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The L , ,  emission and absorption (or photoelectric quantum yield) spectra of K+ in KF, KCl, KBr and KI, of 
Ca2+ in CaF, and CaCl,, and of Sc3+ in %O, are measured (in part by using synchrotron radiation). It is 
shown that the onset regions of the absorption spectra are characterized by intense bands which have resonant 
partners in the corresponding emission spectra; these bands are associated with the 2p-3d transitions in the 
free ions K', Ca2+, and Sc3+. Comparison of the L,, spectra of the isoelectronic sequence of argon-lie ions 
(from C1 to Sc3+) shows that 3d electron collapse in the 2p53d conftguration occurs in this sequence in the 
transitions Ac-K+-4a2+. 

PAC3 numbers: 78.55.Fv, 72.40. + w 

1. INTRODUCTION tron emission) spectra u(hv), using the bremsstrahlung 

The nonmonotonic change in the energy and spatial 
characteristics of electrons with large orbital angular- 
momentum quantum numbers (1 2 2) a s  the atomic num- 
ber of effective charge increases is one of the most in 
teresting patterns associated with the build-up of atomic 
electron shells. The possibility of an abrupt contrac- 
tion of the radial wave function, accompanied by a sharp 
increase in binding energy-the so-called electron (or 
orbital) collapse-is explainedby the characteristics of 
the effective potential for such electrons. 

The collapse of an excited nl electron is apparent 
in two aspects in spectroscopic measurements. Firstly 
due to the increase in binding energy, the terms of the 
configuration with the collapsing electron sharply drop 
along the energy scale, crossing levels of other con- 
figurations. Secondly, due to contraction of the collap- 
sing orbital, i t s  overlap with subvalence orbitals lo- 
cated near the nucleus is increased; therefore the oscil- 
lator strengths of the corresponding transitions in- 
crease greatly. 

The latter circumstance was used in the preceding 
work4 to experimentally establish 4 f-electron collapse. 
In this work we use i t  to study 3d-electron collapse (in 
the 2p53d configuration in the isoelectronic sequence of 
argon-like ions), which according to theoretical esti- 
mates3s5 has a number of peculiarities. We have pro- 
ceeded from the premise established in recent years 
that the basic characteristics of the absorption spectra 
associated with transitions from subvalence shells of 
atoms or  ions (especially positive ions) a r e  preserved 
when they are  introduced into and we have 
investigated the L2,,(2p) absorption and emission spec- 
t r a  of K', C!a2+, and scS+ in a number of compounds. 

2. EXPERIMENTAL PART 

The spectra were measured using an RSM-500 x-ray 
spectrometer-monochromator. Synchrotron radiation 
from the VEPP-2M storage ring. Institute of Nuclear 
Physics, Siberian Branch of the USSR Academy of Sci- 
ences, was used for measurement of the p(hv) absorp- 
tion spectra. In some cases instead of the p(hv) spec- 
tra we measured the photoelectric quantum-yield (elec- 

of the tungsten target cathode. The validity of such a 
substitution in study of the structure of the p(hv) spec- 
trum is well known and widely used when direct mea- 
surement of p(hv) is impossible o r  inexpedient. The 
x(hv) spectra were measured relative to CsI, which does 
not have any appreciable structure in the region under 
study. lo Instrument resolution for  the p(hv) and x(hv) 
spectra was 0.3-0.6 eV. 

In the case of the KC1 absorption spectrum, i t  proved 
to be necessary to correct for scattered radiation; tak- 
ing this into account (by measuring the transmission of 
KC1 plates of different thicknesses withvarious detectors) 
we could refine the values of p in the region of the prin- 
cipal maxima. 

In the measurement of the emission spectra Z(hv), 
the samples were attached in the form of thin sheets to 
copper plates serving as  the target cathode of the x-ray 
tube, and were covered with thin aluminum sheets 
which provided for some deceleration of the exciting 
electrons (in order to reduce reabsorption) and for 
protection from radiolysis in the more powerful operat- 
ing regimes of the tube. The resolution was on the 
order of 1 eV. 

On Fig. 1, we present L,,, absorption and emission 
spectra of K+ in KC1, of Ca" in CaF,, and of Sc3+ in 
Sc,O, [in the latter case, the x(hv) spectrum is given 
instead of the p(hv) spectrum]. All the absorption 
spectra s tar t  with several intense and narrow (intrin- 
sic half-width about 0.2-0.3 eV) maxima, followed by 
a less intense structure. In the low-energy regions of 
the emission spectra, there a re  broad maxima associ- 
ated with transitions from the valence band of the cor- 
responding crystals, and in the high-energy region 
there a re  bands which a r e  resonant with the primary 
absorption bands. 

On Fig. 2 we present the x(hv)spectra of potassium 
halides in the L,,, absorption region of K'. It i s  evi- 
dent that in the case of KCl, the ~ ( h v )  spectrum dupli- 
cates the shape of the p(hv) spectrum in Fig. 1 quite 
well (taking into account the slightly lower resolution), 
and that the basic details of the onset region of the 
spectra a r e  not very sensitive to the particular com- 
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FIG. 1. L2, emission spectra (dashed lines) and absorption 
spectra (solid lines) of potassium in KC1,  calcium in CaF2 ,  
and scandium in Sc203 (in the latter case, the x(hv) spectrum 
is given instead of the k (hv) spectrum- see text). 

pound. Still greater similarity is observed for the ab- 
sorption spectra of CaF, and CaCl,. 

The general features of our spectra agree with x(hv) 
spectra of KC1 and CaF, given in papers by other au- 
t h o r ~ ' ~ . ' ~ ;  but due to the substantially higher resolution 
(achieved primarily a s  a result of the use of synchro- 
tron radiation), our spectra contain significantly more 
detail. The L,,, emission spectrum of Ca2+ in CaF, 
given by Nemoshkalenko et a1. l2 does not have bands 
which a r e  resonant with the absorption bands-appa- 
rently due to an insufficient decrease of the self-ab- 
sorption effects. 

3. DISCUSSION OF RESULTS 

The high intensity of the structure in the onset re-  
gion of the ~ ( h v )  and ~ ( h v )  spectra presented in Figs. 

X ,  relative units 

FIG. 2. Photoemission quantum yield x(hv) spectra of potas- 
sium halides in the &,redge region of potassium. 

TABLE I. Ionization energies of the L2 ,3  shell. 2p-3d, 4s 
transition energies in free argon-like ions and energies of 
the corresponding maxima in the Lz,, absorption spectra 
of ionic crystals. - 

I I I I I I 

1 and 2, both in absolute units and relative to the struc- 
ture in the higher energy region, does not leave any 
doubt that the intensity i s  due to dipole-allowed transi- 
tions-i.e., @-d and @-s transitions. In order to 
further interpret this structure, i t  is f i rs t  of al l  neces- 
sary  to establish if the wave function of the final state 
is primarily determined by the potential of the absorb- 
ing ion (in which the initial state i s  localized) o r  by the 
solid-state potential created by the environment. 

Ar 
Experiment (Ref. 16) 

K+ 
KC1 
Ca2+ 
CaFa 
Sca+ 
SCZOJ 

I t  was shown above that experimental and theoretical 
information accumulated in recent years leads to the 
conclusion that both the ground and excited states of the 
cations in ionic crystals a r e  determined primarily by 
the internal potential, and the so-called "solid-state 
effects" must be taken into account only in successive 
approximations. 6 p 8  

Our work confirms the correctness of this point of 
view. In Table I we give a comparison of the energies 
of the two most intense maxima of the L,,, absorption 
spectra of K' in  KC1, Ca2+ in CaF,, Sc3+ in Sc20, and Ar 
with the energies of the 2p-3d and @-4s transitions in 
the f ree  K: Ca2+, and Sc3+ ions and in the Ar atom, 
obtained according to the so-called "Z + 1 schemew 
(equivalent-cores approximation) a s  the difference 
between the ionization energy of the L,,, shell of the 
free ion (or  atom) with the given Z [E(L,,,)] and the 
binding energies of the 3d and 4s levels of the Z + 1 
ion [ ~ ( 3 d ,  4s)l. We may estimate E(L,,,), using data 
on energies of atomic levels13 and ionization potentials 
(Ref. 14, p. 20); E(3d, 4s) a re  tabulated. l5 For  Ar we 
also present results of direct experimental determi- 
nationl%f E(L,,,), E(@-34, and E(2p-4s). It is evi- 
dent from Table I that the energy estimates found for 
transitions in free ions (accurate to within 1-3 eV) 
coincide with the energies of the most intense maxima 
of the corresponding solid-state absorption spectra. 
Consequently, the energetics of the transitions under 
consideration in ionic crystals a r e  determined pri- 
marily by the energetics of the corresponding transi- 
tions in free ions. We also note that the principal 
maxima of the K+and ca2+ absorption spectra presented 
here agree within 0.5 eV with the principal maxima of 
the L,,, absorption spectra of potassium and calcium 
vapors, a s  measured in Ref. 17. 

248.6 
248.6 
307.6 

372.2 

If the final d and s states of the transitions under 
consideration were to be transformed into conduction- 
band states of the corresponding crystals, i t  would be 
extremely difficult to explain the similarity of the KC1 
spectrum to the KF, KBr, and KI spectra (Fig. 2) and 
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FIG. 3. Photoabsorption cross sections of the argon-like 
ions Clr, Ar, Kf , and ca2+ in the Lz, hedge region. 

i ts  sharp difference from the L,,, spectrum1* of C1- in 
KC1 (Fig. 3) and the M,,, ~ p e c t r u m ' ~  of K+ in KC1. 

Thus, the onset structure of L,,, absorption spectra 
of Kf, Ca2+, and Sc3+ in ionic crystals is  determined 
primarily by the 2p-3d and 29-4s transitions in the cor- 
responding free ions. From Table I it follows that a 
fundamental role is played there by the 2p -3dtransitions. 
The 2p-4s transitions may play some role in the K+ 
case; their intensity is low, however, indicated by the 
Ca2+ and ScS+ spectra (in which the energies of the 
2p53d and 2p54s configurations differ appreciably). 
Furthermore, in the hydrogen model of the atom, 
the oscillator strength of thep-d transitions exceeds 
the oscillator strength of thep-s  transitions by an or- 
der of magnitude. 20 

A more detailed interpretation of the spectra pre- 
sented is not essential from the point of view of this 
work. In order to carry out such an interpretation, 
detailed calculations a r e  necessary, with account taken 
of several types of interactions having similar orders 
of magnitude (spin-orbit splitting of the 2p shell), 
splitting of 3d levels in the crystal field, electron-hole 
interaction, mixing of 2p53d and 2p54s configurations). 

Let us proceed onward to a discussion of spatial 
localization of 3d orbitals in the 2p53d configuration in 
the ions under consideration. Firs t  of all, we note 
that for Sc, even in the ground state, the orbital is 
localized within the inner electron shell region (Ref. 
14, p. 28)-i.e., it is collapsed. The high intensity 
of the 2p-3d transitions and the presence of resonant 
bands on the ~ ( h v )  and I(hv) spectra observed in our 
work correspond to this. An analogous situation in the 
p(hv) and I (hv) spectra of Kf and Ca2+ ions is evidence 
that 3d-orbital collapse has already occurred in these 
ions. 

In order to study the dynamics of 3d-electron collapse 
in the isoelectonic sequence of argon-like ions, we pre- 

sent together in Fig. 3 the L,,, absorption spectra of 
C1- (in KC1-Ref. 18), Ar(Ref. 16), K+, and Ca2+, given 
a s  plots of the photoabsorption cross section a vs. pho- 
ton energy. The dashed line indicates the ionization 
energy E(L,) of the L, subshell of the corresponding 
free ions (see Table I). Of course, E(L,) is not the 
energy separation between the L, subshell and the bot- 
tom of the conduction band in the crystal. I t  is given 
to demonstrate the change in binding energy of 3d states 
in the ions. The fact that the f i rs t  maxima of the L,,, 
spectrum of C1- in KC1, having an exciton character, 
a re  located above E(L,) shows that the free-ion approxi- 
mation is not applicable to the interpretation of spectra 
of anions in ionic crystals. Nevertheless, the envelope 
of the L,,, absorption spectrum is similar for all  
chlorides2' and reflects to some degree the properties 
of the o(hv) function for the free C1- ion. 

From Fig. 3 i t  is evident that the spectra for C1- and 
Ar a r e  radically different from the spectra for K'and 
Ca2+. These measurements are  interpreted well from 
the point of view of 3d-orbital collapse in the ions of the 
sequence under consideration. Since these orbitals a r e  
located far  from the nucleus (in the case of C1- and Ar), 
the maximum of the photoabsorption cross section is 
attained in the continuum region of the spectrum. As Z 
increases, the oscillator strength is shifted closer to 
the absorption threshold and increases in absolute mag- 
nitude. On going to K+ , the role of the 2p -3d transitions 
sharply increases; they completely dominate in the spec- 
trum. In the case of Ca2+, the pattern is primarily the 
same, but the intensity of the principal maxima in- 
creases even more. The intensity of the resonant 
emission bands increases in the same direction (Fig. 
1). All of the data presented show that the sharp con- 
traction of the 3d orbitals begins on going from Ar  to Kf 
and is  continued on going from Kf to Ca2+. 

Thus, the data presented show that, in the isoelec- 
tronic sequence of argon like ions, 3d-orbital collapse 
in the 2p53d configuration occurs in the Ar - K' - Ca2+ 
sequence. It  occurs somewhat more slowly than the 
4 f-orbital collapse in the sequence of xenon-like ions, 
a s  was predicted by theory. '15 

Application of the above discussion to experimental 
data of Barinskii and K ~ l i k o v a ~ ~  leads to the conclusion 
that 4d-orbital collapse in the 2p54d configuration oc- 
curs in the isoelectronic Kr - Rbf - sr2+ sequence of 
krypton-like ions. 

According to the solid-state classification of elec- 
tronic excitations, the intense maxima at the thresh- 
old of all  the spectra under consideration correspond 
to the so-called x-ray excitons. The energy separation 
between the L, subshell of the cation and the bottom of 
the conduction band, estimated on the basis of data 
from x-ray photoelectron and optical spectroscopy, is 
about 299 eV and 352 eV respectively in potassium and 
calcium halides. The fact that such excitonic states 
differ little from the corresponding free-ion states is 
well understood on the basis of the picture presented 
above for 3d-orbital collapse. The radius of such an 
orbital (according to the maximum of the charge den- 
sity distribution) for Z = 20 is about 0.6 A-i.e., about 
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equal to the radius of the inner 3P shell of the ion in the 
ground state (Ref. 14, p. 31) .  The @-3d transition 
occurs practically within the cation (the ionic radii of 
K', Ca2: and ScS+ a r e  respectively 1 . 3 ,  1.0, and 0 . 8  11). 
Therefore for such transitions, the situation on the 
crystal is not much different from the situation in the 
free ion, and the effect of the environment may be 
considered a s  a perturbation (for example, within the 
framework of ligand field theory). This was confirmed 
for the 3p spectra of K'and the 4 p  spectra of Rb+ in 
alkali halide c ~ m p i u n d s . ~ ~ * ~ ~  The situation is different 
in the case of s-p andp-s transitions; i n ~ + , f o r  example 
the 1s-4p transition leads to almost a three-fold in- 
crease in the ionic radius, and the radius of the excited 
free ion already exceeds the radius of the cation sphere 
in the crystal. Solid-state effects a r e  already significant 
in the corresponding spectra. 
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A theoretical and experimental investigation was made of a Michelson interferometer with wavefront- 
reversing mirrors based on stimulated Brillouin scattering. It is shown that the period of the interference 
pattern obtained when the length of one of the interferometer arms is varied represents the frequency shift due 
to the stimulated scattering, the visibility curve tends to approach the limit 0.25 and represents a combination 
of the correlation functions for radiations with different path lengths corresponding to single and double 
transits across the difference between the interferometer arms. The interferometer can be used for any spatial 
structure of the exciting radiation and it is insensitive to the optical quality of its components. 

PACS numbers: 07.60.Ly, 42.78.Dg, 42.60.B~ 

1. INTRODUCTION with the complex conjugate of the incident-wave field: 

Reversal of laser radiation wavefront by nonlinear 
E,,,(rd - const E,:, (r,).  

optics methods is attracting considerable attention. The operation of complex conjugacy is equivalent to 
This is primarily due to the unique properties of the reversal  of the direction of time in the Maxwell equa- 
radiation reflected from wavefront-reversing mirrors ,  tions and the reflected wave traveling in the opposite 
whose field is  identical (apart from the phase factor) direction passes consecutively through all the states 
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