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Different types of lightsources

Storage rings (SR)
BN High perf. x-ray source
BN Very stable; highly efficient

B Many user installations for
large variety of applications

—> X-ray scattering, microscopy,
spectroscopy

I B Y European XFEL

X-ray FEL radiation
B Peak brightness x-ray source
Bl Single-pass; few sources

B So far only few user installa-
tions; applications u. study

l-

.
- X-ray ultrafast methods using
scattering, microscopy, spec-
troscopy; non-linear methods

Visible Laser radiation

B Commercially or home-built
systems widely distributed

B Huge community

BN Attosecond & non-linear techn.

d

—> Light ultrafast and non-linear
methods using microscopy or

spectroscopy
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B XFEL radiation is very different from synchrotron radiation
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fs pulse: a probe of atomic motion (100fs) .... and charge migration (fs)

hard X-rays: atomic resolution, chemical selectivity, bulk sensitivity

e © © @ g ® o Acoustic vibration

Speed of sound: v =3000m/s,a=3A = St<10*®s=100fs

Can we measure phonon dynamics in the time domain ?

Can we see how charge migrates from one atom to another ?
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Diffract before destruction: a totally new approach to structural determination with X-rays

Free Electron Lasers : The exploding protein R. Neutze et al, Nature 406, 752 (2000)

t=—2fs =2fs t=5fs t=10fs t=—20fs t=50fs

Can we beat radiation damage ?
Can we measure at room temperature ?

S— e European XFEL Can we make movies of proteins at work ?
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Outline

B Free-electron laser basics
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X-ray Free-Electron Laser (X-ray FEL)

Electron- Superconducting Undulator X-ray FEL
Injector electron accelerator (periodic magnet arrangement) beam

Electron
beam

Electron beam

B8 FEL concept

B J.M.J. Madey, J. Appl. Phys. 42, 1906(1971) B Properties of SASE x-ray FEL radiation

Bl SASE FEL radiation Bl Ultrashort duration (fs — 200 fs)
B High Gain Single Pass regime: A.M. Kondra- B Very high pulse energies (0.1 -1 mJ)
tenko, E.L. Saldin, Part. Accel. 10, 207 (1980) » 102 (10%3) photons at 0.1 (1) nm
Bl Collective instability and self-organization: Bl Almost full transverse coherence (<10 keV)
R. Bonifacio, C. Pellegrini, L.M. Narducci, Opt. B Limited longitudinal coherence
Communications 50, 373 (1984) B Single pass generation / fluctuations

I B Y European XFEL
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Differences with respect to undulator/synchrotron radiation

B Resonance condition is equal

B Much tighter electron phase space parameters

Bl Extremely small emittance
Bl Bunch compression

B Coherent emission process

I B Y European XFEL

2
A, K
A=|1+——| K=0.9344,B,
2y 2
Parameter SR FEL factor
Transverse emittance 1 nm (x) (= 0.1(x,y)) 0.015 nm (x,y) 40 (7)
Longitudinal e~ density 10 nC /30 mm 1 nC/30 pum 100

Esot ~ /N Et
random distribution Pspt ~ N P1

N-electrons

N-electrons
micro-bunched

Ecoherent ~ N E1
Pcoherent ~ N2P1
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Bunching the electrons
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By electro-magnetic forces arising from interaction
with the co-propagating radiation field
Energy change due to x-ray field:

dE =—e v, (t)xE (t)dt

SASE resonance condition:

Keep phase between v,(t) and E,(t) const.

eleciron frajectory

NY

E N I'u" ||'J}|t Wave
L J |
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GENESIS -

simulation for TTF parameters

Courtesy - Sven Reiche (DESY, now PSI)
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SeEd Ed FEL rad I atl on HHG direct seeding j’”ed}”

B Manipulate electron bunch using seeding pulse

Bl improve start condition compared to noise (SASE case) @?/}/

Bl improved radiation properties
» temporal, spectrum, coherence, fluctuations
. - i demodulated tput
- Shorter galn Iength Self Seedlng electron beam bypass electron beam r::iatuion
Bl typically needs more setup time o |
. 1st undulator grazing 2nd undulat
¥ Various methods (ho dependent) — mirrors g l
= Note: | | easier f ller h — ' —
ote. In genera easlier 1or smailler nm SASE FEL slit FEL amplifier
(linear regime) 20000000 (steady-state regime)
grating
HARD X-RAY SELF SEEDING (HXRSS) electron beam monochromatic electron
;“:.;".":;::.h x-ray beam beam dump
SELF AMPLIFIED SPONTANEOUS EMISSION (SASE) & mw/%i’\w -”; A ﬁl ‘"—'"ll
OONOECE EONDEDE  EEEEEEE ool <o o 2 _'—'h
OOOEDED OECODODD DEOR0ED e L1 P o X-RAY FREE ELECTRON LASER OSCILLATOR
T W - IR B (XFELO)
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weak chicane electrons
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4-6 undulator cells

N
o
=3

graz.  thick crystal
@ 200 incidence

Pulse energy 2.2 mJ/pulse — T

BW (FWHM) 20 eV 935 o8 o Photon Energy 7 keV

Spectral density 100 ul/eV " Pulse energy 800 uJ/pulse
Photon Energy dkev BW (FWHM) 20 meV/pulse
Pulse energy 1.2 mJ (bkg 0.4 mJ) Spectral density 40000 uJ/eV
BW (FWHM) 0.8 eV

S tral d t 1000 uJd/eVv
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X-RAYS AND
EXTREME
ULTRAVIOLET
RADIATION

PRINCIPLES AND APPLICATIONS

DAVID ATTWOOD
AND ANNE SAKDINAWAT
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X-Ray and EUV Free Electron Lasers

Log radiated power

Brngp2\ "
“Fellghs
EL = = 6.9
PFEL ( 323 ) (6.9)

Lg = hy/An~Bprer (6.12)

By ~ prer-ymc® - Ife (6.13)

—— ———

P

2o0" = A/ 2T (6.2)

Undulator length

www.cambridge.org/xrayeuv
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New opportunities offered by X-ray FELSs

A Ultrashort pulses | & Structural dynamics
1 =100 fs Bl Measurement of atomic and electron dynamics with high

P X-ray .
@ FELs spatial [0.1 nm] and temporal [10 fs] res.
= Bl physics, materials sciences, chemistry, life science
= Synchrotron

X-ray sources

Coherence B Imaging at the nanoscale

Almost full transverse B Imaging experiments on confined and extended objects
Partially temporal with atomic to mesoscale resolution [0.1-1000 nm]
Bl physics, materials sciences, chemistry, life science

Intensity/power B Non-linear x-ray science

Bl Start using non-linear techniques to obtain hidden
information (off-diagonal elements in reaction matrices)

Bl physics, chemistry

up to few mJ
up to >10%° W/cm?

I B Y European XFEL
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Duffy et al. (2015); Bollis et al. (2016)

. 20 = 17
Open science problems e mey f
Liquid -
<
energy (ultrafast) (bio-)chemical processes: 2
4 excited . - o
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B X-ray FEL facilities

— break —
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X-ray free-electron lasers worldwide

2017 (SC)

European XFEL
Schenefeld + Hamburg | DE

PAL-XFEL 2017

PAL, Pohang | KR

SACLA

2011

LCLS-II o
SLAC, Menlo Park | US 2018 Harima | JP

2009 SwissFEL

PSI, Villigen | CH

SHINE
Shanghai | CH

[ Hara xFEL

Soft XFEL

Under construction/in development

L J | European XFEL
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Some specifics about FEL facilities

B FLASH — first user facility (2005) for XUV and soft x-ray FEL radiation

B FERMI — first user facility to successfully employ laser seeding (XUV to soft x-rays)

B LCLS —first user facility (2009) for hard x-ray FEL radiation and later self-seeding

B SACLA, PAL, SwissFEL — compact hard x-ray FELs

B European XFEL - First international user facility (2017) for soft and hard x-ray FEL radiation

B LCLS-lI(-HE), SHINE — first cw-type soft and hard x-ray FELs

I B Y European XFEL
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Development of peak brightness

B Peak brightness is the quantity best
describing performance of pulsed
coherent (laser) x-ray sources

B SR sources use average brightness
(brightness scaled to 1 second)

B Tremendous improvement opens route
to new methods & applications

I B Y European XFEL
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Can the Peak Brightness increase further ?

AA . hor. emittance

= diffraction limit

AyA y vert. emittance

= diffraction limit

A A bandwidth pulse duration

N

phot

- Heisenberg limit
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= e | ™ <
About the European XFEL

B International user facility for FEL research

B Providing soft & hard X-ray FEL radiation
B Photon energy 300 eV to = 20 keV
Bl High pulse energies
Bl MHz repetition rates
B Multi-disciplinary science community
B Physics
Bl Chemistry
B Biology
Bl Geosciences

B Materials
B Status

BE Construction 2009-2017
B First experiments 2017
Bl 6 instruments operating since 2019 (+ 1 in 2023)

IS W 59 European XFEL Bl Enter now “Harvesting” phase
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Layout of the European XFEL

: &dof‘fer Born;g P

Experiment Hall 3 W .

s Snefeld Injector at DESY
campus 3

e
EES»Y-Bahremféld t‘ “f
_,;P‘
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Beam distribution & instruments

Undulator Segment

FEL radiation energy [keV]

Wavelength [nm]

SASE 1 3-over24 0.4-0.05
SASE 2 3-over24 0.4-0.05
SASE 3 0.27-3 46-04

memsssmmm clectron tunnel € electron switch
photon tunnel ® electron bend

mnnmnnm  undulator | electron dump

=—{hc

linear accelerator
— for electrons (10.5, 14.0, 17.5 GeV)

SASE 2 SASE 1

0.05 nm - 0.4 nm 0.05 nm - 0.4 nm

/ S—
o
o
N
SASE 3
0.4 nm-4.7 nm

HED High Energy

Density Science

Materials Imaging
MID and Dynamics

Tunnel for two additional
undulator lines

Femtosecond
FXE X-ray Experiments

SPB Single Particles, Clusters,
and Biomolecules and
SFX Serial Femtosecond
Crystallography

Soft X-ray Port
SXP
SQS Small Quantum

Systems

SCS Spectroscopy &
Coherent Scattering

21
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Specific electron & x-ray beam delivery pattern

Key parameters Of EUXFEL B RF repetition rate: 10 Hz

Bl RF flat-top length: ~ 600 pus
Bl Up to 2700 bunches/train

= Bunch spacing: Up to 45

Electron Energy 8.5—-17.5 GeV »  macropulse
Photon energy 0.26 - 25 keV % (bunch train)
Pulse duration 2—100 fs E |
Self Seeding Operational SA2 ’ , , mmm“”w X
# of pulses 27000 /s > 22HZ ns ime
# of FELs 3 | 100 ms |
# of instruments 7
Start of operation 2017
‘_'_" ' TE— ' n ' p >
TLD SASE1 SASE3TLD SASE?2

L J | European XFEL
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Seven instruments are in user operation

SCS (start Nov 2018)

rwv

M MID (start r 2019) HED (start May 2019) | SXP (start sumer 2023)

I B Y European XFEL
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FELs & ultrafast x-ray science

Scientific instruments

FXE (Femtosecond X-ray Experiments)

BN Ultrafast dynamics of liquids and solid matter

B Combination of spec. & scat. techniques

XVI School on Synchrotron Radiation, Sakura Pascarelli, 26 September 2022 24

SPB/SFX (Single Part., Bioimaging, & SFX)
B8 Coherent diffraction imaging from single part.

B Serial fs nano-crystallography

MID (Materials Imaging & Dynamics)

B CDI from nano-structured samples

B XPCS of nanoscale dynamics

HED (High Energy Density science)
BN Ultrafast dynamics of highly excited matter

B Combinations of scattering, diff. & spectroscopy

SQS (Small Quantum Systems)
B Ultrafast dynamics of atoms, ions & clusters

B Combination of spec. & coh. scat. techniques

I B Y European XFEL

SXP (Soft X-ray Port)

SCS (Spectroscopy & Coherent Scattering)
BE Ultrafast dynamics of complex solids

B Combination of hr-inelastic spec. & coh.scattering

B Time-resolved X-ray photoelectron spectroscopy

¥ Open port
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Examples of X-ray FEL scientific applications

BN Ultrafast processes in chemistry and materials Make use of fs time resolution w/pump-probe
methods
BN Biological and soft matter Make use of coherence and high intensity

Serial fs crystallography

Photon correlation spectroscopy

B Extreme states of matter Make use of very intenste and short x-ray pulses

to study short- lived states

I B Y European XFEL
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— break —

B Ultra fast processes in chemistry and materials
B Biological and soft matter
B Extreme states of matter

I B Y European XFEL
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Examples of X-ray FEL scientific applications

BN Ultrafast processes in chemistry and materials

I B Y European XFEL

Make use of fs time resolution w/pump-probe
methods

27
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Ultrafast x-ray science

Nature Technology
B Connection of

Head of a

Flea 3@7

- 3 in ~
length and time 770 10" m1mm D pin ~ fmm 1ns
-"( : € — ) . .
H hai i Magnetic recording
scales 230 um wide T Micro gears Hydrogen Computng ime time per bit is ~ 2 ns
30 um wide ] - . - per bitis ~ 1 ns
= 1-100um  10-100 pm W, transfer time
o diameter in molecules 100 ps W
o is ~ 1ns %
é, DVD track ﬁ
0 410 um e Spin precesses M Optical network switching
f in 1 Tesla field 10 ps time per bit is ~ 100 ps
~6 is 10 ps S

Red blood cells m 41 Lm /
& white cell ~ 5um 10 ym

-12 |
@ 1 um Electrodes 10 s - 1ps ! curLr:i?;\?vLil:gﬁd 1ps
T M ~
Virus ~ 200 nm S +4-100nm connected with Shock wave propagates
" 3 nanotubes by 1 atom in ~ 100 fs
o
S 100 fs
=
. —10 nm Carbon nanotube
~g§2 ';s?ilcli)t(h % § ~ 2nm diameter Water dissociates in ~10 fs
O
-9 ‘ T IS 08 — 10fs
10 m¥tinm 2% \\ ‘ §5 8T
R\ P Light travels A A A AN,
Courtesy: 0‘8 U\ tumin3t 15
Y- Water @ Lotnm S A o corral ‘@) 10 s ' 1fs —’J\t— w\/
SLAC molecule Atom =/

~ 14 nm diameter

Bohr period of
I B W European XFEL valence electron
is~1fs

Shortest laser Oscillation period of
pulseis ~1fs visible lightis ~ 1 fs
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Investigations of structural dynamics

Atoms, molecules, clusters
Solids, materials
Complex matter

Extreme states

L J | European XFEL

Phase relaxation

: 1xatic Molecules
electronic vibrations
transitions .
Intramolecular vibra-
tional redistribution Electronic
Intermolecular energy radiation
transport lifetimes
10°s

%

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

Quantum kinetics
(carriers & phonons)

Energy transfer to lattice
Hot phonon effects

Phase relaxation

Phonon propagation
interband continuum/excitons

Intraband and intersubband
redistribution of carriers

Solids
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Performing ultrafast x-ray experiments using FELs

B Usually performed in pump-probe mode
B |ack of ultrafast detection schemes
Bl Exception are high rep. rate FELs

B¥ Resolution elements
Bl Exciting pump pulse: OL, x-ray, others
B Probe pulse: typ. x-ray
B Precision of time-difference (jitter)

B Synchronization of different light sources

B8 Application range: fs-to-ns or even fs-to-pus
Bl Signal-to-noise excellent
B Single measurement capability

I B Y European XFEL

European XFEL pulse train
<€—600 ps (1 bunch train) —>

time

—-— Unbinned (40 fs step)
@ Rebinned {20 fs step)

j

Nomnalized Bi(111) intensty
o
[

o
o
1

. T T T
L -05 a 05 1
Delzay (ps)

M. Harmand et al., Nature Phot. 7, 215 (2013)

~300 m

-

]

Photoinjector ~ Compressor Compressor

Acceleration ]-\_/\-Q-[ Final acceleration
A tor v t
~aV |5 MeV 150 MeV 450 MeV Up to 1.25 GeV

Feedback Feedback

Optical distribution Pump—probe
laser system

S. Schulz et al., Nat. Comm. 6, 5938 (2015)

SASE undulators Experiment

Photon beam

\_r""_

Optical master
laser oscillator
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ARTICLE

with femtosecond X-ray pulses

Sophie E. Canton', Kasper S. Kiaer2-3-*, Gydrgy Vanké?, Tim B. van Driel?, Shin-ichi Adachi®, A

Christian Bressler®’, Pavel Chabera®, Morten Christensen®, Asmus O. Dohn?, Andreas Galle
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Probing the transition stal

Received 7 Oct 2014 | Accepted 23 Jan 2015 | Published 2 Mar 2015 oH
Visualizing the non-equilibrium dynamics ¢
photoinduced intramolecular electron trans

doi:10.1038/nature14
THE JOURNAL OF
PHYSICAL CHEMISTRY
Letters
pubs.acs.org/JPCL

Revealing Hot and Long-Lived Metastable Spin States in the
Photoinduced Switching of Solvated Metallogrid Complexes with
Femtosecond Optical and X-ray Spectroscopies

Maria Naumova, Aleksandr Kalinko, Joanne W. L. Wong, Mohamed Abdellah, Huifang Geng,
Edoardo Domenichini, Jie Meng, Sol Alvarez Gutierez, Pierre-Adrien Mante, Weihua Lin, Peter Zalden,
Andreas Galler, Frederico Lima, Katharina Kubicek, Mykola Biednov, Alexander Britz, Stefano Checchia,
Victoria Kabanova, Michael Wulff, Jennifer Zimara, Dirk Schwarzer, Serhiy Demeshko, Vadim Murzin,
David Gosztola, Martin Jarenmark, Jianxin Zhang, Matthias Bauer, Max Latevi Lawson Daku,
Wojciech Gawelda, Dmitry Khakhulin, Christian Bressler, Franc Meyer, Kaibo Zheng,

and Sophie E. Canton™
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Karina Suarez-Alcantara:’, Tadashi Togashi'?, Kensuke Tono'3, Jens Uhlig8, Dimali A. Vithanage®,

Kenneth Warnmark!!, Makina Yabashil?, Jianxin Zhang!', Villy Sundstrom® & Martin M. Nie
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Charge transfer dynamics in photocatalysts

Transient Run r0066c¢ Fe Ka

Laser ON

0.00 : : T T
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0.00 : . T T
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FXE
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Matthias Bauer, Uni. Paderborn
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Understanding the ultrafast dynamics of DNA/RNA

“H1
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hv S,
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So >
(GS) / ——
TU*
n oo
T -

Pl: Oksana Plekan, Elettra
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Intensity (arb. units)

B Investigating the ultrafast photochemistry
of nucleobases to address the
photodamage and photoprotection
mechanisms

B Photoelectron spectroscopy as a marker
of the photoexcited states
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Aurophilicity in Au(l) complexes by fs X-ray solution scattering

B Applications in chemical sensing, OLED devices, bio-medical imaging
B Metal-metal interaction; equivalent to strong H bonding

B Study of excited state structural and electronic dynamics

B With high photon energy (high ), Au-Au distance can be measured

Difference scattering, qAS(q)/S(q) [norm. un.]

1 2 3 4 5 6 7 8 v
Momentum transfer, q (A1

Au-Au distance decrease = 0.08 A

Delay [ps]

v Vibrational wave packet formation ~300 fs

I B Y European XFEL

I

2 3 4
Momentum trans

Structural signal strength [arb.un.]

| |
- m FXE

| |
;2,0

-
w

o T=350fs - period

—@—Data FOM
$|AS(3.4 <q<7.5)|
——Erf ¢ sine fit

T =240 fs - damping

" Rise-time ~ 60 fs fwhm

-200 0 200 400 600 800 1000
Delay [fs]

Ph.D. thesis: Sharmistha Paul Dutta
PI: Dmitry Khakhulin
Local Contact: Mykola Biednov
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Ultrafast X-ray probing of water structure below the
homogeneous ice nucleation temperature
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: : 6 eV RPES
Electron-phonon coupling in superconductors W pemisphare

Time delay datector

1. Initiate coherent phonon mode through photo-excitation of electrons.

2. Light induced coherent dynamics of crystal lattice > XRD
3. Electronic band energy > ARPES

B
B —T= E
o :‘Pi_u T=20K F 3 A, mode
C c = w2
— <
L a6 % ; %1
u-jl- n & E o8 9 o
T M 5 E 0 & 10 16 20
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Nucleation and annihilation of magnetic skyrmions

nature
S C S materlals https://doi.org/10.1038/541563-020-00807-1

M) Check for updates

ARTICLES

Observation of fluctuation-mediated picosecond
nucleation of a topological phase

0.00 0.05 0.10 0.15
Normalized intensity

L J | European XFEL .
Buttner et al. Nature Materials 20, 30—-37 (2021)
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MID

Capturing early stages of crystallization
XCCA: X-ray Cross-Correlation Analysis

A - Incident
- Beam

Wochner et al.
PNAS, 2009

Aperture

X-ray LFS
Scattered
Beam
Liquid
« [ Jet Kr

2D detector
Spatial Cross-Correlation function

M

. | | — ——
s (@), ('@ @e+) )

oo 4.9 MHZ, single shots, 50fs, 9keV, 300nm beam
UNIVERSITAT . . . .
Searching for pre-crystallization features in the data

FRANKFURT AM MAIN

SN W [ European XFEL Johannes Moller et al. Phys. Rev. Lett. 132, 206102 (2024)



https://link.aps.org/doi/10.1103/PhysRevLett.132.206102
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Examples of X-ray FEL scientific applications

|

BN Biological and soft matter Make use of coherence and high intensity
Serial fs crystallography
Photon correlation spectroscopy

|

I B Y European XFEL
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B SPB-SFX

BN MHz serial femtosecond crystallography
High resolution structure determination from very
“radiation sensitive” or “dynamic” crystals

small,

Pulse 1 Pulse2 Pulse3 Pulse4 Pulse5

nHAR
L s

(147ns)  (1027ns) (1907ns) (2787ns) (3667ns)

Jet flow
(100 m/s)

Crystal suspension

3D printed
nozzle

Helium gas

Upto

e
\Sega‘\' -352 frames at 1.1 MHz
! - 3520 frames per second
European XFEL pulse structure g5,
(o i ie=(1.1 MH2)
Mﬂm—'; —— ,_UJJJJJJJlUJ.LE _— ~ 105 good patterns per structure
(10 Hz) ' XF EL

M.O. Wiedorn et al. Nature Comm 9, 4025 (2018)

I B Y European XFEL
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CFEL-designed fast jets recover in time for the next pulse at 1.1 MHz repetition rate

t= 37 ns

t= 37 ns

Max Wierdorn, Claudio Stan

courtesy A. Barty, H. Chapman C F E L

SCIENCE

I B Y European XFEL



FELs & ultrafast x-ray science

XVI School on Synchrotron Radiation, Sakura Pascarelli, 26 September 2022 42
?él\l‘é)(\ B8 The structure of natural crystals of
COMMUNICATIONS toxins produced by mosquitocidal
Bacillus thuringiensis elucidated
ARTICLE ) et s using SFX /
OPEN (=] Hpwancys

of protein crystals

De novo determination of mosquitocidal Cry11Aa
and CryT11Ba structures from naturally-occurring
nanocrystals

/ (1) Activation of protei
/(1) Ingestion
/ () ire (IV) Binding to specific receptors

(V) Vacuolation of the cytoplasm
&3

B.thuringiensis  Protein crystal

pNAS RESEARCH ARTICLE BIOCHEMISTRY i’ OPEN ACCE

Structure of the Lysinibacillus sphaericus Tpp49Aa1

pesticidal protein elucidated from natural crystals using
MHz-SFX

Tetreau Nat. Comm. (2022) 13:4376

I B Y European XFEL

B SPB-SFX Williamson PNAS (2023), Vol. 120, no. 49
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Real time molecular dynamics in native state & transient structures of proteins

L J | European XFEL
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A pump-probe experiment at an XFEL

4 )
Start FXE

animation
\_ y,

L J | European XFEL
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NATURE METHODS ARTICLES

B SPB-SFX

L
Fr '
y‘n, r
.
I
x v -
-~ v -
== = ==
== ~ -

N

0.89 us 2.67us

Time series of TRX data from 3 ps to 100 ps at LCLS, EuXFEL and APS. e Dt | Sk of M TR sprimnt o e G (i o Wi .

2018). X-ray pulses arrive in 1.13 MHz bursts which repeat every 100 ms. There are 176 X-ray pulses in the
burst. The KB-mirror system focuses the X-ray beam to a 2 -~ 3 ym focal spot. The fs-laser delivers 376 kHz

Structures and difference electron density of the photocycle of the photoactive pises (ved20 i, bhie) synchronized £ the M-ray pulses The lasr focus s 42 jim 3 I the Xoray interaction
. region (dotted circle). The microcrystals are mixed with fluorinated oil and injected by a GDVN. The jet

produced by the GDVN, the laser beam as well as the X-ray pulses precisely intersect. The time-resolved

ye”OW prOteIn diffraction patterns are collected by the AGIPD. Diffraction patterns with common time-delays were

separated based on the pulse ID (see also Fig. 2b) and combined to datasets.

T L Buropean XFEL Pandey Nat. Methods (2020), 17, p.73-78
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I UC ] Observation of substrate diffusion and ligand
I binding in enzyme crystals using high-repetition-
rate mix-and-inject serial crystallography

ISSN 2052-2525

BIOLOGY | MEDICINE

" Substrate binding study to investigate antibiotic resistance in -lactamase tuberculosis

# Small crystals allow substrate diffusion across crystals in short time and can be interrogated with short, powerful

X-ray pulses
# M. tuberculosis B-lactamase

A

NaN 72 e VN B chemically modifies B-lactam antibiotics
-,\ s ’ﬁi e B reaction with cephalosporin antibiotics ceftriaxone
Chzd— - el
A\ \"\,\A' ' @jﬁ Vi)
{ k'/ ) @ ‘;(CD/ /‘ N N J
e Av\\\' { ‘) - -y “y ?gQ — )N >
Vi JJ \. \')' {7 \ & 7 j i ‘) /‘ V)
. A r\ " "' ;4/ )
W2 B - h /r _,')

formation of the enzyme-substrate complex

I BN 0 European XFEL B SPB-SEX Pandey IUCrJ (2021) 8, 878—-895



FELs & ultrafast x-ray science

nature communications a

Article https://doi.org/10.1038/s41467-022-33154-7

Resolving molecular diffusion and
aggregation of antibody proteins with

PEG molecule

megahertz X-ray free-electron laser pulses _ !
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Reiser Nat Comm. (2022) 13, 5528
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Real-time swelling-collapse kinetics of nanogels

B PNIPAmM: An important nanogel used in medicine to

140 ¥ Cooling| ... 1360
) ¢ Heating Collapsed particle
release drugs in a targeted and controlled manner at the g =
desired location in a patient’s body & 100 L ‘ ~
_ _ _ DLS BEk / aad 340 &2
Bl Undergoes temperature-induced swelling and collapsing SepmaasUmEmEnt ,-4, o
290 300 310 EREERESE,  swollen particle 8
T (K) ol i 5
Temperature 1320 &
£
209 LCST 40 °C sample =
t 1 T > MHz pulse train Tquartz capillary 1300
moved upward 0 o ot § g el
during the scan 10° 102

Number of pulses

BN Rapid, temperature-dependent changes investigated by X-ray
photon correlation spectroscopy (XPCS)

B In contrast to previous studies, the nanogel shrinks significantly
faster in the range of 100 nanoseconds but takes two to three
orders of magnitude longer to swell

Dallari et al.: Sci. Adv. 10, eadm7876 (2024)
I B Y European XFEL ; . .
francesco.dallari@ unipd. it
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Examples of X-ray FEL scientific applications

B Extreme states of matter

I B Y European XFEL

Make use of very intenste and short x-ray pulses

to study short- lived states
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High Energy Density Science at X-ray FELsS

high density p>p,, T < few eV solid density p=p,, T up to keV
High pressure science Relativistic Laser-Plasmas Intense radiation matter
interaction
Planetary/geo science Electron transport,
Melting curves Instabilities and filamentation, Transport properties,
Thermal conductivity lonization dynamics Hollow atoms, rates
Particle acceleration e

Chemical synthesis
Strain-rate dependence
High T superconductivity
Novel materials

>
&
3

FEL Photon Energy (eV)
o 2
g 8

a
Q
S

1500 1550 1600
Emitted Photon Energy (eV)

Nanosecond 50 - 100 J laser

DAC, d-DAC, Pulsed laser heated DAC Multi-100 TW fs laser Isachoric X-ray excitation

L J | European XFEL
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Dynamic compression using high energy lasers

Use laser to drive a ‘shock’ 8000“ Hugoniot
Bl Ablation of matter creates shockwave
Bl Shaped laser pulses to approach quasi-isentropic Meltline _
(‘shockless’) compression _-- -
Bl Can reach higher pressures ” - - 2amp
Bl Dynamics: strain rate can be varied o shock ¥
Bl Short-lived (10s of ns) Z 4000
@
Imax o
Ramp (2-30 ns) £ ,
2 /
2000
Shock (sub-ns to few ns) ) pulse duration ‘ 1000 Principle isentrope
 initial shock figyde= 100 200 400 1000 >
R pulse energy Pressure (GPa)

time e

L J | European XFEL
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Observing new states of matter

Line imaging VISAR

Graphite sample
|

X-ray free electron laser
50 fs pulse duration
6 keV photon energy

—

g

Drive lasears
527 nm
2x16J
10ns

-

ST LCLS

I B Y European XFEL
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OPEN

Nanosecond formation of diamond and lonsdaleite
by shock compression of graphite

D. Kraus', A. Ravasio?, M. Gauthier?, D.O. Gericke3, J. Vorberger®®, S. Frydrych® J. Helfrich®, LB. Fletcher?,
G. Schaumann®, B. Nagler?, B. Barbrel!, B. Bachmann’, E.J. GamboaZ, S. Gide?, E. Granados?, G. Gregori?,
H.J. Lee?, P. Neumayer®, W. Schumaker?, T. Doppner’, R.W. Falcone!, S.H. Glenzer? & M. Roth®

D. Kraus et al., Nat. Comm. 7:10970 (2016)
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150 \ , I
}‘ ambient g 23 i m«’» -
| 64 GPa Nl
\ 83 GPa et a

106 GPa N
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100 |

Glassy carbon
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Liquid carbon

Evolution of carbon’s structure under laser-driven shock
compression for laser power of increasing intensity

Pl Dominik Kraus, Rostock Uni
I B Y European XFEL
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HED/HIBEF@EUXFEL - first data and results

Metastable phases of Ice — compression rate
dependence of structural phase transitions

> planetary physics

> impacts

Compression rate dependence
of structural phase
transformations.

\|’E ',‘EZO

Piezo driven DAC:
> up to 100 TPa/s

Supercompressed H,0:
> direct observation of metastable ice VIl 20
> liquid to ice VII, no ice VI observed

Pl Amy Jenei, LLNL and Hanns Peter Liermann, DESY

Diamond Precipitation from
Hydrocarbons at Icy Planet Interior
Conditions

Diamond Formation
(Static)

Frost et al. Nature Astronomy, 2023

Diamond Formation
(Dynamic)

Diamond {111}
“DcXi] Re {101}

Q (&)
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Imaging cylindrical compression of thin metal HiBEF <o
HELMHOLTZ INTERNATIONAL HELMHOLTZ ZENTRUM
BEAMLINE FOR EXTREME FIELDS DRESDEN ROSSENDORF

wires at fusion relevant conditions

Wire implosion driven by return current heating

Driven by ReLaX

(1 '
5 y\ i
N o> ‘.. -
o 82" _ _ 300ps ps
o o |
5
= o= _ - g E
Cylindrical shock wave

25 um Cu wire by a 3 J, 30 fs laser pulse

Irradiation of plain thin Cu wire generates a converging cylindrical shock
Shock travels towards the wire axis, reaches at the convergence point a compression factor of 9 and P > 800 Mbar (simulations)

IS BN 0 European XFEL HED Garcia et al., Nature Comm, in print
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Outline

B Future

I B Y European XFEL
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From “first’s’ to applications

B X-ray FELs are operational since ~ 15 yrs.

B Many new observations for the interaction of intense (energy & ultrashort) x-ray pulses with matter have
been made. Large number of highly visible papers published.

Bl A next step will be to develop applications which can be used by a broader science community. Potential

candidates are:

B Structure and dynamics of proteins and similar bio-molecules

Bl Chemical reaction dynamics : Intermediates & pathways

Bl Materials science: visualization of irreversible, stochastic, rare, processes

B FEL experiments are complex = still small community, how can we make experiments simpler
B One can expect still lot of new results and new methods to come out of the (still young) FEL research

I B Y European XFEL
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Most important science drivers

B Capability to measure ultrafast dynamics will allow to determine the response of photo-active catalysts
to light excitation - develop new compounds/materials for solar energy conversion

B Capability to determine atomic structures of bio and biochemical objects will allow to better understand
their function - develop new drugs and disease treatments

B Capability to observe new and yet undiscovered states of matter and their structural properties will allow
to better understand fundamental physical properties of matter and to detect new materials properties
- develop new materials and processes

B Possibility to observe non-linear x-ray processes will allow to develop new x-ray spectroscopy methods
- enable new methods to study excited matter

I B Y European XFEL
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Summary

B X-ray FELs are new research infrastructures providing research opportunities complementary to well-
established SR sources.
Bl Femtosecond time resolution
B High pulse energies enabling single shot experiments and non-linear x-ray scattering
Bl High coherence facilitating imaging and correlation spectroscopy experiments

Bl Since 2017 5 hard x-ray facilities are operational. This will broaden the experiment and user base and
will provide better access and research opportunities.

B Many applications so far concern basic science, many are exploratory. With a better under-standing of
what is possible using FELs and an increase in available beam-time an expansion of scientific
applications is expected.

B The field is still very young and dynamic = new developments are very frequent: Stay tuned !

I B Y European XFEL
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Additional slides
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FEL parameters

Full 3-dimensional FEL theory is extremely demanding

Simplified 1-dimensional approach 1/3

Pierce (FEL) parameter p 0O = IA?J |'2<22/1?ad f\ p~2-5x104(0.1 nm)
| \ 3277y ", [+

B Number of cooperating electrons N, NC — (Ne lrad /L)/Zﬂ'p{‘ N.~1/500xN, (0.1 nm)

#® Power gain length L LG = und /47z'p

B Saturation length L, Lsat ~10x LG

#W Radiated energy E_; Esat = IONeEe,kin,total

= Radiation bandwidth AV/A AIA=2p

L J | European XFEL
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FEL process is critically sensitive to electron parameters

Transverse emittance (diffraction limit)

A
& < rad A N . 3pm(=011m) € W -022410% mrad (15 GeV)

Energy spread In general,

O ﬁ small emittance,
% <p ~10 small energy spread,
and
high peak current

2
_ 272_0 /ﬂ, are needed
rad rad simultaneously.

Gain length

L. <L

Rayleigh

L J | European XFEL



FELs & ultrafast x-ray science

FELs vs. storage rings

Storage rings
Electron bunches are circulated
Stable operation conditions

Many science instruments, often dedicated to
specific methods or science applications

Large number of exp.s and users per year
Average spectral brightness is key property

Specialization on low/medium/high energy
facilities with resp. spectral coverage

~50 yrs development

] | European XFEL
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FELs
Normally electron bunch is used only once
Single path means instable operation conditions

Few science instruments, often designed for
multi-purpose applications

Typ. only many 10s of experiments per year
Peak spectral brightness is key property

Specialization on low/medium/high energy
facilities with resp. spectral coverage

High repetition and multi-beamline facilities will
broaden access and average flux properties

~10 yrs development
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Comparison of SR and FEL x-ray

Pulse energy

Photons per pulse (~10 keV)
Pulse duration / time-resolution
Coherence degree (~10 keV)
Rel. bandwidth (Undulator)
Spectral characteristics
Divergence (hor. x vert.)
Repetition rate

Peak brilliance

Average brilliance

] | European XFEL
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properties

pd - nJ
105 - 108
30 - 100 ps
<103
102
continuous
1000 x 10 prad?
~100 MHz
...1024
...1020

nd - md
1010_ 1013
2-100fs

0.1-1

103
spiked
< 2 x 2 prad?

~MHz | 10 - 100 Hz

~1033
.._1024 | .._1022
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Comparison of SR and FEL experiments

Typically continuous illumination until desired
S/N-ratio is reached (ms to hrs)

Continuous illumination facilitated by high
stability and linear intensity dependence

Single pulses typically not meaningful

Coherence degree small and requires to limit
phase space/flux to reach good degree

50 ps- to ps- time resolution; ps to hrs probing
Samples typically probed non-destructively

OL most often cw; few sync. OL systems
 Many (O(10-30)) parallel experiments

Typically single pulse illumination and collec-
tion of few — 100s pulses to reach desired S/N

Single-shot illumination due to strong fluctua-
tions of pulse properties and possibility of non-
linear dependence

Single pulses typically give meaningful results

High coherence degree enables use of full
pulse

fs- to ps- time resolution; fs to ms probing

Samples often degrade and need to be re-
freshed (OL-pumping; irreversible; damage)
Can use X-ray pulse to pump sample

Complex OL for pump-probe experiments
Few (O(1-5)) parallel experiments
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