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XFEL: X-ray Free-Electron Laser

> Ultraintense: ~1013 photons 

> Ultrafast: ~femtoseconds
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Fig. 4. Schematic presentation of timescales involved in the dynamics of matter. Storage ring facilities currently provide syn-
chrotron radiation in pulses between 50 and 100 ps duration and are well suited for studying slow dynamics in condensed matter
samples. NSLS-II in Brookhaven aims for pulse lengths of about 15 ps. Today, free electron lasers provide extremely intense pulses
with duration ranging from a few to about 300 fs and thus open up new opportunities for studying the dynamics of matter on
the atomic scale in space and time.

range from 10 fs to 10 ps, at repetition rates between
1MHz and 1.3GHz. In general, ERLs are expected
to have great flexibility in modes of operation.

A breakthrough to a new area in photon science
has been accomplished by single-pass free electron
lasers. In the spectral range from the VUV to hard
X-rays, they provide in pulses of 10–100 fs duration
as many photons as we get today at the best storage
ring facilities per second. As schematically shown in
Fig. 5, one obtains pulses which are three or four
orders of magnitude shorter in duration and contain

Fig. 5. Schematic comparison between a typical synchrotron
radiation pulse from a storage ring with a pulse obtained at an
X-ray free electron laser. At a storage ring one obtains pulses of
about 100 ps duration which contain ∼ 109 photons. At a free
electron laser one gets pulses which are three or four orders of
magnitude shorter and contain four orders of magnitude more
photons. This opens up completely new opportunities for the
study of fast dynamics in matter.

four orders of magnitude more photons. As a conse-
quence it will become possible for the first time to
study matter in extreme conditions and in nonequi-
librium states with atomic resolution in space and
time. The main components of a single-pass FEL are
a low emittance electron gun, a combination of lin-
ear accelerator and bunch compressors, and a long
undulator. They provide peak brightness, which is
brightness scaled to the length of a single pulse,
about 10 orders of magnitude higher than for the
best storage rings. Worldwide there are currently
three X-ray FELs in operation for users. At DESY
in Hamburg the FLASH facility provides radiation
in the range of 4.5–60nm in the fundamental [11];
it has been operated as a user facility since sum-
mer 2005. At Spring-8 in Harima, Japan, a proto-
type facility for the Spring-8 Compact SASE Source
(SCSS), the prototype for the Spring-8 XFEL, pro-
vides radiation in the range of 30–61nm [12]; opera-
tion for users started in 2008. At SLAC in Stanford
the Linac Coherent Light Source (LCLS) provides
radiation in the range of 0.1–50nm; it is the first
FEL to reach the spectral range of hard X-rays [13].
The LCLS has been operated for users since Octo-
ber 2009. Figure 6 shows the spectral peak bright-
ness calculated for different FELs together with the
experimental data obtained at FLASH; the experi-
mental data for the LCLS are stated in the caption.

Four more X-ray single-pass FELs are currently
under construction. The Spring-8 XFEL in Harima,
Japan, uses a C-band linac with electron energies

FEL

synchrotron

Schneider, Rev. Accl. Sci. Tech. 3, 13 (2010).

Aerial view of the European XFEL

2009: LCLS, USA 
2011: SACLA, Japan 
2016: PAL XFEL, Korea 
2017: EuXFEL, Germany 
2017: SwissFEL 



Why ultraintense and ultrafast?
> Structural determination of 

biomolecules with x-rays  
➔ X-ray crystallography 

> Growing high-quality crystals 
is one of major bottlenecks 

> Enough signals obtained from 
even single molecules by 
using ultraintense pulses 

> Signals obtained before 
radiation damage by using 
ultrafast pulses

4Sang-Kil Son  | Relativistic effects in x-ray multiphoton ionization dynamics |  September 29, 2022 |       / 19

Gaffney & Chapman, Science 316, 1444 (2007).

bismuth crystal confirmed the ability of the EOS
measurement to accurately determine the shot-to-
shot time delay (30).

In this study, fs laser pulse excitation of
bismuth changes the equilibrium structure of the
unit cell and leads to coherent vibrational motion
(31–33) (Fig. 1, C and D). This coherent motion
generates large-amplitude oscillations, in partic-
ular Bragg peaks such as the (111) reflection (34).
This experimental observation of strong ~300-fs
period oscillations in the (111) Bragg diffraction
intensity rigorously demonstrated the utility of EOS
as a timing diagnostic (29, 30). These measure-
ments also provided a detailed characterization of
the excited state potential, further demonstrating
the utility of ultrafast x-ray scattering for the

study of structural dynamics. Coherent vibration-
al motion in a ferroelectric crystal has also been
observed with ultrafast x-ray diffraction by using
laser-sliced x-ray pulses from a synchrotron (35).
X-ray slicing sources represent an important
development in ultrafast x-ray science with per-
formance attributes distinct fromXFEL sources. A
complementary discussion of nonthermal melting
and displacive excitations, as well as a discussion
of data analysis, can be found in the Supporting
Online Material (SOM) text.

Coherent X-ray Imaging with
Atomic Resolution
Electromagnetic radiation can be used to im-
age objects with a spatial resolution ultimately

limited by the wavelength, l, of the radiation. Im-
age formation can be simply described as inter-
ferometry; the light scattered by an object must
be recombined so that it interferes at the image
plane. Performing this reinterference directly
with an aberration-free lens makes diffraction-
limited imaging possible with visible radiation.
In the simple case of illumination with a coherent
plane wave, the achievable resolution equals d =
l /sin q, where q represents the highest scattering
angle collected by a lens or detector. At x-ray wave-
lengths, however, manufacturing lenses that ac-
cept and redirect light scattered at high angles
becomes increasingly difficult. Focal sizes of tens
of nanometers can be achieved (36), but atomic-
resolution lenses do not appear feasible.

Imaging at near-atomic res-
olution can be achieved without
lenses by conducting the rein-
terference of the scattered light
computationally. The numeri-
cal determination of the image
from the measured x-ray scat-
tering pattern requires that the
phase of the diffracted light be
determined in order to apply
the correct phase shift to each
reinterfering spatial frequency.
Because the detection of the
scattering pattern only mea-
sures the intensity of the scat-
tering radiation rather than the
amplitude, no phase informa-
tion can be directly measured.
Avariety of methods have been
developed for alleviating the
information deficit in crystal-
lography, such as examining
the wavelength dependence of
the diffraction pattern near an
atomic absorption edge or by
knowing part of the structure
or a similar structure. With co-
herent diffractive imaging, an
alternative route to reconstruct-
ing the scattered x-rays into an
image can be used.

Sayre has noted that the
continuous diffraction pattern
of a coherently illuminated unit
cell contains twice the informa-
tion obtained from the diffrac-
tion pattern of a crystalline
arrangement of identical copies
of that unit cell (2, 37). If ade-
quately sampled, this pattern
provides the exact amount of
information needed to solve the
phase problem and determinis-
tically invert the x-ray scatter
pattern into an image of the scat-
tering object. The past several
decades have seen substantial
advances in the experimental
and numerical techniques re-

Fig. 2. Schematic depiction of single-particle coherent diffractive imaging with an XFEL pulse. (A) The intensity pattern
formed from the intense x-ray pulse (incident from left) scattering off the object is recorded on a pixellated detector. The pulse
also photo-ionizes the sample. This leads to plasma formation and Coulomb explosion of the highly ionized particle, so only
one diffraction pattern [a single two-dimensional (2D) view] can be recorded from the particle. Many individual diffraction
patterns are recorded from single particles in a jet (traveling from top to bottom). The particles travel fast enough to clear the
beam by the time the next pulse (and particle) arrives. The data must be read out from the detector just as quickly. (B) The full
3D diffraction data set is assembled from noisy diffraction patterns of identical particles in random and unknown orientations.
Patterns are classified to group patterns of like orientation, averaged within the groups to increase signal to noise, oriented
with respect to one another, and combined into a 3D reciprocal space. The image is then obtained by phase retrieval.
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How does matter interact with ultraintense and ultrafast pulses?



Why heavy atom?

> Serial femtosecond crystallography at XFELs: beyond proof-of-principle 

> Anomalous scattering of heavy atoms: marker for phasing 
> Severe ionization on heavy atoms ➔ novel phasing at high x-ray intensity
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Chapman, Annu. Rev. Biochem. 88, 35 (2019). 
Barends et al., Nat. Rev. Methods Primers 2, 59 (2022).

Son, Chapman & Santra, Phys. Rev. Lett. 107, 218102 (2011). 
Galli et al., IUCrJ 2, 627 (2015).

0.0

0.2

0.4

0.6

0.8

1.0

-20 -10  0  10  20

Po
pu

la
tio

n

Time (fs)

Fe0+

Fe5+

Fe10+

Fe15+

Fe20+

Son, Chapman & Santra, 
Phys. Rev. Lett. 107, 
218102 (2011).

Fe@8 keV 
5×1012 ph/µm2 

10 fs FWHM



Fundamental x-ray–matter interaction
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single X-ray

Photoionization: C → C✽+ + e– Auger-Meitner decay: C✽+ → C++ + e–

synchrotron: one-photon absorption ➔ PA ➔ C2+ 
XFEL: many-photon absorption ➔ PAPAPP ➔ C6+



X-ray multiphoton ionization

> Sequence of one-photon ionizations and relaxations 

> 5 photons absorbed sequentially, 24 electrons ejected within 30 fs
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Challenges for x-ray multiphoton ionization

> Theoretical challenges 

§ tremendously many hole states 
by x-ray multiphoton absorption 

§ highly excited system far from the 
ground state 

§ electronic continuum states for 
ionization 

§ complex inner-shell ionization 
dynamics, especially for heavy 
atoms 

> No standard quantum chemistry 
code available
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Multiphoton absorption after/during decay 
cascade creates: 
§ More than 20M multiple-hole config. 
§ More than 2B x-ray-induced processes



XATOM: all about x-ray atomic physics

> Hartree-Fock-Slater 
method for any given 
element and configuration 

> X-ray-induced atomic 
processes based on 
perturbation theory 

> Numerical grid method for 
bound and continuum 
states 

> Solve coupled rate 
equations to simulate 
ionization dynamics 
(Monte Carlo on the fly)
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Son, Young & Santra, Phys. Rev. A 83, 033402 (2011). 
Jurek, Son, Ziaja & Santra, J. Appl. Cryst. 49, 1048 (2016). 
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Relativistic effects in x-ray processes

> Open new Coster-Kronig decay 
channels due to spin-orbit splitting 

> Close photoionization at lower 
charges due to energy shifts
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Toyota, Son & Santra, Phys. Rev. A 95, 043412 (2017).

> Relativistic E correction within first-order perturbation theory

Ĥ = Ĥ0 �
↵
2

8
p̂
4 � ↵

2

4

dV

dr

d

dr
+

↵
2

2

1

r

dV

dr
l̂ · ŝ
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TABLE III. Comparison of fluorescence (L − X or M − X),
Auger (L − XY or M − XY ), and Coster-Kronig (L − LX or
M − MX) rates for M- and L-shell vacancies of Xe (in a.u.).
“Nonrel” refers to the nonrelativistic calculation and “Rel” is obtained
from Eq. (18) or (21). DF refers to the multiconfiguration Dirac-Fock
calculations [40]. Note that the Coster-Kronig channels of L2 − L3X

and M2 − M3X are energetically forbidden in the nonrelativistic case.

Group Nonrel Rel DF [40]

L1 − X 6.33 × 10−3 8.03 × 10−3 6.33 × 10−3

L1 − XY 6.07 × 10−2 5.63 × 10−2 6.50 × 10−2

L1 − L23X 8.19 × 10−2 6.76 × 10−2 5.83 × 10−2

L2 − X 1.04 × 10−2 1.32 × 10−2 5.35 × 10−3

L2 − XY 9.38 × 10−2 8.70 × 10−2 4.86 × 10−2

L2 − L3X Forbidden 2.01 × 10−2 6.82 × 10−3

L3 − X (=L2 − X) 1.08 × 10−2 1.01 × 10−2

L3 − XY (=L2 − XY ) 9.28 × 10−2 1.10 × 10−1

M1 − X 1.72 × 10−4 2.27 × 10−4 1.72 × 10−4

M1 − XY 1.85 × 10−2 1.73 × 10−2 1.91 × 10−2

M1 − M23X 4.74 × 10−1 3.46 × 10−1 3.72 × 10−1

M1 − M45X 8.97 × 10−2 8.06 × 10−2 8.38 × 10−2

M2 − X 1.61 × 10−4 2.19 × 10−4 1.75 × 10−4

M2 − XY 2.09 × 10−2 1.97 × 10−2 2.10 × 10−2

M2 − M3X Forbidden 5.39 × 10−3 6.20 × 10−4

M2 − M45X 2.05 × 10−1 1.54 × 10−1 1.64 × 10−1

M3 − X (=M2 − X) 1.75 × 10−4 1.73 × 10−4

M3 − XY (=M2 − XY ) 2.06 × 10−2 2.22 × 10−2

M3 − M45X (=M2 − M45X) 1.88 × 10−1 1.76 × 10−1

M4 − X 1.02 × 10−5 1.05 × 10−5 1.21 × 10−5

M4 − XY 2.25 × 10−2 2.23 × 10−2 2.46 × 10−2

M5 − X (=M4 − X) 1.03 × 10−5 1.05 × 10−5

M5 − XY (=M4 − XY ) 2.26 × 10−2 2.16 × 10−2

F. Resonant photoexcitation cross section

We consider the cross section of a resonant excitation for
a bound-to-bound transition from an initial to a final orbital,
i → f ,

σR(i → f,ω) = 4
3
π2αωl>NiN

H
f

{
li s ji

jf 1 lf

}2

×
∣∣〈unf lf

∣∣r
∣∣uni li

〉∣∣2
δ(ω − &Ef i), (23a)

where the δ function represents the energy conservation law.
The quantity &Ef i represents the transition energy given by

&Ef i = Enf lf jf
− Enili ji

. (23b)

Assuming that the photon energy spectrum is given by a
Gaussian function,

f (ω; ωin) = 1
&ωin

√
4 ln 2

π
e−4 ln 2( ω−ωin

&ωin
)2
, (24)

where &ωin is the full width at half maximum (FWHM) of
the photon-energy distribution function. Convolving the cross
section with the spectral distribution profile of Eq. (24), we
obtain

σR(i → f,ωin) = 4
3
π2α&Ef il>NiN

H
f

{
li s ji

jf 1 lf

}2

×
∣∣〈unf lf

∣∣r
∣∣uni li

〉∣∣2
f (&Ef i ; ωin). (25)

Replacing the subscript a with f in Eq. (17), we obtain the
selection rules.

G. Rate equations for ionization dynamics

We employ a rate-equation approach to simulate x-ray
multiphoton ionization dynamics [11,12]. The eigenfunctions
and energies of the HFS equation in Eq. (1) are used to calculate
the cross sections of Eqs. (16) and (25) and rates of Eqs. (18)
and (21). Time-dependent photoionization and photoexcitation
rates at a given time are calculated by their respective cross
sections times the photon flux at that time. All calculated rates
are plugged into a set of coupled rate equations,

dPI

dt
=

allconfig∑

I ′ %=I

['I ′→I (t)PI ′(t) − 'I→I ′(t)PI (t)], (26)

where PI is the population of the I th electronic configuration
and 'I→I ′ is the transition rate from I to I ′.

The dimension of the rate-equation system of Eq. (26)
becomes enormously large for heavy atoms. For example, let
us consider a neutral Xe atom, which has 54 electrons, and
construct all possible electronic configurations that may be
formed by removing zero, one, or more electrons, from the
neutral ground configuration. All possible configurations of
Xe ions, Xeq+, in the nonrelativistic case are written as

Xeq+: 1sn1 2sn2 2pn3 3sn4 3pn5 3dn6 4sn7 4pn8 4dn9 5sn10 5pn11 ,

where ni is chosen from zero to the maximum occupation num-
ber (nmax

i ) of the ith subshell, i.e., n1 = 0,1,2, n3 = 0,1, . . . ,6,
and so on. The sum of {ni} gives the total number of electrons:∑

i ni = 54 − q. The number of all possible configurations,
which is equal to the number of coupled rate equations that
must be solved, is given by Nconfig =

∏
i(n

max
i + 1). For the Xe

case, it gives 3 × (3 × 7) × (3 × 7 × 11) × (3 × 7 × 11) ×
(3 × 7) = 70 596 603. When relativistic effects are taken into
account, Nconfig is further increased by about 200 times because
of the spin-orbit splittings (p1/2/p3/2 and d3/2/d5/2), so the
number of rate equation becomes 15 069 796 875. If resonant
bound-to-bound excitations are considered, Nconfig explodes
(see Table I in Ref. [19]), even without consideration of
relativistic effects.

Directly solving such a gigantic number of coupled rate
equations is thus impractical. Instead, we extend XATOM to
employ the Monte Carlo method to solve Eq. (26) with precal-
culated tables of cross sections and rates, as previously demon-
strated in Ref. [24]. Furthermore, the electronic structure, cross
sections, and rates are calculated on the fly, only when a
Monte Carlo trajectory visits a new electronic configuration
[17]. This Monte Carlo on-the-fly scheme dramatically saves
computational effort, enabling us to explore very complicated
ionization dynamics of heavy atoms. A detailed Monte Carlo
description for x-ray multiphoton ionization dynamics is
found in Ref. [24]. A Monte Carlo convergence is checked
out at every 100 trajectories. When the absolute differences
of charge state populations between current and previous
checking points become less than 10−4 (10−5 for the 5.5 keV
case in Sec. III A), the program terminates the Monte Carlo
calculation.

043412-5

~300 eV

XeXe L-shell single vacancy



X-ray multiphoton ionization of Xe

> Deep inner-shell (L-shell) ionization dynamics of Xe 
> REXMI (Resonance-Enabled or -enhanced X-ray Multiple Ionization) 

> Highlighting the interplay between resonance and relativistic effects
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Rudek et al.,  
Nat. Commun. 9, 
4200 (2018).

Xe@5.5 keV
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Ultrafast dynamics of iodomethane
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§ σ(I) ~ 50,000 barn >>  
σ(C) ~ 80 barn at 8.3 keV 

§ severe ionization on iodine  
➔ charge imbalance 
➔ charge rearrangement  
➔ fragmentation 

§ benchmark for heavy-atom-
containing bio-molecule

XMOLECULE 
§ Quantum electrons,  

classical nuclei 
§ Efficient electronic structure 

calculation: core-hole adapted 
atomic basis functions obtained 
from XATOM 

§ Monte Carlo on the fly 
§ No relativistic effects implemented

Ludger Inhester 

Hao et al., Struct. Dyn. 2, 041707 (2015). 
Inhester et al., Phys. Rev. A 94, 023422 (2016). 
Rudenko et al., Nature 546, 129 (2017). 

LCLS experiment: 
Artem Rudenko, 
Daniel Rolles



> CSD (charge-state distribution) & KER (kinetic energy release): 
Capturing detailed ionization and fragmentation dynamics 

> First quantitative comparison for the behaviors of polyatomic molecules 
(including heavy element) under XFEL irradiation

Comparison with experimental data
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CSD of I and CH3I @8.3 keV KER of I fragment

Rudenko et al., Nature 546, 129 (2017).
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LETTER RESEARCH

Direct photoabsorption by the carbon or hydrogen atoms is negligible,  
owing to very small cross-sections. The created charge imbalance drives 
a rearrangement of electrons from the methyl group towards the iodine 
atom, refilling the created holes and thus lowering the charge of the 
latter. For each ionization step, this charge rearrangement occurs on a 
subfemtosecond timescale and so is much faster than the overall ioni-
zation dynamics, such that the electrons can be considered to rearrange 
instantaneously. For single-photon absorption, the total molecular 
charge remains essentially the same after this rearrangement, with 
only a slight enhancement due to the new relaxation channels that are 
possible in a molecular environment29. In the high-fluence regime, 
however, other X-ray photons are likely to be absorbed by the heavy 
atom, cycling through this charge redistribution process multiple times. 
At the peak intensities reached in our experiment, the iodine fragment 
sequentially absorbs more than 20 X-ray photons, and the total charge 
of the molecule is mainly limited by the number of electrons that  
are available from the molecular environment to fill the vacancies that 
are created at the iodine site.

We predict that this charge-rearrangement-enhanced X-ray ioniza-
tion of molecules (CREXIM), which we report here for CH3I, plays an 
important part in the quantitative understanding of radiation damage 
of polyatomic systems irradiated by very intense X-ray pulses, and 
will be even more pronounced for larger systems. A first indication is 
given by our experimental results for iodobenzene molecules shown 
in Fig. 1a, for which we observe the charging of a heavy fragment to a 
degree comparable to the case of isolated atoms despite the presence 
of a benzene ring, which can provide numerous additional electrons as 
compared to the case of CH3I. This is very different from the  outcome 
of previous experiments with iodouracil molecules under less intense 
hard X-rays25, in which the highest iodine charge state detected from 
the molecule was I4+, compared to Xe18+ that was produced under  
similar experimental conditions from isolated xenon atoms18. Even 
though we cannot unambiguously determine the total molecular 
charge for C6H5I, the measured distribution of light ionic fragments, 
which is dominated by CH+, C+, C2+, C3+ and H+ ions, indicates that, 
on average, they carry more than 10 charges in total. Therefore, we 
 conclude that for the highest intensities, for which the iodine charge 
state reaches I45+, the total charge of C6H5I exceeds the value of 54+  
reached for CH3I.

For a small molecular system such as CH3I, the theoretical model 
described here enables detailed analysis of the evolving electronic 
structure that is interweaved with nuclear dynamics. To further test 

the predictive power of the model, we compare the measured and cal-
culated kinetic energies for iodine ions in Fig. 3. The kinetic energies of 
the fragments are sensitive to the detailed fragmentation dynamics and, 
in particular, set boundary conditions for the times and internuclear 
separations at which the ionic charges are formed. The kinetic energies 
that are expected for an instantaneous ionization to a given final charge 
state are also plotted, which substantially overestimate the measured 
values because the charging does not happen  instantaneously. Our 
 analysis shows that the kinetic-energy distribution (KED) is sensitive 
to the temporal pulse shape used for the calculations, so the experimen-
tally determined temporal profile of the X-ray pulse30 (see Methods 
and Extended Data Fig. 1) needs to be taken into account. As can be 
seen from Fig. 3, calculations for Gaussian pulses do not match the 
experimental values, especially for the highest charge states. In contrast, 
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Figure 3 | Kinetic energies of the iodine ions. Measured (black) and 
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To shed light on the mechanism of this enhanced   molecular 
ionization, we present in Fig. 2a a comparison of the results of a 
 theoretical analysis of the multiple X-ray ionization of CH3I using the 
XMOLECULE toolkit26. Figure 2a displays the calculated charge-state 

distribution of iodine ions and the total charge of the molecule. The 
results of the calculation are averaged over the spatial distribution of 
the pulse intensity so that they can be compared to the experimental 
data for iodine ions. The theoretical predictions agree reasonably well 
with the outcome of the experiment, indicating that our theoretical 
model adequately describes the essential mechanisms of CH3I ioni-
zation in ultra-intense hard X-ray pulses. The calculations also show 
that the total charge of the molecule for high charge states is shifted 
by 7 with respect to the charge-state distribution for iodine, in good 
agreement with the experimental finding that C4+ and 3H+ ions are 
produced when the molecule is highly ionized. To understand the 
 fluence dependence of the molecular ionization process, we present in 
Fig. 2b the average total charge state of the CH3I molecule calculated 
as a function of the fluence (without focal volume averaging) and the 
prediction of an independent-atom model. The results show that for 
low fluences (at which earlier experiments14–19,25 have been conducted) 
the total charge state is equivalent to the case of a system of isolated 
atoms (which, in turn, is nearly identical to that of the heavy atom), 
whereas molecular effects considerably enhance the level of ionization 
at higher fluences.

This enhancement can be qualitatively understood by recurrent 
charge redistribution upon multiphoton X-ray absorption, as sketched 
in Fig. 2c. At 8.3 keV, photoabsorption occurs predominantly in the 
2s and 2p shells of iodine, and the subsequent Auger decay of these 
L-shell vacancies is followed by a cascade of further Auger processes 
that creates a high charge that is initially localized at the iodine site. 
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Figure 2 | Enhanced ionization of the molecule. a, Calculated (blue) 
and measured (black) charge-state distribution of iodine ions from 
CH3I molecules. The pulse parameters are the same as for Fig. 1a. The 
experimental data are accumulated over 287,400 shots. The calculated total 
charge of the molecule is shown in red. The error bars reflect the statistical 
uncertainty of the data (1 s.d.). The CH3I molecule is sketched above the 
plot, with atoms coloured as in Fig. 1a. b, Average total molecular charge 
as a function of fluence calculated for CH3I molecules (red) and within 
the independent-atom model (black). The fluence values corresponding 
to Fig. 1a and b are marked with red and blue bars, respectively. The error 
bars show the standard error of the mean. c, Illustration of the CREXIM 
mechanism. In the molecule (upper row), the repeated ionization (blue 
and orange arrows) of the iodine atom drives electrons from the methyl 
group to the iodine (orange shading), such that there are more electrons 
available for ionization compared to independent atoms (lower row). The 
darkness of the shading of the atoms indicates the number of electrons that 
remain in the atoms.
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data are accumulated over 287,400 shots for CH3I, 212,880 shots for C6H5I 
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charge of 1. The error bars reflect the uncertainty of the data (1 s.d.) due to 
the finite counting statistics. The CH3I and C6H5I molecules are sketched 
above the plot, with the iodine atom highlighted in purple, carbon atoms 
in grey and hydrogen atoms in white. b, Yield of carbon and iodine ion 
pairs detected in coincidence after CH3I ionization by pulses with the 
same parameters as in a but with the pulse energy reduced to 0.4 mJ.  
The data are accumulated over 1,242,850 shots.
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To shed light on the mechanism of this enhanced   molecular 
ionization, we present in Fig. 2a a comparison of the results of a 
 theoretical analysis of the multiple X-ray ionization of CH3I using the 
XMOLECULE toolkit26. Figure 2a displays the calculated charge-state 

distribution of iodine ions and the total charge of the molecule. The 
results of the calculation are averaged over the spatial distribution of 
the pulse intensity so that they can be compared to the experimental 
data for iodine ions. The theoretical predictions agree reasonably well 
with the outcome of the experiment, indicating that our theoretical 
model adequately describes the essential mechanisms of CH3I ioni-
zation in ultra-intense hard X-ray pulses. The calculations also show 
that the total charge of the molecule for high charge states is shifted 
by 7 with respect to the charge-state distribution for iodine, in good 
agreement with the experimental finding that C4+ and 3H+ ions are 
produced when the molecule is highly ionized. To understand the 
 fluence dependence of the molecular ionization process, we present in 
Fig. 2b the average total charge state of the CH3I molecule calculated 
as a function of the fluence (without focal volume averaging) and the 
prediction of an independent-atom model. The results show that for 
low fluences (at which earlier experiments14–19,25 have been conducted) 
the total charge state is equivalent to the case of a system of isolated 
atoms (which, in turn, is nearly identical to that of the heavy atom), 
whereas molecular effects considerably enhance the level of ionization 
at higher fluences.

This enhancement can be qualitatively understood by recurrent 
charge redistribution upon multiphoton X-ray absorption, as sketched 
in Fig. 2c. At 8.3 keV, photoabsorption occurs predominantly in the 
2s and 2p shells of iodine, and the subsequent Auger decay of these 
L-shell vacancies is followed by a cascade of further Auger processes 
that creates a high charge that is initially localized at the iodine site. 
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Figure 2 | Enhanced ionization of the molecule. a, Calculated (blue) 
and measured (black) charge-state distribution of iodine ions from 
CH3I molecules. The pulse parameters are the same as for Fig. 1a. The 
experimental data are accumulated over 287,400 shots. The calculated total 
charge of the molecule is shown in red. The error bars reflect the statistical 
uncertainty of the data (1 s.d.). The CH3I molecule is sketched above the 
plot, with atoms coloured as in Fig. 1a. b, Average total molecular charge 
as a function of fluence calculated for CH3I molecules (red) and within 
the independent-atom model (black). The fluence values corresponding 
to Fig. 1a and b are marked with red and blue bars, respectively. The error 
bars show the standard error of the mean. c, Illustration of the CREXIM 
mechanism. In the molecule (upper row), the repeated ionization (blue 
and orange arrows) of the iodine atom drives electrons from the methyl 
group to the iodine (orange shading), such that there are more electrons 
available for ionization compared to independent atoms (lower row). The 
darkness of the shading of the atoms indicates the number of electrons that 
remain in the atoms.
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Figure 1 | Experimental charge-state distributions. a, Charge-state 
distributions of iodine ions emitted from CH3I (black squares) and 
C6H5I (blue triangles) molecules upon irradiation by 8.3-keV pulses 
with an average pulse energy of 1.1 mJ. Red circles show the charge-state 
distribution obtained from atomic xenon under the same conditions. The 
data are accumulated over 287,400 shots for CH3I, 212,880 shots for C6H5I 
and 372,600 shots for xenon. The curves are normalized to have an integral 

charge of 1. The error bars reflect the uncertainty of the data (1 s.d.) due to 
the finite counting statistics. The CH3I and C6H5I molecules are sketched 
above the plot, with the iodine atom highlighted in purple, carbon atoms 
in grey and hydrogen atoms in white. b, Yield of carbon and iodine ion 
pairs detected in coincidence after CH3I ionization by pulses with the 
same parameters as in a but with the pulse energy reduced to 0.4 mJ.  
The data are accumulated over 1,242,850 shots.
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XMDYN 
§ Monte-Carlo Molecular 

Dynamics (MCMD) 
§ Quantum treatment for  

bound electrons of individual atoms  
➔ combined with XATOM 

§ Classical dynamics for ions and free elec. 
§ Charge transfer model based on the 

over-the-barrier model 
§ No first-principles treatment for chemical 

bonding and molecular Auger 
§ No relativistic effects implemented

Coulomb explosion of iodopyridine
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3D momentum imaging using X-ray ionization, only a few of them 
have studied somewhat larger molecules up to now12,13.

With the development of X-ray free-electron lasers (XFELs) 
offering pulse duration of a few femtoseconds, the achievable 
intensity has increased by orders of magnitude. This facilitated, for 
the first time, multiphoton inner-shell absorption, removing many 
electrons from a single atom within one X-ray pulse14. Several XFEL 
experiments have obtained 3D momentum distributions of small 
molecules with four to five atoms15,16, and pioneering work touched 
the frontier of imaging larger molecules17,18. The first time-resolved 
experiments have investigated processes such as dissociation19, 
vibration20, isomerization reactions21,22 and charge transfer23 with 
CEI. However, CEI of complex molecules was considered unfea-
sible, because it was expected that recording all the molecular con-
stituents in coincidence would be necessary—a requirement, up 
to now, impossible to fulfil for more than a few atoms with suf-
ficient statistics, as the detection efficiency of each ion is typically  
only about 60%.

Here we demonstrate that intense, femtosecond soft X-ray pulses 
from a high-repetition-rate free-electron laser, the European XFEL, 
make it possible to image a complex molecule in its entirety, as well 
as to obtain detailed information on the ultrafast intramolecular 
electron rearrangement without measuring all the fragments in 
coincidence. The experiment was carried out using a cold-target 
recoil ion momentum spectroscopy (COLTRIMS) reaction micro-
scope24 that is part of the Small Quantum Systems (SQS) scientific 
instrument at the European XFEL25. 2-Iodopyridine (C5H4IN) or 
2-iodopyrazine (C4H3IN2) molecules were prepared in a dilute gas 
jet through supersonic expansion, such that each X-ray pulse typi-
cally interacted with only a single molecule. The X-ray focus size 
was ~1.4 μm and the photon energy was set to 2 keV; the average 
pulse energy was 1 mJ. The 3D momenta of the ionized fragments 
were measured in coincidence. More details are given in Methods.

Figure 1 shows the ion momenta resulting from the fragmen-
tation of molecules into I+, N+, C+ and H+. The molecular frame 
of reference is defined by the I+ and N+ momenta; the ion species, 
identified by their different mass-to-charge ratios, are plotted in 
different colours. The structural analogies between the equilibrium 
molecular geometries and momentum distributions are very clear. 
In particular, the hydrogen (H3–H6) signals are well localized in 
Fig. 1, but the momenta of the individual carbon atoms (C2–C6) 
can become similarly separated (Fig. 3). As far as we are aware, 
momentum images of this quality are unprecedented for such com-
plex molecules. We attribute the clarity predominantly to the fast 
charging of all ten or eleven atoms within only a few femtoseconds 
(Fig. 2d), leading to a direct explosion without the rotation or for-
mation of intermediate molecular fragments.

We emphasize that the Newton plots in Fig. 1 display coinci-
dences between only three ions (out of sets of four measured ions; 
Methods). If only a fraction of the generated ion fragments is 
detected in coincidence, this usually implies a reduction of infor-
mation. Due to the high repetition rate of the European XFEL 
(here up to 570 X-ray pulses per second), we could also record up 
to eightfold ion coincidences, which produce identical-looking 
images in this case (Extended Data Fig. 1). This reveals that for the 
studied planar molecules, the reduced set of information from par-
tial coincidences captures the essence of the asymptotic momentum 
density distribution of the fully fragmented molecule. The sharp 
momentum distributions (Fig. 1) indicate that the entire fragmen-
tation pathway is determined by the final charges of only very few 
atomic fragments. Therefore, we obtain molecular fingerprints in 
the momentum distributions that provide a direct insight into the 
fragmentation dynamics.

The carbon atom located closest to the iodine atom (C2; Fig. 1d) 
receives only little overall momentum, because it is repelled by the 
heavy iodine ion, as well as the other ions in the ring. The C2 ion, 
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Fig. 1 | CEI of 2-iodopyridine and 2-iodopyrazine. a, Newton plots of N+ and H+ (b and g) and N+ and C+ (d and i) show the measured absolute momenta 
following Coulomb explosion of 2-iodopyridine (C5H4IN) (a) and 2-iodopyrazine (C4H3IN2) (f) molecules. For all the shots in which I+, N+, and at least one 
H+ and one C+ were detected, the coordinate frame is rotated such that the I+ momentum points along the z axis (p
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x

!=!p
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!=!0) and the N+ momentum spans 
the y–z plane together with the I+ momentum (p

N

x

!=!0, p
N

y

!>!0). The momentum of the third particle is plotted in this coordinate frame. No background was 
subtracted. The corresponding modelling results from XMDYN are shown in c, e, h and j. The diamond-shaped markers depict the asymptotic momenta 
when a single positive charge is instantaneously applied to each atom.
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§ σ(C,N,H) < σ(I) at 2.0 keV 

§ ionization and intra-
molecular electron 
arrangement together 

§ rapid and complete 
Coulomb explosion Murphy et al., Nature Commun. 5, 4281 (2014). 

Jurek et al., J. Appl. Cryst. 49, 1048 (2016).



> Multi-coincident momentum 
imaging, including H 

> Highest-quality Coulomb 
explosion imaging with high-
repetition rate of EuXFEL 

> Quantitative comparison 
between theory and 
experiment

Comparison with experimental data
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Boll et al., Nat. Phys. 18, 423 (2022).

iodopyridine@2.0 keV 

European XFEL experiment led by 
Rebecca Boll and Till Jahnke

diamonds: instantaneous model
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3D momentum imaging using X-ray ionization, only a few of them 
have studied somewhat larger molecules up to now12,13.

With the development of X-ray free-electron lasers (XFELs) 
offering pulse duration of a few femtoseconds, the achievable 
intensity has increased by orders of magnitude. This facilitated, for 
the first time, multiphoton inner-shell absorption, removing many 
electrons from a single atom within one X-ray pulse14. Several XFEL 
experiments have obtained 3D momentum distributions of small 
molecules with four to five atoms15,16, and pioneering work touched 
the frontier of imaging larger molecules17,18. The first time-resolved 
experiments have investigated processes such as dissociation19, 
vibration20, isomerization reactions21,22 and charge transfer23 with 
CEI. However, CEI of complex molecules was considered unfea-
sible, because it was expected that recording all the molecular con-
stituents in coincidence would be necessary—a requirement, up 
to now, impossible to fulfil for more than a few atoms with suf-
ficient statistics, as the detection efficiency of each ion is typically  
only about 60%.

Here we demonstrate that intense, femtosecond soft X-ray pulses 
from a high-repetition-rate free-electron laser, the European XFEL, 
make it possible to image a complex molecule in its entirety, as well 
as to obtain detailed information on the ultrafast intramolecular 
electron rearrangement without measuring all the fragments in 
coincidence. The experiment was carried out using a cold-target 
recoil ion momentum spectroscopy (COLTRIMS) reaction micro-
scope24 that is part of the Small Quantum Systems (SQS) scientific 
instrument at the European XFEL25. 2-Iodopyridine (C5H4IN) or 
2-iodopyrazine (C4H3IN2) molecules were prepared in a dilute gas 
jet through supersonic expansion, such that each X-ray pulse typi-
cally interacted with only a single molecule. The X-ray focus size 
was ~1.4 μm and the photon energy was set to 2 keV; the average 
pulse energy was 1 mJ. The 3D momenta of the ionized fragments 
were measured in coincidence. More details are given in Methods.

Figure 1 shows the ion momenta resulting from the fragmen-
tation of molecules into I+, N+, C+ and H+. The molecular frame 
of reference is defined by the I+ and N+ momenta; the ion species, 
identified by their different mass-to-charge ratios, are plotted in 
different colours. The structural analogies between the equilibrium 
molecular geometries and momentum distributions are very clear. 
In particular, the hydrogen (H3–H6) signals are well localized in 
Fig. 1, but the momenta of the individual carbon atoms (C2–C6) 
can become similarly separated (Fig. 3). As far as we are aware, 
momentum images of this quality are unprecedented for such com-
plex molecules. We attribute the clarity predominantly to the fast 
charging of all ten or eleven atoms within only a few femtoseconds 
(Fig. 2d), leading to a direct explosion without the rotation or for-
mation of intermediate molecular fragments.

We emphasize that the Newton plots in Fig. 1 display coinci-
dences between only three ions (out of sets of four measured ions; 
Methods). If only a fraction of the generated ion fragments is 
detected in coincidence, this usually implies a reduction of infor-
mation. Due to the high repetition rate of the European XFEL 
(here up to 570 X-ray pulses per second), we could also record up 
to eightfold ion coincidences, which produce identical-looking 
images in this case (Extended Data Fig. 1). This reveals that for the 
studied planar molecules, the reduced set of information from par-
tial coincidences captures the essence of the asymptotic momentum 
density distribution of the fully fragmented molecule. The sharp 
momentum distributions (Fig. 1) indicate that the entire fragmen-
tation pathway is determined by the final charges of only very few 
atomic fragments. Therefore, we obtain molecular fingerprints in 
the momentum distributions that provide a direct insight into the 
fragmentation dynamics.

The carbon atom located closest to the iodine atom (C2; Fig. 1d) 
receives only little overall momentum, because it is repelled by the 
heavy iodine ion, as well as the other ions in the ring. The C2 ion, 
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Fig. 1 | CEI of 2-iodopyridine and 2-iodopyrazine. a, Newton plots of N+ and H+ (b and g) and N+ and C+ (d and i) show the measured absolute momenta 
following Coulomb explosion of 2-iodopyridine (C5H4IN) (a) and 2-iodopyrazine (C4H3IN2) (f) molecules. For all the shots in which I+, N+, and at least one 
H+ and one C+ were detected, the coordinate frame is rotated such that the I+ momentum points along the z axis (p

I

x

!=!p
I

y

!=!0) and the N+ momentum spans 
the y–z plane together with the I+ momentum (p

N

x

!=!0, p
N

y

!>!0). The momentum of the third particle is plotted in this coordinate frame. No background was 
subtracted. The corresponding modelling results from XMDYN are shown in c, e, h and j. The diamond-shaped markers depict the asymptotic momenta 
when a single positive charge is instantaneously applied to each atom.
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3D momentum imaging using X-ray ionization, only a few of them 
have studied somewhat larger molecules up to now12,13.

With the development of X-ray free-electron lasers (XFELs) 
offering pulse duration of a few femtoseconds, the achievable 
intensity has increased by orders of magnitude. This facilitated, for 
the first time, multiphoton inner-shell absorption, removing many 
electrons from a single atom within one X-ray pulse14. Several XFEL 
experiments have obtained 3D momentum distributions of small 
molecules with four to five atoms15,16, and pioneering work touched 
the frontier of imaging larger molecules17,18. The first time-resolved 
experiments have investigated processes such as dissociation19, 
vibration20, isomerization reactions21,22 and charge transfer23 with 
CEI. However, CEI of complex molecules was considered unfea-
sible, because it was expected that recording all the molecular con-
stituents in coincidence would be necessary—a requirement, up 
to now, impossible to fulfil for more than a few atoms with suf-
ficient statistics, as the detection efficiency of each ion is typically  
only about 60%.

Here we demonstrate that intense, femtosecond soft X-ray pulses 
from a high-repetition-rate free-electron laser, the European XFEL, 
make it possible to image a complex molecule in its entirety, as well 
as to obtain detailed information on the ultrafast intramolecular 
electron rearrangement without measuring all the fragments in 
coincidence. The experiment was carried out using a cold-target 
recoil ion momentum spectroscopy (COLTRIMS) reaction micro-
scope24 that is part of the Small Quantum Systems (SQS) scientific 
instrument at the European XFEL25. 2-Iodopyridine (C5H4IN) or 
2-iodopyrazine (C4H3IN2) molecules were prepared in a dilute gas 
jet through supersonic expansion, such that each X-ray pulse typi-
cally interacted with only a single molecule. The X-ray focus size 
was ~1.4 μm and the photon energy was set to 2 keV; the average 
pulse energy was 1 mJ. The 3D momenta of the ionized fragments 
were measured in coincidence. More details are given in Methods.

Figure 1 shows the ion momenta resulting from the fragmen-
tation of molecules into I+, N+, C+ and H+. The molecular frame 
of reference is defined by the I+ and N+ momenta; the ion species, 
identified by their different mass-to-charge ratios, are plotted in 
different colours. The structural analogies between the equilibrium 
molecular geometries and momentum distributions are very clear. 
In particular, the hydrogen (H3–H6) signals are well localized in 
Fig. 1, but the momenta of the individual carbon atoms (C2–C6) 
can become similarly separated (Fig. 3). As far as we are aware, 
momentum images of this quality are unprecedented for such com-
plex molecules. We attribute the clarity predominantly to the fast 
charging of all ten or eleven atoms within only a few femtoseconds 
(Fig. 2d), leading to a direct explosion without the rotation or for-
mation of intermediate molecular fragments.

We emphasize that the Newton plots in Fig. 1 display coinci-
dences between only three ions (out of sets of four measured ions; 
Methods). If only a fraction of the generated ion fragments is 
detected in coincidence, this usually implies a reduction of infor-
mation. Due to the high repetition rate of the European XFEL 
(here up to 570 X-ray pulses per second), we could also record up 
to eightfold ion coincidences, which produce identical-looking 
images in this case (Extended Data Fig. 1). This reveals that for the 
studied planar molecules, the reduced set of information from par-
tial coincidences captures the essence of the asymptotic momentum 
density distribution of the fully fragmented molecule. The sharp 
momentum distributions (Fig. 1) indicate that the entire fragmen-
tation pathway is determined by the final charges of only very few 
atomic fragments. Therefore, we obtain molecular fingerprints in 
the momentum distributions that provide a direct insight into the 
fragmentation dynamics.

The carbon atom located closest to the iodine atom (C2; Fig. 1d) 
receives only little overall momentum, because it is repelled by the 
heavy iodine ion, as well as the other ions in the ring. The C2 ion, 
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Fig. 1 | CEI of 2-iodopyridine and 2-iodopyrazine. a, Newton plots of N+ and H+ (b and g) and N+ and C+ (d and i) show the measured absolute momenta 
following Coulomb explosion of 2-iodopyridine (C5H4IN) (a) and 2-iodopyrazine (C4H3IN2) (f) molecules. For all the shots in which I+, N+, and at least one 
H+ and one C+ were detected, the coordinate frame is rotated such that the I+ momentum points along the z axis (p

I

x

!=!p
I

y

!=!0) and the N+ momentum spans 
the y–z plane together with the I+ momentum (p

N

x

!=!0, p
N

y

!>!0). The momentum of the third particle is plotted in this coordinate frame. No background was 
subtracted. The corresponding modelling results from XMDYN are shown in c, e, h and j. The diamond-shaped markers depict the asymptotic momenta 
when a single positive charge is instantaneously applied to each atom.
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3D momentum imaging using X-ray ionization, only a few of them 
have studied somewhat larger molecules up to now12,13.

With the development of X-ray free-electron lasers (XFELs) 
offering pulse duration of a few femtoseconds, the achievable 
intensity has increased by orders of magnitude. This facilitated, for 
the first time, multiphoton inner-shell absorption, removing many 
electrons from a single atom within one X-ray pulse14. Several XFEL 
experiments have obtained 3D momentum distributions of small 
molecules with four to five atoms15,16, and pioneering work touched 
the frontier of imaging larger molecules17,18. The first time-resolved 
experiments have investigated processes such as dissociation19, 
vibration20, isomerization reactions21,22 and charge transfer23 with 
CEI. However, CEI of complex molecules was considered unfea-
sible, because it was expected that recording all the molecular con-
stituents in coincidence would be necessary—a requirement, up 
to now, impossible to fulfil for more than a few atoms with suf-
ficient statistics, as the detection efficiency of each ion is typically  
only about 60%.

Here we demonstrate that intense, femtosecond soft X-ray pulses 
from a high-repetition-rate free-electron laser, the European XFEL, 
make it possible to image a complex molecule in its entirety, as well 
as to obtain detailed information on the ultrafast intramolecular 
electron rearrangement without measuring all the fragments in 
coincidence. The experiment was carried out using a cold-target 
recoil ion momentum spectroscopy (COLTRIMS) reaction micro-
scope24 that is part of the Small Quantum Systems (SQS) scientific 
instrument at the European XFEL25. 2-Iodopyridine (C5H4IN) or 
2-iodopyrazine (C4H3IN2) molecules were prepared in a dilute gas 
jet through supersonic expansion, such that each X-ray pulse typi-
cally interacted with only a single molecule. The X-ray focus size 
was ~1.4 μm and the photon energy was set to 2 keV; the average 
pulse energy was 1 mJ. The 3D momenta of the ionized fragments 
were measured in coincidence. More details are given in Methods.

Figure 1 shows the ion momenta resulting from the fragmen-
tation of molecules into I+, N+, C+ and H+. The molecular frame 
of reference is defined by the I+ and N+ momenta; the ion species, 
identified by their different mass-to-charge ratios, are plotted in 
different colours. The structural analogies between the equilibrium 
molecular geometries and momentum distributions are very clear. 
In particular, the hydrogen (H3–H6) signals are well localized in 
Fig. 1, but the momenta of the individual carbon atoms (C2–C6) 
can become similarly separated (Fig. 3). As far as we are aware, 
momentum images of this quality are unprecedented for such com-
plex molecules. We attribute the clarity predominantly to the fast 
charging of all ten or eleven atoms within only a few femtoseconds 
(Fig. 2d), leading to a direct explosion without the rotation or for-
mation of intermediate molecular fragments.

We emphasize that the Newton plots in Fig. 1 display coinci-
dences between only three ions (out of sets of four measured ions; 
Methods). If only a fraction of the generated ion fragments is 
detected in coincidence, this usually implies a reduction of infor-
mation. Due to the high repetition rate of the European XFEL 
(here up to 570 X-ray pulses per second), we could also record up 
to eightfold ion coincidences, which produce identical-looking 
images in this case (Extended Data Fig. 1). This reveals that for the 
studied planar molecules, the reduced set of information from par-
tial coincidences captures the essence of the asymptotic momentum 
density distribution of the fully fragmented molecule. The sharp 
momentum distributions (Fig. 1) indicate that the entire fragmen-
tation pathway is determined by the final charges of only very few 
atomic fragments. Therefore, we obtain molecular fingerprints in 
the momentum distributions that provide a direct insight into the 
fragmentation dynamics.

The carbon atom located closest to the iodine atom (C2; Fig. 1d) 
receives only little overall momentum, because it is repelled by the 
heavy iodine ion, as well as the other ions in the ring. The C2 ion, 
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Fig. 1 | CEI of 2-iodopyridine and 2-iodopyrazine. a, Newton plots of N+ and H+ (b and g) and N+ and C+ (d and i) show the measured absolute momenta 
following Coulomb explosion of 2-iodopyridine (C5H4IN) (a) and 2-iodopyrazine (C4H3IN2) (f) molecules. For all the shots in which I+, N+, and at least one 
H+ and one C+ were detected, the coordinate frame is rotated such that the I+ momentum points along the z axis (p

I

x

!=!p
I

y

!=!0) and the N+ momentum spans 
the y–z plane together with the I+ momentum (p

N

x

!=!0, p
N

y

!>!0). The momentum of the third particle is plotted in this coordinate frame. No background was 
subtracted. The corresponding modelling results from XMDYN are shown in c, e, h and j. The diamond-shaped markers depict the asymptotic momenta 
when a single positive charge is instantaneously applied to each atom.
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Conclusion

> Enabling tools to investigate x-ray multiphoton physics of atoms, 
molecules, and complex systems exposed to high-intensity x-ray pulses 

> XFEL–matter interaction: sequential multiphoton multiple ionization 
§ Xe: ionization enhanced via resonances and modulated by relativity 
§ iodomethane: ultrafast ionization & fragmentation of small molecules 
§ iodopyridine: Coulomb explosion imaging of complex systems 

> Relativistic effects are important for XFEL-induced dynamics of heavy-
atom-containing systems 
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3D momentum imaging using X-ray ionization, only a few of them 
have studied somewhat larger molecules up to now12,13.

With the development of X-ray free-electron lasers (XFELs) 
offering pulse duration of a few femtoseconds, the achievable 
intensity has increased by orders of magnitude. This facilitated, for 
the first time, multiphoton inner-shell absorption, removing many 
electrons from a single atom within one X-ray pulse14. Several XFEL 
experiments have obtained 3D momentum distributions of small 
molecules with four to five atoms15,16, and pioneering work touched 
the frontier of imaging larger molecules17,18. The first time-resolved 
experiments have investigated processes such as dissociation19, 
vibration20, isomerization reactions21,22 and charge transfer23 with 
CEI. However, CEI of complex molecules was considered unfea-
sible, because it was expected that recording all the molecular con-
stituents in coincidence would be necessary—a requirement, up 
to now, impossible to fulfil for more than a few atoms with suf-
ficient statistics, as the detection efficiency of each ion is typically  
only about 60%.

Here we demonstrate that intense, femtosecond soft X-ray pulses 
from a high-repetition-rate free-electron laser, the European XFEL, 
make it possible to image a complex molecule in its entirety, as well 
as to obtain detailed information on the ultrafast intramolecular 
electron rearrangement without measuring all the fragments in 
coincidence. The experiment was carried out using a cold-target 
recoil ion momentum spectroscopy (COLTRIMS) reaction micro-
scope24 that is part of the Small Quantum Systems (SQS) scientific 
instrument at the European XFEL25. 2-Iodopyridine (C5H4IN) or 
2-iodopyrazine (C4H3IN2) molecules were prepared in a dilute gas 
jet through supersonic expansion, such that each X-ray pulse typi-
cally interacted with only a single molecule. The X-ray focus size 
was ~1.4 μm and the photon energy was set to 2 keV; the average 
pulse energy was 1 mJ. The 3D momenta of the ionized fragments 
were measured in coincidence. More details are given in Methods.

Figure 1 shows the ion momenta resulting from the fragmen-
tation of molecules into I+, N+, C+ and H+. The molecular frame 
of reference is defined by the I+ and N+ momenta; the ion species, 
identified by their different mass-to-charge ratios, are plotted in 
different colours. The structural analogies between the equilibrium 
molecular geometries and momentum distributions are very clear. 
In particular, the hydrogen (H3–H6) signals are well localized in 
Fig. 1, but the momenta of the individual carbon atoms (C2–C6) 
can become similarly separated (Fig. 3). As far as we are aware, 
momentum images of this quality are unprecedented for such com-
plex molecules. We attribute the clarity predominantly to the fast 
charging of all ten or eleven atoms within only a few femtoseconds 
(Fig. 2d), leading to a direct explosion without the rotation or for-
mation of intermediate molecular fragments.

We emphasize that the Newton plots in Fig. 1 display coinci-
dences between only three ions (out of sets of four measured ions; 
Methods). If only a fraction of the generated ion fragments is 
detected in coincidence, this usually implies a reduction of infor-
mation. Due to the high repetition rate of the European XFEL 
(here up to 570 X-ray pulses per second), we could also record up 
to eightfold ion coincidences, which produce identical-looking 
images in this case (Extended Data Fig. 1). This reveals that for the 
studied planar molecules, the reduced set of information from par-
tial coincidences captures the essence of the asymptotic momentum 
density distribution of the fully fragmented molecule. The sharp 
momentum distributions (Fig. 1) indicate that the entire fragmen-
tation pathway is determined by the final charges of only very few 
atomic fragments. Therefore, we obtain molecular fingerprints in 
the momentum distributions that provide a direct insight into the 
fragmentation dynamics.

The carbon atom located closest to the iodine atom (C2; Fig. 1d) 
receives only little overall momentum, because it is repelled by the 
heavy iodine ion, as well as the other ions in the ring. The C2 ion, 
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Fig. 1 | CEI of 2-iodopyridine and 2-iodopyrazine. a, Newton plots of N+ and H+ (b and g) and N+ and C+ (d and i) show the measured absolute momenta 
following Coulomb explosion of 2-iodopyridine (C5H4IN) (a) and 2-iodopyrazine (C4H3IN2) (f) molecules. For all the shots in which I+, N+, and at least one 
H+ and one C+ were detected, the coordinate frame is rotated such that the I+ momentum points along the z axis (p

I

x

!=!p
I

y

!=!0) and the N+ momentum spans 
the y–z plane together with the I+ momentum (p

N

x

!=!0, p
N

y

!>!0). The momentum of the third particle is plotted in this coordinate frame. No background was 
subtracted. The corresponding modelling results from XMDYN are shown in c, e, h and j. The diamond-shaped markers depict the asymptotic momenta 
when a single positive charge is instantaneously applied to each atom.
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