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Workshop on compact neutron soufces and
their applications b

Date | June 30, 2014

Location | Bldg. 129, Seoul Natieral*

l Topics

G

< Compact accelerator neutron sources in Japan

< RANS-RIKEN accelerator driven neutron source and its high expectétio

< Future plan on KBSI accelerator: Neutron facility

< Development of Li target in Nagoya university

e
for industrial applications

< Neutron focusing optics and cold neutron source development for compact neutron source

< Cyclotron design for neutron source

< Fast neutron detector developments for compact neutron source

< Neutron imaging activities at HANARO

| Invited Speakers

» Prof. KIYANAGI Yoshiaki, Nagoya Univ.

< Dr. OTAKE Yoshie, RIKEN
< Dr. WON Mi Sook, KBSI
< Prof. TSUCHIDA Kazuki, Nagoya Univ.

< Dr. YAMAGATA Yutaka, RIKEN

< Prof. CHAI Jong Seo, Sungkyunkwan Univ.

< Dr. TAKETANI Atsushi, RIKEN

< Dr. MOON Myungkook, KAERI

l Organizer Contacts

™
.
e

J-PARC Users

A \/

i Supported by |

< Dr. LEE Chang-Hee, KAERI (leech@kaeri.re.kr)

% Prof. LEE Seung Wook, Pusan National Univ. (setifigle

L’
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Cyclotron
CW mode Calculation, Simulation
Spectrum measurement
Beam Transport &
Detection

Proton
LINAC

Pulse mode

Neutron

TMRS

(Target-Moderator-
Reflector-Shield)

Test Bed:
TMR, mfNS
rradiation

Electron

Licensing &
Handling

RT&E:
S&E, Accel.,
Beam Appl
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13 MeV Cyclotron (TR-13)

SR A A2 5 ER
A&

Cyclotron upgrade (

o x|E AN

.....................................

General Specifications

Accelerating

Particle P
Beam Energy 9 MeV
Beam Current Max 100 uA
RF Frequency 83.2 MHz

RF Power 10 kW

PIG internal
lon Source
source

General Specifications

Accelerating
Particle p.d
13 MeV (p)
Beam Energy 6.5 MeV (d)
Beam Current Max. 150 uA
RF Frequency 73.3 MHz
RF Power 15 kW
lon Source H- cusp
70uA -> 150uA)

*TR13 O] 23 | 2= 2ol

(BaF6 with colliding H-)
* Deuteron beamZ 0| &3t (d,n)

HHtSo ofet S A 2 Its

* Multicusp O|2& 8l M5 :3 mA
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General Specifications
Accelerating
Particle p
Beam Energy 13 MeV (p)
Beam Current 50 uA
RF Frequency 77.3 MHz
RF Power 20 kw
PIG internal
lon Source
source

« L] 7|=2 N|ZHEl X|X9| SF (Sector
Focused)d o|st& HiAL
MAE cyclotron

0x
ofn
do
rdo
k>

C S7 AR M MHIZ S AY 27 B T 94
+ MO|ZZEE gX|H%, 2N, Ba| 27
.29 U ATY, S HA 8is

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
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= Blistering :
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- LENS 4% BX (0]2)

- CHQt T2 E

13MeV 0|35} : Be-Cu-Water-PE
13MeV O] 4t : Be-Water-PE
LHZEe 2F - >15 L/min
S8 0 >10 kgf

mmmmmmmmmmmmmmmmmmmmmmmmmmm




- HOHSBY Dy seTL
- @ELE T, @ALto| =3 2|0}
. GEI2 2], EHX2E3

- BIZASI| SN ALY

o 6/9/15 Mev X} ILZ2]0f) Of3F XA F4f
o XM/FEIM Z ot L3 A/A Elthybrid imaging system)

SR RSP 21

......................................



Defense applications
- QR 8ol3E A& N oL HA
- S0 Ei B Ao Fuse 2 AA
— H&E7] AZI turbine blade ArE T/2 LIEZT HAL

- SdAE 0|8¢ TB O|=& BA|7|E A+ &&7|=d4, 2009~2010
— AIM-9 R EEF FXM WE = Ze dA

« SLEFAHDD|E Q3 AR AT 72T, B2 A, 2012~13
- 2SR d(L22) &5 O|M A2 H|mha] A

O

(a) {(b) (c) (d)
(@) New TB  (b) New TB, Gd-tagged (c) Used TB (d) Used TB, Gd-tagged
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H1) - A2 AP

- MY dEe HEX TR YA Hast SEX TEYK] ALQF

— L/D~100 =&2| 7|5}<tA S0 A
* Port noseO A A|Z(L)77}X] 5 m (500 cm)2tH ®EX 3 7|(D)&= ~5 cm

- M= fIX] 2 E5EXAE &2 5.0x10° n/sec/cm? (Al K| A|[2& X|L}
A=7| 2 7t d2Fd flux, & brightness)E 20|, ~100 sec =ZA|7IC =2

- G4 285 ~0.1 mm(100 pm) +EO| BH FAS Aoz

— HE5 MEHport nose)0f| A 5.0x10° flux (Z, brightness) & 44 4t6l|OF S,

- EBMR &2 7| Y BHOIMO| YKt £&2 7~10 MeV / 1 mAT|
AlEXMO| WHZISHA 0|, O|& SZEA|Z TMR Assembly (Target-Moderator
-Reflector-Shielding & ports) AA|, X &, H7L0|| Q|st AF EHQ

Source Collimator Object Detector
|
R I I
| |
v v X
ITarget ICO

B
/ TPV oY
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— RIKEN RANS7} M| 23t 3t =l X}2 2 mCrst o
- 7tH7| 2L 282 S0 2 o E
- AHHEI0| K2 2= cyclotron
« pulse 810| Q3 AL2+= p-LINAC
« SO A Q] ERAT £=FOM= K=o 2 QX H5T £/ 2 e-LIANC
— RANSS| o L& Qf HiX[O| A On-Site =F2| SdX G2
AR OIA A4 ALBOE OfF2 s OjB!
« A B3} s(resolution), A|ZHturn-around time), FOV(field-of-view)
« Pass/Fail, Feasibility, Testing and Verification - OK!
— Jd2{L = 3 oo 83 Fd 7ted2 ALl =

SR AXR AN
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13 MeVE &= 83 =&
- 1M7L OHEs R R, THEC d5 VM ER
C Y HEMSAIN AT, 20l HFBYE D, BAC ST
— LINAC: pulse mode, 100 MeV7tX| =L 7| =&
« THET| BB, A|AH” OFYSHAIN JHURS| HRIE HOf M3AL ALE+F)
« AT YIRS 7| A
» S8 MEA HEH(TMRS: BN -Z4=57(-HEARY| - K]
- Atk 0| B, A AAH” A=zt A4S - =9 O
- HSH0l RADR AAHRN A0} OISV} F5 48 58 EHe
A ol
- S4%t 253 YA 35, 0|8
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 Joint R&D on TMRS assembly

- O, 3F, S, SHLt2, HO), SHLH, R at,.. pir
_ qot?_} TI\/IRS RISHA| AA| Tl EMTIL AIX oo |
« Wide dynamic range neutron spectrum measurement mow“ ij
 Radioactivity, components replacement, licensing,.. ﬂfﬂvcv' @T;/
- AR 7[R ALY, TSI B A (2RI AE),..
D

. K| R&D/ZS0|BHE| 75
- AF FHXIET|HFRME > p-LINAC based Compact NS
— Me MCHHAIM A A > 30 MeV cyclotron based CNS
— M F2HH (cyclotron)/ S AtCH(lab) > 9/13 MeV cyclotron ER&T CNS

« On-Site NR system 7||'&
- YUY O|EE 1A F& > Iy, HEYE
 BNCT

— 30 MeV/1 mA cyclotron 7|5t A|AEl
— 10 MeV 0|3} p-LINAC 7|5t A|AE

C"A SHRUX}EITY
Crneny ZRUXIHATE 27
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Reference: RANS@RIKEN

2 JS 32| HEt=xn

Proton 7MeV
P 4 e
. .Pgrotorf&lnac, IV éﬁ_‘a
_ s QWDTL #REQ
o station |
“~Neutron.detector, gM,

sample box u .1:

Nb, v,

Be Target Pd, Pt...

2 ..
Target(Be) Hion Cooling

Water
Fail to cooling
-> Boiling

Crack-> Blis

Thermal
ener;
»H ion

7MeV, 10 kW (1.4 mA) !
Hydrogen Damage Thermal Damage 2MeV  Beam Stop
A

blistering =X| o} &

" SR QX201
C Tuas, et o PN S R 28
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RAND realization of practical use
trans—portable

zz I.lb Cx T saad
Proton 7MeV
7 : X f«,iin-.u‘?éggr
Neutron Bea > Proton tLr:p‘a'c 7~Me‘. SN

- Target statlon '.‘ & QeDTL RFQ

- !“ll
"

“Neutren detector,
?‘

e 2013 January,

RANS starts running
After ten month
construction.

: Be(Target)
: V(backing) Hydrogen diffusion
: PE(polyethylene)Moderator

: C(graphite) Reflector
: BPE(Boron PE )Neutron Shielding

Reflector
Graphite :Pb y-ray shielding

2015/5/20



1E+5

1E+4

1E+3

1E+2

Neutrons(cm2s1)

1E+1

1E+0

2015/5/20

@ maximum averaged current 100pA

Neutron energy spectrum at 5m away from the moderator

st
[or

_ A
I RN N I i
| Lower peak energy higher peak energy
E~50meV AT0.13nm E~1MeV
fast neutron
g evelopment forjthe f
i neutron imaging detec
1E-9 1E-6 1E-3 1E+0

Neutron Energy[MeV]

Reflector
Graphate

: Be(Target)

: V(backing) Hydrogen diffusios
: PE(polyethylene)Moderator

)] : C(graphite) Reflector

: BPE(Boron PE )Neutron Shieldur
E :Pb y-ray shielding




RANSZ2| /d1}Q} feasibility tests

o R e =
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- Che ujZol opxloz 15 AN
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 Feasibility tests
— SR QA €« BEAlL L8 X E JIA|5E € KOBELCO, = ISI) consortium
— E%@E’S! ’_".75; < metallographic observation (& A~ B YY)
— 8K 2|2 =7 € under elongation, residual austenite

(=]
— new RANS > MAZ, M2 MX|(QIS|7} C7|), 7| o1& x|
— 27§ BL=A: UL BL 17, A8 WS MAIL MX|

S =AM GAF A|AE 7Ht” T2 ME Ah2(104)

» Steel bridges : 2AtL{{ 7 O|= 70HACH7EA| B K| 7| & )\IEHOH ddaE sR2 2L
CSol0) e AN, SA[R4, HALCE S, (D2 NIS

 Fast neutron imaging, diagnosis protocol I|cen5|ng

+ System development
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. Ol Japan Collaboration on
e = 'E JCANS Accelerator-driven Neutron Sources

Network of Compact Neutron Sources in Japan

HUNS
Hokkaido University
Neutron Source

RANS

RIKEN Accelerator
driven Neutron Source

KUANS

Kyoto University
Accelerator driven Neutron
Source

mmmmmmmmmmmmmmmmmmmmmmmmmmm

Japan Collaboration on Accelerator-driven Neutron Sources

KEK

NUANS
Nagoya University Accelerator
Driven Neutron Source

32
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55°% *Maintain connectivity
S L c |
UCANS-IV 8o & momentum!
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= sources and to be
I N B | % g medium powered
- § neutron sources as a
UCANS-III '; = replacement for to-be-
2012 A S * closed RR
2 g -E T .Wide range of
| | || | = development activity
S for various practical
c @ H H
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- = M
e I
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UCANS-I| - 8
2010

This slide needs to be checked and brought up fo date

UCANS-V = May 12-15, 2015 = INFN, Padova, Italy



Cross-disciplinary applications > each requires tailored configuration

A
s

DRI

Korea Atomic Energy Research Institute

Andreani et al (2015)

Table 3. Preferred characteristics of CANS applications. The underlined items represent
the preferred configurations.

. Neutron-matter Accelerator Newtronics &
Appheations ) ) Remarks
reactions systems energies
PGNAA PoCW cold, thermal
Compact, rugged,
DGNAA P CW cold, thermal lrmﬁnorlahlc {mblﬁ for
Interrogation of ( J MRCA PCW epithermal landmine detection & well
mafcrials/structurcs ny ENAA P oW fast logging), minimal innate y
- background & large,
DN b,
; scannable beams
AP1 P (ne) F - LMoy
+ PONAA oW cold, thermal
Combined wmographic and
. o .
+NRCA P, CW cpithormal activation analysis
Radiography & imaging (n‘]f’] +FNAA P, CW fast techmigues, neuiron
RITS p thermal polarizetion analysis of
- - magnetic materials
paolarization P, CW cold, polarized
High flux to speed up
lrmd.iamlm effects on Meutron-induced soft P CW fast, selective 1estmg.fcertit‘}':ingl
clectronics errors (SEL) - processes, matching test
and environmental specira
Comypact and suitable for
operation in hospitals,
Meutron capture therapy BNCT PCW epithermal good flux and elean beam,
development of boron-
bearmg pharmaccuticals
Compact, prevalently
Isotope production FX(ny)Xt e cw selective located .m:nl isolope .
processing and generation
focilities
; o -
}nuc‘lmr data & cross reaction & scatering P CW all l-ImclbI‘c and multi pulrposc
section measurements - beamline and endsiations
h-capture, fi-decay, (1 High-mtensity beams
Muclear astrophysics q F ; i ¥ .9 P, CW fast needed for microgram
ccay rate, calorimetry -
¥ samples
suberitical fission, thermal to Imtense beams & reliable
ADS science & technology s - i P ) . )
transmutation epithermal (7) aperation




LENS (zow Energy Neutron source), Indiana Unive

D. Baxter et al@CEEM, 2014, UCANSZ2015

Recent upgrades

In italics and underlined
SESAME
TMR2: Cold ,
. A
?“F Power neutrons, N\ MIS
Systems Mod. Studies, o 7 : \ || instrument
Mat. Res. : C. BN _—.
. —# ! [ [_3 —
- SANS
' Radiography
3,7, 13 MeV ‘ fics
Linac [ TMR1- Fast
Neutrons,
NREF




LENS OPERATIONS

m Total funding for research ~ $1-2M/yr (DOE, DOC, NSF, other)

m LENS Operations
= Annual operating budget ~$300K
m ~3 staff members ~'2 time, electricity, supplies, equipment
# Lots of support from graduate students and academic staff

= Ran for approximately:
m ~ 2700 hours in 2012 (~75-90% reliability, RF trips and target issues)
m ~1700 hours in 2013 (reliability limited mainly by target issues)
m ~ 1300 hours in 2014

m In COijlg ycars wc 'EXPECt to:

= Expand instrumentation development (spin manipulation, moderators,
radiography with novel contrast, ...)

= Expand use of TMRI (radiography, radiation effects).

= Increase connections to National facilities: Advanced Radiography,
transfer of spin-manipulation technology, moderators ...



LENS connections to Neutron Co

« Technological

— Instruments development
— T-M-R-S researches

* Education & Training

— Neutron graduate education program (with U.Missouri, SNS) and
lectures at summer/winter schools

— Joint WS on neutron education (SNS) and instruments
development (NIST)

* Programme

— Joint research projects/proposals in areas such as 3He neutron
polarizer development (NIST/SNS), instrument upgrades (LANL),

and moderator development (SNS,LANL,ESS), looking at novel
radiography (NIST/ORNL)...

/A
SHEQX}EI0I TR
AR SR RXIEAN
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BNCT(Boron Neutron Capture Therapy) -?l;-l E.I

MB+n-7Li +a  +2.79MeV (6.1%) ¢ a

ST+ o +2.31MeV (93.9%) 5u$é088“m
> TLi+ y+ 0.48MeV U

10B(n, a) 'Li

- Abbreviated to BNCT.

- Anoninvasive therapeutic modality for treating locally invasive
malignant tumors.

- Two step procedure: (1) injection with a tumor-localizing drug

containing boron. (2) irradiation with thermal or epi-thermal
neutrons.

- The above reactions are utilized. The ranges of the a and Li-7
particles are approximately 8 and 5 um, respectively.

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx



KURRI BNCT &<

 OiO|C|0|= 1940 AL 2| =2lx|H oL} x| 9| o|g X AHX|= 1951
0|20 M A|E, 70FCH7HX| 2 A&, 0| Y=oM FEMHO| D X|SH 7

« 2012E7}X| BNCT= G2 7|8t A|]A0ojJAf & KURRI-BNCT(KUR-HWNIF) «

thermal neutron

— 19745 %= o|2H™ MX| A|E > 199028 8K SA BNCT Q|2 X X| A|%&f

— 1995119 61 2} X|E20 /6

— 1995~6, HWNIF remodeling! = almost pure thermal to epi-thermal neutron

— 1996.11 €& AKX} BNCTAX| RHA|Zf, 1997 -GS XAt =8t BNCT X X|

— 2001 21 BNCT 2tX} HX|/~5H

— 2001.12 ®|ZxOo| L4 sXF HK|, 20023 | =S K| =Rt

— 2005 7teh, It £59| BNCT HqX| 7tsH0| HA|

— 2006 KUR EX|, 193 2tXt BNCT X X|

* 2009'& k" 7:“ _*_I_*__O_I 7f$7| 7||E|_|' BNCT (C BENS Cyclotron-Based Epi-thermal Neutron
source)) 7} KURRIO|| A X| 5|11, 2012HEE] A|EH o|2 X X k| A|Z
— SHI 30 MeV/1 mA Cyclotron= KURRIQ|| X530 & c>7|§ -1 ES
— 2010, BNCT 2|2 X X| X§A|Z
— 20149 235 2Kt BNCT MX| AA: L5, D8£, He2|/Z, 4, 7t F8eh, et Qf Cte,..
- o= LH =E NAI™EC R Yol 1&0| cyclotron, LINAC 0|-9-'6'|-0=| 7he
A|E > SHI/KURRI/MTH LEE Lol M, BNCT o|ZAZA|M AM =

L. O/



Comparison between KUR-HWNIF and C-BENS

T T T

Facility type
Neutron beam

Purpose

BNCT-application

Tumor type

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Reactor-based
Thermal - epi-thermal

Research and study

New challenge
Wider application

Brain tumors
Head & neck tumors
Skin cancers
Lung tumors
Liver tumors
Others

Accelerator-based
Epi-thermal only

Clinical use only

For tumors with the sufficient

experiments and achievements
at KUR-HWNIF

Recurrent brain tumors
Recurrent head & neck tumors



Beam £ W 7l@KURRI

* Neutron energy spectrum; MeV to meV
— Multi-foil NAA methods 2> keV range difficult!
— Bonner’s ball methods, foils, ToF, He-3 counter

* Primary gamma ray
— TLD/glass detector: TLD of BeO enclosed in Quartz glass capsule

* Neutron & Gamma ray dose rates

— Thermal (< 0.5 eV), epi-thermal (0.5 eV-10 keV), fast neutron (> 10 keV) &
gamma rays ‘separately’ measured

— lonization chambers ; wall materials, thickness and gases are changed vs
neutron energy spectrum and n-gamma mixing ratio > multi-ionization
chamber system (MICS)

— Dose distribution in a phantom: TLD & foils NAA
- Beam monitoring

— Beam port side by MICS

— Patient surface side by Au, Mn foild NAA - on-line system by
SOF(scintillation optical fiber) detector

« B-10 concentration monitoring
— PGNAA on patient blood sample - average B-10 concentration
— PGNAA-SECT system under study
— gamma-ray telescope system

......................................
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BNCT network in Japan
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Kyoto University
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University of Tsukuba
University of Tokyo
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The
High Brilliance Neutron Source
Project

Thomas Brickel Jilich Centre for Neutron Science, Forschungszentrum Jilich
& Heinz Maier-Leibnitz Zentrum, Garching

The HBS Workshop, 27-28. October 2015, Unkel



Larger Neutron Centres "JJUL'CH
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= Possible Neutron Scenario OJ_DL_!¢H




) 0LICH
Netwo rk Of Sou rces ! J IJQRE{}HUHGEIENTHUM

Strength of research with neutrons in Europe based on a network of sources
with different capabilities and profile:

» high flux sources for the most flux hungry experiments
» medium flux sources for
» proof-of-principle experiments
» specialized instruments and experiments
» method development
= sheer capacity
= user education
= user recruitment (1)
» low flux sources for user recruitment, training, methods, ...
see e.g. JCANS network

ESS: gain factors of two to three orders of magnitude
— not more of the same, but entirely new type of experiments

ESS risks to be a flop, if its not supported by a network

R s e MR L= o T il

of smaller sources




€)= The Path to Higher Brilliance: #)ULICH

FORSCHUNGSZENTRUM

Moderator Materials and Geometry

— ESS 5 MW, 3 cm flat
New ESS moderators 2015 [ moderator

s ESS 5 MW, TDR 2013
—_— SIS TS1 128 kKW

cold: 20 K para-H _3A —— ISIS TS2 32 kW
h I RT wat 2 ex10® L =g = SNS 1 MW

ermal: water ~—— J-PARC 300 kW
h=3cmcold | |...... ILL 57 MW

height. 3cm above target

moderator

6cm below target

10 4x10™ |

5

ﬂ E

proton beam = TDR {2013}

5§ E 2x10"
: 0 E Conv. mod (2010
; 7
' =
! -15 -10 -5 0 5 10 15¢m 5
3 &
= o P :
;. Mezei, F., etal. (2014). Time (ms)

"Low dimensional neutron moderators for enhanced source brightness.”
Journal of Neutron Research 17(2): 101-105.




€272 How to Design a High ‘9/0ticH
Brilliance Neutron Source?

High Brilliance Neutron Source

« Accelerator driven neutron source

« Optimized for neutron scattering on small samples
« Reasonable costs (<< ESS facility)

Integrated optimization of
« Accelerator

« Target
Moderator

i Beam extraction
& - transport
Time structure
Instrumentation

<
L J

=
L J
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| ~ 7 K=
gmkh Cormtre for Newtron Scence

Nuclear Reactions Producing Neutrons

Nuclear Process Example Neutron Heat
Yield Release
[MeV/n]
D-T in solid 400keVDon | 4x10°n/d 10 000
target TinTi
Deuteron 40 MeV D on 7x10~ n/d 3500
stripping liquid L1
Nuclear photo 100 MeV ¢ 5x10~ n/e” 2000
effect from e- e 0]
bremsstrahlung
“Be(d.n)'’Be 15 MeV D on - bad 1000
Be 1.5E-2 n/d
“Be(p.n:p.pn) 11 MeV p on 5%10” n/p 2000
Be
Nuclear fission Fission of In/fission 180
B3] by
thermal
neutrons
Spallation 800 MeV p 27 n/p or 55 or 30
on ~**U or Pb 17 n/p

from: G. Mank, G. Bauer, F. Mulhauser,
Accelerators for Neutron Generation and Their Applications, Rev. Accl. Sci. Tech 04, 219 (2011)

#) jOLICH

FORSCHUNGSZENTRUM

neutron gener.

HUNS (Hokkaido

LENS >~

The Low Energy Neutron Sowr

MLZ

Heinz Maier-Leibnitz Zentrum

' EUROPEAN
SPALLATION
SOURCE




see talk by
Jan Ph. Dabruck !

=

’Be(d . n)

good efficiency,
engineering o.k.

"Li(p,n)'Be
Efficiency too low,
engineering difficult

M(e .y)
f - Bremsstrahlung
M(y.n)
- nuclear photoeffect

JEd 08T e EZ=-La8mein schan

Producing Neutrons

M) 0L

FORSGHLUING

Comparison of production efficiency of fast neutrons

U+e: preliminary results, target geometry not optimized concerning photon absorption

| Y T . B . 1

ion E[MeV] n/nps_ion n/s/mA n/s/kW

Be+p 5 0.015%  9.49F+11  1.899E+11
Be+p 10 0.110%  6.86E+12  6.856E+11
Be+p 25 0.638%  3.98E+13  1.593E+12
Be+d 5 0.063%  3.94E+12  7.887E+11
Be+d 10 0.265%  1.65E+13  1.653E+12
Be+d 25 1.608%  1.00E+14  4.015E+12
Be+d 50 5.724%  3.57E+14  7.145E+13
Be+d 100 20.522%  1.28E+15  1.281E+1:
Li+p 2 0.002%  1.02E+11  5.107E+1C
Li+p 5 0.050%  3.15E+12  6.299E+11
Li+p 10 0.164%  1.02E+13  1.025E+12
Li+p 25 0.471%  2.94E+13  1.176E+12
Ute 20 0.396%  2.47E+13  1.236E+12
Ute 50 2.520% 1.57E+14  3.146E+12
U+e 100 5.695%  3.55E+14  3.555E+12

|l

15N

2 T71No.

C AAEL1A

2 E279AEL17



schait

ghed der nemnoz-Lemen

&= _ Producing Neutrons 4 iL

FORSCHIUNG

Ouir first choice: ?Be(d,n) nuclear reaction

+ ca. 25 MeV energy - thin shielding, little radiation damage
+ directed neutron emission

+ short stopping length

less efficient than spallation

Efficient Coupling of Target to Moderator

e Neutron guide

e Be thermal moderz

400 N e Be-target and
e cold moderator cooling
- (d,n)stripping ‘ <
e particle guide from
accelerator
| v" Target within moderator
(d,n+a) L v' Cold “finger moderator”
200 (g n3p) breok pa v" Direct coupled neutron optics

MCNPx simulation by
P.E. Doege, NET, RWTH Aachen

c[mbarn] —»




 Projectile and Target
Accelerator

Moderator and Reflector
Beam Extraction

Beam transport
Instrumentation
Experiments!,....

)
oo pmaxEmea
/KAERI  Korea Atomic Energy Research Institute
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Possible Facility Layout

 innovative approach for a novel type of neutron facility

 dedicated target stations with pulse structures adapted to specific instruments
 possible approach for a new network of smaller to medium sized sources in El
 low nuclear inventory and relatively low cost

» addresses needs in user demand, education,

method development, special applications
« complements ESS (highest flux)

instrument

multiplexer ‘h

thermal beamline

~
~
" _adi

accelerator







Standard techniques

as Frame N

& ; | Frame N-1 [ Lij
e

Radiography Computed tomography Stroboscopic imaging

Advanced techniques

Energy selective imaging Neutron grating interferometry Diffraction imaging

Under development

%

<

.a’

High resolution imaging Multimodal imaging & fusion
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Neutron Radiography Facility(NRF) Ex-core Neutron Irradiation Facility(ENF) Residual Stress Instrument(RSI)

Wan-Chuck Woo(chuckwoo@kaeri.re kr)

Tae-Joo Kim(tj@kaeri.re kr) Seung-Wook Lee(sw@kaeri.re kr)

Cold Neutron Triple Axis KIST-Ultra Small Angle Neutron Bio—Reflectometer(Bio—REF)
Spectrometer(Cold-TAS) Scattering(KIST-USANS)

Sungil Park(jmspark@kaeri.re kr)

Thermal Neutron Triple Axis
Spectrometer(Thermal TAS)

Jeong-Soo Lee(jslee3@kaeri.re.kr)
Kwanwoo

Man—-Ho Kim(KIST)(man—hokim@kist.re kr)

Yong Nam Cho(dragon@kaeri.re kr)

18M Small Angle Neutron Scattering
Instrument(18M SANS)
Baek-Seok Seong(bsseong@kaeri.re kr)

Eunjoo Shin(it-sej@kaeri.re.kr)
—

TN-Prompt Gamma Activation
Analysis(TN-PGAA)

Gwang—Min Sun(gmsun@kaeri.re kr)

Bio-Diffractometer with Neutron
Image Plate Camera(Bio—C)

Tae-Seong Yoon(KRIBB)(yoonts@kribb.re. kr) Disk Chopper Time—of-Flight

Spectrometer(DC-TOF)

Ji-Yong Sofjiyongso@kaeri.re kr)

Bio-Diffractometer(Bio—D)

Chang-Hee Lee(leech@kaeri.re.kr)

High Intensity Powder
Diffractometer(HIPD)

ClingHEE L selisacrOkaenIB ki) Guide Test Station(G-TS) 40M Small Angle Neutron Scattering

Young-Soo Han(yshan@kaeri.re kr)

Four Circle Neutron High Resolution Powder Vertical Neutron Reflectometer(REF-V) CN-Prompt Gamma Activation
Diffractometer(FCD) Diffractometer(HRPD) Analysis(CN-PGAA) CN-Neutron Depth Profiling(CN—NDP)

Jeong-Soo Lee(jslee3@kaeri.re kr)
Ki-Yeon Kim(kykim3060@kaeri.re.kr)

Shin—-Ae Kim(sakim@kaeri.re kr) Jeong-Soo Lee(seongsulee@kaeri.re.kr) Gwang-Min Sun(gmsun@kaeri.re kr) Gwang-Min Sun(gmsun@Kkaeri.re.kr)

- Installed, Commissioning or Operating
= 210
- In Design or Constructing " N EE & X I‘ — |—1 ? ﬂ
KAER' Korea Atomic Energy Research Institute

(‘/A
- DERAXIEITA
C it SRR

Korea Atomic Energy Research Institute
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NRF2} ENF <

Neutron Radiography Facility(NRF)

Applications
Ordinary Non-Destructive Test
PEM Fuel Cell Research with Hyundai-Motor
Li-lon Battery
Visualization of Two-phase Flow in Heat Exchanger

Ex-core Neutron irradiation Facility(ENF)

AN N N NN YN

Applications
Neutron Irradiation Test
Autoradiography for Boron Distribution
Phase Contrast Imaging
Dark Field Imaging (Neutron Decoherence Imaging)
High Resolution Neutron Imaging
Neutron Detector Development Test Station
Energy Selective Imaging(Future)
Polarized Neutron Imaging (Future)
X-ray & Neutron Hybrid Imaging

58



Neutron Radiography Facility Spec.

Applications
v" Ordinary Non-Destructive Test
v" PEM Fuel Cell Research with Hyundai-Motor
' v Li-lon Battery
v" Visualization of Two-phase Flow in Heat Exchanger

Property Remark
Thermal neutron flux (Max) 2.0 x 10" n/cmPes
L/D ratio 267
Beam Size 350 x 450 mm?
Inner space 2.7m(length)x2.0m(height)x1.8m(width)

Lens-coupled CCD camera
(High Resolution: Andor, Princeton, Vers-Array,
Imaging detector High Speed: Red Lake)

Image size: 5cm x 5cm ~ 10cm x 10cm
Image resolution: 50pm ~ 150pm

Film Method

59



Ex-core Neutron irradiation Facili

Applications

Reactor

- Neutron Irradiation Test

- Autoradiography for Boron Distribution

- Phase Contrast Imaging

- Dark Field Imaging (Neutron Decoherence Imaging)
- High Resolution Neutron Imaging

- Neutron Detector Development Test Station

""" —| | -Energy Selective Imaging(Future)

- Polarized Neutron Imaging (Future)

- X-ray & Neutron Hybrid Imaging

Property Remark

Filter
Thermal neutron flux (Max)

Inner space

Imaging detector

Si(D20cm, L40cm), Bi(D10cm, L15cm)
1.49 x 10° n/cm?es
5.5m(length)x3.5m(height)x4m(width)

Lens-coupled CCD camera Image size: 5cm x 5cm ~ 10cm x 10cm
(Andor DW936N-BV) Image resolution: 50pm ~ 150pm

Image size: 3cm x 3cm (Max.)

Fiber optic-coupled CCD camera (Prinston) Image resolution: 30ym ~ 50um

Be filter Below 4.0A
Double crystal monochromator 2.0A ~6A
Option Aperture for high resolution D: 0.5cm ~ 2cm, High resolution neutron imaging
Silicon gratings Grating based neutron imaging
Neutron polarizer Polarized Neutron Imaging
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Gas Grain Generator Combustion
( A part of AIM-9 Missile)

supporicr S

) Before (film) After(digital)
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Used Turbine Blade NDT
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polymers,
microstructure,
magnetic

domain structures

cracks
pores
precipitates

internal
strains

crystalline
phases N bl |
textures sl

SANS and Dark-field
Length scale in nm
3.0 10

ing regime

2

iag

100 1000 10000 100000

Conventional imagﬂg regime

-—

imaging

[z /
Rinm] ‘ l{ D

dsgacing (A

atomic and organic ces and multilayers viruses
magnetic molecules inhomogeneities cracks and voids
structures magnetic defects micelles critical phenomena Systems and com ponents
pharmaceuticals proteins
internal strain supermolecules polymers
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buddha_avi_clipping_01.avi
diwater_rectangular_wick_90deg_90c_2.avi

Ml e

« 8% MEat 1 o] 8!
— Research Reactor
— Spallation Neutron Source
— Accelerator-based Neutron Source
— Various sources...

— Education & Training, Technology, Instruments & Methods
Development, TMRS assembly research,...

— NDT by NI, BNCT, Irradiation Testing,...
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Anytime! Neutron is good

Anywhere! for many purposes
r
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