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Neutron imaging

Fundamental technique to observe
inner structure/behavior of object
by means of neutron transmission
measurements.

Light/heavy elements
Large objects
Magnetic sensitivity

7 View Area

Motion of oil in a car engine

Stator _Rotation

Neutron Radlograph Polarization image

Roots of soy bean Model electric motor f=21.5Hz 5

J-PARC/MLF



* /)
Steady Source? Pulsed Source? Iy
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Time of Flight of a neutron §

- Neutron Energy

Pulsed neutron is suitable to analyze
wavelength/energy dependent phenomena.
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Neutron imaging using pulsed neutrons L% )-983C
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v’ Effective measurements by TOF
v" Fine wavelength resolution
v' Wide wavelength/energy range 4

Pulsed neutron is suitable for
energy-resolved imaging.
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Energy-Resolved Neutron Imaging System /& _

“RADEN(2Z£MH)” at J-PARC MLF
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Construction started in 2012
and completed in Nov. 2014. =

Wavelength range: L <8.8 A @L=18m,<6.9 A @L=23m
Wavelength resolution: AA/A =0.26% @L=18m, 0.20% @L=23m
Time averaged neutron flux (< 0.45 eV): 2.6 x 107 n/sec/cm?@L/D=180
6



User Program Status - from 20154 to 20198- N

, «»%J-PARC
Approved beam time (days) Proposal number percentage

of each technique
Urgent, 4.0, 0%

Trial, 13.0,

Instr., 261.0,
34%

Othen
General, 3%
339.5, 45%

New Technique
9%

Proj., 95.5,
13%

Phase
6%

NR & NT : Conventional

Proposal number BE : Bragg Edge
Submitted : 178 RA : Resonance Absorption
Approved : 145 POL : Polarized Neutron

_ Phase : Phase Imaging
(Adoption rate = 0.81) Technique : Development 7
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User Program Status -Annual trends- L% 1.59/12C

-Proposal number- Blue: submitted
Red: approved

Green: industry

17
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2015A 2016A 2016B 2017A 2017B 2018A 2018B 2019A 2019B

-Proposal number of each technique-

Blue: BE
Red: RA
Green: POL
Purple: NR&NT

2015A 2016A 2016B 2017A 2017B 2018A 2018B 2019A 2019B
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Strain Tomography by Bragg-edge imaging [ &
: : : : o J-PARC
Strain caused by one dimensional deformation
Bragg edge shift + displacement information
€z €xy €yy
g
Sample: C-shaped SteI <
(EN26) + Al jig =
Detector: MCP detector
(A. Tremsin)
Projection number: 86
d
N A

Chris Wensrich et al. @ Univ. Newcastle
@ NeCASTE J. N. Hendriks, et al. Phys. Rev. Mater., 1, 053802 (2017)




Courtesy of Chris Wensrich

Experiment #2: 2D Residual Strain Fields (Ui Newcastle)

Strain tomography experiment at J-PARC (Jan 2018);

* Two 2D steel samples (1D projections)

e 50 strain projections from (110) Bragg-edge at
golden angle increments (~4 days).

Pixel Position p [mm]
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B \ . |
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2D Proof-of-Concept: General 2D Reconstruction:

KOWARI RADEN KOWARI RADEN
(Diffraction)  (Transmission) (Diffraction) (Transmission)

KOWARI Diffraction

Measurements:
0.5x0.5x14mm
211 peak (a-Fe)
A=1.67A
147/195 points
MATLAB ‘Natural
neighbour’
Interpolation
(ring separate
from plug)

[uStrain] KOWARI ~6 days
RADEN ~4 days

A Gregg, JN Hendriks, CM Wensrich, A Wills, AS Tremsin, V Luzin, T Shinohara, O Kirstein, MH Meylan, and EH Kisi, “Tomographic reconstruction of two-
dimensional residual strain fields from Bragg-edge neutron imaging”, Physical Review Applied (Submitted March 2018)




Resonance absorption imaging

@
. . @2%J-2RC
In situ observation of crystal growth A. Tremsin, D. Perrodine

@UC Berkeley & LBNL
Understand and optimize growth process for single crystal materials
-> Transfer that knowledge to industrial scale production
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Phase separation during growth of Cs,LiLaBr:Ce ‘p’J-P/.IRC

Cryst. Growth Des. 17 (2017) 6372

Steady T at 555 C
first 11 hours

28 mm

Growth over 7 hours
at ~2 mm/hr. rate

Courtesy of Anton Tremsin
(UC Berkeley)

Location of solid/liquid interface 13
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Phase separation during growth of Cs,LiLaBr.:Ce , b

iy . . «»YJ-PARC
Elemental composition map: Li concentration
Cryst. Growth Des. 17 (2017) 6372

Color represents
atom %
concentration of Li
within the ampule

Radial 2
-

1
b e L S SRR R

Courtesy of Anton Tremsin
(UC Berkeley)

14
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J-PARC/MLF



Doping concentration at liquid/solid interface e

o»YJ-PARC

In-situ Eu distribution quantification of BaBrCl:Eu courtesy of Anton Tremsin
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Eu concentration (mole %)
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0

(UC Berkeley)
Scientific Reports 7 (2017) 46275
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Grating based phase imaging

Grating 0 (GO) Grating 1 (G1)
/
Source Sample «)
Multi-slit Splitter Self image of G1

V-
o»%J-2ARC

Grating 2 (G2)  Imaging
detector

Analyzer

Talbot-LauF#A A— > DRERHI (X-ray TLI .

Absorption image Differential phase image

(absorption cross section) (coherent scattering length) (small angle scattering)

it : BOS2R)

Visibility image

J-PARC/MLF



Phase Imaging with neutrons *la
Sing $s%J-2A1RC

A neutron can sense optical potentials caused by nuclei and magnetic fields

Nuclear Magnetic N: number density
2 I N m: neutron mass
Optical potential U 2nh bc(s(_,?) - - B(r) . wavelength

b_: coherent scattering length

uBmAD B: magnetic field
Phase shift @ —Nb.AD iThz D thickness

Depending on the neutron polarity

Nuclear potential - coherent scattering length and wavelength
Larger than absorption cross section

Magnetic potential - magnetic field strength and wavelength
Phase shift due to magnetic field

v Increase of sensitivity of neutron imaging
v' Visualization of magnetic field distribution

Dark field signal relates to small angle scattering by micro structure.
—> Magnetic scattering is also analyzed.

J-PARC/MLF



Magnetic field sensitive phase imaging Vas

*»%J-PARC
mm Optical Potential U by magnetic field
4.15 116
Al 3.45 54 0 0 Sy -B(r)
Fe 9.45 211 2.2 132
Ni 10.3 243 06 38 Optical potential UbyB=1T
Magnetic 0 0 1 60 is same order with that by a nucleus.

field

Similar phase shift occurs by magnetic field. But it depends on the neutron polarity.

: Spin . )
' Guide - Guide Guide Detector
Neutron Polarizer Field Flipper ield Field Sample

=IO )00

Experimental Setup of polarized neutron phase imaging

Flipping neutron spin polarity

/ + Umag
U

nucl - “mag

Positive Spin : U
Negative Spin : U

nuc

J-PARC/MLF



Differential phase imaging using polarized neutron' ¥ J.542C

. ! , M or B /[ T // grating
Y=1100 [ch]

Positive Spin : U+ Upgg
Negative Spin : U,,¢ - Upag

Difference : Umag —> Magnetic info.
UM : Upug = Nuclear info.
—— Difference
3 i
600 800 1000 1200
X (ch)
00 __4[ R e e A SE R ]
\ 3
{ 00 — o 2
13
£ 0 g
~ 4 8
-2
-3

e Lo T
600 800 1000 1200

X (ch)
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Visibility contrast by magnetic scattering £s%3-587C

Magnetic scattering is maximum in case of M L q.

M//grating —> Sum of nuclear scattering and magnetic scattering

M L grating —> No magnetic scattering contribution

Sample rotation by 90° = distinguish nuclear scattering and magnetic scattering.

Laser heated NdFeB magnet Visibility image  (1=3.2A AA/1=0.25)

90 90— -

80 — 80 —

70 —
0 70 —

60 — 60

50 —
50 —

2cm x 2cm x Imm-t 40 —

. © 40— e oo -
Central part was demagnetized T 1T T T 1 — T T T T 1

by laser heating. 40 50 60 70 80 90
M//grating M L grating

20
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Visibility contrast by magnetic scattering [
*»%J-PARC
0 T
M//grating ‘
90 - g R — Py T v M /I Grating
g0 | _ i\ Visibility of laser irradiated
. s 4 ‘K\.\k area drops quickly.
: 1 S
S
2 N |
o | . S A Magnetic domain size is smaller
J A —— \/ than unirradiated area.
-10 - | |
0.0 0.5 1.0 1.5 20
£{10°m)
° \
P : M L Grating
SR No difference in visibility
3 4 R S attenuation.
o S
S . %YQ\’ ‘
< 5’\8/@ |
- I d. dA _ . . . . )
., _8_2';‘jgf12[§; Non-Iradiated Area Magnetization a?<|s d9e§n t
0 S0 6 7 8 9% - 22mm e~ 22mm change by laser irradiation.
10 —— 52mm —@— 52mm |

0.0 0.5 1.0 1.5 2.0
£{10°m) 21
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