XATOM: an integrated toolkit for X-ray
and atomic physics

Introduction

X-ray free-electron lasers (XFEL) open a new era in science and
technology, offering many unique opportunities that have not been
conceivable with conventional light sources. Because XFELs
produce ultrashort pulses with a very high X-ray photon fluence,
materials interacting with XFEL pulses undergo significant radiation
damage and possibly become highly ionized. To understand the
underlying physics, it is crucial to describe detailed ionization and
relaxation dynamics in individual atoms during XFEL pulses. Here
we present an integrated toolkit to investigate X-ray-induced atomic
processes and to simulate electronic damage dynamics. This
XATOM toolkit can handle all possible electronic configurations of
all atom/ion species, and calculate physical observables during/
after intense X-ray pulses. By use of XATOM, we can explore many
exciting XFEL-related phenomena from multiphoton multiple
ionization to molecular imaging and warm dense matter formation.

Diagrams of multiphoton absorption mechanisms in Ne
induced by ultraintense X-ray pulses

Figure from Young et al., Nature 466, 56 (2010). Net+
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Theoretical and numerical details

Hamiltonian and perturbation theory
To treat X-ray—atom interactions, we employ a consistent ab initio framework based on

Diagrams of X-ray—atom interaction

nonrelativistic quantum electrodynamics and perturbation theory. For implementation,
we use the Hartree-Fock-Slater model with the Latter tail correction.
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Rate equation model
To simulate electronic dynamics during intense X-ray pulses, we employ the rate equation
approach with all computed cross sections and rates for all possible n-hole configurations,

and calculate charge state distribution, electron/fluorescence spectra, scattering signals, etc.
all config.
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Decay complexity for light and heavy atoms
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Ne: 63

Xe: > 70 millions

Xe + relativity: > 15 billions

Xe + relativity + excitation: infinity

Ne at LCLS 1110 eV & 1225 eV

The Ne%*/Ne8* ratio as a
function of X-ray pulse energy
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Kr at LCLS 1.5 keV & 2 keV

A. Sytcheva et al.,
PRA 85, 023414 (2012).

Kr ion yield as a
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B. Rudek et al.,
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(2013).
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Charge state

HHG of rare gases

XATOM has been used for calculations
of the three-step model of high harmonic
generation; Collaboration with CFEL
Ultrafast Optics and X-Rays Group,

S. Bhardwaj, SKS et al., PRA (in press).
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MAD at high x-ray intensity

Xe at 4.5 keV
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Phasing is crucial to determine the protein structure. Our method
has been applied to femtosecond nanocrystallography with XFEL.
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Configurational and temporal fluctuations and MAD coefficients:
SKS, H. Chapman & R. Santra, JPB 46, 164015 (2013).
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Resonant elastic X-ray scattering
(dispersion correction)
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Screening effect

Photoabsorption cross sections for C calculated with the
unscreened and Debye-screened HFS models
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Model: R. Thiele, SKS et al., PRA 86, 033411 (2012).
Photoelectron spectroscopy: B. Ziaja et al., JPB 46, 164009 (2013).
Magnetic scattering of Co/Pt at FLASH: L. Muller et al., PRL 110,
234801 (2013).

Al plasma at LCLS

K-shell thresholds of Al charge states in plasma, showing IPDs
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