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The generation of hollow atoms will reduce the probability of light absorption and provide a high-quality diffraction
image in the experiment. In this paper, we calculated the ionization rate of the Kr atom under x-ray free-electron laser
(XFEL) using Hartree—Fock—Slater model and simulated the ionization model of Kr atom using Monte—Carlo method to
determine the response of the hollow atom of Kr atom to the XFEL photon energy. Calculating the correlation between
the total photoionization cross-section of the ground state of Kr atom and the photon energy, we determined three partic-
ular photon energies of 1.75 keV, 1.90 keV, and 14.30 keV. The dynamics simulation under the experimental condition’s
17.50 keV photon energy was achieved by implementing the Monte—Carlo method and calibrating the photon flux modeling
parameters. Consequently, our calculated data are more consistent with experimental phenomena than previous theoretical
studies. The saturable absorption of Kr at 1.75 keV, 1.90 keV, 14.30 keV, and 17.50 keV energies was further investigated
by using the optimized photon flux model theory. We compared the statistics on main ionization paths under those four
specific photon energies and calculated the population changes of various Kr hollow atoms with different configurations.
The results demonstrate that the population of hollow atoms produced at the critical ionization photon energy is high. Fur-
thermore, the change of population with respect to position is smooth, which shows a significant difference between the
generation mode of ions with low and high photon energies. The result is important for the study of medium- and high-Z
element hollow atoms, which has substantial implications for the study of hollow atoms with medium and high charge

states, as well as for the scaling of photon energy of free electron lasers.
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1. Introduction

X-ray free-electron laser (XFEL) is known as the fourth-
generation light source.!!! XFEL opens up new opportunities
in exploring substances at the atomic and molecular scales of
space and time, photographing chemical processes within a
few milliseconds or less, and revealing the structure and dy-
namics of complex molecular systems.>? In recent years,
free-electron laser measurements of protein structures have be-
come an increasingly valuable tool in biology.*>! At the same
time, coherent x-ray diffraction imaging provides images of
small structures, which is a major focus of crystallography and
protein research. [l Tt is of great significance to investigate the
dynamical evolution of atoms under a laser to assess the ra-
diation damage phenomenon in sample structure detection by
using free-electron lasers. "~

In experiments, x-ray photoionization can produce light
transparency in aluminum.!'! When an atom interacts with
the XFEL, the inner electrons are ionized, resulting in sat-
urable absorption. This phenomenon reduces the probability
of light-induced damage. In addition, the diffraction image
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obtained achieves the best qualit I According to the Eu-
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ropean XFEL, the range of photon energy that can be achieved
during the current experiment is 0.2-25 keV.!!>:1% Due to the
limitation of photon energy generated by a laser and the hol-
low atoms in medium- and high-Z elements have high decay
probability, the saturable absorption is not apparent. Thus, re-
search on medium- and high-Z element hollow atoms is rel-
atively scarce. Nevertheless, considering the photon energy
is close to the ionization energy, when the ionization energy
increases and exceeds the photon energy after the inner elec-
tron is ionized, it is possible to make the saturable absorption
evident and durable, which makes the practical application of
hollow atoms in the characterization of material structure pos-
sible.

The photon energy close to the orbital energy is called
critical ionization photon energy (CIPE). Consequently, we
extend the study of hollow atoms to Kr and examine the phe-
nomenon of hollow atoms at photon energies close to their
orbital energies. In this work, we implemented a genetic al-
gorithm (GA) to determine laser parameters in the model and
simulate the dynamical evolution of the Kr atom under three
CIPEs by theoretical calculation.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Theoretical method
2.1. Theoretical model

Our calculation of the photoionization cross-section is
based on the ab initio calculation framework of non-relativistic
quantum electrodynamics and perturbation theory, using the
Hartree—Fock-Slater (HFS) model.!'8! The cross-section for
photoionization of an electron in the ith occupied spin orbital

follows
4 —_— \% 2
(O™ 7 1
X8 (e —&— ), (1

where @y, is the incident photon energy, ¢ is the fine structure
constant, x is the position, ki Min is the polarization vector
under the wave vector k and wavelength A, €/ is the energy
of unoccupied orbital, & is the energy of occupied orbital, ¢
is the sum of unoccupied orbital wave functions, and ¢; is the
sum of occupied orbital wave functions.

We evaluated the ionization data of non-relativistic HFS
model and relativistic Dirac—-Fock—Slater (DFS) model, re-
spectively. The selection difference of CIPEs is 3.71%, the
ionization data difference range between the two models is
1.71%-9.29%, and the average data of ionization data dif-
ference is 4.58%. The most significant differences in ioniza-
tion data occur in the highly ionized states of the atoms. As
this study’s Kr atom ionization model does not include ion-
ized states (up to Kr!'0+), a relativistic effect is not evident. In
the study of the interactions between free electron lasers and
atoms, the HFS model has been widely used and proven to be
efficient.[19-21]

2.2. Photon flux modeling

Since the calculation of photoionization probability de-
pends on photon flux, the modeling of photon flux is crucial for
us to fit the theoretical calculation results. In the actual exper-
iment of free-electron laser, the distribution of light intensity
follows not only the Gaussian distribution of time, but also the
Gaussian distribution of position and photon frequency. We
assume that the beam is a circular spot, and the general for-
mula of light intensity satisfies the Gaussian distribution of
space, time, and photon frequency, '%-2!]

Ll —ma(£)? [ 102 Cma(omo)?
I(rt) = Ilpe "2(3) ¢ m(r),/ﬁe n2("r ),(2)

For convenience, we define the relative radius position r as
r
r=—,
A

where 7 is the time, 7| is the relative center position, V is the

3)

photon frequency, A is the radius, 7 is the pulse half-width,
I" is the half-width at the half-maximum (HWHM) of the pho-
ton frequency bandwidth, and A vy is the central photon energy.

The exponential coefficient a and the peak flux /Iy are the laser
parameters to be calibrated. The photoionization rate can be
obtained by integrating the photon frequency bandwidth

Rij(rvf):/lvf(l:;t)

We can get the function of the photoionization rate by inte-

Oij (/’lV)dV. @)

grating the photon frequency. The energy of the x-ray pulse
can be obtained by integrating the intensity of space, time, and
photon energy. We used a genetic algorithm to calibrate the
peak flux and exponential coefficient of Kr atom at 17.50 keV
photon energy. Our calibrated parameters for the peak flux
is 1.6 x 10'? photons/um?, and the index coefficient is 1.85.
Benefit from the calibration of the parameters by the genetic
algorithm, a series of calculations of 1.75 keV, 1.90 keV, and
14.30 keV make our theoretical calculation results more reli-
able.

2.3. Numerical method

The transition between electronic configurations can be
well described by establishing the relevant rate equation be-
tween configurations. The equation form is as follows:

dni N N
EZZI@/‘RJ’[—I’UZRU. )
J#i J#i

When solving the ionization dynamics of Kr atom at each pho-
ton energy, we use the Monte—Carlo method, where R;; is the
rate from state i to state j, and n; is the ratio of the total num-
ber of events at energy level i to the total number of events
N. The total value of events depends on the parameters set
by the Monte—Carlo method. This method is often used to
solve the ionization dynamics of atoms. It can give a better
evolutionary relationship of atomic ion population from mas-
sive data. Moreover, when the electron number increases, the
Monte—Carlo method has been proved to be one of the most
practical methods in atomic and molecular physics and mate-
rials science.>>7251 We used the XATOM toolkit!'¥l to calcu-
late the photoionization cross-section, Auger decay, and flu-
orescence decay of atoms. We calculated the photoioniza-
tion cross-section, Auger rate, and fluorescence rate of Kr at
1.75 keV, 1.90 keV, 14.30 keV, and 17.50 keV?%?7] by using
our own Monte—Carlo program. In addition, our Monte—Carlo
calculation details are as follows.

1. Read the electronic configuration as the key, and read
the ionization, Auger and fluorescence decay rates of Kr atoms
as the key values (the configuration only inputs the number of
electrons in each shell) and give the initial time # = 0, and then
select the photon flux at different positions.

2. Determine the appropriate time interval Ar and calcu-
late the probability of photoionization, Auger decay, and fluo-
rescence decay for electronic configuration (there are 82 possi-
ble channels for Kr). The probability (P) calculation formula
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can be given as follows:

P =R;j- At for photoionization,
P = FiA At for Auger decay,
Ps =1I;; - At for fluorescence decay,

where Py, P, and Py3 are photoionization probability, Auger
decay probability, and fluorescence decay probability, respec-
tively. R;; is the photoionization rate obtained by integrating
the photoionization cross section with the photon frequency
from Eq. (4). I;?* is Auger decay rate, and I7; is fluorescence
decay rate. Photoionization cross sections, Auger decay rates,
and fluorescence decay rates are calculated by XATOM.

3. Take the random number of [0, 1] and choose to en-
ter a channel or not. If the Kr atom enter a certain channel,
the corresponding calculation of the electronic configuration
is carried out.

4. Record the current time ¢ and its electronic configura-
tion, and repeat steps 2 and 3 until the maximum number of
iterations is reached, or the Kr atom is completely ionized.

5. Repeat steps 2—4 and cycle for 10° times to obtain the
patterns of population change with time.

6. Take the photon flux at different positions, get the pop-
ulation change data of each configuration corresponding to dif-
ferent photon flux, and record it into the database.

In this work, we ran 10° iterations to converge the re-
sults in a total of 8.19 x 10* configurations and 7.45 x 10 rate
equations.

3. Results and discussion
3.1. Ionization Kkinetics of Kr in 17.50 keV

The time-dependent population obtained by the Monte—
Carlo method is about spatial distribution. Therefore, we inte-
grated the population change of each ion over space to obtain
its time-dependent population change in Fig. 1,

ni(t) :Alni(tar)drv (6)

where i = 1,2,3,...,10 is the ith ion whose population
changes with time. We made a statistical analysis of the cal-
culation results of the Monte—Carlo method and attained the
time-dependent change of the population of ions. The theo-
retical calculation results at different positions are integrated
over time and space, and the population is obtained from each
charge state compared with the experimental values, which are
shown in Fig. 2.

In comparison, our calculated value performed slightly
worse in Kr’*, and the other charge states with experimental
values are better than the others.!?”) When compared with the
experimental values, there were some differences between the
Kr!'*, Kr?*, and Kr**. The differences are possibly due to

the relatively few physical processes considered, such as sin-

gle photon multi-ionization, double Auger decay, and resonant

g,12028.29
b

excitation to the parameter fittin I which can provide

better agreement to the experimental results.

Fraction yield

Fig. 1. The population of Kr ions varies with time. Pulse width is 30 fs.
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Fig. 2. Charge state distribution of Kr at 17.50 keV photon energy com-
pared with experimental datal?®] and another theoretical result.[?”]

3.2. Selection of CIPEs

From Eq. (1), we present the relationship between total
photoionization cross-section and photon energy. Figure 3 in-
dicates that the photoionization cross-section decreases with
increasing photon energy. The total photoionization cross-
section changes rapidly at photon energies near 1.70 keV,
1.87 keV, and 14.00 keV. When the photon energy approaches
the ionization energy of each orbital, there will be an increase
in the total ionization cross-section. When the orbital electron
is ionized, the corresponding orbital energy increases. When
the photon energy is smaller than the elevated orbital energy,
the corresponding orbital will no longer undergo single-photon
ionization, resulting in the enhancement of light transparency.
We define the value of CIPE in the range of ground state or-
bital energy and ionized orbital energy. The interval of CIPEs
for 2p is 1.67-1.76 keV, 2s is 1.84-1.92 keV, and 1s is 14.02—
14.43 keV. We take the CIPEs of three different orbitals as
1.75 keV, 1.90 keV, and 14.30 keV, respectively. In XFEL
with high photon energy, this assumption is reasonable. We
call an atom a hollow-like atom (HLA) that ionizes an electron
from the electron orbital with the ground state’s most signifi-
cant non-inner photoionization cross-section. Table 1 shows a
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comparison between hollow atoms and HLAs at three CIPEs
and one experimental photon energy.
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Fig. 3. Total photoionization cross-section of Kr to photon energy
(1.70-30.00 keV).

Table 1. The total photoionization cross-section includes the sum of 8 pho-
toionization cross-section channels of 1s—4p. The total rate includes 82 de-
cay modes, 15 fluorescence decay rates and 67 Auger rates.

Photon . Total ionization Total
Configuration .

energy (keV) cross-section (Mb) rates (a.u.)
1.75 1s22522p® 0.597 0.000
1s22s%2p° 0.114 0.045
1.90 1522522p® 0.561 0.000
1522s12p® 0.510 0.031
14.30 1522s%2p° 0.018 0.000
1s'2522p0 0.003 0.102
17.50 1522s%2p° 0.011 0.000
1s'2s%2p® 0.006 0.102

(a) 1.75 keV

Fraction yield

23
Tlme (fs)

At 1.75 keV, the total photoionization cross-section de-
creased from 0.597 Mb to 0.114 Mb before and after ioniza-
tion, and 14.30 keV decreased from 0.018 Mb to 0.003 Mb.
However, the total ionization cross-section at 1.90 keV did not
decrease as expected because the ionization energy of 2s or-
bital was similar to that of 2p orbital. After ionization of 2s
orbital electrons, the ionization energy of 2p orbital increased
and approached 1.90 keV, resulting in the rise of the total ion-
ization cross-section, which did not reach the expected attenu-
ation value. 17.50 keV is a typical experimental parameter of
photon energy from 1.7 keV to 30 keV. After the electron ion-
izes the inner orbital, the time and output of hollow atoms are
less than the CIPE. It also shows that the saturable absorption
of general photon energy is much lower than the CIPEs.

3.3. Temporal and spatial distribution of Kr hollow atoms

Hollow atoms are generated by ionizing the inner orbital
energy close to the photon energy, which increases the de-
cay rate and decreases the probability of atomic absorption of
light. The generation of hollow atoms depends on time and
photon flux.!'"'2] However, in the actual process, we need to
consider the distribution of spatial position as well. This pa-
per assumes that the laser is a Gaussian beam, and the inci-
dent photon beam satisfies the Gaussian distribution in spa-
tial position. Through different position parameters, three-
dimensional images of spatial and temporal populations of
hollow atoms of 1.75 keV, 1.90 keV, 14.30 keV, and 17.50 keV
are obtained, which shows the effect on hollow atoms when
the position parameters change.

(b) 1.90 keV

Fraction yield

Fraction yield

Fig. 4. Distribution diagram of hollow atoms and space. Time is from 0-5 fs, and position parameter is the relative radius position from 0-1 (100%).
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From Fig. 4, we determined that 1.75 keV, 1.90 keV,
14.30 keV, and 17.50 keV reach the maximum average popu-
lation of hollow atoms at 67%, 35%, 88%, and 26% of the ra-
dius from the center point. Due to the characteristics of Gaus-
sian distribution, with the distance from the center, the photon
flux decreases, the number of hollow atoms decreases, and the
change of population slows down. The maximum values of
three-dimensional images are 40.5%, 33.3%, 2.9%, and 2.4%
showing that the hollow atom effect produced by the CIPE of
Is and 2p is higher than the CIPE of 17.50 keV and 2s, which
is consistent with our prediction. By spatially integrating the
image data, a more intuitive change of hollow atoms of Gaus-
sian beams can be obtained.
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Fig. 5. Time-dependent population change of hollow(-like) atoms.
1.75 keV and 1.90 keV are HLAs.

Figure 5 shows that the populations of the two CIPEs

of 1.75 keV and 14.30 keV are much higher than those of
1.90 keV and 17.50 keV photon energies, which reach the
maximum at 0.6 fs and 0.7 fs. In the practical application of
hollow atoms, the photon energy is the CIPE of the orbital
with the largest angular momentum for a determined principal
quantum number that can be selected to make the diffraction
imaging of material structure detection clearer.

3.4. Ionization path diagram of Kr atom

In over 2 x 10* configurations, studying the comparison
of main ionization paths under each photon energy can help
better understand the direction of hollow atoms. Therefore,
we count and plot the main ionization paths at the four spe-
cific photon energies.

Figure 6 demonstrates that under the photon energy of
1.75 keV and 1.90 keV, single-photon photoionization and
Auger decay account for all channels of ion generation, and
fluorescence decay does not occur. At 14.30 keV, the ion gen-
eration mainly depends on the ion generation mode of inner
photoionization and Auger decay. At 17.50 keV, the inner
photoionization cross-section decreases, and the generation of
ions mainly depends on the ion generation mode of inner pho-
toionization plus fluorescence decay. The photon energy is
close to the orbital energy at low photon energy, and the pho-
toionization cross-section is large. Thus there will be no fluo-
rescence decay in the primary ionization process.

1.75 keV 1.90 keV 14.30 keV 17.50 keV

3p*3d74s'4p? 3p*3dT4sl4p! 3pb3d°4s24pY 15125224352 (11)
E 3pp3d74sldpl 3p53d74s'4p! W 3p63d44s24p? _ﬁ 2p*3523p33d5 (10)
ﬁ _ﬁ 3p43d74sl4p3 ﬁ 3p*3d74sl4p? 3pP3d44s24pt __ IR0 2p53s23p33d5 (9)
Photoionization ﬁ 3p°3d74s'4p3 _ﬁ 3p°3d74s'4p? _ﬁ 3p*3d*4s24ps _ﬁ 2pi3s23pi3ds o | (8)

+

3
ﬁ E 3p63d74slap? 3pf3d74sl4p? MM 2p53s23p33d5 __ N 1512522p43s2 % | (7)

E )
Auger decay/ 3p®3d74sl4p® 3p®3d74s'4ps _JHL 2pb3s23p53d° _ﬁ 2p43s23pb3d° :%J (6)

e Y 3
Autoionization ﬁ 3p93d74s14p T 3p63d74s!4ps 2p53s23p63d6 12 2p53s23pb3ds O (5)
2p63523p63d6 _ﬁ 2p©3s?3pf3dS MM 2p?3s23p®3dS ﬁ 2p*3s23p3d8 (4)

Fluorescence ﬁ

2p?3523p63d8 2p®3s23p63d® _BEL 2p°3s23pf3d8 __FR 2p53s23p03dS (3)
ﬁ 2p63523p63ds 2p°3523p3d8 1522s22p? 12 2p63s23p63ds® (2)
ﬁ 2p53523p03d10 2p®3s23pf3dl0  EEK 1s22522pd a 1522522p5 (1)
a 2p63523p63d10 ﬁ 2p63s23p03d10 __ FEK 1s22s22pS " 1522522p6 (0)

Fig. 6. Diagram of the dominant photon energy ionization path. Configurations not shown and not mentioned are full-occupied electron shells;
configurations not shown but mentioned inherit the configuration from the previous step. The charge state is shown in parentheses on the right
side. Fluorescence decay will affect whether the subsequent atoms choose ionization or Auger decay. Since fluorescence decay does not change
the charge state, the arrows of photoionization and Auger decay that will change the charge state are placed together with fluorescence decay.

On the other hand, the photon energy is no longer close to
the orbital energy at high photon energy, resulting in fluores-

cence decay after inner photoionization. For HLAs, 1.75 keV

is no longer ionized after ionizing 2p orbital electrons, and
the main channel is Auger decay; therefore, the population of
HLAs is high. For 1.90 keV, after ionizing the 2s orbital elec-
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trons, the photon energy is close to the 2p orbital energy. Then
the 2p orbital ionization is mainly carried out, which is also the
poor effect of producing hollow atoms in the CIPE. For hollow
atoms, at 14.30 keV, because the photon energy is close to the
inner orbital energy, and the ground state 1s photoionization
cross-section and fluorescence decay ratio after ionization are
higher than 17.50 keV at 14.30 keV, the hollow atom effect
produced at 14.30 keV is more significant than 17.50 keV.

4. Conclusion

We used the Hartree—Fock—Slater model to calculate the
total photoionization cross-section of the Kr atom in the range
of 1.70-30.00 keV, calculated the ionization energy of each
orbital of Kr, and finally determined three CIPEs of 1.75 keV,
1.90 keV, and 14.30 keV. We used the genetic algorithm to
calibrate the parameters of the photon flux model in the re-
sults of calculating 17.50 keV photon energy Kr by the Monte—
Carlo method and calculated the dynamical evolution of hol-
low atoms of 1.75 keV, 1.90 keV, 14.30 keV, and 17.50 keV.
The conclusion indicates that the number of hollow atoms
of 1.75 keV and 14.30 keV is much higher than that of the
other two hollow atoms with ionization energy, which pro-
vides an idea for selecting photon energy in the subsequent
application of hollow atoms. The main ionization paths of Kr
atoms at photon energies of 1.75 keV, 1.90 keV, 14.30 keV,
and 17.50 keV were studied. We suggest that the main ion-
ization paths rarely produce fluorescence decay at low photon
energy. In contrast, the generation of ions at high photon en-
ergy depends on the ionization mode of inner ionization and
fluorescence decay, which provides an idea for understanding
the ionization mode of high-Z atoms at different photon ener-
gies.
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