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Auger decay of 3 p-ionized krypton
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A theoretical study of Auger cascades during the decay of 3p;,, and 3p3,, vacancies in krypton has been
performed by level-by-level calculations using a wide configuration interaction basis. Auger spectra for all steps
of the cascades are presented and are compared with the existing experimental data. Good agreement of our
results with the branching ratios of ions measured by a coincidence technique is obtained.
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I. INTRODUCTION

Auger and radiative cascades following the production of
a vacancy in an inner electronic shell of an atom is one of the
most complex atomic phenomena. Their investigation gives
important information on competing processes during the de-
excitation of an atom and many-electron and relativistic effects
in the inner shells. The strong impact for the development in
this direction was given by the elaboration of coincidence
methods for the registration of several particles obtained in
the formation of the initial vacancy state and its deexcitation:
photoelectron-photoion [1,2], Auger electron-photoion [3,4],
Auger electron-photoelectron [5-7], and multielectron spec-
troscopies [8—10]. This enables disentangling Auger spectra
corresponding to different initial vacancy states, providing a
more complete insight into the branching of the cascade.

While the cascade in the inner shells of many-electron
atoms involves a large number of configurations with open
shells and an enormous number of transitions, the average
methods for its modeling are often used: the average configura-
tion method [11,12], its extended version (taking other statisti-
cal characteristics of spectra into account) [ 13], or Monte Carlo
simulation [14-16]. In such a way, the correspondence to the
experimental data for a general characteristic—the distribution
of ions in various ionization stages—is often obtained (with
some exceptions due to strong correlation effects). However,
the reliable interpretation of Auger and radiative spectra gen-
erated during the cascade is possible only using high-accuracy
level-by-level calculations in configuration interaction (CI)
approximation [17-20].

Due to the complexity of such spectra, the commonly
considered objects are the atoms of inert gases. The important
case of the cascade in the many-electron atom is the decay of
the inner vacancy states in krypton. 3d Auger decay was the
most extensively investigated: the yield spectra of the multiply
charged ions [21-23], the many-electron effects during this
cascade [24], and the structure of Auger spectra, corresponding
to single and double transitions [20,25]. The following step
in the investigation of Auger cascades in Kr would be the
detailed experimental and theoretical considerations of the
more complex cascade after production of the deeper 3p
vacancy.

In the case of the 3p cascade, the distributions of charge
states mainly were investigated. This was performed ex-
perimentally using the photoelectron-photoion coincidence
[21,22], final ion-charge resolving electron spectroscopy, and
photoion-Auger electron coincidence [23]. The branching
ratios of multiply charged ions were calculated by the
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average configuration method [12]; their discrepancy from the
experimental data was removed by a detailed calculation of the
cascade in CI approximation [24]. Also, the correspondence
to the experimental data for ion yields was obtained by Monte
Carlo modeling [16].

Only noncoincident M, 3 — My sNy, My 3 — M4 5N; 3, and
M, 3 — M4 5N, 3 Auger spectra associated with both initial
vacancies were measured [26]. Any data are absent for one of
the main channels of the 3p vacancy decay—super-Coster-
Kronig transitions M, 3 — M4 s5Mss. The essential role of
many-electron effects for the 3p~! deexcitation process was
revealed by the large-scale CI calculations [24]. The aim of
our paper is to continue this investigation: to perform the
sophisticated large-scale calculations of ion yields and Auger
spectra generated during selectively excited 3p;1,, and 3p3,,
cascades in krypton.

II. THEORETICAL MODEL

The experimental 3p;,, and 3p3,, fluorescence yields
equal approximately 10~*, thus, the radiative transitions can
be neglected in the deexcitation of vacancy states. Also,
we have not included the shake effect at the production of the
initial vacancy because the coincidence experiments enable
separating the pure initial state. It was also neglected the
additional ionization of an atom during Auger transitions
because it plays a less significant role [27], and the condition
of sudden perturbation is hardly applicable for such process.

We consider the sequential Auger transitions that go
through discrete intermediate states. The energy levels and
Auger transition rates have been calculated in the relativistic
Dirac-Fock-Slater CI approximation employing the Flexible
Atomic Code [28].

The total number of nl/-configurations used in the cal-
culations for the 3p; cascade was extended essentially in
comparison with our earlier paper [24]. In that paper, 64
configurations were taken into account, and the CI effects
were not included for the initial vacancy state. In this paper,
the sets included the following numbers of nl/configurations:
40 for Krt, 128 for Kr*t, 139 for Kr3t, 129 for Kr**, and
76 for Kr°*. The one-electron excitations were taken up to the
shells of n = 7, whereas, the two-electron excitations included
shellsupton = 5.

In the lowest order of perturbation theory, the interaction
of two levels of different configurations is proportional to the
matrix element of Hamiltonian between them and inversely
proportional to the energetic distance between these levels.
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Thus, the following quantity, the CI strength, can be used as a

measure of CI between two configurations K and K " [29]:
(Ky|HIK'y')?

T(K.K')= Lyl : (1)

E(K,K')?

where the quantity in the numerator is the interconfiguration

matrix element of the Hamiltonian H, the summation is

performed over all states y and y’ of both configurations K and

K’, and E(K,K’) is the average energy distance between the

interacting states of configurations K and K'.

E(K.,K"
_ 2, UKyIH|Ky) -
a >, (Ky|H|K'y')?

2)

Such average energy only takes distances between interact-
ing levels into account.

T(K,K') has a meaning of the average weight (square of
the expansion coefficient) of configuration K’ in the expansion
of the wave functions of configuration K.

The CI strength was used for the construction of wave-
function expansions in CI approximation. The sets of inter-
acting configurations were selected mainly according to the
largest values of T(K,K'). However, some configurations
with relatively small CI strengths also can play meaningful
roles during the cascade if they are related to more populated
configurations of the lower ionization stage through Auger
transitions. Thus, some such configurations also were included
in the bases used.

The populations of states were calculated gradually level
by level according to the evolution of the cascade using the
formula,

N(Ky)= Y

K'y'y"

A(K'y" — Kyey")
A(K’y’)

N(K'y") ; 3)
where y” means the quantum numbers of the Auger electron
and all system ion + free electron, A(K'y’ — Kyey”) is
the Auger transition rate, and A(K'y’) is the total Auger
deexcitation rate of the y’ state.

In the calculations of ion yields, only the configurations
with populations exceeding 0.1% of the total population were
taken into account; such a limit in the calculation of Auger
spectra was taken higher than 1%.

III. RESULTS AND THEIR DISCUSSION

Cascade during the deexcitation of the 3p vacancy state
in krypton is influenced more by CI effects than the 3d
cascade [24]. The manifestation of the CI in various branches
of the 3p cascade is demonstrated by comparison of the
deexcitation trees calculated in a single configuration and
many configuration approximations (Figs. 1 and 2). The largest
changes correspond to the strong interaction of configurations
with symmetric exchange of symmetry,

4s4pN 4 4s24pN24d, 4)

at the presence or absence of the 3d vacancy. Also, at
considered low-ionization stages, a significant interaction of

(K'y'|H|K'y"\(Ky|H|K'y')?
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FIG. 1. Auger cascade following the production of the 3p,,
vacancy in Kr. Numbers at the arrows indicate the branching ratios
in percentages. Only the main branches are indicated. Configurations
are attributed according to the maximal weight in the expansions
of wave functions. (a) Single configuration, (b) many-configuration
approximation.

the 454 p" configuration with the other excited configurations
of the same Rydberg series, especially with 4524 pN =254, takes
place. Due to the CI, the number of main branches of the
cascade essentially increases.

Different from very similar 3d3;, and 3ds;, cascades, the
deexcitation of 3 py /> and 3 p3,> vacancy states is rather distinct.
This mainly depends on the larger spin-orbit splitting. It
influences more transitions with small energies, especially the
super-Coster-Kronig transitions to the 3p®3d® configuration
(this spectrum is discussed separately below). The other reason
is the dependence of transition rates on the value of the total
angular momentum of vacancy; this dependence is expressed
more at small values of j. When configurations from the
expansions for initial and final states are related by more
than one Auger transition, the interference effects take place.
For example, such interference manifests for transitions to the
mixed final states of the same parity 4524 p" and 4s%4 p"+2 as
well as from the initial states 3d°4 p*4d and 3d°4 p*5d.
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FIG. 2. Auger cascade following the production of the 3ps/,
vacancy in Kr, calculated in (a) single configuration and (b) many-
configuration approximations. The explications are the same as in
Fig. 1.

The additional information on the proceeding of the cascade
is given by the lifetimes of decaying states. Their values
depend on many-electron quantum numbers: The maximum
differences are obtained only when some states of the configu-
ration deexcite through strong Auger transitions to the levels of
overlapping configuration or only when radiative deexcitation
is possible for some states. The number of levels amounts to
several thousand even for the main part of the cascade shown in
Figs. 2(a) and 2(b), thus, in Table I, only the average computed
lifetimes are given. These quantities obtain the largest values
for the initial 3 p]fl states and tend to decrease with the shift
of vacancies toward outer shells. Nevertheless, the average
lifetimes for some configurations from the further step of the
cascade often exceed their values for the configurations from
the lower-ionization stage. One reason for a small lifetime
is the Auger deexcitation of such a configuration only by
mixing with the other configuration. The comparison with
the experimental data is possible only for 3 pf/lz and 3 p;/12
levels: Their lifetimes, obtained from the widths of lines
(rexp(3p1/2) =5.1x10"'%s and rexp(3p3/2) = 6.0 x 1005
[26]), exceed the calculated values about two times.
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TABLE I. Averaged lifetimes for the main configurations taking
part in the 3 p Auger cascade.

Ion Configuration T (s)
Kr 3k 3.71 x 10716
3p3/2 3.04 x 10716
Kr?t 348 4.64 x 1071
3d% p*4d 1.06 x 104
3d°4p*5d 1.30 x 1074
3d°4p*ss 1.08 x 1074
3d°4p’ 2.20 x 10714
3d%4s 6.66 x 1071
3d°5d 8.56 x 10716
4p*aded 1.31 x 10715
4s4padsd 1.38 x 10719
Kr3t 3d° 2.73 x 10714
3d% p34d 1.94 x 101
3d%4p34 f 1.88 x 1014
3d°4p35d 2.48 x 10714
3d°4p35s 2.06 x 10714
3d°4p36s 2.04 x 10714
3d°4p* 2.65 x 10714
3d%4s4pd 1.55 x 1071
4pi4dsd 1.97 x 10715
454p4d5d 4.42 x 1071
4s4p35d 523 x 1071
K+ Asapa f 220 x 104
454p*5d 1.39 x 1074

During the 3p Auger cascade, ions from Kr** up to
Kr’* are obtained (Table IT). The results of the calculation
in the averaged single configuration approximation [12] did
not reproduce the experimental data [21,23] at all. This
disagreement was removed by taking the main correlation
effects [12] into account. The extension of the CI basis in
this paper yet improves the correspondence of the theoretical
results to the measured values; the largest effect is obtained
for Kr** and Kr** yields.

After the Auger cascade, various ions of krypton remain
in 4s24p", 4s4pN+! and 45°4pN+? configurations. Some of
these final states are populated by different cascade branches.

Comparison of calculated and known experimental Auger
spectra for the first step of the 3p cascade is presented
in Figs. 3-5. The lines of the theoretical spectrum were
convoluted by a Lorentz profile by only taking their natural
width (we neglected the broadening contribution from the
electron spectrometer because it was about ten times smaller)
into account. The natural width of the lines was calculated as
the sum of widths for the initial and final states.

Our calculated spectra were obtained shifted with respect
to the experimental spectra to the higher-energy side by about
7.5 eV for the transitions into the final state with 3d vacancy
and by about 2.5 eV for the transitions into the states with both
4] vacancies. This difference consists of the positive shift for
binding energy (its calculated values: I(3p;,;) = 224.2 and
I(3p32) =216.0 eV exceed the experimental data equal to
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TABLE II. Branching ratios of Kr ions obtained during the cascades following the production of 3 pl_/'2 and 3 pg/lzvacancy states.

PHYSICAL REVIEW A 84, 053415 (2011)

Initial vacancy Method Charge state
1+ 24 3+ 44 5+
3p~! Calc? 0 32 93.8 3.0 0
3pih Exp® <1 1 55 44
Exp® <2(2) <2(2) 53(3) 44(3) <2(2)
Calc! 0 2.6 60.9 333 32
This paper 0 3.1 54.4 40.9 1.6
3p3h Exp® <1 5 72 23
Exp® <2(2) <2(2) 67(3) 28(2) <2(2)
Calc! 0 29 74.1 215 1.5
This paper 0 3.6 67.8 27.5 1.2

2Reference [12].
PReference [21].
‘Reference [23].
dReference [24].

222.2 and 214.4 eV, respectively [30]) and of the negative
shift for the energies of the final states. The main reason
probably is the not-included interaction of the autoionizing
states with the continuum. At the exclusion of this total shift,
the calculated spectra reproduce the experimental spectra fairly
well, although the structure of the theoretical maxima is less
expressed due to a larger calculated width of the lines.

The large-scale calculations confirm the interpretation of
these spectra given in Ref. [26] on the grounds of multi-
configuration Dirac-Fock calculations for transition energies
only including several configurations. The CI effects are
most significant for the M3 — M, sN, spectrum, where the
CI gives rise to the additional satellite structure around 65 —
70 eV (Fig. 3). The satellite corresponding to the deexcitation
of the 3 P1_/12 state manifests itself only in the form of a
step at 75 eV. The experimental M, 3 — NN spectrum was
registered in the interval of 150 — 185 eV, however, its part
with better resolution was given only for the narrower region
(Fig. 5). The calculated spectrum also contains a distinct
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FIG. 3. (Color online) Theoretical and experimental [26] results
for the M, 3 — M4 5N, spectrum.

M, — N, 3N, 3 peak at larger energies as well as an additional
peak corresponding to the extended structure of transitions
3 p;/12 — (4s4p’ + 4p34d). The two low-intensity peaks in the
165-170 eV interval can be identified as similar transitions but
from the 3 pl_/l2 state.

The super-Coster-Kronig spectrum M 3 — M4 5M4 5, cor-
responding to the transitions 3p> — 3d®, remains unregistered
(Fig. 6). It is very sensitive to the location of the 3d®
configuration energy-level spectrum with respect to the initial
3 pf/lz and 3 p;/IZ levels. The positions of the 3d® levels can
be estimated from the interpretation of the Ly 3 — My sMy s
spectrum [31]. However, due to the large natural width
of the 2p vacancy state, the transitions to the separate
levels, except IS, were not resolved. On the grounds of the
multiconfiguration Dirac-Fock calculations for the energies of
the 3p~! — 348 transitions [26] (not presented in that paper),
it was concluded that they all were allowed energetically from
the 3 pf/lz state but only a smaller part of such transitions were

allowed from the lower 3 p;/lz state. Under the assumption

Intensity (arb. units)

Kinetic energy (eV)

FIG. 4. (Color online) Theoretical and experimental [26] results
for the M, 3 — M4 5N, 3 spectrum.
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FIG. 5. (Color online) Theoretical and experimental [26] results
for the M, 3 — NN spectrum.

that the calculated M, 3 — M4 s5Mys spectrum was shifted
in the same amount as the M, 3 — M4 5N, 3 spectrum with
respect to the experiment, it was suggested that the 3 p°> — 3d®
transitions yet can be forbidden in a greater extent [26].
According to our calculations, all Auger transitions from the
3 pl_/l2 and 3 p3_/12 levels to the levels of the 3d® configuration
are energetically possible. Thus, the experimental registration
of the M5 3 — M4 5M, s spectrum is highly desirable.

The Auger spectra generated during all steps of the 3p
cascades are presented in Fig. 7, and the interpretation of their
main structure is given in Table III. The spectra of various steps
essentially overlap in the region of middle and small energies.
The difference in spectra corresponding to the 3 p1/> and 3 p3/»
cascades diminishes with the ionization stage, and for the last
step, they practically coincide. Due to the natural width of the
lines amounting to 0.5 eV and a small extent of this spectrum,
its shape obtains the form of a continuous band. All main lines
of this spectrum end in the Kr’* 4 p configuration.
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FIG. 6. Theoretical (a) M, — M4sM4s and (b) Mz — MysMy s
spectra.
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FIG. 7. Auger spectra corresponding to 1-4 steps of (a) 3p; > and
(b) 3p3,2 cascades.

The complete Auger spectra of cascades (Fig. 8) are
mainly determined by the most intensive transitions of the
first step. Even the contribution of the second step almost is
undistinguished.
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FIG. 8. Complete Auger spectra corresponding to (a) 3py2, (b)
3p3,2, and both (c) 3 p cascades.
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TABLE III. Interpretation of the main Auger spectra lines obtained during the 3 p cacade in Kr.

3pip 3pap
Number Energy (eV) Transition Energy (eV) Transition
1 17.8 3p° — 348 23 3p> —3d®
2 22.7 3p° —3a8 9.6 3p° —3d®
3 82.2 3p° —3d°4p*ad 15.2 3p° —3d®
4 92.8 3p° —3d%4s 75.4 3p° —3d°%4s + 3d°4p*ad
5 107.3 3p° —3d°4p° 85.9 3p° —3d%s
6 4.7 3d°4p> — 4p*5d 99.8 3p> —3d°4p’
7 7.0 3d°4s — 4p>5d 4.6 3d°4p° — 4p*5d
8 11.5 3d°4p° — 4p® 7.9 3d°4p’ — 4p*5d
9 18.8 3d® - 3d°, 11.5 3d°4p° — 4s%4p3
3d°4p° — 4p*ad
10 24.8 3d°4p’ — 4p*ad, 16.5 3d°4p’ — 4p*ad
3d%4p> — 4s4p*
11 32.2-33.1 3d® — 3d%4s4p3 18.7 3d°4p° — 4p*ad
12 41.0 3d°%4p’ — 4p? 24.9 3d%4p° — 4sdp*
13 42.8 3d°4p> — 4p3 32.1-33.2 3d® — 3d°4s4p®
14 52-53.2 3d® —3d°4p* 40.8 3d°4p’ — 4p?
15 0.9 4s4p35d — 4p* 42.8 3d°4p’ —4p?
16 2.6 4s4p35d — 4p? 51.9-53.2 3d® — 3d°4p*
17 5.6 4s54p35d — 4p? 0.9 454p35d — 4p?
18 11.7 3d%4s4p’ — dsdp*ad 2.6 4s4p35d — 4p*
19 16.8-18.4 3d%4s4p® — 4p* 5.6 4s4p35d — 4p?
20 27.6 3d%4s4p® — 4s4p? 11.6 3d°4s4p’ — 4s4p24d
21 16.7-18.4 3d%4s4p’ —4p*
22 27.8 3d%4s4p’ — 4s4p®

IV. CONCLUSIONS

The large-scale level-by-level calculations of the 3p;, and
3p3» cascades in krypton have been performed taking more
than 500 main and admixed configurations with about 110
000 levels into account. The fairly good correspondence to the
known experimental data for the ion distribution in different
ionization stages and for Auger spectra corresponding to the
first step of the cascade is obtained. The largest influence on
the branching ratios of both cascades has the strong interaction
of configurations 4s4p" + 4s24pN—24d at the presence or
absence of the 3d vacancy.

The super-Coster-Kronig spectrum Mj3 — My sMa 5 is
very sensitive to the energetic positions of the initial and

final states, thus, its modeling remains problematic. The
experimental registration of this spectrum is highly desirable.
Auger spectra presented in our paper for separate steps of the
3pi12 and 3 p3» cascades can be useful for further investigation
by coincidence methods.
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