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Extremely high charge states of atoms and molecules can be created when they are irradiated by
intense X-ray pulses. At certain X-ray photon energies, electron ejection from atoms can be dras-
tically enhanced by transient resonances created during the sequential ionization process. Here we
report on the observation of such resonance effects in a molecule, CH3I, and show the photon-energy-
dependent shift of resonance-induced structures in ion charge state distributions. By comparing the
ion charge state distribution of CH3I with that from ionization of atomic xenon, molecule-specific
features are observed, which can be attributed to ultrafast intramolecular charge rearrangement. In
addition, we experimentally demonstrate that the charge-rearrangement-enhanced X-ray ionization
of molecules, previously found with hard X-rays, also plays a role in the soft X-ray regime.

INTRODUCTION

Tightly focused femtosecond pulses generated by an
X-ray free-electron laser (XFEL), with the intensity typ-
ically on the order of 1018 W/cm2 or beyond, can eject
multiple electrons from atoms and molecules. In the pa-
rameter range explored so far, such interaction is typ-
ically dominated by sequential multiphoton absorption
and subsequent relaxation processes like Auger-Meitner
decay1–3. Assuming sufficiently high photon flux, the
highest ion charge state created is usually the last ionic
charge state that can be reached before its ionization po-
tential rises above the photon energy. However, if inner-
shell electrons can be resonantly excited to high-lying
orbitals, even higher charge states can be reached via
subsequent autoionization of multiply excited states or
by the absorption of an additional X-ray photon4–7. The
production of such charge states can be complemented
by ionization of intermediate excited states populated by
electron-correlation effects8,9.
In molecules, X-ray ionization is often strongly local-

ized at the atomic sites with the largest photoabsorption
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cross sections. It is typically accompanied by subsequent
charge redistribution and molecular fragmentation10–15.

Understanding the atomic and molecular responses
to intense X-ray pulses is of fundamental importance
for XFEL-based applications. For example, the strong
ionization by XFEL pulses is the source of sample
damage16,17 in coherent imaging experiments, which ulti-
mately affects the resolution and interpretation of diffrac-
tion patterns.

Resonant excitation with intense X-ray pulses has been
a topic of continuing research interest, largely because it
can bring about a rich spectrum of intriguing physical
phenomena including the Auger-Meitner process modi-
fied by Rabi cycling18,19, ultra-efficent ionization of high-
Z atoms4,5,7, creation of double-core-hole states20, and
resonance-enhanced multiphoton ionization in the X-
ray regime21. In addition, it is the first step in novel
XFEL-based techniques such as stimulated X-ray Raman
scattering22–24 and atomic inner-shell X-ray lasers25. In
extended systems such as nanoclusters, transient reso-
nances have been identified as one of the key factors for
optimizing the imaging performance in X-ray diffraction
experiments26.

Here we report the observation of resonance-enhanced
X-ray multiple ionization of a molecule - iodomethane
(CH3I). Resonant excitation enables the creation of ex-
tremely high charge states which are otherwise not reach-
able. A shift of the resonance structure in the charge
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FIG. 1. (a) Charge state distributions of [Im+, Cn+] ion pairs
produced by ionization of CH3I molecules with X-rays at 2
keV, 1.5 keV and 1.2 keV. The normalization is performed
by scaling the maximum yield value of the charge state dis-
tribution to one. (b) Time-of-flight spectra of xenon ions
produced by ionization of xenon atoms with X-rays under the
same conditions as in the molecular case. The inset at the top
right magnifies the region of high charge states above Xe14+.
The seven Xe2+ peaks and their associated isotope masses (in
amu) are shown by the inset at the bottom right. Also labeled
are Xe+ and Xe6+ peaks.

state distribution (CSD) is observed when changing the
photon energy. These findings are supported by or-
bital energy level calculations with the Hartree-Fock
method27,28. By comparing the CSDs of iodine from ion-
ization of CH3I with the corresponding ones from ioniza-
tion of its atomic counterpart xenon, new features spe-
cific to the molecular case are observed, which can be
explained by ultrafast charge rearrangement. In addi-
tion, charge-rearrangement-enhanced X-ray ionization of
molecules (CREXIM), which can facilitate the creation of
much higher total molecular charge states than expected
from the independent-atom model, was discovered pre-
viously with hard X-rays14 and theoretically predicted
with soft X-rays29. Our experimental data confirms that
CREXIM is also important in the soft X-ray regime.

EXPERIMENT

The experiment was carried out at the Small Quan-
tum Systems (SQS) instrument at the European X-ray
Free-Electron Laser facility30. X-ray pulses with a nom-
inal duration of 25 fs were focused to a ∼1.5 µm spot
size at the center of a COLTRIMS (Cold Target Recoil
Ion Momentum Spectroscopy) reaction microscope31–37,
where they interacted with CH3I molecules delivered by
a supersonic gas jet assembly. A 30-µm-diameter nozzle
is followed by 3 skimmers and an adjustable collimator;
the distance from the nozzle to the interaction region
is ∼54 cm. The chamber pressure was 1× 10−10 mbar.
The European XFEL, operated at a base repetition rate
of 10Hz, provided bursts of electron pulses at 1.1 MHz,
out of which we used every sixth pulse to generate X-ray
pulses for our experiment, that is, the photon pulses had
a spacing of 5.5µs, limited by the flight times of the heav-
iest ionic fragments. Thus, the effective repetition rate of
the experiment was 700 Hz. The ion fragments from the
interaction were then guided by the spectrometer field to
a time- and position-sensitive 120-mm-diameter detector
with hexagonal delay-line readout38, which allows recon-
struction of the momentum vectors of the coincident ions.
The experiment was repeated at three different photon
energies, 2 keV, 1.5 keV and 1.2 keV, with correspond-
ing pulse energies of 1 mJ, 1.6 mJ and 2.4 mJ at the
interaction region. Data from the ionization of xenon
under identical conditions were recorded as a reference
for the molecular data. Xenon was chosen because it has
a similar electronic structure and hence similar resonant-
enhancement as atomic iodine. For all three photon ener-
gies, X-ray ionization of CH3I molecules is mostly local-
ized at the iodine site, which has a photoabsorption cross
section at least 50 times larger than that of the methyl
group.

RESULTS AND DISCUSSION

Figure 1(a) shows the CSDs of iodine and carbon ions
detected in coincidence from the X-ray ionization of CH3I
molecules at the three different photon energies. At all
three photon energies, higher carbon ion charge states
are more likely to be detected in coincidence with higher
iodine ion charge states. This correlation is caused by
the methyl group being in close vicinity of iodine while
the latter is charged up by the ultra-short X-ray pulse,
which allows efficient charge redistribution from iodine
to the methyl group10,11. More charge transfer, which
corresponds to higher carbon ion charge states, can oc-
cur with higher iodine ion charge states as predicted by
the classical over-the-barrier model39,40. An increased
yield of high charge states for lower photon energy is ob-
served in Fig. 1. This is mainly caused by the larger
pulse energies (hence higher fluences) that were deliv-
ered by the accelerator at smaller photon energies, which
together with the larger absorption cross sections, in-
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FIG. 2. Ion CSDs from X-ray ionization of xenon atoms and
CH3I molecules. The distributions are normalized to an in-
tegral of 1. (a)-(c) shows the total molecular CSDs of CH3I
in comparison with xenon. The light-blue shaded regions in-
dicate the range of molecular charge states most affected by
the CREXIM effect. The total molecular charge is obtained
by summing up the carbon and iodine charges measured in
coincidence as shown in Fig. 1(a) and adding the average hy-
drogen charge. (d)-(f) shows the CSDs of iodine from CH3I
in comparison with the same xenon data. The purple arrow
indicates the shift of resonant-enhancement as the photon en-
ergy changes from 1.2 keV to 1.5 keV.

crease the photoaborption probability for each of the se-
quential ionization steps. It makes a comparison gated
on the same pulse energy window infeasible. The influ-
ence of the pulse-energy and photon-energy changes on
CREXIM and resonance-enhanced ionization, which can
also contribute to the yield difference across the three dif-
ferent photon energies, will be discussed further below.
Xenon ion time-of-flight spectra recorded under identical
conditions are plotted in Fig. 1(b), with the region of
high charge states from Xe14+ to Xe39+ enlarged in the
inset at the top right. Each of the charge state peaks con-
sists of 7 detectable xenon isotopes of masses (in amu):
128, 129, 130, 131, 132, 134 and 136 (see inset at the
bottom right). At high charge states, the flight times
of different isotopes of neighboring charge states start to
overlap. A deconvolution based on the isotopic abun-
dance is applied to these time-of-flight spectra in order
to obtain the xenon CSDs shown in Fig. 2. In order
to eliminate the effect of pulse energy fluctuations across
the experimental runs and for a fair comparison between
the molecular and atomic cases, all data are filtered on
specific pulse energy windows and weighted according to
the pulse energy distributions with a procedure previ-
ously discussed in the supplementary material of Ref.15.
The CSDs for xenon and CH3I are plotted in Fig. 2.

The left column shows the comparison between the CSDs
of the total molecular charge of CH3I with those of xenon.
The total molecular charge is obtained by summing up
the carbon and iodine charges measured in coincidence
as shown in Fig. 1(a) and adding the average hydrogen
charge. For iodine charge states above 5+, we find by mo-
mentum conservation that all three hydrogens are always
charged. For lower charge states, the average hydrogen
charge increases from ∼2 to 3 (see Fig. 1(b) of Ref.36).
For all three photon energies, the total molecular CSD ex-
tends to higher charge states than that of xenon, and the
yield of the highest charge states (light-blue shaded re-
gions in Fig. 2) is enhanced in the molecular case relative
to the atomic CSDs. Previous studies with lower X-ray
intensities10–13 have shown that the total molecular CSDs
are very similar to the ones measured for their atomic
counterpart, but with more intense hard X-rays14, much
higher total molecular charge states can be created be-
cause of charge-rearrangement-enhanced ionization. Our
present observation with larger intensities than those in
Refs.10–13 confirms that CREXIM can be as important
in the soft X-ray regime, and can increase the highest
total charge state of a molecule in comparison to the
atomic case. In the current work, this enhancement is
larger at lower photon energy, with the charge difference
between the highest charge states of CH3I and xenon in-
creasing from ∼2 at 2 keV to ∼7 at 1.2 keV. This is likely
due to increased pulse energy from 1 mJ to 1.6 and 2.4
mJ (corresponding to a fluence increase from 1.8 × 1012

photons/µm2 to 3.8 and 7.1 × 1012 photons/µm2), and
the increased photoabsorption cross section at lower pho-
ton energy, which can increase the ionization enhance-
ment due to CREXIM, as was previously predicted for
8.3 keV X-rays14. Although ionization is enhanced in the
molecular case at all three photon energies, some of the
charges created by the enhanced ionization of iodine are
transferred to the methyl group, which results in a lower
yield of high charge states in iodine than in xenon when
the CREXIM enhancement is weaker, as shown in Fig.
2(d) for the 2-keV data.

When comparing the total molecular CSDs (left col-
umn of Fig. 2) and the iodine ion CSDs (right column
of Fig. 2) with the xenon distributions, it is noticeable
that the xenon CSD resembles the total molecular CSD
at 2 keV [Fig. 2(a)], but is more similar to the iodine ion
CSDs at 1.5 and 1.2 keV [Fig. 2(e) and Fig. 2(f)]. This
can be attributed to the fact that charge-rearrangement-
enhanced ionization has a larger effect in the 1.5- and
1.2-keV data than that of 2 keV, because of the larger
photoabsorption cross section and higher pulse energies
being used in the former cases. In the following, we first
discuss some common features observed for both, xenon
and CH3I in Figs. 2(a), (e), and (f), before identifying
specific molecular effects in the charge state distributions
at 1.2 and 1.5 keV. At 1.2 keV, the photons mainly in-
teract with the M-shell (principal quantum number n=3)
electrons. The resonance-enhanced ionization is illus-
trated in Fig. 3 based on the calculated energy levels
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of iodine ions at different charge states. When iodine is
ionized to I8+, I14+ and I21+, the ionization thresholds of
3s, 3p and 3d electrons surpass the photon energy. Start-
ing from these charge states, the electrons occupying the
orbitals with n=3 can be resonantly excited to densely
packed Rydberg states shown in light sky blue and high-
lying unoccupied orbitals with principal quantum num-
bers n = 5, 6 and 7. These resonantly-excited electrons
can initiate Auger-Meitner processes, ejecting more elec-
trons out of the molecule. In addition, the electrons de-
excited to the N (n=4) shell can be further ejected by
direct photoionization. The resonant-excitation region
ends at about I39+, above which the 3p electrons cannot
be energetically photoexcited to the 4s orbital, which is
consistent with the extremely low yield of the highest
charge state I40+ in Fig. 2(f). Note that when the 3d to
4f transition becomes energetically possible at I37+, no
3d electrons are left in the ground-state configuration as
indicated by the open dots in Fig. 3. Only excited-state
configurations with electrons in the 3d orbital or decay
processes filling electrons into the 3d holes can make tran-
sitions from 3d to 4f or 4p orbital possible for these charge
states above 37+. The dependence of the M-shell (n=3)
electron energy level on the charge state is also reflected
in the structures of xenon and iodine CSDs. For exam-
ple, the yield decreases at around I25+ because at I24+,
3p electrons cannot be excited to the 5d orbital anymore
and at I26+, they cannot be excited to the 5s orbital.

At 1.5 keV, the resonant-enhancement can be ex-
plained similarly as for 1.2 keV, except that the degree of
enhancement at different charge states changes because
the photon energy is changed. While the charge state
region maximally enhanced by resonant excitations is at
∼23+ for 1.2 keV X-rays, it is shifted to ∼30+ for 1.5
keV as illustrated by the light purple arrow in Fig. 2.
In addition, the resonant excitation from n=3 to n=4,
which is possible at 1.2 keV, does not contribute at 1.5
keV, because such excitation only becomes possible at
very high charge states (I41+) which cannot be reached
under the fluence conditions of this experiment. With
previous ejections, the highest charge state reachable is
I37+ at which the resonant excitation from 3d to 5p is not
possible anymore. I37+ matches well with the measured
highest charge states as shown in Fig. 2(e). According
to the energy levels in Fig. 3, direct ionization of the
M-shell electrons by 2 keV X-rays closes at I32+. Elec-
tron ejections induced by resonant excitation extend the
highest charge state to 37+ as shown in Fig. 2(a), at
which the excitation from 3p to 6s orbitals is closed.

Despite the general resemblance between iodine ion
CSDs and those of xenon in Figs. 2(e) and (f), molecule-
specific features can be discerned at some particular
charge states, which are highlighted in Figs. 4(a) and
(b). At 1.5 keV, the major enhancement region for both
iodine and xenon CSDs is around I30+ as shown in Fig.
4(a). About six charge states lower, i.e., starting from
I24+, a new, albeit weak, enhancement region specific
to the iodine ion CSD appears. A similar observation
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FIG. 3. Iodine ion binding energy at different charge states
and illustration of the resonance-enhanced ionization for X-
rays at 1.2 keV. The binding energy values are calculated
by the Hartree-Fock method including relativistic corrections
with Cowan’s atomic code27,28. The light blue arrows repre-
sent photoionization, the dark blue arrows represent resonant
excitation, and the brown double arrows represent the Auger-
Meitner process. The closed dots indicate electrons, and open
dots indicate electron holes in the ionic ground state at a given
charge state. The energy levels for the n=3 orbitals shifted
by 1.2 keV, 1.5 keV and 2 keV are shown by the dot-dashed,
dotted, and dashed lines in dark red. The energy levels for the
n=4 orbitals shifted by 1.2 keV are shown by the dot-dashed
lines in cyan.

can be made at 1.2 keV in Fig. 4(b), where the ma-
jor enhancement region for both the atomic and molec-
ular cases is around I24+. About seven charge states
lower, i.e., starting from I17+, a new small peak appears
for the iodine CSD, but not for xenon. These molecule-
specific enhancement regions can be attributed to ultra-
fast charge rearrangement during the X-ray ionization
of molecules. Based on the classical ”over-the-barrier”
charge-transfer model39,40, the critical C-I distances be-
yond which charge transfer is forbidden are displayed to-
gether with the C-I equilibrium bond length of 2.14 Å41in
Fig. 4(c). For electron transfer from CH3, C+, C2+

and C3+ to iodine ions (with charge states above 1+),
the critical distances are larger than the C-I equilibrium
bond length, indicating that charge transfer is possible.
However, electron transfer from C4+ is classically forbid-
den for all iodine charge states, as the critical distances
are smaller than the C-I equilibrium bond length. Since
electron transfer is the major pathway for carbon to ac-
quire charges, the calculation is consistent with the very
low yield of C5+ in Fig. 1(a), which we attribute to
direct photoionization of C4+. Therefore, the total num-
ber of electrons transferable from the methyl group to
iodine is seven, consisting of four electrons of carbon and
three electrons from the three hydrogens. If iodine is not
in the molecular environment, there would only be one
resonant-enhancement region at around I30+ and I24+ for
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FIG. 4. (a) Ion CSDs near the resonant-enhancement regions
for (a) 1.5 keV and (b) 1.2 keV. The CSDs are normalized
such that the area under the curve equals to 1. (c) Calculated
critical distances for charge transfer from the iodine site to
the methyl group or carbon ions. The C-I equilibrium bond
length of 2.14 Å41 is indicated as a dot-dashed black line

1.5 keV and 1.2 keV, respectively. But when iodine is in
the CH3I molecular environment, it can receive seven or
less electrons from the methyl group, which results in the
development of molecular-specific enhancement regions
located at about seven charge states lower than the ma-
jor enhancement peaks present in both the atomic and
molecular CSDs. We propose that the co-existence of
both enhancement regions at the low (molecule-specific)
and high (present in both atomic and molecular cases)
charge states in the iodine CSD is caused by the variable
timing of the charge rearrangement process relative to the
XFEL pulse. If the charge redistribution occurs early, the
reduced iodine ion charge states can be increased by the
continued ionization of the XFEL pulse, with some of the
final charge states ending up in the higher enhancement
region. On the other hand, if the charge redistribution
occurs late, the XFEL pulse has no time left to ionize the
iodine ions at reduced charge states, with some of them
ending up in the lower enhancement region. This timing
distribution of the charge rearrangement can also explain
the iodine CSDs in Figs. 2(e) and (f) being in general
smoother than those of xenon in the high charge state
region above I25+. Since charge transfer probability de-

creases with larger donor-acceptor distance, we expect to
see a dependence of the resonance-enhancement features
in the molecular CSDs on the pulse duration, because a
certain charge state is on average reached at a larger in-
ternuclear distance with longer pulses15. A future study
with different pulse durations could be an effective alter-
native to pump-probe experiments for investigating the
charge transfer effect on resonance-enhanced ionization
of molecules.

CONCLUSION

In summary, resonance-enhanced X-ray multiple ion-
ization, which was first discovered in high-Z atoms, is
observed for molecular targets. The region of resonant
enhancement shifts to higher charge states with increas-
ing photon energy. The CSD of the heavy atom in
the molecule resembles that of its atomic reference, but
has distinct new features which can be qualitatively ex-
plained by ultrafast charge rearrangement which can re-
sult in a charge state decrease for some of the ions ini-
tially in the major resonant-enhancement region. In ad-
dition, we demonstrated that the charge-rearrangement-
enhanced ionization, previously discovered with hard X-
rays, is also important in the soft X-ray regime if the flu-
ence is sufficiently high. The result can be used as bench-
mark data for modeling the interaction between intense
X-rays and molecules, which involves bound-bound tran-
sitions. It shows that for quantum systems larger than
atoms, charge rearrangement between atomic sites can
affect the resonant enhancement, which should be taken
into account, e.g., in coherent imaging experiments where
the creation of transient resonances is anticipated.

Data recorded for the experiment at the European
XFEL are available at https://doi.org/10.22003/xfel.eu-
data-002159-00.
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