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An explosive photoshoot
Taking a picture by exploding the subject matter? An interna-
tional research team at the European XFEL uses this extreme 
method to take pictures of complex molecules. European XFEL 
is the world’s largest X-ray free-electron laser (XFEL), which 
produces high-quality X-rays for scientific research. In one 
experiment, the scientists used the ultra-bright X-ray flashes 
to take snapshots of gas-phase iodopyridine molecules.[1] The 
X-ray laser caused the molecules to explode, and an atom-
ic-resolution image was reconstructed from the pieces.

Scientists use X-rays to trigger a violent explosion of single mol-
ecules. From the resulting pattern they infer detailed information 
about the molecule and its fragmentation. 
©Tobias Wüstefeld/European XFEL

Covalent bonds 
This method of exploding molecules is particularly useful to 
investigate molecules with covalent bonds. Chemists often 

Scientists use intense X-ray pulses from the European XFEL to take snapshots  
of exploding molecules. This can reveal details of how molecules are put together 
and how they interact with light.
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speak of three types of chemical bonds: ionic, covalent, and 
metallic. Covalent bonds occur in molecules that consist of 
multiple atoms. These molecules have specific structures 
and properties and can occur in more than one state of mat-
ter: for example, H2O can exist as solid ice, liquid water, or 
gaseous steam. The component atoms cannot be separated 
by physical processes, only by a chemical reaction. 

In covalent bonds, electrons are shared between two atomic 
nuclei. Both nuclei attract the same electrons at the same 
time, which pulls the atoms together to create a covalent 
bond. The more electrons involved, the stronger the bond. 
In the classroom we often model the atoms and bonds with 
balls and sticks, but in reality, they are more dynamic and can 
rotate and vibrate. When they interact with electromagnetic 
radiation, like light or X-rays, the electrons in a molecule can 
change their energy levels. Chemists and physicists investi-
gate these properties to find out more about molecules and 
their properties.

Coulomb’s law
Molecular physicists study molecules and their movements 
(also called dynamics). They are interested in the structure of 
molecules and how they interact with electromagnetic radia-
tion, such as X-rays. One method they use to do this is called the 
Coulomb explosion; to understand this, we need to be familiar 
with Coulomb’s law.  Remember that like charges repel and un-
like charges attract one another. Coulomb’s law states that the 
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attracting or repelling electrostatic force depends on both the 
magnitude of the charges and the distance between them. 

Coulomb’s law is used to calculate the force between elec-
trically charged particles, including atomic nuclei and elec-
trons. In a molecule, the heavy nuclei move less than the 
lighter electrons. Molecules both rotate and vibrate due to 
these motions. Molecular physics experiments investigate 
both the shape, size, and energy levels of molecules and how 
they ionize or break apart. 

Coulomb explosions
At European XFEL, molecular physicists use Coulomb explo-
sions to investigate small molecules. A high-intensity and ul-
tra-short X-ray laser pulse knocks a large number of electrons 
out of the molecule. Due to the strong electrostatic repulsion 
between the remaining, positively charged atoms, the mol-
ecule explodes within a few femtoseconds – a millionth of 
a billionth of a second. The individual ionized fragments fly 
apart and are registered by a detector. The location and time 
of impact of the fragments are determined and then used 
to reconstruct their momentum – the product of mass and 
velocity – with which the ions hit the detector. 

Scheme of photoelectron diffraction imaging during the Coulomb 
explosion of molecular oxygen (O2). a) An inner shell electron is 
ionized by irradiation with XFEL light. b) The inner shell vacancy is 
filled by Auger decay, leaving the molecule charged, which causes 
it to fragment in a Coulomb explosion. 
Image adapted from Ref [2]

This information can be used to obtain details about the 
molecule, and with the help of models, scientists can recon-
struct the course of reactions and processes involved. You 
could compare this with investigating a road accident: if you 
know the final positions of the vehicles, you can infer details 
of how the accident took place. In science, the ultimate goal 
of the reconstruction is to record the Coulomb explosion as 
a molecular movie.[1]

Molecular movies
Making molecular movies that record molecules moving or 
reacting is one of the key goals of free-electron lasers. At 
European XFEL near Hamburg, ultra-short, ultra-bright X-ray 
pulses make it possible to create stop-motion films of mol-
ecules in action. To take a snapshot of a fast-moving object, 
you need a short exposure time. Ultra-short X-ray flashes can 
capture images of the extremely fast movements of mole-
cules. Scientists use many images taken at different times to 
create animations of how molecules move – often described 
as a molecular movie. 

Visualizations of nuclear motion in thiophenone before and after 
ring opening by a laser. Left: a molecular movie made with few im-
ages of long duration. Right: a molecular movie using many images 
of short duration. The study at European XFEL used timescales of 
about 70 femtoseconds, enabling a sharp molecular movie. 
Image: European XFEL, CC BY-NC 4.0 

Scientists at the small quantum systems (SQS) instrument 
are particularly interested in molecular physics. They ob-
serve the structure of molecules over time by recording mo-
lecular movies. What does imaging the structure of a mole-
cule mean, exactly? Resolving the overall shape? Measuring 
all the bond lengths and angles? Seeing an atom move? Re-
searchers are interested in all of these aspects, but they can 
be hard to measure.[3]

The SQS experiment station is dedicated to the study of free at-
oms and molecules, as well as clusters and nanoparticles. Experi-
ments include time-resolved investigations of ultra-fast molecular 
fragmentation caused by the absorption of photons.
 ©Jan Hosan/European XFEL
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Small gas-phase single molecules, and particularly light at-
oms like hydrogen, are hard to film, even at an XFEL facility. 
Most methods for imaging molecules rely on the assumption 
that imaging takes place before the sample is destroyed. Cou-
lomb explosion imaging is an exception to this rule because 
it makes use of the destruction process to create the images.

The earliest Coulomb explosion experiments were not suit-
able for small gas-phase molecules because it was difficult to 
destroy the molecule and take its picture without deforming 
it first. However, free-electron laser facilities like European 
XFEL can produce very brilliant, very short X-ray pulses that 
make it possible to explode a molecule without deforming 
its shape.

A reaction microscope
Let us imagine the exploding molecule experiment as a game 
of billiards. The billiard balls arranged in a triangle at the 
beginning of the game represent the atoms arranged in a 
molecule with a specific shape. When they are hit by the cue 
ball – the X-ray pulse – they fly in different directions and at 
different speeds. As a physicist, you can measure the mo-
mentum of the balls to build a model of the game. If you al-
ready know how the cue ball hit, you can use the momentum 
data from the balls to reconstruct their starting positions. 

The equipment physicists use to play ‘molecular billiards’ is 
called the reaction microscope (REMI), and it is part of the 
SQS instrument at European XFEL. The REMI employs stat-
ic electric and magnetic fields to guide ionic particles and 
electrons towards time- and position-sensitive detectors on 
opposite sides of a spectrometer. From the recorded mo-
menta (speed and direction) of the particles, their emission 
directions, energies, and relative angles can be retrieved.[4] 
This information is used to reconstruct the structure of the 
molecule at the time it exploded – just like the positions of 
billiard balls before being hit by the cue ball. 

Left: The 11-atom molecule 2-iodopyridine. Right: The Coulomb 
explosion imaging result. The shape of the ring can be seen better 
when focussing on the hydrogen atoms since they are the first to 
be emitted. The heavier nitrogen atom is emitted later, when more 
charge has been accumulated, and thus has a larger momentum. 
©Rebecca Boll/Till Jahnke/European XFEL

The molecules are delivered into the interaction region in a supersonic gas jet. When an X-ray 
pulse (beam) hits a molecule, multiple ions and electrons are created, and these are guided 
towards time- and position-sensitive detectors on opposite sides of the spectrometer by static 
electric and magnetic fields. In this way, 3D momenta of all recorded particles can be obtained. 

Scheme of a reaction microscope. 

©Jahnke/Goethe University Frankfurt
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Outlook for future experiments
Coulomb explosion experiments make use of the very in-
tense and very short X-ray pulses available at European XFEL 
for studying processes where several photons are absorbed 
by a single atom or molecule. This leads to very extreme con-
ditions and provides insights to the fundamental interaction 
of such pulses with single atoms or small molecules. These 
experiments are a big step towards imaging small molecules 
and are still being developed.

Following the first successful demonstrations, the scientific 
community is keen to use this method to study molecular dy-
namics in a time-resolved manner. By combining a series of 
detailed snapshots of a molecule’s structure at different time 
intervals during a reaction, they hope to create stop-motion 
animations of atomic movements. 

Molecular movies are expected to stimulate developments in 
various fields of research, and are particularly promising for 
investigating photochemical processes. These light-triggered 
chemical reactions are of great importance both in the labo-
ratory and in nature, such as in photosynthesis and in visual 
processes in the eye. This fundamental research could help 
develop new ideas for medicine, sustainable energy produc-
tion, and materials research. 

Classroom discussion
 ⦁ Describe the properties of a covalent bond and 

find some examples. 
 ⦁ Discuss the advantages and disadvantages of 

modelling covalent bonds using rigid ball-and-
stick models. 

 ⦁ Explain “bond length” and why it can’t be zero.
 ⦁ Describe the Coulomb force and give examples of 

where it occurs.
 ⦁ Summarize the process of a Coulomb explosion.
 ⦁ Explain what the acronym REMI represents.
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Resources
 ⦁ Learn how physicists study very small and very large 

objects: Akhobadze K (2021) Exploring the universe: from 
very small to very large. Science in School 55.

 ⦁ Try this role-playing activity to understand how research 
projects are funded and the importance of basic re-
search: McHugh M et al. (2022) What is it good for? Basic 
versus applied research. Science in School 55.

 ⦁ Read an introductory article on the PDB art project: Gup-
ta D, Armstrong D (2021) Bringing the beauty of proteins 
to the classroom: the PDB Art Project.  
Science in School 54.

 ⦁ Challenge your students to solve the mystery box puzzle 
while learning about the nature of science: Kranjc AH 
et al. (2022) The mystery box challenge: explore the na-
ture of science. Science in School 59.

 ⦁ Explore the concepts of speed and acceleration using 
supplied digital images or smartphones: Tarrant J (2023) 
Moving pictures: teach speed, acceleration, and scale 
with photograph sequences. Science in School 65.

 ⦁ Read how X-ray free-electron lasers are used to inves-
tigate particles’ structure: Wilson R (2021) Plant solar 
power: unlocking the secrets of photosynthesis with X-ray 
free-electron lasers. Science in School 54. 

 ⦁ Discover how artificial intelligence is helping to predict 
protein folding: Heber S (2021) From gaming to cut-
ting-edge biology: AI and the protein-folding problem.  
Science in School 52.

 ⦁ Read about an eye-opening molecular explosion.
 ⦁ Watch a tutorial on Coulomb’s law.
 ⦁ Check out a tutorial covalent bonding.
 ⦁ Read about the FELs of Europe award on FEL science  

and applications 2020.
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