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. UNDERSTATING CONDENSED AND LIVING MATTER FROM THE SINGLE ATOM

X-ray science and tomorrow’s challenges

Challenges and Objectives of Storage Ring New’ bEtter SCience

and XFEL sources:

» Explore from the extremely fast:
FEMTO-SECOND SCALE % §\.

» Explore from the extremely small: ,~F
NANO-WORLD
» New tools to investigate condensed and living
matter, bridging gaps and complementing New and Health & Energy and
optical and electron microscopies innovative life sciences Environment
» Newstools to answer the pressing technologicil, materials

economic, health and environmental challenges
facing Society.

» A new paradigm for beamlines and source: ESRF Upgrade Programme and ESRF-EBS
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. ESRF UPGRADE PROGRAMME: AN AMBITIOUS PROGRAMME TO PREPARE THE FUTURE

ESRF UPGRADE PHASE | i =) TP W ESRF-EBS -
180 M€ (2009-2015): e e  Extremely Brilliant Source

ESFRIROADMAP 2006-2016 150 M€ (2015-2022)
IN TIME — WITHIN BUDGET ESFRILANDMARK (2016)

- 19 new beamlines,
many specialised on revolutionary design
nano-beam science for a new generation of synchrotron
Upgrade and renewal of source storagerings
facilities and support
laboratories

* *

* 5

E S F R I Eropean
Commission

— The European Synchrotron
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. ESRF UPGRADE PROGRAMME

ESRF Upgrade Programme

rRF PR e Afactor of 100 increasein brillance

Third and coherent flux of the X-ray source

generation
ESRF (1994)

e A conceptually new storagering

second e A complete renewal of the
generation o « beamline » portfolio and of the
- 7 users’ support facilities adapted to
generation the new research opportunities

©)
0]

But also:

MAX IV, SIRIUS

And soon

SPRINGS-II, APS, DIAMOND-II, etc.

s
o
X
|-!
o
~
o~
©
©
—
£
~
~
S
£
S~
V)
S~
[72]
c
[*]
=
[*]
£
[}
S
Q
(8]
=
m
=
oo

19001920 1940 1960 1980 2000 2020

Page 5 The Free Electron Laser for Ultrafast Imaging at the Nanoscale | ERICE 6-10 June 2016 | Francesco Sette The European Synchrotron | E




. NEW ESRF LATTICE: 7BA — SEVEN Benps AcHROMAT LATTICE (RAIMONDI LATTICE)

Key Paramaters

7BA lattice
Energy 6 GeV
Current 200 mA
g, 100 pm rad

.
———
——
-
T
S
~

S— -
V= 75.600  op/p=0.000

v,= 27.600 1 period, C= 843972
20 T

dispersion [m]

s[m]
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2 MIVUS & CPMUS

IVUN22 min. gap 6 mm, K,,,,=1.7
CPMU14.5 min. gap 4 mm, K,,x=1.7

Brilliance [Ph/s/0.1%bw/mm’/mr’]

6 7 8 2 3 4 5 6

Photon Energy

The Free Electron Laser for Ultrafast Imaging at the Nanoscale | ERICE 6-10 June 2016 | Francesco Sette

100 keV
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. 2 MIVUS & CPMUS

IVUN22 min. gap 6 mm, K,,,,=1.7
CPMU14.5 min. gap 4 mm, K,,x=1.7

Photon Flux density
Ph/s/0.1%bw/mm_@ 30m

20 40 60 80 100keV
Photon Energy
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. 2 MIVUS & CPMUS

IVUN22 min. gap 6 mm, K,,,,=1.7
CPMU14.5 min. gap 4 mm, K,,,=1.7

Transverse coherence
Coherent fraction []

9 9
10 keV 100 keV
Photon Energy [keV]
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ESRF UPGRADE PROGRAMME - ESRF EBS (2015-2022)

Girder prototype tests: 128 girders construction started

GIRDER PROTO & MAG - Vertical (Z) PSD

Floor

= Upstream

s — > ’/, ? ‘ ' - 10 canre

== Downstream

Girder prototype with dummy magnets for mechanical tests ¥
: %
/. £

g o

.0“

-o"

2 40 60 80 100 120 140 160 180 200
Frequency in Mz

First vibrationalmode at40 Hz

Girder design ( Virtually no amplification of naturalground motion

The European Synchrotron | ES

=
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. ESRF UPGRADE PROGRAMME - ESRF EBS (2015-2022)

Magnets: more than 1 000 magnets construction started

66 Octupoles

526 Quadrupoles 196 Sextupoles 98 Correctors
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ESRF UPGRADE PROGRAMME - ESRF EBS (2015-2022)

Vacuum chambers: more than 450 chambers construction started
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ESRF EBS MASTER SCHEDULE (2015-2022)

Accelerator Master Plan and Major Milestones

01/10/2017 — Start of assembly phase
17/12/2018 —Start of shutdown

— Start of dismantling phase

18/03/2019 - End of dismantling phase
— Start of installation phase

2015 2016 2017 2018 2019 2020

Planning SOND|J FMAMJ J ASOND|) FMAMJ J ASIOND|) FMAMJ J ASONY{] FMAMJ J] ASOND|) FMAMJ J ASOND
User Service Mode (USM)
Design, Procurment

Production \V
Assembly

Dismantling

Installation

Machine Commissioning

Beamline Commissioning
Friendly Users

04/11/2019 — End installation phase
02/12/2019 —Start of storage ring commissioning phase

09/01/2020 —Start of beamline commissioning phase
May-July 2020 - Friendly Users

25/08/2020 — Start of USM
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EBS ON ESRF BEAMLINE PORTFOLIO: IMAGING BEAMLINES

EX2

Chartreuse Extension
{_\1029

D26 BM26 1027, .'
BM25 = W

Laboratory & Office Building

D17 EX2

|DO3~E.~2] Belledonne Extension

hx2|D16A|l\.

Page 14  The Free Electron Laser for Ultrafast Imaging at the Nanoscale | ERICE 6-10 June 2016 | Francesco Sette The European Synchrotron ‘ ESRF



. EBS ON ESRF BEAMLINE PORTFOLIO: IMAGING BEAMLINES

Main Conclusions

Imaging beamlines mostly on low-f3 straights

(wiggler and undulator sources)

-3  moderateto very high gain - no gain on wiggler sources
high gain in flux and flux density (undulator sources)

very high gain in coherence F.~B
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EBS ON ESRF BEAMLINE PORTFOLIO: DIFFRACTION BEAMLINES

EX2
Chartreuse Extension

Laboratory & Office Building

\ "-,»
D17 }\ ".“J[

EX2
ﬂ Belledonne Extension

§ -
EX2ID16 A1B
ID15A4B

BM14 —
BN

D14 -— —
- ‘—ﬁ_ —L‘,A-"

jms - t_
D122 /
O DN
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. EBS ON ESRF BEAMLINE PORTFOLIO: DIFFRACTION BEAMLINES

Main Conclusions

Diffraction beamlines mostly on low-[3 straights

- very high gain
high gain in flux and flux density
very high gain in coherence F.~B

ideally suited for the production of nano-beams
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EBS ON ESRF BEAMLINE PORTFOLIO: SPECTROSCOPY BEAMLINES

EX2

Chartreuse Extension

Laboratory & Office Building

EX2
|D ﬂj Belledenne Extension

EX2ID16 A+B

ID15A+B ___
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. EBS ON ESRF BEAMLINE PORTFOLIO: SPECTROSCOPY BEAMLINES

Main Conclusions

Spectroscopy beamlines mostly on high-f3 straights

-3  moderateto high gain
moderate gain in flux
moderate to high gain in flux density

ideally suited for the production of nano-beams
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. SUMMARY EBS ON ESRF BEAMLINE PORTFOLIO:

Today, limitations in:

* Brightness = ~95% loss in nano-beams
* Coherence = 0.2% at 10 keV

Increased brightness and coherence:

* Smaller source size

* Largerworking distance for given beam size

* Resolution beyond the limits of beam size

Increased flux and flux density

* Higher time resolution
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. WHERE DOES THIS PLACE SR BASED TECHNIQUES?

Light

Page 21

35

10
§ 33 \ 1
g 10 FLASH Z
- w==) X-FELs i
S 4o / J|
: R, |
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.CC) 25
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19 1 Lilll
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Energy [eV]

The Free Electron Laser for Ultrafast Imaging at the Nanoscale | ERICE 6-10 June 2016 | Francesco Sette

STEMin |
liquid

S ——

Peckys et al, Biophys. J. 100, (2011)

Electrons
Limitations in
imaging &
spectroscopy
for d > 100nm

TEM

“Electron tomography at 2.4 A resolution”,
Scott et al., Nature, (20

The European Synchrotron | ESRF



Tremendous gain in brilliance, flux, and coherence!
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ID10:
ID16:
ID29:
ID31:

x 40 in coherent flux (soft matter BL)
x 30 in flux at ultimate 10nm focus (imaging BL)
x 10° in flux density at the sample (MX BL)

x 103 in focused high E beam (materials processing BL)

We are starting to fill that gap......




Page 23

The Free Electron Laser for Ultrafast Imaging at the Nanoscale | ERICE 6-10 June 2016 | Francesco Sette

ESRF UPGRADE PROGRAMME: SCIENCE CASE

Revolutionizing life sciences at the ESRF: Revealing the hidden treasures

o .serla! crystal-lograplfy to-molecular of Nature with a diffraction-limited X-
machines in functional biological cells

ray Source

Earth & Planetary Science, Novel

Biological Units states of matter

Time-resolved bio-response
of organisms to exogenous
materials

Diffraction-limited
sources: opportunities
for in-situ studies

New, better
science

Nangscienc®

and
Manotechnolo9’

The European Synchrotron | ESRF



. INTERACTIONS IN/BETWEEN BIOLOGICAL SYSTEMS

Opportunities in biological systems

W Probing the bioresponse to exogenous materials with ultimate sensitivity and resolution

Multiscale analysis of heterogeneous materials

o
[
W Low-dose in vivo tomography of living organisms

One of the big challenges for our aging societies: Degenerative diseases
Alzheimer’s disease, Parkinson’s disease

Copperpathologyin vulnerable brain regions in Parkinson's disease

3) .1'.' .
g ?' Q-A Nidbrain Substantia nigra . . .

ST o -] !

i S~ spatial resolution higher brightness

&

Sample
b) raster scanned  photodiode Pontee Locus coendus

c) detection limit higher brightness

radiation damage better detectors

data analysis IT and software

Davis et al. 2014, Neurobiology of Aging
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. NANOSCALE XRF ELEMENTAL MAPPING

Sub-cellular label-free localization of anti-malarian drugs

6% ¥
&

\"L'"

1

! f
3 f}i )
Iy
/) L-'.‘/

Parasite rate

N = iy d \
\ " - . \
7S {in units of APR, ,,, 0-100%) . . -
IE’ BY-NC-SA | - g 100
o

Malaria: CIL Murray et al., Lancet 2012; 379: 413
¢ 3-500 million clinical cases per year

e ~1.2 million deaths (mostly children under five)

f‘i‘i‘:
—_—

/
v

|

Il i R, o
|| i Inserm Institut N ) N
° Pasteur )
l![b Université Lille N‘ord’oe France

* Resistance of main parasite to existing drugs RS, EEHES
e Essential to constantly develop new anti-malarian drugs

SANOFI
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. ANTI-MALARIAL DRUGS

Quinine Primaquine Chloroquine
HCN e 0N S cH. M
New cIass ofantl malarlaldrugs CH s
N'CH3 N CH3
FQ RQ
ICs0=13.1 £ 1.7 ICs0= 18.7 £ 3.9 ICs0=41.5+11.2 "€

- | o
S o0y LD
N H HN
X
) = N Ox
3
Cl N

1948-1980 1977-1982
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SUB-CELLULAR LABEL-FREE LOCALIZATION OF ANTI-MALARIAN DRUGS

Synchrotron nano-probe techniques contribute to the localization
of new drugs and to the elucidation of their action mechanisms.
Fe fluorescence
in malaria infected red blood cell

Parasite

ESRF nano-probe ID22NI-ID16B
50 nm pixel, flux ~ 5 1011 ph/s
E, =17 keV, 100 ms dwell-time

Simultaneous acquisition of the fluorescence
signature of most elements of biological interest

F Dubar et al., Chem. Comm. 48, 910 (2012)

The European Synchrotron ‘
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. SUB-CELLULAR LABEL-FREE LOCALIZATION OF ANTI-MALARIAN DRUGS

Localization of a new drug candidate
Ruthenoquine (Ferroquine equivalent)

Ru-Kao e

16 17 18 19 20 21 22
Energy (keV)

EO=29 keV J

Cl
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STRUCTURAL AND FUNCTIONAL BIOLOGY

Opportunities at cellular and molecular levels

W Ab initio crystal structure determination of large protein complexes

W Room temperature serial protein crystallography of microcrystals

i High resolution imaging of cells and probing protein structural dynamics during physiological activity

Body
Tissues
Cells __Limitations | Solution |
spatial resolution coherence
Organelles radiation damage  better detectors
Large data analysis IT and software
complexes
% ;
Proteins B L. Xrays

The European Synchrotron ‘ ESRF
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. WHY SX?

Serial crystallography (SX): Crystal size N
. . 165 (3)
Assembly of a complete dataset from multiple images  400x400x 1600 um? 245 [60]
<1 min [59]
or sub-datasets, usually from many crystals 300 X400 X500 ym3 95
. i i : 10 x 20 x 30 ym? 15 ms
Much higher effective doses possible x5 .
* Less optimisation of crystal size 31 x 2 % 3 ym’ 150 pis
0.5 x 0.5 % 0.5 yym3 17 ps
* No crystal harvesting : ., %0.1x02x03um? 15 s

Harvesting (without a robot) is a significant bottleneck
Handling can damage crystals

Kinetics: optical pump probe and stopped flow

Damage free

Microcrystals are better for:

/ fs X-ray pulse

Soaking — diffusion through small crystalsis much faster _ . _ _ o
Schmidt, M., “Mix and Inject: Reaction Initiation by

Optical penetration depth Diffusion for Time-Resolved Macromolecular
Crystallography”, Adv. Condens. Matter Phys. .
2013, e167276 (2013)- The European Synchrotron | M
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. SXAT THE ESRF

Membrane-Protein

Serial Micro-Crystallography

using
Synchrotron Radiation
anda

Liquid Cubic Phase Injector

The European Synchrotron

Page 31 The Free Electron Laser for Ultrafast Imaging at the Nanoscale | ERICE 6-10 June 2016 | Francesco Sette



. MICRO-BEAM LCP-INJECTOR SETUP AT ID13

liguid cubic phase (LCP) injectorin operation
- pressurized via HPLC pump

- helium mantle stream

- LCP-jet with 50 mm diameter

- velocity of LCP-jet: 100 mm/sec

X-ray bea
;.an um

glass
nozzle

Weierstall et al.: Nature Communications (2014) 5, 3309

micro-beam 13 keV, 8x10" ph/sec
3x2 um?2 (FWHM HxV)
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BACTERIORHODOPSIN MICRO-CRYSTAL FLY-BY IN 3 SUBSEQUENT FRAMES

Frame 1

ms

EIGER 4M
(3 us overhead
Average travel per 25 ms exposure: 2.5 um Foreseen for Summer 2016 at ID13:
Crystal detected in 3 subsequent frames EIGER 4M pixel array detector for
>> crystal size ~ 30 um guasi-continuous exposure @ 750 Hz
(preliminary evaluation: 80-90 % of the sample could be used
Typical hit rate in the percent range limited ESRF storage ring upgrade <<us exposure possible

by overhead and crystal concentration)
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BACTERIORHODOPSIN STRUCTURE REFINEMENT FROM SERIAL DATA

Preliminary data analysis and structure
refinement of Bacteriorhodopsin
membrane protein test crystals from
synchrotron LCP-jet serial data at

ID13 (electron density map current
resolution 2.7 A)

The Free Electron Laser for Ultrafast Imaging at the Nanoscale | ERICE 6-10 June 2016 | Francesco Sette

Acknowledgement:
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G. Schertler, J. Standfuss et al. (PSl, CH),

H. Chapman, T. White T., et al (Desy/Petra/C-FEL , D)
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SYNCHROTRON SERIAL CRYSTALLOGRAPHY (SSC) EFFORTS AT THE ESRF

Liquid cubic phase injector Multi-crystal workflows

Acta Crystallographica Section D
BIOLOGICAL CRYSTALLOGRAPHY
1 I

Current

Capillaries (Stellato et al., 2014)

Si “Sandwiches” (Coquelle et al, 2015) .

Cubic lipidic phase injector (Nogly et al., 2015) RSEIPINE)
Grease Injector (Botha etal., 2015) rystallogr D Biol Crystallogr 71

aaaaaaaaaaaa

Fluidic chips (Heymann et al., 2014)

In vacuum (Warren et al., 2015)
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. SYNCHROTRON VS. XFEL VS CRYOEM

Mol. Weight (Da) 1->mega

Resolution +++
Nano-micro

Crystal size Eventually: NA (single
particle)

Pump probe time fs

resolution

Maximum dose Up to GGy/position?
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1->mega

bt

Micro

ms, Uus

Up to 20 MGy per
position at cryo (less at
ambient)

~100 kD->mega

NA: No crystallization
necessary

NA

~20MGy, cryo

The European Synchrotron



. SYNCHROTRON VS. XFEL VS CRYOEM

____________FEL_________SynchrotronSX__|CryoEM

Fixed target: minutes Fixed target: minutes Hours

Experiment length Jet: hours Jet: hours

Pump probe time fs ms, us NA

resolution

Detector maturity + +++ +t

Sample preparation Difficult: Difficult: Difficult:
Crystallisation Crystallisation Grid prep, freezing

Instrument cost and +++ + ot

availability

Phasing In development Highly mature Optical phases

Sample consumption Jet: high Jet: high low

Required compute ++ + +++

resources
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. SPECIFIC AREAS FOR IMPROVEMENT IN SYNCHROTRON AND XFEL SX

Flux — EBS!
Faster transit times for crystals, ms->us
Faster dynamics studies, ms->us

Sample oa®
High speed motorisation « Many opportunities for
In vacuum collection common development efforts
Optical pump probe setups, chemical mixing

Detectors

Readout rate

“Hybrid” technologies with no count rate limitations
Pixel size adapted to micro/nano crystals

Improved dynamic range at high frame rate
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. DIFFRACTION FROM MUSCLE CELLS

Actln osm Myofibril Al e

sl

V. Lombardi et al.,
Florence

line
~sarcomere ‘

Linari et al. PNAS, 97, 7226 (2000)

o] Piazzesi et al. Nature, 415, 659
10nm | (2002)

e Riconditi et al. Nature, 428, 578
25 nm (2004)

50 nm 4 Brunello et al. PNAS, 104, 20114
50 nm (2007)

2omm 1 Riconditi et al, PNAS, 108, 7236
e (2011)

1:""' ' _ Linari ef al. Nature, 528, 276

7 om | active il rest FeIER)!

Interference fine structure: Time-resolved studies under physiological conditions
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. LENGTH DEPENDENT ACTIVATION OF THE CARDIAC MUSCLE

Frank-Starling Law of the heart: the force during contraction (systole) is
adapted to the volume at the end of the relaxation (diastole)

SARCOMERE VENTRICLE
, é /fﬁmg = \':_-:\ "&:Onlradilnyﬁ
Anterlor leafiet of l Pt tenmens % § \ _:'- U
3 i -
‘g i/ Short SL
&
Activator [Ca™ ¢
3 &
X - 3
. LT g
-._ - v, ST ?’
Picture of a mammalian heart P. De Tombe et al., (2010) ~ Te—r—r—
showing theinterior of theright

ventricle.

Probingthe molecular mechanism underlyingthis property of the heart
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. DIFFRACTION FROM THE CARDIAC MUSCLE

Small-Angle Diffraction from Cardiac Muscle Trabecula (~¥100 um) of Rat

Diastole Systole

.’a

Myofilament

V. Lombardi (Florence), G. Stienen (Amsterdam), et al.
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DIFFRACTION FROM THE CARDIAC MUSCLE

Ultra low angle diffraction reveals changes at the sarcomere (unit cell)
duringthe activation and probe the supramolecular organization within

Diastole Systole

Sarcomere

Allows to derive the force-sarcomere length relationship and to observe significant
changes in the supramolecular organization
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. LENGTH DEPENDENT ACTIVATION OF THE CARDIAC MUSCLE

LETTER Nature 2015

doi:10.1038/nature15727

Force generation by skeletal muscle is controlled by
mechanosensing in myosin filaments

Marco Linari'2, Elisabetta Brunello', Massimo Reconditi'2, Luca Fusi?, Marco Caremani', Theyencheri Narayanan?,
Gabriella Piazzesi', Vincenzo Lombardi' & Malcolm Irving®

Dual filament mechanism:

o) o o o o o OFF/ON states of myosin motors

Mechanosensing action:

More motors turned on at high load

O O o :
7 = The same mechanism seems to

work in the cardiac muscle

| |
1457 nm
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. IN-SITU MATERIALS CHEMISTRY & MATERIALS PROCESSING

Opportunities in In-situ material chemistry

i Materials chemistry for devices to solve grand challenges in clean energy provision and transport
i A ‘chemically resolved X-ray vision’ on working catalysts and devices for a green energy economy

i Understanding and optimising complex devices on realistic time scales

new materials:
characterisation

_Limitations | _Solution __

Ni-Co-Mn compounds for

electrodes device development: spatial resolution brightness
Ak in-situ studies _ ) ,
time resolution brightness
penetration high energy
data analysis IT and software
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. NANOMATERIALS FOR TECHNOLOGY

Opportunities

i /n situ imaging of strain and chemical composition in biocompatible sensors
i Device imaging and failure analysis under operating conditions: from solar cells to quantum computers

i Three dimensional imaging of nano-electronic building blocks

Strategy for European Back-end of line integration

of non volatile RRAMinto a
SiGe BiCMOS chip technology
for system on chip solutions

__Limitations | __ Solution __

Semiconductor Industry:

more than Moore

; spatial resolution coherence
T S0 . . strain resolution coherence
Xeray diffraction micrograph - QUanNtum computing device
—vill v Evans et al. (2012) time resolution brightness
10 #im 51 W i f 5 i e | i .
omnon, v, Advanced Materials data analysis  IT and software

51, Go, praded 1o
2505, redicosd, pokated

S1@oT)

£

ted

-
500 nm
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ID16B
Beamline Synopsis:

ID16B is a versatile hard X-ray nanoprobe devoted to X-ray
nano-analysis, consisting of the combination of X-ray
fluorescence, X-ray diffraction, X-ray absomption spectroscopy
and 2D/3D X-ray imaging techniques.

The Free Electron Laser for Ultrafast Imaging at the Nanoscale | ERICE 6-10 June 2016 | Francesco Sette

Beamline Team:

Gema Martinez-Criado
Julie Villanova

Remi Tucoulou
Sylvain Laboure
Damien Salomon

Jussi-PetteriSuuronen

The European Synchrotron | ESRF



. ID16 NANOPROBE

nanofocus multimodal beam for nano-
analysis

Optics Hutch

ID16B-NA 165 m

Beamline Characteristics:

Beam size: 50 x 50 nm?
* Energy range: 5-65 keV
* Photon flux: 10° — 10*! ph/sec
* AE/E:102-10%
* Beam operation modes: pink and monochromatic

* Techniques: XRF, XRD, XRI, XAS, XEOL, XBIC

* Studies: in-situ, in —operando & time-resolved experiments
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. ID16B METHODS

Microstructure

(multiphases, porous size)

- Holotomography

- Oxidation States

(polytypes, mixed valence)

XANES

X-Ray Fluorescence

Long Range Order

Optical transitions

(radiative recombinations, gap states)
X-Ray Excited Optical Luminescence

(structure, grain size, strain effects)

X-Ray Diffraction

Local Structural Order

(interatomic distance, coordination)

EXAFS
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. ID16B: COMBINATION OF DIFFERENT TECHNIQUES

GaN: the heart of the Nobel’s Led

Fluorescence Fluorescence Phase contrast Fluorescence
mapping tomography imaging (voxel mapping
size 25 nm3

Akasaki, Amano & Nakamura: 2014 Physics Nobel Laureates
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NANO-XEOL OF GAN

Fluorescence mapping X-ray Excited Optical Luminescence
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NANO-X RAY BEAM INDUCED CURRENT: XBIC

A GaAs quantumdotin a Si nanowire!
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. NANO-X RAY BEAM INDUCED CURRENT: XBIC VERSUS VOLTAGE

* current measured while scanning the X-ray nanobeam on contacted wire
- blue-to-white: current signal (on log colour scale)
- red: Ga, green: As (from fluorescence mapping)
* bias voltage on contact
e current signal
- intense at the hetero-junction
- the vertical and horizontal lines are from the beam
- the top-left to bottom-right diagonal is from current induced in the Si wire
- in the top left corner is the contact
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. ID16B: USERS EXPERIMENTS

Phase—-Change Memories (PCM) By Gisuseppe D-Arrigo at al. Institute of
Microelectronics and Microsystems,

CNR, atania, Italy

Electrode
T —

GST —

b— |

Temperature

TiN

Electrode Time { ~ ns) Phase-Change
J

Ge25b2Te5 system Single GST line

=L

Iterations of SET and RESET: segregation effects, ions migration, etc.
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. QUICK RECIPROCAL 3D MAPPING (K-MAP) FOR STRAIN/TILT IMAGING

ESRF logo etched by FIB

» ID01: nanofocused beam (150 nm x 300 nm) into a SiGe film on Si(001)

90 um

FIB Imaging = SEM WO=6Amm  SignalA=SE2 StageatT= §40° .
fop EHT= 150KV FIB Probe =30KV:AS A Tik Corm.= OF ol
Width=1046 ym |—‘ Mag= 259KX  Photo No.= 446 Date 0 May2013  Time 162022 »”1; {

.
» ID01: quicK-MAPping (K-MAP) ]_

o -

Millions of images and counters in few hours continuous mode
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K-MAPPING FOR DEVICE COMMUNITY

Mondiali etal. Applied Physics Letters Lél?

25

Capellini et al. J. Appl. Phys:(2013)
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. FIRST USER EXPERIMENT: IN-SITU BENDING OF AN AUNANOWIRE

»Top view of Si (001) trenches and a Au NW (150 nm x 30 um) with:
IDO1 optical microscope AFM mounted at the ID01 diffractometer

First measurements done by T. Cornelius, M.-
' . I. Richard, G. Chahine, O. Thomas

» Reciprocal space maps before, during and after In-situ bending:

(111) Bragg peak of a suspended Au NW (~2s/frame): 3D Bragg peak (energy scan ~100 eV) bending with
the AFM tip:

2.68
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O 2.64

02 015 -01 -005 0 005 04
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01 005 0 005 o1
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. MATTER AT EXTREME CONDITIONS

Page 57

[~
o

Opportunities

i Probing structural complexity and its relation to, e.g. superconductivity and quantum phenomena
Imaging materials complexity in the TPa regime at the nanoscale

i Understanding the structure and dynamics of Earth’s and Exo-planets deep interiors

R e e Ty
Ret

Phase diagram

Creating thermodynamic

------

o time resolution

.t conditions that exist only in a very
S small volume and/or for a very
« liguic .
= short time
Limitations | Solution
- beam size brightness

brightness

data analysis IT and software
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. ASTRONG COMMUNITY EFFORT AT ESRF

Samples + Metrology +

160}

150}

140 4——/@
Mao 1986 Zha 2000

Pressure (GPa)

RUb;I;g? line
120 psonm
H2 single crystal He | [ . i Many techniques have been used.
oy rEPE . - Some dedicated beamlines.
1970 1980 1Y5;9a0r 2000 2010 XRD’ XAS’ IXS’ NSR’ XRI
Accuracy ofthe P-T measurements
Ruby scale
Diamond orc_BN scale . . .
Pyrometry = interesting physics.

Study of a material at Mbars pressures completely and accurately as at ambient pressure

Major achievement of the HP field!
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SOME RECENT HIGHLIGHTS

XMCD 2 Mbar

o~ 200

T~ P@GPa)__
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N T 108 T ]
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© — g9 \J
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e | D
Ny, / 0 vV /4 g 6
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Energy(eV)

Torchio PRL 2011

Single-crystal XRD
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o
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Anzellini Science 2013

Spaulding, Nature Comm. 2014
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External magnetic field
119Sn foil

H2S

Magnetic flux

Intensity (arbitrary units)

" Delayed y-rays from the
~—1195n Mossbauer
i+ Isotope

X

o)
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88 o 774(10) GPa
T 8§ g S -~ =
g T T g 87
1,400 8 178 §5 %8 Zsa:cg -
§ ¥ 92 g38s g
g tgft & 8 .3 z
12001 2 flegl & 8
¢ 118
: u
1,000 .
§]‘g“
800 i&q 517(10) GPa
600 Sl h.3 =8 ® £5 sa.
s 8 3 13 §&8
8 g 8 d8g
400 ] “iL/M.-——AJ
¥
200 /@U

8 0 12 12 16 18 20
20 (degrees)

Dubrovinsky Nature 2015

NRS

NRS spectrum of 198 in H,S
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)

&
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£ | Magnetic field N "
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0 20 40 60 80 100
t (nsec)

Troyan, Science 2016
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. PUSH THE FRONTIERS

104
= Go more extreme. TPa& eV WDM
10%
H20@1GPa ™= H30@ TPa
(a) > ;
v ;\_ » ) 2
| — 10
. 4 < Te>200K o
3
N g 101
Q.
A Rt AR g . £ high density
OO Novel materials 2 100 atier
;’H}: Al@ 4 TPa: an electride 1o
S8 (Pickard&Needs 2010)
2L A 1
0o0e 10" 104
o o H 3
= Explore the time scale of high pressure phenomena Density (g/cm®)

e Mechanism and nucleation of phase transitions.
e Yield strength (dynamics of dislocations).
e Nanostructuration; amorphisation; metastable phases.

Go TPa & ns
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. GOING BEYOND THE LIMIT OF STATIC COMPRESSION

X-rays--'r J'- F- IR laser for heating

B " Iron Shock

>

N

Fluid

-
(=)
s

(=]

D =

IR laser for heatlng-‘ ' -"ax-rays

N

{
Temperature (K)
>

Static compression with LH-DAC
covers Earth’s core conditions

~ 360 GPa, 5500 K

0.1 1 10 100 1000
Pressure (Mbar)

1. What is the stability limit of hcp phase in solid Fe ?
2. What is the local structure in the liquid ?

3. What is the nature of ion-ion correlations in the WDM regime ?

Can we create and probe WDM at the synchrotron, with data quality as “at ambient”?
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. DYNAMIC COMPRESSION WITH LASERS

From macroscopic properties to atomic structure - X-ray diagnostics

High power laser facility + X-ray backlighter
Diamond Fe Diamond "“DIQSiOH
i .\‘ 2 backhﬂghler
-S
N Va2V p 2
< i:.-| X5l

i / orlestotpol y
: ,_ Broadband ¥
Fe radiation

Laser driver VISAR

= X-ray scattering, XRD, XAS, XES

= Phase transitions, new structures, WDM electronic and structure changes, etc...

= Test approximations used in theories
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DETECTION LIMITS FOR SINGLE SHOT STUDIES: ED-XAS

Absorption

D24

100 ps

Fe K-edge
ESRF 4 bunch mode |

single shot data collection

6950

7050

7150 7250
E (eV)

7350

data quality corresponds to 50 spectra before

Ge XH microstrip (STFC)
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. SINGLE SHOT EXAFS ON DYNAMICALLY COMPRESSED FE

f ——/—élh X-rays 0.1ns Single bunch XANES

laser-Xray delay

ID24 /4[%. : _\ Elv LASER ns 20- th (ns)

L R B st e T 19
g ?Fiﬁ"“fl&Tc:hnology R - o .0 /’/ PN T T e S 17 1
ecilitizs Counc } : / - 1 5
! £ ; ‘ 0. [ /] 9 |
[ [+ 1] ’ ambient
I= 5* 102 W/cm?

715 720 7.5
E(keV)

Single bunch EXAFS

3.5 . , . | !
1103 160 2800 .| 370 GPa 000K ol TS en it
2103 270 7000 S20} \
310 320 8000 Dle
51013 370 10000 %% wm

» 7100 7150 7200 7250

F. Occelli, O. Mathon, A. Sollier, R. Torchio, et al. Energy (eV)
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. XAS STUDIES ON LASER SHOCKED FE

High Power Laser Facility X-ray Free Electron Laser

OMEGA
single shot

LCLS

1,2
T T T T T T ——— 11.25g/cc 2780K 140GPa
01 ——— EXAFS undriven data [] 12.6g/cc 5800K 260GPa
----- FEFF bec fit . -
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0,8

=]

g

&
| 1 1 1 1 | S 06

T T T T T T 3

011 Dataat90GPa |1 <

— = =FEFF hcp fit
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005F /\ ™\ o |-==-- FEFF hep fit
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0 0,2
0.05 M Lawrence Livermore (b) B

Natiopal Labgratory | ) 0
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Energy (keV)
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8

s

5

Only edge region
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laser frequency
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average over many shots

normalized absorption

Synchrotron
ESRF
single shot
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i Imperial College /’
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. SINGLE BUNCH IMAGING AT SYNCHROTRONS

Mechanical properties, phase transitions and chemistry under high strain rates

A ZL

sjunj £°0~ = dA

VI e 1% :
e == 0.3us = 0.8 us — 1opus W= 7
IMPULSE gas gun @ DCS, APS (Argonne, USA) - Courtesy B. Jensen, LANL

SiO, bimodal Al liner

Cuflyer/sabot  powder mixture

iSALE simulation

600 m's

20
18
- L8
14
12 ?
0.6
0.4
0.2
PC driver PC backer .
shock front

0.3us 1.1ys "+ 1.5pus + 1.9pus 1 3.2us 3.6us

4.0us

A
flyer

Imperial College gasgun @ ID19, ESRF - Courtesy A. Rack (ESRF) :
The European Synchrotron | ESRF
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ESRF UPGRADE PROGRAMME PHASE I: UNIQUE DISCOVERY INSTRUMENTS AS THE ID32 RIXS

UPBL7 on ID32
Spectroscopy

Nano-magnetism &
~ O OV 'y iy

+
=1 —
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INELASTIC X-RAY SCATTERING: UNIQUE INFORMATION IN CONDENSED MATTER PHYSICS

First Magnon dispersion  CaCu0,
Users: \ |~

Early 2015

100nm film N dl_zBa 18CU30¢

02 01 0 01 02
Q. ()

Ghiringhelli et al. Jul 2015

=" “Sampleon  k ! 7, g
4-circle goniometer el -

Collimating mirror] :

. e — S. M. Hayden et al, PRB 54
7R W <y i The sample used in INS was a single
P ol crystal of YBa,Cu,0, , with mass 96 g.

37615
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RIXS-ID32 : COMMISSIONING OF THE HIGH ENERGY RESOLUTION CONFIGURATION IN FALL 2015

' - 400F A i A A~ o~
750 F NdBaZCU?)OG ] NdBa CU O
— ERIXS@ID32 r 2 3 6
2 2 Nov, 2015 ERIXS@ID32
5 260 min @ 300 | 2" Nov, 2015 i
L BW ~ 35 meV J i
% 500 o pol, q,= 0.31rlu ma gnons S 338 Tg]s meV
E —_— Eg\gﬁc E opol,g,=0.31rlu
‘@ 250 1 a 200 —e—Raw o 1
E l > | ——Elastic I l
- ¥ L g 100} I 1
c s S ]
Frereyioss (€4 B - qr“"'zp..;\'llagnons %-""I / ‘.\?.
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Page 69 The Free Electron Laser for Ultrafast Imaging at the Nanoscale | ERICE 6-10 June 2016 | Francesco Sette




RIXS-ID32 : COMMISSIONING OF THE POLARISATION ANALYSIS OF THE SCATTERED LIGHT

Polarimeterdiscriminatingthe 0—o and o-m scatteringchannels

* Excitationswith or without spin/orbital -momentum flips
* Novel design conceived and realised at the ESRF by the joint PoliMi-ESRF Team
Neodimium-Barium-Cuprate parent compound of high Tc

Demo of polarimeter in ERIXS at ID32
Measured for 7 hours

NBCO antiferro. Normal emission, 2th=140, delta=-20, T=30K. ¢ = —0.18 rec.latt.units

Vertical
[Iso out
2000 | G0

o0

Vertical
=30 25 20 -1.5 -1.0 05 0.0 ISO Dut
l5—m

Incidence pol sigmai.e.
Vertical electric vector
Black spectrum without analysis of 2
outgoing polarisation
Red crossed pol channel B il
(magnon + higher odd orders) o
Blu non-crossed
(bimagnon + even higher orders) 0.5 0.0

April 2016, L. Braicovich, N. Brookes, G. Ghiringhelli and the ESRF-ID32/PoliMi Team
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ESRF UPGRADE PROGRAMME

Thank you for your attention!
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