Journal of Physics B: Atomic, Molecular and Optical Physics

PAPER Related content

The energy structure and decay channels of the *axiod by clecran mpset identtestion of

lines

4p6_she|| excited states in Sr V Hrytsko, G Kereviius, A Kupliauskien et

al.

. . . . . - Electron and photon impact excitation of
To cite this article: A Kupliauskien et al 2017 J. Phys. B: At. Mol. Opt. Phys. 50 225201 inner shells in alkali atoms

A Borovik, O Zatsarinny and K Bartschat

- The 4 p6 autoionization cross section of
Rb atoms excited by low-enerqgy electron
impact
A Borovik, V Roman and A Kupliauskien

View the article online for updates and enhancements.

This content was downloaded from IP address 134.176.251.233 on 31/10/2017 at 09:48


https://doi.org/10.1088/1361-6455/aa90df
http://iopscience.iop.org/article/10.1088/0953-4075/49/14/145201
http://iopscience.iop.org/article/10.1088/0953-4075/49/14/145201
http://iopscience.iop.org/article/10.1088/0953-4075/49/14/145201
http://iopscience.iop.org/article/10.1088/0953-4075/42/4/044010
http://iopscience.iop.org/article/10.1088/0953-4075/42/4/044010
http://iopscience.iop.org/article/10.1088/0953-4075/45/4/045204
http://iopscience.iop.org/article/10.1088/0953-4075/45/4/045204
http://iopscience.iop.org/article/10.1088/0953-4075/45/4/045204

10OP Publishing

Journal of Physics B: Atomic, Molecular and Optical Physics

J. Phys. B: At. Mol. Opt. Phys. 50 (2017) 225201 (14pp)

https://doi.org/10.1088/1361-6455/aa90df

The energy structure and decay channels of
the 4p°-shell excited states in Sr

A Kupliauskiené' ®, G Kereviéius', V Borovik>*, | Shafranyosh” and

A Borovik*?®

!Institute of Theoretical Physics and Astronomy, Vilnius University, Vilnius, LT-10257, Lithuania

2Uzhgorod National University, Uzhgorod, 88000, Ukraine
3 Institute of Electron Physics, Uzhgorod, 88017, Ukraine

E-mail: alicija.kupliauskiene @tfai.vu.lt and baal 948 @gmail.com
Received 13 April 2017, revised 7 September 2017

Accepted for publication 4 October 2017

Published 30 October 2017

Abstract

®

CrossMark

The ejected-electron spectra arising from the decay of the 4p>nln/I'n"l" autoionizing states in Sr
atoms have been studied precisely at the incident-electron energies close to excitation and
ionization thresholds of the 4p® subshell. The excitation behaviors for 58 lines observed between
12 and 21 eV ejected-electron kinetic energy have been investigated. Also, the ab initio
calculations of excitation energies, autoionization probabilities and electron-impact excitation
cross sections of the states 4p3nln’lI'n”1" (nl = 4d, 5s, 5p; n'l! = 4d, 5s, 5p; n"l” = 5s, 6s, 7s, 8s,
9s, 5p, 6p, 5d, 6d, 7d, 8d, 4f, 5g) have been performed by employing the large-scale
configuration-interaction method in the basis of the solutions of Dirac—Fock—Slater equations.
The obtained experimental and theoretical data have been used for the accurate identification of
the 60 lines in ejected-electron spectra and the 68 lines observed earlier in photoabsorption
spectra. The excitation and decay processes for 105 classified states in the 4p>5s2l, 4p°4dnl
and 4p°Ssnin'l’ configurations have been considered in detail. In particular, most of the states
lying below the ionization threshold of the 4p® subshell at 26.92 eV possess up to four decay
channels with formation of Sr' in 5s; /2, 4d3 /25,2 and 5pj /23,2 states. Two-step autoionization
and two-electron Auger transitions with formation of Sr** in the 4p°® 'S, ground state are the
main decay paths for high-lying autoionizing states. The excitation threshold of the 4p® subshell
in St has been established at 20.98 £ 0.05 eV.

Keywords: atom, ion, autoionization, ejected-electron spectra

(Some figures may appear in colour only in the online journal)

1. Introduction

The spectrometry of scattered and ejected electrons is known
as the most efficient experimental method to investigate the
autoionizing phenomena in processes of electron-impact
excitation /ionization of atoms. Data on the energy structure,
excitation cross sections, and decay channels of autoioniza-
tion states (AIS), if obtained at low impact energies, provide
unique information on electron—core or electron—electron
correlations in many-electron atomic systems. These data,
therefore, serve as a good basis for more sophisticated con-
temporary studies using ultrashort photon beams [1, 2].
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Strontium as a divalence atomic system with high
polarizability is widely used in cooling and trapping techni-
ques to solve a number of fundamental physical and technical
tasks, including implementation of optical lattice clocks [3],
quantum information processing [4], studying the properties
of ultracold plasma [2, 5]. The energy spectrum of Sr atoms
plays an important role in the development of the theory of
complex atomic spectra. However, despite this importance,
available information on the energy structure of Sr atoms is
limited to data for levels arising from excitation of the 5s*
valence shell and located below the 4p®4d; s 5,, ionization
limits [6].

The electron excitation of the 4p°® subvalence subshell in
Sr leads to the formation of the 4p°nln/l'n"1” states for which

© 2017 IOP Publishing Ltd  Printed in the UK
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the processes of excitation and subsequent radiationless decay
can be described by the following reactions

Sr(4p®5s2) + eime — STEPSIn'I'n"l") + ey )

L Srt(4pSal) + e (2)

Both processes have been the subject of experimental and
theoretical investigations since the 1970s. Particularly, the
energy structure of dipole-allowed states (with the total
angular momentum J = 1) in the 4p>5s24d, 6s, 4p°4d>5s, 4d
and 4p35p?4d, 5s odd configurations has been established
from the high-resolution photoabsorption studies [7-9]. Most
of the observed lines were ordered into 13 Rydberg series
while those not included in the series were identified by com-
parison with quasi-relativistic multiconfiguration Hartree—Fock
calculations [8]. Authors noted broad agreement between cal-
culations and observations only at wavelengths greater
than 495 A.

The radiationless decay of the 4p° subshell excited states
in strontium has been first studied by measuring the ejected-
electron spectrum at 90° to an incident-electron beam of
2 keV [10]. The strongest among the 34 lines observed
between 10.3 and 20.9 eV ejected-electron energy have been
attributed to the decay of the 4pnin'l’ ionic AIS. Only one
line at 19.59 eV has been identified as associated with the
decay of the 4p>4d5s? 'P; atomic state.

In order to distinguish the 4p® excitation and ionization
processes in Srt, the ejected-electron spectra have been mea-
sured in a broad incident-electron energy range, i.e. from 23.5
to 500 eV [11], from 45 to 1500 eV [12] and from 21 to
200 eV [13]. In accordance with the different excitation
thresholds and excitation dynamics, the observed lines have
been arranged into two main groups associated with the decay
of atomic 4pnin'lI'n"l" and ionic 4pnin'l’ AIS [11, 12].
Within the first group, the lines with the highest intensity at
low/high impact energies have been associated, respectively,
with the decay of dipole forbidden/allowed AIS. The
simultaneous appearance of atomic lines in spectra has been
ascribed to multichannel decay of some atomic AIS. Up to
five decay channels with formation of Sr* in 4p%nl excited
states have been reported [13]. Thus, the main causes of the
complex structure of the electronic spectra have been identi-
fied in these studies. On the other hand, the poor incident-
electron energy resolution (FWHM > 0.5 eV), the large
increment step of the impact energy and different observation
angles (75° [11] and 90° [12, 13]) resulted in an essential
difference of the obtained data on the number of lines
observed in spectra, on their excitation thresholds and exci-
tation behaviors. Under these conditions, all efforts to per-
form a more or less reliable identification of lines failed
[12, 14]. As the authors stated, the proposed assignments can
be considered as reliable only for six ejected-electron lines
arising from the decay of the 4p°4d5s? *Py , and *F, 3 4 most
low-lying atomic AIS.

Meanwhile, according to our previous analysis of ejec-
ted-electron spectra of heavy rubidium [15], caesium [16] and

barium [17] atoms, the sufficiently complete and accurate
identification of lines is possible provided that (i) the accurate
experimental data on excitation energies and excitation
behaviors of ejected-electron lines are available and (ii) in
calculations, the relativistic and correlation effects are prop-
erly taken into account.

The present work is a continuation of our investigations
into the energy structure, decay channels and excitation
dynamics of the outer p® subshell excited atomic AIS in
alkaline and alkaline earth elements (see e.g. [17] and refer-
ences therein). In order to evaluate the excitation thresholds
and decay channels of the atomic AIS in Sr, we have studied
the intensity behavior of ejected-electron spectra in a broad
electron-impact energy range starting from the appearance of
the first spectral line up to 102 eV. Unlike in previous studies,
we investigated the entire ejected-electron energy range
12-21 eV where the lines arising from the decay of atomic
AIS can be observed. The data obtained close to excitation
and ionization thresholds of the 4p® subshell have enabled us
to distinguish the lines arising from the decay of atomic and
ionic AIS, of dipole-allowed and dipole-forbidden atomic AIS
and, thus, to establish the decay channels of atomic AIS.
Basing on ab initio calculations of energies, decay rates and
excitation cross sections of the 4pnin'l'n"l” states by
employing the standard software package flexible atomic
code (FAC) [18], 60 lines in ejected-electron spectra
[10, 11, 13] and 68 lines in photoabsorption spectra [7-9]
were classified/re-classified as attributed to the excitation and
subsequent radiationless multichannel decay of 105 atomic
states predominantly from 4p>5s2nl, 4p°4d2nl and 4p°4dSsnl
configurations. In section 2, we briefly describe the apparatus
and the measurement procedure. In section 3, the calculation
method is described. In section 4, the results of the mea-
surements and calculations are considered. In section 5, the
excitation and decay processes of the classified states are
discussed based on the performed identification of lines and
other available data. Conclusions are drawn in section 6.

2. Experiment

The crossed-beam ejected-electron spectrometer and the
measurement procedure used in the present work were
described in detail in our previous publications [17, 19].
Briefly, an energy-selected electron beam from a 127°
cylindrical monochromator was focused onto a vapor beam
produced by a resistively heated oven. The latter was operated
at a typical temperature of 550 °C. The beam density in the
interaction region was approximately 1 x 10'! atoms cm >
[20]. The scattered and ejected electrons were detected by the
127° electron energy analyzer with an angular resolution of
+2° positioned at a “magic’ angle of 54.7° to the incident-
electron beam (for details, see section 3). The incident and
ejected-electron energy resolutions (FWHM) were about
0.1 eV and 0.07 eV, respectively.
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The previous studies of ejected-electron [11] and pho-
toionization [21] spectra of Sr atoms have determined the
ionization threshold of the 4p°® subshell as the excitation
energy of the lowest ionic AIS (4p54d5s)4P1 s2 at
26.92 £ 0.01 eV. As regards the excitation threshold of the
4p° subshell, the present calculations show that its value is
determined by the excitation energy of the (4p°4d5s®)°P,
lowest dipole-forbidden atomic AIS at 20.961 eV (see
table 1). Because the excitation energy of the nearest dipole-
allowed state 3P1 is known at 21.099 eV [8], one may con-
clude that the 3Po state and, therefore, the excitation threshold
of the 4p°® subshell in Sr must lie below 21 eV. This implies
that the lines arising from the decay of the °P, state must be
the first which appear in ejected-electron spectra at low
impact energies.

To establish the order of appearance of lines in the
spectra and, therefore, to determine their excitation thresh-
olds, the spectra were measured in series, step-by-step for
different incident-electron energy values over the range from
20.8 eV up to 102 eV. The smallest increment step of the
incident energy was 0.1 eV. To control the stability of
experimental conditions, a ’test’ spectrum containing both
ejected-electron and energy-loss lines was measured before
and after each set of three main ejected-electron spectra (see
spectrum at 21.49eV in figure 1). The energy scales were
calibrated by comparing the relative position of the
4p®5s6s 'S, energy-loss line 1’ at 3.793 eV [6] and the
ejected-electron line 43 at 15.43 eV which corresponds to
the decay of the P, lowest dipole-allowed AIS at 21.099 eV
(A = 587.565 A) [8]. The uncertainties of the incident-elec-
tron and ejected-electron energy scales were about £0.07 eV
and £0.05 eV, respectively.

All measured spectra were processed for subtracting the
background intensity and for deriving the energy positions of
lines. The symmetrical Gaussian function was used in the
fitting procedure because no evidence of interference [22] or
post-collision interaction [23] effects was seen in the ejected-
electron spectra at low impact energies. The data on energy
positions of lines were determined as average values taken
from three to five spectra and have an estimated uncertainty of
£0.05 eV.

3. Method of calculations

The calculations of energies, autoionization probabilities,
oscillator strengths of electric dipole transitions, and electron-
impact excitation cross sections were performed in the basis
of mixed relativistic configurations by using FAC computer
code [18]. The radial orbitals for the construction of the basis
state wave functions were derived from a modified self-con-
sistent Dirac—Fock—Slater iteration on a fictitious mean con-
figuration with fractional occupation numbers representing an
average electron cloud of all configurations included in the
calculation.

In order to optimize the local central potential including
the approximated exchange part, the following singly excited
configurations 4p65snl (nl = 4d, 5d, 6d, 6s, 5p, 6p, 4f, 5f)

were used. The ground, singly excited configurations 4p®5snl
(nl =S5s, ..., 10s; 5p, ..., 10p; 41, ..., 7f; 5g, ..., 7g) and 4p-
core excited 4p5 [4d(4d, 4f, 5s—5g, 6s, 6p)nl; 4f(4f, Ss, Sp, 5d,
5g, 6s)nl; 5s(5s-5g, 6s—6f, 7s, 7p, Td)nl; Sp(Sp-5g, 6s, 6p)ni]
configurations were used to take into account the correlation
effects. Since local potential was optimized only for the singly
excited configurations, the following correction procedure
was applied to reduce the errors on total energies. Before the
potential for the mean configuration with fractional occupa-
tion numbers was calculated, the optimized potential and
corresponding average energy for each configuration was
obtained. Then, the average energy for each configuration was
calculated with the potential optimized for the mean config-
uration with fractional occupation numbers. The difference of
two average energies was applied as a correction to the states
within each configuration after the Hamiltonian was diag-
onalized. The total number of both odd and even states
included in the calculation was 29824. The same basis set was
used to calculate electron-impact excitation cross sections.

For the calculation of autoionization probabilities, the
basis set of Sr was supplemented with the configurations
4p6nl (nl = 5Ss, 6s, 5p, 6p, 4d, 5d, 4f) of Sr™ to include the
most important Auger decay channels. The configurations
4p°5s%, 4p4d? and 4p°4d5s of ST were also included to take
into account additional decay channels which are energeti-
cally allowed for the atomic AIS with excitation energies
greater than 27 eV. The autoionization probabilities were
calculated in the relativistic distorted-wave and the isolated
resonance approximations. The local central potential was the
same to that used in the calculations of energies and excitation
cross sections of Sr. The excitation cross sections were cal-
culated in the relativistic distorted-wave approximation [18].

The energy levels calculated with FAC code [18] were
described by using quantum numbers jjJ of the relativistic
coupling scheme of angular momenta. The obtained expan-
sion coefficients were transformed to the LSJ coupling
scheme which was widely used for interpretation of exper-
imental Sr spectra earlier [8, 21] and, therefore, is convenient
for comparing the present and previous data.

As the accuracy of calculations is less than the difference
in energy for some high-lying AIS, an additional information
was involved for identification of lines, i.e. their intensity
behavior as a function of the incident-electron energy. The
intensity /(aLSJ, Jy) of the line arising from the decay of the
«aLSJ atomic AIS [24, 25] can be written as follows:

I(aLSJ, Jp) ~ MB(&LSJ, Jr)
47
2J
x |1+ > BxPg(cos 9)}. 3)
K>0,even

In (3), B(aLSJ, Jy) is the radiationless decay branching ratio
for the aLSJ state with total orbital L, spin S and angular J
momenta; Jy is the total angular momentum of a final ionic
state; o(«LSJ) is the total excitation cross section of the aLSJ
state; (g is the asymmetry coefficient of the angular
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distribution of ejected electrons [26, 27]
Bk = Ak ak. (€]

Here, Ak is the alignment parameter [25] for an excited atom
in the aLSJ state, ax is the asymmetry parameter of ejected
electron due to a spontaneous decay of the aLSJ state [26];
Px(cos 0) is the Legendre polynomial of rank K and @ is the
angle between the directions of incoming and emitted elec-
trons (a so-called observation angle). The ejected-electron
branching ratio is defined as

A (aLST, J;)

.6
SA/ (aLST) + AL (aLSJ, Jyp) ©)

B(aLSJ, Jy) =

Our calculations have shown that the radiative transition
probabilities A/ (aLSJ from the initial state aL.SJ to all final
states i are much smaller than the autoionization probabilities
Aj(aLSJ, Jy), therefore

A“(aLSJ, Jy)

o (6)
S Af(aLST, Jp)

B(aLSJ, Jr) =
can be written.

As follows from (3)-(6), the intensity of lines is pro-
portional to the fotal excitation cross section o(aLSJ) of
corresponding AIS if the ejected-electron spectra are mea-
sured at the magic’ observation angle of 54.7° and only for
the states with J =0, 1 (P,(cos(54.7°)) =~ 0). For other
observation angles as well as for the states with J > 1 the
asymmetry of the angular distribution of ejected electrons has
to be taken into account while analyzing the excitation
behaviors of lines. Its importance is well demonstrated by the
difference in previous data on the number of lines and their

excitation behaviors in ejected-electron spectra measured at
observation angles of 75° [11, 14] and 90° [12, 13].

4. Results

4.1. Electron spectra

Examples of electron spectra at incident-electron energies Ejc
below and above the ionization threshold of the 4p°® subshell
at 26.92 eV [11, 21] are shown in figures 1 and 2, respec-
tively. The analysis of the spectra in figure 1 reveals two
kinds of lines between 12 and 18 eV electron energy. First,
there are lines I'-3’, L;—L, which shift towards higher elec-
tron energies by increment step of the energy of incident
electrons (see dashed lines between the spectra). This beha-
vior is characteristic of the energy-loss spectra in which each
line corresponds to the excitation of a certain atomic level.
Note, that in the spectrum at E;,,. = 20.90 eV, only such type
of lines is observed.

The further increase of the incident-electron energy leads
to the appearance of lines at fixed energy positions. In part-
icular, in the spectra at Ej,. between 21.0 and 21.5 eV, the
lines 42, 43, and 45 appear first. In the spectrum at
Einc = 23.48 €V, 35 lines 17-65 can already be clearly seen
between 12.5 and 17.8 eV electron energy. Finally, the
spectrum at Ej,. = 27.7 eV (see figure 2) contains an almost
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343840
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Figure 1. Electron spectra of strontium vapors for incident-electron
energies Ej,. < 26.92 eV (see text). Bars on top of the spectra mark
the positions of ejected-electron lines. The indexation of lines is
according to [11]. Labels I'-3’ and L,—L, mark the energy-loss lines
arising from the excitation of the 4p°nin’l’ levels located respectively
below and above the ionization threshold IP = 5.695 eV [6]. The
part of the spectrum at Ej,. = 21.49 eV between 14 and 18 eV
electron energy was used as the ’test’ spectrum (see text).

full set of the ejected-electron lines 17-80 which correspond
to the radiationless decay of the 4pnin'I'n"l" atomic AIS of
Sr atoms. Lines 13, 14, 16, 18-20, 23 and 27 appear in the
spectra only at Ej,. > 31.7 eV. This group corresponds to
the decay of the 4pnin’l’ ionic AIS with formation of Sr*" in
the 4p® 'Sy ground state. The different nature of the spectra
requires their separate analysis.

Energy-loss spectra. In accordance with their positions in
spectra, lines '-3’ and L,, L, reflect the incident-electron
energy losses due to excitation of the 4pSnin’l’ levels located,
respectively, below and above the 5s® ionization threshold
IP = 5.695eV [6]. To our knowledge, that is the first
observation of the 5s* excitation process in electron energy-
loss spectra. The assignment of lines 1'-3’ was performed in
accordance with the data from the NIST Atomic Spectra
Database [6]. Due to the limited energy resolution of the
present measurements (=0.1 eV), the broad and asymmetric
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Figure 2. Ejected-electron spectra of strontium vapors for incident-
electron energies Ei,. > 26.92 eV. In all spectra, a polynomial
background function was subtracted from the original data. The
indexation of lines is according to [11].

lines 2’and 3’ are, in fact, a superposition of several close-
lying lines which correspond to excitation of the levels mostly
from the 4d5p, 5s6p, 5p* and 5s7s configurations. The max-
ima of both lines are formed by the dominated excitation of
the (5s6p)'P; (line 2') and (5p?)'So+(5s7s)°S; (line 3') levels.
The line 1’ is associated with excitation of the single (5s6s)180
level at 3.793 eV [6] and was used in calibration of the
incident-electron energy scale (see section 2).

In the autoionization region between 5s;,, and 5p; /23,2
ionization thresholds (see figure 1) only two broad features L;
and L, at approximately 5.8 and 6.6 eV, respectively, are clearly
seen in the spectrum at Ej,. = 20.90 eV. The photoionization
[28] and photoabsorption [29, 30] studies show that the levels
(4d> 4 5p»)'D,, (4d6p)’P, 'P; at 5.75eV  (46379cm ),
6.14 eV (49547 cm™") and 6.30 eV (51099 cm™ "), respectively,
provide main contribution to form the feature L;. The levels
(4d5d)°F,, 'D; *P,, 4d6d(5/2, 5/2)1—0.12- (3/2, 3/2)1=0, (5/2,
3/2);-> lying between 6.3 and 6.9 eV [6] are the most likely
candidates for the assignment of the feature L,. Finally, note that
features L, L, alter the intensity of the ejected-electron lines
lying between 15.0 and 162eV in the spectra at
21 eV < Ej,. < 22eV. However, with further increasing of
the incident energy, this influence becomes less noticeable (see
e.g. spectrum at 23.48 eV) and, therefore, it can not change the
overall excitation dynamics of ejected-electron lines.

Ejected-electron spectra. As was noted above, in the
spectrum at Ey,. = 20.90 eV only the energy-loss lines 1'-3’
and broad features L, L, are present. However, increasing the
incident energy just by 0.14 eV leads to the appearance of the
line 42 at 15.29 eV (see spectrum at Ej,.= 21.04 eV in
figure 1). In accordance with the analysis in section 2, this
line reflects single-channel decay of the (4p5 4d5 52)3P0 lowest
dipole-forbidden atomic AIS at 20.98 eV with a formation of
Sr* in the (4p°®5s)*S; ,2 ground state. Since the first dipole-

allowed transition is seen in photoabsorption spectrum at
21.099 eV (A = 587.565 A [8]) and there are no other states at
lower excitation energies which may possess the radiative
decay into 4p®nln/l’ atomic states [31], the value of
20.98 + 0.05 eV can be considered as a true excitation
threshold of the 4p6 subshell in Sr atom. Next, in the spectra
at incident-electron energies of 21.24 and 21.49 eV, the lines
43 and 45 appear. A further increase of the electron beam
energy up to 21.97 eV leads to the appearance of two groups
of lines 22, 32, 48 and 24, 34, 50 with excitation thresholds at
approximately 21.6 and 21.8 eV, respectively. The simulta-
neous appearance and similar excitation dynamics of lines in
each group indicate their common origin, namely, the mul-
tichannel radiationless decay of the atomic AIS.

In the previous studies of ejected-electron spectra of
alkali atoms (see [16, 19] and references therein) it was found
that due to different excitation dynamics of dipole-allowed
(total momentum J = 1) and dipole-forbidden (J = 1) atomic
states the structure of the spectra measured at low and high
impact energies are noticeably different both in intensity and
in number of lines. In particular, the high-energy spectra
contain significantly fewer lines which can be associated, in
accordance with their excitation dynamics, with dipole-
allowed states. This behavior, being true even for the spectra
of heaviest Cs atoms [16, 32], facilitated to a considerable
degree the accurate identification of lines in ejected-electron-
spectra of alkali atoms. However, the different situation was
recently observed in electron spectra of Ba atoms [17] where
only five lines show the clear dipole-forbidden excitation
character of corresponding AIS. It is of interest, therefore, to
analyze the spectra of Sr atoms in the same way.

Even a cursory analysis of the spectra in figures 1, 2 shows
that their structure becomes more complex with increasing the
incident-electron energy. A closer analysis shows that almost all
lines seen in the spectra at low incident-electron energies (see
spectra at 23.48 and 27.7 eV) are clearly observed also in the
spectrum at 102 eV, as well as in the spectra measured earlier at
200 [13] and 500 eV [11] incident energies. Moreover, many of
these lines retain sufficiently high intensity (see, e.g., lines
43-55). In fact, there are only four lines 28, 29, 57 and 59 which
excitation behaviors point out the dipole-forbidden excitation
character of corresponding states. Thus, this situation is com-
pletely analogous to that of barium and is a result of strong
mixing processes accompanying p® excitation in these atoms
(see section 4.2). Howeyver, as the results of the identification of
lines show (see Discussion below), the effect of superposition of
lines from different decay channels can be an additional factor
which may also alter their excitation dynamics.

In the ejected-electron energy range 12-21 eV which was
studied in the present work, 52 lines with excitation thresh-
olds below 26.92 eV ionization energy of the 4p® subshell
were revealed in the spectra. No new lines were observed if
comparing with previous data [10-14]. Since the excitation
threshold of the 4p° subshell was established at 20.98 eV, a
group of lines 17, 21, 22, 24-41 with ejected-electron ener-
gies less than 15.29 eV (line 42) can not be associated with
autoionizing transitions to the 5s;/» Sr' state but with the
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Table 1. Calculated excitation energies (E, eV), cross sections (o, Mb) at 23.5, 27.7, 42 and 102 eV incident-electron energy, decay
branching ratios (B) (6) to 4p6nlj states of Sr' for the 4p°nl (L, S))n'l'(L»S,)n"1"LSJ AIS of Sr atoms used for the identification of lines
observed in ejected-electron spectra. The numbering is given according to the full list of 29824 states included in the calculations. The value
of B in brackets represents a branching ratio with included 4p>nin’l’ decay channels.

State  Configuration LSJ E a B
235 277 42 102 S5, H2opie g,
103 4d5s? °p, 20961 1065 672 312 134 08 o 22
104 4d5s* °p, 21134 3129 1938 916 527 081 oo oo
105 4d5s> °p, 21432 4884 2911 1381 059 078 oo on
106 4d5s> °F, 21685 3511 2014 953 039 071 o of
107 4d5s% °F, 21841 2490 1451 673 071 063 R oh
110 4d5s2 °F, 22121 1649 906 255 014 040 2 o5
112 5525p °P, 22243 440 232 073 005 052 on oo
117 4dCP)(*P)Ss °P; 22364 053 029 004 003 003 oo oo
121 4d5s® °D; 22504 1127 659 344 113 003 o oo
123 5525p °D; 22601 350 186 072 004 027 o3 o
124 55%5p °D, 22611 176 103 054 018 015 oo o
125 5s%5p 'P, 22644 098 050 005 001 004 B R
128 5525p °P, 22732 127 091 070 037 018 o5 o
129 4d5s% °D, 22731 575 364 219 113 006 oo o
132 4d5s*> 'D, 22858 898 467 193 007 007 % %
133 4dCP)ss(*P)sp °P; 22876 094 047 0.7 001  0.05 % %
138 5s%5p D, 23057 057 029 018 001 0.13 % %
142 4d5s% °D, 23129 1322 671 185 0015 044 0 OO
143 5s%5p 'D, 23162 072 053 037 027 0.18 % %
144 4d5s> 'F, 23178 541 411 320 194 033 = B
145 44°CP)(*P)5s °P,  23.182 148 0.78 041 0.0l 052 % %
154 4d*CP)CP)5s °P, 23362 025 016 010 006 0.14 % %
157 4d°CR(F)5s °F,  23.397 214 115 048 0.02 0.70 % % 0.01
159  4d°CPR(‘D)5s °D, 23434 298 179 132 063 0.14 % %
161  4d*CR)(*G)5s °G,  23.508 153 068 002 057 % % 0.03
162 4d*('D)D)Ss °D;  23.533 217 125 048 067 oo oo 001
165 4d%CP)(*P)5s °D,  23.611 065 073 034 050 % %
168  4d’CR)(‘F)5s Fs  23.661 076 073 039 048 o2 o2
173 4d’CR(*F)5s °F, 23762 192 154 078 074 = o8
176  4d*CH)(*F)5s °F,  23.818 130 024 001 084 % % 0.02
179  4d*CH)(*F)5s °F;  23.856 122 053 011 0.14 3% %
185  4d*('D)®P)Ss °P,  23.934 021 014 008 044 0 05
187  4d*('D)(*P)5s 3P,  23.980 0.57 025 0.71 % % 0.01
188  4d°CP)(*P)5s °P,  23.988 1.68 053 005 0.05 % % 0.01
State  Configuration LSJ E 7 B
277 42 102 Sy, My bz g, Sdi
191  4dCP)5s(*P)5p °D, 24.048 171 176 091 0.44 % %
193 4d°CP)(*D)5s °D;  24.053 231 095 0.5 0.83 8‘% % 0.02
199 4d°CP)(*P)5s °P;  24.141 1.13 080 045 044 % % 0.01
204 4d%(D)D)Ss 'D, 24219 120 043 001 057 o F
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Table 1. (Continued.)

State  Configuration LSJ E 7 B

217 42 102 S, My bz g, Sdi
207 5525p °D, 24260 045 0.3 001 059 oo o
210 4d°(D)CD)5s°D; 24291 082 070 037 035 3 o
213 5%5p P, 24349 057 0.07 R oo
233 4d’CH(*F)5s °F, 24564 078 020 0.01 0.37 % % 0.01
258 55%6s °P, 24866 059 023 008 021 oo o8 008 oo
264  4dCP)5sCF)Sp 'D, 24909 508 523 291 095
277 4dCP)5s(‘P)6s P, 25013 076 032 001 035  oU o 040 o
281 55%6s 'P, 25038 056 061 058 023 oo oo 056 oo
288 4dCP)5sCP)6s 'P; 25083 054 068 064 032 oo oh 047 o0
339 5CPSp('D) P, 25382 207 168 108 040 ¢ o0 004 oo
373 4dCP)ss(‘P)sd Py 25535 210 210 153 054 o SR 012 o0
377 4d('D)5sCD)6s *D; 25551 434 451 350 059 o oo =
379 4dCP)Ss(F)7s°F; 25560 070 075 050 057 on oo 012 oo
389 4dCP)Ss(*P)7s Py 25599 210 236 181 068 oo oo 007 oo
474 4dCPSSCF)5d 'P; 25906 026 038 035 012 &R TR 044 o8
478 4dCP)5s(P)5d °D, 25916 044 046 034 027 % % %
606 55%6d °P, 26213 076 081 061 018 B £ 001 g
614 4dCP)5sCP)6d P, 26228 048 035 024 007 o oo 012 oo
760 4dCP)5sCP)6d D, 26528 049 046 028 031 oo o2 004 o
1165 4dCP)Ss(‘F)7d D, 27.043 217 214 156 040 oo 02 005 oo
1184 4dCP)Ss(‘F)7d °F;  27.060 203 228 163 035  on oo 002 oP
1404 4dCP)Ss(‘F)7d P, 27.341 227 847 210 052 oo oF =
1493 4d('D)5sCD)7d °P; 27443 047 043 032 020 oS 0B 012 {5
2277 4d*CP)®P)7s °P,  28.140 .09 0.79 (0.07) (%) (%) (%)
3172 4dCP)sp(*P)ép P, 28.761 0.15 0.12 (0.01) (%)
3327 4dCPH(F)7d°F,  28.852 132 093 (0.09) (%) (%)

autoionizing transitions into the 4dj,,s5,, or higher Srt
excited states.

The identification of the lines observed in the ejected-
electron spectra of Sr atoms is carried out as follows. First, by
the comparative analysis of the experimental ejected-electron
energies E¢jc and the energy structure of the 4p°nl ionic levels
[6] the excitation energies E.y. of the 4p°nin’l'n"1" states which
may possess the autoionizing transitions into the 4p°®3s, 4d, 5p,
6s and 5d states of Sr are determined. Second, in order to
distinguish dipole-allowed AIS which serve as milestones in the
alignment of the whole energy level scheme, the obtained data
are compared with the calculated energies of the states with
J =1 in odd configurations as well as with the energies of lines
observed in photoabsorption spectra [7-9]. The final decision
on the identification of a particular line is made if there is a
correlation between its excitation behavior observed in exper-
imental spectra and the calculated values of the excitation cross
section and Auger yield for a particular AIS.

4.2. Calculations

Calculated excitation energies (E, eV), cross sections (o, Mb)
at 23.5, 27.7, 42 and 102 eV incident-electron energy, decay

branching ratios (B) (6) to 4p6nlj states of Sr* for the
Apdnl (LSO (L, S>)n"I"LSJT AIS of Sr atoms used for the
identification of lines observed in ejected-electron spectra
are presented in table 1. The numbering is given according to
the full list of 29824 states included in the calculations.

The assignment of the states was performed using the
largest expansion coefficient. If the first expansion coefficient
of a particular state was used for other levels, the second or
third one was chosen such to avoid the assignment of the
same term for two levels. The first largest expansion coeffi-
cient was obtained only for a part of the low-lying levels of
the configurations 4p°4d5s®, 4p°4d*5s® and 4p°4d*5g both in
LSJ and jjJ coupling schemes. For all other levels, the mixing
effects are stronger resulting in expansion coefficients less
than 0.5. Note that the absence of a dominant term leads to the
disappearance of some levels from the spectrum. Such effect
was earlier observed in barium [17] for the 'p 1 level from the
5p°5d6s® configuration. The present calculations show that
the highest level 'P, of the 4p°4d5s® configuration is also
absent in Sr spectrum, as the radial orbital 4d is localized in
the outer well of a potential [33] if term-dependent calcula-
tions are performed. In average single configuration
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approximation, 4d radial orbital for 'P; state is localized in
the inner well, and its energy obtained is too large comparing
to term-dependent calculation. The use of the superposition of
4pond (n= 4, 5, 6, ...) configurations [33] is equivalent to the
term-dependent calculation and shifts down the 'P; state to
right place, but the dominant expansion coefficient is lost.
This state is represented by many expansion coefficients
which values are smaller than 0.2. The expansion coefficients
less than 0.4 were obtained also for the 3D1, lD2 and 3P2
levels in the 4p°4d5s” configuration and for some levels in
more higher excited configurations.

The present calculated excitation energies of the states
with J = 1 of odd configurations were compared to those
calculated in configuration-interaction approximation using
the basis of numerical solutions of Hartree—Fock equations in
the quasi-relativistic approximation and by scaling down
ab initio Slater—Condon parameters [8]. This comparison
shows that the latter results are shifted down by around
0.04-0.09 eV, for all considered states. The similar compar-
ison of the assignment of quantum numbers LS is complicated
as the superposition of much more configurations was used in
the present work. Thus, the expansion coefficients are dis-
tributed among more configurations. In [8], the greatest
LS-component was used for the assignment of quantum
numbers but the same LS-assignment was sometimes used for
more than one level as many percentages were much less than
50%. In the present work, only one assignment was used for
one level, therefore, the intermediate and the final quantum
numbers LS differ of many cases from those presented in [§].

Parameters B were calculated for the autoionizing tran-
sitions to the singly excited 4p6nlLS (nl = 5s, 4d, 5p, 6s, 5d)
Sr' states. Beginning with state 1139, transitions to the core-
excited 4p°5s°LS, 4p°4d°LS and 4p°4d5d LS states become
energetically allowed and they were taken into account. The
contribution of these transitions in the denominator of (6)
increases with the excitation energy of the decaying state. For
example, the parameter B decreases by 10.75, 27, and 1.8
times for the states 2277, 3172 and 3327, respectively (see
data in brackets), comparing with the case when transitions to
core-excited states of Sr* are not taken into account.

5. Discussion

The analysis of the experimental and calculated data has
resulted in the identification of the 60 ejected-electron lines
observed both in the present study and in earlier experiments
[10, 11, 13]. Also, the present calculations are used to
reconsider the identification of the 68 most intense lines in the
photoabsorption spectra [7-9]. The parameters of 105 clas-
sified states 4p3nln'l'n”1” which define the 4p° energy spec-
trum of Sr atoms between 20 and 29 eV are shown in table 2.
Below in section 5.1 we discuss regularities and peculiarities
of excitation (1) and decay (2) processes for these states. In
section 5.2, the identification of photoabsorption lines is
considered.

5.1. Ejected-electron spectra

Single-excited configurations. The configuration 4p4d5s® is
the lowest and the most efficiently excited in the 4p°® energy
spectrum of Sr atoms. Due to strong mixing effects (see
analysis in section 4.2) of 12 states of this configuration the
decay of only 11 states 103-110, 121, 129, 132, 142, 144 is
observed in the ejected-electron spectra. The large Auger
yields for the transitions into Sr* 5s; s> ground state (see
table 1) predict the single-channel decay mode for the lowest
AIS 3P, (103), *P; (104) and 3P, (105). The excitation
behavior of lines 42, 43 and 45 perfectly confirms this. For
the remaining eight states, the most likely are two or three
decay channels with Sr" ions formed in the 5s, /2, 4d3 /25,2
and 5p; /23,2 states. Note that the lines 42, 43, 45, 48, 50, and
52 form the most intensive part of the ejected-electron spectra
at low and medium impact energies (see figures 1, 2). The P,
(104) and 3 D, (129) states are the lowest dipole-allowed core-
excited AIS which give rise to the 4p®-subshell photo-
absorption spectrum of Sr atoms [8].

In accordance with the data in table 1, the next in exci-
tation energy and excitation efficiency is the even config-
uration 4p>5s°5p. The lines 26, 28-30, 53, 57, 58, 60 and 70
with moderate intensities are associated with a multichannel
decay of nine states occupying a narrow energy region of
2 eV above the excitation threshold of the 4p°® subshell. Note
that even in this low-energy spectral region adding only one
configuration greatly complicates the unambiguous identifi-
cation of lines due to both the closeness of excitation energies
of the states and their multichannel decay mode. For example,
for two groups of states 121, 123, 124 and 142-144
(AE < 0.02 eV) the identification became possible only in
the presence of the calculated cross sections and decay rates
and introducing the concept of satellite lines, i.e., virtual lines
which coincide in energy with the lines observed in ejected-
electron spectra but correspond to the different decay chan-
nels. As can be seen from table 2, almost all ejected-electron
lines observed in spectra have satellite lines of the same
energy. However, by comparing the cross sections and decay
rates of close-lying AIS, it is possible to evaluate the
contribution from different decay channels (or, in other
words, the role of satellite lines) to the intensity of a particular
spectral line. For example, such analysis performed for the
states 123 and 124 showed that the intensity of the line 57 is
determined mainly by the 5s;,, decay channel of the state
5s25p 3D3 (123) while the 5ps/, decay channels of both states
contribute approximately equally to the intensity of the line
28. A similar conclusion can be made also about the role of
decay channels 5p; , and 5p;3,, of the states 5s25p D, (138)
and 5s°5p 'D, (143), respectively, in formation of the inten-
sity of the line 33.

For high-energy states, the calculations and photo-
absorption data become the only tools for conducting a more
or less reliable classification. Thus, 13 states 258, 281, 523,
542, 606, 614, 1602, 1650, 1658, 2285, 3178, 3364 and 3389
are classified as dipole-allowed states belonging to the high-
lying 4p’5s°nl configurations (nl = 6s, 7s, 6d, 7d, 8d, 9s).
Only line 78 and five satellites 25, 28", 59/, 62" and 78’ are
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Table 2. The energy structure and decay channels of the 4pnin’lI'n”I"LSJ states in Sr atoms.

State Eexe Configuration LSJ Decay Eeic, Line
channel eV
Theory, eV Experiment
Present, eV [8], A (eV)
103 20.961 20.98 4d 55° °P, Ss10 1529 42
104 21.134 21.12 587.565 (21.099) 4d 5s% °P, 5510 1543 43
105 21.432 21.38 4d 55* °P, 5510 15.69 45
106 21.685 21.62 4d 5% °F, 58172 15.93 48
4ds;,  14.05 32
Spy, 1292 22
107 21.841 21.82 4d 55° °F3 5s10 1613 50
4dy,, 1437 34
Spy, 1313 24
110 22.121 22.06 4d 5s% °F, 581, 16.37 52
4dy;, 1456 37
Spy,, 1333 25
112 22.243 22.22 5s’5p °P, Ssi2 1653 53
Spy,, 1352 26
117 22.364 22.35 4d*CP)(*P)55°P; 4ds,,  14.82 39
121 22.504 2243 4d 55 °D; 4ds;,  14.90 40
123 22.601 22.45 5s%5p D 58172 16.76 57
4ds;, 1492 407
5pi,  13.80 29
Spy, 1367 28
124 22.611 22.46 5s%5p °D, 5512 16.76 57!
5p,  13.80 29/
Spy, 1367 28!
125 22.644 2251 5’5p 'P, 5p,, 1387 30
S5py;,  13.80 207
128 22.732 22.57 55’5p °P, 5s10 1688 58
Spy,, 1387 30/
129 22.736 22.61 548.75 (22.592) 4d 5s% °D, 5510 16.88 58!
4dy,, 1511 41
132 22.858 22.66 4d 55> 'D, 5510 16.96 59
4d3/25/,  15.11 41’
133 22.876 2273 4dCP)5s(*P)5p’P, 5p1 ) 14.05 32/
Spy;,  14.00 31
138 23.057 22.80 5s%5p °D, 58172 17.15 60
5p, 1417 33
142 23.129 22.93 4d 5s% °D, 5510 17.24 61
4dy;, 1543 43’
143 23.162 22.94 5s%5p 'D, Spy, 1417 33
144 23.178 22.94 4d 55 'F, 5812 17.24 61’
4ds;, 1543 43"
145 23.182 22.94 4d*CP)(*P)5s P, Ssip 1724 61"
154 23.362 23.07 537.346 (23.072)  4d*CP)(*P)5s P, 581, 17.37 62
4d3 /252 1557 44
157 23.397 23.07 4d°CCF)(F)5s °F, 551, 17.37 62’
159 23.434 23.11 535.893 (23.134)  4d°CH)('D)Ss Dy, 4dyj0sp2 1557 44/
161 23.508 23.26 4d°CR)(*G)55°G, 5810 17.57 63
432572 1575 46

162 23.533 23.27 4d*('D)(°D)5s °D; 5810 17.57 63’
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Table 2. (Continued.)

State Eexe Configuration LSJ Decay Eeic, Line
channel eV
Theory, eV Experiment
Present, eV [8], A V)
4ds;, 1575 46/
165 23.611 23.38 4d>CP)(*P)5s °Dy 58172 17.69 64
168 23.661 23.38 4d°CF)(*F)5s °Fs 5510 17.69 64/
173 23.762 23.39 530.064 (23.389)  4d*CE)(*F)5s °F, 58172 17.76 64"
4dy;, 1593 48/
176 23.818 23.45 4d°CE)(*F)5s °F, 58172 17.76 65
179 23.856 23.52 4d°CR)(*F)5s °F3 4ds;,  16.02 49
185 23.934 23.57 525359 (23.598)  4d*('D)(*P)5s P, 58172 17.87 66
4d3 /252 16.02 49’
187 23.980 23.64 4d*(‘D)(*P)5s P, 581, 17.95 67
188 23.988 23.66 4d°CP)(*P)5s *P,  4dssns;, 1628 50’
191 24.048 23.66 4d(P)5s(*P)5p°D, 581, 18.72 67’
193 24.053 23.67 4d’CP)(*D)5s “Ds Ssi0 1872 67"
199 24.141 23.82 521.293 (23.782)  4d°CP)(*P)5s °P, Ss10  18.12 68
4dy;, 1631 51
204 24219 23.95 4d*('D)(°’D)5s 'D, 5510 18.26 69
4dy;,  16.45 53/
207 24.263 24.22 5s%5p °D; 58172 18.52 70
210 24.291 24.32 510.731 (24.274)  4d’('D)(°D)5s °D, Ssi0 1862 71
4ds;,  16.76 57"
213 24.349 24.33 5s’5p P, Spi, 1569 45’
Spy,, 1557 447
233 24.564 24.42 4d°CF)(*F)5s °F, 58172 18.72 72
4d;;,  16.88 587
258 24.866 24.49 55265 °P, 4ds s 16.96 59/
264 24.909 24.65 4dCP5sCHSp'D,  Ssiy 1895 73
277 25.013 24.85 4d(CP)5s(*P)6s P, 581, 19.16 74
281 25.038 24.93 496.885 (24.950) 55%6s 'P, 6512 13.32 25
288 25.083 25.05 49491 (25.050)  4dCP)5s(*P)6s 'P, 55172 19.36 75
339 25.382 25.11 493910 (25.101)  5sCP)5p*('D) P, 583, 19.42 24°
Spy,, 1637 52!
373 25.535 25.21 491.84 (25.206) 4dCP)Ss(*P)Sd°P;  Ssi  19.52 76a
377 25.551 25.25 490.92 (25.254) 4d('D)5s(D)6s °D; 55, 19.56 76b
379 25.560 25.28 489.750 (25.314)  4dCF)Ss(*F)7s °F, Ssijp 19.59  76c(27")
389 25.599 2542 488.028 (25.403)  4d(’P)5s(*P)7s P, 55172 19.73 77
428 25.752 487.557 (25.428)  4d(P)5s(*P)6d °F,
432 25.776 485.943 (25.512)  4d('D)5s(*D)5d °P,
447 25.829 484.969 (25.563)  4d*CP)(>S)5s 1S,
474 25.906 25.61 484.210 (25.604) 6s7s> 'P, 6512 14.00 31/
478 25916 25.62 483.351(25.649)  4d(’P)5s(*P)5d D, 5d;,  13.32 25"
507 26.001 482.789 (25.679) 5s8s% 'P,
523 26.034 481.185 (25.765) 5s%6d 'P,
542 26.069 479.145 (25.845) 5s%7s 'p,
562 26.118 479.145 (25.874) 6s%7s 'P,
579 26.165 478.522 (25.908)  4dCCF)5s(*F)5d °P,
606 26.213 25.99 477.09 (25.986) 5s%6d P, 5510 2030 78
Spiy 1737 62"
5dy,  13.69 28"
614 26.228 25.99 476.602 (26.012) 55%6d P, 5s10 2030 78!
631 26.275 476.077 (26.041)  4d(’P)5s(*P)7d °D,

10
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Table 2. (Continued.)

State Eexe Configuration LSJ Decay Eeic, Line
channel eV
Theory, eV Experiment
Present, eV [8], A V)

656 26.357 475.822 (26.055)  4d(°D)5p*CP) *D,

678 26.413 475343 (26.081)  4dCF)5s(*F)6d P,

760 26.528 26.15 473752 (26.169)  4d(°P)5s(*P)6d °D, 58172 20.46 79

1165 27.043 26.26 471.987 (26.267)  4d(F)5s(*F)7d D, 5510 20.57 80

1173 27.046 470.405 (26.355)  4dCF)5s(*F)5g °F,

1184 27.060 26.49 468.227 (26.478)  4dCF)5s(*F)7d °F, 581/ 20.80 81
Spy, 1776 65’

1198 27.081 467.442(26.522)  4d*(G)(*F)6d P,

1258 27.115 467327 (26.529)  4d(CF)5s(’F)6d 'P,

1278 27.180 467.086 (26.542)  4d*CFH)(’D)7d °P,

1389 27.312 466.174 (26.594)  4d(D)5s(*D)6d S,

1404 27.341 26.67 464.991 (26.662)  4d(°P)5s(*P)7d 'P, 5510 2098 82
4ds;,  19.16 74/

1416 27.356 464.545 (26.687)  4dCF)5s(*F)7d °F,

1450 27.398 463.132 (26.769)  4dCF)5sCF)7d 'P,

1474 27.417 462.768 (26.790)  4d*(‘'D)(P)7s P,

1482 27.427 462.593 (26.800)  4d(°F)5s(*F)7d D,

1493 27.443 26.88 461.090 (26.887)  4d(’D)5s(*D)7d P, 5s10 2119 83
5d; 14.61 38

1512 27.610 460.521 (26.921)  4d('D)5s(*D)7d D,

1602 27.567 459.762 (26.965) 5528d 3P,

1650 27.610 459.464 (26.983) 55%9s P,

1658 27.615 458.475 (27.041) 5528d 'P,

1703 27.655 457.683 (27.088)  4d’CF)’D)7s °D,

1719 27.669 456.901 (27.134) 5d6s> °D,

1814 27.739 455.638 (27.209) 6s26d P,

1851 27.774 455.530 (27.216) 4d6s? 3D,

2129 27.984 451.489 (27.459)  4d(°P)5s(*P)7d °D;

2229 28.089 449.906 (27.556)  4d(D)5s(*D)7d 3P,

2277 28.140 27.77 446.425 (27.771)  4d’CP)(*P)7s°P, 5s10 2208 69°

2285 28.149 445.230 (27.845) 5s%7d D,

2415 28.246 444962 (27.862)  4dCF)5sCF)8d P,

2558 28.368 444776 (21.874)  4dCF)5p*CP) °F,

3145 28.748 43882 (28.252)  4d*('G)(H)5g 'P;

3156 28.752 43870 (28.260)  5sC°P)5p(*S)6p P,

3172 28.761 28.26 43856 (28.269)  4d(P)5p(‘P)6p P, 5510 2257 70°

3178 28.767 436.331 (28.413) 5528d 3P,

3193 28.777 436.166 (28.424)  4d*CP)(*D)7s °D,

3327 28.852 28.53 43441 (28.539)  4d’CPH)(*F)7d °F, 58172 22.84 71¢
S5py;, 1976 30

3364 28.873 431.530 (28.729) 55%9s 3P,

3389 28.888 431.033 (28.762) 5528d °D,

3421 28.908 430.168 (28.820)  4d*CEH)(*D)7d 'P,

3486 28.969 429.651 (28.855)  5s('P)sp(*P)6p °D;

’ Supposed satellite lines.

l_‘ Lines observed only by Schmitz et al [10].
* Lines observed only by Kazakov and Khristoforov [13].

assigned as those reflecting the autoionizing transitions (2)
from the lowest states 258, 281, 523, 542, 606, 614. For all
states with excitation energies higher than 26.9 eV (see state
1602 and above) the autoionizing transitions are not observed.
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Multi-excited configurations. Double-excited and triple-

excited configurations represent multi-electron transitions
from the ground state 4p®5s® of Sr atoms. In the 4p°4d?5s
lowest configuration, 29 autoionizing transitions (2) from 20
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states, i.e., 117, 145, 154, 157, 159, 161, 162, 165, 168, 173,
176, 179, 185, 187, 188, 193, 199, 204, 210 and 233 are
found in the present ejected-electron spectra. The preferable
decay channels are transitions with formation of Sr* ions in
the 55/, and the 4d3/, states. The comparison of the spectra
in figures 1, 2 shows that the lines 6269, 71, 72, which
reflect the transitions into the 5s;,, state, are the major con-
tributors to the intensity of the spectra between 17.3 and
18.5 eV ejected-electron energy. All classified dipole-allowed
states 154, 159, 173, 185, 199 and 210 are clearly seen also in
the photoabsorption spectrum [8].

Of 38 states representing high-lying double-excited con-
figurations 4p555nln’l’ only for 16 states, i.e., 133, 191, 264, 277,
288, 339, 373, 377, 379, 389, 478, 760, 1165, 1184, 1404 and
1493 the autoionizing transitions (2) are revealed in the electron
spectra. The single-channel decay with formation of Sr' in the
581, ground state is a preferable decay mode for all states. For
11 states 428, 432, 507, 579, 631, 678, 1173, 1258, 1389,1416,
1450 and 1482 located below 26.9 eV, and for six states 1512,
2129, 2229, 2415, 3156 and 3486 located above 26.9 eV, no
autoionizing transitions (2) are observed. Note also that the
complex structure of the photoabsorption spectra [8] in the
energy range 19-20eV required particular attention to
the identification of the lines 75—77 which dominate in spectra at
incident-electron energies Ej,. > 50 eV (see figure 2). Their
identification was performed only after the careful analysis of the
photoabsorption spectra [8], the photoionization spectra [21], the
LSJ assignments of levels (see section 4.2) and also taking into
account the calculated values of the excitation cross sections,
Auger yields and observed intensities of lines. In order to
achieve full compliance between the calculated and the exper-
imental energy spectra, the line 76 was considered consisting of
three unresolved lines 76a, 76b, 76¢ that correspond to three
maxima observed between 488 and 492 A in the photoabsorp-
tion spectrum [8]. Also, the lines 24°, 27° reported by Schmitz
et al [10] were included in the identification.

Of 17 states classified as belonging to the triple-excited
configurations 4p’nin'l'n"l" only four states 474, 2277, 3172,
and 3327 reveal the autoionizing transitions (2) which are
represented in spectra by the very weak ejected-electron lines
69°=71° [13], 30 [10] and a satellite line 3. However, the
relatively high excitation cross section predicted for these
states (see table 1) is in contradiction with the low intensity of
associated lines that indicates the existence for them of some
additional decay channels. This situation requires some
separate consideration.

As follows from the analysis above and the results listed
in table 2, of 54 classified atomic states possessing the
radiationless decay mode (2) only three states 2277, 3178 and
3325 are located above the excitation threshold of the lowest
ionic AIS (4p54d55)4P1 /2 at 26.92 eV [11, 21]. For 19 states
lying between 25.4 and 26.9 eV and for 21 states lying above
26.92 eV the autoionizing transitions into 4p%ul ionic states
were not revealed in ejected-electron spectra. And this despite
the fact that their calculated autoionization probabilities are
the same or even larger than for the low-lying AIS (see
table 1). For the first group of 19 states (428, 432, 447, 507,
523, 542, 562, 579, 631, 656, 678, 1173, 1198, 1258, 1278,
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1389, 1416, 1450, 1474, 1482) the following decay channels
are also possible

Sr*(4p5nln’l’n”l”) — Sr*(4p5n1 lﬂ’lz lzl’l3lg) + hv
—SrH(4p%) + 2e;.

(N
®)

As our present calculations show, the radiative decay (7)
is of low probability for all above states. This is confirmed
also by the relatively broad profiles of the corresponding lines
in photoexcitation spectra [8, 21]. The process (8) reflects
Auger transitions with simultaneous ejection of two electrons.
Being to some extent exotic, it is the only possible decay
channel for the considered states. Due to the random nature of
the energy distribution between two ejected-electrons, it can
not be observed in the present ejected-electron spectra.
However, its observation was reported earlier by detecting the
Sr*" yield in the energy region of the broad strong photo-
absorption peak between 24.9 and 25.5 eV [21].

The absence of transitions (2) for the second group of 21
states lying above 26.92 eV is similar to the situation found
earlier in Ba atoms [17] and explained by the presence of the
two-step autoionization process [34]. For Sr atoms, it can be
described by the following reactions

St*Apnin'I'n"1") — Sr¥*(4p°mhnaly) + e 9)

s Srtt(4pf) + €2 (10)

Accounting for process (9) in the present calculations sig-
nificantly reduces the probability of the transitions from the high-
lying states (from state 1512 above) into the 4p%nl ionic states
(see B values in brackets in table 1). This explains both low
intensity of ejected-electron lines 69°~71° and complete absence
of transitions (2) for all 21 states located above 26.92 eV. The
high efficiency of the process (9) at photon impact energies
above 26.92 eV was shown also by photoionization studies [21].
The energies of ejected electrons eelj do not exceed 2 eV and,
therefore, are out of the energy region studied in the present and
all previous measurements while the ejected-electron lines
reflecting the process (10) are clearly seen in the low-energy
spectral region (see lines 13, 14, 16, 18-20 in spectra in figure 2).

5.2. Photoabsorption spectra

As was mentioned in section 4.2, the previous identification of
lines in the photoabsorption spectrum of Sr atoms [8] was per-
formed on the base of calculated excitation energies and oscil-
lator strengths for the states with J = 1 from odd configurations
obtained in the configuration-interaction approximation using
the basis of numerical solutions of Hartree-Fock equations in
quasi-relativistic approach and by scaling down ab initio Slater—
Condon parameters. Eighty-one lines not included in Rydberg
series were identified as excitations of the states in single-excited
4p°5s%4d,6s, double-excited 4p°4d>Ss, 4p>5s5p® and triple-
excited 4p°4d*, 4p°4d5p* configurations. Also, 55 lines mainly
from the long-wave part of the spectrum were associated with
ejected-electron lines observed by White et al [11].

The full set of excitation and decay parameters of the
4p°nln'l'n"1" states obtained in the present work using the
large-scale configuration-interaction method in the basis of



J. Phys. B: At. Mol. Opt. Phys. 50 (2017) 225201

A Kupliauskiené et al

T T T T T T T T T
-
/_/\ L5

b o~
17 410G
»O
E
e =,
/_/\/_\ o’
- 0,5
L | L | 0’0

Incident electron energy (eV)

Figure 3. Ionization cross section o;,, [36] of Sr atoms and excitation
Cross sections oey of S 52P1 /23,2 levels [37] from the ground state

of Srl. Excitation thresholds for classified AIS (see table 2) are
marked by bars. The vertical dash lines indicate the 5%S ionization
threshold at 5.695 eV [6], the excitation thresholds of the Sr*
52P1/2,3/2 levels at 8.635 and 8.735 eV [6] as well as the excitation
threshold of the 4p°® subshell at 20.98 eV (present data).

the solutions of Dirac—Fock—Slater equations made it possible to
carefully analyze and compare the intensity distributions in
ejected-electron and photoabsorption spectra, the widths of
observed photoabsorption lines and, therefore, to reconsider their
earlier classification. All photoabsorption lines with a non-zero
width and a strength lying between 587.5 and 429.7 A are
identified and listed in table 2. As can be seen, the excitation of
the 4d5s” P, state (104) gives rise to the 4p-subshell photo-
absorption spectrum of Sr atoms. The vast part of the states with
J =1 (49 of 68) associated with photoabsorption lines are from
double-excited odd configurations. It is also shown that the
broad and strong photoabsorption peak at 490.92 A assigned
erroneously in [8] as the non-existent in reality lPl level from the
5p°5d6s” configuration is actually a superposition of at least
three lines at 491.84, 490.92 and 489.750 A which reflect the
excitation of three states 373, 377 and 379 from different dou-
ble-excited configurations. The fact that only a half of the total
number of classified states is found in the photoabsorption
spectra once again showed the high efficiency of using an
electron impact of regulated energy for studying the excitation
behavior of dipole-forbidden atomic states.

The performed identification of the lines in ejected-
electron and photoabsorption spectra makes now clear the
origin of the well-known structures observed in the exper-
imental ionization cross section oi,, [35, 36] and in the
excitation cross sections duye of Srt 4p%nl levels [37]. Indeed,
as can be seen from figure 3, the rise of the ionization cross
section just above the excitation threshold of the 4p® subshell
reflects the overall contribution of the autoionizing transitions
from the whole set of the states 4p’nin’l'n”l” located between
21 and 28 eV (see level group a). The lowest and most
effectively excited configurations 4p°4d5s®,  4p’5s%5p,
4p°4d?Ss, and 4p>4d5s5p would play the crucial role in this
process. The maxima observed in the excitation functions of
the 52P| s> and 52P3 /2 ionic levels reflect their cascade
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population by the autoionizing transitions from two group of
atomic AIS, namely 105, 107, 138, 377, and 606 (level group
¢) and 103, 106, 110, 133, 143, 156, 223, 339, 377, 447, and
1184 (level group b). The resonant shape of the first maxima
points out the resonant excitation character of the lowest AIS
104-107 and 110 at the near-threshold impact energies.

6. Summary

The ejected-electron spectra of strontium atom were measured
in a broad incident-electron impact energy range. The excitation
energies and intensity behaviors were investigated for 58 lines
observed between 12 and 21 eV ejected-electron kinetic energy.
These data together with the results of the ab initio calculations
on excitation energies, cross sections and branching ratios of
105 states in the 4p3nin'l'n”l" (nl = 4d, 5s, 5p; n'l’ = 4d, 5s,
5p; n"l" = 5s, 6s, 7Ts, 8s, 9s, 5p, 6p, 5d, 6d, 7d, 8d, 4f, 5g)
configurations were used for accurate and detailed spectro-
scopic assignment of 60 lines in ejected-electron spectra and 68
lines in photoabsorption spectra.

The lowest and most effectively excited configurations
4p°4d5s?, 4p>5s%5p, 4p4d5s, and 4p°4dSsSp, 6s play the
leading role in excitation-autoionization processes in Sr atoms
below the ionization threshold of the 4p° subshell at
26.92 eV. Most of the states in these configurations possess
two and three decay channels with formation of Sr* in the
581/2, 4d3/2,5/2 and 5p1/2’3/2 states.

For 19 states with excitation thresholds between 25.4 and
26.9 eV and for 21 states with excitation thresholds above
26.9 eV, the autoionizing transitions into the 4p®nl/ ionic
states were not revealed in ejected-electron spectra. Instead,
two-electron Auger transitions and two-step autoionization
are proposed for these states as the main decay processes
resulted in formation of Sr** in the 4p°® 'S, ground state.
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