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The 2024 Symposium on Nuclear Data was held at Kumatori Town Community Center “Smiles 
Rengakan” in Kumatori Town on November 14-15, 2024. The symposium was organized by the Nuclear 
Data Division of the Atomic Energy Society of Japan (AESJ) and the Institute for Integrated Radiation and 
Nuclear Science, Kyoto University in cooperation with the Investigation Committee on Nuclear Data in AESJ, 
Nuclear Science and Engineering Center of Japan Atomic Energy Agency, and High Energy Accelerator 
Research Organization. 

The symposium consisted of six oral presentation sessions and a poster session, with 17 talks and 29 
posters presented. The total number of participants was 80. Each oral and poster presentation was followed 
by an active question and answer session. This report consists of a total of 27 papers including 8 oral and 19 
poster presentations. 
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（編）堀 順一*1、木村 敦、寺田 和司*1  
 

(2026年 3月 23日受理) 
 
 2024 年度核データ研究会は、2024 年 11 月 14 日〜15 日に、大阪府東熊取町にある「熊取交流
センター すまいるズ 煉瓦館」にて開催された。本研究会は、日本原子力学会核データ部会お

よび京都大学複合原子力科学研究所が主催、日本原子力学会「シグマ」調査専門委員会、日本原

子力研究開発機構原子力基礎工学研究センター、高エネルギー加速器研究機構が共催した。 
研究会では、6つの口頭発表のセッションとポスターセッションが開催され、17件の講演と 29
件のポスターが発表された。参加者数は 80名で、それぞれの口頭発表およびポスター発表では活
発な質疑応答が行われた。本報告書は、本研究会における口頭発表 8 件、ポスター発表 19 件の
合計 27件の論文を掲載している。 
 
 
 
 
 
 
 
 
 

原子力科学研究所：〒319-1195 茨城県那珂郡東海村大字白方 2-4 
*1  京都大学 
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堀順一（委員長、京都大学）、須山賢也（副委員長、原子力機構）、卞哲浩（京都大学）、 
明午伸一郎（原子力機構）、大津秀暁（理化学研究所）、北田孝典（大阪大学）、 
合川正幸（北海道大学）、佐波俊哉（高エネルギー加速器研究機構）、石塚知香子（東京科学大学）、 
木村敦（原子力機構）、執行信寛（九州大学） 
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木村 礼（東芝エネルギ
ーシステムズ株式会社） 
Rei KIMURA  
（Toshiba Energy 
Systems & Solutions 
Corporation） 

14:50 – 
15:20 

J-PARC における熱中性子散乱則のための微分断面積
測定 
Differential Cross-section Measurements for Thermal 
Neutron Scattering Law at J-PARC 

木村 敦（原子力機構） 
Atsushi KIMURA 
(JAEA) 

15:20 – 
15:50 

原子炉用減速材の熱中性子散乱則評価の現状と課題 
Current status and issues of evaluation of thermal 
neutron scattering law for nuclear reactor moderators 

中山 梓介 
（原子力機構） 
Shinsuke NAKAYAMA
（JAEA） 
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15:50 – 16:00  休休憩憩（（集集合合写写真真））  //  BBrreeaakk  ((GGrroouupp  PPhhoottoo)) | 
 

ポポススタターーセセッッシショョンン（（別別掲掲））  
PPoosstteerr  SSeessssiioonn  ((LLiisstteedd  SSeeppaarraatteellyy)) 
日時 / Time: NNoovveemmbbeerr  1144,,  1166::0000  ––  1188::0000 

 
| 19:30 – 21:30 | 懇懇親親会会  //  SSoocciiaall  GGaatthheerriinngg | 

 
 

22002244 年年 1111 月月 1155 日日（（金金））  //  FFrriiddaayy,,  NNoovveemmbbeerr  1155,,  22002244  

チチュューートトリリアアルル  //  TTuuttoorriiaall  
時時間間  //  TTiimmee  題題目目  //  TTiittllee  発発表表者者  //  PPrreesseenntteerr  

09:30 – 
10:15 

廃止措置のための放射化計算における注意点 
Remarks on Activation Analyses for 
Decommissioning 

今野 力（原子力機構） 
Chikara KONNO 
(JAEA) 

 
| 10:15 – 10:20 | 休休憩憩  //  BBrreeaakk | 

 
最最近近ののトトピピッッククスス  //  RReecceenntt  TTooppiiccss  
時時間間  //  
TTiimmee  

題題目目  //  TTiittllee  発発表表者者  //  PPrreesseenntteerr  

10:20 – 
10:50 

ベイズ機械学習による核データ評価の新たなア
プローチ 
New Approaches in Nuclear Data Evaluation 
through Bayesian Machine Learning 

岩元 大樹（原子力機構） 
Hiroki IWAMOTO (JAEA) 

10:50 – 
11:20 

ミュオン核データの進展 
Progress in Muon Nuclear Data 

河村 成肇（高エネ研/J-
PARC） 
Naritoshi KAWAMURA 
(KEK/J-PARC) 

11:20 – 
11:50 

三体核力～原子核物理の新しい物質観～ 
核データにつなげたいという思い 

関口 仁子（東京科学大学） 
Kimiko SEKIGUCHI (Institute 
of Science Tokyo) 

| 11:50 – 12:50 | 休休憩憩  //  BBrreeaakk | 
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原原子子炉炉施施設設のの現現状状  
SSttaattuuss  ooff  NNuucclleeaarr  RReeaaccttoorr  FFaacciilliittiieess 
時時間間  //  
TTiimmee  

題題目目  //  TTiittllee  発発表表者者  //  PPrreesseenntteerr  

12:50 – 
13:20 

臨界集合体 STACY 更新炉の現状と今後の計画 
Status and plans for critical facility modified-STACY 

荒木 祥平（原子力機
構） 
Shouhei ARAKI 
(JAEA) 

13:20 – 
13:50 

複合研原子炉施設の現状と今後の計画 
Present Status and Future Plans of KURNS 

三澤 毅（京都大学） 
Tsuyoshi MISAWA  
(Kyoto University) 

| 13:50 – 14:00 | 休休憩憩  //  BBrreeaakk | 
 

核核デデーータタのの応応用用  
AApppplliiccaattiioonnss  ooff  NNuucclleeaarr  DDaattaa 
時時間間  //  
TTiimmee  

題題目目  //  TTiittllee  発発表表者者  //  PPrreesseenntteerr  

14:00 – 
14:30 

核分裂性物質を非破壊分析するための中性子共鳴分析法
の技術開発と核データ 
Development of a neutron resonance analysis technique 
for nondestructive fissile material assay and nuclear data 

李 在洪（原子力機
構） 
Jaehong LEE (JAEA) 

14:30 – 
15:00 

パルス中性子源に同期しない γ 線のスペクトル測定に
よる短寿命 FP 放射能評価 
Gamma Ray Spectroscopy for Event Out of Phase of 
Pulsed Neutron Source for Short Lived Fission Product 

名内 泰志（電中研） 
Yasushi NAUCHI 
(CRIEPI) 

15:00 – 
15:30 

理研 RI ビームファクトリーにおける医療用ラジオアイ
ソトープの製造 
Production of Medical Radioisotopes at RIKEN RI Beam 
Factory 

羽場 宏光（理研） 
Hiromitsu HABA 
(RIKEN) 

15:30 – 
16:00 

アクティブ標的 TPC および Si 半導体検出器を用いた残
留核の測定 
Measurement of residual nuclei with active-target TPCs 
and Si detectors 

川畑 貴裕（大阪大
学） 
Takahiro KAWABATA 
(Osaka University) 

| 16:00 – 16:10 | 休休憩憩  //  BBrreeaakk | 
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各各種種報報告告・・閉閉会会挨挨拶拶  
VVaarriioouuss  RReeppoorrttss  aanndd  CClloossiinngg 
時時間間  //  
TTiimmee  

題題目目  //  TTiittllee  発発表表者者  //  PPrreesseenntteerr  

16:10 – 
16:25 

EXFOR ワークショップの報告/ 
Report on the EXFOR Workshop 

須山 賢也（原子力機構） 
Kenya SUYAMA (JAEA) 

16:25 – 
16:40 

日本原子力学会シグマ調査専門委員会の活
動/  
Activities of Investigation Committee on 
Nuclear Data of AESJ 

西尾 勝久（原子力機構） 
Katsuhisa NISHIO (JAEA) 

16:40 – 
17:00 

ポスター賞贈呈式/ 
Poster Award Ceremony 
サマリー・総合討論/ 
Summary and General Discussion 
閉会挨拶/ 
Closing Remarks 

 
片渕 竜也（東京科学大学） 
堀 順一（京都大学） 
須山 賢也（JAEA） 
Tatsuya KATABUCHI 
(Institute of Science Tokyo) 
Jun-ichi HORI  
(Kyoto University) 
Kenya SUYAMA (JAEA)  
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ポポススタターー発発表表一一覧覧  
LLiisstt  ooff  PPoosstteerr  PPrreesseennttaattiioonnss  
題題目目  //  TTiittllee 発発表表者者  //  PPrreesseenntteerr 
Cassini パラメータを用いた核分裂エネルギー曲面でのサドル
ポイントの探索/ 
Searching for saddle points on fission energy surfaces using 
Cassini parameters 

荒木 拓斗（関西大学）/ 
 
Takuto ARAKI  
(Kansai University) 

リチウムの 14 MeV 中性子大角度散乱断面積ベンチマーク実験
における誤差低減のための放射化箔の選定/ 
Selection of activation foil for error reduction of benchmark 
experiment on large-angle elastic scattering cross section of Li 
by 14 MeV neutrons 

藤井 大和（大阪大学）/ 
Yamato FUJII  
(Osaka University) 
  

多重箔放射化法による京大炉 BNCT 照射場の中性子エネルギ
ースペクトルの再評価/ 
Re-evaluation of neutron energy spectrum in Kyoto University 
BNCT irradiation field using multifoil activation method 

Jakkrit Prateepkaew 
（京都大学）/ 
Jakkrit PRATEEPKAEW 
 (Kyoto University) 

6 次元 Langevin 方程式を用いた 258Md 核分裂モードの研究/ 
Study of fission modes in 258Md with six-dimensional Langevin 
equation 

岡田 和記（原子力機構）/ 
Kazuki OKADA (JAEA)  

多核子移行反応で生成した蒸発残留核の角運動量分布とメカ
ニズムの解明/ 
Angular momentum distribution and mechanisms of evaporation 
residues produced in multi-nucleon transfer reactions 

中島 滉太（近畿大学）/ 
Kohta NAKAJIMA  
(Kindai University) 

51V，54Cr 入射核を用いた新超重元素の合成可能性/ 
Possibility of synthesizing new superheavy elements using 51V 
and 54Cr projectiles 

川井 幸亮（近畿大学）/ 
Kosuke KAWAI  
(Kindai University) 

J-PARC MLF ANNRI を用いた 99Tc の中性子捕獲断面積測定/ 
Measurement of neutron capture cross sections of 99Tc at ANNRI 
of J-PARC MLF  

Maloney Maxwell CLark 
（東京科学大学）/ 
Maloney Maxwell CLARK  
(Science Tokyo) 

光核分裂反応を利用した核燃料物質検知技術の開発/ 
Development of a detection technique for nuclear fuel materials 
using photonuclear reactions  

國友 理紗 
（東京科学大学）/ 
Risa KUNITOMO  
(Science Tokyo) 

- 6 -

JAEA-Conf 2026-001



 
 

題題目目  //  TTiittllee 発発表表者者  //  PPrreesseenntteerr 
オージェ電子放出核種の生成法の検討に資する計算システムの
開発/ 
Development of a calculation system contributing to the 
consideration of production methods for Auger electron emitters 

酒井 聖矢（理研）/ 
Seiya SAKAI (RIKEN) 

核分裂過程での中性子放出効果を考慮した動力学模型の 
改良/ 
Improvement of a dynamical model considering neutron 
emission effects during the fission process 

原田 壮太（近畿大学）/ 
Sota HARADA 
 (Kindai University) 

定常臨界実験装置 STACY 更新炉の臨界データと核データライ
ブラリの評価結果/ 
Criticality data of the modified STACY and evaluation results of 
nuclear data libraries 

吉川 智輝（原子力機構）/ 
 
Tomoki YOSHIKAWA 
 (JAEA) 

融合反応における複雑なダイナミクスの解明/ 
Understanding the complex dynamics of fusion reactions  

上野 雅己（近畿大学）/ 
Masaki UENO  
(Kindai University) 

高エネルギーガンマ線にのみ感度を持つ検出器の開発/ 
Development of a gamma-ray detector sensitive only to high-
energy gamma rays 

有川 雄太 
（東京科学大学）/ 
Yuta ARIKAWA  
(Science Tokyo) 

主成分分析による 4 次元ランジュバン模型の軌道解析/ 
Trajectory analysis of the four-dimensional Langevin model 
using principal component analysis  

向原 悠太 
（東京科学大学）/ 
Yuta MUKOBARA  
(Science Tokyo) 

紫外線硬化型シンチレータを用いた中性子放射化法の研究/ 
Development of a neutron activation method using UV-curable 
resin scintillator  

Zefeng Shao 
（東京科学大学）/ 
Zefeng SHAO 
 (Science Tokyo) 

AMPX-6 を使った熱中性子散乱則データ処理に関する問題/ 
Problems in processing thermal scattering law data with  
AMPX-6 

今野 力（原子力機構）/ 
Chikara KONNO (JAEA) 

230 MeV/u α 粒子非弾性散乱に関する INC 模型の研究/ 
Study of an INC model for alpha inelastic scattering at  
230 MeV/u 

古田 稔将（九州大学）/ 
Toshimasa FURUTA  
(Kyushu University) 
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題題目目  //  TTiittllee 発発表表者者  //  PPrreesseenntteerr 
Si フィルターを用いた 129I の keV 中性子捕獲断面積測定/ 
keV-neutron capture cross section measurement of 129I using a 
Si-filter neutron beam 

Gerard Rovira/ 
（原子力機構） 
Gerard ROVIRA (JAEA) 

代理反応法測定用測定装置の開発/ 
Development of a measurement system for the surrogate 
reaction method 

牧井 宏之（原子力機構）/ 
Hiroyuki MAKII (JAEA) 

0 度近傍における陽子入射反応に対する INC 模型の研究/ 
Study of an INC model for proton-induced reactions near  
0 degrees 

久富 貴士（九州大学）/ 
Takashi HISATOMI  
(Kyushu University) 

ENSDF 更新に向けた崩壊データ評価と JENDL-5 Decay Data 
File の検証/ 
Evaluation of nuclear decay data for ENSDF revision and 
verification of JENDL-5 Decay Data File for burnup calculation 

飯村 秀紀 
（核データ研究所）/ 
Hideki IIMURA 
 (Nuclear Laboratory LLC) 

PHITS による高エネルギー中性子に対する CsI(Tl)と NE213
の応答評価/ 
Comparison of CsI(Tl) and NE213 responses to high-energy 
neutrons using PHITS simulation 

李 恩智（高エネ研）/ 
 
Eunji LEE (KEK) 

JENDL-5 共分散ライブラリ作成と RSG GAS 炉への不確かさ
評価応用/ 
Generation of JENDL-5 covariance libraries and application to 
nuclear data uncertainty evaluation for the Indonesian RSG GAS 
reactor 

Peng Hong Liem 
（NAIS,東京都市大学）/ 
Peng Hong LIEM  
(NAIS, Tokyo City University) 

崩壊曲線分析による 197mHg および 195mHg の崩壊分岐比決定/ 
Decay branching ratios of 197mHg and 195mHg determined by 
decay curve analysis 

大塚 直彦（IAEA）/ 
Naohiko OTSUKA (IAEA) 

宇宙利用のための J-PARC 3NBT および陽子ビーム施設利用/ 
Proton beam irradiation for space use at J-PARC 3NBT and 
proton beam irradiation facility plan 

明午 伸一郎 
（J-PARC/JAEA）/ 
Shin-ichiro MEIGO  
(J-PARC / JAEA) 

放射化法を用いた natW(p,X)反応断面積測定/ 
Cross section measurement of natW(p,X) reactions by an 
activation method  

杉原 健太（高エネ研）/ 
Kenta SUGIHARA (KEK) 

JAEA 反跳生成核分離装置を用いた多核子移行反応研究/ 洲嵜 ふみ（原子力機構）/ 
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題題目目  //  TTiittllee 発発表表者者  //  PPrreesseenntteerr 
Experimental study of multinucleon transfer reactions using 
JAEA-RMS 

Fumi SUZAKI (JAEA) 

TMI-1 照射 UO₂燃料の Cs 同位体分析から得た 133Cs 断面積知
見/ 
Feedback on neutron capture cross section of 133Cs from isotope 
analysis of UO₂ fuel irradiated in TMI Unit 1 

山本 徹 
（元 原子力規制庁）/ 
Toru YAMAMOTO 
 (Former NRA) 

多核子移行反応における生成核の角運動量と粒子放出角解析/ 
Analysis of angular momentum of produced nuclei and particle 
emission angles in multinucleon transfer reactions 

前田 裕星（近畿大学）/ 
Yusei MAEDA 
 (Kindai University) 
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Construction of a framework for the systematic

calculation of prompt fission observables using a

four-dimensional Langevin model

Kazuki FUJIO†∗1, Shin OKUMURA2, Chikako ISHIZUKA1, Satoshi CHIBA3, and
Tatsuya KATABUCHI1

1Institute of Science Tokyo, Ookayama 2-12-1, Meguro, Tokyo, 152-8850, Japan
2NAPC-Nuclear Data Section, International Atomic Energy Agency, Vienna

International Centre, 1400 Vienna, Austria
3NAT Research Center, NAT Corporation, 38 Shinko-cho, Hitachinaka, Ibaraki,

312-0005, Japan
†Email: kazuki.fujio@lanl.gov

Abstract

We proposed a new framework for the systematic calculation of the prompt fission ob-
servables. The mass distribution of fission fragments and the total kinetic energy of the
fragments before prompt decay were calculated using a four-dimensional Langevin model in
this framework. We calculated accurate mass distributions of fission fragments by super-
posing two Langevin calculations, taking into account the influence of different magic shells.
Then, fission observables after prompt decay were calculated in a consistent manner using
the Hauser-Feshbach statistical decay model in TALYS. We compared the calculated fission
observables with the previous Langevin results, as well as experimental and evaluated data,
and found that our results successfully capture the known trends and reasonably reproduce
the data for a series of Pu isotopes.

1 Introduction

Fission observables such as the neutron multiplicity, spectrum, and mass/charge distributions of
fission products play an important role in evaluating safety and effectiveness of nuclear applica-
tions. Nevertheless, the data evaluation is still insufficient. A lot of research is being conducted
with the many difficulties. The difficulties of measurement on these types of data come from
the limitation due to the sample availability, high radiation background, and so on. Theoretical
calculations for these observables are also challenging since the fission process is rooted in sev-
eral different physical mechanisms. Currently, models based on Monte Carlo or deterministic
approaches are developed to calculate the fission observables in a consistent manner. However,
many computational codes usually employ the physical quantities before prompt neutron emis-
sion prepared by phenomenological methods or experimental results as inputs. These may lack
the capability to cover a wide range of nuclides. To overcome the issue, the inputs should be
prepared by theoretical models based on nuclear physics.

∗Present address: Los Alamos National Laboratory, Los Alamos, New Mexico, 87545, USA

2.
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We propose a new framework to calculate the prompt fission observables by using the pre-
neutron fission observables calculated by theoretical models. In this research, the nuclear defor-
mation up to scission is simulated by a four-dimensional Langevin model [1]. The de-excitation
process by emitting prompt neutrons and γ-rays is calculated by a Hauser-Feshbach statistical
decay model implemented in TALYS (ver. 1.96) [2].

2 Models and Calculation Method

2.1 Four-dimensional Langevin model

We employed the four-dimensional Langevin model [1] to simulate the deformation of a com-
pound nucleus up to scission. The time evolution of the deformation is solved in the Langevin
equation;

dqµ
dt

=
(
m−1

)
µν

pν , (1)

dpµ
dt

= −∂F (q, T )

∂qµ
− 1

2

∂
(
m−1

)
νσ

∂qµ
pνpσ − γµν

(
m−1

)
νσ

pσ +
√
T eff
µ gµνRν(t),

where F (q, T ) is a temperature-dependent free energy, mµν , γµν are mass and friction tensors, 
Rν (t) is a stochastic force, and Tµ

eff is an effective temperature. The symbol {qµ} = {z̃0, δ1, δ2, α} 
is a set of time-dependent collective variables, and {pµ} is the corresponding conjugate momenta. 
The first variable z̃0 corresponds to nuclear elongation normalized by the radius of the compound 
nucleus. The second and third variables δ1, δ2 express the deformations calculated from major and 
minor axes of each fragment. The fourth variable α represents the mass asymmetry calculated 
from masses of each fragment. In addition to the variables, we have a parameter ε to describe
the neck configuration of a compound nucleus. These variables and parameter are represented
in the two-center shell model.

We calculated two fission fragment yields corresponding to the Standard I and II modes
YST1(A, TKE), YST2(A, TKE) in Brosa’s notation [3] by adjusting ε. These calculated yields are 
superposed by using a superposing ratio ζ:

Yff(A,TKE) = ζYST1(A,TKE) + (1− ζ)YST2(A,TKE), (2)

where Yff(A,TKE) is the fission fragment yield which is comparable with experimental data. The
ratio ζ is determined by a least squares method to reproduce the peak positions of experimental
fission fragment yields for 238,240,242Pu(sf) and 239Pu(n,f) [4]. More details about the model and
method can be found in Ref [5].

2.2 Connection to the Hauser-Feshbach statistical decay model

The excitation energy and spin-parity distributions are necessary as inputs of the Hauser-
Feshbach statistical decay calculation for fission fragments. TALYS generates both of the dis-
tributions. Here, we explain how we prepare inputs of the excitation energy distribution. The
excitation energy distribution G(Ex) is expressed in the form of a Gaussian distribution:

G(Ex) =
1√

2πσEl,h

exp

{
−
(Ex − Ēl,h)

2

2σ2
El,h

}
, (3)

where σEl,h
is a standard deviation of the excitation energy for a light or heavy fragment, and

Ēl,h is an average excitation energy for a light or heavy fragment. The charge distribution
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is necessary to calculate σEl,h
and Ēl,h. We combine the Wahl’s Zp model with the obtained

Langevin results to generate the charge distribution. Then, we convert the TKE obtained from
the Langevin calculation into the total excitation energy (TXE) with the Q-value. The average
excitation energy Ēl,h is calculated by the obtained TXE with an energy-dependent RT model [6].
The deviation σEl,h

is calculated with the deviation of TKE and Ēl,h. More details and related
references about the distributions can be found in Ref [7].

3 Results and Discussion

3.1 Fission fragment yields and average TKEs from four-dimensional Langevin
model

The upper panels of Figure 1 represent the comparisons of the calculated fission fragment yields
with the previous Langevin calculations for 238,240,242Pu(sf) and 239Pu(nth,f). Whereas the
yields in this research are calculated by superposing two different neck parameters, the previous
results are calculated by using one neck parameter. The comparisons indicate that the present
approach generally reproduces the experimental results and improves the accuracies of the peak
position and width of the yields.

The lower panels of Figure 1 show the comparisons of the average TKEs. It is noted that
the adjustment of ε improves not only the accuracy of the yields but also that of TKEs. The
accuracy of TKEs is improved for A ≥ 140 for all systems. Table 1 represents the calculated
and experimental average TKEs. The deviation between the present results and experimental
data is within approximately 2% for 238,240,242Pu(sf) and within around 1% for 239Pu(nth,f).
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Figure 1: The calculated fission fragment yields (upper) and average TKEs (lower) for
238,240,242Pu(sf) and 239Pu(nth,f). The red lines correspond to the present results, and the
black dashed lines present the previous results.
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Table 1: The calculated and experimental average TKEs for 238,240,242Pu(sf) and 239Pu(nth,f)
(in MeV unit).

Standard I Standard II Average TKE
238Pu(sf) Present calc. 195.87 174.36 176.47

Demattè et al.[8] 176.4±0.3
Schillebeeckx et al.[4] 177.0±0.3

240Pu(sf) Present calc. 194.79 173.44 179.23
Demattè et al.[8] 178.5±0.1
Schillebeeckx et al.[4] 179.4±0.1

242Pu(sf) Present calc. 194.22 172.57 183.01
Demattè et al.[8] 180.5±0.1
Schillebeeckx et al.[4] 180.7±0.1

239Pu(nth,f) Present calc. 194.78 173.65 176.88
Schillebeeckx et al.[4] 177.93±0.01
Surin et al.[9] 177.7±0.1
Tsuchiya et al.[10] 176.2±1.4

3.2 Prompt fission observables from Hauser-Feshbach statistical decay model

The left panel of Figure 2 shows the prompt neutron multiplicity ν̄n(A) of 239Pu(n,f) at incident
neutron energies of thermal energy and 5 MeV. The calculation result reproduces a saw-tooth
shape where ν̄n(A) increases as the mass number of each fragment increases. The result also
represents the increase of ν̄n(A) from heavy fragments as the incident energy increases. These
tendencies are consistent with trends known from experimental results. On the other hand,
the calculated ν̄n(A) overestimate (underestimate) the experimental data in the light (heavy)
fragments. It is considered that these discrepancies are caused by the energy partitioning of
the TXE. Several research group employ a mass-dependent RT model based on the idea that
the nuclear deformation at scission is different from each fission fragment pair and report that
the mass-dependent RT model improves the accuracy of ν̄n(A). The RT model employed in
this work does not depend on the mass number of the fission fragments. Thus employing the
mass-dependent RT model is considered as a future perspective.

The right panel of Figure 2 represents the prompt neutron multiplicity as a function of the
incident energy ν̄n(E) of 239Pu(n,f). The calculated result is consistent with the experimental
and evaluated data ranging from thermal up to 5 MeV. Particularly, the calculated ν̄n(E) at
thermal energy could reproduce the evaluated data.

The left panel of Figure 3 shows the prompt fission neutron spectrum (PFNS) in the labora-
tory frame for 239Pu(nth,f), and the inset represents that as a ratio to a Maxwellian spectrum at
T = 1.32 MeV. The calculated result approximately reproduces the shape of the spectrum in the
logarithmic scale. However, the underestimation is seen between 3 to 10 MeV. It is known that
the spin-parity distribution of the fission fragments and the fission fragment yield have impacts
on the PFNS [11, 12]. Further adjustments and improvements are required to calculate more
accurate PFNS.

The right panel of Figure 3 represents the independent fission product yield Y (A) of 239Pu(nth,f).
Although the calculated Y (A) reproduces the width and fine structure partially, the overestima-
tions are seen in the vicinity of A = 97 and 141. It is considered that these overestimations are
derived from the overestimations in the fission fragment yield Yff(A) around A = 137 and 140.
The accurate fission fragment yield is required to calculate more accurate independent fission
product yield.
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Figure 2: (Left) the prompt neutron multiplicities as a function of the fission fragment mass for
239Pu. The red solid and black dashed lines correspond to the results at thermal and 5 MeV
incident neutron energies, respectively. (Right) the prompt neutron multiplicity as a function of
the incident neutron energy for 239Pu. The red solid line represents the calculated result, and
the dashed lines correspond to the evaluated data.
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Figure 3: (Left) the prompt fission neutron spectrum (PFNS) in the laboratory frame for
239Pu(nth,f). The inset figure represents the PFNS as a ratio to a Maxwellian spectrum at
T = 1.32 MeV. (Right) the independent fission product yield for 239Pu(nth,f). The red solid
lines represent the calculated results, and the dashed lines correspond to the evaluated data.

4 Conclusions

We constructed a framework for systematically calculating the fission observables and to investi-
gate its effectiveness with Pu isotopes. In this framework, a novel method is proposed to calculate
more accurate fission fragment yield. Two different fission modes are calculated separately in
the four-dimensional Langevin model and are superposed to reproduce the peak position of the
experimental yields. The improvement of the accuracy is verified for fission fragment yield and
TKE by comparing with the previous Langevin result. Furthermore, we calculate the prompt
fission observables in the Hauser-Feshbach statistical decay model implemented in TALYS with
the obtained Langevin results. The calculated results capture the known trends and reasonably
reproduce the experimental and evaluated data. There are still rooms for improvement in the
accuracy of fission observables. We plan to improve the accuracy and apply this framework to
actinides where direct measurements are difficult in the future.
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Toshiba Energy Systems & Solutions has been developing a MoveluXTM reactor system with 
10 MWt and 3-4 MWe power output. The MoveluXTM core uses calcium hydride (CaH2) as 
the solid-state neutron moderator. The hydrogen in CaH2 dissociated above 800 oC; thus, this 
temperature is the operation limitation temperature of the core. From the viewpoint of the 
core characteristics, the CaH2 moderator shows a positive temperature reactivity coefficient 
from room temperature to near the operation temperature. The MoveluXTM core utilizes this 
positive temperature reactivity coefficient to assure critical safety during transport. To 
evaluate this core characteristic, the TSL of CaH2 is very important input data for the core 
calculation. However, only JEFF published TSL data on the CaH2, and it was based on one 
experiment’s data. On the other hand, the Toshiba Energy Systems & Solutions Corporation 
measured TSL of CaH2 in the past research with Tokyo Tech and Kyoto University. 
Additionally, JAEA also evaluates this TSL based on the simulation. The MoveluXTM core 
had around 200 pcm between these TLS data, furthermore, more than a 2% difference in 
temperature reactivity coefficient was confirmed. These differences were not small, thus, 
improvement of the CaH2 TSL data will be required. 
 
Keywords: MoveluXTM; CaH2; TSL; S(,); microreactor; SMR 
 
1. Introduction 

To realize a decarbonized society, various organizations are developing small modular 
reactors and microreactors as shown in Figure 1 [1]. Toshiba Energy Systems & Solutions 
Corporation has been developing the MoveluXTM reactor system that has 10MWt and 3-4 
MWe power output and can provide a high-temperature heat source of around 700 oC. The 
MoveluXTM core uses LEU less than 5% of 235U enrichment as the fuel material and does not 
use HALEU from the viewpoint of procurability.  
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Figure 1. Schematic view of the MoveluXTM reactor system 

 
Therefore, the neutron moderator is required to realize a small core based on the LEU, and 

this moderator should be used in a high-temperature environment. For this reason, the 
MoveluXTM core selected the calcium-hydride (CaH2) as the solid-state neutron moderator. 
The CaH2 moderated small core had a unique core characteristic, specifically, it showed a 
positive temperature reactivity coefficient from room temperature to near the operation 
temperature [2]. 

Figure 2 shows this positive temperature reactivity coefficient, and Figure 3 shows the 
spectrum shift with the temperature. This positive temperature reactivity coefficient 
originated from this spectrum shift; therefore, this reactivity can be controlled to negative in 
the operation temperature by adding the poison nuclides. 
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Figure 2. Reactivity characteristics of the MoveluXTM core [2] 
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Figure 3. Spectrum shift with the temperature [2] 

 
  The Thermal Scattering Law (TSL) data dominated this core characteristic. Hence, the TSL 
data of the CaH2 was critically important for the core neutronics design of the MoveluXTM. 
However, the TSL data of the CaH2 was only published in the JEFF, and was based on the 
experiment conducted multiple decades ago. 
 

On the other hand, unpublished TSL data of the CaH2 was measured by the author, Dr. 
Nishiyama, and Prof. Hori in 2019, furthermore, calculated TSL data was provided by Dr. 
Nakayama [3]. This paper realizes the impact of the difference of these TSL data on the core 
eigenvalue. 

 
2. Calculation Model 
  Table 1 and Figure 4 show the core specifications and the horizontal cross-section of the 
MoveluXTM core. The MVP-3.0 code and JENDL-4.0 are the core neutronics code and the 
nuclear data library [4-5]. However, JEFF-3.2 was used for the reference TSL data of the 
CaH2 because JENDL-4.0 does not store TSL data of CaH2 [6]. Furthermore, the CaH2 TSL 
data was replaced by other TSL data summarized in Table 2. The neutronics calculation 
evaluated keff of the core in different core temperatures from 300 K to 1200 K.  
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Table 1.  Core specifications 

 

Item Value 

Fuel material U3Si2 

Moderator material CaH2 

Neutron breeder material BeO 

Number of the fuel 66 

Number of the moderator 72 

Number of the neutron breeder 228 

Width of the fuel elements 10 cm 

Width of moderator elements 8.6 cm 

Core diameter/height 180 cm/220 cm 

Maximum/Average 235U Enrichment 4.99 wt% 

 
Table 2. Used CaH2 TSL data and its conditions 

Library(ID) Note 

JEFF-3.2 Only published CaH2 data 

JENDL-5 Based on the first-principles calculation evaluated by Dr. Nakayama(JAEA) 

Present Measured by author, Dr. Nishiyama (Tokyo City Univ.), and Dr. Hori (Kyoto Univ.) 

 

180 cm

Pb-Sn Alloy
(gray) Fuel 

(red)
Moderator

(blue)

Heat pipe
(green) BeO

(magenta)

 
Figure 4. Core horizontal cross section 
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3. Reactivity difference between TSL data 
  Figure 5 shows the temperature-dependent keff of each case. The around 200 pcm difference 
of keff between libraries was confirmed. Moreover, the temperature reactivity coefficient dk/dT 
was 2%. This difference was not small from viewpoint of reactor core design especially for 
the reactor kinetic behavior. 
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Figure 5. Temperature dependent keff of each case 

 
4. Conclusion 
  The impact of CaH2 TSL difference on the MoveluXTM core neutronics was up to around 
200 pcm. Furthermore, a 2% difference in temperature reactivity coefficient existed. This 
difference was not small for the core design, especially for the reactor kinetic behavior. 
Therefore, the precision of this TSL data, the new measurement, and integral experiments are 
required to improve the precision of TSL data and core neutronics evaluation. 
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 In this paper, we introduce and discuss the current status and issues of the evaluation of thermal 
scattering laws (TSL) in the development of the Japanese Evaluated Nuclear Data Library, JENDL.  
We have recently started to establish a method for evaluating the TSL of crystalline materials with 
the aim of enhancing the TSL data in JENDL. In addition, further improvements are underway for 
the TSL of light water. We are developing a method for evaluating TSL using molecular dynamics 
calculations with potentials based on first-principles calculations. The new TSL evaluation method 
for light water is also introduced. 
 
1. Introduction 

In thermal neutron reactors, the TSL of the moderator has a significant impact on core calculations. 
In the JENDL series, the latest version, JENDL-5 [1], is the first to include an original evaluation of 
TSL. In this evaluation, the TSL of water, a typical moderator, and hydrogen-containing organic 
compounds such as methane, which is used as a moderator in neutron sources, were evaluated based 
on molecular dynamics simulations. However, data for crystalline materials was obtained from the 
ENDF/B-VIII.0 library [2]. Crystalline materials are also used as moderators in thermal neutron 
reactors. Such examples are graphite in high-temperature gas-cooled reactors and molten salt reactors, 
and calcium hydride (CaH2) in small modular reactors. 

Under these circumstances, we have started to establish a method for evaluating the TSL of 
crystalline materials with the aim of enhancing the TSL data in JENDL. As a result, by using an 
evaluation method based on first-principles calculations [3], we have obtained results for graphite 
that well reproduce the experimental values measured at J-PARC [4]. We then applied this TSL 
evaluation method to CaH2. In this paper, we will discuss the results for CaH2 in particular. 

Moreover, further improvements are underway for the TSL of light water. In order to improve 
reliability under high-temperature and high-pressure conditions such as reactor operation conditions, 
we are developing a method for evaluating TSL using molecular dynamics simulations with 
potentials based on first-principles calculations, which are considered to have high predictability for 
changes in temperature and pressure. This method incorporates ingenuity not only in potential but 
also in molecular dynamics simulation in itself. Specifically, path integral molecular dynamics 
simulation is employed to consider the quantum vibrational behavior of hydrogen. We also introduce 
this new TSL evaluation method for light water. 
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2. TSL evaluation for crystalline material 
2.1. TSL evaluation for graphite 

Regarding TSL for graphite, porosity-dependent data is provided in ENDF/B-VIII.0. Note that the 
evaluation method in the latest version of ENDF/B-VIII.1 is almost the same as that in ENDF/B-
VIII.0. However, even graphite with porosity should be considered to have an ideal crystalline 
structure for the carbon portion that causes inelastic scattering in it, for the following reasons [5]: (i) 
in graphite with porosity, the vacancies have a larger size (several hundred micrometers) than in 
crystal structure, (ii) thus, there is a clear separation between the vacancy part and the rest where 
carbon atoms are present (each part does not coexist at the scale of crystal level). 

For these reasons, in Ref. [3], we evaluated the inelastic scattering components in the TSL for 
graphite assuming ideal crystalline graphite (i.e., 0 % porosity). This assumption was verified 
through comparison with the experimental neutron scattering data measured at J-PARC [4]. As a 
result, it was found that the evaluated values assuming crystalline graphite reproduced the 
experimental values better than the evaluated values of ENDF/B-VIII.0 for 10 % and 30 % porosity. 
Since the graphite used in the experiment has a porosity of 15 %, it was found that the evaluation of 
the inelastic scattering component should be performed assuming crystalline graphite, independent 
of the porosity. See Ref. [3] for more detailed results and discussion. 

 
2.2. TSL evaluation for CaH2 

Next, we describe the TSL evaluation for CaH2, which is being considered for use as a solid 
moderator in small modular reactors. Since CaH2 is a crystalline material, as in the case of graphite 
in Ref. [3], the inelastic scattering components due to lattice vibrations in the crystal were evaluated 
based on the phonon density of states obtained from first-principles calculations and lattice vibration 
calculations. 

The first-principles calculations were performed by the Quantum ESPRESSO code [6] and the 
lattice vibration calculations were performed by the Phonopy code [7], respectively. The first-
principles calculations were performed using pseudopotentials and plane-wave basis. Winmostar [8], 
a simulation interface software, was used to create the input data for the Quantum ESPRESSO code. 
To account for long-range effects on atomic displacements, calculations were performed for a 
supercell with several unit crystals, as shown in 
Figure 1. The phonon density of states obtained 
from this method was given as input to the 
LEAPR module of the nuclear data processing 
code NJOY2016 [9] to derive the TSL for 
inelastic scattering. 

The inelastic scattering cross sections obtained 
from the evaluated TSL are shown in Figure 2. 
For the hydrogen component in CaH2, the present 
evaluation (solid red line) and the currently 
available data from JEFF-3.3 [10] (dashed green 
line) show a similar trend. In JEFF-3.3, the 
energy spectra of the scattered neutrons for the Figure 1. Supercell of CaH2 crystal 
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CaH2 target are measured and the phonon density of states is estimated from them. Although the 
methods used in the present evaluation and JEFF-3.3 differ greatly, the evaluated values are in 
general agreement with each other. On the other hand, there is a large difference between the present 
evaluation (solid blue line) and JEFF-3.3 (dashed yellow line) regarding the components of calcium. 
This is due to the fact that in the evaluation of JEFF-3.3 the phonon density of states estimated for 
CaH2 is distributed for the hydrogen and calcium components at the ratio roughly estimated, 
respectively. This procedure results in a large ambiguity of the component of calcium, which has 
small cross sections. Therefore, for the component of calcium, the present evaluation based on the 
first-principles calculations is considered more reliable than JEFF-3.3. 

 

 

Figure 2. Inelastic scattering cross sections for hydrogen and calcium in CaH2 
 

Next, the total cross section was obtained by adding the elastic scattering components (i.e., 
incoherent and Bragg scattering components) to the evaluated inelastic scattering components, and 
it was compared with the total cross section at 300 K obtained from the neutron transmission 
experiment at J-PARC [11]. The result is shown in Figure 3. The total cross section of CaH2 (red 
solid line), which was obtained by doubling the hydrogen component (blue solid line) and adding it 
to the calcium component (green solid line), reproduces the experimental value well, and the 
reliability of the evaluated value in this study was validated. The result of a comparison with the 
JEFF-3.3 evaluation is shown in Figure 4. As shown in the figure, the evaluated values in this work 
are almost the same as JEFF-3.3, and both are generally consistent with the experiments. However, 
according to the integral calculations for the reactor core containing CaH2, it has been reported that 
there are non-negligible differences in the reactivity coefficients calculated using these two TSL data 
[12]. These differences may be attributed to the neutron spectrum of inelastic scattering, which 
cannot be identified from a comparison in terms of total cross sections. As a future work, it is 
desirable to perform the double differential cross section measurement to verify which of the two 
evaluation values is more appropriate in terms of the inelastic scattering spectrum. In addition, it 
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would be desirable to conduct an integral experiment to determine which of the above integral 
calculation results is more plausible, as non-negligible differences from the viewpoint of the reactor 
core design have been observed. 
 

 

Figure 3. Total cross sections for hydrogen and calcium in CaH2 
 

 
Figure 4. Total cross sections for CaH2 (comparison with the JEFF-3.3 evaluation) 

 
3. TSL evaluation for high-temperature light water 

Since TSL is data describing neutron scattering due to atomic and molecular motion of materials, 
it varies with material phase, temperature, and pressure. From the viewpoint of core calculations, 
TSL at high temperatures and pressures such as a reactor operation condition is particularly important. 
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In recent nuclear data libraries such as JENDL, ENDF/B, and JEFF, TSL data for light water are 
evaluated based on molecular dynamics simulations using empirical force fields optimized around 
room temperature [13, 14]. These TSLs for light water have been shown to be accurate around room 
temperature from various differential neutron scattering experiments and integral benchmark tests in 
light-water moderated systems. On the other hand, through the comparison with the resent neutron 
scattering experiments, it is pointed out that evaluated values deviating from experimental ones are 
stored at high-temperature and high-pressure conditions, which are most important from the 
viewpoint of reactor applications [15]. 

To overcome this challenge, we are aiming at a new evaluation of the TSL for light water at high 
temperatures and pressures by molecular dynamics simulations based on first-principles calculations, 
which do not use empirical force fields and are considered to be highly extrapolative to temperature 
and pressure changes. Apart from this, hydrogen, a major neutron scattering source in light water, is 
known to have pronounced quantum vibration effects. In order to incorporate this effect, the path 
integral molecular dynamics method is used for molecular dynamics simulations. The PIMD code 
[16] is used for this calculation. This method has been shown to reproduce experimental results well 
even under high-temperature and high-pressure conditions [17] and is expected to be a promising 
new TSL evaluation method for light water. Moreover, in order to reduce the computation time, the 
interatomic potentials are not obtained by first-principles calculations at each step of molecular 
dynamics, but by machine learning potentials that are created in advance to reproduce the results of 
the first-principles calculations. Attempts to evaluate new TSLs for light water using the above 
methods have just begun and are ongoing. We plan to publish the results in an appropriate place as 
soon as they are obtained. 

 
4. Summary and outlook 

In this paper, we discussed the current status of the TSL evaluation in the development project of 
JENDL. In particular, we discussed the evaluation of TSLs, which are closely related to nuclear 
reactor applications. 

As for the TSL evaluation for crystalline material, TSL for graphite and CaH2, which are used as 
moderators in innovative reactors, were evaluated based on first-principles calculations. The 
evaluation results were in good agreement with the new experimental values at J-PARC. Through 
the above, we have established a method for evaluating the TSL of crystalline materials. 

As for the TSL evaluation for high-temperature light water, despite its importance in applications, 
TSL of light water in high temperature and pressure conditions has not been adequately validated. 
Under these circumstances, new TSL evaluation is going to be performed using a calculation method 
with high reliability to temperature and pressure changes. 
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Activation analyses are essential in planning and execution of reactor decommissioning. This 
presentation points out problems in activation analyses. The ORIGEN2 and ORIGEN-S codes are 
often used in Japan but they have several limitations. The ORIGEN code, which is bundled in the US 
nuclear safety analysis code system SCALE6.2 or later, has less limitations and is easier to use than 
ORIGEN2 and ORIGEN-S. However the bundled ORIGEN libraries are not always consistent. To 
disseminate JENDL-5, I produced JENDL-5 libraries for ORIGEN adequately. I also introduce 
remarks on calculations with the two-dimensional Sn code DORT which is often used to calculate 
neutron spectra for activation calculations. 

1. Introduction
I started activation analyses for decommissioning in 2017, when I was involved to a collaboration

program on activation analyses for decommissioning. The collaboration program completed in 2019, but 
I continued the study on activation analyses for decommissioning with the relevant departments in JAEA. 
In this tutorial, I introduce remarks which I found in the study on activation analyses. It is my pleasure if
this tutorial helps researchers and engineers related to activation analyses. 

2. Activation analysis for decommissioning and its issue 
Activation analyses are essential in planning and execution of reactor decommissioning. Radioactive 

inventories are calculated with neutron spectra (or neutron flux intensities) at evaluation points, 

Fig. 1 Activation analysis flow. 

#5廃廃止止措措置置ででのの放放射射化化計計算算 -(1)q 原原子子炉炉のの廃廃止止措措置置ににおおいいてて、、放放射射化化計計算算(放放射射能能
濃濃度度計計算算)はは廃廃止止措措置置計計画画のの立立案案にに必必要要不不可可欠欠

q 放放射射能能濃濃度度はは評評価価点点ででのの中中性性子子ススペペククトトルルをを計計
算算しし、、得得らられれたた中中性性子子ススペペククトトルル(or 中中性性子子束束強強
度度)、、中中性性子子照照射射履履歴歴、、物物質質のの組組成成、、放放射射化化反反応応
断断面面積積、、崩崩壊壊デデーータタ等等をを使使っってて計計算算さされれるる

Inventory

Activation
calculation

Neutron spectrum or flux intensity

Irradiation
history

Activation
cross section

Material
composition

Decay data

Neutron spectrum calculation 
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irradiation history, material compositions, activation cross section data and decay data as shown in 
Figure 1.  

It is required in decommissioning of Japan to calculate inventories of 274 nuclei (e.g. 123Te [Half-
life : 6 × 1014 years] and 178m2Hf [Half-life : 31 years]) specified in Nuclear Regulation Authority 
Ordinance No. 16 of 2020 “Ordinance on confirmation, etc. that the radioactivity concentration of 
radioactive materials contained in materials and other items used in factories, etc. does not require 
measures to prevent damage from radiation” [1], which is called “the new clearance regulation” later. 
The ORIGEN2 [2], ORIGEN-S [3] and ORIGEN [4] codes have been used for activation calculations, 
but it is noted that they cannot always calculate inventories of all the 276 nuclei in the new clearance 
regulation. 

3. ORIGEN code and ORIGEN library produced from JENDL-5
The ORIGEN2 and ORIGEN-S codes have been often used for activation calculations in Japan, but

they have the following defects. 
l The number of activation reactions that can be handled is not enough and the activation reaction

data are old.
l They use not detailed neutron spectra but neutron flux intensities at evaluation points.

On the contrary, the ORIGEN code uses new cross section data of 12,617 activation reactions for 774 
nuclei and detailed neutron spectra (e.g. 200-group neutron spectra) at evaluation points and the 
calculation time is comparable to that of ORIGEN-S. Input data of ORIGEN are much easier to 
understand than those of ORIGEN2 and ORIGEN-S. I hope that ORIGEN will be often used in Japan. 

The activation cross section, decay and fission yield libraries used in ORIGEN are only from JEFF-
3.1 [5], ENDF/B-VII.1 [6] and ENDF/B-VII.1, respectively, and I found that these libraries were not 
always consistent each other. Then I have 
produced these libraries for ORIGEN, which are 
consistent each other, from JENDL-5 [7]. JENDL-
5 activation cross section library for ORIGEN 
produced with the AMPX-6 [8] code were released 
in 2023 as ActLib-J5 [9, 10]. Figure 2 plots the 
produced 200-group cross section of the 
59Co(n,g)60gCo reaction of JENDL-5 with that of 
continuous energy. Recently I also produced 
JENDL-5 decay and fission yield libraries for 
ORIGEN with my simple program. In principle, 
ORIGEN with these libraries can calculate 
inventories of all the 276 nuclei in the new 
clearance regulation. 

4. Example of ORIGEN calculation
As the first example of ORIGEN calculations with the JENDL-5 libraries, an activation calculation

of bio-shield concrete in JPDR (Japan Power Demonstration Reactor) [9] is introduced here. First, neutron 
spectra in the concrete were calculated with the two-dimensional Sn code DORT [11] and the multigroup 
cross section file MATXSLIB-J40 (neutron: 199-group) [12]. Second, ORIGEN calculated inventories 

Fig. 2 Cross section of 59Co(n,g)60gCo. 
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inside the concrete with the calculated neutron spectra, where three library sets in Table 1 were adopted. 
Note that Case 1 is a set of the bundled libraries in SCALE6.2.4. 

Table 1 Library set 

Figure 3 shows Case 3 result with the measured data. The calculated inventory disagrees with the 
measured one because unknown reinforcing steel bars in the bio-shield concrete were not included in the 
calculation model. The difference between Case 1 and Case 2 reflects that between activation libraries,
which is around 10 % as shown in Fig. 4, and that between Case 2 and Case 3 reflects that between decay 
and fission yield libraries, which is very small as shown in Fig. 5. The calculation results for the key 
nuclei such as 60Co are similar among the libraries. 

As the second example of ORIGEN 
calculations with the JENDL-5 libraries, it was 
examined whether ORIGEN with the JENDL-5 
libraries could calculate all the 274 nuclei in the 
new clearance regulation. The neutron spectrum 
at the depth of 50 cm in the concrete of JPDR 
and the library sets (Case 1 and Case 3) in 
Table 1 were adopted. The inventories were 
calculated after cooling for one year assuming 
that there were all natural elements of 0.001 g. 
Table 2 demonstrates that Case 3 (JENDL-5 
library set) can calculate inventories of nuclei 
which cannot be calculated with Case 1 (the bundled library set). It is confirmed that all the 274 nuclei 
in the new clearance regulation are calculated except for 203Po and 211At, which seem never to be produced 

#23JPDR放放射射化化計計算算 -(1)

q ORIGEN用用ラライイブブララリリ

q 生生体体遮遮蔽蔽ココンンククリリーートト中中のの測測定定さされれたた主主要要放放射射性性
核核種種濃濃度度比比較較

q Case2 / Case1：：放放射射化化断断面面積積のの違違いいのの影影響響
q Case3 / Case2：：崩崩壊壊、、核核分分裂裂収収率率のの違違いいのの影影響響

Activation 
library

Decay library Fission yield 
library

Case1 JEFF-3.1 ENDF/B-VII.1 ENDF/B-VII.1
Case2 JENDL-5 ENDF/B-VII.1 ENDF/B-VII.1
Case3 JENDL-5 JENDL-5 JENDL-5

Fig. 4 Inventory ratio of Case 3 to Case 2. 
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from natural element. 
Table 2 Calculated inventories for special nuclei. 

5. Remarks on neutron spectrum calculation with Sn codes 
ORIGEN requires detailed neutron spectra at evaluation points. It is no problem if neutron spectra 

are calculated with Monte Carlo codes, e.g. MCNP [13] and PHITS [14]. However Sn codes, e.g. DORT, 
are often used to calculate neutron spectra for decommissioning activation calculations. Then if the 
following items are not considered adequately, calculated neutron spectra change drastically and 
calculated inventories are also far from correct ones.  
l Self-shielding correction in multigroup libraries
l Up-scattering
l Group structure of multigroup libraries

5.1. Self-shielding correction 
A lot of nuclei have resonances, and the self-

shielding correction is essential in multigroup 
libraries. The Bondarenko method [15] is often 
adopted for the self-shielding correction, where the 
following weighting function should be used. 

𝑊𝑊ℓ =
"($)

['!('"($)]ℓ$%
, (1) 

where 𝐶𝐶(𝐸𝐸) is the smooth part, 𝜎𝜎*(𝐸𝐸) is the total 
cross section, 𝜎𝜎+ is the background cross section, 
and ℓ  is the Legendre order. However, the 
weighting function without ℓ  is used in many 
multigroup libraries, which causes insufficient 
self-shielding correction. It is recommended to use 
multigroup libraries produced from MATXS files, 
which use the weighting function of Eq. (1) and the 
smallest 𝜎𝜎+  of which is below 0.1 b, with the 
TRANSX [15] code. Figure 6 shows neutron 
spectra calculated with the one-dimensional Sn 
code ANISN [11] at 60 cm from the center of an 
iron sphere of 1 m in diameter with a neutron 
source of 17.33 – 19.64 MeV, where JENDL-4.0 
[16] was used. If the weighting function without ℓ
is used, the calculated neutron spectrum is very
different from that with the weighting function

#27ククリリアアラランンスス274核核種種をを計計算算ででききるるかか?

q ほほぼぼ中中心心(Z=340cm) 、、生生体体遮遮蔽蔽ココンンククリリーートトにに
入入っってて50cmででのの中中性性子子ススペペククトトルルをを使使いい、、仮仮想想的的
ににすすべべててのの天天然然元元素素ががそそれれぞぞれれ0.001gああるる場場合合のの1
年年冷冷却却後後のの放放射射能能濃濃度度をを計計算算

q 生生成成ルルーートトががああれればば、、ククリリアアラランンスス274核核種種のの放放射射
能能濃濃度度ををORIGENでで計計算算ででききるるよよううににななっったた(203Po
とと211Atはは生生成成ルルーートトががななくく、、停停止止直直後後ででもも生生成成せせずず)

Nucleus Case 1 Case 3
178mHf 0.0 4.72E-05
194mIr 0.0 1.05E-01
123Te (stable nucleus) 1.00E-08

1年年冷冷却却後後のの放放射射能能濃濃度度 [Bq/g]

Fig. 6 Calculated neutron spectra at 60 cm from 
iron sphere center. 
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depending on ℓ, which is almost the same as that with MCNP. 

5.2. Up-scattering 
Up-scattering produces the thermal neutron peak. The thermal neutron peak mainly contributes to 

inventories of nuclei produced through the capture reaction. To consider up-scattering in Sn calculations, 
users must use multigroup libraries with enough group number in the thermal energy region and up-
scattering data and to perform the outer iteration in Sn calculations. MATXSLIB-J40 is recommended 
because it has 26 groups below 1 eV and up-scattering data. Figure 7 demonstrates the up-scattering effect, 
where neutron spectra in the concrete of JPDR described in Sec. 4 were calculated. Note that the 
calculated neutron spectrum without up-scattering has no thermal peak. 

5.3. Group structure 
There are various multigroup libraries, but depending on the energy boundary settings of the groups, 

the self-shielding correction may not be performed sufficiently, and appropriate calculation results may 
not be obtained. In my experience, the best group is the 199-group of the US multi-group shielding library 
VITAMIN-B6 or the 200-group (which adds a group of 19.64-20 MeV to the 199-group) adopted in the 
activation cross section libraries of ORIGEN. ORIGEN bundles activation cross section libraries not only 
for the 200-group but also for the 56, 44 and 47-groups. Using DORT and ORIGEN calculations for 
JPDR, it was investigated which group was better. In this calculation I added the 48-group which was 
used in the previous JPDR calculation [17]. Figure 8 plots the ratio of thermal neutron flux of each group 
to that of the 200-group and Figure 9 does the ratio of 152Eu inventory of each group to that of the 200-
group. Clearly the thermal neutron flux and 152Eu inventory change depending on the group structure. It 
is considered that the 48-group is better, though it is rougher. 

6. Summary
This tutorial introduces remarks on activation analyses for decommissioning. It is recommended to

use the ORIGEN code in SCALE6.2 or later and ORIGEN libraries from JENDL-5, which will be released 
soon. If neutron spectra used in ORIGEN calculations are calculated with Sn codes, the following items 
should be considered adequately. 
l Self-shielding correction in multigroup libraries
l Up-scattering

Fig. 8 Thermal neutron flux ratio to 200 group. Fig. 9 152Eu inventory ratio to 200 group. 
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⚫ Group structure of multigroup libraries ⇒ the 200-group is recommended and the 48-group is
the next.

I hope that my findings help researchers and engineers perform activation analyses. 
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Abstract

Nuclear data are critical for various applications, but their evaluation faces challenges 
such as resource shortages, lengthy revision cycles, and reliance on specialized expertise. 
This study proposes a Bayesian machine learning (ML) method using Gaussian process 
regression to address these issues. While still under development, the method could offer a 
promising path toward automated, efficient, and timely nuclear data evaluation.

1 Introduction

Nuclear data play an essential role in nuclear and radiation applications. These data are eval-
uated through a complex process involving experimentation, experimental data collection, the-
oretical modeling, and validation. Figure 1 presents a schematic representation of nuclear data
evaluation, which consists of four components: Experiment, Theory, Evaluation, and Applica-
tion. However, various challenges within each component pose significant difficulties for the
long-term sustainability of the evaluation process.

As a potential solution to this issue, this paper presents an evaluation method for nuclear
data utilizing Bayesian machine learning (ML), based on our previous work [1, 2, 3, 4].

Figure 1: Schematic of typical nuclear data evaluation and its issues.
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2 Proposed method

As illustrated in Fig. 1, a fundamental challenge of conventional nuclear data evaluation methods
is the shortage of human resources in the respective components. To address this challenge, it
is desirable for nuclear data evaluation to be conducted by machines rather than humans, with
the evaluation process being systematized and automated as much as possible.

Figure 2 illustrates a schematic of the proposed method for nuclear data evaluation utilizing
Bayesian ML. In this evaluation process, Bayesian ML functions as the evaluator. The ML
model is trained on experimental data sets and subsequently evaluates the nuclear data of
interest. Among the various ML models, Gaussian process regression appears to be the most
suitable Bayesian ML model because it can account for experimental uncertainties and does not
require large amounts of data. If theoretical information about the nuclear data is available, it
can be incorporated into the ML model as prior knowledge. If this process can be successfully
applied, nuclear data evaluation can be achieved based on both experimental evidence from
measurements and theoretical understanding derived from physics models.

Figure 2: Schematic of proposed nuclear data evaluation.

This evaluation process was effectively applied to proton-induced nuclide production cross
sections in Ref. [3]. In the previous study, the ML model was trained using experimental data
obtained from the experimental nuclear reaction database EXFOR [5]. To demonstrate that the
cross sections can be evaluated (or estimated) without relying on a theoretical physics model,
the evaluation was conducted without incorporating any prior knowledge. As detailed in Ref [3],
the proposed ML method enabled the evaluation of 3H (T1/2 = 12.32 y) and 7Be (T1/2 = 53.22
d) production cross sections over a wide incident energy range, spanning from MeV to GeV for
target nuclei with Z = 6 to Z = 83, using limited experimental data.

The proposed evaluation method was successfully applied to the evaluation of the total
nuclear capture rate of a negative muon, as detailed in Ref. [4]. In this work, the Goulard-
Primakoff formula [6], which describes the total nuclear capture rate theoretically, was provided
to the ML model as prior knowledge, and literature values were used to train the model for
a comprehensive evaluation of the total nuclear capture rate. The developed ML model was
shown to outperform theoretical physics models in both accuracy and comprehensiveness. The
data evaluated using the proposed method will be published as part of ‘muon nuclear data [7]’.

Another challenge in nuclear data evaluation is the prolonged time required to revise eval-
uated nuclear data during which evaluation expertise and skills may be lost before the next
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edition is released. Moreover, it often takes several years for new experimental results obtained
after an evaluation to be incorporated into the evaluated nuclear data. This challenge could be
addressed by further enhancing the proposed Bayesian ML model. Figure 3 presents a concep-
tual diagram, where an improved Gaussian process regression model is arranged sequentially in
a row, enabling the model to learn data iteratively. This could provide evaluated nuclear data
in a more timely manner without the need for specialized skills in nuclear data evaluation.

Figure 3: Schematic of iterative evaluation using an improved Gaussian process model.

3 Conclusion

We have introduced a nuclear data evaluation method utilizing Bayesian ML as an approach 
to address the challenges associated with conventional nuclear data evaluation. While the pro-
posed method is still under development and offers room for improvement and further study, its 
application is expected to significantly advance nuclear data evaluation methods beyond the 
limitation of traditional approaches.
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The Static Experimental Critical Facility (STACY) was renovated from a homogeneous system 
using solution fuel to a heterogenous system using fuel rods and light water moderator, with the 
construction completed in December 2023 to contribute to the study of criticality characteristics of fuel 
debris in the Tokyo Electric Power Company's Fukushima Nuclear Power Plant accident. The modified 
STACY’s core is assembled in the open-top core tank with the fuel rods containing UO2 pellets and light 
water. Experimental apparatus can be loaded inside the core within the scope of the license.  The first 
criticality of the modified STACY was achieved on 22nd April 2024. After a series of performance 
inspections, an experimental campaign for investigation of characteristics of the fuel debris was started 
in August 2024, and the experiments are currently being conducted in the core consisting only of the fuel 
rods and light water moderators. The experiments on the core containing the experimental apparatus will 
be conducted in January 2025. 

1. Introduction
The criticality control of the fuel debris generated in the Tokyo Electric Power Company's

Fukushima Nuclear Power Plant accident, is one of the key challenges in ensuring the safety of its 
decommissioning process. The fuel debris was formed through various processes such as molten core 
interaction, and fuel is mixed with the reactor structural materials such as iron and concrete. To 
understand the criticality characteristics of the fuel debris, the Japan Atomic Energy Agency (JAEA) has 
conducted a comprehensive numerical analysis assuming the composition of fuel debris containing iron 
and concrete [1-3]. However, the validation of these analytical results has not been thoroughly 
investigated, because integral experiment data including such materials are scarce.  

Under the circumstances, the JAEA decided to modify the Static Experiment Critical Facility 
(STACY) in the Nuclear Fuel Cycle Safety Engineering Research Facility (NUCEF). The original 
STACY, which was a homogeneous system using solution fuel (UO₂(NO₃)₂), played a key role in 
obtaining the criticality benchmark data for fuel reprocessing plants [4,5] from 1995 to 2011. The original 
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STACY was converted to the modified STACY, a heterogeneous thermal system, with the modification 
completed by December 2023. This report provides an overview of the current status of the modified 
STACY.  

2. Modified STACY
The modified STACY was designed as a general-purpose criticality facility for a thermal neutron

system. The modification was applied in 2015, and it took about five and a half years from the application 
to the approval of the modified STACY. The construction work was carried out from 2018 to December 
2023.  

Figure 1 shows the overview of the modified STACY and a photo of the core tank. The modified 
STACY comprises a reactor shutdown system, an open-top core tank, and a sample loading system. The 
reactor shutdown system is located above the core tank and holds cadmium safety plates during operation. 
The sample loading system, used to insert irradiation samples to the center of the core, is installed below 
the core tank. The modified STACY’s core is assembled in the open-top core tank. 

Figure 1. Overview of the modified STACY and photograph of its core tank. 

A base plate and three grid plates are installed in the core tank to load fuel rods or experimental 
apparatus. Guide pins made of zirconium alloy were also loaded in the gride plates to insert the safety 
plates. Two types of grid plates with 1.27-cm and 1.50-cm lattice intervals are currently available. Each 
fuel rod consisted of a zirconium alloy clad tube (9.5-mm outer diameter) and UO2 pellets (8.2-mm 
diameter) with 5wt.% 235U enrichment. The length of each fuel rod was approximately 1500-mm. The 
diameter and length of the guide pin were 10.8-mm and approximately 1540-mm, respectively. 
Additionally, sample materials to simulate the fuel debris compositions can be loaded in the core tank by 
using debris simulant devices. A schematic diagram of the devices under preparation is shown in Figure 2. 
These devices are almost the same size as the fuel rods and can be loaded on the grid plates like the fuel 
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rods. The concrete rod consists of pseudo-concrete pellets and an aluminum alloy tube. The iron rod is 
made of stainless steel. The refillable rod is a zirconium alloy clad tube, and the outer diameter of the 
encapsulated sample is less than 7.5-mm and the linear density is less than 263 g/m.  

Figure 2. Schematic diagram of debris simulant devices. 

The license restricted the operation conditions of the modified STACY. Significant restrictions are 
shown in Table 1. The maximum thermal power is only 200-W, thus fuel burn-up is negligible and cooling 
water is unnecessary. Although the use of 900 fuel rods with an enrichment of up to 10wt.% is permitted, 
current experiments use 400 fuel rods with an enrichment of 5wt.%. The reactivity is controlled by 
adjusting the water level in the core tank by feed and drain, and no control rods are used to adjust 
criticality.  

Table 1. Specifications of the modified STACY core 
Item Limitation 

Thermal power ≤ 200-W 

Critical water level 40-cm – 140-cm

Number of fuel rods ≤ 400 (900)

Enrichment of 235U ≤ 10 wt.%

Volume ratio of moderator to fuel 0.9 – 11 

Excess reactivity ≤ 0.8$ 

Excess reactivity (normal operation) ≤ 0.3$ 

Reactivity addition rate ≤ 3 cents/s 

Shutdown margin ≤ 0.985 (keff) 

One-rod stuck margin ≤ 0.995 (keff) 

The experiments of several types of neutron fields will be conducted using the two grid plate types. 
Figure 3 shows the neutron spectra calculated by MVP code [6] with JENDL-4.0 [7] in the core of the 
modified STACY. By increasing the lattice intervals of the fuel rods, neutrons can be moderated to form 
a softer neutron spectrum. 
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Figure 3. Neutron spectra in the core of the modified STACY. 

3. Status of Experiments
3.1. Inspection cores 

Performance inspections have been conducted to confirm that the core has become critical using 
each of the two grid plates and satisfied the licensing requirements since April 2024. The loading patterns 
of the inspections are shown in Figure 4. It was confirmed that each of these four cores became the critical
and satisfied the limitations shown in Table 1. The results of the analysis using these experimental results 
are described in Yoshikawa et al [8]. 

Figure 4. The loading patterns of the inspection core. Red and blue circles represent fuel rods and
guide pins, respectively. 

3.2. Experimental core 
Various experiments are being planned [9] at the modified STACY, an example of which is shown 

here. The experiments commenced in August 2024 after the performance inspections. The first 
experimental campaign aimed to investigate the core characteristics of the modified STACY. Examples 
of experimental cores are shown in Figure 5. The core consisted of light water and the fuel rods arranged 
in a rectangular pattern. Experiments were conducted in each lattice plate with different core 
configurations at different critical water levels. Water level reactivity coefficients and basic criticality 
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data were obtained and will be used to analyze later experimental results. 

Figure 5. The loading patterns of the first experimental campaign. Red and blue circles represent fuel 
rods and guide pins, respectively. 

The experimental cores for reactivity worth measurement are shown in Figure 6. The core consists 
of the fuel rods, light water, and debris simulant devices. The reactivity worth of the sample materials 
such as concrete simulant or stainless steel will be obtained.  

Figure 6. The loading patterns of the worth measurement experiments. Red , blue, and green 
circles represent the fuel rods and the guide pins and the debris simulant devices, respectively. 

4. Summary
The JAEA modified the STACY to obtain integral experimental data for the critical control of fuel

debris at the Fukushima Daiichi Nuclear Power Plant. The modification of the STACY was completed in 
December 2023. In the modified STACY, several neutron energy fields can be generated by changing the 
lattice intervals of fuel rods, and sample materials can be inserted into the core using the debris simulant 
devices. Inspection operations were initiated in April 2024. The experiments commenced in August 2024, 
acquiring fundamental data regarding the core configuration, which consists of fuel rods and light water. 
Beginning in February 2025, additional experimental data will be obtained by using the debris simulant 
devices in the core. 
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The Japan Atomic Energy Agency (JAEA) has been developing various non-destructive assay 

(NDA) techniques to verify nuclear materials. However, one major challenge in NDA is measuring 
highly radioactive materials. To address this, neutron resonance analysis (NRA) has been proposed as 
a promising active neutron NDA technique. NRA combines neutron resonance transmission analysis 
(NRTA) with neutron resonance capture analysis (NRCA) and the newly introduced neutron resonance 
fission neutron analysis (NRFNA). In an NRA system, a pulsed neutron beam, in conjunction with the 
neutron time-of-flight (TOF) method, is used to measure transmitted neutrons, capture gamma-rays, 
and fission neutrons from a fissile material sample. The system employs a GS20 glass scintillator for 
detecting transmitted neutrons, while a pulse shape discrimination (PSD) plastic scintillator is used to 
detect and discriminate between capture gamma-rays and fission neutrons. The positions and depths 
of resonance peaks or dips in the TOF spectra are determined by the neutron cross sections of nuclides 
and their amount in the sample. Therefore, to accurately identify and quantify fissile materials based 
on these spectra, the use of the evaluated nuclear data library is essential. This paper will provide a 
detailed overview of the NRA project and discuss the critical role of accurate nuclear data in its success. 

 
 

1. Introduction 
Passive neutron and gamma-ray detections of nuclear materials are widely used for nuclear 

safeguards and security. However, using these techniques to measure high-radioactive nuclear materials 
or shielded nuclear materials is particularly challenging. To overcome these difficulties, the Integrated 
Support Center for Nuclear Nonproliferation and Nuclear Security (ISCN) of the Japan Atomic Energy 
Agency (JAEA) is developing neutron resonance analysis (NRA) as an active neutron non-destructive 
assay (NDA) technique [1]. 

NRA combines three active neutron NDA techniques: neutron resonance transmission analysis 
(NRTA) [2, 3], neutron resonance capture analysis (NRCA) [3, 4], and the newly introduced neutron 
resonance fission neutron analysis (NRFNA) [5]. In the proposed NRA, resonance dips or peaks are 
observed using the neutron time-of-flight (TOF) method at pulsed neutron facilities. The positions and 
heights of these are determined by the nuclides and their amounts, allowing us to identify and quantify 
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nuclear materials in a fissile material sample by analyzing the TOF spectra. NRTA, NRCA, and NRFNA 
utilize resonances in neutron total, capture, and fission cross sections. By leveraging different neutron 
reaction cross sections, these methods provide various types of information about the nuclides in the 
sample, enhancing the analytical capabilities for nuclear materials. 

In an NRA measurement system, EJ-276D plastic scintillators [6] served as neutron/gamma pulse 
shape discrimination (PSD) detectors to distinguish between capture gamma-rays and fission neutrons 
emitted from the sample. Additionally, a GS20 glass scintillator [7] was used to detect the transmitted 
thermal and epithermal neutrons through the sample. 

In the present study, we conducted an NRFNA experiment using natural uranium (natU) samples at 
the Kyoto University, Institute for Integrated Radiation and Nuclear Science - Linear Accelerator 
(KURNS-LINAC) [8] to evaluate the system's ability to identify and quantify fissile nuclear material. 
Based on the experimental data, we assessed and discussed the performance of the NRFNA system. 

 
2. Experiment and analysis  

The NRFNA experiment was performed using a 12-meter neutron flight path at the KURNS-LINAC 
with the TOF method. The KURNS-LINAC operated with a pulse width of 2 sec, a repetition rate of 
50 Hz, an average current of about 42 A, and an acceleration energy of about 30 MeV. Accelerated 
electrons bombarded a water-cooled Tantalum (Ta) target [9], generating fast neutrons through the 
Ta(, xn) reaction. The fast neutrons were moderated in a water tank (20 cm in diameter and 30 cm in 
height) to produce thermal and epithermal neutrons. The moderated neutrons were collimated into a 
3 × 3 cm beam using lead (Pb) and 20% boron-loaded polyethylene (B-Poly) bricks. The collimated pulse 
neutron beam was directed at the natU sample, causing prompt fission neutrons to be emitted from the 
sample via the 235U(n, f) reaction. 

 

 
Figure 1. Experimental setup in a 12-meter measurement room. 

 
Figure 1 shows the experimental setup in a 12-meter measurement room. In this experiment, three 

natU samples (2 × 2 cm in size) with different thicknesses (1 sheet: 0.15 cm, 2 sheets: 0.3 cm, 4 sheets: 
0.6 cm) were assembled and wrapped in aluminum foil. To detect the fission neutrons emitted from the 
sample, a detector assembly consisting of two hexagonal EJ-276D scintillators (6.4 cm per side, 10 cm 
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thick) and eight square EJ-276DH scintillators (2.5 × 2.5 × 10 cm) was used. The scintillators were 
shielded with 1–5-thick lead to suppress the gamma-ray background radiation. 

Data from the detectors were sent to a CAEN V1730D digitizer [10] (14 bit, 500 MSample/s, 16 ch) 
and recorded on personal computer’s hard disk for off-line analysis. The recorded data included QS, QL, 
and t, where QS and QL are the charges measured within short and long gate, respectively, and t represents 
the neutron TOF. In this experiment, the short gate and long gates for all detectors were set to 40 ns and 
500 ns, respectively. To discriminate between gamma-ray and neutron signals, the PSD parameter was 
calculated as [11]:  

PSD = QL−QS
QL

                                   (1) 

Figure 2 shows the two-dimensional scatter plot of the PSD versus QL for one of the EJ-275D scintillator. 
As seen in Figure 2, two distinct peaks were observed using the PSD technique: one for gamma-ray 
events, centered at ~0.22, and another for neutron events, centered at ~0.36. In this study, Gate 1 and 
Gate 2 were defined for gamma-ray and neutron events, and were used to obtain the neutron TOF spectra 
of natU for both gamma-rays and fission neutrons. Using the TOF method, the incident neutron energy 
was calculated with the following equation [2]: 

𝐸𝐸n = (72.3 ×𝐿𝐿
𝑡𝑡 )

2
                                (2) 

where, En is the incident neutron energy and L is the neutron flight path length. 
 

 
Figure 2. PSD vs QL spectrum as obtained by one of the hexagonal EJ-275D scintillator. 

 
3. Results and discussion 

Figure 3(a) shows the neutron energy spectra of the three natU samples at Gate 2 for neutron events 
within the incident neutron energy range of 0.01 to 100 eV. Numerous resonance peaks were observed in 
the energy range from 1 to 40 eV. These resonance peaks were compared with the evaluated nuclear 
reaction data library for 235U. The resonance energies and shapes obtained in this study showed good 
agreement with the evaluated 235U(n, f) cross section data. From these results, we confirmed that it is 
possible to identify fissile material in the sample using the NRFNA technique, combined with the 
evaluated (n, f) cross section data library, can be used to identify fissile material in a sample. Additionally, 
we observed that increasing the sample thickness (or material quantity) resulted in a proportional increase 
in the counting rate of the resonance peaks. This demonstrates that the NRFNA technique, when used 

- 46 -

JAEA-Conf 2026-001



 

    

with a reference sample of known properties, can also quantify the amount of fissile material in a sample. 
To evaluate the background level in the NRFNA system, we measured the 0.6-cm thick natU sample 

with resonance filters, Co, In, Ag, Mn, and Cd, as well as with no sample. Figure 3(b) shows the 
measured neutron energy spectra at Gate 2 for the energy range of 0.005 to 200 eV, along with the neutron 
energy spectrum of the 0.6-cm thick natU sample. From the spectrum measured with no sample, we 
confirmed that the room background was very low. Additionally, from the spectrum of the 0.6-cm thick 
natU sample with the resonance filters, we determined that the sample-dependent background was below 
1% at the resonance peaks. These findings indicate that the NRFNA system, with the use of PSD 
discrimination, achieves a low background level, ensuring reliable measurements. 

 

 

Figure 3. (a) Neutron energy spectra of the natU samples with three different thicknesses at Gate 2 for 
neutron events. (b) Neutron energy spectra for different cases: 6-mm thick natU sample, 6-mm thick natU 
sample with resonance filters, and no sample. 

 
4. Summary and future plan 

The JAEA/ISCN has been developing a combined NRA system, integrating NRTA, NRCA, and 
NRFNA, as an active neutron NDA technique. In this study, an NRFNA experiment was conducted using 
three natU samples of different thicknesses. The neutron TOF method was employed at the KURNS-
LINAC to assess the system’s capability for identifying and quantifying fissile nuclear material. 

The experiment successfully observed the resonance peaks of the 235U(n, f) reaction in the neutron 
energy spectra for the three natU samples, each exhibiting different counting rates. These results confirmed 
that NRFNA is effective for identifying and quantifying fissile nuclear materials in samples. Additionally, 
background measurements demonstrated that the use of PSD discrimination significantly reduces 
background levels, enhancing the reliability of NRFNA measurements. 

Moving forward, we plan to further enhance the NRA system. Key developments include: designing 
a detector assembly comprising ten EJ-276D detectors; optimizing PSD parameters (e.g., QS and QL) for 
improved signal discrimination; developing a neutron collimator system tailored for NRTA and NRFNA 
applications; testing a new NRTA detector (EJ-270). In addition, Monte Carlo simulations with evaluated 
nuclear data libraries will be employed to calculate self-shielding factors for samples, thereby improving 
the quantification of fissile nuclear material. These advancements aim to strengthen NRA's analytical 
capabilities and broaden its applications in nuclear material analysis and nuclear data refinement.  
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 rays from short lived fission products (FPs) are measured for 235U using pulsed neutron source in 

the KURNS-LINAC facility. For that, out of phase event spectroscopy (OOPS) have been developed, 
where  rays are measured in time region after thermal neutrons decay away. Discrete energy  rays are 
measured with larger peak to noise ratio. FPs with half-lives from 0.5 s to 3.0 h are identified based on 
the peak energies. 

 
 

1. Introduction 
 
In the primary containment vessel (PCV) of units 1, 2, and 3 of Fukushima Dai-ichi nuclear power 

station, fuel debris has been formed and accumulated. In 2024, trial removal of the fuel debris had 
successfully completed from the PCV of unit 2 [1] and uranium was detected in the retrieved fuel debris 
by destructive measurement [2]. TECO plans to continue such trial retrieval and examination for a while 
to establish a safer and more efficient scheme of the retrieval. After the establishment, the scale of the 
retrieval will be enhanced. The retrieved fuel debris will be stored in a facility intermediately [3]. 

We must take care to prevent criticality accidents in the storage facility for fuel debris. The reactivity 
of fuel debris is mainly determined by its isotopic composition. When we pick up a chunk of fuel debris, 
the isotopic and atomic composition of it varies so much since pellets of several kinds of initial 235U 
enrichment with different irradiation conditions had been mixed heterogeneously and non-uniformly with 
non-actinide materials. In traditional criticality management scheme, we should assume conservative 
isotopic composition for such fuel debris to prevent criticality accidents. By taking such assumption, we 
have to construct a facility with larger scale. To mitigate the situation, the isotopic composition should 
be estimated based on non-destructive measurements.  
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Nauchi et al. have claimed reaction rate ratio of radiative capture to fission can be estimated by 
neutron induced gamma ray spectroscopy (NIGS) [4]. The ratios are useful to certify negative reactivity 
brought by the capture reaction of non-nuclear material and burn-up depletion of fissile [5, 6]. In NIGS, 
the fission rate is estimated by count rate of fission prompt  ray. However, the  ray emission spectra of 
fissions of 235, 238U and 239, 241Pu are similar and the ratio of  ray to neutron emission varies with fissile 
[7]. Thus, some techniques to determine ratio of fission of them are desirable. The delayed gamma ray 
assay (DGA) is preferable for the purpose since the fission product (FP) yield varies with fissile [8]. In 
the conventional DGA, a fuel sample once irradiated by neutron is transferred to the front of the  ray 
spectrometer to avoid neutron radiation of the spectrometer. Due to the time duration for the transferring, 
 rays from FPs with half-lives shorter than 10 s are difficult to detect. For that, Nauchi et al. have 
succeeded in measuring FP rays from nuclear material surrounded by massive polyethylene during 
neutron irradiation of the material since neutron is well shielded by the polyethylene [5]. On the 
irradiation condition,  rays from FPs with half-life shorter than 10 s can be measured. Accordingly, DGA 
becomes even promising. 

The accuracy of DGA relies on that of the fission product yield and decay (FPY&FPD) data. 
FPY&FPD have been evaluated for years [9,10] To validate such evaluation, discrete energy  ray 
measurements in differential manner have been conducted at LINAC neutron source facility in Institute 
for Integrated Radiation and Nuclear Science, Kyoto University (KURNS) [11, 12]. In this manuscript, 
the experimental procedures are outlined, and the preliminary results are presented for 235U. 
 
2. Out of Phase Event Spectroscopy 

Measurement of the short-lived FP  rays are generally suffered from background  rays which 
consist of fission prompt and radiative capture components. For the evaluation of FPY&FPD data, such 
background components should be discriminated from the decay component. For that purpose, the time-
of-flight technique was applied. In Figure 1, a schematic view of the measurement is presented. 

Pulsed electron beam accelerated to 30 MeV in LINAC was periodically injected onto a target 
of a tantalum target and the Bremsstrahlung rays were emitted. Photo-nuclear reactions were induced by 
the rays and neutrons were emitted. The neutrons were moderated in the light water tank surrounding the 
target. The moderated neutrons were introduced to a sample located 11.4 m distant from the target through 
a neutron collimator. In the sample, triuranium octoxide (U3O8) particles are distributed randomly in the 
matrix of aluminum. Uranium content was 1.102 g and its 235U enrichment of U is 93% so that the ratio 
of fast neutron induced fission of 238U might be negligibly low. Prompt  rays form fission and capture 
reactions in the samples as well as delayed  rays from decay of FPs and activated materials were 
measured with a HPGe detector with the relative efficiency of 35% compared to a sodium iodine 
scintillator of 3 inch in radius and 3 inch in thickness. The detector was well shielded from neutrons by 
the collimator so that we can measure  rays from FPs without transferring either the sample or the 
detector. The induced electric charge in the HPGe detector was integrated to make a pulse signal in the 
pre-amplifier. The signal was amplified and shaped in the linear amplifier. The pulse height of the 
amplified signal was acquired together with the time length from the electron injection onto the target to 
the  ray detection in the HPGe.  

The time-of-flight spectrum measured for the U3O8 sample and a boron sample (10B) are shown 
in Figure 2. From the boron sample, 478 keV  rays were promptly radiated from the 10B(n, 1) reaction. 
The reaction was mainly induced by the thermal neutrons indicated by the time peak around 3 ms (1500 
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ch) in the figure. The thermal neutron component decays until 16 ms (8000 ch). After the component 
decays away, there is a time region without neutron.  ray emissions in this region are considered from 
radioactive decay of nuclides which are generated by number of pulsed neutrons until the detection of the 
 rays. The time region is Out Of Phase (OOP) of last pulsed neutron. We decided to focus on the OOP 
time region since the region is free from the prompt component.  

For the Out Of Phase event Spectroscopy (OOPS), determination of the beam frequency F is 
essential. In LINAC, the beam current integrated over a unit time is proportional to F. Using the waiting 
time d for decay out of the thermal neutron, the measuring time per second is 1 - dF. The counting rate 
of  rays, C, in the OOP region is roughly proportional to 

𝐶𝐶(𝑡𝑡) ∝ 𝐹𝐹 × 𝐹𝐹 × (1𝐹𝐹 − 𝑑𝑑)                         (1) 

 
Considering the eq. (1) and the measured decay time for the 10B sample, we decided F = 30 Hz and d = 
20 ms in this work. The decay time measured for the U3O8 sample is longer than that for the 10B sample. 
That is due to the short lived FPds of which half-lives are shorter than several ms. 
 

   
 
Figure 1. Schematic view of measurement.       Figure 2. Time of flight spectrum.  
 
  ray pulse height spectra in the HPGe detrector for the U3O8 sample are shown for time regions 
in Figure 3. The spectra were acquired by measurement for 17 hours with the electron beam current of 62 
A from LINAC. OOP region ranges from 20 to 33 ms. In the time region where thermal neutrons exist, 
7724 keV  rays from 27Al(n, ) reactions are prominent as well as 2223 keV  rays from H(n, ) reactions. 
Al was used in the sample. Hydrogen existed in the collimator, additional neutron shields not shown in 
Fig. 1, and floor of the room. The measured pulse height spectrum ranges from 800 keV to 9000 keV. In 
the pulse height from 1000 to 4000 keV, continuum component exists. That would be the fission prompt 
component [7]. As time-of-flight increases, the total count rate decreases and capture  rays from 
hydrogen and aluminum become to vanish and decay  ray of 1778 keV from decay of 28Al with half-life 
of 2.245 minutes come to be identified after 6 ms. In the time range from 6 to 8 ms, the prompt fission 
component decays away so that the 1778 keV  ray becomes to be identified. In the time region after 14 
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ms, prompt capture  rays decay away and discrete peaks with larger peak to base ratio are found as we 
expected. 

 

Figure 3. Pulse height spectrum measured for U3O8 sample for time regions. 
 
3. Nuclide Identification 

The pulse height spectrum measured for the OOP time region is shown in Figure 4. Peaks are 
found from 800 to 5500 keV with larger peak to base ratio. To identify the peaks,  ray emission rate was 
calculated based on JENDL/FPY&FPD-2011 data [9] In the calculation, FP yield data for fission of 235U 
induced by the thermal neutron were used. From the nuclides directly generated in the fission, production 
and decay of them and their descendant nuclides were calculated by solving the Bateman’s equation. The 
calculated time dependent radio-activities of the nuclides after a fission of 235U were integrated over 17 
hours of measurement time assuming stable and continuous reaction rate and  ray detection. Here, the 
time spectrum of fission indicated by that of 10B(n,1) reaction in Figure 2 was neglected as well as the 
decay time d = 20 ms acting as the dead time for OOPS. The integrated activity corresponds to the number 
of decay of each nuclide during the period of 17 h. By multiplying the number by the  ray emission per 
decay, we can quantify the number of  ray emission. We compared the number to the measured data and 
identified FP nuclides with half-life from 0.5 s to 3.0 h, such as 95,96,97,98Y, 89,90,90m,91Rb, 86Br, 95Sr, etc. 
One of the advanced points of OOPS is radio-activities of FPs with wider dynamic range of half-lives are 
measurable simultaneously. 

For the application of FPY & FPD data for the DGA of fuel debris,  rays of energy from 3 to 
5 MeV are significant. Then the quantitative comparison of the measured and calculated number of  ray 
emission listed in Table 1 would be significant. For that, the errors in calculation by the assumption 
described above should be quantified. 
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Table 1. Identified  rays useful for delayed gamma ray assay 
Nuclide Half-life Energy(keV) 

90Rb 2.63 m 4136 
4366 

90mRb 4.3 m 3317 
91Rb 58.4 s 3600 

95Y 10.3 m 3576 
97Y 3.75s 3288 

3401 
98Y 0.55s 4450 

 

 

Figure 4. Identification of discrete gamma ray peaks measured in OOP time region.  
 
4. Summary and Future work 

 
In order to give experimental radioactivity data to validate FPY & FPD data, OOPS has been 

established using the pulsed neutron source facility at KURNS-LINAC. By OOPS,  rays with energy 
from 800 to 5600 keV from FPs with half-lives from 0.5 s to 3.0 h were successfully measured. The 
advanced points of OOPS are 1) FP with half-life shorter than 10 s is measurable since samples need not 
to be transferred, 2) the discrete  ray spectra are obtained with larger peak to base ratio by discriminating 
prompt  ray emission. 

As the future work, we have planned to make the detection threshold energy of  rays down to 
200 keV. By the extension, validation of FPY & FPD data for decay heat calculation in the time range 
from 100 ms to several hours would be promoted. A measurement to determine the detection efficiency 
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is also planned. Contrarily, calculation of the  ray emission rate based on latest version of FPY & FPD 
data [10] is also mandatory. The time structure of fission and dead time effect shall be considered for the 
calculation for the validation. 
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Abstract
To analyze the fission modes in nuclear fission, we focus on the structure of the multidimen-
sional deformation potential. The structure of the multidimensional deformation potential is 
characterized by the position and height of the minima and the saddle points connecting the 
minima. We searched the position and height of the saddle points using the immersion method 
and the dam method. The deformation of the nucleus was described using Cassini 
parametrization. We considered the four-dimensional cases (α, α1, α3, α4) or (α, α1, α4, α6) 
and the five-dimensional case (α, α1, α3, α4, α6). The deformation potential was calculated 
with the macroscopic-microscopic model. In the spontaneous fission of Fm isotopes, it is 
known that as the neutron number increases, the mass distribution of the fission fragments 
changes from a shape with peaks in asymmetric fission to a shape with a peak in symmetric 
fission. For 254Fm, 256Fm, 258Fm, and 260Fm, we studied how the minima and saddle points 
change, and found that for A =254 and 256, the third fission barrier is mass-asymmetric, while 
for A =258 and 260, the third fission barrier is mass-symmetric and lower than the second 
barrier. It is found that the α6 parameter plays an important role in this change.

1 Introduction

The mass and total kinetic energy (TKE) distribution of fission fragments brings essential infor-mation 
on fission dynamics. The fission dynamics have been investigated theoretically with the multi-
dimensional Langevin approach, in particular, for actinide nuclei [1]. In this approach, the deformation 
potential plays a key role in determining the fragment distribution. In order to understand the results of 
multi-dimensional Langevin calculations, a specific analysis of the structure of the deformation potential 
is essential. In general, double-humped barrier struc-tures are known for actinide nuclei, but triple-
humped barriers are predicted for some nuclides. Identification of the positions and heights of saddle 
points corresponding to second and third bar-riers in the multi-dimensional potential space will explain 
the mass-TKE distributions obtained by Langevin calculations and contribute to the understanding of 
the origin of various fission modes. In this study, to investigate the structure of the energy surface in a 
multi-dimensional deformation space, we focus on the positions and heights of minima and saddle 
points. The deformation space is described by the Cassini parameter, which is composed of an overall 
elon-gation α and deformation parameters αn, and can flexibly describe various nuclear shapes [2]. 
We used (α, α1, α3, α4, α6) and investigated the structure of the energy surface in a 5-dimensional 
deformation space. The deformation potential was calculated by adding the microscopic shell correction
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R(x) = R0

[
1 +

∑
αmPm (x)

]
(1)

Vdef(shape) = VFRLDM(shape) + Vmicro(shape) (2)

Vmicro =
∑

v=n,p

(
V v
shell + V v

pair

)
, (3)

energy to the macroscopic droplet energy. The saddle points are searched for using the water immersion 
method. In a multi-dimensional space, there may be many saddle points, and the dam method is used to 
find them [3]. The 5-dimensional energy surface described by the Cassini parameter is complex, with 
many saddle points. This is the first attempt to analyze their distribution and height.

2 Method

2.1 Cassini parameterization

In this study, the Cassini parameter is used as a model to describe the shape of nuclei. Cassini ellipse is 
an ellipse represented by a set of points in the Cartesian curve coordinate system (R, x) where the 
product of the distances from the two foci are constant [2]. The R = const lines correspond to the surface 
of Cassini ovals which represent the division of a spherical shape into separated objects by varying the 
elongation parameter α. When α is 0, the Cassini ellipse represents a sphere, and as the value of α 
increases, the shape is elongated to form an ellipse. As α is further increased, a neck is formed. When α = 
1, it splits completely. To describe various shapes that appear during fission process, we introduce 
Legendre expansion of the Cassini elliptic surface R as a function of x as in the equation below, where R0 
is the radius of the nucleus and Pm is the Legendre polynomial of order m.

The expansion coefficient corresponding to Pm, αm, can be regarded as a deformation parameter in this 
model because a set of αm corresponds to a specific shape. Besides α, among the many deformation 
parameters αn, Among many deformation parameter αn is important to select the parameters that are 
effective in describing the nuclear shape. The αn represents asymmetric deformation when n is odd and 
symmetric deformation when n is even. α1 denotes the mass asymmetry of the fission fragments. Since 
asymmetric fission, in which fission fragments with different mass numbers are produced, is important 
for fission, consideration of α1 is essential. In addition, α4 corresponds to the quadrupole deformation of 
the fission fragments and is considered to be an effective parameter for describing the overall 
deformation of the fission fragments as well as the ground state of nuclei. The three dimensions of α, α1, 
α4 are the basic parameter set for fission of any nuclide. In addition, α3 and α6 are used as additional 
parameters. α3 corresponds to the asymmetry of the shape of the splitting fragments, and in combination 
with α1 is expected to improve the reproducibility of asymmetric splitting. The α6 affects the distance 
between the centers of gravity of the split fragments.

2.2 potential energy

The deformation potential is calculated by the macroscopic microscopic model [4]. In this approach, the 
deformation potential is expressed as

and is obtained by adding the microscopic correction term Vmicro to the macroscopic energy VFRLDM. In 
this study, the macroscopic energy VFRLDM uses the finite-range liquid drop model [5]. 
The microscopic correction term is calculated as
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where Vshell is the shell correction energy and Vpair is the pairing correction energy. As a way to obtain 
the shell correction energy, it is evaluated by the difference between the total energy Eshell obtained from 
the single particle energy and the total energy obtained from the level density smoothed by the 
Strutinsky method [6]. Vpair is calculated in the BCS approximation [7].

2.3 Immersion method

The Immersion method [3] is a method that can unambiguously identify the lowest saddle point 
between two minima of a fission energy surface. The two minima are called the entry point (A) and the 
exit point (B), respectively. The potential energy is defined on a mesh in the coordinate space. Local 
minima can be determined from the condition that they have energy values lower than the energy values 
of all nearest neighbors on the mesh. Physically strange minima or low depth minima are not 
considered. Fill the inlet point (A) with water and define (A) as WET and the other points as dry. Next, 
the energy (E’) above the energy of the entrance point (A) is selected and the entire coordinate grid is 
scanned, changing from dry to wet when both of the following conditions are met at each point.

(1) If the scanned point is below a certain energy (E’).
(2) If the point has a WET point in the nearest neighborhood of that point.
Repeat the above procedure until the new point no longer switches to WET. Now raise the water
level (E’) further and repeat the process. When the water level is high enough, the outlet (B) gets wet
and the point of energy at that point is the saddle point. This is illustrated in the following Fig. 1.

Figure 1: Diagram of Immersion method. A is the entry point, B is the exit point, C is the 
saddle point, and the numbers represent water levels (E’).

2.4 Dam method

Although the above methods can search the lowest saddle point, the energy surface may have multiple 
saddle points, and the lowest saddle point may not be the correct saddle to fission. The dam method [7] 
exists as a method to search for a saddle other than the lowest saddle. To find an even higher energy 
saddle point between the entry point (A) and the exit point (B), “dam” the lowest saddle point. First, 
identify the lowest saddle point and raise the energy at that location to a very large value, say 1000 MeV. 
Again find the lowest saddle point with the Immersion method. If the new saddle point is adjacent to a 
very high energy value, again that point also raises the energy since the water is only flowing around a 
partial dam in the lowest pass. This is repeated until finally the next saddle point is detached from the 
dam.
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3 Result

The minima and saddle points for 254Fm, 256Fm, 258Fm and 260Fm in 5D{3D(α, α1, α4)+α3+α6} space 
were shown in Figs. 2 to 3.

along fission path in 5D space. Circles represent 
minima and triangles represent the saddles. The 
dotted lines represent the approx-imate curves 

connecting the saddles and min-ima.

Figure 2: Energy of the minima and saddle points Figure 3: Energy of the minima and saddle points 
along fission in 256Fm.

Blue represents 4D(α, α1, α3, α4).
Orange represents 4D(α, α1, α4, α6).

Gray represents 5D (α, α1, α3, α4, α6).

For 254Fm and 256Fm, an asymmetric 3rd saddle point arises which induces asymmetric fission. In 
contrast, in 258Fm and 260Fm, we obtain the symmetric shape at the 3rd saddle point. The mass of the 
fission fragment for 256Fm is A =138, which is similar to the experimental data [8]. The nuclear shapes 
of each Fm isotope are shown in Figs. 4 to 7. 254Fm has a minimum around α=0.68, but at a depth 
shallower than 0.2 MeV, thereby reducing the number of saddle points to two. All Fm isotopes have the 
same energy at the second minimum, but asymmetric fission results when the energy of the third saddle 
is higher than the energy of the second saddle, and symmetric fission when it is lower. Figure 2 also 
shows that the inclusion of α6 makes this change near fission more pronounced. Similar results were 
obtained for Fm isotopes other than 256Fm. The saddle point toward asymmetric fission in isotopes with 
mainly symmetric fission was confirmed to be about 0.5 MeV higher than symmetric fission in 258Fm 
and about 1.5 MeV higher than symmetric fission in 260Fm. The saddle point toward symmetric fission 

Figure 4: Fission shape in 254Fm. Figure 5: Fission shape in 256Fm.
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Figure 6: Fission shape in 258Fm. Figure 7: Fission shape in 260Fm.

in isotopes with mainly asymmetric fission was confirmed to be about 0.8 MeV higher than asymmetric 
fission in 254Fm and about 0.3 MeV higher than asymmetric fission in 256Fm. Around 256Fm and 258Fm, 
where the transition from symmetric to asymmetric splitting occurs, the energies of both symmetric and 
asymmetric splitting are close, but the difference increases as they move apart, such as 254Fm and 260Fm. 
The changes in the barrier structure in response to the neutron number are thought to lead to changes 
in the mass distribution.

4 Summary

We examined the structure of the deformation energy surface in 5D deformation space de-scribed with 
Cassini parameters. For Fm isotopes, we showed the splitting changes from asymmetric (254Fm,256Fm) 
to symmetric (258Fm,260Fm), depending on the height of the sec-ond and third saddles. The changes in 
the barrier structure in response to the neutron number lead to changes in the mass distribution. In this 
study, α6 was shown to be an important pa-rameter for fission. It has recently been suggested that α2 may 
be an important parameter and should be studied in the future when α2 is introduced. Our next plan is 
to investigate the 6D deformation potential with (α, α1, α2, α3, α4, α6).
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Accuracy improvement in benchmark experiment on large angle scattering cross section has a large 

contribution on precision of neutron transport calculation in fusion reactor design. This cross section is 
smaller than the forward scattering cross section. However, it must not be disregarded, considering a gap 
streaming by blanket. In the previous study, a benchmark experiment for lithium target was carried out 
with hafnium as the activation foil. However, the amount of activation of the hafnium foil was small, 
resulting in a large statistical error. It was difficult to detect enough scattered neutrons in the conventional 
experimental system. In this study, we examined candidates of the new activation foil based on factors 
such isotope abundance, reaction cross section, threshold value, and half-life. As a result, 13 candidates 
for the activation foil were successfully selected.  

 
 

1. Introduction 
In high-energy and high-intensity neutron environments, such as the fusion reactor blanket, large 

angle scattering reaction cross sections significantly affect neutron transport calculation results. Konno 
has identified discrepancies between experimental and calculated values in the blanket benchmark 
experiments in Japan Atomic Energy Agency (JAEA) [1]. Therefore, benchmarking studies for large 
angle scattering cross sections are indispensable. The authors’ group has previously developed a 
benchmark experimental technique for large angle scattering reaction cross sections and performed 
benchmark experiments for several elements, such as iron, tungsten, and silicon [2-5]. Four experiments 
for a certain sample were conducted using two shadow bars composed of conical irons with and without 
the sample to extract large angle scattering neutrons.  
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In this paper, we focus on lithium, which is used as a blanket material for fusion reactors. Figure 1 
shows the neutron elastic scattering cross section of 7Li by 14 MeV [6-8]. As shown in Figure 1, there 
are large discrepancies among nuclear data libraries for 7Li. Benchmark experiments require the detection 
of neutrons scattered at large angles by the target material.  The objective of this study is to select a new 
activation foil capable of reducing statistical error in the benchmark experiment  for 7Li. 

 

 
Figure 1 Angular differential elastic scattering cross section of 7Li at 14 MeV [6-8]. 

 
2. Experimental Method 

In the previous study, we developed a benchmark experimental system to validate the large angle 
scattering reaction cross sections of targets with a container using the foil activation method [9]. Figure 
2 shows the schematic experimental arrangement of the benchmark experiment at OKTAVIAN facility 
at Osaka University. The system consists of deuterium-tritium (D-T) neutron source, activation foil, iron 
shadow bar, target sample, stainless container, and it is surrounded by concrete wall of about 1 m 
thickness. The shadow bar is an iron trapezoidal conical bar and set up to prevent incident neutrons from 
entering directly to the activation foil. In the benchmark technique, two types of shadow bars, S1 (thin 
shadow bar) and S2 (thick shadow bar), were used in the experiments, as shown in  Figure 3. For each 
shadow bar, two experiments were conducted with and without the target sample, as shown in Figure 4. 
These four systems are named as follows: S1TC and S1C are systems using S1 with and without a target 
sample, S2TC and S2C are systems using S2 with and without a target sample, respectively. In each 
experiment out of four experiments in total, the reaction rates of the activation foil were measured.  
 

 
Figure 2 Schematic arrangement of the benchmark experimental system. 
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Figure 3 Two types of shadow bars in the benchmark experimental systems. 

 

 
Figure 4 Four benchmark experimental systems. 

 
In the benchmark experimental room, there are five elements which neutrons can pass through, i.e., 

the shadow bar, target sample, front of stainless container, other surfaces of the container, and wall. 
Therefore, 31 paths (5C1 + 5C2 + 5C3 + 5C4 + 5C5) can exist in total as the neutron transport path. Excluding 
pathways that do not physically exist, 19 pathways remain as shown in Figure 5. Path ⑥ is the path of 
neutrons large angle scattered by the target sample. This path ⑥ only exists in the S1TC system because 
the target sample does not exist in the S1C and S2C systems, and neutrons cannot enter the target sample 
without passing through the thick shadow bar in S2TC system. Subsequently, the contribution of large 
angle scattered neutrons was deduced from the four reaction rates of gold foils using Equation (1), where 
𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 represents the reaction rate due to only large angle scattered neutrons, and 𝑅𝑅𝑆𝑆1𝑇𝑇𝑇𝑇, 𝑅𝑅𝑆𝑆2𝑇𝑇𝑇𝑇, 𝑅𝑅𝑆𝑆1𝐶𝐶, and 
𝑅𝑅𝑆𝑆2𝐶𝐶 denote the reaction rates in each experiment. This is because the contributions of neutrons passing 
through other paths are cancelled out with each other or very small to be ignored as shown in Table 1. 
 

 
Figure 5 Nineteen pathways of neutrons entering the activation foil. 
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𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 =  𝑅𝑅𝑆𝑆1𝑇𝑇𝑇𝑇 −  𝑅𝑅𝑆𝑆2𝑇𝑇𝑇𝑇 − ( 𝑅𝑅𝑆𝑆1𝐶𝐶 − 𝑅𝑅𝑆𝑆2𝐶𝐶)                         (1) 
 
Table1 Calculated reaction rates of hafnium foils induced by neutrons passing through each pathway in 

case of lithium target. [10-9 reaction/source neutron/cm3] 

 
 
3. Previous Study 

In the previous study, the author’s group calculated the counts obtained with the Ge detector and the 
associated statistical errors were calculated when various elements were used as the activation foil, 
concluding that hafnium was the best activation foil for benchmark experiment for lithium. However, the 
statistical error estimation did not account for background contributions of Ge detector, a significant 
factor in the experiment. Furthermore, the cooling and measurement times required further optimization . 
The author’s group conducted a benchmark experiment for lithium as the target sample using hafnium as 
the activation foil. However, due to the low mass of lithium, the detection of large angle scattering 
neutrons posed a significant challenge, resulting in substantial experimental errors attributable to neutrons 
scattered from walls and surrounding materials. Therefore, more accurate estimation of statistical errors 
is needed.  

 
4. Method 

Candidate activation foils were selected to reduce statistical error by considering the following 
factors. In this study, the data from JENDL-5 was used for the selection [8]. 

(i) The material is in a solid or liquid state at room temperature. 
(ii) Isotope abundance is more than 10%. 
(iii) The reaction cross section at 14 MeV neutrons is more than 100 mb. 
(iv) The threshold value is less than approximately 7.85 MeV. 
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(v) Half-life is more than 1 minute and less than 1 year. 
(vi) The nuclear data of the activation reaction thoroughly validated. 
The value of 7.85 MeV in (ⅳ) is calculated by Equation (2) as the energy of neutrons when scattered 

180° by lithium. In this equation, 𝐸𝐸, 𝐸𝐸𝑛𝑛, and 𝐸𝐸𝑀𝑀 represent the energy of the scattered neutron, that of 
incident neutron, and that of the recoil nucleus (lithium), respectively. 𝑀𝑀 and 𝑚𝑚 represent the mass of 
the neutron and that of the recoil nucleus, respectively. 𝜃𝜃 represents the scattering angle. Since the 
energy of incident D-T neutrons is approximately 14.1 MeV, the energy of those elastically scattered at 
180° in lithium is 7.85 MeV. 

𝐸𝐸 =  𝐸𝐸𝑛𝑛 − 𝐸𝐸𝑀𝑀 = 𝐸𝐸𝑛𝑛 − 2𝑀𝑀𝑀𝑀
(𝑀𝑀+𝑚𝑚)2 (1 − 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃)𝐸𝐸𝑛𝑛                         (2) 

 
5. Result 

Thirteen candidate activation foils were selected from the methods in chapter 4. Table 2 shows these 
candidate isotopes, each reaction, isotope abundance, energy and intensity of emitted γ-ray, and half-life. 
The results indicate that one of these thirteen candidates should be used as the activation foil for 
benchmark experiments on large angle scattering of lithium with high accuracy.   
 

Table 2 Thirteen candidate activation foils 
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6. Conclusion
In this study, thirteen candidate activation foils were selected by considering the material’s state at

room temperature, the isotope abundance, the reaction cross section, the threshold value, half-life, and 
thorough validation of the nuclear data of the activation reaction for accuracy improvement in benchmark 
experiments on large angle scattering cross section of lithium by 14 MeV neutrons. 

In the future, we will determine the optimal activation foil by calculating the activation response 
rate of the experiment using each of these candidates with MCNP5 and estimating the statistical error. In 
addition, we will develop an experimental system that further minimizes statistical errors by optimizing 
the materials and configurations of surrounding components and carry out benchmark experiments for Li 
by using the optimal activation foil. 
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The Heavy-Water Thermal Neutron Facility of Kyoto University Research Reactor (KUR) began 
operation for boron neutron capture therapy (BNCT) in May 1974. After undergoing a facility upgrade  
for epithermal neutron irradiation in 1996, it was renamed as Heavy-Water Neutron Irradiation Facility 
(HWNIF), and neutron energy spectra were evaluated using multifoil activation method. In May 2010, 
KUR shifted its operation from high-enrichment to low-enrichment fuel. Despite this transition, a precise 
reevaluation of the neutron energy spectrum at KUR-HWNIF has not been conducted. This study presents 
reevaluation result of the neutron energy spectrum for the standard epithermal-neutron irradiation mode, 
using multifoil activation method with some adjustment from previous evaluation. Two difference 
unfolding codes, MAXED and GRAVEL, were used to achieve this reevaluation. The future plan to 
confirm neutron energy spectrum evaluation accuracy of two different unfolding code is described in this 
paper. 

1. Introduction
Boron neutron capture therapy (BNCT) is a cancer treatment that involves the use of a drug agent 

containing 10B, which has high neutron absorption cross-section property. The drug agent is delivered to 
tumor tissue, upon reacting with neutrons, 10B produces heavy charged particles, including 7Li and alpha 
particles, which are highly effective in destroying cancer cells. These particles exhibit a high linear energy 
transfer and have a very short range within biological tissues, enabling them to selectively target and 
destroy cancer cells while causing minimal damage to surrounding healthy tissues. This short range, 
approximately equivalent to the size of a cell, ensures precise targeting at the cellular level. Due to its 
ability to selectively target cancer cells, BNCT holds great promise as a therapeutic approach for 
enhancing patient's quality of life [1, 2]. 

The Heavy-Water Thermal Neutron Facility at the Kyoto University Research Reactor (KUR) has 
been utilized for clinical research in boron neutron capture therapy (BNCT) since May 1974  [3]. 
Following an upgrade to the facility in 1996, its name was changed to the Heavy-Water Neutron 
Irradiation Facility (HWNIF), and the neutron energy spectrum was evaluated using the multifoil 
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activation method [4]. In May 2010, KUR transitioned from high-enrichment to low-enrichment fuel [5]; 
however, the neutron energy spectrum at the KUR-HWNIF had not been reevaluated with high accuracy 
since the transition. In this study, the neutron energy spectrum at the KUR-HWNIF was reevaluated using 
multifoil activation method after the change in fuel enrichment.  

In the previous neutron energy spectrum evaluation of KUR-HWNIF [4], NEUPAC unfolding code 
[6], which utilized energy-dependent group cross-section libraries for neutron dosimetry reactions based 
on ENDF/B-V [7], was employed for unfolding procedure. However, NEUPAC unfolding code is no 
longer available, and more advanced nuclear data and unfolding codes have since been developed, 
providing significant improvements for neutron energy spectrum evaluation. In this study, we utilized the 
MAXED and GRAVEL unfolding codes, both widely recognized for their reliability in neutron energy 
spectrum unfolding procedure [8]. 

In the earlier evaluation, activation foils were irradiated during full-power KUR operations at 5 MW 
for 10 hours. Currently, KUR normally operates in a weekly schedule consisting of a 1 MW operation for 
45~47 hours and a 5 MW operation for 6 hours [9]. Due to the limited irradiation time at 5 MW, the 
activation foils were irradiated during the 1 MW operation. The reduced neutron intensity resulted in 
lower counts for some foils that had been used in the prior evaluation. To address this, adjustments were 
made in this study to the types of foils, irradiation time, and experimental setup to ensure measurable 
results from the irradiated foils. 
 
2. Method 

 
Figure 1: Multifoil irradiation  

(a) Irradiation setup, (b) Multifoil arrangement 

Figure 1(a) shows the irradiation setup for activation foils positioned in neutron irradiation direction, 
near the bismuth gamma shielding surface of KUR-HWNIF. In this study, the standard epithermal-
neutron irradiation mode, commonly used for the treatment of deep-seated tumors, was employed. All of 
activation foils were covered with 0.5-mm-thick cadmium during irradiation to cut the effects of thermal 
neutrons. The foils used in the measurements were positioned radially, with equal spacing between each 
foil as shown in Figure 1(b).  

Two different sets of activation foils, low fluence irradiation set and high fluence irradiation set, 
were used depending on the irradiation time. During irradiation, the neutron flux could fluctuate due to 
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factors such as adjustments to the control rods in the reactor core; therefore, a gold foil was placed at the 
center for neutron flux monitoring. Tables 1 and 2 list the types of activation foils used in each set. The 
low fluence irradiation set was designed for spectrum evaluation in the epithermal neutron region (0.5 
eV~10 keV). Considering the higher expected count rates from the epithermal neutron flux in the KUR-
HWNIF, the irradiation time was set to 15 minutes. On the other hand, the high fluence irradiation set 
was intended for spectrum evaluation in the fast neutron region (above 10 keV), where lower count rates 
are received. As a result, the irradiation time was set to 15 hours.  
 
3. Results and discussion 

In unfolding method, it requires several pieces of information, including "saturated activity per unit 
mass," "response function," and "initial guess spectrum," to estimate the neutron energy spectrum.  

The count rates of irradiated foils were measured with a high-purity germanium (HPGe) 
semiconductor detector (ORTEC, GEM20P4-70). The saturated activity per unit mass for each irradiated 
foil was then calculated [10], and results shown in Tables 1 and 2.  
 

Table 1: Measured saturated activities of low fluence irradiation foils 

Foil Reaction 
Saturated activity per 

unit mass [Bq g-1] 
Measurement 

uncertainty [%] 
Au 197Au(n,γ)198Au 4.48 × 107 0.92 

NaCl 23Na(n,γ)24Na 1.82 × 105 0.92 
Manganin 

(11.5%Mn-Cu) 
55Mn(n,γ)56Mn 3.56 × 106 0.96 

Sc 45Sc(n,γ)46Sc 4.46 × 106 1.02 
Ta 181Ta(n,γ)182Ta 1.73 × 107 3.43 
W 186W(n,γ)187W 1.81 × 107 1.89 

 

Table 2: Measured saturated activities of high fluence irradiation foils 

Foil Reaction 
Saturated activity per 

unit mass [Bq g-1] 
Measurement 

uncertainty [%] 
Au 197Au(n,γ)198Au 4.43 × 107 0.32 

In 115In(n,n’)115mIn 2.01 × 103 4.00 

Al 
27Al(n,p)27Mg 1.84 × 102 10.08 

27Al(n,a)24Na 5.71 × 101 6.01 

Mg 27Mg(n,p)24Na 1.42 × 102 7.48 

Ti 
47Ti(n,p)47Sc 3.85 × 102 2.17 

48Ti(n,p)48Sc 1.16 × 101 7.71 

Zr 90Zr(n,2n)89Zr 2.87 × 101 15.13 

Ni 58Ni(n,p)58Co 1.43 × 103 5.56 
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For the response function, JENDL-5.0 Nuclear Data Library [11] was utilized, except for the 
115In(n,n')115mIn reaction, for which the 532DOS2 [12] library was used due to the absence of relevant 
data in JENDL-5.0.  

In this study, initial guess spectrum was based on a previous neutron energy spectrum evaluation of 
KUR-HWNIF [4].  

Once all required information was determined, neutron energy spectrum of the irradiation field was 
estimated using unfolding method. The UMG package, which includes MAXED and GRAVEL codes, 
was used for this spectrum unfolding procedure [8]. 

Figure 2(a) shows the unfolding results obtained using the MAXED and GRAVEL codes, with the 
total neutron flux normalized to 1, which was previously reported [13]. In MAXED unfolding results, 
irregularities were found in neutron energy spectrum around 10 MeV. A possible for these irregularities 
is the significant measurement uncertainty of high-fluence irradiation foils, which are used to analyze the 
neutron energy spectrum in the fast neutron region.  

In this paper, we solved the problem of irregularity above 10 MeV neutron energy spectrum by 
eliminating 90Zr(n,2n)89Zr information which contain high measurement uncertainty of 15.13%. Figure 2 
(b) shows the unfolding results obtained using the MAXED and GRAVEL codes,  without 90Zr(n,2n)89Zr 
information. The irregularity above 10 MeV neutron energy spectrum was disappeared. Furthermore, the 
shape of the neutron energy spectrum obtained using the MAXED and GRAVEL codes becomes more 
similar when the 90Zr(n,2n)89Zr reaction information is excluded, compared to when it is included.  
 

 
Figure 2: Unfolding neutron energy spectrum result 

(a) with 90Zr(n,2n)89Zr information, (b) without 90Zr(n,2n)89Zr information 

To evaluate initial guess and unfolded neutron energy spectra against experimental results, the 
"folding" method was employed for both the initial guess and the unfolding spectra. The unfolded neutron 
energy spectra obtained from the MAXED and GRAVEL codes, as well as the initial guess, were 
separately folded to generate corresponding results. For each foil, the comparison between the measured 
saturated activity per unit mass and the folded results (from the initial guess, MAXED, and GRAVEL 
spectra) is expressed as the E/C ratio. By normalizing 197Au(n,γ)198Au as 1, E/C is shown in Figure 3. 
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Figure 3: Ratio between experimental and calculated results for the specific activity  

(a) low fluence irradiation; (b) high fluence irradiation. 

For foils subjected to low-fluence irradiation, the E/C ratio for the initial guess results ranged from 
0.94 to 1.23. As shown in Figure 3(a), these foils mostly exhibited a high response in the epithermal 
neutron region, indicating that the epithermal neutron flux exceeded the initial guess spectrum. 
Conversely, in Figure 3(b), foils subjected to high-fluence irradiation, the E/C ratio for the initial guess 
results ranged from 0.14 to 0.38, these foils showed a significant lower response in the neutron energy 
range above 1 MeV, highlighting the contribution of the fast neutron region. In both cases, the E/C ratios 
of the unfolding results were close to 1.0, demonstrating that unfolding process effectively adjusted the 
neutron energy spectrum to better match the experimental results. 

In Figure 2(b), there is a noticeable difference between the initial guess spectrum and the unfolding 
results obtained from the two different unfolding codes. This variation can be attributed to the 
replacement of high-enrichment fuel with low-enrichment fuel.  

To confirm the evaluation accuracy of two unfolding codes, we plan to conduct water phantom 
irradiation experiment which placed downstream of irradiation field. Various foils, such as In, Ni, and 
Au, will be positioned along the central axis of water phantom, and their saturated activity per unit mass 
will be measured. By comparing the measurement results with simulation results based on neutron energy 
spectra derived from the different unfolding codes, the evaluation accuracy can be verified.  
 
4. Conclusion 

The neutron energy spectrum in standard epithermal-neutron irradiation mode at the evaluation 
position of the KUR-HWNIF was reevaluated using the multifoil activation method. This represents the 
first neutron spectrum reevaluation with higher accuracy after KUR operation transitioned from high-
enrichment to low-enrichment fuel. To confirm neutron energy spectrum evaluation accuracy of two 
different unfolding code, MAXED and GRAVEL, water phantom irradiation experiment which placed 
downstream of irradiation field will be conduct in the future. 
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Abstract
Recently, multi-nucleon transfer (MNT) reactions have attracted attention as a method for 

producing neutron-rich nuclei. However, the reaction mechanism is not yet well un-derstood 
due to its novelty and complexity. Therefore, we aim to clarify the mechanism by 
investigating the angular momentum of compound nuclei (CN) produced by the MNT reaction. 
The angular momentum has been found to be an important physical quantity that determines 
whether the CN produced by the MNT reaction survives as an evaporation residue (ER) or 
fission and decay. In this study, we describe the reaction using a dynam-ical model and 
discuss the reaction mechanism from the angular momentum, the number of nucleon transfer, 
and the projectile-like nucleus scattering angle based on the calculation results.

1 Introduction

Up to date, elements up to Z = 118 have been identified. If we succeed in synthesizing the next
superheavy element (SHE) from Z = 119, we will reach the 8th period of the periodic table.
To determine how many elements can exist, it is necessary to study the production and nuclear
structure of nuclei on ”Islands of Stability” [1]. Theoretical calculations predict an ”Islands of
Stability” of 114-120 protons and 184 neutrons in the center of the SHE region. In addition,
”r-process”, the elemental synthesis process of the universe, is still not fully understood. This
requires the production of unknown neutron-rich nuclei in the heavy-element region and the
analysis of nuclear data. However, there is a limit to bringing in enough neutrons to synthesize
Islands of Stability and neutron-rich nuclei in conventional fusion reactions. To solve this
problem, the MNT reaction, which was frequently used in the 1970s and 1980s, is attracting
renewed attention.

The utility of MNT reactions for research in unexplored areas (unknown neutron-rich heavy
nuclei and superheavy nuclei) has been discussed to reach islands of stability [2]. However, the
mechanism is not well understood because MNT reactions in the heavy and SHE region are
novel and complex. Optimal conditions are being studied for producing the target nuclei using
the MNT reaction. Here we focus on the angular momentum of CN produced in the MNT
reaction. Angular momentum is known to be an important physical quantity that determines
whether CN survives as ER or fission a nd d ecay [3]. I n t his r egard, t heoretical methods that
can predict the angular momentum with high accuracy are highly desired.

∗Present address: Kindai University 3-4-7 Kowakae, Higashiosaka, Osaka 577-8502, Japan
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In this study, we investigated the relationship between angular momentum of CN, the
projectile-like scattering angle, and the number of nucleons transferred to the target nucleus
using a dynamical model. The results deal with the reaction system 86Kr +166 Er, for which
experimental data are available. The objective is to calibrate the various parameters used in
the theoretical model. We would like to clarify the mechanism by using the knowledge obtained
in this study. In the future, we plan to discuss the synthesis of superheavy elements and the
production of unknown neutron-rich nuclei from the MNT reaction with heavy nuclei.

2 Theoretical Model

2.1 Transition from the diabatic to the adiabatic state

Figure 1: Geometrical diagram when both the deformed incident nucleus and the target nucleus
collide with each other in the different initial orientation angles.

We adopt the dynamical model based on the multidimensional Langevin equations to calcu-
late the time evolution of nuclear shape [4]. Potential energy changes gradually from diabatic
potential to adiabatic potential [5]. Therefore, we treat the transition of two reaction stages
with a time-dependent weighting function:

V = Vdiab(q)f(t) + Vadiab(q)[1− f(t)], (1)

f(t) =
1

1 + exp (− t
τrelax

)
. (2)

Here, q denotes a set of collective coordinates representing nuclear shape. The diabatic potential
Vdiab(q) is calculated within the double-folding method with Migdal nucleon-nucleon forces [4].
The adiabatic potential energy Vadiab(q) of the system is calculated using an extended two-
center shell model [6]. The interaction time t used here is the time starting with the contact
time between the projectile and target nuclei as zero. f(t) is the weighting function included
the relaxation time τrelax. We use the relaxation time τrelax = 10−21 s proposed in [5]. With the
two-center parameterizations [7], the nuclear shape is represents by three deformation parameter
is defined as follows: z0 (distance between the centers of two potentials), δ (deformation of
fragment), and α (mass asymmetry of colliding nuclei); α = A2−A1

A2+A1
, where A1 and A2 not only

stand for the mass numbers of the projectile and target respectively [5, 8] but also are then
used to indicate mass numbers of the two fission (light and heavy) fragments. The parameter
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δ is defined as δ = 3(a−b)
2a+b , where a and b represent the half length of the ellipse axes in the

z0 and ρ directions, respectively [7]. In addition, we use scaling to save computation time
and use the coordinate z defined as z = z0

RCNB , where RCN denotes the radius of the spherical

compound nucleus and the parameter B is defined as B = 3+δ
3−2δ . We solve the dynamical equation

numerically. Therefore, we restricted the number of degrees of freedom as three deformation
parameters to avoid the huge calculation time.

2.2 Consideration of the nuclear orientation

When we use the deformed nucleus, in order to consider the orientation effects we a pply the
axially-symmetric potential Vax

sym the axially-asymmetric one Vax
asym in the stage of the diabatic

potential. When two deformed nuclei collide with each other, mainly there are four colliding
patterns: the so-called tip-to-tip (φ0

1 = φ0
2 = 0), side-to-side (φ0

1 = π/2, φ0
2 = π/2), tip-to-side 

(φ0
1 = 0, φ0

2 = π/2). φ0
1 and φ0

2 denote the initial orientation angle of the projectile and target 
nuclei corresponding to φ1 φ2 shown in Fig. 1. Here, we investigae the reaction system of
86Kr +166 Er. We select the various φ0

2 of the deformed 166Er nucleus fixing φ 0
1 of the spherical 

86Kr nucleus. In the treatment of the spherical nucleus 86Kr, it makes sense to define angles 
even for spherical nuclei, since the model used now is treated as a classical system. In the
case of the tip collision (φ0

2 = 0), we use the diabatic potential of axially-symmetric states 
Vdiab = Vax

sym. If calculations for the side collision (φ0
2 = π/2) or colliding patterns of the 

others (0 < φ0
2 < π/2) are performed, we use the diabatic potential of axially-asymmetric states 

Vdiab = Vax
sym. Here, note that Vax

asym depends on the nuclear orientation angle. Besides, while 
Vdiab of the axially-asymmetric states transits to Vadiab which is the axially-symmetric states, the 
ellipsoid deformations are adjusted with restores of the systems using the time-dependent form,

and the final ellipsoid deformations δiin [9] finished the restoration of the axially-symmetry is 
obtained as

δ̃ = δifres(t) + δfini [1− fres(t)], (3)

fres(t) = exp (− t

τres
), (4)

δfini = (1 + δi)[δi(2 + δi) sinφ
0
2 + 1]−

3
4 − 1. (5)

fres is the weighting function including the relaxation time τres, which performs the restoration
from the axially-asymmetric system to the axially-symmetric one. We use τres = 10−21 s in
this paper. This value involved in the restoration of the system is also has been used in Ref.
[9]. In the collision system using the deformed 166Er nucleus, we treat as δi ∼ 0.246 with
δi = 3β2/(β2+

√
16π/5) [10]. The quadrupole deformation β2 for for the deformed nucleus166Er

is 0.245 [11]. The details of the calculation method are described in the Ref. [12].

2.3 Dynamical equations

The trajectory calculations [4, 5] are performed on the time-dependent unified potential energy
using the multidimensional Langevin equations [5, 8] as follows:
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dqi
dt

= (m−1)ijpj , (6)

dpi
dt

= −∂V

∂qi
− 1

2

∂

∂qi
(m−1)jkpjpk − γij(m

−1)jkpk + gijRj(t), (7)

dϑ

dt
=

ℓ

µRR2
, (8)

dφ1

dt
=

L1

ℑ1
, (9)

dφ2

dt
=

L2

ℑ2
, (10)

dℓ

dt
= −∂V

∂ϑ
− γtan

(
ℓ

µRR
− L1

ℑ1
a1 −

L2

ℑ2
a2

)
R+RgtanRtan(t), (11)

dL1

dt
= − ∂V

∂φ1
+ γtan

(
ℓ

µRR
− L1

ℑ1
a1 −

L2

ℑ2
a2

)
a1 − a1gtanRtan(t), (12)

dL2

dt
= − ∂V

∂φ2
+ γtan

(
ℓ

µRR
− L1

ℑ1
a1 −

L2

ℑ2
a2

)
a2 − a2gtanRtan(t). (13)

The collective coordinates qi represent z, δ and α, the symbol pi denotes the momentum conju-
gated to qi, and V is the multidimensional potential energy. mij and γij are the shape-dependent
collective inertia and friction tensors. We adopted the hydrodynamical inertia tensor mij in the
Werner-Wheeler approximation [13]. The one-body friction tensors γij j are evaluated within
the wall-and-window formula [14, 15]. The normalized random force tensor Ri(t) is assumed
to be white noise, ⟨Ri(t)⟩ = 0 and ⟨Ri(t1)Rj(t2)⟩ = 2δijδ(t1 − t2). According to the Einstein
relation [16], the strength of the random force gij is given as γijT =

∑
k gikgjk. ϑ and µR

indicate the relative orientation of the nuclei and the reduced mass. R is the distance between
the nuclear centers A1,A2 as shown in Fig. 1. φ1 and φ2 represent the orientation angles of
each nucleus (see Fig. 1). a1,2 = R

2 ± R1−R2
2 is the distance from the center of the fragment to

the middle point between the nuclear surfaces, and R1,2 are the nuclear radii. The total angular
momentum Ltot = ℓ + L1 + L2 is preserved. The phenomenological nuclear friction forces for
separated nuclei are expressed in terms of the tangential friction γtan and the radial friction γR
using the Woods-Saxon radial form factor suggested in Ref. [5].

3 Results and Discussion

In this study, the reaction system 86Kr +166 Er, for which experimental data [17] are available,
was chosen to calibrate the free parameters of the model in order to clarify the mechanism of the
MNT reaction. The calculation results are an analysis of target-like compound nuclei (CN), and
here we discuss the reaction that gain nucleons from the projectile 86Kr nucleus to the target
166Er nucleus. The calculation results can also analyze the reaction in which the target nucleus
gives nucleons to the projectile nucleus.

The results of the mass distribution obtained from this calculation are shown in Fig. 2. The
incident energy Ec.m. was determined from Ref. [17] as the calculation condition, and the Bass
barrier VB was obtained by calculation in the 86Kr+166 Er from Ref. [18]. This result indicates
that this calculation captures the change in mass number due to the MNT reaction.

The distribution shown in Fig. 3 is the sum of all collision angles. θ is 180 degrees is
the maximum back-scattering angle and 0 degrees is the maximum forward-scattering. In this
reaction system, the reaction cross section after around 23 transitional nucleons is small. Fig. 3
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Figure 2: (a) Mass distribution per collision angle and (b) Mass distribution for all collision
angles added together, calculated for the reaction system 86Kr +166 Er with Ec.m. = 464 MeV
and VB = 259 MeV. The collision angle is the orientation angle at the collision due to the use
of the deformed-target 166Er nucleus.

(a) shows that as ntra increases, the mean θ changes from 113 degrees to around 80 degrees. The
change in θ from the back-scattering region to the forward-scattering region can be thought of
as an increase in contact time. This indicates that the ntra increases with contact time. Fig. 3
(b) shows that theta has a larger mean L2 and saturates after 110 degrees. This means that the
angular momentum brought into the CN increases as the contact time increases, but there is a
limit to the angular momentum that can be brought in. Fig. 3 (c) shows the dependence of ntra

and mean L2. The more intense the exchange of nucleons, the greater the angular momentum
brought into the CN. These three physical quantities ntra, θ, and L2 are interrelated and may be
useful in analyzing the mechanism of the MNT reaction. Our calculations also provide results
for each collision angle, which we think will contribute to a detailed analysis of important factors
in the mechanism that cannot be observed experimentally.

4 Summary

In this study, we analyzed the MNT reaction using a dynamical model. As a first step to clarify
the mechanism, we focused on the angular momentum of CN, the scattering angle of projectile-
like nucleus and the number of nucleons transferred to the target and performed calculations. It
also suggests that our model may be able to contribute to future analyses of the MNT reaction.
In the future, we would like to study the neutron-rich nuclei in the heavy and SHE regions for
MNT reactions with heavy nuclei, leading to the understanding of ”Islands of Stability” and
”r-process”.
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Abstract

Hot fusions using 48Ca beam and actinides as targets were successful for many superheavy
elements up to Og (Z=118). When synthesizing element 119 using 48Ca, the target would
be Es (Z=99). However, actinides after Es have so short half-lives. It is not practical to
use Es as a target. Therefore, it is necessary to use heavier projectiles than 48Ca such as
V and Cr. This allows the target to be determined relatively stable nuclide in actinides.
The synthesis of superheavy elements can be divided into three stages depending on the
reaction times. They are the touching process, the formation process, and the decay process.
The evaporation residue cross sections can be calculated by combining three probabilities of
these processes. We calculated the evaporation residue cross sections using 51V and 54Cr as
projectiles and actinides as targets. We also analyzed the effects of different combinations of
projectile and target. We mainly discussed the effect of the relationship between the reaction
Q-value and the Coulomb barrier height.

1 Introduction

In recent years, research on new superheavy elements has been conducted around the world.
Superheavy elements were discovered mainly by the heavy-ion fusion reaction, and from Fl
(Z=114) to Og (Z=118) were discovered by hot fusion using 48Ca beam and actinides as targets
[1]. The advantage of using 48Ca is the large ratio of neutrons over protons.

Hot fusion is one of the methods for synthesizing superheavy elements. Actinides are used
as target in this method. The reason why this is called hot fusion is that the formed compound
nucleus is relatively excited.

When synthesizing element 119 with 48Ca beam, the target would be Es (Z=99). However,
actinides after Es have so short half-lives. It is not practical to use Es as a target. Therefore, it
is necessary to use heavier projectile than 48Ca such as V and Cr. This allows the target to be
determined relatively stable nuclide in actinide.

In 2023, a Russian group reported the successful synthesis of 54Cr+238U→292−xLv [2]. In
2024, an American group reported the successful synthesis of 50Ti+244Pu→294−xLv [3]. Success-
ful cases of hot fusion using heavier projectiles than 48Ca are extremely rare, and it is expected
that new superheavy elements will be synthesized with heavier projectiles.

In this work, we compared the 51V and 54Cr projectiles. We calculated the evaporation
residue cross sections of 51V+238U→289−xMc, 54Cr+238U→292−xLv, 51V+248Cm→299−x119 and
54Cr+243Am→297−x119. We also analyzed the effects of different combinations of projectile and
target.
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2 Model

2.1 Evaporation residue cross section

The synthesis of superheavy elements includes three stages. The first is the projectile-target
contact process. This determines the touching probability. The second is the competition
process between compound nucleus formation and quasi-fission. This determines the formation
probability. The third is the decay process. This determines the survival probability of the
excited compound nucleus. The evaporation residue cross section σER is calculated by combining
these three probabilities, following

σER =
πh̄2

2µ0Ec.m.

∞∑
ℓ=0

(2ℓ+ 1)Tℓ(Ec.m., ℓ)PCN (E∗, ℓ)Wsur(E
∗, ℓ), (1)

where µ0 denotes the reduced mass in the entrance channel. Ec.m. and E∗ denote the incident en-
ergy in the center-of-mass frame and the excitation energy of the composite system, respectively.
Tℓ is the barrier penetration coefficient of the ℓth partial wave through the potential barrier.
PCN is the probability of forming a compound nucleus in the competition with quasi-fission.
Wsur is the survival probability of the excited compound nucleus.

We use incident and excitation energies depending on the reaction stages, reaction Q-value
is used for these energies conversion, following

E∗ = Ec.m. +Q, (2)

Q = {MCN − (MP +MT )}c2, (3)

where MCN , MP , and MT denote the mass of the compound nucleus, the projectile nucleus, and
the target nucleus, respectively. We calculate the reaction Q-value using the mass excesses of the
mass table [4]. MCN is the uncertain parameter because the mass of a superheavy element cannot
be measured. Therefore, we often correct the reaction Q-value to match the calculated results
to the experimental cross sections. This is because the reaction Q-value fluctuates depending
on the uncertainty of the compound nucleus mass.

2.2 Dynamical model

We use the multidimensional Langevin equation to describe the time evolution of the shape of
the nucleus. The nuclear shape is defined by two-center parametrization [5, 6], which has three
deformation parameters, z, δ, and α. z is the parameter related to the distance between two
potential centers, δ is the deformation of the fragments, and α = (A1 − A2)/(A1 + A2) is the
mass asymmetry of the two fragments, where A1 and A2 are the mass numbers of heavy and
light fragments [7].

For given value of a temperature of a system T , the adiabatic potential energy is defined as

V (q, ℓ, T ) = VLD(q) +
h̄ℓ(ℓ+ 1)

2I(q)
+ VSH(q, T ), (4)

VLD = ES(q) + EC(q), (5)

VSH(q, T ) = E0
shell(q)Φ(T ), (6)

Φ(T ) = exp

(
− aT 2

Ed

)
, (7)

where q = {z, δ, α} is the deformation coordinate. VLD is the potential energy calculated with
the finite-range liquid drop model, given as the sum of the surface energy ES [8] and the Coulomb
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energy EC . VSH is the shell correction energy evaluated for each temperature using the factor
Φ(T ), in which Ed is the shell damping energy chosen to be 20 MeV [9] and a is the level density
parameter. At zero temperature (T = 0), the shell correction energy reduces to E0

shell. The
second term on the right hand side of Eq.(4) is the rotational energy for an angular momentum
ℓ [7], with a moment of inertia I(q).

The multidimensional Langevin equations [7, 10] are given as

dqi
dt

= (m−1)ijpj , (8)

dpi
dt

= −∂V

∂qi
− 1

2

∂

∂qi
(m−1)jkpjpk − γij(m

−1)jkpk + gijRj(t), (9)

where qi = {z, δ, α} is the deformation coordinate, and pi = mijdqi/dt is a momentum conjugate
to coordinate qi. In the Langevin equation, mij and γij are the shape-dependent collective inertia
parameter and the friction tensor, respectively. The wall-and-window one-body dissipation [11]
is adopted for the friction tensor. A hydrodynamical inertia tensor is adopted with the Werner-
Wheeler approximation for the velocity field [12].

The normalized random force Ri(t) is assumed to be that of white noise, that is,

⟨Ri(t) = 0⟩, ⟨Ri(t1)Rj(t2)⟩ = 2δijδ(t1 − t2). (10)

The strength of the random force gij is related to the friction tensor γij by the classical Einstein
relation, ∑

k

gikgjk = γijT. (11)

We calculate the fusion probability using the dynamical model.

2.3 Statistical model

We use the statistical model [13, 14] to estimate the survival probability of excited compound
nucleus. The survival probability is calculated, following

Wsur =
N∏
i=1

Γ
(i)
n

Γ
(i)
n + Γ

(i)
f

, (12)

where Γn and Γf are neutron emission width and fission width, respectively. And i means the
each step of neutron emission, and N is the neutron number emitted before the nucleus reaches
below the particle threshold and the fission barrier.

In the equation (4), Γn/Γf is calculated as follows [14],

Γn

Γf
=

kcoll(gr.st.)

kcoll(saddle) · kkramers
A0exp

{
2
√
an(Eint −Bn)− 2

√
af (Eint −Bf )

}
, (13)

where kcoll(gr.st.) and kcoll(saddle) are collective enhancements of the ground state and the
saddle point [14], and kkramers is the Kramers factor [14, 15]. The factors in front of the
exponential function are combined into A0, and an and af are the level density parameters of
the ground state and the saddle point, respectively. Eint is the intrinsic excitation energy of the
compound nucleus. Bn is the neutron separation energy and Bf is the fission barrier height.

The statistical model contains many uncertain parameters. One of them is the fission barrier
height. We use the shell correction energy of the mass table [4] as the fission barrier height. In
the superheavy region, the shell correction energy can be approximated as the fission barrier
height because superheavy elements have almost no fission barrier of liquid drop energy.
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Figure 1: Excitation functions for 51V+238U (blue triangles) and 54Cr+238U reactions (red
squares) for the summation of all evaporation channels. The dashed lines through the plot are
drawn to guide the eye.

3.3 Reactions of 51V+248Cm and 54Cr+243Am

Figure 3 shows the evaporation residue cross sections of 51V+248Cm and 54Cr+243Am reactions
for the excitation energy. 51V+248Cm is about 0.04pb and 54Cr+243Am is about 0.2pb. The
evaporation residue cross sections using 54Cr are larger than using 51V. We realized that this
is an effect of the relationship between reaction Q-value and Coulomb barrier height. Figure

3 Results and discussion

3.1 Calibration to experimental value

As discussed in 2.1, the reaction Q-value should be corrected to match the calculated results to 
the experimental values. In addition, the regions without experimental values are calculated after 
calibrating the parameters in a system with experimental values. This allows for relative 
comparisons even if there are no experimental values. In this study, 48Ca+245Cm and 48Ca+249Cf were 
chosen for the calibration of the 238U target and element 119 calculations, respectively. This is because 
these atomic and mass numbers of compound nuclei are close.

3.2 Reactions of 51V+238U and 54Cr+238U

Figure 1 shows the evaporation residue cross sections of 51V+238U and 54Cr+238U reactions for the 
excitation energy. 51V+238U is about 3 fb and 54Cr+238U is about 0.1 pb. The evaporation residue 
cross sections using 54Cr are larger than using 51V. We realized that this is an effect of the 
relationship between reaction Q-value and Coulomb barrier height. Figure 2 shows the capture 
cross sections of 51V+238U and 54Cr+238U reactions. Figure 2 (a) is for the incident energies and 
(b) is for the excitation energies. Focusing on (a), the capture cross sections using 51V are larger than 
using 54Cr at the same incident energy. This is the effect of the Coulomb barrier height. Adding the 
reaction Q-value to (a), this is converted to the excitation energy (b). Then, the capture cross sections 
using 54Cr are larger than using 51V at the same excitation energy. This is because the reaction Q-value 
of using 51V is relatively small. Small capture cross sections have negative effects to the evaporation 
residue cross sections at the same excitation energy.
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Figure 2: Capture cross sections of 51V+238U and 54Cr+238U reactions. The dashed lines
through the plot are drawn to guide the eye. (a) Incident energy functions. Colored arrows
denote Bass barriers. (b) Excitation functions.

4 shows the capture cross sections of 51V+248Cm and 54Cr+243Am reactions. Since the same
thing happens as described in 3.1, the explanation is omitted.

Figure 3: Excitation functions for 51V+248Cm (blue triangles) and 54Cr+243Am reactions (red
squares) for the summation of all evaporation channels. The dashed lines through the plot are
drawn to guide the eye.

4 Summary

We realized that the relationship between the reaction Q-value and the Coulomb barrier height
is important in the synthesis of superheavy elements. In the comparison between 51V+238U
and 54Cr+238U, the latter has larger evaporation residue cross sections. Furthermore, in the
comparison between 51V+248Cm and 54Cr+243Am, the latter has larger evaporation residue
cross sections. These results can be explained by the effect of the relatively small reaction
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Figure 4: Capture cross sections of 51V+248Cm and 54Cr+243Am reactions. The dashed lines
through the plot are drawn to guide the eye. (a) Incident energy functions. Colored arrows
denote Bass barriers. (b) Excitation functions.

Q-value using 51V projectile. In the same target or compound nucleus case, using 51V has an
advantage over using 54Cr in terms of the Coulomb barrier height, but has a greater disadvantage
in terms of the reaction Q-value. Due to the above factors, we thought 54Cr+243Am is better
combination than 51V+248Cm in the synthesis of element 119. According to our calculations
and analysis, the reaction Q-value might be a more important factor than previously thought.

References

[1] Yu. Ts. Oganessian, et al., Rhys. Rev. C 70, 064609 (2004).
[2] Joint Institute for Nuclear Research, https://www.jinr.ru/posts/v-lyar-oiyai-vpervye-v-

mire-sintezirovan-livermorij-288/,  (accessed 2025-03-07).
[3] J. M. Gates, et al., Phys. Rev. Lett. 133, 172502 (2024).
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Abstract

The SEKIGUCHI Three-Nucleon Force Project is developing a CCONE-based calcula-
tion system contributing to the consideration of production methods for nuclides useful in
applied science field. Using this system, the optimal production method for Auger electron
emitters, which are medical RIs, from light particle (up to α particle) injection reactions was
considered.

1 Introduction

Recently nuclear medicine therapy using nuclides emitting α rays and Auger electrons is gath-
ering attention [1]. α rays and Auger electrons have a higher linear energy transfer than β
rays and are expected to enable the therapy with little damage to normal cells surrounding the
tumor. Especially Auger electron emitters have an advantage that their daughter nuclei are
less likely to decay compared to α ray emitters. Since there are many Auger electron emitters,
and their production reactions and paths are diverse, the best nuclide for practical use and its
production method have not been established at present. We are also working for improving the
accuracy of nuclear data considering three-nucleon forces in the SEKIGUCHI Three-Nucleon
Force Project [2]. Based on the above situation, we have developed a system to calculate and
illustrate nuclide production cross sections and Thick Target Yield (TTY) from various nuclear
reactions. In this article, an overview of the developed calculation system and a consideration
of the optimal production method for Auger electron emitters using this system are described.

2 Development of a calcualtion system

An overview of the developed calculation system is summarized below.

• Projectile (n, p, d, t, 3He, α, γ), kinetic energy of projectile (Eproj), target (including
natural compositions), and produced nuclide can be selected.

15.
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• The nuclear reaction model calculation code CCONE [3] (default calculation) is used to
calculate nuclide production cross sections.

• The CCONE calculated values are converted to ENDF-6 format [4] to compare with ex-
isting nuclear data libraries.

• The sum of multiple nuclide production cross sections (e.g., 77Br+77Kr (decays to 77Br
with a half-life of 1.24 hours [5])) can also be output.

3 Consideration of production methods for Auger electron emit-
ters

3.1 Input

Using the developed calculation system, we considered the optimal production method for Auger
electron emitters. The conditions in this consideration are as follows.

• Projectile: n, p, d, α, γ
• Eproj: 1 - 50 MeV
• Target: natural element target
• Produced nuclide:

77Br, 77Br+77Kr, 71Ge, 97Ru, 97Ru+97Rh, 67Ga, 67Ga+67Ge, 64Cu, 99Mo, 119Sb

Since t and 3He are practically difficult to use for projectile, they were excluded from this
consideration. Moreover, in the CCONE, ions larger than α cannot be injected.

3.2 Nuclide production cross section

Here the result for 77Br is described as an example. First, at the projectiles and Eproj shown
in Section 3.1, we focus on natural element targets with reactions that 77Br production cross
section is greater than 1 mb. As a result, 75As, natSe, natBr, and natKr remain as natural element
targets. 77Br production cross section when targeting 75As, natSe, natBr, and natKr are shown
in Figure 1. Moreover, top 5 reactions with the largest 77Br production cross section is shown
in Table 1. From Figure 1 and Table 1, the reaction that maximizes the 77Br production cross
section is found to be α+75As (Eproj =25 MeV).

3.3 Thick Target Yield

The yield depends not only on the nuclide production cross section, but also on the stopping
power and the target thickness. Therefore, we calculated the stopping power for p, d, and α using
SRIM [6](Stopping and Range of Ions in Matter), and calculated Thick Target Yield [7](TTY,
yield for a target with infinite thickness) when the projectiles are p, d, and α. TTY is obtained
by

TTY =

∫ Eproj

0

σ(E)

S(E)
dE, (1)

where σ(E) and S(E) are the nuclide production cross section and the stopping power, respec-
tively. 77Br TTY when targeting 75As, natSe, natBr, and natKr are shown in Figure 2. Moreover,
top 5 reactions with the largest 77Br TTY is shown in Table 2. Note that here we compare
TTYs at Eproj of 50 MeV. From Figure 2 and Table 2, the reaction that maximizes the 77Br
TTY is found to be p+natSe (except when the projectiles are n and γ).
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Figure 1: 77Br production cross section when target-
ing 75As (top left), natSe (top right), natBr (bottom
left), and natKr (bottom right).

Table 1: Top 5 reactions with the largest
77Br production cross section. Eproj when
the 77Br production cross section is at its
maximum is shown in parentheses.

rank reaction
77Br production
cross section

1 α+75As 1.054 b (25 MeV)
2 n+natBr 0.304 b (30 MeV)
3 d+natBr 0.247 b (45 MeV)
4 p+natBr 0.221 b (35 MeV)
5 p+natSe 0.213 b (19 MeV)
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Figure 2: 77Br TTY when targeting 75As (top left),
natSe (top right), natBr (bottom left), and natKr (bot-
tom right).

Table 2: Top 5 reactions with the largest
77Br TTY.

rank reaction
77Br TTY

(except n and γ)

1 p+natSe 3.669× 10−3

2 p+natBr 3.460× 10−3

3 d+natSe 2.177× 10−3

4 d+natBr 1.900× 10−3

5 α+75As 0.945× 10−3

3.4 Results for other Auger electron emitters

Table 3 shows the reactions that maximize the production cross section and TTY for 77Br and
other Auger electron emitters. The reason why there is no α injection reaction among the
reactions that maximize the TTY is thought to be because the stopping power for α is large
and the TTY becomes small.

4 Evaluation of unwanted nuclides that may be produced

It is important to know how many unwanted nuclides (impurities) other than Auger electron
emitters can be produced when Auger electron emitters are produced via the reactions summa-
rized in Table 3. Therefore, we illustrated the production cross sections of all residual nuclei
that can be produced when the following conditions are satisfied.
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Table 3: Reactions that maximize the production cross section and TTY for 77Br and other
Auger electron emitters. Eproj when the nuclide production cross section is at its maximum is
shown in parentheses.

nuclide nuclide production cross section TTY (except n and γ)
77Br α+75As (25 MeV) p+natSe

77Br+77Kr α+75As (25 MeV) p+natSe
71Ge d+natGa (13 MeV) d+natGa
97Ru α+natMo (38 MeV) p+103Rh

97Ru+97Rh α+natMo (38 MeV) p+103Rh
67Ga α+natCu (24 MeV) p+natZn

67Ga+67Ge α+natZn (18 MeV) p+natZn
64Cu n+natZn (11 MeV) d+natZn
99Mo n+natMo (15 MeV) p+natMo
119Sb d+natSn (25 MeV) p+natSn

• If the maximum nuclide production cross section exceeds 1 mb in the CCONE calculation.
• If experimental values exist in EXFOR [8].

When using natural element targets, the reaction that maximizes the 77Br TTY was p+natSe.
On the other hand, when using enriched targets, the reaction that maximizes the 77Br TTY
becomes p+78Se. Therefore, we confirmed all residual nuclei that can be produced by p+78Se
and found that 69,70Ga, 72-74Ge, 72-77As, 74-77Se, and 75,76,78,79Br can be produced in addition
to 77Br. Assuming that 69,70Ga, 72-74Ge, 72-77As, and 74-78Se with different atomic number from
77Br can be chemically separated, the production yields of 75,76,78,79Br become an issue. 75-79Br
production cross sections by p+78Se are shown in Figure 3.

According to the CCONE calculation, the 77Br production cross section by p+78Se is max-
imum at Eproj of 20 MeV. Therefore, if Eproj is 20 MeV, only 78,79Br become an issue, since
the 75,76Br production cross sections are zero below Eproj of 20 MeV. To estimate how many
78,79Br are produced, we confirmed the time variation of nuclide production yield N(t) [7]. N(t)
is defined as

N(t) =

{
I0yTh
ln 2

{
1− exp

(
− ln 2

Th
t
)}

(for unstable nuclide)

I0yt (for stable nuclide)
, (2)

where I0 [1/h] is the beam intensity (this time we set I0 = 1), y is the TTY at a given Eproj,
Th [h] is the half-life, and t [h] is the beam irradiation time. Time variation of 77-79Br production
yields by p+78Se (Eproj =20 MeV) is shown in Figure 4. Moreover, Table 4 shows the 77-79Br
TTYs by p+78Se (Eproj =20 MeV), half-life of 77-79Br [5], and 77-79Br production yields after
irradiating 24 hours. From Figure 4 and Table 4, it is found that 78,79Br production yields are
less than 1% of 77Br production yield after irradiating 24 hours.

5 Summary

We have developed a CCONE-based calculation system contributing to the consideration of
production methods for nuclides useful in applied science field, such as Auger electron emitters.
By using this system, the reactions that maximize nuclide production cross sections and TTYs,
unwanted nuclides that can be produced, and the time variation of nuclide production yield
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Figure 3: 75-79Br production cross sections by p+78Se. As a reference, nuclear data library
values [9–11] and experimental values [12–16] are also shown.
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Figure 4: Time variation of 77-79Br pro-
duction yields by p+78Se (Eproj =20 MeV).

Table 4: 77-79Br TTYs by p+78Se (Eproj =20 MeV)
(y), half-life of 77-79Br [5] (Th), and

77-79Br produc-
tion yields after irradiating 24 hours (N(t = 24 h)).

nuclide y Th N(t = 24 h)
77Br 2.036× 10−3 2.38 d 4.239× 10−2

78Br 2.494× 10−3 6.45 m 3.868× 10−4

79Br 1.117× 10−5 - 2.640× 10−4

can be understood. In addition, the CCONE calculated values and nuclear data library values 
can be easily compared with experimental values. In the future, we will apply this system to 
nuclides other than Auger electron emitters to improve the accuracy of nuclear data. We will 
also compare with experimental values in quantities other than nuclide production cross sections 
and TTYs, and confirm how the consistency with the experimental values changes by adjusting 
the CCONE parameters.
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Abstract 
Joint research conducted by the Japan Atomic Energy Agency and Kindai University has 

demonstrated that the yield distribution of fission products (fission fragments) changes significantly 
depending on the neutrons emitted from the compound nucleus. This phenomenon is explained by the 
concept of multi-chance fission (MCF). In this study, we improved the treatment of neutron evaporation 
during the fission process in the Langevin model, aiming to describe the entire reaction process in a 
unified framework. The calculated results successfully reproduced the experimental data for the fission-
fragment mass distribution. 

 
1. Introduction 

 The Japan Atomic Energy Agency (JAEA) has successfully produced a wide range of nuclei and 

various excited states through multi-nucleon transfer (MNT) reactions, enabling detailed observations of 

their fission behavior. The fission fragment mass distributions (FFMDs) obtained from MNT experiments 

exhibit a distinctive double-humped structure, characteristic of actinide nuclear fission, even at high 

excitation energies. This phenomenon can only be 

explained by incorporating the concept of multi-

chance fission (MCF).In a previous study [1], the 

effect of MCF was modeled using statistical 

approaches, such as the GEF code (Version 

2016/1.2) [2], to simulate neutron-fission 

competition, and Langevin calculations to describe 

the fission dynamics. These methods accurately 

reproduced the experimentally measured FFMDs 

with high precision. However, neutron emission 

Figure 1. Experimental FFMDs of the U 
isotopes and their dependence on excitation 
energy in the range of 𝐸𝐸∗=10-60 MeV. 
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during the fission process was not explicitly considered 

in this approach. To address this, our group has been 

developing a model that incorporates the neutron 

evaporation process into the dynamical model to 

describe neutron emission during the fission process [3]. 

The previous model accounted for the effects of neutron 

emission by considering the reduction in excitation 

energy and the associated changes in shell correction 

energy. In this study, we further refined the model to 

include changes in the liquid-drop model potential 

caused by neutron emission, aiming for a more realistic 

depiction of the fission process in the highly excited 

energy region. 

 

2. Theory and Method 
A simple neutron decay width based on detailed balance is adopted, and the Gilbert and Cameron 

equation is used for the level density 𝜌𝜌 [4-6]. The 𝛤𝛤n and 𝜌𝜌 are given as 

𝛤𝛤𝑛𝑛
𝐽𝐽 = 1

2𝜋𝜋𝜋𝜋(𝐸𝐸𝐶𝐶𝐶𝐶
∗ , 𝐽𝐽) ∫ ∑ ∑ 𝑇𝑇𝑙𝑙

𝑠𝑠′

(𝜀𝜀)𝜌𝜌(𝐸𝐸𝑓𝑓 − 𝜀𝜀, 𝐼𝐼′)
𝑙𝑙′

𝑑𝑑𝑑𝑑
𝐸𝐸𝑓𝑓

0
(1) 

𝜌𝜌(𝑈𝑈∗, 𝐽𝐽) = √𝜋𝜋
12𝑎𝑎1 4⁄ 𝑈𝑈∗1 4⁄ exp(2√𝑎𝑎𝑈𝑈∗) × 2𝐽𝐽 + 1

2√𝜋𝜋𝜎𝜎3 exp [−
(𝐽𝐽 + 1 2⁄ )2

2𝜎𝜎2 ] (2) 

 
Where 𝐸𝐸𝐶𝐶𝐶𝐶

∗  and 𝑈𝑈∗ are the excitation energy of the compound nucleus and the effective excitation 
energy of the compound nucleus, respectively. The effective excitation energy of the intermediate nucleus  
𝐸𝐸𝑓𝑓 can be expressed by 𝐸𝐸𝑓𝑓 = 𝐸𝐸𝐶𝐶𝐶𝐶

∗ − 𝐵𝐵𝑛𝑛 − 𝐸𝐸𝑘𝑘 (𝐵𝐵𝑛𝑛: neutron binding energy, 𝐸𝐸𝑘𝑘: emitted neutron kinetic 
energy). 𝜎𝜎 is the spin cut-off parameter. The level density parameter 𝑎𝑎 is given as 

𝑎𝑎 = 𝑎̃𝑎𝑛𝑛 {1 + 𝛿𝛿𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝐸𝐸𝐶𝐶𝐶𝐶

∗  (1 − exp (− 𝐸𝐸𝐶𝐶𝐶𝐶
∗

𝐸𝐸𝑑𝑑
)} (3) 

where 𝛿𝛿𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is the shell correction energy at temperature of the compound nucleus 𝑇𝑇 = 0. The shell 
damping energy 𝐸𝐸𝑑𝑑 of 20 MeV was used in this work. In the Langevin model adopted in this study, 
random number determines the ratio of the Langevin’s time step to the neutron decay width.  
    The level density parameter 𝑎̃𝑎𝑛𝑛 is givens as 

𝑎̃𝑎𝑛𝑛 = 𝐴𝐴
14.61 (1 + 3.114𝐴𝐴−1 3⁄ 𝑋𝑋22 + 5.626𝐴𝐴−2 3⁄ 𝑋𝑋33) (4) 

𝑋𝑋22 = 2𝜋𝜋 (𝛼𝛼𝛼𝛼 sin−1 𝛷𝛷
𝛷𝛷 𝛽𝛽2) 4𝜋𝜋𝑅𝑅2⁄ (5) 

𝑋𝑋33 = 2𝜋𝜋
𝛼𝛼𝛷𝛷 (𝛽𝛽2

2 log 1 + 𝛷𝛷
1 − 𝛷𝛷) 8𝜋𝜋𝜋𝜋⁄ (6) 
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𝛷𝛷 = √1 − 1
𝜂𝜂 2 , 𝜂𝜂 = 𝛼𝛼 𝛼𝛼⁄ (7) 

where 𝛼𝛼 and 𝛼𝛼 are the lengths of the major and minor axes of the deformed nucleus, respectively [7]. 
In this work, the three-dimensional two-center parametrization was adopted to describe nuclear 

shape. 𝑧𝑧 is the distance between two potential centers, 𝛿𝛿 is the deformation of the fragment, 𝛼𝛼 is the 
mass asymmetry of the two fragments. The advantage of this model is that it can represent both fusion 
and the fission with a relatively small number of parameters. The two-center parametrization is described 
using two harmonic oscillators. 𝑧𝑧1 and 𝑧𝑧2 are the distances from the origin of contact of the harmonic 
oscillator to the center of each harmonic oscillator. The 𝑧𝑧0, 𝛿𝛿 and 𝛼𝛼 are given as 

𝑧𝑧0 = |𝑧𝑧1| + |𝑧𝑧2| (8) 

𝛿𝛿 = 3(𝑎𝑎 − 𝑏𝑏)
2𝑎𝑎 − 𝑏𝑏 (9) 

𝛼𝛼 = 𝐴𝐴1 − 𝐴𝐴2
𝐴𝐴1 + 𝐴𝐴2

(10) 

where 𝐴𝐴1 and 𝐴𝐴2 is the mass number of heavy and light fragments, and 𝑎𝑎 and 𝑏𝑏 are the half length 
of the axes of an ellipse in the 𝑧𝑧0 and 𝜌𝜌 directions of the cylindrical coordinate, respectively. In order 
to shorten the calculation time of the computer when solving the equation of motion, we introduce 𝑧𝑧 as 

𝑧𝑧 = 𝑧𝑧0
𝑅𝑅𝐶𝐶𝐶𝐶𝐵𝐵 , 𝐵𝐵 = 3 + 𝛿𝛿

3 − 2𝛿𝛿 (11) 

where 𝑅𝑅𝐶𝐶𝐶𝐶 is the radius of the compound nucleus. 
In the two-center parametrization, the size of the connecting cross section (neck size) of each fragment 
is described by the neck parameter 𝜀𝜀. The 𝜀𝜀 is givens as 

𝜀𝜀(𝐴𝐴𝑐𝑐) = 0.01007𝐴𝐴𝑐𝑐 − 1.94 (12) 
where 𝐴𝐴𝑐𝑐 is the mass number of the compound nucleus [8]. 
    In the fission process, the nuclear potential is described by the adiabatic potential 𝑉𝑉𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎(𝑞𝑞). In this 
case, the density of a nucleus is constant. The adiabatic potential is described by the sum of the potential 
of the liquid drop model and the shell correction energy as 

𝑉𝑉𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎(𝑞𝑞, 𝐿𝐿, 𝑇𝑇) = 𝑉𝑉𝐿𝐿𝐿𝐿(𝑞𝑞) + 𝑉𝑉𝑆𝑆𝑆𝑆(𝑞𝑞, 𝑇𝑇) (13) 
𝑉𝑉𝐿𝐿𝐿𝐿(𝑞𝑞) = 𝐸𝐸𝑆𝑆(𝑞𝑞) + 𝐸𝐸𝐶𝐶(𝑞𝑞) (14) 

𝑉𝑉𝑆𝑆𝑆𝑆(𝑞𝑞, 𝑇𝑇) = 𝐸𝐸𝑠𝑠ℎ𝑒𝑒𝑙𝑙𝑙𝑙(𝑞𝑞)𝛷𝛷(𝑇𝑇) (15) 

𝛷𝛷(𝑇𝑇) = exp (− 𝑎𝑎𝑇𝑇2

𝐸𝐸𝑑𝑑
) (16) 

where 𝑉𝑉𝐿𝐿𝐿𝐿 is the potential of the liquid drop model. The excitation energy can be expressed by 𝐸𝐸∗ =
𝑎𝑎𝑇𝑇∗(𝑎𝑎: level density parameter). 𝑉𝑉𝑆𝑆𝑆𝑆 is shell correction energy considering temperature dependence. 𝐸𝐸𝑆𝑆 
and 𝐸𝐸𝐶𝐶 are the surface and coulomb energy, respectively. At the high energy, the shell correction energy 
becomes extremely small, and the internal structure of the nucleus disappears, resulting in mass 
symmetric fission.  In this work, the time evolution of nuclear shape is described by the Langevin 
equation. The Langevin equation is given as 

𝑑𝑑𝑞𝑞𝑖𝑖
𝑑𝑑𝑑𝑑 = (𝑚𝑚−1)𝑖𝑖𝑖𝑖𝑝𝑝𝑗𝑗 (17) 

𝑑𝑑𝑝𝑝𝑖𝑖
𝑑𝑑𝑑𝑑 = − 𝜕𝜕𝜕𝜕

𝜕𝜕𝑞𝑞𝑖𝑖
− 1

2
𝜕𝜕

𝜕𝜕𝑞𝑞𝑖𝑖
(𝑚𝑚−1)𝑖𝑖𝑘𝑘𝑝𝑝𝑗𝑗𝑝𝑝𝑘𝑘 − 𝛾𝛾𝑖𝑖𝑖𝑖(𝑚𝑚−1)𝑗𝑗𝑗𝑗𝑝𝑝𝑘𝑘 + 𝑔𝑔𝑖𝑖𝑖𝑖𝑅𝑅𝑗𝑗(𝑡𝑡) (18) 
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where 𝑞𝑞𝑎𝑎 = {𝑧𝑧, 𝛿𝛿, 𝛼𝛼} and 𝑝𝑝𝑎𝑎 =  𝑚𝑚𝑎𝑎𝑖𝑖𝑑𝑑𝑞𝑞𝑎𝑎 𝑑𝑑𝑑𝑑⁄  is a momentum conjugate to coordinate 𝑞𝑞𝑎𝑎. In the Langevin 
equation, 𝑚𝑚𝑎𝑎𝑖𝑖 and 𝛾𝛾𝑎𝑎𝑖𝑖 are the sharp-dependent collective inertia and the friction tensors, respectively.  

 
3. Result and Discussion 

In this work, the FFMDs of U234−240  were calculated in an initial excitation energy range of 𝐸𝐸∗ =
15 − 55 MeV. Figure 3 shows a comparison between the calculated results and the experimental data 
obtained using JAEA’s tandem accelerator. From Figure 3, it can be observed that the calculation results 
based on the improved model demonstrate that the mass-asymmetric shape of the FFMDs is preserved 
even at high excitation energies, with only minor changes in most FFMDs. However, some FFMDs 
exhibit dramatic differences when compared to the results obtained using the pre-improved model. 
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Figure 3. Experimental FFMDs (points with error bars) of the U isotopes and their 
dependence on excitation energy in the range of 𝐸𝐸∗  = 10-60 MeV [9-11]. The 
experimental FFMDs are compared with Langevin calculations, respectively, with GEF 
code (blue curves), using the pre-improved model [3] (green curves), and using the 
improved model (pink curves). 
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234−240  with the excitation energy 𝐸𝐸∗=55 MeV calculated by GEF code 
(blue dot), pre-improved model (green dot), and improved model (pink dot). 
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The average number of neutrons emissions of U234−240  was calculated at the excitation energy of 
𝐸𝐸∗ = 55 MeV. The results were compared with those from the GEF code, as well as with the pre-improved 
and improved models under identical conditions. As shown in Figure 4, the average number of neutrons 
emitted, as calculated by the improved model, is higher than that of the pre-improved model. Additionally, 
the results from the GEF code exhibit an isotope-dependent trend. In contrast, neither the pre-improved 
model nor the improved model shows an isotope-dependent trend. 
    Therefore, based on trajectory analysis, we investigated the cause of the dramatic changes in FFMDs, 
despite the unresolved issue of neutron emission numbers. The trajectory analysis results shown in Figure 
5 reveal differences in the fission process. We attributed these differences to changes in the liquid-drop 
potential caused by neutron emission, which increased the potential barrier. Furthermore, as the potential 
barrier becomes higher, the fission reaction time is prolonged, increasing the probabi lity of neutron 
emission and resulting in a slight rise in the number of emitted neutrons.   
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Figure 5.  Sample trajectories for U⬚
237 , respectively, calculated by pre-modified 

model (black curves) and modified model (red curves) projected onto the 𝑧𝑧 − 𝛼𝛼 
plane at 𝛿𝛿 = 0.0 (a) and 𝑧𝑧 − 𝛿𝛿  plane at 𝛼𝛼 = 0.18 (b) The trajectory starts 𝑧𝑧 =
0.01,  𝛿𝛿 = 0.20,   and 𝛼𝛼 = 0.01, at 𝐸𝐸∗=55 MeV. Neutron emission time and number 
of neutrons emitted during the fission process represented by each sample trajectories 
(c). The experimental FFMDs (points with error bars) of the U⬚

237  in the 𝐸𝐸∗ =
55 MeV are compared with Langevin calculations, respectively, with GEF code (blue 
curves), using the pre-improved model (green curves), and the improved model (pink 
curves). 
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4. Summary and Perspectives  
In this study, we further improved the model to consider changes in the liquid-drop model 

potential due to neutron emission. Due to changes in the liquid-drop model potential, the potential 
becomes higher, affecting the fission process and causing dramatic changes in FFMDs. 

In this study, the level density is not properly described as the dynamical model that tracks the time 
evolution of nuclear reactions has not been adopted. Therefore, to consider neutron emission, it is 
necessary to use a level density that accounts for changes in the surface area and potential of the nucleus 
associated with its deformation toward fission. Moreover, the GEF code employs a calculation method 
different from that of the dynamical model, potentially calculating the competition between neutron 
emission and fission from a spherical nucleus. This difference suggests that the GEF code estimates 
higher internal energy for the nucleus compared to the dynamical model dealing with the deformation 
process, which could explain the increase in neutron emission.  
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Abstract 

To develop technologies for criticality safety management during the fuel debris retrieval at the 
Fukushima Daiichi Nuclear Power Plant, JAEA modified the Static Experiment Critical Facility 
(STACY) from a solution fuel system to a light-water moderated heterogeneous system for critical 
experiments to study the criticality characteristics of fuel debris. After the modification, STACY was 
operated to inspect its designed performance on reactor operation, and the first criticality was achieved 
on April 22, 2024. In this study, we performed criticality calculations of STACY's first critical core and 
performance test cores using several nuclear data libraries and compared their results.  We calculated the 
neutron effective multiplication factors (keff) of each core using MVP2 with JENDL-4.0, JENDL-5, and 
ENDF/B-VII.1. The calculations of the keff value for performance test cores at measured critical water 
levels show similar results between JENDL-4.0 and ENDF/B-VII.1, but overestimated in JENDL-5. To 
analyze the differences in the keff value between JENDL-4.0 and JENDL-5, a comparison was made for 
representative nuclides by replacing the nuclear data of each nuclide with JENDL-5 in the calculations 
using JENDL-4.0. Results of sensitivity analysis showed that 235U, 238U, 1H, and 16O were the main 
sources of the keff value difference. 

 
 

1. Introduction 
In the severe accident at the Fukushima Daiichi Nuclear Power Plant, the melting of the core 

generated fuel debris in various compositions, such as concrete and iron. Consequently, a comprehensive 
analysis is required to understand the criticality characteristics of fuel debris with diverse properties. To 
evaluate the validity of the analysis results, it is necessary to obtain criticality experiment data of fuel 
debris, but such criticality experiment equipment did not exist, and the shortage of criticality  experiment 
data was excessive. 

Accordingly, the Japan Atomic Energy Agency (JAEA) implemented a project to modify the Static 
Experiment Critical Facility (STACY) from a solution reactor into a light-water reactor, to obtain 
various criticality data including fuel debris. The modification work on STACY was completed in 
December 2023, and various performance inspections were conducted in preparation for the start of 
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experimental operation in April 2024. 
In STACY, 1.27 cm and 1.50 cm grid plates are available for loading fuel rods into the core, and the 

performance tests were conducted using these two grid plates. For thermal power calibration, another 
core was also configured with a loaded irradiation sample in the center of the core. Criticality control of 
STACY in normal operation is performed by adjusting the water level in the core tanks.  In this report, 
the results of the critical water levels measured in the performance test and the neutron effective 
multiplication factor (keff) at that critical water levels were calculated with MVP2[1] using JENDL-4.0[2], 
JENDL-5[3], and ENDF/B-VII.1[4]. In addition, to analyze the differences in effective multiplication 
factors between JENDL-4.0 and JENDL-5, the nuclear data of each nuclide were replaced by JENDL-5 
in the calculation using JENDL-4.0, and comparisons were made for all nuclides in the calculation. The 
nuclides with significant effects were extracted. 

 
 

2. Experiment 
2.1. Core configurations 

The performance test cores consisted of five types of cores: (1) 277 fuel rods with a water level of 
about 70 cm, (2) 253 fuel rods with a water level of about 110 cm, (3) 253 fuel rods with a water level of 
about 120 cm and irradiation samples for thermal power calibration loaded at the center of the core, (4) 
241 fuel rods with a water level of about 70 cm, and (5) 213 fuel rods with a water level of about 110 cm. 
Fuel rods are cylindrically loaded on grid plates with grid intervals of 1.50 cm for cores (1), (2), and (3), 
and of 1.27 cm with skipping one by one to achieve fuel intervals of 2.54 cm for cores (4) and (5). The 
reason for loading fuel rods with grid intervals of 2.54 cm is that the number of fuel rods held in STACY 
has been analyzed to show that it is not possible to achieve criticality with 1.27 cm grid intervals. The 
core configurations of (1), (2), and (3), which have grid intervals of 1.50 cm, are shown in Figure 1, and 
that of (4) and (5), which have grid intervals of 2.54 cm, is shown in Figure 2. 

The fuel rod consists of a UO2 pellet (8.2 mm in diameter) with an enrichment of about 5 wt% and 
a zirconium alloy cladding tube (9.5 mm outer diameter). The length of the fuel rod was approximately 
1500 mm. To accurately insert the cadmium safety plate for shutdown, the guide pin (10.8 mm in diameter 
and about 1500 mm length) is made of zirconium alloy and loaded into the core. The core of (3) is loaded 
with an aluminum alloy guide tube (27.2 mm in diameter) in the center that encloses an irradiation sample 
(gold foils) for thermal power calibration. The irradiation sample is loaded in the guide tube at half of the 
critical water levels. 
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Figure 1: Core configuration with 1.50 cm grid intervals 
 

 

Figure 2: Core configuration with 2.54 cm grid intervals 
 
2.2. Measured critical water levels 

Table 1 shows the measured critical water levels for the five cores. The calculations in section 3 
used the measured critical water levels in Table 1. 

 
Table 1: Measured critical water levels of each core 

Core numbers 
Grid intervals 

(cm) 
Number of fuel rods Irradiation sample 

Critical water levels 
(cm) 

(1) 1.50 277 Without 71.519 
(2) 1.50 253 Without 113.367 
(3) 1.50 253 With 126.573 
(4) 2.54 241 Without 75.724 
(5) 2.54 213 Without 115.255 
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3. Evaluation results 
3.1. Comparison of the keff value based on different nuclear data libraries 
3.1.1. Analysis method 

In five types of performance test cores, the neutron effective multiplication factor (keff) was 
calculated at the measured critical water levels using MVP2 with JENDL-4.0, JENDL-5, and ENDF/B-
VII.1. For JENDL-4.0, we used the file JENDL-4.0u that was modified after its release. The calculations 
were conducted with 1.0×108 histories (one standard deviation of the keff value to be less than 0.0001). 
Thermal scattering data for only 1H is used in the moderator with JENDL-4.0 and ENDF/B-VII.1, while 
thermal scattering data for both 1H and 16O are used in the moderator with JENDL-5. 

 
3.1.2. Results 

The results of the keff value for each core for each of the nuclear data libraries mentioned above are 
shown in Figure 3. Gi is the grid intervals (cm), Wl is the measured critical water levels (cm), and Nf is 
the number of fuel rods in Figure 3. The results with JENDL-4.0 correspond to the experimental data 
within three standard deviations (about 27 pcm) for the cores with 1.50 cm grid intervals, and they 
overestimate the keff value by about 33 to 69 pcm for grid intervals of 2.54 cm. The results with JENDL-
5 overestimate the keff value in each core by up to 195 pcm, but the keff bias between the two different 
grid intervals is smaller than the results from the other two nuclear data libraries.  The results of the keff 
value for JENDL-4.0 and ENDF/B-VII.1 correspond within one standard deviation. 

 

 
Figure 3: Calculation results of the keff value for each core using MVP2 with JENDL-4.0, JENDL-5, 

and ENDF/B-VII.1. 
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3.2. Nuclear data replacement for each nuclide 
3.2.1. Analysis method 

In (1) and (4) of the core with different grid intervals, we performed calculations based on JENDL-
4.0, replacing nuclear data for each nuclide one by one with JENDL-5. The number of histories was set 
the same as in section 3.1. The treatment of thermal scattering data was the same as in section 3.1. The 
reactivity was calculated by replacing one nuclide each with JENDL-5 based on the results using only 
JENDL-4.0: 

𝛥𝛥𝑘𝑘
𝑘𝑘 = 1

keffJENDL−4.0
− 1

keffJENDL−5
                         (1) 

where 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘JENDL−5 represents the keff value with the nuclear data of one nuclide replaced JENDL-5 and 
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘JENDL−4.0 represents the result of JENDL-4.0 calculated in section 3.1. 
 
3.2.2. Results 

Figure 4 shows the Δk/k value of significantly affected nuclides according to equation (1) in the 
sensitivity analysis. In both Figures 4(a) and 4(b), only 16O has a negative reactivity effect with 
replacement to JENDL-5. Figure 4(a) (grid intervals of 1.50 cm) shows 1H has the largest positive 
reactivity , while Figure 4(b) (grid intervals of 2.54 cm) shows 235U the largest positive reactivity. As a 
result, the effect of nuclides can be inferred to vary with grid intervals. 

In both results (a) and (b) for different grid intervals, the effect of H2O is roughly consistent with 
the reactivity of 1H and 16O added together. Furthermore the sum of the Δk/k values of 235U, 238U, 1H, 
and 16O in both (a) and (b) is almost consistent with the difference between the Δk/k values of JENDL-
4.0 and JENDL-5. Thus the overestimation of JENDL-5 in section 3.1 is probably mainly due to these 
nuclides. 

    

 
(a) Grid intervals of 1.50 cm and 277 fuel rods   (b) Grid intervals of 2.54 cm and 241 fuel rods  
Figure 4: The Δk/k values for cores (1) and (4) for each nuclide changed from JENDL-4.0 to 

JENDL-5. 
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4. Summary
JAEA modified the STACY from a solution fuel system to a light-water moderated heterogeneous

system and performance tests were conducted on five core configurations with two types of grid intervals. 
In the performance test, the five cores were configured under different conditions (grid intervals, critical 
water levels, and with or without the irradiation sample) and critical water levels were measured.  

The calculation of the keff value using MVP2 for the five cores at measured critical water levels 
shows similar results between JENDL-4.0 and ENDF/B-VII.1. JENDL-5 overestimate by up to 195 pcm, 
but keff bias is smaller than the other two nuclear data libraries. For comparison between libraries, the 
analysis was performed by replacing JENDL-4.0 to JENDL-5 for each nuclide. Although there are 
different tendencies in the grid intervals, 235U, 238U, and 1H have a larger the keff value, while only 16O 
has a smaller the keff value. The difference in the keff value between JENDL-4.0 and JENDL-5 is 
probably due to 235U, 238U, 1H, and 16O. 

References 
[1] Nagaya, Y. et al., MVP/GMVP II: General Purpose Monte Carlo Codes for Neutron and Photon

Transport Calculations based on Continues Energy and Multigroup Methods; JAERI 1348;
2005.

[2] Shibata, K. et al., (2011). JENDL-4.0: A new library for nuclear science and engineering.
Journal of Nuclear Science and Technology, 48(1).

[3] Iwamoto, O. et al., Japanese evaluated nuclear data library version 5: JENDL-5 , J. Nucl. Sci. 
Technol., 60(1), (2023), pp. 1–60 .

[4] Chadwick, M.B. et al., ENDF/B-VII.1 Nuclear Data for Science and Technology: Cross
Sections, Covariances, Fission Product Yields and Decay Data, Nucl. Data Sheets, vol.112,
2011, pp.2887–2996.

Acknowledgements 
This report includes the results of the contract work funded by the Nuclear Regulation Authority  

(NRA)/ the Secretariat of NRA of Japan. 

- 102 -

JAEA-Conf 2026-001



18. Understanding the complex dynamics of fusion reactions

Masaki UENO1*, Kohta NAKAJIMA1, Nobuaki IMAI2 and Yoshihiro Aritomo1

1Kindai University 
3-4-1, Kowakae, Higashiosaka, Osaka 577-8502, Japan

2Center for Nuclear Study, The University of Tokyo
7-3-1, Hongo, Bunkyo, Tokyo 113-0033, Japan

*Email: 2433340470y@kindai.ac.jp

Abstract 
At present, using the fusion reaction between the projectile and target nuclei, up to Og has been 

successfully synthesized and projects to synthesis of new superheavy elements (SHEs) are underway at 
several facilities around the world. However, the mechanism of quasi-fission, which accounts for more 
than 99% of fusion reactions in the super-heavy element region, is still not fully understood. 

To understand the dynamics of the fusion process, we focused on the correlation between 
fragment mass and its emitting angle of quasi-fission [1]. Our group has succeeded in reproducing the 
mass angular distribution (MAD) of the emitted nuclei by using a dynamical model, considering the 
deformation of the target nuclei . This study was calculated using a dynamical model. When using this to 
predict reactions, it is necessary to determine indeterminate parameters from experimental data. 

In this study, we calculated the 42 systems experimented in Ref. [1] under identical conditions 
except for the number of nucleons and summarized the MAD. Among these, we correct the uncertain 
parameters and systematically evaluate 64Ni+170Er, 48Ti+186W, and 32S+202Hg, which form the 
compound nucleus of 234Cm. 
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1. Introduction
At present, experiments to synthesize element 119 are being conducted in Japan and around the

world. In addition, research on the unknown neutron-rich region is also being actively conducted. 
Two experimental methods are available for the synthesis of new elements and production of neutron- 

rich nuclei. Heavy ion fusion reaction is effective for production of new super heavy elements and multi 
nucleon transfer reaction is effective for production of neutron rich nuclei. These experiments are necessary 
to explore the limits of elements that can exist in the universe and to understand the r-process caused by 
supernova explosion. Both reactions are via contact between the target nucleus and the incident nucleus. 

When two nucleus contact, they undergo various reactions such as deep inelastic scattering, quasi-fission, 
and fusion reactions. The probability of these reactions depending on the reaction systems. In the present study, 
we focused on the correlation between the mass number of fission fragments in quasi-fission and their emission 
angles [1].  

Figure 1. Schematic diagram of MNT and heavy ion fusion reaction and examples of potential 
transitions associated with the progress of the reaction 

2. Model
We use a dynamical model that trace the time evolution of the nucleus shape. The items need for a model

are the potential and the equation of motion that solve for it. 

2.1. Nucleus shape 
The nucleus shape is defined by two-center shall model[2]. It is possible to determine the shape of 

the nucleus q by the two-center distance 𝑧𝑧0, deformation of nucleus 𝛿𝛿𝛿= (3𝑎𝑎𝑎− 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏− 𝑏𝑏𝑏 and the 
mass asymmetry 𝛼𝛼𝛼= (𝐴𝐴1𝛿− 𝐴𝐴2)/(𝐴𝐴1𝛿+ 𝐴𝐴2) . 𝑧𝑧0 is normalized by 𝑧𝑧𝑧= 𝑧𝑧0/(𝑅𝑅��𝐵𝐵𝐵. 𝑅𝑅��  is the radius 
when the compound nucleus is spherical, 𝐴𝐴1 and 𝐴𝐴2 are the mass numbers of projectile like fragment 
and target like fragment, 𝑎𝑎 and 𝑏𝑏 are the short and long diameters of the deformed nucleus, and B is a 
parameter that corrects the two centers distance by the deformation of nucleus.  

2.2. Potential energy 
The potentials before and after the contact of the nuclei are divided into two-body (fusion process) 

and one-body (fission process) potentials. The two potentials are switched by reaction time [3]. 

𝑉𝑉 = 𝑉𝑉𝑑�𝑎𝑏(𝑞𝑞)𝑓𝑓(𝑡𝑡) + 𝑉𝑉𝑎𝑑�𝑎𝑏(𝑞𝑞, 𝑙𝑙, 𝑇𝑇)[1 − 𝑓𝑓(𝑡𝑡)] (1) 
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𝑓𝑓(𝑡𝑡𝑏 =
1

1 + exp �− 𝑡𝑡
𝜏𝜏�

(2) 

𝑉𝑉𝑑�𝑎𝑏(𝑞𝑞𝑏𝛿is the diabatic potential energy (two body) and 𝑉𝑉𝑎𝑑�𝑎𝑏(𝑞𝑞, 𝑙𝑙, 𝑇𝑇𝑞 is the adiabatic potential 
energy (one body).𝛿 𝑓𝑓(𝑡𝑡𝑏 is a function of time, t is reaction time and τ is the relaxation time. For the 
present calculations, τ is unified to 0.1zs regardless of the system. 

𝑉𝑉𝑑�𝑎𝑏𝑎𝑡��(𝑞𝑞𝑞 is calculated within the double-folding method with Migdal nucleon-nucleon forces [4–
7]. 𝑉𝑉𝑎𝑑�𝑎𝑏𝑎𝑡��(𝑞𝑞, 𝑙𝑙, 𝑇𝑇𝑏 is described by liquid drop potential 𝑉𝑉𝐿��(𝑞𝑞𝑞, shell correction energy 𝑉𝑉�ℎ�𝑙𝑙(𝑞𝑞, 𝑇𝑇𝑞, 
and rotational energy 𝑉𝑉��𝑡(𝑞𝑞, 𝑙𝑙𝑞. 

𝑉𝑉𝐿��(𝑞𝑞𝑏 = 𝐸𝐸�(𝑞𝑞𝑏+𝐸𝐸�(𝑞𝑞𝑏 (3) 

𝑉𝑉�ℎ�𝑙𝑙(𝑞𝑞, 𝑇𝑇𝑏 = 𝐸𝐸�ℎ�𝑙𝑙0 (𝑞𝑞𝑏Φ(𝑇𝑇𝑏 (4) 

Φ(𝑇𝑇𝑏 = exp�−
𝐸𝐸∗

𝐸𝐸𝑑
�𝛿 (5) 

𝑉𝑉��𝑡(𝑞𝑞, 𝑙𝑙𝑏 =
ℎ2ℓ(ℓ + 1𝑏

𝑏𝐼𝐼(𝑞𝑞𝑏
(6) 

𝑉𝑉𝐿��(𝑞𝑞𝑞 is the potential energy calculated with the finite-range liquid drop model, given as a sum 
of the surface energy 𝐸𝐸�(𝑞𝑞𝑞 [8] and the Coulomb energy 𝐸𝐸�(𝑞𝑞𝑞. 𝑉𝑉�ℎ�𝑙𝑙(𝑞𝑞,𝑞𝑇𝑇𝑞 is the shell correction 
energy. 𝐸𝐸�0ℎ�𝑙𝑙(𝑞𝑞𝑏 is evaluated by Strutinsky method [9,10] from the single-particle levels of the two-center 
shell model. The temperature dependence factor Φ(𝑇𝑇𝑇, where 𝐸𝐸∗ indicates the excitation energy of the 
compound nucleus. 𝐸𝐸∗ is given as 𝐸𝐸∗𝛿=𝛿𝑎𝑎𝑎𝑎2, where 𝑎𝑎 is the level density parameter. 𝐸𝐸𝑑 is The shell damping 
energy that is selected as 20 MeV [11]. ℓ is relative angular momentum and 𝐼𝐼(𝑞𝑞𝑏 is the rigid body moment 
of inertia. 

2.3. Multidimensional Langevin equation 
The trajectory calculations are performed on the time dependent unified using the multidimensional 

Langevin equations [3]. 
𝑑𝑑𝑞𝑞�
𝑑𝑑𝑑𝑑

= (𝑚𝑚−1𝑏��𝑝𝑝� (7) 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −
𝑙𝑙

𝜇𝜇𝑅𝑅𝑅2 (8) 

𝑑𝑑𝜑𝜑1

𝑑𝑑𝑑𝑑
=
𝐿𝐿1
𝐼𝐼1

(9) 

𝑑𝑑𝜑𝜑2

𝑑𝑑𝑑𝑑
=
𝐿𝐿2
𝐼𝐼2

(10) 

𝑑𝑑𝑝𝑝�
𝑑𝑑𝑑𝑑

= −
𝜕𝜕𝜕𝜕
𝜕𝜕𝑞𝑞�

−
1
𝑏

𝜕𝜕
𝜕𝜕𝑞𝑞�

(𝑚𝑚−1𝑏��𝑝𝑝�𝑝𝑝� − 𝛾𝛾��(𝑚𝑚−1𝑏��𝑝𝑝� + g��𝑅𝑅�(𝑡𝑡𝑏𝛿 (11) 

𝛾𝛾��𝑇𝑇 = � 𝑔𝑔��𝑔𝑔��
�

 (12) 

〈𝑅𝑅(𝑡𝑡𝑏〉 = 0 (13) 

〈𝑅𝑅(𝑡𝑡𝑏𝑅𝑅(𝑡𝑡�𝑏〉 = 𝑏𝛿𝛿(𝑡𝑡 − 𝑡𝑡�𝑏 (14) 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

− 𝛾𝛾𝑡𝑎�𝑔 �
𝑙𝑙

𝜇𝜇𝑅𝑅𝑅
−
𝐿𝐿1
𝐼𝐼1
𝑎𝑎1 −

𝐿𝐿2
𝐼𝐼2
𝑎𝑎2�𝑅𝑅 + 𝑅𝑅g𝑡𝑎�𝑔𝑅𝑅𝑡𝑎�𝑔(𝑡𝑡𝑏 (15)
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𝑑𝑑𝐿𝐿1
𝑑𝑑𝑡𝑡

= −
𝜕𝜕𝑉𝑉
𝜕𝜕𝜑𝜑1

+ 𝛾𝛾𝑡𝑎�𝑔 �
𝑙𝑙

𝜇𝜇𝑅𝑅𝑅
−
𝐿𝐿1
𝐼𝐼1
𝑎𝑎1 −

𝐿𝐿2
𝐼𝐼2
𝑎𝑎2� 𝑎𝑎1 − 𝑎𝑎1g𝑡𝑎�𝑔𝑅𝑅𝑡𝑎�𝑔(𝑡𝑡𝑏 (16) 

𝑑𝑑𝐿𝐿2
𝑑𝑑𝑡𝑡

= −
𝜕𝜕𝑉𝑉
𝜕𝜕𝜑𝜑2

+ 𝛾𝛾𝑡𝑎�𝑔 �
𝑙𝑙

𝜇𝜇𝑅𝑅𝑅
−
𝐿𝐿1
𝐼𝐼1
𝑎𝑎1 −

𝐿𝐿2
𝐼𝐼2
𝑎𝑎2� 𝑎𝑎2 − 𝑎𝑎2g𝑡𝑎�𝑔𝑅𝑅𝑡𝑎�𝑔(𝑡𝑡𝑏 (17) 

See Ref. [3] for each parameter.𝛿

Figure 2. Schematic view of the nuclear degrees of freedom. 

3. Results

Figure 3. Schematic view of mass angular distribution (MAD) [1]. Region of Ⅰ is dominated by 
quasi-elastic (QE) and deep inelastic scattering (DI), Ⅱ by QF, and Ⅲ by fusion-fission (FF) reactions. 

An overview of the fission fragment mass ration and emission angle distribution (MAD) is shown in
Figs. 3 and 4. It shows which reactions are predominant depending on the mapping position. Note 
that while some reactions are dominant, others are mixed. Figure 5 shows the results of this calculation (left 
side) and the experimental data (right side) used as reference. 
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Figure 4. Characteristics of MAD in which each type predominates. 

Figure 5. The results of this calculation (left side) and the experimental data (right side) [1] . 
The scale is adapted to ��Ti𝛿+ 1�0Er. See Ref. [1] for the mass number and incident energy of reaction systems. 

Although not quantitative, the larger the mass asymmetry of the reaction system and the smaller 
mass number of the compound nucleus, the better MAD reproduces the experimental characteristics. Our 
calculations show that as the reaction transitions from two-body to one-body, the dissipation of internal 
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energy from kinetic energy, the transition from diabatic to adiabatic potential, and the ease of nucleon 
transfer change. In calculations, these changes must be fitted from experimental data as the reaction time 
evolves and is indefinite for each reaction systems. The present calculation is the result of unifying all 
these indeterminate parameters to 0.1 zs. This was determined from the reaction time to contact when the 
two nuclei are spherical. 

4. Conclusion
The MADs of 41 systems with experimental data were calculated and systematically evaluated.

Many systems were able to reproduce the experimental trends. However, quantitative comparisons could 
not be made. When the difference in mass asymmetry of the reacting systems was small and the mass 
number of the compound nuclei was large, many systems failed to reproduce the experimental trends. 
Although we have calculated the indeterminate parameters for the transitions in the system in a unified 
manner, we believe that these parameters need to be corrected in areas where they are not reproduced 
well. 
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Abstract

Nuclear fission, as a large-amplitude collective motion of a finite group of nucleons, re-
mains fundamentally enigmatic. While it is well established that, in nuclear fission, nuclei
ultimately divide into several modes characterized by distinct mass and kinetic energy dis-
tributions, the precise timing and underlying mechanisms triggering this bifurcation remain
poorly understood. To elucidate this aspect of nuclear fission, trajectory analysis within
models treating fission as the time evolution of collective coordinates is considered a suit-
able approach. In this study, we utilized a four-dimensional Langevin model, which we have
previously developed and successfully applied, to analyze fission trajectories. By applying
Principal Component Analysis (PCA) to the accumulated trajectories, we investigated which
collective coordinates predominantly influence the fate of fission pathways. Our findings re-
vealed that, in the fission of 258Fm, the contribution of the lighter fission fragment is more
significant than that of the heavier fragment associated with double magic numbers. This
result suggests the potential importance of contributions from components other than those
generally assumed to dominate.

1 Introduction

Nuclear fission, a reaction in which an atomic nucleus splits into two or more fragments, re-
leases approximately 200 MeV of binding energy in the form of the kinetic energy of the fission
fragments and emitted particles. Nuclear fission holds a critical position in both applied and
fundamental sciences. In nuclear engineering, it underpins nuclear power generation, a primary
method of power production in many countries. Accurate understanding of nuclear fission is
essential for the safe operation of nuclear reactors. In fundamental physics, nuclear fission plays
a pivotal role in the rapid process (r-process) of nucleosynthesis in nuclear astrophysics, which is
crucial for determining the elemental abundance ratios in the universe [1–4]. Intensive research
in this area highlights the importance of elucidating the mechanisms of nuclear fission to bridge
gaps in our understanding of both astrophysical phenomena and engineering applications. Thus,
unraveling the mechanisms of nuclear fission remains a key challenge and is indispensable for ad-
vancing both theoretical insights and practical technologies. Despite its long history of study and
its importance, fundamental mechanisms of nuclear fission remain a significant challenge to be
fully understood, necessitating extensive research based on nuclear dynamical approaches [5–7].

∗Present address: Institute of Science Tokyo, 2-12-1 Ookayama, Meguro-ku, Tokyo, 152-8550, Japan

- 109 -

JAEA-Conf 2026-001



In this study, we analyze nuclear fission data using Principal Component Analysis (PCA) [8].
The PCA is a statistical method used to extract significant structures from multidimensional
data and quantify the contribution of each variable to the principal components. In the fission
phenomenon, variables exhibiting significant changes in principal component loadings are likely
to represent critical factors influencing the fission process. Particularly, abrupt changes or
sign reversals in loadings indicate that these variables play a dominant role in determining the
dynamics of nuclear fission. Such analyses enable the identification of key variables essential for
predicting the outcomes of fission processes.

The aim of this study is to identify the conditions under which various fission modes occur and
the key physical quantities leading fission trajectories to these modes. In this study, we focus our
analysis on 258Fm, since 258Fm exhibits a well-balanced mixture of symmetric and asymmetric
components (super-short mode and standard mode). To achieve this, the PCA is applied to the
trajectory data of 258Fm obtained from the four-dimensional Langevin model [9–12], aiming to
elucidate the critical features and factors governing the fission process.

2 Methodology

In this study, fission trajectory data for 258Fm were collected using the four-dimensional Langevin
model. Simulations were performed until we obtained 1,000 events for each mode. Figure 1 de-
scribes the trajectories obtained from the four-dimensional Langevin model, where 100 events
from each mode are plotted.

Figure 1: Langevin trajectories of 258Fm are shown, with 100 events plotted for each of the
super-short mode and standard mode. The trajectories are projected onto a plane where the
energy is minimized with respect to ZZ0 (x-axis) and α (y-axis). The blue area represents the
range analyzed in this study using Principal Component Analysis (PCA), while the magenta
lines indicate the step size of 0.025 used for PCA.

The elongation of the compound nucleus ZZ0 was varied incrementally from 1.800 to 2.400
in steps of 0.025, and the corresponding values for each variable were obtained by the langevin
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calculations. The blue area in Figure 1 represents the range of ZZ0 values (1.800 to 2.400)
analyzed in this study, while the magenta lines indicate the step size of 0.025. In the blue area,
the differences in the behavior of the two modes in the region leading up to ZZ0 = 2.0 are not
visually distinguishable. The analyzed variables include:

• The elongation of the compound nucleus (ZZ0),

• Mass asymmetry (α),

• Deformation of the heavy fragment (δheavy),

• Deformation of the light fragment (δlight),

• The momentum associated with each of the above variables
(ZZ0 mom, α mom, δheavy mom, δheavy mom).

As a result, we have eight variables as input to the PCA. All data were standardized to a mean
of 0 and a standard deviation of 1 to ensure consistency across the dataset.

The PCA was then performed on the standardized data. The target variable is binary,
indicating whether the trajectory corresponds to the super-short mode or the standard mode.
For details on PCA, refer to [8]. The implementation of PCA was conducted using the Scikit-
learn library [13].

3 Results and Discussions

First, Figure 2 shows the variation in the explained variance ratio of the first principal component
as a function of ZZ0. The Explained Variance Ratio is a metric used in Principal Component
Analysis (PCA) to indicate the extent to which each principal component accounts for the
variance in the dataset. From Figure 2, it can be observed that the explained variance ratio
increases significantly around ZZ0 ≈ 2.0 and reaches its maximum near ZZ0 ≈ 2.3. Furthermore,
it is noted that the explained variance ratio slightly decreases when ZZ0 exceeds 2.3.

In the analyzed range, even the lowest explained variance ratio was found to be nearly 25%,
while the first principal component contributed more than 50% at its maximum. Despite using
eight variables, the fact that the first principal component contributes approximately 25% or
more suggests that it is important to examine the loadings of the first principal component in
detail.

Figure 3 shows the loadings of each variable in the first principal component (a) and their
absolute values (b). Principal value loadings with signs allow us to examine the correlation and
contribution changes of each variable. From Figure 3(a), it can be observed that the momentum
of ZZ0, δheavy, and δlight shows a positive correlation with the first principal component up to a
certain point. Thus, the first principal component is interpreted as representing the relationship
between δheavy, δlight and ZZ0. However, at ZZ0 = 2.1, δheavy and δlight takes a negative value,
indicating from the sign that the contribution of δheavy and δlight to the principal component
decreases sharply.

This sharply changing region can be regarded as a point where significant variation occurs
in the trajectory, suggesting that δlight, the variable with the largest contribution at this point,
may have a substantial impact on the fission process.

Next, in the case of absolute values shown in Figure 3(b), attention can be focused solely
on the degree of contribution to the principal component. When Figure 3(a) is viewed without
signs, it is evident that, except for the region where ZZ0 ≥ 2.38, δlight exhibits a slightly greater
influence than δheavy. Therefore, within the range analyzed in this study, it can be concluded
that the influence of δlight is consistently greater than that of δheavy.
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Figure 2: Explained variance ratio of the first principal component.

4 Conclusion

Nuclear fission is an important topic from both nuclear engineering and fundamental physics
perspectives. In this study, principal component analysis (PCA) was applied to the trajectories
obtained from a four-dimensional Langevin model to identify the conditions under which fission
modes occur and the key physical quantities contributing to these modes.

Analysis of the loadings of the first principal component revealed that, in the case of 258Fm,
the lighter fragment exhibited a greater contribution than the heavier fragment. This result sug-
gests that contributions from components different from those commonly assumed have become
more prominent.

References

[1] Arnould M, Goriely S, Takahashi K. The r-process of stellar nucleosynthesis: Astrophysics
and nuclear physics achievements and mysteries. Phys Rep. 2007;450(4):97–213. 

[2] Goriely S, Pinedo GM. The production of transuranium elements by the r-process nucleosyn-
thesis. Nucl Phys A. 2015;944:158–176. Special Issue on Superheavy Elements; 

[3] Mumpower M, Surman R, McLaughlin G, et al. The impact of individual nuclear properties

on r-process nucleosynthesis. Prog Part Nucl Phys. 2016;86:86–126. 

[4] Kajino T, Aoki W, Balantekin A, et al. Current status of r-process nucleosynthesis.
Prog Part Nucl Phys. 2019;107:109–166. 

- 112 -

JAEA-Conf 2026-001



1.8 1.9 2.0 2.1 2.2 2.3 2.4

−0.5

0.0

0.5

Z
Z

0

1.8 1.9 2.0 2.1 2.2 2.3 2.4

−0.5

0.0

0.5

δ

h
e
a
v
y

1.8 1.9 2.0 2.1 2.2 2.3 2.4

−0.5

0.0

0.5

δ

l
i
g
h
t

1.8 1.9 2.0 2.1 2.2 2.3 2.4

−0.5

0.0

0.5

α

1.8 1.9 2.0 2.1 2.2 2.3 2.4

−0.5

0.0

0.5

Z
Z

0

 
m

o
m

1.8 1.9 2.0 2.1 2.2 2.3 2.4

−0.5

0.0

0.5

δ

h
e
a
v
y

 
m

o
m

1.8 1.9 2.0 2.1 2.2 2.3 2.4

−0.5

0.0

0.5

δ

l
i
g
h
t

 
m

o
m

1.8 1.9 2.0 2.1 2.2 2.3 2.4

−0.5

0.0

0.5

α
 
m

o
m

ZZ

0

P
r
i
n

c
i
p

a
l
 
C

o
m

p
o

n
e

n
t
 
L

o
a

d
i
n

g

(a) Loadings of each variable on the first principal
component.
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Figure 3: Variation in the loadings of each variable for the first principal component with respect
to ZZ0.

[5] Schunck N, Robledo LM. Microscopic theory of nuclear fission: a review. Rep Prog Phys.
2016 Oct;79(11):116301. 

[6] Bender M, Bernard R, Bertsch G, et al. Future of nuclear fission theory. J Phys G. 2020
    Oct;47(11):113002. 

[7] Wilson JN, Thisse D, Lebois M, et al. Angular momentum generation in nuclear fission. 
Nature. 2021;590(7847):566–570. 

[8] Bishop CM. Pattern Recognition and Machine Learning. New York (NY): Springer; 2006.

[9] Ishizuka C, Usang MD, Ivanyuk FA, et al. Four-dimensional Langevin approach to low-

energy nuclear fission of 236U. Phys Rev C. 2017 Dec;96:064616. 

- 113 -

JAEA-Conf 2026-001



[10] Usang MD, Ivanyuk FA, Ishizuka C, et al. Correlated transitions in TKE and mass distribu-
tions of fission fragments described by 4-D Langevin equation. Sci Rep. 2019 Feb;9(1):1525. 

[11] Ishizuka C, Zhang X, Usang MD, et al. Effect of the doubly magic shell closures in 132Sn
and 208Pb on the mass distributions of fission fragments of superheavy nuclei. Phys Rev C. 
2020 Jan;101:011601. 

[12] Fujio K, Okumura S, Ishizuka C, et al. Connection of four-dimensional Langevin model and
Hauser-Feshbach theory to describe statistical decay of fission fragments. J Nucl Sci Technol. 
2024;61(1):84–97. 

[13] Pedregosa F, Varoquaux G, Gramfort A, et al. Scikit-learn: Machine learning in Python. J
Mach Learn Res. 2011 Oct;12:2825–2830.

Acknowledgments

This work was partially supported by the Ministry of Education, Science, Sports and Culture,
Grant-in Aid for Scientific Research(B), 2021-2024(21H01856, Chikako Ishizuka). This work was
supported by JST SPRING, Japan Grant Number JPMJSP2106 and JPMJSP2180.

- 114 -

JAEA-Conf 2026-001



 

 

 

20. Problems on Processing of Thermal Scattering Law Data  

with AMPX-6 
 
 

Chikara KONNO* 

Nuclear Science and Engineering Center, Japan Atomic Energy Agency 
2-4 Shirakata, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195, Japan 

*Email: konno.chikara@jaea.go.jp 
 
 
The AMPX continuous energy libraries bundled in the US nuclear safety analysis code system 

SCALE6.2 are produced only from the US nuclear data library ENDF/B. Thus,  I address to produce 
an AMPX continuous energy library of JENDL-5 with the AMPX-6 code. In this nuclear data 
processing, I encountered an issue that several produced AMPX continuous energy files of the thermal 
scattering law data in JENDL-5 had unusual cross section data. I examined reasons why the unusual 
cross section data were produced in detail and specified that an inadequate processing method of the 
thermal scattering law data in AMPX-6 caused the unusual cross section data. I modified AMPX-6 
and obtained adequate AMPX continuous energy files of the JENDL-5 thermal scattering law data. 

 
 

1. Introduction 
The US nuclear safety analysis code system SCALE6.2.4 [1] or SCALE6.3.1 [2] is also widely used 

in Japan, but the bundled libraries are produced mainly from the US nuclear data library ENDF/B [3]. An 
AMPX continuous energy (AMPX CE) library for various codes in SCALE6.2 produced from JEFF-3.3 
[4] was released in 2022 [5]. Thus I have prepared SCALE libraries from JENDL-5 [6] to disseminate 
JENDL-5. First I produced an activation cross section library for the ORIGEN code in SCALE6.2 or later 
and released it as ActLib-J5 [7, 8] in 2023. Next decay and fission yield libraries for ORIGEN were also 
prepared with a simple program and are under testing. Then I started to produce an AMPX CE library 
from JENDL-5 with the AMPX-6 code [9] bundled in SCALE6.3.1. This nuclear data processing revealed 
that several produced AMPX continuous energy files of the thermal scattering law (TSL) data in JENDL-
5 had unusual cross section data. Here I examine reasons of the unusual cross section data in detail. 

 
2. Production of JENDL-5 AMPX CE library 

JENDL-5 has several sub-libraries. Here JENDL-5 u20 data, which are neutron data below 20 MeV, 
in the neutron sub-library were adopted because AMPX-6 caused infinite loop in processing MT=5 data 
above 20 MeV. The JENDL-5 TSL sub-library was also processed. Figure 1 shows the processing flow 
with AMPX-6. Input data for AMPX-6 were generated easily with a graphical user interface called ExSite 
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[9] bundled in SCALE6.3.1. The same processing condition as the bundled AMPX CE libraries was 
selected as below. 
⚫ Temperature : 293, 565, 900, 1200, 2400 K 
⚫ Background cross section for unresolved resonance 
✓ 108, 106, 105, 104, 103, 102, 10, 1, 10-6 b for nuclei ≤ 90Y 
✓ 108, 106, 105, 2x104, 1x104, 5x103, 2x103, 103, 6400, 320, 160, 120, 80, 60, 40, 30, 20, 15, 10, 

8, 6, 4, 2, 1, 0.01, 10-6 b for nuclei ≤90Zr 
⚫ Upper energy limit of TSL or free gas : 10 eV 

AMPX CE files of JENDL-5 u20 data were produced without problems. Note that 156m2Tb and 191m2Ir in 
JENDL-5 u20 data were omitted because SCALE cannot treat m2 nuclei. Fig. 2 shows the total cross 
section in the produced JENDL-5 235U AMPX CE file with that in the official JENDL-5 235U ACE file 
[10]. Both the cross section data are almost the same, which demonstrates that the produced AMPX CE 
files have no problem. 

On the contrary, several problems occurred in the processing of the JENDL-5 TSL sub-library. The 
1H file in light water has data in many temperatures and AMPX-6 could not process them. Then the 
temperature data of the 1H file in light water were reduced to 293.6, 560, 570 and 600 K data. The reduced 
1H file in light water was processed with AMPX-6 but it was found that the produced AMPX CE file of 
1H in light water had unusual cross section data as shown in Fig. 3, which also appeared in other produced 
AMPX CE files from the JENDL-5 TSL sub-library. Fig. 3 also plots the total cross section of 1H in light 
water in the bundled ENDF/B-VII.1 AMPX CE library for comparison. It is found that the total cross 
section of 1H in light water in the produced JENDL-5 AMPX CE library is abnormally large from 1 to 10 
eV compared with that in the bundled ENDF/B-VII.1 AMPX CE library. This issue is investigated in the 
next section. 

 
Fig. 1 AMPX processing flow. 

- 116 -

JAEA-Conf 2026-001



 

 

    
3. Problems of AMPX-6 

To investigate the issue of 1H in light water, the source code of AMPX-6 in SCALE6.2.4 was 
checked in detail because that in SCALE6.3.1 was not available. I compared the processing of AMPX-6 
with that of NJOY2016.77 [11] which produced no unusual TSL cross section data. Note that the “H in 

 
Fig. 2 Total cross section of 235U in JENDL-5.  
Fig. 2 Total cross section of 235U in JENDL-5. 

 

 

Fig. 3 Total cross section of 1H in light water. 
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H2O” TSL data of JENDL-5 are not 𝑆𝑆(𝛼𝛼, 𝛽𝛽)⁡but log⁡(𝑆𝑆(𝛼𝛼, 𝛽𝛽)) with the interpolation law of linear-linear, 
while those of ENDF/B-VII.1 are 𝑆𝑆(𝛼𝛼, 𝛽𝛽)⁡with the interpolation law of log-linear. AMPX-6 converts 
log⁡(𝑆𝑆(𝛼𝛼, 𝛽𝛽)) in JENDL-5 to 𝑆𝑆(𝛼𝛼, 𝛽𝛽) but does not change the interpolation law of linear-linear to that 
of linear-log.  

The processing procedure of incoherent inelastic scattering double differential cross section  data as 
shown in Eq. (1) is different between AMPX-6 and NJOY2016.77. 

𝑑𝑑2𝜎𝜎
𝑑𝑑𝛺𝛺𝑑𝑑𝐸𝐸′ (𝐸𝐸 → 𝐸𝐸′, 𝜇𝜇, ⁡𝑇𝑇) = 𝑀𝑀𝜎𝜎𝑏𝑏

4𝜋𝜋𝜋𝜋𝜋𝜋
√𝐸𝐸′

𝐸𝐸 𝑒𝑒
−𝛽𝛽

2⁄ 𝑆𝑆(𝛼𝛼, 𝛽𝛽, 𝑇𝑇)⁡ ,⁡ (1)⁡

where 𝐸𝐸 is the initial neutron energy, 𝐸𝐸′ is the energy of the scattered neutron, μ is the scattering cosine 
in the laboratory system, T is the Kelvin temperature, k is Boltzmann’s constant, M is the number of 
atoms, 𝜎𝜎𝑏𝑏 is the characteristic bound incoherent cross section for the nuclide, β is the dimensionless 
energy transfer (β=(𝐸𝐸′−𝐸𝐸)/𝑘𝑘𝑘𝑘), α is the dimensionless momentum transfer (α =𝐸𝐸′+𝐸𝐸−2μ𝐸𝐸𝐸𝐸′/A𝑘𝑘𝑘𝑘) and A 

is the ratio of the scatter mass to the neutron mass. AMPX-6 calculates 𝑒𝑒−𝛽𝛽 2⁄ 𝑆𝑆(𝛼𝛼, 𝛽𝛽, 𝑇𝑇) directly, while 

NJOY2016.77 calculates 𝑒𝑒−𝛽𝛽 2⁄ 𝑆𝑆(𝛼𝛼, 𝛽𝛽, 𝑇𝑇) as exp⁡(log⁡(𝑒𝑒−𝛽𝛽 2⁄ 𝑆𝑆(𝛼𝛼, 𝛽𝛽, 𝑇𝑇)))=exp⁡(−𝛽𝛽 2⁄ + log⁡(𝑆𝑆(𝛼𝛼, 𝛽𝛽, 𝑇𝑇)). 

The NJOY method is better than the AMPX-6 one because 𝑒𝑒−𝛽𝛽 2⁄  and 𝑆𝑆(𝛼𝛼, 𝛽𝛽, 𝑇𝑇) may be too huge or 

too minute. AMPX-6 also has more minor bugs.  
I modified AMPX-6 to use the correct interpolation law and the NJOY method for the 

𝑒𝑒−𝛽𝛽 2⁄ 𝑆𝑆(𝛼𝛼, 𝛽𝛽, 𝑇𝑇) calculation and fixed some bugs. Figs. 4 - 6 show the total cross sections in several 

AMPX CE files produced from JENDL-5 TSL sub-library with the modified AMPX-6 code, which 
indicates that the issue is solved. 

 

Fig. 4 Total cross section of 1H in light water in JENDL-5. 
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4. Conclusion 

The JENDL-5 AMPX CE library has been produced with AMPX-6 to disseminate JENDL-5. The 
JENDL-5 neutron sub-library up to 20 MeV was processed well, but the several AMPX-6 files produced 
from the JENDL-5 TSL sub-library had unusual cross section data. This issue was investigated in detail, 
which specified that an inadequate processing method of TSL data in AMPX-6 caused the issue. AMPX-
6 was modified for the issue and it was confirmed that the issue was solved.  

 

Fig. 5 Total cross section of 1H in liquid CH4 in JENDL-5. 

 
Fig. 6 Total cross section of 1H in liquid C6H6 in JENDL-5. 
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The Intranuclear Cascade model has been improved for calculating α-particle-induced reactions. The α-

particle inelastic scattering is dominant for the α-particle-induced reaction, so that its cross section must be 

calculated accurately. However, it is difficult to optimize the inelastic reaction and the fragmentation reaction 

for all fragment channels in parallel. Therefore, in this study, we focus on the inelastic reaction only and 

calculate the cross section for alpha particles using the break-up model having dependence of target mass 

density. The calculation results were compared with experimental data of double differential cross sections 

for the alpha particle at incident energy of 230 MeV/u on 27Al. As a result, good agreements are obtained. 

 

1. INTRODUCTION 
There are some simulation models for nuclear reactions caused by various particles, for example, JQMD 

model, INCL model and so on, which are assembled into Particle and Heavy Ion Transport code System 

(PHITS) [1]. However, there is no calculation models that are capable of simulating α-particle-induced 
reaction at few hundred MeV.  

Intra-Nuclear Cascade (INC) model is one of simulation models for nuclear reactions. Generally, this model 

has good compatibility for calculations for proton-induced reactions above 200 MeV. However, experimental 

result for double differential cross sections (DDXs) for α-particle-induced reactions for all lighter charged 
particles than Z < 4 was only measured by J. R. Wu [2] at 35 MeV/u and that is out of energy range for INC 

model. Therefore, there was a problem to develop INC model for α-particle-induced reactions that 
experimental results are lack.  

Under this circumstances, experimental result for DDXs for α-particle-induced reaction for emission 
charged particles at 230 MeV/u was measured by our group [3]. In them, there is characteristic broad peak 

in α particle spectrum in high energy region at front angle. It was analyzed that it was caused by the emission 

of α particles in case of peripheral incidence and their non-destructive of nature in collisions with nucleons 

in target nucleus.  

We attempt to improve the INC model using the experimental results and their analytical results. However, 

it is difficult to optimize the yield of all fragment channel in parallel. Therefore, in this study, we focus only 

on the emission of the α particle at incident energies of a few MeV/u, i.e., inelastic scattering, which 
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is dominant for the α particle induced reaction. For that, the treatment of α-nucleon collisions 
and non-fragmentation probability, which have a large impact on the inelastic scattering, are 
modified.  
 

2. INC MODEL 
The INC model for α-particle-induced reaction is broadly divided into two processes; the cascade process 

and the fragmentation reaction. Schematic diagram about INC model is shown in Figure 1. The fragmentation 

reaction occurs at the phase when the α particle incident on the target. When no fragmentation reaction occurs, 

the α particles enter cascade process and are emitted through collisions with nucleons in the target nucleus. 

In addition, the “knock out process” is introduced same as (p,α) reaction in the INC-ELF model [4] to reflect 

the reaction that incident α particles eject the composite particles in target nucleus, which has a probability 

of producing an α particle. And, the trajectory of the α particle is bent at incident and emission phase to take 
into account the effect of the potential of the target nucleus.  

 

 

Fig.1 Schematic diagram for INC model 

 

2.1. Fragmentation reaction 

α particles are composed of overlaps of some cluster states according to wave function of an α particle 
which is showed as 
 |α⟩ → 𝐶𝐶α|α⟩ + 𝐶𝐶pt|p, t⟩ + 𝐶𝐶dd|d, d⟩ + 𝐶𝐶 He3 n| He3 , n⟩ + 𝐶𝐶ppnn|p, p, n, n⟩. (1) 

When an the α particle incident into a target nucleus, it can lose the binding as the α particle caused by 

temporarily forming a composite nucleus with the target nucleus. As a result, only one cluster state in α 

particles remains and that is equivalent to the splitting of the α particle. Viewed in this light, fragmentation 

reactions are regarded as reactions that incident α particles are broken up some fragments with a probability 
according to wave function of them by interaction with target nucleus.  

On the other hands, the production probability of fragments generated from fragmentation reaction has the 

relationship to impact parameter according to experimental result; the production probabilities of proton, 
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deuteron and triton are large when impact parameter is small (conversely, the probabilities of 3He and alpha 

are also large when b-parameter is large). Therefore, that probability is decided having impact parameter 

dependence. This results in the 33 % probability of α particle non-fragmentation for impact parameters below 

3.6 fm and 1 % for all other cases. 

 

2.2. Cluster-nucleon collision 

Composite particles generated by fragmentation reactions travel in target nucleus and collide with nucleon. 

These cluster-nucleon collisions can be replaced by collision between nucleon in composite particles and 

nucleon in the target nucleus. As well as nucleon-nucleon collision, whether there is a cluster-nucleon 

collision or not is determined by 
 𝑟𝑟𝑖𝑖𝑖𝑖 = √𝜎𝜎/𝜋𝜋, (2) 

where rij is distance between nucleons inside and outside of the cluster, and σ is collision cross section of 

nucleon-nucleon collision. For σ, Cugnon’s formula is adopted in this study [5]. After, momentum transfer 

of the nucleon in the cluster experimenting elastic collision is treated as one of the whole composite particles. 

However, the momentum transfer of the α particles is faced outward, because the α particle is heavy and has 

difficulty to enter into the region having high particle density such as center of target nucleus. 

In addition, collisions such as below is prohibited; between nucleons in the same cluster, nucleons in 

separate particles generated fragmentation reaction, a nucleon in a cluster and a nucleon that have already 

collided another nucleon in that cluster once, and nucleons that have energies after the collision is under the 

Fermi energy.  

 

3. RESULT AND DISCUSSION 
The calculated DDX spectra for the α particle on aluminum at 230 MeV/u at laboratory angle of 15˚ and 

40˚ by the previous INC model and the improved INC model are shown in Figures 2 and 3 with experimental 

data and calculation results by JQMD model [1] and INCL model [6]. Factors indicated in figures are 

multiplied to data to avoid overlaps of the each DDX spectrum between emission angles. The Generalized 

Evaporation Model (GEM) [7] is introduced to reproduce lower energy spectra than about 50 MeV/u and 

exciting energy calculated from the rest condition in the calculation models is used to calculate for it.  

There are good agreements between DDX calculated by the improved INC model and the experimental 

DDX spectra for α particles at 15˚. There is a broad peak at 15˚ at 600 MeV, which is roughly equivalent to 

the energy of a 230 MeV/u α particle in one collision with a nucleon. Therefore, to form the peak, the incident 

α particle must be emitted without being broken up when it collides with a nucleon in the target nucleus. In 

the improved INC model, the incident α particles that did not undergo fragmentation reaction do not be 

broken up when colliding with a nucleon in target nucleus. As a result, the improved INC model is successful 

to reproduce the broad peak in the high-energy region. However, in the JQMD model and the INCL model, 

these results underestimate experimental result, especially the yields in the JQMD model and INCL the model 

are less than one tenth and one hundredth of the experimental result at the peak energy, respectively. On the 
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other hand, for the previous INC model, the peak is buried because of the too large yield in low energy region. 

In contrast, most of the incident α particles with low impact parameter are broken up, making it less likely 

that low-energy α particles resulting from multiple collisions are emitted in the improved INC model.  

At 40˚, high-energy α particles generated in the improved INC model is more than these generated in other 

models. This is due to the inclusion of the effect of facing momentum transfer of α particle at α-nucleon 

collision in addition to the effects mentioned above. In low energy region, the improved INC model 

underestimate DDX, which is likely due to the insufficient contribution of the indirect pickup process. 

 

 
Fig.2 The previous INC model (dot line), the improved INC model (black line), the INCL model (red line), 

the JQMD model (blue line) and experimental (dots) DDXs for the Al(α,α’x) reaction at 230MeV/u at 15˚ 

 

 
Fig.3 The previous INC model (dot line), the improved INC model (black line), the INCL model (red line), 

the JQMD model (blue line) and experimental (dots) DDXs for the Al(α,α’x) reaction at 230MeV/u at 40˚ 

- 124 -

JAEA-Conf 2026-001



4. CONCLUSION 
In this study, the INC model was improved for α particle inelastic scattering with incident energy of a few 

hundred MeV/u, using the experimental results at incident energy of 230 MeV/u on aluminum measured by 

our group. We introduced the impact parameter dependence in fragmentation, and the outward momentum 

transfer of the α particles collided with nucleon. As a result, the α particle DDX spectrum at 15˚ reproduced 
the experimental result well whereas those calculated by the INCL model and the JQMD model significantly 

underestimated the experimental result. And the yield of α particles emitting at 40˚ was increased in the 
improved INC model too. 
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The updated nuclear decay data is necessary for the accurate burnup calculation. However, some 
decay data in the Evaluated Nuclear Structure Data File (ENSDF) are old. Therefore, we are 
performing new evaluations of these data by incorporating experimental data from recent publications. 
In this report, a few examples of our evaluation are presented. The half-life of 129I, one of the long-
lived fission products, has been newly evaluated to be 1.614 (12) ×107 y. This value is approximately 
3 % larger than those in the present ENSDF and JENDL-5 Decay Data File (DDF). The decay schemes 
of isomer states of 120Ag, -delayed neutron emission probabilities, and -decay energies of some 
fission products have also been evaluated. Our recommended data have been compared to those in the 
present ENSDF and JENDL-5 DDF.  

1. Introduction
To calculate reliably and accurately concentrations and activities for nuclides generated or depleted

by fission and radioactive decay in nuclear fuel, it is necessary to use the updated nuclear decay data such 
as half-lives, branching ratios, and -ray spectra. ENSDFa, maintained at the National Nuclear Data Center 
at Brookhaven National Laboratory, USA, is the only database of evaluated decay data for about 3500 
nuclides. The data of ENSDF have been periodically revised by the evaluators, who constitute an 
international network under IAEA’s auspices. However, for many nuclides, the latest revision of ENSDF 
was more than 10 years ago, and the evaluated data for them are old. Therefore, we are performing new 
evaluations of decay data for these nuclides. Examples presented in this report are the half-life of 129I  
decay, the decay schemes of isomer states of 120Ag, -delayed neutron emission probabilities and -decay 
energies of some fission products. Our recommended values are compared with those in the present 
ENSDF. JENDL-5 DDFb, one of the sub-libraries of JENDL-5, was publicized in 2021 and updated in 
2022. Most of decay data for about 4000 nuclides in JENDL-5 DDF were taken from ENSDF. We verified 

a https://www.nndc.bnl.gov/ensdf/ 
b https://wwwndc.jaea.go.jp/ftpnd/jendl/jendl-5-dec.html 
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JENDL-5 DDF data by using our newly evaluated data. 
 

2. Half-life of 129I  decay 
The half-life of 129I  decay is crucial nuclear data for managing nuclear waste because this nuclide 

is one of the long-lived fission products (LLFP). The present version of ENSDF for the mass number 
A=129, which includes the half-life of 129I, was published in 2014 [1]. The references published before 
2014 regarding the half-life measurements of 129I were considered in that version. In 2018, the half-life 
of 129I was measured by a collaboration of major metrological laboratories in Europe, including Joint 
Research Centre at Geel, Laboratoire National Henri Becquerel (LNE-LNHB), and Physikalisch-
Technische Bundesanstalt (PTB) [2]. Because it is impossible to determine the half-lives longer than 
1000 y by measuring the decay of radioactivity, they are deduced by 

𝑇𝑇1 2⁄ = ln(2) × Ν∕A ,                                (1) 
where A is the radioactivity, and Ν is the number of atoms in a sample. In Ref [2], A was measured 
using a liquid scintillator, a well-type Na(I) scintillator and a 4- coincidence counter, while Ν using 
an ICP mass-spectrometer. From these measurements, the half-life of 129I was determined to be 1.614 
(12) ×107 y [2]. The uncertainty of radiation measurement was estimated by considering the statistical 
uncertainty of counts and the systematic uncertainties coming from the background counts, the impurities 
in a sample, and the decay data [2]. The uncertainty of mass measurement, which came mostly from the 
number of atoms in standard samples, was also included [2]. 

Except this measurement in 2018 the half-life of 129I has been measured for 4 times so far: 1.72 
(9)×107 y in 1951 [3], 1.56 (6) ×107 y in 1957 [4], 1.57 (4) ×107 y in 1972 [5], and 1.97 (14) ×107 y in 
1973 [6], which are shown in Fig. 1. The weighted average of these 5 data is 1.613 (18) ×107 y, which is 

also indicated in Fig. 1 by a red line and shaded region. The reduced Chi-Square, 𝜒𝜒2

𝑛𝑛−1, is 2.46, where n 

is the number of data: n=5. When the reduced Chi-Square exceeds the critical value of 2.37, one may 
reject the hypothesis of the weighted average with a confidence level of 95 %. Therefore, it is  
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Fig. 1 The experimental values of the half-life of 129I. The 
average of them is indicated by a red line and shaded region. 
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inappropriate to average all of these 5 data, and we removed old data measured in the 1950s. The data in 
1973 should also not be adopted because its uncertainty is large. The weighted average of the remaining 
data in 1972 and 2018 is 1.610 (12) ×107 y. Because its reduced Chi-Square of 1.11 is smaller than the 
critical value of 3.84, the weighted average of these two data is appropriate. However, the uncertainty of 
the data in 2018 is much smaller than that in 1972. Therefore, we have determined that the data in 2018, 
1.614 (12) ×107 y, should be the recommended value rather than the weighted average. The value in the 
present ENSDF is the same as the one in 1972. Our recommended value is approximately 3 % larger than 
this value. The value in JENDL-5 DDF is 1.5711×107 y ± 4.0027×105 y. This value was taken from the 
present ENSDF. A small difference between the present ENSDF and JENDL-5 DDF values seems to be 
a mistake in inputting data from the former to the latter. 

 
3. Decay schemes of isomer states of 120Ag 

The decay scheme of 120Ag in the present ENSDF [7], revised in 2002, was adopted from the 
experimental data by Forgerberg et al. [8]. In their experiment, 120Ag was produced by the U(n, fission) 
reaction in a reactor, and then mass-separated online for subsequent -ray measurements. They found that 
there exists an isomer of 120Ag having a half-life of 0.32 s and the excitation energy of 203 keV [8], as 
shown in the left part in Fig. 2. In 2018 Batchelder et al. [9] measured  rays emitted from a 120Ag sample 
by using a high-sensitive array of Compton-suppressed Ge detectors surrounding the sample, and found 
approximately 300 new -rays. Moreover, by carefully measuring the decay of these -rays they found 
another isomer state [9]. We adopt their results in our new evaluation, as shown in the right part in Fig. 
2. Regarding the half-lives, the value in Ref. [8], 1.23(4) s, may be attributed to a mixture of two  decays. 
Therefore, we adopt the values in Ref. [9], 0.94(10) s and 1.52(7) s. Because it is unknown which half-
life corresponds to the ground state, the excitation energies of these states are depicted as 0.0+x keV and 
0.0+y keV in Fig. 2. As for the half-life of the isomer state at 203.2+y keV, three experimental values 
have been reported so far: 0.32 (4) s [8], 0.44 (5) s [9], and 0.40 (3) s [10]. Because the data in Ref. [8] 
is old, we determined the recommended value to be the weighted average, 0.41(3) s, of the data in Refs. 
[9] and [10]. Although the branching ratio of the isomer transition (IT) from the 203.2-keV state was 
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Fig. 2 A part of the decay scheme of 120Ag adopted in the 
present ENSDF (left) and our new evaluation (right). 
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approximately 37% in Ref. [8], a much different value of 68(10) % was reported by Batchelder et al. [9]. 
We adopt the value in Ref. [9], because the uncertainty was not given for the value in Ref. [8]. We 
evaluated the spins and parities, as shown in the right part in Fig. 2, based on the -decay branching ratios 
to the states of 120Cd and the E3 multipolarity of IT [9]. Here, we calculated the -decay branching ratios 
from the -ray intensities in Ref. [9]. As a result, we found a large negative intensity balance at the 1203.7-
keV state of 120Cd, which means there is an inconsistency in the data in Ref. [9]. 

The decay scheme of 120Ag in JENDL-5 DDF is the same as in the present ENSDF, except for the 
half-lives and branching ratio. In JENDL-5 DDF, the half-lives of the ground state and the 203-keV state 
are 0.94 (10) s and 1.52 (7) s, respectively, and the branching ratio of IT is 27 %. These values are 
mistakes.  

 
4. Delayed neutron emission probabilities in  decays 
 The updated data on delayed neutron is necessary to enhance calculational capabilities in nuclear energy, 
safeguards, and used fuel management. Recently, new measurements of -delayed neutrons have been 
undertaken at various laboratories such as GSI, TRIUMF, ORNL and RIKEN. However the status of 
ENSDF is not satisfactory. For example, Table 1 lists some fission products for which there has no 
delayed neutron emission data in ENSDF. Our recommended values of one-and two-neutron emission 
probabilities (P1n and P2n) for these nuclides are adopted from recent measurements [11-14]. The P1n 
value for 120Rh75 was reported as <5.4 [11], <8.9(4) [12], and 7.2(16) [13], and we adopt the most recent 
value in Ref. [13]. Similarly, we adopt the P1n values for 129Ag82 from Ref. [14], rather than the same 
group’s older value of 17.9(14) [13]. It should be noted that our evaluated P1n and P2n values possibly 
correspond to a mixture of  decays from ground and isomeric states. JENDL-5 DDF has data for 120Rh75, 
120Ag73 and 129Ag82 as listed in Table 1. These values are different from our recommended values, and 
how these values were deduced is unknown. 

The updated -decay energies (Q) of fission products are necessary to estimate the decay heat 
accurately. The Q values can be calculated from the atomic masses of precursor and daughter nucle i: 
Q=M(A,Z)-M(A,Z+1) for the - decay, where M is atomic mass, A mass number, and Z proton number. 
Wang et al. evaluate the atomic masses of all nuclides and revise their atomic mass database 
approximately every 4 years. We adopt masses in their latest version of the database, AME2020 [15]. 
The Q values in AME2020 for some fission products are listed in Table 2. The Q values in the present 
ENSDF and JENDL-5 DDF were taken from former versions of the atomic mass database,  

 
 
 
 
 
 
 
 
 
 
 
 

Table 1. -delayed one- and two-neutron emission probabilities (P1n and P2n) of some 
fission products 

Element Z N 
Our new evaluation 

JENDL-5 DDF 
P1n (%) P2n (%) 

Ru 44 76 6 (3)   
Rh 45 75 7.2 (16)  2.7 
Pd 46 74 <0.7   
Ag 47 73 <0.003  0.0005 
Ag 47 82 18.2 +1.0-0.7 <1.2 10 
Cd 48 81 1.84 (15)   
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AME2016 [16], and AME2012 [17]. These Q values differ slightly between versions of the atomic mass 
database especially for short-lived nuclides. 

 
5. Summary 

The half-life of long-lived 129I has been newly evaluated. Our recommended value is approximately 
3 % larger than that of ENSDF and JENDL-5 DDF. Because the decay schemes of many isomer states 
are ambiguous, those in ENSDF and JENDL-5 DDF must be updated using newly available experimental 
data. For example, we evaluated the decay schemes of isomer states of 120Ag and found significant 
changes from the present recommended data. Recently, much experimental data on the -delayed neutron 
emission probabilities and the atomic masses have been reported because of the development of new 
techniques. However, as shown for some fission products, many of those data are not included in ENSDF 
and JENDL-5 DDF.  
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The criticality, sensitivity, and uncertainty analysis of the clean, first core of the Indonesian G. A. 

Siwabessy Multipurpose Reactor (RSG GAS, previously called MPR-30), using the newly released 
Japanese Nuclear Data Library version 5 (JENDL-5), was conducted to contribute to the validation effort 
of the JENDL-5, especially for its application on beryllium-reflected, light-water-moderated, low-
enriched uranium (19.75 wt. %) fueled material testing reactors. The JENDL-5 sensitivity coefficients 
and covariance matrices were prepared by MCNP6 and AMPX-6, respectively. A special JENDL-5 
covariance matrices was also prepared by adding ENDF/B-VIII.0 covariance matrices for JENDL-5 
nuclides lack of covariance data. The neutron multiplication factor (keff) uncertainty was then evaluated 
using the TSUNAMI-IP module of SCALE-6. The criticality (keff) analysis results ([C/E-1]) showed 
maximum overestimations of 801 pcm, 477 pcm, and 547 pcm for JENDL-5, JENDL-4.0, and ENDF/B-
VIII.0, respectively. The keff uncertainty originating from the nuclear data was estimated to be 620 pcm, 
644 pcm, and 637 pcm for JENDL-5 only, JENDL-5 & ENDF/B-VIII.0, and ENDF/B-VIII.0 covariance 
data, respectively, which are comparable with the keff ([C/E-1]) values. 

 
 

1. Introduction 
Almost twelve years after the Japanese Evaluated Nuclear Data version 4 (JENDL-4.0) was released 

in 2012 [1], the new version, JENDL-5, was released in December 2021 [2] with the aim of addressing 
significant issues in nuclear energy development in Japan [3]. Notably, JENDL-5 provides more nuclides 
as well as covariance data than its predecessor, JENDL-4.0. 

In our previous studies, criticality experiments on the clean, first core of the Indonesian G. A. 
Siwabessy Multipurpose Reactor (RSG-GAS) were used to validate JENDL and other widely used 
nuclear data libraries such as ENDF/B and JEFF. The RSG GAS is a light water-moderated and cooled 
material testing reactor, using low-enriched uranium (LEU, 19.75 wt. % enrichment) as fuel and 
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beryllium as a neutron reflector. It is designed with a maximum thermal power of 30 MW, achieving its 
first criticality in July 1987. 

In continuation of our previous work, this study conducted a similar sensitivity and uncertainty (S/U) 
analysis for the newly released JENDL-5 [4]. For the S/U analysis, a JENDL-5 covariance library was 
generated utilizing all available JENDL-5.0 covariance data. Additionally, a specialized JENDL-5 
covariance library was created, incorporating ENDF/B-VIII.0 covariance data for JENDL-5 nuclides that 
lacked their own covariance data. 

 
2. RSG GAS First Core Criticality Experiments 

The main specifications of the RSG GAS reactor, as well as the details of the criticality experiments, 
can be found elsewhere [5]. Figure 1 illustrates the full core configuration of the first core, including its 
standard (FE) and control (CE) elements. Two groups of criticality experiments were conducted for the 
first core of RSG GAS: (1) the criticality approach experiment for achieving the first criticality and the 
criticality experiment for core excess reactivity loading, and (2) control rod calibrations under critical 
full core conditions. In this study, the combinations of control rod positions that occurred during control 
rod calibration with the bank compensation method were selected for the benchmark calculations. As 
shown later in Table 1, Case 2-1 of the second group was selected for the S/U analysis. 

 

 
Figure 1. Full core configuration of the RSG GAS clean first core (plain numbers show the loading step 

of fuel, Be reflector and dummy elements after the first criticality; empty lattices contain water) . 
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3. Methodology 
3.1. Sensitivity and Uncertainty Analysis 

The calculation procedure for the S/U analysis is illustrated in Figure 2. Sensitivity coefficients in a 
252 energy-group were prepared using the MCNP-6.2 code [6] with the KSEN option. Covariance 
libraries in the COVERX 56 energy-group format were generated by employing the AMPX-6 code [7], 
utilizing the PUFF-IV module [8]. The 56 energy-group structure matches the one used in SCALE-6.2 
[9]. Among the 795 nuclides in JENDL-5, only 105 have covariance data, whereas ENDF/B-VIII.0 
contains 251 nuclides with covariance data. Given that JENDL-5 has significantly fewer nuclides with 
covariance data than ENDF/B-VIII.0, we also compiled a special JENDL-5 covariance library with 
additional ENDF/B-VIII.0 covariance data for JENDL-5 nuclides lacking their own covariance data. 
Using this specialized JENDL-5 covariance library, the uncertainty of JENDL-5 can be compared to that 
of ENDF/B-VIII.0. The TSUNAMI-IP module [10] was employed for the keff uncertainty calculations. 

 

 
Figure 2. Analysis procedure of keff uncertainty due to nuclear data. 

 
3.2. Monte Carlo Modelling 

The active sections (7.71 x 8.1 x 60 cm³) of both FE and CE were modeled according to their exact 
geometries and dimensions. However, the top and end-fittings, due to their complex geometry, were 
approximated by homogenizing the structure materials with water using volume weighting. All 
calculations in this benchmark were conducted at a room temperature of 300 K. Adjustments were made 
to the measured critical effective multiplication factors to correct for instances where the core isothermal 
temperature differed from 300 K. The analysis included a total of 10,000 batches (generations), each 
consisting of 10,000 histories, resulting in a total of 100 million effective histories. The first 100 batches 
were omitted to ensure the fundamental mode was reached before conducting the statistical evaluation of 
keff and other tallies. Under these calculation conditions, the fractional standard deviation (FSD) for keff 
was maintained below 0.01% for all cases. 

 
4. Analysis Results and Discussion 

The MCNP criticality analysis results for JENDL-5, JENDL-4.0, and ENDF/B-VIII.0 are presented 
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in Table 1, divided into two groups according to Ref. [5]. The experiment/measured keff is 1.0, enabling 
straightforward estimation of the calculated to experiment (C/E) values from the table (excluding non -
critical cases, 1-2 and 1-3). Overall, the JENDL-4.0 results exhibit the closest agreement with the 
experimental results, followed by ENDF/B-VIII.0 and JENDL-5. In Group 1, the first criticality (Case 1-
1) comprised 9 FEs and 6 CEs, with the core showing a slight excess reactivity equivalent to the insertion 
of the regulation rod (RR, position 475 mm). For this initial criticality condition, the keff values from 
JENDL-5, JENDL-4.0, and ENDF/B-VIII.0 indicated overestimations of 801 pcm, 477 pcm, and 547 
pcm, respectively. In Group 2, the six cases of critical full core during control rod calibration (Case 2-1 
to 2-6) included 12 FEs and 6 CEs, with all control rods partially inserted except the measured control 
rod. Here, the maximum overestimation of keff values for JENDL-5, JENDL-4.0, and ENDF/B-VIII.0 
were 650 pcm, 431 pcm, and 452 pcm, respectively. 
 

Table 1. Criticality analysis results [4]. 

 
 

The sensitivity analysis has been conducted using JENDL-5, JENDL-4.0, and ENDF/B-VIII.0 
libraries for Case 2-1 (Second group, 12 FEs, 6 CEs), where the full core was critical during C-8 
regulation rod calibration. The keff sensitivities in the decreasing direction were primarily influenced by 
(n, gamma) reactions of H-1, U-235, Al-27, U-238, Be-9, Mn-55, Ag-109, In-115, Ag-107, Cd-113, and 
Fe-56. The sensitivities in the increasing direction were predominantly influenced by U-235 (total nu) & 
(fission), H-1 (free gas, elastic) & (S(,), inelastic), Be-9 (elastic) & (n, 2n), O-16 (elastic), and Al-27 
(elastic). The sensitivity analysis results for JENDL-5 exhibited similar trends to those observed in 
previous work with JENDL-4.0 [11]. 

The uncertainty analysis was conducted using TSUNAMI-IP with JENDL-5 and ENDF/B-VIII.0 
libraries for Case 2-1. The uncertainty analysis results are presented in Table 2, while the primary 
contributors to uncertainty for JENDL-5 are shown in Table 3. According to Table 2, the keff 
uncertainties due to nuclear data are presented for three combinations of sensitivity coefficients and 
covariance libraries: JENDL-5 only, JENDL-5 & ENDF/B-VIII.0, and ENDF/B-VIII.0. When using only 
the 105 covariance matrices of JENDL-5, the uncertainty was approximately 620 pcm. When additional 
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covariance matrices from ENDF/B-VIII.0 were used, the uncertainty increased to 644 pcm, indicating a 
small difference of around 24 pcm for the present system. The uncertainty for ENDF/B-VIII.0 was 
evaluated at 637 pcm, comparable to that of JENDL-5. Thus, the nuclear data uncertainties for JENDL-5 
and ENDF/B-VIII.0 are of the same order for this system. 

 
Table 2. Uncertainties analysis results [4] (pcm=10-5). 

 
 

Table 3. Uncertainty main contributors (> 0.001%) [4] 
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In Table 3, the JENDL-5 uncertainty contributors are sorted and listed using the JENDL-5 & 

ENDF/B-VIII.0 covariance matrices. The dominant contributors (i.e., > 0.1 %) include U-235 (chi), (nu-
bar) & (fission), H-1 (n, gamma), (elastic) & (S(,), inelastic), O-16 (elastic), and Al-27 (n, gamma). In 
the RSG GAS, LEU (19.75 wt. % U-235 enrichment) is used, thus U-235 fission-related parameters 
significantly contribute to keff uncertainty. Water, used as a moderator and coolant, is present in large 
quantities in the core, reflector, and other structural regions. Consequently, the H-1 component of water 
significantly contributes both as free gas (elastic) and when bound by O-16 (S(,), inelastic). 

Referring to the JENDL-5 [C/E-1] of Case 2-1 shown in Table 1 (~465 pcm), the evaluated keff 
uncertainty of JENDL-5 at 644 pcm is comparable. However, it is premature to conclude that the deviation 
of [C/E] from 1.0 originated solely from the nuclear data, as other uncertainties, such as compositions, 
dimensions, and criticality measurements, were not accounted for. 
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Abstract

The decay branching ratios of 197mHg (24 h) and 195mHg (42 h) were studied by offline γ-ray
spectroscopy of a natural platinum foil irradiated by α particles at 29 MeV. We observed strong cool-
ing time dependence of the isomeric ratios of 197Hg and 195Hg determined with the decay branching
ratios of these metastable states in the ENSDF library. To eliminate the cooling time dependence,
we performed decay curve analysis with the decay branching ratios of these metastable states as
adjustable parameters assuming that the isomeric ratios do not depend on the cooling time. We re-
solved the time dependence by adjusting the isomeric transition branching ratios to 94.5±0.7% and
48.9±1.8% for 197mHg and 195mHg, respectively. The 197mHg decay branching ratio obtained by us
is very close to 94.68±0.09% published by Lebeda et al. in 2020.

1 Introduction

A metastable state of a nuclide may have several decay modes such as isomeric transition and β decay.
The decay branching ratio, the probability to undergo a decay mode, is a basic property of the nuclide.
It is routinely evaluated and compiled in data libraries such as the ENSDF library maintained by the
International Network of Nuclear Structure and Decay Data Evaluators (NSDD) [1] and the Nubase table
maintained by the Atomic Mass Data Center [2]. The decay branching ratio is an overall normalization
factor of the emission probabilities of the decay γ lines belonging to the decay branch, and its accuracy
has a large impact on the activation cross sections determined with the offline γ-ray spectroscopy. We
have recently encountered unphysical cooling time dependence of the isomeric ratios of 197Hg and 195Hg
produced by irradiation of a natural platinum foil by α particles at 29MeV.We concluded that the cooling
time dependence is caused by errors in the branching ratios of their metastable states, and adjusted the
decay branching ratios and decay γ-ray emission probabilities to eliminate the cooling time dependence.
This article reports the adjusted decay branching ratios and decay γ-ray emission probabilities along with

24.
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a brief introduction to the experiment. This adjustment was done as a part of experimental determination
of the activation cross sections for natural platinum interacting with α particles, and the readers are
referred to [3] for more details about the experiment and results.

2 Experimental

Pure metallic foils of natural platinum (12.433 mg/cm2), natural titanium (2.344 mg/cm2) and aluminium
(1.500 mg/cm2) were cut into 8×8 mm and assembled as a stack of nine sets of Pt-Al-Ti-Al. The
stacked target was irradiated for 1 h by an α-particle beam provided by the RIKEN AVF cyclotron.
After irradiation and cooling for 1 h, we started measurement of the activities of the irradiated foils by a
HPGe detector calibrated with a multiple point-like source. The activities of the Pt and Al foils placed
at the most upstream position were measured more than 50 times to see their time profile. We identified
27 γ-lines originating from production of 16 radionuclide products, and expressed the 1039 measured
peak areas of these γ lines as linear combinations of the independent production cross sections of the
16 radionuclides. From these linear combinations, we determined the 16 independent production cross
sections by the least-squares analysis. In addition to the production cross sections, we also treated the
branching ratios of 197mHg and 195mHg as fitting parameters.

3 Results

Table 1 shows the branching ratios and decay γ-ray emission probabilities in the ENSDF library and
those corrected through the least-squares analysis of the peak areas measured in this work. Our decay
curve analysis suggests 3.4% increase and 10% decrease of the 197mHg and 195mHg isomeric transition
branching ratio, respectively. We derived the corrected decay γ-ray emission probabilities and their
uncertainties based on these correction factors. For 197mHg, Lebeda et al. [7] have recently performed a
measurement to determine the decay branching ratio and decay γ-ray emission probabilities. The table
shows the revised decay data determined by us and Lebeda et al. for 197mHg are very close to each other.

Table 1: Decay branching ratios p and decay γ-ray emission probabilities Iγ in the ENSDF library [4, 5],
those corrected through the least-squares analysis of the peak areas measured in this work, and those
reported by Lebeda et al. [7]. The decay γ-ray emission probabilities and their uncertainties in the
ENSDF library were extracted from the IAEA LiveChart of Nuclides [6]. ϵ denotes electron capture
and/or β+ decay.

CIT p Eγ Iγ
(%) (keV) (%)

ENSDF Corrected Lebeda ENSDF Corrected Lebeda
197mHg 1.0336 (2) IT 91.4 (7) 94.5 (7) 94.68 (9) 134 33.5 (3) 34.6 (3) 34.8 (3)

ϵ 8.6 (7) 5.5 (7) 5.32 (9) 279 6.1 (5) 3.9 (7) 3.79 (4)
195mHg 0.902 (6) IT 54.2 (20) 48.9 (18)

ϵ 45.8 (20) 51.1 (18) 261 31 (3) 35 (4)
560 7.1 (5) 7.9 (7)

Figure 1 shows the cooling time dependence of the isomeric ratios of the natPt(α,x)197,195Hg reac-
tions at 29 MeV. The isomeric ratios determined with the ENSDF isomeric transition branching ratios
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show strong cooling time dependence except for the 197Hg isomeric ratio determined with the 134 keV
and 191 keV γ lines characterizing the metastable and ground states. However, the strong cooling time
dependence is eliminated by adoption of the branching ratios determined by the decay curve analysis
performed in the present work.
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Figure 1: Cooling time dependence of the isomeric ratios of the natPt(α,x)197,195Hg reactions at 29 MeV.
The energies following m/g= in the legend are the γ-lines used for quantification of the metastable and
ground states. The open square and solid circle are for two different pairs of the γ-lines characterizing
the metastable and ground states. The grey symbols are for the isomeric ratios determined with the
branching ratios taken from the ENSDF library [4, 5], while the purple and green symbols are for those
determined with the ENSDF isomeric transition ratios corrected by the factor CIT.

4 Summary

We determined the decay branching ratios of 197mHg (24 h) and 195mHg (42 h) by offline γ-ray spec-
troscopy of a natural platinum foil irradiated by α-particles at 29 MeV. The strong cooling time depen-
dence of the 197Hg and 195Hg isomeric ratios determined with the decay data in the ENSDF library was
resolved by the decay data determined by our decay curve analysis. The newly determined isomeric
transition branching ratios are 94.5±0.7% for 197mHg and 48.9±1.8% for 195mHg. The 197mHg decay
branching ratio obtained by us is very close to the branching ratio recently determined by Lebeda et al.
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Abstract

The need for protons for space use has drastically increased, as the need to test the semi-
conductor devices mounted on the satellites in space environments against failures due to
single-event effects (SEEs). Therefore, the needs are expected to increase drastically world-
wide. To study material damage under the beam irradiation circumstance of accelerator-
driven systems (ADS), the JAEA planned to construct a Transmutation Experimental Fa-
cility Target Facility (TEF-T) using J-PARC Linac 400-MeV negative hydrogen ion beam.
The task force for evaluating partitioning and transmutation technology in the MEXT con-
cluded that the facility should be considered to maximize the advantages of using Linac to
meet users’ various needs. The proton irradiation facility, a successor of TEF-T, will be
constructed to supply the proton beam applications for space use as one of the purposes as
the proton beam irradiation facility. Also, space agencies are required to use protons already
to test their charged particle spectrometers. We have conducted the test using the proton
scattered at the 3NBT beam dump window.

1 Introduction
As the increase of the need to test the semiconductor devices mounted on satellites in space
environments against failures due to single-event effects, the need for protons for space use
has drastically increased. Therefore, the needs are expected to increase drastically worldwide.
To study material damage under the beam irradiation circumstance, especially for accelerator-
driven systems (ADS), the JAEA planned to construct a Transmutation Experimental Facility
Target Facility (TEF-T) [1] using J-PARC Linac 400-MeV negative hydrogen beam. The task
force (TF) for evaluating partitioning and transmutation technology in the MEXT [2] concluded
that the facility should be considered to maximize the advantages of using Linac to meet users’
various needs. The proton irradiation facility, a successor of TEF-T, will be constructed to
supply the proton beam applications for space use as one of the purposes of the Proton Beam
Irradiation Facility.

Meanwhile, the Japan Aerospace Exploration Agency (JAXA) plans to develop the charged
particle spectrum in space to observe astronauts’ radiation dose for Artemis [3] programs. Also,
the National Institute of Information and Communications Technology (NICT) plans to develop
a spectrum to observe solar flares precisely. Both spectrometers aim to observe charged particles
up to about 1 GeV. Those institutions want to examine the spectrometers using J-PARC accel-
erators. To match their requirements and fulfill the safety without disturbing the accelerator
operation, a method using beam scattering at the window was developed in J-PARC, which gives
us quasi-monoenergetic protons by placing the device at a small angle regarding the incident

25.
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proton directions. We have conducted the test using the proton scattered at the 3NBT beam 
dump window. In this paper, the proton usage in the PBIF and at the existing facility of 3NBT 
with beam scattering at the window are described.

2 Proton beam irradiation facility
JAEA has been researching and developing transmutation technology using the Accelerator 
Driven System (ADS) to reduce the volume and hazardousness of high-level radioactive waste 
generated by nuclear reactors. To solve technical issues related to the ADS, the Transmutation 
Experimental Facility (TEF) was planned in J-PARC, which consists of the ADS Target Test 
Facility (TEF-T) [1] and the Transmutation Physics Experimental Facility (TEF-P) [4]. TEF-T 
uses a 400 MeV, 250 kW intense negative hydrogen ion beam accelerated at the J-PARC Linac to 
irradiate a sample of liquid Lead-Bismuth Eutectic LBE (LBE), which is a candidate structural 
material for ADS under LBE flow as in the case of ADS.

In 2021, the TF for the evaluation of TEF [2], which discussed the future of the J-PARC TEF 
program, recommended that the experiments planned be replaced by more advanced computer 
simulations and the use of existing facilities. However, the experiments planned for TEF-T 
were thought to be limited by irradiation damage simulations and irradiation tests at existing 
facilities. The TF recommended selecting the experimental items and rationalizing the facilities 
through the above efforts. Therefore, the task force recommended that it would be appropriate 
to consider a test facility that prioritizes the functions of the TEF-T.

Following TF’s recommendation, JAEA reconsidered the plans for the TEF. Also, the TF 
recommended that the rational approach to research and development, including narrowing down 
experimental items and sharing roles through international cooperation, should be considered 
and that the required roles of the facility should be reconfirmed before proceeding with the study. 
The TF also suggested that it is desirable to study the facility’s specifications to maximize the 
advantages of the existing J-PARC proton accelerator, including the possibility of responding 
to various needs and solving the engineering issues of the ADS. Therefore, JAEA has decided to 
proceed with studying a new proton beam irradiation facility, prioritizing the functions of the 
TEF-T and including the possibility of responding to various needs.

Based on the TF recommendations, a survey of accelerator applications in other countries 
was first c onducted. B ased o n t he r esults o f t his s urvey, i t was d ecided t hat t he p roton beam 
irradiation facility should mainly proceed as follows : 1) Material irradiation examinations from 
fission r eactors t o f usion, 2 ) S emiconductor s oft-error r esearch u sing s pallation n eutrons, 3) 
Proton beam applications for space use, 4) Medical RI production, In the utilization plan of the 
proton beam irradiation facility, the proton beam utilization for space equipment was considered 
in addition to the utilization methods planned for TEF-T. In order to further advance the 
utilization of the facility, a study group on the utilization of the facility has been held since 
2022. A user community was created to reflect users’ requests in the facility’s d esign. Based on 
the requests of the user community, we reflected the specifications of  the fa cility as  de sired by 
the users.

A bird’s-eye view of the PBIF is shown in Figure 1. The target station is located in the center 
of the facility, and the activation equipment handling room (hot cell) is used to maintain the 
target station equipment. Neutrons produced from the target are transported to the neutronics 
laboratory to test semiconductor soft errors. A low-intensity proton beam extracted from the

33 PPrroottoonn BBeeaamm IIrrrraaddiiaattiioonn FFaacciilliittyy ((PPBBIIFF))
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primary line will be transported to the proton beam application room, which will perform
proton-based tests necessary for developing space equipment.

The postponement of the TEF-P project has made it possible to create a vacant space
adjacent to the proton beam irradiation facility. In order to make effective use of this space and
to promote materials research by Post Irradiation Examination (PIE), construction of a Post
Irradiation Examination (PIE) facility [6] is being considered at the adjacent site. In the PIE
facility, not only the proton beam irradiation facility but also the PIE of the targets and beam
windows used in other facilities in J-PARC, such as the Materials and Life Science Experimental
Facility (MLF). The present Linac operates at 25 Hz and will be ramped up to 50 Hz for this
facility. The Linac tunnel has already been expanded with an additional tunnel in the form of an
appendage, the end of which is block-shielded. The expansion of the Linac tunnel can be easily
accomplished by dismantling the blocks at the end of the tunnel. The proton beam injected
into the facility is a 400 MeV, 0.625 mA average current, 250 kW negative hydrogen beam from
the J-PARC Linac. This beam is operated in long pulse mode with a frequency of 25 Hz, 50
mA peak current, and 0.5 ms pulse width. Therefore, the pitting damage problem caused by
the short pulse beam does not occur, as in the case of the mercury target at the J-PARC MLF.
Based on the stress analysis results of the target window, a Gaussian distribution with a full
width at half maximum of about 4 cm and a peak current density of 30 µA/cm2 will be used
for the beam shape and the peak current density, respectively.

The LBE target is supported by a horizontal pull-out cart, as in the case of the mercury
target in the MLF. A vacuum vessel with a built-in target container is installed at the end of
the cart, and the LBE circulation system of the primary cooling system is installed behind the
shielding. During beam irradiation, the cart is inserted to the center of the target station, and the
target is surrounded by a concrete shield. In the activation equipment handling room behind the
cart, the target vessel is exchanged, and the primary cooling system is maintained by remote
control. The activation equipment handling room is equipped with a crane, manipulators, a
shielded window, and jigs. A sample preparation room and a small cell are located adjacent
to the activation equipment handling room, where post-irradiation examinations of the beam
injection window and irradiation test plates are performed, and specimens will be cut.

Figure 1: Birds-eye’s view of the PBIF and post-
irradiation examination facility at J-PARC.

Since uncontrollable conditions caused by
single-event effects (SEEs) are a severe prob-
lem for spacecraft, tests using proton and
heavy ion irradiation have been carried out
domestically and internationally. Since the
largest flux particles in space are protons, test-
ing semiconductor devices onboard satellites
using protons is crucial. Since it is difficult
to obtain proton irradiation opportunities to
test them in Japan, the user community [5]
has been clamoring to construct a proton irra-
diation facility. Therefore, the establishment
of a proton utilization room is planned in this
facility, where tests from 20 MeV to 400 MeV
can be performed.

The proton beam irradiation facility uses a high-intensity beam of 250 kW, but such beam is
not suitable for testing space equipment. Therefore, we plan to use a 250 kW negative hydrogen
ion beam by irradiating it with a laser and extracting a proton beam through charge exchange
by photons of the laser. The J-PARC Transmutation Division has been developing a laser charge
exchange method [7] to provide a weak beam of less than 10 W to the TEF-P. We have tested this
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beam extraction method using a 3 MeV H− ion beam at the Linac RFQ test stand. Although
the kinetic energy of the H− ions differs from that used in the present facility, it was confirmed
that the beam intensity and time structure are as expected.

3.1 Proton delivery in broad range energies

Figure 2: Energy spectrum of protons after de-
grader deceleration. The vertical axis shows the
proton yield per proton incident on the degrator.

Tests for spacecraft devices use protons rang-
ing in energy from tens of MeV to 200 MeV.
Because the test uses protons of various en-
ergies and evaluates the SEE generation rate
as a function of energy, a rapid energy change
is desirable in the test. The facility plans to
provide protons of various energies by reduc-
ing the energy of the 400 MeV protons with
a degrator, such as a metal plate. Degrators
are commonly used for medical particle irradi-
ation, and once the parameters of the magnets
used for transport are determined, it will be
possible to change the energy quickly. Since
the beam stability of the Linac is excellent,
this method is expected to enable a very short
time of the energy changes. However, quanti-
tative evaluation of the proton energy spread
due to energy straggling in the degrator dur-
ing the energy deceleration process is required. In addition, the intensity of the proton beam due
to the interaction with the nuclei in the degrator must also be evaluated, which was calculated
using the PHITS code.

This study used tungsten as the degrator material to evaluate the proton behavior. To
simplify the calculations, the proton deceleration process was investigated for a uniformly dis-
tributed 400 MeV proton beam with a diameter of 10 mm injected into a tungsten degrator with
a cross section of 50 × 50 mm having various thicknesses. Figure 2 shows the proton energy dis-
tribution, which shows the spectra after deceleration using a degrator for certain cases of spectra
having the peak energy of 20∼400 MeV. In the case of 400 MeV protons, the distribution is a
δfunction, but the peak energy broadens as the beam decelerates, and the tail is drawn to the
low-energy region.

3.2 Monoenergetic proton delivery

Since single-event rates are measured as a function of proton energy, users prefer monoenergetic
protons. To enable the use of monoenergetic protons, it will not only change the thickness of the
degrader but also install a bending magnet and slits downstream of the degrader to selectively
supply protons with the desired energy, thereby making it possible to use monoenergetic protons.
A calculation was made using PHITS to understand the characteristics of the proton yield.

Figure 3 shows the relationship between the mean proton energy and the relative yield (red
line) and energy spread (blue line), which was derived from fitting a Gaussian function. It
was found that a relative intensity larger than 10% of the primary protons can be achieved
for the case of decelerated protons in the energy range above 20 MeV. Ideally, the proton
energy spread supplied to the user should be as narrow as possible, but in this study, it was
set to be less than 10%. The orange solid line in Fig. 3 shows the relative yield of protons
for which the energy spread is less than 10%. The yield of 20 MeV protons with an energy
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spread of less than 10% was about 0.1% of the 400 MeV protons. In the case of a 10 W beam
produced by laser charge exchange, the beam current for 400 MeV protons is 25 nA, and the
beam current for 20 MeV protons is about 25 pA with an energy spread of less than 10%.
Assuming a uniform beam diameter of φ 2 cm for the irradiation test, the proton flux is 5×107
/cm2/s, and the beam current is about 25 pA, which may satisfy the user community’s request.
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Figure 3: Relative yield and energy spread of
protons as a function of extracted proton ener-
gies for the tungsten degrader.

A low flux beam is generally sufficient for
tests using protons to prevent activation of the
irradiated specimens. If the beam is too in-
tense for the user, it may be possible to re-
duce it by 10−7 times by adjusting the laser
power used for charge conversion. Increasing
the beam diameter by about 30 cm without
adjusting the laser power and reducing the
flux by 10−3 times is also possible. In this
study, the effect of downstream proton trans-
port, such as beam loss, was not considered.
The beam loss due to the increased emittance
of the beam caused by the degrator will be
evaluated. Also, the facility’s radiation safety
requires an evaluation of radiation effects due
to the activation of the degrator and beam

scattering. These subjects will be conducted in the future study. The user community has
requested the use of spatially flat beams. This could be done using nonlinear beam optics [8] or
rastering. Beam flattening is also essential for irradiation tests of targets and ADS and will be
developed in the future at J-PARC.

4 Proton beam irradiation for space use at 3NBT

Figure 4: Al(p,xp) DDX for 0.4 GeV obtained
by the present study compared with calcula-
tions of FLUKA and PHITS using INCL-4.6 and
JQMD. Also, compared with the other experi-
mental data [9].

JAXA and NICT plan to develop a charged
particle spectrometer to be applied to several
GeV regions. Both spectrometers based on
Cherenkov radiation are aimed to observe the
charged particles up to about 1 GeV. Those in-
stitutions want to examine the spectrometers
using J-PARC accelerators. To match their
requirements and fulfill the safety without dis-
turbing the accelerator operation, a method
using beam scattering at the window located
at the 3NBT beam dump in J-PARC was de-
veloped, which gives us quasi-monoenergetic
protons by placing the device at a small angle
regarding the incident proton directions.

To observe the scattered proton spectrum,
as a calorimetric counter telescope, plastic
scintillators (EJ200) with a cross section of 50
× 50 mm using various thicknesses from 50 to 400 mm were placed at the angle of 13◦ for the
projectile protons. This technique lets us obtain the double differential cross sections (DDXs) in
several GeV regions. To obtain DDX, unfolding was applied with the response functions of the
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detectors, which were obtained with the calculations of PHITS. A tentative result of this study 
for 400 MeV projectile protons is shown in Figure 4. This result showed a good agreement with the 
calculation with FLUKA and PHITS with JQMD. Also, it was found that there was a significant 
overestimation at a quasi-elastic peak of around 350 MeV for PHITS with the INCL-4.6 model, 
which is recommended for use. The present data shows that quasi-monoenergetic protons are 
provided to users. JAXA and NICT started testing the spectrometers using this technique.

5 Summary
To fulfill the requirement of tests for spacecraft devices, a technique to provide quasi-monoenergetic 
protons was developed using a beam scattering at the window located in front of the 3NBT dump. 
JAXA and NICT started testing their devices using this technique. Also, a conceptual study 
was made to deliver the monoenergetic proton to users at the Proton Beam Irradiation Facility 
(PBIF) with Linac 400 MeV protons. A conceptual study of the PBIF was conducted, followed 
by the recommendation of the Task Force. A user community was established, and needs were 
surveyed and reflected in the design. Further studies will be conducted based on the expansion 
of needs in the future.
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Abstract

Tungsten is applied to a particle-production target and shielding at accelerator facilities.
Also, tungsten is a substance used in plugs of semiconductors. From the viewpoint of the
radiation safety and soft error induced by galactic cosmic ray, nuclide distribution generated
by proton incidence receives attention. This paper presents the measurement of the cross
sections of the natW(p,X) reactions. Comparisons among our present data, the results of
previous studies, calculated results, and evaluated nuclear data library are also reported.

1 Introduction
Tungsten is applied to a particle-production target at accelerator facilities, e.g., ISIS [1] and
European Spallation Source [2], owing to its high melting point and high strength in compression.
Additionally, properties of tungsten, such as large atomic number and high density, are preferable
to shielding of secondary particles. In fact, tungsten shielding is considered at the Accelerator-
Driven System (ADS) [3] by JAEA. Thus, activation of tungsten by high-energy protons receives
attention because residual γ-ray dose rate, which is derived from the nuclide production cross
sections, impacts on a maintenance schedule.

In addition, tungsten is a substance used in plugs of semiconductor [4]. It is possible that
high-LET nuclides are generated due to the galactic cosmic ray (including high-energy protons)
incidence on tungsten. Subsequently, electron-hole pairs are created by the recoil high-LET nu-
clides, which degrade performance of semiconductors [4]. Thus, the contribution of the reactions
between high-energy protons and tungsten to soft errors in semiconductors, i.e., the distribution
of produced nuclides, should be investigated.

Although large-scale parallel calculations enabled us to predict the distribution of produced
nuclides with nuclear reaction models, the prediction accuracy of the models should be studied
more prior to practical use. There are previous studies of the natW(p,X) reactions [5–10].
However, there remain nuclides which have not measured yet. Hence, further measurement of
the reactions of interest should be carried out.

26.
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Then, we performed the cross section measurement of the natW(p,X) reaction with GeV
protons incidence at J-PARC [11] as a part of the systematic measurements [12–19]. This paper
outlines the experiment of the nuclide production cross sections via the natW(p,X) reaction. In
addition, our present data are compared with the results of previous studies, nuclear reaction
models, and JENDL/HE-2007 [20] to confirm the prediction accuracy. Moreover, the comparison
between the natW(p,X) and natPb(p,X) reactions are also presented.

2 Experiment
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Figure 1: γ-ray spectrum by the HPGe detec-
tor. The horizontal and vertical axes are γ-ray
energy [keV] and pulse height of each γ-ray en-
ergy [/keV], respectively.

This experiment was carried out at the beam
dump line [21] near the extraction port from
the 3-GeV Rapid Cycling Synchrotron (RCS)
[21] at J-PARC. Because this experiment was
conducted in the same way already reported
in previous studies [12,13], a brief explanation
of this experiment is given here.

The energies of the proton beam from RCS
were adjusted to be 0.4, 1.3, 2.2, and 3.0 GeV.
The irradiation time and the total number of
incident protons for all energies were 100 sec-
onds and 2.2 × 1014, respectively.

The natW targets (99.95% purity) were
placed at the target chamber installed on the
beam line. The stacked targets of Al, W, and
Al in order from upstream were prepared in
this experiment. The size and weight of the
target was 25 mm × 25 mm × 0.10 mm and
1.1 g, respectively.

By setting targets on the sample holder of High-Purity Ge (HPGe) detectors, the decay γ-
ray spectrum were measured as shown in Figure 1.

3 Results and Discussion
We let references [12, 13] explain the analysis due to the limited space. Nuclide production 
cross sections obtained in this work are tabulated in Table 1. As the total uncertainty, the 
uncertainties of fitting parameter, incident proton intensity, branching ratio of the γ-ray energy, 
and intensity of the standard γ-ray sources were included. In this study, we successfully acquired 
13 nuclides and 41 data points of the cross sections with four proton energies. The cross-section 
data for the 180Ta were measured for the first time.

Figure 2 shows the excitation functions of 184Re, 183Re, 177W, 180Ta, 176Ta, and 173Ta with 
the results of nuclear reaction models in PHITS [22] (INCL/GEM [23,24] and JAM/GEM [25]), 
JENDL/HE-2007 [20], and preceding studies [5–10]. Our present data are consistent with the 
results of previous studies. The excitation functions generally have the functional type that is 
inversely proportional to the incident proton energy for the nuclides successfully measured in this 
study. This is because high incident energy opens the reaction channels for lighter nuclides even 
though the total cross section is rather constant in this energy region. It is demonstrated that 
the nuclear reaction models can describe the reactions of the target-like nuclides production.

Figure 3 shows the ratios of Calc. to Exp. (C/E) for the natW(p,X) and natPb(p,X) [19] 
reactions. Calcs. agree with Exp. within 30% according to average values for the natW(p,X)
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Table 1: Nuclide production cross sections of the natW(p,X) reactions with 0.4-, 1.3-, 2.2-, and
3.0-GeV proton incidence. Type “i” and “c” represent independent and cumulative cross sections,
respectively. The branching ratio of used γ-ray energy (Eγ) is denoted in the parentheses below
each Eγ . The total uncertainty (1σ) is written in the parentheses below each cross section.

Nuclide Eγ Type T1/2
Cross section (1σ Uncertainty) [mb]

[keV] 0.4 GeV 1.3 GeV 2.2 GeV 3.0 GeV
184(g+0.745m)Re 792.07 i 35.4 d 2.57 1.41 1.22 1.25

(37.7%) (0.12) (0.06) (0.06) (0.06)
183(g+m)Re 291.72 i 70.0 d 5.45 2.32 2.40 2.06

(3.4%) (0.55) (0.23) (0.40) (0.21)
182Re 229.32 i 64.2 h 7.91 - - -

(25.8%) (0.44) - - -
181Re 365.5 i 19.9 h 12.6 4.60 3.63 3.61

(56%) (1.6) (0.59) (0.47) (0.47)
177W 186.2, 115.65 c 132.4 m 37.3 21.9 16.6 15.5

(15.2%, 47.3%) (2.1) (1.2) (0.9) (0.9)
184Ta 414.01 c 8.7 h - 4.95 4.10 3.94

(72%) - (0.26) (0.22) (0.21)
183Ta 353.99 c 5.1 d 17.6 13.2 10.8 11.0

(11.6%) (2.5) (0.9) (0.8) (0.8)
182(g+m1+m2)Ta 1189.04 c 114.74 d 13.6 13.9 - 12.0

(16.49%) (0.4) (0.4) - (0.4)
180Ta 93.32 c 8.154 h - 28.0 22.6 -

(4.51%) - (1.4) (1.8) -
178Ta 426.36 i 2.36 h 11.8 - 11.6 11.4

(97%) (0.6) - (0.5) (0.5)
176Ta 1159.3 c 8.09 h 82.9 48.3 35.4 31.0

(24.7%) (7.0) (4.0) (3.0) (2.8)
175Ta 207.4 c 10.5 h 72.3 - - -

(14.0%) (7.3) - - -
173Ta 172.2 c 3.14 h 71.9 58.3 25.8 26.3

(17.5%) (7.8) (3.4) (2.8) (2.8)

reactions. The comparison for both reactions suggests that Calcs. can describe the target-like
nuclides production because the average values stay around 1.0 except for the natPb(p,2pxn)
reaction. Although the average values are represented here, it should be noted that C/E has
deviation.

4 Conclusion
Nuclide production cross sections via the natW(p,X) reaction were measured for 0.4-, 1.3-, 2.2-,
and 3.0-GeV proton incidence at J-PARC. In this work, we succeeded to obtain the 41 cross-
section data. Additionally, our present data were compared with nuclear reaction models to
confirm the prediction accuracy. It is demonstrated that Calcs. agree with Exp. for the (p,xpyn)
reactions (x = 0, 1, 2).

In the future, we will analyze the data for lighter nuclides. Furthermore, we will compare
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Figure 2: Excitation functions of 184Re, 183Re, 177W, 180Ta, 176Ta, and 173Ta. The horizontal
and vertical axes represent the proton energy [GeV] and the nuclide production cross section
[mb], respectively. The red and black markers stand for our present data and preceding results,
respectively. The blue, pink, and green lines are the results of INCL/GEM, JENDL/HE-2007,
and JAM/GEM, respectively.

the natW(p,X) cross sections with other Exp. data conducted at J-PARC to confirm the target
mass dependence of nuclide production cross sections.
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Nuclide inventory calculations with MVP-BURN and JENDL-4.0 were performed for the twelve 

fuel samples taken from the two 15×15 PWR fuel assemblies irradiated in Three Mile Island (TMI) 
Unit 1. The calculated results of 133Cs for the two-cycle-irradiation fuel samples and those of 134Cs for 
the one-cycle-irradiation fuel samples were compared with the measured data. The averaged C/E-1s 
of 133Cs and 134Cs were 2.9% and −11.2%, respectively. They were similar to those in the previous 
studies. The C/E-1s were also compared with those with SCALE 6.1.2 (ENDF/B-VII.0) for 133Cs and 
those with SCALE 5.1 (ENDF/B-V) for 134Cs. The differences in the C/E-1s were mainly attributed 
to the differences in the neutron capture resonance integrals (RIγs) of 133Cs in the nuclear data libraries. 
The C/E-1s of 133Cs and 134Cs in the present study indicated that a larger RIγ of 133Cs than that in 
JENDL-4.0 would improve the C/Es. 

 
 

1. Introduction 
The inventory of 133Cs in the irradiated UO2 fuel is produced by the fission of the heavy nuclides 

and that of 134Cs (T1/2: 2.0652 y) is mainly produced by the neutron capture of 133Cs. Their inventories 
are sensitive to the fission yield and the neutron capture cross-section of 133Cs. The neutron capture 
cross-section of 133Cs is characterized by a prominent resonance at 5.9 eV which causes dominant 
neutron capture reaction in typical light water reactor fuels. Figure 1 illustrates the examples of the 
energy dependency of the calculated pellet-average neutron flux and neutron capture reaction rate in 
108 neutron energy group for one of the fuel samples taken from the 15×15 fuel assembly irradiated 
in Three Mile Island (TMI) Unit 1 [1-3]. 

The neutron capture resonance integrals (RIγ) of 133Cs differ among the evaluated nuclear data 
libraries. Table 1 lists those in the JENDL and ENDF/B libraries [4-9] as examples. The RIγ in 
JENDL-5 [6] is higher by 13% than that in ENDF/B-VII.1 [9]. 

 
 
a Former affiliation: Regulatory Standard and Research Department, Secretariat of Nuclear 

Regulation Authority (S/NRA/R), Tokyo, Japan. 
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The authors have performed burnup 
calculations using the continuous-energy 
Monte Carlo burnup code with JENDL-3.3 
and JENDL-4.0 and reported the 
comparison results with the measured 
inventories of 133Cs and 134Cs. [12-14]. 
Figure 2 illustrates the C/E-1(%) for the 
BWR 9× 9 UO2 fuel samples with the 
initial fuel enrichments of 2.1 to 4.9 wt% 
and the fuel burnups of 28 to 68 GWd/t 
[12], the PWR 15×15 UO2 fuel sample 
with the initial enrichment of 4.3 wt% and 
the fuel burnups of 46.3 GWd/t and 71.6 
GWd/t [13], and the PWR 18×18 UO2 fuel 
sample with the initial fuel enrichments of 

3.8 wt% and the fuel burnup of 54.7 GWd/t 
[14]. The differences in the C/E-1s of 133Cs 
between the results with JENDL-3.3 and 
JENDL-4.0 were relatively small and both 
were close to zero, while the C/E-1s of 134Cs 
with JENDL-4.0 were larger than those with 
JENDL-3.3, and both were negative with 
one exception. The differences in the C/E-1s 
of 133Cs and 134Cs between JENDL-3.3 and 
JENDL-4.0 were attributed to the 
differences in the RIγs of 133Cs in the 
libraries. However, the number of fuel 
samples indicating the trend was limited, and 
further analysis study was necessary. 

Following the previous studies [12-14], 
the author performed the analysis study of 
the measured nuclide inventories of the UO2 
fuel samples taken from the PWR UO2 fuel 
assemblies irradiated in TMI Unit 1 [1,2] 
using MVP-BURN [15] with JENDL-4.0 [5] 
and utilized for the validation of the neutron 

Table 1. RIγs of 133Cs in some nuclear data libraries (293K, neutron energy: 0.5 eV-107 eV). 
Library JENDL-3.3 

[4] 
JENDL-4.0 

[5] 
JENDL-5 

[6] 
ENDF/B-V 

[7] 
ENDF/B-
VII.0 [8] 

ENDF/B-
VII.1 a[9] 

RIγ (b) (Ratio 
to JENDL-4.0) 

396.2 
(0.888) 

446.2 
(1.000) 

458.7 
(1.028) 

382.9 
(0.858) 

421.0 
(0.943) 

405.5 
(0.909) 

a The RIγs in ENDF/B-VIII.0 [10] and JEFF-3.3 [11] are the same as that in ENDF/B-VII.1. 

 
Figure 1. The energy dependency of the calculated 
pellet-average neutron flux and neutron capture 
reaction rate in 108 neutron energy group for one of 
the fuel samples taken from the 15 × 15 fuel 
assembly irradiated in TMI Unit 1 [1-3]. 
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Figure 2. The C/E-1s of the calculated inventories 
of 133Cs and 134Cs with JENDL-4.0 [12-14]. 

-40

-30

-20

-10

0

10

20

30

40

0 10 20 30 40 50 60 70 80

C/
E-

1 
(%

)

Sample burnup (GWd/t)

BWR9x9-UO2(JENDL-3.3) BWR9x9-UO2(JENDL-4.0)
PWR15x15-UO2(JENDL-3.3) PWR15x15-UO2(JENDL-3.3)
PWR18x18-UO2(JENDL-3.3) PWR18x18-UO2(JENDL-4.0)

133Cs

-40

-30

-20

-10

0

10

20

30

40

0 10 20 30 40 50 60 70 80

C/
E-

1 
(%

)

Sample burnup (GWd/t)

BWR9x9-UO2(JENDL-3.3) BWR9x9-UO2(JENDL-4.0)

PWR15x15-UO2(JENDL-3.3) PWR15x15-UO2(JENDL-3.3)
134Cs

- 155 -

JAEA-Conf 2026-001



 

 

capture cross-section of 234U in JENDL-4.0 [3]. The present study aims to examine the analysis results 
of the measured inventories of 133Cs and 134Cs in the same fuel samples to validate the RIγ of 133Cs in 
JENDL-4.0, which was smaller by 2.7 % than that in JENDL-5 [6]. They were also compared with 
those calculated with ENDF/B-VII.0 and ENDF/B-V reported by Gauld et al. [2] and Radulescu et al. 
[1], respectively; since the RIγs of 133Cs in these nuclear data libraries are different from that in 
JENDL-4.0 as mentioned in the previous paragraph so that their results were useful to know the 
sensitivity of the inventories of 133Cs and 134Cs to the RIγ of 133Cs. With the obtained information, 
possible directions for improving the accuracy of the RIγ of 133Cs in JENDL-4.0 were discussed. 

 
2. Nuclide inventory measurements of 133Cs and 134Cs for fuel samples from TMI 
Unit 1 

References [1,2] reported the nuclide inventory measurements of the fuel samples from TMI Unit 
1. The fuel samples for the nuclide inventory measurements were taken from the two fuel assemblies, 
one of which was the NJ05YU fuel assembly irradiated in the 9th cycle operated from 1991/11/14 to 
1993/9/10, and the 10th cycle operated from 1993/10/16 to 1995/9/8 in TMI Unit 1. The other was the 
NJ070G fuel assembly irradiated in the 10th cycle. Both were the B&W 15×15 fuel assemblies. Table 
2 shows the summary of the fuel samples. The inventory measurements for the fuel samples from the 
fuel rods D5 and H6 were performed at Oak Ridge National Laboratory (ORNL) in 2013 for 12 
actinides and 34 fission product nuclides which included 133Cs. Those from the fuel rods O1, O12, and 
O13 were performed at General Electric Vallecitos Nuclear Center (GE-VNC) in 1999 for 16 actinide 
nuclides and 15 fission product nuclides which included 134Cs. 

The measurement data were given in the unit of g/g U-238 for the fuel samples from the NJ070G 
fuel assembly [16]. Those for the fuel samples from the NJ05YU fuel assembly were given in the unit 
of mg/g U [2]. They were converted to the unit of g/g U-238 in the present study. 

 

Table 2. Summary of fuel samples and C/E-1 (%) of 133Cs and 134Cs. 
Fuel assembly 
(fuel 
enrichment 
(wt%) 

Fuel rod and 
sample ID 

Axial height 
(cm) a 

Measured/calcu
lated burnup 
(GWd/t) 

Measured 
nuclide 

C/E－1 (%) 
of 134Cs and 
133Cs in 
present study 

C/E－1 (%) of  
133Cs for SCALE 
6.1.2 and 134Cs for 
SCALE 5.1 

NJ05YU 
(4.013) 

D5 T1 342.1 45.9/45.8 133Cs 4.215 5.343 
D5 T2 267.0 55.0/54.6 2.234 4.449 
H6 T3 197.2 53.5/52.4 2.234 4.069 
H6 T4 233.2 52.7/53.2 2.999 5.172 

 Av. 51.8/51.5 Av. 2.921 4.758 
NJ070G 
(4.657) 

O1 S1 39.37 25.8/25.8 134Cs -9.205 -18.219 
O1 S2 197.104 29.9/30.2 -7.819 -19.534 
O1 S3 278.13 26.7/28.1 -12.130 -22.780 

O12 S4 37.37 23.7/23.7 -12.087 -20.807 
O12 S5 197.104 26.5/26.6 -11.215 -21.919 
O12 S6 278.13 24.0/24.3 -13.776 -24.887 
O13 S7 39.37 22.8/23.6 -10.220 -25.150 
O13 S8 197.104 26.3/26.4 -12.832 -23.000 

 Av. 25.7/26.1 Av. -11.161 -22.037 
a Distance between the sample axial location and the tip of the bottom end plug. 
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3. Analysis with MVP-BURN and JENDL-4.0 
The reference [3] described the details of the burn-up calculations of the fuel samples performed 

using MVP-BURN [15] with JENDL-4.0u1 [4]. A general burnup chain model ChainJ40 
(u4cm6fp119bp14T) developed by Okumura et al. [17] based on JENDL-4.0 [5] was used. 

The fuel rods for the fuel samples in the NJ0YU fuel assembly were located away from the sides 
of the fuel assembly. The calculation model was a single fuel assembly with a mirror reflector. Those 
for the fuel samples in the NJ070G fuel assembly were located at the corner (O1) or the side (O12 and 
O13) of the fuel assembly. Therefore, the calculation models were designed to consider the other fuel 
rods adjoining them [3]. 

In each burnup step, the effective neutron histories of 400,000 with 10,000 neutron histories per 
batch and 10 skip batches were calculated for the fuel samples from the NJ0YU fuel assembly, and 
those of 4,000,000 with 10,000 neutron histories per batch and 40 skip batches were calculated for the 
fuel samples from the NJ070G assembly. With these calculation conditions, the statistical uncertainty 
in the obtained inventories of 133Cs was 0.1% for the fuel samples from the NJ0YU fuel assembly, 
that of 134Cs was 0.4% for the fuel samples from the NJ070G assembly, and that of 148Nd was 0.1% 
for the fuel samples from both fuel assemblies. The burnup calculations were performed to reproduce 
the measured inventories of 148Nd so that the difference between the calculation and the measurement 
was smaller than 0.5%. 

 
4. Comparison of calculated results with measurements 

The calculated results with JENDL-4.0 were compared with the measurements and the C/E-1s 
were obtained. They are shown in Table 2 and Figure 3. The error bars in Figure 3 show the 
uncertainties (1σ) in the C/E-1s which consisted of the measurement errors and the statistical 
uncertainties in the calculations. Those in the present study are 1.0% for 133Cs and 1.7% for 134Cs. The 
averaged C/E-1 for 133Cs was 2.9%. The C/E-1s for 133Cs in the present study were slightly larger than 
those with JENDL-3.3 and 
JENDL-4.0 for the BWR 9×
9 UO2 fuel samples [12] and 
slightly smaller than those 
with JENDL-3.3 and JENDL-
4.0 for the PWR 18×18 UO2 
fuel sample [14]. The average 
C/E-1 for 134Cs was −11.2%. 
The C/E-1s for 134Cs in the 
present study were close to 
those with JENDL-3.3 and 
JENDL-4.0 for the BWR 9×
9 UO2 fuel samples [12]. 

Table 2 and Figure 3 also 
show the C/E-1s with SCALE 
6.1.2 (ENDF/B-VII.0) for 
133Cs [2] and those with 
SCALE 5.1 (ENDF/B-V) for 134Cs [1]. The C/E-1s with SCALE 6.1.2 for 133Cs were larger than those 

       

 
Figure 3. C/E-1s of the inventories of 133Cs and 134Cs in the present 
study and SCAL 6.1.2 and SCALE 5.1 for the fuel samples from 
the NJ05YU and NJ070G assemblies. 
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in the present study and the average C/E-1 was 4.8%. The C/E-1s with SCALE 5.1 for 134Cs were 
smaller than those in the present study and the average C/E-1 was −22.0%. 

According to the study on the nuclear data sensitivity of the nuclide inventories reported by 
Oizumi et al. [18], the sensitivity of the neutron capture cross-section of 133Cs to the inventory of 133Cs 
was －0.192 and that to the inventory of 134Cs was 0.843 at the cooling time of 10 years of a typical 
PWR fuel with the burnup of 50GWd/t. The differences in the C/E-1s of 133Cs between the present 
study and SCALE 6.1.2 and those of 134Cs between the present study and SCALE 5.1 were mainly 
attributed to the differences in the RIγs of 133Cs in JENDL-4.0 and ENDF/B-VII.0 and JENDL-4.0 
and ENDF/B-V, respectively. 

The C/E-1s of 134Cs and 133Cs in the present study indicated that a larger RIγ of 133Cs than that 
in JENDL-4.0 would bring the C/Es closer to 1. Applying the above-mentioned sensitivities to the 
C/E-1s of 133Cs and 134Cs in the present study, an increasing factor to the RIγ was estimated by dividing 
the negative values of the average C/E-1s of 133Cs (−2.9%) by the sensitivity (−0.192) and obtained 
to be 15.1%. That was estimated by dividing the negative values of the average C/E-1s of 134Cs 
(11.2%) by the sensitivity (0.843) and obtained to be 13.3%. The increasing factors in the present 
study based on the inventory measurements of 133Cs and 134Cs were considerably large. Recently, 
Block et al. [19] reported the measurement data of the RIγ as 460 ± 10 b which is larger by 3 ± 2% 
than that in JENDL-4.0 and close to that in JENDL-5.0. The resonance parameters in JENDL-5 
adopted those of Block et al. [19]. Sims and Juhnke [20] reported the measurement data of the RIγ as 
495 ± 17 b, which is listed in the reference [19] as one of the past measurements. While their data is 
isolated from the other data, and larger by 10.9% than that in JENDL-4.0, the estimated RIγs in the 
present study were close to their data. 

The sensitivities to the fission yield of 133Cs were 0.93 for the inventory of 133Cs and 0.92 for 
that of 134Cs [18]. Increasing the fission yield of 133Cs to make the C/Es of 134Cs closer to 1 brought 
the C/Es of 133Cs away from 1 and therefore was not likely. 

 
5. Conclusions 

The inventory calculations of 133Cs and 134Cs with MVP-BURN and JENDL-4.0 for the twelve 
fuel samples taken from the two PWR fuel assemblies irradiated in Three Mile Island (TMI) Unit 1 
presented that the averaged C/E-1s for 133Cs and 134Cs were similar to those in the previous study. 

The C/E-1s of 133Cs and 134Cs in the present study indicated that a larger RIγ of 133Cs than that 
in JENDL-4.0 would bring the C/Es closer to 1. The increasing factors for the RIγ of 133Cs were 
estimated using the cross-section sensitivities and the C/Es of the inventories of 133Cs and 134Cs. They 
were 15.1% and 13.3%, respectively. 
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The analysis of the properties of nuclei in the neutron-rich region, one of the challenges in nuclear 

reactions, is very important in the study of superheavy element synthesis. However, most nuclei in this 
region are not yet known. As a means of reaching this region, a method based on multinucleon transfer 
reactions has been proposed. 

In this study, a theoretical dynamical model applying the Langevin equation was used to analyze 
multinucleon transfer reactions. Correlations between the particle emission angle and the number of 
transferred nucleons, and the angular momentum of the product nucleus were investigated. This is 
important for multinucleon transfer reactions because the survival probability depends on the angular 
momentum of the produced nuclei. We report on the correlation of each parameter since the calculations 
were performed in a reaction using an Xe beam and a target nucleus. 

 
1. Introduction 

 
To reach the Island of Stability and clarify the r-process, it is necessary to analyze the properties of 

nuclei in the neutron-rich region. In addition, reactions such as 238U + 238U and 238U + 248Cm are expected 
to produce superheavy elements as a counterpart of 208Pb, which is a double magic nucleus, and neutron-
rich nuclei can be produced. Therefore, the analysis of the properties of nuclei in the neutron-rich region, 
one of the challenges in nuclear reactions, is very important. However, most nuclei in this region are not 
yet known [1]. As a means of reaching this region, a method based on multinucleon transfer reactions has 
been proposed [2]. The creation of nuclei using multinucleon transfer reactions is beginning to take place 
worldwide, but the mechanism is complex and not fully understood [3]. In the reaction, when the product 
nuclei are heavy or superheavy nuclei, if the angular momentum of compound nucleus is low, it survives 
as an evaporation residue. However, if the angular momentum is high, it undergoes fission [4]. Hence, 
predicting angular momentum is important for finding optimal reaction systems and energies to produce 
neutron-rich nuclei by multi-nucleon transfer reactions. In this study, we analyze the relationship between 
the scattering angle and the number of transfer nucleons, which can be measured experimentally, and the 
angular momentum of producing nuclei, which cannot be measured experimentally. By analyzing this 
correlation, we are trying to elucidate the fusion process. In this study, we adopt a theoretical dynamical 
model applying the Langevin equation. This paper contains as follows Sec. 2 describes the details of the 
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model framework. Sec. 3 discusses the relation between number of transfer nucleons, scattering angle, 
and angular momentum of producing nuclei. The last section describes the conclusion. 
 
2. Theory 
 

We adopted the dynamical model which similar to unified model [5]. The model is used for 
theoretical calculations of nuclear fusion and fission, and it enables us to follow the time evolution of 
nuclear shapes. We perform a trajectory calculation on potential energy surfaces. 
 
2.1. Two-center shell model 

We adopted the two-center shell model to represent the shape of nucleus. The two-center shell model 
describes the nuclear shape using three parameters: the two center distribution 𝑧𝑧, the nuclear deformation 
𝛿𝛿, and the mass asymmetry 𝛼𝛼 [6]. Here, 𝑅𝑅𝐶𝐶𝐶𝐶 is radius of the spherical compound nucleus. 

 

Figure 1. Nuclear shape by the two-center parametrization. 

𝑧𝑧 = 𝑧𝑧0
𝑅𝑅𝐶𝐶𝐶𝐶𝐵𝐵 (1) 

𝐵𝐵 = 3 + 𝛿𝛿
3 − 2𝛿𝛿 (2) 

𝑧𝑧0 = |𝑐𝑐1| + |𝑐𝑐2| (3) 

𝛿𝛿 = 3(𝑎𝑎 − 𝑏𝑏)
2𝑎𝑎 + 𝑏𝑏 (4) 

𝛼𝛼 = 𝐴𝐴1 − 𝐴𝐴2
𝐴𝐴1 + 𝐴𝐴2

(5) 

 
2.2. Potential energy 

We treated the entire process within a single framework by connecting the diabatic potential with 
the adiabatic potential, using a time-dependent weighting function. 

We consider the time evolution of potential energy from the diabatic one 𝑉𝑉dia(𝑞𝑞) to adiabatic one 
𝑉𝑉adi(𝑞𝑞) [7]. Here, 𝑞𝑞  denotes a set of collective coordinates representing nuclear deformation. The 
diabatic potential is calculated by a folding procedure using effective nucleon-nucleon interaction. 
However, the adiabatic potential energy of the system is calculated using an extended two-center shell 
model. Then, we connect the diabatic and the adiabatic potentials with a time-dependent weighting 
function as follows: 

𝑉𝑉(𝑞𝑞, 𝑡𝑡) = 𝑉𝑉dia𝑓𝑓𝜀𝜀(𝑡𝑡)+𝑉𝑉adi[1 − 𝑓𝑓𝜀𝜀(𝑡𝑡)] (6) 
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𝑓𝑓𝜀𝜀(𝑡𝑡) = 1
1 + exp (− 𝑡𝑡

𝜏𝜏relax
)

(7) 

𝜏𝜏relax = 1.0 × 10−22[s] (8) 
 

2.2.1. Diabatic potential 
The potential energy between two nuclei at infinity that crosses the Coulomb barrier and encounters 

each other is called the diabatic potential. The diabatic potential is calculated by a folding procedure 
using effective nucleon-nucleon interaction [5,8,9]. 

𝑉𝑉dia = 𝑀𝑀(𝐴𝐴1, 𝑍𝑍1, 𝛿𝛿1) + 𝑀𝑀(𝐴𝐴2, 𝑍𝑍2, 𝛿𝛿2) − 𝑀𝑀(𝐴𝐴𝑇𝑇, 𝑍𝑍𝑇𝑇, 𝛿𝛿𝑇𝑇
𝑔𝑔.𝑠𝑠) − 𝑀𝑀(𝐴𝐴𝑃𝑃, 𝑍𝑍𝑃𝑃, 𝛿𝛿𝑃𝑃

𝑔𝑔.𝑠𝑠) (9) 

𝑉𝑉12 = ∫ 𝜌𝜌1(𝑟𝑟1)
𝑉𝑉1

∫ 𝜌𝜌2(𝑟𝑟2)𝑣𝑣𝐶𝐶𝐶𝐶(𝑟𝑟12)
𝑉𝑉2

𝑑𝑑3𝑟𝑟1𝑑𝑑3𝑟𝑟2 (10) 

Here 𝑟𝑟 is the distance between the oscillator centers, 𝑟𝑟𝑖𝑖 indicate radius of nucleus, and 𝑟𝑟12 = 𝑟𝑟 +
𝑟𝑟2 − 𝑟𝑟1 . 𝑣𝑣𝐶𝐶𝐶𝐶  is effective nucleon-nucleon interaction and 𝜌𝜌𝑖𝑖(𝑟𝑟𝑖𝑖) is density distributions of nuclear 
matter in the nuclei. 

 
2.2.2. Adiabatic potential 

The adiabatic potential energy of the system is calculated using an extended two-center shell model 
[9]. The potential energy is defined as a sum of the liquid-drop part, a microscopic part and centrifugal 
part: 

Vadi = 𝑉𝑉LDM(𝑞𝑞) + 𝑉𝑉SHE(𝑞𝑞, 𝑇𝑇) + 𝑉𝑉CEN(𝑞𝑞, 𝐿𝐿) (11) 
𝑉𝑉LDM(𝑞𝑞) = 𝐸𝐸S(𝑞𝑞) + 𝐸𝐸C(𝑞𝑞) (12) 

𝑉𝑉SHE(𝑞𝑞, 𝑇𝑇) = 𝐸𝐸shell(𝑞𝑞)Φ(𝑇𝑇) (13) 

𝑉𝑉CEN(𝑞𝑞, 𝐿𝐿) = ℏ2𝐿𝐿(𝐿𝐿 + 1)
2ℐ(𝑞𝑞i)

(14) 

Φ(𝑇𝑇) = exp (− 𝐸𝐸∗

𝐸𝐸d
) (15) 

Here, ℐ(𝑞𝑞i) is the moment of inertia of the rigid body with deformation 𝑞𝑞. The centrifugal energy 
(𝑉𝑉CEN) generated from the angular momentum 𝐿𝐿 of the rigid body is also taken into account. 𝑉𝑉LDM and 
𝑉𝑉SHE are the potential energy of the finite range liquid drop model and the shell  correction energy that 
takes into account temperature dependence, respectively. The symbol 𝐸𝐸shell indicate the shell correction 
energy at T=0. The temperature dependence factor Φ(𝑇𝑇) is explained in Ref. [10], where 𝐸𝐸∗ indicates 
the excitation energy of the compound nucleus. 𝐸𝐸∗ is given 𝐸𝐸∗ = 𝑎𝑎𝑇𝑇2, where 𝑎𝑎 is the level density _ij 
parameter. The shell damping energy 𝐸𝐸𝑑𝑑 is selected as 20 MeV. This value is given by Ignatyuk et al. 
[11]. The symbols 𝐸𝐸S  and 𝐸𝐸C  stand for generalized surface energy [12] and Coulomb energy, 
respectively. 
 
2.3. Langevin equation 

We use the multidimensional Langevin equation [8,10,13] unified following: 
𝑑𝑑𝑞𝑞𝑖𝑖
𝑑𝑑𝑑𝑑 = (𝑚𝑚−1)𝑖𝑖𝑖𝑖𝑝𝑝𝑗𝑗 (16) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = − 𝑙𝑙

𝜇𝜇𝑅𝑅𝑅𝑅2 (17) 
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𝑑𝑑𝜑𝜑1
𝑑𝑑𝑡𝑡 = 𝐿𝐿1

𝜉𝜉1
(18) 

𝑑𝑑𝜑𝜑2
𝑑𝑑𝑡𝑡 = 𝐿𝐿2

𝜉𝜉2
(19) 

𝑑𝑑𝑝𝑝𝑖𝑖
𝑑𝑑𝑡𝑡 = − 𝜕𝜕𝑉𝑉

𝜕𝜕𝑞𝑞𝑖𝑖
− 1

2
𝜕𝜕

𝜕𝜕𝑞𝑞𝑖𝑖
(𝑚𝑚−1)𝑖𝑖𝑗𝑗𝑝𝑝𝑖𝑖𝑝𝑝𝑘𝑘 − 𝛾𝛾𝑖𝑖𝑖𝑖(𝑚𝑚−1)𝑖𝑖𝑗𝑗𝑝𝑝𝑘𝑘 + g𝑖𝑖𝑖𝑖𝑅𝑅𝑖𝑖(𝑡𝑡) (20) 

𝑑𝑑𝑙𝑙
𝑑𝑑𝑡𝑡 = − 𝜕𝜕𝑉𝑉

𝜕𝜕𝑑𝑑 − 𝛾𝛾𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔 ( 𝑙𝑙
𝜇𝜇𝑅𝑅𝑅𝑅 − 𝐿𝐿1

𝜉𝜉1
𝑎𝑎1 − 𝐿𝐿2

𝜉𝜉2
𝑎𝑎2) 𝑅𝑅 + 𝑅𝑅g𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔(𝑡𝑡) (21) 

𝑑𝑑𝐿𝐿1
𝑑𝑑𝑡𝑡 = − 𝜕𝜕𝑉𝑉

𝜕𝜕𝜑𝜑1
+ 𝛾𝛾𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔 ( 𝑙𝑙

𝜇𝜇𝑅𝑅𝑅𝑅 − 𝐿𝐿1
𝜉𝜉1

𝑎𝑎1 − 𝐿𝐿2
𝜉𝜉2

𝑎𝑎2) 𝑎𝑎1 − 𝑎𝑎1g𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔(𝑡𝑡) (22) 

𝑑𝑑𝐿𝐿2
𝑑𝑑𝑡𝑡 = − 𝜕𝜕𝑉𝑉

𝜕𝜕𝜑𝜑2
+ 𝛾𝛾𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔 ( 𝑙𝑙

𝜇𝜇𝑅𝑅𝑅𝑅 − 𝐿𝐿1
𝜉𝜉1

𝑎𝑎1 − 𝐿𝐿2
𝜉𝜉2

𝑎𝑎2) 𝑎𝑎2 − 𝑎𝑎2g𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔(𝑡𝑡) (23) 

The collective coordinates 𝑞𝑞𝑖𝑖  represents 𝑧𝑧 , 𝛿𝛿 , and 𝛼𝛼 , the symbol 𝑝𝑝𝑖𝑖  denotes momentum 
conjugated to 𝑞𝑞𝑖𝑖 , and 𝑉𝑉  is the multidimensional potential energy. Here 𝜃𝜃  and 𝑙𝑙  are the relative 
orientation of nuclei and relative angular momentum. 𝜑𝜑1 and 𝜑𝜑1 are the angles of rotation of the nuclei 
in the reaction plane (their moment of inertia and angular momentum are 𝜉𝜉1,2 and 𝐿𝐿1,2), 𝑅𝑅1,2 is radius 
of nucleus, and 𝑅𝑅 is distance between the nuclear centers. The total angular momentum 𝐿𝐿 = 𝑙𝑙 + 𝐿𝐿1 +
𝐿𝐿2. The symbol 𝜇𝜇𝑅𝑅 is reduced mass, and 𝛾𝛾𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔 is tangential friction. 𝑚𝑚𝑖𝑖𝑖𝑖 and 𝛾𝛾𝑖𝑖𝑖𝑖 stand for the shape-
dependent collective inertia and friction tensors elements, respectively. We adopted the hydrodynamic 
inertia tensor 𝑚𝑚𝑖𝑖𝑖𝑖 in Werner-Wheeler approximation for the velocity field [14]. The normalized random 
force 𝑅𝑅𝑖𝑖(𝑡𝑡)  is assumed to be white noise: ⟨𝑅𝑅𝑖𝑖(𝑡𝑡1)𝑅𝑅𝑖𝑖(𝑡𝑡2)⟩ = 2𝛿𝛿𝑖𝑖𝑖𝑖𝛿𝛿(𝑡𝑡1 − 𝑡𝑡2) . According to Einstein 
relation, the strength of the random force 𝑔𝑔𝑖𝑖𝑖𝑖 is given ∑ 𝑔𝑔𝑖𝑖𝑖𝑖𝑔𝑔𝑖𝑖𝑗𝑗 = 𝑇𝑇𝛾𝛾𝑖𝑖𝑖𝑖𝑘𝑘 , where 𝑇𝑇 is the temperature of 
the compound nucleus calculated from the intrinsic energy of the composite system.  
 
3. Results and Discussion 
 

In this study, we analyzed the reaction 136Xe + 209Bi at an incident energy of 684 MeV. The 
parameters used in our calculations were fitted to experimental angle-dependent differential cross-section 
data [15, 16]. Figure 2 shows the relationship between the number of transfer nucleons, the scattering 
angle, and the angular momentum of producing nuclei. Here, the number of transferred nucleons 
represents the nucleon transfer from the projectile nucleus to the target nucleus.  

Figure 2(a) shows the relationship between the number of transfer nucleons and the scattering angle. 
From this figure, it can be observed that as the number of transferred nucleons increases, the scattering 
angle tends to shift toward forward scattering. This indicates that a longer contact time results in a greater 
number of transferred nucleons, accompanied by a shift to forward scattering angles.  

Figure 2(b) shows the relationship between the scattering angle and the angular momentum of the 
produced nuclei. The data suggest that as the scattering angle shifts toward forward angles, the angular 
momentum of the produced nuclei increases. In the high-scattering-angle region, the angular momentum 
also increases due to contributions from backward scattering, which involves trajectories where the 
projectile nucleus moves around the target nucleus. In such cases, prolonged contact times facilitate 
nucleon transfer, thereby increasing the angular momentum of the system.  

Figure 2(c) shows the relationship between the number of transfer nucleons and the angular 
momentum of producing nuclei. From this figure, as the number of transfer nucleons increases, the 
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angular momentum of producing nuclei also increases. Therefore, it is considered that angular momentum 
is transferred along with the nucleons during the transfer process.  
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Figure 2. Calculated number of transfer nucleons, scattering angle, and angular momentum of 

producing nuclei at 136Xe + 209Bi. The dots in the figure indicate the average value of the parameter 
at each value. 

 
4. Summary 
 

In this study, we show the relation between number of transfer nucleons, scattering angle, and 
angular momentum of producing nuclei in 136Xe + 209Bi. The results show that contact time is related to 
each parameter, with the angular momentum of producing nuclei increasing as contact time increases. 

As future work, we aim to perform calculations with 238U + 238U, 238U + 248Cm and other 
combinations to reach the Islands of Stability and explore the synthesis of new elements.  In this study, 
we use spherical nucleus as target but 238U and 248Cm are deformed nucleus. So, we want to calculate 
with deformed nucleus as a target. Additionally, we would like to clarify the reaction mechanism to 
produce neutron-rich nuclei in the super heavy element region in the future. 
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