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Time evolution of the Auger cascade for Kr 3d95p
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The systematic theoretical study of the cascaded Auger decay following the 3d → 5p excitation in Kr is
presented. The origin of the Kr3+ ions in the cascade is explained by analyzing the influence of the correlation
effects. The study shows that the time dependence of population for the Kr+ ion resembles results for the Kr3+

ion obtained using ultrafast laser spectroscopy. It is demonstrated that different states of the Kr+ and Kr2+ ions
can contribute to the population of the Kr3+ ion observed in the probe-pulse experiments. Furthermore, the
deeper states that could be reached by the probe laser pulse produce a peak shift for the population to the higher
time delays in accordance with experimental observations for the higher pulse intensities.
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I. INTRODUCTION

Inner-shell vacancy produced in atoms or ions decays
through a cascade of elementary processes with the emission
of electrons from atomic systems in every step of the cascade
leading to high ionization stages. The cascade ends when
all produced states are below the ionization threshold of the
corresponding ion. This process plays an important role in
photoionized plasmas, which are observed in x-ray binaries
[1,2] and active galactic nuclei [3–5]. The Auger cascade
is one of the mechanisms defining charge state distribution
in the photoionized plasma [6–8]. The photoionized plasmas
are also produced using high power lasers and fast magnetic
pinch machines [7,9,10]. Resonant excitations from the inner
shells followed by the Auger cascades explain a considerable
increase of the charge state in the x-ray multiphoton ionization
[11]. What is more, the Auger electrons emitted in the cascade
process following internal conversion or electron capture are
exploited for cancer therapies [12–14]. The emission of many
low-energy electrons produced by the Auger cascades is used
in nanomedicine to increase the local radiation doses in the
tumor region [15,16]. By this, the side effects accompanying
the conventional treatment of cancer are minimized.

Real-time observation of electron or nuclear dynamics
opened new possibilities for studies of ultrafast processes
in atoms, molecules, and solid-state materials [17–19]. The
pump-probe technique allowed one to observe the movement
of the electron released into a continuum by initial laser pulse
[20,21]. The probe pulses of the laser were also used to in-
vestigate excited intermediate states of the Auger cascade by
interrupting the decay process [19,22,23]. The wavelength and
intensity of the probing laser determine which intermediate
states of the Auger cascade are triggered and which final states
are populated.

Analysis of radiative and Auger spectra and ion yields
produced by the Auger cascade demonstrated the complex
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nature of the decay process and attracted the attention of
researchers. Interpretation of the Auger cascades is a chal-
lenging problem since one has to deal with many radiative and
Auger transitions, which can reach thousands or even millions
of lines [24,25]. Furthermore, many-electron effects such as
the correlation effects [26], multiple Auger transitions [27],
shake transitions [28], and intermolecular Coulombic decay
[29] can play a significant role in the relaxation process. The
fundamental understanding of the cascades of the elementary
processes is important for the further progress of theory and
for providing ideas on how to control the behavior of such
processes.

Previously, the Auger cascade following the 3d → 5p ex-
citation in krypton has been widely studied theoretically and
experimentally [30–34]. Experimental ion yields produced in
the decay process amount to 17% of Kr+, 73% of Kr2+, and
10% of Kr3+ [34]. It was concluded that the Kr3+ ion is a
result of the direct triple Auger transitions [34]. Besides, a
comparison for integrated peak intensities suggested that the
two-step Auger transitions account for 51 ± 5% of the Kr2+

ions. Therefore, the rest of the population received by the
Kr2+ ions is a result of the double Auger transitions. On the
other hand, the study of double and triple Auger transitions for
the C+ ion determined very low probabilities for an additional
emission of electrons [27,35–37]. An advance in the ultra-
fast spectroscopy renewed interest for the investigation of the
Auger cascade following the 3d → 5p excitation in krypton
[19,38,39]. New insights into the Auger cascade following the
3d → 5p excitation from the ground 3d104s24p6 configura-
tion of the Kr atom were provided using transient absorption
spectroscopy [19]. Previously, the multiconfiguration Dirac-
Fock (MCDF) calculations were used to evaluate the Auger
transition rates. What is more, these calculations included the
shake transitions [19,39]. However, no theoretical studies for
the ion yields and time evolution of the population for the
produced ions were presented. Furthermore, the production of
the Kr3+ ions was not explained.

The aim of our work is to study the Auger cascade follow-
ing the 3d → 5p excitation in the Kr atom. The main focus is
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to evaluate the origin of the Kr3+ ions and present an analysis
of time evolution for the population of the ions and their states.
The other aim of the present work is to demonstrate that a
proper treatment of the correlation effects is needed in the
study of the cascaded Auger decay.

The rest of the paper is organized as follows. Section II
presents a brief outline of the theoretical approach. In Sec. III,
the obtained results are discussed. Finally, we end with the
conclusions from the present investigation.

II. THEORETICAL APPROACH

Energy levels, radiative, and Auger transition probabili-
ties are studied using flexible atomic code (FAC), where the
Dirac-Fock-Slater approximation is implemented [40]. The
investigation is made using the configuration-interaction (CI)

method. The configuration interaction strength (CIS) is uti-
lized to generate the bases of admixed configurations [41–44]:

T (K, K ′) =

∑
γ γ ′

〈�(Kγ )|H |�(K ′γ ′)〉2

Ē (K, K ′)2
. (1)

By dividing this quantity by the statistical weight g(K ) of the
studied configuration K , we can determine the average contri-
bution of the admixed configuration K ′ to the expansion of the
wave function for K . In Eq. (1), the summation is carried out
across all states γ and γ ′ associated with the configurations K
and K ′, respectively. The quantity 〈�(Kγ )|H |�(K ′γ ′)〉 repre-
sents the interconfiguration matrix element of the two-electron
electrostatic Hamiltonian. Additionally, Ē (K, K ′) denotes the
average energy difference between the configurations:

Ē (K, K ′) =

∑
γ γ ′

[〈�(Kγ )|H |�(Kγ )〉 − 〈�(K ′γ ′)|H |�(K ′γ ′)〉]〈�(Kγ )|H |�(K ′γ ′)〉2

∑
γ γ ′

〈�(Kγ )|H |�(K ′γ ′)〉2
. (2)

The admixed configurations are formed by incorporating sin-
gle and double excitations from shells with the principal
quantum numbers n � 3 to shells ranging from 4 to 7. The
pseudorelativistic method [45] is used to obtain radial orbitals
for the generated CIS configurations.

Auger cascade is studied from the levels of the 3d95p
configuration that is produced through the 3d → 5p excitation
by photon from the ground configuration of the Kr atom. Cur-
rent analysis does not include population of the levels within
the 3d95p configuration through photoexcitation. It should be
noted that the interference effects between direct photoion-
ization and resonant excitation with subsequent Auger decay
play a minor role at energies corresponding to the excitations
to the 5p subshell of the Kr atom [46].

Population of level f produced by Auger transition from
the level i is calculated using the following equation:

n f =
∑

i

ni

Aa
i f∑

m Aa
im

. (3)

Here, nl is the population of level l (l = i, f ); Aa
i f is a prob-

ability of Auger transition. On the other hand, configuration
average transitions [47] were used previously to study the
Auger cascades in Eu [48] and Xe [49]. The study for energy
levels is more complex compared to the configuration average
calculations since one configuration can have from tens to
thousands of the energy levels. However, the level-to-level
study is often required to provide more reliable results.

Time dependence of populations for levels is determined
by solving the system of coupled rate equations:

dn f (t )

dt
=

∑
i

ni(t )Aa
i f − n f (t )

(∑
m

Aa
f m

)
. (4)

Here, n f (t ) is the population of level f at time t .

III. RESULTS

The single-configuration approximation is not able to ex-
plain the production of the Kr3+ states (Fig. 1). This is one of
the reasons why previous studies identified the production of
the Kr3+ ions as a result of the triple Auger decay [34]. The
Kr 3d95p configuration mainly decays to the 4p4 (64%) and
4s 4p5 (18%) configurations of the Kr2+ ion through the two-
step Auger transitions. The main decay branches that reach the

Kr2+ ion correspond to Kr 3d95p
63.7%−−−→ Kr+ 4s 4p55p

63.6%−−−→
Kr2+ 4p4 and Kr 3d95p

18.0%−−−→ Kr+ 4p55p
18.0%−−−→ Kr2+ 4s 4p5.

It should be noted that the yield of the Kr+ ions equals 18.0%
(Table I) of what is within the experimental error bars [34].

The CI method is used to take into account the correlation
effects in the study of cascade. The correlation effects are

FIG. 1. Main branches of the Auger cascade for the Kr 3d95p
configuration obtained using the single configuration calculations.
Numbers at arrows mark the transfer of population in percents. The
energies of the ground levels for Kr+, Kr2+, and Kr3+ ions are shown
by horizontal dashed lines.
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TABLE I. Ion yields for the Auger cascade following the 3d →
5p excitation in Kr. Expt.—experiment [34]; SC—single configura-
tion approximation; CIi (i = 1, . . . , 4)—CI for different basis sets.
See text for explanation.

Method Kr+ Kr2+ Kr3+

Expt. 17(±1) 73(±1) 10(±1)
SC 17.8 82.2 0.0
CI1 14.7 82.7 2.6
CI2 13.4 81.0 5.5
CI3 15.7 76.5 7.8
CI4 15.7 76.0 8.3

studied for configurations of the Kr atom and Kr+, Kr2+, and
Kr3+ ions. The CIS values are obtained for the configurations
with the highest populations in the cascade decay, which are
calculated for each set. The configurations generated using the
CIS approach are also used to determine configurations in the
subsequent ionization stages produced by Auger transitions
from the generated ones.

Results of the ion yield (Table I) are presented for four
sets of the CI bases with different numbers of the con-
figuration state functions (CSFs). The initial study of the
correlation effects (CI1) focused on the 3d94s24p65p con-
figuration of the Kr atom. The extended CI basis was
employed for these configurations, as well as for the config-
urations with the highest population obtained in the cascade
decay, which were studied using the single configuration
approximation. In addition to the 3d9np (5 � n � 10) and
3d9n f configurations, the 3d94p44d25p, 3d94p44d5p5d , and
3d94p54d5s configurations of the Kr atom, obtained from
the CIS results, were included in the calculations. The
T/g(K ) values are very low for these three configurations
(3d94p44d25p: 2 × 10−2, 3d94p44d 5p 5d: 3 × 10−3, and
3d94p54d 5s: 10−3). The CI basis of the Kr+ ion consisted
of configurations generated through Auger transitions from
the configurations of the Kr atom, as well as configura-
tions determined from the CIS calculations [T/g(K ) � 0.1]
for Kr+ 4s 4p44d 5p, 4s 4p45p 5d , 4s 4p45p 6d , 4s04p44d25p
(admixed to 4s04p65p), 4s24p34d 5p, and 4s24p35p 5d (ad-
mixed to 4s 4p55p), in addition to configurations obtained
from single configuration calculations of the cascade de-
cay. Furthermore, the CI bases also included configurations
produced by electric dipole transitions from the previously
generated configurations. Similarly, the CI bases for the Kr2+

and Kr3+ ions were constructed in a similar manner. The CI1

basis (Table I) consists of 17272 odd-parity CSFs of the Kr
atom, 34088 odd-parity CSFs of Kr+, 9963 even-parity CSFs
of Kr+, 753 odd-parity CSFs of Kr2+, 700 even-parity CSFs
of Kr2+, 429 odd-parity CSFs of Kr3+, and 856 even-parity
CSFs of Kr2+. The correlations effects included in the study
produce yield of 2.6% for the Kr3+ ion (Table I).

The study primarily focused on the correlation effects
in the configurations of Kr+, Kr2+, and Kr3+ ions in the
CI2 case. Therefore, the CI2 set includes additional con-
figurations for Kr+, Kr2+, and Kr3+ ions compared to the
CI1 set, whereas only the 3d9np and 3d9n f configurations
are considered for the Kr atom. The CI basis included
admixed configurations with T/g(K ) approximately greater

FIG. 2. Same as Fig. 1 but the CI calculations. The branches
exceeding transfer of population by 1% are presented. The energies
of the ground levels for Kr+, Kr2+, and Kr3+ ions are shown by
horizontal dashed lines.

than or equal to 10−2 for configurations that accumulated the
strongest populations of the cascade decay in the CI1 set. The
CI2 basis (Table I) consists of 212 odd-parity CSFs of the
Kr atom, 39951 odd-parity CSFs of Kr+, 20514 even-parity
CSFs of Kr+, 4650 odd-parity CSFs of Kr2+, 2020 even-
parity CSFs of Kr2+, 769 odd-parity CSFs of Kr3+, and 1777
even-parity CSFs of Kr2+. The population of the states of the
Kr3+ ion increases to 5.5%.

Our code used to calculate the CIS values includes con-
figurations generated from the considered one by taking
single and double excitations up to shells with a principal
quantum number of n = 7. The CI3 basis was extended by
including admixed configurations with excitations up to shells
with n = 15. However, this extension was mainly applied to
configurations above the single ionization threshold of the
corresponding ion, which had nonzero populations resulting
from cascade decay. The configurations that could lead to
states of the Kr3+ ion were identified and, for those configura-
tions, excitations up to shells with n = 20 were included in the
CI4 set.

The CI3 basis (Table I) consists of 18804 odd-parity CSFs
of the Kr atom, 59543 odd-parity CSFs of Kr+, 57964

FIG. 3. Time dependence of population for the Kr atom and Kr+,
Kr2+, and Kr3+ ions.
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FIG. 4. Time dependence of population for the configurations of
the Kr+ ion.

even-parity CSFs of Kr+, 22109 odd-parity CSFs of Kr2+,
17062 even-parity CSFs of Kr2+, 3330 odd-parity CSFs of
Kr3+, and 3522 even-parity CSFs of Kr2+. This case corre-
sponds to the increase of the population by an additional 2.3%
compared to the CI2 basis.

The CI4 basis (Table I), which is the largest one used in
this work, consists of 18964 odd-parity CSFs of the Kr atom,
75789 odd-parity CSFs of Kr+, 57512 even-parity CSFs of
Kr+, 22489 odd-parity CSFs of Kr2+, 17382 even-parity CSFs
of Kr2+, 3330 odd-parity CSFs of Kr3+, and 3522 even-parity
CSFs of Kr2+. This leads to the Kr3+ ion yield of 8.3%, which
is in a close agreement to the measurements [34].

Table I shows that increasing the number of CSFs leads
to a higher yield of the Kr3+ ions. It should be noted that
the convergence of the data is very slow. The larger CI bases
are needed to provide a better agreement to measurements.
Nevertheless, obtained results show that a proper treatment
of the correlation effects is a crucial factor in explaining
production of the higher ionization stages in the Auger cas-
cade. Furthermore, by this, the long-standing problem about
an origin of the Kr3+ ion in the decay process of the Kr 3d95p
configuration is resolved. What is more, the experimental ion

FIG. 5. Time dependence of population for the configurations of
the Kr2+ ion.

FIG. 6. Time dependence of population for Kr3+, Kr+ + Kr3+,
and Kr+ + 10%Kr2+ + Kr3+.

yield is reproduced without making any assumptions about the
contribution of the shake or higher-order Auger transitions.
Previous studies associated the appearance of the Kr3+ ion by
the triple Auger transitions [34]. The direct transitions would
lead practically instantly to the states of the Kr3+ ion. Such
effect could be detected by the pump-probe experiments when
an instant emission of three electrons would be observed.

The main branches of the Auger cascade following the
resonant 3d → 5p excitation in Kr are shown in Fig. 2 for
the largest CI basis (198989 CSFs) used in our study. It can
be seen that there are no strong branches reaching the states
of the Kr3+ ion. The number of transitions leading to the
Kr3+ 4s24p3 configuration amounts to 64 in our analysis.
However, the transferred population of every transition is
lower than 0.6%. The Kr2+ 4p3nl (n � 20, l = 1, 2, 3) con-
figurations accumulate the main populations that decay to the
Kr3+ ion. These configurations are a result of the correlation
effects included in the study.

The attosecond spectroscopy showed that production of the
Kr3+ ions increases up to ∼7–15 fs of time delays for the
probe pulse of the near-infrared (NIR) laser [19]. The Kr+

ion yield later decreases and forms a flat plateau. Theoretical
study of the time dependence of the population of the Kr+ ion
shows that the peak in the Auger cascade is reached at ∼8 fs
(Fig. 3). This value is in agreement with the time-dependent
yield of the Kr3+ ion observed using attosecond spectroscopy
at lower NIR intensities [INIR = (8.6 ± 1) × 1013 W cm−2]
[19]. On the other hand, the peaks and ion yields for the
Kr3+ ion depend on the intensity of the NIR pulse used in
measurements. For the higher NIR intensities, the peak of the
population for the Kr3+ ion leads to higher time delays be-
tween XUV and NIR pulses (∼15 fs) [19]. However, more in-
formation about the yield of the other ions than Kr3+ is crucial
to define which states of the Kr ions produced by the cascade
are affected by the probe pulse. Furthermore, Auger spectra
observed at the different time delays would provide additional
information about the triggered states by the NIR pulse.

Analysis of time dependence of populations for configura-
tions of the Kr+ ions reveals that the 4p34d5p and 4s 4p55p
configurations are mainly responsible for the formation of a
peak of the population for the Kr+ ion at time delays of ∼8 fs
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FIG. 7. Time dependence for the sum of populations of states
below the ground level of the Kr3+ ion. Solid line: population of the
states of the Kr+ ion below by 8 eV and Kr2+−3 eV; dashed line:
Kr+−8 eV and Kr2+−12 eV.

(Fig. 4). The total contribution of other configurations, which
decay to Kr2+, equals ∼5% at the peak of the population. The
final main population of the Kr+ ion, which does not decay to
Kr2+, resides in the 4p45p configuration.

There are four configurations of the Kr2+ ion that ac-
cumulate the final population of the ion (Fig. 5). However,
this study does not include contributions from the radiative
transitions since their probabilities are much lower compared
to the Auger ones. The fluorescence yield of the autoion-
izing energy levels, determined through the cascade decay
process using the single configuration approximation, is be-
low 5 × 10−4. Hence the impact of radiative transitions is
considered negligible. The radiative transitions would change
the final population of the configurations, which cannot decay
through the Auger transitions. On the other hand, the inclusion
of the radiative transitions would not affect the ion yields of
the cascade and population dynamics.

The NIR pulse can affect not only the states of the Kr+ ion
but also the population from the Kr2+ ion can be transferred
to the Kr3+ ion. To demonstrate a possible contribution of the
populations from different ions, the populations of Kr+ and
Kr3+ are summed (Fig. 6). In addition, the populations of the
Kr+, 10% of Kr2+, and Kr3+ ions are summed and compared
to the evolution of the population for the Kr+ ion. It can be
seen from Fig. 6 that the positions of peaks depend on the
contribution of the different ions.

The probe laser pulse can reach states of various ions below
the ionization thresholds and transfer populations from these

states to the higher ionization stages. The populations of the
Kr+ states, which have energies higher than energy below the
ground level of the Kr3+ ion by 8 eV, are added to the popu-
lations of the Kr2+ states, which are higher than energy below
the ground level of the Kr3+ ion by 12 eV, to demonstrate
possibilities to study a contribution of the different states
reached by the probe laser pulse (Fig. 7). The obtained data
are compared to the case where the states of the Kr2+ ion with
the energies higher than the energy below the ground state of
the Kr3+ ion by 3 eV are taken. The peaks are formed at ∼25
fs and ∼8 fs for the presented cases. However, Auger spectra
and yields of the different ions at different NIR intensities are
needed to model the influence of the probe laser pulse on the
populations of the states of the ions produced in the cascade
decay.

IV. CONCLUSIONS

The Auger cascade following the 3d → 5p excitation is
investigated for the Kr atom. The long-standing problem
about the origin of the Kr3+ ions in the Auger cascade is
resolved. Systematic and large-scale CI calculations involving
∼200 000 CSFs are performed to explain the measure-
ments. No assumptions about the shake and multiple Auger
transitions in the decay process are needed to reproduce exper-
imental ion yields. This demonstrates that a proper treatment
of the correlation effects plays a crucial role in the study of
the decay process. It is necessary for the CI bases to incor-
porate configurations that correspond to excitations to shells
with high principal quantum numbers. Furthermore, when
analyzing the correlation effects, careful assessment of data
convergence is of great importance. Convergence of data in
this study demonstrates that much larger bases of interacting
configurations are needed to provide a better agreement to the
experimental data for the ion yields.

The evolution of the population over time for charge states
is studied. What is more, the dynamics of the Auger cascade is
investigated for configurations and charge states. Analysis of
a time dependence for the population of the Kr+ ion shows
a peak at ∼8 fs, which is in a close agreement with mea-
surements. The study shows that contribution from the other
ions in the probe-pulse experiment is also possible. Model-
ing demonstrates that contributions of the populations from
deeper states of the Kr2+ ion produce peaks at higher time
delays compared to the energetically higher states. However,
experimental data for yields of the other ions (not only Kr3+)
and Auger spectra are needed to estimate the influence of the
probe laser pulse at the different time delays on the states of
the produced ions in the Auger cascade.
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(2008).
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