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BS OUTLINE

1. Historical background: X-rays vs. Neutrons - the “mirrored”
techniques
Neutrons and their interaction with matter
Setup of a neutron imaging facility
Status in a world-wide context
Methods in neutron imaging - overview
Data processing - Quantification
Fields of applications
. Future developments
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9. Summary & Conclusions
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1980: Dedicated

2016: SwissFEL

synchrotron light Operational
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(Rontgen)
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BS X-rays vs. neutrons

»free neutrons were discovered 37 years after the X-rays
were found

»neutron imaging started 50 years after first X-ray images
were made

»neutron diffraction comes 30 years later than X-ray
diffraction

»neutron tomography comes 25 years later than X-ray
tomography in hospitals

»phase contrast imaging with neutrons comes 10 years later
than with X-rays

»neutron imaging is now a competitive and complementary
method compared to the X-ray techniques
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B From radiography to tomography

> A1
’ )
- heg

H. Kallmann (reported by O. Peter) about 1947
Film radiography using an accelerator
based neutron source

2015: high resolution tomography
at the Swiss spallation source SINQ

(Y. Wang)
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= Smartphone

destructive imaging
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B5 Smartphone: Radiography mode

neutrons

Similar image quality
Complementary information
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Combined N and X: components visible

camera forward
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Li-ion battery

cylindre (Ta condensator?)
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metal cover
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P5 Neutrons & X-ray Imaging

Heavily corroded nail from the
Roman period (age: 2000 years)

- Same image quality

corrosion

- Complementary information
- High resolution
- Tomography (now standard)

- Option for «data fusion»

Neutron-CT



e Properties of the free neutron

» Size: 1.6 *101m
« Mass: 1.674927351(74) * 102" kg N, @ Proton
Nucleus £ )
° Charge: 0 Neutron
*=—Electron
* Spin: Y (two states possible) /
* Velocity: few m/s (ultra cold) to speed of light (very fast)
* Elementary composition: 3 Quarks up-down-down @ @
* Magnhetic moment: -1.913 py |

Interaction with matter: nuclear reactions: absorption, scattering, fission

Classification: Baryon, Fermion

Half-life: 881.5s

PSI, 17.05.2017 Seite 11



Spe Properties of the free neutron

 Size: 1.6 *101m
-
- Mass: 1.674927351(74) * 102" kg with relevance |,
« Charge: 0 for neutron imaging |
*—Electron
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« Magnetic moment: -1.913 py @

Interaction with matter: nuclear reactions: absorption, scattering, fission
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Neutrons vs. X-rays (interaction scheme)

Neutrons

O

Incident neutron with energy E,
>

s

Absgrption

attering

X-Rays

Incident x-ray photon with energy
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X-Rays

Incident x-ray photon with energy E,

X-rays vs. Neutrons

Mass attenuation coefficient [1/cm]
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(] X-rays vs. Neutrons

Neutrons

X-rays (100 keV)
®  Thermal neutrons

Incident neutron with energy E,

- Gd

Absorption
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Attenuation of X-rays (100 keV)
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Attenuation of thermal neutrons
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BE Duality of neutrons — visible in
imaging

de Broglie: A=h/(m-v)

neutron as particle neutron as wave
* single neutrons can be counts ¢ phase effects at edges —
on the detector refraction or total reflection
 description with Monte-Carlo e refraction index based on wave
codes (cross-sections as functions
interaction probability) per * interference of waves as
neutron interpretation
* scattering and absorption * coherence can play an

adequately confirmed essential role
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Interaction principle of neutrons with matter

*Neutrons interact with the nuclei of the atoms only

*The interaction can be: collision (scattering), absorption
(creation of radioactive isotopes) or fission (with fissile materials)

*The strength of the interaction with matter is expressed by
,microscopic cross-sections”“— o , the unit is ,barn = 1024 cm-*

*The “macroscopic cross-section” 2, also called “aftenuation
coefficient” is defined as : Z= N* g, the unit is cm-?

*N = nuclear density = (p*A)/M (A=Avogadro’s number, M=mass)

Seite 19
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BS Neutron interactions with matter

o —

REEN T

Interactions

F|SS|on

o R

Page 20
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()= Neutron interactions with matter

Incident neutron data / JENDL-4.0 / Cross section

.9 1€-8 1E.7 1E5 165 1E4 0.001

Incident energy (MeV)
Ultra cold € Cold Therm < Fission and spallation
Moderation

Page 21
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T e Neutron interactions with matter
absorption vs. scattering

B Normalized absorption cross section

B Normalized scattering cross section
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Interaction principle of neutrons with matter

total cross-sections [barn]
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*The cross-sections can differ
by orders of magnitude from

material to material

*The interaction probability
iIs much higher for slow

neutrons

*Thermal and cold neutrons
are the preferred tools in

neutron imaging (E~meV)

Seite 23
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BS Neutron Utilization for Research

ADVANTAGES
* no charge: often deeper penetration

* magnetic moment: magnetic interaction
with nuclei - polarized neutrons

* high sensitivity for light elements

« different isotopes can be distinguished
(D:H, B-10:B-11, Li-6: Li-7, U-235:U-238)

* energy selection using time-of-flight (at
pulsed sources)

DISADVANTAGES
neutron intensity limited
no direct detection — a secondary
process is needed (limiting spatial

resolution)

no charge: no focusing and guiding by
el.-magnetic fields possible

activation risks of samples

Seite 24
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7= Neutron Imaging Principle

simplified setup for imaging in transmission mode

Detector

o

< field of view
FOV

Collimator

flux ¢(E)
gammas

Source .~

/.-»"__.—"V
=
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S

Transmission process

Detector

N
Plants/roots in soil
SOUNoe Neutrons
¥ X-rays
«direct attenuation
*no phase effects
sinterpretation with the particle picture X
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FE Neutron Imaging Principle

* To use the interaction of (thermal / cold) neutrons with
matter to get information about composition, structure and
status of the object on the macro scale

* It is mostly the attenaution of a wide, homogenous beam by
the object and the analysis of the transmitted beam fraction

to be analyzed

* The efficient detection of the transmitted beam component
determines the performance of the neutron imaging setup

 Advanced NI methods deal with the scattered neutrons also

27



NEe) Lenght scale in neutron research

| . polymers, cracks
internal microstructure, pores
strains magnetic precipitates

domain structures

crystalline
phases . |
textures — |

Diffraction regime SANS and Dark-field imaging regime
ml
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o o

' (FLLELE
sEnAddang
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Conventional imagi_ng regime

’.‘-."

imaging

[
i

g 4|

. 5 oy L = N - A J, I
ces and multilayers viruses

atomic and organic
magnetic molecules inhomogeneities cracks and voids
structures magnetic defects micelles critical phenomena Systems and components
pharmaceuticals proteins
internal strain supermolecules polymers

Courtesy: M. Strobl ESS
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B5 Some Terminology

* In the past: Neutron Radiography = a method for non-
destructive testing

* Now: Neutron Imaging =research tool for many fields of
scientific applications, including material research, using
more advanced methods too

* New aspects: digital output, data sets more than «pictures»

importance of image-processing

Page 29
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[F=l= Neutron Imaging — Setup & Components

SOURCE BEAM DETECTOR

second moderator detector
(cold source)

filter shutter manipulator

|

i beam beam
aperture limiter dump

safety requirements:
access control
shielding
dosimetry

advanced components:
E-selector
polarizer

grating interferometer

primary source



L Research Reactors — Design (example FRM-2)

Moderator tank (D,0)

heavy concrete shielding

beam tube

cold neutron source

fuel element

hot neutron source

converter facility

Reactor pool (H,0)

PSI, 17.05.2017 Seite 31
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=(--]J» Research Reactors — Design (example FRM-2)

Moderator tank (D,0)

> Beamline

Reactor pool (H,0)

PSI, 17.05.2017 Seite 32



e ANTARES and NECTAR @ FRM-2
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[ | ] ) 1
= Experimental Hall 5 3
Neutron Guide Hall West _ E ||

Neutron Guide Hall East

PSI, 17.05.2017 Seite 33
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installations for research with
thermal and cold neutrons

-+ about 20 beam lines
including 2.x for imaging

approximately parallel beam

BS Spallation Neutron Source — example SINQ, PSI
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ICON ‘ t

FURNSPIN

Sektor B0:
Rohrpost: NAS,

Seior7o  horizontaler
Einschub

21 den
Experimenten
Sektord0

ESS symposium, PSI, May 27th, 2013

Beamlines layout

BOA

Sektor
40:
HRPT,
THCS

Sektor 30:
MNeutronen-
transmissions-
radiographie: NEUTRA,
POLDI

Sektor 10: Meutronenleiter fiir kalte
Meutronen

SINQ

top view

NEUTRA

Seite 35
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Neutron Scattering and Imaging Instruments at SINQ

thermal spot

POLDI  MORPHEUS

\ AMOR

' NARZISS ORION TASP FOCUS

Furerer mburmation www, pal.oh singmatsumestation

19 Instruments: 15 User facilities (>2 Imaging beam lines) + 4 Test facilities

36
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= ICON-beam line @ SINQ

Space for Selector ‘

or Chopper

Micro-Tomography-
Position

—

A S
e

\ N
L e -

1«“'/"( : / \
'ﬁ
‘ Beam Ilmlters !

‘J“‘

variable
apertures

1...80 mm,

Be filter

Position for large objects ,

i | =
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[-=1J» Spectra at PSI/SINQ Neutron Imaging beamlines

| | 1 I T | |

NEUTRA

iy — ICON [
BOA
0.8+ L
higher contrast
x
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=
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higher penetration }
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country site
Australia Sydney
Germany

Germany

Germany Berlin
Hungary Budapest
Japan Kyoto
Jdpan ToKai
Japan Tokai
Korea Daejon
Switzerland Villigen
Switzerland Villigen
USA

USA

USA

South Africa
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[~

Gaithersburg
Sacramento
Oak Ridge
Pelindaba

It should be the goal for ILL to become member of the «club» !

Munich-Garching
Munich-Garching

institution
ANSTO

TU Munich
TU Munich
HZB

KFKI

Kyoto University
JAEA

JAEA

KAERI

PSI

PSI

NIST

UL Davis
ORNL

NECSA

facility

DINGO

ANTARES
NECTAR

CONRAD

imaging beamline
imaging beamline
imaging veamline
RADEN

imaging beamline
NEUTRA

ICON

BT-2

Imaging neamiine
CG-1D

SANRAD

neutron source

OPAL reactor
FRM-2

FRM-3

BER-2

WWS-M reactor
MTR reactor
JRR-31vI reacior
JPARC spallation
HANARO reactor
SINQ spallation
SINQ spallation
NBSR reactor

1 KIGA reactor
HFIR reactor
SAFARI reactor

thermal
cold
fast
cold
thermal
thermal
thermai
cold
thermal
thermal
cold
thermal
tnermal
cold
thermal

among them, the performance is still different

20
25
25
10
10
5
ZU
0.3
30

20
Z
85
20

only about 15 TOP facilities available world-wide

State-of-the-art Neutron Imaging
User Facilities world-wide

spectrum power [MW] status

operational
operational
operational
standby

operational
standby

stanuoy

operational
operational
operational
operational
operational
operational
operational
operational




spatial resolution [mm]
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3 Neutron Detectors for Imaging
1.00E+01
1.00E+00
situation before 1995
1.00E-01
X-ray film
+ converter
1.00E-02
track etch
foils
1.00E-03 T T T . . . . . .
0.0001 0.001 0.01 0.1 1 10 100 1000 10000 100000 1000000

time resolution [s]

Seite 40



PAUL SCHERRER INSTITUT AnalOgue neutrOn imaging _— 1 frame per hOur

[~

about 1994




spatial resolution [mm]
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S

1.00E+01

Neutron Detectors for Imaging

amorphous-Si
flat panel

CCD camera

+ scintillatog

CMOS
pixel detector

1 0OE-01 "
film
rerter

1.00E-02

current situation I track etch
foils
1.00E-03 T T T T T T T . :
0.0001 0.001 0.01 0.1 1 10 100 1000 10000 100000 1000000

time resolution [s]

Seite 42



PAUL SCHERRER INSTITUT

BS Digital — 1 frame per second

about 2012

Seite 43



spatial resolution [mm]
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S

1.00E+01

Neutron Detectors for Imaging

CCD camera

+ scinti

amorphous-Si
flat panel

CMOS
pixel detector

1.00E-01
more neutrons film
jerter
1.00E-02
detector track etch
development!!! foils
1.00E-03 - . . . . . . .
0.0001 0.001 0.01 0.1 1 10 100 1000 10000 100000 1000000

time resolution [s]

Seite 44



meter]

pixel size [micro

1000

100

10

0.1
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Neutron Imaging: different settings wrt resolution

0.1

1 10 100

field of view [mm)]

45

1000
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RS Camera-detector MIDI
(medium FOV)

- FOV between 15 and 3cm




PAUL SCHERRER INSTITUT

= Detection Efficiency for Neutron Converters

Absorption at 1.8 A
1
0.5
| m—'>"Gadox
= : 5 —:Gd
= : %—I157Gd
g 0.1} : | GGG
< : | —57GGG
| { B, .
| '—| LIF
0.05¢ " NEEEIER !
' |
1 1
Li-6 F
Gd, B-10 |
1 1
|
| 1
00 0 100 500

Thickness (um)
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(= Neutron imaging methods @ PSI

Frame N |
Frama N-1 | ‘

, “7,.,

— Y Trarwmaecn

Energy selective Neutron grating D.iffrac.tion
: : _ imagin
Imaging interferometry -‘:J S

Samps

Dxffrmcten

WIhto peubon spactruny

Imaging with

Under preparation: polarized PIEETE waliien N/X data fusion
microscope

neutrons (BOA)
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A= many

SCIENTIFIC CASES!

numismatic
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13 Increased Data Volume

/é 1024 2048 4096

Data volume

per

tomography set

2048

No. of pixels

High RAM and
Disk space requirements

137 GB/
4096 |

No. of pixels
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(= Neutron imaging methods @ PSI

Classic neutron imaging methods

Radiography Tomography Real-time imaging Stroboscopic imaging
i

Frame N |
Frama N-1 | ‘

.,.,..'..s. ,‘_jl';‘
Frame1 9 l !

Frama 0 ..-_4.1 l R . .
8=

—_— Y Trars=wecn

Energy selective Neutron grating D.iffrac.tion
: : _ imagin
Imaging interferometry -‘:J S

WINES Paubron SpeCTUny

Imaging with

Under preparation: polarized PIEETE waliien N/X data fusion
microscope

neutrons (BOA)
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Quantification in Neutron Imaging

= non-invasive determination of the sample’s content

Y<N17/N
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BS Attenuation in transmission mode

sample

Initial beam transmitted beam

detector

material properties 'y . dI thickness plal

(density, composition)

=
(9]
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(=)= Analytical description of the transmission process
‘Beer-Lambert law

Transmission

Thickness d can be
obtained

and inverted ... when 3 is known

I
>.d=In(-2)
I Density or composition

derived
if thickness d is known
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(= Final results of neutron imaging in transmission mode

Two dimensional pixel-matrix Z(x, y) of
averaged macroscopic cross-sections

integrated over the length in beam direction z

[dE-£(E)-o(E)-4(E)

Zeff =N'E
J dE-£(E)-¢(E)

In the case of neutron tomography the
3" dimension is resolved and a voxel-matrix

>(X, Yy, z) can be derived

Seite 55
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BS Problems in Quantification

Physics:

» attenuation coefficients, detector response and flux distribution are energy
dependent =2 beam hardening artifacts are possible

»multiple scattering in the sample can distort the result

» Cross-section data for comparison are complex (Bragg edges), depend on
materials properties (e.g. texture) and have uncertainties

Imaging Technique:

» Detector: background of scattered light; afterglow of scintillator; background
from gamma-radiation are disturbing

»Signal/noise ratio can limit the accuracy

Page 56



The attenuation law assumes that the beam is absorbed ... but

Bl Scattered cross sectio
30 M Absorption
25
— most of the interaction is due to
E 20 Scattering!
4]
0

| S |

b 15'
10

H D O C Al Fe Cu Si Pb
Elements
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(= Ways to improve the quantitative accuracy

1. Correction of the scattered neutrons contributions by means of
Monte-Carlo simulations (mainly focused on hydrogen)

2. Changing sample-detector distances for the determination of the
scattering contribution

3. Using the «black-body» correction tools (cases of low transmission)

Page 58
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BS Perturbation by Sample Scattering

> uncollided beam

___________ i part. absorbed beam

scattered beam

>

collimator sample \

The scattering pretends a higher transmission value behind the sample,
which is mistaken for less mass thickness

detector
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Approximation of the Point Scattered Functions

PScF(r) =S, -

1.E-03

Simulation
8.E-04 — p ....... Approximation

6.E-04 -

probability density (1/cm2)

0O 5 10 15 20
distance from center (cm)

dA 1— e—zD.sD-,/d,§+r2 /da

4r(dZ +1%)%? 11— %



PAUL SCHERRER INSTITUT

BS QNI — the correction tool

QN MCNPX

Basic principle:
(nealoum ) (aeatelmpon create ! import superposition of
spectrum detqctor materal . . .
the «point scattering functions»

Flow-chart

generate n ;; <<°M‘t"
MCNPX input files /= | MCNPXpnput file

un PScF
simulation

4 read <<dataT>>
—\simulation result MCTAL oufput file

Based on PhD work of

Rene Hassanein

\

(

|

' ( specify )
| correction paramsaters

|

|

|

' T

|

* MCNP based

%

<<datastore>>
corrected and evaluated
radiograph / tomograph | |l

* Programmed in IDL

3
|
|
|
|
|

<<dstastore=> ( apecify ) |
PScF library evaluation parameters |

|

|

|

correction |

/

e i e, . . . . i — e — — o—

* Available for other users
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F= QNI - Iterative Algorithm

* Corrected transmission image = radiography — sample
scattering

* With the corrected image, a more precise base for the choice of
the PScF is available and the computation is repeated.

» After about 4 iterations the algorithm converges in the range of
+1 %.
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(=)= Water Content in Sand Columns
(radiography mode)

45° view: before after correction

—1
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BS Water Content in Sand Columns
(tomography mode)

uncorrected slice

void Al sand water

corrected slice
but:
- more noise induced

- Some more artefacts
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RS Water migration in sandstones

20 7 | |
¢ Scattering corrected
o without correction
40
©
n 30
)
@
-
Q
= 20
2
10
0 0

0 20 40 60 80 100
\/{ (31/2)

The error in the quantification

can be up to 100%!
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Structural materials

ssssss
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Bs Cross-sections of crystaline structural materials

71—

' " absorption range =

Neutron wavelength [A]

Seite 67
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=== Energy-selective Imaging

Fe
25 T T T T T
Phase information — ot

20
5 .l Absorption range
o]
C . . .
g (quantification)
3
@ 10}
S
Q

l
|
0 | 1 L J_l
0 1 2 3 4
Wavelength 7 [A]

s 6 7 8
Strain Imaging

Spatially resolved

68



> [cm™]

(=1 rolled Al plate (with weld) — texture analysis

Photo Neutron radiography images
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PAUL SCHERRER INSTITUT

[~

rolled Al plate (with weld) — texture analysis

Photo

Neutron radiography images
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Bs Al structure — and their interpretation

transmission image at 4.8 A

XX
.'
\

J
NN N

1ooooooooo€ﬂ

EBSD — measurement

at the surface

—> Different grain size and

orientation in bulk and weld

Lo S 1 Data: L. Josic, H.Leber, PSI
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BS Measurements in «white beam» conditions
- Quantification -

* To avoid geometrical blurring , the samples have to measured close to
the detector

 To avoid the high contribution of scattered neutrons to the signal, the
samples have to be measured in a certain distance

— To combine both approaches helps to overcome the problems in
qguantification for the observed materials Fe, Cu.V, ...
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BS Why is scattering correction needed?

Photography of a copper cylinder

10 mm

ETP Copper
r=12.5mm

t=10 mm
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(=)= Why is scattering correction needed?

I I1\1
=2t
=e — l — =
I, > L=n (10> t
Sample at distance = 0 mm Sample at distance = 55 mm
> [em?] 2 [em]
o 1
(0.9 | 10.9
ETP Copper 0.8 jos
r=12.5mm 1%’
t=10 mm 0.6

0.5

04

0.3
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Why is scattering correction needed?

Photograph Distance = 0 mm Distance = 55 mm

1
FVMWWW\WWWM

= 0.8 e ,,\[
— 0.6
W
E 04 —Close
3 —Far
©
[
2 0.2

o L

0 5 10 15 20 25 30

Length [mm]
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(== Forward scattering for coherent scatterers

Bragg law

nA = 2d-sin(0) > 26 = 2asin (%)

A=1A

n=1

Largest d-spacing [A] Smallest 26 [°]

Copper 2.08 28
Iron 2.02 29
Aluminium 2.33 25
Titanium 2.55 23

Examples of minimum scattering angles for structural metals
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(== Forward scattering for coherent scatterers

A=1A o
Largest d-spacing [A] Smallest 260 [°]
n=1
Copper 2.08 28
Iron 2.02 29
Aluminium 2.33 25
Titanium 2.55 23

Examples of minimum scattering angles for structural metals
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= Angular distribution of the scattered neutrons

Incidence angle of the scattering in pos. A

=

O
o

Scattering Intensity [a.u.]
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BS Quantifying the scattering

55mm

TN
9

ITransmitted + IScattered
Iy

* Close, Distance =0 cm

I Transmitted

Iy

* Far, Distance =55 mm

I Scattered
Iy

* Close - Far
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== Quantifying the scattering: Coin

Close (¥, Far LA,
0.7 0.7
5 mm

. 0'6 0‘6
05 - 0.5
0.4 0.4
0.3 0.3
Close-Far Sy

0.1

0.05

0 Page 80
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== Quantifying the scattering: Coin

Close (1N, Gaussian fit s/
0.7

0.6

0.1
0.5 L |

0.05
0.4
0.3 0
Corrected '7"007
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5 Correcting the scattering: Coin

Close (1 HN, Corrected 1/,
0.7 0.7
0.6
0.5
0.4
0.3
12.0
E 8
8.0
E 7 —
@ 6.0
Q .
£ —Design
o 40 ——Close
£
=, Corrected
0.0
0 2 4 6 8 10 12 14

Radial Position [mm]
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The «black body» approach

ssssss
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RS Camera-detector MIDI
(medium FOV)

- FOV between 15 and 3cm
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BS Mirror back-scattering

Sim Scatt
—_—>
—_—
—_—
—_—
—_—
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BS Scintillator substrate scattering

é
S
- S Al Scatt%
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BS Special guest ...

< | >

v

O’Ref

(= Optical
Reflexion)
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How much do they contribute ?

Elimination or
Correction

WANTED

Sim Scatt

REWARD:
2%

Elimination or
Correction

WANTED

g

Al Scatt

REWARD:
1%

Elimination or
Correction

WANTED

O’Blvurry
REWARD:
< 0.5%

Elimination or
Correction

WANTED

O’Ref
REWARD:
2%

Up to 15-20% depending on setup !!!
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BE Recomendation for the experiments

89 - Black body grid in front of the sample Beam

- Dose correction region inside the grid

- For tomographies: Image of BB with open
beam and image of BB at 25 different angles

- For time series: Image of BB with open beam
and image of BB at one reference state
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The correction process

0 Nomenclature

I Measured sample image

I, True sample image

IfG Background of sample image

I, Normalised true sample image

IB¢  Normalised background of sample image

D Dose operator (average value of normalising region)
Ipc Dark current image

lop Open beam image
I, g Sample image with black body pattern (mean pattern transmission 7z € (0,1) )
lop g Open beam image with black body pattern (mean pattern transmission 7z € (0,1) )

n DC n,BB . 1 BG OB DC OB,BB . 1 BG
D (In,BB + (@ - 1) ILnpp — IDC) Tpp D (IOB,BB + (@ - 1) lop.p — IDC) Tpp
‘ ; Do — Inc)
lop — Ipc — IOBg,BB o bt D(I; — Ipc)

1

D([BB,BB + (%— 1) Ig% 5 — IDC)TBB D( I —Ipc — I} o (17*1 L+ (__ 1) 186 _ IDC)TBB
g TBB '
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= Example — Lead Sphere Tomo

Without BB correction

0.2F I I I ]
@
= L
o
- 0.1 -
el
7 I
5
0.0 h 1 f i f L f i f f f i f
0 20 40 G0 80
Distance (cm)
List | Save..| More=| Live|
With BB correction
0.2
. I
=
M
> I
7 01
5 I
0.0
L L L | L L L | L L L
0 20 a0 60 a0
Distance (cm)
List | save..| More=| Live|
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(= Neutron imaging methods @ PSI

Classic neutron imaging methods

Radiography Tomography Real-time imaging Stroboscopic imaging

Frame N |

Frama N-1 ! ‘

:1 . Q:J
' |
He—s 135
) ‘ Frame 1 _‘,*___ el
G | Frama 0 .

N Y { time

. -
-] X

Advanced neutron imaging methods

Energy selective Neutron grating D.iffrac.tion
: : _ imagin
Imaging interferometry -‘:J EINg

—_— Y Trars=wecn

Samps

WINEe paubon spactruny

Imaging with E— X
. : roject neutron :
Jner preparatin: e RS
microscope
neutrons (BOA)
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Neutron Imaging: Improvement in spatial resolution

TOMC

0.1

1 10 100 1000

field of view [mm)]
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LCihe  MgB, multifilament wire in N| casing

2.7 mm

1.0 mm
< —_

* 4-binned, 5.2 um pixel size,

« 180 projections

« about 4.5 hours acquisition time
Sample courtesy of Ch. Scheuerlein (CERN)
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BS The Future of Neutron Imaging

* More access to prominent and useful neutron sources (ILL?)
* New installations with high performance
* Further methodical progress, oriented to the user profile

* Qualification of new and young operators of the facilities
with respect to image processing and quantification

 Standardization of the processes to attract more industrial
customers
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= New imaging facilities under development
(or upgrade)

* Argentina: new reactor Buenos Aires

* Czech Republic: beam line in Rez

* China: CARR reactor with 2 beam lines

* France: IMAGINE at Saclay reactor

* Europe (ILL): D50 cold guide shared with reflectometer

* Norway: beam line upgrade at Halden reactor

* Netherlands: project FISH

 Jordan: new reactor under construction — with NI facility
* South Africa: upgrade to SANRAD-2

* Russia: improvements at Dubna pulsed reactor

* South Korea: upgrades

* Hungary: improvements and upgrades > «club members»
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(== Neutron Imaging @ Spallation Sources

* SINQ: NEUTRA, ICON, BOA operational
* JPARC: RADEN 2015

* ISIS: IMAT 2016

* SNS: VENUS 2018 ?

* ESS: ODIN 2019 ?
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~== QOutlook: Trends in Neutron Imaging

* colder neutrons

* energy selectivity = pulsed sources, higher E - resolution

* polarized neutrons

» combination of imaging with diffraction

* symbiosis of neutron with X-ray imaging

* highest possible intensities = higher temporal and spatial
resolution
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BSl Smartphone — Tomography mode

neutrons
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INSTITUT

RS Thanks to: NIAG Team (2/2017)

Industrial

NEUTRA  ICON o PhD students Projects:ESS & CCMX Trainee
Applications

s¥R2e2
A i‘”\g *

E. Lehmann p, Vontobel  A. Kaestner C. Grilnzweig J.Valsecci M. Raventos M. Morgano  P. Trtik A. Zehnder
80%

SINE2020

J. Crha

extern CZ - =

F. Schmid

J. Hovind P. Boillat D. Mannes
50% 80%

R. Harti M. Siegwart
50%
CROSS ENE

C. Carminati e

\

S. Lammlein
extern EMPA M. Meyer
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BS Visit PSI and Switzerland ...
for collaboration and utilization

—— ———
——
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