Thus, the results of our investigations show that the
quadratic dependence of W on E,, observed in Ref. 6
for XTR in tin granules, does not appear in the case of
alayered radiator made of the same material. It is
possible that this disparity is due to the different meth-
ods of generation and registration of the XTR.
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Collapse of 4f-electron in the configuration 3d°4f in

xenonlike ions
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The M, s(3d) absorption and emission spectra of the xenonlike ions I-, Cs*, Ba?*, and La’* were measured
in ionic compounds (spectral range 600-1100 eV). It is shown that the form of the spectrum characterizes
mainly the absorbing ion and depends little on its surrounding. The absorption spectra of Cs*, Ba’*, and
La’* contain an intensive doublet near the ionization threshold of the 3d shell, and their emission spectra
contain bands that are at resonance with the absorption bands. It is concluded that in the Ba>* and La** ions
the 4f orbit in the configuration 3d °4f is collapsed and that its collapse takes place on going from Xe to Cs*.
This conclusion is confirmed by a calculation of the energies and cross sections of the 3d'°—3d°4f

transitions in the Hartree-Fock-Pauli approximation.

PACS numbers: 33.20.Rm, 33.10.Cs, 33.70. — w

1. INTRODUCTION

The phenomenon of sudden compression of the radial
wave function of an excited electron in a number of neu-
tral atoms or in an isoelectronic sequence, which was
named electron collapse, was predicted by Fermi in
1928.! Only in the last decade, however, in connection
with the extensive studies of excited configurations of
atoms and ions, did it attract considerable attention
and made it possible to explain a number of interesting
effects in atomic spectra and in the physics of atomic
collisions >3

The effective potential in the centrosymmetric field
in the Hartree-Fock equation for the electron »n! con-
sists of two terms:
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Veer (nl|r) =V (nl|r)+1(1+1)/r,

where V(nl Ir) is the potential of the Coulomb field of the
nucleus and of the other electrons, while the second
term is centrifugal. In the interval »=1-5 a. u., V(nl|7)
varies approximately like 2, and in the case of an el-
ectron with /> 2 these two terms compete with each
other in a certain interval of ».> This leads to a specif-
ic form of the effective potential, with two minima sep-
arated by a positive potential barrier. The localization
of the electron in the field of this potential is highly
sensitive to a change in the charge of the nucleus or of
the states of the other electrons. Whereas in a certain
configuration of the atom Z the wave function of the ex-
cited electron is localized predominantly in the region
of the outer potential well, for the same configuration of
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the atom Z +1, or even for another multielectron state
of the atom Z,* it can be localized already in the region
of the internal well, and this leads to a radical change—
even by several orders of magnitude-in the values of
the different characteristics of the excited electron and
manifests itself in the spectra by a nonmonotonic change
of the type of coupling and of the energy positions of

the lines, as well as by a redistribution of the intensity
in the spectrum 3-°

The electron collapse is more clearly pronounced
the larger the orbital quantum number of the electron.
One can therefore expect a strong influence of the effect
of the collapse of an n’f electron in the configuration
nd®n’f on the structure of the corresponding absorption
and emission x-ray spectra. In a number of papers®*°
the collapse of the 4f electron in the configuration 4d°4f
(which occurs near Z =55) and its influence on the 4d
absorption spectra were considered. The intensity of
the spectrum should become redistributed among the
channels 4d = 4f and 4d— ¢f. In the indicated spectra,
however, owing to the strong multielectron effects, a
broad maximum predominates and masks the collapse
effect. An interesting result of the experimental inves-
tigations is the establishment of the fact that the form
of the 4d absorption spectra of elements that follow
xenon in the periodic table is mainly of atomic origin,
and the spectra of the vapors, metals, and solid-state
compounds are very similar.’

In the present paper we present the results of exper-
imental and theoretical investigations of the collapse of
the 4f electron in the configuration 3d °4f of the xenon-
like ions I",Cs*,Ba*,La*. Owing to the lesser role of
the multielectron effects in this configuration, com-
pared with the configuration 44°4f, one should expect
the possibility of a more unambiguous interpretation of
the spectra. As shown previously,® collapse in an iso-
electronic sequence should be more rapid than in a se-
quence of neutral atoms, and the fact that the ions with
different values of Z are isoelectronic allows us to
attribute the nonmonotonic variation of the spectra in
the indicated sequence exclusively to the effect of the
collapse.

We begin the article with a report of the results of
experimental investigation of the 3d absorption and
emission spectra of the ions I, Cs*, Ba* and La* in
ionic compounds, followed by an analysis of the transi-
tions 3d'° — 3d°4f in the Hartree- Fock-Pauli (HFP) ap-
proximation and calculation of the cross section for the
photoionization of the 3d shell. In the last section we
discuss the results and conclude that collapse of the 4f
electron in the configuration 3d°4f takes place, at least
partially, in the transition from Xe to Cs".

2. 3d ABSORPTION AND EMISSION SPECTRA OF |-,
Cs*, Ba2* AND La**

We have measured the absorption spectra of alkali
iodides and of the halides of cesium, barium, and lan-
thanum in the spectral region from 600 to 1100 eV. The
measurements were performed with an RSM-500 x-ray
monochromator spectrometer, with a glass diffraction
grating (600 lines/mm, curvature radius 6 m). An x-
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FIG. 1. M, 5 absorption spectra of I~ in alkali iodides.

ray tube with a tungsten anode operated at 5 kV and 90
mA., The higher orders of the bremsstrahlung were
suppressed by a focusing mirror. The x-rays were re-
gistered with anargon-methane flow-through propor-
tional counter having a nitrocellulose window. Thin
films of the investigated substances, whose thickness
was measured with the aid of a quartz oscillator accur-
ate to ~20%, were evaporated on the nitrocellulose
films in vacuum in the measuring chamber of the spec-
trometer. The width of the spectrometer slits was 15
pm, thus ensuring monochromatic radiation in the em-
ployed spectral range with intensity ~1000 quanta/sec
and a spectral gap width ~2 eV.

The absorption sectra in the region of the M, 4(3d)
edges of iodine, cesium, and barium are shown in Figs.
1, 2, and 3. In all cases there is a well pronounced al-
beit not very rich near-edge structure. The general
form of the spectra is practically independent of the
second component of the compound, and the chemical

upplcmt \8
A

CsCL

CsT CsBr

CsT

1

1 ! 1 ;
700 7 780 E,eV

FIG. 2. M, absorption spectra of Cs* in cesium halides.
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FIG. 3. M4;5 absorption spectra of Ba?* in barium halides.

shifts do not exceed 1.5 eV. This demonstrates con-
vincingly that the main structural singularities of the
spectra are of quasi-atomic character. They charac-
terize the corresponding ion, which is possibly slightly
perturbed by the crystal field. Therefore in first-order
approximation we can use the presented spectra to dis-
cuss the optical transitions of the 3d electrons in the
corresponding isolated ions.

For a detailed interpretation, the spectra of the isoel-
ectronic ions I", Xe, Cs*, Ba® and La** are gathered
together in Fig. 4. The Xe spectrum was borrowed
from Ref. 9. The photoabsorption cross sections are
marked on the ordinate scale in the same scale for all
ions. The spectra have the same energy scale, the or-
igin of which coincides with the binding energy of the
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FIG. 4. Partial photoabsorption cross sections of the 3d shell
of xenon-like ions. The spectra coincide in position at the ion-
ization energies of the 3ds,, shells of the corresponding ions
(see the text), namely 620, 676, 735, 802, and 871 eV for I -,
Xe, Cs*, Ba’+ , and La”, respectively. The theoretical val-
ues (see the table) of the intensities (decreased by a factor 1.3)
and of the energies of the 3d'°~34d%f lines are marked by
vertical lines, while the theoretical ionization energies are
marked by arrows.
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3d; , electrons in the corresponding free ions (the nu-
merical values of these energies will be estimated in
the next section).

In their general appearance, the considered spectra
are clearly divided into two groups. In the case of I
and Xe, the broad smooth maxima are located beyond
the ionization threshold, and with further distance from
the threshold the absorption decreases, but still re-
mains appreciable. For Cs', Ba*, and La*, two in-
tense relatively narrow maxima below the ionization
threshold predominate in the spectrum, and the absorp-
tion in the region of the continuous spectrum is much
weaker than in the cases of I" and Xe.

Proceeding to an interpretation of these regularities,
we note first that the doublet structure separated in all
the spectra is due to the spin-orbit splitting of the 3d
shell. This is evidenced by the proximity of the energy
intervals between the components of the doublets and
the energies of the spin-orbit splitting of the 3d shells
obtained by photoelectron spectroscopy (see, e. g.,
Ref. 10).

There are good theoretical grounds for assuming that
the absorption spectrum of Xe is determined entirely
by transitions of 3d electrons into a continuum of f
states, i. e., by 3d—f, transitions and that their transi-
tions to the p state have small oscillator strengths.!:1?
Since the f states are retained by the intra-atomic po-
tential barrier in the region of the outer potential well,
the transitions 3d - ¢f become effective only at energies
sufficient for the f wave to penetrate into the inner well,
and this leads to a quasiresonant concentration of the
oscillator strengths of the transitions in the region
above the ionization threshold.

Since Z, and hence also |V(r)|, is smaller in the case
of I' than in the case of Xe, this interpretation can also
be used with assurance for the corresponding spectra
of the rare-earth atoms (see, e. g., Ref. 13). Inasmuch
as in the latter case the oscillator strength stems pri-
marily from 3d -~ 4f transitions and the 3d - ¢f channel
is already much less effective,' it must be concluded
that the clearly pronounced doublets in the initial re-
gions of the spectra of Cs', Ba*, and La* are due to
3d - 4f transitions.

Thus, a qualitative analysis of the spectra presented
in Fig. 4 leads to the conclusion that a collapse of the
4f orbital in the configuration 3d°4f takes place on going
from Xe to Cs* and Ba?*.

Figure 5 shows the emission M, ; spectra of Cs' (in
CsCl), Ba* (in BaF,), and La* (in LaF;). They were
measured, as usual, by rubbing in the objects into the
surface of the anode (Cu or Al) of the x-ray tube of the
spectrometer. To display the effects of self-absorption
of the radiation in the objects, the spectra were mea-
sured in several regimes. Figure 5 shows the spectra
measured in two regimes, of which the “weak’” and the
“strong” ensure respectively maximum and minimum
self-absorption. The low-energy part of the spectra
contains the so called diagram lines corresponding to
the transitions 3d°5p° -~ 3d'°5p°. The high-energy part
of the spectra is at resonance with the absorption spec-
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FIG. 5. M, 5 emission spectrum of the ions Cs*, Baz’, and
La®* in ionic compounds under strong (3 kV, 20 mA) (2) and
weak (1 kV, 10 mA) (1) excitation regimes; 3—absorption
spectra. The ordinate scale is linear in relative units.

tra and is strongly deformed by self-absorption effects.
This part of the spectrum is due to radiative decay of
the bound excited states. In the case of La* and Ba?
they coincide quite accurately with the corresponding
absorption bands, and their intensity exceeds that of
the diagram lines. This makes it undoubtedly possible
to attribute them to the transitions 3d°4f —~ 3d'° and thus
confirm the conclusion drawn above that in La* and
Ba? the orbital 4f in the configuration 3d°4f is localized
in the region of the inner potential well.

In the case of Cs*, the high-energy part of the emis-
sion spectrum is a broad structureless band that ex-
tends over dozens of electron volts in the absorption
region in the 3d shells. Similar bands were observed
by us in the N, ; spectra of emission of lanthanides.'
We interpret this band as being due to radiative decay
of the 3d°4f configuration of the Cs* ions. It is consid-
erably broadened because of the large probability of
nonradiative decay of this canfiguration.

3. INFLUENCE OF COLLAPSE OF 4f ELECTRON ON
THE TRANSITIONS 34'° - 34%4f :

We shall consider theoretically the transitions 3d*°
- 3d°4f in the Hartree- Fock-Pauli (HFP) approximation
(the relativistic effects are taken into account in first
order of perturbation theory with Hartree-Fock wave
functions starting with Breit operators in the Pauli
form). The effectiveness of this approximation in the
calculation of the energy characteristics of the inner
electrons was demonstrated in Ref. 16. The solution of
the Hartree-Fock equations makes it possibleto deter-
mine sufficiently accurately the values of Z at which
collapse of the excited electron takes place (see Table
I of Ref. 17). The radial wave functions were defined
as the solutions of the Hartree-Fock equation for the
average configuration energy (HF-ac), andalso as so-
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FIG. 6. Variation of the average distance of the collapsing 4f
electrons from the nucleus in the isoelectronic Xe sequence in
the configuration 3d%4f (1) and 4d°4f (2), determined by the
solutions of the Hartree-Fock equations for the 'P term (a) and
for the average energy (b).

lutions for individual terms (HF-t). In the lattercase,
however, the terms corresponding to the LS-type coup-
ling (in the Hartree-Fock potential only the terms of
the electrostatic interaction are taken into account),
which is not at all similar to the real type of coupling,
close to the jj coupling, in the 3d°4f configuration.

The results of the calculations are shown in Fig. 6
and in the table. The average distance of the 4f electron
from the nucleus changes upon collapse of the orbit by
approximately one order of magnitude. Its values,
determined by the functions HF-av and HF-t (the*P and
3D terms) arevery close and therefore the latter are
not cited separately. For Xe (non-collapsed 4f electron)
and Ba?* and La* (collapsed 4f electron) the results of
the solution of the HF-av and HF-'P equations are prac-
tically identical. A substantial dependence on the term
is observed only for Cs*: according to the solutions of
the equations HF-av, the collapse of the 4f electron has
already taken place, while according to the HF-'P solu-
tions it has not yet (occurred.

TABLE I.
1(3dsy), eV E, eV
Terms | (LSI'P) My ol
HF HFP | estimate HFP  jexperiment

p 0.72 676.3 - 2.7-10-3
Xe 687.6 677.4 676.4 sp 0.28 676.3 - 4.4-10-¢

sp | 063 | 6887 - | 2110

3P |-0.06 7348 - 2.3-10-2
Cs* 749.8 738.6 7370 30 |-0.65 738.0 735.5 2.67

P 0.76 751.4 750.0 3N

3P |-048 734.6 - 2.4-10—¢
Cs** ip 0.63 735.3 - 3.6-10-4

D 0.62 7483 - 3.5-10-%

P |-0.06 784.0 - 3.3-10-2
Ba®t 8158 | 803.8 802.0 3y 059 | 7886 785.0 321

‘P 081 803.7 80L.5 6.17

3P |-0.05 833.2 - 2.7-10-2
La’+ 885.2 872.5 3D 0.56 838.8 835.0 3.45

‘P 0.82 855.6 852.5 7.55
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A comparison of the average distance 7,, for the con-
figuration 3d°4f with the corresponding results* for
4d°4f shows (Fig. 6) that collapse in the isoelectronic
sequence of 3d°4f proceeds more rapidly with changing
Z, and complete collapse, both in the HF-av and HF-t
approximations, is completed one term of the series
sooner. In the case of a collapsed electron, the local-
ization of the electron is highly sensitive to the change
of the potential, and therefore for the transition cases
(Cs* - 3d°4f and Cs',Ba® — 4d°4f) refinement of the cal-
culation (allowance for the wave functions of the spin-
orbit interaction, and for the correlation and relativis-
tic effects in the calculation) can change the results
somewhat.

Localization of the radial wave function influences
strongly the integrals of the electrostatic interaction
between the 3d° and 4f shells, the spin-orbit interaction
constant 7n,,, and the integral of the dipole transition
(3d|7|4f). They are changed by 3-5 orders of magni-
tude by the collapse. At the same time, the spin-orbit
interaction constant n,, is practically independent of
the localization of 4f electron.

The wave functions in the intermediate type of coup-
ling were determined in the basis of the LS-coupling
functions and designated (LS| in accord with the leading
component in the expansion. The intensity of the dis-
crete transitions 3d'°!'S - 34°4f is then proportional to
the square of the coefficient of expansion of the function
(T3] for the component (P |-(LS ['P)2. For the Cs* ion,
a calculation of the intensity was carried out both with
the wave function HF-'P and with the function HF-av.
In the remaining cases, the function HF-av was used.

The binding energies 1(3d; ,,) of the 3d;,, electrons in
the energies of the dipole transitions 3d'° - 3d°4f were
determined as the differences between the correspond-
ing total energies

E(LS)=E(3d*4fL8)—E (3d"),
1(3ds,,)=E (3ds,,) —E (3d").

Experimental estimates of the binding energies were
obtained in the following manner. For the Xe atoms
their direct measurements by the photoelectric spec-
troscopy method.!° For the Cs* and Ba* ions we used
the quality

1(3d:,) =+E(M:0.:) +1(5p).

The energies of the M0, , lines were taken from the
M, ; emission spectra (Fig. 5), the ionization potential
I(5p) for Cs* was taken from Ref. 18, and for Ba? from
the tables of Ref. 19, The calculated energies of the
principal transitions 3d'° - 3d°4f agreed with the mea-
sured absorption peaks in Cs*, Ba* and La* accurate
to several electron volts. The deviation is determined
from the correlation effects and from the inadequacy of
the model of the free ion in the ionic crystals have the
same sign and approximately the same magnitude as
for the binding energy.

Upon collapse of the 4f electron, the intensities of
the ground 3d'° - 3d°4f lines change by six orders of
magnitude. For Xe (and all the more for I") these tran-
sitions take not part whatever in the formation of the
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absorption spectra. For Ba* and La*, the calculation
already predicts a dominant role of the discrete transi-
tions. For the Cs* ion, as expected, the results with
HF-av functions and with HF-"'P functions (Cs'* in the
table) differ greatly. In the former case the Cs* spec-
trum is similar to the spectra of Ba®* and La*, and in
the latter case to the Xe spectrum. Comparison with
experiment (the results of the calculation are represen-
ted by the vertical lines in Fig. 4) shows that more ad-
equate results are obtained with the first variant. This
is attested both by the energy postions of the M, ; peaks
and by the ratio of their intensities.

Thus, atomic calculation confirms the conclusion
drawn above that for Cs', Ba*, La® the and principal
absorption peaks are connected with the transitions 34"’
- 3d°4f. The experimentally observed redistribution of
the oscillator strengths among the continuous and dis-
crete spectra in the ioelectronic sequence I'-Xe-Cs'—
Ba*-La* is direct evidence of the collapse of the 4f
electron in the 3d°4f configuration in the middle of the
sequence.

4, CALCULATION OF THE 3d-SHELL
PHOTOIONIZATION CROSS SECTIONS

The collapse of the 4f electron should be accompanied
by a drastic change in the 3d-shell photoionization
cross section. As shown by Amus’ya and co-workers,®
for atoms of inert gases and of their neighboringele-
ments (i. e., for Z values near which collapse of the
excited electron as well as the associated change in the
free-electron function take place), it is important to
take into account multi-electron effects in the calcula-
tion of the photoionization cross sections. Therefore
the results presented below on the calculation of the
3d photoionization in the single-electron approximation
are more readily estimates.

The calculations were performed using the tabulated
single-electron orbitals of Herman and Skillman.?

The volume potential was reduced toa local form by div-
iding the exchange term of the Hartree-Fock equation by
the solution of the inhomogeneous equation. The free-
electron functions were calculated both in the frozen
field of the atomic core and with allowance for the re-
laxation of the core (this was approximately taken into
account by using for the outer electron shells the Her-
man-Skillman wave functions of the next atom in the
periodic system, while the orbitals of the considered
atoms were used for the 3d and deeper shell). As noted
in a number of papers (see Refs. 22, 20 and others),
allowance for the relaxation of the core in the single-
electron approximation at low energies of the photoelec-
tronusually gives a better approximation.

The results using the ionization energies of the pre-
ceding section are shown in Fig. 7. It is important
that the character of the photoionization spectrum in the
considered isoelectronic sequence changes qualitatively.
A quasiresonant structure exists for I", Xe, and Cs*
appearing for Cs' only when the relaxation of the core
is taken into account. For the succeeding elements it
vanishes—this can be attributed to the vanishing of the
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FIG. 7. Partial photoionization cross sections of the 3d shell
of xenon-like ions with (1) and without (2) allowance for the re-
laxation of the atomic core; 3—measured absorption spectra.

effective potential varrier for the ¢f states with in-
creasing degree of ionization.” The calculated quasi-
resonant structure in the 3d — ¢f spectrum of Cs* is si-
milar to the experimental spectrum (see Fig. 4), but it
is more probable that this a pseudoresonance due to the
inaccuracy of the model, just as in the case of calcula-
tion of the photoionization of the 4d shell in the single-
electron approximation.?® On the other hand, the re-
sults of the calculation with a nonrelaxed core can ex-
plain the additional maximum in the Cs* spectrum on
the high-energy side of the maximum B (another addi-
tional maximum may be masked by the maximum A).
This would be evidence of simultaneous manifestation
of both for absorption channels in the case of a collaps-
ing 4f electron,

5. CONCLUSIONS

The results presented above demonstrate convincingly
that the model of the isolated ion is suitable for the in-
terpretation of the main singularities of the 3d absorp-
tion and emission spectra of the xenon-like ions I", Cs",
Ba*, and La®*, which are contained in compounds with
high degree of ionicity. The influence of their sur-
rounding probably manifests itself to a greater degree
in the spectral region beyond the ionization threshold of
the 3d shell.

A comparison of the measured spectra with one an-
other and with results of the calculation shows also that
the 4f electron in the 3d°4f configuration is localized
in the outer well of the effective potential in the case of
the I" ions and Xe atoms, and in the inner well in the
case of the ions Ba®* and La*. This spatial redistribu-

479 Sov. Phys. JETP 51(3), March 1980

tion of the charge density of the electron leads to a sub-
stantial redistribution of the oscillator strength from
the continuous region of the 3d absorption spectrum into
the regionof discrete transitions.

The transition element from the point of view of the
collapse of the 4f orbital in the 3d°4f configuration is
cesium, whose 3d absorption spectrum and its inter-
pretation on the basis of a calculation in the HFP ap-
proximation support the conclusion that in the case of
Cs' the collapse has already taken place. An approxi-
mate single-electron calculation of the photoionization
cross section points to the possibility of the appearance
of transitions of a type 3d—~ ¢f in the 3d absorption spec-
trum of Cs*, but the similarity of this spectrum to the
corresponding spectra of Ba* and La* indicates that
the main structure in the Cs" spectrum is due to dis-
crete transitions 3d'° —~ 34°4f. The form of the 3d emis-
sion spectra of Cs* in cesium halides agrees with this
conclusion if it is assumed that the nonradiative decay
of the 3d°4f configuration has ahigh probability.
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