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1. 2024 FERT —FWFES ZA LT —T NV

1. Timetable of Symposium on Nuclear Data 2024

BAfER / Date

202411 H14H OK) -11H15H (&)
Thursday, November 14 — Friday, November 15, 2024
£ / Venue

RN vy 2 — [9%0v 2 X BILAH]

Kumatori Community Center “Smiles Rengakan”
Web Page
https://conference-indico.kek.jp/event/301/

7w 25 L / Program

2024 £ 11 H 14 H (K) / Thursday, November 14, 2024

gk R4 / Facility Tour
K] / Time K% / Program
JEEk R / Facility Tour
RERY: HAETHIREUHERT (KURNS)
10:30 - 12:00 #FEMSE 747 (KUR), ¥4 7\ b w v
Institute for Integrated Radiation and Nuclear Science,

Kyoto University Research Reactor (KUR), Cyclotron

B4 / Opening

B / Time FEH / Title $3%3#H / Presenter
FISRE - H5E Ui E— CRESKF)
13:00-13:10

Opening Address and Announcements Jun-ichi HORI (Kyoto University)


https://conference-indico.kek.jp/event/301/
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BT — 2 e EREE R
Presentation by Award of Nuclear Data Division

H%_FEEJ ! B /Tide
Time

T B E T I X B Pk TR T RS o =
EFIE DR

1212 - Development of accurate measurement method for
neutron capture cross-sections by neutron activation
analysis
4 7T Langevin f&88 % F s 72 BIFE AR LERR ICFE 5 %0

13:40 B R O RGO 72 © O B O

14:10 Construction of a framework for the systematic

calculation of prompt fission observables using a four-

dimensional Langevin model

| 14:10 — 14:20 | {k# / Break |

BT RELR T — 2 OBR & BRE

Current Status and Issues of the Thermal Neutron Scattering Law

] /
7 EER /Tide
Time
H/NIFE MoveluX™IC 3513 2 CaH, Dt G EEFF
14:20 LIFOKRHEIC BT 3 B T EGELA T — 2 o E S
' EvE
14:50
Importance and Issues of CaH, TLS Data for reactivity

coefficient and core characteristics of MoveluX™

J-PARC i 351 2 B\ P T-HGEL R @ 72 & O 5y IR
14:50 - SHIE

15:20  Differential Cross-section Measurements for Thermal
Neutron Scattering Law at J-PARC

15:20 J -4 P URGE A 0 2 b - BOEL R FEATG oo BRUR & R

15'50 Current status and issues of evaluation of thermal

neutron scattering law for nuclear reactor moderators

$%K#H / Presenter

b 2

(s T Ht%)
Shoji NAKAMURA
(JAEA)

R st
CRIERFAR A,

B : LANL)

Kazuki FUJIO

(Institute of Science

Tokyo, Present: LANL)

FFKH / Presenter

A AL GRZ A ¥
— Y AT L A&
Rei KIMURA

(Toshiba Energy
Systems & Solutions

Corporation)

AR e T TIHERS)
Atsushi KIMURA
(JAEA)

il FEA
(1 IR
Shinsuke NAKAYAMA
(JAEA)



JAEA-Conf 2026-001

15:50 - 16:00 K& (BBAEBE) / Break (Group Photo) |
RREZ—xvyvav (BiB)
Poster Session (Listed Separately)

HI / Time: November 14, 16:00 — 18:00

| 19:30 —21:30 | 3884 / Social Gathering |

2024 £ 11 H 15 H (&) / Friday, November 15, 2024

F 2— b ) 7 / Tutorial

K¢f#] / Time &EE / Title ¥3R# / Presenter
09:30 JFEILFEE D 72 O DIFHMEETRIC B 1T 2R A S8 N R+ JIHRE)
10.15 Remarks on Activation Analyses for Chikara KONNO

. Decommissioning (JAEA)

| 10:15-10:20 | $Kk% / Break |

BED + vy 7 X /Recent Topics
e /

i BH / Title 33 / Presenter
Time
A B I X 2T — ZFHEi #7277
10:20- Fm—F Aot K (T JI5RE)
10:50 New Approaches in Nuclear Data Evaluation ~ Hiroki INAMOTO (JAEA)
through Bayesian Machine Learning
WA EE (e At/
10:50- 2 A Vi%T — X DR PARC)
11:20 Progress in Muon Nuclear Data Naritoshi KAWAMURA
(KEK/J-PARC)
BEO 7 CREREARYE)
Kimiko SEKIGUCHI (Institute
of Science Tokyo)

11:20 - =N ~EF YO L WPrEa s~
11:50 BTr—&icohiFznednd Bn

| 11:50 — 12:50 | 4K#% / Break |
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JRFIPHEEX D BRIR
Status of Nuclear Reactor Facilities
R /
i 8 fHH / Title FKH / Presenter
Time
AR R URT I
12:50 — RS EE AR STACY HHTF O B & 5% D &1 )
13:20 Status and plans for critical facility modified-STACY ~ Shouhei ARAKI
(JAEA)
o . =R GRERRY)
13:20 - EEWHR itk DR & 5% 0 3HH )
Tsuyoshi MISAWA
13:50 Present Status and Future Plans of KURNS

(Kyoto University)
| 13:50 — 14:00 | {K% / Break |

BT — & oIeH
Applications of Nuclear Data

H%-TFHEJ / EH / Title RFK#E / Presenter
Time

%o SIS % JEREE TS B 72 0 o p RS IE S i

&)rllzz_l lf@ é‘fﬂi%]ﬂ‘ﬁ et %Jﬂ‘ﬁ(fzg et (FT b
14:00 - DEANFAFE &% T — & )

14:30  Development of a neutron resonance analysis technique
. _ ‘ Jaehong LEE (JAEA)
for nondestructive fissile material assay and nuclear data

AL ZHETRICEEA L 70y SR 22 b OVEIE I
14:30 - X 2 %77 dn FP 5 RERTA
15:00  Gamma Ray Spectroscopy for Event Out of Phase of

4N FE (B
Yasushi NAUCHI

_ o (CRIEP])
Pulsed Neutron Source for Short Lived Fission Product

BEFRIC—L77 27 MY —icB T 3EEM T AT A4

PR s e (EN
15:00— ¥ b — 7 0#liE

. . .. Hiromitsu HABA
15:30  Production of Medical Radioisotopes at RIKEN RI Beam

(RIKEN)
Factory
T 77 4 7HE TPC ¥ X OF Si 8RB R 2 W72 5% JI &1 CRICK
15:30 - & oHElE )

16:00  Measurement of residual nuclei with active-target TPCs Takahiro KAWABATA

and Si detectors (Osaka University)
| 16:00 - 16:10 | $K7 / Break |



HERE - HRY

Various Reports and Closing

H%_FEEJ ! mE /Tide

Time

16:10-  EXFORV—7 v = v 7O/

16:25 Report on the EXFOR Workshop
HARRFh¥ ey 7<HEHMEEL0E

16:25- B/

16:40 Activities of Investigation Committee on
Nuclear Data of AES]
KR 2 —EHEERX/
Poster Award Ceremony

1640~ ¥ ) — - BAHH

17:00 Summary and General Discussion

PHARE/
Closing Remarks
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HFK#H /[ Presenter

Il Bt (R IRHE)
Kenya SUYAMA (JAEA)

PERE B (T J1HEHE)
Katsuhisa NISHIO (JAEA)

Frdl it CGREREERY)
g ME— G R

Il Bt (JAEA)

Tatsuya KATABUCHI
(Institute of Science Tokyo)
Jun-ichi HORI

(Kyoto University)

Kenya SUYAMA (JAEA)
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List of Poster Presentations
&EH / Title K& / Presenter

Cassini X7 A —X ZH Wi Hzx v F—iiifico¥ P AR 3 (BEERY) /
FA v b DR/

Searching for saddle points on fission energy surfaces using Takuto ARAKI

Cassini parameters (Kansai University)
YV F v LD 14 MeV 1 KA EBELBHE S v 7~ — 27 L5 KA CRICKR:) /
I BT 2 BRAEKIR D 72 © D L TE O 1EE / Yamato FU]JII

Selection of activation foil for error reduction of benchmark (Osaka University)

experiment on large-angle elastic scattering cross section of Li

by 14 MeV neutrons

LHEEBHMEIRIC X 2 50K BNCT W DO i+ = 4 v % Jakkrit Prateepkaew

— A7 b Vo FEH/ CRESKRE) /
Re-evaluation of neutron energy spectrum in Kyoto University Jakkrit PRATEEPKAEW
BNCT irradiation field using multifoil activation method (Kyoto University)

6 Xt Langevin FREX & H\ 7z 28Md 2 € — Fofiffge/  [H flid R /
Study of fission modes in 2Md with six-dimensional Langevin Kazuki OKADA (JAEA)
equation

GITBITRIGCTHER L AR EREK O AEE & Mm L X hE #K CERAE) /
=X LDfERE/ Kohta NAKAJIMA
Angular momentum distribution and mechanisms of evaporation (Kindai University)
residues produced in multi-nucleon transfer reactions

SV, MCr A% % Fi v 72 BT EE TR O & AT Re i/ NFE =252 GE#KRY:) /
Possibility of synthesizing new superheavy elements using >V Kosuke KAWAI

and >*Cr projectiles (Kindai University)
J-PARC MLF ANNRI % > 7z *Te @ 7R AL E/ Maloney Maxwell CLark
Measurement of neutron capture cross sections of Tc at ANNRI (B3Rl k) /

of ]-PARC MLF Maloney Maxwell CLARK
(Science Tokyo)
HAL T ZEG % FI A U 7= BB E B it o 7/ Eilp ity

Development of a detection technique for nuclear fuel materials (HIRERIEKY) /
using photonuclear reactions Risa KUNITOMO
(Science Tokyo)
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*— Y B HHEEOEBGEORGTICE T 23R Y A7 40 B xR (B /
ASE/ Seiya SAKAI (RIKEN)

Development of a calculation system contributing to the

consideration of production methods for Auger electron emitters

Koy ShaRE c o h T IS R 2 Z & L -8 A o JRH CHAR GESKRE) /
KR/ Sota HARADA
Improvement of a dynamical model considering neutron (Kindai University)

emission effects during the fission process

T ERF RS STACY HHIFOMA T — 2 kT — 2 74 H) 2 R84 /
77V DFHlifE R/

Criticality data of the modified STACY and evaluation results of Tomoki YOSHIKAWA

nuclear data libraries (JAEA)
A SBT3 1T 2 87 XA F 1 7 A DIEW/ LB WD GESEAZ) /
Understanding the complex dynamics of fusion reactions Masaki UENO
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BT A F — 7V 2 HRIC D BIRE & R o aR O BHFE/ AN HER
Development of a gamma-ray detector sensitive only to high- (BRI /
energy gamma rays Yuta ARIKAWA
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WO LR > v F L — 2 o T iEoW%E/  Zefeng Shao
Development of a neutron activation method using UV-curable (B3Rl kY) /
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(Science Tokyo)
AMPX-6 % > 7= ByvblE-EGELRL 7 — 2 UL B 3 2 [/ S8 1 R8RS /
Problems in processing thermal scattering law data with Chikara KONNO (JAEA)
AMPX-6
230 MeV/u a Ry JEtERGELICBE S 5 INC R D it5E/ HH R OuRY) /
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230 MeV/u (Kyushu University)
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Development of a measurement system for the surrogate Hiroyuki MAKII (JAEA)

reaction method

0 BEER5IC 31T 25+ ASRICICN 32 INC B ofiff 98/ = E Uk /
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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
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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 ~v-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;

d —

% = (m l)quy’ (1)
dpi = —aF(q’T) — 16 (m_l)ua _ -1 eff

. dq, 2 bq,  Prbe T (m™),, po + /T g Ru (1),

where F(q,T) is a temperature-dependent free energy, m,,,, 7, are mass and friction tensors,
R, () is a stochastic force, and Tﬁff is an effective temperature. The symbol {q,} = {Zo, 61,62, o}
is a set of time-dependent collective variables, and {p,} is the corresponding conjugate momenta.
The first variable Z; corresponds to nuclear elongation normalized by the radius of the compound
nucleus. The second and third variables d1, ds express the deformations calculated from major and
minor axes of each fragment. The fourth variable a represents the mass asymmetry calculated
from masses of each fragment. In addition to the variables, we have a parameter ¢ 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
Ys11(A, TKE), YsT2(A, TKE) in Brosa’s notation [3] by adjusting €. These calculated yields are
superposed by using a superposing ratio (:

Y (A, TKE) = (Ysr1(4, TKE) + (1 — ()Ysr2(4, TKE), (2)

where Yg (A, TKE) is the fission fragment yield which is comparable with experimental data. The
ratio ( is determined by a least squares method to reproduce the peak positions of experimental
fission fragment yields for 238:240:242py(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(E,) is expressed in the form of a Gaussian distribution:

G(Ex) 3)

1
v/ 27WEz,h { 20El,h

where o, , is a standard deviation of the excitation energy for a light or heavy fragment, and
E;j, is an average excitation energy for a light or heavy fragment. The charge distribution
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is necessary to calculate o, , and E'Lh. We combine the Wahl’s Z, 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 El,h is calculated by the obtained TXE with an energy-dependent Rz model [6].
The deviation o, , is calculated with the deviation of TKE and El,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 23%240:242py(sf) and 23°Pu(ng,,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 € 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 238:240:242Py(sf) and within around 1% for 23°Pu(ny,,f).
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— T T T T T T T T T T T T T T
2 239
= 238pyy(sf) 240 y(sf) 242py(sf) Pu(ng,f)
o 8 Schillebeeckx(1992) » Schillebeeckx(1992) & Schillebeeckx(1992) ~  Schillebeeckx(1992)
o ¢l . Present 1T 1r N 1r 5. Wagemans(1984) b
2 Previous ---- - L
>
—
C 6l 4 4 4
(9]
£
- ] ] ]
=
=
c
O 2r R R N
7]
R
w 0 Mt I IS P I = . Y/ I . 3 I I I
Maaniae t t t Maas t t t f t aas t t t t t t t T
200 Schillebeeckx(1992) L Schillebeeckx(1992) 4L Schillebeeckx(1992) 4L ‘Wagemans(1984) i
Dyachenko(1974) Surin(1972)
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S

Figure 1: The calculated fission fragment yields (upper) and average TKEs (lower) for
238,240.242py(sf) and 239Pu(ng,,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 238:240:242py(sf) and 239Pu(ngy,,f)
(in MeV unit).

Standard I Standard II Average TKE

238Pu(sf) Present calc. 195.87 174.36 176.47

Dematte et al.[§] 176.44+0.3
Schillebeeckx et al.[4] 177.0£0.3

20pu(sf)  Present cale.  194.79 17344 1 179.23
Dematte et al.[§] 178.540.1
Schillebeeckx et al.[4] 179.4£0.1

22Py(sf)  Present cale. 19422 17257 | 183.01
Dematte et al.[§] 180.540.1
Schillebeeckx et al.[4] 180.7+£0.1

- 29Pu(ng,,f) Present cale. 19478  173.65 | 176.88
Schillebeeckx et al.[4] 177.934+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 7,(A) of 239Pu(n,f) at incident
neutron energies of thermal energy and 5 MeV. The calculation result reproduces a saw-tooth
shape where ,(A) increases as the mass number of each fragment increases. The result also
represents the increase of 7,(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 7, (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 Ry model based on the idea that
the nuclear deformation at scission is different from each fission fragment pair and report that
the mass-dependent Ry model improves the accuracy of 7,(A). The Rp model employed in
this work does not depend on the mass number of the fission fragments. Thus employing the
mass-dependent Ry 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 7, (E) of 23?Pu(n,f). The calculated result is consistent with the experimental
and evaluated data ranging from thermal up to 5 MeV. Particularly, the calculated v, (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(ng,,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 23°Pu(ng,,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. Tt is considered that these overestimations are
derived from the overestimations in the fission fragment yield Y(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 23Pu. 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 (PEFNS) in the laboratory frame for
Z9Pu(ng,,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 23*Pu(ny,,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 TALY'S 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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3. Importance and issues of CaH; TLS data for reactivity coefficient and
core characteristics of MoveluX™
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Toshiba Energy Systems & Solutions has been developing a MoveluX™ reactor system with
10 MWt and 3-4 MWe power output. The MoveluX™ core uses calcium hydride (CaHz) as
the solid-state neutron moderator. The hydrogen in CaH: dissociated above 800 °C; 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 MoveluX™ 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 CaH: in the past research with Tokyo Tech and Kyoto University.
Additionally, JAEA also evaluates this TSL based on the simulation. The MoveluX™ 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: MoveluX™; CaH>; TSL; S(a,); 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 MoveluX™ reactor system that has 10MWt and 3-4
MWe power output and can provide a high-temperature heat source of around 700 °C. The
MoveluX™ core uses LEU less than 5% of 2*>U 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 MoveluX™ 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
MoveluX™ 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.

1.015 Safety rod extraction
Excess reactivity

o0s - —+_:/“ lled by reactivit
1.005 e / controlled by reactivity

control devices
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Figure 2. Reactivity characteristics of the MoveluX™ 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 CaHz was critically important for the core neutronics design of the MoveluX™.
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 CaH> 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
MoveluX™ 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
CaH: 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 ke 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 UsSiz
Moderator material CaH,
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 ***U Enrichment 4.99 wt%

Table 2. Used CaHz2 TSL data and its conditions

Library(ID) Note

JEFF-3.2 Only published CaH, 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.)

Heat pipe
(green) BeO
(magenta)

- Pb-Sn Alloy Moderator  pyel
(gray) (blue) (red)
180 cm 1

Figure 4. Core horizontal cross section
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3. Reactivity difference between TSL data

Figure 5 shows the temperature-dependent kes of each case. The around 200 pcm difference
of ke 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 k.; of each case

4. Conclusion

The impact of CaH> TSL difference on the MoveluX™ 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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4. Current status and issues of evaluation of thermal neutron

scattering law for nuclear reactor moderators

Shinsuke NAKAYAMA

Nuclear Data Center, Japan Atomic Energy Agency
2-4 Shirakata, Tokai, Ibaraki 319-1195, Japan

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
ENDEF/B-VIILO 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 (CaH») 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 CaHs. In this paper, we will discuss the results for CaH; 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.

,22,



JAEA-Conf 2026-001

2. TSL evaluation for crystalline material
2.1. TSL evaluation for graphite

Regarding TSL for graphite, porosity-dependent data is provided in ENDF/B-VIIL.O0. Note that the
evaluation method in the latest version of ENDF/B-VIIL.1 is almost the same as that in ENDF/B-
VIIL.O0. 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-VIIIL.O 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 CaH;

Next, we describe the TSL evaluation for CaH,, which is being considered for use as a solid
moderator in small modular reactors. Since CaH; 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 CaHy, 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 CaH; crystal
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CaH, 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
CaH, 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.
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Figure 2. Inelastic scattering cross sections for hydrogen and calcium in CaH,

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 CaH, (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 CaHs,, 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.
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Figure 3. Total cross sections for hydrogen and calcium in CaH,
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Figure 4. Total cross sections for CaH, (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 CaH,, 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 SCALEG6.2 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,

Neutron spectrum calculation

A
‘ Neutron spectrum or flux intensity ‘

Irradiation y Activation

history [ Activation | cross section
Material /calculatlon Decay data

composition

\ 4

Inventory

Fig. 1 Activation analysis flow.
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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. '**Te [Half-
life : 6 x 10" years] and '*™*Hf [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 ORIGEN?2 [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.
® The number of activation reactions that can be handled is not enough and the activation reaction
data are old.
® 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 1 have

produced these libraries for ORIGEN, which are 10°

consistent each other, from JENDL-5 [7]. JENDL- 10 «

5 activation cross section library for ORIGEN = 10! K\\ ]}

produced with the AMPX-6 [8] code were released _§ 10° N / 1l

in 2023 as ActLib-J5 [9, 10]. Figure 2 plots the é o -

produced 200-group cross section of the § \

9Co(n,y)*¢Co reaction of JENDL-5 with that of & 1© .
continuous energy. Recently I also produced 107 | :ggong?:::s energy ]
JENDL-5 decay and fission yield libraries for 10* b

i i i
10™ 10° 107 10° 10° 10"

ORIGEN with my simple program. In principle, Neutron energy [MeV]

ORIGEN with these libraries can calculate
. . 59 60
inventories of all the 276 nuclei in the new Fig. 2 Cross section of ~"Co(n,y)”**Co.

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
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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 SCALEG6.2.4.

Table 1 Library set

Activation Decay library Fission yield

library 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

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 ®°Co are similar among the libraries.

104 Solid line: JENDL-5, p?int : measure‘ment; 1.2
) P —60ge . S0cq é
_ 10 B :j:: _15223 : 'SZ(E:: E 0= 11
g 0 - | %@
o B i
> 107 R e 1
B --..' "oon® ] 'E (a
s 10* | 93
) 3 >3
> 3 [=i H
£ 10° \\7 = 0.9 — 80, —152g,
; _134cs 7154Eu 1
10% i 0.8 \ 1
0 50 100 150 200 0 50 100 150 200
Depth of bioshield concrete [cm] Depth of bioshield concrete [cm]
Fig. 3 Inventory distribution in concrete. Fig. 4 Inventory ratio of Case 2 to Case 1.
As the second example of ORIGEN 12
calculations with the JENDL-5 libraries, it was
examined whether ORIGEN with the JENDL-5 om M
_ .. R
libraries could calculate all the 274 nuclei in the §§
new clearance regulation. The neutron spectrum g s !
(]
at the depth of 50 cm in the concrete of JPDR 2 § — co-60
. . =2 09 ——cs-134
and the library sets (Case 1 and Case 3) in _:z_152
Table 1 were adopted. The inventories were 08 79”'1‘54
calculated after cooling for one year assuming 0 50 100 150 200

that there were all natural elements of 0.001 g. Depth of bioshield concrete [cm]

Table 2 demonstrates that Case 3 (JENDL-5 Fig. 5 Inventory ratio of Case 3 to Case 2.
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 2> Po and 2!' At, which seem never to be produced
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from natural element.
Table 2 Calculated inventories for special nuclei.

Nucleus Case 1 Case 3
178mH§ 0.0 4.72E-05
194m| - 0.0 1.05E-01
123Te (stable nucleus) 1.00E-08

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.

® Seclf-shielding correction in multigroup libraries

® Up-scattering

® 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

10* .
10° Fﬁf‘h f “ Ll

Neutron flux [1/lethargy]

following weighting function should be used. #
C(E) 10° g - P
= ————— (D) —— weighting function without |
[o0+oe(E)]+ — weighting function with |
where C(E) is the smooth part, g,(E) is the total - — MCNP

I I I [
10° 10° 10 10° 102 10" 10° 10’

cross section, g, is the background cross section,
Neutron energy [MeV]

and ¢ 1is the Legendre order. However, the

weighting function without £ is used in many Fig. 6 Calculated neutron spectra at 60 cm from

. . . . . . iron sphere center.
multigroup libraries, which causes insufficient P

self-shielding correction. It is recommended to use 10" .

multigroup libraries produced from MATXS files, ? . IJ_ﬁ

which use the weighting function of Eq. (1) and the g 10° ; r LL

smallest o, of which is below 0.1 b, with the NS 108: ’JfL\_._ MN
TRANSX [15] code. Figure 6 shows neutron ‘-i- L";J

spectra calculated with the one-dimensional Sn ..—Z 107? 1 ) peves 1]
code ANISN [11] at 60 cm from the center of an I —— DORT with up-scattering

iron sphere of 1 m in diameter with a neutron é 105: fD‘ORT Wit‘h°”‘tu9"5°afterif‘9
source of 17.33 — 19.64 MeV, where JENDL-4.0 10" 10° 107 10°  10° 10" 10’
[16] was used. If the weighting function without £ Neutron energy [MeV]

is used, the calculated neutron spectrum is very Fig. 7 Calculated neutron spectra at 33.7 cm
different from that with the weighting function from concrete front surface in JPDR.
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depending on ¥, 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 '>’Eu inventory of each group to that of the 200-
group. Clearly the thermal neutron flux and '*?Eu inventory change depending on the group structure. It

is considered that the 48-group is better, though it is rougher.
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Fig. 8 Thermal neutron flux ratio to 200 group. Fig. 9 '5?Eu inventory ratio to 200 group.

6. Summary
This tutorial introduces remarks on activation analyses for decommissioning. It is recommended to
use the ORIGEN code in SCALES6.2 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.
® Seclf-shielding correction in multigroup libraries
® Up-scattering
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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].
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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.
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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 (T, = 12.32 y) and "Be (T, = 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.
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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 UO; 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 22" 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(NOs).), 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.

Reactor shutdown system Core tank Cadmium safety plate
for shutdown

Fuel rod

Grid plates
* Holding the fuel rods in
place.

Base plate
* Supporting the fuel rods.

Sample loading system

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.

Concrete rod Iron rod Refillable rod

t ] 70 rods I 70 rods ] 25 rods

i | Pseudo- of— Stainless »— Zry-4 tube

|~ concrete S\ Steel rod (9.5-mm®)
pellet é (9.5-mm®) E v

g It can encapsulate
E, i (7.2-mm®) = iy samples with a
X — Al alloy tube % % linear density of 263
— (9.5-mm®) g/m or less.

N v NS N4

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].

1.50-cm Grid plate (L.L: 1.50-cm) ~ 1.27-cm Grid plate (L.L: 2.54-cm) s
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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.
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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.

1.50-cm Grid plate 1.27-cm Grid plate

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 ("*'U) 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 psec, a repetition rate of
50 Hz, an average current of about 42 pA, and an acceleration energy of about 30 MeV. Accelerated
electrons bombarded a water-cooled Tantalum (Ta) target [9], generating fast neutrons through the
Ta(y, 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 X 3 cm beam using lead (Pb) and 20% boron-loaded polyethylene (B-Poly) bricks. The collimated pulse
neutron beam was directed at the "U sample, causing prompt fission neutrons to be emitted from the

sample via the 233U(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
natJ samples (2 X 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 X 2.5 X 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, Qr,
and 7, where Qs and Q. are the charges measured within short and long gate, respectively, and ¢ 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 = =9 (1)
QL

Figure 2 shows the two-dimensional scatter plot of the PSD versus Qi 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 ™ for both gamma-rays and fission neutrons. Using the TOF method, the incident neutron energy

was calculated with the following equation [2]:

ho- (22 8

where, E, is the incident neutron energy and L is the neutron flight path length.
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Figure 2. PSD vs Qv 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 "U 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 23°U. The resonance energies and shapes obtained in this study showed good
agreement with the evaluated 2*U(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 "™'U 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 "U 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
natJ 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.

(a) ——NU_0.6cm ——NU_0.6em
——NU _0.3cm —— NU_0.6¢cm + Filters
) 10"F —— NU 0.15¢cm No sample
=
S
]
—
<
—
=)
H
N
=
=
(=
@)

107 o ETERT 10!
Incident Neutron Energy (eV) Incident Neutron Energy (eV)

Figure 3. (a) Neutron energy spectra of the "U samples with three different thicknesses at Gate 2 for
neutron events. (b) Neutron energy spectra for different cases: 6-mm thick "™'U sample, 6-mm thick "'U

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 "™'U 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 23°U(n, f) reaction in the neutron
energy spectra for the three "*'U 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 Qr) 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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y rays from short lived fission products (FPs) are measured for 23U using pulsed neutron source in
the KURNS-LINAC facility. For that, out of phase event spectroscopy (OOPS) have been developed,
where vy rays are measured in time region after thermal neutrons decay away. Discrete energy vy 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 23U
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 y ray. However, the y ray emission spectra of
fissions of 233 238U and 23% 24!Pu are similar and the ratio of y 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 y ray
spectrometer to avoid neutron radiation of the spectrometer. Due to the time duration for the transferring,
y 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, y 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 y 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 y rays are generally suffered from background y 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 (U3Og) particles are distributed randomly in the
matrix of aluminum. Uranium content was 1.102 g and its 23U enrichment of U is 93% so that the ratio
of fast neutron induced fission of 2*¥U might be negligibly low. Prompt y rays form fission and capture
reactions in the samples as well as delayed y 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 y 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 y ray detection in the HPGe.

The time-of-flight spectrum measured for the U3;Os sample and a boron sample ('°B) are shown
in Figure 2. From the boron sample, 478 keV y rays were promptly radiated from the '°B(n, a.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. y 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
y 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 y rays, C, in the OOP region is roughly proportional to

C(t)ochFx(%—d) (1)

Considering the eq. (1) and the measured decay time for the '°B sample, we decided F = 30 Hz and d =
20 ms in this work. The decay time measured for the U3Og sample is longer than that for the '°B sample.

That is due to the short lived FPds of which half-lives are shorter than several ms.
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Figure 1. Schematic view of measurement. Figure 2. Time of flight spectrum.

y ray pulse height spectra in the HPGe detrector for the U3Og 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
pA from LINAC. OOP region ranges from 20 to 33 ms. In the time region where thermal neutrons exist,
7724 keV y rays from 2’Al(n, y) reactions are prominent as well as 2223 keV v rays from H(n, y) 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 y rays from
hydrogen and aluminum become to vanish and decay y ray of 1778 keV from decay of 2!Al 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 y ray becomes to be identified. In the time region after 14
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ms, prompt capture y rays decay away and discrete peaks with larger peak to base ratio are found as we

expected.
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Figure 3. Pulse height spectrum measured for U3Og 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, y 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 2>U were integrated over 17
hours of measurement time assuming stable and continuous reaction rate and y ray detection. Here, the
time spectrum of fission indicated by that of °B(n,o;) 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 y ray emission per
decay, we can quantify the number of y 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 95969798y 89.90.90m,91R}, 86By 95Gr 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, y rays of energy from 3 to
5 MeV are significant. Then the quantitative comparison of the measured and calculated number of y 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 y rays useful for delayed gamma ray assay

Nuclide Half-life Energy(keV)
YRb 2.63 m 4136
4366
mRb 4.3 m 3317
IRb 584s 3600
Sy 10.3 m 3576
Y 3.75s 3288
3401
RBY 0.55s 4450
142La(1.52h)2543
88Kr(2.83h)2302+142La(1 522398 915;(3%2'(3{3)122?22640
138Cs(2.91m)2218 955r(23.9s)2717
10* 89Rb(15.3m)&88Kr(2.83h)2‘196\ 363’255?.1s)2)751+1333?(2.34m)2755
‘ 91Rb(58.25)2926 |
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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, y 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 y ray spectra are obtained with larger peak to base ratio by discriminating
prompt y ray emission.

As the future work, we have planned to make the detection threshold energy of y 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

,53,



JAEA-Conf 2026-001

is also planned. Contrarily, calculation of the y 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 (a, a1, a3, a4) or (a, a1, a4, ag)
and the five-dimensional case (&, @1, a3, a4, ag). 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 2>/Fm, 2°°Fm, 2°Fm, and 2°°Fm, 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 ag 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 a and deformation parameters ay, and can flexibly describe various nuclear shapes [2].
We used (o, a1, a3, a4, ap) 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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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 «. When « is 0, the Cassini ellipse represents a sphere, and as the value of «
increases, the shape is elongated to form an ellipse. As « is further increased, a neck is formed. When « =
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 R
is the radius of the nucleus and Py, is the Legendre polynomial of order m.

R(z) = Ro |14 amPu (2)| (1)

The expansion coefficient corresponding to P, &, can be regarded as a deformation parameter in this
model because a set of a,, corresponds to a specific shape. Besides «, among the many deformation
parameters a,, Among many deformation parameter a, is important to select the parameters that are
effective in describing the nuclear shape. The «, represents asymmetric deformation when 7 is odd and
symmetric deformation when 7 is even. a; 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 a; is essential. In addition, a4 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 &, «),
ay are the basic parameter set for fission of any nuclide. In addition, a3 and a are used as additional
parameters. a3 corresponds to the asymmetry of the shape of the splitting fragments, and in combination
with «; is expected to improve the reproducibility of asymmetric splitting. The ag 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

Vet (shape) = Vrrrpm (shape) + Vinicero (shape) (2)

and is obtained by adding the microscopic correction term Viicro to the macroscopic energy Veripm. In
this study, the macroscopic energy Verrpm uses the finite-range liquid drop model [5].
The microscopic correction term is calculated as

Viniero = Z (‘/571'}1811 + pvair)v (3)

v=n,p
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where Vg is the shell correction energy and Vi is the pairing correction energy. As a way to obtain
the shell correction energy, it is evaluated by the difference between the total energy Egpej obtained from
the single particle energy and the total energy obtained from the level density smoothed by the
Strutinsky method [6]. Vp,i 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 2°*Fm, 2>Fm, 2°Fm and 2*°Fm in 5D{3D(a, a;, a4)+a3+as} space
were shown in Figs. 2 to 3.
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Figure 2: Energy of the minima and saddle points ~ Figure 3: Energy of the minima and saddle points

along fission path in 5D space. Circles represent along fission in 2>Fm.

minima and triangles represent the saddles. The Blue represents 4D(a, a;, a3, ots).

dotted lines represent the approx-imate curves Orange represents 4D(a, ay, ay, o).
connecting the saddles and min-ima. Gray represents 5D (a, ay, a3, a4, o).

For »*Fm and **°Fm, an asymmetric 3rd saddle point arises which induces asymmetric fission. In
contrast, in 2°®Fm and 2°Fm, we obtain the symmetric shape at the 3rd saddle point. The mass of the
fission fragment for 2°°Fm 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. 2*Fm has a minimum around a=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 a makes this change near fission more pronounced. Similar results were
obtained for Fm isotopes other than 2**Fm. 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 *®Fm
and about 1.5 MeV higher than symmetric fission in 2*Fm. The saddle point toward symmetric fission

Ist minimum Ist minimum
Ist saddle —-— Ist saddle —- —
2nd minimum 2nd minimum

s 2nd saddle —- — s 2nd saddle —- —
3rd minimum

3rd saddle —- —

Figure 4: Fission shape in 2**Fm. Figure 5: Fission shape in 2>Fm.
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Ist minimum Ist minimum

2nd minimum 2nd minimum

3rd minimum 3rd minimum

Figure 6: Fission shape in 2*Fm. Figure 7: Fission shape in 2°Fm.

in isotopes with mainly asymmetric fission was confirmed to be about 0.8 MeV higher than asymmetric
fission in 2>*Fm and about 0.3 MeV higher than asymmetric fission in *°Fm. Around 2*Fm and 2>Fm,
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 2>*Fm and 26'Fm.
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 (>**Fm,?**Fm)
to symmetric (>**Fm,?°Fm), 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, as was shown to be an important pa-rameter for fission. It has recently been suggested that a, may
be an important parameter and should be studied in the future when «; is introduced. Our next plan is
to investigate the 6D deformation potential with (e, ay, ay, a3, a4, ).
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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 ’Li by 14 MeV [6-8]. As shown in Figure 1, there
are large discrepancies among nuclear data libraries for ’Li. 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.

1.00 ——— JEFF-3.3
===-ENDF/B-VIILO
5 0.10
3 ——JENDL-5
o
=3
e
g 0.01
0.00
1 0.5 0 05 -1

Scattering Angle [cos6)]

Figure 1 Angular differential elastic scattering cross section of "Li 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: SITC 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.

! 55cm ! 50 cm Lo 1 -2 MFP

" n
caltering neutro

Large angle s

| Activation foil |

Iron bar

(shadow bar) | Front of container | \

| The other surfaces of container

| D-T neutron source |

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.

S1TC Activation foil

- —— [

Shadow bar Target

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 (sC; + 5C; + 5C3 + 5C4 + 5Cs) 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 ® is the path of
neutrons large angle scattered by the target sample. This path (® only exists in the SITC 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
R,.: represents the reaction rate due to only large angle scattered neutrons, and Rgir¢, Rsare, Rsic, and
Rs,c 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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Rpet = Rsirc — Rsore — (Rs1c - Rszc) (D

Tablel Calculated reaction rates of hafnium foils induced by neutrons passing through each pathway in

case of lithium target. [10~ reaction/source neutron/cm?]

Path  Rsypc Rs1c Rsyc Rsc Ryee
0.000 0.001 0.000 0.001 0.000
0.041 0.017 0.041 0.017 0.000
0.008 0.000 0.008 0.000 0.000
0.072 0.041 0.072 0.041 0.000
0.000 0.000 0.000 0.000 0.000
0.084 0.000 0.003 0.000 0.081
0.003 0.002 0.003 0.002 0.000
0.000 0.000 0.000 0.000 0.000
0.003 0.000 0.000 0.000 0.003
0.002 0.000 0.000 0.000 0.002
0.005 0.000 0.006 0.000 -0.001
0.000 0.001 0.000 0.001 0.000
0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000
0.000 0.001 0.000 0.000 -0.001
0.000 0.000 0.000 0.000 0.000
0.000 0.001 0.000 0.001 0.000
0.098 0.097 0.127 0.125 -0.001
0.003 0.006 0.003 0.007 0.000
0.320 0.168 0.264 0.196 0.083

g@@@@@@@@@@@@@@@@@@@

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%.

(ii1) 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, E, E,, and Ej, represent the energy of the scattered neutron, that of
incident neutron, and that of the recoil nucleus (lithium), respectively. M and m represent the mass of
the neutron and that of the recoil nucleus, respectively. 6 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.

2Mm

E= En—EM=En—(M+—m)2

(1 - cos B)E, ()

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 y-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

Reaction Isotope abundance v ray (Energy. Intensity) Half-life

21543 keV, 81.32%
180Hfi(n,n’ ) SOREIE 35.08% 33227 keV, 94.12% 547h

443.16 keV, 81.88%

HMg(n,p)*Na 78.99% 1368.63 keV, 99.99% 14997 h

YA 1(n.a)*Na 100% 1368.63 keV, 99.99% 14.997 h

2%5i(n,p) Al 92.223% 1778.85 keV. 100% 2245 m

31P(n,)*Al 100% 1778.85 keV, 100% 2.245m
846.75 keV, 98.87%

$Fe(n,p)**Mn 91.754% 1810.72 keV, 27.19% 2.5789h
2113.05 keV, 14.34%

¥Ni(n,p)*Co 68.007% 810.76 keV, 99.45% 70.86 d

&Zn(np)*Cu 49.17% 1345.77 keV, 0.48% 12.701 h

Mo(n,np)°'Nb 14.53% 1204.67 keV, 2.02% 60.86 d

58.00 ke'V, 2.49%
180G d(n.2n)1°Gd 21.86% 34828 keV, 0.24% 18.479 h

363.54keV, 11.78%
198.25 keV, 54.49%

9Tm(n,2n)'*Tm 100% 447.51 keV, 23.98% 93.1d
815.99 keV, 50.95%

1"0Er(n,2n)!6°Er 14.91% 8.41 keV, 0.17% 93024
113.81 keV, 3.87%

176Yb(n,20) °Yb 12.996% 282.52 keV, 6.13% 4.185d

396.33 keV, 13.15%
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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 MCNPS5 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 '°B, which has high neutron absorption cross-section property. The drug agent is delivered to
tumor tissue, upon reacting with neutrons, '°B 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
Bismuth Gamma
Shielding Surface

; Multifoil Support
- Cardboard

(a) (b)
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

nmn

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

i ) Saturated activity per Measurement
Foil Reaction . .
unit mass [Bq g7'] uncertainty [%]
Au 197 Au(n,y) % Au 4.48 x 107 0.92
NaCl 23Na(n,y)**Na 1.82 x 103 0.92
Manganin
8 55Mn(n,y)’Mn 3.56 x 106 0.96
(11.5%Mn-Cu)
Sc Sc(n,y)*Sc 4.46 x 10° 1.02
Ta 81Ta(n,y)'#Ta 1.73 x 107 3.43
w 186W (n,y)187W 1.81 x 107 1.89

Table 2: Measured saturated activities of high fluence irradiation foils

) . Saturated activity per Measurement
Foil Reaction . .
unit mass [Bq g*'] uncertainty [%]
Au 197 Au(n,y)"*Au 4.43 x 107 0.32
In 5In(n,n*)!15MIn 2.01 x 10° 4.00
Al 27Al(n,p)*"Mg 1.84 x 10? 10.08
27Al(n,a)**Na 5.71 x 10! 6.01
Mg 2Mg(n,p)**Na 1.42 x 102 7.48
Ti 4TTi(n,p)*"Sc 3.85 x 102 2.17
“3Ti(n,p)**Sc 1.16 x 10! 7.71
Zr NZr(n,2n)¥Zr 2.87 x 10! 15.13
Ni 3¥Ni(n,p)**Co 1.43 x 103 5.56
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For the response function, JENDL-5.0 Nuclear Data Library [11] was utilized, except for the
5In(n,n")''5™n reaction, for which the 532D0OS2 [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 °°Zr(n,2n)*Zr information which contain high measurement uncertainty of 15.13%. Figure 2
(b) shows the unfolding results obtained using the MAXED and GRAVEL codes, without *°Zr(n,2n)3Zr
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 *°Zr(n,2n)®Zr reaction information is excluded, compared to when it is included.

10° : ‘ - 10° : - r
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(a) (b)

Figure 2: Unfolding neutron energy spectrum result

(a) with °°Zr(n,2n)3°Zr information, (b) without *°Zr(n,2n)®Zr 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 '°’Au(n,y)'*8Au 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 and d ecay [3]. In t his r egard, t heoretical m ethods 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 Tramnsition from the diabatic to the adiabatic state

symmeltry axis

center of mass axis

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)[l - f(t)]7 (1)

O —— )

Trelax

Here, ¢ denotes a set of collective coordinates representing nuclear shape. The diabatic potential
Viiab(q) is calculated within the double-folding method with Migdal nucleon-nucleon forces [4].
The adiabatic potential energy Viqian(q) of the system is calculated using an extended two-
center shell model [6]. The interaction time ¢ 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 T,cax. We use the relaxation time Tyeax = 1072! s proposed in [5]. With the
two-center parameterizations [7], the nuclear shape is represents by three deformation parameter
is defined as follows: zp (distance between the centers of two potentials), ¢ (deformation of
fragment), and o (mass asymmetry of colliding nuclei); o = féjrji, where A7 and As 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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0 is defined as § = 32(27;2), where a and b represent the half length of the ellipse axes in the

2o and p directions, respectively [7]. In addition, we use scaling to save computation time
and use the coordinate z defined as z = 5 CZ; 5, where Rcon denotes the radius of the spherical

compound nucleus and the parameter B is defined as B = % 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 Comnsideration of the nuclear orientation

When we use the deformed nucleus, in order to consider the orientation effects we a pply the
axially-symmetric potential Vay " the axially-asymmetric one Vi’ 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 () = ¢ = 0), side-to-side (¢§ = 7/2, ¥§ = 7/2), tip-to-side
(0} =0, ¢ = 7/2). ¥} and ¢ denote the initial orientation angle of the projectile and target
nuclei corresponding to ¢1 @2 shown in Fig. 1. Here, we investigae the reaction system of

86Kr +166 Er. We select the various ¢9 of the deformed %°Er nucleus fixing ¢ Y of t he 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 (p) = 0), we use the diabatic potential of axially-symmetric states

Viiab = Vag. If calculations for the side collision (93 = 7/2) or colliding patterns of the
others (0 < ¢ < 7/2) are performed, we use the diabatic potential of axially-asymmetric states
Viiab = Vag . Here, note that Vix*™" depends on the nuclear orientation angle. Besides, while

Vdiab of the axially-asymmetric states transits to Vagiap 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 51-1“ [9] finished the restoration of the axially-symmetry is
obtained as

5 = 6ifreS(t) + 5{“1[1 - freS(t)}v (3)
frnlt) = exp (), @
S = (14 6;)[0:(2 + 6;) sin @9 + 1] — 1. (5)

fres 1s the weighting function including the relaxation time 7.5, which performs the restoration
from the axially-asymmetric system to the axially-symmetric one. We use T = 1072! 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 '®Er nucleus, we treat as §; ~ 0.246 with
8; = 3832/(B2+ /167/5) [10]. The quadrupole deformation S5 for for the deformed nucleus'**Er
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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dg;

dt = (m_l)ijpja (6)
dpz‘ 8V 1 6 _ _
o = _8q~ - 5%(7” 1)jkpjpk — i (m 1)jk;pk’ + 9iR; (1), (7)
dy Y4
b _ 8
STy 2k (8)
dpr Ly
ra ®)
dps Lo
WSy (19)
arl ov J4 Ly Lo
VX " aa  Ttan \ T T & T~ an ant7 11
a9 (u R 3" 32“2> B+ RgtanBian(t) (11)
dlLq oV V4 L4 Lo
——, — — A _ an \ — 5 T ~ -~ - anRanta 12
7 o0 + v (MRR 5,1 g, az) a1 — a1GtanRian(t) (12)

% = g:; + Vtan (M}i% - éial - éza2> a — a29tanRtan(t)- (13)
The collective coordinates ¢; represent z, d and «, the symbol p; denotes the momentum conju-
gated to ¢;, and V' is the multidimensional potential energy. m;; and ;; are the shape-dependent
collective inertia and friction tensors. We adopted the hydrodynamical inertia tensor m;; in the
Werner-Wheeler approximation [13]. The one-body friction tensors v;; j are evaluated within
the wall-and-window formula [14, 15]. The normalized random force tensor R;(t) is assumed
to be white noise, (R;(t)) = 0 and (R;(t1)R;(t2)) = 26;;6(t1 — t2). According to the Einstein
relation [16], the strength of the random force g;; is given as vi; T = >, gikgjr- U and pg
indicate the relative orientation of the nuclei and the reduced mass. R is the distance between
the nuclear centers Aj, Ay as shown in Fig. 1. ¢; and @9 represent the orientation angles of
each nucleus (see Fig. 1). a12 = % + @ is the distance from the center of the fragment to
the middle point between the nuclear surfaces, and R 2 are the nuclear radii. The total angular
momentum Lipy = ¢ + L1 + Lo is preserved. The phenomenological nuclear friction forces for
separated nuclei are expressed in terms of the tangential friction 44, and the radial friction vp
using the Woods-Saxon radial form factor suggested in Ref. [5].

3 Results and Discussion

In this study, the reaction system 36Kr +16 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 8¢Kr 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 E. ., was determined from Ref. [17] as the calculation condition, and the Bass
barrier V3 was obtained by calculation in the 8Kr +1%6 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. 6 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 E.,, = 464 MeV
and Vg = 259 MeV. The collision angle is the orientation angle at the collision due to the use
of the deformed-target '%*Er nucleus.

(a) shows that as n4., increases, the mean 6 changes from 113 degrees to around 80 degrees. The
change in 0 from the back-scattering region to the forward-scattering region can be thought of
as an increase in contact time. This indicates that the ny., increases with contact time. Fig. 3
(b) shows that theta has a larger mean Ly 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 n.,
and mean Lo. The more intense the exchange of nucleons, the greater the angular momentum
brought into the CN. These three physical quantities ny.q, 8, and Lo 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 MN'T 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 “®Ca beam and actinides as targets were successful for many superheavy
elements up to Og (Z=118). When synthesizing element 119 using **Ca, 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 3Ca 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 'V and %4Cr 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 F1
(Z=114) to Og (Z=118) were discovered by hot fusion using **Ca beam and actinides as targets
[1]. The advantage of using “®Ca 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 8Ca 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 **Cr+238U—292=2Ly [2]. In
2024, an American group reported the successful synthesis of 59Ti4244Pu—224=2Ly [3]. Success-
ful cases of hot fusion using heavier projectiles than 43Ca are extremely rare, and it is expected
that new superheavy elements will be synthesized with heavier projectiles.

In this work, we compared the ®'V and ®*Cr projectiles. We calculated the evaporation
residue cross sections of 91 V42387 —289=2)\[c, 54Cr4238U—292—2Ly, SIV428Cm—299-7119 and
Cr423Am—297"7119. 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 ogp is calculated by combining
these three probabilities, following

mh? >
0Br=—— Y 20+ 1)Ty(Ecam., O) Pon (E*, 0)Weur (E*, 0), (1)
2p0Ec.m. s

where po denotes the reduced mass in the entrance channel. E,,, and E* denote the incident en-
ergy in the center-of-mass frame and the excitation energy of the composite system, respectively.
Ty is the barrier penetration coefficient of the fth partial wave through the potential barrier.
Popn is the probability of forming a compound nucleus in the competition with quasi-fission.
Wur 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. + Qa (2)

Q = {Mon — (Mp + Mr)}c?, (3)

where Moy, Mp, and M7 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]. Mcy 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, 4, and a. z is the parameter related to the distance between two
potential centers, § is the deformation of the fragments, and o = (A; — Ay) /(A1 + As) is the
mass asymmetry of the two fragments, where A; and As 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

Vi .T) = Vin(a) + "3 5 4 Veu(a, ) (W
Vip = Es(q) + Ec(q), (5)
Vs (g, T) = Egen(0)2(T), (6)
aT?
O(T) = exp( - ;), (7)

where ¢ = {2, 9, a} is the deformation coordinate. Vi p is the potential energy calculated with
the finite-range liquid drop model, given as the sum of the surface energy Fg [8] and the Coulomb
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energy Fo. Vgp is the shell correction energy evaluated for each temperature using the factor
®(T), in which Ey is the shell damping energy chosen to be 20 MeV [9] and a is the level density
parameter. At zero temperature (7' = 0), the shell correction energy reduces to Eghell‘ The
second term on the right hand side of Eq.(4) is the rotational energy for an angular momentum
¢ [7], with a moment of inertia I(q).

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

dg; -1

dftz = (m™")i;pj, (8)
i _ OV 10
dt N 8qi 2 8qi

where ¢; = {2, 0, a} is the deformation coordinate, and p; = m;;dg;/dt is a momentum conjugate

to coordinate ¢;. In the Langevin equation, m;; and v;; 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 R;(t) is assumed to be that of white noise, that is,

(m™ Y jkpipr — Yis (M) ek + 9 R; (1), 9)

(Ri(t) =0), (Ri(t1)R;(t2)) = 26;;0(t1 — t2). (10)

The strength of the random force g;; is related to the friction tensor ;; by the classical Einstein
relation,

> gikgir = viiT- (11)
k

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

N )

Wsur = H -

_ (12)
bl N Fgf)
where I';, and I'y are neutron emission width and fission width, respectively. And ¢ 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), I';, /T’ is calculated as follows [14],

& . kcoll(gr'St')
11f B kcoll(saddle) : kkramers

Aoexp{2\/an(Bin — By) = 2\fap(Bie — By)}, (13)

where ke (gr.st.) and ke (saddle) are collective enhancements of the ground state and the
saddle point [14], and kgramers is the Kramers factor [14, 15]. The factors in front of the
exponential function are combined into Ap, and a,, and ay are the level density parameters of
the ground state and the saddle point, respectively. Ej,; is the intrinsic excitation energy of the
compound nucleus. B, is the neutron separation energy and By 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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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, **Ca+**>Cm and *8Ca+2*’Cf 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 °*’V+23¥U and **Cr+2*¥U

Figure 1 shows the evaporation residue cross sections of *!V+*3¥U and 3*Cr+?*®U reactions for the
excitation energy. *'V+23U is about 3 fb and **Cr+?*%U is about 0.1 pb. The evaporation residue
cross sections using **Cr are larger than using °'V. 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 *'V+28U and **Cr+?*%U reactions. Figure 2 (a) is for the incident energies and
(b) is for the excitation energies. Focusing on (a), the capture cross sections using 'V are larger than
using >*Cr 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 >Cr are larger than using >'V at the same excitation energy. This is because the reaction Q-value
of using °'V is relatively small. Small capture cross sections have negative effects to the evaporation
residue cross sections at the same excitation energy.

A SIYVAB8Y - 54Cr+238U[

I I I I T I I
107" & o E
=t ’ ~ =
= ‘ N E
- . . -1
C . | ]
L , . ]
=5 ' ¥
B 102 b ! \ -
R i v
g B b 3
3] L . A m
3 r ., i \“ ]
»: A
1073 E /I A \\ -
E / /; L
- ’ -1
C 5 A A
’ ]
L . 7 ]
' ,
10—4 L ¢y | L | | ) | L |

25 30 35 40 45 50
Excitation energy (MeV)

Figure 1: Excitation functions for *'V+4238U (blue triangles) and 54Cr+23%U 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 *'V+2¥Cm and *‘Cr+?Am

Figure 3 shows the evaporation residue cross sections of ' V4+248Cm and *Cr+243Am reactions
for the excitation energy. 'V+248Cm is about 0.04pb and ®*Cr+243Am is about 0.2pb. The
evaporation residue cross sections using **Cr are larger than using ®'V. We realized that this
is an effect of the relationship between reaction Q-value and Coulomb barrier height. Figure
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Figure 2: Capture cross sections of *'V+238U and ®*Cr4?**U 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 51V4+248Cm and 54Cr+243Am reactions. Since the same
thing happens as described in 3.1, the explanation is omitted.

‘_ A -SVESCm --B- HCr*%Am
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Figure 3: Excitation functions for 51V+24Cm (blue triangles) and 5*Cr+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 °'V4+23¥U
and ®*Cr+238U, the latter has larger evaporation residue cross sections. Furthermore, in the
comparison between *'V4+248Cm and %*Cr+2*3Am, 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 ' V4+24Cm and 54Cr+2?*3Am 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 ®'V projectile. In the same target or compound nucleus case, using °'V has an
advantage over using **Cr 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 **Cr42*3Am is better
combination than 5'V+248Cm in the synthesis of element 119. According to our calculations
and analysis, the reaction QQ-value might be a more important factor than previously thought.
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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 Rls, from light particle (up to « particle) injection reactions was
considered.

1 Introduction

Recently nuclear medicine therapy using nuclides emitting « rays and Auger electrons is gath-
ering attention [1]. « rays and Auger electrons have a higher linear energy transfer than
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 o 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.

e Projectile (n, p, d, t, 3He, «, ), kinetic energy of projectile (Epj), target (including
natural compositions), and produced nuclide can be selected.
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e The nuclear reaction model calculation code CCONE [3] (default calculation) is used to
calculate nuclide production cross sections.

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

e The sum of multiple nuclide production cross sections (e.g., "'Br+""Kr (decays to ""Br
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, o, «

Eproj: 1 - 50 MeV

Target: natural element target

Produced nuclide:

""Br, ""Br+""Kr, "'Ge, *"Ru, Y"Ru+"Rh, "Ga, 7Ga+%"Ge, 6*Cu, %Mo, 1°Sb

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

3.2 Nuclide production cross section

Here the result for “"Br is described as an example. First, at the projectiles and Eyroj shown
in Section 3.1, we focus on natural element targets with reactions that ""Br production cross
section is greater than 1 mb. As a result, "°As, "'Se, "'Br, and "*Kr remain as natural element
targets. "'Br production cross section when targeting 7°As, "'Se, "'Br, and "Kr are shown
in Figure 1. Moreover, top 5 reactions with the largest “"Br production cross section is shown
in Table 1. From Figure 1 and Table 1, the reaction that maximizes the 7'Br production cross
section is found to be a+"As (Epo; =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 o using
SRIM [6](Stopping and Range of Tons in Matter), and calculated Thick Target Yield [7](TTY,
yield for a target with infinite thickness) when the projectiles are p, d, and a. TTY is obtained
o(E)
(

by
Ty = [
B /0 S(E)

where o(FE) and S(F) are the nuclide production cross section and the stopping power, respec-
tively. 7" Br TTY when targeting 7> As, "Se, *'Br, and "*Kr are shown in Figure 2. Moreover,
top 5 reactions with the largest 7" Br TTY is shown in Table 2. Note that here we compare
TTYs at Epre; of 50 MeV. From Figure 2 and Table 2, the reaction that maximizes the "TBr
TTY is found to be p+"#*Se (except when the projectiles are n and ).

dE, (1)
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o 0 i ""Br production cross section. Eproj when
s [ gustysmtenst” g T . . . .
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Figure 1: “"Br production cross section when target- 5 p+"*"Se  0.213 b (19 MeV)
ing As (top left), "@Se (top right), "'Br (bottom
left), and ™'Kr (bottom right).
N residual: 35-Br-77, target: 33-As-75 102 residual: 35-Br-77, target: 34-Se-0
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. e N g Table 2: Top 5 reactions with the largest
% 1615 ’2.“'.25 30 35 40 45 b 3 S R R 77BI‘ TTY.
Kinetic energy of projectile (MeV) Kinetic energy of projectile (MeV)
10° residual: 35-Br-77, target: 35-Br-0 10° residual: 35-Br-77, target: 36-Kr-0
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Fege prain 1 p+"Se  3.669 x 1072
) A 2 p+"™Br  3.460x 1077
0. ! 05F t -3
B e 3 d+"*Se 2.177 x 10
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5  a+™As  0.945x 1073

Figure 2: ""Br TTY when targeting "> As (top left),
natSe (top right), "*Br (bottom left), and "*Kr (bot-
tom right).

3.4 Results for other Auger electron emitters

Table 3 shows the reactions that maximize the production cross section and TTY for 7"Br and
other Auger electron emitters. The reason why there is no « injection reaction among the
reactions that maximize the TTY is thought to be because the stopping power for « 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 7"Br and other
Auger electron emitters. Fp.o; when the nuclide production cross section is at its maximum is
shown in parentheses.

nuclide nuclide production cross section TTY (except n and 7)
"Br a+As (25 MeV) p+"2Se
"Br+""Kr a+"As (25 MeV) p+"3Se
Ge d+"*Ga (13 MeV) d+"*Ga
9Ru a+"2*Mo (38 MeV) p+1%Rh
9"Ru+°"Rh a+"**Mo (38 MeV) p+'%Rh
67Ga a+"*Cu (24 MeV) p+"atZn
67Ga+57Ge a+""Zn (18 MeV) p+"*Zn
64Cu n+"*Zn (11 MeV) d+"*7Zn
Mo n+"*Mo (15 MeV) p+"*Mo
11981 d+"*Sn (25 MeV) p+"2'Sn

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

When using natural element targets, the reaction that maximizes the "’ Br TTY was p+"'Se.
On the other hand, when using enriched targets, the reaction that maximizes the ""Br TTY
becomes p+78Se. Therefore, we confirmed all residual nuclei that can be produced by p+78Se
and found that %79Ga, >"Ge, "> As, ™77Se, and 767 Br can be produced in addition
to 7"Br. Assuming that 70Ga, "> Ge, 777 As, and ™+ "8Se with different atomic number from
"TBr can be chemically separated, the production yields of "7%787Br become an issue. "> "Br
production cross sections by p+"8Se are shown in Figure 3.

According to the CCONE calculation, the 7"Br production cross section by p+78Se is max-
imum at Ep.; of 20 MeV. Therefore, if E; is 20 MeV, only 879Br become an issue, since
the ™7 Br production cross sections are zero below Eproj of 20 MeV. To estimate how many
"8.79Br are produced, we confirmed the time variation of nuclide production yield N(t) [7]. N(t)
is defined as

Nt — { %{1 — exp ( - l{;—ft)} (for unstable nuclide) ’ )
Tyt (for stable nuclide)

where Iy [1/h] is the beam intensity (this time we set Iy = 1), y is the TTY at a given Epoj,
Ty, [h] is the half-life, and ¢ [h] is the beam irradiation time. Time variation of ""-"Br production
yields by p+78Se (Eproj =20 MeV) is shown in Figure 4. Moreover, Table 4 shows the """ Br
TTYs by p+78Se (Eproj =20 MeV), half-life of "-™Br [5], and """ Br production yields after
irradiating 24 hours. From Figure 4 and Table 4, it is found that "®™Br production yields are
less than 1% of 7" Br 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: " Br production cross sections by p+8Se. 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 “""Br pro-
duction yields by p+78Se (Epro; =20 MeV).

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 BTy 23815 239 240y - OMeV)

explained by incorporating the concept of multi- 50-60
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chance fission (MCF).In a previous study [1], the 40-50
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approaches, such as the GEF code (Version 20.30

2016/1.2) [2], to simulate neutron-fission
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Figure 1. Experimental FFMDs of the U

isotopes and their dependence on excitation

the fission dynamics. These methods accurately
reproduced the experimentally measured FFMDs

with high precision. However, neutron emission  energy in the range of E*=10-60 MeV.
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during the fission process was not explicitly considered Vsp (E-0MeY)

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
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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 . ) ) )
Figure 2. Schematic diagram of multi-

depiction of the fission process in the highly excited chance fission calculation

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 p [4-6]. The [, and p are given as

1 Ef
S = — _ 1
L= znp(EéN,])fo Z Z T, (S)p(Ef s 1 )dg (1)
. Vi g+1/2?
,D(U ;]) = WEXP(ZV(IU ) X \/_0-3 202 (2)

Where Eg;y and U* 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
Ef can be expressed by Ef = Ecy — By, — Ej; (By: neutron binding energy, Ej: emitted neutron kinetic

energy). o is the spin cut-off parameter. The level density parameter a is given as

1) E;
a=ad, {1 + giwu (1 —exp (— EL:)} (3)
CN

where g 18 the shell correction energy at temperature of the compound nucleus T = 0. The shell

damping energy E; 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 d, is givens as

A
n = 127 ——(1+3.11447Y3X,, + 5.626A7%/3X53) (4)

-1

sin~- @ )
Xp2 = 21| af ) B

2 (B 1+ ®

> /ATR? (5)

X33 =
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1
b= ;1—77—2, n=a/p (7

where a and f 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. z is the distance between two potential centers, & is the deformation of the fragment, a 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. z; and z, are the distances from the origin of contact of the harmonic

oscillator to the center of each harmonic oscillator. The zy, § and a are given as

Zy = |z1]| + |z,| (8)
3(a—b)

- 7 9
2a—>b ©)
AL — A,

= 10

“TA a4, (10)

where A; and A, is the mass number of heavy and light fragments, and a and b are the half length

of the axes of an ellipse in the z, and p directions of the cylindrical coordinate, respectively. In order

to shorten the calculation time of the computer when solving the equation of motion, we introduce z as
Zy 346

=—— B = 11

where Ry is the radius of the compound nucleus.

V4

In the two-center parametrization, the size of the connecting cross section (neck size) of each fragment
is described by the neck parameter €. The ¢ is givens as
€(4,) = 0.010074, — 1.94 (12)
where A. is the mass number of the compound nucleus [8].
In the fission process, the nuclear potential is described by the adiabatic potential V,4;4,(q). 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

Vadiab (ql L, T) = VLD (Q) + VSH (q: T) (13)
Vip(q) = Es(q) + Ec(q) (14)
Vou(@,T) = Egpen (@) ®(T) (15)

aT?
@(T) = exp (— E_> (16)

d

where V;p is the potential of the liquid drop model. The excitation energy can be expressed by E* =
aT*(a: level density parameter). Vsy is shell correction energy considering temperature dependence. Eg
and E 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

% = (m™Y)y;p; (17)
dp; av 190

& = " 9g " 2ag PP = vy On T+ gy Ry (0 (18)
14 13
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where q; ={z,6,a} and p; = m;;dq;/dt is a momentum conjugate to coordinate g;. In the Langevin

equation, m;; and y;; are the sharp-dependent collective inertia and the friction tensors, respectively.

3. Result and Discussion

In this work, the FFMDs of 23*72%0U were calculated in an initial excitation energy range of E* =
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.
234U 235U 236U 237U 238U 239U 240U E* (MeV)

U 1 P LA MM >

AT A4S

[ /A l\j\ 35

I M I AN AN 1;‘“\!“\“:{“#[‘\6;'\; 15

80 120 160 80 120 160 80 120 160 80 120 160 80 120 160 80 120 160 80 120 160
Fragment mass (u)

Yield (%)
ONAONMNBMONSBONSDONS

Figure 3. Experimental FFMDs (points with error bars) of the U isotopes and their
dependence on excitation energy in the range of E* = 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).

SU (E'=55MeV)
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w
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0 1 1 1 1 1
234 235 236 237 238 239 240
Mass number

Figure 4. Average number of neutrons emitted from the compound nucleus:

234-240U with the excitation energy E*=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 ***72*°U was calculated at the excitation energy of
E* = 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 probability of neutron

emission and resulting in a slight rise in the number of emitted neutrons.

237 * (a)
27U (E*=55MeV)
A

I

ES

Yield (%)

The number of neutrons emitted

0 e =)
0.00E+00 1.00E-20 2.00E-20 80 120 160
Time (s) Fragment mass (u)

Figure 5. Sample trajectories for 237U, respectively, calculated by pre-modified
model (black curves) and modified model (red curves) projected onto the z —«a
plane at § = 0.0 (a) and z— 6§ plane at @ = 0.18 (b) The trajectory starts z =
0.01, 6§ = 0.20, and @ = 0.01, at E*=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 237U in the E* =
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
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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.

References
[1] S. Tanaka, et al., Phys. Rev. C 100 064605 (2019).
[2] K.-H. Schmidt, B. Jurado, C. Amouroux, and C. Schmitt, Nucl. Data Sheets 131, 107 (2016).
[3] R. Yamasaki, et al., proceedings of the 2020 Symposium on Nuclear Data.
[4] A. Gilbert and A.G.W. Cameron, Can.J.Phys. 43, 269 (1965).
[5] V. Weisskopf, Phys. Rev. 52,295 (1937).
[6] N.Bohrand J.A. Wheeler, Phys. Rev. 56, 426 (1939).
[7] J. Toke and W. J. Swiatecki, Nucl. Phys, A 372, 141 (1981).
[8] Y. Miyamoto, Y. Aritomo, S. Tanaka, et al., Phys. Rev. C 99, 051601 (2019).
[91 R. Leguillon, K. Nishio, K. Hirose, et al., Phys. Lett. B 761, 125 (2016).
[10] K. Hirose, K. Nishio et al., Phys. Rev. Lett. 119, 222501 (2017).
[11] M. Vermeulen, K. Nishio, K. Hirose, et al., Phys. Rev. C 102, 054610 (2020).

,96,



JAEA-Conf 2026-001

17. Criticality data of the modified STACY and evaluation results of

nuclear data libraries

Tomoki YOSHIKAWA!, Kazuhiko IZAWA!, Shouhei ARAKI'!, Tomoaki WATANABE!, Daiki
IWAHASHI?, Shigeki SHIBA?, and Satoshi GUNJI!
!Japan Atomic Energy Agency
2-4 Shirane, Shirakata, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195, Japan
Nuclear Regulation Authority
1-9-9 Roppongi Minato-ku, Tokyo, Japan
*Email: yoshikawa.tomoki@jaea.go.jp

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 233U, 233U, 'H, and '°0O 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[! using JENDL-4.0[?],
JENDL-5B1, and ENDF/B-VIL.114. 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 c¢m, is shown in Figure 2.

The fuel rod consists of a UO; 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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Number of fuels : 277 Number of fuels : 253 Number of fuels : 253
Critical water levels : about 70 cm Critical water levels : about 110 cm Critical water levels : about 120 cm

With irradiation sample
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Figure 1: Core configuration with 1.50 cm grid intervals
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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

Grid intervals o Critical water levels
Core numbers Number of fuel rods | Irradiation sample
(cm) (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 1.0x108 histories (one standard deviation of the keff value to be less than 0.0001).
Thermal scattering data for only 'H is used in the moderator with JENDL-4.0 and ENDF/B-VII.1, while
thermal scattering data for both 'H and '°O 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), W1 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.

err=1 ¢ <0.0001

—— JENDL-4.0
—— JENDL-5
1.002- — ENDF/B-VII1 " n
[ L] w
=
£ 1.001

x

1.000 i i i

Gi 1.50 Gi 1.50 Gi 1.50 Gi 2.54 Gi2.54
WI71.519 WI113.367 WI 126.573 WI75.724 WI 115.255
Nf 277 Nf 253 Nf 253 Nf 241 Nf 213
Irradiation sample

(1 2) (3) (4) (5)
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:

Ak 1 1

(M

k _keff]ENDL—4.o keffiENDL-5

where kef fienpL-s represents the keff value with the nuclear data of one nuclide replaced JENDL-5 and
kef fienpL-4.0 represents the result of JENDL-4.0 calculated in section 3.1.

3.2.2. Results

Figure 4 shows the Ak/k value of significantly affected nuclides according to equation (1) in the
sensitivity analysis. In both Figures 4(a) and 4(b), only 'O has a negative reactivity effect with
replacement to JENDL-5. Figure 4(a) (grid intervals of 1.50 cm) shows 'H has the largest positive
reactivity , while Figure 4(b) (grid intervals of 2.54 ¢cm) shows 23°U 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 H,O is roughly consistent with
the reactivity of 'H and '°O added together. Furthermore the sum of the Ak/k values of 233U, 233U, 'H,
and '°0 in both (a) and (b) is almost consistent with the difference between the Ak/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.
3E-3 3.E-3
2E-3 i 2.E-3

1E-3 I 1.E-3
0 0
-1.E-3 “ -1E-3 “

2.E-3 err=1o 2E-3
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J=JENDL J=JENDL

SES—@o W0 U0 KMo Ho &5 SE3~po o wWo M0 #O 5
J5H20 J5016 J5H1 J5U238 J5U235 J5H20 J5016 J5H1 J5U238 J5U235

(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 A k/k values for cores (1) and (4) for each nuclide changed from JENDL-4.0 to
JENDL-5.

- 101 -



JAEA-Conf 2026-001

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, 233U, 233U, and 'H have a larger the keff value, while only 'O
has a smaller the keff value. The difference in the keff value between JENDL-4.0 and JENDL-5 is
probably due to 233U, 233U, 'H, and '°O.
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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 ®Ni+!7Er, “8Ti+!8W,  and 32S+2?Hg, which form the

compound nucleus of 2*Cm.
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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].

Heavy-ion fusion reaction

o-@»@P
Contact

=
3} distance T—
e projectile target Compound nucleus
ug one-body two-body : g B ]
£ |adiabatic potential diabatic potential Multinucleon transfer reaction
=9 . .
projectile P

Neutron-rich

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 ¢ by the two-center distance z,, deformation of nucleus § = (3a — b)/(2a — b) and the
mass asymmetry a = (4; —A4;)/(4; + 4;) . zy is normalized by z = z5/(RcyB). Ry is the radius
when the compound nucleus is spherical, A; and A, are the mass numbers of projectile like fragment
and target like fragment, a and b 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].

V = Vaian (@ f () + Vaaian(q, LT)[1 = f(2)] (1)
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f@®) = Q)

1+exp (— %)

Vaiap () is the diabatic potential energy (two body) and V,4i45(q, 1, T) is the adiabatic potential
energy (one body). f(t) is a function of time, t is reaction time and 7 is the relaxation time. For the
present calculations, 7 is unified to 0.1zs regardless of the system.

Viiabatic(q) 1s calculated within the double-folding method with Migdal nucleon-nucleon forces [4—
71. Vadiabatic(q@, L, T) is described by liquid drop potential V;pp(q), shell correction energy Vgpen(q,T),

and rotational energy V,,:(q,1).

Viom(q@) = Es(@)+Ec(q) 3)
Vsheu(q, T) = Esohell(q) @ (T) 4)
E*
@ (1) = exp(~ ) )
h2e(£+1
Vroe(01) =" ©)

Vipm(q) 1is the potential energy calculated with the finite-range liquid drop model, given as a sum
of the surface energy Es(q) [8] and the Coulomb energy E;(q). Vsnenn(q,T) is the shell correction
energy. £, ,,;(q) is evaluated by Strutinsky method [9,10] from the single-particle levels of the two-center

shell model. The temperature dependence factor @ (T), where E* indicates the excitation energy of the
compound nucleus. E* is given as E* = aT?, where a is the level density parameter. E; is The shell damping

energy that is selected as 20 MeV [11]. £ is relative angular momentum and I(q) 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].

dq;
d_tl = (m™Y)p; M
do 1 8
o I |
P1_ L1
a I )
dep, L
&L o
dp; oV 190 -
d_tlz _a—qi—za—qi(m 1)jkpjpk_yij(m l)jkpk+ginj(t) (a1
i T = Zkgijgjk (12)
(R(t))=0 (13)
(RGOR(E")) = 28(t —t") (14)
dl v L Ly Ly
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dL, v oL L
R + Ytang <MR_R LT Eaz) A1 = 018,455 Reang (1) (16)
dL, oV L L, L

@ o, + Ytang <MR_R T Eaz) Az = 28,405 Reang (8) (17)

See Ref. [3] for each parameter.

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

3. Results

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.

180

projectile

!l ! \ o I 135

90

9<:.m. [deg]

45

L1 I 1l I 11 | 11

target

Figure 3. Schematic view of mass angular distribution (MAD) [1]. Region of I is dominated by
quasi-elastic (QE) and deep inelastic scattering (DI), Il by QF, and III by fusion-fission (FF) reactions.
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Figure 5. The results of this calculation (left side) and the experimental data (right side) [1] .

The scale is adapted to *3Ti + *7°Er. 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

- 107 -



JAEA-Conf 2026-001

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.

References

[1] R. du Rietz et al., Phys. Rev. C 88, 054618 (2013).

[2] Joachim Maruhn and Walter Greiner, The asymmetrie two center shell model, Z. Phys. 251,
431 (1978).

[3] A.V.Karpovand V. V. Saiko, Phys. Rev. C 96, 024618 (2017).

[4] V. Zagrebaev and W. Greiner, J. Phys. G: Nucl. Part. Phys. 34, 2265 (2007).

[5] V. Zagrebaev and W. Greiner, J. Phys. G: Nucl. Part. Phys. 31, 825 (2005).

[6] V. Zagrebaev, A. Karpov, Y. Aritomo, M. Naumenko, and W. Greiner, Phys. Part. Nuclei 38, 469
(2007).

[7] A. B. Migdal, Theory of Finite Fermi Systems and Applications to Atornic Nuclei (Interscience, New
York, 1967).

[8] H.J. Krappe, J. R. Nix, and A. J. Sierk, Phys. Rev. C 20, 992 (1979).
[9] V. Strutinsky, Nucl. Phys. A 122, 1 (1968).

[10] M. Brack, J. Damgaard, A. S. Jensen, H. C. Pauli, V. M. Strutinsky, and C. Y. Wong, Rev. Mod.
Phys. 44, 320 (1972).

[11] A. V. Ignatyuk, G. N. Smirenkin, and A. S. Tishin, Yad. Fiz. 21, 485 (1975).

Acknowledgements
I would like to express my great appreciation to prof. Aritomo and Mr. Nakajima for their many
advices on the calculations, to Associate Prof. Imai who inspired this research, and to the organizers for

the opportunity to present my research.

- 108 -



JAEA-Conf 2026-001

19. Trajectory analysis of the 4-D Langevin model
using principal component analysis

Yuta MUKOBARAT*!, Satoshi CHIBA?, Tatsuya KATABUCHI', and Chikako
ISHIZUKA!

nstitute of Science Tokyo, 2-12-1 Ookayama, Meguro-ku, Tokyo, 152-8550, Japan
2NAT Research Center, NAT Corporation, 38 Naka, Ibaraki, 312-0005, Japan
"Email: mukobara.y.636f@Qm.isct.ac.jp

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 2°*Fm, 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
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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 2°®Fm, since 2°Fm 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 2> Fm 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 2°Fm 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.

20
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= 8
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-120
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Figure 1: Langevin trajectories of ?**Fm 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 ZZ, (x-axis) and « (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 ZZjy 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 ZZ, 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 ZZy = 2.0 are not
visually distinguishable. The analyzed variables include:

e The elongation of the compound nucleus (ZZ2)),

e Mass asymmetry («),

Deformation of the heavy fragment (dheavy)s

Deformation of the light fragment (diignt),

e The momentum associated with each of the above variables
(ZZp mom, o mom, Opeavy MOM, Cpeayy 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 ZZ;,. 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 Z Zy =~ 2.0 and reaches its maximum near ZZy = 2.3. Furthermore,
it is noted that the explained variance ratio slightly decreases when ZZ; 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 ZZy, Oneavy, and djighy 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 Opeavy, Olight and ZZy. However, at ZZy = 2.1, dpeavy and djjgny takes a negative value,
indicating from the sign that the contribution of dneavy and digne 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 dygpt, 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 ZZy > 2.38, djjgnt exhibits a slightly greater
influence than dpeavy. Therefore, within the range analyzed in this study, it can be concluded
that the influence of dyig1¢ is consistently greater than that of dpeavy-
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Figure 2: Explained variance ratio of the first principal component.

Explained Variance Ratio

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 2°°Fm,
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.
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The AMPX continuous energy libraries bundled in the US nuclear safety analysis code system
SCALES®6.2 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 SCALE®6.2 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 SCALE®6.3.1. 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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Fig. 1 AMPX processing flow.

[9] bundled in SCALEG6.3.1. 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
v 108, 109, 10%, 10, 103, 10% 10, 1, 10 b for nuclei <*°Y
v 108,105, 10°, 2x10%, 1x10%, 5x10°%, 2x10%, 10°, 6400, 320, 160, 120, 80, 60, 40, 30, 20, 15, 10,
8,6,4,2,1,0.01, 10° b for nuclei <*°Zr
® Upper energy limit of TSL or free gas : 10 eV
AMPX CE files of JENDL-5 u20 data were produced without problems. Note that **™2Tb and '°!™2Ir 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 2*U AMPX CE file with that in the official JENDL-5 23U 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
'H file in light water has data in many temperatures and AMPX-6 could not process them. Then the
temperature data of the 'H file in light water were reduced to 293.6, 560, 570 and 600 K data. The reduced
'H file in light water was processed with AMPX-6 but it was found that the produced AMPX CE file of
"H 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 'H in light
water in the bundled ENDF/B-VII.1 AMPX CE library for comparison. It is found that the total cross
section of 'H 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.
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Fig. 3 Total cross section of 'H in light water.

3. Problems of AMPX-6

To investigate the issue of 'H 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
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H20” TSL data of JENDL-5 are not S(a, 8) but log (S(a,8)) with the interpolation law of linear-linear,
while those of ENDF/B-VIIL.1 are S(a, ) with the interpolation law of log-linear. AMPX-6 converts
log (S(a,B)) in JENDL-5 to S(a, 8) 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.

d%c , __ Moy, |E’ —ﬁ/
d0dE’ (E - E » U, T) _ﬁ\/;e ZS(O,’,B,T) s (1)

where E is the initial neutron energy, E' is the energy of the scattered neutron, u is the scattering cosine

in the laboratory system, 7 is the Kelvin temperature, £ is Boltzmann’s constant, M is the number of
atoms, oy, is the characteristic bound incoherent cross section for the nuclide, f is the dimensionless
energy transfer (=(E'—E)/kT), o is the dimensionless momentum transfer (o =E'+E—2uEE'/AkT) and A

is the ratio of the scatter mass to the neutron mass. AMPX-6 calculates e_ﬂ/ 25(a, B, T) directly, while
NJOY2016.77 calculates e ' /25(a, 8,T) as exp (log (e ' /25(a, B, T)))=exp ("P/,, +log (S(a, 5, T)).

The NJOY method is better than the AMPX-6 one because e_ﬁ/Z and S(a,B,T) 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
e_B/ZS(a, B,T) 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.

| —— Original AMPX-6 ||
—— Modified AMPX-6 -

T T T T TTTTT

Cross section [b]

' JENDL-5 H in H20 total 293.6 K

10° L=
10° 10 10 10’ 10° 10° 10’

Neutron energy [eV]

Fig. 4 Total cross section of 'H in light water in JENDL-5.
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—— Original AMPX-6 |
- Modified AMPX-6 |-
) o |
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=)
© &
@
n
(2]
/7]
o
o s
o0 | JENDLS H in liquid CH4 total 110 K
10°  10° 10" 10" 10*  10° 10
Neutron energy [eV]
Fig. 5 Total cross section of 'H in liquid CH4 in JENDL-5.
—— Original AMPX-6
10° Modified AMPX-6
o)
c
s
g 107 |
@
h
()]
S
1
5 0
o JENDL-5 H in liquid C6H6 total 300 K

10°  10° 10 10’ 10° 10° 10
Neutron energy [eV]

Fig. 6 Total cross section of 'H in liquid C¢He in JENDL-5.

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.
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The Intranuclear Cascade model has been improved for calculating a-particle-induced reactions. The a-
particle inelastic scattering is dominant for the a-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 ?’Al. 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 lon Transport code System
(PHITS) [1]. However, there is no calculation models that are capable of simulating a-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 a-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 a-particle-induced reactions that
experimental results are lack.

Under this circumstances, experimental result for DDXs for a-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 a particle spectrum in high energy region at front angle. It was analyzed that it was caused by the emission
of a 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 o particle at incident energies of a few MeV/u, 1.e., inelastic scattering, which
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1s dominant for the a particle induced reaction. For that, the treatment of a-nucleon collisions
and non-fragmentation probability, which have a large impact on the inelastic scattering, are

modified.

2. INC MODEL

The INC model for a-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 a particle incident on the target. When no fragmentation reaction occurs,
the a 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,a) reaction in the INC-ELF model [4] to reflect
the reaction that incident o particles eject the composite particles in target nucleus, which has a probability
of producing an a particle. And, the trajectory of the a particle is bent at incident and emission phase to take

into account the effect of the potential of the target nucleus.

Frgnatas
-2
\ Qﬂaﬂe process
2

. ® Fragment

Fig.1 Schematic diagram for INC model

2.1. Fragmentation reaction

a particles are composed of overlaps of some cluster states according to wave function of an a particle
which is showed as

o) = Cola) + Cpelp, t) + Cyqld, d) + C 3Hen| 3He, n) + Cppnn|P, P, 1, ). (1)

When an the a particle incident into a target nucleus, it can lose the binding as the a particle caused by
temporarily forming a composite nucleus with the target nucleus. As a result, only one cluster state in a
particles remains and that is equivalent to the splitting of the a particle. Viewed in this light, fragmentation
reactions are regarded as reactions that incident a 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 *He 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 a 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

ry =4o/m, 2)

where 1;j is distance between nucleons inside and outside of the cluster, and o is collision cross section of
nucleon-nucleon collision. For o, 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 a particles is faced outward, because the o 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 a 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 o 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 a particle in one collision with a nucleon. Therefore, to form the peak, the incident
o 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 a 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 a particles with low impact parameter are broken up, making it less likely
that low-energy o particles resulting from multiple collisions are emitted in the improved INC model.

At 40°, high-energy a 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 a particle at a-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.

10' - -
Exp e
previous INC ----
10° Improved INC —— |

INCL ——
JQMD ——

—
(=)
q

DDX[mb/sr/MeV]

0 100 200 300 400 500 600 700 800 900 1000
a particle Energy [ MeV |

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(a,0’x) reaction at 230MeV/u at 15°

) Exp e
previous INC ----
Improved INC ——

DDX[mb/sr/MeV]

0 100 200 300 400 500 600 700 800 900 1000

a particle Energy [ MeV |

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(a,0’X) reaction at 230MeV/u at 40°
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4. CONCLUSION

In this study, the INC model was improved for a 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 a particles collided with nucleon. As a result, the a 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 a particles emitting at 40° was increased in the

1mproved INC model too.

ACKNOWLEDGEMENTS
This work was conducted under the Research Project with Heavy Ions at QST-HIMAC.
This study was partially supported by JSPS KAKENHI Grant Numbers 22K04989 and 17H03522.
This work was supported by Neutron Source Section of J-PARC center, Japan Atomic Energy Agency
under Contract RO5K168.

REFERENCES

[1]T. Sato, Y. Iwamoto, S. Hashimoto, T. Ogawa, T. Furuta, S. Abe, T. Kai, P.-E. Tsai, N. Matsuda, H. Iwase,
H. Shigyo, L. Sihver, and K. Niita, “Features of Particle and Heavy Ion Transport code System (PHITS)
version3.02”, J. Nucl. Sci. Technol. 55, 2018, pp. 684-690.

[2]J. R. Wu, C. C. Chang, and H. D. Holmgran, “Charged particle spectra: 140 MeV o particle bombardment
of 27Al, *¥Ni, %Zr, 2¥Bi, and 2*Th”, Phys. Rev. C 19, 1979, pp. 659-673.

[3] T. Furuta, Y. Uozumi, Y. Yamaguchi and et al.. “Double-differential cross sections for charged particle
emissions from a particle impinging on Al at 230 MeV/u”, J. Nucl. Sci. Technol.,
https://doi.org/10.1080/00223131.2023. 2294192

[4]Y. Uozumi Y. Fukuda, Y. Yamaguchi and et al., “Direct pickup and knockout processes in inclusive ( p,ox)
reactions from 42 to 300 MeV”, Phys. Rev. C 97, 2018, 34630.

[5] J. R. Cugnon, and et al., “Simple parametrization of cross-sections for nuclear transport studies up to the
GeV range”, Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms 111, 1996,
21.

[6] A. Boudard, J. Cugnon, J. C. David, S. Leray, and D. Mancusi, “New potentialities of the Licge
intranuclear cascade model for reactions induced by nucleons and light charged particles”, Phys. Rev C87,
2013, 014606.

[7] S. Furihata, “Statistical analysis of light fragment production from medium energy proton-induced

reactions”, Nucl. Inst. Meth. in Phys. Res. B 171, 2000, 251.

- 125 -


https://doi.org/10.1080/00223131.2023.2294192

JAEA-Conf 2026-001

22. Evaluation of nuclear decay data to revise ENSDF and

verification of JENDL-S5 Decay Data File for burnup calculation

Hideki IMURA'", Tomoaki WATANABE? and Kenya SUYAMA?
"Nuclear Data Research Laboratory LLC
1-27-2 Futabadai, Mito-shi, Ibaraki-ken 311-4145, Japan
Nuclear Safety Research Center, Japan Atomic Energy Agency
2-4 Shirane, Shirakata, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195, Japan

*Email: iimura.hidekil @gmail.com

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 '>°1, one of the long-
lived fission products, has been newly evaluated to be 1.614 (12) x107 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 '?°Ag, B-delayed neutron emission probabilities, and B-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 y-ray spectra. ENSDF?, 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 '2°T B
decay, the decay schemes of isomer states of 12’Ag, B-delayed neutron emission probabilities and B-decay
energies of some fission products. Our recommended values are compared with those in the present
ENSDF. JENDL-5 DDF®, 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

2 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 '°I B decay

The half-life of '2°T B 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 '>°I, was published in 2014 [1]. The references published before
2014 regarding the half-life measurements of '>°I were considered in that version. In 2018, the half-life
of '?°T 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

T2 =In(2) X N/A | (1)

where A is the radioactivity, and N 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 4nf3-y coincidence counter, while N using
an ICP mass-spectrometer. From these measurements, the half-life of '>°1 was determined to be 1.614
(12) x107 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 >’ has been measured for 4 times so far: 1.72
(9)x107 y in 1951 [3], 1.56 (6) X107 y in 1957 [4], 1.57 (4) X107 y in 1972 [5], and 1.97 (14) X107 y in
1973 [6], which are shown in Fig. 1. The weighted average of these 5 data is 1.613 (18) X107 y, which is

2
also indicated in Fig. 1 by a red line and shaded region. The reduced Chi-Square, ﬁ, 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

) ' ) ' '
22 F -
129I
= 20 .
E
X
~ 18 F -
2
=
< - 3
— 16 F + } = =
1.4 F -
i ] 1 ) ]

1951 1957 1972 1973 2018

Publication year

Fig. 1 The experimental values of the half-life of '*°I. 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) x107 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) x107 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 1.5711x107 y + 4.0027x103 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 2°Ag

The decay scheme of '?’Ag in the present ENSDF [7], revised in 2002, was adopted from the
experimental data by Forgerberg et al. [8]. In their experiment, '>°Ag was produced by the U(n, fission)
reaction in a reactor, and then mass-separated online for subsequent y-ray measurements. They found that
there exists an isomer of '2°Ag 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 y rays emitted from a '>°Ag sample
by using a high-sensitive array of Compton-suppressed Ge detectors surrounding the sample, and found
approximately 300 new y-rays. Moreover, by carefully measuring the decay of these y-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

0.32(4) s 0.41(3) s
6(-)  mm— 203.0 , 2032 +y
= S
« %
? %p ~ 63 ‘° %p ~ 32(5)
b Q
S =
1.52(7) s =5
3(+) y 0.0 (3,4) y 0.0+y
123(4)s  \ 0.0+
0.1) %pB ~ 100
0.94(10) s
120 120

Ag Ag

Fig. 2 A part of the decay scheme of '°Ag 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 B-decay branching ratios
to the states of '2°Cd and the E3 multipolarity of IT [9]. Here, we calculated the B-decay branching ratios
from the y-ray intensities in Ref. [9]. As a result, we found a large negative intensity balance at the 1203.7-
keV state of '2°Cd, which means there is an inconsistency in the data in Ref. [9].

The decay scheme of '2°Ag 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 B 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 3-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 P»,) for these nuclides are adopted from recent measurements [11-14]. The Pin
value for '2°Rh7s 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 P, values for '2?Agg, from Ref. [14], rather than the same
group’s older value of 17.9(14) [13]. It should be noted that our evaluated Pi, and P, values possibly
correspond to a mixture of B decays from ground and isomeric states. JENDL-5 DDF has data for !2°Rhys,
120Ag73 and '?°Agg, as listed in Table 1. These values are different from our recommended values, and
how these values were deduced is unknown.

The updated P-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 nuclei:
0=M(A,2)-M(A,Z+1) for the B~ decay, where M is atomic mass, 4 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. B-delayed one- and two-neutron emission probabilities (Pin and Pa,) of some
fission products

Our new evaluation

Element Z N JENDL-5 DDF
Pin (%) P (%)
Ru a4 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 8l 1.84 (15)
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Table 2. B-decay Q values of some fission products. The present ENSDF and JENDL-5
DDF values were taken from former atomic mass database versions, (a) AME2016 and

(b) AME2012.
Element Z N Q (keV)
AME2020 ENSDF JENDL-5 DDF
Tc 43 77 14720 14490° 14490°
Ru 44 76 8900 88002 8800
Rh 45 75 11660 114702 114702
Pd 46 74 5372 (5) 5371 (5)* 5371 (5)°
Ag 47 73 8306 (6) 8306 (6)* 8306 (6)*
Cd 48 81 9713 (6) 9780 (17)
In 49 80 7756 (17) 7769 (19)° 7753 (17)
Sn 50 79 4039 (27) 4022 (29)° 4037 (27)*
Sb 51 78 2375 (71) 2376 (21)° 2375 (21)?

AME2016 [16], and AME2012 [17]. These Q values differ slightly between versions of the atomic mass

database especially for short-lived nuclides.

S. Summary

The half-life of long-lived '*°T 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 '2’Ag and found significant
changes from the present recommended data. Recently, much experimental data on the B-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-VIIL.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-
VIIL.O0, 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-VIIIL.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.

K| BE | BE
J BE
H| BE | BE
G|BF3 | BE | BS+ |BS+|BS+ | BE | BE | BE =
4 5 6 8 1213 1
F| BE | BE | C-2 |F-20 |F-22| C-4 | DE | BE PN _—
2 14 | 11| _IrA|
—
E| BE | C-5 |F-13 | DE |F-19 |F-21 F-ZS‘)? HY |
* 1 3 9 RA ;_l
D|BS+ |F-18| F-15 ([F-14 | DE |F-12| C-6 | BE HY D
L RA SITTE miE
C| BE | DE | C-1 |[F-16 |F-17 | C-3 | BE | BE By KLy w07 ‘
N 7 | 15 RA =
B| BS- | BE | BE | BE | DE | BE BE | BE | HY |
“ |
Al BE | BE | BE | BE | BE | BE | BE 3| BE | BE . o j‘ﬁ L
0 9 8 7 6 5 4 3 N2 1 o |
T I
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I
N it ‘ ‘
Beryllium Block Reflector J ;
d i
F : Fuel Element BS- : Be Refl. El. without Stopper “ “ :‘l_—“l
C : Control Element BS+ : Be Refl. El. with Stopper 5 C [ e
BE : Be Reflector Element DE : Dummy Element . |
PNRA  : Pneu. Rabbit System HYRA  : Hydraulic Rabbit System =T = %
BF; : Neutron Detector * : Neutron Source (Cf-252) o =e N

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-VIIIL.0, we also compiled a special JENDL-5 covariance library with
additional ENDF/B-VIIL.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-VIIIL.0. The TSUNAMI-IP module [10] was employed for the keff uncertainty calculations.

JENDL-5 Neutron Sub- JENDL-5 ACE Library
library (up to 20 MeV) (ACE-J50)

l

Covariance keff, Sensitivity
Matrices (56 groups) Coefficients (252 groups)

| keff Uncertainty |

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 cm?®) 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-VIIL.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-VIIL.0
were 650 pcm, 431 pcm, and 452 pcm, respectively.

Table 1. Criticality analysis results [4].

First eriticality and excess reactivity loading
Case JENDL-5 JENDL-4.0 ENDF/B-VIILO
(First Group)

1-1 | First criticality (9 FEs, 6 CEs. RR=475 mm) 1.00801 £ 0.00008 | 1.00477 £ 0.00008 | 1.00547 <+ 0.00008
1-2 | Full core (12 FEs, 6 CEs, CRs all up) 1.10167 £ 0.00008 | 1.09949 + 0.00008 | 1.09912 + 0.00007
1-3 | Full core (12 FEs, 6 CEs, CRs all down) 0.92088 £ 0.00008 | 0.91957 £ 0.00008 | 0.91974 + 0.00008

Calibrated rod/grid position
Case | (calibrated rod position/other rod bank position) JENDL-5 JENDL-4.0 ENDEF/B-VIILO
(Second Group, 12 FEs, 6 CEs)

2-1 | IDA06/ C-8 (600 mm / 290 mm) 1.00465 £ 0.00008 | 1.00282 + 0.00008 | 1.00302 + 0.00008
2-2 | IDAOL /E-9 (600 mm / 284 mm) 1.00478 = 0.00008 | 1.00257 + 0.00008 | 1.00301 =+ 0.00008
2-3 | IDAO03 /F-8 (600 mm /293 mm) 1.00599 £+ 0.00008 | 1.00379 £+ 0.00008 | 1.00406 + 0.00008
2-4 | JDAOS/C-5 (600 mm / 288 mm) 1.00584 = 0.00008 | 1.00400 + 0.00008 | 1.00415 =+ 0.00008
2-5 | JDA04 /F-5 (600 mm /290 mm) 1.00650 E:t . 0.00008. 1.00431 ‘ & 7 0.00008 | 1.00452 . £ ‘ 0.00008-
2-6 | JDAO7/D-4 (600 mm /282 mm) 1.00614 £ 0.00008 | 1.00422 + 0.00008 | 1.00426 + 0.00008

The sensitivity analysis has been conducted using JENDL-5, JENDL-4.0, and ENDF/B-VIIIL.O
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(a,p), 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.O
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-VIIIL.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-VIIL.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-VIIL.0 was
evaluated at 637 pcm, comparable to that of JENDL-5. Thus, the nuclear data uncertainties for JENDL-5
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and ENDF/B-VIII.O are of the same order for this system.

Table 2. Uncertainties analysis results [4] (pcm=10-3).

Sensitivity Coefficients Covariance Matrices Uncertainty (pem)
JENDL-5 JENDL-5 only 620
(MCNP6.2, KSEN option) (AMPX-6)
JENDL-5 JENDL-5 & ENDF/B-VIILO * 644
(MCNP6.2, KSEN option) (AMPX-6)
ENDF/B-VIILO ENDF/B-VIILO 637
(MCNP6.2, KSEN option) (SCALE 6.3.0)

*: For JENDL-5 nuclides which have no covariance data.

Table 3. Uncertainty main contributors (> 0.001%) [4]

Nuclide Reaction | with | Nuclide Reaction % dR/R due to this matrix

U-235 chi with | U-235 chi 3.76E-01 | +/- | 1.78E-04
H-freegas | n.gamma | with | H-freegas n.,ganma 348E-01 | +/- | 9.93E-06
U-235 nubar with | U-235 nubar 3.00E-01 | +/-| 1.19E-05
H-1 n.n' with | H-1 nn' 241E-01 | +/- | 647E-04
U-235 fission with | U-235 fission 1.62E-01 | +/- | 1.08E-05
H-freegas elastic with | H-freegas elastic 1.27E-01 | +/-| 2.85E-05
H-freegas elastic with | H-freegas n.,ganmma -1.14E-01 | +/- | 1.92E-05
Al-27 ngamma | with | Al-27 n.ganuma 1.07E-01 | +/-| 8.73E-07
Al-27 elastic with | Al-27 elastic 8.63E-02 | +/- | 7.24E-05
Al-27 n.n' with | Al-27 n.n' 7.15E-02 | +/-| 2.28E-05
Be-9 elastic with | Be-9 elastic 6.29E-02 | +/-| L.17E-05
Be-9 n.2n with | Be-9 n2n 3.56E-02 +/- | 8.63E-06
U-238 n.gamma | with | U-238 n.ganma 3.46E-02 | +/-| 5.28E-07
U-235 n,gamma | with | U-235 n,gamma 3.19E-02 | +/- | 1.48E-07
U-235 fission with | U-235 n.ganma -2.80E-02 | +/- | 4.38E-07
Be-9 n.gamma | with | Be-9 . ganmma 2.37E-02 | +/-| 2.01E-07
U-238 n.n' with | U-238 nn' 2.03E-02 | +/-| 6.28E-06
Be S(a.B) nn' with | Be S(a.B) nn' 1.86E-02 | +/- | 1.27E-05
Be-9 n.2n with | Be-9 elastic -1.71E-02 | +/- | 1.82E-06
Be-9 nalpha | with | Be-9 n.alpha 1.43E-02 | +/- | L1.77E-07
Fe-56 ngamma | with | Fe-56 n.ganma 1.37E-02 | +/-| 1.17E-07
0O-16 elastic with | O-16 elastic 1.28E-02 | +/- | 7.51E-07
U-238 elastic with | U-238 elastic 1.26E-02 | +/- | 2.76E-06
Ag-109 n.gamma | with | Ag-109 . ganmma 1.20E-02 | +/-| 1.81E-07
U-238 elastic with | U-238 n.,ganma 1.16E-02 | +/- | 2.00E-06
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In Table 3, the JENDL-5 uncertainty contributors are sorted and listed using the JENDL-5 &
ENDEF/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(a.,p), 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(a.,3), 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 '97™Hg (24 h) and '%°"Hg (42 h) were studied by offline y-ray
spectroscopy of a natural platinum foil irradiated by « particles at 29 MeV. We observed strong cool-
ing time dependence of the isomeric ratios of 1°”Hg and '?°Hg 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 1™ Hg and '?°"Hg, respectively. The 97™Hg 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 3 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 ~y lines belonging to the decay branch, and its accuracy
has a large impact on the activation cross sections determined with the offline y-ray spectroscopy. We
have recently encountered unphysical cooling time dependence of the isomeric ratios of 1"Hg and 1’ Hg
produced by irradiation of a natural platinum foil by « particles at 29 MeV. 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 -ray emission probabilities to eliminate the cooling time dependence.
This article reports the adjusted decay branching ratios and decay ~y-ray emission probabilities along with
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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 « 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/cm?), natural titanium (2.344 mg/cm?) and aluminium
(1.500 mg/cm?) were cut into 8x8 mm and assembled as a stack of nine sets of Pt-Al-Ti-Al. The
stacked target was irradiated for 1 h by an a-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 ~-lines originating from production of 16 radionuclide products, and expressed the 1039 measured
peak areas of these v 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 '97™Hg and %°™Hg as fitting parameters.

3 Results

Table 1 shows the branching ratios and decay y-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 *"Hg and '™ Hg isomeric transition
branching ratio, respectively. We derived the corrected decay ~-ray emission probabilities and their
uncertainties based on these correction factors. For 1*7Hg, Lebeda et al. [7] have recently performed a
measurement to determine the decay branching ratio and decay ~y-ray emission probabilities. The table
shows the revised decay data determined by us and Lebeda et al. for 1*7Hg are very close to each other.

Table 1: Decay branching ratios p and decay «-ray emission probabilities I, 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 ~y-ray emission probabilities and their uncertainties in the
ENSDF library were extracted from the IAEA LiveChart of Nuclides [6]. € denotes electron capture
and/or 37 decay.

Crr P E, I,
(%) (keV) (%)

ENSDF  Corrected Lebeda ENSDF Corrected Lebeda

TmHg  1.0336 (2) IT 91.4(7) 94.5(7) 94.68 (9) 134 33.53) 34.6(3) 34.8 (3)

e 8.6(7) 550 53209 279 6.1(5) 390 379 4)

19mHg 0902 (6) IT 54.2(20) 48.9(18)

e 45.8(20) 51.1(18) 261 31(3) 354)
560 7.1(5) 7907)

Figure 1 shows the cooling time dependence of the isomeric ratios of the "**Pt(c,x)'*"1%Hg 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 19"Hg isomeric ratio determined with the 134 keV
and 191 keV + 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.

mig=134 keV/191 keV 15+
s 1974 (corrected with C;=1.034) M/9=279 keV/191 keV e
£ 10 i
o
O
0.5 é
i i i 1 %
m/g=261 keV/780 keV e+
1 E 19519 (corrected with C,=0.902 m/g=560 keV/780 keV e+ |
9 IT
ol |
; i
oAt i
[¢)]
O
2 N
3 F .
4 ! ! ! !
0 50 100 150 200 250

cooling time (h)

Figure 1: Cooling time dependence of the isomeric ratios of the "**Pt(c,x)' 9719 Hg reactions at 29 MeV.
The energies following m/g= in the legend are the ~y-lines used for quantification of the metastable and
ground states. The open square and solid circle are for two different pairs of the v-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 Cyr.

4 Summary

We determined the decay branching ratios of '*7Hg (24 h) and '9°™Hg (42 h) by offline y-ray spec-
troscopy of a natural platinum foil irradiated by a-particles at 29 MeV. The strong cooling time depen-
dence of the 19"Hg and '?°Hg 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 '97"Hg and 48.9+1.8% for 19™Hg. The *""Hg 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
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proton directions. We have conducted the test using the proton scattered at the SNBT beam
dump window. In this paper, the proton usage in the PBIF and at the existing facility of SNBT
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 asin 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. T herefore, 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 t o 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 ¢ onducted. Based on t he results of t his survey, it was d ecided t hat t he proton 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 t he s pecifications of the facility as desired by
the users.

3 Proton Beam Irradiation Facility (PBIF)

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
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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 uA/cm? 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.

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 Figure 1: Birds-eye’s view of the PBIF and post-

of a proton utilization room is planned in this irradiation examination facility at J-PARC.
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

Tests for spacecraft devices use protons rang-

ing in energy from tens of MeV to 200 MeV. E T T T T T T T T3
Because the test uses protons of various en- E‘ i [— 400 MeV E
ergies and evaluates the SEE generation rate 'g 1072 3 200MeV | 3
as a function of energy, a rapid energy change 2 E | ’_’_t ;gOM“:\e,V 3
is desirable in the test. The facility plans to E 1073 E i 20 MeV E
provide protons of various energies by reduc- 5 E 3
ing the energy of the 400 MeV protons with = 107 . ]
a degrator, such as a metal plate. Degrators 5 3 g
are commonly used for medical particle irradi- cct) 105 (O .
ation, and once the parameters of the magnets 0 R O T I E
used for transport are determined, it will be 0 100 200 300 400
possible to change the energy quickly. Since Energy [MeV]

the beam stability of the Linac is excellent,

this method is expected to enable a very short Figure 2: Energy spectrum of protons after de-
time of the energy changes. However, quanti- grader deceleration. The vertical axis shows the
tative evaluation of the proton energy spread proton yield per proton incident on the degrator.
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 x 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
ofunction, 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 ¢ 2 cm for the irradiation test, the proton flux is 5x 107
/ecm? /s, and the beam current is about 25 pA, which may satisfy the user community’s request.

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
107 adjusting the laser power and reducing the
I flux by 1073 times is also possible. In this
ot T e study, the effect of downstream proton trans-

0 50 100 150 200 250 .

port, such as beam loss, was not considered.

The beam loss due to the increased emittance

Figure 3: Relative yield and energy spread of of the beam caused by the degrator will be

protons as a function of extracted proton ener- evaluated. Also, the facility’s radiation safety

gies for the tungsten degrader. 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.
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4 Proton beam irradiation for space use at 3ANBT

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 10
at the 3ANBT beam dump in J-PARC was de-

veloped, which gives us quasi-monoenergetic Figure 4: Al(p,xp) DDX for 0.4 GeV obtained
protons by placing the device at a small angle by the present study compared with calcula-
regarding the incident proton directions. tions of FLUKA and PHITS using INCL-4.6 and

To observe the scattered proton spectrum, JQMD. Also, compared with the other experi-
as a calorimetric counter telescope, plastic pental data [9].

scintillators (EJ200) with a cross section of 50

x 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 SNBT 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 "®W(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 y-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 "W (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.
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Then, we performed the cross section measurement of the "'W(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 "W (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 "W (p,X) and "'Pb(p,X) reactions are also presented.

2 Experiment

This experiment was carried out at the beam

dump line [21] near the extraction port from T
3 GeV p + natw

T T T T T T T T T T

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 T 4
were adjusted to be 0.4, 1.3, 2.2, and 3.0 GeV. 10 183Ta 86y t o _
The irradiation time and the total number of 354.0keV  443.1kev annihilation 3
incident protons for all energies were 100 sec- 1
onds and 2.2 x 1014, respectively. 1 3(1)0‘ — ‘4(‘)0‘ — ‘5(‘)0‘ — ‘6(1)0

The "8'W targets (99.95% purity) were Energy [keV]
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 X 25 mm X 0.10 mm and
1.1 g, respectively.

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

{

4 —
the 3-GeV Rapid Cycling Synchrotron (RCS) 10 g e 151Ba E
21] at J-PARC. B thi iment C 2001 key Y , woHe |
[21] a ecause this experiment was . ?300.1 keV 3885 key 496-3 keV o730 kev ]

Count [/keV]

[ rrrrm

Figure 1: v-ray spectrum by the HPGe detec-
tor. The horizontal and vertical axes are ~-ray
energy [keV] and pulse height of each 7-ray en-
ergy [/keV], respectively.

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 y-ray energy,
and intensity of the standard ~-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 ®9Ta were measured for the first time.

Figure 2 shows the excitation functions of ¥4Re, 83Re, 1""W, 180T, 176Ta, and "3Ta 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 "*W(p,X) and "3'Pb(p,X) [19]
reactions. Calcs. agree with Exp. within 30% according to average values for the "W (p,X)
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Table 1: Nuclide production cross sections of the "W (p,X) reactions with 0.4-, 1.3-, 2.2-, and
and “c” represent independent and cumulative cross sections,
respectively. The branching ratio of used v-ray energy (£,) is denoted in the parentheses below
each E,. The total uncertainty (1o) is written in the parentheses below each cross section.

Wi

3.0-GeV proton incidence. Type “i

) E Cross section (1o Uncertainty) [mb
Nuclide [k&] Tyee T 47 Gev 13 G(eV 2.2 GeV yz)),.([) G]eV
184(g+0.745m)R o 792.07 i 35.4d 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) - - -
1BlRe 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 1324 m 37.3 21.9 16.6 15.5
(15.2%, 47.3%) (2.1) (1.2) (0.9) (0.9)
184y 414.01 c 8.7h - 4.95 4.10 3.94
(72%) - (0.26) (0.22) (0.21)
183y, 353.99 c 5.1d 17.6 13.2 10.8 11.0
(11.6%) (2.5) (0.9) (0.8) (0.8)
182(g+ml+m2)m, 1189.04 c 114.74d  13.6 13.9 - 12.0
(16.49%) (0.4) (0.4) - (0.4)
180y, 93.32 c 8.154 h - 28.0 22.6 -
(4.51%) - (1.4) (1.8) -
178y, 426.36 i 2.36 h 11.8 - 11.6 114
(97%) (0.6) - (0.5) (0.5)
1767y 1159.3 c 8.09 h 82.9 48.3 35.4 31.0
(24.7%) (7.0) (4.0) (3.0) (2.8)
175y, 207.4 c 10.5 h 72.3 - - -
(14.0%) (7.3) - - -
173y, 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 "@Pb(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 "W (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 (z = 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 ¥4Re, 183Re, 1""W, ¥0Ta, 176Ta and '™Ta. 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 "W (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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27. Feedback on neutron capture cross-section of 13*Cs from
analysis of measured inventories of 1*3Cs and **Cs of UO; fuel

irradiated in TMI Unit 1
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*Email: yamamototorul2345@gmail.com

Nuclide inventory calculations with MVP-BURN and JENDL-4.0 were performed for the twelve
fuel samples taken from the two 15x15 PWR fuel assemblies irradiated in Three Mile Island (TMI)
Unit 1. The calculated results of '33Cs for the two-cycle-irradiation fuel samples and those of '3*Cs for
the one-cycle-irradiation fuel samples were compared with the measured data. The averaged C/E-1s
of 13Cs and '3*Cs 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-VIL.0) for '33Cs and
those with SCALE 5.1 (ENDF/B-V) for '34Cs. The differences in the C/E-1s were mainly attributed
to the differences in the neutron capture resonance integrals (RIys) of 133Cs in the nuclear data libraries.
The C/E-1s of '3Cs and '*4Cs in the present study indicated that a larger RIy of !33Cs than that in
JENDL-4.0 would improve the C/Es.

1. Introduction

The inventory of '3Cs in the irradiated UO; fuel is produced by the fission of the heavy nuclides
and that of **Cs (T12: 2.0652 y) is mainly produced by the neutron capture of '33Cs. Their inventories
are sensitive to the fission yield and the neutron capture cross-section of '33Cs. The neutron capture
cross-section of '*3Cs 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 X 15 fuel assembly irradiated
in Three Mile Island (TMI) Unit 1 [1-3].

The neutron capture resonance integrals (RIy) of '33Cs differ among the evaluated nuclear data
libraries. Table 1 lists those in the JENDL and ENDF/B libraries [4-9] as examples. The Rly in
JENDL-5 [6] is higher by 13% than that in ENDF/B-VIIL.1 [9].

* 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
JENDL-4.0 the
comparison results with the measured
inventories of '33Cs and 3*Cs. [12-14].
Figure 2 illustrates the C/E-1(%) for the
BWR 9 X 9 UO; 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 15X 15 UO; 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 X 18 UO; fuel

sample with the initial fuel enrichments of

and and reported
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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 X 15 fuel

assembly irradiated in TMI Unit 1 [1-3].

Table 1. RIys of '3Cs in some nuclear data libraries (293K, neutron energy: 0.5 eV-107 eV).

Library JENDL-3.3 | JENDL-4.0 | JENDL-5 | ENDF/B-V ENDF/B- ENDF/B-
[4] [5] [6] [7] VILO [8] VIL1 2[9]

RIy (b) (Ratio 396.2 446.2 458.7 382.9 421.0 405.5

to JENDL-4.0) (0.888) (1.000) (1.028) (0.858) (0.943) (0.909)

2 The Rlys in ENDF/B-VIIL.O [10] and JEFF-3.3 [11] are the same as that in ENDF/B-VII.1.

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 '**Cs between JENDL-3.3 and
JENDL-4.0 attributed the
differences in the Rlys of 3*Cs in the

libraries. However, the number of fuel

were to

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 UO;
fuel samples taken from the PWR UO; 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
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capture cross-section of 22U in JENDL-4.0 [3]. The present study aims to examine the analysis results
of the measured inventories of '33Cs and '3*Cs in the same fuel samples to validate the RIy of '33Cs 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 RlIys of !33Cs 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 '33Cs and '**Cs to the RIy of '33Cs. With the obtained information,

possible directions for improving the accuracy of the RIy of '33Cs in JENDL-4.0 were discussed.

2. Nuclide inventory measurements of '33Cs and '34Cs 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 NJO5YU 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
NJO70G fuel assembly irradiated in the 10th cycle. Both were the B&W 15 X 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 '33Cs. Those from the fuel rods O1, O12, and
013 were performed at General Electric Vallecitos Nuclear Center (GE-VNC) in 1999 for 16 actinide
nuclides and 15 fission product nuclides which included '3*Cs.

The measurement data were given in the unit of g/g U-238 for the fuel samples from the NJO70G
fuel assembly [16]. Those for the fuel samples from the NJOSYU 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 '*3Cs and '34Cs.

Fuel assembly Fuel rod and Axial height Measured/calcu | Measured C/E—1 (%) C/E—1 (%) of
(fuel sample ID (cm)? lated burnup nuclide of 134Cs and 133Cs for SCALE
enrichment (GWd/t) 133Cs in 6.1.2 and '3*Cs for
(Wt%) present study | SCALE 5.1
NJOSYU D5 T1 342.1 45.9/45.8 133Cs 4.215 5.343
(4.013) 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 2332 52.7/53.2 2.999 5.172
Av. 51.8/51.5 Av. 2.921 4.758
NJ070G 01 S1 39.37 25.8/25.8 134Cs -9.205 -18.219
(4.657) 0Ol S2 197.104 29.9/30.2 -7.819 -19.534
01 S3 278.13 26.7/28.1 -12.130 -22.780
012 s4 37.37 23.7/23.7 -12.087 -20.807
012 S5 197.104 26.5/26.6 -11.215 -21.919
012 S6 278.13 24.0/24.3 -13.776 -24.887
013 87 39.37 22.8/23.6 -10.220 -25.150
013 S8 197.104 26.3/26.4 -12.832 -23.000
Av. 25.7/26.1 Av. -11.161 -22.037

* 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-4.0ul [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 NJOYU 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 NJO70G fuel assembly were located at the corner (O1) or the side (O12 and
013) 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 NJOYU 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 NJO70G assembly. With these calculation conditions, the statistical uncertainty
in the obtained inventories of '33Cs was 0.1% for the fuel samples from the NJOYU fuel assembly,
that of *#*Cs was 0.4% for the fuel samples from the NJ0O70G assembly, and that of '**Nd was 0.1%
for the fuel samples from both fuel assemblies. The burnup calculations were performed to reproduce
the measured inventories of '*¥Nd 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 (1o) 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 '*3Cs and 1.7% for '34Cs. The
averaged C/E-1 for '*3Cs was 2.9%. The C/E-1s for '33Cs in the present study were slightly larger than
those with JENDL-3.3 and
JENDL-4.0 for the BWR 9 X

9 UO; fuel samples [12] and 40

slightly smaller than those 30 : IS\AC\AT_EBGL_J{{_ Q{éﬁ,ﬁ%’sﬂ_o)

with JENDL-3.3 and JENDL- o | o SCAEs (END/B)

4.0 for the PWR 18 X 18 UO> 133Cs
fuel sample [14]. The average g 10 134Cs ¢ W00
C/E-1 for '*Cs was —11.2%. & °

The C/E-1s for **Cs in the " 10 t, ey ;

present study were close to -20 ® TM ¢

those with JENDL-3.3 and 2 "

JENDL-4.0 for the BWR 9 X 40

9 UO; fuel samples [12]. 0 10 20 30 40 50 60

Table 2 and Figure 3 also Sample burnup  (GWd/t)

show the C/E-1s with SCALE  Figure 3. C/E-1s of the inventories of 133Cs and !34Cs in the present

6.1.2  (ENDF/B-VILO) for study and SCAL 6.1.2 and SCALE 5.1 for the fuel samples from
13Cs [2] and those with

SCALE 5.1 (ENDF/B-V) for 13*Cs [1]. The C/E-1s with SCALE 6.1.2 for 133Cs were larger than those
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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 '34Cs 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 '33Cs
was —0.192 and that to the inventory of '3*Cs 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 '33Cs between the present
study and SCALE 6.1.2 and those of '3*Cs between the present study and SCALE 5.1 were mainly
attributed to the differences in the RIys of '33Cs in JENDL-4.0 and ENDF/B-VIIL.0 and JENDL-4.0
and ENDF/B-V, respectively.

The C/E-1s of **Cs and '33Cs in the present study indicated that a larger RIy of '33Cs 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 13Cs and '34Cs in the present study, an increasing factor to the RIy was estimated by dividing
the negative values of the average C/E-1s of '33Cs (-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 '34Cs
(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 '33Cs and !*#*Cs were considerably large. Recently,
Block et al. [19] reported the measurement data of the RIy as 460 + 10 b which is largerby 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 Rly 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 Rlys in the
present study were close to their data.

The sensitivities to the fission yield of '33Cs were 0.93 for the inventory of '*3Cs and 0.92 for
that of **Cs [18]. Increasing the fission yield of !33Cs to make the C/Es of **Cs closer to 1 brought
the C/Es of 133Cs away from 1 and therefore was not likely.

5. Conclusions
The inventory calculations of '33Cs and '**Cs 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 '33Cs and '3*Cs were similar to those in the previous study.
The C/E-1s of 13Cs and '3*Cs in the present study indicated that a larger RIy of '*3Cs than that
in JENDL-4.0 would bring the C/Es closer to 1. The increasing factors for the RIy of '33Cs were
estimated using the cross-section sensitivities and the C/Es of the inventories of '*3Cs and '*Cs. 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 23U + 238U and 233U + 243 Cm are expected
to produce superheavy elements as a counterpart of 2°*Pb, 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 z, the nuclear deformation

8, and the mass asymmetry « [6]. Here, R;y is radius of the spherical compound nucleus.

Figure 1. Nuclear shape by the two-center parametrization.
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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 Vy;,(q) to adiabatic one
V.ai(@)[7]. Here, q 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:
V(q: t) = Vdiafs(t)+Vadi[1 - ﬁe(t)] (6)
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1

fe(®) = (7

1+ exp (—

)
Trelax

Trelax = 1.0 X 10722[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].
Viia = M(A1,Z1,8,) + M(A3,Z5,68,) — M(Ar, Z7,89°) — M(Ap, Zp, 67°) (9)
Via =f p1(1) | p2(r)vny(rip) dPridPr, (10)
v, v,
Here r is the distance between the oscillator centers, r; indicate radius of nucleus, and 1, =71 +
r, —11. vy 1S effective nucleon-nucleon interaction and p;(r;) 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 = Viom (@) + Vsue(q, T) + Veen(q, L) (11)
Viom(q) = Es(q) + Ec(q) (12)
Vsue(q, T) = Eshen(@)@(T) (13)
R2L(L+1
Vo (@) = (s
E*
®(T) = exp (— E—d> (15)

Here, J(g;) is the moment of inertia of the rigid body with deformation q. The centrifugal energy
(Vcen) generated from the angular momentum L of the rigid body is also taken into account. Vipy and
Vsug 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 Eg, e indicate the shell correction
energy at T=0. The temperature dependence factor ®(T) is explained in Ref. [10], where E* indicates
the excitation energy of the compound nucleus. E* is given E* = aT?, where a is the level density _ij
parameter. The shell damping energy E; is selected as 20 MeV. This value is given by Ignatyuk et al.
[11]. The symbols Eg and E; 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:

dq; -

- (m™)p; (16)
do l
= 17
dt UrR? a7
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% =% (18)

% =§_j (19)

CZ; == g_;/l - %aiql (m_l)jkpjpk —Yij (m_l)]-kpk + ginj (®) (20)
%: _Z_‘;_Ytang (HRLR—%CH —%az)R + RgmngRtang(t) (21)
% = - (?a_(/[)/l + Ytang (,uRLR - %‘11 - %a2> a — algtangRtang(t) (22)
% = - ;—(Zz + Ytang (,uRLR - %(11 - %az) a; — azgtangRtang(t) (23)

The collective coordinates gq; represents z, §, and a, the symbol p; denotes momentum
conjugated to q;, and V is the multidimensional potential energy. Here 6 and [ are the relative
orientation of nuclei and relative angular momentum. ¢, and ¢, are the angles of rotation of the nuclei
in the reaction plane (their moment of inertia and angular momentum are ¢;, and L;,), Ry, is radius
of nucleus, and R is distance between the nuclear centers. The total angular momentum L =1+ L; +
L,. The symbol pg is reduced mass, and ;4,4 is tangential friction. m;; and y;; stand for the shape-
dependent collective inertia and friction tensors elements, respectively. We adopted the hydrodynamic
inertia tensor m;; in Werner-Wheeler approximation for the velocity field [14]. The normalized random
force R;(t) is assumed to be white noise: (Ri(tl)Rj(tz)) = 26;;0(t; —t;). According to Einstein
relation, the strength of the random force g;; is given Y gixgjx = Tyij, where T 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 '3*Xe + 2%Bi 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 '3¢Xe + 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 1¥¢Xe + 29Bi. 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 23U + 238U, 238U + 2#Cm 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 2*U and >**Cm 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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