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Introduction 1/26

Why are we interested in the study
of deuteron nuclear data ?

v Accelerator-based neutron sources with deuteron-induced
reactions on ’Li, °Be, 12C, etc., are proposed for various
neutron beam applications as shown below.

v" The R & D of such neutron sources has led to the revival and
increasing interest on the study of deuteron-induced

reactions.
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Features of (d,xn) neutron sources
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Features

* Intensive neutron yields
* Broad peak structure around half the incident energy
* Strongly forward-peaked angular distributions



Nuclear data necessary for engineering design 3/26

The engineering design of the (d,xn) neutron sources
requires the following nuclear-physics based knowledge:

v’ Interaction of deuterons with target materials

v Nuclear reactions due to deuteron beam loss in the beam collimators and
beam dump in the transport system.

(d,xn) data for

BG neutrons

e Characterization of

1= the neutron source
Deuteron beam i neutrons * Shielding design of
1\ target the facility
\\ oot (d,x) activation data for
shielding * Prediction of induced

Schematic drawing of a neutron source activity



Requirement of Deuteron Nuclear Data 4/26

In the engineering design of the (d,xn) neutron sources

Comprehensive nuclear data of deuteron-induced
reactions over the wide ranges of incident energy
and target mass number are necessary for accurate
estimation of neutron yields and induced
radioactivity.
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Evaluated nuclear data library 5/26
for Deuteron-induced reactions

v’ An evaluated nuclear data library called TENDL is now available for deuteron-
induced reactions up to 200 MeV. http://www.talys.eu/tendl-2015/
v’ Recently, a part of the data have been included in FENDL-3

IAEA oo

Insernational Atomic Energy Agency

m Nuclear Data Libraries for Advanced Systems: Fusion Devices

;f;; Nodesr Fusion Evaluated Nuclear Data Library
FENDL 3.0

ﬁm An [AEA Nuclear Data Section Coordnat

dnated Research Project

—— MCUNED+TENDL
...--Ill- g, ® Meulders et al
"y,

v’ Recent work with a Monte Carlo code
MCUNED revealed underestimation
of neutron production from thick copper
at forward angles.
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Requirement of Experimental Deuteron Nuclear Data 6/26

In the engineering design of the (d,xn) neutron sources

Neutron production data over the wide ranges of incident
energy and target mass number are indispensable for
accurate estimation of neutrons.

Double-differential cross section data Thick target neutron yields (TTNYs)
(using thin targets)
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Requirement of Experimental Deuteron Nuclear Data 7/26

Activation cross sections over the wide ranges of incident energy
and target mass number are indispensable for accurate estimation
of induced radioactivity in accelerator component materials.
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Systematic data are further required.  Rref)M. Avrigeanu et al., PRC 94, 014606 (2016).




Elastic and Non-elastic breakup 8/26
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B* represents any possible configuration of the p + A system.

- Elastic scattering of p by A = Elastic Breakup (EBU)
3-body final state: n+p+A
- Target excitation, the absorption of p by A, etc.
- Nonelastic breakup (NBU)

Inclusive breakup = EBU + NBU



Evolution of Inclusive breakup model 9/26

10°—— T
* Semi-classical approach: ngg‘ﬁ)@wm‘a"
v’ Serber model ’510’*5 ;
v' Glauber model s
(adiabatic & eikonal approx.) g " :
8 | A
* Intra-nuclear cascade model: - prs (INCL+GEM) [ |
v INCL 4.6 (A. Boudard +. PRC87, 014606 (2013) ) 0020 a0 60 80 100

Neutron energy [MeV]
S. Araki et al., R361 in ND2016
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* Integrated code for cross section evaluation:
v" DEURACS: S. Nakayama et al., PRC 94, 014618 (2016).



Outline of 10/26
- A new research program on deuteron nuclear data -

Our goal is to develop a state-of-the-art nuclear data library up to
200 MeV necessary for the design of (d,xn) neutron sources.

What we should do toward the goal:

Experiments

> .

- : Nuclear data
e AN cvaluation
model code
'/__\‘ & Benchmark

Applications
Action items:

® [Measurements of neutron and gamma-ray production DDXs and TTYs
® Modelling of deuteron-induced reactions and Code development

® Nuclear data evaluation and Benchmark test

® |ts application to Medical radioisotopes production
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Measurement (I): TTNY and TTGY @ Kyushu U. 11/26

Double-differential thick target neutron and gamma-rays yields

Measurement
Facility: Kyushu University Tandem Accelerator
Incident beam: 5 and 9 MeV deuterons
Detector: NE213(®d50.8mm X 50.8mm thick)
Target: C, Al, Ti, Cu, Nb, Ta =
Angle: 0, 15, 30, 45, 60, 75, 90, 120, 140 degrees (nine angles)

In collaboration with N. Shigyo and K. Sagara (Kyushu U.),
S. Maebara, H. Takahashi, and H. Sakaki (JAEA)

Data analysis

* Pulse shape discrimination of nand y
» Two gate integration method
e Unfolding
» Unfolding code: FORIST
» Response function n:SCINFUL-QMD f
v : PHITS-EGS )



Measurement of TTNY @ Kyushu U. 12/26

Double-differential thick target neutron yields
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Measurement of TTNY @ Kyushu U.
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Thick Target Neutron Yields [n-MeV!-sr!-uC-1]
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Measurement (lI) Neutron DDXs @ RCNP  14/26

Systematic measurement of double-differential (d,xn) cross sections
at 102 MeV using conventional TOF method

* Experimental Facility: Neutron TOF facility at RCNP
* Targets: Li, Be, C, Al, Cu, and Nb

S. Araki, R361

* Emission angles : 0, 5, 10, 25, 20, 25 degrees | ¢, . 15
9:20 @ Mozart

Experimental setup in the neutron TOF facility @ RCNP, Osaka U



Experimental Result
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Double-differential (d,xn) cross sections

Incident energy : 102 MeV

Targets: Li, Be, C, Al, Cu, and Nb
Emission angles : 0, 5, 10, 25, 20, 25 degrees (0, 10 degrees for Li, Cu, Nb)
Experimental Facility: Neutron TOF facility at RCNP
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C(d,xn) at 102 MeV: TENDL-2015 vs PHITS
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* Code development, model analysis



Code system development: DEURACS 17/26

DEUtron-induced Reaction Deuteron Target
Analysis Code System Q @ O : Proton
O : Neutron
By S. Nakayama, R406
Sept. 15, 11:50 @ Vives G
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(d,xp) reactions on %’Al at 56 and 100 MeV 1s/26
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e CDCC and Glauber cal. = Nucleon Optical Potential (OP) : Koning-Delaroche (K-D)
« DWABA cal. 2 d-OP : Adiabatic OP and Spectroscopic factors deduced from exp. (d,p) data
» CCONE - N-OP: K-D, d-OP: An-Cai, Level density para. : Mengoni-Nakajima systematics

Ref.) S. Nakayama and Y. Watanabe, JNST 53, 89-101 (2016).



Activation cross sections: (d,p) reactions  19/26
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TTNYs for the °Be(d,xn) reactions at 0°  20/26
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(d,xn) reactions on C at 102 MeV 21/26
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Nuclear Data Evaluation 22/26

Experimental Theoretical

data model cal.

EXFOR + DEURACS

New measurements

Evaluated Up to 200MeV

Nuclear data

Production of a prototype nuclear data library for a few specific nuclei
(e.g., Li, Be, and C) contained in neutron converters.

] MC code
Benchmarktestusing I INY clata Wy 7 S Va1 2
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Application: Medical Rl production

°4Cu (T,,=12.7h)

B Needs for a longer half-lived PET
radionuclide to diagnose the dynamics of a
medicine in living body (cf. *8F: T,,, = 1.8 h)

B A promising radionuclide suitable for
labeling many radiopharmaceuticals for PET
imaging, since it decays by positron emission
with a maximum energy of 0.653MeV.

Production of ¢4Cu by using
neutrons from the C(d,xn) reaction
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Ref.) T. Kin et al., J. Phys. Soc. Jpn. 82 (2013) 034201; Y. Nagai et al., J. Phys. Soc. Jpn. 82 (2013) 064201



Application: Medical Rl production 24/26

Kyushu U.
Tandem Lab.

Feasibility study of production of N [-‘ -
64Cu in "@'Zn irradiated by neutrons N
from C(d,n) by using experiment and
simulation

Carbon "*Zn CYRIC, =)

deuterons > I Tohoku U.
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Ref. ) T. Kawagoe et al., JAEA-Conf 2015-003, 297 (2015).
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Summary 25/26

A comprehensive research program toward development of
a new nuclear data library up to 200 MeV necessary for the design
of (d,xn) neutron sources.

® Measurements of neutron and gamma-ray production DDXs
and TTYs : S. Araki (R361) 9:20 on Sept. 15 @ Mozart

® Modelling of deuteron-induced reactions and Code development
(DEURACS) : S. Nakayama (R406) 11:50 on Sept. 15 @ Vives

® Nuclear data evaluation and Benchmark test

® |[ts application to Medical radioisotopes production (e.g, *Cu, °2Y)
T. Kin (R243) 11:40 on Sept. 14 @ Vives



Outlook 26/26

® Continued measurements of neutron and gamma-ray production
from deuteron-induced reactions at incident energies up to 200
MeV. - 200MeV (d,xn) DDXs measurement in FY2016 or 2017

® \/alidation of DEURACS using a variety of differential data and its
improvement.

® Cross section evaluation and production of a prototype nuclear
data library for a few specific nuclei (e.g., Li, Be, and C)
contained in neutron converters.

® Benchmark testing by Monte Carlo transport codes (e.g., PHITS)
with newly-evaluated nuclear data library using experimental
thick target neutron yields (TTNYs).

® Application of deuteron transport simulation to the design of
neutron sources for medical radioisotopes production, etc.
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Cancer therapy

Boron Neutron Capture Therapy
(BNCT)

Medicine
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