An introduction to Neutron and X-ray imaging

Alessandro Tengattini
tengattini@ill.fr

March 16, 2026
FASEM Doctoral School, Grenoble



X-ray source detector

rotation

Alessandro Tengattini An introduction to Neutron and X-ray imaging



-

_
o

_
<
S

absorption

Mass attenuation coefficient, (cm?/g)

scattering

Alessandro Tengattini

= X-rays (100 keV)
= Thermal neutrons

mCd\- ‘,Gd

]

Atomic number

An introduction to Neutron and X-ray imaging



 Anenuation coefficients with X-ray [cn?']

T | 2 [wla] @ [ e [] ) [ % [ 3 [4a|f [a]7]0
H He
002 002
X-rays U e RIS
, t L t 0.08 022 028 1027|011 [0.16]0.14 | 0.17
o Na | Mg A[Ss P [s[alA
photo electron 013 | 024 038 |033] 025 |030] 023|020
. K | ca | S [ o Ga G Br | Kr
absorphon 014 | 026 |048 073 [NN 20 132 90 1.07 1.6 S| 2| P logo]o73
R | S b Mo Ru Rh Pd Ag
047 086 ] 08 6. 6 08 08
8 Re O P o Pb Po IEN R
04 19.70 0 0138613594 258 81 2028 20
o Ri| Ha

scattering

coeffcients with neutrons [cm?']

1a 2a [ 4] 5 | e [ 6] ) [ 2 [ 3 [4a[5 [6a]7a]0
He
002
Be A Ne
079 () 056 043 | 0.17 | 020 0.10
Na A|Ss|P[S Ar
000 | 015 010 [0.11]0.12 ] .08 |EEEH 0.03
K | Ca LR o cal 2N K As [Se | Br | Kr
00s | oos |FX"Noeol| 072 | 054 CRETCN Y71 035 | 040 | 047|067 [073] 024|061
Ro | S | Y |2 | Mo [0 El R Bl s < Sb [ Te | I | Xe
N 008 | 014 |027]020] 040 | 082 L 10.88 LREY 40 M 021030025 (023|043
absorphon Cs | Ba [ita R o PE A " T [P |8 [Po| AR
02 | oo7 |os2 RETYNPT 3 0.48 [E30 047 |038|027
Fr | Ra | Ac | R | Ha
) 034
scattering = =
irsnon 17147 84.58 1470.04 3242 225
a YR cm | ek | cf
pcrioes 50.20 288

oduction to Neutron a



L Photo electron
"\, absorption

scattering

absorption

scattering

Alessandro Tengattini An introduction to Neutron and X-ray imaging



concrete

absorption

cement

scattering

Alessandro Tengattini An introduction to Neutron and X-ray imaging



neutrons

Similar image quality
Complementary information

https://elearning.iaea.org/m2/course/view.php?id=633
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neutrons

https://elearning.iaea.org/m2/course/view.php?id=633
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https://elearning.iaea.org/m2/course/view.php?id=633
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Advantages of neutrons:

o High penetration power,
even through the thick
cells used for high
temperature/confinement

.

Lead container. The neutron
image (left) 20 s exposure.
Gamma radiography (right) 120
minutes of.

Images courtesy: Dr. Eberhard Lehmann
(Paul-Scherrer-Institute, Switzerland)
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Advantages of neutrons:

o High penetration power

@ Hydrogen attenuates
neutrons well so neutron
imaging is good for
detecting water

Plants visible both within lead container
(top) and behind granite blocks (bottom)
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Advantages of neutrons:

@ High penetration power
@ Hydrogen sensitive

@ Low radiation damage

Plants and other living things can
be imaged with limited damage

Alessandro Tengattini An introduction to Neutron and X-ray imaging



Advantages of neutrons:

High penetration power
Hydrogen sensitive
Low radiation damage

Isotope sensitive

Deuterium and Water can be easily
distinguished (H and D very similar
chemically and mechanically, main
difference being the extra neutron
in the atom)

Alessandro Tengattini An introduction to Neutron and X-ray imaging



Advantages of neutrons:

High penetration power
Hydrogen sensitive

o
o
@ Low radiation damage
@ Isotope sensitive

o

Sensitive to magnetic

moment (even though it -
does not carry charge) k
N. Kardjilov, I. Manke, M. Strobl,

A. Hilger et al.
Nat. Phys. 4 (2008)

Neutrons can be used to explore
magnetic dipoles
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Attenuation

coefficient
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and in 3D?
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Perspective projection (P)
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2D Slice
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3D Rendering
(we just see the outer shell!)

2D Slice

o Tengattini An introduction to Neutron and X-ray imagin,



Change Transparency

3D Rendering
(we just see theouter shell!)

2D Slice
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Change Transparency

3D Rendering
(we just see theouter shell!)

2D Slice

"Subsets"
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FlSSIOn Fission
A continuous flux of neutrons is produced in the
core of a conventional fission reactor. For neutron

scattering purposes, research reactors with Uranium 235 ﬂ. 9'
compact cores are used rather than the more . ﬁ % - % 5
abundant nuclear power plants. © a. 9.

slow neutron fission of the chain reaction

n+53° U —33° U —4g* Ba+3 Kr +3n+ 177MeV e e
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Reactor sources: Nuclear fission

Control rods: Boron

Fuel rods: Uranium

Beam tube

==

Moderator + collant
D,0 for U™ fuel
H,0 for U**-enriched fuel

Bio shield: concrete + steel
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Neutron sources vs X-ray sources

Brightness dE/E Divergence Flux
(s tm=2ster 1) (%) (mrad®)  (s7'm~2)
Neutrons 10% 2 10X10 10%!
Rotating anode 1016 3 0.5X10 5X1010
Bending Magnet 10% 0.01 0.1X5 5X10%7
Wriggler 10%° 0.01 0.1X1 10%°
Undulator (APS) 1033 0.01  0.01X1 1024

Main issue: not as much flux!

@ Thermal flux in reactor core ~101%s~1cm—2

@ Monochromatic flux on sample ~108s~1cm—2

Availability: 40 (neutron) vs 50’000 (x-ray) (but only ~
40 synchrotrons)
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Velocity of Neutrons:
Whilst x-rays travel with the speed of light, neutrons have mass
and so have a velocity that depends on their energy

Energy (meV) Wavelength (A) Velocity (m/s)

Ultracold 0.3 520 7.6
Cold 1 9.0446 437
4.0449 978

Thermal 25 1.8089 2187
50 1.2791 3093

Different velocities can be utilised to look at different
wavelengths/energies as a function of time, so—called
“time-of-flight” measurements
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Thickness of materials: 1 cm

Neutrons
themal neutrons (E.=25 meV) fast fssion) neutrons (E= 1.7 MeV)
A
N
Mo
B
Xerays and gamma-rays
Xays (E= 120keV) gammarays (= 125MeV)
HO DO | M A
G | wm | R | N
cu Mo
cd B

100%

0%

Thickness of materials: 4 cm

X+ays and gamma-rays

Xrays (E=120keV) gammarays (E=125MeV)

gamma-ays (E =6 MeV)

100%

0%
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Thermal neutrons Cold neutrons
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High Resolution High Resolution
High Contrast Low Contrast

Low Resolution Low Resolution
High Contrast Low Contrast
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Resolution:
Detection system, collimation, field of view.. — see later

Contrast:
type of radiation (neutron vs x-rays, energy)
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not enough penetration:

should have used higher energV\

not enough contrast: /

should have used lower energy
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A quick note on noise and contrast
effect of noise on high contrast image effect of noise on low contrast image

P

requires longer exposure,
better veraging to compensate

o Tengattini An introduction imaging



Neutrons exhibit particle and wave-like behaviours, like x-rays, so
much of the theory of scattering can be considered to be the
same. ..

BUT the underlying interactions with matter are different...

Penetration power of neutrons,

Interaction with matter
electrons and x-ray

Neutrons: weak and comparable strength
interactions with nuclei and magnetic
fields

Electrons: very strong interaction with
charge dominates

X-rays, light: strong interaction with
charge, many orders of magnitude weaker
with magnetic moments

i

Penetration Depth (m)
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Conical beam

Parallel beam

_—
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Conical beam

Parallel beam
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Conical beam

Parallel beam
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Conical beam

Parallel beam

Must change detector
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Lab scanner-type
detector (flat panel)

(lab) source

diverging

( X-rays
y
— .
)Y ( sample
D XD, L
|

(_ scintillator

NS5 555 CsI(Ti/Na)
§§ § Gdo

visible
light
CCD/
sCMOS
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Lab scanner-type
detector (flat panel)

(lab) source

Synchrotron-type
detector(s)

synchrotron

source
diverging parallel
¢ X-rays xrays
)
@c | sample
y /\y ( sample
) 5 N /([ scintillator scintillator
CsI(Ti/Na) YAG:Ce
GdO LuAG:Ce
LYSO:Ce
visible ) =
diverging

Tight
CCD/
SCMOS

visible light

optical elements

(lenses, mirrors) CCD/ /

sCMOS
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An example of a detector:

cable clenched Focussing/FOV
sheats rail

CCD/sCMOS
cameras

high quality
lenses

lead radiation
protections

mirror on i
i protruding
adjutsable frame scintillator holder

scintillator

Its technical specification

@ Maximum field of view:

300x300 mm

@ Resolution: from 160
microns at 160x160
down to 3 microns

@ Maximum speed of the
camera: 100 Hz
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An example of a detector:

cable clenched Focussing/FOV
sheats rail

CCD/sCMOS
cameras

high quality
lenses

lead radiation
protections

mirror on i
i protruding
adjutsable frame scintillator holder

scintillator

Optics:

@ Field of view = pixel
size x number of pixels

@ pixel size: in classical
optics = lens distance
plus focal length of lens

@ pixel size: infinity

corrected optics = lens
focal length ratio
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An example of a detector:

Optics:

sCMOS
oo @ Field of view = pixel
Objective size x number of pixels
@ pixel size: in classical

optics = lens distance
plus focal length of lens

Scintillator

@ pixel size: infinity
corrected optics =
lens focal length ratio

Neutron

Parallel (infinity beam

Corrected) light q
Mirror /

Black box
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What is radiography

scattered
neutron ‘\
3
incident b £ transmitted
neutrons > > neutrons
S 13
H
absorbed . Scattered
neutrons neutrons When

Neutrons (or x-rays) are incident on a sample they can be
transmitted, scattered, or absorbed by the sample. In imaging, we
measure transmitted beams to obtain information.

@ 0, is the absorption cross-section (barns/atom)
@ o is the scattering cross-section (barns/atom)

@ o7 = 0a+ 0s is the total cross-section (barns/atom)
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Neutron interactio
(absorption vs. scattering)

B Normalized absorption cross section

Portion [ Normalized scattering cross section
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Material with increasing mass number

dro Tengattini An introduction to Neutron a

ray imaging



Attenuation Tomography: The Beer-Lambert Law

= aHpx
I/IO e

Where:
What we {- land | x-ray fluxes in
Bl measure photons/second
-‘ e | is the attenuation coefficient of

— — What we the object
Light in Light out deduce e pdensity
(Io) | (P) 4] e X path length

-—

Path length
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Attenuation Tomography: The Beer-Lambert Law

= aMPXx
I/IO e

Where:
Whatwe [ o landl_ x-rayfluxesin
Absorption takes measure photons/second
place here.
-‘ u is the attenuation coefficient of

— — What we the object
Light in Light out deduce P density
(o) | (HP) ) e X path length

—

Path length

Wavelength dependent, tabulated for some
elements at given wavelengths
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Attenuation Tomography: The Beer-Lambert Law

= AHPX
I/IO e

Where:
What we {- I and | x-ray fluxes in
Absorption takes measure photonslsecond
place here.
-‘  is the attenuation coefficient of

—_— — What we the object
Lightin Light out e D density
o) M « xpath length

—_— \

Path length

(x)

Wavelength dependent, tabulated for some Also measured if tomography or
elements at given wavelengths occasionally known a priori
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Collimation and penumbra

Source Object Detector

Area of
blur
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Collimation and penumbra

Source Object Detector

blur

source/sample distance

L
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Collimation and penumbra

Source Collimation Object Detector

D

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I

Area of
blur

source/sample distance

L
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Collimation and penumbra

Source Collimation Object Detector

D

Area of:

- blur |
source/salinple distance sample/detector distance
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Collimation and penumbra

source/sample distance

L

Source Collimation Object Detector
D
. |L/D = I/d i

sample/dfetector distance

—1
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Collimation and penumbra

flux reduces with the

square of L,D

Source Collimation

L/D = 1/d

soulge/sample distance

Object Detector

sample/dietector distance

L)

Alessandro Tengattini

—1
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Collimation and penumbra

flux reduces with the no effect on flux,
square of L,D increased scattering
Source Collimation Object Detector

L/D = 1/d

soulge/sample distance

L)
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Effect of L/D and sample detector distance

—— ncreasing L/D —

L/D=71 L/D=115 L/D=320 L/D>500

Neutron radiographs of a small engine

But: higher L/D implies lower flux and longer exposition time
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Effect of L/D and sample detector distance

] increasing l —

I

3,5" floppy drive images With 1=0cm 10 cm and 20 cm'distance,
detection: film + Gd sandwich, cold neutron guide with L/D=71.
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Collimation: essential concept in neutron imaging, sometimes
overlooked in Laboratory X-ray Scanners (spot size) important but
often easily achieved in synchrotron imaging (very high collimation
of the source)
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Let's measure the sample
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A Tomographic B Tomographic
Acquisition Reconstruction
Pw/ecuon data

T

Projection data

Forward Back

projection projection
Sinogram: Back- Filtered back-
Projection data repository projection projection
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Usual trade-off between field of view and pixel size
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Usual trade-off between field of view and pixel size
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Usual trade-off between field of view and pixel size
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Hostun HN31 Sand (D,=328pm)

1pm/px 15um/px 90pm/px

Glass capillary Miniaturised triaxial specimen Standard triaxial specimen
1.5mm 11mm 70mm

Please note: the zoom-in llustrations are merely to relate the sizes, the scans shown are of different specimens

E. Andd & Viggiani, On the ease of eaperimental access to deformation entities in granular
assemblies, RIG - 2018
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So far attenuation imaging, but there is also phase contrast
imaging!

Detector

Incident Perturbed Propagation
wave wave distance

Nerita albicilla Monetaria annulus

A

conventional contrast

phase contrast

Haggmark et al.,

See upcoming presentations!
[} [ =
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0 90
é a For neutron tomographic

- experiments, the sample
Y is rotated around a

vertical axis while
transmission projections
of an object are

| acquired by a position
sensitive detector at
different angles.

180

https://elearning.iaea.org/m2/course/view.php?id=633
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https://elearning.iaea.org/m2/course/view.php?id=633

ﬁp“ﬂp ZLE P i
y
Projection data » Reconstruct|on # Slice images

The set of 2D angular projections is used for mathematical
reconstruction of the 3D matrix of the attenuation coefficients.

https://elearning.iaea.org/m2/course/view.php?id=633
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https://elearning.iaea.org/m2/course/view.php?id=633

Volume rendering software can be
used for the 3D visualization by
assigning different colors for the
different attenuation coefficients. 21

hitos:ifwwan.osi.chien/niaa/neutron-tomoaranhy

https://elearning.iaea.org/m2/course/view.php?id=633
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Important parameters

Elements playing in the resolution of an image:
@ Field of view (“zoom”)/number of pixels (optics)

@ Detector sharpness (Scintillator thickness, type, optics used,
alignment... )

Collimation ratio L/D, | where applicable

Signal to noise ratio/contrast, statistics

For tomography: number of projections (sampling theorem)
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sandstone

water Imbibition
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Fluid flow within an intact rock Quantification of front position, speed, permeability

Tomo 0042
50
sandstone w0 g
E
30 =
£
S
40 20 g
Z 30
E 10
% 20
’3310 0
=0 3 30 25 20 15 105 0
Depth (mm)
* water
injection

Tudisco, et al., Journal of Geophysical Research: Solid Earth (2019)
Extegarai,et al., submitted (2021)
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Fluid flow within a damaged Quantification of front position, speed, permeability

rock
Tomo 0042
mechanical
loading 50
0 F
. £
sandstone E
)
40 20 g:‘;
Z 3
% 20 10
53 10 0
=0 3 30 25 20 15 105 0
Depth (mm)

Tudisco, et al., Journal of Geophysical Research: Solid Earth (2019)

water
Extegarai, et al., submitted (2021)

injection
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An example of “Bespoke analysis”— speed maps

Front 1

e |

Front 2

Distance map from 1 to 2

e ———

Distance map 1 Mask 2

— ) 1
Distance map 2 Mask 1

o 2
Distance map from 2 to 1

—
Sum of both distance maps

tion to Neutron and X-ray imagi
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A “go-to keystone Tool" Digital Volume Correlation (e.g., SPAM)
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A “go-to keystone Tool” Digital Volume Correlation (e.g., SPAM)

o0 o———e— oo
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A “go-to keystone Tool" Digital Volume Correlation (e.g., SPAM)

100100100 0 O 0O 100 100 100
100 100100 0O O O 100 100 100
100 100100 0 O O 100 100 100
0 0 00O0OO0O O O
0 0 0OO0OO0O O O
O R RO RO R O (R )
100 100100 0 O O 100 100 100
100 100100 0 O O 100 100 100
100 100100 0 O O 100 100 100
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A “go-to keystone Tool” Digital Volume Correlation (e.g., SPAM)

L

100 100 100| [100 100 100 100

100 100 100 0O

00 0 0 0 100100
100 100100 0_0 0 100100 100, | 100100100 100 O O 0O 100100
100 100 0 0 100100 100 0a 0RO R O OB OB DR 08 0
00 00 0 OGO R OB O R OB DR (R O
[ROERO (0} () (v DR O 0RO R OB 0RO E (R0
(0 O 000 100 100100 100 0 O 0100 100
100 100{100 0_0 0O 100J100 100| | 100100100 100 0 O 0100 100
100100100 0 0 O 100100 100| | 100 100100 100 O O 0100 100
100 100100 0 0 O 100100 100| | 100100100 100 0 O 0100 100
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A “go-to keystone Tool” Digital Volume Correlation (e.g., SPAM)

L

100 100 100| [ 100100 100 100
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00 0 0 0 100100
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A “go-to keystone Tool” Digital Volume Correlation (e.g., SPAM)

Ll
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A “go-to keystone Tool" Digital Volume Correlation (e.g., SPAM)

L1 |
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A “go-to keystone Tool" Digital Volume Correlation (e.g., SPAM)
o

Best correlation?
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A “go-to keystone Tool” Digital Volume Correlation (e.g., SPAM)

Z 1mO0(x)
Vel ;1
X
Transformation Displacement
Gradient Tensor | F E [ NS
A i E B, E
imO(d.x) =iml(x) o=_» w "~ » Ly
o e e
0 0 0 1
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A “go-to keystone Tool" Digital Volume Correlation (e.g., SPAM)

Error function:

ﬂ@):% S (imO(z) — im1(®))?

reROT

Minimisation problem:

Vr(®) =0

Newton’s method:

VT (®") + V27 (d") : 60" =0

Implementation "

(S‘q)n—}—l — (ﬂ-ﬂr”)_lAn
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From displacement to strain

N 2
e,
H B
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From displacement to strain
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A “go-to keystone Tool" Digital Volume Correlation (e.g., SPAM)
Original X Displ. Z Displ. Shear Strain Vol. Strain
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Quantification of incremental strain through Digital Volume correlation of the map of
fluid Speed

3D SPEED FIELD 3D DEVIATORIC STRAIN FIELD

—

L s
=

Speed (m/s) Shein

7.000e-02
60008400
E 0.0525
5625
0035
525
00175
4875 .
x Z0.000=+00
45008400 A
34
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How about more complex geometries?

Lewis et al., EGU (2017)
Lewis et al., under redaction (2021)
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Neutron are isotope sensitive, “normal water” and heavy water have
an order of magnitude difference in opacity
Can be used to track fluid in an already saturated sample

= : — X-rays (100keV) ’m

o 10 ) 4 Thermal neutrons

£ ] o e
|5

g

g P 0
v

£

2, 1 2

£ H H

<

2 Hydrogen Deuterium
g\ﬂ 3

05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Atomic Number
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Injection in D20-saturated sample

Lewis et al., EGU (2017)
Lewis et al., under redaction (2021)

ndro Tengattini

o
An introduction to Ne

tron and X-ray imaging

DA



and in 3D7

Lewis et al., EGU (2017)
Lewis et al., under redaction (2021)
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@ White beam attenuation imaging

@ Fast and stroboscopic imaging

@ Structural and magnetic dark-field imaging

' o Bragg edge diffraction imaging

\"‘:IH&-_

@ Polarized neutron imaging

@ X-ray plus neutron imaging
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Key aspects of white beam imaging
Using all the beam intensity (all wavelengths)
High flux
Faster acquisition
Big objects (good penetration in reasonable times)
Downside: Loose information relating to wavelength dependence
of absorption
(like standard x-ray tomography)
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Domain of application

@ Biology and Agriculture Q o o ‘
Geology

[
@ Archeology
@ Paleontology Example: Lil Battery
0 Art History 2D-radiography projection 3D-tomography reconstruction
@ Material science and Engineering : - = -
@ Industry
@ etc.
For Reviews on neutron imaging > iom g

@ M. Strobl et al., J. Phys. D (2009)

@ N.Kardjilov..M.Strobl et al.
Materials Today (2011)

@ Tengattini A., et al. GEE (2021)

General view Lithium distribution
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So far attenuation imaging, but there is also phase contrast
imaging!

Detector

Incident Perturbed Propagation
wave wave distance

Nerita albicilla Monetaria annulus

A

conventional contrast

phase contrast

Haggmark et al.,

See upcoming presentations!
[} [ =
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® White beam imaging

@ Fast and stroboscopic imaging

o Bragg edge diffraction imaging

@ Structural and magnetic dark-field imaging

@ Polarized neutron imaging

@ X-ray plus neutron imaging
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Stroboscopic imaging
fast process-synchronised imaging
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® White beam imaging

@ Fast and stroboscopic imaging

o Bragg edge diffraction imaging

@ Structural and magnetic dark-field imaging

@ Polarized neutron imaging

@ X-ray plus neutron imaging
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e Making use of the energy (wavelength) dependence of the
attenuation

@ Looking at the loss in transmission due to back-scattering
Brogg's Law: &

nh=2dsin(0)

where

M is the wa

d is the spocing between loyers of atoms

and constructive inferference occurs when N is on integer (whole number)
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How is it useful?

Austenite
\

u-IMartensite

fec(111)

Attenuation coeff. [cm-1]
fee (200)
bee (110)

- = °
s] 38 8 4
T s 8
o 2 F-]
0 =
21 24 27 3 33 36 30 42
, Wavelength [A] A
Tensile Torsion
d=8 mm

Austenite (fcc,

a-Martensite

100% a-Martensite (bcc)

0%

Worachek et al.,2015
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Bragg edge diffraction imaging;:
e Making use of the energy (wavelength) dependence of the
attenuation
@ Looking at the loss in transmission due to back-scattering

Chemical phase mapping Microstructure and texture mapping

Most Probable Angle of
Preferred Orientation “4" (Degree)

18 0
Position x | mm
H. Sato et al. J. Phvs 2010

Total cross section (bams)

Neutron wavelengh (A) ' E. Lehmann, N. Kardjilov et al. NIMA 2009
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® White beam imaging

@ Fast and stroboscopic imaging

e Bragg edge diffraction imaging

@ Structural and magnetic dark-field imaging

@ Polarized neutron imaging

@ X-ray plus neutron imaging
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Working Principle of Interferometry
o G x4 G2

10J09)2p

Translational Moire fringes
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Selective laser melted (SLM) AM sample in stainless steel 316

Set for 1.93um
D G1 x4 G2

10}09)9p

Concentration of ~ 2um pores in the sample

B T

Fractured Sample
Stressed sample

Brooks et al., 2017
Brooks et al., 2018
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White beam imaging

Fast and stroboscopic imaging

Bragg edge diffraction imaging

Structural and magnetic dark-field imaging

Polarized neutron imaging

X-ray plus neutron imaging
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_

N. Kardjilov, I. Manke, M. Strobl,
A. Hilger et al.
Nat. Phys. 4 (2008)
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b)

i w—
analyzer
2D detector
external field colls
<)
s L =
outron Neutrons.
quide
potarizor 5/ ¥ samplo coll UV anatyaoe
2D detector
spin flipper spin fippar o
d) Analysis of Spin companent: X Y z

Simulation Experment  Simulaton Expo Simulation Experiment

Retation angle

dthesample 0" @
72
1w 8 8

Initial spin direction: X

Alessandro Tengattini

0.8 K

95.40 K

83 40 K

9910 K

A



Spin-flipper

Detector

Polarizer

o 5
Alessandro Tengattini
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White beam imaging

Fast and stroboscopic imaging

Bragg edge diffraction imaging

Structural and magnetic dark-field imaging

i
°

Polarized neutron imaging

X-ray plus neutron imaging
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Heating construction Neutron —
materials to high
temperatures R
o poro
Aggregate Aggregate

heater at

neutrons
_

Horizontal

concrete
slice

Multimodal

registration

Low High Low
aitenuation attenuation attenuation atienuation

Tudisco et Al,, Measurement Science and Technology (2017)
Roubin et Al,, Cement and Concrete Composites (2019)
Sleiman, Cement and Concrete Research (2021)
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Heating construction
materials to high
temperatures

Segmented image

heater at

neutrons
B

concrete

Joint histogram Phase map

1

=)

08

06

04

02

Tudisco et Al., Measurement Science and Technology (2017)
Roubin et Al., Cement and Concrete Composites (2019)
Sleiman, Cement and Concrete Research (2021)
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Heating construction X-ray neutrons
materials to high
temperatures

heater at
140 C

neutrons
——

concrete

Tudisco et Al., Measurement Science and Technology (2017)
Roubin et Al., Cement and Concrete Composites (2019)
Sleiman, Cement and Concrete Research (2021)
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Heating construction
materials to high
temperatures

heater at

neutrons
—_—a

concrete

Tudisco et Al., Measurement Science and Technology (2017)
Roubin et Al., Cement and Concrete Composites (2019)
Sleiman, Cement and Concrete Research (2021)
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Structure Electro-chemistry

X-ray tomography at 10 um pixel size Neutron tomography at 3.5 um pixel size

2 hour scan

1 hour scan

Matrix Electrolyte

3 [mm] 3 [mm]

A
v
A
v
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30 minute tomographies at 30um

Ziesche et Al. 2020 Nature Comm.
Ziesche et Al. 2020 J. Electrochem. Soc.
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viscnarge ume [s]

d Axial

Virtual unrolling

Radial

X-ray

Interpolation
Slice i+m

Interpolation

Neutron

Slice i+n

Extrapolation

Ziesche et Al. 2020 Nature Comm.
Ziesche et Al. 2020 J. Electrochem. Soc.
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Lower Int. ‘shoulder’

a outer Li, MnO, side
1.0 ; —o007
Xeray: Discharge f 022
S / -\
Number rd 0.9 \ / ——036
tomography 000 036 096 _ 051
= 08
887 E |—o74
g6 B < o7 0%6
BES & z
g 06
Capacity [ImAhl] 0 48 144 241 336 474 605 0.5 Electrode outward
-— —
Breadth [um] 389 414 431 442 467 486 495 0.4 ) | ! m?Vemem
55 5.0 45 4.0
Radial distance [mm]
b Higher Int.‘'shoulder’
outer Li,MnO, side —00
Neutron: Discharge 1.00 —01
= —02
Number - 03
tomography 00 03 06 04
2 ————————ac s —%
cEgeé T -] ——06
§ £ —————— | —u
UE, —~
Capacity [[mAh[] 0 45 135 226 316 449 581 745 0.75 E\rode outward
-— —
Breadith [um] 386 892 423 427 453 461 488 501 0.70 movement

5.5 5.0 4.5 4.0
Radial distance [mm]

Ziesche et Al. 2020 Nature Comm.
Ziesche et Al. 2020 J. Electrochem. Soc.
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temporal resolution: 1.5s tomographies

a b C d

Totzke et al., 2019 Optics Express
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spatial resolution: < 3 um resolution (pixel 0.75 um)
4.1 mm 1 mm

)

a ’ J

\ //
7%

» ~ Mm spokes

Tengattini, Kardjilov, Helfen et al., 2021 Optics Express




NeXT 2.0

NeXT

Project by
Tengattini A.
Helfen L.
Ruiz-Martinez E.
etal.

Video by
Tengattini A.
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The ‘Pale Blue Dot’

Photograph of planet Earth taken on
February 14, 1990, by Voyager 1.
Distance: 6 billion km

In the photograph, Earth's apparent size is
less than a pixel.

Spatial resolution is not the only thing
that is important. Uniqueness of
contrast and information!

Moreover: Use the synergy of neutrons
and x-rays (and other methods) to
complement contrast and spatial resolution

Woracheck

Alessandro Tengattini An introduction to Neutron and X-ray imaging



SIZE. COMPARISON:
THE M87 BLACK HOLE

AND
OUR SOLAR SYSTEM

ELUo VorRGER L
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Example of the range of applications for (Neutron) imaging

)
Metals

20
Q’.
 Hydrogen
tism

transitions

Microstructure
in artefacts

Applications
e
Magne

[~

Energy Storage

Cultural Heritage

Kardjilov et Al 2018
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Contrast mechanisms

Phase Magnetic Attenuation
s Device inspection:
Hydrogen particle filters
A in metals
AR
Magnetic .-
Internal  fioigs :
defects \°l+
.",‘
~* * Water
~ Bone
2 structures
Magnetic e
domains %
Li transport ] ~iif ~
in batteries .
Corrosion
Contrast mechanisms length scales >

o
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