Exploring the Nanoscale with Free Electron Lasers: q
Current Advances and Future Prospects

Claudio Masciovecchio
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Laser Science q
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Cost ~ 300$

T. H. Maiman
. 'WORLD'S FIRST LASER May 16 1960 Stanford Engineering Hero

“A solution looking f blem” = | '
FOIHON DOEING TOr  PIOYEM The New Aork Times

1964: A. M. Prokhorov, C. H. Townes & N. G. Basov - fundamental work in theory

1971: D. Gabor = holography in the late 1940's developed thanks to the laser advent

1981: N. Bloembergen & A L. Schawlow - laser spectroscopy and non-linear optical effects
1997: S. Chu, C. Cohen-Tannoudji & William D. Phillips = laser cooling

2001: E. A. Cornell, W. Ketterle & C. E. Wieman - laser cooling (Bose-Einstein condensation)
2005: J. L. Hall & T. W. Hansch - optical frequency comb technique

2009: C. K. Kao - development of fiber optics in telecommunications

1999: A. Zewail - femtosecond spectroscopy (femtochemistry) to picture chemical reactions
2018: A. Ashkin, G. Mourou, D. Strickland - Optical Tweezers and CPA

2023: P. Agostini, A. L'Huillier, F. Kraus - Attosecond pulse production 2
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Why Free Electron Lasers ? q
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Leonard comes home...and promptly passes out on the couch.
The reason wasn't a good night on the town, however. It was the

fact that he's working nights using the free-electron laser to
conduct his X-ray diffraction experiment.
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Protein Diffraction at FELs q
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Many biological specimens such as whole cells, cellular organelles, some
viruses, and many important protein molecules are difficult or impossible to

crystallize and hence their structures are not accessible by crystallography

R. Neutze et al., Nature (2000)
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The Phase Problem q
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In the 1950s, Herbert Hauptman, a
mathematician (who had taken just one
chemistry class in his life) and physical
chemist Jerome Karle showed that by
solving a certain large set of equations, the
crystal structure can be determined directly.
For their (theoretical) solution they were
joint recipients of the Chemistry Nobel in
1985.

In the image, combining the phases of the
image of Hauptman (left) with the amplitude
of Karle (right) gives the image as shown at
bottom left. The image below right shows
the phases of Karle with the amplitudes of
Hauptman.

The phases dominate the resulting image
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Nobel Prizes on Protein Structure q
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1964 - Dorothy Crowfoot Hodgkin

“....for her determinations by X-ray
techniques of the structures of
important biochemical substances.”

....for  developing cryo-electron
microscopy (cryo-EM) for the high-
resolution structure determination of
biomolecules.”

2024 John Jumper and Demis Hassabis

.. for developing a game-changing
Al tool for predicting protein structures
called AlphaFold, and David Baker,
for his work on computational protein
design, which has been bolstered by
Al in the past few years”
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FELs worldwide q
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. Osdorfer Born - : / £ l : ; L‘.-ErE}‘l‘-H.ahriﬁ(_
Cost:™ 1.6 G€
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Why Free Electron Lasers ? q
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Free Electron Lasers q

Electron source
Elettra Sincrotrone Trieste
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FERMI
=/
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FERMI CDR (2007)
120 eV, 200 fs

Today
420 eV, 2 fs >

FEL pulse Microbunching Optical pulse Electron bunch
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ngture ARTICLES .
photonics

1.0

Highly coherent and stable pulses from the — FeL8" (32.5 nm)
. - Seeding (260 nm)
FERMI seeded free-electron laser in the
extreme ultraviolet 0.8
E Allaria et al., (2012)
’:? 0.6 -
£
:3-3' 0.4
0.2 1
0.0 1 1 1 1 1 1 1
-60 -40 -20 0 20 40 60
Photon energy offset (meV)
FEL pulse
MOD 20nm,
Seed pulse
240 nm

Electron bunch

first dispersive to e-beam dump
section 1
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FERMI q
FEL pulse
FEL pulse 4.2nm

Seed pulse RADZ $

Electron bunch
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| ‘ ) ) to e-beam dump
first dispersive delay line second dispersive

saction section
nature )
photonics

Two-stage seeded soft-X-ray free-electron laser

First modulator

Second modulator

First chicane

First seed

Second chicane

Radiator
10

- 5|t
[s) &
w op
9.5
-10
photonics S
{ 0 Coherent soft X-ray pulses from an echo-enabled
zliy harmonic generation free-electron laser
Nop~102 A>3 nm At>2fs

Polarization
Two pulses (phase locked)
A. Wituschek et al., Nat. Comm. (2020)
Attosecond trains
P. K. Maroju et al., Nature (2020)
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FERMI Beamlines
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3-Ways
Switching

EIS-TIMER
Plane Mirrors

EIS-TIMER

EIS-TIMEX
Switching

PM1b

Shutters BPM GA PMia 52

FELL _ 1 s> yBPM  PYD i
FEL2 ===Ir 50 —_— T~ i
BDA 10M 10M i : =2 KB System
PM2a Energy LDM
PM2a_MD Spectrometers

‘ / MagneDYN

KB System

TIMER - FEL-based transient grating, wave-mixing, noncolliear pump & pobe

Ref. F. Bencivenga
TIMEX - Extreme and metastable conditions, nonlinear spectroscopy

Ref. E. Principi
DiProl - Diffraction and projection Imaging, magnetic scattering, multipurpose

Ref. F. Capotondi
LDM - Low density matter: gas phase samples (atoms, molecules and clusters)

Ref. C. Callegari
MagneDyn - Magnetic dynamics and phase transitions in complex materials

Ref. M. Malvestuto
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Why Free Electron Lasers ?
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10keV : 1A
Synchrotron radiation ] i | High Photon Energy FELs
g: i ............... 2 1 nm
| i i HHG in gases
Plasma lasers i : - ng
100eV - ‘ - 10nm
Low Photon Energy FELs \ _____
10eV - - £ 100 nm
Conventional lasers |
1eV T J\ﬁm\ T T T mﬁm\ T T T T T - 1|jm

1ns 100ps 10ps 1ps 100fs 10fs 1fs

Pulse Duration

Imaging with high Spatial Resolution (~ 1) fixed target & particle injection imaging,..
Resonant Experiments: absorption, circular dichroism, chemical mapping,

Dynamics: wave mixing (nonlinear optics), extreme condition, WDM, ....

14
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X-ray Absorption q

! [ Elettra Sincrotrone Trieste

> The post-edge part of the
t spectrum gives information
X
>
@

A about interatomic distances
% Continuum and bond angles
o
'5 Photo-electron The main edge features are
NNA used for the determination of

the local geometry around an
absorbing atom (can be shifted
M -000000000- due to bonding characteristics)
and the position reveals the
oxidation state

SANVX

hVaut XAS provides information on the local
r\/\fA electronic and atomic structure of a selected
4 element
2

.

Owing to the highly localized nature of core orbitals, X-
ray transitions transform individual atomic sites into
K o—0 chemically selective probes of electronic structure

15
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X-ray Fluorescence

1500

1000 -

500

X-ray intensity, counts

Energy (keV)

Three elements were found to overlap with the
hidden face: Hg, Sb and Zn. Mercury is
associated with the red pigment cinnabar and
Zn with zinc white. Sb was found in the lighted
parts of the face - what pigment was used?

Naples yellow (Pb(SbO;),, Pb;(Sb;0,),)
Antimony white (Sb,0,)

W
#ﬁ;
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X-ray Absorption q
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X-ray Fluorescence & X-ray Absorption q
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Head of a woman, Nuenen, winter 1884
Vincent Van Gogh Museum, Amsterdam
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Pump & Probe (Wave Mixing)

sample

The pump pulse produces a change
in the sample

- stimulate a chemical reaction

- non-equilibrium states

- extreme thermodynamic conditions
- ultrafast demagnetization

- coherent excitations

Pump - Table-top Laser, FEL

Probe1 - Table-top Laser (single energy
or Super-continuum (CaF, crystal))

Probe2 -> FEL (first or third harmonics
(tunability))

Probe3 - Electron Diffraction (100 fs,
200 keV)

Important paramenters:
Pulse Duration, Pulse wavelenght
Time Delay (100 fs ~ 30 um), Time Jitter

20
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T (eV)

10 +

Extreme Thermodynamic Conditions

extreme conditions

electrons

electron-ion
energy transfer

phonon-phonon
energy transfer

| “Exotic
state”

il

/ — ! >

‘0.5 1 15 5 time (ps)
—

Isochoric heating expansion

(constant atomic density)

* Hydrodynamic

=/
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Societal challenge - Developing practical inertial confinement
Fusion provide a virtually limitless source energy. Achieving
controlled fusion requires the understanding of matter under

interior of large
planets and stars
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Liquid Carbon

8 NEWS AND VIEWS
\. CONDENSED STATE———

‘FII’St light on fluid carbon

Nicolaas Bloembergen

Sample Exciting

radiation

A

sample depth

For w < w, the plasma screens the sample from the
radiation -> high-reflectivity and limited (= nm)
penetration depth. Energy transfer to the bulk is
reduced, the sample excitation is inhomogeneous

FEL pulses allow uniform heating:

300 A Al uniformly heated at 1 eV (104 K)
At=100fs, A =60 nm,
d = 10 mm?, 102 ph/pulse

=/
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D.H. Reitze,et al., Phys. Rev. B (1992)

22
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Ultrafast Melting in Carbon q

PHYSICAL REVIEW LETTERS 125, 155703 (2020) Elettra Sincrotrone Trieste

Atomic and Electronic Structure of Solid-Density Liquid Carbon
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REDOX in Action

nature communications

Article https://doi.org/10.1038/s41467-025-62436-2
Time-resolved chemically-selective
spectroscopic investigation of the redox

reaction between hematite and aluminium

Fe,O; +2 Al - Al,O;+2Fe
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FERMI q
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WORLD'S FIRST LASER May 16 1960

PHYSICAL REVIEW LETTERS Auvgust 15, 1961

VoLume 7, NUMBER 4

GENERATION OF OPTICAL HARMONICS®
P. A, Franken, A. E. Hill, C. W, Peters, and G. Weinreich

3 as ar 39 a5 S0 55 860 T0 75 80
Imlhl||IlmllmlllmmI|u||||||Iniﬁulmrhmln‘|ﬁ)1 Folobaobolbebolbolbabahnl IJ'I||IiFIIIFllllllrllllllﬁmlllllllfIrI|Fllllllllilllt

Famously, when published in the journal Physical Review
Letters, the copy editor mistook the dim spot (at 347 nm) on
the photographic paper as a speck of dirt and removed it from

R the publication.
WIKIPEDIA P
25

The Free Encyclopedia
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Non-linear Optics q

— vl (2)
P,=X{}'E;+ X} E;E e

Non linear techniques are powerful when one wants to measure
sample properties that cannot be addressed by conventional
4 linear spectroscopy or to obtain spectroscopic information with a
N. Bloembergen  higher sensitivity than that associated with linear spectroscopy
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; T 0 T O
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Transient Grating 2> o, = o, 26
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Collective Dynamics at the Nanoscale q
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" scientific challenges > The study of collective dynamics in
‘;- “. .:%'.- condensed matter at the nanoscale (vibrational or magnetization
“ ,}g&t‘;’—"ﬁti“’ dynamics) is important for advancing fundamental science and
. modern technology

All Optical Switching

Semlconductors

Ultrafast Magnetism

27
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Collective Dynamics at the Nanoscale q

Our initial aim was probing collective Iattice dynamics (= ps

Elettra Sincrotrone Trieste

dynamics, e.g.: phonons, transport phenomena, structural relaxations,
1 =) y
etc.) at ‘mesoscopic’ scales (10°s nm) . g i on0a ang ¢. Masciovecchio NIMA 2009
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Disordered Systems at the Nanoscale q
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The nature of the vibrational dynamics in glasses at the nanoscale is still unclear (V-SiO,)

M. Foret et al., PRL 77, 3831 (1996) > They are localized above ~ 1 nm-!

P. Benassi et al., PRL 77, 3835 (1996) - Existence of propagating excitations at high ®

F. Sette et al., Science 280, 1550 (1998) - They are acoustic-like

G. Ruocco et al., PRL 83, 5583 (1999) - Change of sound attenuation mechanism at 0.5 nm’
B. Rufflé et al., PRL 90, 095502 (2003) - Change is at 1 nm-?

C. Masciovecchio et al., PRL 97, 035501 (2006) - Change is at 0.2 nm™’

W. Schirmacher et al., PRL 98, 025501 (2007) - Model agrees with Masciovecchio et al.

B. Ruffle et al., PRL 100, 015501 (2008) - Shirmacher model is not correct

G. Baldi et al., PRL 104, 195501 (2010) - Change is at 1 nm"

L. Foglia et al., Photoacustics 2023

Fundamental to understand the anomalies in glasses
29
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INSTITUTE OF PHYSICS PUBLISHING

Disordered Systems at the Nanoscale

=/
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JOURNAL OF PHYSICS: CONDENSED MATTER

1. Phys.: Condens. Matter 15 (2003) 5765-5774

On the origin of the boson peak 9
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Giorgio Parisi
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Transient Grating q
Elettra Sincrotrone Trieste
W\/\/\/ Density grating (lattice) via thermal expansion

w

3 \/\/V\/\/ Thermal grating (lattice)

' yiy

l\/\/\/\/\l Electronic E ‘ E

= population ! !

c grating ' :

5 1 3 1

— I @© 1

= EWVTG | & !
£ :
= Electrons '
: / Lattice :
' At [ps]:

__________________________________

’ At 100’s ps
rF Electron/Spin
probe diffusion
Quasiparticle

diffusion Phonons/Magnons and
Thermal diffusion 31
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Transmission Grating q
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32
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TG on disordered Systems (liquid/glasses) at the Nanoscaleq

Visible Laser Transient
Grating Spectrum of Glycerol

Q=0.01 nm1

FEL VUV Transient Grating

Spectrum of vitreous Silica 10}

Q=0.07 nm1

G signal

N

Raman modes
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0
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LETTER

=/

doi:10.1038/naturel434
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Four-wave mixing experiments with extreme

ultraviolet transient gratings

%ﬁﬁ + PM4 + DL
v

Y A ¥

db
\

Before splitting

F. Bencivenga et al., Nature (2015)

Challenge: Only UHV Reflecting Optics !!

Detector

1600 -

SiO, glass

Phonon Dynamics is accessible in the
MesoSscopic region

Phonon decay (~ 30 ps, corresponding to
~ 0.1 meV energy resolution)

High quality data, comparable with optical
experiments

L. Foglia et al., Photoacustics (2023)

—
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The Contrast - q
A. A. Maznev al., APL (2018) / i A Eletira Bincrotrone Trieste
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Processing Data q

Magnetic Data Sto rage Cost ~ 5500’000 Elettra Sincrotrone Trieste

llllll

lllllll

The first hard disk drive: =g _
RAMAC 1956 e e
- » - RAMAC: " hand-held today:
; o i ' : 5MB = 1 song 100 GB = 20.000 songs

“We achieved something like 800 milliseconds, and that’s where the product came out”

l Gate Size ~ 1.3 mm
Today ~ 0.1 -1 ns ‘

Today ~ 13 nm
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Heat Transport at the Nanoscale

NEWS FEATURE ‘ 12 September 2018 | Correction 13 September 2018

How to stop data centres from

gobbling up the world’s electricity

The energy-efficiency drive at the information factories that serve us Facebook, Google

and Bitcoin.

Our Cloud Data resides on Hard Disk Drives

: e S
this is the cheapest way tosstore large dmounits of data -
: v / 88 a S

WP B s R S SR |

JoAs

Google Data Center, Georgid
(Storage Cloud Tech.)

A BRVE ).

o s
.- estoring data in the cloud
- .ris not , for free“...

=/
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Societal challenge - demand for renewable energy sources,
energy-efficient information and data storage, and improved thermal
management of electronics and batteries

Heat and Electron Transfer at the Nanoscale play a critical role in
these applications and is a hot area of research

9,000 terawatt hours (TWh)

20.9%, of projected ay

electricity demand

—  ENERGY FORECAST

Widely cited forecasts suggest that the total electricity

demand of information and communications technology
(ICT) will accelerate in the 2020s, and that data centres
will take a larger slice.

— W Networks (wireless and wired)
M Production of ICT

Consumer devices (televisions, computers, mobile phones)
W Data centres

0
2010

2012

2014 2016 2018 2020 2022 2024 2026 2028 2030

The chart above is an ‘expected case’ projection from Anders Andrae, a specialist in sustainable ICT. In his
‘best case’ scenario, ICT grows to only 8% of total electricity demand by 2030, rather than to 21%.

Global electricity demand

Water Consumption !!!
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Diffusive phonon
transport: A<< L

Heat Transport at the Nanoscale

Quasi-ballistic
transport: A> L

Silicon at 100 nm period

Diffusive Phon

F. Bencivenga et al., Science Advances (2019)
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At A = to MFP of thermal phonons

Z

5 Fourier law breaks down

5

= Deviation from diffusive thermal
transport due to ballistic phonons

3 ,\1(3-3 T
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Ultrafast Demagnetization q
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Ultrafast Demagnetization & Transient Grating q

Observing the spatio-temporal extend of ultrafast spin diffusion with ... s.commemicse
unprecedented detail

Unlike permanent magnetic structures (i.e.
domain patterns or skyrmion lattices) the patterns
created are transient - the magnetic sample is
thermally demagnetized at the TG maxima

TG period down to 43.6 nm (CoGd alloy) probed on Co M-edge

A=43.6nm =
Aqjpr—Am436nm B . H=4mT
——H =0mT 1

- 10 Lo H=+domT
(@] —
< To08Ff
» 8t K]
.S- 2]
= OQo6f
T 6f =
5 =
5,1 w04}
(D .
. £
> 2t 202
w

of 0fe

-0.5 0 0.5 1 1.5 2 -05 0 0.5 1 1.5 2
Delay time (ps) Delay time (ps)

The decay is ~ tens of picoseconds - thermal effects are the leading
mechanism for washing away the magnetization grating

_D. Ksenzov et al., Nano Letters (2021) a0
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All Optical Switching (AOS) & Transient Grating q

Elettra Sincrotrone Trieste

Femtosecond All-Optical Switching (AOS) - faster and more energy efficient
data storage devices

Looking at the nonlinear demagnetization response as a function of excitation
fluence - a fingerprint of AOS
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K. Yao et al., Nano Letters (2022) 41
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All Optical Switching (AOS) & Transient Grating q

Elettra Sincrotrone Trieste

Emergence of AOS on the nanometer length scale in a GdFe by XUV
transient grating experiment

The understanding of the temporal control of AOS needs to be expanded
into the nanometer range, where ultrafast lateral transport processes are
expected to ultimately compete with AOS
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F. Steinbac et al., Nano Letters (2024) 42
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nature photonics

Article
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Perspectives q

Elettra Sincrotrone Trieste

The ability to monitor time-dependent dipole moments and
charge redistribution with atomic-site specificity addresses a
fundamental challenge in understanding and controlling
molecular processes underlying sustainable energy solutions,
advanced functional materials, and biological function.

How excitons (electron-hole pairs) behave and interact in
materials, is crucial for understanding processes like light
emission, energy transfer, and charge separation, which are
fundamental to areas like photovoltaics, optoelectronics, and
photocatalysis.

Understanding protein-drug interaction with eventual chiral
separation and analysis of racemic drugs. Determination of
protein structure for specimens impossible to crystallize,
eventually in physiological condition.
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Decreasing Complexity = Self Diffraction q

The diffraction efficiency of TG is linked to the modulation of the real = sneotoneTieste
and imaginary parts of the refractive index
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Potential of SD as a spectroscopy tool > We expect the fine structure of
the SD spectrum to be compound-specific, potentially enabling SD-based
nonlinear near-edge EUV spectroscopy technique

A.A.Maznev et al., arXiv:2505.07168
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Super Selective Spectroscopy

Low Frequency Vibrations are very sensitive to Ibuprofen 21.5 o
the conformation of a (bio)-molecule - tool to
investigate the mechanism of action of a (bio)-
molecule from the viewpoint of dynamics
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Super Selective Spectroscopy q

The strongest absorption at Eletra Sincrotrone Treste
O 285 eV comes from atoms 3 (R) & 17 (S)
O 285.7 eV comes from atoms 12 (R) & 28 (S)

1 1 Article https://doi.org/10.1038/s41467-023-36047-5
Element- and enantiomer-selective visualiza-
tion of molecular motion in real-time

nature communications
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