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Neutron and X-ray synchrotron large-scale facilities
as major tools for science and industry

@

Outline NEUTRONS -

T

 What are X-rays and Neutrons? History, production,
properties

 What are they good for? Advantages and disadvantages,
applications to materials and condensed matter...

 Some examples of experiments

* Conclusions and outlook

X-rays and neutrons provide two important tools for probing materialsin a
large range of sizes and time scales
Neutron and X-ray Scattering address “smal

III

science at “large” facilities!

Courtesy of PSI
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Neutron and X-ray synchrotron large-scale facilities
@ as major tools for science and industry

What are X-rays ?

History, production, properties

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024
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Discovery of the X-rays (Rontgen, 1895)

W.C. Rontgen discovered a
penetrating form of radiation
able to pass through the human
body: the X-rays.

X-rays are produced by collision

of electrons with a metal target
(kinetic energy loss)

anode g catode

X-rays : Discovery, production, properties

Crystal diffraction (Van Laue 1912)
Theory of diffraction (Bragg, 1913)

Bragg Law: 2d sinB = ni

: Crystal d=2/2sinb
A . wavelength
0 : diffraction angle /
d : interatomic distance cg/)/@f @ ©
n: integer number di 2%
e @& o o

The X-ray spectrum has two distinct

components: 1 u

- Acontinuous radiation component % “ ’:‘ —

- Sharp radiations with a L

characteristic energy Ka and Kb of the = - —
metal target. - ‘ ’
- Only 1% of the incident energy is K O

emitted in the form of x-rays Encrgy
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X-rays : Discovery, production, properties

@

The electromagnetic spectrum (Photons)

Penetrates
carth ¥ v
Atmosphere?
Wave(ligg:g m Infrared Visible Ultraviolet
103 1072 105 5x10 108 10°10 10-12
AbouttheWAM/vavvm
o TR B
. t G @ > & G
Buildings Humans HoneyBee Pinpoint Protozoans  Molecules Atoms  Atomic Nuclei
Frequency
(Hz)
104 108 1012 1015 1016 108 1020
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X-rays : Discovery, production, properties

m Production of X-rays : over 100 years of constant evolution and huge progress

From glass discharge anode/cathode...to synchrotron techniques and large-scale facilities
E >>m.?2~0.511 MeV

A Discovery of the Synchrotron radiation (GE, 1947) B ,
i Electromagnetic radiation emitted when charge v = E/mec®>> 1
g- | 147 _ particles moving at ultra-relativistic energies are 7~ 1957 E[GeV]
' forced to change direction under the action of a forward emission
: magnetic field —

. e
emittance cone — = ~¥

Synchrotron emission

Modern synchrotron

Electrons are first accelerated by a booster at high
energies and then constrained on a circular orbit.

X-rays are produced by the insertion devices
(bending magnets or undulators) and then used in
the different beamlines located in the tangent of
electron trajectory.

Booster
Synchrotron

Beamlmes
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X-rays : Discovery, production, properties

Production of X-rays : over 100 years of constant evolution and huge progress

@

Synchrotron compared to standard lab Xray source P

- Higher brightness: larger/denser samples; higher
temporal resolution

- Smaller source and further source-to-sample distance:
higher spatial resolution; smaller focused beam

- Various pulse modes: versatile time-resolved
experiments

- Advanced optics and detectors: higher spatio-temporal nsfs &
resolution o )

- Broader energy range: elemental analysis; broader v 1 e
range of materials 2, = e SR ganus
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X-rays : Discovery, production, properties

X rays Scattering : basic concepts

Absorption processes LENGTH SCALE / TIME SCALE
Fluorescence  Photo-electron Auger AbSOI‘ '[IOI‘]
hve emission electrons p nm, ns l‘l‘m‘ I‘ts mm, ms
E. =
(o] o
hv
incoming beam attenuated outgoing beam
Elastic Inelastic
scattering scattering S C atte I‘I n g
hv hv' . .
. . 1 . .
Scattering processes atomnistic discrete subgrain polycrystalline ~ MAcroscopic
lattice structure dislocation structures grain structure material
dynamics behavior
Imaging Spectroscopy I
S\
- - // 3 - - . . .
‘l e ' Absorption contrast  Phase contrast Coherent diffractive Small-angle Diffraction or wide-
z 2 U imaging imaging imaging scattering angle scattering
5 3
1 E 3
)
/ Bragg ang;e ) I Energyl)
Spatial informations | Structural informations |
Absorption Phase l .
| contrast | contrast Long-range order || Short-range order | Local propertlesI
(crystals) (amorphous solids)
’ ’:.:.: :.0.0. -.-.-.
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Neutron and X-ray synchrotron large-scale facilities
@ as major tools for science and industry

What are neutrons?

History, production, properties
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Neutrons : Discovery, production, properties

@

Discovery of the neutron in 1932

1938: 0. Hahn, F. Strassmann, L. Meitner

discovered the fission of 23°U nuclei
1939: H. v. Halban, F. Joliot, L. Kowarski showed

that 23°U nuclei fission produced 2.4 neutrons on

average —chain reaction.
«1942: E. Fermi & al. demonstrated first self-

1932: J. Chadwick (after
work by others) discovers
the neutron, a neutral but
massive particle

T°;3§I“p”m B sustained chain reaction reactor
LF Uncli(ln::;wn Protons
-I raalation
Ol's '_____—-" /
g | | —F» -
- — [ To HM!Jllfler,
4 5 - to oscillograph
Source  [Be > 1x —
2 !
§ Chigago p|Ie
) o 1 3mgraphlte
2H(L_3+4]_33..3 AN EC-I_ on 50Tof U and UO

10
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@

Core frﬁom the top

Neutrons : Discovery, production, properties

Production of Neutrons : reactors, spallation, stripping

In the nucleus, neutrons and protons are bound together through the strong nuclear
interaction. To extract a neutron, it needs considerable energies (MeV)

Different processes : FUSION, SPALLATION, FISSION, STRIPPING

Common use of the neutrons: probe of materials, isotope production for medicine,

bacterial sterilisation, neutron imaging, military applications...

Nuclear reaction

In + 235y => diverse nuclei + ~2.5n + hv
eV MeV

Neutrons must be slowed down through a

235 mm\‘ « moderator » down to about 1-100 meV.

@ Futura-Sciences.com

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024 11



Neutrons : Discovery, production, properties
@ Properties of (thermal) Neutrons

Neutrons tell you “where the atoms are and what the atoms do”
(Nobel Prize citation for Brockhouse and Shull 1994)

Neutrons are massive particles

The Nobel Prize (§:3s

The wavelength of the thermal neutron is
comparable to atomic sizes and lattice
spacings (1-10 A ) -> diffraction, scattering

-
e, Conmp, st ot s ol of P (90 Nl i
PV b o A of e e s Sy

Neutrons reveal
structure and dynamics

NeLiaes Bounce

Neutrons show
where stoms are

The energy of thermal neutrons is similar to
the thermal excitations in solids (1-1000
cm-1).

Neutrons show
ol

S 0

e ety

Neutrons are zero-charge particles
(-> short-range + large penetration depth)

Neutrons have a s=1/2 magnetic moment
that interacts with the magnetic dipoles.

SR 1

. Vi

N

i
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Neutrons : Discovery, production, properties
@ Properties of (thermal) Neutrons

Penetration depth

Neutrons are massive particles
m Im
The wavelength of the thermal neutron is '
comparable to atomic sizes and lattice
spacings (1-10 A ) -> diffraction, scattering
1em 1cm
The energy of thermal neutrons is similar to
the thermal excitations in solids (1-1000 1 mm

cm-1).

1 mm

Neutrons are zero-charge particles

(-> short-range + large penetration depth)
T o o o o o - 4% SE—

Neutrons have a s=1/2 magnetic moment 2 ; i i i i . i {5

that interacts with the magnetic dipoles.

Atomic number

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024 13



Neutrons : Discovery, production, properties
@ Properties of (thermal) Neutrons

Neutrons are massive particles

The wavelength of the thermal neutron is
comparable to atomic sizes and lattice
spacings (1-10 A ) -> diffraction, scattering

Nb

The energy of thermal neutrons is similar to

LONGUEUR DE DIFFUSION

the thermal excitations in solids (1-1000 ':"ASSEATOM'QL:E
80 100

cm-1).
e NUCLEAIRE

e MAGNETIQUE

Neutrons are zero-charge particles
(-> short-range + large penetration depth)

62

Neutrons have a s=1/2 magnetic moment Note for neutrons:
that interacts with the magnetic dipoles. * H/D difference, Cd, B, Sm
* no systematic Z dependence

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024



Neutrons : Discovery, production, properties
@ Properties of (thermal) Neutrons

E0=%Mv2 — F =k, T — 3
Neutrons are massive pa rticles At room temperature: A ~ 5 A ‘ Wave-particle duslity
Nuclear diameter ~ 105 A ‘ A= % oy
. Atomic spacing ~ A -
The wavelength of the thermal neutron is Scattering theory C pacie
comparable to atomic sizes and lattice not so Low-energy incigent wave s Point-liki scatterers
o _ o _ . . . see ~
spacings (1-10 A ) -> diffraction, scattering complicated... swave seattering
Fermi ‘ 2 2
27hb 27hh

The energy of thermal neutrons is similar to
the thermal excitations in solids (1-1000
cm-1).

S(r) === V=

27h

pseudopotential: V(r)=

mmmmp Coarse-gramning:| V' =

Neutrons are zero-charge particles
(-> short-range + large penetration depth)

Huge difference with RX :

Neutrons have a s=1/2 magnetic moment A=1A >E=12keV
that interacts with the magnetic dipoles.

Cold Thermal Hot

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024 15



@

source sample

Beam stop

R

monochromator

Crystal monochromator Ee ks

Sélecteur de vitesse,

Velocity selector

Detector
array

2D Detector

Neutrons : Discovery, production, properties

Neutron Scattering : experiments

@astic E,=E

Polarized Neutron Diffraction (PND)
Small-Angle Neutron Scattering (SANS)

Structures, phase transitions

~

Atomic displacements (stress, diffusion)

k Shape/composition of nano-objects

/

Inelastic E; # E;
Inelastic Neutron Scattering (INS)
Vibrations, rotations (phonons)

Spin-waves, solitons, spinons
k Crystal-field excitations

~

/

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024 16



Neutrons : Discovery, production, properties

Neutron Scattering : instruments

@

TYPICAL LAYOUT OF A RESEARCH REACTOR

Diffractometers
SANS, Reflectometers

Diversity of instruments (« long » and « short » instruments) — Ine|a§t|c spe.ctrometers
Imaging stations

Instruments in a « reactor hall » and « guide hall »

\ | amd W ; "-.‘-' (V) l\\---?-i:.:v -===‘l““
\‘ ke -_nn\\\i“ L ‘i_

17



Neutrons : Discovery, production, properties

Neutron Scattering : instruments

Diffractometers

TYPICAL LAYOUT OF A SPALLATION NEUTRON SOURCE SANS. Reflect N
« short » and « long » instruments halls at the ESS (Sweden) — a eriectometers
Inelastic spectrometers

Imaging stations

@

¥ HEIMDAL

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024 18



Neutron and X-ray synchrotron large-scale facilities
as major tools for science and industry

What are they good for?

Advantages and disadvantages, applications
to materials and condensed matter...

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024 19



X-rays and neutrons: properties and capacities

Both particles are complementary and interact differently with matter

@

They both have Particle-Like and Wave-Like Properties “Scattering power”

Atomic number

Neutrons -
E= % mV?2 Photons 1 6 8 22 26 28 82
E=hV é & . . .
Charge =0 X-rays

Charge =0 H ¢ O Ti Fe N Pb

Element

— -27
Mass - 1’67510 kg Mass - 0 Hydrogen Carbon Oxygen Titanium Iron Nickel  Lead

Spin =% L s o o - O O ©o
Spin=1
(inc) Neutrons

Magnetic moment = -1,913 Magnetic moment = 0 9 6@ 54e 58

% le 47¢ 56@) 60 o
Interact with nuclei via short range (~fm) interact with electrons § “@ jze > :;;
:‘orces. th ed el ) (electromagnetic interaction) e
nteract.W|t. unpalre e.ectrons via Interact with E/H field seriey; SR A Ei
magnetic dipole interaction. >

IR+

e The scattering power for X-rays is proportional to the atomic number. D C O Si Fe

e The scattering power for neutrons is of the same order of magnitude ‘ . O @ O @

for all atoms with large variations for close-by elements.

neutron scattering cross-sectlon

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024 20



X-rays and neutrons: properties and capacities

Both particles are complementary and interact differently with matter

@

Penetration Power

D =dy/e:t=(No)!

RX (14) Neutrons (1.84)
Tml

H20 |20 cm 0.5cm ) veq  emiques

Ca 0.5 mm 60 cm £ 16 . ,
[« 1

cd 0.01 mm 0.05 mm o,
[ -
S

Pb 0.001 mm 40 cm £
E
Q
o

- o Electrons

® = Oy exp(-Not) - T~ -
] ] ] ] ] ] ]

@, : incident flux 0 50
Hum&r atomlgue
. : -3
N : number of atoms / unit volume (Cm ) Profondeur de pénétration d'un foisceau de neurons thermiques

du numéro atomique. (Notez I'schelle logarithmique en ordonnée)

T : thickness (cm)
Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024



X-rays and neutrons: properties and capacities

Both particles are complementary and interact differently with matter

@

10.000 0.025 152.00 CPDRRRR PbS04 Cu Ka X-raydata 22.0.
Scanno. = 1Lambdal.lambdaZ = 1.540 Observed Profile

X-ray Diffraction - CuKa o B | |
Phillips PW1710 .
* Higher resolution
* Intensity fall-off at small d il
spacings

*» Better at resolving small i
lattice distortions J Ub
é’ ) _\ m ‘ﬂd M |

= |
1.0 20 0 40

KIE 4

100 0065 1558 CPORRRR PuS0< 18094 neun daa 88
Scnmou= Tlambda= 1800 Obeenved Prodle
I I

Neutron Diffraction - D1a, ILL
A=1.909 A

* Lower resolution

* Much higher intensity at small
d-spacings

* Better atomic positions/thermal
parameters

-_—

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024 22
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@

e Neutron advantages:

Energy comparable to excitations (phonons, magnons)
Penetrate bulk matter (even heavy elements)

Scattering by nuclear potential and magnetic fields comparable
Weak interaction with matter -> first Born approximation
Isotopic sensitivity allows contrast variation (H/D)

Neutrons do not destroy your sample (low flux)

¢ Neutron disadvantages

Neutron flux is “weak” : low signals, need for large samples
Some elements (Cd, B, Gd) absorb strongly

Kinematic restrictions in energy and momentum transfers
Maximum energy limited in general to 1-2 eV

X-rays and neutrons: pros and cons

¢ X-rays advantages

Lab sources available!

High brilliance x-ray sources (coherence, small beams)
No kinematic restrictions (Q and E not coupled)
Almost no restriction on energy transfers

Separation of orbital and spin components possible

¢ X-rays disadvantages

Strong absorption of low energy photons
Contrast issues (low contrast for similar elements)
Radiation damage to samples

Magnetic scattering is weak except at resonances
Energy resolution limited



« two-facility » sites in Europe

P “‘{;

5%

Saclay (FR) *

Other facilities (SR or Neutron) in Germany, Spain, Italy, Netherlands, Hungary

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024




Neutron and X-ray synchrotron large-scale facilities
as major tools for science and industry

Some examples of fine experiments :
* Structure determination
* Imaging
 Small-angle scattering
* Magnetic scattering

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024
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X-rays and neutrons: some highlights

@

Diffraction techniques

Neutron Diffraction yields structural information: lattice 0.05 80
constants, atomic positions, atomic displacement factors, e
occupations, space group symmetry, stress and strain R vl :
Take home message : < 0 155 &
. itive to the nuclei positi i 070 5

sensitive to the nuclei position 032 3

: 0.15 °
e contrast of scattering lengths e
* isotope effect 0.05 M0.03
* isotropic scattering
o Magnetic Anisotropy Tensor in Fe!'Tp(CN),
Spin-density mapping in Mn(CN)Mo Flux line lattice in superconducting Nb

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024 26



X-rays and neutrons: some highlights
Small angle scattering (SANS and SAXS)

1/1000A 1/100A 1/10A

000t quy 00! 04 i v Diffractometer at the nanoscale !
r T 100000
-2.1 3 10000
| 1 nm —1um lengths scales
1 1000
’ e Individual shape of nano-objects (molecules, Cylindrical ~ Complex Fluids
nanoparticles, polymers, proteins, etc.) and Morphology
complex fluids
|

e Collective behaviour 0
nanostructures, complex systems, aggregation, ~ @ |

crystallization

Biology

e Microstructures in metals and alloys (phase
segregation, diffusion)

| YOSOT e Electronic and magnetic objects (vortices in
>1000 A 100 A-1000 A 10A-100A superconductors, complex magnetic lattices,

@ Fabrice Cousin (LLB) skyrmions states)

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024



% e 21(/01

271/Q, 27/Q3

Several distinct regimes:

1) Q = object size

2) Q = object shape

3) Q = object surface variations

X-rays and neutrons: some highlights
Small angle scattering (SANS and SAXS)

FQ) { |@=NFQ)s(@Q (spheres)

Q ~ (2m/d) : SANS probes objects of size «d»
Q = (4m/A) sin O : necessity to access «small angles» 6

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024
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X-rays and neutrons: some highlights

Neutron Scattering : SANS

CONTRAST MATCHING IN SOFT MATTER

-

3-phase system

Oo
o

Natural contrast Shell visible

Core visible

Magic of neutron scattering lengths !!
CONTRAST MATCHING
CONTRAST VARIATION

~

/

1000 .

100 |
I i
@

0.1

0.01

0.

1.

Micelles with spherical core (R=20nm)
with grafted polymers (Rg=5nm)

A Ap

001

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024
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X-rays and neutrons: some highlights
Neutron Scattering : SANS

POLARIZED NEUTRONS
What is the correct magnetization distribution?

It = F§ + (F — 2PFyFy)sina
homogeneous dead layer canted layer

- _ 2 2 02
I -_ FN + (FM + ZPFN FM)Sln a 8 [ - —— T T E___T_ T Ip( l) TF T T T -|\ T T ™3
: 2 Y L LS,
o 1 N = -
. R ! E— B e ]
Maghemite Fe,O; nanosphere B | ity ARt
23 = DGO BODOOTN INNHH AR
2 Ab ittty b ocatetatatatet. B AN ]
o A4 0000000 (280 LR OO
T T - = ﬂ‘!‘#’{‘{‘!‘ﬂ‘ 4ot ﬂﬂ""‘#"" !‘}. '4’4‘ P"‘i
e P T [inedatelatatatels phatatitityty OOOOOUIAY
I(+) I(+) - I(-) shhihitatatety ittty ittty
b) Q 2 hdateiteletett T o-dtebateiatst 1 irieieieatetste .
s it B teasag 0 @ | ittt Hhtt RN
y : +* : A S Ry . - . i
—_ 0.02 e'F I F - P T P |
T ' 9 | xPeq=176(ns) a) | £°ea= 137 (ns) b) || %’rea= 137 (ns) c)
S5, 0 ok 3.73 (nc) 1.31 (nc) 1.28 (nc)
8 0.1 ~0.04 01 23 456 7012 3 456 701 2 3 456 7
- R [nm] A
-0.06 nanospheres | i & _;_}-_.L—;’-Hlf-
|, = e = = 1 i
0.01
-0.08 : contrast variation —— 1
R . R 1 L L ! -0.08 cross term —e—
0.01 " 0.1 005 0.1 2;15 0.2 0.25 G 05F g
Q[A™] QA7) 3 gL
SR —F 3 =
. . =
Figure 4. Polarized SANS by the nanospheres at room temperature and y- / A—
pnoH = 1.5T. Solid lines: fits according to the model in figure 3(c). (a) Magnetic g |
— . A p . %) - | .
contrast variation of /(+) and /(—). Inset: 10” sectors used for integration. or) ”//
5 i " X ; . g/
(b) Magnetic—nuclear cross term derived from /(+) — I (—). Inset: full intensity | //////4
% - " " | 9
range of the data and the sectors used for integration. i D450

S. Disch et al, New Journal of Physics 14 (2012) 013025 < 03 uam
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X-rays and neutrons: some highlights

@

Inelastic Neutron Scattering (INS)

INS provides information on rotations, vibrations, electronic transitions, crystal-field parameters, spin excitations

1D AFM CuGeO3 :

« single- v
molecule » sl e « two-magnon »
Elastic peak l—‘) magnet Mn12 -'i/‘ = 4 o' o continuum
Quasi-elasti N w 7 L
s 9 L .ﬁ.“
;\..—; \Z. ::: : : :::: vibrational —~ 54 |
e N vy ® °wrr "t‘ (optic mode) n E 4; ° » |
- K oo o & 3 0> —> 1 \ Y /7
g ° s 8 i s
A & \3 [ ¢
z ) B
= M= 10 z
8 :
£ 9510
0.1 1 10 100 1000 ; : : ; ; : ,
-1.56 -1.0 -0.5 0.0 0.5 1.0 1.5
fio (meV) Energy (meV) - N [0,0,1] in2.159 A"
R. Bircher et al, Phys. Rev. B 70, _
212413 (2004) M. Arai et al, Phys Rev.

Lett. 77, 3649 (1996)
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X-rays and neutrons: some highlights

Imaging techniques (neutrons and x-rays)

Research into wood and soil

@

Detector

Archaeology and museum research:
e.g. metal objects, paintings, wood
artefacts

Hydrology and geology:

Paleontology: e.g. examination of
fossils

Nuclear technology: e.g.
examination of fuel
elements and quality control

Materials research: e.g. investigations -

into alloys, welds, etc. b

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024 32
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13.7an

X-rays and neutrons: some highlights

Imaging techniques (neutrons)

Fuel cell heat exchanger

Neut : : b fits f « Following water »
eutron imaging benetts from Applications include detecting water

- the large penetration depth of the contamination and tracing fluids inside a
neutrons in many materials package, for MEMS, sensors or

- their strong interaction with light microfluidic devices for example
elements (H, Li)

- Their ability to differentiate
isotopes (H/D)

- Non destructive probe

Archeology and culturel heritage

“Many metals including Pb are
transparent to neutrons ”

The Application of Neutron imaging to investigate the Design
and Manufacture of a Bronze Oinochoe (Herringer et al, 2015)

J. Warren (PI), H, Bilheux, M. Kang, S. Voisin, C.
Cheng, J. Horita, E. Perfect, Plant Soil, 2013)

Grégory Chaboussant / EPS-Forum Berlin 25-26 March 2024 33



X-rays and neutrons: some highlights

Imaging techniques (neutrons)

Fuel cell heat exchanger

@

Neut : : b fits f « Following water »
eutron imaging benetts from Applications include detecting water

- the large penetration depth of the contamination and tracing fluids inside a
neutrons in many materials package, for MEMS, sensors or

- their strong interaction with light microfluidic devices for example
elements (H, Li)

- Their ability to differentiate
isotopes (H/D) Archeology and culturel heritage

- Non destructive probe

visualize live rogt system

L

“Many metals including Pb are
transparent to neutrons ”

Henri Il (King of France 1519-1559) and his B
“dueling” Helmet (Le Louvre Museum)

13.7an

J. Warren (PI), H, Bilheux, M. Kang, S. Voisin, C.
Cheng, J. Horita, E. Perfect, Plant Soil, 2013)
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X-rays and neutrons: some highlights

Imaging techniques (x-rays)

@

Synchrotron X-ray 2D and 3D imaging beamlines offer ultra-high spatial and time resolutions to observe the
inner details of complex structures in the nanometre and micrometre ranges.

X-ray micro-tomography X-ray nano-tomography Xrays imaging « operando »
Spatial resolutions down Spatial resolution down to 30 nm
to 400 nm (with 10 nm pixel size)

6 O 0006000
AL LA X RN

Inside a single
Copper pillar

G 6 S 00006

5
3 K

!

2
O
14
o
<
2
.
9
a
R
J

L B BN BN BN BN SR BN BN BN N
OO0 OOHNSSDS
LB B BF B B B N N N
(B BN BN BN B O BL BN OB B B
C B B BN S B A BN N N
S S VFo oSSO0 BE S NS
C B BN BN BN AL BB B BN
LB BB B OB B B N NN

Array of Copper pillars
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X-rays and neutrons: some highlights

Imaging techniques (x-rays)

@

Synchrotron X-ray 2D and 3D imaging beamlines offer ultra-high spatial and time resolutions to observe the
inner details of complex structures in the nanometre and micrometre ranges.

X-ray micro-tomography X-ray nano-tomography Xrays imaging « operando »

Paganingigliblin (1743) Spatial resolution down to 30 nm
i) (B (with 10 nm pixel size)

Inside a single
Copper pillar
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X-rays and neutrons: versatile tools
Soft Matter and Biological Systems

Self-Assembled Soft Matter Systems

Encounter in everyday life
Biomolecules

projeins

SANS, SAXS, reflectometry, diffraction
(from atoms to bacteria)

Granular
Structures
membrane Polyelectrolytgs
;m. C.‘J.ﬁ;
Molecular S C
Structures e
Bio-Membranes Gels
Lipid Vesicles ¢
. . Bacteria _
101 m 107 Microemulsions 107 105 103 nanoparticles nanocomposites  \jcelles po\mers
k - —+— - | S V'3
X-rays/Neutrons ~ SAXS/SANS USAXS / USANS “g
Diffraction = v -
DLS R Polymers
SLS
) SALS ] .
T. Narayanan et al., Crystallogr. Rev. (2017)

Optical Microscopy

Electron Microscopy
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X-rays and neutrons: versatile tools

Functional and Energy Materials

@

. Diesel fuel injectors spray dispersal
More and more complex sample environments

(closer to operating conditions and industries)
* Environmental = « In situ »

Temperature, Pressure

Magnetic field, Electric field

* Functional = « Operando »
Electrochemistry, Chemical Reaction
Mechanical Process, Light

“Real materials, real conditions, real time.” Structure and properties
Energy storage « Dynamic processes, kinetics, out-of-equilibrium
Catalysts * Phase transitions
Reactions * reactions

Transport and diffusion
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@

Neutron and X-ray synchrotron large-scale facilities

as major tools for science and industry

Conclusions and outlook

Neutron and X-rays
key techniques in materials sciences »

Neutrons and X-rays provide a unique set of tools to
explore the structural, chemical, and physical
properties of matter

Numerous techniques + huge progress have allowed
researchers to investigate deeper and deeper, with
more flux, more resolution, more precision

Neutrons and X-rays are complementary tools with
strengths and (few) weaknesses.

« addressing society’s grand challenges »

Energy

* New storage materials

* Transport and production

Industry & Materials

* Engine imaging and diagnostic

* QOils, metallurgy, pollutants

Health & Life

e Structure of biomolecules (proteins, enzymes)
* Drug delivery, cancer treatment, food
Arts & Cultural Heritage

* Archaeological objects, artefacts, arts



Neutron and X-ray synchrotron large-scale facilities

@ as major tools for science and industry

Conclusions and outlook

Neutron and X-rays - « addressing _ allenges »
key techniques in materials sciences »

Industry & Materials
* Engine imaging and diagnostic

* QOils, metallurgy, pollutants

Health & Life

e Structure of biomolecules (proteins, enzymes)
* Drug delivery, cancer treatment, food

Arts & Cultural Heritage

* Archaeological objects, artefacts, arts

Numerous “e
researchers .
more flux, =solution, more precision

Neutrons and X-rays are complementary tools with
strengths and (few) weaknesses.
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