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Presentations at the International Workshop on Advanced Neutron Sources and
its Applications (IWANS)

(Eds.) Shigeru O’HIRA, Kentaro OCHIAI
Rokkasho Fusion Institute, Fusion Energy Research and Development Directorate,

Rokkasho, Aomori

An International Workshop on Advanced Neutron Sources and its Applications IWANS) was
held on 4&5 November 2017 in Aomori city hosted by Rokkasho Fusion Institute of the
National Institutes for Quantum and Radiological Science and Technology (QST). Advanced
neutron sources are now being planned concurrently with fusion neutron irradiation on fusion
reactor materials, like application for industrial and medical purposes, such as production of
radio-isotope medicine, Boron Neutron Capture Treatment (BNCT) facilities, etc. This
1st worldwide workshop on the topic aimed to discuss about the required development
and potential application of available advanced neutron sources concepts, to build up a
global international forum for discussions on the common technological challenges among

neutron sources. The present report has been complied the presentation files in this workshop.

Keywords: Fusion reactor materials, Advanced neutron source, BNCT, Radio-isotope

production, Industrial application
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1. Introduction

An International Workshop on Advanced Neutron Sources and its Applications (IWANS)
was held on 4&5 November 2017 in Aomori city hosted by Rokkasho Fusion Institute of
the Japanese’s National Institutes for Quantum and Radiological Science and Technology
(QST), promoting the Broader Approach Activities at the International Fusion Energy
Research Centre (IFERC) site. The event took place in conjunction with the 18th
International Conference of Fusion Reactor Materials (ICFRM-18), which developed the
ensuing week in the same location. Advanced neutron sources are now being planned
concurrently with fusion neutron irradiation on fusion reactor materials, like application for
industrial and medical purposes, such as production of radio-isotope medicine, Boron
Neutron Capture Treatment (BNCT) facilities, etc. This 1st worldwide workshop on the
topic aimed to discuss about the required development and potential application of available
advanced neutron sources concepts, to build up a global international forum for discussions
on the common technological challenges among neutron sources. The program of the
workshop consisted of technical sessions as follows;

Review of status of accelerator driven neutron sources applications
Overview of status of developing accelerator driven neutron sources applications
worldwide

Current status of development of accelerator driven neutron sources in different
parties
Presentations about the neutron sources developed or being developed

Panel discussion on development of neutron sources issues

This panel discussion consists of two parts, high power neutron sources and low power
neutron sources. Accelerator-related issues, target-related issues and irradiation area- related
issues were tried to identify and discussed.

Summary session
Conclusions and discussion on how an efficient collaboration can be implemented

In this workshop, there were 18 presentations with 48 attendees of 25 persons form Japan, 2
persons from Korea, 5 persons from China and 16 persons from EU including three IFMIF
Project Team members. Before starting the workshop, a technical tour to LIPAc (Linear
IFMIF Prototype Accelerator) located in the IFERC site of QST at Rokkasho was held.
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2. Agenda
Workshop on Advanced Neutron Source and its Application
4-5 November, 2017

Aomori-city, Japan

Saturday, 4 November 2017 (@IFERC site and Festival city Auga)

(Technical tour to LIPAc)

8:30 Departing from Nebuta museum “WA RASSE” nearby Hotel Route Inn Aomori
Station
(See the detailed information)

10:00 Arriving the IFERC Site and tour to LIPAc

12:00 Departing the IFERC Site (Light meal will be provided at the site for lunch)

13:30 Arriving at Auga

(Main Meeting)
14:00 Opening (A. Ibarra, S. O hira)

14:15 Technical Session 1: Users' perspective on neutron sources for materials development:
T. Muroga (NIFS)

15:00 Technical Session 2-1: Presentations about the neutron sources developed or being
developed (30 +10 min x 4 presentations ) Chair: Shigeru O'hira (QST)

- DONES: A. Ibarra (CIEMAT)

- A-FNS: K. Ochiai (QST)
(+ coffee break 15 min.)

- BISOL: Y. Wang (Peking Univ.)

- Neutron sources for transmutation of long-lived fission products: H. Okuno
(Riken,)

18:00 Adjourn
19:00 Workshop dinner

Sunday, 5 November 2017 (@Link-Station Aomori)
9:30Technical Session 2-2: Presentations about the neutron sources developed or being
developed (30 min x 3 presentations + discussion) Chair: Juan Knaster (F4E)
- Neutron sources for transmutation applications (including MYRRHA): D.
Terentiev, (SCK-CEN)



- D-T neutron sources (including HINEG, SORGENTINA, etc): Y. Wu (FDS)
- Present status of neutron sources development: Y. Kiyanagi (Nagoya Univ.)

11:30 Lunch

12:45 Technical Session 3: Panel Discussion on development of neutron sources
Chair: Angel Ibarra (CIRMAT)
High/Low power neutron sources (4-5 items, 10-15 min. each + discussion)
» Accelerator-related issues. Promoter: F4E J. Knaster (F4E)
- Comparison of a few schemes of RFQ-based compact neutron sources: S.
Kurokawa
High power linacs: J. Knaster (IFMIF/EVEDA)
» Target-related issues. Promoter: K. Ochiai (QST)
- Design and technical challenges of Li target for IFMIF-based neutron
sources by D. Bernardi (ENEA)
- Target challenge for High power compact accelerator based neutron
source; as status of the iBNCT: the heat issue and blistering T. Kurihara
(iIBNCT)
- Present status of neutron target on J-Parc Presentaer: T. Naoe
(JAEA/J-Parc)

> Irradiation area- related issues. Promoter: F. Arbeiter (KIT)
(4-5 items, 10-15 min. each + discussion)

(+ coffee break 15 min.)

16:30  Technical Session 4: Summary session Chair: Kentaro Ochiai (QST)

- From IFMIF users committee: IEA/W-GIFT history and proposal (15 min.)
. E. Diegele (FUROfusione)

- Summary: J. Knaster (F4E)

17:30 Adjourn



3. Presentations
3.1 Technical Session 1: Overview of neutron sources development

Users' perspective on neutron sources for materials development: T. Muroga (NIFS)



Workshop on Advanced Neutron
Source and its Application

November 4-5, Aomori, Japan

Users' perspective on neutron sources
for materials development

Takeo Muroga

National Institute for Fusion Science, Toki, Gifu, Japan

Outline of Presentation

1. Japanese fusion materials development program
and neutron sources

2. The need for fundamental research




Japanese fusion materials development
program and neutron sources

Outline of Japanese Fusion Structural Materials
Development Program

1. Categorizes the candidate materials into Primary Option
(RAFM) and Advanced Option (V-alloy, SiC/SiC, ODS-S)

2. Adopts staged developments corresponding to Decision
Points DP1, DP2 and DP3.

3. Position D-Li neutron sources (near-term : A-FNS and long
term : IFMIF) as key facilities for the development.

4. Emphasize the necessity of “standardization” of materials
specifications and test technology as a crucial step toward
DEMO design qualification.

5. Emphasize the necessity of establishing structural design
criteria for the materials property requirements and
standard specification of the structural materials.




Recent Reports from Japanese Fusion Community

The following documents were recently issued by Governmental
Committees. Japanese DEMO development strategy is under
reconstruction based on these documents.

1. Report by the Joint-Core Team for Establishment of Technology Bases
Required for the Development of a Fusion DEMO Reactor

1-1. Basic concept of DEMO and Structure of Technological
Issues (19, January 2015)

1-2. Chart of Establishment of Technology Base for DEMO
(1, March 2015)

2. Action Plan toward DEMO Development Joint-Core Team Report
(18, March 2016) —in Japanese

In these reports “Material Development and Establishment of Codes and Standards”
is one of the eleven technological issues.

DEMO Reference Concept and Important Decision Points
(Joint-Core Team Report)

DEMO Reference Concept

Medium size steady state Tokamak, with availability reachable for

commercialization and having T breeding to fulfil self-sufficiency.
(This does not preclude potential selection of non-Tokamak concepts for DEMO)

Rescheduling is being made in 2017
according to the delay of ITER

(1) Intermediate Check and Review (DP1)  schedule, butis not yet official

Three Important Decision Points (DPs)

~2020 » ~2020 (DP1-1) and 2025~ (DP1-2)
(2) Decision of transition to DEMO (DP2)
~2027 » in 2030s

(3) Decision of DEMO construction (DP3)
in 2030s » in 2030~2040s




Primary and Advanced Materials Options

M. Thermal Stress factor
RAFM steel is widely accepted as primary A thermal conductivity
t . | t M = ﬂ'O-UTS (I—V) o : tensile strength
materials Op ion - E v : Poissonratio
a a : thermal expansion coeff.
. E : Young’s modulus
Parallel efforts for developing advanced
materials are being made e Brittle |  ["Chemically
E N 1 Reactive
- . . Z 10 ITE-Si =
(1) Limited operation window of RAFM =t i V;r}ﬁ/
: 5 8F -acr- .
Need advanced materials for R
: S 6 .
advanced DEMO and fusion reactor M 3
. . . epn E 4 F |
options with high competitiveness < o ssa6 e
. . E 2
relative to other energy options st ., =
= |}0 200 40{!r emﬁpoeg-atu?g? 1000 1200
(2) Ferromagnetism issue of RAFM _ _
Backup options of non-magnetic Heat fluxr:colerzlance of cand|§datedmater|als
materials are necessary for risk (thermal creep not considered)

Nagasaka 2012

Each candidate has its own
inherent key feasibility issue

mitigation

This talk focuses on RAFM development.

Primary and Advanced Materials
Irradiation Tests and Development

Advanced Option
V-alloy,SiC/SiC,0DS-S

Advanced Blankets [ Fission : 1‘ e === . .
Reactor . |
: |

Primary Option Irradiation _

RAFM = 1
RAFM-based Blankets v :

— T, AN —
Low |F§,?,',,,f; for [Medium | ";_fw High l Medium :gg@"
D-Li neutron irradiation FIuence Feasibility F.fuence _ ”ence:_-;_Ffuence__ Fluence | | uence :

] A-FNS / IFMIF
i . i ' |
DP2 - DP3 Lifetime
Transition to DEMO : DEMO Construction | Evaluation |

/ Conceptual Design //Englneerlug Design //Construc. ion

_“‘—E____Deslgn!Consh'ucﬁon ‘Mvanced Blanket
Test in DEMO

DP1: Intermediate C&R
DP2: DEMO transition
DP3: DEMO construction

Initial effort will be focused on RAFM and RAFM-based blanket systems for early
realization of DEMO

Later efforts will shift to advanced materials and advanced high temperature
blanket systems, toward development of advanced fusion systems 8




Basic Chart and Action Plan for RAFM Development

2010s | 2020s ! 2030s

16 17 18 19}20 21 22 23 24 25 26 27 28 29;30 31 32 --

Decision Points (DP)

Technical Base Chart
DEMO Reactor Design

D-Li neutron source (A-FNS)

D-Li neutron source (IFMIF)

Action Plan
RAFM fabrication technology
Structural design criteria
Materials/technical specification
Materials standardization

Fission reactor irradiation

| ]
! .- -
‘ Decision of Transition

Intermediate to DEMO (DP2)

Decision of DEMO

C&R(DP1)  (subject to ITER schedule) Construction (DP3)
v 20303~
| 2025~ | —} 2030s | -} 50401
Basic Design | Conceptual Design I Englneenng Design Construction
| |,| | N Gorsivston |
| Design | Const. and operation | Extended operation for validation |
po .
i | | Design, Constructlon and Operation |
1 I ! T
Large-scale 1 | i |
production and | ! |
manufacturing i| TBM qualification | - i
Incorporation of radiation effects | | Formulation of criteria |

| Materials spemfcatlon for DEMO | -

Non-nuclear |TBM licensing (~3 dpa) | || Initial DEMO operation |

DEMO full
operation

| Irradiation and validation to 80 dpa || i
I

. . — T
D-Li neutron irradiation . Dose of Initial | Extended irrad. for He effect validation
! DEMO operation |! I
Small specimen test technology Reliability ! | Standardization |! !
evaluation | |
T - . Q

Irradiation Facility Options

Charged Particles

For fundamental studies and model
prediction

Fission Reactors
Primary screening of candidates
Difficult to simulation He effect

Near term D-Li neutron source
(A-FNS)

Database for decision of transition
to DEMO

IFMIF or equivalents

Database for decision of DEMO
construction and operation period

4

10 I | [ 1
! : : : ! :
| i | i MTS |
Ll e e o demmmen Y -
E :: | Spallation ifg‘;g?;‘,
1 ] 1
i | | SNS/SINQ
100 e .i._..“____:_ ______ . . A IFM.IF i)
3 L
a 10 [----- e S i i e o —
B H |
® | |
oA i |
i E— S R— ¢ ISR DR D SR Ta—- -
] ]
] ]
! 1
RTI .

15 ] oo e e + ey
E Fission
! | reactors
0.01 [ f i - 1 g oo e i e —
i i
1 1
/! I 1
‘ 1 1
0.001 | '
0.0001 0.001 0.01 0.1 1 10 100 1000

Displacement damage (dpa)

Damage and helium production of surrogate
neutron irradiation facilities

Knaster, Moeslang, Muroga (2015)
Modified from S.J. Zinkle and L.L. Snead (2014) 10




IFMIF/EVEDA and A-FNS

IFMIF/EVEDA accelerator tests (~9 MeV d*) will be completed in 2019. =—» 2020~2025
A-FNS (~ 40 MeV d*) is being planned as post-EVEDA project. — 2025~
A-FNS is expected to contribute to DP2 and DP3.

D-Li Neutron Source Development

Accelerating | d*beam | Objective
Voltage current

IFMIF/ 9 MeV 125 mA Engineering
EVEDA validation
(LIPAC) (no neutron)
A-FNS 40 MeV 125 mA Medium Fluence
14 MeV neutron
Irradiation
IFMIF 40 Mev 250 mA High Fluence

14 MeV neutron
Irradiation

40 MeV

-1 (m— . ¥

9 MeV \

' DP1: Intermediate C&R
DP2: Transition to DEMO

DP3: DEMO construction

IFMIF/EVEDA accelerator Accelerator Extension &Target System

Layout of A-FNS

Courtesy of K. Ochiai (QST) H

Characterization of Neutron Irradiation Facility

DP1: Intermediate C&R
DP2: Transition to DEMO
DP3: DEMO construction

Purposes Candidate Selection Model Validation Lifetime Evaluation
Required Timely availability Precise Control High Fluence
Characteristics
Fission Timely use possible | Difficult to simulate | Difficult to simulate
Reactors Difficult to simulate He effect He effect
He effect
A-FNS Limited timely use Low fluence Medium fluence
validation evaluation
IFMIF Not timely Medium fluence High fluence
validation evaluation
DP1-DP2 emphasis DP2-DP3 emphasis Beyond DP3

12




Irradiation Test Strategy to Quantify Loss of Ductility of RAFM

30 [ DEMO lifetime evaluation ]
by IFM|F beyond DP3
-FNS irradiation to 1
20 dpa by DP2

Inspection of the

fission data and Verification by fission
. models by DP1 to 80 dpaibefore DP2
k. \ _\ Fiss'm

=/J (without He)

=]
= —-— e f= —_— | L=}

[
Inspection of simulation test
I data and models by DP1

A FNS/IFMIF irradiation to]
>50 dpa by DP3

N
(&)

f

N
o

-
o

75&3@%.\\!&5@

Total Elongation (%)
o o

Critical condition | Fusion
(Start of deviation) | (with He)

10 20 30 40 50
Dose (dpa)

o
o

DP1: Intermediate C&R
Prediction of loss of elongation of RAFM by gggi EFE&Sgion to DEMO
irradiation and strategy of testing : construction

Modified from H. Tanigawa et al., Nucl. Fusion 2017 "

Materials Development for DEMO Licensing

Establishing a philosophy for
ensuring safety of the plant

g

Establishing structural design criteria | Y

O interactive

Materials property requirements

g interactive > T | Standard materials specifications (nuclear) and
Establishing irradiation database design qualification and licensing
1. Fission Rectors — — — —|— + — (> 1. TBM
2.A-FNS — — — — — — — — =+ — = 2. DEMO construction and initial operation
3.IFMIF — — — — — — — — = — = 3. DEMO operation extension to full specification
i) i)
Standardization of | | Standard materials
test technology specifications
including SSTT (non-nuclear)

SSTT : Small Specimen Test Technology

In reality, the standardization and reactor design must be carried out without sufficient
materials irradiation data.

Careful manipulation of the schedule in the development of irradiation facilities,
acquisition of irradiation data, and auxiliary fundamental/modeling efforts are essential.

T. Muroga and H. Tanigawa, Fusion Tech. 2017 14




Need for Fundamental Research
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PKA Energy Spectra

INTEGRAL RECOILS
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Weighted Integral PKA Energy Spectra

Greenwood (1983)
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PKA energy spectra was
considered for correlating
different kind of irradiations

PKA spectra weighted with
displacements can be the
effective correlation
measure

Average or weighted
average PKA spectra was
used as correlation
parameters 16




Effects of PKA Energy Spectra

Effects of PKA energy spectra
have been investigated

Collision cascades were
separated into sub-cascades
above ~10keV, whose

o o
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Muroga (1985) 17

He/dpa Dependence

He effect in an

austenitic steel

Swelling (AV/Vq, %)

316

Model predictions
550°C, 75dpa CW

St | |
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Efforts to Evaluate He Effects

Swelling = 0.5%

Boron addition

B + n (thermal) — “He + "Li

0B addition enhanced swelling and
embrittlement

A | - 'Vw? : -
F82H (36 appmHe) 19B-doped F82H (330 appmHe)

Boron addition can change the 10 -
. . B addition enhanced
steel properties (chemical effects) cavities(HFIR 673K, 51dpa)
—. 500
10B /1B ratio control tests showed e ADBTT due to He
10B can enhance DBTT shift g
However, it was also shown that % am0 r-
Li can enhance cavity formation E BT 1 |k 4
and enhance DBTT shift. Z = /| e
It is quite difficult to evaluate He B Kl
effects explicitly S e v me m me am
Test Tempersture (*()

DBTT shift by isotope-
controlled boron addition
(JMTR 473K)  (Wakai) 19

“He, ’Li ejection from 1°B

B doped austenitic steel has
B rich precipitates, whoing
double ring damage structure

Both ’Li and “He depositing
enhance loop and canity
formation

1.8MeV 4He

LR o

IMTR 400°C, 5.5x1023n/mZ (E>IMeV), JPCA

20




Helium Injection in HFIR

Helium injection to F82H during irradiation

3Ni +ng —>%Ni+y
Ni + ng, —>36Fe + “He (4.76MeV)

He Ion
=3
|
Heavy Ion
R S
Specimen [ g —
substrate
L s s
Dual beam irradiation
(Kyoto U.)

He injection during neutron
irradiation in HFIR using Ni

reaction with thermal neutrons

10 dpa, 380 appm He (Yamamoto)

Different microstructure with the same

Both ion irradiation and
helium injection can
produce fusion relevant
He/dpa only near-
surface area

The difference in
microstructure may be
attributed to the
extreme difference in
damage rate (10 dpa by
some hours and some
months)

dpa and He level 21
Effects of Accelerated Irradiation
0.3 04  Tm 05 06
o8 IDMECH.POL. [Packan(19 )
Most irradiation tests are I I W f
“accelerated” tests o | Nlll,l!;..s @
1 S 1]
g I | ?p‘: li JONS l‘
. ) 2 L ! | e
Acceleration can induce very o2 - eeorsan
- - AT
different materials performance, oL = Gllib LB

especially when multiple
mechanisms with different
activation energies operates.

Sometimes misleading

Modeling is critically important

IRRADIATION TEMP (°C)

Temperature shift of swelling in Ni

o
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Okita (2002)
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Void size evolution in austenitic steels 22




An Example is Misleading Fission-Fusion Correlation

10 : r . . —i0® “ﬁﬁ qu O RTINS ' Muroga (1988)
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Irradiation Rig Development for JMTR

m In-situ resistivity

m Intentional temperature
variation during irradiation

m Specimen pulling out during
irradiation.

| o -
11—

), e
il

Multi-section and Multi-

ﬂfﬁ"ﬁ«"ﬁl mIMIR | gonin
Microstructural evolution of Ni at

low dose with a constant dose rate Specimen pulling-out during irradiation
Yoshiie 2000 using sectioned capsules 24
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Issues for fundamental understaning

1. He effects in fusion conditions still need validation
Fundamental studies
Modeling prediction
Validation by A-FNS/IFMIF

2. Dose and dose rate effects are mixed in most cases
Compilation of single-variable experiments is essential
Property change vs dose with constant dose rate
Property change vs dose rate with constant dose

Fission reactors have limitation in performing controlled
experiments because of limited accessibility .

Current issue — fission power
reactor and materials

26




Surveillance test in LWR

2~3 times

higher dose
rate than RPV 150 :
@ surveillance test data
Surveillance .
test piece —— model prediction
100
Pressure & I @—
Vessel = —— |
= 4/ A T
@ 50 | |
[a)]
Test after 20 years Test after 30 years
but 60 year equi-  but 90 year equi-
valent fluence of  valent fluence of
RPV steel RPV steel
0
Neutrons
(moderated 0 2 4 6 8
by water)

Neutron Fluence (x10°n/m?, E>1MeV)

Surveillance test in LWR Concept of Surveillance test

Surveillance test data can predict future performance of PV
Prediction is based on an embrittlement model

27

Anomalous DBTT Shift in Surveillance of
Genkai-1 Power Plant

After HP of Kyushu-EPCO

= — Revised Model
T2 345 A || BEBIH 6 04 " Prediction
oo | 8 o°c f#191°C I
; : B 8 54
50 5 : 9 8°C (i)
R g 1 N |
L i e | Previous Model
: ! J Pré;diction i
0| | ! : j : E
o wa| ||wea] | [wom el
. e ' ol :
00 10 20 30 40 50 60 70 80 90

TR (x10"°n/em’ E>1MeV)

Criticism emerged toward the model revision.
1. Model is wrong (should have a different fluence dependence).
2. Surveillance (accelerated simulation) is misleading. (impact of flux effects)

Had seriously negative effects on the discussion of extended operation of the present
power plants
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This is clearly showing a lesson we should learn.

Fundamental understanding on materials performance in
fusion condition is crucial even in the stage of commercial
operation

Future neutron sources must contribute to enhancing
fundamental understanding of radiation effects as well as
constructing database

High controllability
Single variable experiment capability

29

Summary (1)

Recently, Japanese fusion community issued some reports on
the strategy for technological developing toward DEMO.
Japanese DEMO development strategy is under reconstruction
based on these documents.

Three decision points (DPs) were scheduled allowing a staged
development toward DEMO.

DP1 : Intermediate C&R ~2020, ~2025
DP2 : Transition to DEMO phase in 2030s
DP3 : DEMO construction ~2040s

The standard materials specifications are recognized as a crucial
step toward DEMO design qualification and licensing. For this
purpose, the materials property requirements to be derived by
establishing the structural design criteria is necessary as well as
establishing irradiation database. 30




Summary (2)

The challenges in this process includes that the reactor design
must be carried out without sufficient materials irradiation data.

Thus, careful manipulation of the schedule in the development
of irradiation facilities, acquisition of irradiation data and
auxiliary basic and modeling research efforts are essential for
materials development toward DEMO.

Recent controversy in Reactor Press Vessel performance
clearly shows necessity for fundamental understanding of
materials performance under irradiation in every stage of
reactor development, including licensing phase and
commercial operation phase. The materials irradiation facilities
need to have capability to carry out fundamental researches
such as single-variable experiments.

31




3.2 Technical Session 2-1: Presentations about the neutron sources developed or being
developed
3.2.1 DONES: A. Ibarra (CIEMAT)



A. Ibarra (CIEMAT) representing the complete WPENS team
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(FMIF : (A
D@NEQ Neutron source requirements (@)

Along the time, it has been widely recognized that a fusion-like neutron
source is needed for fusion materials qualification both for DEMO and

the power plant development
Requirements based on EU

) . . DEMO needs
The requirements are to produce fusion-like neutrons
* Intensity large enough to allow accelerated (as compared to
DEMO) testing, > 10 dpa(Fe)/fpy
* Damage level above the expected operational lifetime, 20 dpa(Fe) in1.5y

« Irradiation volume large enough to allow the characterization >0 dpa(Fe)in3.5y

of the macroscopic properties of the materials of interest
required for the engineering design of DEMO (and the Power 300 cm3
Plant)

The most feasible approach based on Li(d,xn) sources -
— The IFMIF-DONES

The IFMIF project since 90°s project!!!

A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 4




o What is IFMIF-DONES? ®)

It is the minimum neutron source required to fulfill the
materials fusion-like irradiations needs of DEMO

‘ IFMIF-DONES (Demo-Oriented Neutron
Source)

Main technical characteristics
Based on IFMIF Preliminary Engineering Design

simplified as much as possible:
* One full energy (40 MeV) accelerator with angular incidence
* Full size IFMIF Test Cell: only half cooling needed
* Full size IFMIF Li loop: only half cooling, half purification system needed
* Reduced number of irradiation modules to be used: no need of Tritium online
measurements and strong simplification of Pipes & Cables Plugs
« Minimum irradiated materials (modules, target,...) manipulation in the plant:
irradiated materials transferred to external facilities, if possible
« Waste management reduced to the minimum

*Upgrade to full IFMIF could be feasible

A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 5

(FMIF . 7\
DONE Design process of IFMI )
e
IFMIF-EVEDA validation activities: Orai loop, Heloka, Lifus6, LIPAc
| | = m ™
IFMIF-DONES validation activities
] [ [ [ [

Critical technical issues analysis (quench tank location, TA approach, AC configuration,...

$ 3 $ $ $

IFMIF EDR » WPENS Project timeline
2013

IFMIF-DONES - Preliminary
Conceptual Design Reference Design Preliminary Safety Analysis
Report 2014 Second half 2016 . . R t

P ) Engineering epor

| Design report
84 2017

S
b."tkh
-.'- -
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DONE IFMIF-DONES Plant Configuration (@)

Accelerator Systems
Accelerator Ancillaries

Test Systems

Test Cell

RF Power System

l 1 l \ Test Systems
HFTM, Ancillaries
megas } W STUMM Lithium Systems
b Target

Injector =s s w0 ';.I{.H.
100 keV 5 MeV 9 145 26 40 MeVi
RFQ MEBT SRF Linac Beam Dum Lithium Systems Ancillaries

Secondary

P Main Li
x loop Tertiary loop

mpurity monioring loop loop

[ e

[ [ Bt

Primary

HX

Secondary
HX

Tertiary Cooling
HX : water

:: ¥ Trap TiTrap Coldtrap
Impurity control
system

Site, Buildings & Plant Systems

Layout & Site Infrastructures

Buildings

HVAC, Electrical Power Supply, HRS, etc.

Remote Handling System

Central Control Systems and Integrated Instrumentation

A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 7
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SRF Linac

)

InjecorﬂET RFQ + 175 MHz, 5MW, 125 mA, CW, high availability: One of the more
powerful accelerators in the world. Waiting for validation results
from LIPAc (Rokkasho)

¢ \Very similar to the IFMIF one but some changes implemented....

A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 9

IFMIF) . . . =
O/ AS main changes: SRF configuration (®)

Reference design for SRF linac system: 5 Cryomodules!

Implemented to assure the D final energy and reduced beam losses
Ty

Crynmuduls #1

DONES SRF Linac Main Parameters - 5 cryomodules
@ 5 cryomodules o Simulations with cavity field
@ 2 families of HWR maps (1D)
(17 + 27) @ 3 identical high-3 cryomodules
@ Transverse focusing @ Shorter high-/3 lattices
by solenoids (28) @ Shorter final lattices for
@ BPM and steerers for cryomodules 2,34 & 5
orbit correction @ Total Length: 31.6 m

A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 10




IFMIF . cp . /7
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AS main changes: Beam specifications on target{())
oON &
- COL ,rmsnamandnin
i Lps Beam Energy 40 MeV
Beam current 125mA
Beam energy spread  =0.5 MeV FWHM
Beam profile 20x5cm?
10x 5 cm? (optional)
Angle incidence g9°
Beam position +5mm
Beam uniformity + 5% (across the flat top)
Beam tails <0.5pA/cm? beyond = 11 cmin horizontal '
Edge peak edge peak current density in x profile
between 15% and 30% of average density
; 1 Maximum beam 25 cm in horizontal direction
Tokel bineeciension 25 com 125 00} Ta—— extension 10 cm in vertical direction
1 . 3 o
100 ] 50 ]
§1: Beam adaptation acekin - CEADRFVTu'SACH ] | o1 4
A $2: 50 1_ [ :
2 1 )
§3:Beam Expansion to target D ] 0__
0 I .
T -507 ! 001
> ] ]
2 100 =07
-4 B'AGIRD;;I HTARGET 150 f ww'/\
DODECAPOLES ] 7
- z::r:,;wmww OCTUPOLES T T[T T T I T T 0.001 -100 LI A
) 10 20 30 40 -15010050 0 50100150 2100 -50 0 50 100
Z(m) Xmax =119.055 mm Xmax =66.899 mm
Ymax =49.245 mm Ymax =49.988 mm
A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 11
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AS main changes: Solid state RF (@)
OO &

RF load

Integrated Module

50V 1200W LDMO
Freescale MRFE6VP61K25H

i l
E] New 65V 1800W LDMOS NXP1300W
MRFX1K80 (pin-compatible) *"

Cavity combiner

v 2017

T

RF Input

¢ RF source can be tuned for each cavity
e On-operation maintenance is feasible

* Higher availability

A. Ibarra| Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 12




\

_ IFMIF) i (N
oOney/ Outline (@

 DONES objective and overall approach

» Accelerator Systems summary

e Test Systems summary

e Lisystems summary

 Remote Handling & Building systemx

e Summary
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Yo Test Systems summary (@)

Irradiation module

Test Cell Cover
Plate (TCCP)

Upper Shielding
Plug (USP)

Lower‘ Piping and
Shielding = £ Cabling Plugs
) (PCPs)

HFTM

Quench
Tank (QT)

TC Surrounding
Shielding Walls

TC-LS Interface
Cell (TLIC)

Duct penetration A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 14
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n@mp Test Systems summary ég,a

Irradiation module

iy

Cooled shleldlng plug :

Test Cell Cover
Plate (TCCP)

Upper Shielding
Plug (USP)

Lower Piping and
Shielding : £ Cabling Plugs

(LYol Y1

Main characteristics driven by

e Internal components
cooling by He

* Remote Maintenance
required

132000 myy,

‘_""—.t@:?_{_m

Similar to the IFMIF one but

TC< some changes implemented (or
ie .
to be implemented)...

2000

o

ok TC-LS Interface
Cell (TLIC)

Duct penetration A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 15

DA:N“; _Test Systems Changes: Test Cell configuration & {
others

(@)

Test Cell configuration: HFTM design:
* Enlarged to host the Quench Tank * NaK must be avoided (Na filled

* New volume added to define Li loop proposed)
fixed points:TC-LS Interface Cell * Improved fabrication methods
(extended liner)

Quench
Tank (QT)

N
TC Surrounding
Shielding Walls

Interface
LIC)

A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 16




STUMM module to characterize the facility

during the commissioning phase

Square pipes (10x10)
for detectors cables [4x]

Connectin|
element 1

Water cooling of concrete walls

Detectors
- SPND [103

Detailed design of PCP

Thermocouple

(including radiation streaming)

Support , i w/he
plates [6x] sl Photons
: 0c

Connecting
element 2

b 1 |,-- - 1.000e-03 | - e

A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 17
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e Summary
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Li systems summary

-
(

N=f

Support
structure

Inlet pipe \ pipe
fixed/point |

LI main loop

Li purification loop

A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 19

o)
.

Li systems summary

(i

* 5 MW power handling, 15 m/s Li velocity, remote handling
e Main requirements: Li flow stability and Li impurities control
Main challenges to be considered:
e Target Assembly lifetime
¢ Risk of cavitation, Li evaporation
¢ T (and other radioactive ions) inventory

» Very relevant results from IFMIF/EVEDA validation activities
e Very similar to the IFMIF one but some changes implemented...

D - i

Oil-Water tertiary HX

Support
structure

Inlet pipe \ pipe
fixed/point |

A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 20




D@f:f LS main changes: quench tank design @)

=7

. Velocity: Magnitude (m
" 16.574

lu 317

Stress Von Mises (MPa)

_—"

80.000

10.061

60.000

ido.m

.M.m
0.00000

Stress distribution

* Quench tank must be located as close as possible
to the target assembly outlet to reduce the risk of
cavitation

e Quench tank must have some internal structure to
assure uniform outlet flow with a reduced volume
(and stable surface)

e Remote maintenance must be feasible

)

4
l-n,s
£ ‘1 -15.3
A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November :SI'ZOISP%&-?& Time 2

_ IFMIF) . .y
oOnes/ LS main changes: Impurities control @)

Purification requirements

| ttem | Vale [  Remarks |
H content in Li (<10 wppm)
(£1 wppm) target values, Under

N content in Li (<30 wppm) review

(<10 wpprm)

Hydrogen electrochemical sensor

Be-7 content i Li ()

orrosion product

- (-) Under review
ontent in Li
for nozzle and BP.
. . (1 m m/year) .
Erosion/corrosion Under review
rate for the other. Under
review

* Review of impurity contents requirements

* Purification strategy improved: N trap off-line
integrated in the dump tank

e Mass transfer modelling

e Hydrogen isotopes modelling

e Target and Li monitoring diagnostics

(0.2L/s to H-trap)

A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 22
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e Test Systems summary

o Lisystems summary

 Remote Handling and Building systems

e Summary
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(FIF) : A
oones) Remote Handling System )

HFTM & positioning

TA & storage support TA positioning svs'grecm

P, USP & LSP

* Key and complex system
It requires evaluation of maintenance _
needs and dose maps, identification of all
the required operations, design of
common and specific tools, evaluation of

the operations,... _ A
A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 24
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oOnes) Building and Plant Systems Q)

Main Building (generic site)

Dimensions ~ 160 x 75 ; Three — story

Basement/foundation slab, three suspended
floors at different elevations, and one
additional roof slab
Main structural system is formed by a combination

of bearing walls, columns, suspended slabs and
beams, all of them in-situ cast with concrete.

Included and area for Other Complementary
experiments

Plant Systems s :
HVAC; Electrical Power System (~45 MVA); Heat | .
Rejection System (~18 MW); Service Water

e -

System (Potable/Industrial/Demi); Service Gas ‘ ' L+ i
Systems (Argon, Helium, Nitrogen, CA) ""r_*.

Radioactive Waste Treatment System (Solid, 13.!_:%_-‘-;,._ ﬁ?}.-r‘-;-_

Liquid and Gas/Detritiation) e e — | =

Fire Protection System (Det./ Ext.) i EErg) s [FE=gEr===7

A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 25
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» Afusion-like neutron source is needed as soon as possible for
DEMO design and IFMIF-DONES is the proposed European
alternative to be implemented in the near future

* IFMIF-DONES design is based on IFMIF design evolved to
take into account a reduced scope and results obtained
during the prototyping phase

» If everything moves on properly, construction can start in 2020

« Engineering design for the different systems is progressing
steadily. Key results must be obtained from LIPACc in

Rokkasho
A. Ibarra] Neutron Sources Workshop| Aomori (Japan)| November 4-5, 2017| Page 27
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A End { ?'\))
DONE N\

IFMIF
DONE
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3.2.2 A-FNS: K. Ochiai (QST)
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» Background and objectives
* Requirement from DEMO fusion reactor design

* Necessity of early neutron source
* Present status of IFMIF/EVEDA

« Advanced Fusion Neutron Source
» A-FNS project based on IFMIF/EVEDA
 Site
* Basic parameters of A-FNS

Schedule for A-FNS construction

* Issues for construction and operation

e Summary




Background and objectives

Requirement from DEMO fusion reactor design

Candidate material validation test by fusion neutron source irradiation is an essential
issue for DEMO design and it should be done by the end of engineering design phase.

Relation of DEMO design (JA) schedule and required irradiation data for materials

2015 2020 2025 2030 2035
I I | | |
DEMO Conceptual Design Engineering Design
; By 2035, main irradiation verification tests
are required about, First data
« RAFM as FW acquisition

* Blanket materials
* Divertor materials

* Diagnostic materials.

We have to explore a possibility of early
intense fusion neutron source construction.

(,59'
Necessity of early neutron source QST
10000 ; ; ; , " I
EToo high He production {  The DEMO reactor will finally exposed the
puet | structure materials up to around 80 dpa.
1000 |- 1 & . E e ey .
' \ Fusion £ As an initial data for the DEMO design, we
[ S ~ 1 think to need the irradiation up to 10
s Wi ' e s s 1 dpa/year at least.
z & |
2 " \b&‘_s_ DL "eacms DT neutron source including ITER is quite
N i .7 ' - . i not sufficient from the objectives.
® '
o |-k o s s " | Fission reactor and spallation neutron sources
3 ' T L | ’ 1 . . . pe . .
\ RINS-IuS) m, [Fssion i will not be appropriate for the verification in
1 -1986 r 4 . . .
bk " o lof:i‘::md“mon 1 the viewpoint of the ratio of He and dpa.
0.1 Kol P Uil il v
0.01 0.1 1 10 100 1000
displacement damage (dpa) Therefore, an fusion neutron source like a

Contour map of helium production rate and displacement IFMIF should be operated around 2030 for
per atom (dpa) for fusion reactor and neutron source. the material irradiation.

We propose the complete achievement of irradiation examination with an

advanced fusion neutron source facility ,A-FNS which is like a half intensity
of IFMIF by 2035.




Present status of IFMIF/EVEDA

From 2007, IFMIF/EVEDA has started to validate the construction of IFMIF on BA phase.

f Accelerator Lithium Target
(125mAx 2) 2521 mm thick, 15

MEBT
Source |LEB RFQ i

;;O;;;__Hﬂ _________________ Hﬁ 5 upelconapeinal nac g
100keV 5MevV 9

10 [
|

RF Power System

\ l IFMIF Intermediate
V Engineering Design Report /
e ppe Rokkasyo (201@ ! i
s - : RFQ = I

INFN Lognar 5K Mol CIEMAT Made
— — —
e IIENIIEZ

Linear IFMIF Prototype Accelerator (ongoing) EVEDA Lithium Test Loop (2014) High Flux Test Module (2015)

To achieve 9 MeV(CW) operation  Long-term stability of high Prototype manufactured,
speed liquid flow validated! = remote handling tested!

We propose an A-FNS construction using by the IFMIF/EVEDA intellectual propertieE

Advanced Fusion Neutron Source

Advanced Fusion Neutron Source based on IFMIF/EVEDA

From the viewpoint of the effective use, we will start to an conceptual design
activity of an using by the IFMIF/EVEDA.

L160x W80 x H 25 Accelergo\r facility Test facility Related facility
N —
— : .
Injector and RFQ+SRF SRF and Beam transport 7 HI

rand

| 58 60 . 18 | | 18 _ Unit:meter

< > < > < ﬁbd—bl

! Injector  RFQ SRF SRF ! |

| MEBT 8D i - ,

i o — — Li-target loop system | POst Irradiation Experiment
| W= % 1y ® ] | | s||y!. D. fundet ol

| S #, | . . .

1 Deuteron BD . — Radio Active Processing

i Energy (MeV) %0 9 HEBT * ) EE’"

! : Target handing system

Cross sectional views of an A-FNS construction




Basic parameters of A-FNS

Beam Particle Deuteron
Energy 40 MeV
Current 125 mA (CW)
Foot print 200 x 50 mm?
neutron Incident angle | Normal
- Availability 33% at least
L g Target Material lithium Liquid target (jet)
" {Medium Flux (6L)
L) Temp. 200 - 270 °C
Schematic view of test cell (Ref. IFMIF design) Velocity 10-15 m/s at target
o Thickness 25 mm
Net volume for Irradiation Window Free surface (no window)
3cc at 25dpa/fpy Neutron | Intensity 6.8 x 1016 neutron/s
- (at back plate)
g 15cc at 20 dpa/fpy Average flux 6.0x 1014 n/cm?/s
o 30ccat15 dpa/fpy Helium P.R 3.12x10% appm/fpy
*  60cc at 10 dpa/f .
- pa/tpy Displacement | 24.7 dpa/fpy
HePR/dpa 12.6

fpy: full power year

High Flux Test Module

Relation of irradiation volume and dpa/fpy (A-FNS)

Site of A-FNS

T rThe Pacific Ocean

'

Rokkasho‘,"Aomori

Japan

tion area of A-FNS




QST
Schedule for A-FNS construction

2015 2020 2025 2030
| I |

:

 Engineering Design

2035
[

DEMO Conceptual Design

Neutron Source for irradiation First data acquisition

First irradiation
«—

‘ EDA phaseT Constructior_hase
Construction decision

Start commissioning

Conceptual design

Issues for construction and operation

Technical issues must be solved by 2025 based on the following items.
Precise irradiation plans and their schedules
Technical issues for plant safety and regulation
Cost estimation for construction and operation

Injector

IFMIF/EVEDA/LIPAC

RFQ

9MeV

I ey —
&)

A

- 0
5 W+ |
e A

40 MeV

Achievement of LIPAc

Technical feedback from
the LIPAc long operation

Safety

N

'I_'k,.

Extension of building

Extension of SRF and
beam line

Safety

Test Cell

| Source

point

Li-HF

N

We just start to verify the design
and their development.

Purification system of Li target
Optimization of lithium target system
Optimization of HFTM

Remote handing for TA and TM
Remote handing from TC to PIE
Designs of PIE, RIP and Li-HF

As others

Storage building

Console area or building

e
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'-"9 Another application proposal of A-FNS

QST A-FNS should be also utilized like multi-purposes neutron source.
Neutron beam station of A-FNS for material analysis
(it will be available to not only for general material analysises

also fusion material micro-analysis)
Rl production module installation (ex. Mo-99)
Pneumatic line to use the intense neutron field

A-FNS

Accelerator

128mAx 2

Source |-EBT

o (R =

1 .
Beam line

For fusion

D-Beam

100keV

i e
SheV 9 145 28 40Mel

Li-target—-l

l Pneumatic line <

S ————
tNeutron current, 40 MeV, 125 mA |

4

Neutrons [n/cm?/s/lethargy]

10" 10"”“1';)" oW w0
Neutron energy [MeV]

N

K | N o

v

g

We just start to the investigations for the muti-purpose on A-FNS

___Summary _________________________[F)

QST

For fusion DEMO reactor design, we have started the design activity
of an advanced fusion neutron source (A-FNS) facility.

From the viewpoint of the effective use of IFMIF/EVEDA intellectual
properties, as a candidate, first of all, we propose the extension type .

A-FNS will be like a half size of IFMIF. The volume of irradiation will
be narrow than half of IFMIF case.

A-FNS should be operated around 2030 for the data acquisition and
the availability have to be 33% at least.

In case of the test facility, the hot area of remote handing will be
most important issue. Especially, the exchange of Li-target assembly
will be most serious action.

For the construction of A-FNS, we will need to organize a consortium,
not only QST, also institutes, universities and corporations.




Related presentations in ICFRM-18

® 11.6 17:00-19:00 6PT56 S.Kwon (QST, Japan) Investigation on
A-FNS Neutron Spectrum Monitor System

® 11.7 16:40-18:40 7PT55 M. Nakamura (QST, Japan) Impact of
the Beam Injection Momentum on the Free Surface of the Liquid
Lithium Target of Advanced Fusion Neutron Source

® 11.8 16:40 - 18:40 8PT56 Investigation of Mo-99 Radioisotope
Production by d-Li Neutron Source M. Ohta

® 11.9 16:00-18:00 9PT55 H. Kondo (QST, Japan) Experimental
Study on Application of Large-Scale Cold Trap and Impurity
Monitoring to Liquid Lithium for Intense Fusion Neutron Source




3.2.3 BISOL: Y. Wang (Peking Univ.)
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Multi-Aimed Intense Neutron Source
(MAINS) based on BISOL

Yan Sha (on behalf of BISOL-MAINS team)
State Key Laboratory of Nuclear Physics and Technology
Peking University

Workshop on Advanced Neutron Source and its Application
Nov. 04-05, 2017 Aomori, Japan
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e Background
* Brief history of BISOL

e Concept of MAINS
e D* Accelerator
e Liquid Lithium Target and Irradiation Unit
e Liquid Li Loop
* Neutron field properties
 Outlook
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e Background

PEKING UNIVERSITY

Beijing Isotope-
Separation-On-Line
Neutron-Rich Beam
Facility

— A facility to
producing neutron rich
rare isotope ions by
means of ISOL+PF

BISOL

Great scientific questions at the expanded nuclear chart (3-flags)
® New physics at the drip-lines
® Nuclear-processes in creating heavy elements in the stars

® Ways towards the super-heavy stable island

m Stable
Unstable .
super-heavy

- 114 (<>
Predicted /
= island
pm
unstdble nutlm

T 5

Neutron Number

JaquinN uojoid
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Beijing Isotope-Separation-On- CABR
Line Neutron-rich beam facility
Experiments of Material loh source .
Neutron/Deuteron/ irradiation Low resplution S
Proton Applications cell sepafator 4 rge
lon source ‘
ctor-driven
Double sources Accelerator-driven High RIB source
; RIB source resolution Beam Charge
|.  CARR (China ECR fon 3 e | I coder Bemeder
advanced research \ jou=e 228 SSHWR T Kicker
i : ’ = Bedm stop RIB LEBT
reacto r) auteron accelerator D* 40 Me Charge
H* 33 MeV
+ 22* 81.2MeV selector
ll. Intense D
Fragment pF Stable
ACCEIGrator separator target SC HWR SC HWR SC QWR RFQ ion source
rge
{0 J+{ {3
150 MeV/u RIB accelerator
70 MeV/u 19.6 MeV/u
v | Experiments of Experiments of Experiments of
| unstable beam SHE etc. decay etc.

@) tx+¥  Requirements of Intense Fast
Neutron Source

neutron

e A
S

fusion and

¢ wile
triton breeding d\'\'. ¢

Material research for fusion and
fission energy, neutronics,
imaging, material
analysis,single particle

P T P Y

Basic nuclear scientific
research
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@ rodowme  China fusion energy roadmap

CFETR

I (>2050)
1GWe, Power ’
Plant Validation C F ET R 7

* (2030°s start operation)
Phase 11: DEMO validation, Q=10, CW, 1GW, =S0dpa

o Phase I: Q=1-5, steady.state, TBR>1, >200MW. <10dpa 5-10 dpa in Phase |
X e 50-100 dpa in Phase II

Phase 11: Q=5, 30005, 350MW, steady-state burning plasma

Phase 1: Q=10, 400s, SOOMW, Hybrid burning plasma

Advance PFC, steady-state advanced operation

=
D J-TEXT Disruption mitigation, basic plasma

L L L 1 L L L L 1 J
2015 2020 2025 2030 2035 2040 2045 2050 2058 2060 _
Wan, et. al., Nucl. Fusion, 57, 102009, 2017
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Multi-Aimed Intense Neutron Source driven by D* accelerator

8Ni 250 pps
1206r 2X10* pps
EXP. Secondary BL
Term.
1325r 4X10° pps
2X10%5 ﬁSSion/S Isol 91Kr 4X1011 pps
EXp. 142y 9X10° pps
10-70 MeV/u
Rilons | € Accelerator :H—L> SC Accelerator
AUl Exp. Term.
2X10'4 fission/s

L-Li target

D
5X10% mCScelerator == ECRIS
n/cm?s

10 mA

Neutron
Lab




NP RS MAINS

Irradiation
Unit

Side view

Top view

™ ‘I

Material irradiation Neutron science and
other applications
ISOL (Fission ion source) (Test modules) (neutron beams)
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e Brief history of BISOL
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2011: CIAE and PKU signed agreement to jointly promoting
an ISOL-type RIB facility in Beijing area. As a result the

previously proposed CARIF and ImPUF were merged into
Beijing-ISOL e

SRR S0 BCHERRSIE

NELI LS Major Milestones

PEKING UNIVERSITY

Oct. 2012: An IAC was formed and a review meeting was
held at PKU to evaluate the “Initial Conceptual Design of the

BISOL”.

“The Committee considers the
research potential of the
proposed facility in both, basic =k
as well as applied and
interdisciplinary research, as
excellent and highly
competitive on the world level.
It promises a unique science
reach in several respects, in g
particular with regard to the | 98
most neutron rich exotic nuclei F=%
and the study of the
astrophysical r-process.”

The Beijing ISOL
Inutial Conceptual Design Report




INEMISE Major Milestones
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2013: the advanced ISOL-type facility was adopted in “the
national mid- and long-range plan ( till 2030) of the major
facilities for science and technology development”.

Aug. 2014: a Xiang Shan Forum ( 503th meeting in the series) was
successfully organized and a road map for major nuclear
physics research facilities was established, including the
BISOL as the next major facility.

May 2016: a domestic expert meeting was held at CIAE to
evaluate the preparation works of the BISOL, aiming at a
proposal to the 13th 5-year plan of the central government
of China.

D 35’)6 Major Milestones
May-June 2016: proposed large-
scale science facilities (more
than 50 proposals in all) were
reviewed by the National
Development and Reform
Council. BISOL was
successfully classed into the
list of the preparation facilities
(10+5 facilities in total).

Dec. 2016: the government has
officially announced the
results for the 13th 5-year plan.
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Jan. 2017: a specialized IAC meeting was held at PKU-CIAE,
dedicated to the accelerator based intense neutron
source, in particular the high-power target systems.

Mar. 2017: the 1st BISOL user meeting was held at PKU,
with ~ 150 participants and very active discussions.

Jun. 2017: BISOL proposal was finalized and evaluated by
an internal committee, being ready for the next
national review and the next IAC review.

@) esXx¥  SITE of BISOL - CIAE

PEKING UNIVERSITY

Fangshan
District
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OUTLINE

e Background
* Brief history of BISOL

e Concept of MAINS
e D* Accelerator preliminary design
e Liquid Lithium Target and Irradiation Unit
* LLi Loop
* Neutron field properties

e Outlook




MAINS

CW D* beam: 40 MeV, 10mA (Phase I); L-Li target: 100(W) X 25(T), 20 m/s

main part in -1 ~-3 layer of the BISOL building

ae;;:,}.z?

MAINS
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Accelerator

Irradiation facility, Li target and Li Loop

@ lj)EKINGxUNIVERSITY BISOL'MAINS

BISOL-MAINS parameters compared to IFMIF

Irradiation Volume
(cm?)

>101> >5.1014 >1014 >5.1013 >1013
n/cm?s n/cm%s n/cm2s n/cmZs n/cm?s

Current
(mA)

BISOL- Liquid

i oD ~ ~
manst 49 D 10 ,_i 0 0 12 60 700
BISOL- . Liquid N _ )
vansy 40 D 20 ¥ 0 0 60 170 ~2000
BISOL- . Liquid N _ ) i
vans 40 D 50 ¥ 0 12 240 ~700  ~7900
IFMIF 40 D+ 2x125 Haud o gp >00 6000 I

Li (HF) (MF)
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e Concept of MAINS
e D* Accelerator

L %5 %
&/ PEKING UNIVERSITY D+ aCCEIerator

LEBT RFQ MEBT SRF-LINAC HEBT

BT“_TMT{mm}mm}mm-ﬂymu.% ....... .

apole

v 40 MeV

 LEBT, RFQ, MEBT, SRF, HEBT Energy 40 MeV

« SRF Linac: 5 cryomodules, HWR gg;:ﬁ”gower o o

e Total Iength: 75 m rf frequency 162.5 MHz
Duty factor 100 %

« Code: ParmteqM, Toutatis, TraceWin  Beam loss (E>3 _

MeV) 1 W/m




< PEKING UNIVERSITY Ion Sources

¢ For commissioning of
accelerator instead of D*

* Providing H,* beam for
experiment terminal;

e Asaredundancy of D*

ot ' source
= 2.45 GHz, 20 mA, 50 keV H,*

PKU PMECRIS

120 mA H*
83 mA D*

2.45 GHz, 20 mA, 50 keV D*

400 200 500 200 250

Soll Sol2  cone

« 2 identical solenoids whose effective pole length is 200 mm.
» 2 steerers (BPMSs) in solenoids.

* Solenoids magnetic field: 0.35T & 0.41 T, aperture 120 mm.
* The total length of beam line: 1.55 m

» diagnose instruments: ACCT, FC, emittance meter
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60

s

60 -

v T T T T T T T T T
[1] 02 04 06 08 1 12 14

Position {m)

LEBT

Ximm) - X'{mrad) Y{mm) - Y'{mrad)

150 [. 150 [.
1004 £, 1004 ..
50 - 50 -

E ~0.8 i —06
0 - 04

3 J 0.4 1 04
803 : 50 ;
-100-] °% 100 [.'“
-1503 "o -150 0

432101234
P{deg @162.5 MHz) - Wike\/)

432401234
Kimm) - Y{mm)

4 02 1

3 3 -

P 044 0.0

13 o8

O -

o 3 —0.4
13 -0
23 0z
33 PYERE = 3
-4 T T T T . . - 1 =0 -300-200-100 O 100 200 300

4 -3 -2 -1 0 1 2 3 4 Po=-32.067 deg Wo=50 keV

Xmax =2 802 mm Ymax =2.907 mm dW=-28 2726 eV

» ECR-IS extraction beam parameters: €, = 0.17 mm - mrad

* RFQ entrance beam parameters:

&, = 0.195 mm - mrad, a = 1.33 and = 0.042 mm/mrad

* Match to RFQ

N ;]E;.J’

4
-7
PEKING UNIVERSITY

4 vane RFQ, quadrilateral cavity
with T mode stabilizing rods

Deposited power 96 W

RFQ CST model

RFQ accelerator

325 20 . , ’ ' v , v , . 1
194 i
1.8
1.7
1.6
1.5

[0 - | . S S

- (MeV)

1.3+

a (mm), B, rff (mm)
| - 1 1 | 1 1 1 1 a1 1 1 |

124}
os4 g

1.0 4
144
0.9 4
% (Y. ——— | | 1
4 50 100 150 200 250
RFQ cell

RFQ Kinetic parameter curves




TR s N4 Parameter Value Unit
N\ j ilgN(ﬁ:NﬁE"ngY RF Particle o
Q Frequency 162.5 MHz
Input energy 50 keV
. ] Output energy 3.0 MeV
Des'Qn Strategy- Beam Current 20 mA
« High beam transmission {;‘atg;“l’::get;]’o“age TR 6%735 ’2}’
e Low rf power dissipation Maximum peak surface electric field 19.87 MV/m
; Kilpatrick coefficient 1.46
* Low surface peak field Minimum aperture radius 3.05 mm
; : i+ Average aperture min/max 3.94/5.09 mm
* High beam quality at the RFQ exit Synchgong’us ohase 90 30 dog
« Short RFQ length Max. modulation factor 1.90
Trans. input normalized rms emit. 0.20 mm-mrad
Trans. output normalized rms emit. 0.21 mm-mrad
Long. output rms emittance 0.09 MeV- deg
Transmission ratio (PARMTEQM) 0
(Wiimit = 0.08 MeV) 2941 &
Transmission ratio (Toutatis) 99.68 %
Accelerator ratio (Toutatis) 99.44 %
TN y
NELE R Q
. PEKING UNIVERSITY R F
. - =-;-;.?ISOI" RFQ: Deuteron 3MeV 20mA BISOL RFQ: Deuteron 3MeV 20mA
o :: _____________ 543 X7%P_lom-radian) S p:_::u;};;ui;ﬁiﬁ:;:” S ‘__m dphi -dH (deg-HaV)
Envelope-X-: ] " 6 o
Envelope-Y + o« D e L "
Diey = b T FE O TNRE et N N T G TR 1 ] 1] o
Phase disperse i 2 (ameaatan e e raaian o 2% - tdag v
ik f H o h
Energy disperse ¢ o ™ ]l
R Emn e em owm CHE wmn e wn ww NG 0 5 o

 ParmteqM multi-particle tracking with 10° macro-particles
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150 |120 120 | 120|120 | 120|100| 258.5 |1m|120|1oo|1 0]100| 258.5

|\HH| H'

l I I 'Imntlerl
 quap Quap

QUAD QUAD QUAD

30 envelope

five gaps IH buncher

2, W Element Value
e . E—— A S Cavity diameter (mm) 370
' Pustanim “ Aperture diameter (mm) 44
o] Cavity length (mm) 320
Q value 12000
# Power (kW) , 19
- Mode separation (MHZz) 162.3
\\”"\I ‘
P TS :
-/ PEKING UNIVERSITY SRF Ilnac
Beam loss control
1.8x10° T T T T T T T T T T T T
1.6x10° - 40
1.4x10°
o 1.2x10° 4 430 _
© - ®
@ 1.0x10° =
E 8.0 10*- 420 5
£ 8.0x - 5
£ 6.0x10° >
4.0x10° - 10
5 cryomodules, 23 SC solenoid, 32 20x10°1 l“
HWR SC cavities, main coupler, and G- A . x -

SO on.

Paosition (m)
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SRF linac

Parameters of HWR cavities

0.09

Bore diameter [mm 40

B,

Operating E_ . [MV/m] [

Eacc

mG/(MV/m 6.4

255

Cavity length [mm] _ |pgg
Thickness [mm] B¢

0.15
40
4.7
6.8
300
6
350
3.0

Property

B=0.15

NPT

PEKING UNIVERSITY

Layout of HEBT

Beam 30 envelope

HEBT

i - )

Beam on Li target

Eke S1[350873m)  NGOCD 200084 1 500000

Hiprem) - Xmead)

ETET
l .

-1 { =

z [ i “ul

Xmax =32 876 mm Ymax =10.051 mm

Ele 23194438 m) PM O 100000 / 100000
NNNNNN ad) ) rrrad]
I ¥
0 L
a o,
0 50 50

Hirom) - Vi)

50 0 0
et =48 553 men Y =53.465 mm

2 0 2
Trmese =3 016 frs. Wipsad0 eV

Beam dump
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e Concept of MAINS

e Lithium target and Irradiation Unit

TN, »
NPT TR
Tass PEKING UNIVERSITY

Liquid Lithium Target

ook
Crooprme [
100 ks
20mis 50U
;-
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oA Rare Isotope lon Source

™" ISAC Target/Ion Source

Target container
20 mm diameter
20 cm long

P <SkW

P~ 10 kW

Fe

Fin tﬂrget with

cooling enclosure

Pierre Bricault, TRIUMF, ACOT, November 2007 SEEC, March 2008
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e Concept design of MAINS

e L-Li Loop

NEE TR :
-@éb PEngUNIVERS?f'Y LI Loop

{D* beam { Target System

S TN
L] ¢

i Lithium Main E | 0Oil Cooling D 0il Cooling DWﬂerCooling

Quench Tank

Loop Loop 1 Loop 2 Loop
I:lj_f EMP  gmEM EMFM @ X EMFM @ L pvEm @ Z
0 v
PupsciyLeop X X Pump X Pump X Pump
Lithium Dump Oil Dump Oil Dump Water Dump
Tank Tank Tank Tank

loop loop Coldtrap Heattrap1l Heattrap 2

L-Li oil oil Ar Ti Y
250 185-220 50-75 200 600 280-300
4 5 5

65 85 130
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. Jt #H1Y Access route

PEKING UNIVERSITY

(D Taking out TA/TMs/RIS from TC

2 Waiting for cooling (short life
Isotopes)

Disassembling TA/TMs/RIS
(radioactive waste directly
down)

Component handling
Rig handling

To PIE

Magnet maintenance

©@

New components

Finished new TA/TMs/RIS
Replacing TA/TMs/RIS into TC
Magnet maintenance

CRONCONCRCICAGHO
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e Concept of MAINS

* Neutron field properties

@ ﬂt ,é.-* 'v? . . . .
= mavuvmsy N eutron flux density distribution

Vertical neutron flux [n/(cm”2*s)] Horizontal neutron flux [n/(cm”*2*s)]

0.95 1 e . . . . . 0.95 1
[z/m] [z/m]

Phase | n flux: > 101 n/cm3s > 5X10%3 n/cm?s > 1013 n/cm3s
40 MeV 10 mA  dpainsteel > 8 dpa/fpy > 4.4 dpa/fpy > 1.3 dpa/fpy
D+—>Li Volume: ~12 cm?3 ~ 60 cm?3 ~ 700 cm?3
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The neutron flux density distribution at the Test Module position (2 mm beyond BP)

Test Model neutron flux [n/(cm”2*s)]

x10"
2000

[yfem]

Li target and the test module o]

The maximum neutron flux density reaches 2X10%* cms! on test module

@) kNG UNIVERSTTY Neutron Energy

0° Neutron energy spectrum

Energe spectrum-log

15 10
#10°E 0
o™ =
e E
E —
E —
& 1 1
wi0 3 -
s .
T r )
5 f £
10" € 1
= s,
- g
. >
102
E == itmi d+L1 back of the target
m —— spiral d+C: back of the target |
B - -~ 4*spiral d+C. back of the target }
o ‘ \ N P : , - )
1 2 10 10 10 10
10 1 10 [Me\}f E, (MeV)

BISOL-MAINS @10 mA D* IFMIF and SPIRA
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e Qutlook
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Year

Re-evaluation

Concept & Engineering

Design
Construction
Commissioning

Operation @ 5-10 mA

Commissioning

Operation @ 20 mA
From 20 mA to 50 mA

Time Schedule for BISOL-MAINS

2018 2020 2022 2024 2026 2028 2030 2037

&




N e 7). 5 Oct. 2015
{ PEKING UNIVERSITY ELTL running 1560 h

c 28
L r 5
— — ™
m
3 g
2 P
A - N 271 ®
~ a -
3 -3 .
3 )
= I e ® 00 g,
%26' s * %" o ®
3 g .
<
...................

25
-50 -40 -30 -20 -10 O 10 20 30 40 50
Distance along cross-section, Y (mm)

Accumulated operation time of EVEDA Lithium Test Loop (ELTL) of the lithium target reached
1,560 h.

ANEZEE
L PEKING UNIVERSIdT'Y june 5’ 2017

25MeV 150-200 pA CW P Beam!

4 & o
_ M.m;:«

CiADS 25 MeV proton linac past CW proton beam with 150-200 pA CW current and >10 mA
peak current (IMP and IHEP)
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Appreciation

e We appreciate all helps and support from domestic and
international experts and colleagues.

* We need more communication, and cooperation with IFMIF-
like neutron source partners.




3.2.4 Neutron sources for transmutation of long-lived fission products: H. Okuno (Riken,)
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Neutron sources for transmutation of long-lived
fission products in the IMPACT* Program

Nov. 4, 2017
Hiroki OKUNO
RIKEN Nishina Center for Accelerator-based Science

This work was funded by ImPACT
Program of Council for Science,
Technology and Innovation (Cabinet
Office, Government of Japan). *wwwa8.cao.go.jp/cstp/sentan/about-kakushin.htm/
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Contents ImPACT

* Introduction to IMPACT program (PJ 1,2,3,4,5)

* Project 1-3,5 Outline and current progresses
— PJ1: (Separation and Recovery technique namely Partitioning)

— PJ2: (Nuclear data measurement for transmutation and new control
system of Nuclear reactions)

— PJ3: (development of nuclear reaction model and improvement of PHITS
reaction model)

— PJ5: (scenario of resource recycling and reduction of HLW, conceptual
design of Partitioning and Transmutation (P&T) system)
* Project 4: Transmutation system and elemental technologies
development (Accelerators and targets for high power beams)




ImMPACT (Impulsing PAradigm Change through disruptive Technology)

LT TR )

E AR ERNE 7O SL(MPACT) @ImPACT

Impulsing PAradigm Change through disruptive Technologies Program
The Japanese Government declared the new R&D Program named
“ImPACT” has started 2014 till 2019 after the “First” Program.

CldidCLEernisues Y |

« N UAZRRICEDIEER A J ~—23 »OMBCEWTHENZE S/ AEDARPA (ERESMFAER) OHExEES

- ARECHLTTCREL, TOF1—H— ¢ LTHRBARORE - #i7 - BESORSREST0Y5A - I7—5v—(PM)
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Structure 5= rmaem L
» Objectives of the ImPACT Program

Promotion of high-risk and high-impact R&D for societies or
industries with not-continuous innovations.

» Features of the IMPACT Program

The DARPA in the US is the model of IMPACT Program.

The Program Manager is not a researcher but completely managing
the whole program with the budget and the authority.

s PR25FERETFHICOS0EMZE P L. DETTEGE A BIFR RS O—aFxollE L TOFEORE T &S I
+ CSTIAPMZERE L. EM265E6HC124, ER27F9B8IC4aTREL . FRI30EEFFT THEERI OS5 LaRE

ImMPACT (Impulsing PAradigm Change through disruptive Technology)

Theme 1. Release from constraints on resources and innovation in
manufacturing capabilities
“Japan-Style Value Creation for the New (.Zenturspr

Theme 2. Realization of an eco1uglcally sound somety ‘and innovative I
energy conservation that changes Ilfestyles
“Living in Harmony with the World”

« There are no effactive methods of achieving nrllq:do anergy ewr\r.man while also improving the quality of life
{(mabile infrastructure, lighting, heating and coaling, i appliance:
« There are no methods for drastically reducing the wlum of waste, whla Io tuml-ﬂq always upward. And cther sucl
iasues
Theme 3. Realization of a society of highly advanced functionality that
surpasses the information networked society
“Smart Community that Links People with Society”
|M invelved in transition 1o an y and an
The wast amounts of information available near-at-hand are not yet efectively utilized in the lives of the peopile or in
the activities.

of the econcmy,
= The present and I8 subject to security vuinerabilities and is
exposed to many risks.

ure in its present state will not be able to keep up with

plosive i [ olume

* | /that are expected to occur in the times shead. And athar such insues.

Theme 4. Pro\flde the world's mcst comfortable living environment in a
oclety with a declining birthrate and a;}lngé:opulation
Reallze Healthy and Comfortable Lives Tor Everybody”
[ J;Imml:;n;::lm&m inconveniences of everyday life, and concerns about the healthy growth of
le o b the din of mator vehicies, rallways, and 30 on, and to lead

§ people
Iives that br bﬂmmhullﬂﬂ el

| Thers are no simle, convenient, effective ways for people to protect themselves from the taxins and hazardous

© |aubstances (viruses, bacteria, afety, etc.) they find t ha

Md ﬂlhl' lllr_hl‘l L

ind in their lives.

Theme 5. Control the impact and minimize the damage from hazards and natural
disasters that are beyond human knowing
“Realize a Resilience that is Keenly Felt by Every Individual Japanese”

=wwm1mml rapid search, rescus. and
d of tructure, and assuring

storms, qnmm-.mumr 3
Increasing the safety and speed of remote demolition of structures and other Such heavy work. And other SUch issuss.

Title: Reduction and resource recycling of
High-level radioactive wastes through
nuclear transmutation

™
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=~ Restizing URra-Thin and Flexiiée Tough
Potymers
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e
Kihan e
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L Securs snd Longevity Society

X .
Yu Sanc.

Innovative Cybarmic System for & “TERD
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Reiko Fujita
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Toshiyul Seresi
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Issues of HLW (High-Level radioactive Wastes) disposal

» High level radioactive
wastes (HLW) are vitrified
in glass* and disposed in

@ Example of disposal in geological repository

geological repository.

Grand Facility

-

. e Slop pit
» However, Japanese public are S'f’tp i
= - I
worried about HLW disposal i . Pt
. I
scenario for long-term storage. e
it
We would like to propose Faniior (Lo
some of solution palye estes)
. = Disposal
candidates for HLW panel
. . . Und d (Disposal pit
disposal in geological > Facilty (High- | area)
Connection level Wastes)

repository.

*Already production about 24,800

B Depth:300m deeper

https://www.numo.or.ip/q and a/01/
Z 5 ) ZERRTEE A S L

LAY 7114 Chanqt sl B il R lagies Pragrin

Long Lived Fission Products of Spent Nuclear Fuel

U-238 45 45 930 kg Sr-90  28.8year 28 06
Zr-93 15.3 1.1 1
IFP— Tc-99 2.1 0.64 1
Pu-238 87.7 230 0.3 kg Pd-107 65 0.037 0.3
A Pu-239 24000 250 6 kg Sn-126 1 4.7 30g
C
) Pu-240 6564 250 3 kg [-129 157 110 0.2
TR Pu-241 14.3 4.8 1 kg Cs-135 23 2.0 05
] Cs-137  30.1year 13 1.5
Np-237 2.14Milli 110 0.6 kg Radiation Conversion Coefficient:
on The effect coefficient of nuclides on Human
Am-241 432 200 0.4 kg
Citation: Hiroyuki Oigawa, “Tokai Forum lecture 9” (2014)
Am-243 7370 200 0.2kg B FERR A0 S
Cm-244  18.1 120 609 ImPACT




High Level Wastes (HLW) converted to ILW or LLW

Both Minor Actinides (MAs) and
Long Lived Fission Products
(LLFPs*) should be reduced.

MAs Transmutation research has
already started in the Nuclear
Fuel Cycle by JAEA's ADS-PJ.

LLFPs transmutation research
has no started yet.

LLFPs in radioactive wastes are
contained in vitrification as HLW
for deep disposal which has still

issue of no candidate of disposal
site in Japan.

?_Cs—13?8133-13?m
100 1000 1A
Years after treatment (Years)

Million 10 Million

*LLFPs: Long Lived Fission Products, Cesium (Cs)-135, Palladium (Pd)-107 etc.

LLFPs transmutation research should be
done to show alterative options to deep
disposal for Japanese public.

I AR FERE FEHEAL 2 O Sl
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High Level wastes (HLW) for Resource Recycling

» LLFPs in HLW contain some of
rare metals for usable elements.

Rare metals can be easily
recovered from HLW, but it is
impossible to recycle for re-use
because the rare metals contain
radioactive nuclides.

Transmutation research in the
reactors, OMEGA Project has
been started since 1980’s in
Japan but new data for various
nuclear reactions couldn’t be
obtained because there was no
facility which make such
measurements possible.

>

[l Amount of available resource recycle be recovere|
from HLW.

[ Amount of demand to Platinum group metals in

208 (unit: t)

136

Platinum

group metals Rare metals

I AR FERE SEHEL A D Tl
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Scientific Progress and Present Situation

215t Century

» Recently, the most powerful accelerator, RI Beny9a2ba-Aza2=
beams factory such as 100 times stronger
of heavy ion beam strength in any other
facilities at present has been completed,
and any kind of nuclear reaction data is
possible to be measured by the innovative
technique.

» The excellent simulation software “PHTIS =+ Rl Beam Factory """
and evaluated nuclear database “JENDL”

have already been developed in Japan.

Such scientific progresses make the pm ovj:l:i.m
advanced transmutation system e i
possible to be developed by ,Emp.
combination with partitioning [-@% %l‘m .J:-]
technique. ssmnaa |l 4 I?nﬁﬁffT

|||||||||||||||||||||||||||||||||||||||||

Previous Studies on Transmutation of MAs and LLFPs in HLW

Actinides Fission Products (FP)
MA Long lived FP [ssues
Reactor ADS Others
U Pu T9Se. 937Zr.
Np, Am, (1291, 107Pd,
Cm 99Tc 135Cs.
(1268n)
Risks of disposal
N O o O O of HLW and LLFPs
us O O O O Ibid.
OMEGA .
(Japan) O O O @) Risks of LLFPs
SCNES* Need of Isotope
(Japan) O O O O separation
ADS-MA .
(JAEA) O O Risks of LLFPs
Need of Accelarator
Use of | Use of technology toward zero
ImPACT result| results o of HLW without Isotope
(Japan) s of | of OMEGA separation with
ADS-MA | and SCNES OMEGA, SCNES and
ADS of MA TM
EETANA FERR S R O T
ImPACT

i e s B B ST *SCNES: Self-Consistent Nuclear Energy System ¢




Changing the definition of LLFPs on industries and societies

Nuclides Half-life Disposal Resource recycling

. 2.3million
Cs(Cesium)-135 year Disposal of Ba (Barium)

transmuted from Cs—135

. Reuse of stable Pd transmuted from
6.5million

Pd(Palladium)-107 vear Pd —107 for catalysts for vehicles

0.23million | Transmutation for stable nuclides

Sn(Tin)-126 year of Sn(Tin) or Sb(Antimony)

Reuse of stable Zr transmuted from

Zr(Zirconium)—93 153 million Zr—93 for Zircalloy cladding and
year
Channel boxes
. 0.30million
Se(Selenium)-79 Jesr Stable Se transmuted from Se—79
Tc(Technetium)— | 0.21million | Ru(Ruthenium)—-110 transmuted
99 year from Tc—99
) 15.70 million| Xe (Xenon)—130 transmuted from I- 7 G TR S AT A T
[(lodine)-129 Jear 129 Im

ipiag Farsiyn Chongt B

* Contribution to safety and security of disposal with converting from High level radioactive wastes to
Transuranium (TRU) wastes (ILW) or low level radioactive wastes.
* Most-advanced and only one technology will be established and activate our country’s economy. 11

Effect on Partitioning & Transmutation @@

» Long term risk reduction
Reduction of potential risk on HLW

» Decrease of volume of HLW in disposal
Possible Integrated disposal by MAs transmutation and long storage for Cs & Sr as
heat nuclides in the future : the present glass solid system and present technology
in the spent fuel reprocessing plant should not be changed

Reduction of burden in HLW disposal

Potential Hazard: Influence of radiation
dose of parameter in human

1.E+0Y g
[ n
= 1E0 B el N Sr and Cs storage for about 100 years
2 = P&T
T 1E07 == Natural U
E 1.E+06
<
g e ' Decrease of disposal area by 1/100
g .
5 Because of converting HLW to TRU
1.E+03
waste, namely ILW
1-E-"D12E+(]1 1E+02 1.E+03 1E+04 1.E+05 1E+06 1.E+07

Years after treatment (Years)

43 GW/dt of burn up, 5 years cooling time, Citation: JAEA presentation in P&T committee of MEXT, Sep.9 2013
99.5% removal of U & Puand MA




IMPACT* Program  @imPACT

Reduction and Resource Recycling of HLW through
Nuclear Transmutation

Goal: To be the first in the world to obtain nuclear reaction data for LLFPs,
and to confirm the world’s first nuclear reaction path for conversion to short

lived nuclides or stable nuclides without isotope separation

*One of the IMPACT (Impulsing PAradigm Change through disruptive Technology) publicly offered research program by
Japanese Cabinet (JFY2014-JFY2018)

Recyclin
yeing Automobile

catalysts, etc.

High-level T
radio active E?Iatlnum group -
Reprocessing™ wastes elements :
(“Alkali metal ements

"-\Alkaline-earlh metal

(elements /.r"'
Rare earth elements
Glass O g of
Solid N
Storage facility, Safewastes
etc.

(Target) Recovery rate >90%
Transmutation rate >90%

ISR ZURR M A 01 S

Outline of Our program @mEACT

Magnetic Nuclear Stable
i materials,etc medicine wastes
A
Reprocessing High-level . . Cosi
ﬂ holevel | Alkalimetals  Alkaline earth metals PHIREEE Neodymium Dysprosium | Xenon

Platinum group metals Rare earth elements

Yttrium Molybdenum | Rhodium | Zirconium

Resource recycle Stable Isotopes

Glass for disposal
Solid
S Lived TP | | Transmutation plant for practical use ‘
or” e
. |
Nuclear data measurement for transmu S8 Pilot plant for demonstration _[~200 |

Stable nuclides or short

@ lived nuclides

—135(2.3million years*)

e Neutron I
° .
Proton New control of nuclear [ Transmutation system and
Reverse reaction with neutrons, reaction systems elemental Techniques
protons, Photons

RI Beam Factory

_ Proj

Beam contained various Sex79(0.3 million years*) « Transmutation in
Nuclides including unstable condensed matter
lid .
Aucices ° + Resonant absorption LLFP transformation
o + Effective reactions and systems of reasonable cost
) - - systems for neutron and energy balance (beam
Muon atonic nuclei capture reaction generatlon species,s trength,energy
* Nuclear transmutation . .
Pd-107(6.5 million years¥) (*half-life) based on new control region,FP target materials)

Zr-93 (1.53 million years*) &8 method

Composition of nuclear

reaction products Reaction Model and simulation code

X Worlds leading facilities enable world. s first data acquisition

Use of pulsed,muon beam N o Cross section data |
and neutron beam Fast neutron~ slow Neutron reaction Feledback Bulk nuclear simulations | Pro'ect 3
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Project 1 Current Progress (l) @ mEACT

Purpose : Separation of odd nuclides from even ones by ionization of odd ones
for easy transmutations

Principle of even-odd separations with polarizing laser

Pd isotope | Half life (y) Ratio of After
contents (%)

lonization of odd nuclides 104 Stable 17.7
, _ 105 Stable 266 62.7
. Third step of excitation
lonization limit (8.34eV) -g------ _ 106 Stable 26.2
lonization with laser 107 6.50E+06 158 373
. A; < 843 nm) 108 Stable 10.6
Medium lever 2 4d%d (3P,) :
o 109 1.56E-03 0.0
Second step of excitation e S o

521 nm

. 9 3
Medium level 1 4d°5p (°P,) \ Excitation of Pd odd nuclides

with polarization laser

276 nm
First step of excitation

Base level of Pd 4d'9('S,)

ISR ZURR M A 01 S

Project 1 Current progress (ll) @m

Efficiency 1 10000 100000

Pd Il 4d° (2D,),)

------------ 70779.8
A\ Automatic ionization level

Pd Il 4d° (*Ds,)
672413 —----===--=-=-

2[3/2]

—

4d9(2D5/ J=1 52336.5

 55373.2

(i) 521 nm
cle polarization ray

ii) 836 nm
Linear polarization ray

4d9(2D,, | 2[3/
J=1 40368.8
p232r

Common
ion core

Ci

=

o

INJ
[ —

4d°(2D
36180.7 (Ds/

awayas uonesedas ppo-usana maN

A

(i) 276 nm
cle polarization ray (i) 248 nm

Linear polarization ray

Ci

i Aesuoneziejod Jeaul| yum
3|qIssod uoliesedas ppo-uang

Previous even-odd separation scheme

Pd | 40101

Ocmt

1=0 —

—
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Project 2 Contents ImMPACT

Purpose:Measurement of nuclear reaction data to find the best path

Project 2

Target LLFP | Half life

University)

Tokyo, RIKEN)

Cesium 135 2.30 MY

(Obtained nuclear reaction data)
*Neutron Knockout (RIKEN)
+First neutron nuclear spallation (Kyushu

H : +Coulomb breakup (TIT)
Zirconium 93 1 53 MY *Negative muon capture reaction
(RIKEN) *Nuclear fusion (NIFS/Chubu
-Neutron capture (JAEA) Univ.)
+Low-speed Rl beam (The university of - Compact cyclotron (Osaka Univ.)

*Muon (Kyoto Univ./JAEA)

» Adaption and overhaul of measure apparatus

(New nuclear reaction control method) ——

LLFP Stable nuclides or Short-lived nuclides

&

° Neutrons Factory
°_Photons M t of
{Inverse kinetics with neutrons, Protons, Photons eas.uremen e
e reaction cross
Negative muon = & section with
O ot ° 0 . .
° inverse kinematics
Negative muon capture reaction L——J-PARC RIKEN RAL
Proton, Neutron s’ - & Measurement of

First neutron, slow neutron reaction

» Others, new neutron reaction control methods

RIKEN RI Beam

neutron and muon
capture cross
section

Z AR ZERR T M2 O 1

Project 2 Current Progress ImPACT

Four experiments have been carried out to obtain new nuclear reaction data at RIKEN RIBF.

LLFP : Pd-107, Zr-?3(+Sr-90), Cs-135(+137), (Se-79)

production ’

S

345 MeV/u
Production target

RI Beam Factory

BigRIPS

event by event was tagging
and irradiated.

Nuclear reaction
products are identified.

\

\  Bp+TOF+AE
', +Total Energy

Secondary target

ZeroDegree

18
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Project 2 Current Progress @ mPACT

Measurement results

Atomic ; . Pd- 103(17 days of half life)
number -~ pgiqgp oy Pd 106 (Stable)- -
(Stable) - : - ‘;

48 : ; T |
"Residual nuclides by

reaction:of Pd-107"

46

a5

w LT R 2P - 105 (Stable).....|

43

41

e 1 L 1 1 1 1
2.15 22 2.25 23 235

Mass number/Charge

40

= [TTTT LTI T AT

[

Nuclides Pd-101 Pd-102  Pd-103 Pd-104 Pd-105 Pd-106  Pd-107

Half life 8.47h Stable 16.991d Stable Stable Stable  6.5x10%y 19

{ %Wﬁl[n?‘"‘lﬁ]ﬂﬂ? [wErt N

Project 2 Current Progress @

| TR ChE WA b ummnn T

‘ Pd-107 is transmuted by nuclear reaction with H* . ‘
The estimation for!%’Pd 100 MeV/u Primary

Distribution after nuclear reaction ; H* target nuclldes « Main channel for transmutation:

Ag w . Neutron knockout from '97Pd
p 20
Pd N knockout -.1101 0 o: 107Pdlw was transmute_d by Neutron

Rh knockout reaction

Isotope

Zr neutrons(N)

50 55 60 61

Transmutation .

number Index of transmutation volume
e No. of 107Pd = 1 million/hour
e Total No. of transmutation =10 k/hour

(about 1%)
Proton

number \

Nuclides Pd-101 Pd-102 Pd-103 Pd-104 Pd-105 Pd-106 Pd-107
Half life 8.47h Stable 16.991d Stable Stable Stable  6.5x10%y 20

Neutron number




Current estimation of transmutation rate @

S HTEI FRA SR A 01 Sl

ImMPACT

gAY g ChgE Mg Bt apies TRl PRAgTIR

Inverse kinematics + Simulation code

Uranium (U) beam is made nuclear fission by accelerator to produce fission

product beams, which are separated to long-lived fission product one.

estimate cross section of ones.

code such as PHITS code and developed to design of

actual apparatus.

Uranium Nuclear fission

Accelerator

Other FPs

Separation apparatus

Separated LLFPs collide hydrogen (P+) target in Figure.
Many kind of nuclides produced from collision are tagged and measured to

The nuclear reaction rate is estimated by cross section data and by simulation

|::>. =i
e
°
H (.F;;I"‘;rget

21
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How to do nuclear reaction experiments @lmF’ACT

Neutron

R\

Irradiated test (about 1 month)

Accelerator
(Compact Cyclotron)

Deuteron beam

24 MeV <

Proton

aaaaaa

(Carbon etc.)

.......

Produced nuclides by nuclear reactions detected

1 /

= Before
0.1

m| After

It is necessary to be irradiated
for long time in order to detect
amount of nuclear reaction.

0.01

0.001

Composition

0.0001

0.00001

106 107

108

104 105

Pd isotopes

If Amount of increase of 104-108p(d
are detected and measured, it is
possible to confirm 197Pd knockout
reaction with ratio of isotopes by
TIMS (Thermal lon Mass Spectro.).

22




Project 3 Contents @ mPACT

Purpose: Improvement of simulating precision for LLFP nuclear reactions

Project 3 (Reaction model and simulation)

- Standard model based on theory (Osaka University)

+ Achievement of high precision through structural calculation
(University of Tsukuba)

+Database for nuclear spallation (JAEA)

*Nuclear reaction simulation (RIST)

*Nuclear reaction data compiling (Hokkaido University)

@ Improvement of nuclear data base } @ Improvements of PHITS code for nuclear
s

@ Pre-estimation of nuclear reaction reactions
An example of calculations for cross Ratios of nuclear reactions estimated in target
sections of Pd-107 nuclear of practical apparatus with a cascade reaction
reactions by fast neutrons calculated by single nuclear reactions
10— .
inelasic Cowmdgare with the new data Target(Image)
[ — ' 3
10° | 00 V (em?)
z r (cm)
& 10" /
s
E 10”
(2]
g 1
Q .
10 3L 1075y ; \ L (cm)
y \ C A S fem?) Cs-135 100% 8.3x10121 fcmA3
1% 10 Requirement to accelerator and target
Neutron E M . . .
23 eutron Energy (MeV) (Energy, intensity, heat deposit) 23
e Nl G e )N

Project 3 Current Progress

» Beam current requested for LLFP transmutation in actual
nuclear reaction time* is much higher than present one such
as 1mA in every case of isotope separation, even—odd
separation and spent fuel without isotope separation.

2100'000'0 Without Isotope separation
S £ 10,000.0 -m- Even-odd separation
- S
S .2 1,000.0 —+— With Isotope separation
-
3 E 100.0 Current potential
€ @ % Beak through requested
G 10.0 S for nuclear reaction
@ s (Not continuous innovation)
1.0 1 Improved Present Technologies Not-Continuous innovation
(Continuous innovation) .
0.1 : : : to have breakthrough in the
Se-79  Pd-107 Cs-135  Zr-93 technology of accelerator and
target.
Yield of year (kg/y)‘ 5 ‘ 250 ‘ 417 ‘ 767 ‘

* : one year yield of LLFP transmuted by proton beam with 1000 MeV for 3 years of effectual half years

24
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Project 4 Contents ImPACT

Purpose : Development of elemental technologies for transmutation.

€ Accelerator and Target development of elemental technologies

- Superconducting Quarter-Wave Resonators (Key in the low energy)

* Vacuum window between accelerator area (High vacuum)and target area
(Atmosphere)

»Target development using liquid metal (Heat removal at Transmutation)

[Example of Accelerator and elemental development area] .
Accelerated ion beam Transmutation

o
1 1 \ 7 \4 v .3
o - LS

Ion source PH & il Superconducting Resonator Vacuum Target
(RFQ Accelerator) (QWR) (HWR etc) window (LLFP)

€ Evaluation of nuclear transmutation system
-Competitive evaluation in nuclear transmutation techniques
-Chosen nuclear transmutation system

25
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Development of SC-QWR

EipUTiAY L ChgE B DT ipIe (ER e PrOgrin

Inner condugtor After welding the inner conductor

and the top torus part

"]

After weldirg the outer conductor
|

Courtesy of N. Sakamoto
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Development of SC-QWR ImPACT

Cleaning procedure of the inner surface of the resonator is one of the most important
issues in the fabrication of bulk Nb resonator.

Fairly standard processing.
Processing should be made under clean circumstances.

BCP(100 pm) Annealing BCP(20 pm)

Manufacturing and surface preparation was made by Mitsubhisi Heavy Industries Co., Ltd
Observation of the inner surface was performed carefully.
Low Power RF test has been performed at AR-Higashi (KEK) since July 2016

Courtesy of N. Sakamoto

“ AN ZERR R A0 S
Development of SC-QWR ImPACT
- Performance test was carried out at KEK on September 7th, 2016.
- The bulk Nb resonator was cooled down to 4 K by liquid He.
L L L L] | L) L) L L I L L Ll L] I L) 'I-‘ l" L |
® 1st ,a"" >
L 2nd ’f" ’,0"
® Srd . a" ’,0" p—
16 MV

~
.
.
~
~
Y
~
Y
b
b
b
A
A)
A}
A
A
A
\
A
llllll]

. ’
o P
¢ 4W, Poe 8W®@0.93MV
¢
L] o s~
’
. 7 B !
’ ’
/ ¥
:‘ "' ol
s /
! s
/ 4
Fi /
’
L L l‘l l{ l 1 1 1 1 I L L 1 Il I L 1 L L
0.6 1.0 15 2.0

Voltage/gap [MV]
High acceleration voltage of 1.6 MV was successfully obtained.
Courtesy of N. Sakamoto
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The technical challenge
1 : High capability of heat removal, uniformity in thickness
2 :Beam window for high power beam

Beam transmits the target

Beam

> 1 1
=TT | TT

Beam

Beam 1
Thin liquid lithium target, Granular target

Beam stops in the target
( \

Beam

—>- B ‘

-i--l-ll-il--l--ﬂ-ﬂl-ll-il-d--l-.p-.p-.pd-
thdrd e
iee-atargetiiis
bl i ol e i i . i e il

K / “Windowless” vacuum interface (Plasma window)
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5 Insulated
Cooling Plate
Cathodex3 43mm | I

Gas L [ ]
He/Ar l Oy\ﬁ?‘
<:|’ “LJ (iiem d Diameter
Hil8 2~6mm

Beam High pressure {| [ RIRS
5 “'f'" ' ": Low pressure

\ Arc

— Plasma—

Gas Cell Vacuum Inventor :

Anode

A
4
1
4
=

T

Plasma Window (1995~)

Chamber Ady Hershcovitch (BNL)

Motivation: Large aperture for high power beam




Large aperture plasma window (<20 mm) )

*Design is based on the PW developed at Namba Laboratory[1], Hiroshima University.
*Cathode : CeW

*Insulator : Alumina

*Inside and outside of electrode are made CuW and SUS respectively.
(CuW high melting point and high thermal conductivity)

*Diameter is variable.

[1] S. Namba et. al., Rev. Sci. Inst., 87, 083503 (2016).
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ImPACT

M Chastat Brangh Dar apttns |echbali i
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ImMPACT

4] 731 Chaqt Mrasgh B e TEchaaiagies Fragr

Large aperture plasma window

CeW cathode

Cooling plate (SUS & CuW)

Performance test is underway.
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R&D on high power target @ mEACT

* Technical issues
— High capability of heat removal
— Target made of LLFP (Pd or Zr)
— Uniformity in thickness (internal target)

« Candidates
— Liquid Metal (Liquid Lithium )
— Granular target

* Previous Studies
— Liquid lithium: IFMIF/EVEDA, BNCT
— Granular target: Chinese-ADS

I AR FURE FEHEAL 2 01 T4

Liquid Lithium target @ I mPACT

||||||||||||||||||||||||||||||||||||||||||||

- Direct ejection to produce free surface flow with out back wall
(internal target. frequent change of back wall, etc))

V=

flow

thiuml -

-

Deuteron
Broton beam Liquid lithium
beam "] ﬁ f||m

Lateral slabs

back wall for
centrifugal force

%
o B

Nozzle with a back wall for BNCT Nozzle for ImPACT
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This loop was developed for BNCT by Prof. Hayashizaki (TIT) .
The back wall was removed for this study.

Photos of liquid lithium film with long exposure

10 m/s

20 m/s




Photos of liquid lithium film with 10us exposure

FIu.ctqaj;.i,qp_._q.f_ --_f:gg.surface

15 m/s
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Project 4 Contents (Nuclear Reaction Experiments)

€ Advanced control technique of nuclear reaction (Selected candidates in PJ2)
-Energy recovering Internal target (ERIT) with acceleration(Accelerating
efficiency improvement +Higher current+Neutron utilization)

- Efficiency improvement of Small cyclotron (r.t. superconducting or mermanent
magnet + multi layer cyclotron)

 Transmutation facility using fusion neutrons (Millar type fusion+Muon catalized

fusion) [Principle of ERIT accelerator & Transmutation by neutrons ]

Slow down ions by Internal target
inner target

Acceleration+Accumulation
Producing neutrons

#*

Target (LLFP)

FFAG type magnet

‘‘‘‘‘

e P POP experiment!
ERIT at KURRI (2005~) Path after accelerated (~FY2017)

TR T ZE RS L 2O S Serpentine acc.
ImPACT P

rf cavity to compensate 38
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Summary ImPACT

”"Reduction and Resource Recycling of HLW through Nuclear Transmutation”
PJ1: Separation and Recovery technique namely Partitioning

— The new scheme of Odd-even separation (gain efficiency by 100000)
PJ2: Nuclear data measurement for transmutation

— We successfully obtained various reaction data for LLFPs using RIBF and J-
PARC

PJ3: development of nuclear reaction model and improvement of PHITS reaction
model

— Requirement to Accelerator

PJ4: Transmutation system and elemental technologies development
(Accelerators and targets)

— Superconducting Cavity of QWR (Quarter Wave Resonator) was successfully
test.

— Large aperture plasma window
— Liquid Lithium target and granular target
— New types of ERIT which allows acceleration and accumulation

Design of 1A linac is underway. "

Z 25 S I ZERA FE AL 2 1 1

Project 5 Contents ImPACT

Purpose:to evaluate of practicability with specific scenario of LLFP P&T
system and proposed conceptual design of new transmutation system by using
results of PJ1 to PJ4.

€ Scenario study of LLFP P&T
*Disposal improvement by P&T

(Volume reduction of high-level
radioactive waste both LLFP

and MA Transmutation)

*Rare metal materials for resource
recycling by P&T
(LLFP’s Pd and Zr for resource ® 1eoo

1 TR ST ". “‘v
recyc"ng) x {08 '|.|29/%J-?35’(’ "1 \ Np-237 Y \’.\‘: 233;\135 \ |
. U238 Th230 _Pu-238 |se79 Te.00
. 1.E+07 U233 ]{I“" WY \
€ Conceptual design of process cstargperm | Hposmst M)
1.E+06 '— ; 5
-Study on separation and recovery Sl R e

system Years after treatment (Years)

*Study on transmutation system

*Specific design of P&T system and
economic feasibility assessment
40




3.3 Technical Session 2-2: Presentations about the neutron sources developed or being
developed (cont.)
3.3.1 Neutron sources for transmutation applications (incl. MYRRHA): D. Terentiev,
(SCK-CEN)
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The MYRRHA project

Outline

What is Project MYRRHA?

MYRRHA technical description

MYRRHA Research & Development effort
MYRRHA planning

Copyright © 2017 SCK-CEN




Key technical objective of the MYRRHA-project:
an Accelerator Driven System

Construction of an

Accelerator-Driven

particles protons
System (ADS)
- beam energy 600 MeV
consisting of : : :
beam current 2.4 to 4 mA main reaction  spallation
21 17
® A600MeV-25mAto output Call
4,0 mA proton linear o I s material LBE (coolant)

accelerator ﬂ ﬁfiﬁli{ =
L Ll i

Py Aspallation " man-uulu R g . .j>-.-,--.-,. D1 DT — S S R H g e
target/source ﬁ: "i'iﬂ*T mEEn.. . ...
L . —'E" e |
® A lead-Bismuth Eutectic
able to operate in
subcritical & critical power 65 to 100 MWy,
mode > 0,95
spectrum  fast
coolant LBE

Source: SCK+CEN MYRRHA Project Team 3
Copyright © 2017 SCK-CEN

MYRRHA application portfolio

Multipurpose

hYbrid
Research
Reactor for
High-tech
Applications

.:-".
-

Fundamental
research

Radio-isotopes SMR LFR
*SNF = Spent Nuclear Fuel

4

Source: SCK«CEN MYRRHA Project Team, MYRRHA Business Plan .
Copyright © 2017 SCK-CEN




Global challenges for nuclear energy today: Closing
the fuel cycle is priority number one

N
7y Enrichment
0%

S, MOX Fuel
2+ fabrication @

Enhance Safety . SN, Moo
& Services

Common needs

Source: SCK+CEN MYRRHA Project Team 5
Copyright © 2017 SCK-CEN

Outline

* What is Project MYRRHA?

MYRRHA technical description

 MYRRHA Research & Development effort

*  MYRRHA planning

6
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MYRRHA linac

INJECTOR BUILDING

e T ki e I e R ) e

E § |

Section #1 (Spoke f~0.35 @352MHz)

oo

L57 23 67:

Copyright €

7
2017 SCK+CEN

Specific requirements of MYRRHA Accelerator

—p High power proton beam (up to 2.4 MW)

Proton energy

600 MeV

Beam current

0.1to4.0 mA

Repetition rate

Continuous Wave, 250 Hz

Beam duty cycle

104 to 1

Beam power stability

< + 2% on a time scale of 100ms

Beam footprint on reactor window

Circular @85mm

Beam footprint stability

< +10% on a time scale of 1s

# of allowed beam trips on reactor longer than

10 maximum per 3-month operation

3 sec period
# i )
of allowed beam tgplss(;rg reactor longer than 100 maximum per day

# of allowed beam trips on reactor shorter
than 0.1 sec

unlimited

—p Extreme reliability level: MTBF > 250 hrs

Copyright ©

8
2017 SCK-CEN




Reactor — Current Primary System design (v1.6)

® Reactor layout

® Vessel

® Cover

® Core barrel and Multi-functional
plugs

® Above Core Structure

® C(radle, Core Restraint System,
beam line and window target

@ Si-doping units, Mo-irradiation
units, control rods and safety
rods

® Primary Heat Exchangers

Primary Pumps

® In-Vessel Fuel Handling
Machines, Fuel Transfer Devices,
Failed Fuel Detection Devices,
Extraction Pumps

@ Diaphragm and support
structure

® Reactor pit, Reactor Vessel

Auxiliary Cooling System

Source:SCK+CEN MYRRHA Project Team

9
Copyright © 2017 SCK-CEN

Current Primary System design

« Reactor layout
Top and core mid-plane

10
Copyright © 2017 SCK-CEN




Current Primary System design

MYRRHA Core
Critical [ Mo production ]
108 FA
Sub-Critical Sidoping |
72 FA
[ IPS for rpaterial Cohirol Rod ]
testing 3 Safety Rod

Dummy/LBE |
assembly

Isot
[ pr;t;uoci);n ] [ Shielding assembly ]

11
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Irradiation performances

Flux and DPA values normalised to MWith 9% 72
DPA damage in IPS
IPS in central channel DPA/FPY 21.7 -
IPSs in off-central channel DPA/FPY 139 31
Neutron Flux in IPS
IPS in central channel / target
®> 0.75 MeV n/cm2 S 4.05E+14 1.01E+15
IPSs in off-central channel
z 10'4
®z 0.75 MeV n/em? s 2.56E+14 42E+14 § 10
= 49"
E 1
% 1n:1
§_ 10 1
c 10°9
o " —— sub-critical
5 1079 —— critical
2 10
10" Frrrr e e e e

10* 107 10* 10° 10" 10° 107 10" 10" 10" 10°
Neutron energy (MeV)

12
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Radioisotope production

Mo99 production
Fission of U targets
Moderation needed!
H,O device

350

300

= ==-equil_crit_ng#d

S0

wy

a

2

5‘ 250

>

S 200

21 start_crit_rig#1
% —— start_crit_rig#2
2 ——start_crit_rig#3
2 150 ——start_crit_rig#d
E ~ - - equil_crit_rig#1
8 = - =equil_crit_rig#2
# 100 —— equil_crit_righ3
&

o

=

0 1 2 3 4 5 6 7
Elapsed time since beginning of irradiation (Effective Full Power Days @ admissible power)

1k
Copyright © 2017 SCK-CEN

Irradiation for fusion-like conditions

Below spallation target
Very high + hard neutron flux
Proton flux

Irradiation of samples
High dpa’s & dpa rates
High appmHe/dpa rates

MYRRHA average |
MYRRHA peak | —
IFMIF HFTM .:|
IFMIF MFTM .:|
IFMIF LFTM ]
DEMO FW(front) -:|
DEMO FW(back) .:|
DEMO BZ(middle) .]
DEMO BZ(back) ]
BOR60
BR2 Channel B
HFR Petten

T T T T T T T T T T T T T T
0 5 10 15 20 25 30 O 200 400 6000 5 10 15 20 25
DPA/EFPY appm He/EFPY appm He/DPA

14
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Damage of W samples

® Candidate material for DEMO divertor
® Transmutation of W into Re and Os affects more the mechanical properties than He
production because:
0 He production cross section is much less than for Fe
0 Re and Os segregate and precipitate on radiation defects
® Re and Os are produced by neutron capture and (n,2n) reactions:
1 1 N1 (Tl,]/)188mR€ N ()/)188R€ N (ﬁ)18808
86W(Tl, ]/) 87| — (ﬂ ) 87Re{ (n, 2n)186Re N (B—)18605
184 (n, y) 185W - (B7)185Re(n,y)186Re > (87)1860s

Need for dedicated neutron irradiation

source

* High neutron flux

» Specific/adjustable transmutation
rates

© 2017 SCK+CEN

Transmutation of W

® MYRRHA conditions require adjustment:

spectrum is harder than in DEMO divertor - lower production rates by
(n,y)

Incident neutron data / ENDF/B-VII.1 / / MT=102: (zy) / Cross section

-1
r T T T T T T T T T T T im — 10 E
10000 h — b ]
i I a 10'2-
o — I ‘ ) BR2 Channel A
— / =
10 — k-ik'——_,_,- i =)
R f 2 10°
H ! Wil —| T
o u - \\_/ L\ == ~
£ WY ) €
) K E
: ‘ L £ w0
w ol - \ 1]
H [0}
8o o
g )
1E5 c  10°4
o
166 =
1E7 3 —k\
- Z  10°4 YRRHA spt
13 t t t t t t t } t t } f }
1E10 1E9 i} 1e7 1E6 1E5 1E4 w00l [} [} 1 10 100 .
10 T S

ey
Incident energy (Mel) 10 10° 10° 107 10° 10° 10¢ 10° 107 10" 10° 10' 10°
Energy (MeV)

® But dpa damage is accumulated much faster - the ratio of W
transmutation/dpa could be close to DEMO values !

© 2017 SCK-CEN




MYRRHA-IMIFF (600 MeV@ 2.5 mA)
Innovative Material Irradiation Facility for Fusion

Damage of steels:
Dpa faster, more He

|| DEMO | MVYRRHA |
"mﬁ Time to 1 dpa, days 399 114
appmHe/dpa 104 7 to 18

Damage of tungsten:
Transmutation into Re and Os is important

Time to 1 dpa, days 1235 67.7

Accelerator Reactor
* Suberitical or Critical modes
(500 MeV - 4 mA proton) + 65 to 100 MWIh

Multipurpose

Flexible Fast

Irradiation | mm ek
Facility |

Source

Elemental fractions at 1 dpa

74-W, % 99.86 99.84
75-Re, % 0.12 0.153
76-0s, % 0.02 0.005

Comparable transmutation rates !

© 2017 SCK+CEN

Outline

* What is Project MYRRHA?

« MYRRHA technical description

MYRRHA Research & Development effort

* MYRRHA planning

18
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R&D Topics

Materials
Fuel
LBE Technology

Components & Experiments
Chemical Conditioning Programme

Instrumentation & Control
Computer codes
Accelerator
ISOL@MYRRHA

Copyright © 2017 SCK+CEN

LBE Facilities @ SCK.CEN

—_

CRAFT

LIMETS 1,2,3,4

HELIOS 3

Heavy Liquid Metal Lab
MEXICO

LiLIPuTTeR-II

RHAPTER B
COMPLOT -
ESCAPE

US lab }




Role of materials research for development of MYRRHA

Design Construction

Design tools:

* Nuclear manufacturing
codes: RCC-MRy, ...

 Fuel codes

* FE calculations

L}

Materials properties

3000
g t -
g 2s00 i . 7K

755 K
% 2000 o K

< 81 -822K

Mgt

1500

Missing data for MYRRHA:

1001

Fracture woughness (MPa Ym) v, lemperature (°C)
=0

8o ATT = Irradiation Shift

Mmzie Suess

-1

» Basic characteristics of candidate materials

1-
& » Effects of LBE & irradiation on material properties
: u.igm/F\ .
o * Physical effects

=]
|

| (] i
Temperature

21
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E-SCAPE

*  E-SCAPE = European SCAled Pool Experiment

«  Thermal-hydraulic behaviour of a flowing liquid metal in a pool
geometry :

*  Purpose
Characterisation of pool T/H ph
Quialification of CFD and syst
Operational experience on LB,

*  Characteristics
1/6 geometrical scale factor
LBE as working fluid
Forced and natural circulation

«  Partially funded by FP7 THINS

22
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E-SCAPE facility

iy

PUMP + HX +

INSULATION.

ASSEMBLY + INSUL +

BLING

23
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Forced circulation simulation

Forced Circulation

Core power (kW) 82.9
Bypass power (kW) 8.29
Core mass flow rate (kg/s) 62.5
Bypass mass flow rate (kg/s) 57.5
Average HX mass flow rate (kg/s) ~30
Core outlet temperature (°C) 208
Core inlet temperature (°C) 200
Average HX inlet temperature (°C) 204

e
Hlilli

i

Velocity

7.376e-01
6.915¢-01
| 64D
5.993e-01
5.532e-01
5.071e-01
4.610e-01

| 4.14%-0
3.688e-01

N 3.227e-01
2.766e-01

| 2.305e-01

. 1.84de-01
1.383e-01
9.220e-02
4610e-02
0.000e+00

[ms*1]

Temperature

2.078e+02

20746402

o 2069e+02

20856402

2.060e+02

20562402

20510402

| 20460402

20420402

| 20876402

2.033e+02

| 20286402

| 20230402

20198402

l 20140402

20100402

20050402
€]

ﬁ

24
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CRAFT corrosion/erosion loop

25
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LIMETS 1

¢ Tensile & Fracture
toughness tests in

LBE LIMETS 3 |
Fatigue tests in ®

LBE

' LIMETS 4

|| Tensile & Fracture
toughness tests in

LBE Hot cell 12 &
LIMETS 2

Tensile and FT tests of |
irradiated* steels in

liquid metal
*Licensed for a (Po)
contaminated specimens

26
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Irradiation of materials

Irradiation of MYRRHA candidate materials in LBE environment

! 2

4?-“ Irradiation rig
7 2 3 4 5

Capsules holder

Capsule with specimens

Holder with :
for mechanical tests

pressurized tubes &
corrosion specimens
capsules

Capsule with pressurized tube

&-6 O
s

/6 27
Copyright © 2017 SCK-CEN

Capsule with corrosion specimens

Heavy Metal lab

28
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Heavy Metal lab

oxygen in LBE

29
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Heavy metal lab - R&D

contaminant i mercury
evaporatlon

evaporatlon

; sensors

"
.; .
e »

e o

r———

-—..

N

=

!

- e
- Sl e
! - '

AT

s .

|

30
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MEXICO LBE loop

over 10000 h of experiment time, 100-106 kg LBE circulated
pilot-scale demonstration of oxygen control technologies:

A\

accurate & stable oxygen control of 7000 kg of LBE

10 7

oxygen control ON

T

@~
111

Oxygen concentration in LBE [wt. %]

(4]

! I | | | I | I
0 200 400 600 800 1000 1200 1400 1600 1800

Time [h]

31
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RHAPTER
Mechanical component tests for in-LBE robotics

Isothermal pool facility
Interchangeable test modules
Specifications
150 - 450°C
50 | LBE
Vacuum or gas cover
Drive axle and load axle
Variable torque and rotation speed
Instrumentation
Torque sensor
Position encoder
Accelerometer
Thermocouples
Pressure gauge

Status: in operation since September 2011

B2
Copyright © 2017 SCK-CEN




Fuel identification system

*  Physical code on fuel assemblies
12 notches at the entrance nozzle of a MYRRHA fuel assembly
Each notch can have five different depths

« Ultrasonic code reader
12 ultrasonic transducers at the gripper of the fuel manipulators
Differential depth measurement allows for reliable notch depth measurement

Error detection and error correction algorithms make the system robust against
failing transducers or other misreadings

MYRRHA
Fuel identification demonstration

R 11973 =

— )

=
prrr— Fuel number

33
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ISOL@MYRRHA Concept

Protons: 2-4 mA, CW

2 gap Spoke 5 cell Elliptical Magnetic
352 MHz 704 MHz kicker

EE{EE-{}

i p=035 i p=047 $=0.65
v v v v
17 MeV 100 MeV 200 MeV 600 MeV | Protons:

double-injector

O OO -

Low-resolution

mass separator |[—
Sustainable 1*
) ion source
High-resolution _
mass separator X ocq ooler

& buncher

ISOL@MYRRHA MYRRHA ADS

Focus on long-term operation without interruption

34
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® MYRRHA places SCKeCEN on unique position in the world of medical

isotopes production & research

BR2 reator

Reactor based
|sotopes

N = 5o
\

followed by
MYRRHA reactor

-

77N\

Innovative ISOL-
based isotopes

Proton Target Facility at the
100-MeV MYRRHA beam

Accelerator-
based isotopes

e S

Proton Target Facility

35
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Challenges of 100 MeV proton accelerator regarding

fusion material testing

MYRRHA-IMIFF: proton beam 600 MeV,@ 2.5 mA

Acealorator Pancior

15 neutrons per proton

Neutron flux > 2x10%5 n/(cm?2s)

Neutron spectrum:
mostly fission neutrons easy to thermalize
(for tungsten transmutation)

Proton beam 100 MeV @ 4 mA protons + target

0.3 neutrons per proton

Neutron flux < 1x10* n/(cm?2s)

Neutron spectrum:
Spallation neutrons difficult to thermalize

To achieve similar damage rates:

® the displacement damage (dpa) must contain the proton component
® use moderated neutrons to transmute tungsten

© 2017 SCK-CEN




Irradiation by 100 MeV protons: feasibility

[100 MeV @ 4 mA >

:

Target material: Tantalum

Target thickness: < proton range ( ~ 1 cm) 1o

05 water \Fe\ 4
1013_
04 - r:’u? 1012 -
- 3 E
2 ) S 10t
c = =
S 0.3 S <
g g 2 1007
2 128§ =
X % £ 10
S o2+ = 3
© ° 2 10
DEMO armour
41 —— BR2 reflector channel
0.1+ 107 4 | —— MYRRHA-IMIFF (600 MeV)
—— IMIFF100 (100 MeV)
106 i B e B B B I I i
00 o 101° 10° 10® 107 10° 10° 10* 10° 102 10* 10° 10 10?
B T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 Energy (MeV)
Distance from entrance, cm Neutron spectrum is softer than in DEMO:
Optimal thickness: ~7.5 mm Moderator: water to compensate reduction of neutron flux

© 2017 SCK+CEN

Rotation window and converter DISK

® Rotative disc with Ta converter
® Heat flux 2x2 3 mm Al

® > 60 MW/m? sample
® Rotative 1 m disk 3,14 m /
® 3,14/0,02=157 — > d

04 Mw/m2 Vacuum

Water in

water
® Ta converter +- 350 kw

L .
Water out >
® Area = 0,02*3m x2

® Heat flux about 3 MW/m? Motor

® is possible and area could be increased
Not structural element!

© 2017 SCK-CEN




Preliminary results

Irradiation of tungsten samples

|_IMIFF100 | MYRRHA-IMIFF_|  DEMO |

Time to reach 1 dpa, days 123.27 67.47 123.45

Appm He/dpa 1.26 1.76 0.58
Neutron flux, n/(cm?2s) 8.21x1013 2.40x1015 5.27x10%4

1847 (n, y) 185W cross section, b 0.36 0.21 0.33
1867 (n, ) 187W cross section, b 0.64 0.30 0.52
Elemental concentrations at 1 dpa
72-Hf, % 1.5x10+4 1.04x103 8x10~
73-Ta, % 6.2x104 1.31x103 0.012
74-W, % 99.85 99.84 99.86 dpa @ transmutation rates
75-Re, % 0.149 0.153 0.12 comparable to DEMO

76-0Os, % 8.2x104 4.86x103 2.3x103

Irradiation of steel samples

max/min DEMO

Radiation damage rate, dpa/s 3.29x107 1.65x10%6/1.01x10° 2.90x107 . 0
Time to reach 1 dpa, days 3520 11.41/7.02 39.90 He production rates 40%

appm He/dpa 14.27 18.04 / 7.12 10.42 higher

© 2017 SCK+CEN

Outline

* What is Project MYRRHA?
« MYRRHA technical description

 MYRRHA Research & Development effort

MYRRHA planning

40
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MYRRHA's phased implementation strategy

003MeV  15Mev 5.9Mev 17Mev vest 11 80— 100 Mev
oo B RFQ RT SCCHsection  « MET A

30 wier

Spoke linac 352.2 MHz 48 cav., 173 m

Benefits of phased
approach:

* Reducing
technical risk

>
v
=
)
S
-
I
-
@
v
©
<
o

spoke
cryomodule

4-rod RFQ thermal mockup SC-CH cavity

LEBT

* Spreading
investment cost
*  First R&D facility

available in Mol
end of 2024

[34 caw, 639 m] [, 1008 m]
7044 Wtz ELLIPTICAL LINAC <0705

5 element elliptical cavity

elliptical cavity envelope
with cold tuning
mechanism design of the test cryomodule for the

elliptical cavity

1
[e]
-
v
3
(-4
|
o
[+))
v
©
=
o.

7 | \
700 MHz Solid State RF amplifier
prototyping

Phase 2 - 600 MeV

a1

Source:SCK+CEN MYRRHA Project Team
Copyright © 2017 SCK-CEN

Phased implementation plan MYRRHA Project (2016-2030)

MYRRHA Construction Planning

S -
Pre-Construction Engineering and Design
{inclSupporting R&D Programme)
100 MeV Accelerator
Prototyping & Construction

100 MeV Accelerator Building
Start construction

T

20z ul [oIA 3e Ajje g

600MeV Accelera totyping & Constructing

600 MeV Accelerator 600MeV/ Pilot Beam &
Start construction Comrmissioning

Commissioning

Tendering and Construction Reactor Reactor

Start Construction
Reactor

Start
Operation

Lots definition, tendering and
construction Auxilliary Buildings

Start Construction
Aunilliary Buildings

Phase 1: ‘'16-'24

Phase 2&3: ‘25-'30
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Source: SCK«CEN MYRRHA Project Team .
Copyright © 2017 SCK-CEN




MYRRHA is embedded in an international R&D network
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Source: SCK«CEN MYRRHA Project Team 43
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A jump in the future for pioneering innovation in Belgium
For sustainable nuclear energy in Europe and the world
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3.3.2 D-T neutron sources (including HINEG, SORGENTINA, etc): Y. Wu (FDS)



F D s Institute of Nuclear Energy Safety Technology, CAS
Key Laboratory of Neutronics and Radiation Safety, CAS

www.fds.org.cn

tFDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

D-T Neutron Sources

Presented by Yican Wu

Contributed by FDS Team
Key Laboratory of Neutronics and Radiation Safety

Institute of Nuclear Energy Safety Technology (INEST)
Chinese Academy of Sciences

www.fds.org.cn
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"FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Neutron is the Root of Nuclear Energy and Technology

——The essential element for safe operation (‘soul’)

Fission:
Trigger and Medium
. w
AT TNy ~

> / o Neutron
@ Deuterium %@l
Neutron /Jz /d;’

J @ /J;, 200

~ : %

235 J& —> &/ \

@ . Tritium Helium

Fusion:

Main Energy Carrier

235 +n - 41X +42Y + yn + 200MeV D+T - He+n+17.6MeV




tFDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Neutron is the Root of Nuclear Energy and Technology

Neutron physics in advanced nuclear systems

Technological Objectives

* Safety
*  Economic efficiency h

* Sustainability

e

- New properties

New challenges
System Features ' 2

Innovative -
nuclear systems *  Complex structure and
materials J

*  Complex neutron
spectrum

* Spanning multiple scales

~FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Characteristics of Common Neutron Sources

(> Spallation neutron source

Accelerators based > D'Ll neutI'OIl source

Nuclear reactors Neutron source

high neutron intensity high neutron intensity > D-Be neutron source

low neutron energ :
gy high neutron energy

high expanse .
gh exp inherent safety

> D-T neutron source

>

Isotopes neutron source

low neutron intensity

Mono neutron energy, Actual D-T spectrum




.FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Principle of D-T Neutron Source

Accelerated high intensity deuterium ions hit tritium (deuterium )
targets to produce 14.1 MeV (2.45 MeV) mono-energetic neutrons:

D+ T —n (14.1MeV) +“4He
D+D —n (2.45MeV) +3He

D* beam D* beam Neutrons @
|

Tritium Target L9
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.FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Overview of HINEG-I

Pulse Beam line

Fusion neutrons with yield of 6.4 X10!?n/s have been generated




.FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Preliminary Scheme of HINEG-I1

«» Neutron Yield: 1015-1016 n/s

Conceptual Design Option
+ Key Technology of HINEG-II

Ultra-High Power Iggh I-Eeat Flux
Rotating Target Removal Technology

TIon Accelerator

Ampere Level Ion Source &
Accelerator Technology |

R&D for key components of HINEG-II are on-going

.FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Lead Based Zero-Power Sub-critical /Critical Reactor CLEAR-(
HINEG Extraneous Driving=» ADS-0/ FDS-0

O The experimental platform for the integrated validation of
lead based reactor neutron and safety control in China

*  Physical design and analysis method, program and database verification of lead

based reactor

* Integrated test of physical plan and control technology of lead based reactor

O The test equipment for physical and engineering validation

of lead base reactor core
*  The energy spectra are similar to that of CLEAR-I core (similar coolant, similar
fuel and similar structure)

*  The core arrangement is flexible and other small and medium sized metal cooled
fast reactor core can be simulated in full-scale

O Taking into account the development requirements of ADS
subcritical lead reactor technology

¢ Can be coupled with the external neutron source to achieve subcritical operation

*  Can provide necessary nuclear physics data support for applying for permits of
CIADS construction

E !

e . o g
LR Sl R

Accelerator
neutron source
(HINEG)

Zero-Power reactor (CLEAR-0)




Experimental Hall of HINEG
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.FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

The FNG neutron source

Parameter Value
Neutron Yield 1x10''n/s
Beam Energy 230keV
Beam Current ImA
Beam Spot Size ®1.5cm

.FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

The Sorgentina Project

e Two ion beams of 25 A (D*) + 25 A (T") accelerated at 160 keV

impinging on a spot of 10x20 cm? surface
e D-T neutron source is made of 2 facing wheels, 2 m radius

o In-between the wheels high neutron flux irradiation zone is available

ngh ﬂuX : Ti implantation system
L arget 1
Irradiation Zone 7
~ 50 cm3 Whé(i 2 Wheel 1
1x1013 n/cm?/s
2 dpa/fpy D &T lon Sources and

Accelerators

Mario Pillon, Maurizio Angelone, Aldo Pizzuto, Antonino Pietropaolo. Feasibility study of an intense DT fusion source:“The New Sorgentina”. Fusion Engineering and Design,
2014, 89:2141-2144.
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Key Laboratory of Neutronics and Radiation Safety,CAS

Institute of Nuclear Ener Safety Technology,CAS
(.FDS! ay ¥ gy

PNL Neutron Source

HYV Power supply
Microwave Ion Source
Electrostatic Accelerator
Focus Element
Differential Pumping

Gas Target

Measured D-D neutron yield of 3x10'! n/s




.FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Design of 14 MeV Fusion Neutron Irradiation Facility

Configuration A

Differential Pumps —
/ Multiplier/Reflector Z — :
I -
Beam Focus |01 source & Blanket

Accelerator Stack

Tubes (12)

lon Source &
Accelerator Stack Beam Focus / Materials 7N
2 . Test Cavity £
Differential Pumps . e es ‘) <
~ 6 meters > !
1.1 meters
Parameter Value Configuration B
Peak Displacement Damage Multiplier/Reflector

4 dpa/fpy Blanket

Neutron Source
Tubes (16)

Rate
Peak Helium Production Rate 40 appm/fpy

High-Flux
Test Cavity (16)

Useful Irradiation Environment 2 Liters Aux Materials =
i — NI

Projected Operating Time/Year 90% ' )E }g\‘,
+— llmeters —*

Gerald L. Kulcinski, Ross F. Radel, Andrew Davis. Near term, low cost, 14 MeV fusion neutron irradiation facility for testing the viability of fusion structural materials. Fusion
Engineering and Design, 2016, 109-111:1072-1076.
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Applications of D-T neutron sources

— Materials irradiation damage mechanism
— Neutronics theory and software validation
— Nuclear data measurement and validation
— Neutronics performance of blanket/reactor

— Nuclear technology applications

.FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Mechanism of Materials Irradiation Damage

O Existing neutron sources can
not meet the demand

-

= Fission reactor, large spallation P . .
L 1A Fi LT

neutron energy gap - g , Hrﬁhmﬂnh;mhm:
= Electron, ions and other radiation is L

hard to equivalent in'* i ITER i

el ny
n' %
O High intensity D-T fusion i A
neutron source T B i
R i MNeutrons
= Energy spectrum, He /dpa ratio and £ | -
SNS Protons |

other key performance is the same as

. in'? r | T
the fusion reactor
-y 0 0§ MeW { { f R
= 10'5-1n/s neutron source radiation < J, £
displacement damage is up to 4 "o o = e v o —
dpa/fpy o]
= Flexible experimental space, and Spallation VS Fusion

magnetic, thermal, force and other
physical environment can be coupled

D-T neutron sources can reproducing “first wall” irradiation spectrum




.FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Development of Structure Materials for Advanced Reactor
CLAM (China Low Activation Martensitic steel)

< Nominal composition: 9Cr-1.5W-0.2V-0.15Ta-0.45Mn-0.1C

< ~18 ton smelting with good control of main composition

o YS Unirradiated
© US Unirradiated
N = YS2.5dpal300C

T ~<_ ® US25dpa300C

(Pa)

g & 8

04 0 em®
H

F
Strength (M
§ &
o
(OO
qne al!
2
i
]
H

PR Lo s
0 50 100 150 200 250 300
Temperature (C)

o
Rupture time, h

~ 6 ton ingot during forging creep test ~10000hrs 2.5dpa neturon Irradiation Nuclear Reactor Material
Database (NRMD)

7

< High-dose neutron irradiation experiments

(Spallation source ~ 21dpa) (High Flux Engineering Test Reactor ~3 dpa)

Properties of CLAM steel is comparable with Eurofer97 and F82H, and
CLAM steel has been selected as the candidate structural material for CN ITER TBM

Q. Huang, FDS Team. Development Status of CLAM Steel for Fusion Application. Journal of Nuclear Materials, 2014, 455:649-654.

tFDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Accurate Modeling Theories and Calculation Methods

with multi-processes direct coupling for neutron transport in complex systems

Provides a leap forward from isolated solutions to whole-process and multi-scale simulation for
neutron transport and makes the accurate and efficient three-dimensional nuclear design and safety
evaluation of complex nuclear systems realistic

: ; . 7 ESI Top1% papers
NOEEESN | Integrated accurate irregular modeling NO.1 in nuclear software

idea (geometry, material, source...) area
The first monograph
' “Fusion Neutrons”
Physical | Directly coupling multiple processes
model (= Stochastic + Deterministic )

Yican Wu

.v .’ Fusion

Neutronics

Advanced Efficient stochastic
approach based on
feature pre-judgment

Discrete ordinates
nodal transport method

approach




&Q'FDS) i Labiode{ogy 6f et Satow e Aadetion Budety CAS
Super Monte Carlo Program for Nuclear and Radiation
Simulation SuperMC

The first comprehensive neutronic simulation program in the world

r
Nuclear design and safety evaluation ] -
p* L}

_I" L M &l
e i W T (N
'] Fuass = A Canads

. & A

q—_& % .. < h. xa-
Automatic modeling - = e MBA L e
geometry :n‘-m physics) i —— %m
s -
— N

/
[ Data library ] [ c'°l"r:;‘:::°p::‘“"9 ]

e Internal coupled comprehensive neutronic * Applied in 50+ nations, 30+ major
simulation international nuclear projects

e Irregular boundary and complete physics * ITER reference code. Publicly distributed
modeling by OECD/NEA

* High calculation efficiency (600+ times e The first fusion neutronics monograph in
acceleration for ITER machine) the world

tFDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Measurement and Validation of Nuclear Data

*

O Nuclear Data Evaluation and Validation Challenges for nuclear data
*  Neutron multiplication, new-type nuclear fuel ,etc . Lack of experimental data

O Nuclear data measurement «  Precision not enough

*  Materials’ Service Properties and Life . . .
e Evaluations inconsistent
(n,p), (n,>He) and (n,o) of Cu, Fe, W, Ni etc.

e Shielding and Activation

(n,y) of Fe, Li, Pb etc.

O Neutronics properties of materials Evaluation

*  Tritium Breeding, Shielding, Neutron Multiplication,
etc.

TBM blanket and CLAM steel

* Lead-based Coolant: PbLi, PbBi, Pb
¢ Structural Material of CN ITER TBM: CLAM steel *: http://www-nds.iaca.org

D-T neutron sources are the important method for nuclear data measurement and
validation




.FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Neutronics Performance of Fusion Blanket
Experiment for DFLL (Dual Functional Lithium-Lead) TBM

Goal: Verify Tritium Breeding m) TBM: CLAM + PbLi + SS
Research Deep Penetration - Shielding: SS + Water
« 124S mm ———

I b S
| = ) '
N I
I _ jSimplify i
I I I
I | I I
: it l‘lliilil L. : |
I . i
: DFLL TBM Shielding : I - CLAM- PbLi | |SS316 | |water I

Experiment mock-up

D-T neutron sources are experimental verification tool
for neutronics performance of fusion blanket

tFDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Research on Nuclear Technology Applications

O Fast neutron radiography

= Good metal penetration, detect internal structure a x ‘I
= Analyze the internal structure of high density big scare k

material l :
= Miniaturization neutron source is used in easy moving

detect for drug and explosive

O Isotope production
= 99mT¢ is widely used (80%) in medical isotope
= D-T fusion neutron source can produce **™T¢ via low

enriched uranium, avoid the using of highly enriched
uranium

O Proton/neutron radiotherapy
= Strong penetrability, strong cancer cell killing ability
= Suitable for malignant tumor, which can tolerate
normal radiation.

D-T neutron sources have obvious advantages in related nuclear technology
applications
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.FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Summary

> Neutron is the essential element of nuclear energy system
and nuclear technology application, D-T fusion neutron
source can serve in fission/fusion energy and also other
nuclear technology application;

» R&D of D-T neutron sources with neutron yield of 10'>-
10'%n/s are on going, e.g. HINEG-II, Sorgentina, PNL;

» D-T neutron sources are useful on neutronics theory,
nuclear data and program validation, materials radiation
damage in high neutron radiation environment,
neutronics performance of blanket/reactor, and also will
expand nuclear technology application.
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"FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Thanks for Your Attention!

Website: www.fds.org.cn
E-mail: contact@fds.org.cn




3.3.3 Present status of neutron sources development: Y. Kiyanagi (Nagoya Univ.)



Workshop on Advanced Neutron Sources and Its Applications, Aomori, 5 November 2017

Present status of neutron

sources development
- Overview of neutron sources -

Y. Kiyanagi

Nagoya University
President of Japanese Society for Neutron Science

Content

Neutron sources in the world and Japan

Activity of Accelerator driven Neutron Sources
in Japan

New neutron source projects

Summary




Major Neutron Sources in the World

They are mainly used for beam experiments.

ZB (GER) CARR (CHN)
FRM-ll (GER) CSNS (CHN)
SINQ (329 HANARO (KOR
ORPHEE
FRA
( r:)9 a ] / ./IBRZ(RUS NRU (CAN)
AYARN S
P _—NBSR (US)

HFIR (US)

o
HFR - ILL\ (FRA) S

\ISNSIJ-PARC (JPN)

R JRR-3 (JPN)

LANL (US)

Zj IAER-1 (BRA)
TRR-1/M1 (THA)
SAFARI-1 (RSA) \JO\OPAL (AUS)
DURVA(IND) @® Reactor
RSG-GAS (INA) @ Accelerator

38

Accelerator driven neutron sources in the world

ESS (Sweden)
2020? (4MW) |

SNS USA)
(1.4MW)

HUNS(Japan)

C
NS
UA
KURRI-LINAC

@i JSNS/J-PARC

CSNS (China) 2017 (Japan) (1MW)
(0.1MW) —

ENS (USA)
LANL (USA) J

(0.08MW)

-----
............

There are accelerator driven neutron sources for nuclear data measurement.




Accelerator-driven Neutron Sources in Japan

MuIti-urpose :
National Cancer Center : J o
(Solid Li target) N
Edogawa Hospital South Tohoku Hospital
(Under construction) b a2 ( Be target )
(Solid Li target ) 2y

' ( D= €
Fmmmm e e —
|
|

Osaka-U(Plan) |

' (Liquid Li target ) |7 I-BNCT Multi-purpose

Osaka Medical College |-,

( Be target )
(Under construction)

( Be target ) A Nagoya-U Multi-purpose
Kyoto-U RRI / (Li target)
(Be target) Dsaka-U RCNF

BNCT

- Neutron Imaging, Scattering, Nuclear Physics;etc.

Boron Neutron Capture Therapy (BNCT)

CANS
Neutron source

Photo from
Osaka University

The first treatment
of head and neck
cancetr.

http://www.js_rTct.._JE/a bout_nct/deep.html




Accelerator-driven Neutron Sources in Japan

Flux for imaging

HUNS(35MeV, 34uA) Aomori Prefecture
~103-10%n/sec/cm? Quantum Science
Cold-fast neutrons Center(20MeV, 50uA)
10°n/sec/cm?
Thermal neutron

RANS(7MeV, 100pA)
~fewX10%n/sec/cm?
Thermal neutron

KUANS (3.5MeV, 100pA)
1.2x103n/sec/cm?
Thermal neutron

JRR-3 (Reactor)
TNRF: ~108n/sec/cm?
Thermal neutron
CNRF: ~107n/sec/cm?

KUR (Reactor): Thermal Cold neutron
SHI-ATEX ¢ E2: ~3.2x105n/sec/cm2@5MW
(128“:{|065V,/20]J./A) : B4: ~5x107n/sec/cmZ@5MW Osaka-U(RCNP) and
o e KURRI LINAC: Thermal Tohoku-U(CYLIC) are for
2.3x10%n/sec/cm2@100pA Nuclear physics, soft error

Activity of Accelerator driven
Neutron Sources in Japan




1) J-PARC/MLF

Materials & Life Science
Experimental Facility :

http://j-parc.jp/researcher/MatLife/ja/instrumentation/ns.html

Layout of neutron instruments

BLO8 SuperHRPD ~_ || BLOG VIN ROSE
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h I @g ) ll‘ “BL23 POLAN
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BL14 AMATERAS /ﬁ
BL15 TAIKAN -
BL16 SOFIA “ZBL19 TAKUMI

BL17 SHARAKU — BL18 SENJU

CM  Coupbed moderator DM Decoupled moderator m Paisoned moderator




Hydrogen in Fe lattice under high pressure and high

temperature condition

Hydrogen in iron is directly related to
hydrogen embrittlement of iron and
the possible origin of the deficit in

density of the Earth’s Core. Hattori Sano Funakoshi ' Machida

PLANET measured neutron diffraction from hydrogen
(deuterium) iniron at high-PT condition (6.3 GPa and
988 K)

Neutron diffraction patterns obtained at 6.3 GPa and 988 K

LALALI RRARI LRSI LELLIRARAS RAR 2 La) L EROAD T TrrTTT ! TPTTITTTT

E E:I;’_I'onventinal Model "};:Iéi;:‘é'[’;:w" E - 3 1

2 L D occupies only oct cite W 0.2\)5.‘; 1 3 B ¥ N

E E 1 .35":9“2 H 3 i - % b

gE 107 ge2a3s0 ! 2 ] T T Large press

.E ; I‘l hl' _I I;; ;‘L n octahedral cite i:l_ ;I' % - ¥ ”ATSUH'ME”

— T TTTTTrTTTT Rhkid RALL RRL LUK B R R TrTTTTTITT LERRELELL LLiid L] 1o

'E F New finding - i :

8 “ D pactially occupies ¢ ‘3'%"3"’: . E i

5 E  tetra cite at high PT! I 198 200 4 - G The structure analysis revealed that small amount
EE 1| D5 %age0 ! £ 3 . .

5 VR I R S of deuterium do occupy the tetrahedral site,
TR TR TTIYHINE Yo PP IFOTI TR RTNATE contrary to conventional model where all the

TR T T R VR T R TR TR T s T ¥ 7
(Upper) ConventiofigP?refdel with no occupancy of D in tetFemBeral
cite, (Lower) New model with D partly occupied tetrahedral cite.
New model showed better fitting. Nature Communications 5, 5065 (2014)

'* deuterium occupy the octahedral site.

Test device of magnetic
materials for transformers

340
Neutron Radiography 120 4
300 -

280 —

]
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160 200 240 280 160 200 240 280

| & Leakage flux
Characterization 6f thei from Y:qZk_

280 o |

¥ 260 -

response to AC field _

T T 7 = T
280 160 200 240 280

Neutron Radiography a0 i FT@‘ l
300 . Leakage flux
280 from the driving
| 260 £ coil
Place an iron core with a coil 2407
between the poles - 1‘0A

i T T 12
180 200 240 260
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2) RANS (RIKEN Accelerator-driven compact neutron §ource)

compact neutron source for practical use

Courtesy of Dr. Yoshie Otake

Proton linac, (commercially sold accelerator) (1.5 M.USS)
Ep=7MeV__ ~10%2n/sec 3
[p<100 pA maximum averaged current
At:10-180us pulse width of proton (30us—>modified)®
Fr:20-180Hz repetition rate of proton

@

AT Atz

A ISR RADAIEH]

Industrial use —iron and steel-
A) Imaging: Corrosion and water movement

Alloy has higher resistivity than steel.
"Atsushi Taketani, et al : ISIJ International Vol. 57, No. 1 (2017)

B) Texture measurement by diffraction

Crystal plasticity Mechanical characteristics
Texture
theory of steel
Dr.H.Suzuki(JAEA), DrY.lkeda,
Rygk BTN Dr.M.Kumagai (T.C.U) Dr.M.Takamura
] Dr. Y. Otake
‘:p -
I_—r-_ d — i~
i =
400/ Before §
F (3.2,1)
3s0L- (2.0,0) | after
= (3.3.0) -
£ 300 (411) l(2.2.2) 2,2,0) AR
& E v Y %5 1SC440W
2 20 50 ¢ o107 @11 (1.1,0) T---«-jm» ‘.i‘iif':.’-”u‘
- (3 2003_ ‘ ‘: i a
50— ‘ nuﬁﬂ e
b Eo v 10 0 001 PR R O e i @WP*"’FMJHO“
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¥t d (nm)
0 Polar figure
! oo s i Texture change was successfully observed.
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(110) Pole figure (IF steel) 14




©10mm,wimm)

1

g

SUS316 19.1%

800 SUS316 75%CR 100%
! d
200 fel # el
. 7 M‘:Jr\l\“':“"**“‘*;'{ hl%“‘“m*;r*
4 4 h
/ ‘ 4
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BCC FCC BCCFCC BGC FOC
211 220 200 200 110 111

Peaks of both textures are measured

SUS316 25%CR(FCC, Austenite, - o

Annealed SM440A (BCC, Ferite

10mm?
A
6.7x£0.8% 8.3%
Zounts/hour d ) 4 o o
T i 17.4%0.8%  19.1%

===
= .

Composition of austenite was
determined within 1%

—>Compact NS can evaluate residual
austenite

(Accelerate the material development)

l *Rietveld analized with Z-Rietveld

R. Oishi et al, Rietveld analysis software for J-PARC
Nucl. Instrum. Methods, A 600 (2003) 94-96

10000 15000 20000

pulsed neutron * 10F (o0
Incident beam I,

HUNS: Hokkaido University accelerator-driven Neutron Source

sample Bragg edge

b

40000

= D=
- eY——

10000 15000 20000
TOF (usec)

Transmitted beam 1

Neutron energy (eV)

) - Bragg edge
s - Crystallographic information
E nA=2dy,sin%
k> NN
2 10 N
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=
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A) Bragg Edge Imaging of @\-\UNS }

crystalline phase & microstructure”™
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imager with a
TOF function.

H. Sato, et al, Hokkaido University

B) Spatial distribution of layer space in Li-ion battery

Bragg-edge spectra against charge level
Takashi Kamiyama

@Hokkaido University
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Layer space distribution

T. Kamlyama et al, Hokkaldo University
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Graphite layer space

shows

heterogeneous distribution
In mm order.
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Scattering intensity =

(Ap) 7

Number dens.

X (Volume X Grain form factor) 2
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Composition

l

Ap = p_ pmatrix p

Different between X and N in the same

composition case

Intensity factor
Number density and
composition will be separated

Coanon in Xand N
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= Zn“c‘:b_

N/X cancel out material structure
parameter

Dedusce composition information
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IANS, intermediate-angle neutron
scattering instrumen yany othe"°
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TiC precipitates in steels Al alloys : 7000 series
wfF oo ' H " ——rrry
i & O O SAXS profiles
A ® W SANS profileg 100 F % 2 M
= 0O 7075_SANS
o TE 10
C) x225
z r
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g 0.1 :
g 0 'm | i
0.01 i .'-.a """""
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Precipitates are TiC: x14 Precipitates are TiCMgZn2: 230

We can identify the precipitates

T ISHIDA, M OHNUMA, B S SEONG and M FURUSAKA, submitted to ISlJ International

T Netv Service Systems Laboratories
Hokkaido university
Nagoya University
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*Soft error test using HUNS ;

L] L] \‘
Simulation for the occurrence number of soft error s oy 1

We designed the neutron source for the soft error test and simulate it.

1.0E+06 : : : 107 o
e~ Terrestrial flux(EXPACS) -
= 1.0E+04 b\ —— HUNS(MCNPX) ) =
= g |
% 1.0E+02 5 w07} F
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5 1.0E+00 \ S !g.fj"“
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L e . : e PHYSERD cal.
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£ 1.0E-06 ZR— E f } = PHYSERD cal.
2 3 ---- Fitting function |3
1.0E-08 - !

1 10 100 1000 1 10 100 1000

Neutron Energy (MeV) Neutron energy, £, [MeV]

Neutron Energy spectrum SEU* cross section by neutron energy*

» Soft errors occur in a few or ten minutes, and it was proved to be effective.

*SEU (Single Event Upset)
NTT % :S.abe and Y.Watanabe, IEEE Transaction on Nuclear Science, 61, 3519-3526(2014) i
Copyright©2016 NTT corp. All Rights Reserved. 23

Examples of neutron soft-error rate reductions after implementing
ASIC-based devices, ECC, or auto recovery functions.
(a) Type A
Ist test) FPGA-based device

2nd test) ASIC-based device

10

o0 -
o

(b) Type B

1st test) Parity function

2nd test) ECC function

-1 -
oo -
D
—
=

(c) Type C
1st test)
w/o auto recovery function

2nd test)
w/ auto recovery function

0123456728910

ECC: Error Correction Code Comparison of neutron soft-error rate




*Standardization for soft error -
Proposal to ITU —

K.124 was already approved.

K.124 Overview of particle radiation effects on Approval
telecommunications systems in 2016
K.soft des Design methodologies for telecommunication systems Under study
applying soft error measures until 2017
K.soft test Soft error test method for telecommunication equipment  Under study
until 2017
K.soft mes Quality estimation methods and application guidelines Under study

for mitigation measures based on particle radiation tests  until 2018

Procedure for installation of soft error measures in development of equipment

= Study of N . N
> A > > Design Prototype- Testin >
g specifications s g //,)19 _V g E o
R . F R . . u
@Quallty requirement .@Test method ITU: United Nations
~ Units installed
Neutron irradiation test iali
{5 using accelerator-driven speCIallzed agency for
—7 R heutren source information and
\%_-'LJ Irradiate the whole equipment with . .
Maintenance _ neutrons from an accelerator, communlcatlon
quality generate soft errors, and check .
Determine quality requirement.| |Estimate the occurrence of conformity. tech nolog|es _— ICTs_
In view of applicable services | |soft error fault and add the {7
an umber of installed measures for the fault until Proten / electron ’ ] I [ autron
e (N_ITT set the that meets requirement. accelerator [+ 1+
r i Cop@&bﬁ &THgorp. All Rights Reserved. 25
EUT(Equipment Under Test)

Commercial service of acceleration test of the soft error
New step for industrial application

Telecommunication Neutron Cyclotron
device source

From 19 Dec. 2016

: Ep=18MeV
Lu — -
Nagoya University
Hokkaido University

SHIEI

*NTT Advance Technology
(Responsible for the tests)

Cyclotron-driven neutron

A—H—/HI

TERT e source at SHI-ATEX
MR )L F— 18MeV
AR EFH 2 2.4m> 1.8m* 2.0m
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New neutron source projects

Experiments performed at CANS

Neutron yield (n/sec) |

KUANS | HUNS

BNCT

RANS

KUR-L
Imaging -
Device | Imaging
Cross DeVlce

section | Pulse imaging
Scatteri || Diffraction

Small angle
Reflectometer
QES

Soft error

Imaging
Device

Pulse imaging
Diffraction
Medium& Small
angle
Reflectometer
QES

Inelastic
scattering
Soft error

i 5MW 20MW
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J-PARC

Imaging

Device
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Projects of accelerator driven neutron sources in

B In Europe 2 medium power reactors
}ﬁ/ will be shut down till end of 2019.

B (n/sec)

' ~0.2Mw ~7x10*
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- Eur. Phys. J. Plus (2016) 131: 72

HBS(High Brilliance Source) project in Julich, Germany

If assume 25MeV 4mA, 100kW,
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FRENCH HIGH BRILLIANCE SOURCE, SONATA, @

ROUGH PERFORMANCES ESTIMATION universite
From presentation by Alain Menelle, LLB Saclay
Orphée
Source volume (core) ~510%cm?
Moderation volume ~8105cm?
# neutrons ~110"8 n.s
Mean neutron density ~110" n.cm3.s
Compact source
Source volume (Be) ~2cm3
Moderation volume ~6 103 cm?
# neutrons ~210% n.s
Mean neutron density ~310" n.cm3.s™

Ep = 20MeV, Ipeak = 100mA, duty cycle = 4%, P = 80kW, fixed Be target.
3x10™to 10" n/s  |yg i 7 7l 7
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Diffraction Poudre
(& faire plus court si possible)

SPES project at Laboratori Nazionali di Legnaro, Italy

Cyclotron 35-70MeV, 0.75mA

Neutron production (NEPIR) is the delta phase project and not yet financed.
~10%n/sec is expected.

Soft error ANEM

Slow neutron beam (SLOWNE) is also under consideration.

NEW BUILDING

Neutron
N -y T!.__., -
i d

-
~ LARAMED |
ol - !

Cyclotron
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New facilities in Japan

1) Aomori Prefecture Science Center
(Next to LIPAC)
Open on 6 Oct 2017 {pormtery ete]
Multi purpose proton beam applications

Proton: Animal PET
Neutron: Imaging, Animal test for BNCT

A w= T T

f‘ = - X’

Photo taken in January 2017

http://www.pref.aomori.lg.jp/soshiki/energy/it
er-shien/files/h28-kentoiinkai-shisetsu.pdf

Plane View
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Neutron area

Imaging \ \ e
BNCT for animal irradiation test !




2) National Institute of Advanced Industrial Science
and Technology in Tsukuba, Ibaraki

New neutron source (under construction)
10kW power, ~10%3n/sec EAIST

Nl‘llmWIT THOF

tron source

mﬁ?ﬁat&rs F110 m

: ,,E’N ﬁ TSI
J| g E—LF1 _

| eutron beam line
BFE—L

=
?’ Electron beam

s

. Bt FE—L N
ﬁ.;/ff‘!‘r’ Neutron beam
Ay BFMER ’
@%ﬁv Electron linac

http://www.aist.go.jp/index_en.html

Japan Collaboration on Accelerator-
driven Neutron Sources

lanﬁn-cullahnrauun on Accelerator-driven Neutron Sources
The JCANS was consolidated on Oct. 20, 2011 at KEK with the starting members: YoshiaKi
KIYANAGI and Michihiro FURUSAKA from Hokkaido University, Susumu IKEDA and
Hirohiko M. SHIMIZU from KEK, Yoshihisa IWASHITA and Tomofumi NAGAE from
Kyoto University, Yutaka YAMAGATA and Katsuya HIROTA from RIKEN, to activate a
nation-wide network of individual
research activity on neutron
source and moderators, and
practical neutron beam
technologies for the applications
in science and industry. .

T L

R e R WER .

ICANS Academia ICANS Industry
cpomessns @ - 50

JCANS Sectors

UCANS: Union for Compact
Accelerator-driven Neutron Sources




Summary

* For the neutron beam experiments, the accelerator
driven neutron sources have been constructed.

* In Japan, accelerator driven BNCT facilities were
constructed.

* In Japan, compact accelerator driven neutron sources,
are being used as well as J-PARC/MLF for developing
and improving methods for the material study.

e Neutron sources for multi-purpose use (BNCT + Beam
experiments) are under commissioning.

* In Europe, medium and small size reactor neutron
sources will be closed, and in place of the reactor
sources medium power accelerator driven neutron
sources are being planed.

Thank you for your attention!




3.4 Technical Session 3: Panel Discussion on development of High/Low power neutron
sources
3.4.1Accelerator related issues
3.4.1-i) Comparison of a few schemes of RFQ-based compact neutron sources:
S. Kurokawa (KEK)



Comparison of RFQ-Based
Compact Neutron Sources

Shin-ichi Kurokawa
Cosylab/KEK

2017/11/05
Aomori, Japan

Applications of
Compact Neutron Sources

* High Intensity
- BNCT (CW or Pulsed)

e Medium Intensity
- Thermal and cold neutron production (Pulsed)
- Radiography (CW or Pulsed)

* Detection of fissionable material, explosive, etc.
(pulsed or CW)




Four Types of BNCT Neutron Sources

1. 2.5-3 MeV proton onto Li target
lon source + RFQ
lon source + DC accelerator

2. (1) ~8 MeV proton onto Be target
lon source + RFQ + DTL
(2) ~5MeV proton onto Be target
lon source +RFQ

3. 1.5-3 MeV deuteron onto Be target
lon source + RFQ
lon source + DC accelerator

4. 30 MeV proton onto Be target (not considered in this talk)
lon Sources + 30 MeV cyclotron

Requirements of BNCT
(Boron Neutron Capture
Therapy)




BNCT starting point =» 1AEA-TECDOC-1223

1.2, Epithermal beam intensity

For the purposes of reporting beam mtensity. the common definition for an epithermal
energy range should be used, namely 0.5 eV to 10 keV. If other energy limits are used, they
should be clearly reported.

Current experience shows that a desiable mimmum beam ntensity would be
9. L% ~ O -
10° epithermal neutrons em™ s, Beams of 5 x 10" nem ™ < are useable, but result in rather
long 1rradiation times,

Energy range of “BNCT epi-thermal”
= (0.5eV~10keV)”
Neutron flux=» > 1 X10°n/cm?/s

Ibaraki BNCT neutron energy spectrum (simulation)

B.OE-DB
—IJRR-4 $p12cm

= i-BNCT, much better than JRR-4 (more than 4-times)

106-08

COL-08

Simulation:
4.66 X 10° n/s/cm?
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Comparison of Thick
Target Yield of neutrons

10% |—
[ ; Total Neutron Yield wrt
3; - lon Energy onto Target
= by M.R. Hawkesworth
- | AER 152 (1977)
= =]
E E«\ E
2 . .
= L 1 Two types of Reactions:
<
=~ — -
2

— Endothermic
I Exothermic

[ 1 I N T I
o 1 2 3 4 5 8

BOMBARDING ION ENERGY (MeV)

Figure 1. Neutron yields for low energy particle beam reactions.’

Table 3.1 For different neutron-producing reactions, the table lists the threshold and bombarding
energy, the total thick target neutron production for different bombarding energies, the percentage
for which the maximum neutron energy is less than 1 MeV, and the maximum and minimum neu-
tron energies [17, 22, 39, 40]
Total
production Fraction
Reaction E,MeV) E (MeV) (w/mAs) E<1MeV (%) E _ (keV) E . (keV)

Li(p.n)’Be  1.880 1.880 0 100 30 30
1.890 63x10° 100 67 0.2
2.500 93x 10" 100 787 60 —ee
2.800 1.4x101™ 92 1,100 395 Endothemic
Be(pn)’B  2.057 2.057 0 100 20 20
2.500 3.9%10° 100 574 193 -—
Be(dn)°B 0 0 0 50 3,962 3,962
1.500 33x101 50 4,279 3,874 —eee
BC(d,n)“N 0 0 0 75 4,974 4,964 Exothemic
1.500 1.9x10" 70 6,772 5,616
2CdMEN 0,327 0.327 0 100 4 3
1.500 6.0x10° 80 1,188 707
did,nPHe 0 0 0 0 2,451 2,451
0.120 33x10% 0 2,898 2,123
0.200 1.1x10° 0 3,054 2,047
W(dnyHe 0 0 0 0 14,050 14,050
0.150 45%x10° 0 14,961 13305

*Average between the values reported in Colonnaetal. [17] and Lee and Zhou [39, 40]
®Allen and Beynon [2]
‘Gandaet al. [22]




Comparison between Lithium and Beryllium “Li(p,n)’Be °Be(p,n)°B
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Fig. 16. Calculated and experimental thick-target neutron
vield. The neutron yield was calculated using the evaluated
cross section in Fig. 1. The ANL and Birmingham total neu-
tron yields are uncorrected for leakage of high-energy neutrons.
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Selection of Target Material

* Li(p,n)Be reaction seams quite attractive; however,
Li target is rather difficult to make, especially, for
high current incident beam.

e Also Li changes to radio active Be7 by Li(p,n)Be7
reaction, and the half lifetime of ~50 days of Be7
becomes an issue.

 |tis worthwhile to think about the use of Be
target, impinged not by proton but by deuteron.

Compact Neutron Sources
with Low-Energy Deuterons onto Be
Target

(Li target is relatively difficult to make and
use compared to Be target if the beam
power is high. Why not to try to find a

possibility of compact neutron source using
Be target ?)




The neutron emission for E; = 0.9 MeV is characterized
by a stripping process leading to a hard neutron spectrum
with an average neutron energy in excess of 2.8 MeV.

The dramatic change in the neutron spectral shape occurs
when deuterons are accelerated above 1 MeV due to
appearance of neutrons corresponding to the excitation of
one or more of the 5.11 MeV, 5.16 MeV and 5.18 MeV
levels in 1°B residual nucleus. This considerably
Increases the yield and softens the neutron spectrum.

J. Guzek, et al.,

Characterisation of the 9Be(d,n)10B reaction as a source of
neutrons employing commercially available radio frequency
quadrupole (RFQ) linacs, SPIE Vol. 2867, pp 509 — 512 (1997)

This means that even though Be(d,n)B
reaction Is exothermic, if the energy of d*
exceeds ~1 MeV, this reaction becomes
endothermic, Be(d,n)B*.




Table 10.27 from (2004TI06): Levels of '°B from “Be(d, n) and “Be(*He, d) ®

FE.(MeV+keV)* | “Be(d.n)® "Be(*He, d) © P
L 5.4 A (2J+1)C2s
0 1 1.0 1 3.30 3+ 0
0.72 1 197 1 276 1+;0
1.74 1 1.36 1 1.20 0+;1
2.15 1 041 1 0.82 1+:0
3.59 1 0.10 1 0.29 2+:0
477 =2 14 (3)4 0.10 g+0
< 0.82
5.11 0 014 | 0+2 0.34,0.14 2-:0
5.16 } 9+:1
1 0.43 1 0.86
5.18 1+;0
5.92 1 0.49 1 2.05 2+ 0
6.03 3¢ < 0.20 4+
6.13 [€)) )¢ 3.04 3-
6.56 3) - 2.01 (4)~
6.80 + 15 (10 1 0+1
7.00 £15 (1 (1,2)*: (0)
748415 £
7.56 + 25 : 0+;1
(7.85 + 50) ; i
(8.07 +50) : 20
(8.12 + 50) :
250
/ - 0DEG
§
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Fig. 2a. Neutron energy spectra obtained at 0°, 40° and
120° from bombarding a thick °Be target with
deuterons of 0.9 MeV.
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Fig. 1. Neutron spectra produced by 1.45 MeV deuterons on a 8 pm-thick Be target
(left scale) and by 2.3 MeV protons on Li (right scale).
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Fig. 3. Neutron angular distribution for the thick target
’Be(d,n)'°B reaction at E; = 1.5 MeV.




Comparison of Yields

* Yield of neutrons <2.5 MeV by 3 MeV Be(d,n)B reaction
is x ~8 of that of 1.5 MeV d case (1.7 x 108 neutrons/uC)

- 1.4 x 10° neutrons/uC

* Yield of neutrons < 1 MeV by Li(p,n)Be with 2.5 MeV p
- 9.3 x 108 neutrons/uC

e Taking into account of the efficiency of moderation, 3
MeV Be(d,n) and 2.5 MeV Li(p,n) is equivalent in terms
of number of neutrons.

* Yield of neutrons by Be(p,n)B with 5 MeV p is ~40%
of that of 8 MeV case, but the maximum energy of
neutrons is 3 MeV in the former and 6 MeV in the
latter. If we take into account the efficiency of
moderation this ratio changes to about 2 : 3.

e This means that 10 mA CW 3 MeV deuteron on Be
target can produce almost equal number of
neutrons to 10 mA CW 2.5 MeV proton on Lithium
target and 10 mA CW 8 MeV protons on Be target.

15 mA CW 5 MeV protons on Be target can also
produce the same number of neutrons.




A Few Comments on Be(d,n)B

* IS + RFQ suffices. This scheme will make the system
simpler, easier to operate, and more robust.

* In order to reduce the higher energy neutron
production, the thickness of the Be target should
be finely controlled to make deuterons with lower
than 1 MeV energy not to stop within the target.
The thickness of the target will be ~20 um.

e The study on this scheme is still rudimental. More
detailed study has yet to be done.

Lessons from Deuteron RFQ and Deuteron lon
Source at LIPAC in Rokkasho

1. LiPAC has shown that higher than 100 mA CW deuteron
beam is produced by its ion source with 100 KV
extraction voltage. ~20 mA d ion source (~ 70 kV
extraction voltage) will be of no problem.

2. LiPAC also has shown that 175 MHz 5 MeV deuteron CW
RFQ can be made, although real beam operation has yet
to be done. In this frequency TETRODEs can be used and
we do not need to have any modulators even in the case
of pulsed operation.

3. By decreasing the frequency down to ~175 MHz, the
shunt impedance of RFQ has become more than doubled,
and CW operation of RFQ for compact neutron sources
will be within the reach of hospital and universities.




Summary

e Discussion on neutron source on the basis of d(Be, n)B
is still rudimental. The remaining main issues are: (1)
exact estimation of neutron yield , (2) detailed design
of RFQ and lon Source, (3) development of thin (~20
um) Be target, and (4) design of the moderator.

e CW 10 mA Be(p,n)B with 8 MeV p, CW 15 mA Be(p,n)B
with 5 MeV p, CW 10 mA Li(p, n)Be with 2.5 MeV p,
CW 10mA Be(d,n)B with 3 MeV d can produce about
the same number of available neutrons for BNCT.

» Except for the case of 8 MeV protons, IS + RFQ
suffices, which make the system simpler and easier to
operate.

e Strong point is that we can learn much from LIPAc
expgfriences, especially those of ion sources and CW
RFQ.

hank you for your
attention!




3.4.1-ii) High power linacs: J. Knaster (IFMIF/EVEDA)



High Power Linacs

3.5 MW beam power
]

R Sy WL

L

1979

Fig. 1. Principle of FMIT operation.

Journal of Nuclear Materials 85 & 86 (1979) 463 -465
© Nusth-Holland Publishing Company

THE FUSION MATERIALS [RRADIATION TEST FACILITY AT HANFORD*

E. W. POTTMEYER, JR.
Westinghouse Hanford Company, Hanford Engineering Development Laboratory, Richland, WA 99352, USA

What do we call as High Power Linac?

Beam power vs Beam average power
I x E x duty cycle
but energy is measured in eV
thus the energy gives the voltage that the particle undergoes
P=IxV
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Proton Linacs have exhibited basically same structure
since the invention of the RFQ in 1969 in the URSS
its invention led to an enormous enthusiasm
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About FMIT
it was cancelled in 1985
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INTRODUCTION

The needs of the Controlled Thermonuclear
Reactor (CTR) program related to radiation dam-
age in fusion reactor malerials are becoming !
critical to the development of the plammed Ex- |

perimental Power Reactor. The 14-MeV neu-
tron sources with high enough fluxes g)l.l]"n/
{cm® sec)] in large volumes (~1 liter) do not
exist. Neutron sources being comstructed or pro-
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World accelerators technology
- wasnotready inthe 70s S,
for a high current accelerator in CW mode

Liquid metal techhology
was not ready in the 70s
for a massive lithium target

P e j

27th Symposium on Fusion Engineering

1. Knaster Shanghai
June 2017

Status of IFMIF Project

is it still talking about IFMIF like talking of
Alice in Wonderland?
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We are, and Alice is not present

Fusion materials research have historically boosted ADS developments

J. Knaster & Y. Okumura, Accelerators for fusion materials testing.
Reviews of Accelerator Science and Technology Vol. 8, 115-142 (2016)

First attempt of constructing | F M I I '

~ a high current proton linac was in the 80s

an accelerator of 100 mA in CW at 35 MeV was 'r.'edUired '

G. Boicourt et al, Analysis of the
deuteron distribution emerging
from the FMIT RFQ, IEEE
Transactions on Nuclear Science,
Vol. N§-28, No. 3, (June 1981)

Fir 7. Lamat of the FMIT sccobrator

27th Symposium on Fusion Engineering

Shanghai
Iuna 2017

W.D. Cornelius, CW operation of the
FMIT RFQ accelerator, Nucl. Instr. Meth.
Phys. Res. B10/I1 859-863 (1985)

CW operation was achieved briefly
but the RFQ swiftly damaged :
‘Beam halo’ was discovered the rough way

and the project cancelled in 1985

with strong recommendations to pursue an international collaboration

=) I

A validating prototype was constructed in Los Alamos
a 100 mA in CW H,*at 2 MeV linac
that would be upgraded with a 5MeV DTLinCW ' =~

27th Symposium on Fusion Engineering

J. Knaster

Shanghai 24
June 2017




We don’t need to operate with H,*
to learn how D* would behave

IFM"') 1st concern: D+ accelerator of 125 mA CW at 40 MeV

Space charge issues play a relevant role at high currents @ APT[2000)
) 100mA in CW at 1.5 GeV
being are severe at low-f
they cancel in relativistic regions y oLl

Space charge induced emittance growth
limits high currents

The perveance
figure of merit for space charge issues
is world highest in LIPAc

Beam Average Power
w

10* 1‘0‘ nlr‘ \b‘ 16‘
el Beam energy
— MeVv
. 3.3
Znegmov Y F. Scantamburlo et al., LIPAc, the 125
mA/9 MeV CW deuteron IFMIF's
Deuterons present high inelastic cross sections prototype accelerator: what lessons
T e have we learnt from LEDA?, IPAC 2014
commissioning would be difficult
if done with deuterons
but
protons at half energy and half intensity behave

as deuterons at nominal conditions

J. Knaster et al. = 21

Aachen

We can operate in far better conditions with H*

e [0

~100 keV ~ 5 MeV > 100 MeV

High current accelerators face space charge phenomena
intra-beam non-linear repulsive forces lead to beam losses

Beam losses on high power linacs can be very damaging
1 W/m when talking of MW beam power is challenging

Acceleration can only be done in stages with specific hardware
all hardware has its operational limits




Injector needs to provide very high quality beam
in FMIT it was cathode based

DTL exhibits limits at high currents
drift tube linacs
Narrow tubes spaced a given distance
that the particle travels in phase with the RF power
Problems for low energies
Problems for high energies
Problems for high currents

Beam halo is enhanced by misaligment in interfacing equipment
FMIT targeted 200 um alignment precision
In LIPAc we are aligning within 30 um precision

For high currents Linacs
DTL is replaced by the novel concept of SC cavities

IFMIF)

The possibility of using SC cavities at low B
is a technological breakthrough for high current accelerators
since beam losses limitation is severe in DTL structures

SC cavities advantages
High accelerating gradients'lead to lower const.&oper. costs
Lower RF losses lead to more efficient RF power transfer
XUHV conditions minimizing beam-gas interactions
High reliability architecture
Higher apertures

ool Rt

Fracusncy (MHz)
=
8
i

.........
=01 Parficle Velocky [[=v/c]

T=1 M. Kelly, Superconducting Radio-Frequency Cavities for
Fig. L. Proctical supereonducting caritios spa Low-Beta Particle Accelerators, Reviews of Accelerator
range of low and intermediate values of beta. Science and Technology VOI. 5 (2012) 185—203




Technological breakthroughs to say goodbye to Alice

T. Taylor and J.S.C. Wills, A
high-current low-emittance dc
ECR proton source, Nucl.
Instr. Meth. Phys. Res.
A309, (1991)

The 1%t attempt to run a RFQ in CW was in Los Alamos (LANL)

L.M. Young et al., High

power operations  of
LEDA, LINAC 2000,
Monterey

M. Kelly, Superconducting
Radio-Frequency Cavities for
Low-Beta Particle
Accelerators, Reviews of
Accelerator Science and
Technology 5:185 (2012)

for FMIT accelerator validation exercise :
Beam quality injected in RFQ was poor

The ‘beam halo’ was discovered the rough way
ECR approach was technologically validated for H* in Chalk River
LANL successfully operated LEDA

W.D. Cornelius, CW
operation of the FMIT

RFQ accelerator,
Nucl. Instr.  Meth.
Phys. Res. B10/I1

(1985) 859-863

100 mA in CW at 6.7 MeV :

with a dual electrodes capacitive/inductive part cooling RFQ tuning
and unraveled beam halo physics the following years

C.K. Allen et al., Beam-Halo
Measurements  in High-
Current Proton Beams, Phys.
Rev. Lett. 89, Number 21, 18
Nov. 2002

Alvarez type accelerating structure (DTL)
for beam energies within 0.2<3<0.6
is a difficult challenge for high currents in CW

&

the feasibility of superconducting resonators for low-3
was demonstrated in LANL in 2002

T. Tajima, et al., Evaluation
and Testing of a Low-3 Spoke
Resonator, PAC 2001,
Chicago

Operation of superconducting HWR cavities in CW
SARAF has operated 176 MHz HWR cavities in CW in 2013

J. Knaster and Y. Okumura, Accelerators for fusion
materials testing, Reviews of Accelerator Science
and Technology 8, 115142 (2015)

linac beam

A. Kreisel at al., Phase-I proton/deuteron
operation
Proceedings of LINAC2014, Geneva

status,

(lev

201

3

Half-Wave Resonators in CW

SARAF operated protons at 4 MeV

1.6 mA CW
176 MHz HWR SC cavities

beam  operation
LINAC2014, Geneva

status,

IHEP operated protons at 2.2 MeV

10 mA in CW

162.5 HWR SC cavity
framed by C-ADS project
10 mA protons at 1.5 GeV

Accelerator

27th Symposium on Fusion Engineering
Shanghai
June 2017

A. Kreisel at al., Phase-I proton/deuteron linac

W. Pan and J. Dai, ADS based on
Linear Accelerators, Reviews of

Technology Vol. 8 (2015) 55-76

Proceedings of

Science and




LEBT RFQ MEBT SRF-LINAC HEBT

D+ 10 mA CW at 40 MeV

BISOL E}Tﬂ_m]T{W}mmﬂmm%|:—.H.’HH._,.,_._.__.__,__
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50 keV 3 MeV 14 MeV 40 MeV
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Yesterday there were two questions

Why ImPACT is pursuing QWRs?

)
L %Hall WaE

=

Quarter-wave

Fraquency {MHz)
=]
(=]

10 1 1 L 1 1 1

1000 |- NG Ghd

p=0.1

Particle Velocity [[i=wc]

=1

Fig. 1. Practical superconducting cavities spanning the full
range of low and intermediate values of bota.

M. Kelly, Superconducting Radio-Frequency Cavities for
Low-Beta Particle Accelerators, Reviews of Accelerator
Science and Technology Vol. 5 (2012) 185-203

Has been properly assessed in BISOL injecting D* at 50 keV

for higher currents tan 10 mA?

Actually,

the lower the energy, the space charge drawback is more severe

el

2MEQMEV Y

3




Another question raised
about availabilities

ADS dream with challenging availabilities
IFMIF has a careful RAMI analysis

Table 1. Inherent availability requirements for the facilities at the
IEMIF facilities.

[FMIF facilities (and systems) Inherent availability (%)
AF 87
LF 94
TF 96
CFs (excluding central control system 98

and common Instrumentation)
Central control system and common 98
instrumentation

TOTAL (product) 75

J. Knaster et al, Overview of IFMIF/EVEDA
project, Nuclear Fusion 57 (2017) 102016

A topic not addressed
but challenging
is beam instrumentation

High powers
prevent interceptive diagnostics

Low energies
makes challenging non-interceptive diagnostics

High power & Low energy beams

becomes an entertaining scenario




through a HWR?

10 mA

10W,
s 1 MW beam power flying
cm of structures at 4 K




3.4.2 Target-related issues
3.4.2-i) Design and technical challenges of Li target for IFMIF-based neutron sources:
D. Bernardi (ENEA)



15t Workshop on Advanced Neutron Source and its Application

Design and technical challenges of Li target
for IFMIF-based neutron sources

Davide BERNARDI (ENEA)

4-5 November, 2017 Aomori-city, Japan

Outline

QIFMIF Li target concept
L TA design basis

U TA lifetime-related issues:
» Irradiation embrittlement
» Erosion/corrosion
» Loss of gaskets performance

» Other phenomena

L Summary and conclusions

Page 2




IFMIF Li target concept

d+’Li —> n+2a
d+’Li — n+%Be
d+’Li — n+p+/Be
d+’Li = 2n+’Be
d+’Li T n+p+t+a

d+5Li —> n+’Be
d+5Li —> n+a+3He
d+5Li —> n+p+oLi

d+6Li —> n+p+d+a

Liquid Li Target

. Li Flow

Free Surface of

LiFlow @ Neutron
Vacuum (1x10Vn/s)
e
High Flux Test
Beam Footprint
H50 mm e ® Module (HFTM)
Y200 mm v
D Accelerator TestSpecimen

125mAx2

Concave Back-plate

to Increase Boiling Point
by Centrifugal Force

Page 3

TA design basis /1

® maintain a stable high-velocity, free surface flow of liquid lithium in front of the D+ beam
= produce the adequate neutron flux to properly irradiate the test modules
= remove the high thermal power deposited in the lithium jet by the D+ beam

h ~
Sl S
Inlet pipe ~
(removable}“ Bearn: \ Flowstraightener
AL ducts, \ / :
Vacuum chamber \

l/Reducer nozzle

Support

Rectangular
outlet channel

~
Inlet pipe Outlet c!'lannéi\\A Bellow

(fixed)

Quench Tank
FDS flanges

Outlet pipe

Quench Tank
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TA design basis /2

Li channel profile developed by ENEA

Avoid Li boiling
Create smooth pressure distribution

Variable curvature E
profile allowing for
gradual pressure
increase to limit flow

disturbances

Pressure distribution

Damage rate [dpa/fpy] (DONES)

Backplate thermal field (DONES)

T e = 300°C

Temperature [°C]
+3.000e+02
+2.937e+02
+2.873e+02
+2.810e+02
+2.746e+02
+2.683e+02

- +2.619¢+02
4+2.556e+02
+2.492¢+02

+2.429e+02
+2.365¢402
+2.302e4+02

+2.238e+02

. 000062

Successfully tested in ELTL (Oarai, Japan)
within IFMIF/EVEDA

Page 5

TA design basi

Average nuclear responses on the BP footprint volume
IFMIF conditions (two accelerators — 10 MW beam)

Neutron flux (nfcm?[s) 1.36E+15
Photon flux (y/cm?[s) 3.92E+14
Neutron heating (W/cm?) 1.66E+01
Photon heating (W/cm?) 1.55E+01
Displacement per atom (DPA/fpy) 567E+01

Hydrogen production (appm/fpy)
Helium production (appm/fpy)

The BP is the TA most critica
BP lifetime is expected to b
Replacement of BP/TA is ne
v" Bayonet concept: only the
v Integral concept: all the

Bayonet BP concept

Low activated waste No gaske
Maintenance optimized
Sealing gasket needed

Complex design More wa

Simplified design
Maintenance not optimized

is /3

M. Frisoni et al. “Nuclear analysis of the IFMIF European
lithium target assembly system, Fusion Engineering and
Design, 89 (2014), 1959-1963

Fast Disconnecting System (FDS)

nd harsh working conditions
performance and maintenance

/FDS on =g
wbeam ducts

t needed FDS on outlet

channel

ste generated
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TA lifetime related issues

Main life-limiting factors for the Li target:

U Irradiation embrittlement (L,,,)
U Erosion/corrosion by high-speed Li flow (L,,,)
U Loss of sealing gaskets performance (L)

U Other phenomena (swelling, creep,...)

TA lifetime = min (Lo Leorr Lgask, «-)

Page 7
Irradiation embrittlement /1
Irradiation in Fast spectrum Reactors (HFR, BR2, BOR60) E. Gaganidze, J. Aktaa, Assessment of neutron irradiation effects on
within different EU programmes (SPICE, ARBOR,...) RAFM steels, Fusion Engineering and Design 88 (2013) 118-128
He effect
Radiation damage effect Extra ADBTT = ADBTT(doped) - ADBTT(non-doped)
400

250- - T, =250-350°C
—~ 200 & 8 300+ boron-doped
o P EUROFER-like steels /E,f‘
= = -
- 150+ | m . o
= A F82H, F82H-mod (T, =300°C-337°C) O 200+ il SRS
g O EUROFERS7 (T,=300°C-335°C) < ARBOR2 /
a 1001 O EURCFERST? HT (T _=250°C-335°C) g

" s
# 7 OPTIFER XI (T, =338°C} a5 100- SPICE
504 f O OPTIFER XII (T,_=338°C)
¥ 9Cr2WVTa (BS) (T = 325°C) “ARBOR1 1 fpy irradiation in DONES
0 oy T T T T T T T 0 1 T T T
0 10 20 30 40 350 60 70 80 0 100 200 300 400 500
Dose (dpa) Extra He (appm)

Strong DBTT increase at low doses, saturation beyond 15 dpa, slow increase up to —70 dpa

Large scatter of DBTT (unirrad.) but always lower than -50 °C

DBTT —120°-125°C@30dpa (DONES), —140°C-150°C@60 dpa (IFMIF)

He effect strongly enhances embrittlement in the concerned T range

Neutron irradiation of B-doped steel technique probably largely overestimates He embrittlement
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Irradiation embrittlement /2

Influence of temperature on DBTT shift

dpa-induced DBTT shift He-induced DBTT shift
g : 400
o s —m— EUROFERST ANL _ O EUROFER97 ANL
1004 Tn ® EUROFERST WB & EUROFER97 WB
A F82H-mod 300 A ADS2
& 4 OPTIFER-la o O ADS3
_— B —
o 50 ¥ GA3X O 200 A
= <
|E_n 0- ||: 100 o B-doped
(] | | a m (o] -
-50 .\0 0O o
' T @ 8
1004 ¥ -100- 8 Non-doped
unim. 250 300 350 400 450 unir. . 250 350 450
-] o
Tirr( C) Tirr ( C)

E. Gaganidze, J. Aktaa, Assessment of neutron irradiation effects on
RAFM steels, Fusion Engineering and Design 88 (2013) 118- 128

= DBTT shift much more sensitive at lower temperatures (< 350 °C)

= Possible mitigating actions:
= increase TA operating temperature to ~350-360°C (limited by swelling)
= Thermal annealing at high temperature (550°C/3 h)

Page 9
Erosion/corrosion
Roguingn tave LIFUS-6 @ ENEA Brasimone

L= Ermarson fow-metar
.
' .
W gl R

1" Vaparuse
Resistivity  Fegulsbion Vaive
Meter

Sampler 1
112° Vaporusa
Praurmnatic Valve

Hot Trap

IFMIF/EVEDA
validation results

| [
LA T-T(1:4) Lithium - =
Storage Tank — e o i

Max corrosion rates observed:

Recent LIFUS-6 results: ~0.25 um/y in 4000 h

e Material: EUROFER 97

. #‘fgg%doz 15m/s Erosion/corrosion is seen to
« N concentration ~30 wppm play no role on the BP lifetime

* duration: 4000 hours Page 10




Loss of sealing gaskets performance

Centering pin
Spacers (pins)

Exposure tests to stagnant
Li were performed up to
7000 h at ENEA Brasimone
sastergoove  Within IFMIF/EVEDA
ueskaeecr - Validation activities

Helicoflex HNV 200 sealing gasket

Li flow channel
Outer jacket : soft iron
Spring: Nimonic 90
Inner lining: AISI 304

Outer Jacket

Test conditions:

T=350 °C
Centeringhole N conc. in Li < 300 wppm
Post-test analysis after 7000 h exposure (certified by supplier)

Inner Lining

Helical Spring

Spacers (holes)

Test results:
Test @ 5500 h: no leakage
Test @ 7000 h: leakage observed

Suitability of the gasket
proved only up to 5500 h

but...suspect of some uncontrolled
conditions in the 7000 h test -
more long-term tests are needed

Page 11

Other phenomena

» Thermal creep

According to RCC-MRx (Tome 6), for temperatures below 375°C EUROFER thermal
creep is negligible whatever the holding time, thus at the TA operating temperature
this effect is not significant

> Swelling

For temperatures below 360 °C the Japanese RAFM steel F82H irradiated with heavy ion
beams shows a negligible swelling up to 50 dpa. EUROFER is also reported to show long
swelling incubation times at low temperatures (Material Property Handbook,
EUROfusion WPMAT) and therefore this effect is expected to be not relevant for the TA

> lIrradiation creep

EUROFER presents a very low irradiation-creep deformation (less than 1%) after
irradiation for 63 dpa at 325°C (A. Alamo, Post-Irradiation Examinations (PIE) of
materials irradiated in BOR60 at 325°C up to 42 dpa Final Report - TW2-TTMS-001-D02)
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Summary and conclusions

O A rough assessment of the factors limiting the TA lifetime has been carried out based
on available literature and experimental data

L Two issues seem to be the most critical: irradiation embrittlement of F/M steel and
loss of gasket performance

O In the concerned temperature range, strong DBTT shift is expected even at low doses
due to both displacement damage and He production effects

U As a possible countermeasure, an increase of the TA operating temperature (up to
~350°-360 °C) or a thermal annealing could be considered to partially overcome or
recover the irradiation embrittlement

U Gasket integrity has been proved only until 5500 h

U However...gasket exposure test @ 7000 h may have been jeopardized by some
unexpected event (air entrance, oxidations,...) - a more extensive test campaign is
needed for the full qualification of the gasket (possibly taking into account also
irradiation)

Page 13

Thank you
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Irradiation embrittlement /3

500 | ) !
400 *"'TotaI'AD'BTT(%ra'd;'dama'ge'+’§He)__;_j__i:.::-=-'“':"'""i';'-'_."""g’"””""'"”""”“"'*
' Based on 13 appm He/dpa
N SO SO S (evaluated from nuclear
O S !
e 5 5 analysis of TA under DONES
C e extra He effect conditions)
Q200 fromeeem e b oo .
/ i L i
. Radiation damage effect
100 _ ______ ’ // ___________________________ ___________________________ ___________________________
0 1ID 2ID 3ID 40

Dose [dpa]

Irradiation embrittlement /4

DBTT of unirradiated EUROFER

DBTT =-90 °C + ADBTT total

400

I_________; ________ ,_>II
— ; <
&) : ]
2. : 1
L R S R 1
= e:
H i
S
100 —/ dl 1
H 1
: i
: ]
of . ; .
| i |
| 1 fpy irradiation
: ]
: ] 1
-100 ! Vv y
0 10 20 30

Dose [dpa]

40

Lifetime estimation due to dpa+He embrittlement

BP thermal field under DONES
conditions (5 MW beam)

Temperature [“C]
- +3.200c+02
+2.975¢+02
- +2.750e+02
+2.525¢+02
+2.300e+02
+2.075e+02
+1.850¢+02
+1.625¢+02
+1.400e+02
+1.175¢+02
+9.500e+01
+7.250e+01
+3.000e+01

BP operating temperature:
~250-300 °C

BP lifetime —20 dpa — 20/30*12 — 8 months

Rather conservative due to probable
overestimation of He-induced effect in B-doped steel




Swelling

E. Wakai et al., Effect of gas atoms and displacement damage on mechanical properties

and microstructures of F82H, Journal of Nuclear Materials 356 (2006) 95-104 Literature data not available
1 for EUROFER (only for F82H)
® Present data 0.38MeV H*
F82H @ & Previous data 15 1{,-0?;'?\!
50 dpa, 10-15 appm He/dpa £
3 I
5 { Two Energy
A ¢ Degraders
m F ,'-.' ati . 3
é 0 5 7 | ..‘"-.,_ \I;.I;_a(::::ou angle: |
e ;’ ‘1 B o
ugj i v \\ FSIH Slll‘(y/flls
! L} L
! \ Chamb exr
g \
/! * - Dual-beam ion irradiation was
0 o ' ! performed:
300 400 500 600 700
Irradiation Temperature, T/C > Fe3+ions @ 10.5 MeV
» He+ions @ 1.05 MeV
= Swelling negligible below 360 °C > 50dpa
* Max. volumetric swelling @ 430 °C (—0.6%) » 10-15 appm He/dpa
Since BP operating T is < 360 °C swelling is not (controlled by energy degraders)

expected to be an issue

Irradiation embrittlement /1

Irradiation-induced DBTT shift of EUROFER 97

EUROfusion WPMAT, Material Property Handbook

CHARPY tests - criterion: 50% of USE CHARPY tests - criterion: 50 J/cm?
200 200 - . - = -
150
150 |
/"——— 100 -

100

/7 KsLT (mini-CV) specimens ; 'KS'LT'é’h’df’s’t’éh’dh’r’d”le'CV'é’pé(':i'r'héhé

o
[ 39
E
e
=3
-1
g 50 irradiated i@-250°--340°C £ 1 '
£ / = £ .| irradiated @ T<350°C @ . L
= - A rradiatea @ 1 <550:°C 0 i
o E ; : ; ;
0 = i ' i
5 @
rradiated at 400-450°C = :
-50 - E 1w/
-100 T T T T T T T T -130 ——
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Fluence (dpa) Hmomc o [ dpa]




3.4.2-ii) Target challenge for High power compact accelerator based neutron source; as
status of the iBNCT: T. Kurihara (iBNCT)



Workshop on Advanced Neutron Source and its Application 4-5 November, 2017
Aomori-city, Japan

Target challenge for High power compact
accelerator based neutron source; as status of the
IBNCT: the heat issue and bilistering

High Energy Accelerator Research Organization(KEK)
Toshikazu Kurihara
toshikazu.kurinara_AT_kek.jp

On the other hand, low flux and medium or low energy neutron sources are
being developed world wide, but still some issues in stable operation has not
been fully solved. It would be very beneficial...

(Information of Workshop on Advanced Neutron Source and its Application)

Accelerator-based neutron source available
intensity ~ 107 n/s/cm?2

Neutron intensity for BNCT IAEA-TecDoc-1223
1 x 107 n/s/cm? @(0.5eV-10keV) ~100 times

Factor to satisfy demanded intensity
problem and

Solution latent heat, nucleate boiling cooling
and anti-blistering




Boron Neutron Capture Therapy, BNCT

Mechanism of the treatment

Administer boron
-containing drug:

Cancer cells are
destroyed:

Destroyed

7 cancer cell

o 2 “
)

These particles only travel a
distance of one cell width (about
10um), allowing for cell-level

Neutron irradiation:  Neutron react with

H 'n Neutro

i

w14 i
Nucleag &
ac’lloé. }

I R T | Lithiu
OF Y XYY Y Y9 Y

The affected site s
irradiated with an energy-
adjusted neutron beam.

Features of BNCT

» Pinpoint treatment at cell level
Alpha particles and lithium particles, with energy three times higher than regular radiation
selectively destroy the DNA helixes of cancer cells.

New treatment of refractory cancer
Including invasive cancer, multiple cancer, recurrent cancer, radiation-resistant cancer,
cancer patents not indicated for surgery or radiation therapy, etc.

Causes minimal stress and provides high quality of life to patients

A boron-containing drug
that selectively
accumulates in cancer

Emitted alpha particles
and lithium particles
destroy cancer cells

>

Treatment is completed in only one session of 30 minute irradiation without incision.
Indication for medication can be determined in advance.

pevelopment status o1 accelerator-pased N Inthe
ALY ()
Target Beam Beam
Location Machine (Status) & . Energy
& reaction current (mA)
(MeV)

z\luegz)on Therapeutics Inc. Electrostatic Proton Accelerator Solid Li(p, n) 2.6 30
Budker Institute (Russia) Vacuum insulated Tandem (Ready) | Solid “Li(p, n) 2 2
iPPE-Obninsk (Russia) Cascade generator KG- 2.5 (Ready) | Solid “Li(p, n) 2.3 3
Birmingham Univ. (UK) Dynamitron (Ready) Solid “Li(p, n) 2.8 1
Soreq (Istael) RFQ-DTL (Ready) Liquid "Li(p, n) 4 1
Legnaro INFN (Italy) RFQ Be(p, n) 4-5 30
CNEA Buenos Aires Single ended Tandem Electrostatic Be(d, n) 1.4 30
(Argentina) Quadrupole (TESQ) Solid “Li(p, n) 2.5 30

KURRI Cyclotron (Clinical Trial) (SHI) Be(p, n) 30 1

University of Tsukuba RFQ-DTL (MHI) Be(p, n) 8 10

NCCenter, CICS RFQ (CICS) Solid "Li(p, n) 2.5 20
@ |Fukushima South Tohoku - .
S | Hospital Cyclotron (Clinical Trial) (SHI) Be(p, n) 30 1
>

Osaka Medical College Cyclotron (SHI) Liquid "Li(p, n)| ~2.5 -

Nagoya University Dynamitron (IBA) Solid ’Li(p, n)

Planning and designing : Osaka University (Osaka), Edogawa Hospital (Tokyo),

Kyoto Prefecture University of Medicing (KyGto), CiST (Dkirawsz)




Accelerator-based neutron source
available intensity ~ 107 n/s/cm?for BNCT

Need for compact neutron sources

— There are large-scale neutron sources (reactor-based, spallation neutron sources) with
very high intensity

N Compact
) ~ , TR
2 =08 :
. Large scale Small —scale *
Neutron Highintensity ~ X-ray Easy-to-use

Compact neutron sources will play important role to expand neutron user community
and industrial applications.

| 7MeV proton Linac

Avr. Current: 100uA
Peak Current: 10mA
Pulse width: 20-200us
|| Rep. Freq. : 20-200Hz
Neutron yield: 10%2n/s
Thermal neutron flux:
RIKEN Accelerator-driven compact Neutron Source (RANS) 10%n/cm?/s

Yutaka YAMAGATA et al. 2015
INBI R FIRIZK DEH D DY 2015 Jan.

*—727/0>—1): BNCTA/MN K E 7[5 FHRINEE

Neutron Source Device
Moderator

Beryllium Target )
Collimator

Patinet

RFQ+DTL Type Proton Linac

Accelerator Type | RFQ-+DTL Type Linac

Proton Energy 8MeV
Peak Current 50mA

Average Current |>5mA (Max. 10mA)
Beam Width 1msec

Beam Duty 20%

Power to Target | >40kW (Max. 80kW)

Dimension Length: <7m, Footprint: <50m?




Target challenge for High power compact accelerator-based
neutron source (HPCANS)
- the heat issue and blistering -

Neutron intensity for BNCT, 100 times stronger
than available accelerator-based neutron
source

Technical issue to overcome
Heat issue and blistering

Solution latent heat, nucleate boiling cooling
and anti-blistering

heat issue

How fto deal with 80kW (4.5MW/m?2) heat?

Solutfion latent heat, nucleate boiling cooling
and anti-blistering




Special thanks to http://apej.org/archives/b &2 &Lz Tk (3 E£2) /kuhuuinoue.html

Heat Transfer Leidenfrost dance

Pan and water

TRANSMON BORING
- Marked by violent

sizzhing. The droplet boils FILM BOILING
away explosively as soon BU b b I es. i -; o

as lthis the surface Blistering,phenamenon comes o
it also affEEHERTTAY conductivit

MNUCLEATE BOLING
Bubbles form and the
droplet evaporates siowly, -

DROFLET

8MeV proton
50mA peak;
10mA ave. 80 kW

0.5mm thin Be “incipience of
nucleation

i-BNCT J-PARC N
ave.10mA 0.33mA wall supdshear AT - Tw - Ty log

R ep. 200Hz 25HZ(5@/H%I)OD on Advcmcl_sd Nigh’ 1 Squrce arnd its Application 4-5 November, 2017
Aomori-city, Japgn TIE. 10 110€ NUKIYama curve.




Theron [. Marshall

CEA

Cadarache - SERSILECC
13108 St. Paul-lez-Durance, FRANCE

heat issue

MODELING THE NUKIYAMA CURVE FOR
WATER-COOLED FUSION DIVERTOR CHANNELS

Dennis L. Youchison
Sandia National Laboratories
P.0. Box 5800

Albuguergue, New Mexico 87185 USA

Lee C. Cadwallader

Idaho National Engincering
And Environmental Laboratory

P.O. Box 1625

Il. HEAT TRANSFER CORRELATIONS
A, Bare Channel Mockup

1. Forced Cy ion. For the forced

3. Partially Developed Nucleate Boiling. The
Bergles-Rohsenow [7] partial nucleate boiling correlation
was selected based on three factors: (1) the correlation's

regime, Sieder-Tate [2] was the selected ¢

selection was based upon: (1) a thorough review of the forced
P ) 1 o

and (2) the correlation’s excellent agreement with previous
heat transfer experiments at Sandia National Laboratories [6]

The correlation demonstrates the correct trends for the
coefficient response and ge
agreement with experimental data. It is written as:

oo (s o

Re =D, [%]
My

_ good with data from non-uniform heating
b P at fusion-relevant water (4], 42) the
logic of the comelation’s graphical approach, and (3) the
BIALS]  cominuiy of the comelation whih BergleaRohscaows ansct
leate boiling The ion is written as:

very good [[ow o]

oo offibes o
@, = incipient boiling flux (W/m®)

@, = forced convection flux (W/m’)
b, = fully developed nucleate boiling flux (Wim')
b, = pmia[t}- developed nucleste boiling Mux

(Wim')

tdemarshi free fr (508) B45-3138 Idaho Falls, Idaho 83415 USA c @) 4. Pylly Developed biaclonte Bolling;: The Ak
diyouch@sandia.gov (208) 526-1232 Pr = fia) [9] correlation was selected based on three factors: (1) the
lec@inel gov k comelation’s good agreement with data from non-uniform
heating mrmeriments ot fogion.me tevant water conditions [6],
800 a9 sental data envelopes the
Pressure | MPa| 1 . T.hermocomle ::::I:::I'; :::ﬁ:r:h?
700 [Temperatire | C | 70 | | —precicted 2
Velocity | mis | 1 7
600 |iID L mm | 77 - —_
H
T sop | e | mm | 40 'E [ i5)
e Pl | | 487 : E 5
-g 400 Y 0 . % ———
L 4 Pressure MPa 1
E‘ 300 g Temperature | C | 70 teboiling flux, (MW/m)
= T 3 Velocity mi's 1 (')
200 ] 1D | mm | 7.7
z 2 Length .. | mm | 40 « Tong-75 [10] critical
Width selected because it (1)
1 heswes | mm | 15.7 mal and hydrodynamic
d ; Y [] progressionof CHF, (2)
recommended for fusion
o 1 2 3 4 5 6 7 8 9 W M 0 100 200 300 400 500 600 700 800 900 1000 mpares well with data
Incident Heat Flux ( errrF} Wall Temperature (C) as:
Figure 2:  Exp i land predicted ther P for bare channel Figure 3: Predicted Nukiyama curve for bare channel mockup. iP5 Re" 1] (6)
mockup, gy A s Ry re A, e~

Steady state temperature
of three tier design

Be

8MeV Proton beam
80kW, 4.5MW/m?2

Blistering
mitigation
metal

Water cooling
(10m/s,
Nucleate
boiling region)

Design heat density :4.5MW/m?
Water cooling of nuclear boiling region is crucial condition
Surface temperature of Beryllium layer > 220°C




heat issue

[Cooling system]
Darcy-Weisbach Equation
http://www.m-setsubi.jp/examination/kankouji/fo
In case of BNCT
Pressure loss form

Ap=A (L*pVA2)/(d*2)
Reynolds number

Re =Vd/v

BRI (BT

IBNCT

(TO%E, 285H)

ARl IFORES

X

1 ._._’ 1
.-r‘f'Ol....l..

0

200

A (HC)

= L kOIBMATED MR

Turbulent Regime For Reynolds number greater than 4000, the flow is

turbulent; the resistance to flow follows the Darcy-Weisbach equation

Al

TARGET % #1#2512.3.110909.xIsx

EE £ EXI [ex2 EX2 1.6MW/m2 [EX2-2 ifii# |EX3 [Exa 1001 EX3150L  [EX3L=02m |EX4 [Ex4 1501 EX5

FUIL AL RS Dia. Imm Dia.2mm Dia.2mm Dia.2mm Dia.3mm Dia.3mm Dia.3mm Dia.3mm Dia.4mm Dia.4mm Dia.5mm
FULEHRE m 0.001 0002 0002 0002 0003 0.003 0.003 0003 0004 0004 0,005,
FULARE m 0.15 0.15; 0.15 0.15; 0.15 0.15] 0.15 0.2, 0.15 0.15] 0.15
Rk EE kg/m3 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
AT m2/s 8.01E-07 8.01E-07 8.01E-07 801E-07 8.01E-07 801E-07 8.01E-07 801E-07 8.01E-07 8.01E-07 8.01E-07
FULELAE m/s 10 10 10 12 10 10 10 10 10 10 10
Ref (5t31) 12484 24969 24969 29963 37453 37453 37453 37453 49938 49938 62422
FUILANEEE RS GHE) 0.030 0.025 0.025 0.024 0023 0.023 0.023 0023 0.021 0.021 0.020
iR 5 K EE (BT HD) m 2293 1145 11.45 16.49 762 7.62 762 1017 571 571 456
11:Weston, 12:Hazen-Williams 2879 12.79 12.79 17.93 7.96 796 7.96 10.62 569 5.69 438
FUJLELAE DA% GHE) kPa 2245 944 944 1299 569 569 569 7538 39.7 397 300
[DNERESDIo:s (E1e.) 1/min 0471 1.884 1.884 2.261 4239 4239 4239 4.239 7.536 7.536 11.775
TARGET:E:B 7 & 1/min 50) 50 100) 100 50 100, 150 150, 50 150, 50
LA (R ES Whrkshee [on Aetsadincesdbleuirouetlourcaand (fsesgplic Gizoh 4-5 dselvemiser] 20 | fvso 425
FULEL S EHEREHGE ) m2 Faeri00, | 0025 0.050 0042 0017 0033 0050 0067 0013 0038 0010
34 4 R 21 87 —(8OKWES) (BH5) [MW/m2 T Y1 160 192 480 240 1.60 120 6.40 213 8.00

Target challenge for High power compact accelerator-based
neutron source (HPCANS)
- the heat issue and blistering -

Factor to satisfy demanded intensity

problem heat issue and blistering

Solutfion latent heat, nucleate boiling cooling

and anti-blistering




Neutron target with 8MeV p+ is
Impossible ?

Oct.2012,Prof.Ono of Kyoto
Univ. who started
with

cyclotron commented BNCT
target with low energy proton
beam accumulates protons in
target metal and the blistering

Result after the in-situ cannot be avoided.

observation of Cu sample

done at Cockcroft-Walton,

KEK. Blisterings are
observed by optical

Equigroscope. (Mirror grade HEE 2012412H %(72)

Radiation damage, blisterin|

p+

p+ + e— [H atom] thermal equilibrium, diffuse toi=
| vacancies, lattice defects ;

H molecule [expansion of volume]

ICAN52010-50kol-Target

E. Forton et al. ARI 67 (2009) $262.
Fig.4. This phenomenon appears

) . ot fluencesin the 10'8 1/cm?
~afion 4-5 Feng&teFmost materials. => Iron




Blistering

Solution anti-blistering

How does the blistering occure =>The in situ
blistering observation system is developed and

infroduced into accelerator iradiation beam
line.

What kind of materials have endurance toward
blisteringe =>Search for anti-blistering material

:Xperimental results of the blistering threshold (BINP)

Experimental Studies of Blistering of Targets Irradiated Blistering of the selected materials irradiated by intense 200 keV proton beam

/ se 200 keV ) ! - ) . ) -
by Intense 200 keV Proton Beam VT, Astrelin®, AV. Burdakow ™ PV, Bykov®, LA, vanov™®, AA. Ivanov™®, Y. Jongen®, S.. Konstantinov®,

;. B\ km‘ | A Tvanoyees, Al Kudryavtsev', KN, Kuklin®, K1, Mekler?, S, Polosatkin®>, V. Postupaev*®, AF, Rovenskikh®,

4

have

lifetime

Very short lifetime




Blistering observation system PLDM
J Radioanal Nucl Chem (2015) 305:935-942

j ETI ) e
1 |il '
" "II!!I;': =

RSt DR IR E DR ILIEMIES
PLDM of the Cu surface under irradiations

168min

PuresGurradioteckhy 50keNed-~10A 8/emmdaa (a) me
Foquyfﬁ?ﬁaﬁaggdl%ﬁATwi l/\@@ﬁ%é?ﬂd@l, Japan, March 20, 2017




By ORETxEOL——tREEEEE
Difference of laser light reflection from Cu
surface

Cu_4N

Q09 18x102m?

Intensity [W]

84 ]
=0

Time [s]

Blistering phenomeon here is not only the puncture

mechanism but the evaporation from solid phase.
~PLDM- 12.17 22:20 05:30:00-06:10:00




W PLDM, LRM, RGA

Cu 25UA ~168min

i W 25UA ~14hrs
BAYEFSR 2017FFRXRAE K KRAFEHF v/ R 20174F3A20H (H) The
Physical Society of Japan Annual Meeting Sendai, Japan, March 20, 2017
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L—H — & BT BEMER (LRM ) i% -[R IE-

Principle of Laser Reflection Image

Blistering observation system

Laser Reflection Image (LRI) WD~ few meters
To be published in full later

Workshop ontAdvainced Neutron Source and its ApplicalionMESINovember, 2017
Aomori-city, Japan




8-MeV Target

Separated function target

top: neutron production

middle: beam stop and blistering mitigation

back: heat sink (water cooling)

Work dvanced Neutron Source and its Application
Aom

4-5 November, 2017

Patent $%¥E42014-81211

Design of the blistering tolerant neutron target

Ibaraki target (separated function) 0.50.5

Target thickness is 0.5mm
needs backup plate for beam window

Proton beam

Be plate

Water

e booling B e

sms

Heat sink
with cooling
ater channel

Blistering
mitigation metal

Be p

@
o =
Pd plate

@150

Ontygen-Frea
Copper

pe

Water cooding 36line/1 50m:

10 TITLE: Be Targettype 5 @ b
Water cooling olc ol DATE: JAN. 9, 2014 T |

toshikazu. kurihara @kek.jp




Three tier bonding test for First Generation

Neutron produced at 15
layer Be

Candidate for 279 layer

M (hydrogen storage alloys
@l Cooling for 3@ layer

(Cu with

region cooling)

Workshop on Advanced Nlu@r%t Qb%gghd its Application 4-5 November, 2017

HIP; METHOD FOR JOINING DISSIMILAR METALS by MTC

Thermographic observation of HIP test

NV aVaVay

MNIC LT

Thermal diffusivity, Bonding of interface, Tensiie testing




Structure observation by optical and electron microscope

EMETR

Be metal supply,

structure
ember, 2017 ,.
observation by

Structure observation by optical and electron microscope

Be metal supply,
structure

Workshop on Advanced Neutron Source and its Application 4-5 November, 2017

Aomori-city, Japan observation by




Thermal diffusivity measurements of three tier blistering
tolerant neutron target

Thermal diffusivity measurement
Sample name: Pd 10710 Meas. tamp. J283C Sample thichnasscd E260E+0mm 20130829 11:50 No.J1§

Direct measurement of B : 25°C
heat conductivity

with laser-flash method

= 200 W/(m/K)

> Good enough forthe" |

practical use

Spec. of laser

Pulse width: 0.4ms

Pulse energy: 10Joule/pulse
Wave length: 1.06um
Diameter of laser: 10®

200

EeERERA UTER

EAYYSLE=FTOEERE

ux#: Nb

75MHz(S9mm) 3948




Heat treatment temperature and tensile

Tensile testing conditions

Tensile testing results

I I R S B TR
e e T he [
.

5|
.

:

$5B2014-81211

Three tier blistering tolerant neutron
| TS 200




Target manufacturing

e i
: $4RBA2014-81211 Target and moderator
Three tier target

£ FLIR GEV DEMO 1.7

Connection

IP address 192.168.1.120
MAC address 00:11:1C:01:CA:90

Manufacturer | FLIR Systems AB

Model FLIR AXS
Acquisiton Control F.O.V. 25deg.
Lo J[ sw 2016.10.04 install
Parameters and Controls 2016.12.28 down
[ GEV Device control ]
[ Image stream control }
Recording Control

.' 202 S = Stream: 67 images NJA FPS
e Portl: = port2: = Camera Control Spot

e porens | P foma thpge
Presentation Signal Y — .
(e ] rewre oo o) e [67
Palette Grey -
[cobroe.. ] Famerate

V] Auto adjust Adjust once Setup.. Avg:
-

Scale 7 - | 16383 Min: 0 Max: (16377

15441

Workshop on Advanced Neutron Source and its Application Afm;@mber, 2017
Aomori-city, Japan | Setwp... | Inactive I




—JRR-4 ¢12cm
— i-BNCT, much better than JRR-4 (more than 4-times)

~Simulatio
4.66 X 10°

Neutron Flux (n/cm?/s/lethargy)

0.0E+00 t
1.E-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E05 1.E04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01

Neutron Energy (MeV)

Beam Beam Epi—thermal Flux Flux/Power
energy current Energy s/ 2 aribitrary
MeV mA Range n/ss/cm unit

Ibaraki—1 8 80 0.5eV™10keV | 4.3x10° 0.053 1.43
Ibaraki-2 8 80 0.5eV"40keV |4.66 % 10° 0.058 1.58
Kyoto 30 ) 33 0.5eV"40keV |1.22%10° 0.037 1

Efficiency
Ratio




air |
Radiation 4
shield / B
/ reflector oderato ¥.N absorber
{ heavy-metal
/ A Heavy-metal
E |
\ -
1At Reflector
Radiation
shield
Radiation
shield
>
/ Radiation
Radiation shield
shield

Moderator design
(Plan view)

Team Organization of lbaraki BNCT
Univ.of Tsukuba: Medical, Total coordination

KEK: Accelerator, Target, Maintenance Strategy of target
and moderator system

JAEA: Radiation Safety, Radiation shield, Neutron
measurement, many experiences of JRR-4

Hokkaido Univ.: Design of Moderator and Shield,
Simulation & Design of required Neutron field

Ibaraki prefecture: Building for BNCT, Established the
Ibaraki Neutron Medical Research Center




Special thanks to

R. Fukatsu, K. Nojiri, H. Hiramitsu NGK INSULATORS, LTD., Handa
475-0825, Japan

M. Okuwaki, Y. Nagasawa, M. Tsuchiya Metal Technology Co.
Ltd., Sanami 370-1132, Japan

K. Tsumogori, T. Sugano, Mitsubishi Heavy Industries, LTD.,
Mihara 729-0393, Japan

H. Kumada, University of Tsukuba, Tsukuba 305-0005, Japan
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Target challenge for High power compact accelerator-based neutron source
(HPCANS)
- the heat issue and blistering -

Accelerator-based neutron source available

IV\/UIIUIIIIII\/IIJIIY I\VI WINN ] I\ VvV T e VYU S 1 LD
107 n/s/cm? @(0.5eV-10keV) ~100 times
Factor to satisfy demanded intensity
problem heat issue and blistering

Solution latent heat, nucleate boiling cooling
and anti-blistering




3.4.2-iii) Present status of neutron target on J-Parc Presentaer: T. Naoe (JAEA/J-Parc)



Workshop on Advanced Neutron
Source and its Application
4 -5 Nov. 2017

Present status of
neutron target on J-PARC

Takashi Naoe

Hiroyuki Kogawa, Takashi Wakui
Katsuhiro Haga, Eiichi Wakai, Hiroshi Takada

Mercury target group, Neutron Source Section,
Material and Life Science Division,
J-PARC Center, JAEA

4)-2ARC
Contents

- Background
Outline of J-PARC spallation neutron source
Mercury target, pressure waves
* For achieving 1MW stable operation
Cavitation damage mitigation technologies
Gas microbubbles injection into mercury
Multi-walled beam window, etc
Improvement of target vessel design
Fatigue strength up to gigacycle
- Summary




“ba
° ° ‘ ’J-PARG
Spallation neutron source in J-PARC -

Jaean Proton Accelerator Research Comelex in JAEA Tokai-site

22 Jan. 2016

3 GeV Synchrotron g 50 GeV Synchrotron

(Circumference: 350 m) — (Circumference: 1600 m)

o ias B I

400 MeV Linac &
(Length: 330 m)

Neutrino
Experimental Facility s .

e —

'Mercury target vessel
Cryogenlc hydrogdn sys‘cer| E

Total length : 2 m
Total weight : 1.6 ton
Material : 316L SS

" Helium vessel ' -
1 m

Provides neutron beams
. for materials and life

Proton beams v\ p— :
(3 GeV 25 Hz) Neutron beam lines (23) science and industrial use
s . . . : : L

(F)-PARG
Operation histories for J-PARC mercury targets

S 2000 | 5
S o ]
- L1500 [ ]
o E First beam
o . May 30, 2008 .
c 51000 | 7 :
. =2 E
£ 0 #1 ]
s o 500 f 105 - Target ID is fabrication number
8 : q - Operation time calculated from
< ot . d0 the number of pulses at 25 Hz

- kWaag d |
08/5  10/5  12/5  14/5  16/5 qa denotes power/pulse

Operation Average beam Accumulated Accumulated

time, h power, kW energy, MWh dose, dpa

~ P tic bell failed b
8 2008/5  ~2011/11 3713 127 471 0.84 neumatic bellows failed by
S8 2011/12  ~2014/6 7537 272 2050 2.28
2014/10  ~2015/4 1672 400 670 0.73 Water leak from

outer water shroud

o150 w0151 308 516 159 047 ot ek o

#2 2016/2 2017/7 5801 181 1048 1.04
7 2017/10~  in service 300 4




4%)-PARC
Proton beam-induced pressure waves in mercury

Triple-walled structure

Inner/outer
water shroud

Cavitation
damage

el e (M)
‘b

& 1.2

Ec 8
gCa
i

-0

Mercury vessel

Pulsed
proton beam
(3GeV, 25 Hz,
1 us pulse)

Cyclic
loading

Tirne: 0.000000

Mercury target vessel
Total length : 2 m
Total weight : 1.6 ton
Material : 316L SS

Pressure wave propagation
in mercury (ca.40 MPa@ 1MW)

Irradiation damage 3 Gev proton and neutron irradiation
Cavitation damage Proton beam-induced pressure waves in mercury causes cavitation

Fatigue damage Loading cyclic with high strain rate stress in service life (~4.5x108)
TIG welded multi-walled structure (back bead)

4%J-PARC
Factors to decide lifetime of target

( N\ )

Radiation damage (incl. water shroud) Fatigue by pressure waves

e Depending on beam power and operation * Very high-cycle fatigue

time (8 dpa@5000MWh) * Induced by beam injection
e Designed lifetime:1 MW 2500 h 4.5x108 cycles for 5000 hours (1Y)
Tentative dose : 5 dpa (10 dpa allowable) Fatigue by thermal stress

\ < * Low cycle fatigue
(| . A . :

Damage inside mercury vessel caused by beam trip

ca.104 cycles for 5000 hours
e Cavitation damage \ o

Depending on beam power & operation time
e Measures

1st :Surface modification

3rd: Gas microbubbles injection

5th: Bubbling and double walled structure

Prediction and measurement of damages

for lifetime estimation SNS #1 : 3055'MWh [l )-PARC #1: 670 MWh
. _J SNS mercury target vessel (ORNL)
\ D. McClintock, et al., INM 431(2012)

Cavitation damage is dominant factor to decide lifetime in the present situation




*J-PARG
Cavitation damage mitigation technologies

Targets Surface hardening — —
Fabrication number . .
Reduce cavitation damage —_—
1st o mag e T
Nitriding & Carburizing, Kolsterising
}u
2nd target (Spare) No-bubbling techniques P
to mitigate pressure waves and cavitation damage Surface hardening
Microbubble injection

4th Inject helium gas microbubbles (R<50 um)
into flowing mercury (VF:10-2 in flow ratio)

3rd ' Reduce pressure wave and cavitation damage Surface hardening

Bubble generator

Surface hardening

5th

3rd target vessel with bubble generator

Double walled structure

3th Reduce cavitation damage by high-speed
mercury flow and narrow gap

Bubble generator

1st—» 3rd —»5th —»7th—»2nd—»8th structure

Order of target vessel operation Double-walled
vear 2008 2011 2014 2015 2016 2017

4A0-PARC
Effect of gas microbubble injection

Reflective mirror
N Laser Doppler

Mirror :

s

Absorption

o
o

Contac i'nercury
d through ribs

© o
w >

1 MW 10.5 J/cc bubbles (7th target)

314 kW 2.8 J/cc bubbles (3rd target)

Absorb thermal expansion
by contraction of microbubbles

Attenuation

@; *

Attenuate by thermal dissipation of L ,
\kinetic eneréy (bubble oscﬁlation)) 0 1 2 3 4 5

Time after proton beam injection, ms

Vibration time responses for 3rd and 7th
target
© Target system has the LDV diagnostic system (LDV, Retro-reflecting corner cube mirror)

© Peak amplitude of 1 MWequiv. study (OCT. 2015) showed similar amplitude of
300 kW W/O bubble ‘ Bubbles extremely mitigates pressure waves
~ Peak amplitude of velocity for bubbles case seems to be 1/4 of W/O bubbles cases g

© ©
=

o

Displacement velocity
of water shroud, m/s

S O o
w N =

Bubbles works on shock absorber
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Double-walled beam window Sth target ~
( )
Outer wall 3mm)  |nner wall (5 mm) Expected damage mitigation effect

° tion

i ble

=
jet

Bulk side
4m/s Narrow channel Bubble generator Single wall Double wall

Flow effect  Narrow gap effect

SNS/ORNL 1st mercury target

1 Deform bubble growing/collapsing by high-speed flow
(Double-walled structure, 3055: MWh)

Interrupt bubble growing/collapsing by narrow gap

Direction change of microjet ejection
reduces cavitation damage at wall

\_ J

Outer wall Bulk side '"-—.' Outer.wall £

D. McClintock L., J. Nucl. Mater. 431 (2012) 147-1 T. Naoe, et al., INM in press

e Expects damage reduction effects inside narrow channel
- Flowing effect (increase pressure gradient around surface)
- Narrow channel effect (asymmetrically bubble collapsing)
e SNS/ORNL target has actual results of damage mitigation effect
by double-walled structure 9

440-PARC
Cutting and replacement of target vessel

N Target vessel Cutting beam window for damage inspection and future PIE

Storage Target vessel
cask o ’
1 l 2
— T
Replace used L
target vessel to 3 . 4
new one
| Ré_plica, X L |

" Laseriscanning

» Target vessel replaces every year (Designed lifetime: 5000 MWh)
* Cut beam window for damage inspection and future PIE
* Replace new target by full-remote handling 10
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Leak from water shroud

ﬂ walled structure

Water shroud Mercury vessel
TV/-T

( Mercury

Water

shroud
Failure detected
in 7th target

Outer/Inner

Proton
water shroud

beams

Penetration depth

Dittu5ion of seal weld
bonding

inter?e ©

rLeak path

Water flow

\Ribs

Failure detected
in 5th target

Helium

Inner shroud

to drain tank Mercury vessel

5th and 7th targets were failed due to water leak at water shroud
Water leaked to outside of target vessel (#5), inside of target vessel (#7)
Bolt head and outer/inner shroud interface was welded by TIG weld
Lack of penetration depth for seal welding led leakage of water (#5)
Fatigue crack was propagated thermal cycles by beam trip from weld defect 11

%J-PARC
Lesson and improvement from failures

Improvement for 8th target
Rear

Plug bolt-hole by

welding after

"~ bolting water

Fore ™ shroud on mercury
; vessel

Weld lines

The monolithic
structure has the
function of mirror base

in itself.

_ Rear part

Vertical cross- section

ca aaem ™
(:):)(:)
Mercury

:):):)

e Wire EDM was applied to reduce welding line and to eliminate diffusion bonding

e Monolithic structure of LDV mirror base seemed to be induce un-welded region
which acts as notch, and fatigue crack propagated by pressure waves

e Strengthen the inspections for weld lines by RT and UT 12

Water shroud <-

Mercury vessel

Helium
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Gigacycle fatigue

—e— SA 316L
B00 e e L
N + A % E
1 : Ultrasonic horn [ O SA316L1HzR=0.1 |1
- SN S|
© 500 , | z R=-1"] 7
Specimen / o 3 ]
, Infrared radiation = : M e
_ thermometer o 400 [ * A, B ]
Cooling air \ §e) r
=
. ¥ o _
e | ey £
m =
A
ey - D Strain rate effect
PRl & 100 F .
Eddy current gage _ 1
*J. Strizak, et al . JNM (2005) 1
nl m Lo

%o 105 10° 107 10°  10° 10"
Number of cycles to failure, N;

Cyclic loading (50 1/s, 4.5x108 cycles at 25 Hz) by proton beam-induced pressure waves
* Gigacycle fatigue, non-metallic inclusion, insufficient data for welding
* Stress applied through the ultrasonic resonance of 20kHz (430 Hz for intermittent loading)

Target vessel (triple walled structure) assembled with TIG weld
—>Now we are investigating effect of welding and weld bead on gigacycle fatigue ;3

4AJ-PARC
Upgrade scheme to achieve MW stable operation 14

Power 150 kW 300~500 kw 500~1000 kW 800~1000 kW
Structure improvement
Monolithic structure of water Constraint free for Constraint free for water
shroud & mercury vessel fore-part / mercury vessel shroud / mercury vessel
Mercury vessel ] ]
| | I l
Water shroud%lts | Libs - Boltless structure Water ~ Helium

Monolithic structure

of water shroud by improving weld method

Reduce thermal stress on ribs
Increase robustness Minimize thermal stress on mercury vessel

Cavitation damage mitigation
Double-walled structure Double flow Double flow + Gas wall

Surface hardening  Mercury vessel

eam

| |
Double-walled
structure Bubble generator _Inner wall Suppress pressure waves
Outer wall Mitigate by microbubbles Outer wall by gas wall (curtain)
Mitigate cavitation damage Mitigate cavitation damage

by high-speed flowing and narrow gap by high-speed flowing and microbubbles
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Summary

Cavitation damage in mercury is the critical issue to decide
lifetime of target vessel

1 MWequiv. beam experiment was achieved in 2015, and
confirmed excellent effect of injecting gas microbubbles on
pressure wave mitigation by LDV measurement

Mitigation technologies are developed and demonstrated their
effectiveness to reduce cavitation damage

Effect of microbubbles injection and double-walled structure will
be checked by 8th target inspection (2018 summer)

Target structure is gradually updated for achieving 1 MW stable
operation

15

%
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Backup slides

16
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Target diagnostic system

Laser Doppler vibrometer (LDV)
Velocity range: 0.01—10 m/s

v Frequency range: 0.3—3 Hz
* Data sampling: 1MHz

Laser
head

Position

controller
Outer/Inner

%water shroud

Mercury vessel

Mirror
assembly

Al

Proton |
Llpbeams

—

Reflective
mirror

Enable to detect pressure waves in mercury

Moderators Target vessel

Target vessel

¢ LDV have been installed for monitoring the vibration of target vessel by proton beam injection

e Corner cube reflector was directly machined on pure gold plate by newly developed micro
machining technique (Ni mirror of #1 target corroded)

e Mirror part is directly contacting with the mercury (mono-structure) 17

)-2ARC

Gas microbubbles iniection system

c 4 30 um T T Bubble
g 35k Bubble size generator
@am 5 ;5 distribution around ]
§ ol beam window
=] .
l- ] E (Measured using
—) ¢= 5 ° TTF in ORNL)
T 15F
@& =
‘ 2 '
Q2 05
Pressure Flow e . ‘ )
. 0 50 100 150 200
Swirl type bubble generator Bubble radius, pm

Surge tank
Double bellows compressor

Mercury circulation system
(Closed helium gas loop)

#3 target vessel with bubble generator

e Swirl type microbubble generator was installed from 3rd target vessel with gas circulation
system to mitigate proton beam-induced pressure waves
e Peak bubble radius is 30 um, void fraction (He/Hg flow ratio) is 10-2 at bubble generator
18
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Difficulties in cutting by full remote handling

y  #5(670 MWh) Max. 220
#7(159 MWh) Max. 154
' #2(1048 MWh) Max. 352 [Sv/h]

T

Succeed 1st cut Inner most wall of 3rd target fallen
inside vessel

|2nd targe With
lubricant

Narrow gap mitigate
1 damage but not enough
for MW stable operation

Stuck of saw of cutter Outer wall facing narrow gap
88 Sv/h
Inner most wall of 5th target remained window
Cutting performed under target fixing on trolley by full-remote handling
Nos. 1,3,5 targets cut without any lubricant —>Failed #3 and #5 cutting
No quantitative information was obtained for bubbling effect —> #8 will cut 2018 19

Succeeded #2 cut by optimizing cut condition (w/ lubricant)

2 J-PARGC
Damage depth measurement

Laser profilometer Replicate surface (silicon-rubber)
for LSM observation

* Prepared two types of measurement systems:

Laser profilometer for deep damage (0.1 mm~penetrated damage)

Replica for detail observation (0.1 um~0.5 mm) 2
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Radiation dose rate of used target vessel

2nd target (1048 MWh)
Measured : 2017/9/15
77 days after operation

Beam windwo || Reflective mirror :
S ’
|

o —1 L J—

#3(2050 MWh) Max. 382 : — i
#5(670 MWh) Max. 220 ation chamber
#7(159 MWh) Max. 154 0 plied Eng. Inc.)

* Beam window is irradiated proton and neutron irradiation

 Difference between top and bottom sides around mirror is affected by moderator and reflector
(Volume of neutron absorber around top side is larger than bottom side)

* Remaining mercury and radioactive materials are also affected dose rate

21

o f0-PARC
Storage building for used components

e

Transport root :

T

Transport scenario for used target

Shipping
cask (Reusable)

without shield

RAM building
Controlled area < 25 uSv/h

Internal cask
with shield

Pit lid (concrete 0.5 m)

\

2 mSv/h

Storage cask
without shield

nderground Ship used target vessel to RAM
Hit building and storage underground
pits

Pits for storage used target

* MLF building has storage room for used targets (capacity:8)
* Not enough for 30 years operation (1 target/year)
* Storage building (capacity:15-20) was completed and will transport in next summer 55
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Troubles in 2015 — 5th and 7th targets —

MLF building
Gas monitoring systems

Exhaust Stack

#

Water Helium

Heat exchanger

Proton
beams

2nd coolant

Mercury
Leak sensores o

e
ailure detecte

1 1 P Fail d d '

7th 5th Failure detected in 7th target

Helium

Vertical cross-section
of target vessel

e 5th and 7th targets were failed due to water leak at water shroud
e Leak sensor at the drain tank of helium vessel was detected leak for 5th target
Water leaked to outside of target vessel

e Leak sensor inside target vessel was detected leak for 7th target
Water leaked to inside of target vessel

23

Radioactive gas was not released from stack (Leak occurred in enclosed vessel)

«fJ-PARC
Structure of mercury target vessel (s e

Triple walled structure

Sthtargetvessel <" Water shroud Mercury vessel

Outer water

v

shroud \_";‘:' v
ey ercury
Inner water
shroud W .
ater flow )
Water flow Water Helium

Rib
Penetration depth
of seal weld

Diffusion bonding
interface

Leak path

Diffusion < Water N\
Bonding = vessel shroud
interface

vessel

Inner shroud

Mercury vessel

Helium

Vertical cross section of the target
viewed from the taraet side

e Target vessel has triple walled structure (Inner/Outer water shroud, Mercury vessel)
e Quter and inner water shroud (diffusion bonded) was bolted to mercury vessel

e Bolt head and outer/inner shroud interface was welded by GTAW 24
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Improvement of inspection

Welding lines for inspection '

gUn penetrated

Inspection of mock-up specimen by phased
array & Full Matrix Capture (FMC) / Total
Focusing Method (TFM)

6th target vessel was
inspected to investigate
inspection processes of
RT and UT

Radiographic Testing (RT) Ultrasonic Testing (UT)
Details of nondestructive inspection for target vessel

will be shown in Wakui’s poster

e Based on the experiences of target failure, we revised the inspection procedure
RT : Front part of mercury vessel only (~7th) —> All part including water shroud (8th~)
e UT inspection will be added :
Nondestructive inspection method: phased alley & FMC/TFM method (GEKKO, Insight) 25

. f0-PARC
Heat density and thermal stress

25 [T e Rear part
[ Mercury vessel ]
- [ ]
e 201 ]
(&) L
s Inner water shroud Q
15T 1 Fore part
2 | Outer water shroud ]
[} R ]
© 10 [ 1
T [
(0] |
LT 5  Forepart Rear part ] o
i <:| ] Allowable limit: 327MPa
0 Lo o e R V
| —— |
/ 0 20 40 60 80 100 0 41 82 123 164 204 245 286 327 368
Beam window Distance from beam window, cm e B MPa
center
Heat density distribution at IMW Stress range in rear part

Thermal stress distribution
for inner water shroud at 1 MW

e Heat density in rear part is less than 1/4 of fore part

e Thermal stress is less than half of allowable stress
Bolt structure in rear part is enough to withstand thermal stress at 1 MW

26




Heat distribution in mercury target

1 MW proton beam condition

Gaussian beam profile
Total energy

in mercury 480 kW

Peak energy  \ax=381.397 W/cc

Half of input beam energy change to heat in mercury

Adding Octapole magnet

491 kw

Max=264.73 W/cc

Rise of mercury temperature

AQ

pCy

AT =

deposition (15.25 J/cc) (10.58 J/cc) _ _
Rise of pressure in mercury

c Distribution on Z=0 plane c

- E

2, AP = BKy AT

£ £

2100 . £100 -

8 Gaussian 5 | Octapole Cv: Spec‘lﬁc heat 139 [J/(kgK)]

£1500 80 160 240 320 400 480 560 51500 g 160 240 20 400 as0 seo  P: Density 13500 [kg/m3]

a Distance from beam window, mm a Distance from beam window, mm

AT=8.52°C@400 W/cc(16))
Horizontal direction X=30 mm Z=0 plane Beam direction Y=X=0

g 400 : : : : : : : g 400 T e s B
2 200k Gaussian 1 = gp0F Gaussian 1 B: Thermal expansion rate
g Octapole {1 £ § Octapole 1 180.99e-6 [1/K]
5 200¢ 18 200¢ i Ky: Bulk modulus 25.6 [GPa]
© 100F 3 o 100F E

S 3 i 8 3 i AP=40MPa@400W/cc(16J)
“ %2 -0.1 0 0.1 02 % 01 02 03 04 05 06

Distance from center, m Distance from beam window, m
27
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Surface hardening treatment

electroMagnetic IMpact Testing
Machine (MIMTM)

107

e Cavitation damage tests in stagnant mercury

e Incubation period for erosion damage extends 10 times by Kolsterising®

Kolsterising®

28
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Fatigue behavior in mercury

350 T T
‘ 60mm . R=0.1
1Hz r
Mercury 0.D. gage D“_j 300 - ]
= I
w 250 L ]
316ss g =" Mercury
/ / \ 5x12x100 mm3 3 200 L ]
C
3-point bending fatigue test with V-notch "g
& 150} .
Mercur i ]
y 100 i Y
104 105 108 107

Number of cycles to failure, N;

Fracture surface at 3 7 Pa
e Fatigue strength was degraded by mercury immersion at high stress imposed area

e Fatigue crack propagation accelerates by mercury immersion in the high-stress
intensity factor range 29
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Effect of void fraction on pressure wave mitigation

T T T T LI T T T T LI
2
Qo
e}
2 | W/O bubbl
< o u es Mercury Heat input
S 31 e ] <A
L:: 2 i Install liquid/gas
£ > L separator
(%] -
) "5 = - 30 mm - |
RPN L N i 7/ Elastic wall
R
§ -oq—) t=2.5mm
S r Simulations .
E o | - W/O bubbles [
= 3 I R=50 ym 7 Pressure wave propagation in
M —— R=100 pm . )
— R=150 ym bubbly mercury (uniform size)
® Experiment obtained from simulation
0_1 1 1 1 1 L1 11 I 1 1 1 1 L1 11
104 103 102

Gas injection ratio, Qpe/Qyyq

e Peak amplitude of LDV is correlated with the void fraction
Peak velocity was normalised at w/o bubble case predicted based on beam experiments

e LDV denotes the same tendency of the numerical simulation
30
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Damage and pressure response in narrow channel

, , , Distribution of accumulated
Negative pressure period negative pressure period up to 1 ms (ms]

n
Accumulated time o
i f H TNaccum = Z TNi 06 ]
negative pressure period
i=1
. . 0.48
Tn=duration of negative pressure (-0.15 MPa) ]
\ -0.15 MPa -> threshold for cavitation 7 ) 0.36
4 T T T T T T T
E Pa 500 kW 7.6J/CC ] 0.24

o Prax=8.81 M, ]
% 2 r Narrow channel ] 20 mm upper
g OF : 0.12
3 b — 4
2 ol Pmax=13.7 MPa 1 Center o |
g Fop Thve Tz i ]
o [ )
ol
15 T T T T T T
€ Single bubble response
< (Keller’s equation
5 1 *ignore wall effect*)
= T
©
®©
205 e )+ Distribution of accumulated negative pressure period
§ correlated with observed damage distribution
0 ik
0 2 4 6 8
Time, ms

Shorter negative pressure period reduces
Time responses of pressure and cavitation e .
cavitation damage in narrow channel

bubble in narrow channel at 500 kW conditions
31
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Bubble behavior in the narrow channel

by B. Riemer(SNS)
10 T T
[ Bulk
st Bulk side
0 I M < tn > 1 (cutoff model)

©
o
=
g 0r
2 I Outer wall Ogter wall }
2 5L ]
a O
[ D. McClintock et al., J. Nucl. Mater. 431 (2012) 147-159
or ‘ ‘ ‘ Keller equation Single bubble
2 T T T . .
| Ro=10pm I—ERR’+ 3 R o
i Cp 2 2Cp

15 - Bulk side

Outer wall 1 R R .
- (1 F —) (Pp[t] = P[t + R/CL] — Po) + ——P,|1]
P CL pCr

20 \( Ry . R: Bubble radi
: Bubble radius
Pg[t] = (PO - Py )(_) + P, p: Density

Bubble radius, mm

05}

L + —_
0: - R[t]. Rl1] o: Surface tension
0 0.5 1 1.5 2 200 + 4nR P: Pressure
Tme, ms P,lt] = Pg[t] — O-T)}[t] n: Viscosity

Short interval of negative pressure is not effective to bubble growth
Maximum bubble size at narrow channel is a half of bulk side

- . - . 32
e Insufficient data to explain a significant damage difference




3.4.3 Irradiation area- related issues
3.4.3-i) Irradiation area- related issues: F. Arbeiter (KIT)



F. Arbeiter (KIT), A. Ibarra (Ciemat), A. Moslang (KIT), M. Serrano (Ciemat)

Thes work han Been camed ool wiffin ha Famework of e
E Coraorum and has g rom the
Ewopean Unon's Horzon 2020 resédrch snd redwaton

OQIFlN [£2] RACE
warll BRI A

neceysarly refioct Bome of the Furopesn Commesn

(FMIF Challenges of high power neutron sources o)
bEx for the irradiation area =

Shielding of the high intensity neutron radiation
» providing interfaces (cooling, power, signal) through shielding (connectors!)
» safety of involved alkali metals (if applicable)
* no moderation of spectrum
* Exploitation of ,directed” limited extent neutron source
» gradients of nuclear responses
» shape of irradiation volume (cuboid vs. cylinders)
» small irradiation volume =» small specimens
» Handling of high volumetric heating in the specimens
» limitation of specimen stack size
» application of heat transfer media
» Lifetime of involved structural and functional materials
 lifetime (creep, fatigue) of pressure vessel components
 lifetime of electrical heaters and instrumentation (n detectors)
» Priorization of functions / test matrix
 Irradiation of specimens for PIE
* In-situ test experiments (creep fatigue, tritium release, ...)
» general nuclear physics applications, isotopes production etc.

F. Arbeiter | IAEA SSTT Consultancy Meeting #1 | Jul 4-6, 2016 | Page 2
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DEOINES Example: Irradiation experiments in the IFMIF Test Cell ‘;\Q)

The HFTM
occupies the
irradiation space
closest to the
neutron source

~10% #n/cm?s

at FW/blanket
conditions

‘r | — Medium Flux Test Module

High Flux  \_Test Moduies (LFTM)

W -T Test Module (MFTM)
ithium Target NES
( Assembly J (HFTM) ed in \FMIF-DO

no

Exploded view of TA and TMs

F. Arbeiter | Advanced Neutron Source — Irradiation Area related Issues | Nov. 5, 2017 | Page 3

o PP L {f‘\\)
DEINES Example: IFMIF HFTM irradiation performance &

As developed 06/2013 (IFMIF/EVEDA DDD-III for 2x 125mA 40MeV D+

Neutron flux
s

Ratio helium production / dpa production 2
F'-_ i . —125 2
| -= ] e 10 E
453 = | | 75 §
30 Structural damage (dpa) rate 5 I
=
g 104>
L
2
1
QZ.UUEE
§6,32E14
52.00E14
8632613
-4
2.00E13

(uniaxial horizontal gradients)
20%/cm 10%/cm

20%/em Vertical cut | Retative
+ Al s I

[Keitaro Kondo, IFMIF/EVEDA HFTM DDD-IIl, 2013]

“Place of specimen stacks Place of beam footprint :

F. Arbeiter | Advanced Neutron Source — Irradiation Area related Issues | Nov. 5, 2017 | Page 4




IFMIF)
'B"@'ﬁes}— HFTM specimen payload (working proposal)

81mm

[F. Arbeiter et al.,

ICFRM-17, 2015] 511°C

specimen stack

81 x40 x 9.3 mm? 3D temperature map

with resolved specimens

2x12 Flat tensile (static) 27 x 4.6 x0.76
2x2 Fracture toughness (Compact Tension) 11.5x11.5x2.3
2x12 Bend bar / Charpy impact 27 x4x3
2X6 Cylindrical fatigue 27 x D4 (gauge 9 x D2)
2x3 Fatigue Crack Growth 11.5x11.4x4.6
2x8 Pressurized creep tubes 27 x D2.5t0.25
TEM plates

[A. Méslang, Final Report on the EFDA Task TW4-TTMI-003 D4, 2006]

F. Arbeiter | Advanced Neutron Source — Irradiation Area related Issues | Nov. 5, 2017 | Page 5

soes)  Impact of heating intensities ©

* For allowed max. temperature spread, the maximum thickness of the specimen
stack inside the capsule depends on the nuclear volumetric heating intensity:

35.00 , ,
30.00 i [F. Schwab, 2015] —
F 25.00
E T
: 20.00 —¢
£ 15.00 :
£ 1000 ", p2
£ 10 q" b
5.00 AT X ———
bssorc = 24.177-,,058 A
0.00 :
0.00 0.50 1.00 150 2.00 2.50 3.00 3.50

Internal Heat Generation [W/g]

» Thick capsules allow higher specimen usage fraction vs. ,parasitic* volumes !

IFMIF 2x125mA : ~3 W/g IFMIF-DONES 1x125mA : ~1.5 W/g

F. Arbeiter | IAEA SSTT Consultancy Meeting #1 | Jul 4-6, 2016 | Page 6
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S ONE Conclusions

\
=

e
(
=

* The usable volume x dpa product of planned fusion-
relevant irr. facilities is limited and neccessitates the use
of SSTT

» Acertain spread of nuclear responses (dpa, He/dpa)
within the specimen set and even a gradient within
individual specimens gage volume have to be accepted
and needs to be accommodated in the SSTT data
assimilation procedures

» The spread of temperatures can be limited (on cost of
irradiation volume), a few outliers may however occur

_
(PN

sons) Issues to discuss @

(

Proper definition of the requirements for the irradiation
experiments/facilities now being designed will maximize their use for
fusion materials science and FPP licensing !

* Priorities for the test matrix
» materials (RAFM steels, W, Cu, ... base/welded/bonded)
» testtypes (tensile, fracture toughness, creep, fatigue, ...)
» Specimen / testing device for in-situ creep

» Technologies and methodologies for data evaluation
* Small Specimen Test Technique (SSTT)
 data assimilation from ,dispersed” {T,,, dpa} specimen bases
* required statistics per test type

* Promising solutions for technical realizations of the irradiation
experiments (heating, cooling, structure, instrumentation)




3.4.3-ii) Complementary Experiments at DONES: Wojciech Krdlas (CIEMAT)
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(FMIF . o S
o ONEs/ Further potential for using fast neutron sources {g_;,‘)

Complementary Experiments at DONES

W. Krélas, A. Ibarra, A. Maj, F. Arbeiter

THE HENRYK NIEWODNICZANSKI
INSTITUTE OF NUCLEAR PHYSICS @~ i \\
g  POLISH ACADEMY OF SCIENCES e beeo e

b butnte of e

«» Activities of the WPENS Early Neutron Source work package (2015-20) of EUROfusion
«* White Book on the ,,Complementary Scientific Programme at IFMIF-DONES” (2016)

++ Decision: Extension of DONES scope by adding ,,Complementary Experiments” areas

© EuROfusion

(FMIF

pOney/ DONES Complementary Science Program
The ELAMAT Consortium which was preparing the bid to site DONES in Poland proposed ’
to extend the objectives of IFMIF-DONES beyond fusion materials studies T

ELAMAT

¢ An international science committee was formed, meetings were held during which
various scientific areas were considered as complementary research topics.




D@:)F;:;) DONES Complementary Science Program

The ELAMAT Consortium which was preparing the bid to site DONES in Poland proposed =
to extend the objectives of IFMIF-DONES beyond fusion materials studies ﬁ

¢ An international science committee was formed, meetings were held during which
various scientific areas were considered as complementary research topics.

Applications of medical interest Basic physics studies

» Radiopharmaceuticals for therapy (e.g. “Tc) = Half-life measurements on long-lived isotopes
= Accelerator-based boron-neutron-capture therapy (BNCT) = Neutron and neutrino oscillations
e = Solid state physics studies
B e wi
ibility and compatibility W'thd
WETIE I:YS role must be evaluate
the main DONES 07 7%
Nuclear physics and radioactive ion beam facility
= Nuclear Structure & Astrophysics = Mechanical properties of irradiated materials from small
= Mechanism of nuclear fission samples
= Cross-section measurements for applied physics = Computed tomography imaging using fast neutrons
(n,y), (n,xn), (n,lcp) = Transmutation doping of silicon and radiation-damage
.. testing of electronics
(FMIF .
DONE DONES Complementary Science Program
The ELAMAT Consortium which was preparing the bid to site DONES in Poland proposed =
to extend the objectives of IFMIF-DONES beyond fusion materials studies ﬁ

¢ An international science committee was formed, meetings were held during which
various scientific areas were considered as complementary research topics.

»A White Book report on on the
Complementary Scientific Programme at IFMIF-DONES”

IF) PAN Report No. 2094/PL, 2016

Eds. A. Maj, M.N. Harakeh, M. Lewitowicz, A. Ibarra, W. Krdlas
https://www.ifj.edu.pl/publ/reports/2016/2094.pdf

Adapted by the EUROfusion WPENS work package
as Technical Report EFDA D 2MP66K
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ooneg/ Complementary Experiments: Boundry conditions )

Main DONES mission: irradiation of fusion materials

Complementary experiments could use: ** Neutrons available behind the
a small fraction (a few percent) experimental hall
HFTM in place HFTM removed
Flux

$ror = 2.57 1083 cm 25t dror = 3.12 1013 cm 257

region
1E14 i
L With HFTM
HFETM removed|
aes Lhal | o
ELHW 29159
309 %
1E12 _‘KR
29.8 % 445% Q\‘H
1E11

18.4% 47.4 % \\
1E10
Courtesy

s of U. Fischer
01 1 10

Netttron flux density (cm™s 'MeV)

Neutron energy [MeV]

Flux region behind High Flux Test Module with HFTM in place and removed

D@;FNT ‘Complementary Experiments Areas: White Book proposal ({ @)

v

C. A second 40 MeV ‘ - szl
deuteron beam line e
using 1/100 to 1/1000
beam-pulse selector

to a neutron Time-of-Flight
facility — feasibility must be verified!

Second 40 MeV deuteron
beam line using 1/100 —
1/1000 beam-pulse selector

| Low energy irradiation facility |

- e
B. A5 MeV deuteron :::"" deuteron
R . m line using ®
beam line using 1/100 {08 Soum puies .
beam-pulse selector r Irradiation facility
. . - & ISOL RIB facility
to a low-energy irradiation facility
Collimated |:
beam facility
Neutron
IFMIF Li target beam dump

& Samples [5m long movabie]
| block of |

A. Irradiation facility and ISOL RIB facility behind the HFTM;
Collimated beam facility with an 8 m long neutron line




L IFF) Complementary Experiments Area (option A) (PR
N \— . a . . . “‘\ P
DONES/Y incorporated into the DONES building design &
Complementary Exp Area *‘[‘ =1 o R SR i
l\ e sy ll?-lig‘l‘\’,‘;;f‘-l ”-"“"I—“I“': e :;v-L
Rc?om R.160 s = . ] Y .l
Dimensions N B e g g[\‘/"‘
29.00 m x 11.40 m, A‘-abwmm_«él‘.’;\:;:u;_m - g - — :‘:‘ el e B -
height 8.00 m, 330.60 m? it .
~ “.:-—:.
\\ i
Auxiliary Room R163 ; v =
7.00 m x 5.07 m, 35.37 m? . e L
7 e -
:—«ﬁx ; —¥ 8 S
.;:I: F L APPLICATIONS ROOU aseol |1
:::7 u“!r 230,880 2 b g
40 MeV deuteron beam RN L e s A% 1111
arrives from this direction :f;;;-'_«” {1 T
= — — 1 p— |

Part of the DONES first floor plan (as in the PEDR)

¢ Ongoing discussion on shielding, arrangement of experimental setups in R160

+»+ Other remaining proposals (deuteron beam kicker at 5 or 40 MeV) are on-hold
pending feasibility confirmation and external user interest

D@;FNT — For comparison: NFS Neutrons for Science facility at GANIL

40 MeV deuteron or 33 MeV proton beam from LINAG:
I =50 pA =5 mA, pulsed beam T=11ns
40 MeV d + Be, on rotating thick Be target (2000 rpm)

Neutron Yield at 0 degree ——HNFS 5 m

= = NFS20m
- TOF 1

——40 MeV d + Be (1cm) 1E+T

s ——35 MeV p+Be (1cm) — =
:i. 5,E+09 ——22MeV p+Be wﬂ‘ P _w:‘:' 2
2 E ——Geeldast
g W s NFS : 40 MeV d + Be
g WHNR : Los Alamos
5,E+08 g —
“ n-TOF 2 : CERN
- n-TOF 1 : CERN
. v * GELINA : Geel
1E+2
Energy (MeV} 0,001 0,01 04 5 B .l

Similar to IFMIF spectrum Energy (MeV)
IFMIF/ELAMAT Workshop. Rzeszow. 14-15 April 2016 IFMIF/ELAMAT Workshop. Rzeszow, 14-15 April 2016

Courtesy of X. Ledoux and the NFS collaboration

A very rich nuclear physics program planned from 2018 onwards:

e Neutron induced reaction studies: (n,xn), activation and prompt spectroscopy

e Fission: distributions, neutron multiplicities, gamma-ray spectroscopy in induced fission
e Measurements of reaction cross sections by activation

e Biology, R&D for the production of isotopes for medicine
e Neutron detector development




3.4.3-iii) Comment on the middle flux module: Takeo Nishitani (NIFS)



Comment on the middle flux module

- Proposal of the blanket functional tests -

Takeo Nishitani

INational Institute for Fusion Science, 322-6 Oroshi-cho, Toki 509-5292, Japan

Workshop on Advanced Neutron Source and its Application, Aomori, 4-5 November 2017

® |TER program is delayed. Substantial TMB test is later than 2038.
® Nuclear functional test of the blanket is required much earlier.

Complete First Hydrogen/ Helium Initial DT Experiments
Tokamak Core 3 g Plasma Phase Complete wpr A 4

ITER Operations Phase

2024 | 2025 202E|2U2? 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 | 2037 | 2038 | 2039 | 2040 | 2041

fintegrated Commissioning I Er4gineer-|g Operation
Close Cryostat A 1 ‘L_P Bl Assembly Phasé

First Plasma |

ted Cammissioning |1 |
H/He Plasma Dewvelopment, Control, Piagnostics, ECRH/ |CRF,

Y¥Disruption) Characterization, DMS Comms(H/He H:mode

': B Asserpbly Phase 11
lnfegrated Commissiofing Il

'_ H&CD Conjim Cqmrol_ DMS, H and He H-maodes,

ELM Contrgl, 15 MA and Disruption Avpidance

Pre-Fusion Power Operation 14

Pre-Fusion Power Operation 3
[
— Tritium-Plant

‘Mise en Service' Procedure| Tokamak
i' ise en Service'

Tritium Introduction

T-Plant Commissioning

pr— :
Assembly Pl_lm.c.e v | Q=10 ~50 s
| | @= -

Integrated Comnrissioning v } | 3022 ?32052850 5

D Operation D P:iasmas. D H-modes ." Q+5~1000 s
| | | | Q+3-5=3000s
. : QF5-10+50s | v ¢y
Posion Puwes Openition Trace-T antL low duty cycle DT |V ' v ¥
DT Operation
Shutdown . l v_1
TBM Program EM-TBM TN-TBEM NT-TM-TEM INT-TEM
|I—=———=——] I I I

33rd Meeting of the ITPA Topical Group on Diagnostics, 16-19 October, 2017, ITER Organization, France




purge
gas

[ poiy

lateral 0 middle
compartment 2 compartment

Figure 1: The TRTM system and its main components.

33rd Meeting of the ITPA Topical Group on Diagnostics, 16-19 October, 2017, ITER Organization, France

Comment and proposal

Partial model of the blanket or small scale blanket module should be
considered.

® for the blanket functional test, not only tritium release but also nuclear
heating.

® to assess irradiation effect in the breeding/multiplying materials
including impact on the tritium permeation

33rd Meeting of the ITPA Topical Group on Diagnostics, 16-19 October, 2017, ITER Organization, France




3.4.3-iv) Tools and procedures for radiation damage modelling and intercomparison of
experiments: Fernando Mota (CIEMAT)



(FMIF
DCINE

Tools and procedures for radiation damage modelling and
intercomparison of experiments

Fernando Mota, Christophe J. Ortiz, Rafael Vila

Laboratorio Nacional de Fusién — CIEMAT, 28040 Madrid, Spain

: femat ) ;
Etﬁ s peme, | Clomal ({C)) EUROfusion

Ef«gﬁ-n_-. Mosoambeeniies \ --&

(FMIF Motivation: Calculation and comparison of radiation damage ’t Ciemat
- . .. o GOBIERNG  MINISTERIO z
DONE under DONES and Fusion conditions 2 ; o

Goal of DONES: Test materials under equivalent neutron fusion irradiation conditions

Will IFMIF-DONES produce similar radiation damage to DEMO ?

= Then our main objective is to identify in which conditions two neutron irradiation experiments are equivalent.

= In order to compare the radiation damage induced by neutron irradiation experiments, several issues that affect the
damage dose in the materials have to be considered:

0 Calculation of the atomic displacement induced by neutrons

* Calculation of the PKA spectrum induced by different neutron sources (MCNP, NJOY, nuclear data libraries)
« Calculation of the radiation damage associated to the PKA spectrum

o Simulation of thermally-activated processes during irradiation
« Identification of atomistic mechanisms and impurities (He, C,...) that play important role

 Use of adequate kinetic models (diffusion equations, kinetic Monte Carlo, etc...)

F. Mota | IAEA CPR F44003 | 26" November 2017 | Page 2




COMPETITIVIOAD |, C°

IFMIF Issues to reproduce fusion damage in materials with other ’t Ci
. . - E2cmg pone, Clemat
DONE irradiation facilities 1B B R Com s

= The root cause of the differences between neutron irradiation experiments

= Total dose o Gas production (H, He)
= Neutron spectrum 0 PKA spectrum - primary damage and clustering
o Transmutation Impurities could affects to the macroscopic
properties

= The root cause of the differences between ion irradiation experiments and neutron irradiation
experiments

= Damage dose rate is different

= The PKA spectrum is different

= The volume of irradiation is different (The damage induced by ions is more concentrated than
the one induced by neutrons)

= But, the most import issue is to identify why all these previous parameters produce different
damage. To find the most important magnitudes to compare.

F. Mota | IAEA CRP F44003 | 26t November 2017 | Page 3

IFMIF . .- . .
DENE How to compare irradiation experiments E{“ww B8,

B The dpa is widely used to characterize the primary displacement damage induced by
neutron, but currently, there are several concepts of dpa. |,

—HFR-Petten BCA-MD

—BR2-1 BCA-MD !

== HFRM-Petten-BCA /
BR2-1-BCA g.‘!

50

® dpaNRT Therefore, we have to be careful when we use them
. dpa because the comparison of different irradiation

arc-dpa  experiments using different dpa concepts could give
¢ dpaBCA contradictory conclusions.

&

=

In addition, any dpa concepts only give information
about point defects

Damage Funcion of Number of Frenkel Pairs

[L11] = e
LE-05 LE-04 1E-03 LE-02 LE-01 LE+00
PEA Energy [MeV]

B Therefore, more information about the primary damage would be desirable to
compare irradiation experiments

= |In order to give more information to the comparison of irradiation experiment We have
developed a methodology coupling BCA-MD (BCAMD-CIEMAT methodology) to compare
irradiation experiments in order to compare damages functions taking into account:

o Number of defects (Frenkel pairs) — dpagcamp-ciemar)
o Fraction of defects in clusters
o Size distribution of clusters

Therefore, this technique will give valuable information which could help to design more reliable
nuclear fusion equivalent irradiation experiments to test materials.




Ciemat

(FMIF !
o@me;) Results with BCAMD-CIEMAT Ei“wﬂ‘* A

The damage functions of number of Frenkel Pair for different DEMO concepts (DCLL,
WCLL, HCPB), IFMIF-DONES and nuclear fission facilities (BR2, HFR-PETTEN) have
been compared using this methodology

Comparison of different DEMO concepts with Fission facilities Comparison of HFTM of IFMIF-DONES with different concept of
damage functions for Iron DEMO (DCLL, WCLL, HCPB) damage functions for lron

— 1.0 -

N

—DONES-HFTM highest flux
-=--DONES-HFTM lowest flux
—FW DCLL inboard

----FW DCLL outboard
—FW WCLL inboard

- - FW WCLL outboard

—FW DCLL inboard
--=-FW DCLL outboard
-FW WCLL inboard
FW WCLL outboard
FW HCPB inboard
FW HCPB outboard

e
e

0.6 4

S

Damage Funcion for Number of Frenkel Pairs
Damage Funcion for Number of Frenkel Pairs

— HFR-Petten FW HCPB inboard
0.4 —BR2-1 04 FW HCPB outboard
0.2 0.2
0.0 — : — . 0.0 — - " .
1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E-03 1.E-02 1.E-01 1.E400

PKA Energy [MeV] PKA Energy [MeV]

As it is expected, as results of the comparison of the damage function of iron for number of
Frenkel pairs is that , DONES-HFTM resulting an excellent facility to reproduce nuclear
fusion conditions for structural materials. Contrary to the results obtained for nuclear fission
facilities.

IFMIF R
DONE Proposal E; —_

= Therefore, it is important to make a comparison of the different dpa concepts
calculated for different irradiation facilities like fission reactor, spallation
neutron sources, fusion facilities and DONES-HFTM in order to quantify
how far are from each others.

= But the most important issue is to identify the minimum amount of
parameters representative of the damage is needed to compare, with the aim
to figure out whether two irradiation experiments are similar or not.

= |n addition, to comment that the BCAMD-CIEMAT methodology could give
valuable information to try to solve this question, whether two irradiation
experiments are equivalent or not, because both, the defect formation
calculation is more realistic and information about the clustering is provided.




3.5 Technical Session 4. Summary session
Summary: J. Knaster (F4E)



Summary

1st Workshop on neutron advanced sources and applications

We have had intense expositions of our projects
ADS
Fusion materials
Transmutation
DT sources
BNCTs
we also had a beautiful summary of worldwide scenario
by Kiyanagi-san

Major Neutron Sources in the World
(Names with underline show facilities in the planning stage or under construction.)

truction.
) exper
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DURVA(IND) | @ Reactor
RSG-GAS (INA) @ Accelerator
.




We have seen many commonalities

On Accelerators
On Targets
Be, Hg, Li, tritium
Solid, liquid, gas
On Irradiation cells

| also trust that networking has grown
that was one of the objectives

Various issues possibly not properly covered
were grasped

simulations
testing specimens
dpas extrapolation
cavitation phenomena
alternative applications
new ways for beam footprints
additional damage scenarios of targets

Time seemed short as per the topics addressed




It is my perception that
this initiative should be repeated
and possibly grow in scope

we should also share more and more
not only our concerns
but also
the solutions found

IP matters are always controversial
but sometimes are artificial

We are willing to prepare an article
on the highlights and conclusions of our Workshop in

NUCLEAR
MATERIALS &

ICFRM-18

November 5 to 10, 2017
Link Station Hall Aomori
Aomori, Japan




k for an easy download

g to say something...




4. Appendix




Workshop on Advanced Neutron Source and its Application
4-5 November, 2017
Aomori-city, Japan

Saturday, 4 November 2017 (@ IFERC site and Festival city Auga)
(Technical tour to LIPAC)
8:30 Departing from Nebuta museum “WA RASSE” nearby Hotel Route Inn Aomori Station
(See the detailed information)
10:00 Arriving the IFERC Site and tour to LIPAc
12:00 Departing the IFERC Site (Light meal will be provided at the site for lunch)
13:30 Arriving at Auga

(Main Meeting)
14:00 Opening (A. Ibarra, S. Ohira)

14:15 Technical Session 1.  Users' perspective on neutron sources for materials development:
T. Muroga (NIFS)

15:00 Technical Session 2-1: Presentations about the neutron sources developed or being
developed (30 +10 min x 4 presentations ) Chair: Shigeru O'hira (QST)
- DONES: A. Ibarra (CIEMAT)
- A-FNS: K. Ochiai (QST)
(+ coffee break 15 min.)
- BISOL: Y. Wang (Peking Univ.)
- Neutron sources for transmutation of long-lived fission products: H. Okuno (Riken,)

18:00 Adjourn
19:00 Workshop dinner

Sunday, 5 November 2017 (@Link-Station Aomori)
9:30 Technical Session 2-2:  Presentations about the neutron sources developed or being
developed (30 min x 3 presentations + discussion) Chair: Juan Knaster (FAE)
- Neutron sources for transmutation applications (including MYRRHA): D. Terentiev,
(SCK-CEN)
- D-T neutron sources (including HINEG, SORGENTINA, etc): Y. Wu (FDS)
- Present status of neutron sources development: Y. Kiyanagi (Nagoya Univ.)

11:30 Lunch



12:45 Technical Session 3:  Panel Discussion on development of neutron sources
Chair: Angel Ibarra (CIRMAT)
High/Low power neutron sources (4-5 items, 10-15 min. each + discussion)
» Accelerator-related issues. Promoter: FAE J. Knaster (F4E)
- Comparison of a few schemes of RFQ-based compact neutron sources: S.
Kurokawa
- High power linacs: J. Knaster (IFMIF/EVEDA)
» Target-related issues. Promoter: K. Ochiai (QST)
- Design and technical challenges of Li target for IFMIF-based neutron sources by
D. Bernardi (ENEA)
- Target challenge for High power compact accelerator based neutron source; as
status of the iBNCT: the heat issue and blistering T. Kurihara (iBNCT)
- Present status of neutron target on J-PARC Presentaer: T. Naoe (JAEA/J-PARC)
> Irradiation area- related issues. Promoter: F. Arbeiter (KIT)
(4-5 items, 10-15 min. each + discussion)

(+ coffee break 15 min.)
16:30 Technical Session 4:  Summary session Chair: Kentaro Ochiai (QST)

- From IFMIF users committee: IEA/W-GIFT history and proposal (15 min.)*
: E. Diegele (EUROfusione)

- Summary: J. Knaster (F4E)

17:30 Adjourn

*: This presentation was resigned.



Detailed Information
for Workshop on Advanced Neutron Source and its Application

1.LIPAc Tour on 4th November
Bus for the tour will depart at 8:30 from the place shown in the following picture;

Bus with signs “QST” at the both sides will be
parking here (a QST staff will stand beside the bus).

e

Nebuta house

» Nebutalh' UselWarasse

War

i ﬂ‘
O3 CEaEd
y .

Hotel Route Inn Aomori Station
Tour Schedule:

8:30: Depart Aomori station (Warasse)

10:00 Arrive at the IFMIF/EVEDA Accelerator Building in QST Rokkasho Institute
(IFERC site) and start LIPAC tour.

11:20 Lunch at Administration & Research Building (Lunch box)

12:00 Depart QST Rokkasho Institute

13:30 Arrive at Auga (the workshop venue on 4th Nov.)




2. Meeting venue on 4th November

Meeting Room (5F) @ Auga at 14:00-18:00
Workshop Dinner @ “Ichinosuke” at 19:00-21:00

Hotel Route Inn Aomori Station

o Nebuta house Warasse
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Enter here and go up to
5th floor by the elevator

Workshop dinner at
“Ichinosuke” from 19:00



2. Meeting venue on 5th November

Small Meeting Room #4 (3F) @ Link Station Hall Aomori at 9:30-17:30
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Aomori Station  Hotel Routeinn Link Station Hall Aomori

Aomori Station
It will take about 25 min by walk form Aomori Station to Link Station Hall Aomori, about 10 min
by a taxi (about ¥1000 Yen) or bus (¥190 from bus stop #2 at the Aomori Station).
For the participants staying at Hotel Route Inn Aomori Station and hotels nearby, QST staff may
arrange transportation to Link Station Hall Aomori depending on weather. Please get together at the
lobby of Hotel Route Inn Aomori Station at 8:45 if you need that arrangement.
A lunch box will be provided for each participant at lunch time.
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