyze reactor
burn-up performance. Accordingly, we selected 100 nuclides that gave 99.6% of capture contributions
and about 195.4% cumulative fission yields in FBR for JENDI -2/14/. Figure 2 shows the 30 keV
neutron capture contributions of the most important 30 nuclides in FBR. The resonance parameters
were also evaluated/15/. The JENDL-2 FP data file was completed in 1985 after the general purpose file
of JENDI-2 released in 1982/16/. Level density parameters were evaluated from observed resonance
level spacings, Dobs, and level scheme data/17/. Optical model parameters/18/ were improved by
considering the local systematics of total cross sections, the s- and p-wave neutron strength functions
and scattering radii as shown in Fig. 3. This evaluation scheme is called the SPRT method. As for.
gamma-ray strength functions, we checked consistency between the measured capture cross sections
and the integral tests. Figure 4 shows the evaluated capture cross sections of Eu-155. JENDL-2 shows
resonance structure, while ENDF/B-V does not.

Integral test of JENDL-2 was made/19/ in 1985 - 1990 for the reactivity worth experiments at the
STEK cores/20/ and the capture rate measurements in the standard spectra of CFRMF/21/ and
EBR-1I/22/. Cross section adjustment tools based on the Bayesian theorem were also developed.
Covariance matrixes were calculated taking into account of nuclear model parameter errors,
Poter-Thomas distribution for neutron widths, Dyson-Mehta statistics of levels and neutron flux errors.
The reliability of the cross section adjustement based on the integral tests was clarified in the case of
Zr-93: JENDL-1 cross sections overestimated the reactivity worths by about a factor of 2. Thus, new
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evaluation of Zr-93 capture cross sections for JENDL-2 was made by reducing cross section by the
factor of 2. Macklin’s measurements/23/ reported after the evaluation supported the JENDL-2 as shown
in Fig. 5.

Next, evaluation work for JENDL-3 was made aiming at wider applications to thermal reactors,
fusion neutronics, reactor dosimetry and astrophysics as well as FBR calculations. In order to save
man power, we developed evaluation tools/24/ such as JOBSETTER and its data file of nuclear model
parameters to prepare input data for statistical model calculation with CASTHY. Multi-step evaporation
and pre-equilibrium code PEGASUS/25/ was effectively used for evaluation of threshold reaction cross
sections. Direct inelastic scattering cross sections were calculated with the DWBA code DWUCK-4.
Figure 6 shows the evaluation scheme for JENDL-3 by using the various evaluation tools mentioned
above. Evaluation of resonance /26/ was accelerated with the REPSTOR and its auxiliary codes
developed by Nakawaga/ 27,28/: XTOREP, ETOREP, JCONV and PASSIN etc. New systematics of
level density parameters evaluated on the basis of the level scheme data is shown in Fig. 7. Direct
inelastic scattering cross sections were considered for even-even nuclides which were belong to nuclides
around fission yield peaks and weak absorbing FP nuclides. F igure 8 shows the excitation function of
inelastic scattering to the first excited state of Nd-144. The Baysian adjustment method was adopted to
evaluation for capture cross sections of Xe-132, 134 and Fu-152 and 154 for which no experimental
data were available. The evaluation of FP nuclear data for JENDL-3.1 was completed in 1990 /29/.

Revision of JENDL-3.1 data was made for JENDL-3.2/30/ by considering new experimental data
for 63 nuclides: thermal and resonance parameters for 33 nuclides, capture cross sections for 16 nuclides,
direct inelastic scattering cross sections for 8 nuclides, and threshold reaction cross sections calculated
with GNASH code for 16 nuclides (which were adopted from JENDL Fusion File) in 1994/31/. Figure
9 shows the typical results of capture cross sections for Cs-137, Sm-144, Sm-148 and Ru-101. For
JENDL-3.2, a part of the resonance parameters were improved. As for Ru-101, level scheme data were
revised and anomalous behavior of JENDL-3.1 capture cross section around 3 MeV diminished.

Integral tests of JENDL-3.1 and -3.2 showed the C/E values of sample reactivity worths were
generally around unity for nuclides lighter than 130 and about 0.9 for heavier nuclides, except for
several weakly absorbing nuclides/32,33/ as shown in Fig. 10.

For JENDL-3.3, obvious errors of compilation in JENDL-3.2 were corrected and new
evaluations for Tc-99 and Ce-140 were adopted/1/. The data of Zr, Mo, Cd and Sb isotopes and Nb-93
were also revised by adopting the data of the JENDL Fusion File 99.

Activities in WPEC of NEANSC

In 1990’s, we participated the activities of Subgroup(SG)10/34/ and SG17/35/ in WPEC of
NEANSC. In the SG10 activity investigating evaluation method of inelastic scattering cross sections for
FP nuclides and the source of discrepancies of sample reactivity worths for weak absorbing nuclei of the
STEK experiments between the measurements and the calculations, in order to answer to Gruppelaar’s
question/36/, we made the inter-comparison of the evaluated cross sections of JENDL-3.1, ENDF/B-VI
and JEF-2/37/. Figure 11 shows an example of the level excitation functions of Mo-96. DEUCK4 code
calculation denoted with a dashed line shows a slightly anomalous behavior for 2.2193 MeV and
22345 MeV levels. Further investigation showed that anomalous behavior of the inelastic scattering of
nuclides around A=100 came from abnormal p-wave strength functions due to improper optical model
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parameters/38/. Figure 12 shows the inelastic scattering cross sections to 535.6 keV level of Mo-100.
JENDL-3.2 which shows overestimation was calculated with the DWUCK-4 code using optical model
parameters derived from the global fit. Onthe other hand, Smith’s optical model parameters /39/ which
were determined by reproducing elastic angular distributions and p-wave neutron strength functions for
Zr, Mo, Pd etc. give a good agreement with the experimental data/40/ as shown in the figure.
Interpretation of the discrepancies between the differential and integral data for nuclides around the
nuclear mass of 100 was made with the rigorous transport calculations /33,41, 42/. Finally, we found
probable evidence by the sensitivity study/43/ that the discrepancies came from the adjoint spectrum
errors. Figure 13 shows the sensitivity profiles to adjoint spectrum errors (difference between transport
calculation spectra /42/ and the ECN ones/20/) in cases of Mo-98 and Ce-140. Sensitivity profile of
Mo-98 has a high peak in the high energy region: The effect of the adjoint spectrum error appears as like
influence of inelastic scattering uncertainty on reactivity. This result is an answer to Gruppelaar’s
question. The sensitivity profile of Ce-140 is distributed in the wide energy region. This trend is
observed for most weak absorbing FP nuclides except for nuclides around A=100 and standard
scattering samples such as oxygen and lead. These nuclides also showed similar discrepancies of
reactivity worths as Zr and Mo isotopes. Thus, it has been concluded that poor adjoint spectrum
produced the discrepancies of reactivity worth for weak absorbing FP nuclides.

In the SG17, comparison of the integral values such as one-group cross sections and reactivity
worth of pseudo FP in a typical FBR core spectrum did not show so large differences between various
evaluated data files compared to individual FP nuclides. We found some systematic differences of
capture cross sections for important FP nuclides between JENDI-3.2 and JEF-2.2 came from adoption
of adjusted cross section: JEF-2.2 adopted adjusted one, but JENDL-3 2 didn’t/35/. Accordingly, it was
found that there was strong correlation between the C/E values of reactivity worth calculated with
JENDL-3.2 and one-group cross section ratios of JENDL-3.2 to JEF-2.2.

Recently, ENDF/B-VI was revised for 19 nuclides by considering new evaluated data of
resonance parameters. CENDL-3 for 101 FP nuclides/44/ was compiled in China. SG-21 has been
established in 2002 to review the evaluated data stored in JENDL-3.2, ENDF/B-VL8, JEF-2.2,
BROND-2, CENDL-3/45/.

Conclusion

Previous Working Group of FP Nuclear Data continued very long term activity until completion
of SG10 activity, although the WG formally finished in 1997 when the integral test of JENDL-3.2 was
completed. Recently, partial revision of JENDL-3.2 was made for JENDL-3.3 by the Nuclear Data
Center of JAERL JENDL-3.3 seems to be good, but some parts are worse than CENDL-3 or
ENDF/B-VL8. Therefore, we are going to evaluate FP nuclear data for JENDL 4 by reorganizing the
FP Nuclear Data Working Group in JNDC.
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2.16  Recent Experimental Data

Masayuki IGASHIRA and Kazuya OHGAMA '
Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology
2-12-1 O-okayama, Meguro-ku, Tokyo 152-8550
e-mail: iga@nr.titech.ac.jp

Recent experimental data were reviewed for the neutron reaction cross sections of fission
products. Some of our recent results on keV-neutron capture cross sections were compared with
other experiments and the quality of recent experimental data was discussed.

1. Introduction

New experimental data are important for the re-evaluation of neutron reaction cross
sections of fission products because the accuracy of calculations with nuclear reaction models is
not enough at present. Therefore, it is valuable to investigate the new experimental data before
starting the re-evaluation work. From this viewpoint, first, we reviewed the quantitative status of
recent experimental data for the neutron cross sections of fission products, using the Computer
Index of Neutron Data (CINDA)[1]. Secondly, we reviewed the experimental procedures of main
laboratories. Finally, we compared some of our recent results on keV-neutron capture cross
sections with other experiments and discussed the quality of recent experimental data.

2. Quantitative Review of Recent Experimental Data

The experimental data reported on and after 1994 were retrieved for the nuclides with the
mass number from 66 to 172. Table 1 shows statistics for the total, capture, and
inelastic-scattering cross section data. The number of nuclides for the capture cross section data
1s 2 to 10 times larger than the others, which is thought to reflect the importance of capture cross
sections for many research fields such as nuclear engineering and nuclear astrophysics. However,
the number (107) is only 60 % of that of fission products contained in JENDL-3.3[2]. Main
laboratories which provided the capture cross section data are shown in Fig. 1, where the
laboratory codes in CINDA are adopted. The activities of KFK and FEI are excellent. The total
activity of Japanese laboratories is comparable to that of US laboratories. Similarly, the
laboratories that provided the total and inelastic-scattering cross section data are shown in Figs.
2 and 3, respectively. As for the total cross sections, the activities of KFK, ORL, and 1JI are
excellent.

Table 1 Statistics for the total, capture, and inelastic scattering cross section data

Cross sections Number of nuclides Number of data sets Number of references
Total 43 102 174
Capture 107 290 580
Inelastic scat. 10 18 45
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3. Experimental Procedures of Main Laboratories

The experimental procedures of main laboratories are summarized in Table 2, where the
laboratories are categorized by their neutron sources. In the capture experiment, KFK, RPI, and
KTO employed a segmented 4n-spectrometer, and ORL, GEL, and KTO employed a pair of CeDs
scintillation detectors. On the other hand, TIT employed an anti-Compton Nal(TD spectrometer
together with a very-short neutron flight path (FP). JNC, JAE, and YOK adopted an activation
method and provided the thermal capture cross sections and resonance integrals of radioactive
fission products. As for the total experiment, all laboratories except for IJI employed a 6Li-glass
scintillation detector.

4. Comparisons of keV-Neutron Capture Cross Section Data

In order to investigate the qualitative status of recent experimental data on keV-neutron
capture cross sections, the comparisons of data sets were made for some fission products. The
comparisons for 99Tc, 1490Ce, and 146Nd are shown in Figs. 4-6, respectively, where “Present” means
the results of TIT.

The recent results of TIT[8] and Gunsing et al (GEI)[4] for the long-lived radioactive
nuclide of 9Tc agree with each other, as shown in Fig. 4, though they did not give the
experimental errors. Below 100 keV, the recent results support the old results of Little and
Block(5] rather than the results of Macklin[6]. However, above 200 keV, the results of TIT support
those of Macklin.
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Table 2 Experimental procedure of main laboratories

Group 1: Time-of-flight method with the 7Li(p,n)7Be neutron source

KFK: En=3-230 keV; Capture: 0.79 m FP + 4nBaF2; Total: 2.6 m FP + 6Li-galss
FEI: En=20-450, 1400 keV; Capture: 2.4 m FP + 17 1 tank; Total: 2.1 m FP + 6Li-glass
TIT: En=10-600 keV; Capture: 0.12-0.20 m FP + Anti-Compton NaI(TI)

Group 2! Time-of-flight method with the photo-neutron source

ORL: En=eV-700 keV; Capture: 40 m FP + 2 CeDs;

Total: 80 or 200:m FP + 6Li-glass
RPI: En=thermal-3 keV; Capture: 26 m FP + 16 Nal(T1);

Total: 26 m FP + 6Li-glass

GEL: En=eV-200 keV; Capture: 28 m FP + 2 C¢Dg;

Total: 49 m FP +6Li-glass
KTO: En=thermal-40 keV; Capture 1: 12 m FP + 2 C¢Ds or 12 BGO

Capture 2! Pb slowing-down spectrometer

Group: 3: Reactor neutron source

IJ1: En=thermal-600 keV; Time-of-flight method with a chopper, or Filtered beam;
Total: 3He or 'H counter
JNC, JAE, YOK: En=thermal, resonance integral; Capture: Activation method

FP: Flight Path
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As for 140Ce that has very small capture cross sections in the fission product region, an
activation method was adopted in all previous measurements except for that of Musgrove et al[7].
The recent activation result of Kaeppeler et al (KFK)[8] at 24 keV is in good agreement with
those of TIT[9]. Musgrove et all7] performed their experiment at ORL, using a pair of CeFe
scintillation detectors, not C¢Ds. Their results are smaller than those of TIT by about 40 %.

As for 146Nd that has rather small capture cross sections, both of activation and prompt
yray detection methods were adopted in the previous measurements, as shown in Fig. 6, where
the superscript “A” on the references indicates the activation results. The recent results of
Wisshak et al (KFK)[10] and TIT{11] agree with each other within the experimental errors.
Moreover, the recent activation result of Toukan et al. (KFK)[12] at 24 keV is in good agreement
with those of Wisshak ef al and TIT.

From the above comparisons, no serious discrepancy was found among the recent
experimental data on the keV-neutron capture cross sections of fission products.

5. Conclusion

After the evaluation work for JENDL-3.2 released in April 1994, new experimental data on
capture cross sections were reported for about 60 % of fission product nuclides contained in
JENDL-3.3. As for total and inelastic-scattering cross sections, however, new data were poor in
comparison with the capture cross section data. The comparisons of recent experimental data
showed that the quality of keV-neutron capture cross section data was good.

References

[1] URL address: http://www.nea.fr/cinda/cindaora.cgi/

[2] K. Shibata et al, J. Nucl. Sci. Technol., 39, 1125 (2002).

[3] T. Matsumoto et al, to be published in JJ. Nucl. Sci. Technol.
[4] F. Gunsing et al, Nucl. Phys., A688, 496¢ (2001).

[5] R.C. Little and R.C. Block, 7¥rans. Am. Nucl. Soc., 26, 574 (1977).
[6] R.L.Macklin, Nucl Sci. Eng., 81, 520 (1982).

[71 AR.de L. Musgrove et al, Aust. J. Phys., 32, 213 (1979).
[8] F.Kaeppeler et al, Phys. Rev. C. 53, 1397 (1996).

[9] S.Harnood et al, J. Nucl. Sci. Technol., 37, 740 (2000).

[10] K. Wisshak et al, Phys. Rev. C, 57, 391 (1998).

[11] T. Veerapaspong et al, J. Nucl. Seci. Technol., 36, 855 (1999).
[12] K. A. Toukan et al, Phys. Rev. C, 51, 1540 (1995).

— 118 —



NG EHAGNEM

JAERI-Conf 2003-006 JP0350327

2.17 Present Status and Plans of JENDL FP Data
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6-1 Kasuga-kouen, Kasuga 816-8580, Japan
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The Fission Product (FP) data evaluation is one of the key issues for the next revision
of JENDL, since many data were carried over from JENDL-3.2 to 3.3. The new FP Working
Group (FPWG) was organized in the Japanese Nuclear Data Committee (JNDC) to per-
form new evaluations of FP data for JENDL. In the present review of FP data evaluation,
we show the history and current status of FP nuclear data, requirements of FP data, new
measurements, the international cooperation, and the future plans toward the new JENDL.

1. Introduction

Although nuclear data of fission products (FP) are essential for various reactor calculations
such as burn-up, gas production, decay heat, radiation damage etc., to meet of this requirement
is very hard because there exists a large number of FP nuclides/isotopes, and the experimental
data for many isotopes and reactions in a specific energy range are scarce. For example, 185
nuclides (from Ga to Eu) are stored in JENDL-3.3. Figure 1 shows a chart of nuclides compiled
in JENDL-2, 3.2, and 3.3. To evaluate such a large number of nuclear data, nuclear model
calculations get more important nowadays, and reliability and accuracy of the evaluated nuclear
data depend on the quality of input variables. FP Working Group (FPWG) in the Japanese
Nuclear Data Committee (JNDC) had continuously developed evaluation tools for resonance
and smooth regions, as well as methods to validate the evaluated nuclear data.

During the last decade, the FP data evaluation became one of the key issues in the in-
ternational cooperation. Subgroup 10, 17, and 21 in WPEC (Working Party on International
Nuclear Data Evaluation Cooperation)[1, 2] were organized under OECD/NEA, some reso-
nance parameters of FP were evaluated at BNL and KAERI for ENDF/B-VI, a series of FP
cross section measurements were performed at several institutes, and an evaluation work for
CENDL was also made at CIAE. In this good circumstances we restarted FP Working Group
in 2002 to update the FP data in JENDL. We aim to brush up the old evaluations in the
current JENDL, and hopefully we shall complete our new evaluation within several years. This
FP data file will be a part of the next JENDL general purpose file. In order to complete this
we need to survey new resonance parameters available, to inspect input parameters used, and
to replace them by more reliable ones. This report summarizes current status of FP nuclear
data and the future plans toward the new JENDL.

1S. Chiba, M. Igashira, M. Ishikawa, M. Kawai, T. Kawano, M. Matsunobu, T. Murata, T. Nakagawa,
K. Shibata, T. Sugi, T. Watanabe, and A. Zukeran
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2. International Activities

There are several international cooperative projects relating to the FP data evaluation.
OECD/NEA organized the following three subworking groups:

Subgroup | Coordinator Project Name status
10 M. Kawai Inelastic scattering cross sections for | published|[l]
weakly absorbing FP nuclides
17 H. Gruppelaar | Pseudo-fission-product cross sections for | published|2]
fast reactors
21 P. Oblozinsky | Assessment of neutron cross sections for | new, 2001
the bulk of fission products

and the subgroup 21 (SG21) is now working on an inter-comparison of FP data those are
selected randomly. Quantities to be reviewed are the total, capture, elastic, inelastic, (n,2n),
(n,p), and (n, ) cross sections, resonance parameters, and thermal values. The results are
open to public at the BNL web site (http://www.nndc.bnl.gov/sg21/).

Reference Input Parameter Library (RIPL)[3] was compiled at IAEA, which is a library
containing nuclear model parameters mainly for the statistical Hauser-Feshbach model cal-
culation. Nuclear masses, excited levels, optical potential parameters, level densities, GDR
parameters, fission barriers are stored in RIPL. In 2002 they finalized the second edition, and a
new task (phase III) was initiated. This library has an apparent benefit of FP data evaluations,
since model calculations are essential in the FP region, and we need reliable global parameters
and systematics in order for automatic input parameter setting and a cost-effective method to
generate bulk data.

Figures 2, 3, and 4 show some examples in which RIPL was used to calculate the optical
and Hauser-Feshbach-Moldauer models. Those calculations were made without any parameter
adjustments in order to see adaptability of RIPL in the FP region.

A comparison of calculated total cross section of %0Zr with the experimental data is shown in
Fig. 2. The optical potential used is the global potential parameter of Koning and Delaroche[4],
which is adequate in the energy range from a few keV up to 200 MeV. The calculated cross
section with the well-known Walter-Guss potential is also shown by the dotted line in this
figure. In the case of 9°Zr the global potential of Koning-Delaroche gives better fit to the data
than JENDL-3.3. Of course the quality of fitting may depend on the target nuclide and we need
a quantification study of adaptability of such global parameterization. However it is apparent
that this global potential becomes a powerful tool to evaluate the FP nuclear data.

Figure 3 shows an example of calculated inelastic scattering to the first (1.761 MeV, 0T)
and second (2.186 MeV, 27) levels of %Zr. The Koning-Delaroche global potential was used to
generate the neutron transmission coefficients, and the level density parameters were taken from
RIPL (phase I). The direct inelastic scattering was not included since its contribution is not so
large below 4 MeV. In this case the calculated cross section underestimates the experimental
data of Guenther et al.[5]

The comparison of capture cross section is shown in Fig. 4. Resonance parameters are
given below 0.17 MeV, and the cross sections in the resonance region were averaged to com-
pare with the statistical model calculations. The «-ray transmission is often re-normalized to
the experimental strength function 27 (I'y)/Dy if available. RIPL also contains this strength
function, and the solid line is the calculated cross section with this re-normalization. The
dotted line shows the calculation without re-normalization, which is about three-times larger
than the experimental data.
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- 3. Resonance Region

There are some activities of FP cross section measurements at low energies. The major
contributions from our country is, Tokyo Institute of Technology, Kyoto University Research
Reactor, Japan Nuclear Cycle Development Institute, and so on. Accelerator facilities in
abroad such as GELINA at IRMM or ORELA at ORNL also produce transmission data of FP
nuclides, though they are not mass production of nuclear data, but sometimes they are related
to fundamental physics.

In general FP resonance parameters in JENDL-3.3 are the same as those in JEN DL-3.2,
however the parameters of °Tc, 140Ce[6}, and 1%6Cd were replaced by new sets. Gunsing et
al.[7] carried out a transmission measurement of %Tc from 3 eV to 150 keV and they analyzed
their experimental data to obtain the resonance parameters up to 10 keV. Those parameters
(up to 6 keV) were adopted for JENDL-3.3. Notable improvements between two parameter sets
are the thermal cross section 02 and the resonance integral I,. The new resonance parameter
set was evaluated so as to reproduce the experimental data ¢ of Harada et al. [8] which is
larger than the evaluation of Mughabghab et al.[9]. The following table compares 02 and I,
values.

Library oY [b] I, [b] notes

JEF-2 19.1 304 same as Mughabghab
ENDF/B-VI 20.0 312 Ref. [10]

JENDL-3.2 19.6 311

JENDL-3.3 22.8 323 almost the same as Gunsing
Gunsing et al. 23.1 323 Ref. [7]

Mughabghab et al. 20.0 + 1.0 340 £ 20 Ref. [9]

Harada et al. 229 £ 1.3 398 £ 38 Ref. [§]

The resonance parameter of Tc was also revised for ENDF/B-VI by Oh et al.[10]. Re-
cently Kobayashi et al.[11] measured the neutron capture cross section of this important FP
up to about 3 keV. Those information may also make it possible to update the resonance
parameters in the next revision.

4. Conclusion

We have reviewed the current status of FP nuclear data evaluation in Japan, as well as
some international activities relating to the FP data. WPEC Subgroup 21 is making some
inter-comparison of FP data in the nuclear data libraries. There are some activities of nuclear
data production, but the experimental data are still insufficient for many FP nuclides.

In the resonance region, some new evaluations of resonance parameters are available, and
it is also possible to derive a new parameter set by new measurements, like the %°Tc capture
cross section measurement at KUR.

In the smooth region, we have a nuclear model parameter library, RIPL, which enables
us to calculate various cross sections even though the experimental data are inaccessible. We
have shown some simple examples of use of RIPL. This is the starting point, and we need some
quantification study of adaptability of such global parameterization.

— 121 —



JAERI-Conf 2003-006

References

(1] M. Kawai, H. Gruppelaar, “Evaluation Method of Inelastic Scattering Cross Sections for
Weakly Absorbing Fission-Product Nuclides,” KEK Preprint 2002-54, NEA/WPEC-10
(2002).

[2] H. Gruppelaar, “Status of Pseudo-Fission-Product Cross-Sections for Fast Reactors,”
NEA/WPEC-17, ECN-R-98-014 (1998).

[3] “Handbook for Calculations of Nuclear Reaction Data — Reference Input Parameter Li-
brary —,” IAEA-TECDOC-1034, International Atomic Energy Agency (1998).

[4] A.J. Koning, J.-P. Delaroche, Nucl. Phys. A, 713, 231 (2003).
[5] P. Guenther, A. Smith, J. Whalen, Phys. Rev. C, 12, 1797 (1975).

[6] T. Nakagawa, O. Iwamoto, A. Hasegawa, “Re-evaluation of Neutron Nuclear Data for
22mAm, 243Am, ¥Tc and “°Ce,” JAERI-Research 2002-035, Japan Atomic Energy Re-
search Institute (2002).

[7] F. Gunsing, A. Leprétre, C. Mounier, C. Raepsaet, Phys. Rev. C, 61, 054608 (2000).
[8] H. Harada, S. Nakamura, T. Katoh, Y. Ogata, J. Nucl. Sci. Technol., 32, 395 (1995).

[9] S.F. Mughabghab, M. Divadeenam, N.E. Holden, “Neutron Cross Sections” Vol.1: “Neu-
tron Resonance Parameters and Thermal Cross Sections”, Academic Press, New York
(1981).

[10] S.Y. Oh, J.H. Chang, S. Mughabghab, “Neutron Cross Section Evaluations of Fission
Products Below the Fast Energy Region,” BNL-NCS-67469, ENDF-362, KAERI/TR-
1511/2000, Brookhaven National Laboratory (2000).

[11] K. Kobayashi, private communication (2003).

— 122 —



JAERI-Conf 2003-006

70 R R A A A A A IS A SRR

o RTITT [ EEETERRE TR e S TRITITIS: anRRERTPRTETITEE EOTT P s i QOBBBOD:- Q-+ ---+vvvevnne S LIIT i
60 : : : : H : : (0 © : : :
L : i : H co0 © H : e
: H H : ©0! H ; ;
© © CooED ©
(oo

50 E— --------------- --------------- --s@ogm@s@e@es ----- --------------- --------------- --------------- ~ -------------- -;

Z Number
[:]
$

H © ® 020D ©
: G ce
. © C8Ee® ©
. 0 H
@® @@omo. (-]
- © 6302860 H H H : H
: -5 ! : : : : : : :
(g [ S — R, GOOBOOE - evereens S OO SRRt SISO et SR H
; 2o : s i : s : s ;
90
© © eessd

70 80 a0 100 110 120 130 140 150 160 170

A Number
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(dot).
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3.1 Neutron Capture Cross Section Measurement of Pr in the Energy Region
from 0.003 eV to 140 keV by Linac Time-of-Flight Method
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2 Research Reactor Insiitute, Kyoto University, Kumatori-cho, Sennan-gun, Osaka, 590-0494, Japan
koba@rri.kyoto-u.ac.jp
®Dong-4 University, 840 Hadan 2-dong, Saha-gu, Pusan, 604-714, Korea

The cross section of the Pr(n,}) reaction has been measured in the energy region from
0.003 eV to 140 keV by the neutron time-of-flight (TOF) method with a 46-MeV electron linear
accelerator (linac) of the Research Reactor Institute, Kyoto University (KURRI). An assembly
of BiyGe30,, (BGO) scintillators was employed as a total energy absorption detector Jor the
prompt capture ¥ray measurement from the sample. In order to determine the neutron flux
impinging on the capture sample, a plug of '°B powder sample was used. The measured result
was compared with the previous experimental and the evaluated data.

1. Introduction

Praseodymium-141 (*'Pr) is a kind of fission products (FPs) which are produced in Light Water
Reactors (LWRs) and Liquid-Metal-Cooled Fast Breeders Reactors (LMFBRs). The cumulative fission
yields of the thermal neutron-induced fission of *°U is 5.8 %[1]. The yield value is pretty large in the
fission products and ''Pr may be apt to accumulate in the spent-fuels. Therefore, accurate measurement of
the nuclear data, especially the neutron capture cross section, is necessary for the assessment of reactor
safety and for the investigation of high-burn-up core characteristics[2,3]. According to the evaluated data in
ENDF/B-VI[4], the capture cross sections in the thermal and the keV energy regions are 11.5 and about 0.1
b, respectively. Since the **'Pr nuclide has the neutron magic number (V=82) and excess proton on the 2ds;,
sub-shell, the capture cross section may not be so large as expected. However, the accurate nuclear data of
pr is thought to be needed for evaluating the nuclear-transmutation performance in reactors. In the keV
energy region, moreover, the capture cross section is also important for the study on the s-process for
nucleosynthesis in stars.[5,6,7]

Although the energy dependent cross section for the 141Pr(n,y) reaction has been measured before, no
data has been experimentally obtained below 22 eV, except for the thermal neutron capture cross section.
Konks et al.[8] measured the cross section at energies from 22 eV to 40 keV with a lead slowing-down
spectrometer, which gave poor energy resolution of about 30 to 35 % at full-width at half-maximum
(FWHM). Gibbons et al.[9] obtained the data in the energy range of 7 to 170 keV using a Van de Graaff
accelerator and a liquid scintillation tank detector. Taylor et al.[10] measured the cross section between 3
and 200 keV by the neutron time-of-flight (TOF) method using an electron linear accelerator (linac) and a
pair of non-hydrogenous liquid scintillators. Very recently, the experimental group of Igashira et al.[11]
measured the capture cross sections at energies of 10 to 100 keV making use of a 3-MV Pelletron
accelerator and a large anti-Compton Nal(Tl) y-ray spectrometer. The capture cross section has been
compiled in JENDL-3.2[12], ENDE/B-VI[4], and JEF-2.2[13].

As mentioned above, the current situation of the experimental data is not always satisfied in quality and
quantity. In the current study, the relative energy dependent cross section of the 141Pr(n,’y) reaction has been
measured by the neutron time-of-flight (TOF) method with a 46-MeV electron linear accelerator (linac) of
the Research Reactor Institute, Kyoto University (KURRI). Twelve pieces of BisGe;Oy, (BGO) scintillators
were employed to measure capture gamma-rays from the sample as a total energy absorption detector[14].
The energy dependent neutron flux was obtained with the boron-10 (:°B) sample and the 10B(n,ocy) standard
cross section. The result has been normalized to the thermal neutron capture cross section value of
ENDEF/B-VI data, and the result has been compared with the previous experimental data and the evaluated

— 127 —



JAERI-Conf 2003-006

cross sections in JENDL-3.2, ENDF/B-VI, and JEF-2.2.

2. Experimental procedure
The experimental arrangement is shown in Fig. 1. Bursts of fast neutrons were produced from the
water-cooled photoneutron target, which was made of twelve sheets of Ta plate, 5 cm in diameter and the
effective thickness is ~3 cm[15]. This target was set at the center of a water tank, 30 cm in diameter and 35
cm high with wall thickness of 0.8 cm, to moderate the pulsed fast neutrons. A Pb block, 5 cm X 5 cm and
10 cm long, was placed in front of the Ta target to reduce the y-flash generated by the electron burst from
the target. The capture sample was placed at a distance of 12.71+0.02 m from the Ta target. The neutron and
Y-ray collimation system was mainly composed of B4C, Pb, Li,CO; and borated paraffin, and tapered from
~12 cm in diameter at the entrance of the flight tube to 1.8 cm at the BGO assembly. In the experiment
above 1 eV, a Cd sheet of 0.5
mm i thickness has placed in KURRI LINAC Concrete wall
the neutron beam to suppress (pulsed elwﬁf’n beam)
overlap of thermal neutrons
from the previous pulses due
to the high frequency
operation.

In the background
measurement, we measured
the yray from the blank
sample (without Pr sample). f,x/
The neutron beam intensity %
during the measurement was |

monitored with a BF; counter
inserted into the neutron beam. 18- 1. Experimental arrangement for the capture cross section measurement.

BGO Detector

BF; Counter
Flight tube [

Ny

Ta-target

12.7+0.02 m J

The linac was operated with

two different modes; One is for that below 20 eV with the repetition rate of 50 Hz, the pulse width of 3.0 s,
the peak current of 0.5 A, and the electron energy of ~30 MeV. The other is for that above 1 eV with the
repetition rate of 300 Hz, the pulse width of 0.010 s, the peak current of 6 A, and the electron energy of
~30 MeV, respectively.

In the measurement, we have employed three kinds of sample, as shown in Table 1. We have paid
attention to the sample thickness of Pr not to be so large for the multiple-scattering and self-shielding
corrections in the sample. The '°B sample in the form of powder packed in a thin aluminum case was used
to measure the relative neutron flux. The graphite sample was also utilized for the experimental
investigation of background due to neutrons scattered by the Pr sample. Because although the inside of the
through-hole in the BGO assembly was covered with °LiF tiles of 3 mm in thickness to absorb neutrons
scattered by the capture sample, the tiles were not always enough to shield against higher energy neutrons
above 10 eV[14]. The background to the scattered neutrons were corrected by considering the graphite
thickness equivalent to the scattering cross section of the capture sample.

The BGO assembly, which is used for the capture y-ray spectrometer, consists of twelve scintillation
bricks of 5 X 5 x 7.5 cm’, and the total volume of the BGO scintillators is 2.25 liters[14]. Each BGO
scintillators is equipped with a photo-multiplier tube of 3.8 ¢m in diameter. A through-hole of 1.8 x 1.8 cm?
in section is made in the BGO assembly. A collimated neutron beam is led through the hole to the capture
sample that is placed at the center of the BGO assembly. Moreover, the BGO assembly installed in a house
made of lead bricks of 5 to 10 cm in thickness to shield against background radiation from the
surroundings.

Two kinds of signals were stored in the FAST ComTec’s MPA/PC-multi-parameter system linked to a
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personal computer. One is for the capture event measurement from the BGO detection system, and the
other is for the BF; counter to monitor the neutron beam intensity among the experimental runs. Output
signals from the BGO detection system were fed into the time digitizer, which was initiated by the electron
burst through the fast amplifier and the discriminator, and were stored in the multi-channel analyzer. The
signals from the BF; counter were also fed into the time digitizer through the linear amplifier and the
timing-single channel analyzer. The data obtained were all stored in the multi-parameter system.

Table 1. Physical parameters of the samples used in the current measurements.

Sample | Physical | Purity Isotopic Thickness Size
() 141 0,
form (%) Composition (%) %) (mm) —
pr Foil 99.9 100 1.609 3.0 1.27 cm in diam.
BT B 99.999 ""B: 96.98 0.872 8.0 1.8x 1.8 cm®
Powder "B:3.02
Graphite Plate 99.99 100 1.892 10.0 1.8 x 1.8 cm”

' Bach sample (powder) was packed into a thin aluminum case (0.1 mm in thickness).

3. Data processing
3.1. Derivation of the neutron capture cross section

A '°B sample was used to determine the incident neutron flux on the sample. Since the thermal neutron
cross section of the 10B(n,oc;/) reaction is 38379 b[16], the \°B sample (0.872 g/cmz) is black for neutrons
below several hundreds of keV as well as thermal neutrons. In addition, the energy dependent cross section
ratio "“B(p, ay)/{‘OB(n, ay)+"B(n, a)} is almost constant in the relevant energy region[17]. Then, the capture
counting rate of the 1°B sample at energy E,C,(E) , is given by the following relation:

Cs(E)=¢&,Y,(EY)(E) = £,0(E), e3)

where the subscript “B” means °B. Y, »(E) is the capture yield and unity in the relevant energy, because
the '°B sample can be black. £, is the detection efficiency for the '°B(n, o)) reaction. The neutron flux
@(E) ata certain energy E can be obtained from the following relation:

HE) = Cy(E)/£5/Y, (E). @

141

The capture counting rate for the ** Pr sample at energy E, C 5 (E) , can be obtained from the following

relation :
Cp, (E) = €, 7, (E)J(E), &)

where the subscript “Pr” means the sample of *'Pr. Since the BGO detection system is a total energy
absorption detector, the detection efficiency £, may be independent of neutron energy E. Finally, the
capture yield Y, (E) can be obtained using Egs. (2) and (3) as

= EnE)
Y, (E)=¢ C.(E) Yy (E), )
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where £ is a relative detection efficiency obtained from &, / &p, . In the case of the 1B sample used in
the current measurement, the capture yield Y, (E) is unity in the relevant energy region, as mentioned
above.

4. Corrections and uncertainties
The capture yield, Y(E) is a primary value to be determined from the number of capture events
occurring in the sample. The neutron capture yield for the sample is given by[18]

o ()

Y(E) ={l-exp(~No, (E)t)}m,

®)

where N is the atomic density of the sample, 0,(E) is the neutron total cross section, ¢ is the sample
thickness, 0-(E) is the neutron capture cross section, and f.(E) is the correction function for the
neutron scattering and/or self-shielding in the sample. Instead of the calculation with Eq. (5), we have
employed the Monte Carlo code MCNP[19] and the cross sections in JENDL-3.2 to perform the detailed
calculations considering the neutron transport in the sample. In the calculation, we have assumed that the
capture sample is irradiated by the collimated parallel neutron beam. The random history number of the
Monte Carlo calculation was 5,000,000. The correction function for the '°B sample has been calculated by
using Eq. (5), because the 1()B(n,a'y) cross section has no resonance structure in the relevant energy region.
After the neutron scattering and/or self-shielding correction, the capture cross section was derived in the
low energy region of 0.003 to 20 eV. The result obtained was normalized to the reference thermal neutron
cross section value at 0.0253 eV. For the high energy experiment in the energy range of 0.7 eV to 140 keV,
the cross section was normalized to that in the low energy region by integrating the respective data in the
overlapped energy region from 0.7 to 3 eV, after the correction.

The experimental uncertainties for the current measurement are 4.3 to 220 %, which are mainly due to
the statistical errors (1.1 ~ 220 %) and uncertainties in the deviation of the IOB(n,Oty) cross section curve
(2.4 %) and the reference cross section value (3.0 %). We had poor counting statistics in the cross section
minimum energy region between the resonance peaks. The uncertainty of the y-ray detection efficiency for
the BGO assembly is about 0.45 %[20]. In addition, we have considered the uncertainties due to the
background subtraction of about 1 % and the corrections for neutron self-shielding and/or neutron
scattering effects of 1.3 %.

5. Results

The neutron capture cross section of '*'Pr has been measured from 0.003 eV to 140 keV by the linac
TOF method and the result has been normalized at 0.0253 eV to the reference value (11.6+0.35 b), which
was obtained very recently by Yoon et al[21].

The previous measurements and the evaluated data of JENDL-3.2{12], ENDF/B-Vi[4] and JEF-2.2[13]
are shown in Fig. 2. Most of the cross sections have been measured at energies more than keV. In the lower
energy range, no experimental data has been reported before except for the thermal neutron cross sections
and the data obtained by Konks et al.[8]. The data of Konks et al. are energy-broadened by the lead
slowing-down spectrometer at the major resonance peak region. The data by Konks et al. are lower by
about 18 % in average at energies from 1 to 40 keV, although their data tend to be in agreement with the
current measurement from 5 to 40 keV within the experimental error. The data obtained by Taylor et al.[10]
are in good agreement with the current measurement within the uncertainty. Very recently, the data by
Harnood et al.[11] are in better agreement with the current result in the energy region from 12 to 70 keV.
The data by Gibbons et al.[9] are in good agreement with the measurement and higher by 3.5 % in the
energy region from 11.5 to 140 keV than the current measurement. We have observed a small resonance
peak at about 5 eV. The peak structure has been also found in the neutron total cross section
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measurements[22,23]. Their results may support that there exists the small peak which we have observed at
about 5 eV for the first time in the capture cross section measurement.

The evaluated data of JENDL-3.2, ENDF/B-VI and JEF-2.2 show general agreement with the current
measurement in the relevant energy region. However, in the cross section minimum region of about 10 to
500 eV, the evaluated data of JENDL-3.2 and JEF-2.2 are considerably lower than the measurement,
although the ENDF/B-VL1 is in good agreement within the error.
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Fig. 2. Comparison of the previous experimental data and the evaluated cross sections with the present measurement
for the Pr(n,Y) reaction.

6. Conclusion

The relative measurement of the 141Plr(n,]() cross section has been performed from 0.003 eV to 140 keV,
and the result has been normalized at 0.0253 eV to the reference value (11.6+0.35 b), which was obtained
very recently by Yoon et al[21]. The previous measurements and the evaluated data from ENDF/B-VI,
JENDL-3.2 and JEF-2.2 are compared with the current measurement in Fig. 2. No experimental data have
been reported before below 22 eV except for the thermal neutron cross section. As can be seen in Fig. 2, we
have observed a small resonance peak at about 5 eV, whose peak structure has been found in the neutron
total cross section measurements[22,23]. This fact may support the existence of the small resonance peak in
the capture cross section curve. The data by Konks et al. have been measured with the lead slowing-down
spectrometer{8]. In the non-resolved region from 5 to 40 keV, their data are close to the current
measurement. The data by Gibbons et al.[9] and Taylor et al[10] are in good agreement with the
measurement. Very recently Harnood et al.[11] measured the cross section, which agreed well with the
measurement at energies from 12 to 70 keV. The evaluated data from ENDEF/B-VI, JENDL-3.2 and JEF-2.2
show good agreement with the current measurement in the relevant energy region, although the JENDIL-3.2
and the JEF-2.2 data are considerably lower than the measurement and the ENDF/B-VI data in the cross
section minimum region from 10 to 500 eV,
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Measurement of Cross Sections of the 219Po Production Reaction
by keV-Neutron Capture of 209Bi
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The cross sections of the 209Bi(n,})21%Bi reaction were measured in the keV-neutron region,
using an activation method with the detection of o rays from 219Po. Pulsed keV neutrons were
generated from the 7"Li(p,n)"Be reaction by a 1.5-ns bunched proton beam from the 3-MV
Pelletron accelerator of the Research Laboratory for Nuclear Reactors at the Tokyo Institute
of Technology. The 209Bi samples were metallic bismuth evaporated on a gold backing. After
sample irradiation, the 412-keV yrays from the gold backing were measured with an HPGe
detector, and then the o rays from 219Po nuclei in the bismuth sample were measured with a Si
surface barrier detector. The derived cross sections were 1.970.4 mb and 0.62+0.14 mb at the
average neutron energies of 30 keV and 534 keV, respectively. The present value at 30 keV is in
agreement with the previous measurement at 24 keV of Booth ef al., but about a quarter of the
evaluation of JENDL Activation cross section File. The present result at 534 keV is the first
experimental one around 500 keV, and is about a half of the evaluation of JENDL Activation cross

section File.

1. Introduction
The Lead-Bismuth Eutectic Coolant
(LBEC) attracts a great deal of attention

Forbidden

3.04% 106 Yy 210mBj

in the research fields of fast breeder @ 5.013 d

. 419 p 210Bi \
reactors and accelerator driven systems 206T1 B- 8- 138.376 d
210Po
stable o
moderation, etc. However, the g-emitter of

210Po with the half-life of 138 d is produced Fig.1 Simplified decay scheme after neutron
in LBEC through the 209Bi(n,7)?10B; capture of 29Bi

because of its advantages such as chemical

inertness, high boiling point, low neutron 206Pb
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reaction and the following 7 decay of 21%Bi with the half-life of 5.01 d. Figure 1 shows a
simplified decay scheme after the neutron capture of 209Bi. The radioactivity of 219Po causes a
problem when maintaining a system with LBEC. Moreover, as seen from Fig. 1, 210mBj with
the half-life of 3.04X 108 y is produced through the competitive neutron capture reaction of
209Bi(n,y)21%=Bi. Such a long-live nuclide continuously accumulates in proportion to neutron
irradiation time, which will bring about an important problem on nuclear wastes. Therefore,
the 219Po and 2!omBji production cross sections, ie. the 209Bi(n,y)21%Bi and 209Bi(n,y)210mBj
reaction cross sections, are very important to evaluate the radioactivity of 210Po and 210mBj in
a system with LBEC.

In astrophysics, 209Bi is the end point of S-process nucleosynthesis in stars and its keV
neutron capture cross sections are important for the study on the nucleosynthesis. In nuclear
physics, the cross sections are important for understanding the keV-neutron capture reaction
mechanism.

In the present study, from the above viewpoints, the 210Po production cross sections in the
keV-neutron region were measured with an activation method, and then the 21omBj production
cross sections were determined from the differences between the total capture cross sections

of 209Bi and the 219Po production cross sections.

2. Experimental Procedure

The experiments were performed, using the 3-MV Pelletron accelerator of the Research
Laboratory for Nuclear Reactors at the Tokyo Institute of Technology. Pulsed keV neutrons
were generated from the 7Li(p,n)’Be reaction by a 1.5-ns bunched proton beam from the
Pelletron accelerator. The incident neutron spectrum on a 209Bi sample was measured by
means of a Time-Of-Flight (TOF) method with a ¢Li-glass scintillation detector. Each 209Bi
sample was metallic bismuth evaporated on a gold backing whose diameter and thickness
were 15 mm and 0.1 mm, respectively. The thickness of the bismuth layer is about 5 pm. The
sample was located at a distance of 2 or 5 cm from the neutron source and at an angle of 0°
with respect to the proton beam axis. The irradiation time was 40 to 60 h. After each
irradiation, the 412-keV vy rays from the gold backing were measured for 3 d with an HPGe
detector with the relative efficiency of 100 %, and then the o rays from 21°Po nuclei in the

bismuth sample were measured with a Si surface barrier detector for several months.

3. Data Processing
Figure 2 shows a normalized incident neutron energy spectrum, 11(En), which was derived
from a TOF spectrum observed with the 6Li-glass detector. An average capture cross section of

197Au, <cauw>, was defined as follows, using N(En):
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<0y, >= [0,,(E,)n(E,)dE,, 1)

where cau(En) is the standard capture 0020

T T T 0.20

cross section of 197Au taken from O Capture Gross Sections of '"Au
© Neutron Spectrum =i
ENDF/B-VI[1] and is shown in Fig. 2. oo1s| Tots &
g <
. . . L \ c
The decay curve of radioactivity of 198Au ~ Interpolatad Curve Y %
. S N S ] O
was obtained from the measurement of K] oot . 100
. . .. IS E > =534 keV ° o
412-keV yrays, and the radioactivity, A, 2 & 520125 barn & ; 5
0.005 |- A - 4005
at the end (t’' = 0) of neutron irradiation ° E
I [
. ©
was determined from the decay curve. 0,000 = L 000 9
. 300 400 500 600 700
Then, the neutron flux, ¢, was obtained Neutron Energy (keV)
from the following relation: Fig.2 Normalized incident neutron spectrum
_ar at the 534 keV experiment and the
A=N<o, >¢(-e"), @) P

standard capture cross sections of 197Au
where A is the decay constant of 198Au,

N the number of 197Au nuclei, and Tiur the irradiation time. o
The number of 210Po nuclei was obtained by solving the following differential equations:

dN ()

” =n<0>¢-A,N, (1), (3
dN, (t
_;;—():/’i’ﬂNBi(t)‘]’aNPo(t) ’ (4)

in the period of irradiation, and after irradiation,

dN, (¢ .

LZS ) = _/lﬂNBi(t ), (5)
dN, (t , ,
D) 3 No1) = AN 1), ®

where NBi and Npo are the numbers of 21%¢Bi and 219P¢ nuclei, respectively, n the number of
209Bi nuclei, A3 and A, the decay constants of 21%Bj and 219Po, respectively, and <> the
average cross section for the 2!9Po production. Assuming that ¢ and n were constant, these
equations were solved and the o activity of 210Po after irradiation, Apo(t) = AoNPo(t), was

obtained as follows:

A :
Ap,t)=n<0> ¢1{—“/1—{(1 —e My —Iﬁ—(l i } X (n
]

o

By comparing Eq.(7) with the growing and decaying curve of the o activity of 210Po obtained
from the measurement of a rays, the cross section, <>, was derived with the a-ray detection

efficiency, €, described below.
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The 209Bi samples had medium

thickness (about 5 pm) in comparison 100 N N M T T
with the range (about 15 um) of 5.3-MeV

®  measurement l
o rays from 210Po. A thin sample might

50
be better than the present medium

LM N A B B N L M
SV TPEE SO PR TP RIS P

sample to make o-ray spectroscopy with

Counts/100 keV
o

good energy resolution, but it must have

the disadvantage of poor statistics. In

TTT T 7T
— —
- —
[

contrast, a thick sample might have the ~50 :

(=]
-
nN

3 4 5 6 7
advantage of good statistics, but it must a -ray Energy (MeV)

cause continuous o-ray spectra whose

Fig.3 Comparison between simulated and
shapes depend on the surface condition

measured o-ray spectra
of thick sample. From the above
consideration, the medium thickness was chosen in the present study. Monte-Carlo
simulation was performed to check the sample thickness and determine the a-ray detection
efficiency. Figure 3 shows the simulated and measured o-ray spectra at the 534-keV
experiment. The simulated spectrum is in good agreement with the measured one.
The 210mBj production cross sections were determined as the differences between the 219Po

production cross sections and the corresponding total capture cross sections which were

previously measured by a prompt y-ray detection method in our laboratory.

4. Results and Discussion

The derived 219Po and 210mBji production cross sections are listed in Table 1, and are
compared with a previous measurement[2] and the evaluation of JENDL Activation cross
section File (JENDL/A-96)[3] in Fig. 4. The present result of the 219Po production cross section
at 30 keV is in agreement with the previous measurement at 24 keV of Booth ez al.[2], but is
about a quarter of the evaluation of JENDI/A-96. Booth et al. adopted a double
ratio-comparison method with the standard of 271, using a Sh-Be photoneutron source for the
24-keV neutrons and a reactor neutron source for the thermal neutrons. They detected the
B-rays from 21%¢Bi and 1281, separately. The present result of the 219Po production cross section

at 534 keV is the first experimental one around 500 keV, and is about a half of the evaluation

Table 1 210Po and 210mBj production cross sections

Neutron Energy Cross Sectrions (mb)
(keV) 210Po 210mBj
30 1.94+0.39 (20%)  0.6510.40 (61%)
534 0.62+0.14 (22%) 0.76+0.16 (21%)
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of JENDL/A-96. As for the 210mBi production cross section, the present result at 30 keV is
about one third of the evaluation of JENDI/A-96. The present result at 534 keV is in
agreement with the evaluation of JENDL/A-96 within the error, but this agreement seems to
be accidental. Figure 5 shows the branching ratios derived from the present results and the
evaluations of JENDL/A-96. The branching ratios derived from the present results are
smaller than those from the evaluations by about 30 to 50 %, but both the neutron-energy

dependences seem to agree with each other.

20 \\\\ ) T N Xﬁg*r(m (total ;:ap.tura) ) ) 10 E ! G‘ d'/M " 't .bl )
~ & Po-210 ducti L roun etastabie
10} S e N a i (Boi-ZIOr:r:rou;J(l:‘:.;n)— \ ]
— RN A Booth#(g)
> AN — JENDL Act{g+m) I\
E ~o ~ - - JENDL Act(g) T~
P R NUEEEEE JENDL Act.(m) o L oo
o S ] =} T~
) X N -~ S \g
o A& > & 1F ™
& FREE Tl @ )\
o l e = 1
o T e Y =t g ©
S S @ [ —e—JENDL Act
1 J 4 Present
0.2 2 i1 al i 2 " 2 3 0- ] s s 1 | " n 4
10 100 1000 10 100 1000
Neutron Energy (keV) Neutron Energy (keV)
Fig.4 210Po and 219mBj production and Fig.5  Branching ratios derived from
total capture cross sections in the the present results and the
keV region JENDI/A-96

5. Conclusion

The 210Po and 219mBj production cross sections were derived at the average incident
neutron energies of 30 and 534 keV. The derived cross sections were a half to a quarter of the
evaluated values of JENDL/A-96 except for the 210mBj production cross section at 534 keV. The
branching ratios derived from the present cross sections were smaller than those from the
JENDL/A-96 by about 30 to 50 %, but both the neutron-energy dependences were similar.

The present results are important for the evaluation of radioactivity of 210Po and 2!10mBj
produced in a system with LBEC. The present small values for the 219Pg production cross

sections might relieve the 210Po problem of LBEC.
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3.3
Measurements of activation cross sections producing short-lived nuclei
in the energy range of 2 - 3 MeV with pulsed neutron beam.
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To measure activation cross sections producing short-lived nuclei with half-lives less than
10 s, pulsed neutron beam were used. A HPGe detector was properly shielded from neutrons,
because it was set on the irradiation room.

By using the d-D neutron source of the Fusion Neutronics Source in Japan Atomic
Energy Research Institute. Four (n, n’) reaction cross sections for 89Y, *°Zr, *"Ba and "*’Au
with half-lives between 0.8 s and 2.6 min were obtained in the energy range of 2 - 3 MeV.
The cross section for *°Zr (n, n’) **™Zr reaction was obtained for the first time. Present
results were compared with the evaluated data JENDL-3.3 and FENDL.

1. Introduction

In a D-T fusion reactor design, evaluated data libraries of neutron activation cross
sections such as JENDL [1] are needed in the energy range up to about 20 MeV. They are
used for estimation of the activities, gas productions, neutron damages and neutron dosimetry
of the construction materials. The data of the libraries are evaluated on the basis of
experimental data and theoretical calculations. Experimental data are also used to
normalization of calculated excitation function, and improve the accuracy and reliability of
the calculations.

When activation cross sections producing short-lived nuclei are measured, a pneumatic

sample transport system which sends samples to the irradiating position and pulls them back
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to the measuring position about 2 - 3 s is usually used. Using this system, good statistics
have been attained for the measurements of activation cross section with half-lives longer
than several seconds. However, measurements of short-lived nucle; with half-lives less than
several seconds are difficult to get enough statistics because radioisotopes decay out during
the sample transfer.

The in-beam measurement is also useful for measurements of short-lived nuclei.
However, there is a problem of high gamma-ray backgrounds, which would give some
limitations to measurements of weak induced activities. '

In this work, with pulsed neutron, neutron shielding is required for protection of a HPGe
detector from d-D neutrons. Neutrons cause both the degradation of detector and the
activation of detector. To irradiate samples with pulsed neutron beam, the operation of the
accelerator was synchronized to activity measurements.

As test measurements, the activation cross sections of %Y (n, n") ¥™y, 27r (n, n*) **™7r,
®"Ba (n, n’) *"™Ba and '"’Au (n, n*) ¥"™Au reactions whose half-lives were between 0.8 s

and 2.6 min were measured.

2. Experiment
2.1. Experimental procedure and apparatus

The d-D neutrons were produced via D (d, n) *He reaction by bombarding a deuterated
titanium (Ti-D) target on a copper backing with a d* beam of 350 kV using the Fusion
Neutronics Source (FNS) at Japan Atomic Energy Research Institute (JAERI). The
durations of irradiation and measurement were chose to be the same, which is about two
half-lives of the induced activity.

Figure 1 shows the experimental arrangement 1. We used the 0-degree beam line of the
FNS to produce d-D neutrons. The sample was irradiated at the end of the collimator as a
neutron shield, which was installed at angle of 80 degree with respect to the deuteron beam
direction. The energy of emission neutron was 2.65 MeV. The diameter of collimator was
5 cm.  The thickness of collimator was 200 cm. The distance between the neutron source
and the sample was 390 cm. The induced activities were measured with the 10% HPGe
detector. The distance between the sample and the detector was 5 cm.

The experimental arrangement 2 at the 80-degree beam line of the FNS is shown in F ig. 2.
The sample was located at an angle of 0 degree with respect to the deuteron beam direction,
the energy of emission neutron was 3.1 MeV. The distance between the neutron source and
the sample was about 70 cm. The distance between the sample and detector was 2 cm. The
HPGe detector was shielded against neutrons from the source by using polyethylene blocks
with 60 cm thick and lead blocks 5 cm thick. Determination the optimum position of HPGe
detector was done by the Monte-Carlo simulation code MCNP-4C [2]. The main cause of
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neutron leak was neutrons scattered from samples.

The neutron fluence rate was measured with use of the '°In (n, n’) 1Smyy reaction (Tip=
4.486 h), whose cross section data were taken from JENDL Dosimetry File 99 [3]. The
measured fluence rates at sample position of each arrangement were 1 x 10* and 1 x 10°
n/cm?/s, respectively. The mean neutron energy at the irradiation position was determined
by the ratio of induced activity by the $7n (n, p) %*Cu (T)p = 12.701 h) to 51n (n, n°) "*™n
reactions.

2.2. Measurements of activation cross sections

Activation cross sections were measured by the activation method. All cross section
values were determined by referring to the standard reaction cross section of 1 (@, n%)
15m1,. The samples were set on the irradiating position together with the indium foil as a
monitor of neutron fluence rate. The indium foils were set behind the sample. The samples
were 20 mm x 20 mm and 0.05 - 2 mm in thickness. The weights of samples were 0.4 - 10 g.
In Table 1, the chemical form, the isotopic abundance and the weight of samples are listed.

Gamma rays emitted from the irradiated samples were measured with the HPGe detector.
Gamma-ray spectra of 71 (n, n°) #0m7: reaction obtained by pulsed and continuous neutron
beam are shown in Fig. 3-(a) and (b), respectively. The 2319 keV gamma-ray peak of
interest is clearly seen in Fig. 3-(a). On the other hand, the gamma-ray peak of 2319 keV is
not clearly observed owing to high room backgrounds as shown in Fig. 3-(b). The gamma
rays emitted from indium and zinc were measured with a 115% HPGe detector after neutron
irradiation.

2.3. Decay data
In Table 2, the decay data of half-lives, y-ray energies and y-ray emission probabilities are
listed together with the measured reactions and the Q-values.

3. Results

The cross section data of four (n, n’) reactions for Y (neutron energy: E, = 3.1 MeV),
%7r (Bx = 3.1 MeV), *'Ba (E, = 2.65 MeV) and '"’Au (E, = 2.65, 3.1 MeV) were obtained.
The present cross section values are shown in Fig. 4 together with the previous data measured
with a pneumatic sample transport system, and the evaluated data in JENDL-3.3 and
FENDL/A-2.0 [5]. These cross sections are in agreement with the previous data within the
experimental uncertainties. The evaluated data for 137Ba are overestimated. The data for
%7r in FENDL/A-2.0 are underestimated. Re-evaluations for those reactions are strongly
recommended.
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4. Conclusion

The method for measurement of activation cross sections with pulsed neutron beam is
useful for producing nuclei with half-lives less than several seconds. In this method,
activation cross sections down to about 300 mb could be measured.
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Table 1. Chemical form, weight and abundance of the samples

Target nuclei

Chemical Arrangement 1

Arrangement 2

Abundance [%]
(isotopic composition) form Weight [g] Weight [g] ‘
89Y (natural) Y 3.2 1.1 100
907 (natural) Zr 10 2.5 51.45
64.04(137), 0.02(130), 0.02(132), 0.06(134),
13'Ba (enriched) BaCO; 0.4
0.23(135), 1.55(136), 34.12(138)
17 Au (natural) Au 3.2 0.4 100
%
6 E o %
10 | | | | | 103 ‘EE % 5
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Fig. 3.

Gamma-ray spectra of *°Zr (n, n*) ™

beam (a) and the continuous neutron beam (b).
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Table 2. Measured reactions and associated decay data®

Reaction Halfife Y-ray energy Y-ray emission Q-value

' [keV] probability [%] [keV]

Y (0, n’) ¥y 16.06, s 909.15, ©99.144 909.15
7t (0, n°) "™ Zr 809.2, ms 2318.9005 84, 2319.000
7Ba (n, n’) *"™Ba 2.552, min 661.660; 90.1; 661.660

¥TAu (o, n°) “™Au 7.8;s 279.11¢ Bu 409.15
"In (o, ) "0 m® 4.486,h 336.2585 458,  336.258

a) Taken from ref. 4.

b) Standard reaction used for neutron fluence rate monitor.

4 89Y (n, Il') 89mY

' T T T -

10 : . | 10 5
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Fig. 4. The experimental cross section data for (n, n’) reaction compared with the previous experimental
data and the evaluated data in JENDL-3.3 and FENDL/A-2.0.
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3.4 Measurement of (n,2n) reaction cross section using a 14MeV pencil beam source

Motoyuki Mitusda?, Ryohei Tanaka?, Yasushi Yamamoto!, Norimasa Mori?,
Isao Murata?, Akito Takahashi?, Kentaro Ochiai?, Takeo Nishitani?
1) Department of Nuclear Engineering, Osaka University
Yamada-oka 2-1, Suita, Osaka 565-0871, Japan
e-mail : mitsuda@stu.ncul.eng.osaka-u.ac.jp
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The method has been established to measure (n,2n) reaction cross section with the
coincidence detection technique using a pencil beam DT neutron source at FNS, JAERI. Using
a cylindrical manganese, the (n,2n) cross section was measured precisely with the foil
activation method, was used to check the experimental method. It was confirmed from the
experimental results that this method has been generally established. It is expected that
complete (n,2n) reaction cross section measurements for elements producing stable-isotope by

(n,2n) reaction are possible in combination with the coincidence detection and TOF methods.

1. Introduction

The (n,2n) reaction is of primary interest in the application for fusion reactors, because it
is a neutron multiplication reaction and has a large cross section value for light and heavy
nuclides in the energy range of several MeV to 14MeV. Number of elements, which (n,2n)
cross sections were measured for, is less than half of the total number of stable isotopes,
because in the past (n,2n) reaction cross section measurements, the foil activation method
was generally used. This means that the measurement became difficult unless appropriate
radioisotopes were produced by the reaction. In other words, by using the foil activation
method, the (n,2n) reaction cross section of a certain nuclid% can be measured. This means
that if a sample element has two isotopes, the total measurement for the element is
impossible in principle by the foil activation method.

On the other hand, there exist some other methods to obtain (n,2n) reaction cross section
values?; that is nuclide-dependent special methods such as the detection of charged-particles
emitted following the (n,2n) reaction. For example, light elements such as beryllium, neutron
multiplication measurements were done using a very large tank type seintillator to catch two
neutrons by the (n,2n) reaction. The accuracy of those methods is however not so high
compared with the activation method. Consequently, it seems that there is no method to

accurately measure (n,2n) reaction cross sections available to every natural element. In
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addition, especially for light elements such as beryllium, a little complicated neutron
correlation between angular and energy distributions are expected. An appropriate method to
measure such differential spectrum data was not reported so far. Such double differential
cross sections of angle-energy correlation data are also very important for the fusion reactor
design.

In the present study, using a beam-type DT neutron source at fusion neutronics source
(FNS) of JAERI, the method was established to accurately measure (n,2n) reaction cross
sections and its energy and angular distributions of simultaneously emitted two neutrons
with the coincidence detection technique for all the existing elements, especially applying to

elements having no experimental data.

2. Experimental

As well known, measurement of (n,2n) reaction cross section is possible in principle with
the coincidence detection technique for two neutrons emitted simultaneously. However one
must shield detectors to prevent direct neutrons from the source entering the detectors, the
pencil beam DT neutrons was developed by making a narrow hole through a very thick shield
between the target room and the measurement room as shown in Fig.1. The average neutron
intensity is 1X 106 neutrons/sec/cm? at the exit of the collimator. The neutron flux rapidly
decreases outside the 2cm ¢ beam region, therefore neutron detectors can be arranged near
the sample without any material assemblies radiation shield. On the beam line at 60cm from
the collimator, a small sample was positioned, that means the sample was placed at 350cm
from the neutron source. At this sample position, neutron flux is about 0.9 X 106
neutrons/sec/cm2. The dimension of the sample are 1.5¢cm ¢ X 3cm long. Two spherical NE213
(40mm ¢) detectors were arranged, the distance between sample and detector was equally

10cm for two neutron detectors. ( Fig.2)

Collimato
¢ (Fe, Pb) J
~200cm 10cm / NE213
Dt beam

)  Gond)
2%md /' 10cm

Routing TiT NE213
target (dem ¢ )
y
X
Fig.1 Experimental arrangement Fig.2 Arrangement of detectors and sample

The measurement was carried out with the coincidence detection technique and n/y

pulse shape discrimination technique to measure only two neutrons from (n,2n) reaction. The
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former is a technique to selectively

S

measure two  particles emitted

simultaneously such as two neutrons

w
{a)

from (n,2n) reaction by coincidence
detection. The (n,3n) reaction is also
detected by this method, but it can be

Threshold energy (MeV)
N
<

neglected because the threshold energy e e : > 14MeV
. 10- ,o"'.'.;:’:f.;:‘:;:’;:'ow % o e |

is mostly larger than 14MeV as shown RRNC S S;EW,, O eadi s

in Fig.3. The latter technique was L e 1
employed to exclude coincident signals ¥ ' 100 ' 200

ofny and y y pairs through nuclear Mass number (A)

reactions such as (n,n'y ), (0,2n7 ) ete Fig.3 Threshold energy of (n,2n) and (n,3n) reaction

by discriminating y -ray signals with
the rise-time spectrum of dynode signals. Two delay amplifiers with different gain were used
to extend the dynamic range of the detector and to cover the range from 100keV to 10MeV.

The electronic circuit used in the present experiment is shown in Fig.4.

DT neutrons
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Stabilizer \\ Detector 2 / Detector 1 “//‘-/
e | < P P [ NE23 [
.B;node - Anode Sample Anodé\\
L TEA TFA
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CFD CFD
[CFISCA] [GDG] [GDG) Gbg LCETSCA] | [CFISCA
CFTSCA N | .
Stop P TAC top
s TAC/SCA FO I F|O —{TAC/SCA|] -
tO) Sy
TAC/SCA ®a) ®3) {TAC/SCA
[CFTSCA]| [DA] [CFTSCA]
SUM/DELAY | SUM/DELAY
[DA] [GDG] N N
GDG {LG/SC] LGDG
GDG} “ELQ/S; ;IC o out)
LG/SC 1L ate mix out
@‘E (Gatemilx out)| (TO]F ADC5
[
1 | . I
[ADC1 | [ADC2 | [ADC3 | [ ADC4 }—-—— —-—- [[ADC6 | [ADC7 | [ ADC8 | [ ADC9 |
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Foreground Background

Fig.4 Electronic circuit of the (n,2n) reaction cross section measurement

Foreground (FG) and background (BG) indicated in the figure correspond to coincident
and time-independent signals, respectively, as shown in Fig.5, which shows the time
difference distribution between anode signals of the two NE213 detectors. A large peak
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corresponding to the FG signals is found as coincident events of two of (n,2n) neutrons

T T T T T T

detected. Since the correlated

neutrons are emitted simultaneously” Foreground ~ Background ~ TAC: 1000nsec

101¢ Delay : 200nsec -

and so that their signals are of course F .
. i 6 =90de

detected almost simultaneously, a 10 0 Odegg ]

250ns delay is added to one anode ¢=180deg

signal. The BG counts are 1ok

0 T 200 400 600 800 1000
Channe! (~ Insec/channel)

Counts/Channel/Source neutron

successfully suppressed and a good

S/N ratio was achieved. In the

coincidence measurement, the time

spectrum of anode signals of both Fig.5 Time difference spectrum between anode
detectors was measured with signals of the two detectors
time-to-amplititude-convereter

(TAC). And the correlated spectrum region was gated to detect only coincident signals. The
dynode signals were fed to the pulse shape discrimination circuit including delay line

amplifier, timing single channel analyzer and TAC, to exclude gamma-ray signals.

3. Data processing
The net raw neutron spectrum is dedilced by the following equation:
Y=YVre = ¢
where, yre and ysc represent net raw foreground and background respectively, « is the
ratio of the gate widths between FG and BG in the time difference spectrum of the two anode
signals. The cross section can be obtained by the next equations:
Nogn (4, /4m)(dQ, /47) £, £,R, = y,
Nopn(dQ, /Ax)(dQ, / Ax) f, /iR, = y,
where, N is the number of manganese atoms, ¢ is the (n,2n) reaction cross section, ¢ is
the neutron flux at the sample, 7 is the neutron multiplicity of (n,2n) reaction, that is 7 =2,
dQ1, dQ2 are solid angles of the detectorl and detector2, fi, f2 are the efficiencies of the
detectorl and detcetor2, Ri, Rz are the response functions of the detectorl and detector2, yi,
ye are the pulse height spectrum of the detectors, respectively.
The terms, y1R11 and yaRs1 were calculated by the FORIST? unfolding code, and the
detector efficiency and response functions were evaluated by the SCINFUL® code.

4. Results and discussion

Fig.6 and Fig.7 show raw neutron pulse height spectra in low gain and high gain
respectively. It is confirmed that the FG spectrum was sufficiently larger than that of BG by
over one order of magnitude considering that the ratio was 1.8 times of the gate width
difference between FG and BG.

— 147 —



JAERI-Conf 2003-006

5 g

5 =

g 10 . —— g 108 ; . . .

[} 3 3 3

g —o— : Foreground & (=90deg 3 —— : Foreground @ (=90deg

2 —— = 2 : d 8=90d

A 1 : Background §=90deg @ ol : Backgroun eg |

5 10 $=180deg 5 ¢ =180deg

= ; E

3 3 E

38 A . S S S T AR Rl T wiil
600 800 1000 0 200 40 600 800 1000

Channel Channel

Fig.6 Raw neutron pulse height spectrum Fig.7 Raw neutron pulse height spectrum

of low gain of high gain

Fig.8 shows neutron energy spectrum obtained by unfolding the pulse height spectrum
with FORIST. In the figure, the error bars are not specified because the error bars are such
large that the spectrum become not legible if specified. The one- ¢ values are found several
tens percentages. However a fairly good agreement between experiment and JENDL fusion
file is seen except for low energy region. The detector response matrix causes large

discrepancies in the low energy region. Extrapolating the spectrum derived the cross section.
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Fig.8 The energy spectrum of Mn(n,2n) reaction cross section

Fig.9 shows angular distribution 84, 0 are same anglel. ¢ =180deg
for axial direction compared with the = 10’} o : Bxp. .
nuclear data of JENDL Fusion File. It E : Legendre fitting
seems that one can see a slightly .§ B o > i
forward oriented distribution. However, %
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conclude it. Nevertheless, the integral (0.77b at 14.5MeV in ENDL fusion file)
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Fig.9 The angular distribution of

Mn(n,2n) reaction cross section
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5. Conclusion

Using a developed pencil beam DT neutron source at FNS of JAERI, the method has been
established to measure (n,2n) reaction cross section and its energy and angular distributions
of simultaneously emitted two neutrons with the coincidence detection technique. In the
present measurement, the (n,2n) reaction cross section of manganese which is well known as
measured repeatedly with the foil activation method was measured to check the experimental
method. From the results, it was confirmed that the present method was basically successful
to measure energy spectrum of two neutrons emitted through (n,2n) reaction, however one
problem was found that the statistical accuracy was not sufficient to cover the whole angular

correlation.

Reference
1) for example, see compiled data in EXFOR
2) R.H. Johnson et al., ORNL/RISC-40 (1976)
3) J.K.Dickens, ORNL-6462 (1988)
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3.5 Neutron Production by 0.8 and 1.5 GeV Protons on Fe and Pb Targets
at the Most-Forward Region
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Neutron-production double-differential cross-sections for 0.8 and 1.5 GeV protons incident on Fe and
Pb targets were measured at the most-forward region. Neutrons were measured by the time-of-flight (TOF)
method. An NE213 liquid organic scintillator was set at 0-degree as neutron detector. Neutron detection effi-
ciencies are calculated by a Monte Carlo simulation code SCINFUL-QMD. Experimental data were compared
with other experimental data and the results of calculation codes based on Intranuclear-Cascade-Evaporation
(INC/E) and Quantum Molecular Dynamics (QMD) models. Disagreement with the codes is discussed.

1. Introduction

Studies on spallation reaction have recently been made for various applications, such as spallation neu-
tron source and Accelerator-Driven-System (ADS) for transmutation of nuclear waste or energy-production. For
example, projects for intense neutron sources based on the proton-incident spallation reaction have been pro-
posed in Japan (Japan Proton Accelerator Research Complex; J-PARC[1]), USA (National Spallation Neutron
Source; SNS{2]) and Europe (European Spallation Source; ESS[3]).

For the design of these facilities, evaluated nuclear data in the energy region up to a few GeV are
required. Compilation of the high energy nuclear data flies is carrying out in the world, for instance, JENDL
High Energy File[4] JENDL-HE, Japan), LANL High Energy File[5] (LA-150, USA), Medium Energy Nuclear
Data Library[6] (MENDL-2, Russia). Nuclear data evaluation is generally performed on the basis of experimen-
tal data and theoretical model calculations. However, the experimental data are sparse and unsatisfied.
Theoretical model calculations play, therefore, an important role. Intranuclear-Cascade-Evaporation (INC/E)
model{7] and Quantum Molecular Dynamics (QMD) model[8] have often been utilized in the energy region
above a few hundred MeV. Although improvement of the calculation codes have been performed, some discrep-
ancies still remain between experimental data an