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PHOTOCONDUCTIVITY AND PHOTOLUMINESCENCE OF ZnSe:Cr CRYSTALS IN

THE VISIBLE SPECTRAL REGION

The photoconductivity and photoluminescence of ZnSe:Cr crystals in the visible spectra region are studied.
The scheme of optical transitions within Cr2+ impurity centers is established. It is shown that the high-
temperature impurity photoconductivity of ZnSe:Cr crystals is controlled by optical transitions of electrons
from the 5T2(D) ground state to the higher levels of excited states of Cr2+ ions, with subsequent thermal
activation of the electrons to the conduction band. Efficient excitation of intracenter luminescence of ZnSe:Cr
crystals is attained with light corresponding to the region of intrinsic absorption in Cr2+ ions.

INTRODUCTION

Zinc selenide single crystals doped with chro-
mium are promising materials for use as laser me-
dia. At present lasing in such crystals in the mid-
infrared (IR) region is being extensively studied.
On the basis of ZnSe:Cr crystals, lasers tunable in
the wavelength range from 1.9-3 um [1].

The transition elements, among them chro-
mium, are thought to form centers that suppress
luminescence in the visible spectral region. For
this reason, the number of studies concerned with
the effect of chromium ions on the optical prop-
erties of ZnSe in the visible region is rather lim-
ited. At the same time, the calculation of energy
states of chromium impurity centers in ZnSe [2,3]
suggests that radiative transitions with the photon
energy close to the band gap of the semiconduc-
tor can really occur. In this context, the study of
optical properties of ZnSe:Cr crystals in the vis-
ible spectral region presents a topical problem. In
previous studies of optical absorption in the range
1.7-2.6 eV [3], we detected absorption bands de-
fined by intracenter transitions in Cr** ions.

In this study, we analyze and identify the
structure of the photoconductivity and photolu-
minescence (PL) spectra of ZnSe:Cr crystals in
the visible spectral region. The photoconductivity
and PL bands associated with transitions within
chromium ions are observed.

The purpose of this study is to identify the
photoconductivity and PL spectra in ZnSe:Cr
crystals.

EXPERIMENTAL

The samples under study were fabricated by
diffusion doping of initially pure ZnSe crystals
with the Cr impurity. The undoped crystals were
obtained by the technique of free growth on sin-
gle crystal ZnSe substrate oriented in the (111)
plane. The advantage of diffusion doping is that it
is possible to vary the impurity concentration and
profile. The procedure of doping and the studies
of optical absorption in the crystals are described
in detail elsewhere [3,4]. The chromium content in
the crystals was determined from the change in the
band gap as a function of the dopant concentration.

The photoconductivity spectra were recorded
with the use of an MUM-2 monochromator. For
the source of excitation light, we used a halogen
lamp. The power of the light flux was kept constant
by controlling the filament current of the lamp. For
the photoconductivity measurements, ohmic indi-
um contacts were deposited onto the crystals.

The PL spectra were recorded with the use of
an ISP-51 prism spectrograph. The emission signal
was detected with an FEU-100 photomultiplier.

The PL signal was excited with light-emitting
diodes (LEDs), Edison Opto Corp., the emission
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peaks of which corresponded to the wavelengths
400, 460, and 500 nm, and with an ILGI-503
nitrogen pulse laser emitting at the wavelength
337 nm.

ANALYSIS OF PHOTOCONDUCTIVITY
SPECTRA

Figure 1 shows the photoconductivity spectra
of the ZnSe:Cr crystals with different Cr concen-
trations.

The photoconductivity spectrum of the un-
doped crystal is shown in Fig. 1 for comparison.
The undoped crystals exhibit a single photocon-
ductivity band with a peak at 2.65 eV at 300 K
(Fig. 1, curve 1). This band is due to interband
optical transitions. On doping of the crystals with
chromium, the band shifts to lower energies. As
the Cr concentration is increased, the shift in-
creases and corresponds to the change in the band
gap determined from the optical absorption spec-
tra in [3].
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Fig.1. Photoconductivity spectra of (1) ZnSe and
(2, 3) ZnSe:Cr crystals. The Cr dopant
concentrations are [Cr] = (2) 2:10"® and (3)
2:10" em™.

Doping with chromium brings about the ap-
pearance of series photoconductivity bands in
the range of photon energies from 1.7 to 2.6 eV

(Fig. 1, curves 2, 3). As the Cr concentration is
increased, the intensity of these bands increases.
We observe well-defined bands at 1.74, 1.85,
1.92, 1.97, 2.04, 2.07, 2.14, 2.22, 2.31, 2.42 and
2.50 eV. The band at 2.50 eV changes its position
as the Cr concentration is changed. The positions
of other bands do not vary with increasing degree
of doping.

At the temperature T = 77 K, only one inter-
band photoconductivity band is observed in all of
the crystals under study (Fig. 2, curve 1). As the
temperature is elevated from 77 to 350 K, the im-
purity photoconductivity makes a weightier con-
tribution to the spectrum (Fig. 2). We observed
a similar effect previously in studying the photo-
conductivity of ZnSe crystals doped with Fe [5].

As the temperature is elevated from 300 to 350
K the 2.50 eV photoconductivity band shifts to
lower photon energies by 20 meV. Such shift cor-
responds to the temperature change in the band
gap of ZnSe. Other impurity photoconductivity
bands do not change their position with tempera-
ture, suggesting that the corresponding transitions
are of intracenter character. In addition, the po-
sition of the above mentioned bands agrees well
with the position of optical absorption bands de-
tected for these crystals previously. In [3] these
absorption bands were attributed to intracenter
optical transitions that occur within the Cr** ions.
The above result suggests that these photocon-
ductivity bands are due to the same optical transi-
tions as those involved in optical absorption. The
energies and identification of optical transitions
are given in the table. The table summarizes the
data obtained in studies of optical absorption [3],
photoconductivity and luminescence.

The photoconductivity process in the crystals
under study occurs in the manner briefly described
below. The 2.50 eV photoconductivity band is as-
sociated with optical transitions from the °T,(D)
ground state of the Cr** ion into the conduction
band. Comparison of the photon energy corre-
sponding to the peak of this photoconductivity
band with the energy position of the intrinsic pho-
toconductivity peak for the crystals with the Cr
concentration [Cr] = 2:10"%c¢cm™ (2.60 eV) allows
us to believe that the level of the ground state of
the Cr** ion is 100 meV above the top of the va-
lence band.



Energies of optical transitions in ZnSe:Cr crystals

Line Absorption Photoconductivity, | Luminescence, | Stokes shift,
No E, eV[3] Transition E, eV E, eV E, meV
1 "To(D)—"Ti(F)+€ s 2.5
2 2.6 To(D)—" A(1) 2.58 20
3 2.49 ST,(D)—>T>(D) 2.46 30
4 241 STo(D)—"To(1) 2.42 2.38 30
5 2.31 Ty(D)—'4,(G) 231 2.30 20
6 2.22 Ty(D)—'E (I) 2.22 2.20 20
7 2.14 STy(D)—>T(F) 2.14 2.12 20
8 2.07,2.04 ’Ty(D)—’E(G) 2.07,2.04 2.02 20
9 1.97 STo(D)— A45(F) 1.97 1.95 20
10 1.92 STo(D)—"To(I) 1.92
11 1.85 Ty(D)—"T>(G) 1.85 1.81 40
12 1.74 Ty(D)— *E(H) 1.74 1.72 20
13 1.67 STo(D)— TH(F) 1.62 50
14 1.58 Ty(D)— T;(H) 1.54 40
15 1.19 STy(D)—T>(H) 1.16 30

The other photoconductivity bands are formed
in a two-stage process. Initially, the intracenter
optical transitions of electrons from the °T,(D)
ground state to the higher excited states of the Cr**
ions (table) occur; then thermally activated tran-
sitions of these electrons to the conduction band
are observed. As a result the local centers transit
to the Cr** charged state. Later the Cr** centers
trap electrons and the centers transit to their initial
Cr?* state.

It should be noted that the results of studies
of the thermoelectric power are indicative of the
electron photoconductivity of the ZnSe:Cr crys-
tals.

ANALYSIS OF LUMINESCENCE
PROPERTIES

The PL spectra were studied in the temperature
range from 77 to 300 K. The PL spectra of un-
doped crystals excited with nitrogen laser radia-
tion (A =337 nm) at T =77 K exhibit one emission
band with peak at 2.77 eV (Fig. 2, curve 1). In
our previous studies the 2.77 eV emission band
was attributed to emission of excitons localized at
neutral zinc vacancies [6].

Upon doping of the crystals with chromium,
the excitonic emission bands shift to lower ener-

gies (Fig. 2, curve 2). The shift corresponds to the
change in the band gap with the chromium con-
centration [Cr] in ZnSe, as determined in [3].
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Fig.2. (1, 2) Photoluminescence and (3)
absorption spectra of (1) ZnSe and (2, 3)
ZnSe:Cr crystals.
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Fig. 3. Photoluminescence spectra of ZnSe:Cr
crystals. E., =3.74 (1), 3.1 (2), 2.69 (3) and
2.25¢eV (4).

Doping of the crystals with chromium brings
about a series of long-wavelength emission lines
with peaks at 1.16, 1.54, 1.62, 1.72, 1.81, 1.95,
2.02, 2.12, 2.20, 2.30, 2.38, 2.46, 2.58 (Fig. 2,
curve 2). As the Cr concentration is increased, the
intensity of these emission lines increases, where-
as their position remains unchanged.

Figure 2 (curve 3) shows the absorption spec-
trum of the ZnSe:Cr crystals at T = 77 K. The
spectrum involves lines that correlate with the
emission lines observed in this study. As can be
seen from the table, the Stokes shifts of the PL
lines with respect to the corresponding absorption
lines are in the range 10—-50 meV.

It is established that the relative luminescence
intensity of the ZnSe:Cr crystals heavily depends
on the photon energy of excitation light (Fig. 3,
curves 1-4).

Emission with the lowest intensity is excit-
ed with a nitrogen laser with the photon energy
3.67 eV. The highest emission intensity is attained
on excitation with LEDs with the photon energy
in the emission peak 2.69 and 2.25 eV (Fig. 3,
curves 3, 4). This suggests that the band-to-band
excitation of long-wavelength luminescence of
the ZnSe:Cr crystals is inefficient. At the same

8

time, under changes in the excitation photon en-
ergy, the position of emission peaks remains un-
changed. It is also established that, as the excita-
tion photon energy is lowered, the contribution of
low-energy bands to the luminescence spectrum
increases. This effect is typical of intracenter lu-
minescence.

As the temperature is elevated from 77 to
300 K, the intensity of all emission lines de-
creases, while the positions of the peaks remain
unchanged. Similar temperature behavior was ob-
served for the corresponding absorption

lines. This suggests that the absorption and lu-
minescence lines under study are due to intracen-
ter optical transitions that occur within chromium
ions.

CONCLUSIONS

1. It 1s shown that the high-temperature long-
wavelength photoconductivity of the ZnSe:Cr
crystals is controlled by intracenter optical ransi-
tions within the Cr*" ions and by subsequent ther-
mally induced transitions of electrons from the
levels of the excited Cr** states into the conduc-
tion band.

2. It is established that doping with iron gives
rise to a series of emission lines in the visible
spectral region. The luminescence bands detected
for the ZnSe:Cr crystals are attributed to intracen-
ter transitions in the Cr** ions.

3. Efficient excitation in impurity-related lu-
minescence of the ZnSe:Cr crystals is attained
with light corresponding to the region of intrinsic
absorption in the Cr** ions.
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PHOTOCONDUCTIVITY AND PHOTOLUMINESCENCE OF ZnSe:Cr CRYSTALS IN
THE VISIBLE SPECTRAL REGION

Abstract

The photoconductivity and photoluminescence of ZnSe:Cr crystals in the visible spectra region are
studied. The scheme of optical transitions within Cr?>* impurity centers is established. It is shown that
the high-temperature impurity photoconductivity of ZnSe:Cr crystals is controlled by optical transi-
tions of electrons from the °T,(D) ground state to the higher levels of excited states of Cr*" ions, with
subsequent thermal activation of the electrons to the conduction band. Efficient excitation of intra-
center luminescence of ZnSe:Cr crystals is attained with light corresponding to the region of impurity
absorption.

Key words: zinc selenide, diffusion doping, chromium impurity, photoconductivity, photolumi-
nescence.

YIK 621.315.592

1O. @. Baxeman, FO. A. Huyyx

OOTOIMPOBOIMMOCTD U ®OTOTIOMUHECHEHIIUA KPUCTAJIJIOB ZnSe:Cr B
BUIUMOM OBJIACTHU CIIEKTPA

Pe3rome

HccnenoBana GpoTonpoBOAMMOCTh U (poToMOMUHECIEHIIUS KpUcTauioB ZnSe:Cr B BUIUMOMR 00-
JIACTH CIIEKTpa. YCTaHOBIICHA CXeMa ONTHYECKUX ITEPEXOJI0B, IIPOUCXOSIINX B IPeAeiaX MPHUMECHBIX
nenrpos Cr*'.

[ToxazaHo, 4TO BEICOKOTEMIIEpaTypHast GOTONPOBOAUMOCTH KpucTaiioB ZnSe:Cr 00ycioBieHa or-
THYECKMMH MIEPEXO0IaMH 3JIEKTPOHOB U3 OCHOBHOTO cocTosinus *T,(D) Ha Gonee BRICOKHE BO30YKIEH-
HBIE PHEpreTuueckre ypoBHH MoHa Cr’' ¢ UX MOC/IeAyIoNield TEPMUIESCKON aKTHBAITUEH B 30HY IPO-
BOIUMOCTH. DPPeKTUBHOE BO30YkI€HUE BHYTPULIEHTPOBOH JIIOMUHECIICHIINU KpHrcTamioB ZnSe:Cr
OCYIIECTBIISIETCS] CBETOM M3 00JIACTH IPUMECHOTO TTOTIIOTICHHS.



KiroueBnble ciioBa: ceneHu uHKa, 1ud(y3uoHHOE JIETUPOBAaHUE, TPUMECH XpoMa, OTOIPOBO-
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1O. @. Bakeman, 10. A. Hiyyk

OOTOIMPOBIAHICTD I ®OTOJTIOMIHECIEHIIA KPUCTAJIIB ZnSe:Cr
Y BUJIUMIN OBJACTI CHEKTPY

Pe3rome

Hocnimxkeno ¢GoTonpoBiAHICTh 1 QoTomomiHeceHI[it0 kpuctaniB ZnSe:Cr y Buaumiii obmacti
CIeKTpy. BCTaHOBJICHO CXeMy ONTHYHUX MEPEXO/IB B MEXax JOMIIIKOBUX IeHTpiB Cr'.

[TokazaHo, 10 BUCOKOTEeMIIepaTypHa (hOTONPOBIAHICTE KpucTaiiB ZnSe:Cr o0yMoOBJIeHa ONITUYHU-
MU [EPEXOaMHU eNIEKTPOHIB 3 0CHOBHOTO cTaHy °71 (D) Ha OinbLI BUCOKi 30y/IKEHI €HEPreTUYHi PiBHi
iony Cr** 3 X moajbIIOK TEPMIUHOI0 aKTHBALIIEIO B 30HY POBiTHOCTI. EdexTrBHE 30yI)KeHHS BHYT-
PHUIITHBOIICHTPOBOI JIFOMiHeCIIeHITIT kpucTaliB ZnSe:Cr BiI0yBaeThCs CBITIOM 3 00JIaCTi JOMIIITKOBOTO
noruHaHHs 10HIB Cr?,

Kuro4oBi cjioBa: ceneHi IUHKY, AUQYy3iifHE JIETYBaHHS, TOMIIIKAa XpOMY, OTOMPOBIIHICTD, (O-
TOJIFOMIHE CIIEHITIS.
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ADVANCED RELATIVISTIC ENERGY APPROACH TO RADIATION DECAY PROCESSES IN

ATOMIC SYSTEMS

We consider the fundamental aspects of the advanced generalized energy approach to relativistic calculation
of the radiative decay (transitions) probabilities in heavy neutral atomic systems and multicharged ions. The
approach is based on the Gell-Mann and Low S-matrix formalism and the relativistic many-body perturbation
theory (PT) with using the optimized one-quasiparticle representation and an accurate account of the relativistic
and correlation. In relativistic case the Gell-Mann and Low formula expresses an energy shift through the
electrodynamical scattering matrix including the interaction with as the laser field as the photon vacuum field.
The last case is corresponding to definition of the traditional radiative transitions probabilities for atoms and ions.

1. Introduction

Accurate radiative decay widths and probabili-
ties, oscillator strengths of atomic and ionic line
transition are of a great interest for astrophysical
analysis, laboratory, thermonuclear plasma diag-
nostics, fusion research, laser physics etc [1-160].

Spectral lines are usually characterized by
their wavelength and oscillator strength. Typi-
cally, transition probabilities are known less ac-
curately than wavelengths. Moreover, for many
spectral lines of heavy atoms and especially mul-
ticharged ions the radiative transition probabilities
are not reliably known at all. Radiative transition
probabilities have been mainly determined from
calculations and to a much smaller extent from
experiment [1,2]. Many theoretical methods use
techniques which include extensive configuration
interaction or multi-configuration treatments [2-
22]. The well known multi-configuration Hartree-
Fock method (the relativistic effects are often
taken into account in the Pauli approximation or
Breit Hamiltonian etc) allowed to obtain the use-
ful spectral data on light and not heavy atomic
systems [8]. The multi-configuration (MC) Dirac-
Fock (DF) method is the most reliable version of

calculation for multielectron systems with a large
nuclear charge. In these calculations the effects
are taken into account practically precisely [3-
17]. The calculation program of Desclaux (the
Desclaux program, Dirac package) is compiled
with proper account of the one- and two-particle
relativistic, a finiteness of the nucleus size etc. In
last decades a consistent quantum-electrodynam-
ical (QED) techniques have been implemented to
atomic theory calculations (look [17]). It should
be given special attention to two very general and
important computer systems for relativistic and
QED calculations of atomic and molecular prop-
erties developed in the Oxford group and known
as GRASP (“GRASP”, “Dirac”; “BERTHA”,
“QED”, “Dirac”) (see [3—7] and references there).
Besides, the well known density functional theory
(DFT), relativistic coupled-cluster approach and
model potential approaches in heavy atoms and
1ons should be mentioned too [18-24].

In order to determine the transition probabili-
ties one usually uses usually a standard ampli-
tude approach. Each of theoretical approaches
to calculation of transition probabilities contains
critical factors (configuration interaction or mul-
ticonfiguration treatment, spectroscopic coupling
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schemes and relativistic corrections, exchange-
correlation corrections convergence of probabili-
ties results and of the dipole length and velocity
forms, accuracy of transition energies etc) which
need to be adequately taken care of to get reliable
results.

The purpose of this paper is to review the
fundamental ideas of the generalized relativistic
energy approach to calculation of the radiative
decay characteristics for atoms and multich-
arged ions, in particular, transition probabilities
and oscillators strengths, line strengths etc. The
bases of the energy approach to one-electron ions
have been considered by Labzovsky et al [25].
Originally the energy approach to radiative and
autoionization processes in multielectron atoms
and ions has been developed by Ivanova-Ivanov
et al [23,24] (the PC code “Superatom-ISAN”).
More accurate, advanced version of the relativ-
istic energy approach has been further developed
in Refs. [26,27]). The energy approach is based
on the Gell-Mann and Low S-matrix formalism
combined with the relativistic perturbation theory
(PT). In relativistic case the Gell-Mann and Low
formula expressed an energy shift AE through
the electrodynamical scattering matrix includ-
ing interaction with as the photon vacuum field
as a laser field. The first case is corresponding to
determination of radiative decay characteristics
for atomic systems. Earlier we have applied the
corresponding generalized versions of the energy
approach to many problems of atomic, nuclear
and even molecular spectroscopy, including, co-
operative electron-gamma-nuclear “shake-up”
processes, electron-muon-beta-gamma-nuclear

spectroscopy, spectroscopy of atoms in a laser
field etc [28-34].

2. Relativistic energy approach to radiative
decay processes

Generally speaking, the majority of com-
plex atomic systems possesses a dense energy
spectrum of interacting states with essentially
relativistic properties. In the theory of the non-
relativistic atom a convenient field procedure is
known for calculating the energy shifts AE of de-
generate states. This procedure is connected with
the secular matrix M diagonalization [24-26]. In
constructing M, the Gell-Mann and Low adiabat-
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ic formula for AE is used. A similar approach,
using the Gell-Mann and Low formula with the
electrodynamic scattering matrix, is applicable
in a theory of relativistic atom; the approach is
consistently electrodynamical. In contrast to the
non-relativistic case, the secular matrix elements
are already complex in the second order of the PT
(first order of the interelectron interaction). Their
imaginary parts are connected with the radiation
decay (radiation) probability. The total energy
shift of the state is usually presented in the form:
AE=ReAE +iIlmAE ImAE =-T/2 (1)

where I is interpreted as the level width, and the
decay possibility P=T".

In this approach, the whole calculation of the
energies and decay probabilities of a non-degen-
erate excited state is reduced to the calculation
and diagonalization of the complex matrix M. In
the papers of different authors, the ReAE calcula-
tion procedure has been generalized for the case
of nearly degenerate states, whose levels form a
more or less compact group. One of these vari-
ants has been previously [23,26] introduced: for
a system with a dense energy spectrum, a group
of nearly degenerate states is extracted and their
matrix M is calculated and diagonalized. If the
states are well separated in energy, the matrix M
reduces to one term, equal to AE . The non-rela-
tivistic secular matrix elements are expanded in a
PT series for the interelectron interaction.

The complex secular matrix M is represented
in the form [23]:

M=MO+mV Lm0, )
where M) is the contribution of the vacuum dia-
grams of all order of PT, and ", M, M® those
of the one-, two- and three- quasiparticle diagrams
respectively. M is a real matrix, proportional to
the unit matrix. It determines only the general
level shift. It is usually assumed a® =0. The di-
agonal matrix M" can be presented as a sum of
the independent one-quasiparticle contributions.
For simple systems (such as alkali atoms and
ions) the one-quasiparticle energies can be taken
from the experiment. Substituting these quanti-
ties into (2) one could have summarized all the



contributions of the one -quasiparticle diagrams
of all orders of the formally exact relativistic PT.
However, the necessary experimental quantities
are not often available The first two order cor-
rections to ReM® have been analyzed previously
[23,35] using the Feynman diagrams technique.

The contributions of the first-order diagrams
have been completely calculated. In the second
order, there are two kinds of diagrams: polariza-
tion and ladder ones. The polarization diagrams
take into account the quasiparticle interaction
through the polarizable core, and the ladder dia-
grams account for the immediate quasiparticle
interaction.

An effective form for the two-particle polariz-
able operator has been proposed in Ref. [28]; it
has the following form:

V,;;(nm):)({f o () 0l)

=

Jdr (e ()" 6(") Idr (p ()" 6(r

R \r" " / (o “”W}

< (0) 1/3> J‘d (0) 1/3 (3)

r):{1+[3”2 ~p£0)(r)]2/3/c2}1/2

where p! is the core electron density (without ac-
count for the quasiparticle), X is numerical coef-
ficient, c is the light velocity. The similar approx-
imate potential representation has been received
for the exchange polarization interaction of qua-
siparticles. Some of the ladder diagram contribu-
tions as well as some of the three-quasiparticle
diagram contributions in all PT orders have the
same angular symmetry as the two-quasiparticle
diagram contributions of the first order. These
contributions have been summarized by a modifi-
cation of the central potential, which must now
include the screening (anti-screening) of the
core potential of each particle by the two others
(look details in Refs. [23,26,35]). The additional
potential modifies the one-quasiparticle orbitals
and energies. Then the secular matrix can be ap-
proximated as follows: M ~M® + 47®, where 7"

is the modiﬁed one-quasiparticle matrix ( diago-
nal), and 7" the modified two-quasiparticle one.

M"Y is calculated by substituting the modified
one-quasiparticle energies), and 47 by means of
the first PT order formulae for m®, putting the

modified radial functions of the one-quasiparticle
states in the radial integrals (look below)

Let us remind that in the QED theory the pho-
ton propagator D(12) plays the role of interpar-
ticle interaction. Naturally the analytical form of
D(12) depends on the gauge, in which the electro-
dynamical potentials are written. In general, the
results of all approximate calculations depended
on the gauge. Naturally the correct result must be
gauge invariant. The gauge dependence of the am-
plitudes of the photoprocesses in the approximate
calculations is a well known fact and is in details
investigated by Grant, Armstrong, Aymar, Luc-
Koenig, Glushkov-Ivanov (look Refs. [1,3,26]).
Grant has investigated the gauge connection with
the limiting non-relativistic form of the transi-
tion operator and has formulated the conditions
for approximate functions of the states, in which
the amplitudes of the photoprocesses are gauge
invariant. These results remain true in the energy
approach because the final formulae for the prob-
abilities coincide in both approaches.

3. Imaginary part of the secular matrix and
transition probability

Within the relativistic energy approach the ra-
diative processes are determined by the imaginary
part of the interaction (1b) between the active qua-
siparticle and the electrodynamic vacuum of the
electronic field. The presence of the polarizable
core can be effectively accounted for by modifi-
cation of (1b). This corresponds to a modification
of the radiation transition operator in the tradi-
tional amplitude approach. A local form of the
modified transition operator has been previously
treated by Hibbert, Migdalec, Ivanova-Ivanov et
al (look, for example, see Refs. [9,21,23,24,26]).
An integral form of the additional polarization
interaction, including the imaginary part, has
been deduced on the base of the analysis of the
second-order ( the QED PT fourth order) polar-
ization diagrams. In result one could take into ac-
count for the corresponding corrections to ImAE
. The detailed description of the accounting for
the correlation corrections of the PT high orders
within the Green functions method (with the use
of the Feynman diagram’s technique) is given in
Refs. [23,24, 34,35], where additional details can
be found. The corresponding form of the polariz-
able operator is given below.
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The probability is directly connected with
imaginary part of electron energy of the system,
which is defined in the lowest order of the PT as
follows [23]:

ZV‘:)H

[a< <0

“

X-

asms £ for electron and 2~ for vacan-

a<ns

where

cy. The potential V' is as follows:

ﬁa — a1y () ¥] (1)

©)

V,»‘ o = [ dndry¥; (r)¥ ()

The individual terms of the sum in (5) repre-
sent the contributions of different channels and a
probability of the dipole transition is:

F a, — i . V‘wan ‘

no Ap o 0pQy

(6)

The corresponding oscillator strength is de-
fined as:
gf =2,-T, /667107,
(7)

where g is the degeneracy degree, [ is a wave-
length in angstroms (A). When calculating the
matrix elements (5), one should use the angle
symmetry of the task and write the corresponding
expansion for sin|w|r, /r  on spherical harmonics

1271
as follows:
siof, 1 & ) )
T_ 2%;(7») Mqu‘ 1)]M/Qm\ 2) (cosrrz) (®)

where J —is the Bessel function of first kind and
(I) = 21 + 1. This expansion is corresponding to
usual multipole expansion for probability of the
radiative transition. Substitution of the expansion
(11) to matrix element of interaction gives the fol-
lowing expression:

Vi34 [(]1)(]2 )(]3)(]4)[

9
x;(—l)”[ I fleIle(IZM) ®)

m, —my
Q Qul + Q)]?r )

where j are the entire single electron momentums,
m,— their projections; QS and Q7" are connected

(10)
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with the Coulomb and Breit magnetic parts of
the operator (1b). The total radiation width of the
one-quasiparticle state is presented in the form:
[(y)=-2ImM'(y)=-2"(2j+1)ImQ, (n,[,j,nlj)
Anlj
0, =0 +0"
(11)

The individual terms of the . sum cor-
respond to the partial contribution of the
nyl,j, —>nlj transitions; % is a sum of the
contributions of the different multiplicity transi-
tions. The detailed expressions for the Coulomb
and Breit parts can be found in Refs. [23,35]. The
imaginary part QS contains the radial R, and
angular S, integrals as follows (in the Coulomb
units):

MmO (12:43) = Z ' Im{R, (12;43)S, (12:43) +
+R,(12:43)s,(12:43)+
+RAZER),(125), a2
+R,(12:33)s,(12:33)}

In the non-relativistic limit there remains only
the first term in (14) depending only on the large
component f (r) of the one-electron Dirac func-
tions:

ImR, (12;43) :é(zml)zz)(i (13) X, (24)

(13)
X, (12) =Idr ¥ f, (’”)J%/z (rozZ|a)|f2 (r))

The angular coefficient has only a real part:

A B Moo Ja Rk
1243)= M4 5 \b 1,
sas)-pantbenl 7y 4 5|7 A )
(14)
{41 1,} means that A,/ and /; must satisfy the

triangle rule and the sum A+/ +/; must be an
even number. The rest terms in (12) include the
small components of the Dirac functions. The
tilde designates that the large radial component
J/ must be replaced by the small one g, and in-
stead of /,,/. =, —1 should be taken for j, </, and

l: =/, +1 for j, > . The Breit (magnetic) part can
be expressed as follows:

er = Qf,rﬂ—l + er,z + Qf,r,m (15)



The corresponding imaginary part (15) is as
follows:

ImQ™ (12:43) = 2~ Im{R, (12:43)s, (12:43 )+

+R,(12:43)s, (12:43)+
(16)
+R,(12:33)s, (T2:43)+
+R,(12:43)s, (12:43)}
The angular part S| has the form
S!(12;43)=(22+1) 8! (13) 8% (24) (-1)"
(17)

The total probability of a A - pole transition is
usually represented as a sum of the electric P/
and magnetic P} parts. The electric (or magnet-
ic) A - pole transition y — § connects two states
with parities which by A (or A +1) units. In our
designations:

Pl (y = 6) =22/ +DQ; (75;75)

(18)

0; =07 +07,, + 07 (19)
P (y = 8)=22j+D0; (y5;8)  (20)
0" =07, (21)

In the numerical calculations the transition
probability, as usually, is expanded to the series
on the known parameter aw as follows:

0" = (a0)", 02, ~(ow)',

n (aw)iﬁ: Qi ® (‘m’))ﬁ-

In a case of the two-quasi-particle states (for
example, this is a case of the Ne-like ions, where
the excited state can be represented as stale with
the two quasiparticles — electron and vacancy
above the closed shells core 1s*2s?2p®) the corre-
sponding probability has the following form (say,

transition: . -
3 l1= 717L 1D

(22)

(23)

e = _ AT T _
P(/1|1112[J],1112[J])=(J){j ; j}P(ill)(h)
It should be noted that that all calculation is
usually carried out in the jj-coupling scheme rep-

resentation. The transition to the intermediate

coupling scheme has been realized by diagonal-
ization of the secular matrix. Indeed, only ReM
should be diagonalized. The imaginary part is
converted by means of the matrix of eigenvectors
{C,.}, obtained by diagonalization of Re M :

mM,, =>.C.M,;C, (24)

y

M, are the matrix elements in the jj-coupling
scheme, and a,, in the intermediate coupling
scheme representation. This procedure is correct
to terms of the order of Im A /Re M . Further let us
also underline that the tedious procedure of phase
convention in calculating the matrix elements of
different operators is avoided in the energy ap-
proach, although the final formulae, of course,
must coincide with the formulae obtained using
the traditional amplitude method operating with
the amplitudes of the processes. Therefore, the
energy approach simplifies the analysis of com-
plex atomic processes including processes with
the interference of different kinds of channels (i.e.
radiation and autoionization ones).

4. The one-quasiparticle optimized
representation

The problem of the searching for the optimal
one-electron representation is one of the oldest in
the theory of multielectron atoms. Two decades
ago Davidson had pointed the principal dis-
advantages of the traditional representation based
on the self-consistent field approach and sug-
gested the optimal “natural orbitals” representa-
tion. Nevertheless , there remain insurmountable
calculational difficulties in the realization of the
Davidson program (look, for example, Ref.[12]).
One of the simplified recipes represents, for ex-
ample, the DFT method [18,19].

Unfortunately, this method doesn’t provide
a regular refinement procedure in the case
of the complicated atom with few quasiparticles
(electrons or vacancies above a core of the
closed electronic shells). For simplicity, let us
consider now the one-quasiparticle atomic system
(i.e. atomic system with one electron or vacancy
above a core of the closed electronic shells). The
multi-quasiparticle case doesn’t contain princi-
pally new moments. In the lowest, second order,
of the QED PT for the DE there is the only one-
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quasiparticle Feynman diagram a (fig.1), contrib-
uting the ImDE (the radiation decay width).

' —

(a) (b) (c)
Figure 1. a: second other PT diagram contrib-
uting the imaginary energy part related to the
radiation transitions; b and c: fourth order polar-
ization diagrams.

In the next, the fourth order there appear dia-
grams, whose contribution into the ImDE ac-
count for the core polarization effects. This
contribution describes collective effects and it is
dependent upon the electromagnetic potentials
gauge (the gauge non-invariant contribution). Let
us examine the multielectron atom with one
quasiparticle in the first excited state, connected
with the ground state by the radiation transi-
tion. In the PT zeroth approximation one can use
the one-electron bare potential:

NG AG (25)

with V(r) describing the electric potential of

the nucleus, V_(r), imitating the interaction of the

quasiparticle (initial or any other appearing in

the real and virtual processes) with the core of
closed shells.

The perturbation in terms of the second quan-
tization representation reads as follows:

V() V() AP - () A(). (26)

The core potential V (r) is related to the core
electron density 7.(r) in a standard way. The lat-
ter fully defines the one electron representation.
Moreover, all the results of the approximate
calculations are the functionals of the density
r(r). Here, the lowest order multielectron effects,
in particular, the gauge dependent radiative con-
tribution for the certain class of the photon propa-
gator gauge is treating. This value is considered
to be the typical representative of the electron
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correlation effects, whose minimization is a rea-
sonable criteria in the searching for the optimal
one-electron basis of the PT. Besides, this pro-
cedure derives an undoubted profit in the routine
spectroscopic calculations as it provides the
way of the refinement of the atomic characteris-
tics calculations, based on the “first principles”
. Remember that the closeness of the radiation
probabilities calculated with the alternative forms
of the transition operator is commonly used as a
criterion of the multielectron calculations qual-
ity. It is of special interest to verify the compat-
ibility of the new optimization principle with
the other requirements conditioning a “good”
one-electron representation.

The imaginary part of the diagram a (fig.1)
contribution has been presented previously as a
sum of the partial contributions of a-s transitions
from the initial state a to the final state s [26]:

ImDE (a) = ). Im DE (a-s; a). (27)

Two fourth order polarization diagrams b,c
(fig.1) should be considered further. The contri-
butions being under consideration, are gauge-
dependent, though the results of the exact cal-
culation of any physical quantity must be
gauge independent . All the non-invariant terms
are multielectron by their nature.

Let us take the photon propagator calibration
as follows:

D=D,+CD,

D =d /(k-k?),
D =-kk/(k-k). (28)
Here C'is the gauge constant; D_ represents the
exchange of electrons by transverse photons,
D, that by longitudinal ones. One could calculate
the contribution of the a,b,c diagrams (fig.1) into
the Im DE taking into account both the D and
D, parts. The a diagram (fig.1) contribution into

the Im DE related to the a -s transition reads as

- e—.” drldrzya+ (rl) y: (Vz)X
87

X 1—(271(22 Sin(was r12 )ya (r2)ys (rl)’ (29)

for D =D pand

!



_ 862” dr dr,y  (r) v (r) {[(1-a,n,a,n,,
T
Y r,lsin(w r. )tw (1+ a,

M) oSO F (), (30)

for D=D, where w__is the a -s transition ener-
gy. Accordlng to the Grant theorem [1], the D |
contribution vanishes, if the one- quas1partlcle
functions y ,y_ satisfy the same Dirac equation.
Nevertheless this term is to be retained when us-
ing the distorted waves approximation, for exam-
ple. Another very important example represents
the formally exact approach based on the bare
Hamiltonian defined by its spectrum without
specifying its analytic form [26,34]. Here the
non-invariant contribution appears already in the
lowest order. When calculating the forth order
contributions some approximations are inevita-
ble.

These approximations have been formulated
in Refs.[26], where the polarization corrections to
the state energies have been considered.

Let us consider the direct polarization diagram
b (fig.1) as an example. After the some transfor-
mations the formal expression for the sought for
value looks as

ImE,, (a—s|4,)= _C%J.”jdndrzd%dmz(a)mn -ll-a) i

| . ENEN)
W, (DY, ()Y ()Y, () -aq,) /1y -

mn ag

{l(a, — (aymy, )aynsy)) / 1y -sin[ @, ('iz +r34)+a) :

Cos[wan (r, + )0+ (asny Nanm NI, ()Y, ()Y, ()Y (1),

and the upper continuum electron states; m £ fin-
dicates the finite number of states in the core and
the states of the negative continuum (accounting
for the electron vacuum polarization).

All the vacuum polarization and the self-
energy corrections to the sought for values are
omitted. Their numerical smallness compared
with the other relativistic corrections to the dif-
ferent atomic characteristics had been verified
by the numerous calculations. The renormal-
ization procedure is not needed here. Neverthe-
less the second-order vacuum polarization and
self-energy corrections can be additively added
to the complex state energy. The remaining ex-

pression includes summation over the bound
and upper continuum atomic states. To evaluate
this sum, we use the analytic relation between
the atomic electron Fermi level and the core
electron density » _ (r), appropriate to the ho-
mogeneous  nonrelativistic electron gas (the
Tomas- Fermi approximation). Now the sum & o

ey AN be calculated analytically, its value be-
comes a functional of the core electron density.
The resulting expression looks as the correc-
tion due to the additional nonlocal interaction of
the active quasiparticle with the closed shells.
Nevertheless, its calculation is reducible to the
solving of the system of the ordinary differ-
ential equations (1-D procedure) [26]. The most
important refinements can be introduced by ac-
counting for the relativistic and the density gradi-
ent corrections to the Tomas- Fermi formula (see
Refs. [23,26]). The same program is realized
for other polarization diagrams. The minimiza-
tion of the functional Im dE _ (b+c) leads to the
integro-differential equation for the  _ (the DF or
Dirac-Kohn-Sham-like equations for the electron
density) that are numerically solved. In result we
obtain the optimal one-quasiparticle representa-
tion, which is further used in calculation of the
radiative (autoionization) transition characteris-
tics (7)-(10).

5. Conclusion

We have considered the fundamental blocks
of the generalized energy approach to relativis-
tic calculation of the radiative decay (transitions)
probabilities in heavy neutral atomic systems
and multicharged ions. The approach is based on
the Gell-Mann and Low S-matrix formalism and
the gauge-invariant relativistic many-body per-
turbation theory (PT) with using the optimized
one-quasiparticle representation and an accurate
account of the relativistic and exchange-corre-
lation effects. In relativistic case the Gell-Mann
and Low formula expresses an energy shift AE
through the electrodynamical scattering matrix
including the interaction with the photon vacuum
field. This case is corresponding to definition of
the traditional radiative transitions probabilities
for atoms and ions. Obviously, the same program
can be realized in order to give adequate quantita-
tive description of interaction of atomic systems
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with a laser field and further computing the radia-
tion emission and absorption lines parameters, the
corresponding lines moments etc. [28,29].
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ADVANCED RELATIVISTIC ENERGY APPROACH TO RADIATION DECAY
PROCESSES IN ATOMIC SYSTEMS

Abstract.

We consider the fundamental aspects of the generalized energy approach to relativistic calculation
of the radiative decay (transitions) probabilities in heavy neutral atomic systems and multicharged
ions. The approach is based on the Gell-Mann and Low S-matrix formalism and the relativistic many-
body perturbation theory (PT) with using the optimized one-quasiparticle representation and an ac-
curate account of the relativistic and correlation. In relativistic case the Gell-Mann and Low formula
expresses an energy shift AE through the electrodynamical scattering matrix including the interaction
with as the laser field as the photon vacuum field. The last case is corresponding to definition of the
traditional radiative transitions probabilities for atoms and ions.

Key words: energy approach, atomic systems and multicharged ions, radiative transitions, Gell-
Mann and Low S-matrix formalism
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A. B. Imywkos, B. b. Tepnosckuii, B. B. Bysaooicu, I1. A. 3auuko, JI. B. Hukona

PEJIITUBUCTCKHIM SHEPTETHYECKHHN IMOJAXO0J K ONMCAHUIO ITPOIIECCOB
PAIMALIMOHHOI'O PACITAZIA B ATOMHBIX CUCTEMAX

Pesrome.

B pabore paccmoTrpensl pyHAaMEHTAIbHBIE ACTIEKTHI 000OIEHHOTO PENIITUBUCTCKOTO YHEPTETH-
YECKOIo MOJX0/a B PENATUBUCTCKOW TEOPUM paJUallMOHHBIX PaclagoB (MEPexXol0B) BEPOSTHOCTEH
B TSDKEJBIX HEHTpaNbHBIX aTOMHBIX CHCTEMax M MHOTo3apsaHbIX MOHOB. [lomxon Oasupyercs Ha
S-marpuunom popmanusma ['emui-Manna u JIoy 1 pensiTUBUCTCKOW MHOTOYaCTUYHBIX TEOPUH BO3MY-
LICHHUH C BBIIIOJIHEHUEM ONTUMHU3UPOBAHHOTO OAMHKBA3NYaCTUHKBOTO IPEICTABIEHUS U aKKYPaTHBIM
YUETOM PEJISITUBUCTCKUX M KOPPEISIIMOHHBIX IMONPaBoK. B penstuBucTckoM citydae ¢popmyna ['emi-
ManHa n Jloy BeIpakaeT 3HEpreTUUYECKUN CABUT YE€Pe3 IIEKTPOAUHAMUYECKYIO MAaTPUILY PACCEsSHHUS,
B TOM YHCJI€, C YUYETOM B3aUMOAEHCTBUS KaK C I10JIEM JIa3€pHOT0O U3ITyUeHHMs], TaK U 1oJieM (POTOHHOTO
BakyyMma. [lociieqnuil cirygail COOTBETCTBYET OIPEAEICHUIO TPAAULMOHHBIX BEPOSATHOCTEN paAaLt-
OHHBIX IIEPEXOA0B Il aTOMOB U HOHOB

KuroueBbie c10Ba: SHEPreTUUECKUI ITOIXO0/1, aTOMHBIE CUCTEMBI I MHOTO3apsJHbIE HOHBI, paina-
IIMOHHBIE TIepexo/ibl, S-MaTpuyHbIil popmanu3m ['emn-Manna u Jloy
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A. B. I'lywxos, B. b. Tepnoscokuti, B. B. bysioorcu, I1. O. 3aiuxo, JI. B. Hixona

PEJIITUBICTCHKUII EHEPTETHUHWI NIIXIJI JO OMMUCY MPOLECIB PATIAIIII-
HOTI'O PO3MAJLY B ATOMHUX CUCTEMAX

Pe3rome.

Y po6oTi po3misHyTI (GyHIAMEHTAIbHI aCIEeKTH YAOCKOHAJIEHOTO PEJITHBICTCHKOTO €HEepPreTHd-
HOTO MIAXOAY B PENSTHBICTCHKIN Teopii pamialliiHUX po3naiiB (mepexoniB) WMOBIpHOCTEH y Bax-
KHX HEHUTpaAJIbHUX aTOMHHUX CHUCTeMax 1 O6arato3apsaHux ioHiB. [ligxing 6a3yeThcst Ha S-mMaTpUudHOMY
dbopmanizmy ['e;u-Manna ta Jloy 1 pensaTuBICTChKOT OaraTo4acTUHKOBIN Teopii 30ypeHb 3 IMITIEMEH-
TaIi€I0 ONTHUMI30BaHOTO OJAMHKBA31YaCTHHKBOTO MPEICTABICHHS 1 aKypaTHUM ypaxyBaHHSAM PEJISTH-
BICTCHKHX 1 KOPEIAIIMHUX MOMPABOK. Y PeATUBICTCHKOMY BUNAAKy (popmyna Iemn-Manna i Jloy
BHUpa)kae CHEPreTUYHHM 3CyB Yepe3 eIeKTPOJUHAMIUHY MaTPHIIIO PO3CIFOBAHHS, B TOMY YHCIIi, 3 ypa-
XyBaHHSIM B3a€MOJIi SIK 3 IOJIEM JIA3EPHOTO BUIIPOMIHIOBaHHS, TaK i 1mosieM ()OTOHHOTO BakKyyMmy.
OcTaHHii BUMAIOK BIJANOBIAA€ BU3HAYEHHIO TPAAUIIMHMX HMOBIpHOCTEH paiialliiiHMX NEepexojiB
JUIS aTOMIB Ta 10HIB

Kiro4oBi cjioBa: eHepreTHdHMNA MiAX1J, aTOMHI CUCTEMH 1 OaraTo3apsiiHi 10HH, pajialiiHi nepe-
xonu, S-marpuuHuit Gopmainizm ['enn-Manna ta Jloy
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EXPERIMENTAL AND THEORETICAL STUDYING OF PHOTOCONDUCTIVITY OF

POLYMERIC LAYERS WITH DYES

We present the results of the experimental and theoretical studying photoconductivity of polymer layers
with the dyes. It’s investigated photoconductivity of organic dyes in solid polymeric matrices with rectangular
pulse excitation light. The obtained experimental data indicate on the quadratic (i.e. non-linear) relationship
between photocurrent values that are obtained for two different levels of radiation intensities.

1. Introduction

To present time there are carried out numerous
experimental and theoretical works data showing
that the excitation relaxation processes in poly-
meric materials with different impurities do not
prevent leakage of important science and practice
processes in the highly excited states such as gen-
eration of carriers, photochemical and radiation-
chemical processes [1-15]. Studying photo-con-
ductivity of the polyacene linear crystals (anthra-
cene, tetracene, pentatsen) showed that its high
quantum efficiency is observed only under irradi-
ation of the highly excited molecules when there
is possible a birth of holes and free electrons.

In this paper we present the results of the ex-
perimental and theoretical studying photoconduc-
tivity of polymer layers with the dyes. It’s inves-
tigated photoconductivity of organic dyes in solid
polymeric matrices with rectangular pulse exci-
tation light (methodics details in Refs. [3.,4,6,7]).
Initially, samples were kept at a constant high
voltage (for most of them was taken U = 80 V)
for some time until it is established steady dark
current. Then through the transparent electrodes
cell sample are radiated by a light from a mer-
cury lamp, and a light had been focused so that
the sample was evenly lit. The photocurrent ap-
pearance is recorded on the recorder and a photo-
current grew exponentially to a constant value i .
Time of stationary photocurrent is dependent on

dye concentration, nature of the polymer matrix,
and presence of alkali in the layer, and equal one
to a few min.

After the cessation of current lighting around
the same time period reached its original value.
Typical kinetics of the photocurrent growth and
decline for most of the samples (PVP= polyvi-
nylpyrrolidone; PVA= Polyvinyl acetate; PVC=
Polyvinyl alcohol; PVE= Poliviniletylal) is
shown in Fig.1.

)

t

Figure 1. Time dependence of the photocurrent
changing for solid solvents of rezazuryne: a) in
polymers of PVP, PVA, PVC, b) in PVE (C =10-).

Kinetics of photoconductivity for PvE layer
of rezazuryne (P = 10~ mol/l) without alkali was
somewhat complicated character. As it is shown
in Fig. 1b, photocurrent model has two compo-
nents (fast and slow) which are superimposed,
giving the appearance of a complex curve. Quick
component met in some other examples, and they
have not helped to increase and sharp decline in
photocurrent for the first time after turning on the
light.
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This component of the photocurrent disappears
quickly, and for some samples it did not appear.
Its rapid disappearance indicates that there are
traps in the sample volume that capture electrons
and holes, or carriers localized near the sample
surface, creating an electrical double layer. As it
is shown in Fig.1a, the growth photocurrent relax-
ation curve has exponential areas (i.e. relaxation
occurs in a continuous lifetime on the consider-
able distance). To obtain quantitative information
it is suggested that the increasing the photocur-
rent satisfies to the law:

t

i(t)=i,+i|1-e ~
and

t

7]

It is reasonable to portray the results in the co-

T=—

ordinates , Where

for a curve of the photo current increasing.).

-2 I L 1
0 50 100 t,8

Figure 2. Kinetics of the photocurrent for reza-
zuryne in PVP (C =10mol/l in presence of the
KOH) in the coordinates “t-ln(l-iph/ic)

The exponential areas are plotted by the straight
lines with a slope that determines T, which is on
the absolute value equal to the cotangent of the
angle of the curve inclination (look Figure 2).
Found lifetimes depending on the concentration

24

rezazuryne polymer matrix and the presence of
alkali are shown in Table. 1.

Table 1.
The lifetimes 7 (s) in dependence on the reza-
zuryne concentration (C) in a polymer matrix
and availability an alkalis KOH (light without
filter).

Polimer T, S
Pure C= C= C=
1073, 1073, 104,
KOH. | KOH | KOH
PVP 123 90 65 78
PVE 42 42 70 95
PVA 67 60 76 -

In Figures 3a,b,c we present the related
changing photocurrent in polymers with different
concentration of rezazuryne in dependence on a
light intensity /.

lc l()
&
1.5 i
1.0 i
’ 4
0.5
1
0.5 1.0
I, rel.units
PVP

Figure 3a. The related changing photocurrent
in polymers with different concentration of
rezazuryne in dependence on a light intensity
a)PVP1-C=0;2-C=10% KOH; 3-C =
107 4-C=10° KOH); n=i/i: 3(2),3 (3), 4
OF

Using the obtained kinetical curves of a pho-
tocurrent for all polymers with the rezazuryne
concentration C=10- mol/l , it has been found the
following relationship:



1.0

Bw

0.3 1D

1 rel.units

Figure 3b. The related changing photocurrent
in polymers with different concentration of re-
zazuryne in dependence on a light intensity:
b). PVE (1-C=10% KOH;2-C=10% KOH);
n=i/i:2,5(),4,.2(2);

i/i,
i
1.5 f
L |
1.0
0% g
S e ]
-F—...
- -
0% 1.0
1, rel.units

Figure 3b. The related changing photocur-
rent in polymers with different concentration
of rezazuryne in dependence on a light inten-
sity: ¢) PVA(1-C=0;2-C=103%3-C=103,
KOH); n=i/i:3 (3,7).

iO I=1 iO 1=0,5

where i_is the value of a photocurrent under sat-

uration; i, is the value of a dark current under
some constant voltage.

In order to determine an influence of the dyes
concentration on a photosensitivity of the poly-

mer layer it is studied a dependence i,, /i, = f(?)
for different concentrations of the rezazuryne
(look Figure 4).

th lO

1oL

08

Figure 4a. Dependence 1, / Iy =f() for differ-
ent rezazuryne concentrations in matrix PVC

The obtained experimental data indicate on
the quadratic (i.e. non-linear) relationship be-
tween photocurrent values that are obtained for
two different levels of radiation intensities.

This phenomenon is characteristic for the two-
quantum processes and confirms earlier obtained
the results [5,6]. Note that when irradiated the
sample through the filter UFS-1
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. -
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Figure 4b. Dependence i, /iy = /(1) for dif- Figure 4d. Dependence %1/l =/(?) for differ-
ferent rezazuryne concentrations in matrix ent rezazuryne concentrations in matrix PVA
PVP (P- pure) (P- pure)
i /i
ph 0

it is observed a linear dependence of a photocur-

rent on the intensity of exposure.

1.0

08

0.6

40 80 120
PVE t, s

Figure 4c. Dependence i Quh’/ i, = f(¢) for differ-
ent rezazuryne concentrations in matrix PVE
(P- pure)
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P. O. Kondratenko, Yu. M. Lopatkin, A. V. Glushkov, T. N. Sakun

EXPERIMENTAL AND THEORETICAL STUDYING PHOTOCONDUCTIVITY OF
POLYMERIC LAYERS WITH DYES

Abstract.

We present the results of the experimental and theoretical studying photoconductivity of polymer
layers with the dyes. It’s investigated photoconductivity of organic dyes in solid polymeric matrices
with rectangular pulse excitation light. The obtained experimental data indicate on the quadratic (i.e.
non-linear) relationship between photocurrent values that are obtained for two different levels of ra-
diation intensities.

Key words: polymer layers with dyes, photoconductivity
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IKCHEPUMEHATJIBHOE U TEOPETUYECKOE U3YYEHUE ®OTOIIPOBOANUMOC-
THU ITIOJIMMEPHBIX CJIOEB C KPACUTEJISAMHU

Pe3rome.

[IpencraBieHsl pe3yabTaThl IKCIIEPUMEHTAIBHOTO U TEOPETUYECKOTO M3Y4YeHHUs (hOTOPOBOIUMO-
CTHU HO.HI/IMepHBIX CJIOEB C KpaCI/ITeJISIMI/I. HpI/IBeI[eHBI pe3YJ'H:TaTI>I HNCCICOIOBAHUA (bOTOHpOBOIII/IMOCTI/I
OpPraHUYECKHUX KPACUTEJIEH B TBEP/BIX MOJUMEPHBIX MAaTPULIAX CO CBETOM (MMITYJIbC MPSAMOYTOJIBHOM
¢dopmnbl). TlomydeHHbIE SKCTIEPUMEHTAIbHBIEC JAHHBIEC TOKAa3bIBAIOT KBAIPATUYHOE (T.€. HEIWHEHHOER)
COOTHOIICHHE MEXKJly 3HAYEHUSMH (OTOTOKA, MOJYUEHHBIMH JJIS IByX Pa3IUYHBIX YPOBHEH MHTEH-
CUBHOCTHU I/I3Hy‘-IeHI/I5I.

KiroueBsble cj10Ba: MOMMMEpPHBIC CIIOU C KPACUTEISIMH, (POTOIIPOBOAUMOCTH
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ECIIEPUMEHTAJIBHE TA TEOPETUYHE BUBYEHHSA ITIOJIIMEPHUX IIAPIB 3
BAPBHUKAMM

Pesrome.

[Ipencrapieni pe3yabTaTH €KCIEPUMEHTAIBHOTO Ta TEOPETUYHOTO BUBYEHHS (POTOIMPOBITHOCTI
NOoJIMEpHHX IIapiB 3 OapBHUKamMH. HaBeneHO pesynasraTu AOCTIKEHHS (OTONMPOBIAHOCTI OpraHiy-
HUX OapBHUKIB B TBEPAUX MOJIMEPHUX MATPHUIAX 31 CBITJIOM (IMITyJIbC MPAMOKYTHOI popmu). OTpu-
MaHi eKCTIepUMEHTAIbHI JJaH1 TTOKa3yI0Th KBaApaTUIHEe (TOOTO HEliHIHE) CIiBBIIHOIICHHS MiX 3Ha-
YEHHSAMHU (POTOTOKA, OTPUMAHUMHU JIJIs IBOX PI3HUX PIBHIB IHTEHCUBHOCTI BUIIPOMiIHIOBAHHS.

KirouoBi ciioBa: noniMepHUX mapis 3 OapBHUKaMH, (POTOTIPOBOIUMICTD
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PHOTOLUMINESCENCE OF TAUTOMERIC FORMS OF NANOPARTICLE ENSEMBLES OF
DYES BASED ON THE 4-VALENCE STANNUM COMPLEXES IN POROUS SILICA GLASS

'T. I. Mechnikov National University of Odessa, Dvoryanska St., 2, Odessa, 65026, Ukraine
2 Institute of Physics, Wroctaw University of Technology, W.Wyspianskiego 27, 50-370 Wroctaw, Poland

Luminescence of tautomeric forms of dyes based on the 4-valence stannum complexes was researched.
Symmetry of photoluminescence spectra of different tautomeric forms relative to direction of reading of atom
positions in the hydrazide fragment was found clockwise or anti clockwise. It was determined that the illumina-
tion of nanoparticle ensembles of dyes in A-type porous silica glass is always more intensive than in appropriate
solution. It was shown that the luminescence intensity of tautomeric forms increases, if the substituent comes
nearer to the coordination set irrespective of type and nature of substituent and type of coordination set. At the
same time, change of illumination energy of tautomeric forms depends on both type and nature of substituent
and coordination set. The results were explained by the development of inner surface of matrix and also by the
features of atom disposition in dye molecule and by interaction between them.

1. INTRODUCTION

Interest to the dyes on base of the 4-valence
stannum complexes is non-random, as far as it
is known [1-3] that such dyes are most sensitive
to the gas composition of environment, therefore
they can be used for construction of gas sensors,
used for the ecological monitoring [4]. It is a big
group of dyes, which are close structurally and
differ with some details of their molecular com-
position only. So arise an opportunity to research
the influence of these details on the optical prop-
erties of dyes. Investigation of the mechanism of
optical processes in such systems will make it
possible to improve the luminescence efficiency
of new nanostructures. It would give the opportu-
nity to create new generation of microelectronic
devices, such as new classes of luminophores and
photosensitive optoelectronics elements, which
would promote expansion of potential resources
of optoelectronics.
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It is known [5] that the dyes usually luminesce
onle in the solutions, which provide formation of
electron-vibration sublevels in the system, so its
illumination is a result of transitions among them.
We managed to find luminescence of nanoparticle
ensembles of dyes formed in A-type porous silica
glass. Illumination intensity of such system con-
siderably exceeds luminescence intensity of ap-
propriate solution.

The photoluminescence spectra of all the fea-
sible tautomeric forms of dyes based on the 4va-
lence stannum complexes with coordination sets
of 2 types and with the substituent in hydrazide
fragment of both nicotinoyl (HN*) and benzoyl
types were researched in the present paper. The
last ones were of 2 sorts: hydroxyl (OH) and
amine (NH,). We studied 4-dimethylaminbenzal-
dehydes {SnCl,ON} and Zhydroxynaftaldegydes
{SnCl,O,N}. Fig.1 shows the structural formulas
of appropriate coordination sets (e.g., see [6]).



to hydrazide P -
fragment A N-—H
= = N I/ CH,4
| =
O— "Si"
)
Cl ‘'Cl a)
H
to hydrazide H |
fragment N _C
e N
' sﬁ —O0
Gl=—
a © b)

Fig. 1. Structural formulas of coordination sets
of 4-dimethylaminbenzaldehydes (a) and 2hy-
droxynaftaldegydes (b) in the case of hydroxyl
substituent. Loss of hydrogen atom on nitro-
gen atom occurs for providing electroneutral-
ity for amine substituents

Hydrazide fragment represents usual benzene
ring with substituent (4). The substituent can be of
nicotinoyl or benzoyl type. In the first case some
nitrogen group incorporates into the benzene ring
directly (i.e. in fact a substitution of carbon atom
with nitrogen one takes place), in the second case
one of the hydrogen atoms in some position of
hydrazide fragment is substituted with hydroxyl
or amine group. The isomeric dyes, which dif-
fer only in substituent (4) position relative to the
hydrazide fragment, are called the dyes with dif-
ferent tautomeric forms. Substituent position in
current tautomeric form is designated by number.
The bond, connecting the hydrazide fragment
with the coordination set, is market as «1». One
indicates the other positions with the natural num-
bers anticlockwise from «2» to «6» by increase.
Fig.2 shows the nicotinoyl substituent in position
«5», and benzoyl one in position «3».

42 ’ @ b)
4 2
O =N to the to the
coordination 1| coordination
set 5 i, sel

Fig. 2. Hydrazide fragment with constituent of
nicotinoyl (a) and benzoyl (b) types

2. MATERIALS AND METHODS

The porous glass A4 is obtained from sodium
boron-silicate glass. The glass is heated at the
temperature of 763 K at 165 hours in order to
separate phases rich in silica and sodium-boron.
Then it is immersed in 0.5N hydrochloric acid and
deionized water. The porosity determined from
the mass decrement after etching was: 38%. The
texture parameters of investigated glasses were
determined by adsorption poroscopy method. The
average diameter of pores was 30 nm, total aver-
age pore volume was 292 mm?® g! and the aver-
age surface areca was 54.7 m? g'!'. The residual fine
dispersed secondary silica gel presents in pores of
glass after this chemical treatment.

Nanoparticle ensembles of dyes in porous sil-
ica glass were formed by soaking glass, embed-
ding it directly into dimethylformamide (DMFA)
solution of appropriate dye with concentration
1x10 gMole I''. We have selected particularly
this solvent because it adsorbs the light in radi-
ated range minimally, and so all dyes fluoresced
most intensively in it. Storage duration of glass
in the solution of each concrete dye was verified
visually and usually formed more than 12 hours.
After finish of soaking the specimen was exposed
to low-temperature anneal that was necessary in
order to provide sufficiently uniform space distri-
bution of nanoparticles in glass.

Composition and structure of the investigated
dyes were determined by the complex of spectro-
scopic and X-ray methods. Fig.1 and Fig.2 show
these results.

Photoluminescence spectra were excited
with UV laser LCS-DTL-374QT (wavelength
A=355 nm, power 15 mW) and were recorded by
standard set-up [7].

3. EXPERIMENTAL RESULTS

Fig.3 shows photoluminescence spectra for
three dyes on the basis of complexes, molecu-
lar structures of which are the most alike. They
all have similar coordination set (depicted in
Fig.1,a), shortened {SnCl,}) and similar tauto-
meric form «2». They differ only in substituent.
The spectra, marked with thick and dash line are
for dyes with substituents of benzoil type OH or
NH,, correspondingly, and spectrum, marked with
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thin line belongs to dye with substituent of nicoti-
noyl type NH". The left part of Fig.3 corresponds
to solutions of the specified dyes in DMFA, and
the right one — to ensemble of nanoparticles in
porous matrix. One may see from the figure that
similar dyes in porous matrix glow considerably
more intensively than in solution.

1.2 — 20H{SnCly) — 20H (STl

. - - 2NHa{SnClg}{ o 6 = =2NH3{SnCl, )
5 - — 2HN*(SNCl] S — 2HN*{SNCl,}
] g
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@ I \ ] \
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Fig. 3. Photoluminescence spectra for some
dyes, which have similar molecular structure,
in DMFA solution (on the left) and as nanopAr-
ticles ensemble in porous glass (on the right)

A comparison of the photoluminescence spec-
tra of DFMA-solutions of dyes based on the
4-valence stannum complexes and A-type silica
porous glass matrixes, soaked in same solution,
showed [8] that they have one maximum for all
the considered dyes. These spectra only differ in
glow intensity and spectral position of this maxi-
mum. Taking it into account and as the coordina-
tion set preserves its original for isomerous dyes
with different tautomeric forms we have com-
pared the histograms, which correspond with the
intensity and maximum position of photolumi-
nescence spectrum depending on the complex’s
tautomeric forms for further research.

Fig.4 shows the histograms of dependences of
intensity and maximum position of photolumi-
nescence spectra of dyes with benzoyl type hy-
droxyl (OH) substituent on its position in tauto-
meric form for the complexes with coordination
sets {SnCI,ON} and {SnCl,O,N}. One can see
that the glow intensity of nanoparticle ensemble
of dye always exceeds the glow intensity of its
solution. Dye with coordination set {SnCl,O,N}
illuminates more intensively both in solution and
in porous matrix. However, the photolumines-
cence intensity for the dye with coordination set
{SnCI,ON} increases almost sixfold by transi-
tion from solution to the nanoparticles ensemble,
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whereas for the dye with coordination set {Sn-
Cl,O,N} it increases roughly threefold only.

One can see from histograms, which describe
the change of luminescence maximum position,
that all the photoluminescence spectra are hyper-
chromic ones by transition from solution to the
nanoparticle ensemble irrespective of tautomeric
form and coordination set for the dyes with
benzoyl type

7  solution 14
<6 - @ porous glass <12 @ porous glass
3 3
o 5 - $10
24 z 8
B 31 @ 6
g2/ g4
21 32

0 0

£ 500 g

< < 500
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substituent position substituent position

Fig. 4. Dependence of photoluminescence in-
tensity and maximum position of its spectrum
for dye with coordination set {SnCl,ON} (on
the left) and {SnCl,0,N} (on the right) on posi-
tion of benzoyl type OH substituent in tauto-
meric form

hydroxyl (OH) substituent. We also can mark that
the wavelength of illumination differs by the change
of the coordination set insignificantly for each tauto-
meric form. In all the cases the illumination energy
of current tautomeric form of dyes based on 2-hy-
droxynaftaldegyde {SnCl,O,N} is a little less than
of those based on 4dimethylaminbenzaldehyde {Sn-
Cl1,ON}. Besides, one can conclude from histograms
that the illumination of dyes with tautomeric form
«y, in which the substitutient is most distant from
the coordination set in it, has maximal energy.

Fig.5 shows the histograms of dependences of
intensity and maximum position of photolumines-
cence of dyes with benzoyl type amine (NH,) sub-
stituent on it position in tautomeric form for the
complexes with coordination sets {SnCI,ON} and
{SnCLLO,N}. One can observe for such dyes the
same regularity as for ones with hydroxyl substitu-



ent: illumination of nanoparticle ensemble of dye in
the porous glass is more intensive than in its solution
irrespective of tautomeric form. The illumination of
dye with coordination set {SnCL,O,N} in solution is
about 2.5-fold fainter than that with coordination set
{SnCl,ON}, which has the same tautomeric form.
Intensity of photoluminescence for the dye with co-
ordination set {SnCL,O,N} increases by almost ten
times by transition from solution to the nanoparticle
ensemble, whereas for the dye with coordination set
{SnCl,O,N} it increases less than 2-fold (while for
the tautomeric form «4» it doesn’t change practically
in this case).

Researching change of maximum position of
photoluminescence spectrum for dyes with ben-
zoyl type amine (NH,) substituent on its position in
tautomeric form shows bathochromic shift of pho-
toluminescence spectra for all tautomeric forms of
dyes with coordination set {SnCI,ON} by transition
from solution to the nanoparticle ensemble, where-
as in the case of coordination set {SnCL,O,N} they
remain hyperchromic. Herewith the wavelength of
illumination, when tautomeric form changes for the
case of coordination set {SnCl,O N}, changes to a
very little degree (within 10 nm). Same effect occurs
also for the solution of dyes with coordination set
{SnCl,ON}. However, wavelength of illumination
changes more considerably (up to 50 nm) by transi-
tion to the nanoparticle ensemble in this case. [llumi-
nation of dyes with tautomeric form «4», in which
substituent is the most distant from coordination set,
also has maximal energy for this substitutient.
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Fig. 5. Dependence of photoluminescence inten-
sity and maximum position of its spectrum for
dye with coordination set {SnCl ON} (on the left)
and {SnCl,O,N} (on the right) on position of ben-
zoyl type NH, substituent in tautomeric form

The dyes with nicotinoyl type amine (HN") sub-
stituent behave somewhat in a different way. Fig.6
shows that the histograms of dependences of pho-
toluminescence intensity on the substitutient po-
sition in tautomeric form are very similar for both
types of coordination sets for the dyes with such
substitutient. In both cases the illumination intensity
changes to a little degree for different tautomeric
forms in solution, but by transition from solution to
the nanoparticle ensemble it increases about by ten
times (for the tautomeric form «4» this increment
is a little less). The difference is only that the dyes
based on 2-hydroxynaftaldegyde {SnCl,O,N} glow
about 4-fold more intensively than those based on
4dimethylaminbenzaldehyde {SnCl,ON}.However
quite notable difference in dependences of photo-
luminescence spectra of dyes with nicotinoyl type
amine (HN") substituent on the substitutient posi-
tion in tautomeric form deduces from histograms of
change of maximum position of photoluminescence
spectrum of dyes with such substituent as against
similar spectra of dyes with benzoyl substituent. As
distinct from dyes with benzoyl type substituents ra-
diant energy decreases for these dyes when substitu-
ent moves away from coordination set (irrespective
of its type), and thus it turns out to be minimum for
tautomeric form «4». Besides, hypsochromic shift of
photoluminescence spectra takes place for all tauto-
meric forms by transition from solution to nanopar-
ticle ensemble for dyes on the basis of 4-dimethyl-
aminbenzaldehyde {SnCI,ON}, whereas spectra
remain hyperchromic for the dyes on the basis of
2-hydroxynaftaldegyde {SnCL,ON} irrespective of
tautomeric form.
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Fig. 6. Dependence of photoluminescence inten-
sity and maximum position of its spectrum for
dye with coordination set {SnCl ON} (on the left)
and {SnCl,O,N} (on the right) on position of nic-
otinoyl type HN" substituent in tautomeric form
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4. DISCUSSION

The nature of occurrence of nanoparticle en-
semble glow in pores of porous silica glass is the
same as in solution: luminescence occurs as conse-
quence of transition between level, situated close
to bottom of first excited dye molecule state, and
set of electron-vibration sublevels of its ground
state. Intensity of photoluminescence at that in-
creases on the account of development of inner
matrix surface and due to insignificant probability
of aggregations’ appearance because of presence
of residual silica gel in pores of A-type matrix, it
always exceeds intensity of glow of appropriate
solution. The silica gel prevents aggregation of dye
in big pores by covering the formed dye nanopar-
ticles [9-10]. It is known [11-13] that aggregation
would lead to dye bleaching. Effect of increasing
of photoluminescence intensity of dye in porous
glass takes place irrespective of type of their coor-
dination set and tautomeric form of dyes based on
4-valence stannum complexes.

Invariability of photoluminescence spectra oc-
curs relative to direction of reading of positions
of atoms in hydrazide fragment clockwise or anti
clockwise for tautomeric forms of all the dyes
based of 4-valence stannum complexes both in
solution and in the case of nanoparticle ensemble.
That is, tautomeric forms with substituents in posi-
tions «2» and «6» or «3» and «5» turn out to be
equivalent. This conclusion seems trivial at first,
as all connections of benzoyl ring are equivalent.
Nevertheless, on account of possible intramolecu-
lar hydrogen bondings the specified tautomeric
forms are not necessarily equivalent. The obtained
results show that intramolecular hydrogen bond-
ings are not formed in the researched complexes
for any coordination sets, tautomeric forms or sub-
stituents.

Glow intensity increases when substituent in
hydrazide fragment moves closer to coordination
set for all tautomeric forms both in dye solution
and in its nanoparticle ensemble. This effect can be
considered as direct consequence of symmetry of
tautomeric forms relative to direction of reading of
atom positions in hydrazide fragment. Indeed, as
tautomeric forms are equivalent to substituents in
positions «2» and «6» additional rotation symme-
try occurs in dye molecule. It causes formation of
additional electron rotational levels, fit for radia-
tive transition.
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In order to explain the dependence of dye radi-
ative energy on substituent position in tautomeric
form one should assume presence of two compet-
ing mechanisms in the system. One is connected
with interaction of substituent with coordination
set, and the other is connected with the degree of
freedom of the substituent in relation to benzoyl
ring of hydrazide fragment. Let us recall that at
substitution nicotinoyl type substituent incorpo-
rates into benzoyl ring of hydrazide fragment,
substituting carbon therein. At that no additional
degree of freedom appears in the substituent. On
account of interaction of substituent and coordi-
nation set some energy is radiated, and the closer
the substituent to coordination set is, the higher
the energy is. And that is why histogram, repre-
sented in the lower part of the Fig.6, shows that
maximal radiative energy corresponds to tauto-
meric forms with the closest to coordination set
substituent «2» (or «6»), and minimal energy cor-
responds to tautomeric form with the most distant
from coordination set substituent «4», as one may
see from maximum position of photolumines-
cence spectra. In the case of benzoyl substitution
small hydrogen atom in benzoyl ring of hydrazide
fragment is substituted by bulky group of atoms,
which can vibrate relative to benzoyl ring. The
further from coordination set benzoyl type sub-
stituent is, the more intensively it can vibrate, and
the more electron-vibration states, fit for radiative
transition, occur in the system, that, as follows
from histograms shown in the lower part of Fig.4
and Fig.5, with a vengeance compensates losses,
connected with substituent’s moving away from
coordination set. Thus, at benzoyl substitution
maximal radiative energy corresponds to tauto-
meric form with maximally distant from coordi-
nation set substituent «4».

5. CONCLUSIONS

[llumination intensity of nanoparticle ensem-
bles of dyes based on the 4-valence stannum com-
plexes in the pores of porous silica glass is always
more than illumination intensity of appropriate
solution. Herewith the luminescence intensity of
dyes of such type with hydroxyl substituent was
always more than in case with the amine one.

Symmetry of photoluminescence spectra rela-
tive to clockwise or anti clockwise reading of



atom positions in the hydrazide fragment takes
place for the tautomeric forms of all the dyes
based on the 4-valence stannum complexes both
in solution and for nanoparticle ensemble. Here-
with the Illumination intensity increases if the
substituent in the hydrazide fragment moves clos-
er to the coordination set for all the tautomeric
forms both in dye solution and in its nanoparticle
ensemble. Probably this effect was connected
with appearance of additional electron-rotational
states, which would suit for radiative transition.
It’s a consequence of the degeneration due to
abovementioned symmetry. At the same time, it
was shown that the change of illumination energy
of tautomeric forms depends on both type and na-
ture of substituent and on coordination set.

Radiative energy at nicotinoyl substitution is
minimal for the tautomeric form with substitu-
ent, which is most distant from coordination set.
However, at benzoyl substitution radiative energy
will be maximal for such tautomeric forms.
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PHOTOLUMINESCENCE OF TAUTOMERIC FORMSOF NANOPARTICLE ENSEM-
BLES OF DYES BASED ON THE 4-VALENCE STANNUM COMPLEXES IN POROUS
SILICA GLASS

Summary
Luminescence of tautomeric forms of dyes based on the 4-valence stannum complexes was re-

searched. Symmetry of photoluminescence spectra of different tautomeric forms relative to direction
of reading of atom positions in the hydrazide fragment was found clockwise or anti clockwise. It
was determined that the illumination of nanoparticle ensembles of dyes in A-type porous silica glass
is always more intensive than in appropriate solution. It was shown that the luminescence intensity
of tautomeric forms increases, if the substituent comes nearer to the coordination set irrespective of
type and nature of substituent and type of coordination set. At the same time, change of illumination
energy of tautomeric forms depends on both type and nature of substituent and coordination set. The
results were explained by the development of inner surface of matrix and also by the features of atom

disposition in dye molecule and by interaction between them.
Key words: photoluminescence, porous glass, dyes on base of stannum complexes,

tautomeric forms, nanoparticle ensembles
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1. K. Jloiiuo, C. A. I'eseniox, E.Puwsxesuu-Ilacex

OOTOIIOMIHECHEHIIA TAYTOMIPHUX ®OPM AHCAMBJIIB HAHOYACTHHOK
BAPBHUKIB HA BA31I KOMIIVIEKCIB 4-BAJIEHTHOT'O CTAHYMY B CEPE/IUHI
HIIMAPUCTUX CUJIIKATHUX CTEKOJI

Pesrome

JlocimKkeHOo TIFOMiHE CIICHITIF0 Tay TOMIpHHX (hOpM OapBHUKIB HAa 0a31 KOMIUIEKC1B YOTHPUBAJICHTHOTO
cTaHyMmy. BusiBieHo cimMeTpito crekTpiB (hOoToMOMIHECIICHIIIT PI3HUX TayTOMIpHUX (OPM BiZIHOCHO
HaNpSMKY BIJUIIKY HO3HIIII aTOMIB y Tipa3uIHOMY (parMeHT! 3a CTPLIKOI IOIMHHUKA a0 MpoTH
Hel. BusBneHo, mo CBITIHHA aHCaMOJIF0 HAHOYACTMHOK OapBHMKA Yy HIMAPUCTOMY CHIIIKATHOMY
CKJI TUIy A € 3aBXAM OUIbII iHTEHCUBHUM, HIXK y BIANOBITHOMY po3umHi. [IpogemMoHcTpoOBaHO,
10 1IHTEHCUBHICTh JIIOMIHECIEHIIIT TayTOMIPHUX (OPM 3pOCTa€, SKIIO 3aMICHUK HAOIMKAETHCS 10
KOOPAMHALIIHOTO By3J1a, HE3aJI€KHO Bl TUITY 1 IPUPOIHU 3aMICHUKA U TUITY KOOPAMHALIMHOTO By3Ja.
HaromicTh, 3MiHEHHS €HEprii BUIPOMiHIOBAHHS TayTOMIpHIX ()OPM 3aJI€KUTh 5K B/l TUITYy 3aMiCHHKA,
TIK 1 B1J] HOTO MPUPO/IY 1 KOOPAUHALIHHOTO By3J1a. Pe3ynbTraT HOsSICHEHO PO3TOPHYTICTIO BHY TPILIIHBOT
MMOBEPXHI MaTPHIIi, a TAKOXK OCOOTUBOCTAMHU PO3MIIIIEHHS aTOMIB BCEPEINHI MOJIEKYJIU OapBHUKA Ta
B3aeMO/Ii1 MK HUMH.

KurouoBi ciioBa: hotontoMiHecHe IS, MIMapUCTi CTeKIa, OapBHUKH Ha 0a31 KOMIUIEKCIB CTaHyMY,
TayToMipHi hopMu, aHcaMOJIi HAHOYACTHHOK

UDC 621.315.592

U. K. Hotiwo, C. A. I'eseniox, E. Pvicakesu-Ilacex

®OTOJIOMAHECIHEHIIUS TAYTOMEPHBIX ®OPM AHCAMBJIE HAHOYACTHII
KPACHUTEJIE HA OCHOBE KOMILJIEKCOB 4-BAJJEHTHOI'O OJIOBA B
MOPUCTBIX CUJIMKATHBIX CTEKJIAX

Pe3rome

HccnenoBana JTIOMHHECHEHIIMS TayTOMEPHBIX (OpM KpacuTeldell Ha OCHOBE KOMIUICKCOB
4yeThIpEXBaJICHTHOrO osioBa. OOHapykeHa CHUMMETPHs CHEKTPOB (DOTONIOMUHECIEHIIUN Pa3HBIX
TayTOMEPHBIX (OPM OTHOCHUTEIBHO HANpaBJICHUS OTCUYETAa MO3UIMI aTOMOB B TUIPA3ZUIHOM
(dbparmMenTe 1o, MO0 MPOTUB YACOBOM CTPENIKU. YCTAaHOBIICHO, YTO CBEUCHHUE aHCAMOJIsI HAHOYACTHI]
KpaCI/ITeHH B HOpI/ICTOM CUJIMKATHOM CTCKJIC THUIIA A BCCraa UHTCHCHUBHEC, YEM B COOTBGTCTByIOH_[eM
pactBope. [lokazaHo, YTO MHTEHCUBHOCTb JIIOMUHECLEHIIMM TayTOMEPHBIX (POPM BO3pacTaeT MpHu
MIPUOJTNKEHUH 3aMECTUTEJIS K KOOPINHAIIMOHHOMY Y31y, He3aBUCHMO OT THIIA U IIPUPOJIBI 3aMECTUTENS
U THINIA KOOPAMHALIMOHHOIO y371a. BmecTe ¢ TeM, U3MEHEHHE DHEpPruu U3JIy4eHHUsS TayTOMEPHBIX
(dhopM 3aBUCUT KaK OT THIIA 3aMECTHUTENISA, TaK U OT €r0 MPHUPOAbI, U OT KOOPAWHAIMOHHOTO y3Ja.
Pe3ynbrarel 00BICHEHBI pa3BUTOCTHIO BHYTPEHHEHN MTOBEPXHOCTH MATPHIIBI, & TAKKE 0COOCHHOCTSIMHU
paCHOJIO)KeHI/IH aTOMOB B MOHeKyJIe Kpachenﬂ 158 BSaHMOHeﬁCTBHﬂ MG)KIIy HHUMMN.

KuioueBble ci1oBa: (GOTOIMIOMUHECHICHIIHS, TTOPUCTOE CTEKIJIO, KPACUTENIN HA OCHOBE KOMIUIEKCOB
0JIOBa, TayTOMEpHBIE (POPMBI, aHCAMOIN HAHOYACTHIL
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NEW NONLINEAR ANALYSIS, CHAOS THEORY AND INFORMATION TECHNOLOGY
APPROACH TO STUDYING DYNAMICS OF THE THE ERBIUM ONE-RING FIBRE LASER

Within new non-linear analysis, chaos theory and information technology approach it is nu-merically
investigated chaos dynamics generation in the erbium one-ring fibre laser (EDFL, 20.9mV strength,
A= 1550.190nm) with the control parameters: the modulation frequency f and dc bias voltage of the electro-
optical modulator. It is shown that in depending upon f, V values there are realized 1-period f = 75MHz,
V =10V and f = 60MHz, V = 4V), 2-period (f = 68 MHz, V = 10V or f = 60MHz, V = 6V), chaotic
(f=64MHz, V=10 V and f = 60MHz, V = 10V) regimes; there are calculated LE, correlation, embedding,
Kaplan-York dimensions, Kolmogorov entropy and theoretically shown that chaos in the erbium fiber laser
device is generated via intermittency by increasing the DC bias voltage and period-doubling bifurcation by

reducing the modulation fre-quency.

1 Introduction

It is very known that a chaos is alternative of
randomness and occurs in very simple determin-
istic systems. Although chaos theory places fun-
damental limitations for long-rage prediction (see
e.g. [1-9]), it can be used for short-range predic-
tion since ex facte random data can contain sim-
ple deterministic relationships with only a few
degrees of freedom. Chaos theory establishes that
apparently complex irregular behaviour could
be the outcome of a simple deterministic system
with a few dominant nonlinear interdependent
variables. The past decade has witnessed a large
number of studies employing the ideas gained
from the science of chaos to characterize, model,
and predict the dynamics of various systems phe-
nomena (see e.g. [1-13]). The outcomes of such
studies are very encouraging, as they not only re-
vealed that the dynamics of the apparently irregu-
lar phenomena could be understood from a cha-
otic deterministic point of view but also reported
very good predictions using such an approach for
different systems.
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In a modern quantum electronics and laser
physics etc there are many systems and devices
(such as multi-element semiconductors and gas
lasers etc), dynamics of which can exhibit chaot-
ic behaviour. These systems can be considered in
the first approximation as a grid of autogenerators
(quantum generators), coupled by different way
[2,14,15]. In this paper we present an application
of a new and advanced known non-linear anal-
ysis, chaos theory and information technology
methods [1-20] to studying non-linear dynamics
of the erbium one-ring fibre laser (EDFL, 20.9mV
strength, A= 1550.190nm) with the control param-
eters: the modulation frequency fand dc bias volt-
age of the electro-optical modulator. Technique of
non-linear analysis includes a whole sets of new
algorithms and advanced known methods such
as the wavelet analysis, multi-fractal formalism,
mutual information approach, correlation inte-
gral analysis, false nearest neighbour algorithm,
Lyapunov exponent’s (LE) analysis, and surro-
gate data method, neural networks prediction ap-
proach etc (see details in Refs. [1-34]).



2. Methods of studying dynamics of the
laser systems

As used non-linear analysis, chaos theory
and information technology methods to study-
ing non-linear dynamics of the laser systems
have been earlier in details presented [1-20] here
we are limited only by the key ideas. As usu-
ally, we formally consider scalar measurements
s(n) = s(t, + nAt) = s(n), where £, is the start time,
At 1s the time step, and is n the number of the
measurements. Packard et al. [18] introduced the
method of using time-delay coordinates to recon-
struct the phase space of an observed dynamical
system. The direct use of the lagged variables
s(n + 1), where t is some integer to be determined,
results in a coordinate system in which the struc-
ture of orbits in phase space can be captured. First
approach to compute 7 is based on the linear auto-
correlation function. The second method is an ap-
proach with a nonlinear concept of independence,
e.g. the average mutual information. Briefly, the
concept of mutual information can be described
as follows [5,7,13]. One could remind that the
autocorrelation function and average mutual in-
formation can be considered as analogues of the
linear redundancy and general redundancy, re-
spectively, which was applied in the test for non-
linearity. If a time series under consideration have
an n-dimensional Gaussian distribution, these sta-
tistics are theoretically equivalent as it is shown
in Ref. [22].

The goal of the embedding dimension determi-
nation is to reconstruct a Euclidean space R? large
enough so that the set of points d, can be unfolded
without ambiguity. There are several standard ap-
proaches to reconstruct the attractor dimension
(see, e.g., [1,7,23]), but let us consider in this
study two methods only. The correlation integral
analysis is one of the widely used techniques to
investigate the signatures of chaos in a time se-
ries. The analysis uses the correlation integral,
C(r), to distinguish between chaotic and stochas-
tic systems. To compute the correlation integral,
the algorithm of Grassberger and Procaccia [23]
is the most commonly used approach. According
to this algorithm, the correlation integral is

€)= i ;H(r—l vi-y, 1)

(1<i<j<N)

(M

where H is the Heaviside step function with
H(u) =1 for u> 0 and H(u) = 0 for u [1 0, r is the
radius of sphere centered on y, or Y, and N is the
number of data measurements. If the time series
is characterized by an attractor, then the integral
C(r) is related to the radius  given by

d= limM
o logr

2)

where d is correlation exponent that can be de-
termined as the slop of line in the coordinates
log C(r) versus log r by a least-squares fit of a
straight line over a certain range of r, called the
scaling region.

There are certain important limitations in the
use of the correlation integral analysis in the
search for chaos. To verify the results obtained
by the correlation integral analysis, we use sur-
rogate data method. The method of surrogate data
[1,7,19] is an approach that makes use of the sub-
stitute data generated in accordance to the proba-
bilistic structure underlying the original data.
Advanced version is presented in [7-9].

The next step is computing the Lyapunov’s ex-
ponents (LE). The LE are the dynamical invari-
ants of the nonlinear system. A negative exponent
indicates a local average rate of contraction while
a positive value indicates a local average rate of
expansion. In the chaos theory, the spectrum of LE
is considered a measure of the effect of perturbing
the initial conditions of a dynamical system. Note
that both positive and negative LE can coexist in
a dissipative system, which is then chaotic. Since
the LE are defined as asymptotic average rates,
they are independent of the initial conditions, and
therefore they do comprise an invariant measure
of attractor. In fact, if one manages to derive the
whole spectrum of the LE, other invariants of
the system, i.e. Kolmogorov entropy and attrac-
tor’s dimension can be found. The Kolmogorov
entropy, K, measures the average rate at which
information about the state is lost with time. An
estimate of this measure is the sum of the posi-
tive LE. The inverse of the Kolmogorov entropy
is equal to an average predictability.
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Estimate of dimension of the attractor is pro-
vided by the Kaplan and Yorke conjecture. There
are a few approaches to computing the LE.

One of them computes the whole spectrum and
is based on the Jacobi matrix of system [27]. In
the case where only observations are given and
the system function is unknown, the matrix has
to be estimated from the data. In this case, all the
suggested methods approximate the matrix by fit-
ting a local map to a sufficient number of nearby
points.

In our work we use the method with the lin-
ear fitted map proposed by Sano and Sawada [27]
added by the neural networks algorithm [7-10].
To calculate the spectrum of the LE from the am-
plitude level data, one could determine the time
delay t and embed the data in the four-dimension-
al space.

3. Chaotic elements in dynamics of
the erbium one-ring fibre laser: Some
illustrations and conclussions

Here we present results of the quantitative
studying a chaotic dynamics in the erbium one-
ring fibre laser with the control parameters: the
modulation frequency f'and dc bias voltage of the
electro-optical modulator. Feng and et al. [35]
have observed experimentally generate chaos in
dynamics in the erbium one-ring fibre laser (la-
ser parameters: the initial strength of 20.9 mV,
1550.190 nm wavelength) with added electro-
optical modulator made from crystal LiNbO3.

In the first series of measurements (Exp.1) the
constant bias voltage was maintained at 10V, the
frequency modulation control parameter f was f=
64-75MHz. In figure 1 there are listed the meas-
ured time-series of the output voltage V.  depend-
ence on the frequency modulation by Feng and et
al. [35] :Upfig.- f=75 MHz ( 1-period state),
Middle fig.- /= 68MHz (2-period state), Down
fig.- /= 64MHz (chaos).

In a second series of measurements (Exp 2.)
by Feng and et al. [35] the frequency modulation
was kept at the value of 60 MHz, and the constant
bias voltage V was varied from 4V till 10V.
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Figure 1. The temporal dependence of V_ .
upon f : Up fig. - f=75 MHz ( 1-period state),
Middle fig.- f=68MHz (2-period state), Down
fig.- f=64MHz (chaos).

The theoretical examination shows that de-
pending on the values of £, V' the laser device is
in the one-period (f = 75 MHz, V' = 10V or f =
60MHzs, V = 4V), two-period (f= 68MHz, V =
10V or f= 60MHz, V' = 6V), chaotic (f= 64MHz,
V=10V or f= 60MHz, '=10V) states.

Further we have calculated the LE values, cor-
relation dimension, the Kaplan- York dimension,
the Kolmogorov entropy and other quantities for
two measured temporal series on the above de-
scrinbed methods and algorithms. In table 1 we
present the computed values of the Lyapunov’s
exponents LE A —A, in the descending order and
the Kaplan- York dimension, the Kolmogorov en-
tropy for two series of measurements.



Table 1.

Numerical parameters of the chaotic regime

in the the erbium one-ring fibre laser with the

control parameters: the modulation frequen-

cy f and dc bias voltage of the electro-optical

modulator: [ 1], are the Lyapunov exponents

in descending order, d; the Kaplan- York di-
mension; K — Kolmogorov entropy (our data)

Series Al A2 A3
Exp I 0.168 0.0212 -0.223
Exp 11 0.172 0.0215 -0.220
Series A4 d, Kentr
Exp I -0.323 2.85 0.19
Exp I1 -0.318 2.88 0.19

In whole application of the non-linear analy-
sis, chaos theory and information technology
methods [7-18] to studying non-linear dynamics
of the erbium one-ring fibre laser (EDFL, 20.9mV
strength, A=1550.190nm) with the control param-
eters: the modulation frequency f'and dc bias volt-
age of the electro-optical modulator shows that
there is a chaos in the erbium fiber laser device,
generated via intermittency by increasing the DC
bias voltage and the period-doubling bifurcation

scenario by reducing the frequency modulation.
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NEW NONLINEAR ANALYSIS, CHAOS THEORY AND INFORMATION TECHNOLOGY
APPROACH TO STUDYING DYNAMICS OF THE QUANTUM GENERATOR AND
LASER SYSTEMS

Abstract

Within new non-linear analysis, chaos theory and information technology approach it is numerical-
ly investigated chaos dynamics generation in the erbium one-ring fibre laser (EDFL, 20.9mV strength,
1= 1550.190nm) with the control parameters: the modulation frequency f and dc bias voltage of the
electro-optical modulator. It is shown that in depending upon f, V values there are realized 1-period f
=75MHz, V=10V and f = 60MHz, V =4V), 2-period (f= 68 MHz, V = 10V or f=60MHz, V = 6V),
chaotic (f=64MHz, V=10V and f=60MHz, V = 10V) regimes. There are calculated the Lyapunov’s
exponents, correlation, embedding, Kaplan-York dimensions, Kolmogorov entropy. Theoretically it
is shown that a chaos in the erbium fiber laser device is generated via intermittency by increasing the
DC bias voltage and period-doubling bifurcation by reducing the modulation frequency.

Keywords: laser system, dynamics, chaos, nonlinear analysis
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I II. Ilpenenuys

HOBBIN MMOAXOJ HA OCHOBE HEJIMHEHHOTI'O AHAJIM3A, TEOPUU XAOCA U
WH®OPMAIIMOHHBIX TEXHOJIOTMA K U3YUYEHUIO JIUHAMMKHA KBAHTOBBIX
I'EHEPATOPOB U JIABEPHBIX CUCTEM

Pesrome.

Ha ocHOBe HOBOro moxo/1a, BKJIIOYAIOLIEr0 METO/bl HEITMHENHOIO aHalln3a, TEOPUU Xaoca U UH-
(OpMaLIMOHHBIX TEXHOJIOTUI YHCICHHO UCCIIEA0BaHa JMHAMUKA IeHepaly Xaoca B 3pOUeBOM OHO-
KosblIeBOM BoslokoHHOM Jazepe (EDFL, 20.9mV, 1= 1550.190nm) ¢ ynpapasiommuMu napaMeTpamu:
YaCTOTOW MOAYJSIMHU f ¥ TIOCTOSHHBIM HAMPSKEHUEM CMEIICHHUS SJIEKTPOONTHYECKOTO MOIYIISITOPA.
[ToxaszaHo, 4TO B 3aBUCUMOCTH OT f, V' B cucteme peaiausyrorcsi onHo-nepuoausii ( f= 75MHz, V
= 10V and /= 60MHz, V = 4V), 2-nepuoansiii (f = 68 MHz, V =10V or f= 60MHz, V = 6V), u
xaotnuecknii (f=64MHz, V=10V and f= 60MHz, V = 10V) pexxumbl. Teoperuuecku omnpesere-
HbI okasatenu JIamyHoBa, pasMepHOCTH BlIoxeHns, Kannana-Mopka, surpomus Konvoroposa u ap.
TeopeTnuecky MoKa3aHO, YTO XaoC B APOMEBOM BOJOKOHHOM Jia3epe T€HEPUPYETCs MOCPEICTBOM
NepeMeKaeMOCTH TPHU YBEJIWYCHHUS HAMTPSDKEHHS CMEIEHUS TOCTOSTHHOTO TOKa M yepe3 Oudypkaruu
YABOECHMSI IEPUOAA ITPU YMEHBIIEHHS YaCTOThI MOTYJISILIUH.

KuroueBble ciioBa: nazepHas cUCTEMa, IMHAMUKA, Xa0C, HEJTMHENHBIN aHAJIN3

VK 541.13

I II. Ilpenenuys

HOBUH NIJIXIJT HA OCHOBI HEJITHIHHOI'O AHAJII3Y, TEOPII XAOCY TA
THOOPMANIMHUX TEXHOJIOI'TH 1O BUBYEHHS JIUHAMIKA KBAHTOBHUX
T'EHEPATOPIB I JIABEPHUX CUCTEM

Pesrome.

Ha ocHOBI HOBOTO MOXO.y, 1110 BKJIFOYA€ METOM HENIHINHOro aHasizy, Teopii xaocy Ta iHpopma-
[IHHUX TEXHOJOT1H, YUCEIBHO JOCIIKeHA TUHAMIKA TeHEepallii Xaocy B epOi€BOMY OJHO-KUTBIIEBOMY
BosokoHHOMY J1azepi (EDFL, 20.9mV, 1 = 1550.190nm) 3 kepyrounMu napaMeTpaMu: 4acTOTOI0 MO-
IyJALii f1 MOCTIMHOIO HANPYTOIO 3MIIEHHS €IeKTPOONITUYHOTO Moay sTopa. [TokazaHo, 110 3aJIe:KHO
BiJ f, V' B cuctemi peanisytorbest ogHo-nepiongnuit ( f= 75MHz, V = 10V and f'= 60MHz, V = 4V),
2-nepionuuit (f'= 68 MHz, V =10V or f= 60MHz, V = 6V) i1 xaotnunuii (f = 64MHz, V=10V
and /= 60MHz, V = 10V). TeopeTnyHo Bu3Ha4YeHI MOKa3HUKH JIsSyHOBa, KOpesiiiiHa pO3MipHICTb,
po3mipHOCTi BKIanenHs, Kamnana-Mopka, enrpomnis Konmoroposa ta in. TeopeTHUHO MOKA3aHO, 110
Xa0c B ep0i€BOMY BOJIOKOHHOMY JIa3epi TeHEePY€ETHCS 3a JOMOMOTOI0 MEPEeMI>KaEMOCTI Py 301IbILICHH]
HaINpyTH 3CyBY MOCTIHHOTO CTPYMY 1 CKpi3b OiypKariii mogBo€HHS Mepiofy Mpy 3MEHILIEHHS YaCTOTH
MOJTYJISIIIT. .

KurouoBi ciioBa: nazepHa cuctema, TuHaAMiKa, XaoC, HEJIHIMHUI aHami3
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RELATIVISTIC THEORY OF SPECTRA OF PIONIC ATOMS: RADIATION TRANSITION

PROBABILITIES

A new theoretical approach to the description of spectral parameters pionic atoms in the excited states with
precise accounting relativistic, radiation and nuclear effects is applied to the study of radiation parameters of
transitions between hyperfine structure components. As an example of the present approach presents new data
on the probabilities of radiation transitions between components of the hyperfine structure transitions 5g-4f,
5f-4d in the spectrum of pionic nitrogen are presented and it is performed comparison with the corresponding

theoretical data by Trassinelli-Indelicato

1. Introduction

Our work is devoted to the further application
of earlier developed new theoretical approach [1-
3] to the description of spectra and different spec-
tral parameters, in particular, radiative transitions
probabilities for pionic atoms in the excited states
with precise accouting relativistic, radiation. Here
problem to be solved is estimate of the hyperfine
structure components transitions probabilities. As
it was indicated earlier [1-3] nowadays investi-
gation of the pionic and at whole the exotic had-
ronic atomic systems represents a great interest
as from the viewpoint of the further development
of atomic and nuclear spectral theories as creat-
ing new tools for sensing the nuclear structure
and fundamental pion-nucleus strong interactions
[1-15]. It is, above all, the strong pion-nucleon in-
teraction, new information about the properties of
nuclei and hadrons themselves and their interac-
tions with the nucleus of the measured energy X-
rays emitted during the transition pion spectrum
of the atom. That is, optics and spectroscopy of
pion atoms already in the electromagnetic sector
is extremely valuable area of research that pro-
vide unique data for different areas of physics.
It should be emphasized that the theory of pion
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spectra of atoms are highly excited, even in the
electromagnetic sector (ie short-range strong pi-
on-N interaction

neglects little) is extremely complex and at
present, despite the known progress remains very
poorly developed. It is about the fundamental
theoretical problems describing relativistic atoms
considering nuclear, radiation effects, and a com-
pletely insufficient spectral data for pion atoms.
While determining the properties of pion atoms in
theory is very simple as a series of H such mod-
els and more sophisticated methods such combi-
nation chiral perturbation theory (TC), adequate
quantitative description of the spectral properties
of atoms in the electromagnetic pion sector (not
to mention even the strong interaction sector )
requires the development of High-precision ap-
proaches, which allow you to accurately describe
the role of relativistic, nuclear, radiation QED
(primarily polarization electron-positron vacuum,
etc.). pion effects in the spectroscopy of atoms.

The most popular theoretical models are natu-
rally (pion is the Boson with spin 0, mass:

m__=139.57018 MoB,
r_=0.6720.08 fm



based on the using the Klein-Gordon-Fock equa-
tion, but there are many important problems con-
nected with accurate accounting for as pion-nu-
clear strong interaction effects as QED radiative
corrections (firstly, the vacuum polarization effect
etc.). This topic has been a subject of intensive
theoretical and experimental interest (see [1-16]).
The perturbation theory expansion on the physi-
cal; parameter oZ is usually used to take into ac-
count the radiative QED corrections, first of all,
effect of the polarization of electron-positron
vacuum etc. This approximation is sufficiently
correct and comprehensive in a case of the light
pionic atoms, however it becomes incorrect in a
case of the heavy atoms with large charge of a
nucleus Z.

The more correct accounting of the QED, fi-
nite nuclear size and electron-screening effects
for pionic atoms is also very serious and actual
problem to be solved more consistently in com-
parison with available theoretical models and
schemes. At last, a development of the compre-
hensive theory of hyperfine structure and comput-
ing radiative transitions probabilities between its
components is of a great interest and importance
in a modern theory of the pionic atom spectra.

2. Theory

The basic topics of our theoretical approach
have been earlier presented [1-3], so here we are
limited only by the key elements. Naturally, the
relativistic dynamic of a spinless boson (pion)
particle is described by the Klein-Gordon-Fock
(KGF) equation. As usually, an electromagnetic
interaction between a negatively charged pion and
the atomic nucleus can be taken into account in-
troducing the nuclear potential A in the KG equa-
tion via the minimal coupling p— p — gA . The
relativistic wave functions of the zeroth approxi-
mation for pionic atoms are determined from the
KGF equation [1]:

m?PW(x) = (= [ih0, +eVy (]’ + 1V 1¥(x) )
c
where / is the Planck constant, ¢ the velocity of

the light and the scalar wavefunction ¥ (x) de-
pends on the space-time coordinate x = (ct,r).

Here it is considered a case of a central Cou-
lomb potential (V (r),0). Then the standard sta-
tionary equation looks as:

LB+ oy (0 417V w0 =0 (2)
C

where E is the total energy of the system (sum of'the
mass energy mc” and binding energy €). In prin-
ciple, the central potential ¥, should include the
central Coulomb potential, the radiative (in partic-
ular, vacuum-polarization) potential as well as the
electron-screening potential in the atomic-optical
(electromagnetic) sector. Surely, the full solution
of the pionic atom energy especially for the low-
excited state requires an inclusion the pion-nucle-
ar strong interaction potential. However, the main
problem considered here is computing the radia-
tive transitions probabilities between components
of the hyperfine structure for sufficiently high
states, when the strong pion-nuclear interaction is
not important from the quantitative viewpoint.
However, if a pion is on the high orbit of the atom,
the strong interaction effects can not be accounted
because of the negligible value.

The next step is accounting the nuclear fi-
nite size effect or the Breit-Rosenthal-Crawford-
Schawlow one. In order to do it we use the wide-
spread Gaussian model for nuclear charge distri-
bution. The advantages of this model in compari-
son with usually used models such as for example
an uniformly charged sphere model and others
had been analysed in Ref. [1-]. Usually the Gauss
model is determined as follows:

plrlR) =4y NzJexpl-2) @)

where y = 471/ R2 , R 1s an effective radius of a
nucleus.

In order to take into account very important
radiation QED ceffects we use the radiative po-
tential from the Flambaum-Ginges theory [15]. In
includes the standard Ueling-Serber potential and
electric and magnetic form-factors plus potentials
for accounting of the high order QED corrections
such as:

D, ,(N=0,(r)+D,(r)+ D, (r)+.
+®,(r) + %q’?gh‘”""”(r) (4)
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where

0.0927%a?
1+(1.8 r/r.)*

q)it/[gh—arder (7") — —2—a®(r)
kY4

2 ¥/
e "'

cp,(r):—MZ“asm (5)
e

Here e — a proton charge and universal
function B(Z) is defined by expression:
B(Z2)=0.074+0.35Za.

At last to take into account the electron screen-
ing effect we use the standard procedure, based on
addition of the total interaction potential SCF po-
tential of the electrons, which can be determined
within the Dirac-Fock method by solution of the
standard relativistic Dirac equations. It should be
noted however, that contribution of theses correc-
tions is practically zeroth for the pionic nitrogen,
however it can be very important in transition to
many-electron as a rule heave pionic atoms.

As we are planning to consider the radiative
transitions in heavy pionic atoms in future, this
block is remained in our approach.

Further in order to calculate probabilities of
the radiative transitions between energy level of
the pionic atoms we have used the well known
relativistic energy Ivanova-Ivanov approach
(look [17-19] and Refs. in [16], which is used for
computing probabilities.

The expression for the energy of the hyperfine
splitting (magnetic part of) the energy levels of
the atom in the pion:

1y epighc’

nlF __
B = 47[(E(’)” - <nl|V0(r]nl>)X

(6)

y [F(F +1)—I1(7+1)-1( + 1)}<nl|r"3|nl>

21

Here u,= eh/2m »C ; other notations are stan-
dard. In a consistent precise theory it is important
allowance for the contribution to the energy of the
hyperfine splitting of the levels in the spectrum of
the pion atom due to the interaction of the orbital
momentum of the pion with the quadrupole mo-
ment of the atomic nucleus. The corresponding
part can be presented as follows [3]:
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< LIFM|Wy|LIFM >= A+ BC(C+1) (7)
where

C=F(F+1)-L(L+1)-1(I+1), (8)

_ 3 &0 (- Ly - 1) 9

4121 -1) \JL(L+1)Q2L - 1)L+ 1)(2L +3) ©)

A €U+ (Ll DLEL+D (10)

(I-1) JL(L+1)Q2L-1)QL+1)(2L+3)

Here L — is orbital moment of pion, F'is a total
moment of an atom.

3. Results and conclusions

As example of application of the presented ap-
proach, in table 1 we present the data on radia-
tive transition probabilities (in s') for hyperfine
transitions 5g-4f in the spectrum of the pion ni-
trogen): Th1- data by Trassinelli-Indelicato; Th2-
our data. In theory by Trassinelli-Indelicato (look,
for example, [4])

it has been used the standard atomic spectros-
copy amplitude scheme when the transitions ener-
gies and probabilities are calculated in the known
degree separately. At the same time this comput-
ing within the relativistic energy approach is per-
formed more correctly and self-consistently (look
details in [16] and multiple references therein).

Table 1.

Radiative transition probabilities (in s')

for hyperfine transitions 5g-4f in the spectrum

of the pion nitrogen: Thl- data by Trassinelli-
Indelicato; Th2- our data

F-F’ T.I:P(5g-4f) | TII:P (5g-4f)
5-4 7.13% 1013 7.04x 10"
4-3 5.47x 1013 5.41x 10"
4-4 5.27x 1013 5.23x% 10"
3-2 4.17% 10" 4.12% 10"
3-3 0.36% 1013 0.34x% 1013
3-4 0.01x 10" 0.009x 10




In table 2 we present our data for radiative
transition probabilities (in s') for hyperfine tran-
sitions 5f-4d in the spectrum of the pion nitrogen:
our data

Table 2.

Radiative transition probabilities (in s) for

hyperfine transitions 5f-4d in the spectrum of
the pion nitrogen: our data

F-F Our data
(5f-4d)
4-3 4.57x 10"
3-2 3.16x 10"
3-3 2.98x 10"
2-1 2.13x 10"
2-2 2.25%x 10"
2-3 0.01x 10"

In whole, the computed radiative transition
probabilities values for considered transitions be-
tween hyperfine structure components in the spec-
trum of the pion within theory by Trassinelli-In-
delicato and ours demonstrate physically reason-
able agreement. , however our values are a little
lower. This fact can be explained by difference
in the computing schemes and different level of
accounting for nuclear finite size, QED and other
effects (look details [1-3,20,21]). In any case the
data obtained can be considered as sufficiently
accurate ones and used in the corresponding ap-
plications, indicated in the introduction. There is
a great interest the detailed studying the radiative
transitions parameters for the heavy pionic toms
especially in the Rydberg states. This topic will be
considered by us in the next publications.
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I N. Serga

RELATIVISTIC THEORY OF SPECTRA OF PIONIC ATOMS WITH ACCOUNT OF
THE NUCLEAR AND RADIATIVE CORRECTIONS: RADIATIVE TRANSITION
PROBABILITIES

Abstract.

A new theoretical approach to the description of spectral parameters pionic atoms in the
excited states with precise accounting relativistic, radiation and nuclear effects is applied to
the study of radiation parameters of transitions between hyperfine structure components. As an
example of the present approach presents new data on the probabilities of radiation transitions
between components of the hyperfine structure transitions 5g-4f, 5f-4d in the spectrum of pionic
nitrogen are presented and it is performed comparison with the corresponding theoretical data
by Trassinelli-Indelicato.

Keywords: relativistic theory, hyperfine structure, pionic atom, radiative transitions
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PEJSATUBUCTCKASI TEOPUSI CHEKTPOB TNMHOHHBIX ATOMOB C YYETOM
SIIEPHBIX M PAMAIIMOHHBIX MOIPABOK: BEPOSTHOCTH PAJMALMOHHBIX
MEPEXO/J0B

Pesrome.

HoBblil TeopeTnueckuii Moaxo K ONMMCAHUIO CHEKTPAIbHBIX MapaMeTpOB MHOHHBIX aTOMOB B
BO30Y>KJI€HHOM COCTOSIHUM C YY€TOM DESATHBHCTCKUX, PaJMAIMOHHBIX 3((eKToB MpuMEeHEeH K
U3YUYCHHIO NTapaMETPOB PATUALIMOHHBIX EPEXOA0B MEXy KOMIOHEHTAMH CBEPXTOHKOM CTPYKTYPBHI.
B xauecTBe mpuMepa NpUMEHEHHs NPEACTABICHHOTO IOIXO0Ja, NPEACTABICHbI HOBBIC TaHHbIC
O BEpPOATHOCTH PAJAMALMOHHBIX MEPEXOJOB MEXKIY KOMIIOHEHTAMH CBEPXTOHKOH CTPYKTYpBI
nepexonoB 5g-4f, 5f-4d B cnexTpe NMMOHHOTO a30Ta U MPOBEIACHO CPABHEHUE C COOTBETCTBYIOIIUMHU
TeopeTnueckumu ganHbME Trassinelli-Indelicato.

KiroueBble ci10Ba: pEIATUBUCTCKAs TEOPHsI, CBEPXTOHKAs CTPYKTypa,  IHOHHBIA arom,
panuaoHHbIE IePEX0/IbI

VK 539.184

I M. Cepea

PEJIITUBICTCHKA TEOPISI CIEKTPIB HNIOHHUX ATOMIB 3 YPAXYBAHHSIM
SITEPHUX TA PAJIALIIHUX HOMPABOK: IMOBIPHOCTI PAJIALIIIHUX
MEPEXO/IIB

Pesrome.

HoBuii TeopeTHYHMN MiAXiA 10 OMKCY CIIEKTPAIbHUX MapaMeTpiB MIOHHUX aTOMIB Y 30y/’KEHOMY
CTaHI 3 ypaxyBaHHIM PEJSATHBICTCHKUX, paialiifHux edekTiB Ha oCHOBI piBHsAHHS Kieitna-I opaona-
doxka 3aCTOCOBAHO JJO BUBUCHHS NTApaMETPiB paialiifHuX NepexodiB Mi KOMIIOHEHTaMH HaITOHKOT
CTPYKTYypH. SIK NpHKJIaZ 3aCTOCYBAaHHS IPEICTABICHOTO MiAXOAY, MPEACTaBIEHI HOBI JaHi PO
HMOBipHOCTEH pajiallifHUX NEPexXodiB MK KOMIIOHEHTaMU HAJITOHKOI CTPYKTYpH mHepexoaiB Sg-4f,
5f-4d B cmexTpi MOHOTO a30Ty 1 MPOBEIACHO MOPIBHAHHS 3 BIAMOBIIHUMU TEOPETUYHUMH JaHUMHU
Trassinelli-Indelicato.

Kir04oBi cj10Ba: pensTUBICTChKA TEOpisi, HAATOHKA CTPYKTYpa, MIOHMIA aTOM, palialiiiHi mepexonu
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RAMAN SCATTERING IN NANOSCALE TIN DIOXIDE

The Raman scattering spectra peculiarities are analyzed for nanosized samples of tin dioxide using

the

authors' own research and the available literature. The presented results show the series of differences in RS
spectra in the nanoobjects in comparison with the bulk material. The principle peculiarities comprise: the
broadening of peaks, the spectra 'washing-out' (the notable dispersion presence), the peaks shifting to the short
waves part from the basic positions, the new lines appearance which are not specific for the bulk SnO2. The
principle reason for the deviations is quantum-size effect of the spatial confinement for phonons. The oxygen
vacancies notably influence the shape and intensity of RS spectra for studied materials. New bands in the low-
frequency part of the spectrum are conditioned by the nanoparticles' normal vibrations.

INTRODUCTION

Metal oxides are the active components in
many modern electronic devices [1,2]. There are
enough comprehensive reviews devoted to the
properties of tin dioxide [2], and to other trans-
parent conductive oxides [1].

Chemical and electrical properties of tin diox-
ide in the nanocrystalline state strongly depend
on the particle size [2,3]. The defectiveness of the
subsurface layers, caused by the decrease of crys-
tallites grains, influences the electronic processes
in them. This leads both to the appearance of sur-
face vibration modes in the Raman scattering (RS)
and in the infrared absorption (IR). At the same
time the temperature of the material’s reduction
by hydrogen decreases and the intercrystalline
barriers also influence the charge transport. The
Raman spectroscopy is one of the most sensitive
methods for the materials science investigations,
therefore the nanosized tin dioxide being studied
by this method gives plenty of information, espe-
cially in the field of its application in electronics.

The present work comprises the comparison of
several sources from the available data together
with the authors’ results on the RS in nanosize tin
dioxide.
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GENERAL STATE IN RAMAN STUDIES
OF NANOSIZE TIN DIOXIDE

Raman scattering (RS) for bulk SnO, rutile
structure crystals was studied in detail by the au-
thors [4]. Tin dioxide has six atoms in the unit
cell, which resulted in 18 branches of vibration
modes: 3 acoustic and 15 optical ones. Authors of
[5] mentioned, that Raman active modes for SnO,
rutile are: E 476 cm™, A 638 cm™, B, 782 cml
and B, 123 cm™. The last mode is Weakly regis-
tered, as it has low scattering intensity.

The authors [5] studied SnO_ nanoparticles
produced by gas-phase condensation and by “in-
flight” sintering using Raman spectroscopy. They
identified different vibration states of the rutile
crystal phase of bulk SnO, particles and of sub-
stoichiometric SnO_ of different sizes (5, 10, 20
nm). Raman spectra for different sizes of particles
are shown in Figure 1 [5].

As soon as the oxygen content in SnO , par-
ticles was significantly lower than in the bulk
SnO,, it was supposed a higher density of oxy-
gen vacancies in the samples. The weak modes
A, and B, » Are present only for particles’ spectra
1n comparlson with the similar modes in the bulk
SnO,. The E, mode, can be reglstered only in a
bulk SnO, sample the B,, mode is of very weak
intensity ex1sts at 747 cm™ for 10 nm and 5 nm



thick samples. Furthermore, the two bands of 275
cm’! and 515 cm! were observed only in nano-
crystalline samples but not in bulk ones. Two pos-
sible interpretations are applicable: the band 275
cm’ can be defined as B, mode and 515 cm™ as
A,, mode. Although the both modes are inactive
in RS for bulk sample and can’t be detected in the
rutile lattice, the authors [5] believe that the re-
duced lattice symmetry caused by the low oxygen
stoichiometry make these transitions possible.
The band 515 cm™ is most likely connected with
surface phonon states, similar to those previously
detected by authors [6].
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Fig. 1. Raman spectra for SnO, . nanoparticles
of different diameters [6].

Analyzing the entire Raman spectrum for the
SnO, nanoparticles of 3 to 100 nm [7] they showed
that the state of disorder and size of nanoparticles
strongly affect the vibration properties of this ma-
terial. The nanoparticles’ sizes decrease is associ-
ated with the classical SnO, modes shifting and
broadening. The correspondence between Raman
bands and nanoparticles’ sizes are well described
by the spatial correlation model, at least for parti-
cles bigger than 8-10 nm. The decreasing of grain
size leads to the appearance of two bands in the
high frequency part of the spectrum. It is suggest-
ed that these bands appear due to the contribution
of non-stoichiometric surface layer with different
symmetry that SnO,. The measured thickness of
this layer is ~ 1.1 nm that is two or three unit cells
size. The bands corresponding to the vibration of
spherical as a whole nanoparticles appear in the
low-frequency part of spectrum.

Raman spectra in the SnO,- nanorods of dif-
ferent diameters obtained by redox reaction at
different growth conditions were measured at
room temperature by the authors [8]. The low-
frequency Raman peaks were initially registered
in the work. It was found that low frequency
peaks were shifted to the higher frequency region
with nanorods’ diameter decreasing. The low fre-
quency peaks’ size dependence in SnO, nanorods
may be caused by surface modes. Raman peaks
detected in SnO, nanorods differ in depending
on wavelengths of the excitation light (514.5 nm
and 785 nm), thus, spectral line broadening is ob-
served and the line shape becomes asymmetric.
Moreover, some IR- active modes turned into the
Raman-active ones, which is caused by such type
of order breach as local defects in the crystal lat-
tice and oxygen vacancies in thinner nanorods,
which ones are formed as nanorods at the reduc-
ing of their diameter to 15 nm or less.

Authors [8], detected 3 categories of peaks: 1%
Low-frequency peaks in the interval of 30 — 100
cm! were located at 33.8; (34.9); 45.7; (51.9);
57.4; and 73.6 cm™. 2 Classic SnO, modes were
located at 113.2 (114.6); 472.9 (472.4); 630.4
(630.1); and 768.5 (770.6) cm’!, corresponding
to modes B, En A , and B, in the bulk SnO.,.
3rd; Abnormal peaks in the range 100-850 cml
were located at the 157.9; (156.3); 247.4; 392.8;
430.4; 602.1; 711.6 cm™. Symmetrical and thin
Raman peak line in the bulk material broadens
and became asymmetrical for the studied SnO,
nanorods.

Raman peaks for low frequencies interval may
be related to the elastic vibrations of nanorods it-
self, i.e., with existing of confined acoustic- pho-
non modes in the nanorodes. In [8] it was shown
that the wave numbers of the Raman shift for both
vibration modes are proportional to the sound ve-
locity and inversely proportional to the nanorods’
diameter d, i.e., low-frequency peaks are shifted
to higher frequencies with nanorods diameter re-
duction.

As it is shown in [8] the less strictness of the
selection rules (k = 0) with increasing disorder or
size reduction explains the appearance of anoma-
lous peaks in the range 100-850 cm™ in nanorods
samples of a smaller diameter. Infrared modes
may turn into weak, but active Raman ones if
structural changes are caused by the disorder and
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size effects. The peak at 247.4 cm™! corresponds
to the IR-active E (2)TO, a peak at 430.4 cm™' -
IR-active E (3)LO, and peaks at 392.8 , 602.1 and
711.6 cm! - silent A, IR-active E ()TO A, LO
modes, respectively. These modes are low active
in Raman sense and were observed in other works
due to structural distortion caused by local dis-
order in the crystal lattice and oxygen vacancies.
Oxygen vacancies stimulate a non-stoichiometric
SnO_ increase on the surface and may also be re-
sponsible for IR-active modes appearance. In the
nanorods of SnO, studied in [8], the atomic ra-
tio of tin to oxygen in the samples with IR-active
peaks, is 1.44 (compared to 1.86 ratio for bigger
size samples without IR-active modes) which
indicates the presence of oxygen vacancies on
the nanorods surfaces. The peaks of one and the
same mode are different in different papers; the
authors [8] explained this by specific microstruc-
tures of SnO_ nanorods samples. The peaks 601
and 300 cm” are stimulated by IR-active E (1)
TO and E (v,)TO, modes respectively. Nature of
the peak at 157.9 (156.3) cm™ stays not evident.
It may be caused by sircumnuclear modes as the
Raman spectrum reflects the single-phonon den-
sity of states.

The diameters of the nanorods in samples A
and B, studied in [8], averaged at 15+ 3 and 22 +
2 nm respectively. The authors registered the Ra-
man line peak’s broadening and its shape asym-
metry. As the samples A and B have different di-
ameters, then the surface area to volume ratio for
A is more. Moreover, the XPS results showed that
samples A have more oxygen vacancies on the
surface of the nanorods than samples B, which
is mainly responsible for the IR- active modes.
Thus, samples A have six IR-active modes and the
samples B none. The Lamb theory application to
the Raman experiments showed that some surface
first-order modes can not be detected under these
experimental conditions. Perhaps that forbidden
phonon mode for the first order Raman scattering
can be Raman active in the second-order Raman
scattering due to the less strictness of the selec-
tion rules k = 0.

The investigation of RS spectra in tin dioxide
crystallites with their sizes 4 nm and 25 nm (Fig-
ure 2) is presented in [3].

As it can be seen at the figure, the Raman spec-
tra for different crystallites’ size differ sharply.
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This agrees well with the results of previous stud-
ies and is a result of the selection rules violations
for nanocrystalline objects due to the large num-
ber of surface atoms influence, which contribute
to the Raman spectra. Nanocrystalline tin dioxide
RS with a crystallites size of ~25nm containing
vibration modes E,A, and B,,, were registered
by [8] in nanorods and are specific for rutile
structure SnQO,.
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Fig. 2. Raman spectra of tin dioxide with dif-
ferent crystallites size [4].

It was established, that both in TiO,, and in
SnO, films with small nanocrystallites sizes the
similar quantum size RS effect has place due to
violations of phonon momentum conservation
principle [9]. Manifestation of the essential role
of boundary phonons which contribution increas-
es with nanocrystal size reduction is notable for
the first-order Raman scattering due to the whole
Brilloin zone phonons involvement in the scatter-
ing. Both the dispersion dependence of vibration
modes frequencies and half-width intensities for
the corresponding peaks in this case leads to a
decrease in intensity, to the broadening and the
Raman scattering bands shift. For nanocrystal-
line TiO, samples depending on the size of nano-
crystallites, the position and the half-width of the
Raman lines together with their intensity in the
low- and the high-frequency parts of the spec-
trum seriously varies which is considered by the
authors [10] as the spatial restriction of phonons’
confinement.

However, as the authors [5, 7, 11] show, the Ra-
man scattering is also influenced both by bound-



ary phonons capture and by deviations from oxy-
gen stoichiometry. When the ratio of O/Ti<2, the
short-wave shift of the peaks E , the significant
broadening of the lines and their intensity change
also have place.[9,12]. Moreover, it was found
that the most noticeable changes in the Raman
spectrum are observed at small deviations from
stoichiometry.

The authors [13] also showed a simple link be-
tween particle size and the peculiarities of Raman
spectra of TiO, aerogels by analyzing the evolu-
tion of the peaks 142 and 630 cm!, in dependence
on the morphology. Since the regularities of the
phonon dispersion for anatase are not known, the
authors used a similar dispersion for rutile. At the
same time it was shown that there is good agree-
ment between particle size estimated using their
model and detected by the X-ray diffraction.

METHODS FOR THE FILMS’
PREPARATION AND OF RESEARCH

The films’ preparation methods are based on
sol-gel technique modified by a polymer (poly-
vinyl acetate) application and is given in [14].
Bis(acetylacetonato)dichlorotin (BADCT) was
used as a tin dioxide precursor [15]. The tin di-
oxide layers were formed after the 500 — 600 C
annealing of the mixed solution of the polymer
and precursor in acetone deposited on the glass
substrate.

The tin dioxide layer’s surface morphology
was investigated by the industrial Atom Force
microscope (AFM) NT-MDT-206. The measure-
ments were fulfilled by a siliceous probe with a
nominal radius ~10 nm (the production firm NT-
MDT).

The Raman spectra were excited by He-Ne la-
ser with 632 nm wavelength. Since the samples
were thin films on glass substrates the authors
enhanced the response by means of directing the
laser beam on the film in a sliding mode. The
monochromator MDR-23 (LOMO) output was
registered by a PC method.

RESULTS AND DISCUSSION

The Raman spectra were studied for the films,
obtained from the solution of 5% precursor and
0.1% polymer. Nanosized films structure is con-

firmed by the surface morphology studies. The
AFM image of the sample surface morphology is
given at Fig. 3.

Fig. 3. AFM image of the surface morphology
for tin dioxide investigated film.

The resulting RS spectra for the low-frequency
region of the nanoscopic tin dioxide layers are not
fully legible and asymmetrical. The peaks broad-
ening and their asymmetry may, similar to other
researchers, also be the result of selection rules
violations for nanocrystalline objects due to the
considerable number of surface atoms contribu-
tion to the Raman spectra. The surface morphol-
ogy studies showed the nanoclusters presence
in the films. This also allows one to connect the
asymmetry in the Raman spectra with size effects
and to comment it in the frames of the spatial pho-
nons confinement. Figures 4(a) and 4(b) show the
Raman scattering results in tin dioxide films ob-
tained using polymers.

In the range of up to 100 cm™! at least one pho-
non was registered at 25 cm™ (Stokes region), and
in the anti-Stokes region - at 34.9 cm™'. The same
peak was registered in [8] and it is connected with
the normal vibrations of SnO, nanorods. Conse-
quently, also in our case, this peak may contribute
as a vibration of nanoparticle as a whole. Stokes
peak has a value different from reported in the
literature, as nanostructures of our samples dif-
fer from the samples of other researchers. The
clusters in our films, according to the AFM image
(Fig. 3), have a quasi spherical shape.

The interval 100-200 cm™! contains three types
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of phonons scattering in the left (a) and in the
right parts of the spectrum, and at the same time
have the noticeable absence of symmetry in the
bands’ positions: 97.78, 115.5, 166.7 cm™ and in
corresponding them 102.3, 112.39, 165.2 cm’'.
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Fig. 4 (a and b). Raman spectra in the tin di-
oxide films produced using the polymers: a) in
the range of 0-100 cm™; b) in the range of 100-
200 cm in the anti-Stokes and Stokes regions.

Two of the pointed bands are registered in [8].
The band 115,5 (112,39) cm, evidently corre-
sponds to the classical SnO, B, mode and the
band 166,7 (165,2) cm™ is close to the circum-
nuclear mode 157,9 cm!, which is also detected
in [8]. Such type asymmetry was observed also in
[8] where authors studied the Raman scattering in
nanoscopic rods of tin dioxide. In the said work
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the asymmetry of the spectra was influenced by
the dimensional limitations in two directions.
Basing on the surface morphology investigations
at the Fig.3 and in [14], where nanostructured
clusters were registered in these films, the Ra-
man spectra asymmetry was also connected with
size effects. As it is shown in [8] for nanorods of
SnO,, this asymmetry can be explained by pho-
nons confinement.

However, the Raman shift of the peaks and
their broadening in the investigated films can be
attributed to another reason. This reason may be
the stoichiometric deviation of the film composi-
tion, namely, the presence of oxygen vacancies.
As it was shown in [11] for titanium dioxide films,
the significant changes of this type spectra were
observed at small deviations from stoichiometry.
The majority researchers of nanostructured tin
dioxide reported about oxygen vacancies as the
basic defect in the material, defining their optical,
electrical and adsorption properties.

CONCLUSION

The RS results presented in the work for the
nanoscale tin dioxide showed the similar type of
the Raman spectra deviations registered in nano-
sized material and in bulk crystalline tin dioxide
for all studies.

The principal deviations in RS spectra were:
the peaks broadening, not full legibility of the
spectra (the presence of the noticeable disper-
sion), and their short waves shift from the basic
positions, and the appearance of the new bands
which are not specific for the bulk tin dioxide.

One of the main reasons for the said deviations
is the effect of the spatial phonons confinement.
At the same time the oxygen vacancies essen-
tially influence the shape and intensity of the RS
spectra in the investigated material.

The new bands presence in the low frequency
part is considered to be due to the nanoparticles
vibrations as a whole.
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PACS: 78.30.-j; 78.67.-n

V. S. Grinevich, L. M. Filevska

RAMAN SCATTERING IN NANOSCALE TIN DIOXIDE

Summary

The Raman scattering spectra peculiarities are analyzed for nanosized samples of tin dioxide
using the authors’ own research and the available literature. The presented results show the series
of differences in RS spectra in the nanoobjects in comparison with the bulk material. The principle
peculiarities comprise: the broadening of peaks, the spectra ‘washing-out’ (the notable dispersion
presence), the peaks shifting to the short waves part from the basic positions, the new lines appearance
which are not specific for the bulk SnO,. The principle reason for the deviations is quantum-size
effect of the spatial confinement for phonons. The oxygen vacancies notably influence the shape and
intensity of RS spectra for studied materials. New bands in the low-frequency part of the spectrum are
conditioned by the nanoparticles’ normal vibrations.

Key words: Raman scattering, tin dioxide, nanoscale effect.

PACS: 78.30.-j; 78.67.-n

B. C. I'pinesuu, JI. M. ®inescvka

KOMBIHAIIIMHE PO3CIIOBAHHSA B HAHOPO3MIPHOMY JIOKCH/I OJIOBA

Pesrome

Ha ocHOBiI BiacHuX IOCIHiPKEHb aBTOPIB 1 aHaNi3y HAsBHOI JIiTepaTypu B poOOTI PO3IISHYTI
0COOIMBOCTI CHEKTPIB KOMOIHAIIITHOTO PO3CiIOBaHHS B HAHOPO3MIPHUX 3pa3KaxX IBOOKUCY OJIOBA.
[Toxazanuii psin BinmiHHOcTe# crekTpiB KP HaHO00 €KTiB BiJ Takux g 00 €MHHMX MarepiajiB.
[TpuHIMIIOBI 0COOMMBOCTI BKIIOYAIOTh PO3IIMPEHHS MiKiB, 3MILIEHHA X BiJl OCHOBHHUX IOJIOXKEHB,
PO3MUTTS CHEKTPIB (IPUCYTHICTh MOMITHOI TUCIEPCii), MOSIBy HOBUX CMYT, sIKI HEXapaKTEpHi IS
06’emuoro SnO,. OCHOBHA NpUYMHA BIJAXWIEHb - KBAaHTOBO- PO3MIpHMH €(QEKT IPOCTOPOBOTO
obmexxeHHs (oHOHIB. CyTTEBUM € BIUIMB BakKaHCi KMCHIO Ha (pOpMy Ta IHTEHCHBHICThH CIIEKTDIB
KOMOIHAILIHOTO PO3CISIHHS B JOCITIKYyBaHUX Marepiajgax. HoBi cMyru B HU3bKOYACTOTHIM 4acTHHI
CIIEKTPY OOYMOBJICHI BJIACHUMH KOJMBAHHSMHU HAHOYACTHHOK.

KrouoBi ciioBa: koMOiHaliliHE pO3CIIOBaHHS, A10KCH]I 0JI0BA, HAHOPO3MIPHHIA €(EeKT.
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PACS: 78.30.-j; 78.67.-n

B. C. I'punesuu, JI. H. Qunesckas

KOMBHUHAIINOHHOE PACCESAHUE B HAHOPASMEPHOM JIJUOKCHUJIE OJIOBA

Pesrome

Ha ocHoBaHMU COOCTBEHHBIX HCCIIEIOBAHNI aBTOPOB M aHAJIM3a UMEIOLIeHcs TUTepaTyphl B padoTe
paccMOTpeHbl OCOOCHHOCTH CIIEKTPOB KOMOWHAIIMOHHOTO PAaCcCesHUsl B HAHOPA3MEpPHBIX oOpasiax
nByokucu osioBa. Ilokazan psa omimumii criekTpoB KP B HaHOOOBEKTaX OT TAKOBBIX B OOBEMHBIX
marepuanax. [IpuHIMIHaTBEHBIE 0COOCHHOCTH BKJIIOYAIOT B Ce0s YIIMPEHUE MUKOB, CMEIICHUE X OT
OCHOBHBIX MOJIOKEHUH, pa3MbITHE CIIEKTPOB (IIPUCYTCTBUE 3aMETHOM JUCIIEPCUN ), TIOSBJIEHHE HOBBIX
T0JIOC, KOTOPbIE HEXapakTepHBbI 1jig 00beMHOoro SnO,. OCHOBHAs IPUYHMHA OTKIOHEHHUH - KBAHTOBO-
pa3MepHbIi A3PHEKT TPOCTPAHCTBEHHOTO orpaHndeHuss PoHOHOB. CyIIEeCTBEHHO BIUSHUE BaKaHCUIH
KuciIopona Ha popMy ¥ MHTEHCUBHOCTD criekTpoB KP B m3yuyaembix matepuanax. HoBeie monocsl B
HU3KOYAaCTOTHON YaCTH CHEKTpa 00yCIIOBICHBI COOCTBEHHBIMU KOJICOAHUSIMHU HAHOYACTHII.

KiroueBble c10Ba: KOMOMHAIIMOHHOE paccessHue, JUOKCHT 0JI0Ba, HAHOpa3MepHBIN (P deKT.
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RELATIVISTIC AND NONRELATIVISTIC APPROACHES IN THEORY OF
PERMITTED BETA-RANSITIONS: AN EFFECT OF ATOMIC FIELD ON
FERMI AND INTEGRAL FERMI FUNCTIONS VALUES

Within a new optimized gauge-invariant Dirac-Fock approach it is considered a problem of
computing the permitted beta transition probabilities and estimating a quality of computing the Fermi
and integral Fermi functions in dependence upon the type of the atomic self-consistent field. It is
shown that for small and middle values for the nuclear charge (Z <40) the difference between data
obtained from other methods is low (hundredths of %). At the large Z (till Z~ 95; for example the
beta decay 241Pu-241Am) calculation in a case of the HFSrel field gives 0.5% lower value for F, and
respectively in a case of the GIDF field - 0.8%, compared with the non-relativistic HFSnerel value.
This difference is explained by an effect of the squeezing for relativistic orbitals.

1. Introduction

In this paper we go on studying a contribu-
tion of different factors which make an influence
on the permitted beta decay characteristics and
consider a quality of computing the Fermi func-
tion and integral Fermi function in our consistent
relativistic approach and alternative theoretical
methods. Computing the b decay characteristics
is traditionally of a great interest that is strength-
ened due to the new experimental studies of the
b decay for a number of nuclei [1-10]. A number
of experimental and theoretical papers appeared
where the different aspects of the b decay theory
and accounting for different factors are consid-
ered. Naturally the important topic is problem
to get the renewed data about the neutrino mass
from the beta decay spectra shape. An exact value
of the half-decay period for the whole number of
heavy radioactive nuclei is important for stand-
ardisation of data about their properties.
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Disagreement between different experimental
data regarding the b-decay in heavy radioactive
nuclei is provided by different chemical environ-
ment radioactive nucleus. For example, such dis-
agreement in data on the half-decay period for the
24Py (see, for example, ref. [1,5,8,9]) is explained
in some papers by special beta decay channel.
The beta particle in this channel does not tran-
sit into free state, but it occupies the external free
atomic level. Above important questions of theort
one could note the following effects too: a). an
influence of choice of atomic field model on the
numerical characteristics of the beta decay, espe-
cially, it concerned the permitted beta transitions;
b). changing electron wave functions as solutions
of the corresponding quantum mechanical equa-
tions because of the changing atomic electric field
and a difference in the valence shells occupation
numbers in different chemical substances; c). A
changing up limit of integration under calculating
the Fermi integral function in different chemical
substances [1,6].



As arule, special tables [9] for the Fermi func-
tion and integral Fermi function are used for
computing the beta spectrum shape. In ref. [9]
calculation scheme is based on the non-relativ-
istic Hartree-Fock-Slater approach, but the finite
size of nucleus is taken into account. In paper
[4] the relativistic Dirac-Fock (DF) method was
used. Note that the DF approach is the most wide
spread method of calculation, but, as a rule, the
corresponding orbitals basis’s are not optimized.
Some problems are connected with correct defini-
tion of the nuclear size effects, QED corrections
etc. We are applying below our gauge invariant
DF (GIDF) type approach [11-17] for comput-
ing the permitted beta transition probabilities and
estimating a quality of computing the Fermi and
integral Fermi functions in dependence upon the
type of the atomic self-consistent field.

2. Method

The details of our approach have been pre-
sented earlier (see, for example, [10,11,17,18]),
here we are limited by the key ideas. As it is well
known a distribution of the b particles on energy
in the permitted transitions is as follows [9]:

1
AW, (E) I dE =

3
T

xE-p-(E,~E)*| M.

G*-F(E,Z)x
(1)

Here G 1s the weak interaction constant; £ and
p=(E*-1)"? are an entire energy and pulse of beta
particle; E,=I+(E, /mc’) , E, is the boundary
energy of B-spectrum; [M| is a matrix element,
which is not dependent upon an energy in a case
of the permitted B- transitions. The key elements
of the beta-decay theory for computing the b
decay shape and decay half period are the Fermi
function and integral Fermi function. The Fermi
function F' and integral Fermi function f are de-
fined as follows:

1
2 (gfl +f+21)?

F(E,Z)=
(E,Z) 2

(2a)

E,
f(Eg.Z) = IOF(E,Z)-E- p-(Ey—E)*dE. (2b)
1

Here /., and g , are the relativistic electron ra-
dial functions; the indexes +/=c, where c=(l-j)/
(2j+1).

Two schemes of calculation are usually used:
1). the relativistic electron radial wave functions
are calculated on the boundary of the spherical
nucleus with radius R (it has done in ref. [4]); ii).
the values of these functions in the zero are used
(see ref.[9]).

The normalisation of electron radial functions
/; and g, provides the behaviour of these functions
for large values of radial valuable as follows:

g.(r)—r ' [(E+1)/E]"” sin(pr +d),  (3a)

()= (i/)i]) [(E-1)/E]"” cos (pr+d) (3b)

An effect of interaction in the final state be-
tween beta electron and atomic electrons with
an accuracy to (aZ/v)?is manifested and further
accounted for in the first non-vanishing approxi-
mation [8]. This contribution changes the energy
distribution of the beta electron on value and is
derived in Ref. [1].

As method of calculation of the relativistic
atomic fields and electron wave functions, we
have used the GIDF approach [10,11]. The po-
tential of Dirac equation includes also the elec-
tric and polarization potentials of a nucleus (the
gaussian form of charge distribution in the nu-
cleus was used).

All correlation corrections of the PT second
and high orders (electrons screening, particle-
hole interaction etc.) are accounted for [S]. The
GIDF equations for N-electron system are written
and contain the potential:

Vr)=V(r|nlj)+V, +V(r|R),

which includes the electrical and polarization po-

tentials of the nucleus. The part Vexaccounts for
exchange inter-electron interaction. The optimi-
zation of the orbital basis’s is realized by iteration
algorithm within gauge invariant QED procedure
(look its application in the beta-decay theory
[5]). Approach allows calculating the continuum
wave functions, taking into account fully an ef-
fect of exchange of the continuum electron with
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electrons of the atom. Note that this is one of the
original moments of the paper. Another original
moment is connected with using the consistent
QED gauge invariant procedure for optimization
of the electron functions basis’s. Numerical cal-
culation and analysis shows that used methods
allow getting the results, which are more precise
in comparison with analogous data, obtained with
using non-optimized basis’s. The details of the
numerical procedure are presented in ref. [11-17].

3. Results and conclusions

The results of computing the atomic field ef-
fect of the Fermi function F values (HFS .
GIDF) are listed in Table 1.As the test parameter
it is used the parameter:

A, ={[Fp, (B, Z)/ F}ig" (E, Z)]-1}-100%,

ne F7" is calculated in the Hartree-FockSlater
(HFS) model atomic field (Harston-Pyper,1986),

Flo . — GIDF (our data). It is very inmportant
to note that difference between data obtained by
relativistic methods: GIDF and relativistic HFS is
not significant (fractions of present) for the little

and middle values of the nuclear charge Z.

Table 1
An influence of the atomic field model on the
Fermi function F (E, Z) values: A, (%)

E_keV | Z=20 7=63 | 7=95
10 -0,08 024 | 0,79

50 -0,06 023 | 0,77
100 +0,04 0,18 | -0,68
500 +0,13 0,14 | -0,61

Nevertheless, for larger Z (till Z =95) the HF-
S, calculation gives the value /" which is less on
5% in comparison with the corresponding non-
relativistic HFS_ . For our approach this value
1s 0,8%. We suppose that this fact is connected
with the effect of relativistic squeeze of the orbit-

60

als. In this case, the wave function (continuum)
is to a greater extent screened from the charge of
the atomic nucleus by a relativistic field of atomic
electrons than the corresponding non-relativistic
one. Further we present the results of comput-
ing function F for choosing different definitions
of cited function. In the first case, the calcula-
tion of the F function is carried out using values
electron wave functions on the boundary of the
nucleus, in the second case - through the squares
of the amplitudes of radial expansion of the wave
functions £ (0) +g° ,(0) when r—0. Here the test
parameter is as follows:

A, ={[F (E, Z, R=0))/
JF (E, Z, R=R, ]-1} 100%,

where F (E, Z, R = R0) — the function Fermi cal-
culated the values of the wave functions on the
boundary of the nucleus; F (E, Z, R =0) - the Fer-
mi function values calculated through the squares
of the amplitudes of radial expansion of the wave
functions f°, (0) +g’ (0) when r—0. The corre-
sponding results are presented in Table 2.

Table 2

The difference A, (%) between values of the
Fermi function F (E, Z) for different definitions
F (E, Z): HFS — (Band et al, 1986,2006), GIDF —

our data.

i 7=20 7=63 7=95
keV GIDF

HFS GIDF HFS GIDF
0,1 1,35 1,39 12,72 33,9 36,8
1,0 1,37 1,42 12,84 34,1 37,2
50 1,38 1, 45 12,95 34,2 37,6
500 1,50 1,58 13,10 35,5 39,88

With the growing difference in Z values of the
F function significantly increase. Similarly, the
same situation takes a place with changing the in-
tegral Fermi function. In the transition from the
first / definition to the second definition of the f
function increases for decays:



1) 33P-33S (Ebound
=167keV) na 2-4%,

ii). “Ni-®Cu (E, , =65,8 keV)- na 5%,

iii). *°Eu-"Gd (E_ ,=140,7 keV)-12%,

iv). *'Pu-**Am (E,  =20,8 keV)-32%.

In literature there are different points of view
on the correctness of a determination of the F
function . We confirm more consistent and cor-
rected definition of the F function through the
squares of the amplitudes of radial expansion of
the wave functions f°, (0) +g° (0) when r—0. An
important issue is concerned with an area of the
formation of /(E,  .Z).

The standard test parameter is as follows:

—249keV),S-5Cl  (E

bound

y=| F(EZ) Ep (E,~ E)* dE/
0

Eq
/ j F(E,Z) Ep (E- E)* dE
0

Ine Table 3 we present our estimates of the
forming area for the integral Fermi function f

Table 3
The forming area for the integral Fermi

function f (our estimates): t=x/E,_ .

bound B_decay y’ %

keV =03 10510709
208 | 2#Pu—2Am| 67 |89 99 |100
394 | 6Ru—%Rh | 66 | 88 | 98 | 100
658 | SNio®Cu | 65 | 87|97 |100
140,7 | SEu—15Gd | 63 | 84 | 96 | 100
1674 | 3S—3Cl 58 | 8195100
249 Bp_,3g 53 | 78 | 93 | 100
257 | #Ca—>®Sc | 52 | 77|91 100

Therefore, we have carried out the detailed
quantitative impact assessment of the Fermi func-
tion F (E, Z) for a number permitted by beta-de-
cays in dependence upon the choice of an atomic
field in a few calculated methods such as HFS,
HFS with taking into account the relativistic cor-
rections in the Breit-Pauli approximation and our

relativistic optimized DF one. It is shown that for
small and middle values for the nuclear charge (Z
<40) the difference between data obtained from
other methods is low (hundredths of %). At the
large Z (till Z~ 95; for example the beta decay
*'Pu-**'Am) calculation in a case of the HFS
field gives 0.5% lower value for F, and respec-
tively in a case of the GIDF field - 0.8%, com-
pared with the non-relativistic HFS__ value. This
difference is in our opinion, explained by an ef-
fect of the squeezing for relativistic orbitals. In
this case, the wave function (of continuum) is to
a greater extent screened from the charge of the
atomic nucleus by relativistic field of atomic elec-
trons than by corresponding not- relativistic field.
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RELATIVISTIC AND NONRELATIVISTIC APPROACHES IN THEORY OF PERMIT-
TED BETA-RANSITIONS: AN EFFECT OF ATOMIC FIELD ON FERMI AND INTEGRAL
FERMI FUNCTIONS VALUES

Abstract.

Within a new optimized gauge-invariant Dirac-Fock approach it is considered a problem of com-
puting the permitted beta transition probabilities and estimating a quality of computing the Fermi and
integral Fermi functions in dependence upon the type of the atomic self-consistent field. It is shown
that for small and middle values for the nuclear charge (Z <40) the difference between data obtained
from other methods is low (hundredths of %). At the large Z (till Z~ 95; for example the beta decay
*'Pu-**' Am) calculation in a case of the HFS_ field gives 0.5% lower value for F, and respectively in
a case of the GIDF field - 0.8%, compared with the non-relativistic HFS _ value. This difference is
explained by an effect of the squeezing for relativistic orbitals.

Key words: the probability of beta decay, the Fermi function, model of the atomic field
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PEJATUBUCTCKUN U HEPEJATUBUCTCKUAM MOIXObI B TEOPUM PA3PEIIEH-
HBIX BETA-IIEPEXOJ1OB: BJUAHHUE BUJA ATOMHOI'O I1OJII HA 3HAYEHUA
®YHKIIMA ®EPMHA U UHTEI PAJIbHON ®YHKIIUUA ®EPMUA

Pesrome.

B HOBOI ONITUMU3UPOBAHHON KaJIMOPOBOUHO-UHBApUAHTHOM Teopun Jupaka-Doky paccMoTpeHa
npo0ieMa BBIYHMCICHUS BEPOSITHOCTH Pa3peIIeHHBIX 0eTa Mepexo0B U OLIEHKU KayecTBa BhIYHUCIIC-
Hus ¢pyHkuuu Pepmu U UHTErpaidbHON (yHKuMH PepMu B 3aBUCUMOCTH OT THIIA aTOMHOMW ITOJIS.
[TpoBeneHa neranpHasi KOJIMYECTBEHHAs OICHKA BIMSHUS BHIOOpA aTOMHOTO MOJIsI, TEHEPUPYEMOTO
B Metozax Xaprpu-doka-Ciatepa, Xaprpu-doka-CiadTepa ¢ ydeToM peIsTUBUCTCKUX MONPABOK B
npubmmkenun bpeiira-Ilaynu (X(DCPCH) U aBTOPCKOM BEPCHM ONTUMU3MPOBAHHOIO Merona Jupaka-
®oxka (OAD) na pyukuuto Gepmu F (E, Z) nns psjaa pazpenieHHbIx 6era pacmnanos. [lokazaHo, 4to
JUIsl MaJIbIX ¥ CPETHUX 3HaYEeHUH 3apsiza siipa (Z <40) pa3HuLa JaHHBIX, [T0JyYE€HHBIX Ha OCHOBE BCEX
METOJIOB SIBJISICTCS HE3HAYMTEIbHOM (coThie moiu %). [Tpu Oonbimx Z (aurasck k Z = 95; **'Pu-
2! Am) pacuer B moje X®C , maer Ha 0,5% menpuiyio Bemmauny s F, a B mone OJId ua 0.8%, mo
CPAaBHCHHIO C HEPEIATUBUCTCKUM 3HaueHHeM XDC = . uTo CBA3AHO C 3P PEKTOM PETATUBUCTCKOTO
CHKaTHsI OpOUTATICH.

KiroueBble c10Ba: BeposSTHOCTH OeTa pacnana, GyHKius depMu, MOeIb aTOMHOTO TIOJISL.
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IO. B. [lyoposcovka, O. IO. Xeyeniyc, I B. lenamenxo, JI. €. Cyxapes

PEJATUBICTCHKHWMI I HEPEJATIBICTCKHA MIAXOAU B TEOPII JO3BOJIEHUX
BETA- IEPEXO/IIB: BILJIUB BUJIY ATOMHOTO ITOJISI HA 3HAUEHHS ®YHKIIII
®EPMI I IHTETPAJIbHOI ®YHKIIII ®EPMI

Pesrome.

VY HOBIil oNTUMi30BaHOT KanmiOpyBalbHO-iHBapiaHTHIN Teopii Hipaka-Doky po3misiHyTa npodiema
OOUYHMCIICHHSI IMOBIPHOCTI J103BOJICHUX OeTa MepexoiB, OIIHKH SIKOCTI o0uncneHHs GyHkii @epmi i
iHTerpanabHol QyHKIT PepMmi B 3aJI€KHOCTI BifJ] TUITY aToMHO1 mojist. [IpoBenena nokiaaHa KijgbKicHa
OLIIHKA BIUIMBY BHOOpPY aTOMHOIO MOJsi, reHepyeMoro y meromax Xaptpi-Poka-Crierepy, Xaprpi-
@oxka-Crierepy 3 BpaxyBaHHSAM PENSTHBICTCHKHUX TOIMpPABOK y HabmwmwkeHHI1 bperita-Ilaymi (X2C )
1 aBTOpCHKOi Bepcii ontumizoBanoro meroxy ipaka-®Poky (OAD) na dynkuiro epmi F(E,Z) nis
psiny no3BojeHux Oeta po3mnasniB. [lokazaHo, 110 A MaluX 1 CepeHIX 3HaYCHb 3apsaay sapa (Z<40)
PI3HHUILIA JaHUX, OTPUMAHUX HA OCHOBI BCIX METOMIB € He3HauHOO (coTi goii %). [Ipu 6inpmux Z (
pyxyrouuch 10 Z =95; *'Pu-*! Am) po3paxyHOK y moJi X®C, , nae Ha 0,5% MEHIIY BETHUHHY IS
F, a B noni O[® na 0.8%, y MOpiBHAHHI 3 HEPENATUBICTCHKUM 3Ha4eHHAM XDPC . 1110 OB’ I3aHO 3
e(heKTOM PEeNATUBICTCHKOTO CTUCHEHHS OpOiTanei.

Karouosi cioBa: imMoBipHicTh OeTa po3nany, pyHKiis Depmi, MOAETH ATOMHOTO OIS

Hepe.
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HYPERFINE STRUCTURE PARAMETERS OF THE MERCURY Hg ISOTOPES:

CONSISTENT NUCLEAR-QED THEORY

It is presented the consistent theoretical nuclear-QED approach to estimating parameters of the
hyperfine structure and electric quadrupole moment of the mercury isotope 201Hg. Analysis of the
data shows that an account of the interelectron correlation effects is crucial in the calculation of the
hyperfine structure parameters and therefore the conventional methods such as the method of Dirac-
Fock ( single configuration approximation) as well as their generalized versions with the limited
accounting the exchange-correlation effects do not give a sufficiently high accuracy.

1. Introduction

Development of a new effective nuclear
schemes and technologies for sensing differ-
ent nuclear properties, studying the properties
of heavy isotopes is of a great importance in the
modern atomic, nuclear physics and technologies
[1-3]. Among the most important problems one
could mention the studying of nuclei, which are
available in the little quantities (for example, the
lanthanides isotopes, radioactive nuclei far of
the stability boundary), search of the super dense
nuclei and its sensing, laser governing by param-
eters of the proton and other beams and sensing
their characteristics etc [1-17]. Such possibilities
are provided by the modern laser methods and
technologies (see, for example, [1,2]).

A high sensibility and resolution ability of la-
ser spectroscopy methods allows investigating
the characteristics of nuclei available in the lit-
tle quantities, heavy isotopes. As an example (see
ref. [1-6]) one can mention the CERN technical
device for studying the short-lived nuclei which
are obtained on the mass-separator in the line
with synchrocyclotrone on 600 MeV (ISOLDE
apparatus [1]). The shocking results have been
obtained in studying of the odd neutron-deficit

non-stable isotopes of '*2""Hg. The intensity of
the ion beams of these isotopes with life time
1-60 min was 107-10° ions/s. Under excitation
of fluorescence by dye pulsed laser radiation the
second harmonics of radiation was tuning to re-
gion of 2537A and the measurement of the hy-
perfine structure for this line of Hg was carried
out during 1-2 min disposing about 10® of the
mercury isotope atoms. During transition from
nucleus '®Hg to nucleus "**Hg it has been discov-
ered the sharp changing of the middle square of
the nuclear radius which is interpreted as sharp
changing of the nuclear form (increasing of non-
soherity and electric quadrupole moment) during
decreasing the neutrons number. In refs. [17-25]
(see also [4,5]) we have developed new effective
theoretical atomic method with possibility of ad-
vancing corresponding nuclear technology for
sensing different parameters, including the hy-
perfine structure ones, for heavy isotopes and ele-
ments available in the little quantities. It is based
on experimental receiving the isotope beams on
the CERN ISOLDE type apparatus (see detailed
description in [1,3,4]) and the précised theoretical
and laser spectroscopy empirical estimating the
hyperfine structure parameters, nuclear magnetic
and electric moments of isotopes. We carried out
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sensing and estimating the hyperfine structure
(HFS) parameters, magnetic and electric mo-
ments of a nucleus for >*U, and others. The HFS
calculation theory is based on developed earlier
gauge-invariant QED PT formalism with an pre-
cise account for exchange-correlation (inter elec-
tron interaction corrections), nuclear and QED
effects and nuclear relativistic mean field (RMF)
theory. New theory has been called as the nucle-
ar-QED PT [26]. Here we present the results of
advanced studying the hyperfine structure param-
eters and electric quadrupole moment a nucleus
for the mercury isotopes, namely **'Hg.

Following, [24,25], let us also remind that the
accurate measurements of the hyperfine structure
parameters for a whole number of heavy isotopes
(e.g. [1,6,16]) not only provide the possibility for
testing the quantum electrodynamics (QED) in
strong fields, but also sensing the hyperfine struc-
ture parameters of spectra for heavy atomic sys-
tems, electric charge and magnetic moment dis-
tributions inside the nucleus [5-10]. Theoretical
calculations fulfilled during the last several years
apart from the basis Fermi-Breit relativistic con-
tributions also include the magnetic dipole mo-
ment distribution inside the nucleus (Bohr-Weis-
skopf effect) and radiative QED corrections (e.g.
[1-6]). In calculations of the heavy ions the well
known multi-configuration (MC) Dirac-Fock
(DF) approach is widely used (e.g.[14-20]).

2. Theoretical approach to calculating
hyperfine structure parameters

Let us describe the key moments of the
theoretical scheme. Full details of the whole
method of calculating the hyperfine structure
constants can be found in [4,5,17-24]. The wave
electron functions zeroth basis is found from the
Dirac equation solution with potential, which in-
cludes the core ab initio potential, electric, po-
larization potentials of nucleus. All correlation
corrections of the second and high orders of PT
(electrons screening, particle-hole interaction
etc.) are accounted for [17]. The concrete nuclear
model is used as described below. A quantitative
estimate of the nuclear moments demands real-
istic proton single-particle wave functions which
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one could obtain by employing the RMF model
of a nucleus. Though we have no guaranty that
these wave-functions yield a close approxima-
tion to nature, the success of the RMF approach
supports our choice (e.g.[26]). These wave func-
tions do not suffer from known deficiencies of
other approaches, e.g., the wrong asymptotics
of wave functions obtained in a harmonic oscil-
lator potential. The RMF model has historically
been designed as a renormalizable meson-field
theory for nuclear matter and finite nuclei. The
realization of nonlinear self-interactions of the
scalar meson led to a quantitative description of
nuclear ground states. As a self-consistent mean-
field model (for a comprehensive review see Ref.
[25]), its ansatz is a Lagrangian or Hamiltonian
that incorporates the effective, in-medium nucle-
on-nucleon interaction. Recently self-consistent
models have undergone a reinterpretation which
explains their quantitative success in view of the
facts that nucleons are composite objects and that
the mesons employed in RMF have only a loose
correspondence to the physical meson spectrum
[25-28]. RMF models are effective field theories
for nuclei below an energy scale of 1GeV, sepa-
rating the long- and intermediate-range nuclear
physics from short-distance physics, involving,
i.e., short-range correlations, nucleon form fac-
tors, vacuum polarization etc, which is absorbed
into the various terms and coupling constants.

As it is indicated in refs.[27] the strong attrac-
tive scalar (S: -400 MeV) and repulsive vector
(V: +350 MeV) fields provide both the binding
mechanism (S + V: -50 MeV) and the strong spin-
orbit force (S — V: -750 MeV) of both right sign
and magnitude. In our calculation we have used
so called NL3 (c.f.[25]), which is among the most
successful parametrizations available.

The scheme of accounting for the finite
size effect is in details described in ref. [17]. Here
we only note that if the point-like nucleus pos-
sesses by some central potential W(R) then transi-
tion to potential of the finite nucleus is realized by
substitution W(r) on

W(r‘R) = W(r)zjj)dr rzp(r‘R)+ OIodr rZW(r)p(r‘R) '



In our case the Coulomb potential for spheri-

cally symmetric density p( R) 1s:

r LI '
Viucl (r|R)= —(/r)jarr 2p(r R)
0
Further the standard Dirac-Fock -like equa-
tions for a multi-electron system {core-nlj} are
solved. Formally they fall into one-electron Dirac
equations for the orbitals n/j with potential:

© L '
Rj+ [drr p(r
r

V(r)=2V(r|SCF)+V(r|nlj)+V _+V(r|R).

It includes the electrical and polarization po-
tentials of a nucleus with a finite size. The part

Vg accounts for exchange inter-electron interac-
tion. The exchange effects are accounted for in
the first two PT orders by the total inter-electron
interaction [17]. The core electron density is de-
fined by iteration algorithm within QED proce-
dure [4]. The radiative QED (the self-energy part
of the Lamb shift and the vacuum polarization
contribution) are accounted for within the QED
formalism [4,25]. The hyperfine structure con-
stants are defined by the radial integrals of the
known type (e.g. [29,17]):

A={[(4,32587)10" Zcg ]/(4c*-1)}

Ofdnz F(HG()U1/ %, R)
0
B={7.2878 107 Z°Q/[(4c>-)I(I-1);}
Ofdn2[F2(r)+ G2 (HUA/ r*,R)
0

Here I is a spin of nucleus, g, is the Lande fac-
tor, Q is a quadruple momentum of nucleus; ra-
dial integrals are calculated in the Coulomb units
(=3,57 10*Z*m?; = 6,174 10°°Z°’m™). Radial parts
F and G of two components of the Dirac func-
tion for electron, which moves in the potential are
defined by solution of the Dirac equations (PT ze-
roth order). The other details can be found in refs.
[17-25].

3. Estimating the hyperfine structure
parameters and conclusions

Earlier we have studied the hyperfine structure
of spectra for the elements Be, C, Al, U, which
have above cited rare, cosmic isotopes. Here we
present advanced data (the Superatom package
[4,5] is used) on the HFS parameters and quadru-
pole electric moment for the **'Hg.

In Table 1 there are listed the experimental and
calculated values of the nuclear electric quadru-
pole moment Q (mb) for **’'Hg (from [5,6,23,26].
The calculations were performed on the basis of
the non-correlated DF, in the many approxima-
tion of DF (MCDF), taking into account the Breit
and QED corrections, as well as on the basis of
our method (the RMF model for the charge distri-
bution in a nucleus).

Table 1
The values of the nuclear electric quadru-
pole moment Q (mb) for mercury

O (M6) | Method Reference Ton
383,1 At-Nucl Our work 2013
380,5 Atomic Glushkov etal | 2006

387 (6) Atomic Pyykko et al 2005

347 Nuclear Fornal et al 2001
(43) Atomic Ulm et al 1988
385 Muonic Gunther et al 1983
(40) Muonic Hahn et al 1979
485 Muonic Hahn et al 1979
(68) Solid Edelstein- 1975
386 Atomic Pound 1960
(49) Atomic McDermott 1959
267 Atomic etal 1957
(37) Solid Murakawa 1954
390 Atomic Blaise- 1935
(20) Chantrel

455 Dehmelt et al

(40) Schuler-

420 Schmidt

500

(50)

600

500
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As can be seen, the value of the moment of Q,
obtained by us, in the best agreement with the
data obtained by a group of Ulm. Comparison of
the results of calculations in the framework of our
method and the DF (the single-and many-approx-
imation based on the Breit and QED corrections)
shows that our values of the constants A are in
better agreement with experiment than the DF.

In Table 2 there are listed the experimental
and calculated values of the hyperfine constants
(in MHz) for the °P, state of the neutral mercury
atom [5,6,23,26]. Analysis of the data shows that
an account of the interelectron correlation effects
is crucial in the calculation of the hyperfine struc-
ture parameters and therefore the conventional
methods such as the method of DF (of single ap-
proximation) as well as the method with the lim-
ited accounting the exchange-correlation effects
do not give a sufficiently high accuracy.

Table 2

Experimental and Calculations meaning

of the nuclear electric quadrupole moment Q

(mb) for ?'Hg and the HFS constants (MHz)

for the *P, state of the neutral atom of mercury
20Hg

Method O (mb) A (MHz) | B(MHz)
DF 478,13 -4368,266 -
MCDF 386,626 | -5470,810 ---
(Breit+QED)
RMBT 380,518 | -5460, 324 | -286,512
This work: -92,980 | -1161,242 | -58,478
EXC
This work: -2,582 -20,384 -1,002
Breit-QED
This work 380,518 | -5458,420 | -283,313
Total.
Experiment Table 1 -5454,569 | -280,107
(0,003) (0,005)

Note: EXC- exchange-correlation contribution;

Analysis shows that a precise agreement be-
tween theory and experiment can be reached by
means accounting for not only the relativistic and
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exchange-correlation effects, but the radiative
QED corrections, the nuclear effects of Bohr-
Weisskopf, Breit-Rosenthal-Crawford-Schawlow
etc too.
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HYPERFINE STRUCTURE PARAMETERS OF THE HEAVY ISOTOPES: CONSISTENT
NUCLEAR-QED THEORY

Abstract.

It is presented the consistent theoretical nuclear-QED approach to estimating parameters of the
hyperfine structure and electric quadrupole moment of the mercury isotope 2'Hg. Analysis of the
data shows that an account of the interelectron correlation effects is crucial in the calculation of the
hyperfine structure parameters and therefore the conventional methods such as the method of Dirac-
Fock ( single configuration approximation) as well as their generalized versions with the limited
accounting the exchange-correlation effects do not give a sufficiently high accuracy.

Key words: hyperfine structure, heavy isotopes, nuclear-QED approach
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MAPAMETPBI CBEPXTOHKOM CTPYKTYPBI I30TOIIOB Hg B PAMKAX
MOCJETOBATEJIBHOM SIZIEPHO-K3/I TEOPUA

Pe3rome.

PaccmoTpen mocnenoBarenbHblii  TeopeTHdyeckui saepHo-KOJl moaxoa Kk oleHKe mapaMeTpoB
CBEPXTOHKOU CTPYKTYPBI U JIEKTPUUIECKOTO KBaIPYIIOJIBHOTO MOMEHTa sifipa uzorona **'Hg. Ananus
JAHHBIX MOKA3bIBACT, YTO YYET MEXKIICKTPOHHBIX KOPPEISIUOHHBIX 3(PPEKTOB UMEET KPUTUUYECKU
Ba)XHOE 3HAYEHHUE MIPU pacueTe MapaMeTPOB CBEPXTOHKOM CTPYKTYpPHI U, CJIE0BATENIbHO, IPUMEHEHUE
K 3aJ1a4e TPaAUIIMOHHBIX METOI0B TuIa MeToa Jlupaka-Poka (B 0AHO- KOHPUTYpALIUK TPUOTHUKESHUN),
a TaKke ero 0000IIEHHBIX BEPCUI C OTpaHUUYEHHBIM Y4€TOM OOMEHHOTO KOPPEISIIUOHHBIX 3P PEKTOB
HE J1aeT BO3MOXXHOCTH JJOCTUYH JI0CTATOYHO BBICOKOW TOYHOCTHU ONUCAHHUS UCKOMBIX CBOMCTB.

KiroueBble cj10Ba: CBEPXTOHKAS CTPYKTYpPaA, TSXKEIbIE U30TObI, siaepHo-KIJl Teopust
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0. I0. Xeyenuyc, T. O. @nopko, A. B. Cmipnos, FO. A. bynsakoea

IMAPAMETPH HAJITOHKOI CTPYKTYPH I30TOIIB Hg B PAMKAX ITOCJIIJIOBHOT
SINEPHO-KEJI TEOPII

Pesrome.

Po3rnsiHyTo mocninoBHuid TeopeTnuHui saepHo-KE/ miaxin A0 OMiHKM mapameTpiB HaITOHKOT
CTPYKTYpU Ta €JCKTPHUYHOTO KBaJIpPyMOJbHOTO MOMEHTY siipa izoromy 2°'Hg. Amamiz naHux
MOKa3ye, M0 ypaxyBaHHS MK €JIEKTPOHHUX KOPEISAIIHHUX e(eKTIB Mae BUPILIAIbHE 3HAUYCHHS MIPH
PO3paxyHKy apamMeTpiB HaJITOHKOI CTPYKTYPH 1, OTKE, 3aCTOCYBAHHSI J10 3a/1a41 TPAIUIIIITHUX METOIIB
tuny merony [ipaka-®oka (B onHO-KOH(IrypauiiHoMy HaONIMKEHH1), a TAKOK HOTO y3araJbHEHHX
Bepcii 3 00MEKEHUM ypaxyBaHHSIM OOMiIHHO-KOPEJSMIHHUX e()eKTiB He Ja€ MOKIIMBOCTI JOCATHYTH
JIOCTaTHHO BHCOKOI TOUHOCTI ONHUCY HIYKAaHUX BIACTHBOCTEH. .

KirouoBi c1oBa: HaATOHKA CTPYKTYpa, BaxKki i3otomnu, snepHo-KE] Teopis

71



UDC 625.315.592

V. A. Borschak. le. V. Brytavskyi, M. 1. Kutalova

Odessa I. I. Mechnikov National University,
Dvoryanskaya str., 2, Odessa, 65082, Ukraine
Phone: +380(48)7266356, Fax: +380(48)7233461, e-mail: borschak va@mail.ru

INVESTIGATION OF CHEMICAL AND PHASE COMPOSITION OF CdS-Cu2S SENSORIC

LAYERS

A set of studies aimed at clarifying the deviation from the stoichiometry of CuxS compound during the
formation and followed over time to establish the characteristics of changes in the chemical composition of the
heterojunction components were carried out. The question of relationship between optoelectrical properties of
heterostructures and distribution of stoichiometry in the layer of copper sulfide is open, informative and very
important for the practical implementation of the developed sensor. Electrochemical analysis and study by

X-ray diffraction for large samples set were conducted

Key words: nonideal heterojunction, image sensor, phase composition, XRD

Introduction

Development of technologies for the synthe-
sis of thin film semiconductor materials led to a
wide range of application of opto-mechanical and
electrical properties of the instrument in the field
of electronics, such as further study actively used
in the technological aspect Semiconductor is im-
portant. In particular among these compounds are
attracted interest for modeling the properties and
development of various applications applied het-
erostructures on the cadmium sulfide (CdS) and
copper sulfide (Cu,S), which can serve as the core
material photodetectors for use in optical commu-
nication devices, particularly in the infrared re-
gion spectrum.

In addition, some marked prospects of these
nonideal heterostructures in devices fixation ray
images [1]. Another area of application material
CdS-Cu2S moving towards the development of
new gas-chemical sensors [2]. It describes the
main advantages of these prototypes sensors: se-
lective gas detection sensitivity and modes of op-
eration at low temperatures.

Thus one of the characteristics of photosensi-
tive heterostructures on the CdS-Cu,S is the in-
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stability of photovoltaic parameters during opera-
tion. Eventually decrease circuit voltage and short
circuit current, ie the sensor signal with the same
levels of photoexcitation decreases in service.
Consequently, there is a degradation over time as
heterojunction photovoltaic, which can be associ-
ated with changes in both the structure element
and component properties of films of transition. It
is this negative phenomenon becomes an obstacle
and a problem with the possible use of these heter-
ostructures for practical applications in sensorics.
However, none of the technologies used, does not
get photocells released (without the involvement
of special protection) from degradation.

It was discovered experimentally [3-5] that
chemical methods of sulfide copper-based substi-
tution reaction on the surface of cadmium sulfide
lead to the formation of nonstoichiometric com-
pounds Cu S. Depending on the reaction condi-
tions the value of x can vary from 1 to 2. It is
known that at room temperature phase are more
stable sulfide copper halkotsyt - Cu,S; dyurlit -
Cu,,S; dihenyt - Cu,S; anilit - Cu,_S; kovelit
- CuS. Typically, between different phases form a
solid solution. Each phase can be deviations from
stoichiometry, which causes changes in physical



properties such as crystal lattice parameters, opti-
cal and electrical steel. [4] These property chang-
es can be used for determination of bulk samples,
and for variations in the properties of sensors
based heterostructures CdS-CuS [6]. In the case
of thin films and small amount of test material the
use of direct techniques of chemical analysis is
very complicated.

X-ray diffractometry analysis

Using electrochemical analysis to clarify the
mechanisms change with time stoichiometry lay-
er CuS actually proved inconclusive due to the
presence of layers simultaneously studied a num-
ber of phases with different concentrations of Cu.
So for samples that have undergone degradation
caused by changing the chemical composition of
copper sulfide layer in the electrochemical reduc-
tion reaction involved once all steps to separate
phases and potential recovery due to varying
phase, almost impossible, because they are im-
posed on the initial section of the recovery.

So for more information on changing the stoi-
chiometry and phase composition distribution
layer CuxS studied sensory structures under its
degradation over time used the method of phase
diffraction analysis [8]. It was involved X-ray
diffractometer D8 Advance (Bruker AXS) with
emission lines Cu K (wavelength 1.54183 A, the
working potential of the cathode Ua 40 kV, Ia ca-
thodic current 40 mA).

We used scanning modes geometrically sym-
metric and scanning with a sliding beam falling
(GIXRD). In the latter case the angle recorded at
the value 0.5, diffraction pattern measured in the
range of 20 to 80 mode step scanning step size
0.04, while fixing signal for 5 seconds. Process-
ing and analysis of diffraction spectra was carried
out using software Bruker-AXS EVA (11.0.0.3),
for modeling spectrograms and further define the
parameters studied layers used program Bruker-
AXS TOPAS 3.0. Features component compo-
sition were studied using pattern database Joint
Committee on Powder Diffraction Standards
(JCPDS) [8].

For separation of the diffraction peaks due to
the different layers of compounds present in the

sample, ie contact layer SnO,, base area and up-
per CdS films Cu S, and in some cases - the up-
per contact layer Cu or Au, diffraction scans were
conducted separately for samples with only a
layer of cadmium sulfide, for samples with pre-
deposited on the substrate layer and SnO, sample
formed with a layer of copper sulfide.

Results and discussion

Radiometric research base layer samples of
CdS on a glass substrate with pre-deposited layer
of tin oxide allowed to identify distinct diffrac-
tion peaks corresponding to these compounds.
For spectrum in CdS was the most appropriate
JCPDS-41-1049 file corresponding hexagonal
lattice of CdS and the constant = 4.14092 A, p
=6.7198 A (Fig. 1). According to the compara-
tive pattern JCPDS 41-1049, clear peaks were ob-
served reflections for the crystallographic planes
of the following indexes: (100) (002) (101) (102)
(110) (103) (112) (004) (203) (114) (105).

During the analysis for each of the superim-
posed diffraction patterns obtained from the data-
base directory JCPDS, corresponding to potential-
ly available connections and fixed convergence in
positions of diffraction peaks experimental data
directory [8]. Used comparatives files related to
sulfur, copper, oxygen, chlorine (could partly be
in bed with incomplete substitution reaction), ox-
ygen (possible oxidation of copper sulfide oxygen
atmosphere): JCPDS 33-490 (Cu,S), JCPDS 29-
0578 (Cu, ,S), JCPDS 34-0660 (Cu,,S ), JICPDS
30-0502 (Cu,,,S), JCPDS 41-0959 (Cu,,,S),
JCPDS 23-0958 (Cu,S,), JCPDS 06-0464 (CuS),
JCPDS 44 -4750 (CuCl), JCPDS 36-5511 (Cu,0).
An example of a typical type of distribution rela-
tive intensities of the diffraction peaks of the dif-
fraction angle obtained during scanning newly
made and old samples CdS-Cu S, presented at
ryc. 3, which also marked the position of peaks
for compounds of hexagonal CdS and various
phases of Cu S. Thus was the comparative analy-
sis of the diffraction pattern in terms of identify-
ing compounds present in the samples of all ages.
The new samples were detected the possible pres-
ence of these copper sulfide phases: Cu,S, Cu, S,
Cu,,,S,CuS,.

1.92
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Fig. 1. Diffraction peaks for CdS layer on a
glass substrate obtained by sputtering elek-
trohidrodynamichnoho. Marked provisions
peaks for hexagonal CdS and the correspond-
ing crystallographic indexes according to
Comparative File JCPDS 41-1049.

For older specimens observed a wide range of
diffraction peaks that meet the following phases:
Cu,S, Cu, S, , CuS. Peaks corresponding to the
compounds CuCl and Cu,O, were not found.

After counting all the relevant peak was
obtained comparative table, which indicated the
number of peaks of each phase Cu S for a new
sample and the sample aged 3 years. Evident
differences in the composition of new and old
sensory elements. This indicates the presence
of the process of gradual change in the phase
composition of copper sulfide layer, and thus
likely outflow of copper from the compound
Cu S over time. This process may be responsible
for changing the stoichiometric Cu,S layer
heterojunction CdS-Cu,S.

It is known [9] that copper atoms in the
crystal lattice have the ability to form CdS
acceptor centers that may compensate donor
impurities initially present in the base layer.
Also listed copper diffusion process along the
borders of microcrystalline grains can cause
the base effect bypass area. Note that in the
investigated heterostructures reliably observed
change stoichiometric copper sulfide layer
svitlopohlynayuchoho emergence of a number
of phases CuhS. Available for the process paths
are: oxidation Cu,S to Cu,O by oxygen, electric
Cu,S decomposition with the release of free
copper atoms and diffusion of copper into the
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crystal lattice Cu,S CdS lattice as free atoms and
formation of complexes.

Conclusion

Used diffractometry research methodology
significantly helped to establish the existence of a
number of phases in the non-stoichiometric copper
sulfide layer and to make a comparative analysis
of the phase distribution for samples of different
ages and varying degrees of degradation. It was
demonstrated that used in this paper methods
of analysis phase composition of copper sulfide
layers give unambiguous characterization of the
degree of degradation with time sensor samples
due to diffusion of copper atoms from the layer to
the base layer Cu S-CdS.
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V. A. Borschak, le. V. Brytavskyi, M. I. Kutalova

MODELLING OF RAPID STAGE DECAY OF SIGNAL OF OPTICAL SENSOR BASED ON
HETEROSTRUCTURE CdS-Cu,S

Summary. A set of studies aimed at clarifying the deviation from the stoichiometry of Cu S
compound during the formation and followed over time to establish the characteristics of changes
in the chemical composition of the heterojunction components were carried out. The question of
relationship between optoelectrical properties of heterostructures and distribution of stoichiometry in
the layer of copper sulfide is open, informative and very important for the practical implementation
of the developed sensor. Electrochemical analysis and study by X-ray diffraction for large samples set
were conducted.

Key words: nonideal heterojunction, image sensor, phase composition, XRD
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B. A. bopwak, €. B. bBpumascovkuu, M. 1. Kymanosa

MOJIEJTIOBAHHS IIBUJKOI ®A3U CIIALY CUTHAJY ONTUYHOI'O CEHCOPY HA
OCHOBITETEPOCTYKTYPH CdS-Cu,S

AHoTanis. PoGora npucssiueHa KOMIUIEKCY JJOCTIIKeHb, HAITPABJICHUX Ha 3’ ICYBaHHS BIIXUJICHb
Bix crexiomerpii cnonyku Cu S npu ii (popMyBaHHI Ta 3 HOAANBIIMM IUIMHOM Yacy I BCTAHOBIICHHS
0COOIMBOCTEH 3MIHM XIMIUYHOTO CKJIaJly KOMIIOHEHTIB rereporepexoay. BpaxoByrouu, 1o nuTaHHs
Ipo 3B’S30K CTYNEHIO Ta PO3MOJAUTY CTeXiOMeTpii B Imapi Cyib(digy Mial 3 ONTOEIEKTPUUYHUMHU
BJIIACTUBOCTSIMHU T€TEPOCTPYKTYPH € BIAKPUTUM, iHPOPMATHBHUM Ta HAJ3BHUYANHO BAYKIMBUM JUISI
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MPAaKTUYHOTO BIPOBAHKEHHS PO3POOJICHOTO CEHCOPY, [T BETUKOI BUOIPKH 3pa3KiB Oysu MpOBECHI
€JIEKTPOXIMIYHMM aHa13 Ta JOCTIIKEHHSI METOJIOM PEHTTEHIBChKOI TU(paKkTOMETpii.

Kirouosi ciioBa: HeieanbHUl reTeponepexij, ceHcop 300paxeHb, (Pa30BUM CKIIajd, pEHTI€HO-
CTPYKTYpHHI aHai3

VK 625.315.592

B. A. bopwak, E. B. bpumasckuu, M. 1. Kymanosa

MOJEJUPOBAHUE BBICTPOM ®A3bI CITAJIA CUTHAJIA OIITUYECKOIO
CEHCOPA HA OCHOBE I'ETEPOCTPYKTYPbI CdS-Cu,S

AHHOTaNud

Pabota mocBsIieHa KOMIUIEKCY HMCCIICIOBAaHUM, HAIIPABICHHBIX HA BBIACHCHHE OTKJIOHEHUU OT
crexuoMerpun coenunenuss Cu S nmpu GOpMUPOBAHUH M C HOCIIEAYIONIMM TEYCHUEM BPEMEHH LIS
YCTaHOBJICHUSI OCOOCHHOCTEH H3MEHEHHUs XUMHYECKOTO COCTaBa KOMIIOHEHTOB TeTEpOIepexoja.
Y4uuThiBasi, 4TO BOMPOC O CBS3M CTEIICHU M PACTIPEICIICHHS CTEXUOMETPHUH B CJI0€ Cyiabduma menu
C OMNTOEIEKTPUYCCKHUMH CBOMCTBAMHU TE€TEPOCTPYKTYPHI SIBISIETCS OTKPBITHIM, HH(GOPMATHBHBIM
U 4Ype3BbIUAHHO Ba)KHBIM IS TPAKTUYECKOTO BHEIPEHHS pa3padOTaHHOTO CEHcOopa, s OObIION
BBIOOPKH 00pa3IoB OBLIN MPOBEACHBI JCKTPOXUMUYECKUIN aHATTU3 M UCCIICIOBAHUS METOJIOM PEHT-
TC€HOBCKOU TU(PAKTOMETPHH.

KuroueBsble ci10Ba: HeuaeanbHBIN TeTEPONIEPEXOl, CEHCOp 300pakeHni, Pa3oBBId COCTAB, PEHT-
TE€HOCTPYKTYPHBIN aHAIU3
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NONLINEAR DYNAMICS OF RELATIVISTIC BACKWARD-WAVE TUBE
IN SELF-MODULATION AND CHAOTIC REGIME

It has been performed quantitative modelling, analysis, forecasting dynamics relativistic backward-wave
tube (RBWT) with accounting relativistic effects (y,= 1.5-6.0), dissipation (factor D), a presence of space
charge etc. There are computed the temporal dependences of the normalized field amplitudes (power) in a wide
range of variation of the controlling parameters which are characteristic for distributed relativistic electron-
waved self-vibrational systems: electric length of an interaction space N, bifurcation parameter proportional
to (~current I) Pirse one J and relativistic factor y,. The computed temporal dependence of the field amplitude
(power) Fmax in a good agreement with theoretical estimates and experimental data by Ginzburg etal (IAP,
Nizhny Novgorod) with using the pulsed accelerator "Saturn". The analysis techniques including multi-fractal
approach, methods of correlation integral, false nearest neighbour, Lyapunov exponent’s, surrogate data, is
applied analysis of numerical parameters of chaotic dynamics of RBWT. There are computed the dynamic
and topological invariants of the RBWT dynamics in auto-modulation(AUM)/chaotic regimes, correlation
dimensions values (3.1; 6.4), embedding, Kaplan-York dimensions, Lyapunov’s exponents (+,+) Kolmogorov
entropy. There are constructed the bifurcation diagrams with definition of the dynamics self-modulation/

chaotic areas in planes, namely, "J-y", "D-J".

1. Introduction

As it is well known in the modern electron-
ics, photoelectronics etc there are many physical
systems (the backward-wave tubes, multiclement
semiconductors and gas lasers, different radio-
technical devices etc), which can manifest the el-
ements of chaos and hyperchaos in their dynam-
ics (c.f.[1-32]). The key aspect of studying the
dynamics of these systems is analysis of the dy-
namical characteristics. Chaos theory establish-
es that apparently complex irregular behaviour
could be the outcome of a simple deterministic
system with a few dominant nonlinear interde-
pendent variables. The past decade has witnessed
a large number of studies employing the ideas
gained from the science of chaos to character-
ize, model, and predict the dynamics of various
systems phenomena (c.f.[1-16]). The outcomes
of such studies are very encouraging, as they not
only revealed that the dynamics of the apparently

irregular phenomena could be understood from a
chaotic deterministic point of view but also re-
ported very good predictions using such an ap-
proach for different systems.

The backward-wave tube is an electronic de-
vice for generating electromagnetic vibrations
of the superhigh frequencies range. In refs.[3-
16] there have been presented the temporal de-
pendences of the output signal amplitude, phase
portraits, statistical quantifiers for a weak chaos
arising via period-doubling cascade of self-mod-
ulation and for developed chaos at large values of
the dimensionless length parameter. The authors
of [3-16] solved the different versions of system
of equations of nonstationary nonlinear theory for
the O type backward-wave tubes with and with-
out account of the spatial charge, without energy
losses etc. It has been shown that the finite-di-
mension strange attractor is responsible for cha-
otic regimes in the backward-wave tube.
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In our work it has been performed quantitative
modelling, analysis, forecasting dynamics relativ-
istic backward-wave tube (RBWT) with account-
ing relativistic effects (g,= 1.5-6.0), dissipation, a
presence of space charge etc. There are computed
the temporal dependences of the normalized field
amplitudes (power) in a wide range of variation of
the controlling parameters which are characteris-
tic for distributed relativistic electron-waved self-
vibrational systems: electric length of an interac-
tion space N, bifurcation parameter proportional
to (~current /) Pirse one and relativistic factor g
There is computed a temporal dependence of the
field amplitude (power) F__ in a good agreement
with theoretical estimates and experimental data
by Ginzburg etal (IAP, Nizhny Novgorod) with
using the pulsed accelerator “Saturn”.

2. Method

As the key ideas of our technique for nonlinear
analysis of chaotic systems have been in details
presented in refs. [17-32], here we are limited
only by brief representation. The first important
step is a choice of the model of the RBWT dy-
namics. We use the standard non-stationary the-
ory [3-6], however, despite the cited papers we
take into account a numver of effects, namely,
influence of space charge, dissipation, the waves
reflections at the ends of the system and others
[12,13]. Usually relativistic dynamics is described
system of equations for unidimensional relativis-
tic electron phase 0(C,7,6,) (which moves in the
interaction space with phase ¢, (¢,I[0; 2p]) and
has a coordinate z at time moment t) and field
E(x,t) = Re[e(x,t)explio,t —if,x]

unidimensional complex amplitude

F(C,r):E/(ZBOUCZ) as follows [240, 249]:

1

0°0/0,° = —Lzyg[(l+ﬁ66’/8§)2 N

x Re[F exp(i0)], , (1)

OF /0t —0F /0 =—LI iz_lfe*fedeo
n 0

with the boundary and initial conditions:

0 |;:0: 6y, 00/0¢ |g:0: 0
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In is important to note that the system stud-
ied has a few controlling parameters which are
characteristic for distributed relativistic elec-
tron-waved self-vibrational systems: electric
length of an interaction space N, bifurcation
parameter proportional to (~current /) Pirse one
L=27CN/y, (here C-isthe known Piers param-

eter, C=3/1,K,/(4U) ,and 7, is a constant beam

current component, U - accelerating voltage,
K - resistance of copupling of the slowing down
system) and relativistic factor y, = (1— 8;) "

Since processes resulting in the chaotic behav-
iour are fundamentally multivariate, it is neces-
sary to reconstruct phase space using as well as
possible information contained in the dynami-
cal parameter s(n), where n the number of the
measurements. Such a reconstruction results in a
certain set of d-dimensional vectors y(n) replac-
ing the scalar measurements. Packard et al. [19]
introduced the method of using time-delay coor-
dinates to reconstruct the phase space of an ob-
served dynamical system. The direct use of the
lagged variables s(n + t), where t is some integer
to be determined, results in a coordinate system in
which the structure of orbits in phase space can be
captured. Then using a collection of time lags to
create a vector in d dimensions,

y(n) = [s(n), s(n +t), s(n + 2t), ...,

s(n + (d-1)t)], (1)
the required coordinates are provided. In a non-
linear system, the s(n + jt) are some unknown
nonlinear combination of the actual physical vari-
ables that comprise the source of the measure-
ments. The dimension d is called the embedding
dimension, d,. According to Maf¢ and Takens
[24,25], any time lag will be acceptable is not ter-
ribly useful for extracting physics from data. If t
is chosen too small, then the coordinates s(n + jt)
and s(n + (j + 1)t) are so close to each other in
numerical value that they cannot be distinguished
from each other. Similarly, if t is too large, then
s(n + jt) and s(n + (j + 1)t) are completely inde-
pendent of each other in a statistical sense. Also,
if t 1s too small or too large, then the correlation



dimension of attractor can be under- or overesti-
mated respectively. The autocorrelation function
and average mutual information can be applied
here. The first approach is to compute the linear
autocorrelation function:

%i[s(m+6)—§[ s(m)—s]

C, () =—"= Tz
ﬁ;[s(m)—Ef

(2)
s = %; s(m)

and to look for that time lag where C,(d) first pass-
es through zero (see [18]). This gives a good hint
of choice for t at that s(n + jt) and s(n + (j + 1)t)
are linearly independent. a time series under con-
sideration have an n-dimensional Gaussian distri-
bution, these statistics are theoretically equivalent
as it is shown by Palus (see [15]). The general
redundancies detect all dependences in the time
series, while the linear redundancies are sensitive
only to linear structures. Further, a possible non-
linear nature of process resulting in the vibrations
amplitude level variations can be concluded.

The goal of the embedding dimension determi-
nation is to reconstruct a Euclidean space R? large
enough so that the set of points d, can be unfolded
without ambiguity. In accordance with the em-
bedding theorem, the embedding dimension, d,,
must be greater, or at least equal, than a dimen-
sion of attractor, d , i.e. d, > d . In other words,
we can choose a fortiori large dimension d,, e.g.
10 or 15, since the previous analysis provides us
prospects that the dynamics of our system is prob-
ably chaotic. However, two problems arise with
working in dimensions larger than really required
by the data and time-delay embedding [5,6,18].
First, many of computations for extracting inter-
esting properties from the data require searches
and other operations in R whose computational
cost rises exponentially with d. Second, but more
significant from the physical point of view, in the
presence of noise or other high dimensional con-
tamination of the observations, the extra dimen-
sions are not populated by dynamics, already cap-
tured by a smaller dimension, but entirely by the
contaminating signal. In too large an embedding
space one is unnecessarily spending time work-
ing around aspects of a bad representation of the

observations which are solely filled with noise. It
is therefore necessary to determine the dimension
d,.

There are several standard approaches to re-
construct the attractor dimension (see, e.g., [3-
6,15]). The correlation integral analysis is one
of the widely used techniques to investigate the
signatures of chaos in a time series. The analy-
sis uses the correlation integral, C(r), to distin-
guish between chaotic and stochastic systems. To
compute the correlation integral, the algorithm of
Grassberger and Procaccia [10] is the most com-
monly used approach. If the time series is char-
acterized by an attractor, then the integral C(r) is
related to the radius » given by

d = 1im122€")
i logr

; €)

where d is correlation exponent that can be de-
termined as the slop of line in the coordinates
log C(r) versus log r by a least-squares fit of a
straight line over a certain range of r, called the
scaling region. If the correlation exponent attains
saturation with an increase in the embedding di-
mension, the system is generally considered to
exhibit chaotic dynamics. The saturation value of
correlation exponent is defined as the correlation
dimension (d,) of attractor.

The Lyapunov exponents are the dynamical
invariants of the nonlinear system. In a general
case, the orbits of chaotic attractors are unpre-
dictable, but there is the limited predictability of
chaotic physical system, which is defined by the
global and local Lyapunov exponents.

A negative exponent indicates a local average
rate of contraction while a positive value indi-
cates a local average rate of expansion. In the cha-
os theory, the spectrum of Lyapunov exponents is
considered a measure of the effect of perturbing
the initial conditions of a dynamical system. Since
the Lyapunov exponents are defined as asymp-
totic average rates, they are independent of the
initial conditions, and therefore they do comprise
an invariant measure of attractor. In fact, if one
manages to derive the whole spectrum of Lyapu-
nov exponents, other invariants of the system, i.e.
Kolmogorov entropy and attractor’s dimension
can be found. The Kolmogorov entropy, K, meas-
ures the average rate at which information about
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the state is lost with time. An estimate of this
measure is the sum of the positive Lyapunov ex-
ponents. The inverse of the Kolmogorov entropy
is equal to the average predictability. There are
several approaches to computing the Lyapunov
exponents (see, e.g., [5,6,18]). One of them [18]
is in computing the whole spectrum and based on
the Jacobin matrix of the system function [14].

3. Results

As input, the following parameters were taken:
the energy of electrons - 150keV, starting current
of 7A composed impedance connection 0,5W ,
length of interaction space - 0,623m, the average
radius waveguides - 1,38sm period corrugating -
1,73sm radius of the electron beam - 0,67sm. The
dynamic model (2.6) has been implemented in
two ways considering the effects of space charge
and without and with (unlike in [5]) the effect
of slowing the loss of energy in the system (at
the ends of reflection and some other factors dis-
cussed more etc.). As bifurcation parameter ac-
tually is J =& |Z|(2B;m *), where Z - resis-
tance connection, I - beam current, £, =v,/c,v,
- the initial velocity of the electrons, the param-
eter space charge QO =leg(m ®’b), transverse

wave number g=w(cf,y,), k-harmonic and

2z
space charge density g, = (1/7) J. e*’d@, , coeffi-

cient of reduction space charge ka= 0.55. To factor
in the expression for the normalized dissipation
parameter has been fixed D = 8Db. In figure 1 we
list the relevant theoretical simulation test results
in non-stationary processes RBWT at injection
currents: (a) - 55A, (b) - 90A, (c) - 120A.

At current 7A it is set stationary mode that
with increasing value of current strength transited
to the periodic automodulation (I = 30A, on our
data, the period of T, = 7,3ns; experimental value
[14b]: 8ns), and then when I = 55A it is realized
the chaotic auto-modulation mode (fig 1a). By
increasing the amount of current to 75A there is
the quasi-periodical auto-modulation (period 13.8
ns) and, finally, when the current value is more
than 100A it’s realized essentially chaotic regime.
Note that reset of the quasi-periodic auto-modula-
tion mode can be explained by an effect of space
charge.
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Figure 1. Theoretical results for the temporal
dependence of power of the RBWT at the in-
jection currents: (a)-55A, (b)-90A, (¢) - 120A.

The similar theoretical estimates (however
without the dissipation effect) and experiment re-
sults data have been obtained by Ginsburg et al.
[5b]. Let us note that all results are in a physically
reasonable agreement with each other.

Fig. 2 (a) shows the results of our computing
the autocorrelation function, and Fig. 2b) - the av-
erage mutual information.

In fig.3 there is listed the relationship between
the correlation exponent and embedding dimen-
sion of the temporal series (line 1), the mean
values of variables replacement (line 2) and the
implementation of one replacement (line 3). Col-
umns errors indicate minimum values exponen-
tial correlation among all variables substituted. In
Fig. 4 we presents data of estimating the embed-
ding dimension based on the algorithm of false
nearest neighbours for points of the original data
series (line 1), the mean values of surrogate data
(2), and one surrogate realization (3).
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Figure 2. The autocorrelation function, (a) and
the average mutual information (b).
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Figure 3. The relationship between the correlation
exponent and embedding dimension of the tem-
poral series (line 1), the mean values of variables
replacement (line 2) and the implementation of
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Fig. 4 we presents data of estimating the embed-
ding dimension based on the algorithm of false
nearest neighbours for points of the original
data series (line 1), the mean values of surrogate
data (2), and one surrogate realization (3).

Next in the table 1 we list our data on . the cor-
relation dimension d,, embedding dimension, de-
termined on the basis of false nearest neighbours
algorithm (d,) with percentage of false neigh-
bours (%). calculated for different values of lag
t according to the analysis of two series figla (I
- chaos) and fig.1c (II - hyperchaos).

Table 1

Correlation dimension d,, embedding di-
mension, determined on the basis of false
nearest neighbours algorithm (d,) with per-
centage of false neighbours (%) calculated for
different values of lag t

Chaos (I) Hyperchaos (II)
|4 | @) | ot od |y
60 3.6 5 67 7.2 10

(5.5) (12)
6 3.1 4 10 | 63 | 8(2.1)
(1.1)
8 3.1 4 12 6.3 | 8(2.1)
(1.1)
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In Table 2 we list our computing data on the
Lyapunov exponents (LE), the dimension of the
Kaplan-York attractor, the Kolmogorov entropy
K . For studied series there are the positive and
negative LE values. he resulting dimension Ka-
plan York in both cases are very similar to the cor-
relation dimension (calculated by the algorithm
by Grassberger-Procachia).

Table 1

The Lyapunov exponents (LE), the
dimension of the Kaplan-York attractor, the
Kolmogorov entropy K __ . (our data)

Chaos | A, A, A, A, K
D 0.261 | 0.0001 | —0.0004 | —0.528 0.26
(IT) 0.514 | 0.228 0.0000 | —0.0002 | 0.74

Further, in Fig.5 we present the firstly obtained
original (continuous line) and predicted (dotted
line) dependences of power in the chaos mode
(D: (a) - without energy loss effect, (b) - taking
into account the effect of loss. order to estimate
reliability (success) of prediction model [13-15]
we have computed the correlation coefficient (r)
between actual and

52 53 55

54

(b)

5.4 55

(a)

53

52

Figure 5. Original (continuous line) and pre-
dicted (dotted line) dependences of power in
the chaos mode (I): (a) - without energy loss
effect, (b) - taking into account the effect of loss

prognostic rows ranked to a number of the neigh-
bours (NN). In this case, the mean forecast error
was (o = 1.9) for time series (chaos mode). In
addition, usually to account for a forecast error
one should take into account the noise level in the
studied time series. For this purpose the method-
ology by Hu et al (see [13] was used.
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Importantly, the above-described physical
mechanism of changing different modes in the
RBWT dynamics due an increasing a current val-
ue and the bifurcation parameter J corresponds to
certain value relativistic factor, namely y = 1,3.

More important is the analysis of the RBWT
nonlinear dynamics in the plane «relativistic
factor — bifurcation parameter.» Actually in this
context a three-parametric relativistic nonlinear
dynamics is fundamentally different from pro-
cesses in non-relativistic BWT dynamics. In fig.6
we list a chart that shows the quantitative limits
of auto-modulation (line I) in the plane of pa-
rameters: bifuracation parameter J - relativistic
factor y,. Note that the second line (line II) limits
the area where there is a twist particles and used
theoretical model works. A characteristic feature
of the chart is the presence of so-called effect of
«beak», which is based on relativistic factor goes
far deeper automodulation area. Firstly this effect
was predicted in [3-6]. In essentially relativistic
limit (see. Fig. 7) the frequency of auto-modula-
tion falls by about half. Obviously, that all of the
above characteristics is much more complicated
compared to the dynamics of non-relativistic dy-
namics.

Vo

6.0
5.0
4,0t
3.0}
20t
10—

.._
—-

1.0 20 J

Figure 6. The limits of automodulation (line I)
on the plane of parameters: “bifurcation pa-
rameter - relativistic factor”

So, we believe that a chaos in the RBWT dy-
namics should be called by relativistic chaos phe-
nomenon.
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Figure 7. The dependence of the frequency of
auto-modulation upon relativistic factor

Conclusions

In this work we have performed quantitative
modelling, analysis, forecasting dynamics relativ-
istic backward-wave tube (RBWT) with account-
ing relativistic effects (y,= 1.5-6.0), dissipation, a
presence of space charge, reflection of waves at
the end of deceleration system etc. There are com-
puted the temporal dependences of the normal-
ized field amplitudes (power) in a wide range of
variation of the controlling parameters which are
characteristic for distributed relativistic electron-
waved self-vibrational systems: electric length
of an interaction space N, bifurcation parameter
proportional to (~current /) Pirse one L(J): 2.7-3.9
and relativistic factor g =1.5-6.0). There are com-
puted the dynamic and topological invariants of
the RBWT dynamics in auto-modulation/chaotic
regimes, correlation dimensions values (3.1; 6.4),
embedding, Kaplan-York dimensions, Lyapu-
nov’s exponents (LE:+,+) Kolmogorov entropy.
There are firstly constructed the bifurcation dia-
grams with definition of the dynamics self-mod-
ulation/chaotic areas in planes: «J-y», «D-J». It
is shown that for moderately small y, ~ 1.3 transi-
tion to chaos is realized through a sequence of the
period doubling bifurcations, but with the growth
of the g, dynamics significantly complicates with
interchange of quasi-harmonical/ chaotic regimes
(incl. discovery of a “beak” effect on the chart,
sharp fall of automodulation period at vy ~4),

emergence of highly-d chaotic attractor, which
evolves at a much complicated scenario. Firstly
on basis of chaos-cybernetic approach with a new
wavelet-expansion predicted paths algorithm it
is realized forecasting the temporal evolution of
chaotic dynamics for RBWT at different values of
J, g, taking into account the effects of relativity,
influence of space charge, dissipation and shown
that in a case of low-attractor dynamics (chaotic
auto-modulation) the predicted series well re-
built the empirical data (correlation coefficient
between predicted and real rows ranked among
the neighbours number ~ 0.97), which is the first
indication of the possibility of a new quantitative
evolution prediction direction in studying relativ-
istic microwave electronics devices.
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A. V. Glushkov, V. B. Ternovsky, S. V. Brusentseva, A. V. Duborez, Ya. 1. Lepich

NON-LINEAR DYNAMICS OF RELATIVISTIC BACKWARD-WAVE TUBE
IN SELF-MODULATION AND CHAOTIC REGIME

Abstract.

It has been performed quantitative modelling, analysis, forecasting dynamics relativistic backward-
wave tube (RBWT) with accounting relativistic effects (g,= 1.5-6.0), dissipation (factor D), a presence
of space charge etc. There are computed the temporal dependences of the normalized field amplitudes
(power) in a wide range of variation of the controlling parameters which are characteristic for dis-
tributed relativistic electron-waved self-vibrational systems: electric length of an interaction space N,
bifurcation parameter proportional to (~current /) Pirse one J and relativistic factor g ;. The computed
temporal dependence of the field amplitude (power) F_ ina good agreement with theoretical estimates
and experimental data by Ginzburg etal (IAP, Nizhny Novgorod) with using the pulsed accelerator
“Saturn”. The analysis techniques including multi-fractal approach, methods of correlation integral,
false nearest neighbour, Lyapunov exponent’s, surrogate data, is applied analysis of numerical param-
eters of chaotic dynamics of RBWT. There are computed the dynamic and topological invariants of
the RBWT dynamics in auto-modulation(AUM)/chaotic regimes, correlation dimensions values (3.1;
6.4), embedding, Kaplan-York dimensions, Lyapunov’s exponents (+,+) Kolmogorov entropy. There
are constructed the bifurcation diagrams with definition of the dynamics self-modulation/chaotic
areas in planes, namely, “J-g », «D-J».

Key words: relativistic backward-wave tube, chaos, non-linear methods
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YIK 517.9

A. B. I'mywikos, B. b. Tepnosckuii, C. B. bpycenyesa, A. B. /[yoopes, A. U. Jlenux

HEJIMHENHASI IMHAMMKA PEJIITUBUCTCKOM JIAMIIBI OBPATHOM BOJIHBI B
ABTOMOAVIAIINOHHOM U XAOTUYECKOM PEX XKNMAX

Pesrome.

[IpuBeneHbl pe3ynbTaTbl MOJIEIMPOBAHUSA, aHAIU3a M MPOrHO3a AMHAMUKH MPOLECCOB B Peisi-
THBHUCTCKOM nlamrie obparHoii BoiHbl (PJIOB) ¢ yuera penstusuctckux sddekros (g= 1,5-6,0),
muccunanyu  (pakrop D), Hamuuus MpOCTPaHCTBEHHOTO 3apsia W T.J. BblunciIeHbl BpeMeHHbIE
3aBHCHUMOCTU HOPMHUPOBAHHOW aMIUIMTYAbl MOJS (MOIIHOCTH) B IIMPOKOM JHAara3oHe U3MEHEHUS
YIPABISAIOIUX TAPaMETPOB, KOTOPBIE XapAKTEPHBI AJIs1 PACIIPEIEICHHBIX PEIATUBUCTCKUAX NIEKTPOH-
HO-BOJIHOBBIX aBTOKOJIEOATEIbHBIX CHCTEM: AIIEKTpUYECKasl JJUHA MPOCTPAHCTBA B3aUMOACHCTBHS
N, Ou(ypKauMOHHBIH MapaMeTp, MPONOPUMOHAILHBIA CUJIE TOKA, J M PENATUBUCTCKUA (BaKTop g .
BeruncienHast 3aBUCUMOCTb aMIUIUTY Il IOJIs (MOLTHOCTH) Fmax HaXoauTCsl B XOPOIIEM COIVIACHH C
TEOPETUYECKUMHU OLIEHKAaMH U TaHHBIMH dKcriepuMenTa [ uu3oypra u ap. (UI1®, Huwxuauit HoBropon)
C MCIIOJIb30BAHUEM UMITYIbCHOTO yckoputenst «Carypu». TexHuKa HeIMHEHHOro aHaiau3a, KOTopast
BKJIIOYAET MYJIbTU(PAKTAIBHUNA MOAXO/, METObl KOPPEISALMOHHBIX UHTErPaIoB, JIOKHBIX OMKaii-
LIMX COCENEH, SKCTIOHEHT JIsImyHOBa, CyppOraTHbIX JaHHbBIX, UCIIOIb30BAHHAS JJIs aHAJIN3a YUCIIEH-
HBIX ITapaMeTPOB Xa0THUECKUX aBTOKoJeOaTenbHbIX peskuMoB B PJIOB. PaccunTansl 1uHamuueckue
Y TOIIOJIOTHYECKUE NHBapUaHThl 1nHaMuku PJIOB B aBTOMOAYJISIIMOHHOM M XaOTHYECKOM PEXHUMAX,
KOPPEJIALMOHHAS PAa3MEPHOCTB, pa3MepHOCTH BioxkeHus (3.1; 6.4), Karmman-Mopka, mokasaremn Jls-
nyHoBa (+, +), auTponusa KonmMoroposa 1 noctpoeHbsl OU(ypKallOHHbIE TUarpaMMbl ¢ OIIPEIEIICHU-
€M 001acTel aBTOMOYJIALMHU U Xa0Ca , B YaCTHOCTH, «J-g», «D-I».

KiroueBble c10Ba: pensTUBUCTCKAs JIaMITbl OOPAaTHOM BOJIHBI, Xa0C, HEIMHEHHBIE METO/IbI

VYIK 517.9

O. B. I'nywxos, B. b. Tepnoscoxuiti, C. B. bpycenyesa, A. B. [Iyoopes, A. 1. Jlenix

HEJITHIMHA IUHAMIKA PEJIITUBICTCHKOI JIAMIIN 3BEPHEHOI XBWJII B
ABTOMOAVIAHIMHOMY TA XAOTHYHOMY PEKUMAX

Pesrome.

HagBenenslipe3ynpraTi MOZIETIOBAHHS, aHAJII3Y 1 IPOTHO3Y TUHAMIKH MPOLECIB B PENIATUBICTCHKOT
nammi 380potHOi XxBul (PJI3X) 3 ypaxyBanusaM penatusicTchkux edektis (g= 1,5-6,0), nucumamii
(dakrop D), HasIBHOCTI MPOCTOPOBOTO 3apsay 1 T.i. OOUKCIICHI YacoBi 3aJ€KHOCTI HOPMOBAHO1 aMII-
JITYAH 1107151 (TMTOTY>KHOCTI) B IIUPOKOMY Jiara30Hi 3MIHU KepYIOUHX IMapaMeTpiB, sKi XapaKTepHi s
PO3IIONIICHNX PENATUBICTCHKUX EJICKTPOHHO-XBIIIBOBUX AaBTOKOJIMBAJIBHUX CHUCTEM: EJICKTPUYHA
JTIOBXHHA MpocTopy B3aemomii N, OidypkariiiHuii mapameTp, MPONOPIIHHANA CUJli CTpymy, J 1 pens-
THBICTChKUH (pakTop g,. OOuKCIeHa 3aIeKHICTh aMILTITYIM oS (IIOTYXKHOCTI) Fmax 3HaxomuThes
B XOPOULIOMY 3J1arofii 3 TEOPETUYHUMHU OLIHKaMU 1 JaHUMH ekcriepuMeHTy ['1H30ypra Ta iH. (II[1D,
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Hwxniit HoBropon) 3 BUKOpUCTaHHAM IMITYJIbCHOTO TpucKoproBauya «CarypH». TexHika HenmiHiIHOTO
aHaJli3y, sKa BKJI0OYa€e MyibTiQpaKkTaaIbHUM MiAX1J, METOJU KOPESLINHUX 1HTerpaliB, XMOHUX Hal-
OMKYMX CYCIIiB, €KCTIOHEHT JIsmyHOBa, cyporaTHuX JaHUX, BUKOPUCTaHA JUIS aHATi3y YHCEIbHUX
napaMeTpiB XaOTHUYHUX aBTOKOJIMBaIbHUX pekuMiB y PJI3X. Po3paxoBani JuHAMI4YHI Ta TONOIOT1Y-
Hi iHBapianTy AuHamiku PJIOB B aBTOMOAYISIIIIOHHOM 1 XaOTHYHOMY PEKHMMaxX, KOPEJsIiifHa po3-
MipHiCTb, po3MipHocTi BKIagenus (3.1; 6.4), Kamnan-Hopka, nokasuuku JlsmyHosa (+, 1), eHTporTis
Komnmoroposa i moOynoBani 6idypkariiiHi JiarpaMu 3 BA3HAYSHHSM 00JacTeil aBTOMOYIIALL 1 Xaocy,
30kpema, «J-g», «D-I».
KurouoBi cioBa: pesTUBICTCHKA JIAMITH 3BOPOTHOT XBHITI, Xa0C, HEJIIHIMHI METOIN
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QUANTUM DEFECT APPROXIMATION IN THEORY OF RADIATIVE TRANSITIONS IN

SPECTRUM OF Li-like CALCIUM

The combined relativistic quantum defect approximation and relativistic many-body perturbation theory
with the zeroth order optimized approximation are applied to studying the Li-like calcium oscillator strengths
ofradiative transitions from ground state to the Rydberg states. New element in our scheme is an implementation
of optimized relativistic quantum defect approximation to an energy approach frames. Comparison of calculated
oscillator strengths with available theoretical and experimental (compillated) data is performed and a number of

oscillator strengths are presented firstly.

1. Introduction

This paper goes on our work on studying ra-
diative transitions characteristics in the multich-
arged ions on the basis of the combined relativis-
tic quantum defect approximation [1,2] and rela-
tivistic many-body perturbation theory with the
zeroth order optimized approximation [3].

Let us remind (look, for example, [1,2]) that
the spectral data for highly ionized atoms has a
fundamental importance in many fields of atom-
ic physics (spectroscopy, spectral lines theory),
plasma physics and chemistry, laser physics and
quantum electronics, astrophysics and laboratory,
thermonuclear plasma diagnostics and in fusion
research.

There have been sufficiently many reports of
calculations and compilation of energies and os-
cillator strengths for the Li-like ions and other
alkali-like ions (see, for example, [1-23]). Par-
ticularly, Martin and Wiese have undertaken a
critical evaluation and compilation of the spectral
parameters for Li-like ions (Z=3-28) [4,5]. The
results of the high-precision non-relativistic cal-
culations of the energies and oscillator strengths
of 1522s;1s22p for Li-like systems up to Z = 50
are presented in Refs. [12-20]. The Hylleraas-type
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variational method and the 1/Z expansion meth-
od have been used. Chen Chao and Wang Zhi-
Wen [15] listed the nonrelativistic dipole-length,
-velocity, -acceleration oscillator strengths for
1s22s—1s22p transitions of Lil isoelectronic se-
quence calculated within a full core plus correla-
tion method with using multiconfiguration inter-
action wave functions. Fully variational nonrela-
tivistic Hartree-Fock wave functions were used
by Biémont in calculating 1s2n2L. (n<8=s,p,d.f;
3<Z<22) Li-like states [18].

In many papers the Dirac-Fock (DF) method,
model potential, quantum defect approximation
in the different realizations have been used for
calculating the energies and oscillator strengths
of the Li-like and similar ions (see Refs.[4-9,19-
30]). The consistent QED calculations of the
energies, ionization potentials, hyperfine struc-
ture constants for the Li-like ions are performed
in Refs. [18,19]. However, for Li-like ions with
higher Z, particularly, for their high-excited (Ry-
dberg) states, there are not enough precise data
available in literatures.

In this paper the combined relativistic quantum
defect approximation (QDA) and relativistic ma-
ny-body perturbation theory with the zeroth order
optimized approximation are applied to studying



the Li-like calcium oscillator strengths of radia-
tive transitions from ground state to the Rydberg
states. New element in our scheme is an imple-
mentation of optimized relativistic quantum de-
fect approximation to an energy approach frames.
Comparison of calculated oscillator strengths
with available theoretical and experimental (com-
pillated) data is performed and a number of oscil-
lator strengths are presented firstly.

2. Relativistic energy approach to atomin a
strong laser field: Multiphoton resonances

As the detailed presentation of our version
of the relativistic quantum defect approximation
is in , for example, Ref. [1,2], here we present
only the key elements. The relativistic energy
approach in gauge-invariant form is presented in
many books, articles (look [5-7,3]). Within an
energy approach the imaginary part of electron
energy shift of an atom is directly connected with
the radiation transition probability. The total en-
ergy shift of the state is usually presented as (see,
for example, [5,6] and also [3]):

DE =ReDE +1i G/2 (1)
where G is interpreted as the level width and de-
cay possibility P = G. The imaginary part of elec-
tron energy of the system, which is defined in the
lowest PT order as [3]:

2
mAEB) =Sy )2
T asn>f >
[a<n£f]

2)

where Z for electron and z for vacancy.

a>n>f a<n<f

The matrix element is determined as follows:

,]‘kl‘ I drldrzy’;(rz)’l”; (2)

S‘“rl”’;”(l N G I

The separated terms of the sum in (3) represent
the contributions of different channels and a prob-
ability of the dipole transition is:

r, = ‘w"n‘
n 471- a,ay, (4)
The corresponding oscillator  strength:
g =2, T, /6.67-10° where g is the degen-

eracy degree, 1 is a wavelength in angstrems
(A). Under calculating the matrix elements (3)
one should use the angle symmetry of the task
and write the expansion for potential s1n|w|r12 b
on spherical functions and this expansion corre-
sponds to usual multipole one for radiative prob-
ability. Substitution of expansion (5) to matrix
element of interaction gives [5,6]:

V% =[0G DT x

xz(ﬁ

my; —my

A
jx [0 + 07 ]
u
(5)

where j. is the total single electron momentum, m,

Qul

— the projections; is the Coulomb part of in-

teraction, O} - the Breit part. The Coulomb part

2 is expressed in terms of radial integrals R, ,

angular coefficients S,. The Breit interaction part
is defined by similar way (see [3]). The relativis-
tic wave functions are calculated by solution of
the Dirac equation with the potential, which in-
cludes the “outer electron- ionic core” potential
and polarization potential [3]. The calibration of
the single model potential parameter has been per-
formed on the basis of the special ab initio proce-
dure within relativistic energy approach (see also
[5-7]). In Ref.[6] the lowest order multielectron
effects, in particular, the gauge dependent radia-
tive contribution Im dE _  for the certain class of
the photon propagator calibration is treated. This
value is considered to be the typical representative
of the electron correlation effects, whose minimi-
zation is a reasonable criterion in the searching
for the optimal one-electron basis of the relativ-
istic many-body PT. The minimization of func-
tional Im d& . leads to integral-differential equa-
tion that can be solved using one of the standard
codes. Therefore, it provides the construction of
the optimized 1-particle representation and thus
optimized relativistic model potential ORMP
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scheme [6]. The same procedure is used in gen-
eralization of the relativistic QDA. Usually, the
most exact version of the QDA is provided by us-
ing the empirical data in order to determine the
quantum defect values for different state.

The above described approach allows to gen-
eralize the QDA and get a new ab initio optimized
QDA scheme, satisfying a principle of minimiza-
tion for the gauge dependent radiative contribu-
tions to Im dE for the certain class of the pho-
ton propagator calibration. A relativistic quantum
defect is usually defined as (see, for example, [3]:

; (6)

u,(E)=n-v,+y—|x

where y is he Dirac quantum number, and
y=~x -(),

_Z&‘

)
A=-E (l+¢),

e=1+a’E,.

9

(7

In the non-relativistic limit (i.e. the fine struc-

ture constant a—0) expression (7) transfers to the

well known non-relativistic expression for quan-
tum defect:

z

J-2E,

where 7 is the principal quantum number, n* is an
effective quantum number, E_is an electron en-
ergy and z is a charge of a core (ion).

u" (E,)=n—n*=n- (®)

3. Results and conclusions

We applied the above described approach to
calculating the energies and oscillator strengths
of transitions in spectra of the Li-like calcium
(Z=12). All calculation is performed on the basis
of the numeral code Superatom. There are con-
sidered the radiative transitions from ground state
to the Rydberg states, particularly, 2s,,— np,,,,
(n=3-12). ASome preliminary data were listed
in [1]. As usually, to test the obtained results, we
compare our data on the oscillator strengths val-
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ues for some Li-like ions with the known theoreti-
cal and compillated data [8-18]. In table 1 we pre-
sent the our oscillator strengths values (OQDA)
for the 2s,, — np, (n=3-12, j=1/2,3/2) transitions
in spectrum of the Li-like Ca'™.

Table 1

Oscillator strengths values (OQDA) for the
2s,,— np, (n=3-12, j=1/2,3/2) transitions in
spectrum of the Li-like Ca'™

Transition Exp QDA DF
2s,,-3p,, 0.123 — —
2s,,-3p,, 0.241 — —
2s,,~4p,, — — —
2s,,-8p,, — 2.54 2.532
2s,,-9p,, — 1.74 1.732
2s,,~10p,, — 1.242 1.242
2s,,~11p,, - 0.919* | 0916°
2s,,~12p,, — 0.70 0.698
2s,,~13p,, — 0.546° 0.54*
Transition MBP Ourl Our2
2s,,-3p,, 0.126 0.120 0.121
2s,,-3p,, 0.246 0.237 0.238
2s,,74p,, — 0.028 0.029
2s,,-8p,, — 2.52 2.52
2s,,-9p,, — 1.75 1.75
2s,,~10p,, — 1.24 1.24
2s,~11p,, — 0.91 0.91
2s,,~12p, , — 0.70 0.70
2s,,~13p,, — 0.55 0.55

In Table 1 we list also the corresponding re-
sults on oscillator strengths obtained by comput-
ing within the standard QDA, Dirac-Fock (DF)
by Zilitis and some experimental data by Mar-
tin-Weiss [1,4,8]. The QDA oscillator strengths



data become more exact with the growth of the
principal quantum number. At the same time the
accuracy of the DF data may be decreased. The
agreement between the Martin-Weiss data and
our results (our 1 and Our 2 are corresponding
to two different gauges of a photon propagator or
at usual amplitude approach language length and
velocity forms of transition operator) is physical-
ly reasonable. The closeness of oscillator strength
values proves a gauge invariance principle con-
servation in the radiative transition probabilities
scheme.
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T B. Tkach

QUANTUM DEFECT APPROXIMATION IN THEORY OF RADIATIVE TRANSITIONS IN
SPECTRUM OF Li-like CALCIUM

Abstract.

The combined relativistic quantum defect approximation and relativistic many-body perturbation
theory with the zeroth order optimized approximation are applied to studying the Li-like calcium
oscillator strengths of radiative transitions from ground state to the Rydberg states. New element in
our scheme is an implementation of optimized relativistic quantum defect approximation to an energy
approach frames. Comparison of calculated oscillator strengths with available theoretical and experi-
mental (compillated) data is performed and a number of oscillator strengths are presented firstly.

Key words: quantum defect approximation, oscillator strengths, radiative transition, Li-like cal-
cium
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T. b. Tkau

IMPUBJIMKEHUE KBAHTOBOI'O JE®EKTA B TEOPUU PAINALIMOHHBIX
INEPEXO/1OB B CIIEKTPE Li-IIOJOBHOI'O KAJIbIIUA

Pesrome.

KoMOMHUpOBaHHBIHN PENATUBUCTCKUI METO/I MOJEIIFHOTO TIOTEHIIMAIA U METOJl TEOPUU BO3MYIIIE-
HUH C ONTUMU3UPOBAHHBIM |-4aCTUYHBIM HYJIEBBIM MPUOIMKEHUEM UCTIOIBb30BaHbI [Tl BEIYUCICHHS
SHEPTUi U CUJI OCIMIUIATOPOB PAJHALIMOHHBIX IIEPEXOI0B U3 OCHOBHOTO COCTOSIHUS B HU3KOJIEXKAIIUE
U pUI0EproBCKUE COCTOSIHUSA B CIIeKTpax Li-mogoOGHbIX HoHOB. OCHOBHAS 0COOEHHOCTH HOBOT'O MO~
X0/1a 3aKJII0YaeTCs B UMILIEMEHTAIIUHN ONITUMU3HUPOBAHHOTO PENIITUBUCTCKOTO MPUOIMKEHUS MOJICITb-
HOTO MOTEHIMaNa (KBAHTOBOTO Je(eKTa) B paMKU SHEPreTUYECKOTo MOoAXo/a. BrinoaHeH aHamus u
CpaBHEHHE TOIYYEHHBIX JaHHBIX ISl CUJI OCHMJUIATOPOB C UMEIOIIUMUCS TEOPETUYECKUMH U JKC-
NEPUMEHTATLHBIMU TAHHBIMHU.

KiroueBble ca0Ba: KBaHTOBOTO JedekTa MpHOIMKEHUE, CHIIBI OCHMWIISATOPOB, pajualliOHHbIC
niepexobl, Li-mogo0HbIi KambIuit
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T. b. Tkau

HABJMKEHHSI KBAHTOBOI'O JE®EKTY B TEOPII PATIAIIMHUX ITEPEXO/IB
Y CHEKTPI Li-IIOAIBHOI'O KAJIBIIIO

Pesrome.

KombiHoBaHMI pensTUBICTChKE HAOMMKEHHSI KBAHTOBOTO JEEKTy 1 peNITUBICTChKA Teopis 30y-
pPEeHb 3 ONTHUMI30BAHUM OJHOYACTUHKOBUM HYJIHOBHM HAOIM>KEHHSIM BUKOPHUCTAHI JJIi BUBYCHHS
CHJI OCIMJISITOPIB pajialliiHUX MEPEeXo/liB 3 OCHOBHOIO CTaHy y pia0epriBChKi cTaHu y crekrpi Li-
noai0HOrO Kanbiio. OCHOBHA OCOOIMBICTH HOBOTO MMITXOMy MOB’sI3aHA 3 IMIUIEMEHTAIIIEI0 ONTHUMI-
30BaHOTO PENSATHUBICTCHKOTO HAOIMKEHHS KBAHTOBOTO J1e(DEeKTy y MEXKH €HepreTUUHOro miaxony. Bu-
KOHAHO aHaJi3 Ta MOPIBHAHHS OTPUMAHUX PE3yJIbTaTiB M0 CHIAM OCLHIIATOPIB 3 HAsIBHUMHU TEOPETHY-
HUMH Ta KCIIEPUMEHTAIILHUMH JaHUMU 1 psAJ] 3HAYEHb CHJI OCLMJIATOPIB MPEACTaBIEHI, MO-TIepILE.

KirouoBi cjioBa: kBaHTOBOTO Ae(eKTy HaOIMKEHHS, CHIM OCUMJIATOPIB, paialiiiHi nmepexonu,
Li-rmoniOHui Kaneii
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SPECTROSCOPY OF THE COMPLEX AUTOIONIZATION RESONANCES IN
SPECTRUM OF HELIUM: TEST AND NEW SPECTRAL DATA

We applied a generalized energy approach (Gell-Mann and Low S-matrix formalism) combined with the
relativistic multi-quasiparticle (QP) perturbation theory (PT) with the Dirac-Kohn-Sham zeroth approximation
and accounting for the exchange-correlation, relativistic corrections to studying autoionization resonances
in the helium spectrum, in particular, we predicted the energies and widths of the number of the Rydberg
resonances. There are presented the results of comparison of our theory data for the autoionization resonance
3s3p 1P0 with the available experimental data and those results of other theories, including, method of complex
rotation by Ho, algebraic approach by Wakid-Callaway, diagonalization method by Senashenko-Wague etc.

1. Introduction

Here we continue our investigations of study-
ing the autoionization state and AR in spectra of
many electron complex atoms and ions. Let us
note [1] that theoretical methods of calculation
of the spectroscopic characteristics for heavy at-
oms and ions are usually divided into a few main
groups [1-21]. At first, one should mention the
well known, classical multi-configuration Har-
tree-Fock method (as a rule, the relativistic effects
are taken into account in the Pauli approximation
or Breit hamiltonian etc.) allowed to get a great
number of the useful spectral information about
light and not heavy atomic systems, but in fact
it provides only qualitative description of spec-
tra of the heavy atoms and ions. Another more
consistent method is given by the known multi-
configuration Dirac-Fock (MCDF) approach. In
the MCDF calculations the one- and two-particle
relativistic effects and important exchange-corre-
lation corrections are usually taken into account
practically, however the total accounting is not
possible. In this essence it should be given spe-
cial attention to very complex correlation effects,
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such as a continuum pressure and energy depen-
dence of the inter electron interaction.

In this paper we applied a new relativistic ap-
proach [11-15] to relativistic studying the auto-
ionization characteristics of the helium atom.
The new elements of the approach include the
combined the generalized energy approach and
the gauge-invariant QED many-QP PT with the
Dirac-Kohn-Sham (DKS) “0” approximation
(optimized 1QP representation) and an accurate
accounting for relativistic, correlation and others
effects. The generalized gauge-invariant version
of the energy approach has been further devel-
oped in Refs. [12,13]. Below we present new data
on the energies and widths of the 2s,p, 3s,p 'P,
double excited AR for configurations ns*, np? ,
3d*'G, 4d*'G, 5d*'G, 4£2' , N snp L™ and 3Inl’
1,3 LT[ .

2. Relativistic approach in autoionization
spectroscopy of heavy atoms

In refs. [11-15, 17-20] it has been in details
presented, so here we give only the fundamen-
tal aspects. In relativistic case the Gell-Mann



and Low formula expressed an energy shift AE
through the QED scattering matrix including the
interaction with as the photon vacuum field as
the laser field. The first case is corresponding to
definition of the traditional radiative and autoion-
ization characteristics of multielectron atom. The
wave function zeroth basis is found from the Di-
rac-Kohn-Sham equation with a potential, which
includes the ab initio (the optimized model poten-
tial or DF potentials, electric and polarization po-
tentials of a nucleus; the Gaussian or Fermi forms
of the charge distribution in a nucleus are usu-
ally used) [5]. Generally speaking, the majority of
complex atomic systems possess a dense energy
spectrum of interacting states with essentially
relativistic properties. Further one should realize
a field procedure for calculating the energy shifts
AE of degenerate states, which is connected with
the secular matrix M diagonalization [8-12]. The
secular matrix elements are already complex in
the second order of the PT. Their imaginary parts
are connected with a decay possibility. A total en-
ergy shift of the state is presented in the standard
form:

AE=ReAE +iImAE ImAE =-T/2, (1)
where I is interpreted as the level width, and the
decay possibility P=T". The whole calculation
of the energies and decay probabilities of a non-
degenerate excited state is reduced to the calcula-
tion and diagonalization of the M. The jj-coupling
scheme is usually used. The complex secular ma-
trix M is represented in the form [9,10]:

M =M+ MY+ M+ M), )

where M) is the contribution of the vacuum dia-

grams of all order of PT, and M (1), M (2),M )
those of the one-, two- and three-QP diagrams

respectively. M ©) is a real matrix, proportional
to the unit matrix. It determines only the general

level shift. We have assumed M® =0. The di-

agonal matrix M ™ can be presented as a sum of
the independent 1QP contributions. For simple
systems (such as alkali atoms and ions) the 1QP
energies can be taken from the experiment. Sub-

stituting these quantities into (2) one could have
summarized all the contributions of the 1QP di-
agrams of all orders of the formally exact QED
PT. The optimized 1-QP representation is the best
one to determine the zeroth approximation. In
the second order, there is important kind of dia-
grams: the ladder ones. These contributions have
been summarized by a modification of the central
potential, which must now include the screening
(anti-screening) effect of each particle by two
others. The additional potential modifies the 1QP
orbitals and energies. Let us remind that in the
QED theory, the photon propagator D(12) plays
the role of this interaction. Naturally, an analyti-
cal form of D depends on the gauge, in which the
electrodynamic potentials are written. In general,
the results of all approximate calculations de-
pended on the gauge. Naturally the correct result
must be gauge invariant. The gauge dependence
of the amplitudes of the photoprocesses in the ap-
proximate calculations is a well known fact and
is in details investigated by Grant, Armstrong,
Aymar-Luc-Koenig, Glushkov-Ivanov [1,2,5,9].
Grant has investigated the gauge connection with
the limiting non-relativistic form of the transition
operator and has formulated the conditions for
approximate functions of the states, in which the
amplitudes are gauge invariant (so called Grant’s
theorem). These results remain true in an energy
approach as the final formulae for the probabili-
ties coincide in both approaches. In ref. [16] it has
been developed a new version of the approach to
conserve gauge invariance. Here we applied it to
get the gauge-invariant procedure for generating
the relativistic DKS orbital bases (abbreviator of
our method: GIRPT).

A width of a state associated with the decay of
the AR is determined by square of the matrix ele-
ment of the interparticle interaction I'o | V(3 B,,
B,k)|*. The total width is given by the expres-
sion:

. . 27s
r(”?]F,n;)Jg;J) = X zzcj(ﬁlﬁz) x

0 BB BB

PP
xC" (B, B, )ﬂ% Vﬁlﬁz B By VﬂKﬁ BB
K

3)
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where the coefficients C can be determined bas
follows:

c’ (BB, = c’ (nljln?jlo;nzjzngjg) X

x A(jmy; j,my; JM)

(4a)
Ay jsmafM) = (—yh el 2 T 3
(4b)
Cj(n1j1n1()jlo;nzjzngjg) = N(”1 J1 ’nzfz )X
(4¢c)

X [5(’71 J1 1]1)5(712]2712]2) +

+(- 1)J1+J2+J+1 5(’11 J 7/12]2)5(7’12]2 nJj)l

— J'1 ngjg
N(n?jdndj?) = { 71
lh 2}2 1 1,’1 + ng}zﬂ (4d)

The matrix element of the relativistic inter-
particle interaction

V(rirj) = @Cp(i%ﬁy ) (—oa)/; (5)

(here a, —the Dirac matrices) in (3) is determined
as follows:

7

BB Buls= (2 i +1X 2 jo +1X 2 j5+1)( 2 jy +1)

x(—1)/1H72 3 jatmitmy

ul Ji Jsoa\ J, Js a
X -1 X
azu:( ) (ml —my ﬂj(mz —my ﬂj (6)
xQ, (ml, jim,L, j,snl, junslsj3)

0,=02+0; (7

Here QS " and Qf is corresponding to the
Coulomb and Breit parts of the interlparticle in-
teraction (5). It is worth to remind that the real
part of the interaction matrix element can be ex-
panded in terms of Bessel functions [5,8]:
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cos|a)|rE

A _2mz M%an)x
xJ_, /q | ) (cosrlrz)

®)

The Coulomb part Qf”l is expressed in the ra-
dial integrals R, , angular coefficients S, as fol-
lows:

ReQ" ~ Re{R, (1243)s, (1243) +

+R,(1243)s,(T243)+
+R,(1233)s, (1243)+

+R,(1243)s,(1243)}
(€))
where, for example, ReQ,(1243) is as follows:

ReRA(1243)=ﬂdm A )¢

x£,(n)20()20 ) (10)
Here f'is the large component of radial part of
the 1QP state Dirac function and function Z is :

W [2/‘0)13‘052]1% JM% (a‘ww‘r)/[rll"(l + %)] (11)

The angular coefficient is defined by standard
way as above [3]. The calculation of radial inte-
grals ReR, (1243) is reduced to the solution of a
system of differential equations:

= /i, (ealr ),
= .fz.f4Z/(11)(a‘a)‘r)r2+l,
Y3 = [y1f2f4 + v, /105 ]ZEZ)(a‘a)‘r)’”lil- (12)

In addition, y,(0)=ReR,(1243), y,(0)=X,(13).
The system of differential equations includes also

equations for functions f/re-!, g/r®, Zil), Ziz).
The formulas for the autoionization (Auger) decay
probability include the radial integrals R (okyp),
where one of the functions describes electron in
the continuum state. When calculating this inte-



gral, the correct normalization of the function v,
is a problem. The correctly normalized function
should have the following asymptotic at »—0:

f} N (/la))_% [a) +(az )_2 ]_% sin(kr +6),
g [w—(aZ)_Z]»%cos(kr+ J). (13)

When integrating the master system, the func-
tion is calculated simultaneously:

N = [12 o + (@2)7 g2l +l02 )]} (1)

It can be shown that at r—oo, N(r)—N,, where
N, is the normalization of functions f,, g, of con-
tinuous spectrum satisfying the condition (9).
Other details can be found in refs.[10-13,16-20]
as well as description of the “Superatom” and
Cowan PC codes, used in all computing.

3. Results and conclusions

In figure 1 there are presented the fragments of
the He photoionization spectrum plus absorption
(due to the data by NIST [22]). Spectral range
includes the ARs, which are on average 35-40 eV
above the first ionization potential (24.58eV).

HELIUM

[
1808

2104
Figure 1. The fragment of the experimental He
photoionization spectrum (210-180A)

One of the first members of the AR series is
associated with the transition to double the per-
mitted level excited 2s2p 'P°. Generally there
are identified two series of the resonances namely
2snp, 2pns, and both have a first member 2s2p
and converge to 189.6A). In Table 1 we list the
experimental data on energy and width (NBS,
National Bureau of Standards) 'P, lying below
the ionization threshold n=2, and theoretical re-
sults - one of the most accurate theory type Fano
(Bhatia-Temkin: Th1) and our theory (Th2)[1,3],

which shows the comparison is quite acceptable
accuracy of our theory. Another important test of
any theory - calculation parameters AS 3s3p 'P,.

Table 1
The energy and width of the AR He 'P, (see
text)
Th.1 Th.2 Exp.
(our data) (NBS, NIST)
E | 60.1444 | 60.1392 60.133+0.015
60.151£0.0103
' | 0.0369 0.0374 0.038+0.004
0.038+0.002

In the Tables 2 and 3 we present the comparison
of our data for the AR 3s3p 'P with those of other
theories, including, method of complex rotation
by Ho, algebraic approach by Wakid-Callaway,
diagonalization method by Senashenko-Wague,
relativistic Hartree-Fock (RHF) methid by Nico-
laides-Komninos, R-matrix method by Hayes-
Scott, method of the adiabatic potential curves by
Koyoma-Takafuji-Matsuzawa and Sadeghpour,
L? technique with the Sturm decomposition by
Broad- Gershacher and Moccia-Spizzo, the Fesh-
bach method by Wu-Xi) and data measurements
in laboratories: NIST (NBS; 2SO-MeV electron
synchrotron storage ring (SURF-II )), Wisconsin
Laboratory (Wisconsin Tantalus storage ring),
Stanford Synchrotron Radiation Laboratory
(SSRL), Berlin electron storage ring (BESSY),
Daresbury Synchrotron Radiation Source (DSRS)
[1,3,5,22-24].

On the one hand, there is sufficiently good
accuracy of our theory, the secondly (bearing in
mind that most of the listed methods are devel-
oped specifically for the study helium and can
not be easily generalized to the case of the heavy
multi-electron atoms) the definite advantage of
the presented approach. Note that during transla-
tion for the units “Ry-eV” there was used the He
ground-state energy value: E=- 5.80744875 Ry
and the reduced Rydberg constant 1Ry = 13.603
876 eV.
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Table 2a

Theoretical data for energy of the AR 3s3p 'P,
(our data with those of other theories)

Method Authors E (Ry)
PT-REA Our theory -0.668802
Complex-rotation Ho -0.671252
Algebraic close Wakid- -0.670
coupling Callaway
Diagonalization Senashenko- -0.6685
method Wague -
RHF Nicolaides- 0.671388

Komninos
R-matrix calculation | Hayes-Scott -0.6707
Adiabatic potential Koyoma etal -0.6758
curves
Adiabatic potential Sadeghpour -0.67558
L? tech.+Sturm Broad- -0.67114
Gershacher
Feshbach method Wu-Xi -0.669 27
K-matrix L? basis-set | Moccia-
Spizzo -0.670
766
Table 2b

Theoretical data for width of the AR 3s3p 'P,
(our data with with those of other theories)

Method Authors I'/2 (Ry)
PT-REA Our theory 0.006814
Complex-rotation Ho 0.007024
Algebraic close Wakid- 0.00695
coupling Callaway
Diagonalization Senashenko- | 0.00548
method Wague
RHF Nicolaides- -

Komninos
R-matrix calculation | Hayes-Scott | 0.00660
Adiabatic curves Koyoma etal -
Adiabatic potential Sadeghpour -
L? tech.+Sturm Broad- 0.00704
Gershacher
Feshbach method Wu-Xi 0.00420
K-matrix L? basis-set | Moccia-
Spizzo 0.00676

An interesting and valuable renewed data on

by different accuracy of estimates of the radial
integrals, using the different type basis’s (gauge
invariance conservation or a degree of accounting
for the exchange-correlation effects) and some
other additional computing approximations.

Table 3

Theoretical and experimental data for energy
and width of the AR 3s3p 'P (our data with
those of other best theories)

Rydberg AR energies (in atomic units) of the dou-
ble excited states ns? 'S are listed in Table 4.

In whole an detailed analysis shows quite
physically reasonable agreement between the pre-
sented theoretical and experimental results. But
some difference, in our opinion, can be explained
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Method E (eV) /2 (eV)

Theories
Our data 69.9055 0.1854
Complex- 69.8722 0.1911
rotation 69.8703 -
MCHF 69.8797 0.1796
R-matrix

Exp. 69.919+0.007 | 0.132+0.014

NBS-I(1973) 69.9174£0.012 | 0.178+0.012
Wisconsin(1982) | 69.917+0.012 | 0.178+0.012
SSRL (1987) 69.914+0.015 | 0.200+0.020
BESSY (1988) 69.880+0.022 | 0.180+0.015
DSRS (2009)

Note: the He ground-state energy value: E=-
5.80744875 Ry and the reduced Rydberg con-
stant IRy = 13.603 876 eV.

Table 4

Predicted data for Rydberg AR energies (in
atomic units) of the He double excited states
ns* 'S (our theory)

State Energy State Energy
6s? 0.08697 10s? 0.03002
7s* 0.06288 11s? 0.02468
8s? 0.04467 12s? 0.01998
9s? 0.03697 13s? 0.01923
14s? 0.01596 18s? 0.00928
15s? 0.01370 19s? 0.00832
16s? 0.01198 20s? 0.00746
17s? 0.01042 21s? 0.00507




In our theory there are used gauge-optimized
basis’s of the relativistic and such basis has ad-
vantage in comparison with the standard DF type
basis’s.

In conclusion let us remind that in ref. [14]
(see also [5,12]) it had been predicted a new op-
tics and spectroscopy effect of the giant chang-
ing of the AS width in a sufficiently weak electric
field (for two pairs of the Tm, Gd AR). Naturally
any two states of different parity can be mixed
by the external electric field. The mixing leads to
redistribution of the autoionization widths. In a
case of the heavy elements such as lanthanide and
actinide atoms the respective redistribution has a
giant effect. In the case of degenerate or near-de-
generate resonances this effect becomes observ-
able even at a moderately weak field.

We have tried to discover the same new spec-
tral effect in a case of the He Rydberg autoioniza-
tion states spectrum using the simplified version
of the known strong-field operator PT formalism
[5,14]. However, the preliminary estimates have
indicated on the absence of the width giant broad-
ening effect for the helium case, except for minor
changes of the corresponding widths, which are
well known in the standard atomic spectroscopy.
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CIIEKTPOCKOIIUSA CJIOKHBIX ABTONOHU3AIIMOHHbIX PE3OHAHCOB B
CIIEKTPE I'EJIUs: TECT U HOBBIE CIIEKTPAJIBHBIE JIAHHBIE

Pesrome.

O060011IeHHBIH YHEpreTHYeCcKuil oaxox (S-MarpuuHslii popmanusm lemn-Mana u Jloy) u pensaru-
BUCTCKasl TECOPHsI BO3MYIIEHUI C TUPaK-KOH-IIAMOBCKUM HYJIEBBIM MPHOIMKEHUEM U YI€TOM OOMEH-
HO-KOPPEJSALMOHHBIX U PEISITUBUCTCKUX IMONPABOK MPUMEHEHBI K M3YYECHUIO aBTOMOHU3AIIMOHHBIX
PE30HAHCOB B aTOME Teliusi, B YaCTHOCTH, MpECKa3aHbl SHEPIUU U IIUPUHBI psia pUAOEProBBIX pe-
30HaHCOB. [IpencTaBieHbl pe3ynbTaTbl CPAaBHEHUS JAHHBIX HAIeH TEOPHH, B YaCTHOCTH, JUISI aBTOU-
OHHM3aLMIHOrO pe3oHanca 3s3p 'P) ¢ UMEIOMMMHUCS SKCTIEPUMEHTAILHBIMU JIAHHBIMU 1M PE3YJIbTaTa-
MU JAPYTHX TEOPH, B TOM YUCIIE, METOIOM KOMILJIEKCHOTO BpAIIEHUS X0 alre0pandecKkoro moaxoaa
Wakid-Callaway, metona nuaronanuzanuu Senashenko-Wague u T.71.

KiroueBble cj10Ba: CIEKTPOCKOIHS aBTOMOHU3AIIMOHHBIX PE30HAHCOB, PEISITUBUCTCKUN SHEpre-
TUYECKUH TIOJIXO, TSI
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CIIEKTPOCKOMIA CKJIAJTHUX ABTOIOHI3AIIMHUX PE3OHAHCIB B CIIEKTPI
I'EJIIIO: TECT I HOBI CIIEKTPAJIBHI TAHI

Pesrome.

VY3aranbHeHU eHepreTHuHui miaxia (S-marpuunuii popmanism lemn-Mana Ta Jloy) u pensitu-
BICTCBhKa Teopis 30ypeHb 3 AipaK-KOH-IIEMIBCbKMM HYJIbOBHM HaONMKEHHSM Ta ypaxyBaHHSIM 00-
MIHHO-KOPEJSIIHHUX 1 PENSITUBICTCHKUX MOMPABOK 3aCTOCOBAHUI JI0 BUBYCHHS aBTO1OHI3AIIHUX
PE30HAHCIB y aToMi Telniio, 30KpeMa, repeadaueHi eHeprii Ta MHUPHUHU PALY PiIOEpPrOBUX PE30HAHCIB.
[Tpencrapieni pe3yabTaT MOPIBHAHHS JTAaHUX HAIIOl Teopii, 30KpeMa, i aBTOIOHI3aIiifHOTO pe3o-
Hancy 3s3p 'P 3 HasgBHUMM €KCIIEPUMEHTAILHUMU JAHUMH i pe3y/IbTaTaMH iHIIUX TEOpii, y Tomy
YHCII1, METOJIOM KOMILJIEKCHOTO o0epTaHHs Xo, anredpaiunoro miaxony Wakid-Callaway, metony nia-
roHamzanii Senashenko-Wague i 1.71.

Ki1r04oBi cj10Ba: crieKTpOCKOIisl aBTOIOHI3aIMHUX PE30HAHCIB, PEISATUBICTCHKUN €HepreTUYHUI
miaxin, remii
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The mechanisms leading to the intersection of the dark and light current-voltage characteristics and related
phenomena has been considered. The possibility of participation in it as non-equilibrium carriers in the case of
solar cells, and the contribution of the equilibrium charge when the temperature impact on the reference diode
has been shown. A model explaining the observed features has been built

The intersection of the current-voltage charac-
teristics (CVC) in the study of electrical charac-
teristics of p-n-junctions suggests that in addition
to the standard mechanisms of the CVC forma-
tion are present or additional process, depending
on the applied voltage, or the formation of the
diffusion and drift current differs from the “clas-
sic” model, or additional external exposure to ra-
diation or temperature takes place. These reasons
make the actual identification of additional mech-
anisms influencing the CVC formation.

1. The intersection of solar cells light and
dark current-voltage characteristics

In the study of the solar cells based on CdS-
Cu,S heterojunctions [1] the crossing of the dark
and light current-voltage characteristics under
forward bias applied to the element (Fig.1) was
observed. Similar was the appearance of the con-
trol volt-ampere characteristic of silicon solar
cells FD6K of industrial manufacturing.

Crossing of the dark and light current-voltage
characteristic of the photodiode seems quite para-
doxical. It turns out that there is a bias voltage,
where via structure the same current flows re-
gardless of influence on it light or it is in the dark-
ness. While it is known that irradiation creates
new non-equilibrium carriers. Moreover, since
for creation of the photodiodes are selected espe-

cially photosensitive materials, the concentration
of nonequilibrium carriers 4n is much larger than
the equilibrium concentration of carriers n,, lo-
cated in the semiconductor in the initial state be-
fore irradiation. At the same voltage light current
must be much greater than the dark. Moreover,
equilibrium carriers in the semiconductor before
the lighting under the action of applied voltage
are also involved in charge transfer and, accord-
ingly, shall contribute to the light flowing current
amount.

LuA
100
50
200 -150 -100 -50 U, mV
1 &5 50 f100 150
-100
2

Fig. 1. Typical current-voltage characteristic
in the dark (1) and under illumination (2) of
investigated photodiode.
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It should be noted that the effect of the current-
voltage characteristic was observed only in the
presence of a sufficiently large contact potential
difference. The barrier height for the studied struc-
tures, defined as by the standard method from the
capacitance-voltage characteristics [2], and by the
cutoff of the straight section of direct branches
of current-voltage characteristic at high voltages
[3,4], was 0.6 eV for heterostructures and 0.4 eV
in the case of silicon diodes. On the contrary, in
the control experiments for germanium photocells
FD-3 of the industrial manufacturing with a barrier
height of 0.11 to 0.14 eV was not able to produce
the intersection of light and dark current-voltage
characteristics in the workspace of direct biases.

Thus, the model to explain the anomalous form
of the CVC should be based on high altitude equi-
librium barrier p-n junction.

At application of the reverse bias barrier height
increases (Fig. 2, cipher 2) and current, as in the
dark and at the light is formed by the drift of mi-
nority carriers, remaining essentially the same
throughout the region of negative biases (left semi-
axis, Fig.1). The effect of the light is reduced to
the arise of additional nonequilibrium charge and a
corresponding increase in the light-generated cur-
rent. At the same time due to the spatially separated
non-equilibrium carriers generates the additional
internal field directed in accordance with the prin-
ciple of Le Chatelier-Braun against the field barri-
er. As a result, the barrier height decreases slightly.
In figure 2 this is shown by the dotted line. In order
not to overload the zone diagram there shows only
the changes of the bottom of the conduction band.
Since the barrier height is significant, its small re-
duction has virtually no effect on the amount of the
drift current.

If no other processes have not occurred, as the
result of lighting the entire dark current-voltage
characteristic must shift down the same distance at
all points, and no intersection of the graphs could
not happen. However, for direct branch (right semi-
axis, Fig.1) it is not so.

Idrift
22— —
1 =\

Fig. 2. The change of the barrier profile from
the initial state (1) at the reverse (2) and direct
(3) biases
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At forward bias occurs two processes. First,
the external voltage is now directed against the
field barrier and, consequently, lowers its (in Fig.
2, cipher 3). Secondly the current transport
mechanism changes. Now the current is formed
due to diffusion of majority carriers from right to
left, as shown in figure 2.

For a much lower barrier additional its reduc-
ing at light exposure is much more sensitive.
Moreover, note that into the transfer process in-
volves electrons with lower, much more popu-
lated levels.

At the same time due to the barrier height de-
crease the field electric intensity in junction de-
creases and competing drift current occurs less.
These reasons lead to an additional increase in
current at the light, and as a result, its value is
more than dark one. Light current-voltage char-
acteristic at the curtain biases lies above the dark.

At the same time at small direct biases, as seen
in Fig. 1, at voltages that are lower than open-
circuit voltage, the current remains negative. This
is transfer region when the barrier is not enough
strong lowered and current formation is carried
predominantly by the same mechanisms as for
backward branch. Plot of the light current-volt-
age characteristic lies below the plot of the dark
current-voltage characteristic.

If at the beginning of the straight branch of the
light current-voltage characteristic curve is below
the dark current-voltage characteristic curve, and
at the end of the straight branch the light current-
voltage characteristic curve lies above the curve
of the dark current-voltage characteristic, in ac-
cordance with the theorem of Bolzano-Cauchy
necessarily exist a point of their intersection.
From the above it is also clear that this can occur
only for positive currents, that is, when voltages
are greater than the open-circuit voltage.

Thus, the proposed model is based on the re-
ducing of the barrier height at light and a corre-
sponding diffusion current increase in the formed
gap. This helps to explain the currents balance at
the bifurcation point. Under illumination field pat-
terns of the barrier, now at this point unchanged,
the spatial parts of the nonequilibrium carriers.
Drift current occurs(figure 2) from left to right.
But this process includes feedback — at the ex-
pense of the field of free carriers, the barrier is re-
duced and the additional diffusion currier stream



forms — (figure 2) from right to left. At some for-
ward bias, so the original height of the barrier in
the dark, these two additional competing flux at
light compensate each other. So for this voltage at
the point of current-voltage characteristic intersec-
tion total current across the junction when the light
is on not changed.

It becomes also clear why for photodiodes with
a small initial barrier it is difficult to achieve the
current-voltage characteristic crossing. Diffusion
current even before lighting is too large. So the
lightning may not considerably change its value.

The proposed model allows us to explain the bi-
furcation point coordinate dependence on the light
intensity. If the luminous flux increases, a number
of carriers separated by a barrier grow. It requires
larger forward bias, the barrier height occurs less
and its sagging at the light effect were more effi-
ciently. Indeed, such behaviour has been identified
for the CdS-Cu,S heterostructure (Fig.3).

On the plot, are clearly seen two regions. So, the
view according to Fig. 3 indicates the existence of
two mechanisms of the volt-luxury characteristic
formation at high and low light intensities.

It should be noted that the point of intersec-
tion always observed on the transitional region of
schedule current-voltage characteristic between
the exponential part, when works normal diode
mechanisms and a linear ohmic region for large
direct biases when the barrier is already compen-
sated by the external field and the current is limited
only by the diode base series resistance. This re-
quires additional considerations.
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Fig. 3. The dependence of the coordinates of
the current-voltage characteristics crossing
point on light intensity.

If the diode series resistance in the dark and
at the light has not changed, the ends of current-
voltage characteristic plots would be parallel.
However, the photocells consciously made of
very sensitive materials. At lightning, the series
resistance decreases. The slope of the linear part
of the plot at limiting direct biases at the light in-
creases. The curves intersect.

Most likely, both considered mechanism — the
light barrier height reducing and series resistance
decrease is carried out at the same time, ensuring
by their mutual action the occurrence of the plot
current-voltage characteristic intersection effect.

However, for the volt-luminous characteristic
(Fig. 3) two presented mechanisms are competi-
tors. As shown above, the barrier height reduction
at lightening should lead to an increase the volt-
age in the point of branching. Bifurcation coordi-
nate needs to shift to the right. If the slope of the
linear part of the current-voltage characteristic
with the light intensity increases, the bifurcation
point should to shift to the left (Fig. 1), towards
the smaller voltage values. The presence of such
competition creates rather complicated, nonlinear
type of plot (Fig. 3). At low light intensities the
first mechanism prevails. Coordinate of the bifur-
cation point increases relatively quickly. At high
light intensities contribution of the second, com-
peting, mechanism increases. The voltage at the
point of branching is increased more flat.

2. The intersection of the dark current-
voltage characteristics

For standard reference diode D814G of indus-
trial manufacturing in the area of stabilization,
we observed the intersection of current-voltage
characteristics measured at different temperatures
(Fig. 4). Further raising the temperature above 60
OC led to the current-voltage characteristic forma-
tion mechanism change as far as in this tempera-
ture region in Germanium already is noticeable
number of area-zone and above-barrier transi-
tions carriers.

The intersection of the current-voltage char-
acteristics creates a paradoxical situation. Before
the diode bifurcation point the reverse current
increases with temperature due to the saturation
current I increase (in the figure arrow “down” ).
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In the case of stabilitrons, one of this condi-
tion is in principle enough in order to from geo-
metrical considerations formed the intersection
point. If the basic proportions of the current-volt-
age characteristic plot are stored, including the
section of stabilization, when the current graph
grows downwards at an angle, a simple it lower-
ing with temperature must inevitably create the
intersection. This requires that for high tempera-
tures the transition on the section of stabilization
was carried out at higher voltages, i.e., the stan-
dard horizontal “shelf” on the reverse branches of
current-voltage characteristic was delayed.

I, mA

U,V

| - 15
-20

-25

-30

Fig. 4. Reverse current-voltage characteristics
of the stabilitron, measured at different tem-
peratures: (1) —17°C, (2) — 56 °C.

From a physical point of view it requires the
construction of an adequate model, as the current
formed after the bifurcation point in the diode at
the same voltage decreases sharply. Moreover,
this decrease was several times greater than the
increase in the current at voltages before the bifur-
cation. This unusual manifestation is even more
paradoxical if take into account that the processes
leading to an increase in current I with tempera-
ture, of course, continue to be performed for the
entire region of the applied voltage change.

Thus, it is necessary to fined the mechanism
that is more powerful than the exponential in-
crease with temperature in the carrier number
and is able to imbibe this process. In addition,
this model would explain the observed bifurca-
tion point removal, during heating to the left in
the region of higher biases. Or, what is the same,
why with the temperature increasing increases the
length of horizontal section of the current-voltage
characteristic before the breakdown region.
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To clarify this processes peculiarity lets con-
sider influence of the temperature on the diode
material crystal lattice. The usual carrier concen-
tration in a semiconductor is of the order of 10'
— 10" cm™, whereas the density of lattice sites ~
10°' cm?. Le. cell crystal lattice density is about
10?° cm™. This means that during the current for-
mation carriers are not the total substance. Each
one is in its crystalline cell and from each other
they are separated by several orders of cells. The
lattice points are charged relative to the elec-
tron by equal in magnitude but opposite in sign
charge. Such points are much closer to each car-
rier. In other words, the current formation in the
crystal structure mainly influences the individual
interaction of the electron with the lattice points.

In the case of the reference diodes this mecha-
nism is enhanced. One of the main processes of
stabilization section formation, when the diode
current is rising rapidly and the voltage remains
practically unchanged, is the formation of carrier
number avalanche multiplication. At the same
time on one or more of the free path lengths, the
carrier must pick up the energy in an external field
equal or greater than the width of the forbidden
zone. This allows it in the impact with another
lattice point to knock out an additional electron.
Therefore, the semiconductor material for the sta-
bilitrone manufacture is chosen in such way as
to ensure sufficient free carriers and the crystal
structure points interaction - grid transition must
be relatively small, and the capture cross section
high [5].

With temperature increasing diode reverse cur-
rent and the breakdown voltage increases. This is
connected with the fact that the thermal scattering
increases, the carrier free path reduces and to p-n-
junction need to put more voltage for the charge
carriers on a smaller path (equal to the length of
free path) pick up kinetic energy sufficient for
ionization [6]. Thus, with increasing temperature
the length of the stationary section of the current-
voltage characteristic (“shelves” on the current-
voltage dependence) increases.

Simultaneously there is another process. With
the temperature increasing the  crystal lattice
vibrations increases. As a result, their capture
cross-sections increase. In conventional diodes it
does not lead to any noticeable changes in cur-
rent. However, in the reference diodes it is not so,



because the semiconductor material is chosen so
that the magnitude of the capture cross section is
comparable with the distance between the lattice
points. In these conditions, even small changes
in the capture cross-section diameters can sig-
nificantly narrow “corridor” for flying carries
(see inset in fig. 4). The frequency of interactions
with the lattice points is greatly increased. This
leads to a strong additional scattering of picked
up in a field the carrier energy. The formation of
avalanches becomes more difficult, the current
on the stabilization section decreases (see Fig. 4).
Moreover, because the interaction with the lattice
for each carrier is individually, the total increase
in the equilibrium charge concentration with
temperatures increasing influence on this effect
slightly. If the capture cross-section will increase
so that will be closed down, avalanche genera-
tion, and hence the stabilization section will be
impossible for any charge amount.

Thus, all the observed features of the refer-
ence diodes current-voltage characteristic due to
the specific character of the material used have
the same nature, determined by the increase lat-
tice points fluctuatings with the temperature, and
consequently increase in currier scattering.
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Resume

The mechanisms leading to the intersection of the dark and light current-voltage characteristics
and related phenomena has been considered. The possibility of participation in it as non-equilibrium
carriers in the case of solar cells, and the contribution of the equilibrium charge when the temperature
impact on the reference diode has been shown. Models explaining the observed features has been built

Key words: bifurcation, process, characteristic.

107



VK 621.315.592

H. C. Cumanosuy, 0. M. Kapaxuc, M. U. Kymanosa, A. I1. Yebanenxo, H. I1. 3amosckas

MPOILIECCHI, CBA3AHHBIE C BU®YPKAIIUEN
BOJIBT-AMIIEPHBIX XAPAKTEPUCTHUK

Pesrome.

PaccMoTpeHbl MeXaHU3MBI, TPUBOSIIHNE K TIEPECEUCHUIO BOJIBT-aMIIEPHBIX XapaKTEPUCTUK H CO-
MyTCTBYIOUIHE siBIEeHUs. [loka3aHa BOBMOXHOCTh YYacTHs IIPH 3TOM KaK HEpaBHOBECHBIX HOCUTENCH
B ciy4ae ()OTORIEMEHTOB, TaK M BKJIAJ paBHOBECHOTO 3apsjia MPU TEMIEpaTypHOM BO3ICHCTBUU Ha
ornopubie Anopl. [TocTpoeHs! MozenH, 00BsICHAIONINE HAOII0AaeMble 0COOCHHOCTH.
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MPOLIECH, 11O TOB’SI3AHI 3 BI®YPKALICIO
BOJIBT —- AMIIEPHUX XAPAKTEPUCTHUK

Pesrome.

Po3misiHyTO MexaHi3MH, 1110 IPUBOJATH 10 MEPETUHY BOJIBT-AMIIEPHUX XapaKTEPUCTHK Ta SIBUILA,
0 iX CyNpOBOKYIOTH. [I0Ka3aHO MOXKJIMBICTD Y4acTi MPH IbOMY SK HEPIBHOBA)KHUX HOCIIB y BU-
naaKy (oToeNeMEeHTIB, TaK 1 BHECOK PIBHOBAYKHOTO 3apsily IpU TEMIIEpaTypHOMY BILJIMBI Ha OMOPHI
nionu. [ToOymoBaHO MO, SIKi TIOSICHIOIOTH OCOOJMBOCTI IO CIIOCTEPITatOThCS.
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RELATIVISTIC THEORY OF SPECTRA OF PIONIC ATOMS WITH
ACCOUNT OF STRONG PION-NUCLEAR INTERACTION EFFECTS

It is presented a consistent relativistic theory of spectra of the pionic atoms on the basis of the Klein-Gordon-
Fock with a generalized radiation and strong pion-nuclear potentials. There are presented data of calculation of the
energy and spectral parameters for pioninc neon, cesium, holmium, thulium, ytterbium, lutetium, thallium, lead,
and others, including the calculation of energy shifts, the widths of the levels due to the strong interaction with
accounting for the the radiation (vacuum polarization), nuclear (finite size of a nucleus ) and other corrections.

1. Introduction

In previous papers [1-3] we have developed
a new relativistic method of the Klein-Gordon-
Fock equation with the simplified pion-nuclear
potential to determine transition energies in spec-
troscopy of light, middle and heavy pionic atoms
with accounting for the strong interaction effects.

Here we generalize this theory in order to de-
scribe pion-nuclear interaction more consistently
using generalized radiation and strong pion-nu-
clear potentials. As illustration there are present-
ed data of calculation of the energy and spectral
parameters for pioninc neon, cesium, holmium,
thulium, ytterbium, lutetium, thallium, lead, and
others, including the calculation of energy shifts,
the widths of the levels due to the strong interac-
tion with accounting for the the radiation (vacu-
um polarization), nuclear (finite size of a nucleus
) and other corrections.

Following [1-3], let us remind that spectros-
copy of hadron atoms has been used as a tool for
the study of particles and fundamental properties
for a long time. Exotic atoms are also interesting
objects as they enable to probe aspects of atomic
and nuclear structure that are quantitatively dif-
ferent from what can be studied in electronic or
“normal” atoms. At present time one of the most

sensitive tests for the chiral symmetry breaking
scenario in the modern hadron’s physics is pro-
vided by studying the exotic hadron-atomic sys-
tems. Nowadays the transition energies in pionic
atoms are measured with an unprecedented pre-
cision and from studying spectra of the hadronic
atoms it is possible to investigate the strong inter-
action at low energies measuring the energy and
natural width of the ground level with a precision
of few meV [1-13]. The strong interaction is the
reason for a shift in the energies of the low-lying
levels from the purely electromagnetic values and
the finite lifetime of the state corresponds to an
increase in the observed level width. The most
known theoretical models to treating the hadronic
(pionic, kaonic, muonic, antiprotonic etc.) atomic
systems are presented in refs. [1-5,7,8]. The most
difficult aspects of the theoretical modelling are
reduced to the correct description of pion-nuclear
strong interaction [1-3] as the electromagnetic
part of the problem is reasonably accounted for.

2. Total relativistic theory of spectra of
pionic atoms

As the basis’s of a new method has been pub-
lished, here we present only the key topics of an
approach [1-3]. All available theoretical models
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to treating the hadronic (kaonic, pionic) atoms are
naturally based on the using the Klein-Gordon-
Fock equation [2,5], which can be written as fol-
lows :

m*c*¥(x) = {CL2 [ih0, + eV, (1)) + 7V P (x) 0

where c is a speed of the light, / is the Planck con-
stant, and ¥ (x) is the scalar wave function of the
space-temporal coordinates. Usually one consid-
ers the central potential [V (r), 0] approximation
with the stationary solution:

¥ (x) =exp(-iEt/n) p(x) 2)
where @(x)is the solution of the stationary equa-
tion:

(LB + el (OF + 1V - ip)=0 ()
C

Here E is the total energy of the system (sum
of the mass energy mc* and binding energy e).
In principle, the central potential ¥, naturally in-
cludes the central Coulomb potential, the vacu-
um-polarization potential, the strong interaction
potential.

The most direct approach to treating the strong
interaction is provided by the well known optical
potential model (c.g. [2]). Practically in all papers
the central potential V/, is the sum of the following
potentials. The nuclear potential for the spherical-

ly symmetric density p(dR) is [6,13]:

VaueilrR)= (/) {1
0

The most popular Fermi-model approxima-

© L '
R)+ | d rp(r
r

Rj (4)

tion the charge distribution in the nucleus ,O(r)
(c.f.[11]) is as follows:

A(r) = Ay A 1+exp[(r - )/ a)]}, ()

where the parameter a=0.523 fm, the parameter c
is chosen by such a way that it is true the follow-
ing condition for average-squared radius:

<r?>17=(0.836 xA"3+0.5700)fm.
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The effective algorithm for its definition is
used in refs. [12] and reduced to solution of the
following system of the differential equations:

V' nucl(r, B)= (1 /12 )(}) 4 f'zp(r', R)E (1/ 2 )){r, R), ()

y(r,R)=r?p(r, R)> (7

i'(r) = (i1, / a)exp[(r —¢)/ a} 1+ exp[(r — )/ a)]}* (8)

with the corresponding boundary conditions. An-
other, probably, more consistent approach is in
using the relativistic mean-field (RMF) model,
which been designed as a renormalizable meson-
field theory for nuclear matter and finite nuclei
[13].To take into account the radiation correc-
tions, namely, the effect of the vacuum polariza-
tion we have used the generalized Ueling-Serber
potential with modification to take into account
the high-order radiative corrections [5,12].

The most difficult aspect is an adequate ac-
count for the strong interaction. On order to de-
scribe the strong p'N interaction we have used the
optical potential model in which the generalized
Ericson-Ericson potential is as follows:

o mm}ﬂ%ww alr)

Vew =V 2m 1+4/378a(r) V} ©
q(r) = [1 +

" )b . 010,

m

mﬂ'

+@+M1}&ﬁGH&AdSW£Um

o[ 1422 el -, 01

N

. (1 . ] ) ol ()

(11)

Here p,,(r) — distribution of a density of the
protons and neutrons, respectively, &— parameter
(£=0 corresponds to case of “no correlation”,
& =1, if anticorrelations between nucleons); re-
spectively isoscalar and isovector parameters b,
¢, By b.c, C, B, C —are corresponding to the
s-wave and p-wave (repulsive and attracting po-
tential member) scattering length in the combined
spin-isospin space with taking into account the



absorption of pions (with different channels at p-p

pair By, ) and p-n pair B, n )), and isospin and
spin dependence of an amplitude p'N scattering

(byplr)— by plr)+ Byip, ()= p, (r)f>

the Lorentz-Lorentz effect in the p-wave interac-
tion. For the pionic atom with remained electron
shells the total wave-function is a product of the
product Slater determinant of the electrons sub-
system (Dirac equation) and the pionic wave
function. In whole the energy of the hadronic
atom is represented as the sum:

E~E +E+E,+E; (12)

Here E -is the energy of a pion in a nucle-
us (Z, 4) with the point-like charge (dominative
contribution in (12)), Ex is the contribution due

to the nucleus finite size effect, Ep is the radia-
tion correction due to the vacuum-polarization

effect, £y is the energy shift due to the strong

interaction V).

The strong pion-nucleus interaction contribu-
tion can be found from the solution of the Klein-
Gordon equation with the corresponding pion-
nucleon potential.

3. Results and conclusions

In table 1 we present theoretical and experi-
mental data for shift and widths (keV) provided
by the strong pion-nuclear interaction for a num-
ber of pionic atoms. The shortened designation of
the parameter sets for the strong p'N interaction
potential: Tauscher -Taul; Tauscher, -Tau2; Batty
etal-Bat; Seki etal- Sek; de Laat-Konijin et al -
Laat, this work -Sha. In our parameterization of
the strong p'N interaction potential the most reli-
ably defined (B¢ ,c,,C ) parameters are remained
unchanged, and the parameters whose values dif-
fer greatly in different sets, in particular, b, (b, =
-0.094) plus still not included ones ImB , ImC,
have been optimized by calculating dependencies
strong shifts for p-*’Ne, Mg, *Nb, **Cs,'”Lu,

181Ta, 7Au, 2°Pb and further check that satisfies
the smallest standard deviation of reliable experi-
mental values.

Table 1

Theoretical and experimental data for shift
and widths (keV) provided by the strong pion-
nuclear interaction for a number of pionic
atoms (see text)

H-like | Taul | Tau2
€yl 4 Exp Func. [E=0E=1
165Ho: & | 0.2940.01 | 0.21 83; 8:32
19T m:

€
13Yb: ¢ - - - -
TSLue | 0.51+£0.04 | 036 | 043 | 0.42
®1Ta: g | 0.5620.04 | 047 | 0.57 | 0.54
Au: g | 1.2540.07 - 121 | 1.14
25Pb: ¢ | 1.68+0.04 - 1.76 | 1.62
20Bi: g | 1.78+0.06 - 1.94 | 1.80
165Ho: T | 0.21+£0.02 | 0.08 | 0.13 | 0.12
19Tm:

’ i _ i -
BYb: T - - - -
SLu: T | 0.2740.07 | 0.14 | 023 | 0.22
81Ta: T | 0.31£0.05 | 0.16 | 0.31 | 0.30
WAwT | 0.7740.04 | - 0.73 | 0.68
208ph: T' | 0.9840.05 - 1.183 | 1.04
209Bi: T | 1.24+0.09 - 1.35 | 1.18
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Table 1 (continuation)
Theoretical and experimental data for shift
and widths (keV) provided by the strong pion-
nuclear interaction for a number of pionic
atoms (see text)

Bat Sek Laat Sha
Bl lg=1]g=1|8=1|&=1
“Ho:e | 0.24 0.21 0.26 0.29
19Tm: ¢ - - - 0.38
3Yb: ¢ - - - 0.44
Lu:e | 041 0.36 0.46 0.50
BITa:e | 0.53 0.47 0.60 0.55
YTAu:e | 1.12 0.98 1.25 1.24
2%Ph: g | 1.58 1.39 1.68 1.65
Bire | 1.78 1.57 1.83 1.77
“Ho:T" | 0.13 0.11 0.13 0.20
19Tm: T - - - 0.23
3Yb: T - - - 0.26
Lu:T" | 0.24 0.20 0.24 0.28
BTa: T | 0.31 0.27 0.31 0.30
YTAu: T | 0.69 0.58 0.67 0.75
28pp: T | 1.03 0.86 0.98 0.97
2Bi: T | 1.17 0.99 1.10 1.22

Analysis shows that the data from Table 1 of
all alternative theories (except the column «H-
like Funcy», containing data calculation within
variation theory with relativistic H-like func-
tions; here there is very unsatisfactorily agree-
ment with experimental data) are obtained on the
basis of the Klein-Gordon-Fock equation with
nuclear potential Vs by Erickson-Erickson with
different parametrization [2]. More precise cal-
culation data are based on the theory of Klein-
Gordon-Fock equation with nuclear potential V.
with parameters Taul, Tau2, Laat, Sha (see table
1). Our theory shows that more optimal param-
eterization V. can significantly improve a qual-
ity of determining characteristics of the pionic
atoms, which are provided by the strong pion-nu-
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clear interaction. This conclusion is confirmed by
the data of computing quadrupole shift of the 4f
level in spectra of some p A, in particular,'®*Ho,
'9Tm, '*Yb,'"Lu,*”Bi [2-7, 13], provided by the
strong pion-nuclear interaction.
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RELATIVISTIC THEORY OF SPECTRA OF THE PIONIC ATOMS WITH ACCOUNT OF
STRONG PION-NUCLEAR INTERACTION EFFECTS

Abstract.

It is presented a consistent relativistic theory of spectra of the pionic atoms on the basis of the
Klein-Gordon-Fock with a generalized radiation and strong pion-nuclear potentials. There are pre-
sented data of calculation of the energy and spectral parameters for pioninc neon, cesium, holmium,
thulium, ytterbium, lutetium, thallium, lead, and others, including the calculation of energy shifts, the
widths of the levels due to the strong interaction with accounting for the the radiation (vacuum polari-
zation), nuclear (finite size of a nucleus ) and other corrections.

Key words: strong interaction, pionic atom, relativistic theory
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PEJIATUBUCTCKASA TEOPUSA CIIEKTPOB IIMOHHBIX ATOMOB C YYETOM D ®-
®EKTOB CWJIBHOI'O MUOH-SIIEPHOI'O B3AUMO/JIEMCTBUS

Pesrome.

IIpencrasiena nocienoBaTesbHas PEISATUBUCTCKAS TEOPHSI CIIEKTPOB TMOHHBIX aTOMOB HA OCHOBE
ypaBuenust Kneiina-I'opnona-®oka ¢ 0000IIEHHBIMU paJualliOHHBIM U CHIIBHBIM TTHOH-SCPHBIM
MIOTEHLAJIOM. BBINOIHEH pacyeT 3HEPreTUYECKUX U CIIEKTPAJIbHBIX TapaMeTPOB JUIsl IMOHHBIX aToO-
MOB HEOHA, 11€3Hs, TOJIbMHUSL, TSNS, UTTEPOUS, JIIOTEIHS, TAJJIHSL, CBUHIIA U IPYTUX, BKIIOUask pacueT
HHEPreTUUECKHUX CABUIOB, IIMPUH YPOBHEN BCJIEICTBUE CUILHOTO B3aUMOAECHCTBHSI C yUETOM pajina-
LIMOHHBIX (IOJISApU3ALMS BaKyyMa), IAEPHBIX (KOHEUHBIN pa3Mep sipa ) U IpYrux MONpaBoK.

KuroueBble ciioBa: cUiIbHOE B3aUMOJIEICTBHE, TMOHHBIN aTOM, PEIITUBUCTCKAs TEOPUS
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A. M. Hlaxman

PEJIITUBICTCBKA TEOPISI CIHEKTPIB IIOHHUX ATOMIB 3 YPAXYBAHHSM
E®EKTIB CWJILHOI NIOH-SIAEPHOI B3A€MO/IL

Pesrome.

[IpencrapieHa MociiJOBHA PENATUBICTCHKA TEOPist CIIEKTPIB MIBOHIM aTOMIB Ha OCHOBI PiIBHSHHS
Kneitna-I'oprona-®oka 3 y3araJbHEeHUMH pajialliiHUM 1 CHJIBHUM MiBOHIS-SIIEPHUM HOTEHIIIAJIOM.
BukoHaHO pO3paxyHOK €HEPreTUYHUX 1 CIIEKTPAIbHUX MAapaMeTpiB IJIsl TIOHUX aTOMIB HEOHY, 11€3i10,
TOJIBMIIO, TyIisl, iTepOito, JIOTEIiI0, Tallil0, CBUHIIO Ta 1HIINX, BKIIOYAIOYN PO3PAXYHOK €HEpPreTHY-
HUX 3pYLICHb, IIUPHH PiBHIB BHACIIIJOK CUJIBHOI B3a€MO/II 3 ypaxyBaHHIM padiauiiHux (MoIspu3a-
ISl BAKYYMY), SiA€PHUX (KIHLIEBUI pO3MIp si/ipa ) Ta IHIIMX MOMPABOK.

KirouoBi ciioBa: cunbHa B3a€MOIisl, TIOHHUNA aTOM, PEIATUBICTChKA TEOpis
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ON DETERMINATION OF RADIATIVE TRANSITIONS PROBABILITIES IN RELATIVISTIC
THEORY OF DIATOMIC MOLECULES: NEW SCHEME

On the basis of new gauge-invariant scheme in the relativistic energy approach combined with the multi-
body perturbation theory for diatomic molecules it is formulated a new theoretical scheme for calculating the
probabilities of radiative transitions of molecules. It is analysed the possible way to take into account for the
inter-electron correlation and correspondingly the non-gauge-invariant contributions in relativistic molecular

theory.

1. The experimental and theoretical study-
ing of the radiation transition characteristics of a
whole number of many-electron systems such as
atoms and diatomic molecules is of a great im-
portance and interest from the point of view of as
the quantum electronics and atomic physics as at-
mosphere, plasma physics and plasma diagnostics
science [1-33]). The traditional problem of any
theory of the multielectron systems is determina-
tion of the radiation transition probabilities (os-
cillator strengths). Naturally to present time there
are many well developed methods in a relativistic
theory of atoms and ions and non-relativistic the-
ory of molecular systems [1-16]. The well known
multi-configuration Hartree-Fock method (the
relativistic effects are often taken into account
in the Pauli approximation or Breit Hamiltonian
etc) allowed to obtain the useful spectral data on
light and not heavy systems. The multi-configura-
tion Dirac-Fock (DF) method is the most reliable
version of calculation for systems with a large
number of electrons. In these calculations the ef-
fects are taken into account practically precisely
[1-18]. The calculation program of Desclaux (the
Desclaux program, Dirac package) is compiled
with proper account of the one- and two-particle
relativistic, a finiteness of the nucleus size etc. It
should be given special attention to two very gen-
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eral and important computer systems for relativ-
istic calculations of atomic and molecular prop-
erties developed in the Oxford group and known
as GRASP (“GRASP”, “Dirac”; “BERTHA”,
“QED”, “Dirac”) (see [1-5] and references there).
Besides, the well known density functional theory
(DFT), relativistic coupled-cluster approach and
model potential approaches in heavy atoms and
ions should be mentioned too [1-15].

Nevertheless, as a rule, detailed description of
the method for studying role of the relativistic,
gauge-invariant contributions, for molecular sys-
tems is lacking. Serious problems are connected
with correct definition of the high-order correla-
tion corrections etc. The further improvement of
this method is connected with using the gauge
invariant procedures of generating the electron
orbitals basis’s and more correct treating the cor-
relation effects [1-5,16-21].

In refs. [5,17-22] it has been performed an
analysis of approaches to description of the rela-
tivistic many-electron systems with accurate con-
sistent treating the relativistic, exchange-correla-
tion and other, based on the relativistic perturba-
tion theory (PT) formalism.

In the relativistic theory of heavy diatomic
molecules a main problem of using the Dirac
equation as a zero approximation in molecular



calculations associated with the non-ability to
divide the variables in difference of the standard
non-relativistic Schrodinger equation.

In this paper on the basis of new gauge-invar-
iant scheme in the relativistic energy approach
combined with the multi-body perturbation theo-
ry for diatomic molecules it is formulated a new
theoretical scheme for calculating the probabili-
ties of radiative transitions of molecules. It is ana-
lysed the possible way to take into account for the
inter-electron correlation and correspondingly the
non-gauge-invariant contributions in relativistic
molecular theory.

Naturally, one of the effective ways in relativ-
istic molecular theory is in using the Breit-Pauli
approximation [3-5].

2. Let us describe in brief the important mo-
ment of our theoretical approach. As usually, the
wave functions zeroth basis is found from the
Schrodinger (Dirac in the consistent version)
equation solution with potential, which includes
the core ab initio potential, electric potentials of
nuclei and possibly exchange-correlation one-
particle potentials. The last potential in part takes
into account for contribution of the correlation
corrections of the PT second and high orders
(electrons screening, particle-hole interaction
etc.) are accounted for.

For arbitrary diatomic molecule in the per-
turbation theory zeroth approximation the two-
center centre Schrodinger equation is written in
spheroidal coordinates, 1,m,j

(A=(rg+rg)/RI<A <0,
w=(rg—rg)/R.~1<p<1,0<p<2n)

and after a number of transformations results in
the following form (look,for example, [5]):

0 0 m’
AR =

+R(Z,+2, -2 )+ 4] x A(1)=0

0 ) O m’ 2 2
R 1_ R + _
[au(( g )aﬂj 1= P

_R(ZA _ZB);U_A]XM(/U):O

212+

€)

where A is a constant separation. The wave func-
tion is represented as:

W01 0)= AWM (1, 0)= AR)G(u)e -

and the one-electron energy: E=—2 p2 / R

“4)

The perturbation theory operator is as follows:

-zl ] O
7

where d,i,j are the summation indexes corre-
spondingly at nuclei and electrons.

In [5] it was constructed for the perturbation
theory formalism for secular operator matrix and
there are analyzed the diagrams summation tools
for secular operator matrix. The terms of this set
are represemted as contributions on of the Feyn-
man diagrams, which are usually classified on
number of the end lines. According to such a clas-
sification the matrix element of the secular opera-
tor has a form [5]:

Mey= Mé?])+Mg1) +...+Mg]), (6)
where 1 is a total number of valence particles,
M© — the vacuum diagrams contribution (without
the end lines) M — a contribution of the 1-par-
ticles diagrams (one pair o the end lines); M®-
contribution of the two-particle diagrams (two
pair of the end lines) and so on. Contribution M®
is equal to a sum of the one-particle energies €.
In the first perturbation theory order one should
compute only the contribution of the two-particle
diagrams of the first order. In fact this correc-
tion is equal to interaction energy of the particles

AED and can be expressed through the matrix
elements of the usual type on the wave functions
of the zeroth approximation. For the Coulomb op-

erator ;! one should use the Neumann expan-
sions on the Legendre polynomials of the first and
second kind and spherical harmonics. 3.

3. As the first step, the relativistic block of
the theory may into account the main relativistic
effects within the model based on the perturba-
tion theory with the Breit-Pauli Hamiltonian, tak-
ing into account relativistic corrections of the a’
corder (a-fine structure constant), in particular,
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the term due to the dependence of mass on ve-
locity (H, and h)), Darwin correction (H, and h,),

the spin-orbit term [H3 H4} [5]. The further
oy

simplification is connected with using the Cow-

an-Griffin approximation [13], which takes into

account only two first effects in molecular calcu-

lations, in particular, for the s states.

Let us further examine the multielectron mol-
ecule with one or two quasi-particles (valence
electrons). In the case of the multi-electron sys-
tem with molecular core of the closed electron
shells one can use the model potential method
namely the bare two centre potential V', + V. with
V' describing the electric potential of the nucleue,
V., imitating the interaction of the quasi-particle
with the molecular core. Surely, the core two-cen-
tre potential V. is related to the core electron
density 7. in a standard way. The latter fully de-
fines the one electron representation. Moreover,
all the results of the approximate calculations
are the functionals of the density r.(r). The key
step 1s determinatiojn of the complex energy of a
molecule (that is in a relativistic theory).

According to the energy approach [17-19] the
probability is directly connected with imaginary
part of electron energy of the system, which is de-

fined in the lowest order of perturbation theory as
follows (the a-n transition is studied):

ImAE(B)z—i S el )

T a>n>f “
The matrix element 1 (5) 1s provided by the
following determination:

sin|@|r
@2 (L= aa)W5(r2)¥] (1)

(6)

The separated terms of the sum in (5) repre-
sent the contributions of different channels and a
probability of the dipole a-n transition is:

ol * *
V,J-kl‘ =[[drndr?; (r;)¥ ;(ry)

o= ™
Under calculating the matrix elements (5) one
could use the angle symmetry of the two-centre
task and write the expansion for potential sin|w|r ./
r,, on spherical functions as follows [2]. This ex-
pansion is corresponding to usual multipole one

for probability of radiative decay.
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Obviously that the expression (5) is corre-
sponding to first order of the molecular perturba-
tion theory or second order of the quantum elec-
trodynamical perturbation theory. Corresponding-
ly in the second (fourth) order of the perturbation
theory there are appeared the exchange-correla-
tion or exchange-polarization corrections which
being under consideration are gauge- dependent
(dE,,,) [19].

Surely, all the results of the exact calcula-
tion of any physical quantity must be gauge
independent . However, even most advanced the-
ories of diatomic molecules can hardly take into
account all types of exchange-polarization cor-
rections, especially, so called multi-particle ones
and also continuum pressure etc. In fact their non-
account provides a non-conservation of a gauge
invariance in molecular calculations.

The simple way to reconstruct gauge invari-
ance of a theory is to consider the corresponding
many-particle exchange-polarization diagrams
and determine the next corresponding term in an
expression for the imaginary part of electron ener-
gy of the system (look different schemes in Refs.
[20-25]). Then the minimization of the functional
Im dE_ leads to the integro-differential equa-
tion for the 7, (the DF or Dirac-Kohn-Sham-like
equations for the electron density) that should be
numerically solved. In result there is a possibility
to obtain the optimal one-particle representation
and respectively optimal basis of electron orbit-
als, which is further used in calculation of the ra-
diative transition characteristics.

Unlike the many-electron atoms in the case
of diatomic molecules, this approach is natu-
rally much more difficult. However, taking into
account the substantial progress in the develop-
ment of relativistic molecular theories, including,
radiative transitions, the problem could be solved
in a particular in simplifying accompanying ap-
proaches.
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ON DETERMINATION OF RADIATIVE TRANSITIONS PROBABILITIES IN
RELATIVISTIC THEORY OF DIATOMIC MOLECULES: NEW SCHEME

Abstract.
On the basis of new gauge-invariant scheme in the relativistic energy approach combined with the
multi-body perturbation theory for diatomic molecules it is formulated a new theoretical scheme for
calculating the probabilities of radiative transitions of molecules. It is analysed the possible way to
take into account for the inter-electron correlation and correspondingly the non-gauge-invariant con-
tributions in relativistic molecular theory
Key words: radiative transitions, diatomic molecules, new relativistic approach
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OB OIPEJIEJIEHUU BEPOSAITHOCTEM PAJIMAIIMOHHBIX ITEPEXO/IOB B
PEJATUBUCTCKOM TEOPUHU IBYXATOMHBIX MOJIEKY.l: HOBASI CXEMA

Pe3rome.
C ucnonb3oBaHUEM KaaHMOpPOBOUYHO-UHBAPUAHTHON CXEMbI B paMKaX PEJSITUBUCTCKOIO SHEPreTH-
YEeCKOTO ITOIX0/1a ¥ MHOTOYACTUIHOW TEOPHH BO3MYIIICHHH JJIs IByXaTOMHBIX MOJIEKYJ c(hopMyITupo-
BaHa HOBas TeopeTI/I‘IGCKaﬂ CXGMy onpez[eneHI/m BGpOfITHOCTGﬁ paI[I/IaIII/IOHHBIX HCpCXO)IOB I[ByXaTOM-
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HBIX MoJseKky. [Ipeaoxkensl u nmpoaHanu3upoBaHbl BO3MOXKHBIE METOAMKH yueTa 0OMEHHO-KOppes-
IIUOHHBIX U COOTBETCTBEHHO, KaJMOPOBOYHO-HEHHBAPUAHTHBIX BKJIQJOB B BEPOSTHOCTh NIEPEX0/a B
PENATUBUCTCKOM MOJIEKYJIIPHON TEOPUHU.

KuroueBble c1oBa: pagralliOHHbIE TIEPEXO/Ibl, ABYXaTOMHBIE MOJIEKYJIbl, HOBAsl PEISTUBUCTCKAS
cxeMa
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I’ B. lenamenxo, E. JI. [lonomapenxo, I C. Keacukosa, T. A. Kynaxau

IIPO BU3HAYEHHSI UMOBIPHOCTEN PAJIAIIMHUX EPEXOJIIB ¥
PEJISITUBICTCBKI TEOPIi JBOATOMHHUX MOJIEKYJI: HOBA CXEMA

Pe3rome.

3 BUKOPHCTaHHIM KalmiOpyBaJIbHO-IHBapiaHTHOI CXEMHU B paMKaX PEISTUBICTCHKOTO €HEepreTHd-
HOTO TIaXOMy 1 0araro4acTMHKOBOI Teopii 30ypeHb I JBOXAaTOMHHX MOJICKYNT C(hOpMYJIbOBaHA
HOBa TEOPETUYHA CXEMY BU3HAUCHHS MMOBIPHOCTEH paliallifHUX TIEPEXO/IiB TBOXaTOMHHIX MOJICKYII.
3anpornoHOBaHi Ta MpoaHaIi30BaHi MOXKIIMBI METOAMKH ypaxXyBaHHs OOMIHHO-KOPEISIIIHHUX 1 BiAIO-
BIJIHO, KamiOpyBabHO- HEIHBAPIaHTHUX BHECKIB B HMOBIPHICTh MEPEX0OAy B PEIATUBICTCHKIN MOJIe-
KYJISIpHIN Teopii.

KurouoBi ciioBa: pajiaiiiini mepexoad, JBOATOMHI MOJIEKYJIH, HOBA PEISATUBICTChKA CXeMa
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THE RADIATIVE VACUUM POLARIZATION CONTRIBUTION
TO THE ENERGY SHIFT OF SOME LEVELS OF THE PIONIC HYDROGEN

Calculating the radiative contribution due to the vacuum polarization effect to energy value for some levels
in pionic hydrogen atom including in particular the main Uehling-Serber and the high-order Kéllen-Sabry and
Wichmann - Kroll corrections has been carried out using the modified Uehling-Serber potential. The values
for some characteristic energy corrections to 1s, 2p, 3p, 4p states of the pion hydrogen (in particular, radiation
contributions and contributions due to the finite size of the proton and pion are presented and compared with

alternative data by Schlesser-Indelicato et al.

1. Introduction

It is well known that the development of a new
theoretical approach to the description of spectral
parameters pionic atoms in the excited states with
precise accounting relativistic, radiation, nuclear,
electron screening effects (look [1-18]) on the ba-
sis of Klein-Gordon-Fock (Dirac) equation and
a development of a consistent relativistic theory
of hyperfine structure of spectra represents one
of actual fundamental problem of moden optics
and spectroscopy of hadronic atomic systems.
Especial problem is connected with précised cal-
culating the radiative corrections to the transition
energies of the low-Z exotic (pionic, kaonic, mu-
onic) atoms, namely, hydrogen and deuterium.
Naturally, it is provided by necessity of further
developing the modern as atomic and as nuclear
spectra theories. From the other side, one could
mention that the detailed data about spectra of the
exotic atomic systems (kaonic, pionic, muonic at-
oms) can be very useful under construction of the
new X-ray standards. It is worth to remind about
known achievements and a great importance of
the theoretical muonic, hadronic chemistry and
hadronic spectroscopy as well as the significant
progress in the modern experimental technologies
applying to hadronic atoms [1-15].
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The standard Dirac approach is traditionally
used as starting basis in calculations of the heavy
ions [2]. The problem of accounting the radiative
corrections, in particular, self-energy part of the
Lamb shift and vacuum polarization contribu-
tion is mostly treated with using the expansions
on the natural physical parameters //Z, aZ (a is
fine structure constant) [5,10]. It permits evalua-
tions of the relative contributions of different ex-
pansion energy terms: non-relativistic, relativistic
ones, as functions of Z. For high Z (Z is a nuclear
charge) it should be necessary to account for the
high-order QED corrections and the nuclear finite
size correction etc [1-3,10-12,16]. Further im-
provement of this method in a case of the heavy
ions is linked with using gauge invariant proce-
dures of generating relativistic orbital basises and
more correct treating nuclear and QED effects [1-
3]. In a case of the low-Z exotic atomic systems
such as an exotic hydrogen (deuterium) a great
interest attracts estimation of the radiative, in par-
ticular, vacuum polarization, correction. In refs.
[17-19] it has been proposed a precise scheme to
calculating spectra of heavy systems with account
of nuclear and radiative effects, based on the rela-
tivistic many-body perturbation theory (see also
[3]) and advanced effective procedures for ac-
counting the radiative corrections.



In this paper we present the results of calculat-
ing the QED contribution and first of all due to
the vacuum polarization effect to energy shift for
some levels energies of pionic hydrogen. The
obtained results are compared with the calcula-
tion data by [2]. As theoretical model we have
used relativistic models, presented in Ref. [20,21]
(look [23-25]).

The master equation for describing thepi-
onic atom dynamics is the Klein-Gordon-Fock
equation, which is in atomic units as follows:

(@ [E-1.()] +9 = (r)=0. (1)

Jie m-HaBeeHas Maca p-, E- eHepris IioH, V —3a-
TaJIbHUNA TOTEHITIAJI, KW, 30KpeMa, BKIIIOYAE Ky-
JIOHIBCBKUH TIOTEHIIIAT B3aeMOMIl p~ 3 simpoMm (3
ypaxyBaHHSIM CKIHYEHOTO PO3Mipy), y3arajabHeHHUH
pagianiiHUi MOTeHIa, MOTEHIIal EJIEKTPOHHUX
00O0JIOHOK.
where m- is a reduced mass, E- a pion energy V —
total electromagnetic interaction which includes
especially Coulomb interaction potential of p
with a nucleus (with accounting for the finite size
effect), radiation potential (including thr vacuum
polarization potential) and possibly the potential
of electron shells (for multi-electron pionic atom).
The total electromagnetic interaction potential:

V)=V () +Ur). (1)

includes the electrical ¥ and radiation (including
polarization) U,(r) potential of a nucleus with
accounting the finite size correction. The expec-
tation value of the radiative vacuum polariza-
tion operator gives the corresponding correction.
In ref. [21] it is presented a consistent approach
to determining radiation QED corrections
(main among them, of course, is the correction
the polarization of the vacuum; effect which is
typical for a distance of Compton wavelength
A, =h/m,c= 386.16Fm; while the Bohr radius
of a pion orbit 7 =194n° / Z Fm) to the energy
states of pionic atom, which is based on using the
Uehling-Serber potential with effective account-
ing for the Breit-Rosenthal-Crawford-Schawlow):

UR ()= -2 [ farewp -2l a2)
T

2)

x(1+ ! j\/ﬁ p(r)

? s |r—r’|’

and additional terms which take into account a
contribution of the corrections of [& (Za)]" or-
der, in particular, the Kéllen-Sabry and Wichmann
- Kroll corrections (o’ (aZ)+ a (Za)" ...

A vacuum polarization potential without the
Breit-Rosenthal-Crawford-Schawlow effect is
usually represented as follows (in fact in the first
PT order):

U(r):—ij?dtexp(—2rt/a2)(l+l/2t2)\/t;7_lE (3)
2a
. r
£ 0z )

The corresponding expectation value of this
operator gives the corresponding vacuum polari-
zation correction. In the scheme [20,21] this po-
tential is approximated by quite precise analytical
function (see details in refs. [12-16]). The most
advanced version of the such potential (C® C) is
presented as follows:

Ae)-G(@0@(G@+ale), )
Cr(2)= () Ale)

52 (g) =—1.8801exp (— g)/g3/2
C\(g)=h (g/2)+1.410545-1.037837¢

f(g)=((1.1024/g —1.3361)/g +0.8027)

The using this formula permits one to decrease
the calculation errors for this term down to ~0.1%.
Error of usual calculation scheme is~10%.

Earlier we carried out the calculation of the
vacuum polarization contribution to the energy
shift of a number of the levels and transitions in
kaonic and pionic nitrogen. One should keep in
mind that the energy.
levels of exotic (pionic, kaomic etc) atoms are
very sensitive to effects of QED, nuclear struc-
ture and recoil since the pion (kaon) is heavier
than the electron. As usually the fundamental
constants from the CODATA 1998 are used in
the numerical calculations. We have evaluated
the values for the QED contributions and other
specific corrections to the energy 1s, 2p, 3p, 4p
states of the pion hydrogen. In table 1 we present
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the values (in meV) for some characteristic en-
ergy corrections to 1s, 2p, 3p, 4p states of the pion
hydrogen (in particular, radiation contribtions and
contributions due to the finite size of the proton
and pion) estimated by the theory and Schlesser-
Indelicato et al. [5] and our theory. The following
abbreviations are used: correction on polarization
of the vacuum of Uehling Serber (PV-US), the
correction to the Breit interaction (BI), correction
to a size radius (SR) of a proton and a pion, the
higher-order corrections for a vacuum polariza-
tion Kallen-Sabry (PV-KS) and Wichman-Kroll
(PV-WC). Analyzing the results, it should be not-
ed that, in general between the theoretical results
(actually the contributions of electromagnetic en-
ergy in the state or transition) obtained under var-
1ous theories, in particular, our theory and the the-
ory Schlesser-Indelicato et al. [5] there is a fairly
good agreement that is easily explained in princi-
ple (as in the case of the conventional hydrogen
atom) in a sense negligible role of radiation and
nuclear finite-size corrections, Obviously it is of a
great interest application of the presented scheme
in computing QED corrections to levels energies
in heavy pionic atoms.

Table 1
The values (in meV) some specific corrections
to the energy 1s, 2p, 3p, 4p states of the pion
hydrogen (QED contributions and contribu-
tions by the proton and pion SR) according to
the theory Schlesser-Indelicato et al. [S] and
our theory (see. Text )

QED F Is [5] Is (our)
PV-US -3240.802 | -3240.799
BI 172 | -178.461 -178.458
372
SR p 61.711 61.711
T 39.33 39.33
PV-KS -24.365 -24.363
PV-WK -4.110 -4.113
QED F 2p [5] 2p (our)
PV-US -35.795 -35.793
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BI 1/2 -11.655 -11.652
32 -4.048 -4.046
SR p 0 0
T 0 0
PV-KS -0.346 -0.343
PV-WK -0.008 -0.010
QED F 3p [5] 3p (our.)
PV-US -11.407 -11.405
BI 1/2 -4.221 -4.219
3/2 -1.967 -1.965
SR p 0 0
T 0 0
PV-KS -0.108 -0.105
PV-WK -0.002 -0.003
QED F 4p [5] 4p (our)
PV-US -4.921 -4.918
BI 1/2 -1.943 -1.940
3/2 -0.992 -0.989
SR p 0 0
T 0 0
PV-KS -0.046 -0.044
PV-WK -0.001 -0.002
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THE RADIATIVE VACUUM POLARIZATION CONTRIBUTION TO THE ENERGY
SHIFT OF SOME LEVELS OF THE PIONIC HYDROGEN

Abstract.

Calculating the radiative contribution due to the vacuum polarization effect to energy value for
some levels in pionic hydrogen atom including in particular the main Uehling-Serber and the high-
order Killen-Sabry and Wichmann - Kroll corrections has been carried out using the modified Ue-
hling-Serber potential. The values for some characteristic energy corrections to 1s, 2p, 3p, 4p states
of the pion hydrogen (in particular, radiation contributions and contributions due to the finite size of
the proton and pion are presented and compared with alternative data by Schlesser-Indelicato et al.
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0. I Yepnsaxosa, JI. A. Bumaseykas, I1. I bawkapvos, . H. Cepea, A. I Bepecmenko

PAIUNALIMOHHBIE BKUIAZIBI 3A CHET D®PEKTA ITOJAPU3ALIMU BAKYYMA B
CJIBUI DHEPTUM PAJJA YPOBHEN IMOHHOI'O BOJOPOJA

Pesrome.

[IpoBeneH pacuer paJMalMOHHOIO BKJIajAa 3a cyeT 3 dexra noyisgpuszaluy BakyyMa B BEIHMUHUHY
SHEPIUU psja ypOBHEW B MMOHHOM BOAOPOJIE B TOM YHCIIE, B YACTHOCTH, OCHOBHOH BKiaj FOnuHra-
CepOepa u BK1a161 BBICOKHX MOpsikoB Kamiena-Cabpu u Buumanna-Kposia ¢ ucrnonb3oBanueM Mo-
nudunuposanHoro noteHnuana KOnunra-Cep6epa. [IpuBeneHbl 3HaueHUs HEKOTOPBIX XapaKTEPHBIX
HHEPreTUUECKUX MOIPABOK K 3Hepruu 1s, 2p, 3p, 4p cOCTOSIHUN MHOHHOTO BOAOPO/JA (B YaCTHOCTH,
pasvalOHHbIE TIONIPaBKHU, IIONIPaBKU 33 CYET KOHEYHOI'0 pa3Mepa IPOTOHA U ITMOHA IPEACTABIEHbI U
JIp.) U TIPOBEJICHO UX CPaBHEHHUE M0 CPABHEHUIO C allbTepHATUBHBIMU JaHHBIM Schlesser-Indelicato u

Ap.
KuroueBble c10Ba: NTMOHHBIN BOAOPOA, palalliOHHbIE MONIPaBKU
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0. I Yepnsaxosa, JI. A. Bimaseyvka, 11. I bawxapvos, I. M. Cepea, A. I bepecmenko

PO3PAXYHOK PAJIIAIIIHHOTO BHECKY 3A PAXYHOK E®EKTY MOJIAPA3AIIIL BA-
KYYMY ¥ 3CYB EHEPI'Il JEKOTPUX PIBHI IIOHHOI'O BOJIHIO

Pesrome.

BukoHaHO po3paxyHOK pajialiifHOro BHECKY 3a paXyHOK e(peKTy mossipu3allii BaKyyMmy y BeJIU4U-
Hy €Heprii JeKOTpUX piBHIB y MIOHHOMY BOJHI Y TOMY YHCIIi, 30KpeMa, OCHOBHUIA BHecOK HOuiHTr-
CepOep 1 Bkiagu Bucokux nopsakis Kamnena-Cabpi 1 Biumanna —Kposuia, 3 BUKOpUCTaHHSIM MOJU-
¢ixoBanoro noteHiany FOninra-Cepoepa. HaBeneHi 3HaYCHHS IEIKUX XapaKTEPHUX CHEPTeTHUHUX
MIOTIPaBOK J10 eHeprii 1s, 2p, 3p, 4p cTaHiB MOHHOTO BOAHIO (30KpeMa, pajialiliHi MOnpaBKH, MOMpaB-
KM 3a paxXyHOK KIHIIEBOTO PO3Mipy IPOTOHA 1 MIBOHIT IPEJCTaBIIEHI 1 1H.) | mpoBeaeHO iX MOpIBHAHHS
B MTOPIBHSHHI 3 anbTepHaTUBHUMHU JaHuMHU Schlesser-Indelicato Ta iH.

KurouoBi ciioBa: mioHHUH BOIEHB, pajialliiiHi MONpaBKU
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LASER MULTIPHOTON SPECTROSCOPY OF ATOM EMBEDDED IN DEBYE PLASMAS:
MULTIPHOTON RESONANCES AND TRANSITIONS

The consistent relativistic energy approach to atom in a realistic laser field, based on the Gell-Mann and
Low S-matrix formalism, is applied to studying the resonant multiphoton transitions in atoms embedded in the
Debye plasmas. There is considered a new scheme to calculating the multiphoton transitions characteristics,
shifts and widths of multiphoton resonances. An approach is used for treating the three-photon transitions in

krypton embedded in the Debye plasmas.

1. The physics of multiphoton phenomena is
one of the very quickly developed branches of the
modern optics and spectroscopy, photophysics.
Studying of multiphoton phenomena in atoms,
molecules ets has a great progress that is stimu-
lated by development of new laser technologies
(see Refs. [1-10]). The appearance of the power-
ful laser sources allowing to obtain the radiation
field amplitude of the order of atomic field in the
wide range of wavelengths results to systematic
investigations of the nonlinear interaction of radi-
ation with atomic and molecular systems [1-14].

At the same time a direct laser-nucleus inter-
actions traditionally have been dismissed because
of the well known effect of small interaction ma-
trix elements [9-11]. Some exceptions such as
an interaction of x-ray laser fields with nuclei in
relation to alpha, beta-decay and x-ray-driven
gamma emission of nuclei have been earlier con-
sidered. With the advent of new coherent x-ray
laser sources in the near future, however, these
conclusions have to be reconsidered.

At present time a great interest has been con-
nected with studying atomic processes in plasma
environments because of the plasma environment
screening effect on the plasma-embedded atomic
systems. One should remind that the screening ef-
fects have play a important and significant part in
the investigation of plasma environments over the
past several decades.
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Different theoretical methods have been em-
ployed along with the Debye screening to study
plasma environments.

The interaction of atoms with the external al-
ternating fields, in particular, laser fields, has been
the subject of intensive experimental and theoret-
ical studied (see, for example, Refs. [1-8, 12-24]).
A definition of the k-photon emission and absorp-
tion probabilities and atomic levels shifts, study
of dynamical stabilization and field ionization etc
are the most actual problems to be solved.

Above methods which are usually used one
should mention such approaches as the standard
perturbation theory (surely for low laser filed in-
tensities), Green function method, the density-
matrix formalism, time-dependent density func-
tional formalism, direct numerical solution of the
Schrédinger (Dirac) equation, multi-body multi-
photon approach, the time-independent Floquet
formalism etc (see [1-8,12-24] and Refs. therein).

Earlier the relativistic energy approach to
studying the interaction of atom with a realis-
tic strong laser field, based on the Gell-Mann
and Low S-matrix formalism, has been devel-
oped. Originally, Ivanov has proposed an idea to
describe quantitatively a behaviour of an atom in
a realistic laser field by means studying the ra-
diation emission and absorption lines and further
the theory of interaction of an atom with the Lor-
enz laser pulse and calculating the corresponding



lines moments has been in details developed in
Ref. [19-25]. It has been checked in numerical
simulation of the multiphoton resonances shifts
and widths in the hydrogen and caesium. Theo-
ry of interaction of an atom with the Gauss and
soliton-like laser pulses and calculating the cor-
responding lines moments has been in details pre-
sented in Refs. [23,26,27].

Here the consistent relativistic energy approach
to atom in a realistic laser field, based on the Gell-
Mann and Low S-matrix formalism, is applied to
studying the resonant multiphoton transitions in
atoms embedded in the Debye plasmas. There is
considered a new scheme to calculating the mul-
tiphoton transitions characteristics, shifts and
widths of multiphoton resonances. An approach
is used for treating the three-photon transitions in
krypton embedded in the Debye plasmas

2. The relativistic energy approach in the dif-
ferent realizations and the radiation lines moments
technique is in details presented in Refs. [19-30].
So, here we are limited only by presenting the
master elements. In the theory of the non-relativ-
istic atom a convenient field procedure is known
for calculating the energy shifts dE of degenerate
states. This procedure is connected with the secu-
lar matrix M diagonalization. In constructing M,
the Gell-Mann and Low adiabatic formula for d£
1s used [20-23,31]. In relativistic theory, the Gell-
Mann and Low formula dE is connected with
electrodynamical scattering matrice, which in-
cludes interaction with as a laser field as a photon
vacuum field. A case of interaction with photon
vacuum is corresponding to standard theory of
radiative decay of excited atomic states. Surely,
in relativistic theory the secular matrix elements
are already complex in the second perturbation
theory (PT) order. Their imaginary parts are con-
nected with radiation decay possibility. The total
energy shift is usually presented in the form [23]:

OF = RedE +1ImoE ,

Im 8E = -P/2, (D

where P is the level width (decay possibility). Let
us describe the interaction “atom-laser field” by
the Ivanov potential [21,23]:

Vird)=V(r) ofle-oo) Y cos[oo+omt] ()

n=-ow

Here w is the central laser radiation frequen-
cy, n is the whole number. The function f{w) is a
Fourier component of the laser pulse. The con-
dition odwf*(w)=1 normalizes potential V(rz) on
the definite energy in the pulse. Usually one could
consider the pulses with Lorentz shape (coherent
I-mode pulse): (w) = b/(w?+D?), Gaussian one
(multi-mode chaotic pulse): |(w) = bexp[In2(w?/
D?)] and the soliton-like pulse: f(t) = b ch’'[t/D]
(b -normalizing multiplier).

The master program results in the calculating
an imaginary part of energy shift ImdE, (w,) for
any atomic level as the function of the central la-
ser frequency w,. An according function has the
shape of the resonance, which is connected with
the transition a-p (a, p-discrete levels) with ab-
sorption (or emission) of the “k” number of pho-
tons. For this transition the following values are
determined [20-23]:

Sw(palk)y=/"do Im SE, ()(® - Opo/ k)N, |

tm=/"do Im 8Ey (®) (© - @/ )™/ N,

where
S 'dolmE,,

is the normalizing multiplier; W, is position of
the non-shifted line for transition a-p, dw(palk) is
the line shift under k-photon absorption; v,=w,
kxdw(palk). The first moments m , m, and m, de-
termine the atomic line centre shift, its dispersion
and the asymmetry.
To find m _, we need to get an expansion of
E to PT series:

E,= Z Eot(zk) (0)0)~

One may use here the Gell-Mann and Low adi-
abatic formula for d£, [20-23]. The consideration
can be simplified by account of the k-photon ab-
sorption contribution in the first two PT orders.
Besides, summation on laser pulse is exchanged
by integration. The corresponding (/+2k+1)-times
integral on (/4-2k) temporal variables and r (/=0,2)
(integral Ig) are calculated [19-23]. Finally, after
some cumbersome transformations one can get
the expressions for the line moments. The corre-
sponding expressions for the Gaussian laser pulse
are as follows:
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dw(pa | k) =

={nA/(k+ Dk} [E(p,0po/k)-E(0,0p0/k)],  (9)

1 = A%k

= {4mAY[k(k+ 1)1 ED,0pa/k)-E(0t, @po/k)],
where
EGopd =05V jpi Vo [ L+
pi o, to,lk
+ 1 ]

o —o |k
Jpi pa

(10)

The summation in (10) is over all atomic states.
Let us note that these formulas for the Gaussian
pulse differ of the Lorenz shape laser pulse ex-
pressions [21-23]. For the soliton-like pulse it is
necessary to carry out the numerical calculation
or use some approximations to simplify the ex-
pressions [27].

In order to calculate (10), one should use the
technique [28,29] of calculating sums of the QED
PT second order, which has been earlier applied
by us in calculations of some atomic and mesoat-
omic parameters [26,27,30-32].

Finally the computational procedure results in
a solution of the ordinary differential equations
system for above described functions and inte-
grals. In concrete numerical calculations the PC
“Superatom-ISAN” package is used. The con-
struction of the operator wave functions basises
within the QED PT, the technique of calculating
the matrix elements in Egs. (9,10) and other de-
tails is are presented in Refs. [19-30].

3. In order to take into account the plasmas
screening effect one could use the known Debye
shielding model. As it is well known (c.f.[33-35]
and refs there) in the classical theory of plasmas
developed by Debye and Hiickel, the interac-
tion potential between two charged particles in
a plasma is modelled by a Yukawa-type potential
as follows:

V(@ 1) = (ZoZ/[retol yexp (-pefrerf), 1D

where 7, r, represent respectively the spatial co-
ordinates of particles A and B and zZ, Z, denote
their charges. A difference between the Yukawa
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type potential and standard Coulomb potential
is in account for the effect of plasma, which is
modeled by the shielding parameter m [33]. The
parameter m is linked with the plasma parameters
such as the temperature 7 and the charge density
n as follows u~./e’n/ k,T where, as usually,
¢ is the electron charge and k, is the Boltzman
constant. The density #n is given as a sum of the
electron density N, and the ion density N, of the
k-th ion species having the nuclear charge ¢, :.
Let us remind [35] that under typical laser plasma
conditions of 7~ 1keV and n~ 10 cm? the pa-
rameter m is of the order of 0,1 in atomic units.
By introducing the Yukawa-type electron-nuclear
attraction and electron-electron repulsion poten-
tials, the electronic Hamiltonian for N-electron
multicharged ion in a plasma is given in atomic
units as follows:

H=3[op = fm > = Zexp(-pr;)/1;]

I—d,d, (12)
+ Z(—lf) exp(—r; )
i>j T

A difference between the Hamiltonian (12) and
analogous model Hamiltonian with the Yukawa
potential of ref. [33] is in using the relativistic
approximation, which is obviously necessary for
adequate description of relativistic systems [35].

4. In ref. [36] there were presented the results
of the numerical simulation for the three-photon
resonant, four-photon ionization profile of atomic
krypton (the 4p ® 5d[1/2], and 4p ® 4d[3/2], three
photon Kr resonances are considered; intense uv
(285-310 nm) laser radiation with intensity range
3710"2-10" W/cm? studied) in a free state (n in
sense of the absence a plasmas environment).
There have been determined the correspond-
ing parameters of the 4p ® 5d[1/2], (i) and 4p
® 4d[3/2], (ii) three photon Kr resonances. The
resonance shift is proportional to intensity with
a width dominated by lifetime broadening of the
excited state.

The numerical simulation [36] results for
the 4p ® 5d[1/2], (i) and 4p ® 4d[3/2], (ii) three
photon Kr resonances are as follows: (i) the
shift dw,(pa|3)=al, a,,=3.95 meV/(Twxcm?)
and width bcxp= 1.5 meV/(Twxcm?); (ii) shift
dw,(pa|3)=al, a_ =8.1 meV/(Twxcm?) and width
bexp=4.2 meV/(”IPchm'z). We have chosen the
Debye length parameter values 4, =50 (25) and
the corresponding computed coefficients are as



follows: (i) a=3.76 meV/(Twxcm? (a=3.2 meV/
(Twxem? ); (i) a=7.8 meV/(Twxcm?) (a=6.5
meV/(Twxcm?).

The presented results show that Debye plasma
environments have an effect on the multiphoton
transitions. Nevertheless, one should keep in
mind some important facts the (see, for exam-
ple, [33,34]). It is clear the static screening result
considered above is subject to the condition that
the plasma is a thermodynamically equilibrium
plasma and neglects the contributions from ions
in plasma since electrons provide more effective
shielding than ions.

Obviously with the changing the plasma con-
ditions (parameters) in principle there can be tak-
en a place a significant variations. Besides, one
should remember about the conditions of applica-
bility of the Debye approximation.
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The consistent relativistic energy approach to atom in a realistic laser field, based on the Gell-Mann
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PENNING AND STOCHASTIC COLLISIONAL IONIZATION OF ATOMS IN AN EXTERNAL
MAGNETIC FIELD: MODEL POTENTIAL SCHEME

The key physical aspects of the Penning and stochastic collisional ionization of atoms in an external magnetic
field are considered and new model potential approach has been implemented in order to take into account an
effect of magnetic field on multi-electron atom energy parameters and to compute the wave functions basis for
next using in the collisional block. The corresponding Schrodinger equation for atom in a magnetic field and
the Focker-Plank stochastic equation are solved within the standard differences-grid method.

1. Above a great number of different elemen-
tary atomic and molecular processes to be stud-
ied in collisions physics, physics and chemistry
of plasma, gases and other mediums one should
note such complicated phenomena as an ioniza-
tion of excited atoms by means of the photon and
electron impact, atom-atom or ion-atom colli-
sions, inclufing these processes at presence of the
external field. As a rule in any case an adequate
treating these processes requires an accurate ac-
count of different exchange-correlation and even
relativistic corrections [1-25]. Indeed to fulfill an
accurate account of the inter electron correlation
effects in the atomic collisions is very difficult as
these effects and other ones are not adequately
described within many simplified models. Situa-
tion changes dramatically under consideration of
the different atomic collisional processes under
availability of the external electromagnetic fields.
Even more simple case of the external static elec-
tric or magnetic field is remained hitherto quanti-
tatively undeceived. Several theoretical attempts
were taken to make formulation of the consistent
quantum theory for the atomic collisional pro-
cesses in presence of the external magnetic field.
[11-20].
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Usually there are considered the key intera-
tomic collisional processes, which are of a great
interest for many applications, namely [1-4]:

A" (nl)+B—(4+B")+e or (1)
A" (n))+B—(4" +B)+e or )
A" (n))+B—AB" +e. 3)

As usually, in these formula A" denotes the
atom in an excited state, B" is the ionized atom.
The first process (1) occurs and runs very effec-
tively in a case when the excitation energy of the
A atom is more than the ionization potential of the
atom B. Here one can introduce the Penning pro-
cess, which is corresponding to the situation when
the atom A is in the metastable state. The process
(3) is corresponding to the associative ionization.
It takes a place when the dissociation energy of
molecular ion AB" is more than the ionization po-
tential of the excited atom [1,2].

The most widespread theoretical schemes for
description of the cited processes (look, for ex-
ample, [1-5,17-22]) are based on the computing
the capture cross-section of collisional particles



by field of the wan der Waals interaction poten-
tial. Above other consistent methods one should
mention a few versions of the rectilinear classical
trajectories model too [1-3,20]. Besides, standard
problems of adequate treating complex inter elec-
tron correlations, there are other difficulties in a
correct description of collisional processes studied.

Remember that the above cited models do
not account for any difference between the Pen-
ning process and resonant collisional processes.
Though the Penning and stochastic collisional
ionization of atomic systems remains a subject
of intensive theoretical and experimental inter-
est, however, at present time an available level of
modelling these processes is still not satisfactory.
The most important tasks include more accurate
modelling of an external electromagnetic field on
the corresponding Penning and stochastic colli-
sional ionization processes. As for the last years
a great interest has been renewed after discovery
of the quantum chaos phenomenon in atomic sys-
tems in the static magnetic field [1-13,22], it is
of a importance studying stochastic collisional
ionization processes.

In series of papers [17, 22-24] the different as-
pects of new theoretical methods to the treating
elementary atomic processes (1)-(3) in a presence
of external electric and magnetic field were con-
sidered . In this paper we formulate a consistent,
computationally effective model potential ap-
proach of accounting the external magnetic field
effect in many-electron atomic system and further
using in collisional problem.

2. Further we formulate the simple physical
model of elementary collisional process with ad-
ditional stochastic block. Let us remind the main
moments of the elementary model for collisional
process, in particular (1). A definition of complete
cross section for the collisional process can be
written as [24]:

+00
[GR)d1]}

—0o0

e 0]
o= [2npdp{l—exp[- 4)
0
where G( R ) is a probability of the Auger effect
G( R)= 2p|V,,|’g, (indexes land 2 are relating to
states: 4*+B and A+B*+e; g is a density of the
final states; V' is operator of interaction between
atoms).

In a case when ionization process is realized
in the repulsive potential of interaction between
atoms in the initial channel, the cross-section is :

5= (4nf,, /v) OIORZG(R) I=UR)/EdR (3
R

n

Here v is the relative velocity of collision, R
is the minimally possible distance of rapproche-
ment (the turning point); f; is the probability that
the process is permitted on full electron spin of
system of the collisional atoms.

The important step is to account for a possibil-
ity of decay in the second and higher orders of
perturbation theory on V(' R). Such approach may
be used as for the Penning ionization description
as for ionization through the wan-der-Waalse cap-
ture 3,5, 17,24].

Let us remind that in the perturbation theory
second and higher orders it is introduced the ma-

trix element: <1‘ VRGE, V(R)...V(R)|2> insist of

the simple matrix element 1|V(R)|2> in expres-
sion for probability of collisional decay. Here [1>
=[A*+B> is the initial state, [2>=[A+B™+e> is
the final state; ¢ _is the Green function (see be-
low); Eois an energy of quasi-molecule A*B under
R —> .

Further one can use for operator V(R) the
standard expansion on non-reducible tensor op-

erators: 0 -
VR= X Vi, (m/RIT2T

(6)
l1,lr=1
— /(211+212)! A onB
Vi, (M =(=1"2 W(Cll +1 ("){Qll ®le $)
R (7)

n:_
R

where Qn is an operator of the 2'-pole moment of
atom and C, (n) is the modified spherical func-
tion. If we suppose that atom A* is in the state
with the whole moment J, and projection on the
quantization axe M; in the final state the corre-
sponding quantum numbers are J 3 The final
expression for the full probability of the electron
ejection is similar to expressions in different ap-
proximation is, for example, presented in ref.
[17-24].
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Above the theoretical consideration concerns
the standard collisional process without account-
ing any stochastical (or chaotic) elements. In ref.
[22,23] it has been considered the perspective for
realization the stochastic collisional process for a
case when the atom A in process (1) is highly ex-
cited (Rydberg state). This physical situation can
be adequately treated within generalized theory
of chaotic drift for the Coulomb electron in the
external microwave field (see refs. [4-6,19-23]).

The function of distribution f{n,#) of the Ry-
dberg electron on space of effective quantum
numbers n should be introduced. The equation
of motion of the Rydberg electron has the well
known form:

of (n,0)/ 0t t=0/0n [On-Nyin)D( R)’

of (n,t)/on ] - On-Nya) G(n,R)f(n,t) (8)

Here Q(n-N ) is the Heviside function. It
served here as additive multiplier in the coeffi-
cient of diffusion: Dn’ and provides freeezing of
the stochastic processes in region of the low ly-
ing states in accordance with the known Cirikov
criterion: N, <n<N . For the Rydberg states
(n>N, ) a direct channel of ionization is opened
and the electron ejection takes a place. It is im-
portant to note that process will be realized with
more probability under availability of the external
magnetic field. So the task is further resulted in
implementation of an adequate theoretical mod-
el of an external magnetic field accounting or in
more details the model for computing the corre-
sponding electron wave functions of the Zeemane
problem.

3. The next step is implementation of the mod-
el potential approach to multi-electron atom in a
magnetic field into collisional problem. Let us re-
mind that despite a long history since the discov-
ery of the Zeemane effect and sufficiently great
number papers on atomic systems in an external
magnetic field, hitherto a majority of results are
as a little acceptable for many applications as re-
lated only the hydrogen atom (look, for instance,
[4-6,11-13]). The problem of the treating many-
electron atom in a magnetic field remains very
complicated especially in a case of the strong
field. Below we implement a simple scheme to
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treating multi-electron atom in a static magnetic
field. The purpose is to present the basis scheme
for definition of the electron wave functions for
further using in the collisional task.

The Hamiltonian of the many-electron atom in
magnetic field is different from the operator of the
hydrogen atom by the presence of the operator of
electron-electron Coulomb interaction, which, of
course, exacerbates the problem of separation of
variables in the Schrédinger equation.

Because of the invariance of /4 in relation to
rotations around the axe Oz (it is parallel to field
B and crossing a nucleus of an atom), naturally
z-component of the orbital moment L =AM is
the conserving variable. In the cylindrical coor-
dinates with axe Oz||B with account of the trivial
dependence of the wave function upon the rota-

tion angle ¢ around the axe z (¥ ~ M ?), one
could write the corresponding equation in the
form (in atomic units: e=h=m=1):

0’ 1o 0 M’

+——
op* paop ozt p?

_47/2102_"_

V) (M) = 0
r R, (9)
where V (1) is the self-consistent model potential
(analog of the Hartree-Fock potential). It can be,
for example, chosen in the Green et al like form
(look details in Ref. [5,16], which indeed well
approximates the Hartree potential:

(N, -1l )

r

(10)

where the screening function is

Q(r)=1/[exp(r/d, —1)+d,]
and d, , are the known parameters of the model
potential.

Naturally the equation (9) has not an analyti-
cal solution as the Coulomb interaction term with

r=(p? + 7)1/ 2 prevents to the variables separa-
tion. As usually the equation (9) can be in some
approximation rewritten as follows:

Hy(r,z2)=Ey(1,z) (11)



H=-1/2(0°/0p> +1/ polop +
+0%/0z> —m*/ p?)
Vip.2)=—(p* +2°)"? + (N, —1)x

12
Q(p>+2z°)"* +1/8y°p* +ym/2, (12)

Where, as usually, g=B/B (B =2,3505x10°).

The potential 1/87/2 pzlimits a motion in the
direction, which is perpendicular to the B direc-

tion. In the region 7 >>1 the electron motion
along (or perpendicular) magnetic field is defined
by the Coulomb interaction (by a size of the cy-

clotronic orbit A = (fic/8 )"?*). The simplified
circumstance is that the potential of the longitu-
dinal Coulomb interaction can be received by
way of the averaging the total Coulomb potential

Y2 4n the little radius of the trans-

e’(p* +27)
verse motion.
The one-particle energy for given values of

magnetic field B is defined as:

epy =(my,+|my, [+25,, +y/2-¢, (13)

where em - one-particle energy (the field is ab-
sent), Sm is the spin projection on the axe z.
After the analytical integration on the angles,
two-dimensional (7,z) Schrodinger equation (12)
is solved by the finite difference method. One-
electron function is represented in the form:
Yo 2= 2y (zp) (14
where m is the number of electrons numbers,
each of which is described by a certain value of
the magnetic quantum number m_. Note that un-
like the hydrogen-like system for a multi-electron
atom is an essential consideration of the effects
of electron correlations and exchange. The nu-
merical solution of the written equations can be
performed on the basis of the differences-grid
standard method. Really, according, for example,
to [5],under the differences solving, an infinite

region was replaced by rectangular area: 0<r< L,

0<z< L, by sufficienlt large size , in which there

is constructed » uniform grid with steps A 0> h,
. On the outer boundary there are set conditions:

(@Yo n), =0. In the absence of a field, the wave

function decreases at infinity like exp[-(-2£)!/?
r]. In the presence of E must be replaced with
the ionization energy of the stationary state in the
lowest Landau level: (-E). A rough estimate for L:

L=15(_2E)_1/2. Derivatives of » are ap-
proximated (2m + 1) -point symmetric difference
schemes obtained by differentiating the interpo-
lation formula of Lagrange. For the second de-
rivative z used symmetric three-point difference
scheme. The eigenvalues of the Hamiltonian are
calculated based on the method of inverse itera-
tions. The corresponding system of inhomoge-
neous equations solved by Thomas (look details,
for example, in Ref. [5]). Naturally, the concrete
realization of such a algorithms and its further
implementation into collisional problem block
requires significant computational work and will
be considered in the next paper. Here let under-
line that using the simple model potential model
simplifies all theory. Though, it is obvious that in
a case of the stochastic collisional process, in par-
ticular, with Rydberg collided atoms, the model
became more complicated to take into account
the possible essential changing stochastic mecha-
nism due to an effect of the external filed.
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PENNING AND STOCHASTIC COLLISIONAL IONIZATION OF ATOMS IN AN EXTER-
NAL MAGNETIC FIELD: MODEL POTENTIAL SCHEME

Abstract.

The key physical aspects of the Penning and stochastic collisional ionization of atoms in an exter-
nal magnetic field are considered and new model potential approach has been implemented in order
to take into account an effect of magnetic field on multi-electron atom energy parameters and to com-
pute the wave functions basis for next using in the collisional block. The corresponding Schrédinger
equation for atom in a magnetic field and the Focker-Plank stochastic equation are solved within the
standard differences-grid method.
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INEHHUHI'OBCKASA 1 CTOXACTHYECKAS CTOJIKHOBUTEJIBHASA HOHU3 AU
ATOMOB BO BHEHTHEM MAT'HUTHOM IOJIE: CXEMA HA OCHOBE
MOJIEJIBHOT'O IIOTEHIIUAJIA

Pe3rome.

PaccMotpens! kinroueBbie (hU3MUECKHE aCTIEKThl IIEHHUHTOBCKOM M CTOXAaCTUYECKOW CTOIKHOBHU-
TeIHbHOW HMOHHW3AIMK aTOMOB BO BHEITHEM MAarHUTHOM I10JIe U C(HOPMYIMPOBAH HOBBIH MOIXOM K pe-
LICHUIO 33J1a4M y4eTa BIUSHHS BHELTHETO MAarHUTHOIO MOJI HA SHEPTETUYECKHE MTapaMETPbl MHOTO3-
JIEKTPOHHBIX ATOMOB M BEIYUCIICHHSI 0a3rca BOJTHOBBIX (DYHKITUI JUTSI TTOCIICAYIOIIETO UCIIOIb30BaHMUS
B CTOJKHOBHUTeNbHOM Onioke. CooTBeTcTBYIOIIee ypaBHeHue Llpenunrepa as atomMma B MAarHUTHOM
noyue u croxactuueckoe ypaBHeHue dokkepa-Ilnanka pemarorcs B paMKax CTaHIAPTHOM KOHEYHO-
Pa3HOCTHOIO METOA CETOK.

KiroueBble ¢JI0Ba: ICHHUHIOBCKAsl, CTOXaCTHYECKasl CTOJIKHOBUTEILHAS HOHM3AINs, MAarHUTHOE
oJie, MOAX0/ Ha OCHOBE MOJICTLHOIO TIOTSHIINAJIa
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INEHHIHT'TIBCBKA TA CTOXACTHUYHA 3A PAXYHOK 3ITKHEHDb IOHI3AIIIA
ATOMIB Y 30BHIIIHBOMY MATHITHOMY I10JII: CXEMA HA OCHOBI
MOJEJIBHOT' O IIOTEHIIAJIA

Pesrome.

Po3rnsiHyTi KITF04OB1 (Di3MYHI ACTIEKTH MIEHHIHTOBCKOM 1 CTOXaCTUYHOIO 3ITKHEHb 10H13allii aTOMIB y
30BHIIIHBOMY MarHiTHOMY I10J1i 1 cOpPMYIbOBAaHMM HOBUH MIAX1J O BUPIILICHHS 3aBAaHHS BpaXyBaH-
HS BIUTMBY 30BHILIHHOTO MArHITHOTO IOJISE HA €HEPreTUYHI MapaMeTpu 0araTroeNeKTpOHHUX aTOMIB i
obuucieHHs 6a3ucy XBUILOBUX (DYHKIIN JUISI IOAAJIBIIOTO BUKOPUCTAHHA B OJIOI 3iTKHEHHs. Biamo-
BigHe piBHsAHHSA Llpeninrepy A aToma B MarHiTHOMY 11011 1 ctoxacTuyHe piBHsHHSA Dokkepa-Ilnan-
Ky BUPIIIYIOTbCSA B PaMKax CTaHJApPTHOTO CKIHUEHHO-PI3HUIIEBOTO METOIY CITOK.

Ku11040Bi cj10Ba: IEHHIHTIBChKA, CTOXaCTUYHA 32 PaXyHOK 31TKHEHb 10HI3aI[is,MarHITHE MTOJIe, ITi/l-
X1/1 Ha OCHOBI MOJIETbHOTO TIOTEHITiaTy
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ON PROBABILITIES OF THE VIBRATION-NUCLEAR TRANSITIONS IN SPECTRUM

OF THE RuO, MOLECULE

There are firstly presented theoretical data on the vibration-nuclear transition probabilities in a case of the
emission and absorption spectrum of the nucleus of ruthenium 186Re (E‘O)YI 186.7 keV) in the molecule of
RuO,, estimated on the basis of consistent quantum-mechanical approach to cooperative electron-y-nuclear
spectra (a set of the vibration-rotational satellites in a spectrum of molecule) of multiatomic molecules.

From physical viewpint it is obvious that any
alteration of the molecular state must be mani-
fested in the quantum transitions, for example,
in a spectrum of the y-radiation of a nucleus (see
for example [1-22]). In result of the gamma nu-
clear transition in a nucleus of a molecule there is
arised a set of the electron-vibration-rotation sat-
ellites, which are due to an alteration of the state
of the molecular system interacting with photon.
The known example is the Szilard-Chalmers ef-
fect which results to molecular dissociation be-
cause of the recoil during radiating gamma quan-
tum with large energy (c.f. [1-5]).

In series of works [11-22] it has been carried
out detailed studying the co-operative dynamical
phenomena due the interaction between atoms,
ions, molecule electron shells and nuclei nucle-
ons. There have been developed a few advanced
approaches to description of a new class of dy-
namical laser-electron-nuclear effects in molecu-
lar spectroscopy, in particular, a nuclear gamma-
emission or absorption spectrum of a molecule.

A consistent quantum- mechanical approach
to calculation of the electron-nuclear g transition
spectra (set of vibration-rotational satellites in
molecule) of a nucleus in the multiatomic mole-
cules has been earlier proposed [13,14] and gener-
alizes the well known approach by Letokhov-Mi-
nogin [8]. Earlier there were have been obtained

estimates and calculations of the vibration-nuclear
transition probabilities in a case of the emission and
absorption spectrum of nucleus **/r (E<°)g= 82 keV)
in the molecule of IrO, , '**Os (E(°>g= 155 keV in
Os0, and other molecules were listed.

In this paper there are firstly presented theoretical
data on the vibration-nuclear transition probabilities
in a case of the emission and absorption spectrum
of the nucleus of ruthenium *’Ru in the molecule of
RuO, , estimated on the basis of the simplified ver-
sion [18,19] of the consistent quantum-mechanical
approach to cooperative electron-g-nuclear spectra
(a set of the vibration-rotational satellites in a spec-
trum of molecule) of multiatomic molecules.

As the method of computing is earlier presented
in details, here we consider only by the key topics
following to Ref. [18] The aim is to compute param-
eters of the gamma transitions (a probability of tran-
sition) or spectrum of the gamma satellites because
of changing the electron-vibration-rotational states
of the multi-atomic molecules under gamma quan-
tum radiation (absorption). Here it is considered a
case of the five-atomic molecules (of XY, type; T,).

Hamiltonian of interaction of the gamma ra-
diation with a system of nucleons for the first nu-
cleus can be expressed through the co-ordinates
of nucleons r_ in a system of the mass centre of
the one nucleus [14,18]:
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H(r,) = H(r, ) exp(~k ,u) (1)
where kg is a wave vector of the gamma quantum;
u is the shift vector from equality state (coin-
ciding with molecule mass centre) in system of
co-ordinates in the space. The matrix element
for transition from the initial state “a” to the final
state “b” is presented as usually:

<Y | H|Y, >e<¥, |d"|¥,> (2
where a and b is a set of quantum numbers, which
define the vibrational and rotational states before
and after interaction (with gamma- quantum).
The first multiplier in eq. (2) is defined by the
gamma transition of nucleus and is not dependent
upon the internal structure of molecule in a good
approximation. The second multiplier is the ma-
trix element of transition of the molecule from the

initial state “a” to the final state “b’:
M, = ¥, (r,)| ¥, (r,)>e
o<W, (R,R))|e""™ |V, (R,R)> (3)

The expression (3) gives a general formula
for calculating the probability of changing the
internal state of molecule during absorption or
emitting g quantum by a nucleus. It determines an
intensity of the corresponding g-satellites. Their
positions are fully determined as follows:

E,=E)*R+hk,v+(E,-E,) (4a)
Here M is the molecule mass, v is a velocity
of molecule before interaction of nucleus with g
quantum; E_and E,_ are the energies of the mol-
ecule before and after interaction; E, is an energy
of nuclear transition; R is an energy of recoil:

R, = [(E] */2Mc. (4b)

Obviously only single non-generated normal

vibration (vibration quantum %® ) is excited and
initially a molecule is on the vibrational level v,
=(. If denote a probability of the excitation as
P(v, v) and use expression for shift u of the g-
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active nucleus through the normal co-ordinates,
then an averaged energy for excitation of the sin-
gle normal vibration is as follows [8,14,18]:

Evibziha}(v + 1)P(v,0) —hoo/ 2 =

v=0
= ha(v+ $5)PW,0)-hw/2 =
v=0
Y he 1 (M-
=;ha)(v+'2)%e _TQ)ZER[ mm]’ (5)

z=(R/hw) M —m/m]cos’ 9,

and m is the mass of g-active nucleus, 4 is an
angle between nucleus shift vector and wave vec-

tor of g-quantum and line in £, means averag-
ing on orientations of molecule (or on angles
). To estimate an averaged energy for excitation
of the molecule rotation, one must not miss the
molecule vibrations as they provide non-zeroth
momentum L=k usin.$, which is transferred to a
molecule by g-quantum. In supposing that a nu-
cleus is only in the single non-generated normal
vibration and vibrational state of a molecule is not
changed v =v, =0, one could evaluate an averaged
energy for excitation of the molecule rotations as
follows:

Ermz <F>=B 72<u2>m:
=Y R(B/ho)[(M —m)/m] (6)

As for multi-atomic molecules it is typical B/
ficw ~10%-102, so one could miss the molecule
rotations and consider g-spectrum of a nucleus
in the molecule mass centre as a spectrum of the
vibration-nuclear transitions.

A shift u of the g-active nucleus can be ex-

pressed through the normal co-ordinates Qg of
a molecule:

1
U=—= bvo’Qs‘o‘ (7)
T "0
where m is a mass of the g- active nucleus; com-
ponents of the vector b of nucleus shift due to

the F-component of “s” normal vibration of a



molecule are the elements of matrix b [2]; it real-
izes the orthogonal transformation of the normal
co-ordinates matrix Q to matrix of masses of the
weighted Cartesian components of the molecule
nuclei shifts g.

According to eq.(1), the matrix element can
be written as multiplying the matrix elements on
molecule normal vibration, which takes contribu-
tion to a shift of the g- active nucleus:

M(b,a) =

= H<vs" [ Texp(k ,b,,0,, /Vm )v;’\>. ®)

It is obvious that missing molecular rotations
means missing the rotations which are connected
with the degenerated vibrations. Usually wave
functions of a molecule can be written for non-
degenerated vibration as:

v, )=, (Q,), (9)

for double degenerated vibration in the form:

vs> = (vs + 1)%

Yo, (0,0, (0,)(10)

¥ 0¥ 0),¥ Oy

(where v, +v_ =v) and for triple degener-
ated vibration as follows:

x Yo, (0,0, 0,0, (©,) 1)

¥ O,¥ 0, O3

where
Vsal + vs02 + vs0'3 = Vs .

In the function

@, (Qy) can be chosen in a form of the linear
harmonic oscillator one. More exact calculating
requires a numerical determination of these func-
tions. Taking directly the wave functions ‘V§>

simple approximation

and ‘V§7>, calculating the matrix element (8) is

reduced to a definition of the matrix elements on
each component /' of the normal vibration.

Below we present the accurate data on the vi-
bration-nuclear transition probabilities in a case
of the emission and absorption spectrum of the
nucleus of ruthenium ’Ru (E(°>g= 215 keV) in the
molecule of RuO, As a molecule has the only
normal vibration of the given symmetry type,
then the corresponding values of b  can be found
from the well known Eccart conditions, normali-
zation one and data about the molecule symmetry.

For several normal vibrations of the one sym-
metry type, a definition of b  requires solving the
secular equation for molecule |GF-/E|=0 [23-26].
There have been used the results of advanced the-
oretical calculating electron structure of the mol-
ecule within an advanced relativistic scheme of
the X.- scattered waves method (see description
in Refs.[23,26]).

In table 1 we present the results of calculat-
ing probabilities of the first several the vibration-
nuclear transition probabilities in a case of the
emission and absorption spectrum of the nucleus
of ruthenium *’Ru (E<°)g= 215 keV) in the molecule
of RuO,.

Table 1
The vibration-nuclear transition probabilities
in a case of the emission and absorption spec-
trum of the nucleus of ruthenium *Ru in the
molecule of RuO,,

ViEI;at‘ijoan _trva?s‘i}tibon P (v vi—vh v
3 Yy 37 74 This work

0,0 — 0,0 0.74

1,0 — 0,0 0.014

0,1 — 0,0 0.067

1,0 — 1,0 0.68

0,1 — 0,1 0.61
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A. C. Ksacukosa

O BEPOATHOCTHU KOJIEBATEJIbBHO-AJEPHbBIX ITEPEXO/10OB B CIIEKTPE
MOJIEKYJIbBI RuO,

Pe3rome.

BnepBHe Hpe,Z[CTaBHeHLI TeOpeTI/I‘-IeCKI/Ie JAHHBIC O BepOSITHOCTSIX KOJIQG&TGHBHO-HIICPHBIX
NePEXO/IOB B Clydae MCITyCKAaHHS M TOTNIOLICHUS TaMMa-KBaHTa SIIPOM pyTeHHs *'Ru B Molekyie
RuO4, HOJIy‘-IeHHbIe Ha OCHOBC IIOCJIICAOBATCIIBHOI'O KBAHTOBO-MCXAaHNYCCKOTO ITOAXo4a K pacquy
ANIEKTPOHHO-TaMMa-SIEPHOTO CIIEKTpa (CUcTeMa KoJieOaTebHO-BpaIaTeIbHBIX CITyTHUKOB B CIIEKTPE
MOJICKy.He) B MHOI'OaTOMHBIX MOJICKyJIaX.

KutroueBble ¢Jj10Ba: CIIEKTP MEKTPOH -Y- SIAEPHBIX MEPEX0/I0B, MHOTOATOMHBIE MOJIEKYJIbI

VK 539.183

I’ C. Keacuxosa

ITPO IMOBIPHOCTI KOJIMBAJIBHO-AJAEPHUX ITEPEXO/IIB
B CIIEKTPI MOJIEKYJIHA RuO,

Pesrome.

Brniepuie npezncrasiieHi TeOpeTUYHI JaHi PO HMOBIPHOCTI KoJieOaTeabHO-AIEPHUX MEPEXOIIB Y
pasi BUIyCKaHHs i MOIIMHAHHSA raMMa-KBaHTa AApoM pyTeHiro *’Ru B Monekyni RuO,, orpumani Ha
OCHOBI IOCJ1I0BHOTO KBAHTOBO-MEXAHIYHOT'O MIAXOAY A0 PO3PaxXyHKY €JIEKTPOHHO I'aMMa-siJIepHOTO
CHEKTpy (cucTteMa KojedaTenbHO-00epTaIbHUX CYIyTHUKIB B CHEKTPl MOJIEKYIl) B 0araroaTOMHUX
MOJIEKYJIaX.

Ku1104oBi c10Ba: CiekTp €JIEKTPOH -Y- SIACPHUX TIEPEXOiB, OaraTroaToMH1 MOJIEKYJIN

145



UDC 539.182

T. A. Florko, A. V. Glushkov, Yu. M. Lopatkin, S. V. Ambrosov, V. P. Kozlovskaya

10dessa State Environmental University, L’vovskaya str.15, Odessa-16, 65016, Ukraine
2Sumy State University, 2, Rimsky-Korsakov Street, 40007, Sumy, Ukraine
e-mail: quantflo@mail.ru

ON INTENSITY OF EMISSION OF THE METALS ATOMS IN A HYDROGEN-OXYGEN
FLAME IN A PRESENCE OF A MAGNETIC FIELD

An intensity of emission for the alkali atoms (potassium and rubidium) in the hydrogen-oxygen flame
under action of a magnetic field is theoretically estimated with using quantum defect approximation in operator
perturbation theory for atomic systems in external magnetic field. New estimates for the intensities of emission

of the lines for K (D1: 4’ , -4’5, ,and D2: 4P, —4°S

12 3/2

) and Rb (1: 52133/2_525 and 2: 6*P,

2
1/2 3/2 -5 S]/Z) are

12
presented. The maximum value of the magnetic effect for D2 line of K atom for ¢ - polarization is equal 1.65,

for m -polarization— 1,24. For DI line the maximum value is equal 1,36 for both polarizations.

In this paper we present renewed theoretical
estimates for intensity of emission of the alkali
atoms (potassium and rubidium) in the hydrogen-
oxygen flame under action of a magnetic field.
To take into account the magnetic field effect
we use simplified model based on the operator
perturbation theory for atomic systems in ex-
ternal magnetic field. New estimates are listed
for the intensities of emission of the lines for K

(D1: 4°p,-4%s,,and D2: 4°p,, -4’5, ,) and Rb

(1: 5°p,-5°5,,and 2: 6°P,, -5"S,,). The maxi-
mum value of the magnetic effect for D2 line of K
atom for o - polarization is equal 1.65, for @ -po-
larization— 1,24. For DI line the maximum value
is equal 1,36 for both polarizations. Let us remind
that an effect of external field on the spectral pa-
rameters for atoms and ions in the flame is of a
great interest as in the modern chemical physics
and physics of combustion as atomic optics and
spectroscopy [1-10].

Among the effects that require further theoreti-
cal and experimental research related phenome-
non is increasing the intensity of the glow of at-
oms in a strong magnetic field in the complete ab-
sorption at the line center. The known example is

the excess luminosity of sunspots in the rays &
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, & 7, on the luminosity of the solar disk, which
is apparently due to the effects of environmental
enlightenment in a magnetic field of about 4.5 kE.

In series of papers by Hayashi et al (look for
example, [1]) it has been investigated the fluo-
rescence additives of inorganic salts in flames at
atmospheric pressure and was found the effect of
external magnetic field H on the intensity of the
luminescence of the intermediate particles. For
the OH radical in a magnetic field of 18 kE lumi-
nescence intensity increased by 14%, and for the
sodium atom - by 2.5 times. Sodium salts were
introduced into the dispersing aqueous solutions
of flame under a stream of nitrogen. The experi-
mentally measured magnetic effect, i.e. the ratio
of I(H)/I(0) luminescence intensity in a magnetic
field H to the intensity of the glow without a mag-
netic field. Hayashi et al have shown that such salts

NaNI magnetic effect increases with the concen-
tration (s) of the salt in solution, and salts of the

type NaNO?2, on the contrary, the magnetic ef-
fect decreases. Sorokin and others [1] concerning
the effect of the magnetic field on the intensity
of the luminescence of alkali metals sodium and
cesium in the flames. Appropriate aerosol stream

is saturated nitrogen vapor salts NaNI, NsNI.



It was studied an influence of the magnetic field
strength of 10 kE on the luminescence intensity of

the resonance lines of sodium (D1: 3*P,, -3°5, ,

and D2: 3’P,, —3S,,). The range of variation

of pressure sodium 0 < —5.0 ~* Torr. For the
line D2 in the case of ¢ - polarization maximum
value of the magnetic effect is equal to 2, and in
the case of - polarization - 1.5. In the case of lines
D1 maximum value is 1.6 and is the same for both
polarizations. For cesium atom measurements
were taken at two wavelengths of  transitions

(I: 6’P,—-6°S, and 2: 7°P),—6°S, ).
In refs. [2,3] there were presented first theoreti-
cal estimates for the effect of a magnetic field on
the intensity of the luminescence of alkali met-

als: sodium and cesium (salts NaNI, NsNI)ina
hydrogen - oxygen flame intensity magnetic field
of 10 kE. There were listed preliminary data for
the intensity of the luminescence lines of sodium

(DI1: 3°p,-3°5,,and D2: 3°p

,, —3°S,,) and ce-

sium lines (1: 6°P,,-6°S,, and 2: 7°P,, -6’5,
). The maximum value of the magnetic effect of
the D2 line of the sodium atom in the case of ¢
- polarization is equal to 1.9, and in the case of & -
polarization - 1.45, and for the line D1 maximum
value is 1.5.

In order to get more precise data it is necessary
to use more consistent model for treating an effect
of'a magnetic field on the intensity of the lumines-
cence of alkali metals. Here we use such a model
and apply it to studying emission intensities for
alkali atoms in the hydrogen - oxygen flame un-
der availability of the magnetic field (strength

10 kE) for the lines DI: 42131/2_4251/2 , D2:
4*p,, -4%s,, in potassium and D1: 52p, -5°S

1/2
D2: 6*P,,-5°5,, )in the caesium.

Naturally, the intensity / of the i-j transi-
tion is connected with the concentration of atoms
(standardly determined by the appropriate dis-
sociation constant, see. [2.4]) and corresponding-
ly the line strength S is defined as follows:

S=3ne’g, [, [2mo, . 0

Here w, = E; — E; - the frequency of the tran

sition, and f;_; -is the radiative transition i-j ~ os-
cillator strength. In approximation of the “length”
form D transition operator an oscillator strength
is defined by the following expresssion:

2

Jii= 2m/h2(Ei _Ej)‘<\Pj|D|lI}i>‘ :
()
Naturally the intensity ¢ - component is pro-
portional to the square of the standard 3j- sym-

bols: oy Il T’
MM =M. —1...M+1

and for the m — component it has:

v 1T
(— M.0...M J

The key moment of the model is determination
of the wave functions. Here the wave functions
of the states were found from the numerical
solution of the Schrodinger equation for al-
kali atom in a magnetic field using the simpli-
fied quantum defect approximation version of the
operator perturbation theory method [11]. Such a
model is more correct with the usual H-like ap-
proximation, nevertheless it is more simplified
in comparison with the model potential approach
(look analysis regarding different models in Refs.
[6-8,12-14]).

In Table 1 we present our data which illustrate
an influence of the magnetic field H in the lumi-
nescence intensity of D2 line of the potassium
atom in the ¢ - and & - polarizations depending
on the partial pressure of potassium atoms. In
the first case, the maximum value of the mag-
netic effect of I(H)/I(0) is equal to 1.65,
and in the second - 1.24.

In the case of line DI potassium atom
calculated value of the maximum magnetic
effect - 1,36. Let us not that the preliminary esti-
mate of this value in [3] is 1.4.

For the rubidium atoms the magnetic field in-
creases the intensity of emission line (1) in~1.5
times. Analysis shows that the obtained renewed
estimates are in physically reasonable (at least
qualitative) agreement with experimental data.
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Table 1

The influence of magnetic field on the intensity of
the sodium atom D2 line in the s- and p-polariza-
tion as a function of the partial pressure of sodium
atoms in flames: I(H)/I(0) - the ratio of the lumi-
nescence intensity in the magnetic field strength

H of the luminescence intensity without magnetic

field; p is the partial pressure (0 ~ Torr).

6 12 | 18 | 24 | 30

1(H)/1(0)\ p
6 - polarization 1,04 |11,27(1,65[1,59 1,28
7 -polarization 0,98 |1,10(1,24(1,22 0,68
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ON INTENSITY OF EMISSION OF THE METALS ATOMS IN A HYDROGEN-OXYGEN
FLAME IN A PRESENCE OF A MAGNETIC FIELD

Abstract.

An intensity of emission for the alkali atoms (potassium and rubidium) in the hydrogen-oxygen
flame under action of a magnetic field is theoretically estimated with using quantum defect approxi-
mation in operator perturbation theory for atomic systems in external magnetic field 10 kE. New esti-

mates for the intensities of emission of the lines for K(D1: 4*p, -4’5, ,and D2: 4>p,, —4%s, ) and Rb

(1: 5°p),-5°5,,and 2: 6’ P, -5°S,,) are presented. The maximum value of the magnetic effect for D2
line of K atom for o - polarization is equal 1.65, for n -polarization— 1,24. For DI line the maximum
value is equal 1,36 for both polarizations

Key words: intensity of emission, alkali metals, hydrogen-oxygen flame, magnetic field

VK 539.182

T. A. @nopxo, A. B. Inywkos, FO. M. Jlonamkun, C. B. Ambpocos, B. I1. Koznosckas

O UHTEHCHUBHOCTHU CBEYEHUA ATOMOB IEJIOYHbIX METAJIJIOB B
BOJOPOJHO-KUCJIOPOJHOM IIVIAMEHMU B ITPUCYTCTBUU MATTHUTHOI'O
IMOJIA

Pesrome.

Jlana reopeTnueckas oreHka s ¢exra BIUsIHNs MarHuTHOTO 11oJ1st (10 kD) Ha MHTEHCUBHOCTH CBE-
YEHHUSI aTOMOB IIEJIOYHBIX METAJUIOB: KaJHsl U PyOUIHsI B BOIOPOIHO- KUCIOPOIHOM IUIAMEHH C UC-
MOJIH30BaHUEM MTPUOIMKEHUS] KBAHTOBOTO Je(EeKTa B ONEPATOPHOM TEOPUM BO3MYILEHHH 1JIsl aTOMOB

BO BHEINTHEM MAarHUTHOM Toyie. Paccuntanbl nHTeHCHBHOCTH cBedeHus jmHUN K (DI: 42 P, —4? Sy

uD2: 4°p,-4%s,,) u muauit  Rb (1: 5°P,-5°5,,u2: 6’°P,),-5°S,,). MakcumanbHasi BelnuInHa
MarHuTHOTO 3¢ dekra ansa nuHuu D2 aroma kajius B ciay4ae G- MOJsgpu3anuu paBHa 1.65, B coyuae
7- nonsipuzaunu — 1.24, nusg auauu D1 MakcumanbHOe 3HaueHue coctapisieT 1.36 1 oAMHaKOBO IS
00eux MoNIpU3aLHi.

KurroueBble ¢JI0Ba: MHTEHCUBHOCTb W3JIyYEHUS, IIEIIOYHbIE METAJUIbl, BOAOPOJHO-KUCIOPOJIHOE

IUTaMsl, MarHUTHOE I10JI€
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T. O. @nopxo, O. B. I'ywxos, FO. M. Jlonamxin, C. B. Ambpocos, B. I1. Koznoscvka

ITPO THTEHCHUBHICTDH CBIYEHHSA ATOMIB JIYKHUX METAJIIB Y BOJHE-
KNUCEHEBOMY IIVIAMEHI Y IPUCYTHOCTI MATHITHOI'O IIOJIA

Pesrome.

OneprkaHa TeOpeTHYHA OLiHKA eeKTy BIUMBY MarHiTHOrO nofs (10 kE) Ha IHTEHCMBHOCTI CBITIHHS
aTOMIB JIy)KHUX METAaJIiB: KaJjiio 1 pyOi/iit0 B BOAHEBO KUCHEBOMY IOTyM’1 3 BAKOPUCTAHHAM HAOIIKEHHS
KBaHTOBOT'O JIEEKTy B ONEPaTOpHOi Teopii 30ypeHb I aTOMIB y 30BHIIIHBOMY MartiTHoMy modii. Po3-

paxoBani inTeHcHBHOCTI cBiveHHs miHild K (D1:4°p, —4%s,, Ta D2: 4°p, —4%s,,) 1 Rb(1: 5°P,,-5°S,, i

2: 6’°Py, 55, ). MakcuMasbHa BelU4HHA MArHITHOTO edekTy Uit inii D2 aromy K'y BUNAJKY G - OIS
pu3anii ckinagae 1.65, a'y Bunaaky - nonspusanii — 1.24 , a i minii D1 MakcuMalibHe 3Ha4eHHS CKIIaae
1.36 1 € onHaKOBUM 1715 000X TONSIPU3ALIIH.

Ki11040Bi c/10Ba: IHTEHCUBHICTH BUTIPOMIHIOBAHHS, JTy>KHI METaJIM, BOHE-KMCHEBE MOJIyM 5, MarHITHE
nose
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Indopmanis 15 aBTOPIiB HAYKOBOI0
30ipauka «Photoelectronics»

B xyprani «PoTOENEeKTPOHIKa» IPYKYIOTHCS CTATTi, SIKI MICTSTH BiIOMOCTI IPO HAyKOBI JOCIi-
JOKEHHS Ta TEXHIYHI pO3pOOKH Y HaIpsiMKax

*  (hi3MKa HaMIBIPOBIIHUKIB;

*  TeTepo- Ta HU3bKOBUMIpPHI CTPYKTYpH;

*  (i3uKa MIKpOETIEKTPOHHUX MPHUIIAIIB;

* JiHi}HA Ta HENiHIHA ONTHUKA TBEPIOTO Tija;

*  ONTOENEKTPOHIKA Ta ONTOCICKTPOHHI TPUIIAJIH;

* KBAHTOBA EJIEKTPOHIKA;

*  CEHCOpHKa

Kyprnan «DoToeneKkTpoHikay BHUIAETHCS AHIIIMCHKOI0 MOBOK. PyKOmHC MOAA€THCSI aBTOPOM Y
JIBOX MPUMIPHHUKAX aHTJTIHCHKOI0 MOBOIO. J[0 pyKOTIHCY TOJTA€THCS TUCKETa 3 TEKCTOBUM (paityiom i ma-
mroHKaMM. EnexkTpoHHa Kol Marepiaiay Moxe OyTH HaJliclaHa 10 pelakiii eIeKTPOHHOIO MOILITOIO.

EnexTpoHHa KoIisl CTaTTi MOBUHHA BiNOBIJaTH HACTYITHUM BHMOTaM:

1. Enexktponna komist (200 AMCKeTa) MaTepialy HaJCHUIAEThCS OJJHOYACHO 3 TBEPJIOIO KOMIEI TEK-

CTy Ta MaJIOHKIB.

2. lns Tekcty npunyctumi HactynHi popmaru — MS Word (rtf, doc).

3. Mamonku npuiiMatoteest y ¢opmatax — EPS, TIFF, BMP, PCX, JPG, GIF, CDR, WMF, MS

Word I MS Giaf, Micro Calc Origin (opj). MantoHKH, BUKOHaHI TaKeTaMU MaTeMaTU4HOI Ta cTa-

TUCTHYHOI 00pOOKH MOBHHHI OyTH KOHBEPTOBAH1 y BUILEBKa3aHi rpadiuni popmary.

Pykonucu HaaCHJIAI0THCS HA aJipecy:
Bimn. cexp. M. 1. Kyranogiii,

Bya. [lactepa, 42, di3. pak. OHY, m. Oneca,
e-mail: photoelectronics@onu.edu.ua.

Jlo pykonucy 10a1a€Tbes:
ExcniepTHuil BACHOBOK — BUCHOBOK €KCIIEPTHOI KOMICIT PO MOMKJIMBICTh BIIKpUTO] IMyOuiKanii JaHoi
poGoTH (a5t aBTOPIB 3 YKpaiHm).
1. Komu PAC Ta YJIK. Jlonycka€eThcsi BAKOPUCTAHHS JEKUTBKOX MIHQPIB, IO PO3AUIIIOTHCS KOMOTO.
VY BunajiKy, KoM aBTOpoM (aBTopamu) He OyJie BKa3aHO KOJIeH MUp, peAaKilis )KypHaly BCTAaHOB-
moe mmdp cTarTi 3a CBOIM BUOOPOM.
2. IlpizBuie (a) Ta iHimiamu aBtopa (iB).
3. YcraHoBa, MOBHA MOIITOBA ajjpeca, HoMep Tenaedony, Homep (akcy, aagpeca eneKTPOHHOT MOIITH
JUTS KOYKHOTO 3 aBTOPIB
4. Ha3ga crarTi
5. Pestome 00'emom 110 200 ciaiB MUIIETHCS aHITHCHKOIO.
TekcT moBUHEH ApyKyBarucs mpudrom 14 myHKTIB yepe3 qBa iHTEpBaIy Ha OiomMy narepi gpopmary
A4. Ha3Ba crarTi, a TaKOX 3aroJIOBKU MIAPO3IIIB APYKYIOThCS MPOMUCHUMU JIITEpaMH 1 BiJ3Ha4a-
IOThCSI HAIBKUPHUM IIPHUPTOM.
PiBHsiHHS HEOOXigHO ApyKyBatu y pemaktopi gopmyn MS Equation Editor. Crarti 3 BnucaHumu
B/l PYKH PIBHSHHSAMH JI0 JPYKy He NpuiiMaroTbcs. HeoOXimHO maBaTh BU3HAUCHHS BEJIIMYHWH, IO
3'ABJISIOTHCS B TEKCTI BIIEpILIE.
TaGnuii moBrHHI OyTH BUKOHAHI y BIJIOBITHUX TAOMUYHUX PEIAKTOpax abo MpecTaBieH] y TEKCTO-
BOMY BHUIJISI/II 3 BUKOPHCTAHHSIM PO3AUIBHUKIB (Kparka, KoMa, KoMa 3 Kparkor, 3HaK TaOyJsIlii).
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[Tocunanus Ha JiTeparypy NOBHHHI IPYKyBaTHUCS Yepes JBa IHTepBaIM, HyMepyBaTHCh B KBaJpaT-
HUX JyXKaxX (Y HOpMaJIbHOMY IOJIOXKEHH1) MOCIOBHO Y MOPSAKY iX MOSBH B TeKCTi crarTi. HeoO-
X17HO Ha JIiTepaTypy, AKka BUHILIA 3 ApyKy He paHbime 2000 poky. JJis mocuaaHb BUKOPUCTOBYOThCS
HACTyTHI (hopMaTu:

Kuuru. Asrop(n) (iHilianu, NoTiM Mpi3BUILA), HA3Ba KHUTY KypPCUBOM, BUAABHUIITBO, MICTO 1 PIK
BuaaHHs. (IIpy mocunanHi Ha IaBy KHUTHM, BKAa3y€ThCsl Ha3Ba INIaBU, HA3Ba KHUTU KypPCHBOM, HOMEPH
cropinok). [lpuknan J A Hall, Imaging tubes, Chap 14 m The Infrared Handbook, Eds W W Wolfe, O
J' Zissis.pp 132-176, ERIM, Arm Arbor, MI (1978).

Kypuamu (Haconmcu). Aprop(u) (iHimianu, TOTIM TPi3BHINA), Ha3Ba CTATTI, Ha3Ba XypPHAITY Kyp-
CHBOM (BUKOPHCTOBYIOTbCS aOpeBiaTypH TIJIBKH JUISI BIIOMUX *KYPHAJIIB), HOMEP TOMY 1 BUITYCKY, HO-
Mep cTopiHoK 1 pik BuaanHd. [Ipuknaa N Blutzer and A S Jensen, Current readout of infrared detectors
/I Opt Eng 26(3), pp 241-248 (1987). Ilocunaruchk HEOOX1THO HA JIITEPATyPy, sIKa BUHIILIA 3 APYKY HE
panimre 2000 poky.

[Tignucu 10 MajdrOHKIB 1 TaOIUIL IPYKYIOTHCS Y PYKOIMCI MICJis JITepaTypHUX MOCUJIaHb Yepe3
JIBa IHTEpPBAJIH.

ImocTpanii OynyTs ckanyBatucs mudpoBuM ckanepom. [IpuiimMaroTbes 10 IpyKy TITBKH BHCOKO-
skicH1 umtoctpauii. [linxnucu 1 cuMBoM NOBUHHI OyTH BIpykoBaHi. He mpuiimaroTecst 10 IpyKy He-
raTUBH, CIali1, TPAHCIIAPAHTH.

Pucynku moBUHHI MaT BiIMOBIIHUH 10 popMmarty xypHaiy po3mip He Oiibine 160x200 mm. Tekct
Ha PUCYHKax MMOBUHEH BUKOHYBaTUCh mipudTom 10 nmynkriB. Ha rpadikax onuHuIi BUMIpY BKa3ylOThb-
csl yepe3 KoMy (a He B Iy)KKax). Yci pucyHKH (LTF0CTpallii) HyMEpPYThCS B TIOPSJIKY iX PO3MIIIEHHS
B TeKcTi. YacTHHU PUCYHKIB HyMepyIoThes (a), (0) 1 T. iH. He gomyckaeTbcss BHOCHTH HOMEP 1 IMiITHUC
Oe3nocepeHbO B PUCYHOK. BepxHi yacCTUHHM PUCYHKIB OBUHHI OyTH IMO3HAY€HI CTPUIKOIO.

Periensist Ha cTaTTIO, TiANUC aBTOPIB peleH31ii MOBUHEH OyTH 3aBi30BaH .

Pe3ztome 00'emom 10 200 ciaiB NHUIIETHCS aHITIMCHKOI0, YKPATHCHKOIO Ta poCiiichkoro MoBamH [le-
pea TEKCTOM pe3toMeE BiJIIOBITHOIO MOBOIO BKa3yroThes Y/IK, Ha3Ba cTarTi, mpi3BHINA Ta 1HILIAIN BCIX
aBTOPIB.
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Nudopmanus 1y aBTOPOB
Hay4ynoro coopauka «Photoelectronics »

B cOopuuke «DOTOATEKTPOHNKA» TIEYaTalOTCsl CTaThU , KOTOPBIE COIEPKAT CBEICHUS O HayYHBIX
MCCJIEIOBAHUAX M TEXHHUECKHUX Pa3padOTKax B HANPABICHUIX
¢bu3HKa MOTyNPOBOJHUKOB;
reTepo- ¥ HU3KOpa3MepHbIE CTPYKTYPHI;

(bu3HMKa MUKPOAIIEKTPOHHBIX TPHUOOPOB;
JTUHEIHast U HeTMHEeWHas ONTHKA TBEPAOro Tena;
OTITORJIEKTPOHUKA U ONTOENIEKTPOHHBIE MPUOOPHL;
KBAHTOBAs 2JICKTPOHUKA;

CEHCOpHKA.

Co6opnuk «Photoelectronics» n3maércs Ha aHIIHIICKOM SI3bIKE. PyKomuch moiaeTcsi aBTOpOM B JABYX
HK3EMILISIpaxX Ha aHITIUHCKOM M PYCcCKOM s3bikax. K pyKkomucu mpuiararorcs AUCKETa ¢ TEKCTOBBIM
dbaitnom 1 pucyHKaMu DJIEKTPOHHAs KOIUS MaTepHalia MOXKeT ObITh IpUCTIaHa B PEJAKIIUIO MO JJIeK-
TPOHHOM TOYTE.

DNeKTpOoHHAas KOMUS CTaThU JOJKHA OTBEYATH CIEAYIOIINUM TPeOOBaHUIM:

1. DnexkTpoHHAs KOMUs MaTepualna MpUChUIaeTcs OAHOBPEMEHHO C TBEPJOW KOMUEH TEKCTa U pU-
CYHKOB.

2. JIns Texcra gomyctuMele cienyrome hopmarel - MS Word (rtf, doc).

3. Pucynku npunumatorcs B popmarax - EPS, TIFF, BMP, PCX, JPG, GIF, CDR, WMF, MS Word
N MS Giaf, Micro Calc Origin (opj). PucyHku, BeITOTHEHHBIC TTAKETAMA MaTeéMaTHYECKON U CTaTH-
CTHUYECKOI 00pabOTKM JOHKHBI OBITh KOHBEPTUPYEMBIE B BhIIIEyKa3aHHbIE rpaduueckre GopmaThl.

Pykomnucu npuckliatoTes B aapec:

Orts. cekp. Kyranogiit M.U., yn. [Tacrepa, 42, dus. pak. OHY, r.Oxecca, 65026

E-mail: wadz@mail.ru, tex. 0482 — 726 6356 .

AHnHoTanuu crateit ¢0.”Photoelectronics” Haxonarcs Ha caiite:http://photoelectronics.onu.edu.ua

* X ¥ X K ¥ *

K pykonucu mpunaraercs

1 Komet PAC u YJIK. /lommyckaeTcst HCTIOIB30BaHUE HECKOJIIBKUX MU(GPOB, KOTOPBIC Pa3AeIIsIIOTCS
3anaToil. B cimyuae, korga aBTopoM (aBropaMu) He OyzeT yka3zaH HU OAMH Mup, peAakIus xKypHaia
yCTaHaBJIMBaeT MU(P CTaTbU MO CBOEMY BBIOODY.

2. ®amunus (a) ¥ MTHUIMAIBI aBTOpa (e).

3 YupexxaeHue, MONTHBIN MOYTOBLIN aapec, HoMep TenedoHa, HoMmep (akca, agpeca IEKTPOHHOM
MOYTHI JJIs KaXKI0TO U3 aBTOPOB

4.Ha3Banue crarbu

5.Pe3tome o6beMom 110 200 c10B MUIIETCSI HA aHTIIMHUCKOM, PYCCKOM SI3bIKax, U ( JIJIs1 aBTOPOB M3
VYKpauHbl) — Ha YKpPauHCKOM.,TIOCIIe TEKCTa pe3toMe redararorcs KiroueBble crioBa.

Texct gomkeH nevyararhbes mpudToM 14 myHKTOB Yepes [Ba HHTepBaia Ha Oenoi Oymare opmara
A4. Ha3BaHue cTarbhy, a TaKXKe 3aroJOBKU MOPA3/IeI0B M1€4aTaAI0TCs MPOMUCHBIMU OyKBaMH U OTMe-
YaroTCsl MONY>KUPHBIM HIpU(TOM.

VYpaBHeHus He0OXoAMMO Tevararh B penakrope popmyn MS Equation Editor. . Heo6xoqumo ma-
BaTh OMpPE/EICeHUE BEJINUNH, KOTOPbIE MOSABISIOTCSA B TEKCTE BIEPBLIE.

Tabnuiibl JI0MKHBI OBITH BHITTOITHEHBI B COOTBETCTBYIONINX TAOJMYHBIX peAaKTOpaxX WU MPeICTaB-
JICHHBIE B TEKCTOBOM BH/I€ C UCTIOIb30BAHUEM pa3leiuTeneil (Touka, 3ansiTas, 3anaras ¢ TOUKou, 3HaK
TaOyIsIUN).

CchUIKM Ha TUTEpaTypy IOJDKHBI ITe4aTaThCs Yepes JIBa MHTEpBalia, HyMEepPOBaThCS B KBAAPATHBIX
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Jy’)KKax (B HOPMaJIbHOM I10JIOKEHUH) MTOCJIEIOBATEIBHO B MOPSIIKE UX IMOSIBIICHUSI B TEKCTE CTAaTbhU.
Ccpuiatbest HEOOX0OIMMO Ha JINTEPATYpY, KoTopast u3nana HauuHas ¢ 2000 roga. Jliist cCbUIOK UCTIONb-
3YIOTCS CIEAYIOIIHE POpMaThI:

Kuuru. ABrop(u) (MHULIKAMIBL, TOTOM (haMUJINH ), Ha3BaHUE KHUTH KyPCUBOM, U31aTE€IBCTBO, TOPOJ]
u rog u3nanus. (Ilpu ccpbuike Ha MIaBy KHUTH, YKa3bIBA€TCS Ha3BaHUE IV1aBbl, HA3BaHUE KHUTU KypCHU-
BOM, HOMepa ctpanun). [Ipumep J A Hall, Imaging tubes, Chap 14 m The Infrared Handbook, Eds W
W Wolfe, O J’ Zissis. 2000,, ERIM, Arm Arbor, MI .pp 132-176,

Kypuanst ( XKypnanst). ABTop(¥) (MHULIKAIBI, TOTOM (JaMUJIMN), HA3BAHUE CTAThHU, HA3BAHUE KYP-
Hajia KypCUBOM (HCIIOJIB3YIOTCSl a00OpeBUATYPhI TOIBKO ISl M3BECTHBIX KYPHAJIOB), HOMEP MOITOMY
U BBIITyCKa, HOMep cTpaHul] u rox uznanus. [Ipumep N Blutzer and A S Jensen, Current readout of
infrared detectors // Opt Eng 2000,26(3), pp 241-248

Wnmroctpanum OyayT ckaHMpOBaThCs HUPPOBBIM cKaHepoM. [IpuHUMaloTcs B eyaTh TOJIBKO BbI-
COKOKaueCTBEHHbIE MilttocTpauu. [loanucu u cumMBoIIBI JOKHBI ObITH BrieyaTtanbl. He nmpuHumaror-
Csl B [leYaTh HEraTUBBI, CIail/ibl, TPAHCIIOPAHTHI. [ paduky U pUCYHKHU MEYaTaroTCsl B TEKCTE CTAaThU.

Pucynku n0OKHBI UMETh COOTBETCTBYIOIIHH K (popmary xypHaia pazmep He 6omnbine 160x200 rr.
TekcT Ha pUCyHKaX JOJKEH BBIMONHATHCS pudTom 12mynkros. Ha rpadukax enuHuIbl H3MEepeHUs
YKa3bIBAIOTCS Yepe3 3arsiTyro (a He B CKoOKkax). Bce pucyHku (WuttocTpanuu) HyMEpYIOTCs B TI0-
psaKe uxX pazMmelnieHus B Tekcre. He formyckaeTcsi BHOCUTh HOMED U MOAINUCH HEOCPEICTBEHHO Ha
pPHUCYHKax.

Pe3tome 06bemoM 10 200 ci10B MUILIETCS HA aHIIUHCKOM, PyCCKOM SI3bIKaX. M Ha YKPauHCKOM (1t
aBTOpOB U3 YKpauHsl). [lepes TekcToM pe3toMe COOTBETCTBYIOIINM S3bIKOM yKa3biBatoTcs Y/IK, ¢a-
MUJIMH U MHUIMAJIBI BCEX aBTOPOB, HA3BaHUE CTaThbU, KJIIOUEBbIE CIIOBA..
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Information for contributors of
«Photoelectronics» articles

“Photoelectronics” Articles publishes the papers which contain information about scientific research
and technical designs in the following areas:

¢ Physics of semiconductors;

¢ Physics of microelectronic devices;

e Linear and non-linear optics of solids;

¢ Optoelectronics and optoelectronic devices;
e Quantum electronics;

e Sensorics.

“Photoelectronics” Articles is defined by the decision of the Highest Certifying Commission as the
specialized edition for physical-mathematical and technical sciences and published and printed at the
expense of budget items of Odessa I.I. Mechnikov National University.

«Photoelectronics» Articles is published in English. Authors send two copies of papers in English.
The texts are accompanied by 3.5» diskette with text file, tables and figures. Electronic copy of a
material can be sent by e-mail to the Editorial Board and should meet the following requirements:

1.The following formats are applicable for texts — MS Word (rtf, doc).

2. Figures should be made in formats — EPS, TIFF, BMP, PCX, JPG, GIF, WMF, MS Word [ MS
Giaf, Micro Calc Origin (opj). Figures made by packets of mathematical and statistic processing
should be converted into the foregoing graphic formats.

The papers should be sent to the address:

Kutalova M.I., Physical Faculty of Odessa I.I. Mechnikov National University, 42 Pastera str,
65026 Odessa, Ukraine, e-mail: wadz@mail.ru, tel. +38-0482-7266356. Information is on the site:

http://www.photoelectronics.onu.edu.ua

The title page should contain:

1. Codes of PACS

2. Surnames and initials of authors

3. TITLE OF PAPER

4. Name of institution, full postal address, number of telephone and fax, electronic address

An abstract of paper should be not more than 200 words. Before a text of summary a title of paper,
surnames and initials of authors should be placed.

Equations are printed in MS Equation Editor.

References should be printed in double space and should be numbered in square brackets
consecutively throughout the text. References for literature published in 2000-2009 years are
preferential.

[lustrations will be scanned for digital reproduction. Only high-quality illustrations will be taken
for publication. Legends and symbols should be printed inside. Neither negatives, nor slides will be
taken for publication. All figures (illustrations) should be numbered in the sequence of their record in
text.

For additional information please contact with the Editorial Board.
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