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X-ray multiphoton multiple ionization
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§ Extremely complicated multiphoton 
multiple ionization dynamics 

§ No standard quantum chemistry 
code available
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Fukuzawa et al., Phys. Rev. Lett. 110, 173005 (2013).

Xe@5.5 keV

XATOM: computer program suite 
to describe dynamical behavior of 

atoms interacting with XFEL pulses

Jurek, Son, Ziaja & Santra, J. Appl. Cryst. 49, 1048 (2016). 
Download executables: http://www.desy.de/~xraypac

http://www.desy.de/~xraypac


Relativistic effects in heavy atoms

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

> Close photoionization earlier due to relativistic energy corrections 

> XATOM: relativistic energy correction within first-order perturbation theory 

> N of coupled rate eqs: ~20 million (non-rel: n,l) ➔ ~5 billion (rel: n,l,j)
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Toyota, Son & Santra, Phys. Rev. A 95, 043412 (2017).
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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
∣∣unili

〉∣∣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
− Eniliji

. (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
∣∣unili

〉∣∣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

Xe



Resonances in x-ray ionization dynamics
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> REXMI: resonance-enhanced x-ray multiple ionization 
> N of coupled rate eqs. ~2.6×1068 ➔ solved via Monte Carlo on-the-fly



Xe CSD without resonance & relativity
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Rudek, Toyota, et al., Nature Commun. 9, 4200 (2018).

Xe@5.5 keV
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Rudek, Toyota, et al., Nature Commun. 9, 4200 (2018).
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Xe CSD with resonance & relativity



Comparison between theory & experiment
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First quantitative comparison for resonance-enhanced ionization with relativity
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Benchmark of atomic x-ray ionization
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Rudek, Toyota, et al., Nature Commun. 9, 4200 (2018).
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Conclusion

> XATOM: enabling tool for investigating x-ray multiphoton physics of 
atoms exposed to XFEL pulses 

> X-ray multiphoton inner-shell ionization of Xe: experiment and theory 
> Interplay between resonance and relativistic effects 
> Benchmark of atomic x-ray ionization 

§ molecular x-ray ionization 
§ warm-dense-matter formation 
§ electronic radiation damage for molecular imaging
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