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Introduction

> Why heavy atoms?

 multiphoton multiple ionization dynamics characterized by 
a sequence of one-photon ionization and relaxations

 heavy atom: many electrons
 many processes
 many ionization pathways

 electronic damage dynamics of heavy atoms: 
direct relevance for high-resolution x-ray imaging

> Why theory needed?

 to reveal the ionization mechanism
 to guide future experiments, ex) MAD at high x-ray intensity
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[ ] newly unveiled physics

Son, Chapman & Santra,
Phys. Rev. Lett. 107, 218102 (2011).
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Ionization thresholds of Xe ions
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Complex inner-shell decay cascade
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Ionization dynamics: Monte Carlo method

> How many coupled rate equations needed?
 Ne: 63
 Xe: 1 million for M-shell ionization

 >20 millions for L-shell ionization

> How many physical processes to be considered?
 Ne:  815 at 2 keV
 Xe: 42 millions at 2 keV

 >2 billions at 5.5 keV

> XATOM toolkit extended by 
the Monte Carlo method

direct solution Monte Carlo approach

Son & Santra, Phys. Rev. A 
85, 063415 (2012).
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Experiment: ion time-of-flight spectra

7

Rudek et al., Nature Photon. 6, 858 (2012).

LCLS at
1.5 keV & 2 keV
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Fukuzawa et al., (submitted), 
arXiv:1210.0673.
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Comparison b/w experiment and theory
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occurring at this photon energy. Within the expectation from a
simple model of purely sequential single-photon absorption,
charge states up to Xe32þ can potentially be reached with 2.0 keV
photons via sequential removal of 3d electrons, as can be seen
from the binding energies in Fig. 2.

In striking contrast to such a simple consideration, we find
charge states as high as Xe36þ for the lower photon energy of
1.5 keV. To the best of our knowledge, this is the highest ionization
stage ever created in an atom with a single electromagnetic pulse
(that is, both by photon impact26,33 and by ion impact34). At
1.5 keV photon energy, sequential removal of electrons from the
respective ionic ground state ends at Xe26þ, where direct ionization
closes as the ground-state ionization energy rises above the photon
energy (Fig. 2). This is in qualitative agreement with our simulation
in Fig. 1b, which predicts a maximum charge state of Xe27þ (with a
strong decrease beyond Xe26þ) for the X-ray fluence achieved in the
experiment. In the simulations, the charge states above Xe26þ stem
from Auger decay of multiple-core-hole states, which are created
with significant abundance towards the end of the ionization
sequence when the Auger lifetime of 3d holes starts to be

comparable to or even exceed (at Xe25þ) the average inverse
photo-ionization rate of !9 fs (Supplementary Fig. S1). It should
be noted that, within our model, significantly higher charge states
cannot be produced, even when assuming considerably higher X-
ray fluences. Thus, simulations using a straightforward rate equation
approach, which have successfully described earlier experiments on
Ne and N2 in a broad wavelength range (including hollow atom cre-
ation)2,3 and yield good agreement with the xenon data at photon
energies of 850 eV (ref. 13) and 2.0 keV, fail dramatically for our
experimental results at 1.5 keV. At this photon energy, another effi-
cient ionization process must play a role, boosting multiple ioniz-
ation far beyond the limit intuitively expected for sequential one-
photon absorption.

We therefore propose and provide evidence that the highly
charged ionic states produced at 1.5 keV are reached via resonant
pathways, as described in the following and schematically illustrated
in Fig. 2. These resonances, which occur in highly charged xenon
ions produced during the course of a single femtosecond X-ray
pulse, are not included in our simulations, which only take into
account bound-free transitions. Inclusion of the additional
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Figure 1 | Comparison of experimental and simulated xenon charge state yields. a, Xenon ion TOF spectra at photon energies of 1.5 keV (black) and
2.0 keV (red) for (nominally) 80 fs pulses with 2.4–2.6 mJ pulse energy as measured by the LCLS gas detectors upstream of the target. Assuming a
3 × 3 mm2 X-ray focus and 35% beamline transmission at 2.0 keV, this corresponds to a peak fluence of !82–89 mJ mm22 at the target. At 1.5 keV, this
peak fluence is reduced by a factor of two (see Methods). b, Experimental xenon charge state distribution (bars) after deconvolution of overlapping charge
states and comparison to theory (circles with lines) calculated for an 80 fs X-ray pulse with a pulse energy of 2.5 mJ and integrated over the interaction
volume. The theoretical charge state distributions are scaled such that the total ion yield integrated over all charge states agrees with the total ion yield in
the experiment. Error bars for experimental data reflect the statistical error only. a.u., arbitrary units.
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LCLS at
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Ionization energetics
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Fukuzawa et al., (submitted), arXiv:1210.0673.
SACLA at 
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Ionization pathway: one trajectory
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Ionization pathway: many trajectories
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Son & Santra, Phys. Rev. A 85, 063415 (2012).

Theory at 
4.5 keV
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Conclusion

> Atoms and molecules are highly ionized when exposed to XFEL pulses.

> XFEL experiments of heavy atoms:
 M-shell ionization of Xe at LCLS (1.5 keV and 2 keV)
 L-shell ionization of Xe at SACLA (5 keV and 5.5 keV)

> Heavy atoms have a rich manifold of ionization channels involving 
complex inner-shell decay cascade.

> XATOM toolkit has been extended to treat multiphoton multiple ionization 
dynamics of heavy atoms by the Monte Carlo method.

> The ionization mechanism of heavy atoms is visualized with ionization 
energetics and ionization dynamics.
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