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What is (neutron) imaging

Neutrons and x-rays
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What is (neutron) imaging?

Neutrons and x-rays

sandstone

water Imbibition
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Hydro-thermo-chemo-mechanics though neutron imaging

Fluid flow within an intact rock
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* water
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Hydro-thermo-chemo-mechanics though neutron imaging

Fluid flow within a damaged
rock
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Hydro-thermo-mechanics
Hydro-chemo-mechanics

Quantification of incremental strain through Digital Volume correlation of the map of
fluid Speed
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Hydro-
Hydro-thermo-chemo-mechanics though neutron imaging Hydro-mechanics
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Hydro-chemo-mechanics

How about more complex geometries?

Lewis et al., EGU (2017)
Lewis et al., Transport in Porous Media (2023)
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Hydro-thermo-mechanics
Hydro-chemo-mechanics

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

5

: — Xerays (100keV) ooy
7 @ Thermal neutrons
Cd

LN N
® 0

N

b

H H
Hydrogen Deuterium

Mass Attenuation Coefficient [em?/ gl

s

05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Atomic Number

Tengattini et al. Neutron (and X-ray) imaging for porous media 15 /58



Hydro-thermo-chemo-mechanics though neutron imaging Hydro-mechanics

Injection in D20-saturated sample

e it |

Lewis et al., EGU (2017)
Lewis et al., Transport in Porous Media (2023)
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and in 3D?

Lewis et al., EGU (2017)
Lewis et al., Transport in Porous Media (2023)
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Hydro-thermo-mechanics
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Hydrofracking of rocks Quantification of front position, speed,

100 mm

25 permeability

01 & &

Marcellus shale
o1 = 70 MPa
Flow rate /6/12 ml/min

Roshankhah, et al., Géotechnique letters (2018)
Roshankhah, et al., USRMS (2019)
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Hydro-thermo-mechanics
Hydro-chemo-mechanics

Heating construction materials Quantification of moisture migration, accumulation
to fire-like conditions for different materials, 20 second tomographies

heater at

concrete

Understa nd”}g of explosive Dauti et al.,, Cement and Concrete Research (2018)
spalling for fire safety of Dauti et al., Transport in Porous Media (2019)
buildings Tengattini et al., Strain (2020)
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Hydro-thermo-mechanics
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Quantification of Cd sorption and displacement of
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Hydro-thermo-chemo-mechanics though neutron imaging

Other applications

Hydro-
Hydro-mechanics
Hydro-thermo-mechanics
Hydro-chemo-mechanics

Neutrons can penetrate through thick
enviromental cells [1]

Neutrons can help track even vapour low
into fractures [2]
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injection

absorbed
concrete /" vapour
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Neutrons can help track flow into immiscible fluids
(e.g., 0il) [3]

Neutrons tomographies can be acquired as fast as
1s per tomography [4]

oil saturated
sandstone

neutrons

D20
injection

A bz
injection

1second tomographies

[1] Yehya et Al,.
[3] Madankan et al., Ready for submission (2021)

Tengattini et al.

Nucl. Inst. Met. Phys. Res. A (2018)

[2] Lukich et al., Mat. Letters (2021)
[4] Totzke et al., Optics Express (2019)
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Hydro-thermo-chemo-mechanics though neutron imaging Hydro-mechanics

Hydro-thermo-mechanics

Hydro-chemo-mechanics

In summary

= Neutrons have a different contrast from x-rays

= Neutrons can see light elements (such as hydrogen, lithium)
and their compounds (e.g., water, oil)

= Neutrons are isotope sensitive; for example can distinguish
deuterated fluids as D20 vs H20

= Neutron can penetrate through thick metal casings for
extreme conditions (pressure, temperature, acids)

Tengattini et al. Neutron (and X-ray) imaging for porous media 22/58



NeXT-Grenoble and other instruments
Hydro-mechanics

Hydro-thermo-chemo-mechanics though neutron (and x-ray Hydro-thermo-mechanics
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NeXT-Grenoble and other instruments
Hydro-mechanics
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Neutrons er and X-Rays!
NeXT-Grenoble: B

Neutron and X-ray Tomography in Grenoble

https://next-grenoble.fr

neutron
source

e tector
N T — neutron 9€
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Neutrons er and X-Rays!

NeXT-Grenoble: B
Neutron and X-ray Tomography in Grenoble .
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NeXT-Grenoble and other instruments
Hydro-mechanics
Hydro-thermo-mechanics
Hydro-chemo-mechanics

Hydro-thermo-chemo-mechanics though neutron (and x-ray!)

NeXT V1.0 since 2015: NeXT V 2.0 upgrade in 2022/2023

Complementary (x+n) studies at
high resolution and high speed

Grating
interferometry

Advanced processing Polarised

Facilities with simultaneous Neutron and X-ray Imaging:
@ NeXT-Grenoble, ILL, France
@ Icon beamline, PSI, Switzerland
@ BT-2 beamline, (NEXT-NIST), U.S.A.
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Multi-modal imaging for segmentation

Martian Meteorite
Miller Range 03346 Mill.Range 230

Martell et al., Science Advances, 2022
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Hydro-thermo-chemo-mechanics though neutron (and x-ray!)

Vapour Injection

) Drainage connection Thermocouple
Pressure/Temperature sensor- 30Hz in-situ radiography
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Hydro-mechanics

Hydro-thermo-mechanics
Hydro-chemo-mechanics
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Gupta, et al., Cem Concrete Research (2022)
Lukich, et al., Material Letters (2021)
Nemati, et al., Transport in Porous Media, (2023)
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Vapour Injection

3D rendering of the superimposed segmented phases
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Nemati, et al., Transport in Porous Media, (2023)

anr’

Tengattini et al.

X-ray) imaging for porous media 28 /58



NeXT-Grenoble and other instruments
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Hydro-thermo-chemo-mechanics though neutron (and x-ray!) Hydro-thermo-mechanics
Hydro-chemo-mechanics

Hydo-mechanical coupling of
Callovo-Oxfordian Clayrock

x-rays (structure)

Rock used for long-term
storage of radioactive

contaminants
neutrons (fluids)

Stavropoulou, et al., Acta Geotechnica (2018)
Stavropoulou, et al., Front. in Earth Science (2020)
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Hydro-thermo-chemo-mechanics though neutron (and x-ray!)

Hydo-mechanical coupling of
Callovo-Oxfordian Clayrock

Rock used for long-term
storage of radioactive
contaminants

NeXT-Grenoble and other instruments
Hydro-mechanics

Hydro-chemo-mechanics

Sample Sample Time since
Normal-N Normal-X first wetting

0-5 min

10-15 min

20-25 min

30-35 min

40-45 min

50-55 min

60-65 min

80-85 min

10 mm

Tov m— high

Hydro-thermo-mechanics

le
Parallel-X

10 mm
x-ray attenuation coefficient (4) or neutron beam transmission (I/ly)

Pmuel N

Stavropoulou, et al., Acta Geotechnica (2018)
Stavropoulou, et al., Front. in Earth Science (2020)
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Hydro-thermo-chemo-mechanics though neutron (and x-ray!) Hydro-thermo-mechanics
Hydro-chemo-mechanics

Hydo-mechanical coupling of "
Callovo-Oxfordian Clayrock

Mask Volume Increase (Parallel-X) —=— |
Crack Volume (Parallel-X) —=—
Absorbed Water (Parallel-N) —s—
Mask Volume Increase (Normal-X) —e— |
Crack Volume (Normal-X) —e—
Absorbed Water (Normal-N) —o—

Volume change (% of initial sample volume)

20 40 60 80 100 120

Time since start of imbibition (min)

Rock used for long-term
storage of radioactive

contaminants

Stavropoulou, et al., Acta Geotechnica (2018)
Stavropoulou, et al., Front. in Earth Science (2020)
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3D strain field Correction of grayscale Accurate estimation
through DVC by deformation water uptake

.. !

Stavropoulou, et al., Front. in Earth Science (2020)

Test absorption water in COX

neutrons
—_—
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NeXT-Grenoble and other instruments
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Porous media are not just geomaterials!

Water sensitive material (e.g., Xrays(Vol Strain) Neutrons(H20 content)
Medidicines, food) ox

Cous Cous o
Neutro'

J‘
Humid Air

: %g'%r :

Societal problem: Caking —
loss of usability of food oo
exposed to humidity B

Horizon 2020 |TN Vego, Tengattini, et al., Soft Matter (2022)

Ccavrer &
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Hydro-chemo-mechanics

Porous media are not just geomaterials!

Water sensitive material (e.g., Statistical correlation of Vol. Strain to
Medidicines, food) H20 content

Cous Cous

Neutro' 1

Humid Air

Societal problem: Caking — LN
loss of usability of food
exposed to humidity
Horizon 2020 ITN,
c: LY o P P s
CALIPER &
Unilover

Vego, Tengattini, et al., Soft Matter (2022)
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Hydro-chemo-mechanics

Porous media are not just geomaterials!

Water sensitive material (e.g.,
Medidicines, food)

Neutro.

Humid Air

Cous Cous

Societal problem: Caking —
loss of usability of food
exposed to humidity
Horizon 2020 ITN,

N B
€ caurer W
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Contact Analysis
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Time 1

Vego, Tengattini, et al., Soft Matter (2022)

Tengattini et al. Neutron (and X-ray) imaging for porous media 31/58
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Heating construction Neutron Xeray
materials to high
temperatures

Dry cement Dey cement

Macro-
porosity

Macro-
porosity
Agaregate Aggregate

Wel cement Wet cement

heater at

neutrons
—

Horizontal

concrete

Multimodal

registration

L1

LafargeHolcim

High

atenuation attenuation

Low High
attenuation attenuation

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
40 C

neutrons

Joint histogram Phase map

08

02 04 06 08 In(p)

LafargeHolcim

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
C

neutrons
—_—

concrete

L4

LafargeHolcim

Hydro-chemo-mechanics

B ractical analysis

Stamati et al., 2020

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
e

concrete

Tudisco et al., Measurement Science and Technology (2017)
Roubin et al., Cement and Concrete Composites (2019)

H Sleiman, Cement and Concrete Research (2021)

LafargeHolcim
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Heating construction

materials to high
temperatures

LN

neutrons
—_—

L4

LafargeHolcim

Hydro-chemo-mechanics

heater at

Tudisco et al., Measurement Science and Technology (2017)
Roubin et al., Cement and Concrete Composites (2019)
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Salt Precipitation

time

Nosgenow svscten

neutrons
P |8
Initial salt
X-rays bank | T
__sandstone
Waterrise | =
nitrogen | |brine t H
injection injection Brine -
capillary X
. conact N\
From X-ray: Salt accumulation oimin  10mn  t20mn  140min

From neutron: evolution

N i Mascle et Al., Science and Technology for Energy Transition (2023)
hydraulic properties
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Haloclasty: weathering by
growth of salt crystals

\Ele]
istribution

environmental
drying

_ Okumiko V., Gregoire, D. et al., Ezponda, "Feder funds” Manuscript
reservoir under redaction

Neutrons see Salts (Cl in NaCl
highly visible)

Ezponda

X-rays see microstructure
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Wormhole Growth in Dissolving
Limestones

limestone

x-rays

x-rays neutrons __x-rays

(H20 +
‘amd f/_’{DZO *

[ H20 +f
_acid Szymczak et Al., EGU (2021)
Szymczak et Al., AGU (2020)
Cooper et Al., Advances in Water Resources (2023)

time

From X-ray: wormhole
development by acid dissolution

From neutron: evolution
hydraulic propertie
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Other applications

The combination of neutron and x-rays allow for Neutron and x-ray imaging are highlty complementary
advanced segmentation and image processing [1-3] e.g., to identify organic material

x-ray neutron Segmentation from rock from antactica containing fossilized plant

combined x+n

neutron x-ray

hydrogen-rich fissures
organic matter

concrete corrosion

1]Robuschi et Al., Cement and Concrete Research (2021)
2] Tudisco et Al., Measurement Science and Technology (2017)
3]Roubin et Al, Cement and Concrete Composites (2019)

Tengattini et al.

X-ray) imaging for porous media 36 /58



NeXT-Grenoble and other instruments
Hydro-mechanics

Hydro-thermo-chemo-mechanics though neutron (and x-ray!) Hydro-thermo-mechanics
Hydro-chemo-mechanics

Porous Media Energy Materials Food Science

Lewis, et al., Transport in Porous Media (2023) Bradbury et al., Advanced Functional Materials (2023) Vego, et al., Soft Matter (2022)
Gupta et al., Cement and Concrete Research (2022) Magnier, et al. Frontiers in Energy Research (2022) Vego, et al., Food Structure (2023)

Sleiman et al., Cement and Concrete Research (2022) Ziesche, et al., Nat Comm (2020) Vego, et al., Granular Matter (2023)

Geophysics Medical sciences Archeology

Martell, et al., Science Advances (2022) Tornquist, et al., Fontiers in bioengineering (2022)
Cordonnier et al, Frontiers in earth science (2020) Lecann, et al. Physics in Medicine & Biology (2021)

And much more!
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What can NeXT do?
NeXT 1.0

NeXT 2.0
Advanced options, present and future Conclusions, perspectives

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

’7’ ///\\\

Tengattini, Kardjilov,

I////,//////
@

1 mm

\\\

\\\\

\\\\\\

~ Mm spokes
Helfen et al., 2022 Optics Express




What can NeXT do?

a)

N].Oh tOMO Tengattini, et al., 2022 Optics Express
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What can NeXT do?
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The old instrument (NeXT V.1.0)/ D50Tomo

Pinhole 1.5 to 30 mm

~1.5 108 n/cm2/s
@ L/D~ 330

wa\;/ekznéth
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Advanced options, present and future

What can NeXT do?
NeXT 1.0

NeXT 2.0
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Flux vs. L/D

NeXT-Grenoble

 ConRap*
icon
oAt
LARK:
©MAGINE®
onst
oopieer
# ANTARES®

B DSO/NeXT*+*

00

500 800

1000 1200 1400 1600 1800

collimation (L/D)

ngattini et al.

Neutron (and X-ray) imaging for porous media

42/58



eX

UGA il HZB.....

Université NEUTRONS Zentrum Berlin
FOR SCENCE

Grenoble Alpes
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Endurance II Upgrade
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simultaneous x/n|1 sec tomos,
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Dauti et Al. Cement and Concrete Research (2018) Ziesche et Al Nature Communications (2020) Totzke et Al. Optics Express (2019)
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NeXT 2.0

NeXT

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

Video by
Tengattini A.
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What can NeXT do?
NeXT 1.0

NeXT 2.0
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What can NeXT do?
NeXT 1.0

NeXT 2.0
Advanced options, present and future Conclusions, perspectives

Improved tomographic
station

Adjustable collimation (L/D),
Higher flux

More x-ray options, 150kV —
300kV

More space for operando test
Expanded detector suite
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What can NeXT do?
NeXT 1.0
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Fluid flow within a damaged Tests in June 2023, 30 second tomographies
rock

mechanical
loading

sandstone

* water

injection
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Monochromatic imaging

options
2, by

o lacmbrepste o
15 2 25 3 35 4 45 [ e
°) Wavelength [A]

Standard
Spiralock®

Dabah, E., et al., Journal of Materials Science
(2016)
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What can NeXT do?
NeXT 1.0

NeXT 2.0
Advanced options, present and future Conclusions, perspectives

Monochromatic imaging
options

Velocity selector

o Wider wavelength
AN/ A~ 15 —20%

o Standard Astrium
(now Airbus), 2.5 to
40 A
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What can NeXT do?
NeXT 1.0

NeXT 2.0
Advanced options, present and future Conclusions, perspectives

Monochromatic imaging
options

Double-crystal monoch.

linear
monochromator

stage
l-ﬁ;rrangement )
beam axis
SEmmmm——— 13T 2N
neutron monochromatic
guide. beam
linear stage

beam axis

polychromatic
beam

linear stage

Narrower wavelength
AN/ ~ 5%
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Grating Interferometry

Crystallography

In collaboration with TUM

>/

M. Schultz  T. Neuwirth S. Sebold
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What can NeXT do?
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Polariser

Kardjilov, N., et al., Nuclear Instruments and
Methods in Physics Research Section A
(2009) 605 (1-2),13
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What can NeXT do?
NeXT 1.0
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In NeXT 1.0, 2021 with solid state bender, more tests in 2 weeks
at NeXT 2.0 (also with 3He cells)
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In NeXT 1.0, 2021 with solid state bender
Thesis of Oji Ugwumsinachi with N. Kardjilov
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Advanced options, present and future

eXT
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Ruiz-Martinez E.
etal

Tengattini et al.



What can NeXT do?
NeXT 1.0
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Simultaneous 5D x+n
at high speeds

Advancgéd processing Polarised Energy Selective
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What can NeXT do?
NeXT 1.0

NeXT 2.0
Advanced options, present and future Conclusions, perspectives

@ Temendous possibilities from Neutron and x-ray imaging

o Neutron Imaging now down to < 4um resolution and up to 1s
tomographies (at much coarser resolutions)

o These images are quantitative, i.e., they are data

o Plenty of things to fix, plenty of things to develop, in
particular in the joint use of x-rays and neutrons

there is still plenty of work (and fun) ahead!
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Want to know more?

o About neutron (plus x-ray) imaging review papers:
o For Geomechanics: Tengattini et al., Geom. Ener. Envir.
(2021)
o For Material science : Kardjilov et al., Materials today (2018)
o For Fluid Flow: Perfect et al., Earth Science Review (2014)
o about NeXT-Grenoble:
o Tengattini et al., Nucl. Inst. Met. Phys. Res. A (2020)
o contact@next-grenoble.fr
o https://next-grenoble.fr/
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in no particular order)

B2

L Helfen A. Fedrigo E. Ruiz-Mar. K. Buckley N. KardjilovN. Lenoir B. Giroud C. Couture
...for the science...

@ﬁﬂﬂl Pyl

E. Andd S.Hall  S.Roux S.DalPont H. Cheick- 0 Stamati | |ykich R. Woracek P.Moonen E. Stavrop. H Lewis
. and for everything!

TI T T3S

C. Viggiani G. Fragneto H. Schober M. JohnsonR. Schweins A. Meyer J. Jestin P. Langan J. Estrade H. CourtoisY. Lakhnech

(Too) many people to thank!

On the instrument...

. and many others

Baptiste Amoudrouz ,Luc Didier and the design office, Mark Jacques and the D22 team, Olivier Aguettaz, Alex
Quirk, Bob Cubitt and Charles Dewhurst, R.Schweins Thierry Mazilli and Hall D'Essai,Erik Lampasona and Benoit
Jarry, Emmanuel Courraud, Nahuel Vega, Fabrice Rencurel, Ian Sives and Sebastien Grimaud and the RP service,
Isabelle Perbet and Marius Vuillet, Ali Elaazzouzi, Paolo Mutti and the SCI group, Simon Baudoin, Pierre Courtois,

Patrice Cogo, all the the support groups!
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