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ATOMIC SECRETS

100 YEARS OF CRYSTALLOGRAPHY

In 1914, German scientist Max von Laue
won the Nobel Prize in Physics for
discovering how crystals can diffract
X-rays: a phenomenon that led to the
science of X-ray crystallography. Since
then, researchers have used diffraction
towork out the crystalline structures of
increasingly complex molecules, from
simple minerals to high-tech materials
such as graphene and biological structures,
including viruses. With improvements

in technology, the pace of discovery has
accelerated: tens of thousands of new
structures are now imaged every year.
The resolution of crystallographic images
of proteins passed a critical threshold for
discriminating single atoms in the 1990s,
and newer X -ray sources promise images
of challenging proteins that are hard or
impossible to grow into large crystals.
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Diffraction image allowed
researchers to confirm
the tetrahedral structure
of carbon atoms in this
famous crystal.

HEXAMETHYLENE-
TETRAMINE

The first organic molecule
to be imaged, chosen
because of its simple cubic
symmetry. It proved that
molecules, not just atoms,
can make up the repeating
elements of a crystal.

CRYSTALLOGRAPHY AT 100
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BIRTH OF AN IDEA

Von Laue hit on the idea that when X-rays passed through a crystal, they would scatter off the atoms
in the sample and then interfere with each other like waves passing through a breach in a shore wall.
In some places, the waves would add to each other; in others, cancel each other out. The resulting
diffraction pattern could be used to back-caiculate the location of the atoms that scattered the original
X-rays. Von Laue and his colleagues proved his theory in 1912 with a sample of copper sulphate.
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The determination of
the structure of silicate
minerals was
fundamental to the field
of mineraology.

MYOGLOBIN

The irregular folds seen in the
structure of the first imaged
protein were a huge surprise.

SYNCHROTRON

A study of insect muscle
at the German Electron
Synchrotron (DESY) in
Hamburg was the first
to use X-rays generated
by a synchrotron. The
use of these machines
caused a boom in
crystallography studies.

LYSOZYME

The first enzyme to be
imaged, sourced from
hen egg whites.

ONA

Rosalind Franklin’s X-ray
image of DNA, known as
photo 51, helped James
Watson and Francis Crick to
create their famous model of - o
the double helix. An atomic-
resolution image of the
structure proposed in 1953
was not taken until 1980.
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GETTING CLEARER

Better techniques for both imaging and
interpreting data have allowed researchers
see finer details in some structures and
tackle ever more complicated molecules.

Ataround 1 A resolution,
individual atoms can be
distinguished.

Resolution suffers in
images of some complex
{ structures, often because

/\ Lowest resolution

of variations or motion
within a crystal

The average resolution

of proteins imaged
through crystallography
has not changed much;
advances in resolution
are balanced by attempts
to image more complex
structures.

Average resolution

_Highest resolution_

19

GOING UP

The Worldwide Protein Data Bank has been collecting resolved
structures of proteins since 1971, and now holds nearly 100,000
entries. Other databanks, including the Crystallography Open
Database (COD), include structures of everything from minerals
to metals and small biological molecules. The COD is now adding
instructions into its database for how to print three-dimensional
models of some structures.
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The first crystals were identified
with atomic arrangements that
do not repeat exactly, defying
general wisdom about crystals.
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TOMATO BUSHY
STUNT VIRUS

First atomic-scale image ~¥
of a complete virus: o /2
in this case, a plant virus. ’_g
it revealed structural rules ™
that were found to hold ~
true in human pathogens

a few years later.

@ 2014 Macmillan Publishers Limited. All rights reserved
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THE FUTURE

The ‘most wanted”
list of proteins

that remain to be
imaged includes
the massive
spliceosome, which
helps to organize
and edit
messenger RNA,
and the even larger
nuclear-pore
complex, which
serves as a
nucleus’s
gatekeeper.

HIV TRIMER

An X-ray crystallographic
image of the hook that HIV
uses to bind to human celis
helped to resolve a debate
about what this important
protein looks like.

RIBOSOME

The molecular machine
that assembles proteins
from instructions
encoded in DNA.

These structures
can contain
hundreds of
proteins, making
them hard to
crystallize or keep
still for an image.

One strategy is to
crystallize bits of
these structures
and piece them
together like a
jigsaw; the use

of X-ray
free-electron lasers
should also help.

X-RAY FREE-ELECTRON LASER

The Linac Coherent Light Source at the SLAC
National Accelerator Laboratory in Menlo Park,
California, went into operation, opening up a new
world of imaging possibilities (see page 604).

30 JANUARY 2014 | VOL 505 | NATURE | 603



Wh'a‘t'doe's EUropeanXFEL do?

A
i e Py Extreme heat and pressure;
| pathways toward fusion energy

Learning from plants
to turn sunlight into fuels

| c@:: Interiors, magnetic fields,

and diamond rain Proteins and enzymes in
action; biological magnetic
sensing
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Catalysts observed in action

for cleaner reactions

Structures and functions
of human proteins and enzymes
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electron beam energy 6-17.5 GeV

# of bunches/second 27,000

bunch charge 0.02-1nC

electron bunch length after compression (FWHM) 0.2-180fs

normalized slice emittance 0.4 mm mrad @ 0.25 nC
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Welcome to European XFEL Prof. Dr. Thomas Feurer

European XFEL -
a research facility of superlatives

Non-profit company with 12 shareholding countries:

Germany (Bund, Hamburg and Schleswig-Holstein)
covers 57% shares, Russia 26%

Other shareholders at 1-3% each

Construction costs: 1.54 billion € (as of 2018)

Annual budget: about 150 million €

L] | European XFEL



Welcome to European XFEL

SLAC, Menlo Park | US

B Hard XFEL

[ ] Soft XFEL
Under construction / in development
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Welcome to European XFEL

What does European XFEL do?

A big facility for studying tiny objects!
X-ray light: reach atomic resolution

Ultrashort flashes:
film (bio-)chemical reactions

Prof. Dr. Thomas Feurer




Scientific instruments
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SPB/SFX (focus on biomolecules) SCS (look at processes of materials and SQS (basis research of reactions of
liquids) molecules and small clusters)
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MID (diverse applications in materials HED (matter under extreme conditions) SXP (look at electrons and chemical HXS (material research)
research) reactions) under construction



A user facility
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User groups has an
experiment idea

Handing in of experiment
proposal to the User Office

Selection of experiments
by international Proposal
Review Panel

In 2024, 1252 users from 27 countries
participated in experiments at EuUXFEL

Ca. 1/3 of proposals receive beamtime

Successful applications
come for up to one week
for experiments



Welcome to European XFEL

//3&7

s
instruments, plus 1 under construction

#r 27000

electron bunces per second

8%, 580

staff members incl. guests

= >30

PB of raw data collected per year

L] | European XFEL

Prof. Dr. Thomas Feurer

%) 1252

individual annual users

g user experlments per year

total publications

» 28000

cups of coffee served per year in the
campus restaurant BeamStop

May 2025
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Spectrum, Temporal

Structure, and Fluctuations in a High-Gain Free-Electron
Laser Starting from Noise

R. Bonifacio,!'* L. De Salvo,! P. Pierini,? N. Piovella,! and C. Pellegrini®
! Dipartimento di Fisica dell’Universitda di Milano, Via Celoria 16, 20133 Milano, Italy
2 Istituto Nazionale di Fisica Nucleare-Sezione di Milano, Via Celoria 16, 20183 Milano, Italy
3 Department of Physics, University of California Los Angeles, 405 Hilgard Avenue, Los Angeles, California 90024

(Received 14 July 1993)

We study the time structure, the frequency composition, and the shot to shot fluctuations of the

radiation emitted by a

free-electron laser starting from shot noise in the electron beam longitudinal

distribution, taking into account slippage and finite bunch length effects. We find a very different
behavior when the bunch length, £, is much longer than the cooperation length, £., or of the order of

a few £.. The field evo
of superradiant spikes.

waves of considerable power is outlined. The upper limit of the power in a band extending down to a wave-

length of 1 millimeter is calculated to

energy of 1.5 megavolt. The use of the radiation for speed monitoring of beams with energies up to 1000

megavolt is discussed.

lution is dominated by slippage effects in both cases, and shows the presence
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be of the order of several kilowatts for a beam of one ampere and an




A free-electron laser is a classical amplifier

Amplifier

Amplifier

An amplifier with no input amplifies shot noise
within its gain curve. The output is a noisy,
incoherent spectrum (SASE).

frequency




Increasing spectral brightness

— Amplifier

— L+ Amplifier

Amplifier

The first amplifier produces amplified noise
(SASE) within its gain curve. The output is
filtered and amplified further. Saturation
reduces amplitude fluctuations (Self Seeding).
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frequency frequency frequency



From an amplifier to an oscillator

Feedback

gy T—

il
Amplifier

>>_

When part of the output is filtered and fed back
to the input, a well defined (by feedback)
coherent output is generated (Laser).

Amplifier

frequency

Feedback

frequency

ﬂequencyd




XFELO demonstrator project — ot ¢ s

[ photon tunnel @ electron bend
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The first ever hard X-ray laser oscillator
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A fantastic team effort and a fantastic piece of mechanical
engineering




Resonant excitation of the nuclear clock isomer *Sc

Nuclear clocks are the
world’s most accurate
timekeepers, required for
functionalities such as
precise positioning using
satellite navigation

Resonant oscillators with stable frequencies

Nuclear oscillators surpass their atomic counterparts by
higher quality factors and resilience against external
perturbations

The 12.4 keV nuclear transition in 4°Sc

B Ultranarrow transition linewidth: 1.4 feV

Normalized count rate [cts/eV]
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X-ray multiphoton-induced Coulomb explosion
images complex single molecules
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Imaging collective quantum
fluctuations of the structure
of a complex molecule
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Imaging of small quantum systems

Equilibrium

B ground state structure

B ground state (quantum, thermal) fluctuations
Out-of-equilibrium (perturbative)

B8 reactions with environment

B nuclei and electron dynamics (adiabatic and non-adiabatic)

Bl photo-excitation (photo-cycle)

B coherent control
Out-of-equilibrium (non-perturbative)
Bl strong-field ionization

BN light-matter states

Bl strong-field control



Imaging via x-ray induced Coulomb explosion

Has been done before with molecules transiting thin foils or
intense ultrafast laser systems

Destroys the quantum system to retrieve structure
Retrieving structure from individual 3d momenta of all ions
X-rays strip electrons from all atoms

Challenge is to charge molecule before it can do anything else

X-ray Free Electron Laser



X-ray induced Coulomb explosion




Intense x-ray pulses

Xenon charge state

40

30

1200 eV

Xe+
Xe2+
Xe3+
Xed+
Xe5+
Xeb+

0.8 1.0 1.2 14 Xe7+
Photon energy [keV]
Xe8+

20
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1%
6%
6%
28%
24%
21%
10%
5%

W Very highly charged states via
multiple inner-shell processes

# Up to > 40 photons are absorbed
with up to 6 core holes generated
simultaneously



Coulomb explosion imaging — CE

It/ N*/ H* coiﬁcidenc<es

lodopyridine

~

momentum p,
|

momentum p,

molecular structure is very well reflected in measured momenta
no evidence of deformation or rotation before breakup

3-fold ion coincidences are sufficient to image the entire molecule

momentum p,

[

/N**/C* coincidences

momentum p,

CEIl has the same sensitivity for hydrogen as for any other species — contrary to diffraction methods




Imaging collective quantum fluctuations of the structure of a complex
molecule

Even in the ground state molecules are not static
but undergo collective structural motions

momentum in x

These motions are extremely small, but momentum
imaging is an exquisitely sensitive tool to observe
such small motions




Imaging collective quantum fluctuations of the structure of a complex
molecule
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The emission directions of the
atoms are correlated

Coincidence analysis reveals
correlations of the emission
directions of hydrogen and
carbon atoms perpendicular to
the iodine and nitrogen momenta
which result from ground state
fluctuations

Normalized momentum p
]

| . R T CE A A N T
0 0.5 DD 60 120 180 240 300 360
Normalized momentum P, &b

©
o
m






Observation of Body-Centered Cubic Iron above 200 Gigapascals.
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About pressure and temperature — a phase diagram
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Warm dense matter

ATemperature
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The power of European XFEL
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Our planet Earth
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What do we know about the inner part of Earth

P-wave shadow

" P-wave shadow: Solid mantel and liquid core
™ Non-direct S-waves: Liquid outer and solid inner core
™ Source at north pole: Waves travel faster -> Anisotropic
inner core
Non-direct
S-waves

P-wave shadow

— P-wave

S-wave



The phase diagram of Iron
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By now thousands of exoplanets have been discovered
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Geosciences 2019, 9(3), 105; https://doi.org/10.3390/geosciences9030105



Phase diagram of water
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. H,0 phase diagram
Phase diagram of water Previous work: DAC
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The center of the Sun
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An excursion to nuclear physics

Binding energy per nucleon
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Overcoming the repulsive Coulomb force
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Building little suns

™ European XFEL is the only
facility worldwide able to
observe the details of this
process

= We are committed to
contribute to the quest for a
new energy source

= Currently, we are discussing
with stakeholders and are in
the planning phase




Electricity budget

Target gain = 160

800 MW

!

10 Hz

Electricity generator
(efficiency 45 %)

Auxiliary power 25 MW

Laser system
(efficiency 10 %)

Electricity

515 MW
Grid
425 MW

Recirculated power
100 MW (17 %)

75 MW



Already the ablator is full of surprises

W Between 19 and 27 GPa: formation of diamond

laser W) CgHg
™ Temperature: above 2500 K for 30 to 40 us
laser mm—) .
— Diamond {111}
< Re {107}
laser mm—) % o
B L O e B e L S S e e

Time (us)

Nature Astronomy (2024) doi.org/10.1038/s41550-023-02147-x
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The mysterious liquid carbon b
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™ Above 50 Gpa: formation of diamond
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= Above 150 GPa: carbon melts k (107 m™)

Nature (2025) https://doi.org/10.1038/s41586-025-09035-6






