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The ejected electron spectra corresponding to the electron decay of the 4p°n1linalansls low-lying autoionising states in
strontium atoms were measured in the impact energy range from the excitation threshold of states up to 200 eV. By using the
results of single-configuration Hartree—Fock (HF) calculations, six ejected electron lines with the lowest excitation thresholds
were attributed to the decay of the (4p®4d5s%) *Py 1 2 and 3F 3 4 autoionising states. For the 3P o and ®F, states the excitation
functions were obtained at an incident electron energy resolution of 0.15 eV. In all excitation functions the strong near-threshold
structure was revealed for the first time. The origin of the structure was attributed to the decay of short-lived states from the
4p®55%4d® configuration of Sr™ ion. The cascade population of the 3Pg. 1 2 and ®F2 3 4 states was considered by using the HF

energies and decay probabilities for the 4p®5s%5p levels.
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1. Introduction

The excitation of the 4p°® subshell in strontium atoms
results in creation of the 4p°nilinalansls atomic au-
toionising states. Due to the fast electron decay (life-
time 7 ~1071°-10713 ) such states contribute es-
sentially to the single and double ionisation cross-
section [1,2] as well as to the excitation cross-section
of Sr* ions [3]. Another interesting feature of the
4pPnilinalonsls states is their high excitation effi-
ciency at low impact energies [4,5]. These observa-
tions along with the well-known high polarizability of
alkali-earth atoms [6] point out an important role of res-
onance processes in the electron impact excitation of
the 4p5 subshell in strontium.

The first experimental observation of the resonance
features in electron impact excitation of the 4p® sub-
shell in strontium was reported by Aleksakhin et al. [7].
In excitation functions of two spectral lines at 58.4
and 62.4 nm attributed to the radiative decay of the
4pdnqlinalonsls autoionising states, the authors re-
vealed strong maxima located at approximately 5 eV
above the excitation thresholds of lines. Unfortunately,
the authors did not discuss the origin of the observed
features. Similar resonance-like features were later ob-
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served also in the ejected electron excitation functions
for some of the 4p°nqlinalonsls low-lying autoionis-
ing states [8]. The sharp increase of the cross-section
just above the excitation threshold of states was ex-
plained by the authors as an influence of the short-lived
negative-ion resonances. Although these data were ob-
tained at an improved energy resolution of 0.3 eV, no
resonance structure was revealed in the measured exci-
tation functions.

The theoretical calculations of the 4p® subshell ex-
citation in strontium were performed earlier only with
the aim of a spectroscopic classification of lines in
ejected electron and photoabsorption spectra [5, 9, 10].
These data revealed the strong configuration mixing
effects even in excitation of the lowest configurations
4p°4d5s? and 4p°5s4d?. For these reasons the spectro-
scopic classification of the 4p°n1l1nalanglz atomic au-
toionising levels was established to present day only for
some of the dipole-allowed transitions from the ground
state into the 4d, 4d?, and 6s states [9, 10]. The lack
of reliable high-resolution experimental data on the ex-
citation thresholds and excitation cross-sections of au-
toionising levels restrains the further development of
theoretical approaches.
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Fig. 1. The ejected electron spectrometer: M is monochromator of

incident electron beam, A is analyzer of ejected and scattered elec-

trons, BS is atomic beam source, CH is channel electron multiplier,
FC is Faraday cup, VT is strontium vapour trap.

In the present work the ejected electron spectra cor-
responding to the 4p°n1l1nolansls low-lying autoionis-
ing states were studied in the wide impact energy range
from the excitation threshold of states up to 200 eV.
By precise measurement with an energy resolution of
0.15 eV of the near-threshold impact energy region,
the strong resonance structure was for the first time re-
vealed in the excitation functions for ejected electron
lines with the lowest excitation thresholds. The spec-
troscopic classification of these lines was established
on the basis of single-configuration Hartree—Fock cal-
culations. For analysing the excitation dynamics of
classified autoionising states at threshold impact ener-
gies a comparison with isoelectronic configurations in
yttrium atoms was used to identify the observed res-
onance structure. The calculated energies and decay
rates for the 4p°5s25p states were used to classify the
cascade transitions.

2. Experimental details

The measurements were performed with an electron
spectrometer consisting of a 127° electrostatic cylindri-
cal analyzer of ejected electrons, a 127° electrostatic
cylindrical monochromator of incident electron beam,
and an atomic beam source. Figure 1 shows the gen-
eral view of the spectrometer. The design of analyzer
was similar to that described earlier in [11]. How-
ever, to avoid an influence of chemically active high-
temperature strontium vapours on the performance of
the analyzer, the electron optical lens system was made
of molybdenum and non-magnetic stainless steel. For
the minimization of the space charge formed by sec-
ondary electrons in the region of the central electron
trajectory, the deflector plates were made of the tung-

sten mesh of 90% transparency. The input lens system
was designed for providing about +4° angular resolu-
tion of the analyzer. The flux of energy-selected elec-
trons at the output of analyzer was detected by the chan-
nel electron multiplier VEU-6. The ejected electron
spectra were detected at an observation angle of 75°
and at an ejected electron energy resolution of 0.15 eV.
The latter value was strongly limited by the extremely
low intensity of ejected electron spectra measured at the
threshold impact energies. The monochromator design
was described earlier [12]. It produced an incident elec-
tron beam of <0.15 pA intensity in the energy range
of 15-200 eV. The energy spread of the beam at ener-
gies below 50 eV did not exceed 0.15 eV, and this was
controlled by measuring the elastic peak in the energy
loss spectra of scattered electrons. A resistively heated
oven similar to that described in [13] was used for pro-
ducing the well-collimated strontium vapour beam with
the density of about 102 atcm ™3 in the interaction re-
gion. The beam was formed by the ‘hot’ 0.4x3 mm?
slit located at the output end of the transportation chan-
nel 40 mm long and 3 mm in diameter. The angular
spread of the beam did not exceed 90°.

The measurement and data processing procedures
both were described in detail earlier [14, 15]. Briefly,
the ejected electron spectra corresponding to the decay
of the 4p°nqlinalonsls autoionising states were mea-
sured in series, step-by-step for different incident elec-
tron energy values over the range from the lowest ex-
citation threshold of levels up to 200 eV. In the near-
threshold energy region of 21-24 eV, the increment
step of the incident energy was 50 meV. The spec-
tra were automatically normalized to the intensity of
the incident electron beam by a ‘current-to-frequency’
converter. All measured spectra were processed for
subtracting the background intensity and for deriving
the line intensities. Because the atomic autoionising
states in strontium posses the multichannel decay mode
[5, 8], the strongest lines reflecting the decay into the
(4p%55) 28, /2 ground state of Sr II were used for ob-
taining the excitation functions of corresponding states.
The statistical error, depending on the relationship be-
tween the line intensities and the nonlinear background
function, did not exceed 15% for most of the data ob-
tained at impact energies 0.1 eV above the excitation
threshold of levels. Note that due to a limited energy
resolution of the analyzer, the accuracy of data was ad-
ditionally affected by overlap of the lines under study
and the neighbouring lines. Therefore, the combined
relative uncertainty, after accounting also for fluctua-
tions of the experimental conditions, varied from 20 to
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35%. For the first two and the last points of all excita-
tion functions this uncertainty reached the value of 50%.
Furthermore, in the energy region 34-38 eV the accu-
racy was adversely affected by overlap of the ejected
electron spectra with the associated 4pPnilinalonsls
energy loss spectra. The data obtained in three inde-
pendent experiments were compared and averaged over
the energy positions and intensities of the lines. The in-
cident electron and ejected electron energy scales were
calibrated by using photoabsorption data [8] for the ex-
citation threshold of the (4p®5s2) 2P3 /2 ionic state at
28.178 eV. The uncertainties of both energy scales were
estimated as £100 meV and £50 meV, respectively.

3. Theoretical approach

In the case of the autoionising states, the correlation
effects play an important role. But, for the lowest core-
excited levels of Na [16] and K [17], a better agree-
ment was noticed between experimental excitation en-
ergies and those of single-configuration Hatree—Fock
rather than the large scale configuration interaction re-
sults. It happened due to the cancellation of correla-
tion contributions in the initial and final states. There-
fore, the theoretical values of the lowest energy levels
in 4p55s2, 4p°4d5s?, 4p°5s4d?, and 4p®5s25p config-
urations, as well as wavelengths and probabilities for
the (4p55825p) LQSQJQ — (4p5584d2) L151J1 radia-
tive transitions were calculated in single-configuration
Hatree—Fock approximation by using the complex of
computer programs [18]. The radial wave functions
were obtained by solving the non-relativistic Hartree—
Fock equations. The energies and state wave func-
tions were found in the intermediate coupling approxi-
mation by diagonalizing the energy matrix of the non-
relativistic Hamiltonian including the Breit—Pauli rela-
tivistic corrections of up to the second order in the fine
structure constant o, i.e. .

The calculated energies for the lowest states of the
4p°4d5s? and 4p°5s4d? configurations with respect to
the ground state of strontium atom are presented in Ta-
ble 1. The calculated oscillator strengths for electric
dipole (E1) and magnetic quadrupole (M2) transitions
and the values of energies of the present experiment
are also included into Table 1. Good agreement be-
tween calculated and measured energies can be noticed.
The excitation energies of the 4p°5s25p levels, wave-
lengths, and probabilities for the (4p°5s25p) 3Ly —
(4p54d5 s2) 3P1,2, 3F, radiative transitions are presented
in Table 2.

Table 1. Excitation energies Fex. (in eV) with respect to
the (4p®5s%)'Sy ground state and oscillator strength gf
of strontium lowest atomic autoionising states calculated in
single-configuration Hartree—Fock approximation and com-
pared with experimental data Fex,. Symbols E1 and M2 mark
electric dipole and magnetic quadrupole transitions.

Configuration  State FEexe agf Eexp
4p°4ds5s> 3Po 20.758 0.00 20.98
4p°4d5s* 3P, 21.049 2.132—03 (El) 21.12

4p°4d5s* 3P, 21347 1.282—09 (M2) 21.38
4p°4ds5s* 3F, 21.545 21.62
4p°554d® SPCF)®Dy 21374
4p°5s54d®> SPCF)’D;  21.391
4p°5s4d®  SPCF)°Dy  21.425
4p°4d5s* 3F; 21.789 21.82
4p°4d5s* 3F, 22242 5997—11 (M2) 22.06
4p°5s4d®  PP(P)°Py  22.443

For the 4p°4d5s? configuration a very strong mix-
ing between the terms 3D5 and 'F3 as well as ®Dy and
1Dy was noticed, resulting in the ambiguity of the as-
signment of the total angular momenta LS. The same
strong mixing also exists between 3Dy and 'D; as well
as 3Py and 'Sy states in 4p>55%5p configuration. In the
case of 4p°5s4d? configuration, the problem with the
assignment of the LS terms does not exist as the leading
term is obvious. For example, for the states listed in Ta-
ble 1, the expansion coefficients are 0.73 for 3P(3F)°Dy,
0.90 for *P(*F)°Dy, 0.87 for 3P(3F)°D,, and 0.96 for
SP(P)°P,.

4. Results

The excitation functions for the most efficiently ex-
cited autoionising states at 21.12, 21.38, and 21.62 eV
are shown in Fig. 2 in an impact energy range from the
excitation threshold of states up to 200 eV. As can be
seen, all functions possess nearly similar shape char-
acterized by the presence of the narrow near-threshold
maxima, features E, F, G, and the broad main maxima
located at 32 eV (3P172) and 35 eV (°F4). The insets
show the near-threshold parts of excitation functions
where the ‘fine’ structure a—d is observed. The energy
positions of these features are given in Table 3.

As it follows from the analysis of the intensity be-
haviour of lines in ejected electron spectra measured
at low impact energies (see also [3, 8]), those of lines
located in electron spectra at 15.29, 15.43, 15.69, and
15.93 eV are due to ejected electrons coming from the
autoionising levels with the lowest excitation thresholds
at 20.98, 21.12, 21.38, and 21.62 eV, respectively. A
similar shape of the excitation functions for these states
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Table 2. Excitation energies Fex (in eV) with respect to the (4p6552) 1S, ground
state for the levels (4p°55%5p) 13 L calculated in single-configuration Hartree—
Fock approximation, probabilities A (in s~ '), and wavelengths A (in nm) for the
radiative transitions (4p°5s%5p) V3L ; — (4p°4d5s?) 3P172, 3F4 levels in strontium.

4p°5525p) 3Ly Fue  (4p°4d 5sH) 3Ly A A
38, 22.98 3P, 1.874+05 363
3P, 7.27406 760
3Ds 23.27 3F, 1.29407 782
3Dy 23.28 3P, 1.86405 642
3P, 7.924-05 556
1p, 23.46 3P, 1.964+06 588
3P, 4.55405 515
3p, 23.51 3p, 827406 573
3P, 3.62406 504
3P 23.85 3Py 9.49+4+06 442
3Dy 24.34 3Py 1.65+05 415
3Py 1.39406 377
p, 24.44 3P, 4.684+06 401
3P, 5.304+05 365
3P, 24.46 3P, 1.534+07 398
3p, 1.87405 363
1S, 24.82 3P, 1.12407 328

Table 3. Energy positions (in eV) and tentative classification of features observed

in ejected electron excitation functions of the (4p°4d5s®)3 L autoionising states

in strontium atoms. Signs +/— mark presence/absence of features in excitation
function of corresponding state.

Feature Position °P; 2Py 2K, Classification
a 21.6 + o+ - 4p®55%4d?
b 22.1 - 4+ 4+ ”
c 22.5 + - = -
d 22.8 - 4+ = -
E 243 + — —  (4p°5s%5p) 3L — (4p°4d5s%) 3Py + hv
F 25.5 — 4+ = (4p°55*5p)3L — (4p°4d55%) 3Py + hv
G 24.8 — — +  (4p°5s25p) 3L — (4p°4d552)3Fy + hv

(see Fig. 2) reflects the common exchange character of
electron transitions from the (4p%5s%) 1Sy ground state
of Sr atom and, consequently, the triplet character of
the corresponding excited states. As it follows from
the comparison of our single-configuration Hartree—
Fock calculations and experimental data [4] (see Ta-
ble 1), there is an excellent agreement between both sets
of data for the (4p54d552) 3P0,172 and 3F, autoionising
states. Although the location of the 3P(3F)5D07172 states
from 4p°5s4d? configuration is also predicted close
to the same experimental energies, however, due to
the two-electron character of excitation of these states,
their excitation cross-section should be smaller than
that for the 3P and 3F states from the 4p®4d5s? single-
electron configuration. Therefore, one may conclude
that (4p°4d5s%)3Pg 12 and 3Fy states are the lowest
4pS-core excited atomic autoionising states in strontium

atoms. On the same grounds the lines with excitation
thresholds at 21.82 and 22.06 eV were attributed to
the decay of the (4p54d552)3F3,2 high-lying autoion-
ising states. Figure 3 shows the energy level diagram of
strontium atoms in the region of the 4p>4d5s? classified
levels and the relative position of features observed in
the measured excitation functions.

5. Discussion

To analyse the excitation dynamics of the (4p°4d5s?)
3P172 and °F, autoionising states, let us consider the
processes which may contribute to their electron impact
excitation, 1. e.

Sr(4p6552) IS + ejpe —
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Fig. 2. The ejected electron excitation functions for the

(4p°4d5s%) 3Py, 3P2, and 3F4 autoionising states in strontium. Dot

lines mark the excitation thresholds at 21.12, 21.38, and 21.62 eV,

respectively. Arrows mark the appearance thresholds for the fea-

tures E, F, G (see text). Insets show the near-threshold parts of
excitation functions.

Sr*(4p°4d5s?) 3L + ey , (1)

Sr* (4p5n1l1n2l2n313) 3L + €sc (2)

l
Sr*(4p°4d5s?) 3L + hv

Sr— (4p5n1l1n2l2n3l3) el (3)

!
[ Sr*(4p°4d5s?) 3L + e .

Reaction (1) represents the direct spin-exchange exci-
tation of the 4p® subshell in strontium. As it follows
from the general considerations [19], this process has a
resonance character and should play an important role
at low and intermediate impact energies. Reaction (2)
describes the cascade population of the 4p°4d5s? states
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Fig. 3. The energy level diagram for strontium atom. Only the levels
participating in processes (1)—(3) are shown.

due to the radiative transitions from the high-lying au-
toionising states (see Fig. 3). Note that such transitions
may posses a remarkable efficiency in strontium due to
the presence of strong level mixing effects in 4p® exci-
tation [9, 10]. Finally, reaction (3) represents the res-
onance excitation of the (4p°4d5s?)3L states through
the creation and subsequent electron decay of short-
lived states of the Sr™ ion. The presence of strong
near-threshold resonances in all the measured excita-
tion functions undoubtedly points out an important role
of reaction (3) at low impact energies. Below, by using
all available experimental and theoretical data on exci-
tation of the 4p°® subshell in strontium, we will attempt
to evaluate the contribution of each process to electron
impact excitation of the 4p>4d5s? states.

Direct electron impact excitation. The single-electron
character of the transition and the lowest excitation
thresholds both provide high direct excitation efficiency
for the 4p°4d5s® configuration. Indeed, most of the
strong lines observed in ejected electron [4-6] and in
photoabsorption spectra [9] represent the excitation just
of this configuration. As it follows from the present data
(see Fig. 3), a relatively low energy of the main exci-
tation maxima and a fast decrease of the cross-section
above 40 eV both confirm the spin-exchange charac-
ter of direct excitation of the 3P172 states. A broadened
shape of the main maximum and a slower decrease of
the cross-section observed for the *F, state may indi-
cate an influence of singlet states from 4p°5s4d? and
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4p°5526s neighbouring configurations due to the con-
figuration mixing effect [10].

Cascade processes. The thresholds for the features
E, F, G to appear are 23.1, 23.4, and 23.6 eV, re-
spectively (see arrows in Fig. 2). These values dif-
fer from the energy positions of corresponding max-
ima by 1-2 eV. As the energy resolution of the present
measurements has been <0.2 eV, one may conclude
that the features E, F, G possess a compound charac-
ter and their origin represents some superposition of
processes (2) and (3). The cascade population of the
(4p°4d5s°) 3L levels in strontium (process (2)) can be
caused by the radiative transitions from the high-lying
even configurations. As it follows from the present cal-
culations (see Table 2), such nearest configuration is
4p®5525p. Comparison of the position of this config-
uration relative to features E, F, G (see energy level
diagram in Fig. 3) shows that the apparent thresholds
of features fit well the location of the 3S;, Dy, 3Ps,
1p,, and 3Py lowest levels, whereas their maxima are
located in the region of the 3Dy, 3Py, and 3Sg upper
levels. All the above states possess two decay modes:
non-radiative (autoionisation) and radiative. The first
one results in ejected electron lines at energies between
17.5 and 20.0 eV. As it follows from the analysis of
ejected electron spectra measured at low impact ener-
gies [3, 8], these lines possess relatively low intensities,
reflecting by that the low autoionisation probabilities
for the corresponding levels. Second decay mode has,
in turn, two competitive channels: into the 4p°4d5s?
nearest autoionising levels and into the 4p%n;linsls
atomic states. As to the latter process, former data by
Aleksakhin et al. [7] revealed only two weak lines at
58.4 and 62.4 nm, which were classified as an assumed
radiative decay of an unidentified state at 23.45 eV into
the (4p%5s4d) ®D3 and (4p®5s65) 23S, atomic states, re-
spectively. From the present calculations it follows that
among all radiative transitions 4p°5s25p — 4p°4d5s>
those into the (4p54d552) 3P1,2, 3F, levels are the most
probable ones (see Table 2). Therefore, one may con-
clude that features E, F, G reflect indeed a summed ra-
diative cascade contribution from the 4p>5s25p levels.
Moreover, an abrupt rise of the cross-section above the
thresholds of features E, F, G and an evident resonance
shape of features £ and F all point out an important role
of negative-ion resonances (reaction (3)) in excitation
of the cascading levels. Note that such ‘resonance’ cas-
cades were earlier observed in electron impact excita-
tion of low-lying autoionising states in lithium [14] and
potassium [17] atoms.

Resonance excitation. Within the bounds of Schulz’s

classification scheme for negative-ion resonances [20],
features a—d may reflect the electron decay either of
shape- or Feshbach-type resonances built on the
4p>4d5s?and 4p®5s4d? ‘parent’ autoionising configu-
rations (see Table 1). As mentioned above, neither the-
oretical nor experimental data are known on 4p5-core
excited negative-ion resonances in strontium atoms. In
order to establish, at least tentatively, the spectroscopic
classification of observed structure, we have applied the
known method of comparison of isoelectronic configu-
rations [6]. If the 4p®4d5s? configuration is considered
as a ‘parent’ one for the (4p°4d5s?)el states of Sr*~
ion (Z = 38) (see reaction (3)), then the nearest iso-
electronic configurations could be the 4p°4d5s®nl-core
excited configurations of neutral yttrium (Z = 39) [21].
In accordance with the calculations [22], the 4p®5s24d?
configuration is the lowest in yttrium atom and pos-
sesses the highest excitation efficiency. Therefore, one
may suppose that the same configuration will be the
lowest one also in strontium negative ion. In this case,
fast electron decay of states from this configuration will
result in appearance of the structure a—d in excitation
functions of the (4p54d532) 3P1,2 and 3F, states (see
Figs. 2, 3). The presence of features a, b simultaneously
in excitation functions of the 3P; and ®P levels shows
that the corresponding negative ion states possess two-
channel decay mode. Finally, comparing the excitation
efficiency of processes (1) and (3) (see Fig. 2) it is seen
that the resonance excitation cross-section for the 3P1,2
states is approximately equal to that for the direct exci-
tation, but it is higher by approximately 1/3 in the case
of the ®F; state.

6. Conclusions

This work is the first study of excitation dynam-
ics of the 4p®-core excited autoionising states in stron-
tium atoms performed with high energy resolution over
a wide electron impact energy range from the low-
est excitation threshold up to 200 eV. By using the
results of single-configuration Hartree—Fock calcula-
tions, the spectroscopic classification of six lowest au-
toionising states was established. The performed anal-
ysis of ejected electron excitation functions for the
(4p54d5 s2) 3P1,2, 3F, states has showed that along with
spin-exchange direct excitation, two other processes de-
termine the electron impact excitation of these states,
namely, the electron decay of the 4p°5524d? states of
strontium negative ion, and the radiative cascade tran-
sitions from the 4p>5s25p autoionising states. For the
3P172 states the resonance excitation cross-section is ap-
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proximately equal to that for the direct excitation, but it
is higher by approximately 1/3 in the case of the *Fy4
state. The cascade contribution is considerable for all
states studied. Its resonance character reveals an im-
portant role of negative ions also in the excitation of
the 4p®5s25p cascading levels.
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AUTOJONIZACINES STRONCIO ATOMO BUSENOS SU VAKANSIJA 4p ELEKTRONUY
SLUOKSNYJE: JU KLASIFIKAVIMAS IR SUZADINIMO DINAMIKA
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Santrauka

ISmatuotas i$ stroncio atomy i§lékusiy elektrony spektras, atitin-
kantis Suolius i§ Zemiausiy 4p5nll 1n2longls biuseny, kai Zadinan-
¢io elektrono energija buvo kei¢iama nuo suZadinimo slenkscio iki
200 eV. Panaudojant vienkonfigtiracinio Hatrio ir Foko artinio skai-
¢iavimo duomenis, identifikuotosios Sesios i§lékusiy elektrony lini-
jos, kuriy energijos yra ar¢iausiai suzadinimo slenkscio, priskirtos
4p®4d5s? 3Py, 1 2 ir 3Fa 3 4 autojonizacinéms biisenoms. 4p°4d5s?
3P1,2 ir 3Fy buseny suzadinimo funkcijos iSmatuotos, keiciant Za-

dinancio elektrono energija kas 0,15 eV. Visose Siose suZadinimo
funkcijose prie suZadinimo slenkscio pirma karta pastebéti didelio
intensyvumo rezonansai. Ju atsiradimas aiskinamas stroncio atomo
neigiamo jono 4p°5s25p? konfigiiracijos trumpaamziy biiseny au-
tojonizacija. Panaudojant apskaiciuotas Hartrio ir Foko artinyje ra-
diaciniy $uoliy i§ 4p°5s25p konfigaracijos lygmeny tikimybes ir
energijas, {vertintas kaskady i§ 4p°5s25p konfigiiracijos biiseny in-
deélis, apgyvendinant 4p°4dSs® 3Py, 1 2 ir ®Fa 3, 4 lygmenis.



