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Compact source
Neutron On-site

X-ray

Large facilities Large facilities Compact, on-site

* In Europe, there have been many small size reactors, while in Japan only
large-size, JAEA, or medium size, Kyoto Univ. Reactor have existed.

* Some companies use European neutron sources.

« Development of the neutron sources for practical use, for
example, industrial use, it is necessary.

« First step, development of a compact source with 1012n st
based on the Hokkaido University compact neutron source
(HUNS, since 1974- electron linac)
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Compact neutron for
|

neutrons, anytime, anywhere

Instruments design,
compact analytical methods

neutron
source

should be
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RANS project goals: CANS for practical use

® Non-destructive inspection of large scale
infrastructures on-site, outdoor.

Fast neutron large area imaging system

Concrete floor SIW
® Compact neutron source system easy to use on site

—floor-standing type

— industrial use,
* non-destructive inspection
 industrial material development analysis,
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2011started. 2012 construction
Main members

1.Compact system including shielding-> proton linac

Be(p,n) nuclear reaction

Be (p,n)reaction 7MeV proton
*Neutron flux ~10'?/sec@7MeV, 100pA(max)

_

> !e\ ’B. '
. . . \N
7 MeV proton Neutron (MeV)

2.compact and low cost

proton linac: in our case less than <248 F=2*10"8 yen=2 million US$
shielding design

Multilayer shielding of target station

7MeV, 100uA. Rf power supply.: 350kW(peak) duty 1.3%,Electric power peak 40kVA, Cooling water:
75L/min ,pulse width (30~200pus)repetition frequency~20~180Hz RF power 425MHz, Injection
energy0.030-3.5MeV 5
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2011 start a compact neutron source project
(3 years project, YYamagata (TL), Otake (DTL), Sheng Wang, K Hirota)

2012 RANS construction (PL-7 arrived 28 March 2012)
2013Jan. Neutron production

2013April—open to collaborators (N. team starts)

2015 Jan- RANS relocation from RIBF to Neutron building
2016 Jan. Restart of RANS
2017 Up-grade,

PE decoupled, 3 coupled moderators,

proton beam wire monitors. Proton tube, and detector position

>
>
>
>
>
» 2014 Summer, construction Neutron building
>
>
>
1.
2.
>

2018 Cold source operation (2 weeks each 2 months)

2018/5/14 2nd WS RAP/JCNS 6



1.Compact system

Be (p,n)reaction: Be long life target (Dr. YYamagata)

*Neutron flux ~10'%/sec@7MeV, 100pA(max)

 /MeV

100 A maximum averaged current

* 10-180us pulse width of proton

e 20-180Hz repetition rate of proton

2.compact and low cost

RANS development schedule
2011start
2012 construction
2013Jan Neutron production
2013 April—open to
collaborators
2017 Up-grade, moderators,
roton beam monitors
018 Cold source

proton linac: in our case less than <2{&FJ=2*10"8 yen=2 million US$

shielding design Multilayer shielding of target station

7MeV. 100pA. Rf power supply.: 350kW(peak) duty 1.3%,Electric power peak 40kVA, Cooling water:
75L/min ,pulse width (30~ 200us)repetition frequency~20~180Hz RF power 425MHz, Injection

energy0.030-3.5MeV
)012/5/14 727nd WS RAP/ICNS
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realization of practical use
e

Reflector
Graphite

2018/5/14 2nd WS RAP/JCNS

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
:Pb y-ray shielding




‘Neutron energy spectrum 5m down stream from moderator

< 100000
po 3
-]
=
2y 10000
bt .
o / .
= . _ .- higher peak energy
9 E~1MeV
T 1000 Lower peak energy fast neutron
N'E E~50meV A~0.13nm
3] Imaging, Development for the fast
E lefraCtIOn, neutron |mag|ng teChnlque : V(backing) Hydrogen diffusion
h 100 PG N A A : PE(polyethylene)Moderator
g @ :C(graphite) Reflector
h-z-— :BPE(Boron PE )NeutronShielding
E 10 _mev ev =4 _kev MeV @ :Pb y-ray shielding
103 1 103 108

Neutron Energy[eV]
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Y. Wakabayashi et ail., A function to provide neutron spectrum produced from the 9Be + p reaction with
protons of energy below 12 MeV J. of Nucl. Sc. and Tech. https://doi.org.10.1080/00223131.2018.1445566

Neutron energy spectrum 5m down stream from moderator

- "~
Y -

100000

10000

ethargy! 100pA"!

T higher peak energy
= The measured neutron spectrum, and shielding
effects at RANS do not agree with any of MC results o
->Lack of the nuclear data  for Be(p,n), Energy of ...
proton below % 100MeV.

z New formalism for neutron spectrum has developed, -

“ Ep<12MeV.

-> This result we have obtained.

T

-2
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A function to provide neutron spectrum produced from the 9Be +p
reaction with protons of energy below 12 MeV
Y.Wakabayashi et al. J. of Nucl. Sc. and Tech. https://doi.org.10.1080/00223131.2018.1445566

2018/5/14 2nd )
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A function to provide neutron spectrum produced from the °Be + p reaction
with protons of energy below 12 MeV

Yasuo Wakabayashi®, Atsushi Taketani®, Takao Hashiguchi®, Yoshimasa Ikeda®, Tomohiro Kobayashi?,
Sheng Wang®, Mingfei Yan®, Masahide Harada®, Yujiro lkeda®© and Yoshie Otake®

TRIKEN Center for Advanced Photonics, RIKEN, Wako, Saitama, Japan; "Schoeol of Energy and Power Engineering, Xi'an Jiaotong University,
Xi‘an, Shaanxi, China: *J-PARC Center, Japan Atomic Energy Agency, Naka-gun, Ibaraki, Japan

ABSTRACT ARTICLE HISTORY

A function to give the total neutron production cross section, angular distribution, and energy Recefved 13 November 2017

spectrum via the *Be + p reaction has been created by fitting experimental data to character-  Accepted 20 February 2018

ize compact neutron sources with thick Be targets bombarded by protons with energy below e e

12 MeV. To examine the suitability of the function, calculations of the angle-dependent neutron - )
Ay : 3 \ [aCT MEUTON oL

energy spectra produced in thick Be targets with 4- and 12-MeV protons using the function were Neutron Spectrum; cross

compared with corresponding experiments and calculations using the nuclear data libraries of — cection: angular distribution;

ENDF/B-VILO and JENDL4.O/HE. The function was in better agreement with the experiments than  nuclear datas calculation:

the calculations using the libraries except for at backward angles. The Inin,n')"™In reaction rates simulatien

calculated using GEANT4 with source neutrons given by both the function and ENDF/B-VILD were

compared with that measured at the RIKEN Accelerator-Driven Compact Neutron Source to eval-

uate the neutron spectrum above 1 MeV, The function slightly oversstimated the measurement

by 14% and the calculation with ENDF/B-VIL.0 underestimated by 35%. It was concluded that the

function can be applied in compact neutron source designs.
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New Formulation of neutron, Be(p,n)B to give
more accurate neutron spectrum @
RIK=H

RIKEN
RIKEN Center for Advanced Photonics (RAP)
Neutron Beam Technology Team

Yasuo Wakabayashi

Collaborators
A. Taketani", Y. Ikeda", T. Hashiguchi®, T. Kobayashi?), S. Wang?,
Y. Mingfei?), M. Harada", Y. lkeda'3), Y. Otake"

'RIKEN Center for Advanced Photonics
2Xi’an Jiaotong University
3J-PARC Center, Japan Atomic Energy Agency

This work was condensed in
Y. Wakabayashi, et al.,
“A function to provide neutron spectrum produced from the 9Be + p
reaction with protons of energy below 12 MeV”
Journal of Nuclear Science and Technology, (2018), online
doi: 10.1080/00223131.2018.1445566
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Background Neutron production by the p-Be reaction: present problems

It is one of fundamental issues to have reliable data

to simulate neutron source characteristics for compact neutron sources.
There is little experiments of angular distribution and energy spectrum for the p-Be with low energy proton.
How should we solve this problem for RANS and compact neutron sources with °Be+p?
(DNuclear models in simulation codes (GEANT4, MCNP, PHITS) — Not proper in low energy particles.
@Interpolate (or extrapolate) the available experimental data — Large uncertainty remain.

@Simulation with nuclear data library (JENDL, ENDF etc.) — Different results between nuclear data library

Purpose Need more reliable estimation results for neutron spectrum in the p-Be reaction

It is needed to have more accurate and reliable simulated neutron spectrum for the °Be+p reaction,
for designing the target station and shield, and improvement of RANS and next compact neutron sources.

v"We select to prepare a reliable source by ourselves

How do we prepare the source?

— Make a function dedicating to calculate the neutron spectrum of the p-Be reaction
for compact neutron sources with low energy proton.

— The function incorporate neutron yield, angular distribution, and energy spectrum,
according to incident proton energies and target thickness as input parameters.

14



Method | Model to make original function in p-Be reaction

- Thick target is sum of thin target.

-Make the function to reproduce the experimental values of neutron spectrum
(total cross section, angular distribution, and energy spectrum) using thin Be target.

-Use EXFOR [4] and ENSDF [5] to search available experiments.

Steps to make the function

(MTotal cross section ( o(Ep) )
Make a function following incident proton energy “Ep” --- o(Ep) = f(Ep)
| Get total cross section o(Ep) with certain “Ep”

@Angular distribution ( do(8, Ep) 0:scattering angle)
Make a function following “Ep” using o(Ep) --- do(8, Ep) = o(Ep) x f(6,Ep)
| Get do(B) with certain "Ep”

@Energy spectrum ( do(En, 6, Ep) )
Maximum outgoing neutron energy (En_max) is determined from kinematics at certain “Ep” and "6”.
Make a function following “En_max” using do(8, Ep) --- do(En, 8, Ep) = do(8, Ep) x f(En, En_max(6, Ep))
| Get En with certain "Ep” and "6”

“Ep” proton energy = Neutron spectrum (1D~®)) is obtained.

[4] http://www.nndc.bnl.gov/exfor/exfor.htm
[5] http://www.nndc.bnl.gov/ensdf/
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Method | Model to make original function in p-Be reaction

Schematic view of g, 6, En

\ at 4 MeV proton

o(Total yield)= - --barn

d20/dQ/dE
(mb/sr/MeV)

Neutron Energy (En) " Protone
degradin

in Be tar

d20/dQ/dE

b/sr/MeV
(mb/sr/MeV] at 12 MeV proton

c = **+barn

Proton

By adding them,
neutron spectrum in the target
is obtained.

Neutron Energy (En) 16 m




1st step | Total cross section

New formalism p-Be: comparison with existing data

cs_vs_Ep | | cs_vs_Ep 1
600 - : Reference [6, 7]
C — :Our function

500— % e e [6] J.H.Gibbons and R.L.Macklin, PR114, 571 (1959)
B pR ST Ep = 2.33 ~ 5.42MeV
- I
400 / -
- ], [7] J.K.Bair et al., NP53, 209 (1964)
- / Ep = 3.92 ~ 12MeV
O 300— i
E E /"'ﬂ 2:Since values in Ref.[6] are given by “arb. unit”
200— / they are plotted to be a peak around 4.56 MeV in Ref.[5].
100 F
0: L L 1 |'llll-l 1 L | 1 1 L | | 1 1 | 1 1 1 I L | 1
0 2 4 6 8 10 12
Ep (MGV) 2 Considering compact neutron source and available data,

original function is made to reproduce the data less than Ep=12MeV.

Total Cross section (TCS [mb])
Fit by incident proton energy “Ep [MeV]”

TCS (Ep) = [a]*"Ep®! x exp(-[c]*Ep) x In(Ep — [d])
+ Breit-Wigner(1peak) + Gaussian(3peaks)

where, [a] — [d] are Constant.



2nd step | Angular distribution
New formalism via p-Be : Comparison with existing data
== Ep=356MeV | Fre—— £, _
Sl p e iJ 5:_ Ep=18 - - References [8~-| -I]

— : QOur function

[8] J.B.Marion et al, PR103, 713 (1956) Ep:2.56~4.56 MeV
[9] R.W.Bauer et al., NP56, 117 (1964) Ep:6.3 & 7.4 MeV

- ] [10] Y. lwamoto et al., NIMA598, 687 (2009) Ep:10 MeV
10 [11] V.V.Verbinski et al., PR177, 1671 (1969) Ep: 18 MeV

Angular distribution (ACS [mb/sr])
At certain "Ep”,
Fit by scattering angle “0 ”

ACS(Ep, 8) = 2 A; P(cosb)
= TCS(Ep) x C x
(a + b(cosB) + c(cosB)? + d(cosB)3)

where, a — d are the function of “Ep”
and C is normalization factor to be TCS.




[ |

Ep=6.3MeV . .

e
' Energy spectrum (ECS [mb/MeV/sr])
At certain “Ep” and “0”
Fit by “En”
ECS(Ep, 6)

= Continuum part
+ transition to ground state, 1st Ex, and 2nd Ex in °B

= ACS(Ep,0) x {
([117 (1+exp[(En-[2])/[3])] + [4]7log(([5] - En)™*2+1) )/
(1 + exp[(En - En_max)/0.001] )
+ [6]exp[-(En - [7])""2/([8]**2)]
+ [S]*exp[-(En - [10])**2/([11]™*2)]
+ [12]*exp[-(En - [13])™2/([14]**2)] }

where, [1] —[14] are the function of “Ep”

3rd step | Energy spectrum New formalism, p-Be: Comparison with
existing data

- : References [9, 10]
— : Our function ver.1

2rgy (En) (MeV)

) is obtained from kinematics.




Calculation code with our formalism | heutron spectrum with thin and/ or thick target

p-Be:
Make the code with C++ which work on ROOT software
MDInput parameters are “Incident proton energy (Ep)” and “Be target thickness (t)”

(QEnergy loss (dE/dx) in Be target is calculated by SRIM code
@ Monte-Carlo simulation using our function

Proton energy
Help +
Be target thickness

[
i
|
v

dE/dx by SRIM code (In Be)
[

One of results on ROOT
Input parameters:Ep = 7MeV, t = 300um

i
(MR,
e “
ot

i
'.i““ . ’
o

o
i
L

i

i1}
i
L,

'-".I.'i
m
&
i

i
h'!ﬁﬂ:l'
4
o

W

Monte-Carlo qlaf Waka Func.
v

i
! "1"'*

y
i
i
/

/
!
1{1‘
f

¥
¥

‘I
¥

]
ilil
i

Py

e

g . =

- e g WY
e e

N Intensity( En, 0)




Comparison with existing data, nuclear data library, and our function --- 1

neutrons/uC/sr/MeV

p-Be: neutron spectrum Proton energy 12MeV

Ep = 12 MeV, 2mm-thick-Be[3]

" . Exp. [3]

— :Our function ver.2

— :ENDF/B-VII.O (PHITS)
— : JENDL4.0/HE (PHITS)

o Y ot 0° Our function
7 LL : ey -
10 ' e eecore T reproduce well the data
10° 7 _ = 115" x107" and better than others.
- ’: M \I, 30° x1012
104 . ., S __‘:.._‘—._-_:"E'ﬂ'_-'l‘h ey
TR 60° x1073
10° £ s 2
L 90° x107*
10 | A 120° x105
1 - | | | | | | 1 | | | | | | | | | | | |
0 2 4 6 8 10 12

Neutron energy (MeV)

[3] M.Hagiwara et al., Proceedings of the 2011 Symposium on Nuclear Data, p.111 (2012)
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Comparison with existing data, nuclear data library, and our function --- 2

p-Be: proton energy 4MeV case comparison with other methods

- Exp. [12]
Ep =4 MeV, 0.5mm-thick Be[12] — : Our function ver.2
x1076 - . x10"6 o — :ENDF/B-VII.0 (PHITS)
—: JENDL4.0/HE (PHITS)
0 " L . >
.05 1 15 2 25 2
3. g
g 100 2: B
5 f | S
L\:JL 25 2
o) 200 c
C
o
‘S 100
2
0 25 05 1 1s 2 25
20 Neutron energy (MeV)
100 Our function reproduce well the data.
T 05 1 15 2 25 From comparisons 1 and 2,

Neutron energy (MeV) they indicate the adequacy of our function.

[12] W.B.Howard et al., Nuclear Science and Engineering, Vol.138, p.145 (2001 )22



Verification with *°In(n,n’)>™In reaction rate

RANS, Be target = p-Be : 7MeV  To evaluate total neutron flux > about TMeV,
the experimental 1°In(n,n’)1®M|n reaction rate was

S caompared with calculated ones.
o proon | ‘ B H | [+ [ 115|n(n,n’)115MIn cross section
A atiran e SR
l—EprrrmEn‘(aJ setup c
. i i )
S $E

Neutron energy (MeV)

Table 1. Companson of the reaction rate of Indn. The C/E ratio 13 the calculated The gamma ray from 115min were
\y | d by a Ge detector.
result  divided by the experimental value. measured by a Ge detector

Reactionrate [I9100ud] ~ CEmtic  Using GEANT4,
neutron production implemented by

Expenmental value 230t 0X107 ——="  ourformulation and ENDF/B-VII and

Caleulation with the CF 901X10 / ]“144_-[}.[]]\ neutron transport were calculated.
— Then, C/E ratio of the reaction rates

Calculation with ENDF/B VIL0 1.66X10°77 \ 0.6540.04 } were compared with our function and

\/ ENDF(C/E ratio, C=Calculation,

E=Experiment)

Our formulation agrees with the experimental results of Be(p,n)
7MeV RANS.




Compact neutron for
|

neutrons, anytime, anywhere

Instruments design,
compact analytical methods

neutron
source

should be
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Imaging experiments special resolution, 0.5mm, 0.2mm,

Diffraction, iron steel samples, residual austenite phase fraction

PGNAA, elemental analysis

East neutron transmission imaging for thick samples
Fast neutron reflected imaging from the surface layer with 6~20cm
SANS will come with Ibaraki Univ.

7.Cold source development, and focusing SANS, Dr. Y.Yamagata

2018/5/14 2nd WS RAP/JCNS 25




RANS upgrade2017
New Be target, V-baking, Ti cavity, moderator exchange syste




2017 Exchange of Be target, Ti cavity, Moderator exchange guide installation

28th March 2017
3H28H

30 March (After radiation doze decrease)

Moderator exchange guide

Opening the target station

Measurement radiation doze
and check the safety

Check the position of
moderator exchange guide

Moderator exchange guide
position from out side

8t July Exchange the target, Ti Cavity, Moderator

1
30th JUIV Moderator exchange system

Removal of cooling tubes, target
current monitor

Removal of Target removed
moderator

Proton wire
monitor

Without moderator
Coupled moderator 2cm
Poison




New Be target, backmg, cooling caV|ty, are installed,
shielding are placed from side

2018/5/14 2




Filing around the target and moderator with reflector, graphite blocks

‘Target, backing€avity=
moderator exchange box are
below the graphite -

2018/5/14 2nd WS RAP/JCNS



RANS up-grade (moderator) 2017

Fast neutron
Without moderator &

Coupled moderator
2,4,6cm

Decoupled moderator
2cm

Graphite
(reflector)

Poison moderator
2cm*2cm
B4C3mm, Cd 0.5 mm

New target+backing
V ©90mm
+Be ®50mm

New Ti cooling cavity  insulation flange

’.; |

i .

2018/5/14 2nd WS RAP/JCNS




Moderators,

ey [cotegory thickness | bxchange
decoupled 2cm B4C

2018/5/14 2nd WS RAP/JCNS



e Moderator thickness and time resolution

2019/5/24

B0 |

global time of neutran in 10mel-20meV

/

= geant4 Simutation - =2
[ % 200
4, Polyethylene 40

mm

-a.il.p beam pulse 20us

“

40pus - i

iahdiainbia

U RIS PERL e

40 il L] ] ] 160
time[us]
'I'Hﬂlﬂall\l

e PR -
nmeierale
newtron

CHpE (s

5m flight path=>3.5ms
At~ 40us->1% resolution

->change the moderator with poison
(de-coupled) with 2cm-> 10us

neutron count/N107

4 o -,

10-.;_ e

m-'l._— . _:J_ E

r— ,'- o~ - ort’ i

ok e Omm §

E0f 10mm Moderator

H i 20mm thickness
40mm

0 .:Em e e R e e e e e
neutron energy[MeV]

32




— 2 2 2
0_\/ O mod + Op + Gsample

Change in the resolution of the 110 reflection as a
function of proton pulse width t_ from 8 to 190us

E Proton pulse width 8us

0.05
0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.

0.005

— 2 2 2
6= J O mod +£L+ Gsample

Resolution of 110 peak
Sample size z = 10 mm

Fixed sample width

z

Proton pulse width t, [us]

2019/5/24

i P 1
200

250

L o -

310
310 10

220
1 211

Inbensity. &.u.

il
NGRS

200

= 3

e A AL T L

o b T el Medimaty ML o)
1.1 afs a2 o= 03 D3IE 04 DS 0

Winmlength A [rem]
DOE GGE G1 012 O GI8 UG8 D2 022 032

Legiice spacing d [nm)

Standard deviation by fitting the plots with

—_— 2 2 2
G_J O mod + Op + Gsample
Op X tp

Usample Xz

Y. Ikeda, et al Nucl. Instr. Meth. A833 (2016) 61-67
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* Change in the resolution of the 110 reflection as a

function of sample size . —
0=J0m0d+0p+05am le -

005
gogs—  Resolution of 110 peak
= Proton pulse width t,=20ps B :
a.04E 222
i Standard deviation 3 a0 110
E _— ey . g 220
003 by fitting the plots with £ 'F g [
0025 e o e — s — — — —  — e— m— o E— o —
2 — ¥ T i
00z Dt |
ey 7
0,015 e .
i i t e WeshatEaled UL L
001 B RERTTR J at [ . o3 ek 4 45
Up “ tp Wimsalength A [rem]
oo =g . |
E . | | | | 006 Goé 01 013 0 GiF 048 D3 022 Od
% 5 10 15 20 25 30 35 40 a5 AL Usample X Z Lattice spacing  [nm|

Sample size z [mm]

——

The moderation time for RANS with coupled moderator is estimated

to be 30us Y. Ikeda, et al Nucl. Instr. Meth. A833 (2016) 61-67

\ 4

With decoupled moderator; 20us
-> Poison, 10us
2019/5/24 34




Intensity comparison with 2,4,6 coupled

and poison
Preliminary results

Sample: Vanadium Colum

Sample: BCC ferritic iron powder —
1400~ + _ Moderator thickness i 16001 (I\Sllodelr(a)to'r thicknes
—_ = Lk ) = cm 10min
<3E_ 1500 r++ :%;:' 6cm 10min (9) 1400 '.I'!:'!'! 4 10mi
o - 7 # 4cm 10min £ P cm- tumin
™ = 1. £ 12001— K. i-_ 2 10mi
'E A ' : : o 1R w8 Poison 2cm: 30min
S e[ i #, Poison 2cm: 60min > E .
3 CT i B >.  Boop Frat -
=~ : Tﬂ : : M i e =1L . “f tiq i,-'_
2 oof B e §oei :
A o L e,
= - e -t 200111 L Saghene e T
£ 2o L "-llnq- HiT s T "stusay
:I k ;. PR 1 R ..I.. ek z I:II'I s l.'I.II:Ifl i II::'1I E i.'l‘l‘_lI nz2 0,25 0.3 035
I:ll'l 0.06 01 0156 0.2 D26 0.3 035
Wavelength [nm] Wave length  [nm]
c MC simulation (Geant 4)
'<\ 35 Erre "rr.:.Mlllbi
o £4 Mag LT
i - Gt Dav  D0ET3E|
2 e I
e _-;:ﬁ'.f-f: i ¥ Moderator
%A b W 3 thickness
C I
C 0O wmt 6cm
"'6 ~ -
C £ ot 4cm
o © T
ouwmn - 2cm
E o :\.I}J:_- g, ) -___\_\- .
52 _—>~_______|Poison 2cm
Z 9 o3 [t [T [EE] [F] [[F:] ['E] nx

2018/5/14 2nd WS RAP/JCNS Neutron wavelength [nm] 35



Experimental results with coupled moderator
with different thickness, 2,4,6cm

Ferrite steel powder sample, 20=90deg

Preliminary results

Moderator thickness (polygthylene)

[B=5
e

1000|—
g L 6cm
8 800— 4cm
£ B 2cm
£ B 7
S 600— ]
= - E
> - !l 1
2 aoo— bRl o E i
3 T i i
= ﬁ‘ﬁ T I
200 4111 i

- T TE ;

L i i s Tr#-
0 L|LI | Co b by by oy TR ';"EH;'} L
0.08 0.1 012

[
0.06

i by e b i e
0.14 0.16 0.18 0.2 0.22 0.24

Lattice spaced [nm]
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Dr. Yutaka Yamagata

Development of cold neutron source
using methyl-benzene derivatives for
compact neutron source-ta

Yutaka Yamagata, Shin Takeda, Takuya Hosobata, Toshihide Kawai,
RIKEN Center for Advanced Photonis RIKEN(Japan)

Masahiro Hino, Yutaka Abe,
Kyoto University (Japan)

Hirota Katsuya, Hirohiko M. Shimizu,
Nagoya University (Japan)

Yasuo Wakabayashi, Tomohiro Kobayashi, Atsushi Taketani, Yoshie Otake
RIKEN Center for Advanced Photonics, RIKEN (Japan)




Dr. Yutaka Yamagata

Cryo system for cold moderator (indiana u. method)

38
2018/5/14 2nd WS RAP/JCNS

Closed cycle He cryo-cooler (GM type) with two stage using heat transfer by
aluminum bar is adopted.

Most components are made of aluminum for low activation
Mesitylene cavity will be cooled below 20K, radiation shield around 80K
L-shaped structure for better radiation shield and preventing cryo-cooler activation

He cryo-cooler

tovacuum o —
pump

@ temp sensor (~4K) radiation

shield

O temp sensor (~30K)

’

mesitylene
cavity

Mesitylene cavity
(10cmx10cmx2.5cm)




Dr. Yutaka Yamagata

Cooling and warming up
cooling down for 11 hours, warming up for 18 hours

Mesitylene i
solidification 300 —:
| s

7
//

200

150 \\/ AAAAA — //
100 \ /\ /
v 2nd Stage: middle bar

50
1st Stage: bottom of shroud of Mest. chamber

. /&\ 1st Stage: top of shroud of Mest. chamber
i | r———
0 ||||||||||||||| |

6{ 12.0 18.0 24.0 30.0 36.0 42.0 48.0
Elapsed Time (hour)

Temperature (K)

2nd Stage: bottom of Mest. chamber
2nd Stage: top of Mest. chamber

cooled down below 20K
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Dr. Yutaka Yamagata

Mounting cold moderator to RANS target station

* RANS is used with many
different types of moderators
depending on the
experiments.

* New radiation shielding block

was made to enable "quick Installation of cold moderator takes about one day
installation and removal of .

and removal will take one day.
cold modeator , ]

It will be a convenient platform for moderator test
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Dr. Yutaka Yamagata

Monte carlo simulation of cold moderator by Dr. S Takeda

-
L
BPE-WP

~1 2

150 = L
i Lo o - feet ' i
t et e S I
| L e w56 p
-l Deryilam b
| e SLFFLLET
20 - .
1 F [ | L i ! i
s i L
20 Q 20
2 z [em]
i) T

y [em)

Q L 100 150 ST

«  phitsd—F(2.88) was used
*  Scattering kernel provided by Dr. Granada is used
*  Aluminum duct and chamber is modled as aluminum with half density.
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Dr. Yutaka Yamagata

Shielding evaluation

mo.= 1, 8= 1, T= 1, msai= 1
m.= 2 o= 1z=1, msst= 1

XY cross section
around cold moderator

Photon

no.= 2 o= 1, = 1, moet= 1

J{J'I'i' L ._'

[

\

."--
O

.L s
L

Lot s i

-0 -50 0 50 100
z [am]

At the entrance of cold moderator, radiation dose is about 100uSv/h,

2018/5/14 2nd WS RAP/JCNS 42




Dr. Yutaka Yamagata

Optimization of pre-moderator and moderator dimension

Neutron flux was evaluated in thermal neutron region (<25meV) and cold neutron
region (<5meV) by varying the thickness of pre-moderator(polyethylene) and cold
moderator(mesitylene)

g / ~ 5 meV
~23 mev

b— =
I p=3
—3 —=— =]

[ ]

Flux [:fﬂmza"siw ree]
Flux [n/cm?/fsource]
/

mesitylene thickness [cm]
mesitylene thickness [cm]

* Pre-moderator thickness (p) 2-4cm, Mesitylene thickness 1-10cm
* Pre-moderator=3 cm Mesitylene = 3.5 cm seems to be the optimum
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Dr. Yutaka Yamagata
Pulse width simulation of cold neutron beam using various

moderator materials and configurations

Emission time at 3 em from moderator surface
Cold neutron (4.5 = 5.5 meV)
*  Pulse width was evaluated at 3cm from oM R R s
. =im— Coupled-Mesitylene 3 cm =4 cm)
moderator surface with cold neutrons(4.5 to = Coupled—Mesitylene 3 cm EPF =3 cm)
R . . =T led-Mesitylensa 3 PE=3cm)
5.5meV 4A) for solid methane and mesitylene  Paikar-Masitsiend 3.n FI{;TE =3 cm}:m
o . o —2— Coupled-Methane 3.5 cm (PE = 2 em
For solid methane, coupled and decoupled was 300 4 =~ Decoupled-Methane 3 cm (PE =3 em)
evaluated. For Mesitylene, coupled, decoupled
and poisoned moderator was evaluated f LFWHM = 142 useol
@ I —
€ 5004 || [ FWHM = 78 g sec|
= |
. Results show that solid methane has high peak “ \ | FWHM = 232 u sec]
intensity and short pulse width '
o | FWHM = 230 ¢ sec|
*  Wavelength resolution is 4.5%@5m (Coupled) 100
and 2.0%@5m.
*  Poisoned mesitylene moderator does not have
any benefit considering FOM.
0

] 200 400 600 800 1000 1200 1400

Emission time [usec]

Poison [Mesitylene] V.S Decoupled [Methane]
Pulse Width : 109 %
Beam Current : 16 %
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Dr. Yutaka Yamagata

Setting up cold moderator on RANS target station

* RANS target station shielding is modified to accommodate cold
neutron moderator with cryo unit

e f“'

A

cryo module setup
on target Making customized shielding block
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Spectrum measurement in I\/I?rch

Dr. Yutaka Yamagata

Spectrum of neutron beam is measured by TOF using RPMT detector.

x3.5 gain at 4A, x7 gain at 10 A

100000 *  Mesitylens 293K

4 %
f .‘f\x *  Mesitylene 168 |
i LY
10000 o 1\:\
] u N
1. L e Y8
1 ! Y
1000 e
E i “-klh'\- 2 .
. g
E Iﬂ" - -
100 e =
; - -
] et
10 - £
| v T T T i T . I ¥ L y T h L !
0 2 4 § 8 i 12 14
WavelengthlA)

measured area 1cm?

2018/5/14 2nd WS RAP/JCNS

104

_J - Divided by B on “count” ‘

Cold/Thermal
O - N @ & o ® —w ® ©

P

0 2 4 6 8 10
wavelnegth

Accelerator parameters

Pulse width 40us

Peak current 9mA

Average current 12uA

Rep. Frequency 30Hz

Meas. time 30min

L=5m

Estimated cold neutron flux:
2.3x103n/cm?2/s @ 100uA L=5m
(>4A)

46



Dr. Yutaka Yamagata

Bragg edge test in March

e Asteel plate (t=6mm) was measured by RPMT detector for 60 min.

*  Transmission was measured.

measured area:
15x48mm (7.2cm?)

Transmission of Steel
08 - Smoothing of 10points by SG
Steel sample (provided by
= Dr. H.Sato,Hokkaido Univ.)
= pA
[~ 1 -':'.f' LT .
= PP ™ - LA YR Bragg edge data obtained at J-PARC TAKUMI
E 06 - P N LT (Ph.D Thesis of Dr. H.Sato)
€ %] Al
@ i E
b T T T b [T — | Measmed cata ad |
L . | = | TARUMI -PARC
= w | 75% o )ﬂ'\.ﬂ'\\ [=—Calealned data without
((?I’ L :..-I E 00 - - ' | Al cogreching ]
2 oo LA # 63 | o P - el 3 Texture
S m F‘_T 8 —_ é i ) W Cevstallite shre
ﬂ.‘ At — : ._(E.. 8 é (].nu“ | .I
— - = 5505 L i, o |
1 7 1 4 5 g g 0% g ff;’.l.; = e
LY, _I_{l-".l | i
WHVGIEnEth(AJ = 400 "!_ »Crvsinl struciure =

| & Crysialline phase
350 ! :

0,05 010 015 020 0425 030 035 040 045 050

Meutron wavelength ' nm

B LG 75 o o RS b AT T S AR R E B o
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Pulse width test

Pulse width of cold neutron moderator was measured
by using diffraction by HOPG (d=6.62A, t=1mm mosaic
spread 0.4 to 0.5 deg), slit 5cm-2cm at 1.8m distance.

3.41A

1000
800
£ 600
=}
[e]
o
400
200 -
04 NN
.................. ,
2 3 4

2018/5/14 2nd WS RAP/JCNS

FWHM of pulse width

FWHM
T 1] *4_

)
3
=
I
E_.
:1
o
S
2
()
i)
>
o

simulation
result

wavelength(A)

Compared with simulation result
(tw=230us) including pulse width of
proton beam (40us), experimental

result seems to be a little bit irSnaIIer




» Social safety with fast neutrons

infrastructure non-destructive inspection technique
1. Transmission neutron experiment through thick concrete
2. Reflected neutron imaging under the pavement
3. Chloride damage detection:PGAA
4. Fast neutron transmission imaging

. ...‘ ’ ¥ =
| | etaming l-:vnn"‘:."_-w.,l

4 | Spalied and & racks

\ -_ 1undei-35.ph.ah 1.,-4 _‘,"--;.\—glv ,
» Industrial use —
1. Diffractometer, texture evolution, austenite volume

fraction estimation
2. Imaging: corrosion in the steel and water visualization




RIK=H

Fast neutron for Social safety

infrastructure non-destructive inspection technique

1. Visualization in the thick concrete slab

2. Reflected neutron imaging
3. Chloride damage detection

e

‘full-depth hole .
e sty & SR oYY
BT s




Background
S

» Aging deterioration of large-scale concrete structures

- Lifespan of concrete ~ 60 years — peak in 2025 in Japan
— Lifetime expiration 42,000 bridges

Collapse of the Ynys-y-Gwas brg.

- New construction of bridges/highways is impossible (UK, 1985)

— Diagnosis, preventive maintenance, life extension

* Assessment of concrete deterioration

Void
Water * Width of Steel bar
* Void
steel | * Water Deteriorated concrete

* Fracture of steel bar

Rust

- Fracture —>Required resolution ~ 3 cm
I:> Fast neutron transmission imaging High penetration power

as on-site nondestructive inspection technique Sensitivity to water

2017/4/18 LANSA



New method to observe under pavement

with fast neutron

Is it safe under
pavement?

pavemerjt

| <
| Floor slab \

Qe
"\~. — e e ¢ o e — — — 7

2019/5/24



Deftects of floor-slab under the
pavement

- Traffic load affects fatigue of floor slab
Water

o accelerates
raining degradation

//// Water weaken Visualizatio

concrete strength  n is heeded
Pavement

WC\ Under-the
_ pavements
Floor-slab degradations are

growing

- degradation - - -



https://eow.alc.co.jp/search?q=degradation&ref=awlj

Defect visualization under
pavement with fast neutron !

Transmission method Reflection method

Detector set behind the objects

Detection place is the same as
—Application place limitation P

source—roads, tunnels, high-way

Detector Detector
- 9
o1 = Back-scattered
q J! BHE Incident ;Eﬁ Neutron
Incident g = . B neutrons
neutrons o
n S
o — \ - '
concrete Air hole, water, etc. concrete Air hole, water, etc.

L e e Back scattered neutron measurement
Transmission neutron measurement -

Future image of reflection method

18 Jan.yotake@riken.jp (5'&5'5) (EE'T:E@*EE)




Development of reflected neutron imaging
method

Simulation study of back scattered neutron from concrete

Reflected neutron energy

neutron ‘ 1MeV

J (a) concrete

VIR N concrete

08 (b) water
H / \ (c) void

0.6 17/ S (b) water

1
0.4% \ (a) concrete
0.2 dr

~uy \E (¢) void

e

(¥
T

/ incident neutrons (eV™")

Numbers of backscattered

- -l. I.-:m_i' Fe e p——
00 0.05 0.1 015 02 025 0.3

Energy of backscattered neutron (eV)

Simulation results of energy spectrum of
2019/5/24 backscattered neutrons 55




Development of reflected neutron imaging
method

Timing distribution reflected neutron emitted from the surface
of concrete

S50us<t<lms

neutron

1
o N
[TIT]TTT

1.6
14
1.2
1
0.8
0.6
0.4 2y

,.HIII 1 E-F I,I iJ 'l I.!Ir

O
N
I [:[I I

Normalized neutron intensity

L i A _I.._J i — ] | T_—T A .]. | W NN — I_ - B 1 il I. NF — _._.!
% 02 04 06 08 1 12

Detection time on sample surface (ms)

Simulation results: time distribution of normalized
mtensitv of backscattered neutrons with normal state
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Development of reflected neutron imaging
method: experiment at RANS

< Concrete slabs with void, water>

2019/5/24



Reflected neutron imaging method: Results

water (acrylic plate ) Degradation : water i

\,chg\/i/& |

eutrons increase 4~8 times
(1mum)

100 .

8 ——)
Healthy condition

0.4
Void, decrease 20~40%

Timing(TOF), energy, intensity ratio
— ->non-destructive inspection inside

' / concrete degradation
kness case

50@/5/24 30cm thic

58
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Position sensitive measurement of water, air
void with reflected neutron imaging method

Moving acrylic

plate position Acrylic plate
300 \§t 300 !

Fast neutron

2017/4/18 LANSA 59



Reflected (backscattered)

Neutron imaging method

aZayi%
400 -

am 1.5

SRl

HIE F & (mm)
\®) [9%)
S (]
(e} ()

&
PEF-TRE

HIE & & (mm)
S
%7 HGELH

0 20

400 600

Success of visualization of water,
void with realistic sample

‘Void under asphalt 5cm

5cm, 3cm air hole, acrylic plate

T AT 70 R RCH

==

RCHR

o

*Yoshimasa lkeda, Yoshie Otake and Maki Mizuta Journal of Advanced Concrete Technology,

Vol.15 (2017) pp.603-609, 2017, doi: 10.3151/jact.15.603

+Y.lkeda, Y.Otake, M.Mizuta, CLES/LANSA'17 (Conference on Laser Energy Science / Laser and

Accelerator Neutron Sources and Applications 2017)
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Further RANS development for practical use
compact neutron system in 5ton truck

/Non—destructive Inspection syste}

floor sl'ab. |

BEREEEIEEE10E LU BEERTE (FrK1 757 BWRE) Japanese requlation 4MeV >linac

~ BREOFHEREICAVSERINESRE CTAAHEFRILEUEDOIRILEF—EHT HREHEER
ELGVEDE, BFRELEEEDFERADEFHROERZMEH I [FOLENGEHTREYLHIEET
%o (=L, RIS OV TIE, FRIICRFHRFEZEXRFARFITORE THEFAINBE, )

- ETHE: GHATL3ImSY)
- FEREWEEDICLIEERIE
- AERBAICEIEERE




1. Prototype of transportable neutron source development; fast neutron
(without moderator)

2. Smaller system realization for the practical use as floor standing type
(with moderator)

Power Neutron yield | Size of Target Beamline | Neutrons at
at the target | station shielding | length the sample

RANS: 1012 n st <2m 1.5m *10°n st RANS
7MeV 5m *104 n S-]_ 1.3%
700W (RF Duty cycle)
RANS2 *10M1 ns! <1m :50cm 0.5m *10%4~10° ns! | RANS2
2.49MeV 3%

*104 n o1
250W cs':e)\mples 1.5m 10°n's (RF Duty Cycle)

The collaboration,
RFQ, with Prof.
N.Hayashizaki, Tokyo
Institute of Techn

2019/5/24
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. 2013-2018 March Jul.

RANSZEER beam ontime (x>54>z&2m)
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Iron and steel: Corrosion visualization

Corrosion;2~% of GDP is spent for anti-corrosion

See through concrete .
n the pavement : S\

reflected imaqing

Visualization of the corrosion and its
related water movement of the pamted
steel

Averaged water content
ratio - .« s 1

->J-PARC experiment

Towards strength and
formability

Texture evolution
b E
1~2%agreement

Salt detection of concrete
Prompt -Gamma Neutron Activation

1.6~2kg/m3 Japanese standards for
concrete structures

retained ausenle @i : ]OI

fract;on.measureme +' f" e 1 with J-PARC

i 20 TEEm

i EwmE New steel \ .|’ -w----
R

:f_ 1 P 1‘, 1L
: l developm‘wi i -L__,ﬁl

T
gt i S L UL

wftics apmeng o [nm)|
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Thank you for your attention!

i -’

July 2018, HUNS2, RANS2 symposium will be held
Sapporo, and Wako, please join us.

~— e

This work was partially supported by the Council for Science, Technology and
Innovation (CSTI), the Cross-Ministerial Strategic Innovation Promotion Program (SIP),
“Infrastructure Maintenance, Renovation and Management” (funding agency: JST), and
the Photon and Quantum Basic Research Coordinated Development Program from the
Ministry of Education, Culture, Sport, Science and Technology, Japan. It was also
supported by JSPS KAKENHI Grant Numbers 25289265 and 25420078. Authors would
like to thank the Iron and Steel Institute of Japan (ISIJ) Research Group for their
beneficial assistance.
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Pre-stressed concrete bridge
from Niigata-Toyama |

40~50cm
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RIKEN Atsushi Taketani, Y. Wakabayashi, Y. Otake

Kobelco Research Inst. Inc. T. Wakabayashi, K. Kono
Kobe Steel, Ltd. T. Nakayama

Cost of corrosion including economy loss was about 100
billion USS / year in Japan at 1997. (3% of GDP)
Paint costed 30B USS. This values are common in the world.

Epoxy film coating

Fe-> Fe?t + 2e-

1/20, + H,0 + 2e"-> 20H
Fe2+ + ZOH- e Fe(OH)2 Corrosion layer with voids and defects
Fe(OH), + 1/40, -> FeOOH + 1/2H,0

hinning part



1.Industrial application- Iron and steel

Non-destructive visualization of the
corrosion in the steel under the film,

with the water movement

Cost of corrosion including economy loss was
about 100 billion USS / year in Japan at 1997.
(3% of GDP)

Paint costed 30B USS. This values are common
in the world.

Using neutrons can we distinguish
corrosion, rust under the film, difference
between normal steel and corrosion
resistant alloy?

RANS imaging exposure time 1~5 min.
2017/10/11 69
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3D imaging of corrosion of normal steel
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Cross section imaging after
reconstruction

Time dependent corrosion change can be
observed non-destructively on-site
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Dr.T.NAKAYAMA,
Kobe Steel co

After 2 hours water Normal steel  Corrosion resistant
soak alloy steel

After wet process

1 hour

Air blow for 2 hours
2 hours

2017/10/11



700 A&, —
Normal Alloy
Eﬁm Oo 2 A Blister Eﬁm '
E so0 - A * Scratch £ 0 - A Blister
£ L% O Blister - Scratch = A « Scratch
ke Y I A
20 40 @ A 2o 400 s o Blister - Seratch
1] D%Dl o . “
2 300 A 230 Opy &
- O p4 - A
3 O a Q Ci:'
E e O A E 200 - DD " A
\ 'y
% 0 1 I
' KK 100 - % &
POR X % 5 XX ¢ & &
o - y : X}{ O : XX XKX}CQQ
(1] 50 100 150 i} 50 100 150
Time[min] Time[min]

Most of the water is distributed in the blister region. The blister region in
the normal sample contains more water than that in the alloy
=corrosion resistance alloy contains less water

2017/10/11 A.Taketani et al. ISUJ International DOI: 10.2355/ ISIJINT-2016-448 74 m




Sensitivity of each element for PGNAAI1]

AP2-2Y.Wawkabayashi talk

O

Major elements
of concrete are
not so sensitive
as Cl for PGAA

B R £33 (€ B 3 (LA A
0.01~
F | Ne

\’ Ar

Th|Pa| U

. N~ [ - [
|

Deterioration of concrete structure
has been drawing a greater social
attention and severe chloride
damage has been observed.

Corrosion of steel bars causes spalling of concrete
Example of Port structure

Example of sample: Rice
Target element : Cd, Hg, etc.
et element : Cl P
2019/J/§Eg [1]Hitachi-Naka tech..CentZalStechnic



Experimental setup and its schematic view

Pb shield
(to decrease
background vy rays)

Ge detector
(for y ray detection)

Pb shieIdI

Neutron guide (N1)

E

2019/5/24
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Pre-stressed concrete bridge
from Niigata-Toyama |

40~50cm
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e Moderator thickness and time resolution

2019/5/24

B0 |

global time of neutran in 10mel-20meV

/

= geant4 Simutation - =2
[ % 200
4, Polyethylene 40

mm

-a.il.p beam pulse 20us

“

40pus - i

iahdiainbia

U RIS PERL e

40 il L] ] ] 160
time[us]
'I'Hﬂlﬂall\l

e PR -
nmeierale
newtron

CHpE (s

5m flight path=>3.5ms
At~ 40us->1% resolution

->change the moderator with poison
(de-coupled) with 2cm-> 10us

neutron count/N107

4 o -,

10-.;_ e

m-'l._— . _:J_ E

r— ,'- o~ - ort’ i

ok e Omm §

E0f 10mm Moderator

H i 20mm thickness
40mm

0 .:Em e e R e e e e e
neutron energy[MeV]
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— 2 2 2
0_\/ O mod + Op + Gsample

Change in the resolution of the 110 reflection as a
function of proton pulse width t_ from 8 to 190us

E Proton pulse width 8us

0.05
0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.

0.005

— 2 2 2
6= J O mod +£L+ Gsample

Resolution of 110 peak
Sample size z = 10 mm

Fixed sample width

z

Proton pulse width t, [us]
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Y. Ikeda, et al Nucl. Instr. Meth. A833 (2016) 61-67
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* Change in the resolution of the 110 reflection as a

function of sample size . —
0=J0m0d+0p+05am le -

005
gogs—  Resolution of 110 peak
= Proton pulse width t,=20ps B :
a.04E 222
i Standard deviation 3 a0 110
E _— ey . g 220
003 by fitting the plots with £ 'F g [
0025 e o e — s — — — —  — e— m— o E— o —
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00z Dt |
ey 7
0,015 e .
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E . | | | | 006 Goé 01 013 0 GiF 048 D3 022 Od
% 5 10 15 20 25 30 35 40 a5 AL Usample X Z Lattice spacing  [nm|
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——

The moderation time for RANS with coupled moderator is estimated

to be 30us Y. Ikeda, et al Nucl. Instr. Meth. A833 (2016) 61-67

\ 4

With decoupled moderator; 20us
-> Poison, 10us
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RANS upgrade2017
New Be target, V-baking, Ti cavity, moderator exchange syste




New Be target, backmg, cooling caV|ty, are installed,
shielding are placed from side
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Filing around the target and moderator with reflector, graphite blocks

‘Target, backing€avity=
moderator exchange box are
below the graphite -

Proton tube
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Moderators,

ey [cotegory thickness | bxchange
decoupled 2cm B4C
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RANS up-grade (moderator) 2017

Fast neutron
Without moderator &

Coupled moderator
2,4,6cm

Decoupled moderator
2cm

Graphite
(reflector)

Poison moderator
2cm*2cm
B4C3mm, Cd 0.5 mm

New target+backing
V ©90mm
+Be ®50mm

New Ti cooling cavity  insulation flange

’
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Experimental results with coupled moderator
with different thickness, 2,4,6cm

Ferrite steel powder sample, 20=90deg

Preliminary results

Moderator thickness (polygthylene)
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Intensity comparison with 2,4,6 coupled

and poison
Preliminary results

Sample: Vanadium Colum

Sample: BCC ferritic iron powder —_—_
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